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Abstract Traditional Chinese medicine (TCM) is the key to unlock treasures of Chinese civiliza-

tion. TCM and its compound play a beneficial role in medical activities to cure diseases, especially

in major public health events such as novel coronavirus epidemics across the globe. The chemical

composition in Chinese medicine formula is complex and diverse, but their effective substances

resemble ‘‘mystery boxes”. Revealing their active ingredients and their mechanisms of action has

become focal point and difficulty of research for herbalists. Although the existing research methods

are numerous and constantly updated iteratively, there is remain a lack of prospective reviews.

Hence, this paper provides a comprehensive account of existing new approaches and technologies

based on previous studies with an in vitro to in vivo perspective. In addition, the bottlenecks of stud-

ies on Chinese medicine formula effective substances are also revealed. Especially, we look ahead to

new perspectives, technologies and applications for its future development. This work reviews based

on new perspectives to open horizons for the future research. Consequently, herbal compounding

pharmaceutical substances study should carry on the essence of TCM while pursuing innovations in

the field.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As main form of clinical traditional Chinese medicine (TCM), Chinese

medicine formulas are a group of herbs that have been reasonably for-

mulated after the identification of therapeutic principles by doctors. Its

carry valuable clinical experience of practitioners over the generations.

With development and application of the concept by ‘‘principals, asso-

ciates, adjuvants and messengers” and ‘‘seven emotions”, Chinese

medicine formulas have enhanced efficacy and reduced toxicity com-

pared with individual herbs (Tang and Duan, 2014; Tang et al.,

2019). Active ingredients are foundation for explaining mechanism

of Chinese medicine formula. From perspective of modern scientific,

Chinese medicine formula is like a huge ‘‘mystery boxes”. Although

it is experienced in human use and its clinical efficacy is clear, but what

are its chemical components and potent substances? What are the over-

all dynamic changes with these components in body? Thus, how to use

modern science to reveal substance in the ‘‘mystery boxes”, and char-

acterize the complex substance-potency relationship has become a key

point for inheritance, development and innovation of Chinese medi-

cine formula (Yang, 2015; Xu et al., 2018b). With deepening under-

standing with TCM, many scientists have made a series of

achievements in theoretical cognition, outstanding results and clinical

translation of Chinese medicine formula.

For theoretical cognition, early scholars proposed the ‘‘shrapnel

theory”, which is depending on synergistic action with multiple compo-

nents and multiple targets in the pharmacodynamic substances in Chi-

nese medicine formula (Xue and Lei, 1996). Luo constructed a

complex substance research idea of Chinese medicine formula with

‘‘one combination, two basic clarifications, three chemical levels (for-

mula, effective part and active ingredient) and four pharmacological

levels (animal, tissue organ, cell and molecular)” (Luo and Wang,

1999). The research system of serum medicinal chemistry of TCM

was established to provide the beginning for migratory components

and metabolites in the blood (Wang, 2010; Qiu and Yao, 1999). Li pro-

posed the theory of ‘‘equivalence component group” (Liu et al., 2014).

It followed the content ratio of the original formula, evaluates the con-

tribution of the ‘‘parts” to the ‘‘whole”, and located the ‘‘equivalent

component groups” that could basically represent the medicinal effects

of the original formula. Meanwhile, Cai’s team proposed the ‘‘efficacy

theory” of TCM (Cai et al., 2015), in which the core substance effect is

the summation of ‘‘efficacy form”; the same single target produces ‘‘su-

perimposed effects” and multiple targets produce ‘‘synergistic effects”.

In recent years, some scholars have also proposed the hypothesis of

‘‘multi-source homogeneity” for complex systems of TCM (Xiang

et al., 2019), which means that the same active ingredient or (and)

the same biological effect in a complex material system of TCM. Fur-

thermore, there is also the ‘‘component structure” theory (Yan et al.,

2015), which is depending on the holistic view of TCM and combining

macroscopic and microscopic. Recently, the concept of ‘‘structural

TCM” has been proposed (Qiao et al., 2021), which builds up the

emerging direction from molecular interactions and aggregate confor-

mation. It concretizes the aggregation and further elucidates active

ingredients and their pharmacodynamic correlations.

In terms of research results, many scholars in China have made a

series of highlighting progress over the years. As early as 2008, Chen’s

team (Wang et al., 2008) was the first to elaborate the principle with

‘‘principals, associates, adjuvants and messengers” of the Chinese med-

icine formula, and to elucidate the multi-component and multi-target

mechanism with action of compound Huang Dai tablets for the treat-

ment of leukemia depending on molecular level. In order to solve the

difficult problem of qualitative and quantitative analysis of complex

components, Song’s study (Song et al., 2015) developed methods such
as biocapture or mass spectrometry (MS) tracing to capture target

binding components from TCM as equivalent component candidates.

In 2015, SCIENCE featured a special issue on Shexiang Baoxin pill in

its special issue on TCM, and established its ‘‘chemical fingerprint”

from chemical composition to blood entry components, which pro-

vided an important basis for revealing its potent substances and molec-

ular mechanisms (Yuan et al., 2018). In 2018, NATURE further

reported the in vivo mechanism of action of cinnamaldehyde, one of

the volatile blood-entering components in Shexiang Baoxin pill, from

perspective of pharmacodynamic components (Liu et al., 2015). With

the development of new technology, another research team (Liao

et al., 2017) reported in PNAS an innovative way of ‘‘fishing” for tar-

get proteins with ingredients. And the study found that IMPDH2 is a

key target for its anti-neuroinflammatory effect, thus clarifying that

hematoxylin A in Chinese hematoxylin can induce the inactivation

of key targets to inhibit inflammation. By observing the phenomenon

of self-precipitation during the decoction of Chinese herbal compound,

the scholars recently found that different active ingredients self-

assemble into supramolecular structures during the decoction process

under weak bonding induction and have better activity (or reduced

toxicity) compared with the raw material monomer, which provides

a new research strategy for new TCM (Li et al., 2019c; Wang et al.,

2021b). The interaction between functional molecules in TCM and dis-

ease metabolism molecules has great advantages in discovery of func-

tional components (Zhang et al., 2022; Wang et al., 2021c). During the

novel coronavirus (COVID-19) outbreak, the research team (Dai et al.,

2021; Lv et al., 2019) combined HTS2 technology, bioinformatics, and

computer-aided drug design, finally found Lizhong Decoction, Liu-

junzi Decoction, Huanglian Detoxification Decoction, and Qingfei

Detoxification Decoction could inhibit cytokine storm. The study pro-

vides a foundation for elucidating mechanism of TCM against novel

coronaviruses.

For clinical applications of Chinese medicine formula, many new

drug approvals have also gradually increased during recent years.

According to data from the official website of the Center for Drug

Evaluation (CDE) of National Medical Products Administration

(NMPA), 11 new proprietary TCMs were approved for listing from

2019 to 2021. Including the total alkaloids of mulberry branch, Xiaoer

Jingxing Zhike Granules, Shao Ma Zhijing Granules, Muscle Pain

Relief Gel, etc. Among them, NMPA approved the listing of the total

alkaloids of mulberry branch, known as ‘‘the first new TCM for dia-

betes approved for marketing in the past 10 years”, which has the

advantages of clear composition, clear target and controllable quality.

Hence, the development and application of Chinese medicine formula

cannot be separated from the characterization of pharmacodynamic

substances, and the pharmacodynamic substances is also an indispens-

able element in the quality aspect of new drug declaration.

In general, Chinese medicine formula is a necessary entry point for

basic research on substances. Furthermore, the research on active

ingredients of TCM is gradually changing from ‘‘single-army” to

‘‘group-army”, and the research on single compounds is changing to

substance groups. With the development of innovative technologies,

the understanding of the pharmacodynamic substances in Chinese

medicine formula is gradually changing. The multidisciplinary cross-

application with new technologies and methods has led to a more

diversified study of potent substances, which is accompanied by many

problems. Hence, this paper provides a comprehensive account of

existing new approaches and technologies depending on previous stud-

ies with an in vitro to in vivo perspective. In addition, the bottlenecks of

studies on Chinese medicine formula effective substances are also

revealed. Especially, we look ahead to new perspectives, technologies

and applications for its future development.
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2. Strategies for pharmacodynamic substances study in Chinese

medicine formula

2.1. The ‘‘R-strategy” for in vitro studies based on ‘‘chemical

composition - active ingredient”

2.1.1. ‘‘Separation-analysis-attribution” for chemical
composition

Chinese medicine formula consists of at least two and more
herbs. The chemical composition of single herbs is rich in vari-
ety, and the ingredient types of compound prescriptions are
numerous and complex. Most of them are secondary plant

metabolites, so their chemical and active ingredients are trans-
ferable, and can be traced back to their origin. The first task
for Chinese medicine formula is to characterize the chemical

components in the ‘‘mysterious box”. With the modern analyt-
ical tools, the whole process of sample preparation, column
chromatography separation, high resolution mass spectrome-

try (HR-MS) detection, and the establishment and retrieval
of the composition database of herbs in formula is systemati-
cally studied and optimized. We use modern methodological
systems and instrumentation platforms to conduct in-depth

analysis of complex chemical profiles, such as Chinese medi-
cine formula, qualitatively characterize and attribute chemical
components to single herbs, and lay the material foundation

for subsequent revelation of components and mechanisms
(Fig. 1). Meanwhile, the characterization of chemical compo-
nents is also an important step to unveil the Chinese medicine

formula and to lay the foundation for TCM compounding
theory.

2.1.2. Reducing the burden in complex ingredients: Virtual
prediction and multivariate screening of active ingredients

The extract obtained by the traditional decoction covers both
large and small molecules. It is a mixture that follows thermo-

dynamics. The low content of most components, numerous
congeners, large polarity span, and complex steric structure
bring great challenges to the separation and structural identifi-

cation for components of Chinese medicine formula. Under
the complex chemical composition system, how to further
reveal the active ingredients rapidly, precisely, and efficiently
is the key problem. For recent years, with the development

of research technology, especially the emerging discipline of
‘‘chemical biology of TCM”, the screening of active ingredi-
ents in complex substance systems has been rapidly growth

(Zeng et al., 2019; Ai et al., 2018; Zhou et al., 2021). Firstly,
computer-based virtual prediction strategies. Depending on
the ‘‘ingredient-disease-gene-target”, many researchers have

combined bioinformatics (network pharmacology, molecular
docking), artificial Intelligence (AI) machine learning and
other strategic ideas to firstly carry out virtual prediction of
ingredients and initially narrow down the range of potential

active ingredients (Zhou et al., 2021). Secondly, the develop-
ment and application of multiple in vitro screening strategies.
Active ingredients screening mainly based on spectroscopic

relationships, bio chromatography, organs, 2D or 3D cells,
organoids, tissue microarrays, bio-3D printed organs, etc
(Fig. 1). Thirdly, the screening of target-acting components

that depend on clear disease effects. Such as ultrafiltration
affinity, click chemistry, biochip (gene and protein), cellular
thermal shift analysis, magnetic target draping, etc. As
research progresses, screening strategies for numerous active
ingredients gradually tend to be trace, bionic, high-
throughput, and rapid, focusing on efficient bioactive screen-

ing of trace amounts of TCM.

2.2. Molecular potency characterization strategy based on
‘‘in vivo component-pharmacological effect”

2.2.1. Revealing serum drug migration behaviors in Chinese

medicine formula

The prototypical and metabolic components of blood-entering
are among the final substances for expression of the efficacy in

TCM. Exposure behavior of complex components in vivo is a
necessary way to elucidate efficacy substances. It excludes
components that cannot be absorbed into blood, so serum
medicinal chemistry further narrows the range of active ingre-

dients. Serum medicinal chemistry is studied using drug-
containing serum as a sample after administration to animals.
Modern chemical analysis is used to comprehensively identify

the blood-incorporated components of serum and to discover
the active ingredients. It contains the pharmacokinetic charac-
teristics of different components and metabolites (Wang,

2002). Serum medicinal chemistry studies mainly include (i)
animal administration and collection of serum or plasma, (ii)
preparation of serum or plasma samples, (iii) MS data acqui-
sition using LC-MS, (iv) data processing and component iden-

tification, and (v) characterization of the metabolic behavior of
components. In terms of technical means, serum medicinal
chemistry is mainly divided into animal serum processing

and analysis (Fig. 2). Firstly, multiple analysis techniques are
used to improve the sensitivity of the assay while reducing
the interference of endogenous impurities. Further studies

have shown that serum medicinal chemistry has been com-
bined with pharmacology, pharmacokinetics, Spectro pharma-
cology, network pharmacology, and prescription

metabolomics to fully exploit the basic research of pharmaco-
dynamic substances (Zhang et al., 2019e; Li et al., 2019b).

2.2.2. ‘‘Volume-time-effect” analysis based on pharmacokinetic-

pharmacodynamic (PK-PD) markers

The traditional pharmacological theory includes the concepts
of ‘‘drug properties go and keep”, ‘‘odor thickness”, ‘‘rise
and fall”, ‘‘attribution”, etc. All of them cover the scientific

connotation of pharmacokinetic and in vivo processes of drug
components (Zhang et al., 2019a). However, for diseases not
every ingredient in TCM can directly exert their medicinal

effects. Despite the high content of some chemical components
in TCM, their metabolism and elimination in body make it dif-
ficult to reach the concentration of efficacy due to their low

bioavailability. On the contrary, there are also some compo-
nents that undergo metabolic transformation in body, which
enhances their activity (Yang, 2015). Hence, the components

of compounded formulas are mainly able to be absorbed into
the body circulation (prototype or metabolized), and these
substances have perfect PK and tissue distribution, and then
interact with tissue to exert pharmacodynamic effects

(Fig. 2). PK-PD markers are components selected by a com-
prehensive evaluation of PK and PD characteristics of each
component in TCM (Qiao et al., 2018; Hao et al., 2009). These

components have exact pharmacological effects and suitable
PK characteristics. PK-PD is a feasible method to reveal the



Fig. 1 Schematic diagram of the subtraction study of Chinese medicine formula ingredients in vitro.

Fig. 2 Schematic diagram of the pharmacodynamic characteristics of Chinese medicine formula components in vivo.
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in vivo transmission characteristics, potency trends, tissue tar-
geting and their interactions of different medicinal flavors.
Furthermore, PK-PD markers is important for the discovery

of equivalent groups, the simplified substitution of original
prescriptions, and the innovation of TCM.
2.3. Molecular mechanism elucidation of pharmacodynamic
components by multidimensional strategy

The elucidation of molecular mechanisms of TCM further
clarifies the in vivo action characteristics of pharmacodynamic
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components, which link disease targets and signaling path-
ways. Besides disease model and pharmacodynamic mecha-
nism methods, many scholars have carried out in-depth

exploration nearly years, such as the application of multi-
omics, intestinal flora, target organ association axis and other
multidimensional linkage strategies (Fig. 2). TCM formula

metabolomics as biological language (Zhang et al., 2019b) that
further expresses effectiveness of herbal medicinal substances
and highlights the value of Chinese medicine formula. Modern

research combines serum medicinal chemistry and metabolo-
mics to establish a prescription efficacy bio evaluation system
and discovered herbal medicinal substances. Furthermore,
proteomics, transcriptomics, and genomics are used to reveal

mechanism of TCM components from inside out. It covers
the characteristics of holistic, complexity and dynamics, and
is suitable for the pharmacodynamic substances under TCM

theory (Jia, 2018). During recent years, intestinal flora has
been found to play a beneficial role in improving the metabolic
absorption, bioavailability and efficacy of active compounds.

On the one hand, active ingredients inhibit the production of
harmful bacteria and promote the growth of beneficial bacte-
ria, and exerting medicinal effects (Chang et al., 2015;

Boulangé et al., 2016; Quan et al., 2020). On the other hand,
intestinal bacteria can produce variety of enzymes that are clo-
sely related to physiological processes. Active ingredients can
regulate enzymes activity and interrupt disease process (Wu

et al., 2019; Luck et al., 2019). Furthermore, target organ asso-
ciation axis can also elucidate components mechanism, such as
intestine-kidney axis and intestine-brain axis studies can reflect

the action characteristics of Chinese medicine formula.

3. Frontier approaches and technologies for pharmacodynamic

substances study in Chinese medicine formula

3.1. Multi-method-based characterization of chemical
components

3.1.1. One-dimensional LC-MS for qualitative or quantitative
studies

In the past decades, the coupling of liquid chromatography
and mass spectrometry has made a great contribution to the

qualitative analysis of chemical constituents of TCM, and this
has greatly improved the efficiency of analysis (Yu et al., 2021;
Stavrianidi, 2020). The model of chemical composition has

gradually matured and divided into steps such as (i) the estab-
lishment of chemical composition libraries, (ii) the establish-
ment of LC-MS methods and data acquisition, and (iii) the

identification and attribution of components depending on
MS information. The specific research methods were also
diversified. In Xiling Jiedu Capsule’s study (Gao et al.,

2021), UPLC-quadrupole time-of-flight mass spectrometry
(UPLC-Q-TOF/MS) combined with compositional data min-
ing used to identify the chemical components and 145 com-
pounds were identified. Similarly, a combination of UPLC-

Q-Orbitrap and UPLC-MS/MS were used to identification
and determination of compounds in Tangshen formula
(Wang et al., 2021d). In Guo’s study (Guo et al., 2021), they

constructed a deep learning-assisted mass deficit filtering
(MDF) to identify 183 components in QiangHuoShengShi
decoction. Another research team using a ‘‘component knock-

out” strategy to identify and predict ginsenoside components
in Xueshuantong capsule (Zuo et al., 2019). For the volatile
components in Ermiao Wan, researcher also investigated using
gas chromatography-mass spectrometry (GC–MS) (Huang

et al., 2019).

3.1.2. Innovative 2D LC-MS for identification of ingredients in

Chinese medicine formula

Currently, the chromatographic separation of TCMs and their
compound extracts remains a great challenge. Problems such
as complex composition, large span of polarity, multi co-flux

components, and multi differentiating isomers still exist, and
the application of traditional 1D LC-MS techniques is not able
to solve such challenges. Giddings first introduced the concept

of two-dimensional liquid chromatography (2DLC) (Giddings
et al., 1984). 2DLC analysis starts with the separation of com-
ponents in one chromatographic system, on top of which a dif-

ferent chromatographic system is used to fully separate each
fraction again. 2DLC has become an attractive separation tool
in the current research. Shang et al. (Shang et al., 2021) devel-
oped a strategy for analysis of overall chemical composition of

a 2DLC combined with a dual MS platform (Orbitrap-MS and
QqQ-MS) (Fig. 3). Under this platform, the optimized orthog-
onality was 90.3 %, and 542 peaks were detected in a TCM

formula. In Wang’s experiment (Wang et al., 2017), a new
approach for discovery and identification of unknown com-
pounds in Erxian decoction using 2D MS was established.

The strategy accelerating the efficiency of identification of
unknown compounds in TCM. In addition, the similarly strat-
egy was used in Erzhi wan (Fu et al., 2019a) and Dengzhan

Shengmai (Sheng et al., 2017), which successfully identified a
large amount of composition information. In the future, the
technological enhancement of 2D LC-MS can effectively solve
the tricky problems of co-flux and tautomerism (Feng et al.,

2021).

3.2. In vivo migration component pattern and process
characterization

3.2.1. Identification of the prototype and metabolic components

in blood

Among the complex chemical components of Chinese medicine
formula, the chemical components that can be absorbed into
blood and their metabolic components are often considered

to be the effective substances of Chinese medicine formula.
This paper summarizes the general idea of the identification
of the prototype and metabolic components. After having

obtained the prepared serum (or plasma) samples, the MS
information of blank blood samples and drug-containing
blood samples was collected using LC-MS. Firstly, the proto-

type components were found by chemical composition analy-
sis. Secondly, the metabolic and prototype components were
predicted and identified with corresponding data software,

such as Metabolynx XS, UNIFI, Compound Discovery or
OPLS-DA. Finally, metabolic pathways of metabolites
in vivo including 1-phase metabolism and 2-phase metabolism
were characterized. Under the strategy, many compound for-

mulas have been studied for blood entry components, such
as Xialian Capsule (Li et al., 2018), Wutou decoction (Cheng
et al., 2021), Dan Zhi Tablet (Mi et al., 2019), Sanmiao Wan

(Ma et al., 2021b), isochlorogenic acid A (Gong et al., 2020),
Dahuang Zhechong pill (Ni et al., 2020), Smilacis Glabrae



Fig. 3 Workflow of the 2DLC/dual-MS strategy (Shang et al., 2021). (A) Construction of the 2DLC/UV system; (B) untargeted mass

spectral data acquisition using Orbitrap-HRMS; (C) targeted mass spectral data acquisition using QqQ-MS. Reprinted with permission

from Ref. Shang et al., 2021. Copyright � 2021 Elsevier.
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Rhizoma (Gegentana et al., 2020). In the current research,
Zhang et al. (Zhang et al., 2019f) and Zhu et al. (Zhu et al.,
2021) combined serum medicinal chemistry to establish an

innovative herbal pharmacomics strategy capable to discover
effective substances. However, there are still difficulties in the
background deduction, which affects the accurate identifica-
tion of target compounds. On this basis, Wu’s team (Chen

et al., 2021; Zhu et al., 2020) established a multi-stage MS
background deduction method and applied to the identifica-
tion of blood-entering components of Lianhua Qingwen Cap-

sules and Xiaoke wan, which greatly improved the analytical
efficiency.

3.2.2. Metabolic behavior of complex components by
microdialysis coupled with MS

Microdialysis, consisting of dialysis membrane (probe) and
microdialysis pump, is now widely used in pharmacology

and physiology experiments. After administered, the probe is
implanted in body to allow continuous sampling, and follow-
ing Fick’s law of diffusion. Qualitative or quantitative charac-

terization is performed in combination with LC or MS. Due to
the advantages of minimally invasive, online, real-time, and
microscopic techniques, microdialysis has been used for
endogenous substance changes, in vivo and in vitro drug screen-

ing, drug metabolic, and PK of components (Wang et al.,
2015). (i) For endogenous metabolic markers, Wang’s team
(Wang et al., 2020a) depending on microdialysis combined
UPLC-QqQ-MS for relevant active compounds and endoge-

nous neuroactive substances, which helped in substance basis
and mechanism of TCM. Similarly, microdialysis plays a key
role in elucidating disease mechanisms (Xu et al., 2019; Xu
et al., 2020; Mever et al., 2020; Su and Ho, 2019). (ii) For

in vivo single drug studies, microdialysis being applied for
PK monitoring and quantification of drugs in skin tissue
(Voelkner et al. 2018) and plasma (Girondi et al., 2018;

Wang et al., 2020c), among others. (iii) For complex compo-
nent systems, investigators established the study of Ermiao
wan metabolites in bile (Zhao et al., 2020) and Mahuang

decoction in blood and brain (Wan et al., 2020). (iv) It was
used for the evaluation of PK parameters of drugs, especially
combining PD and PK (Wang et al., 2019; Guo et al., 2019).
Although combination of microdialysis and MS offers the

potential, the high salt hinders the sensitive and on-line detec-
tion of small molecule compounds in the physiological fluid.
Therefore, Li’s team (Li et al., 2020) developed a Co-NC-

assisted laser desorption/ionization ion (MALDI) source,
which can be used for MALDI MS analysis even under high
salt, ultimately improving the salt tolerance as a matrix for

the first application in the online monitoring of liver metabo-
lites in a rat model of liver injury (Fig. 4).



Fig. 4 Metabolic behavior of complex components by microdialysis coupled with MS. Li’s team (Li et al., 2020) synthesized a cobalt-

doped mesoporous carbon material (Co-NC) and developed a Co-NC-MALDI source. Reprinted with permission from Ref. Li et al.,

2020. Copyright � 2020 American Chemical Society.

Fig. 5 Application of mass spectrometry imaging (MSI) technology. (A) A nanoscale resolution mass spectrometry imaging technique

using micro-lensed fiber as a laser desorption ion source is proposed. Combining this system with a time-of-flight mass spectrometer, it

achieved the visualization of drug distribution inside a single cell at the resolution of 300 nm (Meng et al., 2020). Reprinted with

permission from Ref. Meng et al., 2020. Copyright � 2020 Wiley-VCH GmbH. (B) The work investigates the suitability of MSI in

quantitatively visualizing intestinal transmural drug distribution. One- and 7-h postdose sections of the ileum, proximal- and distal-colon

from rats that received an oral solution of Tofa were subjected to matrix-assisted laser desorption ionization (MALDI)-MSI. A dilution

series of individual concentrations sprayed over an entire tissue section allowed for tissue type-specific quantitation (Huizing et al., 2021).

Reprinted with permission from Ref. Huizing et al., 2021. Copyright � 2021 American Chemical Society.
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3.2.3. In vivo process studies of pharmacodynamic substances

based on PK-PD

TCM is distinguished from chemical drugs. The in vivo pro-
cesses of its complex components reflect the synergistic effects
of each component. Thus, ADME processes helps to reveal the

relationship between clinical use and efficacy. Besides tradi-
tional studies, modern studies include the interaction between
active ingredients and metabolites, PK and PD correlation

analysis, etc. (Sun et al., 2019; Wu et al., 2022). At present,
PK has been widely used in the pharmacodynamic substances,
formulation mechanisms, quality control studies, and drug

delivery design, which comprehensively covers the features of
modernization in TCM (Li et al., 2019d; Seo et al., 2022).
HPLC and LC-MS/MS are commonly used for the compo-

nents of drug ADME. The approach depending on multi-
component drug concentration is commonly used, which uses
mathematical functions and quantitative description to obtain
PK parameters: area under curve (AUC0-t), time to peak
(Tmax), peak concentration (Cmax), elimination half-life
(T1/2), total clearance (CL/F) and mean retention time

(MRT), etc. provide a basis for the development of dosing reg-
imens (Zhong et al., 2020; Zhang et al., 2018).

Mass spectrometry imaging (MSI) has been gradually
applied to the in vivo distribution and PK study of TCM

(Fig. 5). The in situ and fine visualization features of MSI have
good applications in vivo distribution of drugs and mechanisms
(Cho et al., 2017; Deng et al., 2021; Hale and Cooper, 2021). In

the current study, there is a direct analysis of changes in the
spatial catabolic profile of rat kidney after aristolochic acid I
administration using airflow-assisted desorption electrospray

mass spectrometry imaging (AFA DESI-MSI) (Wang et al.,
2020d). Direct observation of lipid and metabolite distribution
in whole-body tissue sections has also been performed using

infrared matrix-assisted laser desorption electrospray ioniza-
tion (IR-MALDESI) (Stutts et al., 2020). The distribution of
small molecule drugs in subcellular locations (Meng et al.,
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2020) and dynamic spatial changes of drug over a 24-hour per-
iod (Guo et al., 2022b). LC-MS/MS combined with DESI or
MALDI-MSI quantification can be used to develop imaging

effects in systemic tissues (Wei et al., 2021b; Beng et al.,
2022) and quantitatively visualize (Huizing et al., 2021).

3.3. New technology reveals key pharmacophore groups

Most of the chemical components of TCM are in trace
amounts, and the yields of most active compounds are basi-

cally at the milligram level, making it failure to meet the
requirements of cellular or animal level. Thus, how to devel-
oped innovative techniques to reveal the multi-component

pharmacophore has become a key problem. Bioactivity screen-
ing plays an important role in pharmacodynamic substances,
and in vitro screening methods, affinity ultrafiltration, biochro-
matography, organ chip, microfluidic chip, molecular blotting,

AI and other technologies have been developed and applied
(Fig. 6). Due to the affinity between targets and components,
they can extract active ingredients from complex natural prod-

ucts without tedious separation. Hence, these new approaches
can reduce the time and cost of herbal medicinal pharmacody-
namic substance discovery (Luan et al., 2020; Xu et al., 2021).

3.3.1. Target point fishing

Targets are the biological basis of drug action on cells and
organisms. The most important feature of a Chinese medicine

compound for disease treatment is that it contains multiple
active ingredients that act synergistically through multiple tar-
gets. Thus, screening of potent substances depending on dis-

ease targets is a widely used approach. In brief, the target
protein is combined with a stationary phase magnetic adsorp-
tion material to ‘‘fishing” the ligand compound from complex
extract by using the magnetic adsorption physical properties of

the material while maintaining protein activity. The pendant
compounds are eluted by desorption. Ligands are then struc-
turally characterized by LC-HRMS or directly. Compared

with traditional one-to-one screening method, the target fish-
ing strategy can quickly and efficiently identify active com-
pounds from the complex system of TCM. It has gradually

become a powerful tool for screening biologically active com-
Fig. 6 Schematic diagram of innovative techn
ponents. This strategy was used for neuraminidase immobi-
lized magnetic beads to screen inhibitors from crude extracts
of mockstrawberry (Luo et al., 2020) and a-glucosidase inhibi-
tors in Epimedium (Shen et al., 2020) and amyloid b (Ab) inhi-
bitors in Scutellaria baicalensis (Guo et al., 2022a). The
traditional fishing strategy with a single target needs to be fur-

ther enhanced to match the multi-component and multi-target
characteristics of TCM (Chen et al., 2020a). Chen et al. (2017)
developed a new strategy for dual-target used microporous

hollow fibers filled with target enzymes as decoys to ‘‘capture”
ligands in the extracts, followed by identification of the ligands
by LC-MS in Huangqin ginseng decoration. Although tradi-
tional fishing strategy is efficient and rapid, it also suffers from

the problems of many false positives and weak specificity
(Wubshet et al., 2019). To further improve the accuracy and
sensitivity of the screening, researchers (Li et al., 2019a;

Cheng et al., 2020) introduced a novel carrier material nickel
ion (Ni2+) functionalized magnetic mesoporous silica micro-
spheres (MMSM@PDA-Ni2+). This approach preserves the

enzyme activity and spatial conformation with a mild immobi-
lization strategy through the novel materials introduced, mak-
ing it a powerful screening tool for the future.

3.3.2. Biological chromatography

Biochromatography is the combination of biologically active
substances such as receptors, carrier proteins, cell membranes

and carriers as stationary phases. It is a novel chromato-
graphic technique that uses the specific binding of the station-
ary phase to compounds to screen drug candidates. The

screened compounds can be bound to the stationary by
hydrophobic forces, van der Waals forces, electrostatic interac-
tions and binding sites of specific ligands (Gu et al., 2020). Cell
membrane chromatography is a bioaffinity chromatographic

using cell membranes as stationary phases. It has the dual
function of chromatographic separation and active ingredient
characterization. Gu et al., 2020 developed a new BMMC/

CMC stationary phase modified with 3-mercaptopropyltrime
thoxysilane to achieve covalent binding to cell membrane com-
ponents. Lifetime of the CMC column was significantly

increased from 3 days to 12 days. There was also the use of epi-
dermal growth factor receptor HEK 293 cell membrane with
ology to discover key efficacy components.



Unraveling the mystery of efficacy in Chinese medicine formula 9
magnetic nanoparticles was successfully assembled and applied
(Bu et al., 2018). Wu’s team (Chen et al., 2021) prepared a
bioactive column by achieving the covalent immobilization

of ACE2 protein on silica stationary phase. In combination
with C18 column, 2D LC-MS was used to screen eight active
ingredients in LianhuaQingwen capsules that were exposed

to humans and had ACE2-targeting effects. As an emerging
technology, biocolumn is innovative in the screening of active
ingredients in TCM, but its reusability is poor and its durabil-

ity needs to be improved in the future.

3.3.3. Ultrafiltration affinity

Ultrafiltration is a semi-permeable membrane based on having

a low molecular weight cut-off, which allows liquids and
solutes below a specific molecular weight to pass through the
membrane (Kok et al., 2020). Due to its operational simplicity,

ultrafiltration has been shown to be a more rapid screening
method compared to other methods (Fan et al., 2020). In most
studies, herbal extracts are incubated with the target and
retained in the ligand-receptor complex, while unbound com-

pounds are separated by centrifugal force or pressure, and
the ligand is released from the receptor by washing the mem-
brane with an appropriate eluent. Finally, the active com-

pounds are identified and analyzed (Liu et al., 2013; Li et al.,
2014). In recent years, this technique has been widely used
for screening and identification of active compounds in

TCM. In a-glucosidase inhibitor screening, numerous investi-
gators have obtained the inhibitors from Gymnema sylvestre
(Chen and Guo, 2017), Guava leaves tea (Wang et al., 2018),

Polygonum aviculare L. leaves (Cai et al., 2020), Cerasus humi-
lis (Bge.) Sok. leaf (Li et al., 2022a) and other plants. Affinity
ultrafiltration coupled with HPLC-MS was used to identified
inhibitors, explore the structure–activity relationships. More-

over, investigators used nearly the same strategy to screen
XO inhibitors such as galangal extract (Lin et al., 2018) and
Lindera reflexa Hemsl (Fu et al., 2019b), and Zishen pill

(Huai et al., 2019; Wang et al., 2020b) and Warburgia ugan-
densis (Xie et al., 2020) for cyclooxygenase 2 (COX-2) and
5-LOX inhibitors, Azadirachta indica screening for superoxide

dismutase inhibitors (Fan et al., 2022), and herbal extracts
screening for the identification of 5-HT2C receptor inhibitors
(Zhang et al., 2020a), among others.

3.3.4. Molecular imprinting

Molecular imprinting (MI) has been developed for various
applications in biology and chemistry with improved recogni-

tion selectivity and detection sensitivity. MI-SPE provides a
powerful tool for active ingredient screening of complex matri-
ces. It offers significant advantages such as ease of operation,
high throughput, high selectivity and durability. The novel

preparation strategies for molecularly imprinted polymers
(MIPs) are divided into multi parts such as virtual imprinting,
multitemplate imprinting, surface imprinting, which hold great

promise for medicinal substance preparation studies (Arabi
et al., 2020; Orowitz et al., 2020). Saeedeh Ansari (Ansari
and Masoum, 2021) reviewed the sensor design, sensing mech-

anisms and properties of fluorescent sensors depending on
molecular imprinting/carbon dot (MIP/CDs) for various tar-
get analytes during the past few years. Molecular blotting tech-

niques combined with bioassays can be used to explore
bioactivity studies from the perspective of herbal multicompo-
nent isolation. Xie’s research (Xie et al., 2018) prepared caly-
cosin molecularly imprinted polymers (calycosin-MIP), which
selectively recognize flavonoid glycosidic elements. The

calycin-MIPs material was used for the knockdown of flavo-
noid sapogenins in AR by a solid-phase extraction procedure.
Fang et al. 2020 developed a multiphase extraction method

using molecularly imprinted polymer (MIP)-coated ionic
liquid-based silica (SiO2@IL@MIP) for the simultaneous
extraction and separation of ephedrine, 10 drugs, and urine

samples from Hemisphagnum. Ma’s research (Ma et al.,
2019) synthesized a novel magnetic molecularly imprinted
polymer-doped reticulated graphene oxide (Fe3O4@SiO2-
GO@MIPs) for the selective identification and extraction of

four flavonoids. For Chinese medicine formula, Gu’s team
(Gu et al., 2015) directed the isolation of paeoniflorin and its
structural analogues for the chemical composition, which is

the main active ingredient in Gui Zhi Fu Ling capsule.

3.3.5. Organ chips

In 2015, NATURE reported on organ-on-a-chip technology

(Reardon, 2015), where research on developing miniature
models of human organs on a chip will become an alternative
to animal models. Organ chips technology represents the latest

advancement in this field of work, and it offers a promising
approach to address the limitations of traditional preclinical
research disease models. This emerging technology focuses

on the use of organ-on-a-chip models for the evaluation of
the active efficacy of components of therapeutic drugs. Organ
chips can be a promising in vitro approach for complex compo-

nent exposure in humans by combining human cell culture
with dynamic microfluidics to improve physiological simula-
tion. With the rapid development of nanoparticle research,
new techniques are being developed for in vitro modeling

and analysis of nanotherapies in human physiological systems
(Kang et al., 2021; Osaki et al., 2018). Tissue culture model
studies of the organism’s skin, intestinal barrier, and liver

can all be used for on-chip drug active ingredient screening
and efficacy evaluation. Even the integration of organs on a
chip into systemic tissues through microfluidic connections in

the device, such as skin-liver and intestine-liver, constitutes a
relevant study for advancing the PKs of drug components
(Nitsche et al., 2022). In the last few years, significant progress
has been made in the development of organ chip-based drug

screening components and systems. To date, the functions of
various organs and tissues, such as liver, kidney, lung and
intestine, have been replicated as in vitro models (Yu et al.,

2010; Mi et al., 2016). Microfluidic platforms in skin-on-a-
chip mode reduce the amount of medium and the number of
cells by 36-fold compared to traditional transwell medium

(Abaci et al., 2015). All these platforms are simple to operate,
allow the evaluation of drug parameters, and are powerful
tools for in vitro screening of drugs (Wufuer et al., 2016). How-

ever, accurate prediction of drug efficacy and organ interac-
tions remains difficult. This is because in conventional cell
culture systems usually do not retain their original organ func-
tion and morphology. These issues may become a major obsta-

cle to the wider application of organ chips in the future.

3.3.6. Artificial Intelligence

Advances in information technology have created a founda-
tion for the advancement of the subject area and industry of
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TCM. With the in-depth research on screening for active phar-
maceutical ingredients in multi systems, many artificial intelli-
gence methods have been gradually developed and applied

during the past few years, such as network pharmacology
and molecular docking in bioinformatics, 3D-QSAR model,
computer ADME prediction, and deep machine learning, etc.

These technologies are often used to reposition or develop
disease-specific pharmacodynamic components by chemical
similarity. High-speed computation is used to correlate drug

components with disease molecules and targets for virtual drug
screening and in vivo mechanism of action prediction. Shenqi
wan and galangal extracts have been studied using network
pharmacology and molecular docking (Zhang et al., 2019d;

Ou et al., 2020). Yong’s team (Yong et al., 2018) developed
a 3D-QSAR pharmacophore model for URAT1, and both
aqueous and ethanolic extracts from ashwagandha were found

to have inhibitory effects on URAT1 protein. Furthermore,
the studies of XO inhibitors are prolific (Abdizadeh et al.,
2020; Chen et al., 2020b; Sankar et al., 2021). For ADME pre-

diction, it has been used in studies of rutin (Liu et al., 2021a),
cardioplegia capsules (Guo et al., 2018), and Chrysoeriol (Liu
et al., 2021b) to screen bioactive compounds and reveal PK

properties. In terms of deep machine learning, it has been used
to design drug targets and new drug discovery now commonly
combine machine learning and deep learning algorithms to
improve the efficiency and quality of the development output

(Zeng et al., 2022; Li et al., 2022b; He et al., 2019). Similar
strategies applied in classical Chinese herbal formulas (Yang
et al., 2020), pediatric poria granules (Guo et al., 2020) and

gentian violet (Wang et al., 2021a). Although there is a
renewed interest in virtual screening for drug, the problem of
diversity in the library of drug-like compounds and the prob-

lem of false positives in the output results should be resolved
in the future.

3.4. Innovative technologies for active ingredient efficacy
evaluation and mechanism revelation

The screening and activity verification of active ingredients can
be performed at the molecular, cellular, tissue and animal

levels. However, due to the complexity of the chemical compo-
sition of TCM and its compound, many potential active ingre-
dients are present in small amounts, making it failure to screen

and validate them at the animal level. For recent years, 3D
cells, organoid, and 3D printing technologies have been grad-
ually applied to drug activity screening and validation (Xu

et al., 2018a; Luan et al., 2020; Organoids, 2021; Ihrie and
Henske, 2022).

3.4.1. Multicellular 3D culture

Cell culture is an indispensable experimental technique in the
drug development process. 3D cell culture has become a valu-
able tool. It is closer to the reality in vivo and helps bridge the

gap between in vitro and in vivo models, reducing the number
of animals used early in the experiment and the potential for
errors. Compared to traditional 2D cells, 3D cells have a
higher degree of cell-to-cell interaction and maintains a more

ordered tissue processing of the tiny structures of organs
in vivo (Barbosa et al., 2021). 3D cell culture has made many
promising achievements since its introduction (Booij et al.,

2019; Froehlich et al., 2016; Wei et al., 2021a). Current
research achieved an effective anti-asthma herbal drug evalua-
tion depending on 3D airway smooth muscle cell arrays and
gel imaging system. Its reliability in vitro mimicry further

reflects the advantages of easy operation, high throughput,
non-invasive, real-time, and high sensitivity, providing a broad
prospect for treatment of asthma diseases (Qin et al., 2021).

According to Li’s reports (Li et al., 2013), proliferation and
cytotoxicity to different concentrations of Ganoderma luci-
dum spores, Ginkgo biloba and Epimedium extracts was eval-

uated based on 3D cultures.

3.4.2. Organoid culture

Organoids are 3D ‘‘microorgan models” prepared by self-

organization of different types of stem cells that mimic the
structure and function of the original organ (Fatehullah
et al., 2016). This culture system consists of a self-renewing

stem cell population that can differentiate into a variety of
organ-specific cell types. It has a spatial organization similar
to that of the corresponding organ and is able to replicate
some of its functions, thus providing a highly physiologically

relevant system (Lancaster and Knoblich, 2014). As several
countries have developed strategic roadmaps to phase out ani-
mal experimentation for regulatory purposes, organoid culture

is a must for preclinical and regulatory settings and will help to
implement the 3Rs (reduce, refine, and replace) principles. For
recent years, organoid research has focused on in vitro models

of disease and organ reconstruction, which will open new ave-
nues for drug screening and activity validation studies. Further
studies have shown that organoid-derived glomeruli can main-

tain expression of markers in culture for 96 h and can be eval-
uated for efficacy (Hale et al., 2018). The 3D organoid culture
for high throughput screening (HTS) was further scaled down
and its stability in large-scale primary compound evaluation

was demonstrated (Du et al., 2020; Li et al., 2022c). Organoids
are also increasingly used for the treatment of metabolic dis-
eases and the validation of drug activity. Recently, a 3D orga-

noid culture system for mimicking hyperuricemia (HUA)
in vitro was established using cultured human liver organoids.
The preclinical application potential of this organoid model

was verified by measuring the antihyperuricemic effect of the
widely used allopurinol, as well as the reported bioactive sub-
stance puerarin from TCM (Hou et al., 2022) (Fig. 7). Cur-
rently, the effects of the matrix and vascular system have not

been considered in the current organoid cultures (Zietek
et al., 2021). Organoids will play a beneficial role in the study
of disease mechanisms as an ideal model for the evaluation of

active ingredients.

3.4.3. 3D Bio-Printing

Three-dimensional (3D) animal-like organs derived from

pluripotent stem cells or tissue stem cells have a good potential
for studying disease mechanisms, and drug screening. How-
ever, the lack of precise architecture and large-scale tissue size

becomes a key limiting factor for organoid technology. The
emergence of organoid 3D bioprinting technology during the
past few years has been able to address some of these technical

barriers. For drug screening and drug delivery systems
research, a state-of-the-art 3D printing technology consisting
of cells, bio-ink and a printing strategy that meets the require-

ments (Rawal et al., 2021). There are three types of biological
3D printing strategies: inkjet printing (IBP), extrusion printing



Fig. 7 A 3D organoid culture system for mimicking hyperuricemia (HUA) in vitro was established using cultured human liver organoids.

The organoid model was verified by measuring the antihyperuricemic effect of the widely used allopurinol, as well as the reported bioactive

substance puerarin from TCM (Hou et al., 2022). Reprinted with permission from Ref. Hou et al., 2022. Copyright � 2021 Elsevier.
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(EBP), and optical printing (LBP). 3D bioprinting has shown
recent advances in the fabrication of cell-filled artificial tissues

and organs (Zhang et al., 2019c). Paulina et al. (Bernal et al.,
2022) molded gelatin hydrogels containing organoids into bio-
prints of centimeter-scale 3D structures in 20 s by optical

tomography after printing. According to NATURE, Lutolf’s
team designed an innovative 3D bioprinting (Brassard et al.,
2021), which they termed bioprint-assisted tissue, to overcome

the limitations of organoid. In the future, 3D bioprinting-
based in vitro drug evolution approaches will fall into three
categories: mini-tissues, monolithic organs, and tissue/organ
constructs. 3D bioprinting is currently widely used in liver

models, heart tissues, vascularized constructs, and cancer mod-
els to fully contribute to drug discovery, toxicology, and other
preclinical studies in TCM research (Nie et al., 2020; Gao

et al., 2021; Deng et al., 2020) (Fig. 8).

4. Shortcomings of pharmacodynamic substances study in

Chinese medicine formula

4.1. Neglecting the synergistic relationship of ingredients

From ancient times to now, the interpretation of the effective-
ness connotation of Chinese medicine formula has always been

inseparable from traditional approach. The ‘‘principals, associ-
ates, adjuvants and messengers” have always played an impor-
tant role. The analytical idea of focusing on single components
in the previous research strategy, some of the study results will

show false positives, and it is difficult to not fully reflect the
action characteristics of a compound composed of multiple
single herbs. Therefore, most of the current studies did not

start from the ‘‘whole” to find the correlation of the ‘‘parts”,
and did not reveal the scientific connotation of ‘‘ruler, subject,
adjuvant, and ambassador” of Chinese medicine formula

through the synergistic effects between components. The scien-
tific connotation of Chinese medicine formula has not been
revealed through the synergistic effects among the compo-

nents. To address this issue, the following techniques may be
suitable for this scenario. Under the condition that the overall
efficacy of the herbal medicine is definite, researchers should
try to combine spectroscopic studies with component knock-
out strategies, where we can look at the multi-targeted action
of the disease. This would allow for maximum characterization

of the interactions between the components of TCM. Based on
an isolation-analysis research strategy, we should focus less on
the activity of single components and their single-target mech-

anisms of action and emphasized the synergistic effects
between multiple components and compounds with multiple
targets.

4.2. High connotation substances are ignored

In the current research, the high connotation substances in
compound prescriptions are neglected. For example, there

are few studies on inorganic substances. Inorganic elements
play a part in the molecular action of the human body. TCMs
are often accompanied by a series of complex physical and

chemical changes during the process of water decoction, and
most of their soup solutions present a mixed-phase system.
Some of the compounded prescriptions form macromolecules

or new substances during the water decoction process, and
some of these substances can also reflect the medicinal effects
of the compound. Although some researchers have conducted

related studies, they are not yet systematic. In the future, we
should use inorganic elemental analyses based on the usage
of Chinese medicine to determine the transfer rate of these sub-
stances and to confirm their contribution to pharmacological

efficacy through appropriate pharmacological characterisa-
tion. The self-assembly of new substances during the decoction
process should be the focus of attention in combination with

physical and chemical methods. Particularly, we should also
focus on the generation of new substances in vivo to investigate
more realistically the migration process in vivo. It is well

known that concoction is a characteristic process step in
TCM before clinical use. However, the substances in TCM
after concoction are less well revealed. For most of the current

TCM, the methods of preparation are diverse. As the method
of preparation varies, it may have a greater effect on the effi-
cacy of herbs. Most of the substances that are highly connoted
after preparation are not known. For example, the toxicity of

He Shou Wu is reduced and its potency is increased after nine
steaming and nine drying processes. Therefore, it is important



Fig. 8 The novel hydroxy-safflower yellow A/scaffolds hold the substantial potential to be further developed as effective and safe bone

tissue engineering biomaterials for bone regeneration by 3D bioprinting enhanced osteogenesis and angiogenesis (Deng et al., 2020).

Reprinted with permission from Ref. Deng et al., 2020. Copyright � 2020 Elsevier.
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to standardize the method of preparation and to combine it

with the actual clinical situation in order to maximize the effect
of the preparation.

4.3. Weak research on macromolecules

Biological macromolecules (polysaccharides, proteins and
nucleic acids) are a large class of components of biological
active substances in TCM and have a wide range of biological

activities. However, they have not been fully recognized com-
pared with small molecule components. In current research
reports, the analysis of chemical composition is mostly focused

on small molecule compounds, while large molecules such as
polysaccharides and proteins are neglected. As the traditional
use of decoction, the medicinal effect of its macromolecules

should not be ignored. Although the discovery and application
of macromolecules have been gradually carried out during the
past few years, the research such as polysaccharides and pro-
teins involved in compounded is even more rare and the foun-

dation is relatively weak. Compared with monosaccharides,
compounded polysaccharides can combine the biological activ-
ities of each monosaccharide and play a synergistic effect. In

most cases, polysaccharides are absorbed as oligosaccharides,
which directly or indirectly affect intestinal flora to influence
efficacy (Ma et al., 2021a), proteins are mostly absorbed as

oligopeptides to exert their functions, miRNAs can be
absorbed through the gastrointestinal tract and can act as

intercellular inhibitory signaling molecules in target tissues
(Zhang et al., 2020b). Hence, the study of biomolecules should
be different from that of small molecules in terms of approach
and strategy. Biomolecules focus on the integration of the

whole and the parts. In terms of analytical methods, the devel-
opment of qualitative and quantitative assays should be grad-
ually optimized. For the characterization of pharmacological

activity, the correlation between molecular weight and activity
should be emphasized. Future research will tend to highlight
the specificity of different TCMs.

4.4. Weak relevance of TCM theory to clinical practice

Chinese medicine formula arises from ‘‘evidence-law-formula

tion-agent” in TCM theory. Its key aspects depending on the
appearance of disease, treatment methods, formulation princi-
ples, and Chinese medicine preparations, the process of diag-
nosing and using medicine contains the clinician’s way of

thinking and method of using medicine based on solid TCM
theory, which fully reflects the uniqueness thinking. The exist-
ing research model is only depending on chemical means and

focusing on the characterization of single components. Some
compounds are poorly water-soluble and failure to be
absorbed, ignoring the actual drug use situation in TCM.

And the in vivo processes and morphology of TCM compound
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drugs are ignored, and the clinical relevance is weak. More-
over, the composition-only thinking has been dominant in
the process of TCM compounding research, resulting in most

pharmacological researchers ignoring and neglecting the rela-
tionship between TCM and compounding pharmacological
properties. Future research directions might consider biologi-

cal studies to reflect the ‘‘intervention-response” mechanism
of herbal medicine, to further approach the clinic to reflect
the ‘‘herbal compounding-biological organism” interaction,

and to be able to cut into the ‘‘four gases and five tastes”. In
addition, the pharmacological basis of compounding can also
be explained from the perspective of ‘‘elevation and sinking”,
This allows the pharmacological theory to be conveyed in

the formulation of the pharmacological basis of compound
prescriptions.

5. Conclusions and perspective

In the future, the discovery and application of the active ingredients of

Chinese medicine formulas should be based on the ‘‘holistic view” and

‘‘TCM theory”. The TCM research on the material basis should be in

line with the multi-component and multi-target action characteristics.

It should reflect the holistic, systematic and dynamic characteristics of

TCM in vivo and in vitro. To comprehensively reveal new perspectives,

new technologies and new uses of the substance research of Chinese

medicine formula (Fig. 9).

5.1. Innovative ideas for clinical use

Although the existing research ideas of Chinese medicine formula are

diverse, most of them are failure to ensure the accurate representation

of the utility value of prescriptions in the research process. The

research methods do not focus on the design and retention of the phar-

macological perspective of prescriptions. A comprehensive research
Fig. 9 Schematic diagram of comprehensively reveal new

perspectives, new technologies and new uses of the substance

research of Chinese medicine formula.
idea of the active ingredients of TCM should be established based

on clinical usage and efficacy, with ‘‘substance-pharmacokinetic-effic

acy” as the core. For now, depending on compounded active sub-

stances, the relationship between prescription fingerprint, metabolic

fingerprint and efficacy target activity is an effective path to reveal

the objective expression of the effectiveness of TCM. Furthermore,

the compounded pharmacodynamic substances of TCM are dynamic.

Whether it is a single chemical component or a complex substance sys-

tem, its entry into the organism may undergo structural–functional

changes under the metabolism of target organs, forming alternative

or synergistic mechanisms. The research should be based on multi-

level material levels such as TCM extracts, active parts and active

ingredients. Integrate bioinformatics-molecular biology-specific target

organ system to reveal the key manifest forms of TCM components.

Establish characteristic animal disease models to carry out in vivo val-

idation of key components and build pharmacodynamic basis of TCM

components. In the future, there is a need to further innovate the idea

of research on the pharmacodynamic substances of herbal compounds

that are suitable for clinical use: ‘‘from clinic, back to clinic”.

5.2. The development and application of new methods

The development and application of new technology and new method

is an important part of the continuation and deepening of the medic-

inal substance of the Chinese medicine formula. It is divided into

two aspects: single technology innovation and integrated method inno-

vation. (i) Independent technology alternative. In order to solve the

problem of necking in the research of compounding potent substances

of TCM, new instruments and technologies have appeared during the

past few years to open new horizons. The development and application

of various technologies such as multidimensional MS, 3D printing,

organoid, biochip, AI, etc. have gradually solved the mystery of the

medicinal effect substances of TCM under a single technology. (ii)

Integrated method combination innovation. Traditional technologies

and methods for compounding research of TCM are often developed

and applied for a single target, for complex ingredient systems, TCM

theories, clinical efficacy, etc. And the single technology often cannot

support the systematic research of compound prescriptions. Hence,

technological innovation integrating multiple methods is a new form

of compounding pharmacodynamic substance basis research in the

new era. In the future, we need to integrate the cross-disciplinary devel-

opment of chemistry, pharmacology, analysis, materials, biology and

other disciplines to gradually establish a ‘‘point-line surface-body”

innovation system.

5.3. Expanding the direction of ‘‘from TCM, innovative TCM”

In 2015, Youyou Tu was awarded the Nobel Prize in Physiology or

Medicine for her discovery of artemisinin in the TCM. The great con-

tribution of TCM has once again proved to the world the great charm

and its active ingredients. In recent years, TCM has made great pro-

gress in development and innovation. Monomeric components such

as ephedrine, artemisinin, indocyanine, arsenic trioxide, galanthamine,

ginsenoside Rg3, etc., originate from TCM and innovated in TCM.

Thus, depending on the research foundation of single herbs, the

research direction of ‘‘drug, forming research, preclinical research,

clinical evaluation, industrialization transformation” and application

expansion should be established to cover the new compounded drugs

depending on the pharmacological substances. Taking the value of

clinical use as the guide, the Chinese medicine formula gradually devel-

ops to a clear material basis, clear mechanism of action, stable quality

control and sufficient evidence-based medical evidence. It will gradu-

ally gain worldwide recognition and expand clinical application and

industrial development. In particular, the development of ideas and

methods of translational medicine has brought new opportunities

and ideas for the uses of Chinese medicine formula.
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Stutts, W.L., Knuth, M.M., Ekelöf, M., Mahapatra, D., Kullman, S.

W., Muddiman, D.C., 2020. Methods for Cryosectioning and Mass

Spectrometry Imaging of Whole-Body Zebrafish. J Am Soc Mass

Spectrom. 31 (4), 768–772. https://doi.org/10.1021/jasms.9b00097.

Su, C.K., Ho, C.C., 2019. Online profiling of living rat brain

extracellular pH using a pH-Dependent solid phase extraction

scheme coupled with microdialysis sampling and inductively

coupled plasma mass spectrometry. Anal chim acta. 1055, 36–43.

https://doi.org/10.1016/j.aca.2018.12.020.

Sun, S., Wang, Y., Wu, A., Ding, Z., Liu, X., 2019. Influence Factors

of the Pharmacokinetics of Herbal Resourced Compounds in

Clinical Practice. Evid Based Complement Alternat Med. 2019,

1983780. https://doi.org/10.1155/2019/1983780.

Tang, Y., Duan, J., 2014. The Modern Research of Herb Pairs.

Science Press, p. 6.

Tang, Y., Shang, E., Chen, Y., Yue, S., Shi, X., Dong, T., TSIM, W.

K.K., Duan, J.,, 2019. Modern research approaches and strategies

for compatibility effects and efficacy components of herbal pairs.

Acta Pharm Sinica. 54, 1564–1573. https://doi.org/10.16438/j.0513-

4870.2019-0413.

Voelkner, N., Voelkner, A., Costa, J., Sy, S., Hermes, J., Weitzel, J.,

Morales, S., Derendorf, H., 2018. Dermal pharmacokinetics of

pyrazinamide determined by microdialysis sampling in rats. Int J

Antimicrob Agents. 51, 190–196. https://doi.org/10.1016/j.

ijantimicag.2017.10.001.

Wan, H., Pan, L., Wang, Y., Li, C., Yu, L., Zhou, H., Wan, H., He,

Y., 2020. Pharmacokinetics of seven major active components of

Mahuang decoction in rat blood and brain by LC-MS/MS coupled

to microdialysis sampling. Naunyn-Schmiedeberg’s Arch. Pharma-

col. 393, 1559–1571. https://doi.org/10.1007/s00210-019-01786-0.

Wang, X., 2002. Studies on Serum Pharmacochemistry of Traditional

Chinese Medicine. World science and technology-modernization of

traditional Chinese medicine. 4, 1–4. https://doi.org/10.3969/j.

issn.1674-3849.2002.02.001.

Wang, P., Guo, W., Huang, G., Zhen, J., Li, Y., Li, T., Zhao, L.,

Yuan, K., Tian, X., Huang, X., Feng, Y., Lei, H., Xu, A., 2021b.

Berberine-Based Heterogeneous Linear Supramolecules Neutral-

ized the Acute Nephrotoxicity of Aristolochic Acid by the Self-

Assembly Strategy. ACS Appl. Mater. Interfaces 13, 32729–32742.

https://doi.org/10.1021/acsami.1c06968.

Wang, Z., He, B., Liu, Y., Huo, M., Fu, W., Yang, C., Wei, J., Abliz,

Z., 2020d. In situ metabolomics in nephrotoxicity of aristolochic

acids based on air flow-assisted desorption electrospray ionization

mass spectrometry imaging. Acta Pharm Sin B. 10, 1083–1093.

https://doi.org/10.1016/j.apsb.2019.12.004.

Wang, S., Huai, J., Shang, Y., Xie, L., Cao, X., Liao, J., Zhang, T.,

Dai, R., 2020b. Screening for natural inhibitors of 5-lipoxygenase

from Zi-shen pill extract by affinity ultrafiltration coupled with

ultra performance liquid chromatography-mass spectrometry. J

Ethnopharmacol. 254,. https://doi.org/10.1016/j.jep.2020.112733

112733.

Wang, L., Liu, Y., Luo, Y., Huang, K., Wu, Z., 2018. Quickly

Screening for Potential a-Glucosidase Inhibitors from Guava

Leaves Tea by Bioaffinity Ultrafiltration Coupled with HPLC-
ESI-TOF/MSMethod. J Agric Food Chem. 66, 1576–1582. https://

doi.org/10.1021/acs.jafc.7b05280.

Wang, Y., Liu, S., Wang, R., Shi, L., Liu, Z., Liu, Z., 2020c. Study on

the therapeutic material basis and effect of Acanthopanax sentico-

sus (Rupr. et Maxim.) Harms leaves in the treatment of ischemic

stroke by PK-PD analysis based on online microdialysis-LC-MS/

MS method. Food funct. 11, 2005–2016. https://doi.org/10.1039/

c9fo02475a.

Wang, N., Liu, Y., Jia, C., Gao, C., Zheng, T., Wu, M., Zhang, Q.,

Zhao, X., Li, Z., Chen, J., Wu, C., 2021a. Machine learning enables

discovery of Gentianine targeting TLR4/NF-jB pathway to repair

ischemic stroke injury. Pharmacol Res. 173,. https://doi.org/

10.1016/j.phrs.2021.105913 105913.

Wang, T., Liu, J., Luo, X., Hu, L., Lu, H., 2021c. Functional

metabolomics innovates therapeutic discovery of traditional Chi-

nese medicine derived functional compounds. Pharmacol Ther.

224,. https://doi.org/10.1016/j.pharmthera.2021.107824 107824.

Wang, P., Wang, L., Peng, Z., Fu, Z., 2020a. Flow microdialysis

sampling-chemiluminescent detection coupled with molecular

docking for the investigation of binding behavior between salbu-

tamol and DNA. Talanta 208,. https://doi.org/10.1016/j.ta-

lanta.2019.120367 120367.

Wang, R., Yang, J., Liu, Y., Guan, B., Feng, Q., Wang, Y., Lv, S.,

Yang, Z., Li, Y., 2019. The Effect of Acupoint Application of

Sinomenine for Rheumatoid Arthritis Measured by Microdialysis

and UPLC-MS/MS. Evid Based Complement Alternat Med. 2019,

5135692. https://doi.org/10.1155/2019/5135692.

Wang, Q., Zhang, J., Pi, Z., Zheng, Z., Xing, J., Song, F., Liu, S., Liu,

Z., 2015. Application of online microdialysis coupled with liquid

chromatography-tandem mass spectrometry method in assessing

neuroprotective effect of Rhizoma coptidis on diabetic rats. Anal

Methods. 7, 45–52. https://doi.org/10.1039/c4ay01809e.

Wang, C., Zhang, J., Wu, C., Wang, Z., 2017. A multiple-dimension

liquid chromatography coupled with mass spectrometry data

strategy for the rapid discovery and identification of unknown

compounds from a Chinese herbal formula (Er-xian decoction). J

Chromatogr A. 1518, 59–69. https://doi.org/10.1016/j.

chroma.2017.08.072.

Wang, L., Zhou, G.B., Liu, P., Song, J.H., Liang, Y., Yan, X.J., Xu,

F., Wang, B.S., Mao, J.H., Shen, Z.X., Chen, S.J., Chen, Z., 2008.

Dissection of mechanisms of Chinese medicinal formula Realgar-

Indigo naturalis as an effective treatment for promyelocytic

leukemia. PNAS 105, 4826–4831. https://doi.org/10.1073/

pnas.0712365105.

Wang, X., Zhou, W., Wang, Q., Zhang, Y., Ling, Y., Zhao, T.,

Zhang, H., Li, P., 2021d. A novel and comprehensive strategy for

quality control in complex Chinese medicine formula using

UHPLC-Q-Orbitrap HRMS and UHPLC-MS/MS combined with

network pharmacology analysis: Take Tangshen formula as an

example. J Chromatogr B. 1183,. https://doi.org/10.1016/j.

jchromb.2021.122889 122889.

Wang, X., 2010. Serum medicinal chemistry of Chinese medicine.

Science Press.

Wei, W., Li, Z., Li, H., An, Y., Qu, H., Yao, C., Zhang, J., Li, J.,

Zhang, G., Shi, Y., Guo, D.A., 2021b. Exploration of tissue

distribution of ginsenoside Rg1 by LC-MS/MS and nanospray

desorption electrospray ionization mass spectrometry. J Pharm

Biomed Anal. 198,. https://doi.org/10.1016/j.jpba.2021.113999

113999.

Wei, F., Zhang, X., Cui, P., Gou, X., Wang, S., 2021a. Cell-based 3D

bionic screening by mimicking the drug-receptor interaction

environment in vivo. J Mater Chem B. 9, 683–693. https://doi.

org/10.1039/d0tb02661a.

Wu, H., Cao, Y., Wang, J., Liu, R., Sun, Y., Zhang, C., Sun, Y.,

2022. Pharmacokinetic and metabolic profiling studies of

osmundacetone in rats by UPLC-MS/MS and UPLC-QE-Orbi-

trap-HRMS. Biomed Chromatogr. 36, e5251.

https://doi.org/10.1016/j.chroma.2017.08.037
https://doi.org/10.1016/j.chroma.2017.08.037
https://doi.org/10.1039/c4cc08728c
https://doi.org/10.1016/j.chroma.2019.460501
https://doi.org/10.1021/jasms.9b00097
https://doi.org/10.1016/j.aca.2018.12.020
https://doi.org/10.1155/2019/1983780
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0585
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0585
https://doi.org/10.16438/j.0513-4870.2019-0413
https://doi.org/10.16438/j.0513-4870.2019-0413
https://doi.org/10.1016/j.ijantimicag.2017.10.001
https://doi.org/10.1016/j.ijantimicag.2017.10.001
https://doi.org/10.1007/s00210-019-01786-0
https://doi.org/10.3969/j.issn.1674-3849.2002.02.001
https://doi.org/10.3969/j.issn.1674-3849.2002.02.001
https://doi.org/10.1021/acsami.1c06968
https://doi.org/10.1016/j.apsb.2019.12.004
https://doi.org/10.1016/j.jep.2020.112733
https://doi.org/10.1021/acs.jafc.7b05280
https://doi.org/10.1021/acs.jafc.7b05280
https://doi.org/10.1039/c9fo02475a
https://doi.org/10.1039/c9fo02475a
https://doi.org/10.1016/j.phrs.2021.105913
https://doi.org/10.1016/j.phrs.2021.105913
https://doi.org/10.1016/j.pharmthera.2021.107824
https://doi.org/10.1016/j.talanta.2019.120367
https://doi.org/10.1016/j.talanta.2019.120367
https://doi.org/10.1155/2019/5135692
https://doi.org/10.1039/c4ay01809e
https://doi.org/10.1016/j.chroma.2017.08.072
https://doi.org/10.1016/j.chroma.2017.08.072
https://doi.org/10.1073/pnas.0712365105
https://doi.org/10.1073/pnas.0712365105
https://doi.org/10.1016/j.jchromb.2021.122889
https://doi.org/10.1016/j.jchromb.2021.122889
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0680
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0680
https://doi.org/10.1016/j.jpba.2021.113999
https://doi.org/10.1039/d0tb02661a
https://doi.org/10.1039/d0tb02661a
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0695
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0695
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0695
http://refhub.elsevier.com/S1878-5352(22)00618-9/h0695


Unraveling the mystery of efficacy in Chinese medicine formula 19
Wu, T.R., Lin, C.S., Chang, C.J., Lin, T.L., Martel, J., Ko, Y.F.,

Ojcius, D.M., Lu, C.C., Young, J.D., Lai, H.C., 2019. Gut

commensal Parabacteroides goldsteinii plays a predominant role in

the anti-obesity effects of polysaccharides isolated from Hirsutella

sinensis. Gut 68, 248–262. https://doi.org/10.1136/gutjnl-2017-

315458.

Wubshet, S.G., Liu, B., Kongstad, K.T., Böcker, U., Petersen, M.J.,
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