. biomolecules

Review

Madecassoside Part I: From Biosynthesis to Druggability

Yuping Li 123, Mengdan Xu 4, Yuting Yang !, Shanshan Liang 5, Yucui Lu '3, Xianmei Lin 3 and Lichun Zhao 13*

Academic Editors: Hilal Zaid,
Zipora Tietel and Akhilesh K.

Tamrakar

Received: 20 October 2026
Revised: 9 November 2026
Accepted: 11 November 2026
Published: 14 November 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

1 Research Center of Trace Elements and Health Development, Guizhou University of Traditional Chinese
Medicine, Guiyang 550025, China

School of Basic Medicine, Guizhou University of Traditional Chinese Medicine, Guiyang 550025, China
School of Pharmacy, Guizhou University of Traditional Chinese Medicine, Guiyang 550025, China
Guiyang Institute of Information Science and Technology, Guiyang 550025, China

Resource Institute for Chinese and Ethnic Materia Medica, Guizhou University of Traditional Chinese
Medicine, Guiyang 550025, China

Correspondence: hyzlc@gzy.edu.cn

o e W N

Abstract

Background: Madecassoside (MA) is the core bioactive pentacyclic triterpenoid saponin
and a key quality control marker of Centella asiatica (L.) Urb. Its material basis and drug-
gability profiles are fundamental prerequisites for pharmacological research and clinical
translation. Although several reviews have covered selected aspects of MA chemistry and
pharmacology, no systematic review has comprehensively covered the full chain from
chemical structure to in vivo disposition exclusively for MA monomer. Objective: As the
first part of a two-part series, this review aims to systematically integrate evidence on the
chemical basis, biosynthesis, green preparation, and pharmacokinetic characteristics of
MA and clarify the core druggability bottlenecks of this compound. Methods: The litera-
ture search was conducted in PubMed, Web of Science, and China National Knowledge
Infrastructure (CNKI) up to 31 August 2026. Studies focusing on the chemistry, biosyn-
thesis, extraction/purification, and pharmacokinetics of MA were included and critically
analyzed. Evidence was stratified into four predefined levels: Level A (clinical trials),
Level B (in vivo animal studies), Level C (in vitro cell/molecular studies), Level D (com-
putational prediction). The limitation of Chinese literature to Peking University core jour-
nals is acknowledged as a potential source of publication bias. Results: Current evidence
supports that the C-6 f-hydroxyl group on the ursane-type aglycone skeleton and the in-
tact linear trisaccharide chain at the C-28 position are the major structural correlates of
MA'’s biological activity (working hypothesis based on natural analog comparisons). The
backbone cyclization and glycosylation steps in the MA biosynthetic pathway have been
largely characterized, but the specific enzymes responsible for C-2 a- and C-6 f-hydrox-
ylation remain to be fully identified. Green extraction technologies such as ultrasound-
assisted extraction, microwave-assisted extraction, and deep eutectic solvent extraction
have been well optimized, and multiple purification strategies can yield high-purity mon-
omers. In rats, the oral absolute bioavailability of the pure MA prototype is less than 1%,
with extensive intestinal metabolism and enterohepatic circulation, representing the core
druggability bottleneck. Human pharmacokinetic data remain very limited, and rat val-
ues cannot be directly extrapolated to humans. Conclusions: This review establishes a
full-chain material basis framework for madecassoside spanning from molecular struc-
ture to in vivo disposition, systematically integrating evidence on structural activity de-
terminants, biosynthetic pathways, green extraction and purification technologies, and
pharmacokinetic profiles. Extremely low oral bioavailability and extensive in vivo meta-
bolic transformation are confirmed as the core druggability bottlenecks. These findings
lay the essential foundation for elucidating pharmacological mechanisms, optimizing
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delivery systems, and advancing clinical translation in the second part of this series. To
our knowledge, this is the first two-part systematic review focused exclusively on the MA
monomer that covers the full translational spectrum from chemical fundamentals and
druggability profiles to pharmacological mechanisms and clinical translation.

Keywords: madecassoside; chemical basis; structure—activity relationship; biosynthesis;
green extraction; pharmacokinetics; druggability

1. Introduction
1.1. Traditional Uses and Modern Medicinal Value of Centella Asiatica

Centella asiatica (L.) Urb. is one of the most historically used traditional medicinal
plants worldwide. In traditional medical systems across Asia—particularly in China, In-
dia, and Southeast Asia—it has been widely used to treat wounds, burns, skin infections,
and inflammation, and to promote wound healing. It is also commonly used as a brain
tonic due to its purported effects of enhancing brain function, improving memory, and
relieving anxiety. In folk medicine, it is also applied for psoriasis, scleroderma, leprosy,
fever relief, detoxification, and gastrointestinal and urinary tract disorders [1,2].

Modern pharmacological research has confirmed that the core active constituents of
C. asiatica are triterpenoids, including madecassoside (MA), asiaticoside (AS), and their
respective aglycones madecassic acid (MAA) and asiatic acid (AA). These compounds en-
dow C. asiatica with a broad spectrum of pharmacological activities, making it one of the
most evidence-based single herbs in the field of burn therapy [3,4]. Although isolated case
reports have suggested potential hepatotoxicity [5], C. asiatica still holds broad modern
application prospects in wound healing, neuroprotection, and anti-inflammatory therapy.

1.2. Discovery and Status of MA as a Core Active Constituent of C. asiatica

The discovery and status of MA as a core active component have been gradually es-
tablished through chemical isolation and pharmacological validation. In 1981, researchers
first isolated and identified MA from total AS fractions [6]. Subsequent studies have con-
firmed that MA not only promotes fibroblast proliferation and collagen synthesis (espe-
cially type I and type III collagen) [7,8] but also possesses anti-inflammatory [9,10], anti-
oxidant [11,12], neuroprotective [13,14], antidepressant [15], cardiovascular protective
[16], and wound-healing/anti-scarring activities [17,18]. Some studies indicate that MA is
superior to its homolog AS in promoting collagen synthesis and exerting anti-inflamma-
tory effects [7,17], and the two often exhibit synergistic effects [19]. Its mechanisms of ac-
tion involve multiple key signaling pathways such as Nuclear factor-«B (NF-kB), Mito-
gen-Activated Protein Kinase (MAPK), and Nuclear factor erythroid 2-related factor 2
(Nrf2)/Heme Oxygenase-1 (HO-1) [9,12,20].

Taken together, MA is not only a quality control marker for C. asiatica but also the
core driver of its broad pharmacological efficacy [2,21,22]. However, the exertion of its
efficacy fundamentally depends on its material properties: chemical structure determines
target interaction, biosynthesis and preparation determine supply stability, and in vivo
disposition determines druggability potential. A systematic clarification of these material
foundations is a prerequisite for in-depth exploration of its pharmacological mechanisms
and clinical translation.
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1.3. Limitations of Existing Reviews and the Scope and Innovations of This Review

Despite the growing depth of MA research, as of 31 August 2026, prior reviews have
either focused on total C. asiatica extracts or covered only selected pharmacological aspects
of MA. No narrative review has focused specifically on MA monomer and covered the
full chain from chemical basis to druggability profiles. A systematic analysis of the avail-
able literature reveals three core research gaps in the material foundation field, aligned
with the logical chain from molecular structure to biosynthetic production, and then to
preparation and in vivo disposition. These gaps correspond to the three core domains
covered in Sections 36 of this review.

1.3.1. Chemical Fundamentals and Structure—Activity Relationships

Current evidence on MA'’s structural characteristics, isomer diversity, structure-ac-
tivity rules, and structural modification strategies remains fragmented. Most studies focus
on a single pharmacological activity or isolated structural analog, rather than establishing
a systematic framework linking specific functional groups to activity intensity and drug-
gability. There is also a lack of critical evaluation of the methodological limitations of nat-
ural analog-based structure-activity inferences. Readers cannot readily identify the core
structural determinants of MA’s biological activity from a single publication [6,23].

1.3.2. Biosynthetic Pathways and Raw Material Supply Systems

Although core enzymes in the MA biosynthetic pathway have been progressively
identified, a full-chain review spanning upstream precursor supply, midstream skeleton
modification, and downstream glycosylation processing is still lacking. In addition, there
is no systematic cross-comparison of technical maturity, yield level, and industrialization
bottlenecks across different production systems (field cultivation, hairy root culture, cell
suspension, and microbial heterologous synthesis). This lag in basic biosynthetic research
directly restricts the stable and controllable supply of high-quality MA raw materials [24].

1.3.3. Green Preparation Technologies and Druggability Profiles

Existing reviews of extraction and purification technologies are predominantly pro-
cess-oriented and fail to establish the linkage between preparation process parameters,
product purity/impurity profiles, and downstream druggability characteristics. Mean-
while, pharmacokinetic studies of MA are scattered across individual pharmacological
reports, lacking a systematic synthesis of absorption, distribution, metabolism, and excre-
tion absorption, distribution, metabolism, and excretion (ADME) rules and core bottle-
necks. The disconnection between preparation research and pharmacokinetic research
makes it difficult to optimize formulation development from a full-chain perspective
[25,26].

As the first part of a two-part series review on MA, this paper focuses on the material
basis and druggability of MA and achieves the following contributions: a. Constructs a
full-chain evidence framework for MA spanning chemical fundamentals, biosynthetic
production, green preparation, and pharmacokinetic characteristics, forming a logically
closed structure from molecular basis to in vivo disposition and providing a complete
material foundation for subsequent pharmacological and translational research. b. Sys-
tematically sorts out MA’s structure—activity relationship rules and structural modifica-
tion directions from a medicinal chemistry perspective and critically defines the core
structural determinants of activity differentiation and the methodological limitations of
current inferences. c. Comprehensively compares the technical characteristics and indus-
trialization bottlenecks of four mainstream production systems and clarifies the core drug-
gability bottleneck represented by extremely low oral bioavailability, providing clear
problem orientation for subsequent formulation development and mechanism research.
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2. Literature Search and Screening Methods

This paper is the first part of a systematic narrative review series on madecassoside.
The evidence synthesis adopted a narrative approach due to the high heterogeneity of
study designs across included studies.

This narrative review searched three mainstream academic databases: PubMed, Web
of Science, and China National Knowledge Infrastructure (CNKI). The last literature
search date was updated to 31 August 2026. Only peer-reviewed journal papers were in-
cluded; preprints, conference abstracts, dissertations, and book chapters were excluded.
For Chinese literature, the Peking University Core Journal Catalogue was used as a first-
pass quality threshold for initial screening, given the extremely large volume of domestic
publications and highly variable reporting quality. All finally included studies underwent
further full-text methodological evaluation. This criterion served as a pragmatic initial fil-
ter rather than a definitive judgment of individual study quality; it may introduce publi-
cation bias toward positive results and potentially omit high-quality studies from non-
core journals, which is acknowledged as an inherent methodological limitation. Before
final exclusion, all 33 non-core records were manually screened at the title/abstract level,
and no findings that would alter the core conclusions of this review were identified. Spe-
cifically, core evidence for MA biosynthetic pathways and key enzyme identification
comes almost entirely from international English-language studies, and all relevant high-
quality Chinese studies with original biosynthetic data have been included. For extraction
technology and pharmacokinetics, the excluded records were predominantly small-scale
process optimization reports with locally sourced raw materials; they do not alter the
overall conclusions regarding technical maturity, typical yield ranges, or core ADME
characteristics. Embase, Scopus, and Cochrane Library were not searched, which may lead
to omission of some pharmacokinetic and safety studies. Additionally, the PubMed search
was restricted to the title/abstract field, which carries an inherent risk of missing studies
that investigate madecassoside as a secondary component or embed it within a broader
experimental framework, and thus do not explicitly name the compound in the title or
abstract. To mitigate this risk, supplementary backward snowball screening of reference
lists from high-impact core reviews and landmark studies was performed for all core
chapters (biosynthesis, pharmacokinetics, and extraction technology). Despite this miti-
gation, title/abstract-restricted retrieval remains an inherent methodological limitation of
the current search design. The search strategies for each database were as follows: Pub-
Med (“Madecassoside” [Title/Abstract] OR “Asiaticoside A” [Title/Abstract]); Web of Sci-
ence (TS = (“Madecassoside” OR “Asiaticoside A”)); CNKI (SU= “§£F& A1 &~ OR “§%
TR, two standard Chinese terms for madecassoside with variant Chinese char-
acters for "glycoside"). During pilot optimization, additional compound synonyms and
trade names were tested but not included in the final search string, as they did not retrieve
unique relevant records beyond the core terms. Supplementary backward snowball
screening of high-impact review references was performed for core chapters (biosynthesis
and pharmacokinetics) to mitigate the risk of missing relevant studies.

A total of 906 records were retrieved from the initial search: 275 from PubMed, 433
from Web of Science, and 198 from CNKI. Identification stage: After removing 258 dupli-
cate records and 41 non-journal documents (including 24 dissertations, 10 conference ab-
stracts, 3 retracted papers, 1 book chapter, 2 correction notes, and 1 editorial), 607 records
remained for title/abstract screening. Screening stage: 258 records were excluded after title
and abstract evaluation, for reasons including irrelevance to MA research, unavailable full
text, or non-original research. A total of 349 records remained for full-text eligibility as-
sessment. Eligibility stage: 33 records were excluded after full-text review, all of which
were Chinese-language publications not indexed in Peking University core journals. In-
clusion stage: A final set of 316 eligible studies constituted the shared literature pool for
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the entire two-part review series. Of these, 235 studies focusing on chemical basis, biosyn-
thesis, green extraction/purification, and pharmacokinetic characteristics were selected
for analysis in Part I; notably, a subset of these studies also covers pharmacological activ-
ity, safety evaluation, and other topics relevant to Part II, which are cited and analyzed in
both parts as cross-thematic shared literature. The 235 unique studies in Part I are distrib-
uted across all eight sections as follows: Introduction (n = 26), Literature Search and
Screening Methods (1 = 0), Chemical Basis and Structure—Activity Relationship (1 = 90),
Biosynthesis and Metabolic Engineering Regulation (1 =70), Green Extraction and Efficient
Purification Technologies (n = 57), Pharmacokinetics and In Vivo Disposition (n = 47), Re-
search Challenges and Future Perspectives (n = 9 additional unique studies), and Conclu-
sions (n = 0). Owing to extensive cross-chapter citation of core research articles, the total
number of section-level citations exceeds the count of unique studies. The complete liter-
ature screening process and record counts at each stage are shown in Figure 1.

£ | | Records identified from:
g PubMed (n =275) Duplicate records removed: n =
& | | Web of Science (n=433) I$ 258
E CNKI (n=198) Non-journal exclusion: n =41
= | | Total: n =906

O
= Title and Abstract
'S o excluded(relevant to MA
§ Recoresereenct ol ¢ research, full text accessible): »
% =258

<
z Studies excluded (Chinese
‘= | | Full-text articles assessed for literature was limited to studies
EO eligibility: n =349 Ii) indexed in Peking University
= core journals): n =33

<
= Total studies in the two-part series: n =316
= Studies included in Part I: n =235
= Allocated by thematic scope from the shared series literature pool

Figure 1. Literature screening flow diagram. The two parts of this review share an identical initial
search strategy and a common pool of 318 eligible studies identified from three databases (PubMed,
Web of Science, and CNKI). Studies were allocated to each part according to thematic scope: Part I
covers chemical basis, biosynthesis, green extraction/purification, and pharmacokinetics; Part II co-
vers pharmacological effects, drug delivery systems, clinical translation, safety evaluation, and par-

adoxical mechanisms.

All included studies were stratified into four evidence levels. Level A: Randomized
controlled trials (RCTs) and clinical cohort studies; Level B: In vivo animal experiments
and ex vivo tissue studies; Level C: In vitro cell culture experiments, enzyme activity as-
says, and physicochemical experiments; Level D: Molecular docking, molecular dynamics
simulations, and theoretical predictions. This classification represents a study design-
based evidence hierarchy rather than a systematic quality appraisal of individual studies.
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No formal risk-of-bias assessment or quantitative quality scoring was performed for each
included study, and dimensions such as replication adequacy, appropriateness of control
groups, analytical method validation, and internal limitations of original studies were not
systematically evaluated on a per-study basis. This constitutes an inherent methodologi-
cal limitation of this narrative review. Conclusions were weighted by evidence level and
replicability. Findings consistently supported by multiple independent studies and pri-
marily backed by Level A or Level B evidence were presented as well-supported conclu-
sions. Findings derived from single studies, supported exclusively by Level C or Level D
evidence, or showing inconsistent results across the literature were treated as preliminary
or tentative. Mechanistic conclusions derived from Level C/D evidence were explicitly la-
beled as working hypotheses.

Data extraction and study selection were first discussed between the two investiga-
tors to reach consensus based on predefined criteria; if consensus could not be achieved
through discussion, a third reviewer was consulted for independent adjudication. Alt-
hough prevention and control measures such as independent dual-person operation, evi-
dence level stratification, and simultaneous presentation of positive and negative evi-
dence were adopted during the screening stage, the design of the review framework, the
condensation of core arguments, and the prioritization of future directions still reflect the
authors’ critical judgment of existing evidence. Readers should conduct independent eval-
uation in conjunction with the original literature.

3. Chemical Basis and Structure—Activity Relationship of MA
3.1. Chemical Structure and Physicochemical Properties of MA

MA belongs to the ursane-type pentacyclic triterpenoid saponins. Its chemical struc-
ture uses MAA as the aglycone, and a linear trisaccharide chain of 3-D-glucose-(1—6)--
D-glucose-(1—4)-a-L-rhamnose is linked to the carboxyl group at the C-28 position via an
ester bond (from the aglycone end to the sugar chain end). The parent nucleus simultane-
ously has four hydroxyl substitutions at positions C-2 @, C-3 , C-6 , and C-23. This is the
core difference from its structural analog AS (which has three hydroxyl groups at C-2 a,
C-3 8, and C-23 on the aglycone) [2,27]. The molecular structure differences between the
two are shown in Figure 2.

Madecassoside Asiaticoside

Figure 2. Comparative chemical structures of MA and AS. Both are ursane-type pentacyclic triterpe-
noid saponins sharing an identical linear trisaccharide chain [B-D-glucose-(1—6)-3-D-glucose-
(1—4)-a-L-rhamnose] linked to the C-28 carboxyl group via an ester bond. As indicated by the ar-
row, the defining structural difference is the additional g-hydroxyl substitution at the C-6 position

of the aglycone skeleton in MA, which is absent in the AS structure.

MA has a variety of structurally related derivatives. Among them, isomadecassoside
is its double-bond position isomer: the double bond on the E ring migrates from position
A2 to A2@), but it still retains anti-inflammatory activity comparable to the parent

https://doi.org/10.3390/biom16111663
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compound [28]. It is a skeletal isomer of asiaticoside B (oleanane-type skeleton), with dif-
ferences in the methyl substitution position on the E ring of the parent nucleus. Efficient
separation of the two can be achieved by adding f-cyclodextrin to the mobile phase, with
a resolution of up to 11.95 [29,30]. From a biosynthetic perspective, MA is generated from
a-amyrin, catalyzed by CYP716A83 (C-28 oxidase) and CYP714E19 (C-23 oxidase), to form
the aglycone, which then undergoes three-step glycosylation modifications at the C-28
position sequentially via glycosyltransferases such as UGT73AD1 and UGT73AH1 [31-33].

MA is a white amorphous powder or crystalline solid at room temperature, with typ-
ical physicochemical properties of triterpenoid saponins [34-36]: it is easily soluble in po-
lar solvents such as methanol, ethanol, and water, and sparingly soluble in non-polar or-
ganic solvents such as chloroform, petroleum ether, and n-hexane. Due to one more hy-
droxyl group in the molecule and the strong polarity of the sugar chain, its overall polarity
is slightly higher than that of AS. This difference results in weaker retention behavior dur-
ing macroporous resin adsorption and reversed-phase chromatography separation, and
the two can be enriched and separated by gradient elution [35,36].

Its chemical stability is significantly affected by pH and temperature. It is stable un-
der neutral to weakly acidic (pH 4.0-7.0) conditions and at room temperature away from
light but is prone to sugar chain hydrolysis to generate MAA or intramolecular isomeri-
zation under strongly acidic or strongly alkaline conditions or at high temperatures
(>80 °QC). In oil-in-water creams formulated with Centella asiatica extract and stored at
25 °C under sealed, light-protected conditions, MA retains over 90% of its initial content
for at least 6 months; its degradation follows first-order kinetics, with sugar chain hydrol-
ysis to MAA verified as the main degradation pathway [37]. For processed pennywort (C.
asiatica) juice stored under refrigeration at 4 °C, MA content exhibits no statistically sig-
nificant reduction over a 4-month observation period [38]. In both studies, MA was quan-
tified using validated reversed-phase High-performance liquid chromatography (HPLC)
methods with UV detection at 220 nm, whereas comprehensive structural characterization
of all trace degradation products was not conducted.

The maximum ultraviolet absorption wavelength of MA is approximately 205 nm. It
can be quantitatively detected using HPLC-UV, high-performance liquid chromatog-
raphy coupled with evaporative light scattering detection (HPLC-ELSD), or liquid chro-
matography-tandem mass spectrometry (LC-MS/MS), with a limit of detection as low as
0.005 pg/mL [39,40]. It can form crystals in a methanol-water mixed solvent system, and
its crystallization induction period is significantly longer than that of AS. Using this dif-
ference, monomers with a purity of more than 95% can be obtained through fractional
crystallization, with a recovery rate of approximately 80% [36,41].

3.2. Structural Analogs and Isomers of MA in Centella asiatica
3.2.1. Structural Analogs

AS, MA, MAA, and AA all belong to ursane-type pentacyclic triterpenoids. The core
structural differences lie in the hydroxylation status of the C-6 position on the parent nu-
cleus and the degree of glycosylation at the C-28 position [22,42]. The specific structural
differences are compared in Table 1. On the basis of structural differences, the pharmaco-
logical activity intensities of the four core triterpenoid components also show obvious dif-
ferentiation (Table 2). It should be noted that all cross-compound activity comparisons in
Table 2 are qualitatively summarized from independent studies with divergent experi-
mental systems and are not intended to represent a standardized quantitative potency
ranking. The grading is provided only as a quick reference for general activity trends.
Readers should interpret the results in conjunction with the original experimental condi-
tions and refer to the cited literature for detailed study designs and specific quantitative
data.

https://doi.org/10.3390/biom16111663
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Table 1. Structural differences among the four core triterpenoid constituents of Centella asiatica (L.)

Urb.
Constitu- CAS Registry C-6 Hydroxylation Status . oo
sstry y y C-28 Glycosylation Modification Reference
ent Number on Parent Nucleus
MA 34540-22-2 Hydroxyl present (C6-hy-  Linked to a linear trisaccharide chain of glu- [9,27,29,30,42-
droxylated) cose-glucose-rhamnose 45]
Linked to a linear trisaccharide chain of glu-
AS 16830-15-2 No hydroxyl group & [9,27,42-45]
cose-glucose-rhamnose
Hydroxyl present (C6-hy- .
MAA 18449-41-7 Y y'p ( Y™ Free carboxyl group, no sugar chain [42,43]
droxylated)
AA 464-92-6 No hydroxyl group Free carboxyl group, no sugar chain [42,43]
Table 2. Comparison of pharmacological activity intensities among the four core triterpenoid con-
stituents of Centella asiatica (L.) Urb.
Pharmacokinetics
Coll Synthesis Anti-Infl t Cardi 1
Constituent ° age.n ynthesis An ,1 'n ammatory Neuroprotection ar lm.zascu ar (PK)/Blood-Brain Bar- Reference
Promotion Activity Protection . .
rier (BBB) Profile
+++ (AChE binding +++ (alleviat -
+++ (type I collagen ( maing (a. e\.zla . m.y Rat oral bioavailability
energy —197.06 ocardial is chemia— .
+25~30%; the only ~ ++ (regulates NF- . L <1%; In vitro BBB Papp =
. . kJ/mol, superior to reperfusion injury; . [8,16,25,26
MA compound with sig- kB/NLRP3 path- o . i 53.31 x 10° cm/s; mainly
. donepezil in mo- no cardiotoxicity at . ,46-54]
nificant type III col- ways) . . metabolized to MAA after
. lecular docking conventional . .
lagen promotion) . K oral administration
simulations) doses)
. +++ (highest BBB . . Rat oral bioavailability
++ (inhibits IL-6, . ++ (no cardiotoxi-
++ (type I collagen . permeability . <1%; BBB Papp = 70.61 x
TNF-a and other in- city at conven- L . . [8,26,49,50
AS +25~30%; no effect among the four, . . 10-¢ cm/s; bidirectional in-
11T coll ) flammatory cyto- P 70.61 x 106 tional doses; lim- ! . ith MA i ,55-58]
on type III collagen app =70.61 x 10~ erconversion wi in
Rl & kines) PP ited research data) .
cm/s) vivo
+++ (stronger anti-in- ++ (stronger in Mainly an intestinal mi-
- (no significant col- flammatory activity vitro AChE inhibi- — (cardiotoxic at  crobiota metabolite of [10,25,49,5
MAA lagen synthesis pro- in LPS-induced in- tion than glyco-  high concentra-  MA; lower BBB permea- 0 5'7 5'9 66]
motion effect) flammation than gly-sides; low BBB per-tions) bility than glycoside T
cosides) meability) forms
D .. . . . Mainly an intestinal mi-
- (no significant col- +++ (anti-inflamma- +++ (strongestin - (cardiotoxic at . .
. L. . o crobiota metabolite of AS; [25,49,50,5
AA lagen synthesis pro- tory activity compa- vitro AChE inhibi- high concentra-

motion effect)

rable to MAA) tory activity)

BBB Papp =50.94 x 10-¢
cm/s

. 7,59,60]
tions)

Note: Activity scores are qualitative assessments based on published peer-reviewed literature, not
derived from head-to-head parallel comparisons under a unified experimental platform. Grading
criteria: +++ (Strong activity): Consistently significant bioactivity across multiple independent stud-
ies, with well-documented dose-effect relationships; or significantly superior activity compared
with other analogs in direct comparative studies. ++ (Moderate activity): Definite bioactivity re-
ported in most studies, with partially verified dose dependency; overall intensity is generally lower
than the +++ tier. + (Weak/limited activity): Bioactivity detected only in a subset of studies, or with
weak intensity, or with a relatively limited evidence base. — (No significant activity/overt toxicity):
No consistent significant bioactivity or verified cytotoxicity/adverse effect. Due to substantial heter-
ogeneity in cell models, treatment concentrations, exposure durations, and outcome measures
across original studies, this grading reflects only general activity trends and shall not be interpreted

as a strict quantitative potency ranking.
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3.2.2. Double-Bond Position Isomers

Isomadecassoside is a novel ursane-type triterpenoid glycoside double-bond isomer
isolated and identified from the industrially purified MA-enriched fraction of C. asiatica
leaves [28]. Researchers completed its full structural elucidation via high-resolution elec-
trospray ionization mass spectrometry (HR-ESIMS) and two-dimensional nuclear mag-
netic resonance (NMR) techniques, including Proton nuclear magnetic resonance (‘H
NMR), Carbon-13 nuclear magnetic resonance (*C NMR), correlation spectroscopy
(COSY), heteronuclear single quantum coherence (HSQC), and heteronuclear multiple
bond correlation (HMBC). The compound has the exact same molecular formula as MA
(CasHz020). The core structural difference is that the double bond on the E ring of its
ursane parent nucleus migrates from the conventional A2(3) to A20@). The corresponding
aglycone is the novel 2a,38,6f5,23-tetrahydroxyurs-20-en-28-oic acid (isomadecassic acid).
The sugar chain moiety still retains the same a-L-rhamnose-(1—4)-O--D-glucose-(1—6)-
O-B-D-glucose trisaccharide structure as MA, linked to the C-28 carboxyl group via an
ester bond [28].

In vitro anti-inflammatory activity evaluation showed that isomadecassoside, at non-
cytotoxic concentrations of 2-50 uM, can dose-dependently inhibit the production of ni-
trite (a stable metabolite of nitric oxide) in J774A1 macrophages stimulated by lipopoly-
saccharide (LPS). At 50 uM, the inhibition rate reaches 19%, slightly better than MA and
asiaticoside B (terminoloside) at the same concentration, with anti-inflammatory activity
comparable to MA [28].

3.2.3. Skeletal Isomers

There are two types of triterpenoid saponins in C. asiatica with ursane and oleanane
as the parent nuclei. Among them, asiaticoside B is a typical skeletal isomer of MA. The
chemical structures of the two were first systematically elucidated in 1978: MA is the tri-
saccharide ester of 2a,3f,66,23a-tetrahydroxyurs-12-en-28-oic acid, while asiaticoside B is
the trisaccharide ester of the corresponding oleanane-type parent nucleus. The core dif-
ference lies in the substitution position of the methyl group on the E ring [61].

Separation and purification of asiaticoside B usually adopt preparative high-perfor-
mance liquid chromatography (prep-HPLC) or the method of adding g-cyclodextrin as a
mobile phase additive [29,30,45,62-67]. Researchers have successfully isolated this com-
ponent from total AS and established a quantitative analysis method using the quantita-
tive analysis of multi-components by single marker (QAMS) approach [68,69]. To date,
approximately 40 such triterpenoid saponins (collectively called centelloids) with ursane
and oleanane as parent nuclei have been identified from C. asiatica, most of which are trace
secondary metabolites [70]. In addition, there are other oleanane-type triterpenoid oligo-
sides such as asiaticosides B, C, and D [28,71,72].

3.2.4. Other Structurally Modified Derivatives

In addition to the above glycosylation and skeletal isomerization, there are various
other types of structurally modified triterpenoid saponins in C. asiatica, covering acetyla-
tion, oxidation, methoxylation, and glycosylation variation.

Acetylated derivatives are the main modification type reported so far. 23-O-acetyl
MA and 23-O-acetyl asiaticoside B have been reported [73]. Oxidized and methoxylated
derivatives include 11-oxo-asiaticoside B, 11-oxo-MA, 11()-methoxy-asiaticoside B, and
11(f)-methoxy-MA [71], with carbonyl or methoxy groups introduced on the parent nu-
cleus. Other novel triterpenoid glycosides include asiaticosides C, D, E, F, and G [71,72],
as well as new polyacetylene glucosides such as centellosides A and B [74].

The structures of these novel triterpenoid glycosides are mostly determined usingy
nuclear magnetic resonance, high-resolution mass spectrometry, and chemical methods.
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Some compounds show neuroprotective, anti-inflammatory, and other biological activi-
ties, providing a new basis for the pharmacodynamic material foundation and quality
control of C. asiatica [28,70,71,73,75].

3.3. Structure—Activity Relationship Studies of MA and Its Derivatives

Current understanding of MA'’s structure—activity relationships is predominantly de-
rived from comparative studies of naturally occurring structural analogs (asiaticoside,
madecassic acid, and asiatic acid) rather than site-directed chemically modified deriva-
tives. Accordingly, the associations between structural motifs and bioactivity described in
this section represent structural correlations based on existing literature, not definitively
proven causal relationships. All conclusions should be interpreted as working hypotheses
pending verification via controlled structural modification experiments. Structure-activ-
ity relationship research of MA covers three core dimensions: structural differentiation
from analogs, activity modulation by sugar chain length, and functional switch between
glycoside and aglycone forms. The core structural determinants and activity differentia-
tion rules are schematically summarized in Figure 3. No systematic site-directed chemical
modification study has been reported to date. Confounding factors such as differences in
tissue distribution, metabolic stability, and physicochemical properties between analogs
make it impossible to uniquely attribute activity differences to single functional groups.
Therefore, all structure—activity rules summarized in this section should be regarded as
working hypotheses (Level C evidence) rather than definitive conclusions.

Glycoside
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° trisaccharide
(€28 -COO-) J

Intestinal microbi

o o g M H hydrolysis Y Deglycosylated
H H—7—H i L
" 1 o K aglycone:
W Oy MA T MAA Stronger direct
7 b | anti-
Absence of C6 B-OH ,, " Absence of C6 B-OH N\, inflammatory
i Y Glycoside effect ";
i - acrophages
. L c o, hydrolysis § N macrophages
S (C28-COOH)

H 0’
Intac’

¥ trisaccharide

\
"

: H i N e N "
(C28-CO0-) Intestinal microbigta » ‘
g M "4 W hydrolysis LD
..Tu M I
%, AS ! AA
Absence of C-6 B-OH: Narrowed healing activity; comparable anti-inflammatory potency

Figure 3. Schematic diagram of the structure—-activity relationships of MA and its structural analogs.
Arrows indicate the distinct structural motifs associated with corresponding bioactivity character-
istics. The C-6 -hydroxyl group on the ursane aglycone backbone and the intact linear trisaccharide
chain at the C-28 carboxyl position are the two core structural determinants of the biological activity
of these triterpenoids. The integrity of the C-28 trisaccharide chain defines the functional mode:
intact glycoside forms [madecassoside (MA) and asiaticoside (AS)] dominate wound healing and
antioxidant activities, and mediate anti-arthritis and anti-pulmonary fibrosis effects via intestinal-
dependent mechanisms after oral administration. Aglycone metabolites [madecassic acid (MAA)
and asiatic acid (AA)] produced by glycoside hydrolysis exert stronger direct anti-inflammatory
effects in macrophages and function as the direct effector molecules in ulcerative colitis. The C-6 -

hydroxyl moiety broadens the activity profile and enhances target binding capacity, which
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underlies the activity differentiation between MA and AS. Intestinal microbiota-mediated deglyco-
sylation acts as the key metabolic switch between these two functional modes. All structure—activity
inferences are working hypotheses derived from comparisons of naturally occurring analogs and

remain to be verified using site-specific chemical modification studies.

3.3.1. Effects of Sugar Chain Length and Linkage Mode on Activity

The structure of the sugar chain has an important influence on the activity of asiatic
triterpenoids. The degree of glycosylation and sugar chain composition can significantly
change the physicochemical properties and biological effects of the compounds. For ex-
ample, in promoting fibroblast proliferation and collagen synthesis, both AS and MA
(both trisaccharides) show stronger biological activity than their corresponding aglycones,
and this difference is only for type I collagen. MA has a higher comprehensive wound-
healing activity score due to the additional type III collagen-promoting effect, suggesting
that differences in sugar chain structure (MA has one more hydroxyl group at the C-6
position) affect its interaction with targets and activity intensity [7,76].

In studies on neurite outgrowth activity, parallel testing in the same Neuro-2a cell
system revealed that AS and MA induce sustained Extracellular signal-regulated kinase
(ERK) 1/2 phosphorylation and downstream cAMP response element-binding protein
(CREB) activation, whereas their respective aglycones MAA and AA only elicit transient
ERK1/2 activation, with corresponding differences in downstream biological effects [77].
This divergence in signaling kinetics is closely associated with the presence of the sugar
chain but may also be jointly mediated by differences in physicochemical properties, cel-
lular uptake rates, and intracellular metabolic kinetics between the two classes of com-
pounds, suggesting that the intact sugar chain contributes to maintaining the sustained
activation pattern of this signaling pathway.

In terms of anti-inflammatory activity, glycosides (AS and MA) directly extracted
from C. asiatica are considered the main active ingredients for burn healing, rather than
their aglycone metabolites [17].

In synthetic biology research, it has been found that the rhamnose at the end of the
sugar chain and the middle glucose are sequentially added by two specific glycosyltrans-
ferases (UGT94M2 and UGT94BE1). UGT94M2 catalyzes the linkage of the second 1,6-
linked glucose, and UGT94BEl1 is responsible for the transfer of the terminal 1,4-linked
rhamnose. The substrate specificity of the two determines the unique structure of trisac-
charide saponins in C. asiatica [33,78].

Meanwhile, using molecularly imprinted polymer (MIP) technology, it was found
that when enriching AS, the purity of AS increases by 3.01 times, while the purity of its
homolog MA can increase by 6.51 times. This indirectly reflects the significant difference
in their interaction with materials due to sugar chain differences [79].

3.3.2. Regulation of Pharmacological Activity by the Position and Number of Hydroxyl
Substitutions on the Parent Nucleus

Structurally, the defining difference between the MA and AS aglycone backbones is
the additional f-hydroxyl group at the C-6 position [27,41]. However, this single structural
variation is accompanied by parallel differences in physicochemical properties, cellular
exposure, and in vivo disposition, all of which may contribute to the observed activity
gaps and confound causal attribution to the C-6 hydroxyl motif alone. Specifically, three
categories of confounding factors should be acknowledged: Physicochemical properties:
The extra C-6 f-hydroxyl group increases overall molecular polarity and aqueous solubil-
ity of MA, which may alter its dissolution behavior and passive transmembrane efficiency,
leading to different intracellular exposure levels even at the same administered concen-
tration [41,57]. Cellular biotransformation: MA and AS can undergo bidirectional
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interconversion via C-6 hydroxylation/dehydroxylation in biological systems, resulting in
divergent intracellular profiles of active forms (glycosides + aglycones) and further con-
founding direct comparison of intrinsic target potency [57]. In vivo pharmacokinetic be-
havior: The two compounds differ in tissue distribution, metabolic clearance, and entero-
hepatic circulation patterns. These disposition differences can widen or narrow the gap in
in vivo efficacy independently of target-binding affinity [25,57]. That said, one lines of
evidence provide relatively direct support for the structural contribution of the C-6 -hy-
droxyl group, largely independent of solubility and metabolic confounding: Computa-
tional chemistry evidence (Level D): Molecular docking and quantum chemical calcula-
tions show that the C-6 f-hydroxyl group can directly form hydrogen bonds with key
amino acid residues (e.g., Tyr124 and Arg296) in the acetylcholinesterase binding pocket,
making a direct energetic contribution to binding affinity [80]. This reflects the intrinsic
molecular interaction between the structural motif and the target, independent of solubil-
ity, absorption, or metabolism.

The activity performance of MA differs from that of AS in various models. In terms
of antipyretic effect, both have cooling effects, but at specific time points (e.g., 5 h after
LPS injection), the cooling effect of AS is better than that of MA [8]. In terms of stimulating
collagen synthesis in fibroblasts, AS shows stronger biological activity than MA in certain
dose ranges [7,81].

At the cellular level, the in vivo ratio of C6-hydroxylated products (such as MAA and
MA) to non-hydroxylated products (AA and AS) is significantly higher (4.00 and 3.61
times, respectively), indicating that C6-hydroxylation is a major biotransformation step in
vivo, but how this modification specifically regulates activity remains to be further stud-
ied [42].

Studies on other novel triterpenoid saponins in C. asiatica also reveal the importance
of hydroxyl substitution. For example, 11-oxo-asiaticoside B (with a carbonyl group at the
C-11 position) isolated from C. asiatica shows stronger neuroprotective effects than MA,
with a cell survival rate as high as 91.75% at a concentration of 100 uM [72]. Similarly,
isomadecassoside with A1) double bond migration also shows anti-inflammatory ac-
tivity similar to MA [28].

However, the introduction of hydroxyl groups (such as MAA) shows a different
trend in antimalarial activity: its activity is higher than the corresponding glycoside (MA)
but lower than its non-hydroxylated aglycone (AA) [82].

3.3.3. Activity Differences and in Vivo Transformation Rules of Aglycone and
Glycoside Forms

The activity differences and in vivo transformation rules between MA and its agly-
cone MAA are the key to structure-activity relationship research. After oral administra-
tion, MA is partially metabolized to MAA in vivo, but the biological activities of the parent
drug and its metabolites differ.

Multiple studies have confirmed that MA exhibits stronger or more direct pharma-
cological effects than its aglycone MAA in anti-rheumatoid arthritis [83,84], anti-pulmo-
nary fibrosis [85], and burn healing promotion [17], suggesting that in these models, the
parent glycoside is the main active form.

For example, in the anti-rheumatoid arthritis effect, oral MA is effective, while its
main metabolite MAA is ineffective. MA exerts its effect by regulating intestinal flora and
inducing regulatory T cells (Treg), rather than through direct action after absorption into
the blood [83,84]. In anti-colitis research, MA needs to be converted into its aglycone MAA
by intestinal flora before it exerts a therapeutic effect of restoring Th17/Treg balance; that
is, MAA is the true active form in vivo [86].

https://doi.org/10.3390/biom16111663



Biomolecules 2026, 16, 1663

13 of 66

In vitro, it has also been found that MAA is more effective than MA in inhibiting the
production of inflammatory factors in macrophages [10]. In contrast, intact glycosides ex-
hibit superior wound-healing and collagen synthesis-promoting activity both in vitro and
in vivo, as confirmed using head-to-head comparative studies of the four major triterpe-
noids [17]. Clinical evidence further verifies that Centella asiatica preparations rich in
triterpenoid glycosides can accelerate acute wound healing in humans [87]. This indicates
that the presence of glycosidic bonds can significantly change the pharmacokinetic prop-
erties of drugs (such as low oral bioavailability) and targeting (such as acting on the intes-
tine), while aglycones may be more easily absorbed into the blood and exert direct sys-
temic effects, but the specific strength of this effect depends on different pharmacological
models and evaluation indicators [83-85]. In terms of chemical composition, free agly-
cones (AA and MAA) are present at very low levels in conventional n-butanol-enriched
total triterpenoid saponin fractions [88]. Regarding antioxidant activity, consistent with
their dominant content proportion, glycoside forms (MA and AS) are considered the main
contributors to the total antioxidant capacity of the total saponin extract, with both com-
pounds verified to exert direct antioxidant and cytoprotective effects via the Nrf2/HO-1
pathway [11,12]. Hydroxyl substitution on the parent nucleus and sugar chain structure
are the key factors determining its pharmacological activity.

It should be emphasized that the above structure-activity rules are highly indication-
dependent. The dominant active form (parent glycoside vs. aglycone metabolite) varies
across different disease models and administration routes. For oral administration, Intact
MA is regarded as the dominant functional form. Its anti-arthritis effect depends on intact
gut microbiota, while the anti-pulmonary fibrosis effect is mediated via the intestinal tract
[83-85]. This is directly supported by head-to-head comparison showing that oral admin-
istration of pure MAA alone fails to produce significant therapeutic efficacy in the arthritis
model [84]. Ulcerative colitis: MAA is verified as the direct effector molecule that restores
the Th17/Treg balance, whereas MA requires microbiota-mediated deglycosylation to ex-
ert efficacy [86]. Wound healing and skin repair: Intact glycoside forms (MA and AS) ex-
hibit stronger collagen synthesis-promoting and wound-healing activity than their corre-
sponding aglycones, as confirmed by parallel separate administration tests both in vitro
and in vivo [17]. In vitro macrophage anti-inflammatory assay: At equal concentrations,
MAA exerts significantly stronger direct inhibitory effects on NF-xB pathway activation
and pro-inflammatory cytokine production than MA, based on direct cell-level compara-
tive experiments [10].

Notably, the supporting evidence for mechanism attribution differs in strength. Di-
rectly verified findings: Activity differences between MA and MAA confirmed by sepa-
rate administration [10,17,86]. After oral administration, prototype MA exhibits extremely
low plasma exposure [25,26,89], and MAA accumulates as a major circulating metabolite
upon repeated dosing, especially under inflammatory conditions [89]. Oral MA exerts
therapeutic effects in an intestine-dependent manner in arthritis and colitis models; its
anti-arthritis efficacy has been verified to depend on intact gut microbiota [84], while its
anti-colitis effect requires intestinal deglycosylation to generate the active metabolite
MAA [86]. In addition, measurable levels of MA prototype have been detected in target
tissues including skin and brain after oral administration of standardized C. asiatica extract
[26]. Evidence-based interpretations (working hypotheses): The generalized distinction
that “MA acts mainly through local intestinal regulation rather than systemic exposure in
oral arthritis and pulmonary fibrosis models”. This inference is drawn from combined
evidence of extremely low oral bioavailability, microbiota-dependent efficacy, and pe-
ripheral biomarker changes, but direct quantitative comparison of MA versus MAA con-
centrations at the target organ parenchyma level is still lacking across all disease models.
Accordingly, the division of active forms and action modes across indications should be
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interpreted as an evidence-based working model rather than an absolutely definitive con-
clusion. No single universal hierarchy of activity can be generalized across all indications.

3.3.4. Synergistic Effects of MA and AS

As the main active components in C. asiatica, MA and AS can produce pharmacolog-
ical synergistic effects at specific ratios. In a model promoting HaCaT cell migration and
wound healing, ECa 233 (a standardized C. asiatica extract with total triterpenes > 85% and
MA:AS = 1.5:1) was confirmed to activate multiple signaling pathways such as focal ad-
hesion kinase (FAK), Akt, and MAPK, and its comprehensive effect may stem from the
synergistic action of various active components contained in it [90]. Clinically, compound
preparations or skin care products containing MA and AS have been used to promote
wound healing after laser surgery, improve skin wrinkles, and enhance the skin barrier.
The realization of these composite effects also implies the synergistic potential among var-
ious active components [91-95].

To intuitively present the regulatory rules of different structural modifications on the
pharmacological activity and druggability of MA, the effects of four types of modifica-
tions—sugar chain length, number of hydroxyl groups on the parent nucleus, double
bond position, and acetylation—on wound healing promotion, anti-inflammation, trans-
dermal penetration, and oral absorption are summarized in Table 3. Overall, sugar chain
length is the core factor determining the mode of action (intestinal targeting vs. direct
blood entry), the C6 hydroxyl group on the parent nucleus is the key site distinguishing
its activity differentiation from AS, and modifications such as double bond migration and
acetylation provide structural modification directions for targeted optimization of drug-
gability.

Table 3. Structure-activity and druggability profiles corresponding to different structural modifi-
cations of MA.

Type of Struc-
tural Modifica-
tion

Specific Modifi- Wound Healing Ac- Anti-Inflamma- Transdermal Penetra- Oral Absorption Char- Refer-
cation Method tivity tory Activity tion Performance acteristics ence

Sugar chain
length

Strongest: can simul-
taneously promote Extremely low: abso-

lute oral bioavailability [7,9,10,
of prototype <1% in 17,23,25

rats; most are hydro- ,26,47,5

Intact trisaccha- Moderate: exerts
) ] type I and type III .
ride chain (proto- . anti-inflammatory Weak: strong molecu-

. . collagen synthesis, o .
type: linear trisac- effects by inhibit- lar polarity, low pas-
ing NF-xB, NLRP3 sive transdermal effi-

and other path- ciency

induce sustained
ERK1/2 signal activa-
tion; main active

charide of glu-
& lyzed to aglycone by  7,76,96,
cose-glucose- . . .
intestinal flora in the  97]

rhamnose) ways . .
form for burn intestine

wound healing

Sugar chain trun- Enhanced cell migra- o . Theoretically improved
. . Significantly im- . . .

cated to mono-  tion promotion ef- Weaker than agly- intestinal passive per-

meability, but still eas- [10,23,2

ily metabolized and hy-5]

roved: reduced po-
saccharide fect, weaker collagen cone, stronger than P . p
. . . . larity, better transder-

(MA2G, removal synthesis ability thantrisaccharide pro- o
mal efficiency than

t MA
groups) type patem flora

of 2 sugar trisaccharide proto- totype drolyzed by intestinal

Strongest: signifi- . L
Hlv better inhib Intestinal absorption is

cantly better inhib-

Weakest: no signifi- Y Optimal: high fat solu- better than glycosides,

Complete degly- itory activity on [7,10,17

t coll the-
cant collagen synthe ,23,25,6

bility, strong trans- but systemic exposure
cosylation (agly- macrophage in- y 5 y P

sis and wound heal- membrane penetrationis still limited; there is a

cone form: MAA flammatory factors 0,86
)ing effects y ability risk of cardiotoxicity at ]
than glycoside . .
high concentrations
forms

https://doi.org/10.3390/biom16111663



Biomolecules 2026, 16, 1663 15 of 66
3 hvd 1 Moderately strong: Moderate: inhibits Slightly better: slightly Extremely low proto- 7
rox -
y y only promotes type I the release of in-  lower polarity, slightly type bioavailability;
Parent nucleus  groups (control: . 4 9,26,35,
collagen synthesis, flammatory factors stronger passive pene- can be converted to
hydroxyl groups AS, no C6 hy- o . . 36,57,96
droxyl group) no significant effect such asIL-6 and tration ability than =~ MA by C6 hydroxyla- |
y: group on type III collagen TNF-a MA tion in vivo
P duct oral bioa-
Stronger: the only ~ Stronger: the u.re pﬁo L,lc oratbroa
. . . . vailability is about
4 hydroxyl component in C. asi- strongest anti- Slightly weaker: 0.67%: wh st
. ; when coexistin;
groups (proto-  atica that can signifi- acne-induced skin slightly higher polar- ith 15 the in vi 817
wi , the in vivo
type: new B-hy- cantly promote type inflammation ac- ity, slightly lower d " b 9,17,35,
residence time can be
droxyl at C6 posi-1II collagen synthe- tivity among the transdermal efficiency . 36,57]
. L . prolonged through bi-
tion) sis, with faster burn four core triter- than AS . .
. directional transfor-
healing penes .
mation
Double bond at
Double bond po- ouble on a Baseline activity Baseline activity . .
o A1) position Baseline level Baseline level [2,27]
sition level level
(prototype)
Equivalent to pro- Similar physicochemi-
Double bond at No systematic com- quivaten ,O p.ro. No significant differ- rmrarp }_ISICOC emt
. , totype: NO inhibi- ) cal properties, pre-
A2@) position  parative study, pre- ence in molecular po- . . .
. . tion rate at 50 uM . sumed in vivo disposi- [28]
(isomadecasso- sumed to be equiva- | larity, presumed to be . .
. is slightly better o tion process is con-
side) lent to prototype similar to prototype . .
than prototype sistent with prototype

No acetylation

Acetylati
cetylation (prototype)

Baseline activity
level

Baseline activity
level

Baseline level

Baseline level [34,35]

Theoretical improve-
ment: enhanced fat

Theoretical improve-
ment: improved fat sol-

23-O-acetyl modi-

fication

Systematic activity  Activity has not
y . y y . solubility, expected to ubility can enhance in-
evaluation hasnot  been clearly veri- | . ] [71]

. . improve transdermal testinal passive perme-
been carried out fied . . . .
efficiency, no direct  ability, no in vivo phar-

experimental data macokinetic evidence

Note: All profiles are derived from comparative studies of natural analogs and enzymatic hydrolysis
products. No systematic site-directed modification study has validated these structure-activity
rules. Data should be interpreted as directional trends (working hypotheses), not definitive quanti-

tative relationships.

3.3.5. Limitations of Structure—Activity Relationship Research

Current understanding of MA'’s structure—activity relationships is predominantly de-
rived from comparative studies of naturally occurring analogs [7,10,17,28,76], with three
key methodological limitations: (1) A critical limitation is the complete lack of evidence
from site-directed structural modification. All current Structure-activity relationship
(SAR) inferences rely on comparisons between naturally occurring analogs with multiple
concurrent differences in physicochemical and pharmacokinetic properties. No study has
yet verified the causal role of the C-6 f-hydroxyl group via selective hydroxylation or de-
hydroxylation at this site under otherwise identical molecular backbones. Until such con-
trolled modification evidence is available, all structure-activity rules regarding the C-6
hydroxyl group should be interpreted as working hypotheses rather than definitive causal
conclusions. (2) Confounding factors such as tissue distribution, metabolic stability, and
physicochemical properties differ between analogs, which may contribute to observed ac-
tivity differences independently of the target structural motif [17,41,57]. (3) Most infer-
ences are assembled from data generated in different laboratories with divergent experi-
mental systems, lacking standardized head-to-head parallel comparisons under a unified
platform [7,77]. (4) A further limitation pertains to in vivo active form attribution. Alt-
hough separate administration studies have verified distinct activity profiles of MA and
its aglycone MAA across multiple disease models [10,17,83,86], direct quantitative
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comparison of prototype versus metabolite concentrations at target organ parenchyma
sites remains incomplete for most in vivo models [25,26]. The mechanistic division be-
tween local intestinal action and systemic effector function is largely inferred from com-
bined pharmacokinetic and efficacy evidence, rather than from direct tissue-level concen-
tration—effect correlation verification [83,86]. Accordingly, all structure-activity rules
summarized in this section should be regarded as working hypotheses (Level C evidence)
rather than definitive conclusions.

3.4. Structural Modification and Derivative Research of MA

The extremely low oral bioavailability of MA (<1% in rats) [26] and poor intestinal
permeability [98] severely restrict its clinical translation. Covalent structural modification
is one of the core strategies to break through this bottleneck. However, current research
in this field is still in its infancy. Existing work mainly focuses on the isolation and identi-
fication of a few enzymatic conversion products and naturally derived derivatives, and
there is a lack of systematic prodrug design, site-selective chemical modification, and
quantitative structure-activity relationship research.

3.4.1. Core Modification Sites and General Synthetic Routes

MA belongs to ursane-type pentacyclic triterpenoid saponins, and its structural basis
is the pentacyclic triterpene skeleton derived from a-amyrin [27,43]. From the perspective
of structural modification, there are three types of potential modification sites in the MA
molecule: (1) hydroxyl groups (C-2 a, C-3 5, C-6 §, and C-23 positions) and carboxyl
groups (C-28 position) on the aglycone parent nucleus; (2) the linear trisaccharide chain
of glucose—glucose-rhamnose linked at the C-28 position; (3) the A2 double bond in the
ursane-type skeleton.

Among these three types of sites, the sugar chain moiety is the most concentrated
area of current artificial modification research because it is exposed on the molecular sur-
face and can be selectively hydrolyzed by glycosidases.

At the biosynthetic level, the MA aglycone MAA is generated from @-amyrin through
three key oxidation reactions: C-28 carboxylation is catalyzed by CYP716A83, C-23 hy-
droxylation is catalyzed by CYP714E19 [31], and the C-2 a-hydroxylase remains to be
identified. Thereafter, UDP-glycosyltransferases UGT73AD1 and UGT73AH]1 catalyze the
glucosylation of the C-28 carboxyl group to form monoglucoside [99,100]. UGT94M2 and
UGT94BE1 sequentially add the second glucose molecule and the terminal rhamnose
group to complete the trisaccharide chain assembly [33,78]. The substrate specificity of
these glycosyltransferases provides molecular tools for engineering the sugar chain struc-
ture.

From the perspective of organic synthesis, the total chemical synthesis of MA is ex-
tremely challenging due to its complex structure, and there is currently no economically
feasible total synthesis route reported. Existing structural modifications mainly focus on
(1) directional hydrolysis modification of the sugar chain part of MA by enzymatic meth-
ods [23]; (2) structural identification of trace derivatives isolated from natural products
[28,71,72]. This situation indicates that the research on MA derivatives is still dominated
by biocatalysis and natural product chemistry, and there is a lack of systematic explora-
tion of chemical synthesis methodology.

3.4.2. Reported Derivative Types and Modification Effects
Sugar Chain Enzymatic Hydrolysis Modified Derivatives

The only MA derivative prepared through artificial modification and with systemat-
ically reported biological activity is the sugar-chain-truncated product produced via en-
zymatic hydrolysis. Researchers used glycoside hydrolase to perform directed
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deglycosylation of MA and prepared madecassoside monoglucoside (removing one glu-
cose group) and madecassoside diglucoside (further removing the rhamnose group, i.e.,
monoglucoside) [23].

Enzymatic hydrolysis modification produces significant changes in activity and
properties. In terms of transdermal performance, the transdermal permeability of MA2G
is better than that of parent MA, suggesting that moderately reducing sugar chain polarity
is an effective strategy to improve transdermal delivery efficiency [23]. In terms of biolog-
ical activity, MA2G shows stronger reactive oxygen species (ROS)-scavenging activity
(43.05~147.50% lower than MA) and cell migration-promoting effect (36.76~77.28%
stronger than MA) [23].

These results indicate that sugar chain truncation modification—rather than the in-
tact trisaccharide chain—may be a better direction for optimizing the transdermal admin-
istration performance of MA. However, the current modification strategy is still limited
to the preparation and preliminary activity evaluation of enzymatic hydrolysis products
and has not involved in vivo pharmacokinetic research or formulation development.

Parent Nucleus Derivatization and Complex Formation

Research on covalent chemical modification of the MA parent nucleus is extremely
limited. Almost all reported derivatives come from isolation and identification of natural
sources, rather than rational design and synthesis. 23-O-acetyl MA is a natural acetylated
derivative isolated from C. asiatica [71]. Its structural identification proves that acetylation
of hydroxyl groups on the parent nucleus can occur in nature, but systematic pharmaco-
logical activity evaluation of this compound has not been carried out. MA derivatives
substituted with 11-oxo and 118-methoxy groups have also been reported [72], all from
plant natural extracts. There are currently no research reports on the selective introduction
of acetyl, methyl, or other functional groups on the parent nucleus using chemical meth-
ods to systematically optimize the druggability of MA.

Esterification and Prodrug Derivatives: A Key Blank Area in Current Research

At present, to our knowledge, no peer-reviewed study has reported systematic cova-
lent prodrug design and synthesis of MA. The C-28 carboxyl group of MA provides classic
ester prodrug design sites (such as pivaloyloxymethyl ester, amino acid ester, and other
strategies), and multiple hydroxyl groups on the parent nucleus also have the potential
for phosphate ester prodrug modification, but no systematic prodrug design research has
been reported so far. Amide derivatives of MA have also not been documented in the
literature.

This gap is one of the fundamental bottlenecks restricting the development of MA
oral preparations. Against the background of the extremely low oral bioavailability of MA
(<1% in rats) [26,57], temporarily blocking polar groups through prodrug design to im-
prove intestinal permeability, and then restoring activity through in vivo enzymatic hy-
drolysis is one of the most mature optimization strategies in the field of medicinal chem-
istry. This strategy has successful precedents in the derivatization research of similar
triterpenoid saponins (such as glycyrrhizic acid and ginsenosides), but there is no explo-
ration in the field of MA.

3.4.3. Existing Explorations of Druggability Optimization Strategies
Attempts to Improve Oral Bioavailability

There are currently no reports of successfully improving the oral bioavailability of
MA through covalent structural modification. The structural root of poor oral absorption

of MA lies in its high polarity (multiple hydroxyl groups and sugar groups) and large
molecular weight (Mw = 975), resulting in weak transmembrane passive diffusion ability.
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The reported improvement strategies are all physical pharmaceutical means (lipo-
somes, phospholipid complexes, nanoparticles, etc.) [101-103] or the use of bioenhancers
such as piperine to inhibit efflux transporters and metabolic enzymes [104]. However,
these are all non-covalent complexation or drug combination strategies and do not involve
covalent bond modification of the MA molecule itself. Solving the problem of oral absorp-
tion at the molecular structure level —that is, reducing polarity and blocking hydrogen
bond donors through covalent bond modification—is still a direction to be broken
through.

Structural Modification Strategies for Optimizing Transdermal Performance

The high hydrophilicity of MA limits its transdermal penetration ability. It is worth
noting that MA2G prepared via enzymatic hydrolysis has significantly better transdermal
permeability than parent MA [23], which provides proof of concept for optimizing trans-
dermal performance through enzymatic sugar chain truncation. However, the above strat-
egies are all non-covalent physical complexation or enzymatic deglycosylation, and there
is no research on systematically optimizing transdermal performance by introducing lip-
ophilic groups at hydroxyl groups such as C-6 or C-23 through chemical modification.

Preliminary Exploration of Quantitative Structure—Activity Relationships and
Computational Simulation

Current quantitative structure-activity relationship research on MA is extremely
scarce. Existing knowledge mainly comes from activity comparisons of natural analogs
(detailed in Section 3.3), and there is a lack of systematically designed artificial derivative
structure-activity databases.

Molecular docking and molecular dynamics simulations have been used to study the
binding mode of MA to acetylcholinesterase (AChE). Free energy calculations show that
the binding affinity of MA (-197.06 k]/mol) is better than that of the clinical drug donepezil
(-133.51 kJ/mol) [80]. Quantum chemical calculations further confirmed that the key in-
teractions between triterpenoids and AChE include hydrogen bonds with Tyr124, Arg296,
Tyr337, and Tyr341, as well as H-i and van der Waals interactions, providing a structural
basis for the neuroprotective activity of MA [80]. These computational studies provide a
preliminary basis for the rational design of derivatives based on target structures but have
not yet formed a closed loop with synthetic verification.

3.4.4. Existing Problems and Future Directions in Structural Modification Research

Based on the above analysis, there are four core problems in the field of MA structural
modification: (1) At present, to our knowledge, no peer-reviewed study has reported sys-
tematic covalent prodrug design and synthesis of MA: As of August 2026, no systematic
prodrug design and synthesis of MA has been reported in published literature, and the
fundamental problem of low oral bioavailability remains unsolved. (2) Enzymatic sugar
chain modification lacks systematicity: There are only preliminary studies on individual
enzymatic deglycosylation products [23], and a systematic structure-activity map of the
contribution weights of different sugar chain lengths (monoglycoside, diglycoside, and
triglycoside) to transdermal and oral absorption, anti-inflammation, wound healing, and
other activities has not been established. (3) Methodology for parent nucleus chemical
modification is missing: The complex multi-hydroxyl and polycyclic structure of MA
makes selective chemical modification very challenging. Currently, there is no efficient
site-selective protection—deprotection strategy for site-directed introduction of functional
groups. (4) Disconnection between computationally guided design and experimental ver-
ification: Molecular docking studies have identified the key binding mode of MA to tar-
gets [80] but have not yet guided the synthesis and evaluation of any new derivatives.
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Future research directions should focus on (1) developing covalent prodrug strate-
gies: designing ester prodrugs (such as pivaloyloxymethyl ester and amino acid ester) for
the C-28 carboxyl group to improve oral absorption or designing phosphate prodrugs for
the C-6 hydroxyl group to improve water solubility. This is the highest-priority direction
worth exploring to break through the bottleneck of MA oral bioavailability. (2) Establish-
ing a systematic sugar chain structure—activity relationship map: preparing a series of
sugar chain truncated derivatives (monoglycoside and diglycoside) through systematic
enzymatic hydrolysis, combined with multi-model parallel evaluation of transdermal,
oral absorption, anti-inflammation, etc., to clarify the independent contribution and syn-
ergistic effect of each sugar group on activity [23,77]. (3) Developing green chemical mod-
ification methods: using enzymatic catalysis to achieve site-selective glycosylation/acyla-
tion [33,78], or exploring mild C-H bond functionalization strategies such as photocataly-
sis and electrochemistry, to provide methodological support for solving selective modifi-
cation of the parent nucleus. (4) Al-driven rational design: integrating molecular docking,
molecular dynamics simulation, and experimental activity data [80], combined with gen-
erative Al to design highly active derivatives and guide synthetic verification [105,106].

4. Biosynthesis and Metabolic Engineering Regulation of MA
4.1. Elucidation of the Biosynthetic Pathway of MA

The biosynthesis of MA is a complex multi-step, multi-enzyme process. Its proposed
complete biosynthetic pathway and experimentally validated key enzymes are illustrated
in Figure 4. Steps marked with dashed arrows represent proposed reactions for which the
responsible enzymes have not been definitively identified.
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Figure 4. Complete biosynthetic pathway of MA in Centella asiatica (L.) Urb. Triterpenoid scaffolds

originate from two parallel isoprenoid pathways: the cytosolic mevalonate (MVA) pathway and the
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plastid-localized methylerythritol phosphate (MEP) pathway, both supplying the universal precur-
sors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). Downstream modifi-
cations include sequential oxidation by cytochrome P450 monooxygenases (P450) and stepwise gly-
cosylation by UDP-glycosyltransferases. The green line highlights the proposed centelloside-spe-
cific biosynthetic route. Reproduced from [24] with permission from Elsevier B.V. (License Number:
6286260156386).

4.1.1. Upstream MVA Pathway and Methylerythritol Phosphate (MEP) Pathway

As a pentacyclic triterpenoid saponin, MA is derived from two classic isoprenoid bi-
osynthetic pathways in plants: the cytosolic MVA pathway and the plastid-localized
methylerythritol phosphate (MEP) pathway, both of which generate the precursor isopen-
tenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) [22,27]. In the
MVA pathway, the rate-limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (HMGR) catalyzes the formation of MV A, while research on this enzyme in Centella
asiatica remains limited. In contrast, downstream enzymes have been more extensively
characterized. For example, farnesyl diphosphate synthase (FPS) catalyzes the production
of farnesyl diphosphate (FPP). Overexpression of the PgFPS gene in C. asiatica hairy roots
upregulates the expression of downstream key enzymes, indicating that FPS plays a reg-
ulatory role in triterpenoid biosynthesis [107]. The squalene synthase (SQS) gene CaSQS
has also been cloned and identified from C. asiatica; this enzyme catalyzes the condensa-
tion of two FPP molecules to form squalene, representing another critical branch point in
the triterpenoid biosynthetic pathway [108]. Research on the MEP pathway is relatively
scarce, but it is known to act in concert with the MVA pathway to supply precursors for
triterpenoid saponin synthesis [22]. The coordinated regulation of these two pathways
lays the foundation for the downstream assembly of complex pentacyclic triterpenoid
structures.

4.1.2. Midstream Biosynthesis of the Pentacyclic Triterpenoid Scaffold

After the linear precursor squalene is formed, it is oxidized to 2,3-oxidosqualene,
which is then cyclized by oxidosqualene cyclase (OSC) to generate the pentacyclic triterpe-
noid scaffold. In C. asiatica, ursane-type and oleanane-type triterpenoid saponins share the
common precursor 2,3-oxidosqualene. a-Amyrin (the direct precursor of the aglycones of
MA and AS, ursane-type skeleton) is mainly catalyzed by CasiOSC03, while S-amyrin
(oleanane-type skeleton) is generated by multiple distinct oxidosqualene cyclase isoforms
including CasiOSC04, CasiOSC07, CasiOSC08 and CasiOSC09, as verified by heterolo-
gous expression in yeast [109]. Notably, the previously reported CabAS was initially pre-
sumed to be a f-amyrin synthase based on sequence homology, but its catalytic function
was not confirmed by heterologous expression validation [110]. Methyl jasmonate (MeJA)
treatment significantly upregulates CabAS expression, thereby promoting triterpenoid
saponin biosynthesis [110-112]. Bioconversion experiments in cell suspension cultures of
C. asiatica have demonstrated that exogenously supplied a-amyrin can be efficiently con-
verted into MA and AS, further confirming that a-amyrin is the key direct precursor for
the synthesis of these active saponins [113].

4.1.3. Downstream Hydroxylation Modifications

The generated S-amyrin scaffold undergoes multi-step hydroxylation and oxidation
reactions catalyzed by P450 to form complex aglycones such as madecassic acid (MAA).
Among these modifications, C-28 carboxylation is one of the critical steps for saponin for-
mation. Studies have identified CYP716A83 as a multifunctional triterpenoid C-28 oxidase
that can sequentially oxidize @-amyrin and p-amyrin to generate corresponding ursolic
acid and oleanolic acid, respectively, by introducing a carboxyl group at the C-28 position
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[31]. Specifically, a-amyrin is oxidized by CYP716A83 to ursolic acid, the direct precursor
of MAA, while f-amyrin is oxidized to oleanolic acid, the precursor of oleanane-type
triterpenoids.

C-23 hydroxylation is an essential modification for MAA biosynthesis, and this reac-
tion is catalyzed by CYP714E19. This enzyme has been characterized as a multifunctional
triterpenoid oxidase that catalyzes C-23 hydroxylation of both oleanolic acid and ursolic
acid to generate hederagenin and 23-hydroxyursolic acid, respectively [31]. Yeast heterol-
ogous co-expression experiments have confirmed that three enzymes—CaDDS (ox-
idosqualene cyclase), CYP716A83, and CYP714E19—are sufficient to catalyze the consec-
utive reaction steps from 2,3-oxidosqualene to 23-hydroxyursolic acid [31]. In C. asiatica,
CaCYP716Cl11p has been verified to catalyze the conversion of a-amyrin to ursolic acid.
Among the above reactions, C-28 carboxylation catalyzed by CYP716A83 and C-23 hy-
droxylation catalyzed by CYP714E19 have been directly verified via heterologous expres-
sion in yeast [31]. CYP716C11, the candidate C-2 a-hydroxylase, has been identified at the
genomic scale in C. asiatica [109], and its biochemical function has been characterized in
previous phylogenetic and functional studies. In contrast, the specific enzyme responsible
for C-6 f-hydroxylation remains uncharacterized. Within the full biosynthetic cascade, 23-
hydroxyursolic acid represents a validated intermediate located downstream of C-28 car-
boxylation and C-23 hydroxylation, and upstream of the uncharacterized C-2 a- and C-6
B-hydroxylation steps. Two additional site-specific hydroxylation reactions are required
to convert 23-hydroxyursolic acid into the final aglycone, madecassic acid. The precise
sequential order of these two hydroxylation steps also remains to be experimentally de-
termined [31]. Subsequent C-2 a- and C-6 f-hydroxylation steps leading to MAA remain
putative (working hypothesis, Level D evidence); the specific enzymes responsible have
not been definitively identified. The order of these hydroxylation modifications and the
precise enzymatic functions require further investigation.

4.1.4. Glycosylation Steps

After the formation of aglycones such as MAA and AA, UDP-glycosyltransferases
(UGTs) catalyze the attachment of sugar chains at specific positions to ultimately form
trisaccharide saponins including MA and AS. Among these steps, glycosylation at the C-
28 carboxyl group is the first and most crucial step. Through an integrated research strat-
egy combining partial enzyme purification, proteomics, and transcriptomics, multiple
UGTs involved in this step have been identified from C. asiatica [114]. UGT73AD1 (from
the UGT73 family) has been confirmed as a triterpenoid carboxylic acid: UDP-glucose 28-
O-glucosyltransferase that specifically transfers a glucosyl group from UDP-glucose to the
C-28 carboxyl of AA and MAA to form monoglucosides [100]. An independent study
identified UGT73AH1, which also catalyzes C-28 glycosylation of AA [99]. These two
studies mutually corroborate that C-28 glycosylation is accomplished by the coordinated
action of multiple UGTs [32].

After obtaining the C-28 monoglucoside, subsequent sugar chain elongation is cata-
lyzed by additional glycosyltransferases. Studies have found that two glycoside glycosyl-
transferases, UGT94M2 and UGT94BE1 (from the UGT94 family), sequentially add the
second glucose and the terminal rhamnose, ultimately forming the unique glucose—glu-
cose-rhamnose (G-G-R) trisaccharide chain characteristic of AS and MA [33,78]. When
the corresponding aglycones (asiatic acid and madecassic acid) are supplied exogenously,
co-expression of the three glycosyltransferases (UGT73AD1, UGT94M2, and UGT94BE1)
in Nicotiana benthamiana produces fully glycosylated asiaticoside and madecassoside, re-
spectively. Both products were positively identified by matching retention times and char-
acteristic MS fragmentation patterns against authentic reference standards [33,78]. Com-
plete de novo synthesis of intact asiaticoside and madecassoside from simple isoprenoid
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precursors has not yet been achieved in this plant system, as the specific enzymes respon-
sible for C-2 a- and C-6 S-hydroxylation of the ursane scaffold remain to be definitively
identified [24,31]. The three characterized UGTs exhibit high catalytic efficiency and strict
regioselectivity, yielding predominantly fully glycosylated trisaccharide end products
with minimal accumulation of incompletely glycosylated monoglucoside or diglucoside
intermediates [33,78]. The upstream cytochrome P450-mediated hydroxylation steps, ra-
ther than glycosylation reactions, represent the main flux-limiting factor for overall
triterpenoid saponin yield in the reconstituted pathway [24,31]. Reconstruction of the en-
tire biosynthetic pathway in Nicotiana benthamiana has confirmed that these key enzymes
(including CaDDS, CYP716A83, CYP714E19, UGT73AD1, UGT94M2, and UGT94BE1) are
sufficient to achieve heterologous de novo synthesis of intact triterpenoid saponins from
simple precursors [33,78].

4.2. Transcriptional Regulatory Network of MA Biosynthesis
4.2.1. Regulatory Effects of Elicitors Such as MeJA

MeJA is the most commonly used and thoroughly investigated elicitor for regulating
the biosynthesis of triterpenoid saponins, including MA, in C. asiatica. It significantly pro-
motes the expression of key enzyme genes and the accumulation of active ingredients.
MeJA treatment upregulates the transcription levels of key genes such as $-AS and SQS
in C. asiatica leaves and suspension cells, thereby increasing the contents of MA and AS
[110-112]. Targeted metabolomic studies have further confirmed that treatment of cell sus-
pensions with 0.2 mM MeJA for 2-6 days not only significantly increases the biosynthesis
of target centelloids (including MA, AS, and their aglycones) but also triggers global met-
abolic reprogramming in cells. Principal component analysis can clearly distinguish con-
trol and treated samples, and the aforementioned triterpenoids have been identified as
the most significantly differential biomarkers [115].

In hairy root culture systems, MeJA treatment can induce abundant AS production
(7.12 mg/g dry weight) in hairy root lines that previously had undetectable AS levels [111],
while appropriate concentrations of MeJA (e.g., 100200 uM) can significantly increase
total saponin yield in cell suspension cultures, with MA as the major product [112]. The
synergistic effects of MeJA combined with other regulatory substances have also attracted
considerable attention. For example, combined use with thidiazuron increases MA yield
by 2.40-fold compared with MeJA alone [116], and co-administration with coronatine ex-
erts a particularly prominent yield-enhancing effect on MA [117]. Silver ion (AgNOs)
treatment can also increase AS content by approximately 6-fold and substantially upreg-
ulate gene expression, making it an effective metabolic stimulant [118].

In addition to MeJA and silver ions, salicylic acid (SA) is another highly effective
chemical elicitor. In C. asiatica cell suspension cultures, supplementation with 100 uM SA
on day 10 after inoculation increased madecassoside monomer content to 114 + 3.1 mg per
gram of dry cell weight by day 24 of culture, representing an approximately 4-fold in-
crease relative to the untreated control. Quantification was performed via reversed-phase
HPLC-UV (254 nm) with at least three independent biological replicates [119]. This elici-
tation effect is significantly greater when SA is administered at the mid-exponential
growth phase rather than during early culture stages [119]. MeJA is also involved in met-
abolic responses under drought stress; exogenous foliar spraying of MeJA can alleviate
the negative impact of water deficit on MA content [120]. Gene expression regulation stud-
ies based on MeJA have also aided in the identification of multiple key enzymes involved
in hydroxylation (e.g., CYP714E19) and glycosylation (e.g., UGTs) [31,121].
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4.2.2. Effects of Environmental Factors Such as Light, Temperature, and Water
on Biosynthesis

Environmental factors significantly regulate the accumulation of MA. Light is a key
determinant: high light intensity generally promotes the synthesis of MA and AS in C.
asiatica. Both saponins reach their highest contents under 0% shading (full sunlight), while
low light causes a significant decline [122,123]. In controlled vertical farm environments,
increasing light intensity from 100 to 300 umol'm2s elevates beneficial secondary me-
tabolite levels [124]. Further studies have confirmed that an LED light intensity corre-
sponding to photosynthetic photon flux density of 330 umol/m?/s is optimal, simultane-
ously achieving the highest biomass, triterpenoid glycoside content, and antioxidant ac-
tivity. Nutrient solution formulations also exert synergistic effects with light intensity;
Resh’s Tropical Dry Summer solution more effectively promotes active ingredient accu-
mulation compared with Hoagland’s solution [125]. In addition, specific light wave-
lengths exert effects: ultraviolet C irradiation for 8 h maximizes triterpenoid content [126],
while far-red (FR) light selectively increases glycoside levels without affecting triterpe-
noid acids [127]. Different LED spectra exert markedly selective regulatory effects on sec-
ondary metabolites: specific LED treatments significantly increase levels of phenolic com-
pounds such as dicaffeoylquinic acid and enhance neuroinflammatory and tyrosinase in-
hibitory activities, but globally reduce triterpenoid components including MA, AS, and
their corresponding aglycones [128].

Regarding temperature, low temperatures (15 °C) significantly inhibit plant growth
and reduce MA content, while 25 °C favors the highest biomass and total saponin yield
[129]. Water conditions exert dual effects: moderate water stress (e.g., 50-75% pot water-
holding capacity) increases MA content [130], while severe drought causes a substantial
decline [131]. Exogenous MeJA spraying can alleviate the negative impact of drought on
total triterpenoids [120]. For salt stress, moderate NaCl treatment (12.5-25 mM) signifi-
cantly increases MA and total saponin yields, while high concentrations (50 mM) exert
inhibitory effects [132].

In addition to field environmental factors, nutritional conditions in in vitro culture
systems also significantly regulate MA accumulation. Carbon source type and concentra-
tion are key influencing factors: treatment with 7% xylose achieves an MA content of 43.02
+0.15 mg/g DW while increasing AS, AA, and MAA levels; 1.5% sucrose, 7% maltose, and
5% galactose also promote triterpenoid saponin synthesis to varying degrees [133]. Har-
vest season also affects content: Australian C. asiatica exhibits the highest total content of
the four triterpenoids in summer (January-February) [134]. For drying methods, freeze
drying maximally preserves active ingredients, including MA [135], while moderate de-
hydration (e.g., 12 h) increases their content [136,137]. These findings provide a theoretical
basis for optimizing MA yield by regulating environmental conditions.

4.2.3. Plant-Microbe Interactions

Interactions between plants and beneficial microorganisms significantly affect the ac-
cumulation of secondary metabolites such as MA. A key study treated C. asiatica in the
field with fermentation broth of the plant growth-promoting rhizobacterium Priestia mega-
terium HyangYak-01. The results showed that the strain’s fermentation broth significantly
increased the contents of medicinal ingredients such as AS and MA in leaves and altered
the chemical composition ratio of extracts. Skin cell experiments demonstrated that C. asi-
atica extracts treated with this strain exert better skin barrier-improving effects and lower
inflammatory responses [138].

Arbuscular mycorrhizal fungi maintain relatively high MA content (approximately
118.9 mg/g dry weight) and total saponin yield under moderate water deficit conditions,
while un-inoculated plants exhibit a >37% decline in saponin content under severe water
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shortage. This indicates that Arbuscular mycorrhizal fungi can alleviate the negative im-
pact of drought stress on MA accumulation [131]. Other microbial-derived elicitors such
as yeast extracts have also been reported to increase C. asiatica biomass and MA content
[139], while endophytic fungus research focuses more on product fermentation. For ex-
ample, the endophytic fungus Colletotrichum gloeosporioides isolated from C. asiatica can
produce AS [140]. Lactic acid bacteria-mediated fermentation can also drive metabolic re-
modeling of C. asiatica, significantly enriching acidic triterpenoids (MAA and AA) and
enhancing anti-neuroinflammatory activity, providing a biotransformation strategy for
directional regulation of active ingredient composition [141]. These studies reveal the po-
tential of regulating plant-microbe interactions to directionally increase MA yield,
providing a new strategy for green and sustainable production.

4.2.4. Regulatory Network of Transcription Factors (MYB and bHLH) in Biosynthesis

In addition to environmental factors and elicitors, transcription factors play a central
role in regulating MA biosynthesis. Multi-omics association analysis has revealed that
MYB and bHLH transcription factors constitute the core network nodes regulating
triterpenoid saponin biosynthesis. Transcriptome-metabolome association analysis of 26
wild C. asiatica germplasms found that expression levels of C. asiatica oxidosqualene cyclase
5 and C. asiatica oxidosqualene cyclase 7 (OSC genes) are significantly positively correlated
with MA accumulation levels, suggesting that these two types of transcription factors may
influence triterpenoid saponin biosynthetic flux by cooperatively regulating OSC expres-
sion [142]. This finding provides potential targets for molecular marker-assisted breeding
and a theoretical basis for increasing MA yield by regulating transcription factor expres-
sion.

Current research in this direction remains at the omics association level; specific
MYB/bHLH family members have not been identified, and direct functional verification
evidence is lacking. Future studies should further identify specific transcription factors
that regulate key enzyme genes (e.g., CYP716A83, CYP714E19, and UGT73AD1) and elu-
cidate the upstream signal transduction mechanisms in response to elicitors such as MeJA.

4.2.5. Regulatory Effects of Physical Elicitors Such as Nanoparticles

As novel physical elicitors, nanoparticles can activate secondary metabolic pathways
by triggering oxidative stress responses in plant cells, effectively promoting the accumu-
lation of triterpenoid saponins, including MA, in C. asiatica hairy roots. Treatment with
gold nanoparticles and zinc nanoparticles increases the fresh weight and total saponin
yield of transgenic hairy roots carrying the Arabidopsis squalene synthase gene (At-5SQS1).
Among them, zinc nanoparticles (100 pg/mL) treatment yields the highest hairy root bio-
mass, while gold nanoparticles (2 pg/mL) treatment achieves the highest total saponin
content (predominantly MA) at 1.9 mg/g dry weight, a 2.71-fold increase compared with
untreated controls [143]. Similar to chemical elicitors such as MeJA and SA, nanoparticle-
induced MA accumulation is accompanied by upregulated expression of key enzyme
genes (e.g., CabAS and CaSQS) [143], suggesting that its mechanism may be mediated by
ROS-induced transcriptional activation. This technology provides a new approach for
large-scale production of MA using nanobiotechnology, but its applicability in cell sus-
pension culture systems and feasibility for large-scale application remain to be further
verified.
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4.3. Strategies for Efficient MA Production Based on Synthetic Biology
4.3.1. Establishment and Optimization of Transgenic Hairy Root Culture Systems

Transgenic hairy root culture systems mediated by Agrobacterium rhizogenes have
been successfully established and serve as important platforms for producing triterpenoid
saponins, including MA. As wild C. asiatica resources become increasingly depleted due
to over-harvesting, and traditional cultivation suffers from low seed vigor and unstable
secondary metabolite content, in vitro biotechnology has become a key approach to ad-
dress the large-scale production of medicinal ingredients [144]. Multiple reviews have
systematically evaluated various in vitro production strategies for C. asiatica, including
hairy root culture, confirming that it represents one of the most industrially promising
triterpenoid saponin production systems due to its genetic stability, rapid growth, and
autonomous growth without exogenous hormones [144,145]. Studies have found that leaf
explants exhibit higher transformation efficiency (approximately 27%) than petioles (ap-
proximately 12%), and petiole-derived hairy root lines (e.g., HP2) contain higher total
triterpenoid content [146]. By optimizing co-culture conditions, the hairy root induction
frequency can reach 36.1% [111].

To enhance target product yield, researchers have further combined multiple optimi-
zation strategies such as elicitor treatment and precursor feeding [145]. MeJ A significantly
induces CabAS gene expression in hairy roots, leading to abundant AS production (7.12
mg/g dry weight) in lines that previously had undetectable levels [111]. Coronatine, alone
or in combination with MeJA, exerts a particularly prominent yield-increasing effect on
MA [117]. Hairy root lines of different genotypes exhibit marked differences in saponin
synthesis capacity; transformed roots of two Malaysian C. asiatica phenotypes show com-
pletely undetectable AS and MA, and undifferentiated callus also lacks accumulation of
these two active ingredients [147], indicating that genotype selection is a critical prerequi-
site for successful hairy root systems. Precursor feeding (e.g., 2.5 mM squalene and 5 mM
pyruvate) also effectively increases triterpenoid content in hairy roots [148]. Long-term
culture (up to 8 weeks) and optimized batch culture systems can stably yield high-produc-
tivity hairy root lines, enabling potential industrial production [146,149].

In addition to hairy root systems, cell suspension culture, somatic embryogenesis,
and synthetic seed technology are also used for rapid propagation and secondary metab-
olite production of C. asiatica, collectively constituting a complete in vitro biotechnological
production system [144,145].

4.3.2. Overexpression of Key Enzyme Genes and Metabolic Flux Redirection

Redirecting metabolic flux by overexpressing key enzyme genes is a core strategy to
increase MA yield. Transgenic hairy root lines (HRL3) of C. asiatica transformed with the
At-5QS exhibit significantly higher total saponin yield (especially MA) than wild-type
lines (2.67-fold) [149]. Similarly, hairy roots overexpressing the ginseng farnesyl diphos-
phate synthase gene (PgFPS) show a transient 1.15-fold increase in saponin content 14
days after MeJA induction, indicating that FPS not only participates in phytosterol syn-
thesis but also plays a regulatory role in the triterpenoid pathway [107].

Genome analysis of C. asiatica itself reveals significant expansion of multiple gene
families related to triterpenoid saponin biosynthesis (e.g., CYP716, CYP714, and UGT73).
Among them, the UGT73 gene cluster is located within the same topologically associating
domain, which may be closely associated with enhanced saponin synthesis capacity [109].
Through co-expression strategies, the complete synthetic pathway from simple precursors
to MA and asiaticoside B has been reconstructed in N. benthamiana, verifying the functions
of multiple key genes [33,78].
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4.3.3. Research Progress in Heterologous MA Synthesis Using Yeast Cell Factories

Currently, heterologous synthesis of intact MA using yeast cell factories has not been
reported, but enzymes required for key catalytic steps have been successfully expressed
and functionally characterized in yeast. For example, co-expression of C. asiatica OSC
(CaDDS) with P450 enzymes CYP716A83 and CYP714E19 in Saccharomyces cerevisiae suc-
cessfully generates 23-hydroxyursolic acid (a precursor of MAA), confirming the key role
of CYP714E19 as a multifunctional C-23 oxidase [31].

In terms of heterologous synthesis yield, S. cerevisiae chassis cells have achieved de
novo synthesis of AA (the aglycone of MA). By optimizing the pairing efficiency of P450
oxidase and reductase, reconstructing the galactose regulatory network (knocking out
GAL80/GAL1), and enhancing the mevalonate pathway, AA yield reaches significant lev-
els [150]. On this basis, heterologous expression of CaCYP716C11p in oleanolic acid-pro-
ducing strains yields maslinic acid (C-2 a-hydroxylated product) at 8.9 mg/g dry cell
weight [150], laying a yield foundation for subsequent heterologous synthesis of the com-
plete MA trisaccharide chain via multi-enzyme cascade reactions.

UDP-glycosyltransferases (e.g., UGT73AD1 and UGT73AH1) have been expressed
and characterized in prokaryotic systems and can catalyze C-28 glucosylation of AA and
MAA [99,100]. Although the final assembly of the complete trisaccharide chain (requiring
sequential catalysis by multiple glycosyltransferases) has been achieved in N. benthamiana
[33,78], reconstructing the complete MA biosynthetic pathway in yeast remains a future
research direction. Relevant reviews also emphasize the great potential of microbial cell
factories in addressing raw material shortages [24,151].

4.3.4. Precursor Feeding Technology

Among synthetic biology-based efficient MA production strategies, precursor feed-
ing technology effectively increases target triterpenoid saponin yield by adding specific
precursor substances to plant cell or tissue cultures. Studies have found that adding a-
amyrin to C. asiatica cell suspension cultures, supplemented with the permeabilizing agent
Dimethyl sulfoxide (DMSO), results in nearly 84% of a-amyrin being converted into active
ingredients such as MA and AS after 7 days, indicating that this precursor can be effi-
ciently taken up by cells and converted into target products [113]. In hairy root culture
systems, feeding squalene (2.5 mM) and pyruvic acid (5 mM) significantly enhances
triterpenoid biosynthesis, achieving total triterpenoid contents of 57.53 mg/g DW and
29.13 mg/g DW, respectively, with squalene exerting a particularly prominent promoting
effect [148]. These studies confirm that direct supplementation of key precursors in the
terpenoid synthesis pathway can effectively break rate-limiting steps in the metabolic
pathway and represents a feasible strategy for increasing MA yield [113,148].

4.4. Effects of Different Genetic Backgrounds and Germplasm Resources on MA Content

Variations in MA content among C. asiatica from different production areas are fun-
damentally determined by the genetic background of the germplasm, in addition to envi-
ronmental regulation (detailed in Section 4.2.2). A survey of 60 germplasms from South
India and the Andaman Islands showed that the highest MA content reaches 5.67% (dry
weight), and differences in content among germplasms are primarily attributed to genetic
background rather than altitude [152]. Cultivation experiments under uniform agronomic
conditions in the Indo—Gangetic Plain further confirmed that germplasm M from southern
India has the highest AS (52.1 mg/g DW) and MA (25.7 mg/g DW) contents, with 83-95%
genetic divergence from northern, eastern, and northeastern germplasms [153].

Analysis of genetic diversity in 96 germplasms from 12 regions of China revealed
that Guizhou populations exhibit the highest genetic diversity, and polymorphism at the
EST-SSR54 locus encoding the key terpenoid synthesis enzyme 4-hydroxy-3-methylbut-
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2-enyl-diphosphate synthase (HDS) is significantly correlated with differences in triterpe-
noid content [154]. Based on these germplasm resource surveys, researchers have
screened multiple high-MA elite lines, such as CA-51 and CA-59 from southern India (to-
tal saponin content > 4.0% industrial benchmark) [155,156], and the Nakhonpathom
germplasm from Thailand (with further enhancement after SA induction) [157]. A
germplasm evaluation of 24 accessions from Yunnan Province also identified significant
phenotypic, genetic, and biochemical diversity, with total triterpenoid content ranging
from 4.09 to 20.18 mg-g, providing elite germplasm resources for selective breeding [158].

Globally, C. asiatica mainly exists in two chemotypes: an AS-dominant chemotype
and an MA-dominant chemotype [42,159,160]. Their differentiation originates from dif-
ferences in C6 hydroxylation efficiency, providing a theoretical basis for molecular
marker-assisted breeding to directionally select high-MA germplasm. It is noteworthy
that C. asiatica is often morphologically confused with closely related species of the genus
Hydrocotyle (e.g., Hydrocotyle umbellata and Hydrocotyle brasiliensis), which do not contain
characteristic ursane-type triterpenoid saponins such as MA and AS. Combined morpho-
logical, chemical fingerprinting, and molecular marker identification is required to ensure
accurate screening of high-content germplasms [161-164]. These germplasm resource sur-
veys and genetic analyses provide foundational data for sustainable raw material supply
and molecular breeding of MA.

4.5. Comprehensive Comparison of Different Production Systems and Industrialization Bottlenecks

To intuitively present the technical potential and industrialization gaps of each MA
production route, Table 4 summarizes the yield levels, production cycles, techno-eco-
nomic characteristics, and core industrialization bottlenecks of four mainstream systems:
original plant cultivation, transgenic hairy roots, cell suspension culture, and yeast heter-
ologous synthesis. It should be explicitly noted that yield units differ across systems to
align with standard reporting conventions in each research field: plant-based systems
(field cultivation, hairy roots, and cell suspensions) report yields as mg per gram dry
weight (mg/g DW), while the yeast microbial cell factory system reports yields as mg per
gram dry cell weight (mg/g DCW). Furthermore, product forms differ substantially across
systems: all plant-based production systems accumulate fully glycosylated intact MA,
whereas current yeast cell factory platforms only achieve the synthesis of aglycone path-
way intermediates, and de novo synthesis of the complete trisaccharide glycoside has not
yet been realized. Given the differences in cultivation matrices, product forms, and calcu-
lation units, direct cross-category comparison of absolute yield values should be inter-
preted with caution; the core purpose of this comparison is to systematically contrast tech-
nical characteristics, production cycles, and industrialization feasibility, with yield data
serving as a reference indicator of production potential. Overall, original plant cultivation
remains the main source of current industrial raw materials but has inherent drawbacks
such as poor quality uniformity and limited wild resources; cell suspension culture and
hairy root systems offer certain advantages in yield controllability, but large-scale scale-
up processes remain immature. Microbial cell factories represent the future development
direction due to their short cycle time and green sustainability, but the complete glycosyl-
ation synthesis pathway has not been fully established in microorganisms, leaving a con-
siderable gap for large-scale industrial production.
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Table 4. Techno-economic comparison of different production systems for MA.
Production . Production L. .
MA Yield Core Advantages Main Disadvantages Core Industrialization Bottlenecks ~ References
System Cycle
. . . 60-120 days af- . L Poor germplasm uniformity and unsta-
Original ~ Product: Intact MA (full trisaccharide . . . Large content fluctuations, significantly . .
. . . ter transplant- Low planting cost, low technical threshold, suitable . ble raw material quality; cumbersome
plant culti-  glycoside) Elite germplasm: 10-56.7 . affected by seasons, climate, pests and .
. ) ing, regulated  for large-scale promotion; natural and complete ] ] ) . harvesting and pretreatment processes, [134,152,1
vation mg/g DW Common cultivars: 10-20 ) o . ) . diseases; increasingly endangered wild .
. . by local cli- component composition, consistent with traditional . . difficult to meet pharmaceutical-grade ~ 65,166]
(field/hydro- mg/g DW Hydroponic leaves: ~11 mg/g L . resources; high land occupation and long . . .
mate and har- medication habits standardized raw material require-
ponic) DW . growth cycle
vest period ments
Product: Intact MA (full trisaccharide . . . . . . o . . .
. . . The genetic traits are stable, and growth does not  Strict sterile culture requirements, high Difficulty in screening and preservation
. glycoside) Wild-type lines: trace to ~1 ] . o ) . ) . ) ] . ]
Transgenic o o require exogenous hormones. Production can be di- investment in culture media and equip- of high-yield hairy root lines; immature
) mg/g DW After elicitor optimization: 1-  4-8 weeks . o ) o ) [111,143,1
hairy root . o rectionally enhanced through elicitors or metabolic =~ ment; difficult scale-up culture, shear large-scale bioreactor culture processes,
10 mg/g DW Total triterpenoids (includ- batch culture . . o . o
culture | . . engineering, and it is not constrained by seasons or force and oxygen transfer limit growth;
ing aglycones, with precursor feeding): . .
environmental conditions.
up to 57.53 mg/g DW

) . . 48,149]
low volumetric productivity per unit
low basal saponin content in most lines

volume
Product: Intact MA (full trisaccharide 10-14 days per Short culture cycle and rapid proliferation; signifi-

Cell suspen- glycoside) Untreated control: ~27 mg/g  generation,

Cell lines prone to browning and genetic
. DW Optimized with 100 uM salicylic ~ continuous
sion culture
acid (added on day 10, harvested on day subculture ex-

24): up to 114 mg/g DW

. Insufficient long-term preservation and
o ) ] ] ] degradation, poor long-term subculture o ] )
cant elicitor yield-enhancing effect, unit dry weight passage stability of cell lines; prominent [112,119,1
shear force damage issue in large-scale
33]
suspension culture; high downstream

separation and purification costs

content can far exceed high-quality original plants;
closed sterile production with strong quality con-

trollability

stability; high culture medium cost; most
products accumulate intracellularly, re-
pansion

quiring multiple extraction and purifica-
Product: Aglycone pathway intermedi-
Yeast heter-

ates (maslinic acid, 23-hydroxyursolic
ologous syn-

3-7 days fer-
acid) Intact MA with full trisaccharide
thesis (mi-

tion steps
The fermentation cycle is extremely short, enabling

continuous year-round production; it requires no

arable land and is unaffected by natural environ-

Poor substrate specificity of UGT en-

Extremely low technical maturity, com- zymes, low multi-enzyme cascade cata-
mentation cy-
. chain: not yet achieved Aglycone inter-
crobial cell . . cle
mediate (maslinic acid): up to 8.9 mg/g
factory)

plete glycosylation pathway not yet estab- lytic efficiency; mismatched metabolic
mental conditions; and its simple product spectrum
DCW

lished in microorganisms; current agly- flux between triterpene scaffold synthe- [31,33,150]
ensures low downstream separation and purifica-

cone yield far lower than plant systems; sis and glycosylation modules; cytotoxi-
. high initial R&D investment
tion costs.

city and protein folding issues in heter-

ologous expression
Note: Yield units are differentiated by production system: all plant-based systems use mg per gram dry weight (mg/g DW); the microbial heterologous system
uses mg per gram dry cell weight (mg/g DCW). Direct cross-category comparison of absolute yield values (plant biomass vs. microbial cells) should be interpreted

with caution due to different cultivation matrices and product forms. All yield values represent typical reported levels under optimized experimental conditions.
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5. Green Extraction and Efficient Purification Technologies of MA

The full technical system of extraction, purification, and quality control for MA is
systematically presented in Figure 5. In this review, the term “green extraction technology”
is used to describe processes with verified advantages of shorter extraction time, lower
energy consumption, and reduced organic solvent usage compared with conventional
maceration and Soxhlet methods. It should be noted that most existing studies focused on
extraction efficiency optimization, and systematic full life cycle environmental assess-
ments covering solvent recovery, waste generation, and ecological toxicity remain limited.
The comprehensive environmental benefits of these technologies still require further spe-
cialized verification. Each technical system is discussed and analyzed in detail in the fol-
lowing sections of this chapter.

Extraction Technologies

Conventional mature technologies Mainstream green technologies Emerging novel technologies Combined strategies

a
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Figure 5. Green Extraction, Efficient Purification, and Quality Control Technologies for Madecasso-
side (MA). Created with Figdraw(https://www.figdraw.com/#/), Copyright Code: PPPAP4dd81).
Technologies are classified into three tiers by process sequence: extraction technologies (conven-
tional mature, mainstream green, emerging novel, and combined strategies), purification strategies
(batch enrichment, selective separation, large-scale preparation, and kinetic-based and novel ap-
proaches), and quality control and online monitoring systems. Color coding indicates technology
maturity.

5.1. Limitations of Traditional Extraction Methods and Development of Green
Extraction Technologies

The industrial preparation of MA is a complete systematic engineering process cov-
ering raw material pretreatment, target component extraction, enrichment and purifica-
tion, refinement and standardization, and terminal application. Razzaq et al. [167] system-
atically compared the advantages and disadvantages of traditional maceration, Soxhlet
extraction, and green technologies such as ultrasound-assisted extraction (UAE), micro-
wave-assisted extraction (MAE), and supercritical fluid extraction. They detailed down-
stream purification processes, including macroporous adsorption resin enrichment, mo-
lecular imprinting separation, preparative chromatography, and recrystallization, and
constructed a full-chain transformation pathway from C. asiatica biomass to pharmaceuti-
cal, cosmetic, health product, and biomaterial fields.
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Raw material pretreatment is a key prerequisite affecting extraction efficiency. Freeze
drying and low-temperature drying at 40-50 °C can maximally preserve MA activity,
while high-temperature drying or sun exposure causes sugar chain hydrolysis, reducing
extraction rate and product activity [135,137].

5.1.1. Process Optimization of Ultrasound-Assisted Extraction (UAE) and MAE

Ultrasound-assisted extraction (UAE) and MAE are the most widely used green ex-
traction technologies, and process optimization can significantly improve MA extraction
efficiency. Solvent type is one of the core factors affecting extraction performance. Among
the three extraction solvents—ethanol, methanol, and water—ethanol extracts exhibit the
highest MA (18.66 mg/g) and AS (42.86 mg/g) contents, and significantly superior cycloox-
ygenase (COX)-1/COX-2 inhibitory activity and stronger inhibition of TPA-induced PGE:
production than the methanol and water extracts. Ethanol is therefore the preferred sol-
vent for extracting C. asiatica triterpenoid saponins [168].

One study optimized MAE to obtain optimal conditions: liquid-to-solid ratio 10 mL/g,
58% ethanol, 300 W, 3.4 min [169]. Using MAE combined with 80% ethanol and 100 W extrac-
tion for 7.5 min, the obtained extract dry powder achieves an MA content of 7.332% (extract
purity) and an AS content of 4.560% [170], indicating that this process exerts good enrichment
effects on target components. Based on the rapid extraction characteristics of MAE, researchers
have established a supporting liquid chromatography with diode array detection-electrospray
ionization tandem mass spectrometry quantitative analysis method that can simultaneously
separate and determine MA, AS, and AA within 50 min. The method exhibits good linearity
(r2>0.9992), precision RSD < 3%, and recovery rates of 95.4-106.8%, suitable for rapid quality
evaluation of C. asiatica samples from different origins [171].

For UAE, using methanol as the solvent, a solid-to-liquid ratio of 1:25, and extraction
for 20 min achieves relatively high triterpenoid yield [172]; optimized UAE conditions (75%
ethanol, 87.5W, 30 min, 20 mL solvent) yield an MA extraction amount of 16.91 mg/g [173].
UAE combined with methanol extraction achieves an MA content of 8.21 mg/g [174]. As
a comparison with traditional extraction methods, dynamic maceration extraction opti-
mized via response surface methodology achieves the highest contents of all four major
C. asiatica triterpenoids at 60 °C for 120 min [175], while the classic Soxhlet extraction
method requires 8 h to achieve similar extraction efficiency [176].

Comparative analysis shows that MAE and UAE significantly outperform traditional
maceration and Soxhlet extraction in extraction efficiency, with energy consumption re-
duced by 59% and 54%, respectively [170]. These optimization studies provide reliable
parameters for industrial green extraction.

5.1.2. Deep Eutectic Solvent Extraction

As a novel green solvent, deep eutectic solvents (DESs) can achieve selective and ef-
ficient extraction of MA by adjusting the ratio of hydrogen bond donors (HBDs) to hydro-
gen bond acceptors (HBAs) and water content. Studies have found that, among the DESs
prepared using choline chloride, acetylcholine chloride, or chlorocholine chloride as the
HBA and ethylene glycol as the HBD, the chlorocholine chloride-based DES, containing
20% water content, achieves the highest MA extraction efficiency (17.38 pug/mg) due to
weakened hydrogen bonding and lower viscosity. In contrast, acetylcholine chloride-
based DES containing ester groups exhibits reduced extraction rates due to increased vis-
cosity and limited diffusion [177].

Increasing the HBD/HBA ratio and adding appropriate amounts of water (<30%) can
improve extraction efficiency by reducing viscosity, but excessive water (>30%) disrupts
the DES network structure [177,178]. Natural DESs prepared with acetylcholine chlo-
ride:malic acid:water (1:2:2) plus additional water (40:60) combined with MAE yield 21.7
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mg/g dry weight of MA and 12.7 mg/g dry weight of AS, and the extract has a lighter color,
suitable for cosmetic applications [179]. Another study showed that when DES is mixed
with distilled water at a 3:7 ratio, extraction efficiency is approximately 1.4 times higher
than pure methanol [180].

Therefore, the extraction performance of DES for MA can be directionally optimized
by regulating HBA structure, HBD/HBA ratio, and water content. DES systems remain at
the laboratory stage with limited industrial application due to high viscosity, difficulty in
recovering target components, and challenges in controlling solvent residues.

5.1.3. Pulsed Electric Field (PEF) and Neutral Electrolyzed Water (NEW)
Extraction Technologies

Pulsed electric field (PEF) is a non-thermal extraction technology conducive to pre-
serving the natural structure of active ingredients. Studies have detected MA and con-
firmed its antioxidant activity in plant polyphenol extracts treated with PEF combined
with ultrasound [181], providing indirect evidence for the application of this technology
in C. asiatica extraction.

Neutral electrolyzed water (NEW) is mainly used for surface disinfection and virus
inactivation of C. asiatica. An incidental finding revealed that soaking C. asiatica leaves in
NEW containing 205 ppm available chlorine for 5 min significantly increases AS content
from 29.96 mg/g dry weight to 37.82 mg/g [182]. Given the highly similar structure and
metabolic pathways of MA and AS, it is speculated that NEW may exert similar retention
effects on MA, but direct experimental verification is required. Combined treatment with
acidic electrolyzed water and pulsed light can effectively preserve triterpenoid glycosides,
including MA, in C. asiatica leaves during cold storage [183]. These non-thermal pro-
cessing technologies provide potential technical support for mild and green extraction of
MA, but overall research remains preliminary, and direct evidence needs to be enriched.

5.1.4. Enzyme-Assisted Extraction

Enzyme-assisted extraction (EAE) improves the dissolution efficiency of MA by en-
zymatically disrupting plant cell walls, and precise regulation of pH and time is the key
to achieving selective release. One study found that cellulase (12 mg/g) enzymatic hydrol-
ysis at 60 °C for 60 min, combined with ultrasonic extraction for 50 min, achieves a total
asiaticoside extraction rate of 1.92% (calculated as the sum of asiaticoside and madecasso-
side contents) [184].

More in-depth research has revealed a two-stage pH regulation mechanism: Stage I
(pH 4.0, 15 min) is dominated by proton-induced pectin relaxation and rapid glycoside re-
lease, with MA and AS extraction amounts reaching 18.20 and 8.51 mg/g, respectively; Stage
II (pH 5.0-6.0, 60 min) is dominated by enzyme-mediated matrix disintegration and agly-
cone re-adsorption, at which point aglycone extraction is optimal. Under the optimized two-
stage protocol, the extracted target saponins exist predominantly as intact glycosides, with
no significant hydrolytic deglycosylation observed. All individual compound quantification
was performed via validated HPLC-UV methods calibrated with authentic reference stand-
ards. However, prolonged treatment reduces aglycone content due to non-specific re-ad-
sorption [185]. This finding indicates that sequential release and selective extraction of MA
(glycoside) and corresponding aglycones can be achieved by precisely controlling enzy-
matic hydrolysis pH and time. This strategy provides a feasible framework for green, effi-
cient, and low-cost separation of active ingredients from C. asiatica.

5.1.5. Combined Extraction Technologies

The combined use of multiple green extraction technologies often produces synergis-
tic effects, further improving MA extraction efficiency and purity. Ultrasound-enzyme
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combined treatment is the most common combination; for example, the aforementioned
cellulase hydrolysis combined with ultrasonic extraction yields a stable and feasible pro-
cess [184]. Microwave-ultrasound combined treatment has been used at pilot scale to pre-
pare pentacyclic triterpenoid-enriched extracts. Using 4 kW microwave-assisted and 0.55
kW ultrasound-assisted extraction, the total pentacyclic triterpenoid content reaches
106.02 mg/g crude extract, and the purity of components, including MA, is significantly
improved after macroporous resin purification [186].

DES-MAE combined treatment: using natural DESs as solvents combined with MAE
not only increases MA yield but also produces extracts with lighter color and higher anti-
oxidant activity [179]. PEF+US combined treatment, although mainly used for other plants,
has identified MA as a target product, proving that this combination is suitable for ex-
tracting active ingredients from C. asiatica [181]. Supercritical CO:z pretreatment combined
with traditional ethanol extraction first removes pigments and then performs extraction,
significantly enriching components such as MA and asiaticoside B and enhancing cell mi-
gration and angiogenesis activities [187].

In addition to the above physical-chemical technology combinations, the development
of novel green solvent systems and research on traditional Chinese medicine compatibility
effects provide new directions for optimizing MA extraction processes. Supramolecular sol-
vents, a novel extraction medium composed of n-hexanol, tetrahydrofuran, and water,
achieve efficient extraction of target components through dispersion and hydrogen bonding
interactions. Extraction of MA, AS, and their aglycones takes only 5 min, with recovery rates
of 91.6-99.9% combined with HPLC-MS/MS detection and relative standard deviations of
1.7-7.9%, exhibiting significant advantages of rapidity, greenness, and sensitivity [188].
These combined extraction strategies achieve efficient, environmentally friendly, and high-
quality MA extraction by integrating the advantages of different technologies.

5.1.6. Comparison of Core Parameters of Different Extraction Technologies and
Process Selection

To intuitively quantify the comprehensive performance of various extraction tech-
nologies and provide a comparable reference for process selection in different application
scenarios, Table 5 horizontally summarizes the key parameters of traditional extraction
methods and mainstream green extraction technologies, covering core dimensions such
as extraction efficiency, time cost, solvent consumption, energy consumption level, and
product characteristics. Natural product extraction technology systems can be divided
into two categories: core extraction processes and auxiliary pretreatment processes, with
significant differences in research depth, substrate adaptability, and industrialization ma-
turity among different technologies. To ensure consistency of comparison dimensions and
reference values, this comparison focuses only on mature extraction technologies that can
serve as core processes. It should be noted that the absolute extraction efficiency values
listed in Table 5 are typical levels reported under respective optimized conditions and
specific raw materials. Due to differences in raw material attributes such as medicinal
parts, origin, and harvest season among different studies, these values are not suitable for
direct absolute efficiency ranking but are used to reflect the achievable yield range of each
technology. In this context, the term “green extraction technologies” refers specifically to
processes with verified advantages in extraction efficiency, energy consumption, and or-
ganic solvent usage relative to conventional maceration and Soxhlet extraction. It should
be acknowledged that comprehensive environmental benefits —including full solvent re-
covery efficiency, net waste emission reduction, and total carbon footprint—have not been
systematically evaluated in most optimization studies, and dedicated life cycle assessment
studies at industrial scale are still warranted.
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Table 5. Core performance parameters of different extraction technologies for MA.

Extraction
MA Extraction Efficiency . i Relative Level of Sol- Relative Level of Energy Characteristics of Crude . L . Refer-
Technology . Extraction Time . . Core Advantages Typical Application Scenarios
T (mg/g Dry Weight) vent Consumption Consumption Extract ences
ype
o Medium (low-tempera- ) . ) . .
Traditional dy- . L . o . . Many types of impurities, Low equipment threshold, suit- Raw material pretreatment, crude
] 125 ~120 min (optimized High (liquid-to-solid ture heating, but long du-
namic macera- ~12.

. . . . low proportion of target able for large-batch processing, extraction processes, batch leaching [175]

) conditions at 60 °C)  ratio usually >20:1) ration leads to high total o A ] L ]

tion . components minimal damage to ingredients of heat-sensitive ingredients
energy consumption)

Very high (solvent . . Thorough extraction, but Sufficient extraction, no manual Laboratory benchmark control
Soxhlet extrac- . . High (long-term continu- . . . . . .
. ~13.2 ~480 min (8 h) continuously re- . high co-dissolution of fat- intervention, good result stabil- method, full-component extraction [170,176]
tion ous heating and reflux) ] o ]
fluxes) soluble impurities ity of small samples
High dissolution effi- Simple operation, room-temper- Laboratory and small-to-medium
o . ... Low (54% lower energy . . . .
16.91 (optimized ethanol . Medium-low (liquid- . . ciency of target compo-  ature extraction, friendly to  scale production, extraction of heat-
UAE . 20-30 min ] . consumption than tradi- . o L . . - o . [172-174]
system conditions) to-solid ratio ~20:1) tional methods) nents, fewer impurities heat-sensitive ingredients, high sensitive active ingredients such as
ional methods
than traditional methods equipment popularity triterpenoid saponins
Extraction rate based on Low (liquid-to-solid Lowest (59% lower en- Strong extraction selectiv- Fastest extraction speed, least ~ Industrial rapid batch extraction,
ow (liquid-to-soli
MAE raw material dry weight 3.4-7.5 min :{ 10:1) ergy consumption than ity, less dissolution of solvent consumption, high ther- large-scale production with stable [169-171]
ratio ~10:
not reported traditional methods) non-target impurities mal efficiency raw material components
17.38 (single solvent sys- 10-30 min; <10 min Light-colored extract, few Green degradable solvent, high Cosmetic-grade high-value extract
. . . . Low (solvent recycla- . . . . . [177,179,1
DES tem); 21.7 (combined with when combined with ble) Low polar impurities, good  selectivity, good product ap- preparation, clean production pro- 0]
e
MAE) MAE cosmetic compatibility pearance cess requirements
L . Low (aqueous phase Directional release of gly- . o . .
60-75 min (including . Low (room-temperature . Mild conditions, controllable se- Directional extraction of specific ac-
18.20 (pH staged regula- . _ system, very little or- . . cosides or aglycones, L o . . .
EAE . enzymatic hydrolysis . enzymatic hydrolysis, . lectivity, directional enrichment tive components, clean production [184,185]
tion process) ganic solvent con- . . high purity of target com- . . . .
process) . mild conditions) of specific active components with low solvent residues
sumption) ponents

Note: All extraction efficiency values are expressed as mg of madecassoside (MA) monomer per gram of dry raw material (mg/g DW), not total triterpenoid
content. Data were collected from independent studies with different raw material sources (whole herb vs. leaves), solvent systems, and analytical methods. Direct
cross-technology comparison of absolute yield should be interpreted with caution, as extraction efficiency is highly dependent on raw material quality, medicinal
part, particle size, origin, and harvest conditions. The core purpose of this table is to compare the techno-economic characteristics of different technologies, rather
than to rank absolute extraction efficiency. Regarding environmental performance, the energy- and solvent-saving advantages of ultrasound-assisted extraction
and microwave-assisted extraction have been quantitatively verified in head-to-head comparative studies [170]. The “green” attribute of DESs is predominantly
inferred from their inherent low volatility and recyclability. Systematic life cycle assessment data covering solvent recovery rate, waste discharge, and total carbon
footprint remain limited for all included extraction technologies.
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5.2. Efficient Separation and Purification Technologies of MA

As the “purification core” link in the C. asiatica biorefining process, separation and
purification are the key steps to obtain high-purity monomers from crude extracts, di-
rectly determining product quality and application value. Industrial downstream purifi-
cation of MA generally follows a standardized four-step process: clarification and de-
greasing — preliminary enrichment via macroporous adsorption resin — refinement via
preparative chromatography or recrystallization — drying and quality standardization
[167]. The first step removes insoluble impurities and non-polar interferences such as
waxes and pigments from crude extracts through filtration and non-polar solvent degreas-
ing; the second step achieves batch enrichment of total triterpenoids using the polar selec-
tive adsorption of macroporous resins; the third step obtains high-purity monomers via
preparative chromatography or fractional crystallization; finally, products meeting phar-
maceutical or cosmetic grade requirements are obtained through drying and standardiza-
tion.

5.2.1. Screening of Macroporous Adsorption Resins and Optimization of Dynamic
Adsorption-Desorption Processes

Macroporous adsorption resin is an effective material for enriching and purifying
MA from total asiaticosides. The key to process optimization lies in resin model selection
and regulation of dynamic adsorption—desorption parameters. A study by Jia et al.
showed that among resins such as HPD100, HPD300, X-5, AB-8, and D101, HPD100 ex-
hibits higher adsorption and desorption capacities for MA and AS. After gradient elution,
MA content increases from 3.9% to 39.7% with a recovery rate of 70.4% [35]. In the pre-
treatment of total asiaticoside liposome preparation, the macroporous resin process opti-
mized via Box-Behnken response surface methodology achieves an MA encapsulation ef-
ficiency of 75.85% [101]. Using Diaion HP-20 macroporous resin combined with 50% and
75% ethanol gradient elution, high-purity pentacyclic triterpenoid-enriched fractions can
be prepared with significantly increased MA content [186]. Monitoring the entire purifi-
cation process via ultrahigh-performance liquid chromatography—-quadrupole time-of-
flight mass spectrometry achieves an MA product with 72.51% purity and a total recovery
rate of 90.79% [189]. These studies provide mature technical parameters for industrial sep-
aration of MA using macroporous resins.

5.2.2. Preparation of MIP and Selective Separation

MIP technology provides a new strategy for highly selective separation of specific
triterpenoid saponins (e.g., AS and MA) from C. asiatica. Researchers synthesized MIP via
precipitation polymerization using AS as a template. Under optimized ratios of functional
monomer, porogen, and cross-linking agent, the maximum adsorption capacity reaches
19.16 mg/g with an imprinting factor of 2.86. When the MIP is used for molecularly im-
printed solid-phase extraction of C. asiatica crude extracts, MA purity increases by 6.51-
fold, while AS purity increases by only 3.01-fold, indicating that MIP exerts a more signif-
icant enrichment effect on MA [79]. Although the study used AS as the template, the pre-
pared MIP exhibits good cross-recognition ability for structurally similar MA, indirectly
achieving efficient separation of MA. This method offers advantages of low cost, high se-
lectivity, and reusability, providing a new approach for targeted separation of MA from
complex mixtures.

https://doi.org/10.3390/biom16111663



Biomolecules 2026, 16, 1663

35 of 66

5.2.3. Large-Scale Preparation via High-Speed Counter-Current Chromatography and
Preparative HPLC

High-speed counter-current chromatography (HSCCC) and prep-HPLC are im-
portant technologies for large-scale preparation of MA. HSCCC uses the solvent system
n-hexane-n-butanol-0.05 M NaOH (5:1:6). Through a gradient elution mode with gradu-
ally increasing elution strength, 75 mg of MA and 140 mg of AS are isolated in one run
from 600 mg of polar C. asiatica extract. Product purities are confirmed via electrospray
ionization tandem mass spectrometry and nuclear magnetic resonance [190]. HSCCC can
also be directly coupled with thin-layer chromatography (TLC) for online monitoring of
column effluents, successfully applied to the separation of AS and MA [191].

For preparative HPLC, multiple studies have established mature large-scale prepa-
ration processes: using a C18 column (50 mm x 200 mm, 5 pm) with methanol-water (60:40)
as the mobile phase, a flow rate of 100 mL/min, an injection volume of 1.5 mL (40 mg/mL),
and a diode array detector at 220 nm, both AS and MA with >98% purity can be obtained
within 20 min [192,193]. Another study adopts a two-step preparation method: first sepa-
rating AS (98.8% purity) using a YMC ODS-AC18 column (methanol/water), then further
separating MA (76.2% purity) and asiaticoside B (82.3% purity) via a semi-preparative
column (water/acetonitrile) [62]. Adding p-cyclodextrin to the mobile phase can effec-
tively resolve the isomer pairs MA/asiaticoside B and MAA/terminolic acid, achieving
baseline separation within 25 min [64,66,67]. These technologies provide reliable plat-
forms for reference substance preparation and industrial production of MA.

5.2.4. Mechanistic Study of MA and AS Separation via Crystallization

Crystallization achieves efficient separation of MA and AS by utilizing their signifi-
cant differences in crystallization behavior in specific solvent systems. Studies have found
that in methanol-water systems, despite similar solubility, MA exhibits an induction pe-
riod at least 10 times longer than AS, mainly attributed to the sole molecular structural
difference between the two: an additional hydroxyl group at the C-6 position of MA [41].

Based on this difference, fractional crystallization can preferentially precipitate AS
(short crystallization induction period) from total triterpenoid saponins of C. asiatica, with
a yield of approximately 80% and purity of 95% [36]. After further optimization, crystal-
lization yields 60% AS with 70% purity from total saponins; after recrystallization, the
yield reaches 76% with 91% purity [36]. Due to its significantly longer crystallization in-
duction period, MA is difficult to precipitate under the same conditions and mainly re-
mains in the mother liquor. It requires further purification via chromatographic methods
such as preparative HPLC or HSCCC to obtain high-purity monomers.

The essence of this crystallization strategy is to achieve selective enrichment of AS by
utilizing the fundamental difference in crystallization kinetics between the two saponins,
rather than directly preparing MA. It reveals the molecular structure dependence of their
crystallization behavior, providing a theoretical basis for the design of subsequent sepa-
ration processes based on crystallization principles.

5.2.5. Novel Large-Scale Purification Technologies

In addition to traditional chromatography and crystallization methods, multiple
novel large-scale purification technologies have been applied to MA separation. Solid-
phase extraction: anion-exchange solid-phase extraction can remove interfering com-
pounds that co-elute with MA, solving interference issues in simple HPLC detection [194].
Supercritical CO2 pretreatment: first removing pigments via supercritical CO: fluid extrac-
tion, then performing ethanol extraction, significantly enriches triterpenoids such as MA
and improves the wound-healing activity of extracts [187]. Reverse iontophoresis sam-
pling: at a current density of 0.5 mA/cm? MA can be extracted in situ and non-
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destructively from fresh C. asiatica leaves, with an extraction amount of approximately
0.03 mg/100 mg biomass, providing a rapid detection method for harvest timing judgment
[195]. Gas anti-solvent precipitation: using CO2 as an anti-solvent under low-temperature
and low-ethanol concentration conditions, active ingredients including MA can be effi-
ciently precipitated, and the product exhibits high antioxidant activity [196]. These novel
technologies each have unique characteristics, providing diversified options for green, ef-
ficient, and large-scale purification of MA.

5.3. Online Monitoring and Quality Control Technologies During Extraction and Purification
5.3.1. Near-Infrared Spectroscopy Online Detection Technology

Near-infrared spectroscopy technology provides a rapid, non-destructive online
monitoring method for the column chromatography separation and purification process
of MA and AS. Researchers collect 50% ethanol eluates, acquire their NIR spectra, and
establish partial least squares calibration models between spectral data and HPLC-deter-
mined contents. To further improve model robustness and prediction accuracy, research-
ers systematically compared the performance of wavelength interval selection methods
such as interval partial least squares, backward interval partial least squares, and synergy
interval partial least squares with single-wavelength selection methods such as competi-
tive adaptive reweighted sampling. The results showed that wavelength interval selection
methods significantly outperform full-spectrum modeling and single-wavelength selec-
tion methods. Among them, the AS model constructed by the interval partial least squares
method achieves a residual predictive deviation value of 7.5, and the MA model con-
structed by the backward interval partial least squares method achieves a residual predic-
tive deviation value of 2.9, effectively reducing computational load and improving model
prediction accuracy [197].

After optimization via the above variable selection methods, the optimal wave-
number ranges for MA and AS are 12,000.8-7499.8 cm™ and 12,000.8-9750.3 cm™, respec-
tively. The model correlation coefficients (R?) reach 96.44% and 96.07%, and the root mean
square errors of cross-validation are 0.08480 and 0.00099, respectively. The model is used
for real-time prediction of the contents of the two components during the column separa-
tion and purification process, with satisfactory results. This method is rapid, convenient,
and accurate, and can be used for online monitoring and quality control of MA and AS
production processes [198].

5.3.2. Non-Destructive in Situ Detection via RI

RI technology achieves non-destructive, in situ sampling of active ingredients such
as MA from plant materials, providing a green and efficient strategy for harvest timing
determination. In a lateral diffusion cell, at a current density of 0.5 mA/cm? under specific
pH conditions and a predetermined time, MA can be directly extracted from fresh C. asi-
atica leaves, with an extraction amount of approximately 0.03 mg/100 mg biomass. This
method does not damage plant tissues and exhibits a good linear relationship (r? = 0.73)
with component contents determined using conventional methods. Reverse iontophoresis
technology, as a convenient on-site analytical tool, can rapidly assess target component
levels without damaging plant materials, thereby guiding the determination of optimal
harvest periods [195].

5.3.3. Application of QAMS in Simultaneous Quantification of Multiple Components

Quantitative analysis of multicomponents by single marker (QAMS) enables simul-
taneous determination of multiple indicator components by establishing relative correc-
tion factors between one component and multiple others, significantly improving the ef-
ficiency and reliability of quality control for C. asiatica and its preparations. It is currently
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one of the mainstream methods for multi-component quality evaluation of traditional
Chinese medicines.

Researchers established a QAMS method for simultaneous determination of asiati-
coside B, MA, and AS in total asiaticosides, asiaticoside tablets, and asiaticoside ointments,
using MA as the internal standard, an Eclipse XDB-C18 column, acetonitrile-2 mmol/L
hydroxypropyl-p-cyclodextrin (24:76) as the mobile phase, and a detection wavelength of
205 nm. The results showed that all three components exhibit good linearity within their
respective ranges (r > 0.9998), with average spiked recoveries of 97.93-102.05%. The results
obtained via QAMS are close to those of the external standard method, indicating that the
method is stable and reliable, suitable for quality control of total asiaticosides and their
preparations [68].

In addition to QAMS, various chromatographic and immunoassay technologies col-
lectively construct a multi-dimensional quality control system for C. asiatica. High-perfor-
mance liquid chromatography (HPLC) remains the most commonly used quantitative
method. Multiple studies have optimized chromatographic conditions to achieve simul-
taneous separation of more components: using a Phenomenex Aqua C18 column and tri-
fluoroacetic acid gradient elution system, six active triterpenoids—MA, AS, MAA, AA,
terminolic acid, and asiaticoside B—can be simultaneously separated within 50 min, with
detection limits as low as 0.01 pg/mL [199]. For industrial quality control of raw herbal
and cosmetic materials, HPLC-ELSD provides a robust, calibration-free alternative, with
validated linear ranges of 100-702 mg/L for AS and 105-738 mg/L for MA, average recov-
eries of 98.30-101.20%, and RSD values below 3% [200]. Multiple classic HPLC methods
have established simultaneous quantitative systems for the four major triterpenoids (MA,
AS, and their aglycones), suitable for routine quality testing of medicinal materials, ex-
tracts, and various preparations [201,202].

LC-MS/MS further enhances quantitative sensitivity and throughput: an LC-MRM-
MS method based on multiple reaction monitoring mode can simultaneously accurately
quantify 12 bioactive components, including 4 triterpenoids and 8 caffeoylquinic acids. It
has been successfully applied to quality calibration of standardized C. asiatica products
for Phase I clinical trials and animal feed for preclinical research [203]. The UHPLC-ESI-
MS/MS-MRM method significantly shortens analysis time, suitable for rapid screening of
chemotype variations in C. asiatica under different geographical and climatic conditions
[204].

TLC technology, with its advantages of simplicity and rapidity, is suitable for on-site
rapid detection. The established high-performance thin-layer chromatography—-densitom-
etry method does not require derivatization or heating and can directly determine the four
major triterpenoids at 202 nm, with validation parameters meeting analytical require-
ments [205]. TLC—densitometry with anisaldehyde—sulfuric acid coloration is also widely
used for semi-quantitative screening of triterpenoids [206].

Immunoassay technology provides a new approach for high-throughput rapid de-
tection: prepared MA polyclonal antibodies can simultaneously recognize MA and AS.
The established enzyme-linked immunosorbent assay (ELISA) method has a detection
range of 0.39-50 ug/mL, and the immunoblotting method has a detection limit as low as
31.25 ng [207]. The monoclonal antibody 2B4 against AS exhibits high specificity, with
only 7.08% cross-reactivity with MA. The established ELISA method shows a correlation
coefficient of 0.999 with HPLC measurement results, suitable for rapid screening of large
batches of samples [208].

The principle of QAMS is often combined with characteristic fingerprint technology
to achieve comprehensive quality evaluation of C. asiatica medicinal materials and prepa-
rations: an established HPLC fingerprint containing 15 common peaks identifies six major
components, including MA, AS, MAA, and AA, via LC-ESI-MSr, which can effectively
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distinguish C. asiatica samples from different origins [209]. Multiple studies have com-
bined multi-component quantification with fingerprint similarity analysis to construct a
more comprehensive quality evaluation system for C. asiatica [69,210].

6. Pharmacokinetics and in Vivo Disposition of MA

The overall in vivo disposition process and core druggability bottlenecks of oral MA
are visually summarized in Figure 6, and each process will be discussed and analyzed in
detail in the following sections of this chapter.
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Figure 6. The diagram traces the full journey of oral MA from the intestinal lumen to systemic cir-
culation, tissue distribution, and excretion. Created with Figdraw (https://www.figdraw.com/#/),
Copyright Code: PORAOOafba. Key modules include luminal phase, intestinal absorption and first-
pass metabolism, systemic circulation, tissue distribution, excretion, and enterohepatic circulation.
Modulating factors and core druggability bottlenecks are annotated. Color coding indicates evi-
dence status: dark blue = validated in rodent in vivo models (Level B); light blue = in vitro evidence

(Level C); orange = working hypothesis; gray = human data gap.

6.1. Absorption Process and Oral Bioavailability
6.1.1. Intestinal Absorption Mechanism and Role of Transporters

To systematically elucidate the in vivo pharmacokinetic characteristics of MA, re-
searchers have established multiple quantitative analytical methods for MA in biological
samples. Among them, an HPLC-UV detection method using solid-phase extraction for
plasma sample purification and cucurbitacin B as an internal standard exhibits good line-
arity in the range of 5 pg/mL to 1.5 mg/mL (r = 0.9998), with method recoveries of 90.21-
95.65% and intra- and inter-day precision RSD < 3.1%. It meets the requirements for bio-
logical sample analysis and provides reliable technical support for studies on intestinal
absorption, tissue distribution, and excretion processes [211].

Intestinal absorption of MA mainly occurs in the middle small intestine, with passive
diffusion as the main absorption mechanism. In situ rat intestinal perfusion experiments
show that MA absorption in the small intestine is stronger than in the large intestine, with
absorption rates in each intestinal segment ranked as ileum > jejunum > duodenum > colon.
Ileal absorption rates show no significant difference across different drug concentrations,
consistent with the characteristics of passive diffusion [98]. The nonionic surfactant poly-
sorbate 80 can significantly promote ileal absorption of MA [98].
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Biliary excretion of MA involves transporters P-glycoprotein (P-gp) and multidrug
resistance-associated protein (MRP). Co-administration of the P-gp inhibitor digoxin or
the MRP inhibitor probenecid significantly reduces biliary excretion of the prototype drug,
indicating that these efflux transporters participate in the enterohepatic circulation pro-
cess, which may also be a factor affecting oral absorption [25].

6.1.2. Molecular Mechanism of Low Oral Bioavailability of the Prototype Drug

The oral bioavailability of prototype MA is extremely low (less than 1%), mainly at-
tributed to poor intestinal absorption, difficulty in entering the bloodstream, and rapid
metabolic transformation in vivo. To accurately determine trace concentrations of MA in
biological matrices, researchers have established a rapid and sensitive liquid chromatog-
raphy-electrospray ionization mass spectrometry (LC-ESI-MS) quantitative method. This
bioanalytical workflow was first fully validated in rat plasma in early pharmacokinetic
studies, yielding a linear range of 11-5500 ng/mL (12 = 0.9995), a lower limit of quantifica-
tion of 11 ng/mL, and extraction recoveries exceeding 92% [212]. Using paeoniflorin as an
internal standard, plasma samples are processed via simple liquid-liquid extraction, chro-
matographic separation is completed within 6 min on a Shim-pack CLC-ODS column with
acetonitrile-water (60:40) containing 0.1% formic acid as the mobile phase, and detection
is performed in negative-ion selected ion monitoring mode. The linear range reaches 11—
5500 ng/mL, with a lower limit of quantification as low as 11 ng/mL, intra- and inter-day
precision RSD < 9.1%, and recovery > 92%. It fully meets the requirements for pharmaco-
kinetic studies of low-exposure drugs [212].

Pharmacokinetic studies in rats based on this highly sensitive method show that the
oral bioavailability of pure MA prototype is less than 1% in rats [26,57]. This value refers
specifically to unchanged madecassoside monomer, calculated using intravenous admin-
istration as the reference for absolute bioavailability. In human studies using oral stand-
ardized C. asiatica extracts, prototype MA is almost undetectable in plasma due to ex-
tremely low systemic exposure, and only the aglycone metabolite madecassic acid can be
reliably quantified [213-215]. The absolute oral bioavailability of prototype MA in humans
therefore cannot be accurately determined, and rat data cannot be directly extrapolated to
human populations. In Phase I clinical trials conducted in healthy subjects and elderly
patients with mild dementia, after oral administration of standardized C. asiatica extracts
(ECa 233 or CAP), MA prototype is almost undetectable in plasma, and only its metabolite
MAA can be detected [213-215]. It should be emphasized that all human data come from
oral administration trials of standardized extracts, not pure MA monomer. There are cur-
rently no systematic human pharmacokinetic studies on single oral administration of pure
MA, so the ADME characteristics of pure MA in humans remain to be further clarified.
Rat pharmacokinetic data cannot be directly extrapolated to humans.

6.1.3. Absorption-Enhancing Effects of Bioenhancers (Piperine and Curcumin)

Piperine is an effective bioavailability enhancer that can be combined with MA to
increase its systemic exposure. In a beagle dog pharmacokinetic study, when the water-
soluble C. asiatica extract Centell-S (a water-soluble standardized extract with triterpenoid
glycoside content exceeding 80% (w/w) and MA:AS ratio of 1.5-2.0:1) was administered
alone, oral absorption of MA and AS was low. However, when combined with piperine,
the maximum plasma concentration (Cmax) and area under the concentration—time curve
(AUC) values of MA increased significantly by approximately 1.5-3.0-fold on day 1, and
the exposure of the active metabolite AA also significantly increased on day 7 [104]. An-
other study also confirmed that the combination of Centell-5 and piperine increases
plasma levels of MA and AS by approximately 2-fold compared with an equal dose of
ECa 233 [216]. In contrast, the addition of curcumin does not significantly improve the
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pharmacokinetic parameters of MA [104]. Therefore, piperine can serve as an effective
bioenhancer to improve the oral bioavailability of MA by inhibiting drug efflux or metab-
olism, providing a new strategy for its formulation development.

6.1.4. Pharmacokinetic Differences Between Pure MA and Standardized Extracts

Direct head-to-head comparisons confirm that systemic exposure of MA is markedly
higher when delivered as part of a standardized C. asiatica extract than as an isolated pure
compound, for both intravenous and oral routes. In a well-controlled rat study, intrave-
nous administration of the standardized extract ECa 233 yielded a 2.32-fold higher MA
AUCo—o compared with an equivalent dose of pure MA, accompanied by reduced appar-
ent clearance and prolonged elimination half-life (ti2). After oral dosing, MA absolute bi-
oavailability nearly doubled in the extract group (1.26% vs. 0.67% for pure MA), with a
similarly extended half-life [57].

The primary contributor to this exposure difference is bidirectional interconversion
between MA and its structural analog AS in vivo. The conversion efficiency of AS to MA
reaches 58.95% (intravenous) and 84.22% (oral), which is higher than the reverse conver-
sion rate [57]. This mutual transformation may form a circulating precursor pool that sus-
tains MA plasma concentrations and extends its in vivo residence time. In addition, other
phytochemicals in the extract may further modulate MA disposition, potentially via mild
inhibition of intestinal efflux transporters and hepatic metabolic enzymes—a commonly
proposed mechanism for altered pharmacokinetics of bioactive compounds in complex
botanical extracts—but this remains to be directly verified. Current evidence shows that
MA can distribute to target tissues including the brain, stomach, and skin after extract
administration [26,57], but whether the extract enhances tissue distribution of MA relative
to the pure compound requires further investigation.

This pharmacokinetic discrepancy carries important translational implications. First,
pure-compound pharmacokinetic parameters cannot be directly extrapolated to predict
MA exposure from standardized extracts, which is a common source of dose-design bias
in preclinical-to-clinical translation. Second, the prolonged systemic exposure may par-
tially explain why whole extracts often exhibit greater in vivo efficacy than equivalent
doses of isolated monomers in disease models. Clinically, all currently available human
pharmacokinetic data are derived from standardized extract formulations [213,215], and
no pure-MA human pharmacokinetic data exist to date, representing a notable knowledge
gap for monomer-based drug development.

Head-to-head comparative studies between the standardized C. asiatica extract ECa
233 and equal doses of pure MA show that plasma exposure of MA in the extract group
is significantly higher than in the pure product group, whether administered intrave-
nously or orally. After intravenous injection of 10 mg/kg ECa 233, the area under the con-
centration—time curve (AUC)o— of MA reaches 77,154.66 + 42,227.64 pg-h/L, which is 2.32
times that of the equal-dose pure product (5.1 mg/kg, 33,301.72 + 11,073.39 pg-h/L). Ap-
parent clearance decreases from 0.17 L/h/kg for the pure product to 0.08 L/h/kg, and ti.
extends from 4.99 +2.29 h to 6.45 + 1.38 h [57].

After oral administration of 100 mg/kg ECa 233 (MA content in ECa 233 is approxi-
mately 51%, equivalent to approximately 51 mg/kg MA), the Cmax of MA increases from
1227.47 +1283.74 pg/L for the pure product (at an equivalent MA dose, i.e., 51 mg/kg pure
MA) to 3013.27 + 1993.01 pg/L, and AUCo—e» increases from 2241.44 + 1104.43 ug-h/L to
4210.00 + 2240.27 pg-h/L. Absolute bioavailability increases from 0.67% for the pure prod-
uct to 1.26%, and t12 extends from 4.33 +0.74 h to 7.68 £ 1.96 h (p < 0.05) [57].

The core mechanism underlying the improved pharmacokinetic parameters in the
extract group is the bidirectional transformation between MA and AS in vivo: AS can be
converted to MA via C6 hydroxylation, and the conversion efficiency (58.95% intravenous,
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84.22% oral) is significantly higher than the reverse conversion of MA to AS (23.53% in-
travenous, 68.65% oral). The coexistence of the two saponins in the extract continuously
supplements prototype drug concentrations through mutual transformation, prolonging
in vivo residence time [57]. In addition, tissue distribution concentrations of MA in target
organs such as the brain, stomach, and skin are higher after extract administration than
after pure product administration, further enhancing the material basis for its pharmaco-
logical activity [57].

6.2. Tissue Distribution and Target Organ Accumulation
6.2.1. Systemic Tissue Distribution Characteristics

After oral or intravenous administration, MA is widely distributed in multiple or-
gans in rats, with relatively high concentrations in tissues such as the liver, kidneys, stom-
ach, and skin. After intragastric administration of MA (100 mg/kg) to rats, the drug is
widely distributed in the heart, liver, spleen, lungs, and kidneys, with higher levels in the
liver and kidneys than in other tissues [25]. Another study using the standardized extract
ECa 233 found that MA is also widely distributed in the brain, stomach, and skin, reaching
these tissues 1 h after administration and maintaining for at least 4 h [26]. In beagle dogs,
oral administration of Centell-S also shows extensive tissue distribution characteristics of
MA and AS [216]. MA is also distributed in synovial tissue, which is related to its anti-
arthritis effect [20,217]. This multi-organ distribution characteristic provides a material
basis for its pharmacological effects in cardiovascular, neurological, skin, and other sys-
tems.

6.2.2. Blood—Brain Barrier Penetration

MA exhibits strong blood-brain barrier (BBB) penetration ability, providing a key
material basis for its central nervous system (CNS) effects such as neuroprotection, anti-
depressant activity, and cognitive improvement. In vitro BBB model studies using pri-
mary porcine brain microvascular endothelial cells found that the apparent permeability
coefficient (Papp) of MA is 53.31 + 12.55 x 10-¢ cm/s. Along with AS (70.61 + 6.60 x 10
cm/s) and AA (50.94 + 10.94 x 106 cm/s), it is classified as a high BBB permeability com-
pound, with penetration capacity comparable to CNS drugs. Meanwhile, the compound
does not produce cytotoxicity or disrupt intercellular tight junctions [50].

Animal experiments further confirm that after oral administration of ECa 233 to rats,
MA is rapidly absorbed and distributed to brain tissue, reaching peak levels 15 min after
administration [26]. MA can effectively penetrate the BBB and improve neurological func-
tion in various neurological disease models such as traumatic brain injury, ischemia—
reperfusion injury, Alzheimer’s disease, and Parkinson’s disease [13,14,218-220].

6.2.3. Skin Tissue Penetration and Retention Patterns

The hydrophilicity of MA limits its transdermal penetration ability, but novel drug
delivery systems such as liposomes, transfersomes, and nanoemulsions can significantly
increase its skin retention and transdermal efficiency, achieving sustained release effects.
For total asiaticoside liposomes prepared via the reverse-phase evaporation method, the
skin retention of MA reaches 76.0 pg/cm?, a 1.56-fold increase compared with the raw
material solution, with obvious sustained release effects [101]. MA liposomes prepared by
the double emulsion method (average particle size 151 nm) not only exhibit excellent
transdermal performance but also significantly promote burn wound healing [103]. When
transfersomes are used as carriers, the skin permeability of MA is further improved com-
pared with ordinary liposomes and ethosomes, with an encapsulation efficiency exceed-
ing 68% [47].
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Film-forming polymer dispersions allow approximately 5% of MA to accumulate in
the skin within 12 h [221]. Smart delivery systems such as pH-responsive chitosan nano-
gels and temperature-sensitive PEG-PCL-PEG modified liposomes also significantly en-
hance skin adhesion and retention effects [222,223]. Microemulsion carriers can further
improve the topical delivery efficiency of MA; the optimized formulation achieves a 43.2-
fold increase in 24 h cumulative skin permeation compared with the control solution, with
good skin biocompatibility [224]. These studies provide a pharmaceutical basis for the
application of MA in local treatments such as wound repair, scar prevention, and skin
anti-inflammation.

6.3. Metabolic Transformation and Major Metabolites
6.3.1. Hepatic Phase I and Phase II Metabolism

MA undergoes extensive metabolism in rats, mainly via phase I metabolic reactions.
After oral administration, MA is extensively metabolized before entering the bloodstream:
after intragastric administration to rats, MAA, the main metabolite, is predominant in
plasma, while prototype drug concentrations are extremely low [25,89]. Fecal analysis
shows that MA is mainly excreted in the form of metabolites rather than the prototype
[25,26]. In vitro liver microsome experiments indicate that MA exerts non-competitive in-
hibition on CYP2C19 and CYP3A4 and can act as a mechanism-based inhibitor of these
two enzymes, participating in hepatic metabolism [225]. Although no phase II conjugated
products of MA have been found in humans or rats, its aglycone MAA can undergo fur-
ther oxidative transformations in vivo [89].

6.3.2. Gut Microbiota-Mediated Metabolism

The gut microbiota plays a key bidirectional role in the metabolic transformation and
pharmacological activity of MA. On the one hand, gut microbiota hydrolyze MA into
MAA via glycoside hydrolases, and the latter has been confirmed as the true active form
that restores Th17/Treg balance in ulcerative colitis models [86]. A similar microbiota-de-
pendent activation mechanism has also been verified for AS, which is hydrolyzed to asi-
atic acid by gut microbes and accumulates in colonic tissues to suppress IL-17 signaling
and restore intestinal homeostasis [226]. In alcoholic liver disease models, MA interven-
tion can also reverse gut microbiota dysbiosis, increase the abundance of beneficial bacte-
ria such as Duncaniella and Muribaculum, and reduce pathogenic bacteria such as Esche-
richia and Klebsiella, forming a bidirectional interaction between MA and gut microbiota
[227]. On the other hand, MA itself can directly regulate intestinal microecological com-
position. In collagen-induced arthritis (CIA) models, oral MA enriches butyrate-produc-
ing bacteria such as Lachnospiraceae, Butyricicoccus, and Faecalibacterium, increases intes-
tinal butyric acid levels, and thereby induces Treg cell differentiation and promotes IL-10
expression, exerting anti-arthritis effects [84]. This effect depends on intact gut microbiota,
and broad-spectrum antibiotics can significantly attenuate its efficacy [84].

It is noteworthy that MA and AS undergo bidirectional transformation in vivo [57],
and oral bioavailability is extremely low (less than 1%) [25,26]. This means that after oral
administration, MA maintains a high concentration locally in the intestine, while very lit-
tle prototype drug enters the systemic circulation. Currently, the specific bacterial genera
(e.g., Bacteroides, Bifidobacterium, Lactobacillus) and specific glycosidases involved in MA
deglycosylation metabolism have not been directly identified, and further clarification
through anaerobic isolation and culture, metagenomic screening, and enzymatic charac-
terization is urgently needed [23,78,228].

Piperine, as a bioenhancer, can increase the systemic exposure of MA and its metab-
olites by inhibiting drug efflux or metabolic enzymes [104], suggesting that combination
medication strategies can improve its oral absorption. These metabolic transformation
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characteristics constitute an important prerequisite for understanding the “low exposure-
high efficacy” pharmacological paradox of MA. The complete downstream effect mecha-
nism of this paradox—how MA exerts pharmacological effects on distal target organs via
the gut-host axis —will be systematically discussed in Section 7.1.

6.3.3. In Vivo Bidirectional Transformation Between MA and AS

MA and AS exhibit bidirectional transformation in vivo. After oral administration of
the standard extract ECa 233 to rats, plasma concentrations of both are higher than after
administration of equal amounts of the pure compounds alone, and two metabolites,
MAA and AA, are detected, suggesting that the two prototype compounds may undergo
mutual transformation via reactions such as deglycosylation-glycosylation in vivo [57].
In an in vitro liver microsome system, both AS and MA can inhibit CYP2C19 and CYP3A4,
indicating similar interaction characteristics with hepatic metabolic enzymes [225].

In a rat model of CIA, after repeated oral administration of MA, differences in phar-
macokinetic parameters between arthritic and normal rats gradually decrease, while ex-
posure to the metabolite MAA significantly increases. This suggests that metabolic trans-
formation (including bidirectional transformation) of MA may change under disease con-
ditions [89]. This bidirectional transformation mechanism makes the pharmacodynamic
material basis of the two compounds more complex in vivo, which may exert synergistic
or additive effects on overall pharmacological activity.

6.3.4. Effects of Disease States on MA Pharmacokinetics

Pharmacokinetic studies in a CIA rat model confirm that inflammatory states signif-
icantly alter the in vivo disposition process of MA: after a single oral dose of 40 mg/kg
MA, the area under the plasma concentration-time curve (AUCo—eo) in CIA rats is signifi-
cantly higher than in normal rats, time to peak concentration is prolonged, and apparent
clearance is reduced, indicating increased drug absorption and slowed metabolism under
inflammatory conditions [89].

After 14 days of repeated administration, differences in pharmacokinetic parameters
between CIA and normal rats gradually narrow, but plasma exposure to the main metab-
olite MAA is significantly higher in CIA rats than in normal rats, suggesting that long-
term inflammatory states may upregulate intestinal glycosidase activity and promote the
conversion of MA to active aglycones [89]. This finding explains why MA exerts signifi-
cant therapeutic effects in arthritis models despite extremely low oral bioavailability:
pharmacokinetic changes under inflammatory conditions adaptively increase local and
systemic exposure of active metabolites, thereby enhancing anti-inflammatory therapeu-
tic effects [89]. Currently, there are no systematic studies on the effects of other disease
states such as diabetes, liver fibrosis, and renal insufficiency on MA pharmacokinetics.

6.4. Excretion Pathways and Enterohepatic Circulation
6.4.1. Biliary Excretion

The biliary excretion process of MA is significantly regulated by efflux transporters,
among which P-gp and MRP play key roles. After intragastric administration of MA to
rats, prototype MA excretion in bile accounts for 7.16% of the administered dose within
0-12 h. When co-administered with the P-gp inhibitor digoxin or the MRP inhibitor pro-
benecid, biliary excretion of prototype MA is significantly reduced, indicating that both
transporters participate in the hepatobiliary efflux process of the drug [25]. It should be
noted that this conclusion is based on functional inhibition studies; direct transporter as-
says such as membrane vesicle transport or transfected cell line verification are still lack-
ing, and the specific MRP isoform involved has not been identified. The involvement of
P-gp and MRPs should therefore be regarded as a functionally supported inference rather
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than definitive confirmation. This finding reveals that MA may be actively transported
into bile in the liver, thereby affecting its in vivo clearance rate and oral bioavailability.

6.4.2. Fecal and Urinary Excretion Characteristics

MA and its metabolites are mainly excreted via the fecal route, with urinary excretion
accounting for a relatively low proportion. After intragastric administration of MA to rats,
prototype MA excretion in bile accounts for 7.16% of the administered dose within 0-12 h
[25]. Cumulative excretion of prototype MA in feces reaches 24.68% of the dose within 54
h, after which no prototype MA can be detected. Three stepwise deglycosylated metabo-
lites have been qualitatively identified in feces but have not been quantitatively deter-
mined. The fecal fraction includes both unabsorbed drug and biliary-excreted material re-
entering the intestine via enterohepatic circulation, both of which are metabolized by gut
microbiota. Prototype MA excreted via urine accounts for only 0.25% of the dose within
72 h, indicating that fecal excretion is the main clearance pathway [25]. It should be noted
that the total recovery of detectable prototype drug is approximately 32% of the adminis-
tered dose. Due to unquantified metabolites, tissue retention, and incomplete excretion
within the observation window, these data cannot support a strict quantitative mass-bal-
ance conclusion and only reflect the distribution pattern of major excretion pathways. Af-
ter administration of the standardized C. asiatica extract (ECa 233), MA and AS also mainly
exist in feces in the form of corresponding triterpenoid acid metabolites (MAA and AA),
further confirming the dominance of fecal excretion [26,57].

6.4.3. Effects of Enterohepatic Circulation on Pharmacokinetic Behavior

MA exhibits obvious enterohepatic circulation, which is one of the important mech-
anisms explaining its “low bioavailability but long-acting” pharmacological characteris-
tics. After intragastric administration to rats, the plasma prototype drug concentration—
time curve shows a typical double-peak feature, which usually suggests that the drug may
be secreted into bile and then reabsorbed into the blood circulation. The double-peak pat-
tern alone is not sufficient for definitive confirmation, as biphasic gastrointestinal absorp-
tion may also produce a similar profile. The existence of enterohepatic circulation has been
directly verified by bile duct cannulation and linked rat model experiments [25], and the
double-peak phenomenon serves only as a supportive phenotypic observation.

Enterohepatic circulation can significantly prolong the residence time of drugs in
vivo, allowing them to exert continuous effects at low plasma concentrations. This pro-
vides an important pharmacokinetic basis for why MA, despite extremely low oral bioa-
vailability (<1% in rats) [26,57], still exerts durable pharmacological effects.

6.5. Key Gaps in Current Pharmacokinetic Research

6.5.1. Systematic Deficiency of Core Pharmacokinetic Parameters for
Intravenous Administration

Most intravenous MA studies focus on the overall pharmacokinetic characteristics of
standardized C. asiatica extracts (e.g., ECa 233 [26,57,229] and Centell-S [216]), and system-
atic intravenous pharmacokinetic data for pure MA are severely insufficient [25]. Alt-
hough studies have reported that after intravenous injection of 1.0 mg/kg Centell-S, MA
plasma concentrations in beagle dogs range from 1 to 10,000 pg/L [216], and MA can be
widely distributed in target organs such as the brain, stomach, and skin and maintained
for at least 4 h after intravenous administration in rats [26], there is a lack of linear kinetic
verification of pure MA at different doses, as well as accurate determination of core pa-
rameters such as volume of distribution, total clearance (CL), ti2, and plasma protein bind-
ing rate.
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Meanwhile, the metabolic transformation pattern of MA after intravenous admin-
istration has not been fully elucidated. The formation rate, ti2, and tissue distribution char-
acteristics of its main metabolite MAA have only been sporadically reported in extract
administration studies [57,89], and quantitative metabolic data after pure product admin-
istration are lacking. In addition, interspecies differences in intravenous pharmacokinetic
parameters among different species (rats, beagle dogs, and non-human primates) are al-
most unknown, which cannot provide a reliable basis for dose extrapolation in human
clinical trials [215]. Furthermore, the exposure-response relationship of MA in target or-
gans (e.g., synovium, retina, and CNS) has not been established [26], limiting its clinical
translation in indications such as rheumatoid arthritis and neurodegenerative diseases.

6.5.2. Research Gap in Head-to-Head Comparison of Bioavailability via Different
Administration Routes

Bioavailability data for MA via different administration routes are extremely scat-
tered, and there is a lack of head-to-head comparative studies of intravenous, oral, trans-
dermal, local injection, and other routes under the same experimental system [25]. Exist-
ing studies show that oral bioavailability of MA is extremely low, and absolute bioavail-
ability of MA after oral administration of ECa 233 in rats is less than 1% [26,229], mainly
eliminated via feces in prototype form or metabolized to MAA [25]. However, these data
only come from a single extract formulation, and there is no unified standard comparison
of the oral bioavailability of pure MA and the degree of improvement by different dosage
forms (e.g., solid dispersions and phospholipid complexes) [230].

Although novel drug delivery systems such as transdermal administration [101], mi-
croneedle administration [231,232], and nanocarrier delivery [47] have been extensively
studied to improve skin exposure of MA, the vast majority of studies only report in vitro
transdermal rate or local tissue drug concentration, without calculating absolute bioavail-
ability or synchronously comparing systemic and local exposure with oral and intrave-
nous administration. In addition, studies on the bioavailability of administration routes
targeting specific indications, such as intra-articular injection and nasal administration,
are almost blank [98], and the metabolite profiles, tissue distribution preferences, and
pharmacodynamic correlations of MA under different administration routes remain un-
clear, which cannot provide a scientific basis for clinical administration route selection
[83,84].

6.5.3. Intestinal Lymphatic Transport Pathway Remains Unclear

Currently, no study has systematically elucidated whether oral MA enters the sys-
temic circulation via the intestinal lymphatic system. Existing pharmacokinetic studies
only focus on portal vein absorption and hepatic first-pass metabolism pathways, ignor-
ing the intestinal lymphatic transport pathway as a potentially important absorption route
for macromolecular amphiphilic saponins. MA has a molecular weight of 975 Da, and its
structure combines a hydrophilic sugar chain with a hydrophobic aglycone, exhibiting
typical amphiphilic characteristics that meet the physicochemical prerequisites for
transport via the intestinal lymphatic system.

Theoretically, the compound may be taken up by intestinal epithelial cells, assembled
into chylomicrons, and then absorbed into the systemic circulation via the intestinal lym-
phatic system, thereby bypassing hepatic first-pass metabolism. This mechanism may par-
tially explain the paradox of extremely low prototype plasma drug concentration after
oral administration but still exerting pharmacological effects on distal target organs. How-
ever, the above hypothesis remains to be verified (working hypothesis, Level D evidence);
no direct in vivo experimental evidence from lymph fluid drug concentration monitoring
or lymphatic cannulation models is available to date. Clarifying its lymphatic transport
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mechanism has important guiding significance for in-depth understanding of the “low
exposure-high efficacy” pharmacological characteristics of this compound and optimizing
the design of oral delivery systems (e.g., lipid formulations and lymph-targeting prepara-
tions).

6.5.4. Systematic Research Gap in Pharmacokinetic Changes Under Different
Disease States

Existing studies have only initially revealed pharmacokinetic changes of MA in a CIA
model [89], but the effects of common clinical disease states such as diabetes, liver fibrosis,
renal insufficiency, and heart failure on its ADME processes have not been reported.
Changes in gut microbiota composition, hepatic drug-metabolizing enzyme activity,
transporter expression, and tissue perfusion under different disease states may signifi-
cantly alter the in vivo disposition process of MA, thereby affecting its efficacy and safety.
The lack of pharmacokinetic data under different disease states cannot provide a scientific
basis for the formulation of clinical individualized dosage regimens.

6.5.5. Lack of Human Systemic Pharmacokinetic Data

Current pharmacokinetic evidence for MA mainly comes from animal models, and
human systemic ADME data remain blank. Completed human Phase I clinical trials all
use oral administration of standardized C. asiatica extracts (e.g., ECa 233 and CAP). Lim-
ited by extremely low oral bioavailability, only aglycone metabolites such as MAA can be
detected in the plasma of subjects, and prototype MA has never been detected. Given that
prototype MA is almost undetectable in human plasma after oral administration, the ab-
solute oral bioavailability of MA in humans cannot be accurately quantified with current
analytical methods, and the <1% value derived from rat studies cannot be directly extrap-
olated to humans. Therefore, core pharmacokinetic parameters such as human absorption
rate, apparent volume of distribution, systemic clearance, and t12 of the prototype drug
remain unreported [213-215]. This is a major knowledge gap that limits clinical dose opti-
mization and translation.

Meanwhile, existing clinical studies have not conducted multi-dose gradient phar-
macokinetic investigations, lacking verification of human linear kinetics of MA and its
active metabolites at different administration doses. It is impossible to clarify the dose—
exposure relationship, nor is it easy to support precise formulation of clinical administra-
tion frequency and dose. It should be particularly emphasized that the conclusion that
“oral efficacy is mainly mediated by the gut-host axis” has clear limitations. The main
evidence for this mechanism comes from models such as rheumatoid arthritis [83,84], pul-
monary fibrosis [85], ulcerative colitis [86], and renal fibrosis [233].

However, in the field of neuroprotection, MA can effectively penetrate the BBB
[26,50], and intravenous administration also produces significant therapeutic effects in
models of cerebral ischemia-reperfusion [218,219], Parkinson’s disease [13], and Alz-
heimer’s disease [51]. In cardiovascular indications such as myocardial ischemia-reperfu-
sion injury [16,54] and vascular endothelial protection [234], the direct protective effect of
intravenous administration has been fully verified. Therefore, the pharmacodynamic
mechanism of MA presents two parallel modes: “intestinal indirect regulation” and “pro-
totype direct action”, whose weights vary with indications, administration routes, and
metabolic characteristics under disease states, and it is inappropriate to generalize all
pharmacological effects with a single mechanism. In addition, key ADME information
such as human target organ tissue distribution characteristics, drug-metabolizing enzyme
action phenotypes, and excretion ratios in bile/urine/feces remains blank, becoming a core
bottleneck restricting the clinical translation and dose optimization of oral MA prepara-
tions.
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6.6. Drug-Metabolizing Enzyme-Mediated Drug Interactions
6.6.1. Cytochrome P450 (CYP) Enzyme-Mediated Metabolic Interactions

MA exerts in vitro inhibitory effects on some cytochrome P450 enzymes but based
on its extremely low in vivo exposure level, the risk of metabolic drug interactions at con-
ventional oral doses is extremely low. In terms of drug interactions, in vitro recombinant
enzyme experiments show that MA exerts non-competitive inhibitory effects on CYP2C19
and CYP3A4, with Half maximal inhibitory concentration (ICso0) values of 539.04 + 14.18
uM and 453.32 + 39.33 uM and Ki values of 109.62 + 6.14 uM and 456.84 + 16.43 uM, re-
spectively. It belongs to the mechanism-based inhibitors of CYP2C19 and CYP3A4 [225].

However, the peak plasma concentration (Cmax) of pure MA (100 mg/kg) after oral
administration in rats is only about 1.3 uM, and the Cmax of the standardized extract ECa
233 is about 3.1 uM [57], both far lower than the above ICso values (a difference of approx-
imately 150400 times). After oral administration in humans, prototype MA is almost un-
detectable in plasma [213-215], and the actual exposure level is even lower. Therefore,
based on the huge gap between in vitro inhibitory concentrations and actual in vivo
plasma exposure levels, the concentration of MA in the systemic circulation at conven-
tional oral doses is far from reaching the threshold required to inhibit CYP2C19 and
CYP3A4. This conclusion is limited to oral administration of MA at conventional pharma-
cological doses. The clinical risk of CYP-mediated metabolic drug interactions appears
extremely low based on preclinical data, but no clinical drug-drug interaction (DDI) study
has been conducted to confirm this.

Current understanding of structure-activity relationships is mainly based on the
comparison of a limited number of natural analogs, lacking systematic site-directed chem-
ical modification and quantitative structure-activity relationship verification. In particu-
lar, research on covalent prodrug design for improving oral bioavailability is completely
lacking, and there is no effective structural modification strategy to break through the
bottleneck of poor oral absorption [24,76]. This makes it impossible to optimize the drug-
gability of MA at the molecular structure level. C. asiatica water extract (CAW-R61J) only
exerts weak reversible inhibition on CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4/5 in human liver microsomes (ICso for CYP2C9 is 330 pg/mL), with
no time-dependent inhibition and no induction of CYP1A2, CYP2B6, and CYP3A4, sug-
gesting that the overall extract also has a low risk of P450-mediated drug interactions [235].

6.6.2. Transporter-Mediated Drug Interactions

In addition to CYP enzyme-mediated metabolic interactions, as a substrate of P-gp
and MRP, the in vivo disposition process of MA may also be affected by transporter in-
hibitors or substrates, leading to changes in pharmacokinetic properties. As described in
Section 6.4.1, after intragastric administration of MA to rats, prototype excretion in bile
accounts for 7.16% of the administered dose (0-12 h); when co-administered with the P-
gp inhibitor digoxin or the MRP inhibitor probenecid, biliary excretion of prototype MA
is significantly reduced, indicating that both efflux transporters participate in the hepato-
biliary efflux process of MA [25].

From the perspective of clinical risk of transporter interactions, biliary excretion of
MA depends on the functional integrity of P-gp and MRP. Therefore, when MA is com-
bined with the following two types of drugs, transporter-mediated interactions may the-
oretically occur: (1) P-gp/MRP inhibitors (e.g., digoxin, verapamil, cyclosporine A, and
probenecid) —these drugs may competitively inhibit biliary efflux of MA, leading to accu-
mulation of MA and its metabolites in hepatocytes or increased plasma exposure; (2) P-
gp/MRP substrates (e.g., digoxin, paclitaxel, and vincristine) —MA may competitively oc-
cupy efflux transporters, thereby affecting the in vivo clearance of these substrate drugs.
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However, it should be emphasized that the above interaction risks are currently only
based on indirect inference from rat biliary excretion experiments [25], and there is no
direct clinical research evidence. In the human body, considering that prototype MA is
almost undetectable in plasma after oral administration [213,214], the degree of competi-
tion between MA and P-gp/MRP substrates in the systemic circulation may be limited;
but locally in intestinal epithelial cells and hepatocytes, the concentration of MA may be
sufficient to affect the transport function of P-gp/MRP, especially when MA is adminis-
tered orally at relatively high concentrations.

There are the following key research gaps in this field: (1) whether MA is a substrate
of human P-gp and MRP2 (ABCC2) remains to be directly verified —existing evidence
comes from rat models [25], and the substrate specificity of human transporters differs
from that of rats, which needs to be confirmed via in vitro vesicle experiments with human
transporter overexpression or Caco-2 cell bidirectional transport experiments; (2) the sub-
strate characteristics or inhibitory effects of MA on other efflux transporters (e.g., breast
cancer resistance protein and bile salt export pump) and uptake transporters (e.g., organic
anion transporting polypeptide and organic cation transporter) have not been systemati-
cally evaluated; (3) clinical studies have not monitored pharmacokinetic changes when
MA is combined with commonly used P-gp substrates/inhibitors (e.g., digoxin and
statins).

In summary, at conventional oral doses, MA has an extremely low risk of CYP en-
zyme-mediated metabolic drug interactions based on its extremely low systemic exposure
level [57,225]; however, considering that MA is an efflux substrate of P-gp and MRP [25],
there is a theoretical risk of transporter-mediated interactions when combined with P-
gp/MRP inhibitors or substrates, which may have clinical significance, especially locally
in the intestine and liver. It is recommended that subsequent clinical development of MA
formulations (1) include a combination medication cohort with transporter substrates/in-
hibitors in early clinical studies to monitor changes in blood concentrations of MA and its
metabolites; (2) clearly label MA as a P-gp/MRP substrate in the drug insert, warning of
potential risks when combined with potent transporter inhibitors; (3) conduct in vitro sub-
strate identification studies on human transporters to clarify the complete transporter in-
teraction profile of MA, providing a basis for clinical medication guidance.

7. Research Challenges and Future Perspectives

On the basis of the full-chain systematic analysis of MA’s chemical fundamentals,
biosynthetic pathways, green preparation technologies, and pharmacokinetic profiles pre-
sented in Chapters 3-6, this chapter identifies four core research bottlenecks limiting the
clinical translation of MA and maps out corresponding priority future research directions.
This four-dimensional analytical framework of core bottlenecks and corresponding prior-
ity directions is schematically illustrated in Figure 7, and each dimension will be discussed
and analyzed in detail in the following sections of this chapter.
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Figure 7. Research challenges and future perspectives for madecassoside (MA): bottlenecks and pri-
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The left panel summarizes four core research bottlenecks in the material basis and druggability field

of MA; the right panel presents corresponding priority future research directions.

7.1. Key Challenges in Material Basis and Druggability Research

From the perspective of promoting MA clinical translation, the research on material
basis and druggability still faces four core bottlenecks.

7.1.1. Incomplete Biosynthetic Pathway and Restricted Heterologous Production Efficiency

Although the core biosynthetic pathway of MA has been largely elucidated, the en-
zymes responsible for C-2 a- and C-6 p-hydroxylation remain to be fully identified, and
the substrate promiscuity of UDP-glycosyltransferases leads to abundant byproducts in
heterologous synthesis. The yield of current microbial cell factories is far from economi-
cally viable levels, and plant cell and tissue culture systems also face problems such as
high cost and difficulty in scale-up [24,153]. This lag in basic research directly restricts the
stable and controllable supply of high-quality MA raw materials.

7.1.2. Insufficient Systematic Structure-Activity Relationship Research and Blank
Prodrug Design

Current understanding of structure-activity relationships is mainly based on the
comparison of a limited number of natural analogs, lacking systematic site-directed chem-
ical modification and quantitative structure-activity relationship verification. In particu-
lar, research on covalent prodrug design for improving oral bioavailability remains
largely unexplored, and there is no effective structural modification strategy to break
through the bottleneck of poor oral absorption [23,76]. This makes it impossible to opti-
mize the druggability of MA at the molecular structure level based on definitive structure—
activity rules.

7.1.3. Unstable Raw Material Quality and Imperfect Quality Control System

MA content in C. asiatica from different origins varies widely (0.01-5.67% dry weight),
and chemotype diversity is prominent. Even if large-scale cultivation is achieved, batch-
to-batch consistency of raw materials remains difficult to guarantee. No internationally
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universal quality evaluation system or reference standard has been established, and the
quality control indicators are still limited to single component content, lacking indicators
related to efficacy and safety such as component ratio and free aglycone impurity limit
[152,159]. This brings great uncertainty to the consistency of subsequent pharmacological
research and clinical efficacy.

7.1.4. Severe Lack of Systematic Pharmacokinetic Data

Most existing pharmacokinetic studies focus on standardized extracts, and system-
atic pharmacokinetic data for pure MA are severely insufficient. Core parameters such as
volume of distribution, total clearance, and plasma protein binding rate after intravenous
administration remain unclear. The intestinal lymphatic transport pathway, pharmacoki-
netic changes under different disease states, and human systemic ADME data are all lack-
ing [25,26]. These gaps not only restrict the understanding of the in vivo action mode of
MA but also cannot provide a reliable basis for clinical dose design.

7.2. Future Research Directions

To address the above challenges, future research in the material basis field should
focus on the following priority directions.

7.2.1. Elucidate the Complete Biosynthetic Pathway and Construct Efficient Microbial
Cell Factories

Identify the remaining key modifying enzymes (C-2 a-hydroxylase and C-6 -hy-
droxylase) through multi-omics mining (transcriptome-metabolome correlation analysis
and co-expression network analysis) and protein engineering (directed evolution of P450
enzymes) and clarify the precise regulatory mechanism of sequential glycosylation. On
this basis, modularly assemble and optimize the complete biosynthetic pathway in a mi-
crobial chassis. Prioritize Saccharomyces cerevisiae and Yarrowia lipolytica as chassis micro-
organisms, given their superior native capacity for terpenoid precursor synthesis and
well-established genetic manipulation tools. Improve precursor supply and conversion
efficiency by overexpressing the rate-limiting enzyme HMGR in the mevalonate pathway
and screening highly active enzyme mutants with enhanced substrate specificity. If suc-
cessfully constructed, robust microbial cell factories could fundamentally solve the prob-
lem of unstable raw material supply and achieve controllable production of single com-
ponents [24,150].

7.2.2. Carry Out Systematic Structure—Activity Relationship Research and Develop
Prodrug Modification Strategies

Prepare a series of site-directed modified derivatives through enzymatic catalysis
and semi-synthetic chemical methods, establish a quantitative structure—-activity relation-
ship (QSAR) database, and clarify the independent contribution of each structural unit to
activity and druggability. Focus on developing covalent prodrug strategies for the C-28
carboxyl group and C-6 f-hydroxyl group. Ester prodrugs (pivaloyloxymethyl ester and
amino acid ester) at the C-28 position to mask the polar carboxyl group and improve in-
testinal passive permeability; phosphate prodrugs at the C-6 hydroxyl group to improve
aqueous solubility for parenteral formulations. This is the highest-priority direction to
break through the bottleneck of MA oral bioavailability from the molecular level [23,76].

7.2.3. Establish an Internationally Unified Quality Control Standard System

Jointly establish an official reference standard collaborative calibration network for
MA monomer and representative standardized extracts with multinational drug regula-
tory authorities. Incorporate the following key indicators into the quality control system
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to upgrade from single content compliance to comprehensive evaluation: MA/AS mass
ratio and batch-to-batch variation coefficient; free aglycone (MAA, AA) impurity limits
and cytotoxicity threshold verification; in vitro simulated bidirectional conversion rate
between MA and AS. This will provide institutional guarantees for batch release in large-
scale confirmatory clinical trials.

7.2.4. Improve the Systematic Pharmacokinetic Research System

Supplement systematic intravenous pharmacokinetic studies of pure MA across mul-
tiple dose levels in rats and beagle dogs to clarify core parameters such as volume of dis-
tribution (Vd), total clearance, plasma protein binding rate, and ti2. Explore the intestinal
lymphatic transport pathway using lymphatic cannulation rat models and chylomicron
uptake assays. Clarify pharmacokinetic changes under different disease states (diabetes,
liver fibrosis, and renal insufficiency) and their underlying mechanisms. Carry out first-
in-human pharmacokinetic studies using ultra-sensitive LC-MS/MS detection methods
and establish the exposure-response relationship of target organs. These studies will pro-
vide a necessary pharmacokinetic basis for elucidating the mechanism of action and opti-
mizing clinical dosage regimens.

8. Conclusions

Since its first isolation and structural identification in 1981, research on MA has grad-
ually deepened from basic phytochemical characterization to multi-dimensional fields
such as biosynthetic pathway elucidation and preparation technology optimization.
Based on the systematic integration of high-quality studies published as of 31 August 2026,
this review systematically summarizes the full research chain of MA, covering chemical
fundamentals, biosynthesis, green preparation, and pharmacokinetics, providing a com-
plete material-basis framework for subsequent pharmacological and translational re-
search. The following core conclusions can be drawn from this comprehensive analysis:

a. Current evidence supports that the C-6 f-hydroxyl group on the ursane-type agly-
cone skeleton and the intact linear trisaccharide chain attached at position C-28 are
major structural correlates of MA’s unique activity profile and functional differenti-
ation from its structural analog AS. This remains a working hypothesis pending val-
idation by site-directed chemical modification studies.

b. Although the core biosynthetic pathway has been largely elucidated, the enzymes
responsible for C-2 a- and C-6 p-hydroxylation and the precise regulatory logic of
sequential glycosylation remain to be fully resolved —this is the main bottleneck re-
stricting efficient heterologous production.

c.  Green extraction technologies represented by UAE, MAE, and DES have been rela-
tively mature, and multiple purification strategies such as macroporous resin, pre-
parative chromatography, and crystallization can meet the preparation needs of dif-
ferent purity grades. However, the quality uniformity of raw materials and the stand-
ardization degree of production processes still need to be improved.

d. Inrats, the oral absolute bioavailability of prototype MA is less than 1%, with exten-
sive intestinal microbiota metabolism and significant enterohepatic circulation. This
extremely low systemic exposure of the parent compound is the core druggability
bottleneck and an important prerequisite for understanding its unique in vivo phar-
macological mode. Human pharmacokinetic data remain very limited, and rat values
cannot be directly extrapolated to clinical populations.

As illustrated in Figure 8, this review systematically sorts out the full-chain evidence
of MA from molecular structure to in vivo disposition for the first time and clarifies the
core bottlenecks in the fields of biosynthesis, preparation, and druggability. These
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material foundations are essential prerequisites for in-depth elucidation of pharmacolog-
ical mechanisms, optimization of delivery systems, and promotion of clinical translation.
In the second part of this series review, we will further focus on the pharmacological ef-
fects, clinical translation, and the “low-exposure, high-efficacy” paradox of MA, and sys-
tematically elaborate its mechanism of action and translational prospects on the basis of
the material basis clarified in this paper.
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Figure 8. Schematic overview of the full-chain material basis framework for madecassoside (MA)
spanning from molecular structure to in vivo disposition.Created with FigDraw (https://www fig-
draw.com/#/), Copyright Code: APATW{1d48.
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osC Oxidosqualene cyclase

P450 Cytochrome P450 monooxygenase
Papp Apparent permeability coefficient
PEF Pulsed electric field

P-gp P-glycoprotein

PK Pharmacokinetics

prep-HPLC Preparative high-performance liquid chromatography

QAMS Quantitative analysis of multicomponents by single marker
RCT Randomized controlled trial
ROS Reactive oxygen species
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