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Traditional Chinese medicine (TCM) faces many challenges in the study of absorption, distribution, metabolism, excretion and toxicity (ADME/T) because of its complexity and diversity. In vitro models, which can effectively simulate the in vivo environment and provide a platform for the analysis of the efficacy and toxicity mechanism of TCMs, play important roles in the study of TCM compounds. This paper evaluates the advantages and limitations of in vitro models (including cell models, noncell traditional models, OoC and organoid technology) from the perspective of ADMET. We emphasize the innovative application of these models in analysing the absorption kinetics, brain targeting, complex metabolic pathways, excretion characteristics and potential toxicity of TCM components. This review emphasizes the advantages of in vitro methods in meeting the challenges of TCM multicomponent analysis, including the ability to study component interactions and screen potential drug candidates. In addition, we carried out a special in-depth analysis of OoC and organoid technology and systematically explored their unique advantages in the field of traditional Chinese medicine. Moreover, combined with bibliometric analysis, the literature on the Chinese medicine ADMET published in vitro in recent years was statistically summarized, and the hot spots and trends of TCM in this research were analysed.
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1 INTRODUCTION
ADMET research is crucial to drug development, whereby systematic evaluation of drug behavior in vivo can reveal the bioavailability, tissue distribution, and toxicity characteristics of metabolites, help to identify potential side effects and drug interactions, optimize drug chemical structures, and improve therapeutic outcomes while reducing the risk of adverse reactions.
In research focusing on the absorption, distribution, metabolism, excretion, and toxicity (ADMET) of traditional Chinese medicine (TCM), the intricate interactions among its components, derived from various plants, animals, or minerals, contribute to its complexity. This complexity results in significant differences in the metabolic and toxicological characteristics of TCMs compared with those of synthetic drugs, primarily due to the production of numerous metabolites and a more elaborate biotransformation pathway. Understanding drug metabolism is crucial for toxicity assessment, as metabolic processes not only influence drug efficacy but also present potential risks of increased toxicity (Yu et al., 2019). Moreover, prolonged use of TCM may prevent the detection of chronic toxicity and carcinogenic effects through short-term safety assessments, highlighting the importance of comprehensive evaluations of long-term safety (Zhao et al., 2024). Some metabolites may have stronger toxicity or adverse reactions than their prototypes do, which increases the safety hazard of drug use. Its complex components and metabolites make it much more difficult for TCM to identify metabolites and screen toxic substances. The study of the absorption, distribution, and excretion of TCMs presents numerous challenges. The diverse and complex nature of TCM components hinders the prediction of their intestinal absorption. Variations in transport mechanisms lead to different components entering the bloodstream, while interactions with intestinal microorganisms can alter their bioavailability. Furthermore, factors such as plasma protein binding and tissue affinity complicate the distribution of TCM components in the body, making it challenging to assess their concentration and effects in various tissues. The excretion of TCM involves a complex process influenced by multiple transporters, particularly efflux transporters such as P-glycoprotein (P-gp), which can impede the accumulation or elimination of drugs in the body.
In this context, in vitro models have become crucial in TCM research. In vitro models (such as Caco-2 cells and liver microsomes) can exclude interference factors from in vivo environments, independently studying the effects of specific metabolic enzymes and transport proteins on Chinese herbal components. Compared with in vivo animal experiments, standardized culture conditions improve experimental reproducibility and reduce batch-to-batch variations. In vitro models offer the advantages of low cost and high efficiency, enabling simultaneous detection of metabolic stability for multiple components. Moreover, these models comply with animal welfare guidelines, reducing animal usage. With the development of organoid and OoC technologies, specific models targeting individual and disease states can be established, reflecting metabolic differences across different genetic backgrounds and guiding precision medicine. For example, the use of iPSC-induced hepatocytes or intestinal organoids can reflect individual variations in herbal medicine metabolism across different genetic backgrounds, guiding precision medication (Wang J et al., 2023; Wang X et al., 2023; Marrero et al., 2021). Liver organoid chips can be used to investigate the distribution and toxicity characteristics of herbal components in pathological microenvironments (Liu et al., 2024; Lee et al., 2021).
2 IN VITRO INTESTINAL ABSORPTION MODEL
The small intestine is the main site where nutrients, water, electrolytes and exogenous organisms are absorbed (Zhu et al., 2024). When evaluating drug absorption, we often predict the intestinal absorption of drugs. The methods commonly used in in vitro intestinal absorption experiments include everted intestinal sac models, cell culture models, the chamber system, and parallel artificial membrane permeation experiments (PAPAMAs).
2.1 Everted intestinal sac model
A model of the everted intestinal sac (Figure 1A) was first proposed by Wilson and Wiseman (1954). Subsequently, Barthe L et al. developed and verified an improved everted intestinal sac system, which was used to study the bypass transport of cells in the rat small intestine. Tissue culture medium (TC 199) was used instead of simple saline solution to improve the viability and structural integrity of the tissues (Barthe et al., 1998). Ugolev Am et al. also improved the eversion technique. By introducing the design of bilateral oxygen ventilation, the in vivo environment can be simulated more accurately, and the activity of small intestine tissue in vitro can be maintained (Ugolev et al., 1980). The improved everted intestinal sac model has been widely used to study drug absorption mechanisms and kinetics in vitro (Alam et al., 2012).
[image: Diagram with three panels illustrating experimental setups. Panel A shows a schematic of an intestinal sac experimental model involving a dissected rodent, exposing intestines, and submerging a tied-off section in a 37 degrees Celsius water bath containing a drug-buffer solution and aerated with a gas mixture.Panel B depicts a cross-section of a Caco-2 monolayer setup with apical and basolateral compartments separated by a semipermeable membrane, illustrating compound movement.Panel C presents an Ussing chamber system, featuring epithelial tissue between two chamber rooms with electrodes and ammeters, used to measure transport of molecules.]FIGURE 1 | Schematic diagram of the in vitro intestinal absorption model: (A) Rat everted intestinal sac model; (B) Caco-2 monolayer cell model (A-Apical compartment; B-Basolateral compartment, A-B: Direction of drug absorption; B-A: Indicates that the drug has efflux transport; (C) Ussing chamber system (A-administration side; B-sample side, A-B: Direction of drug absorption; B-A: Indicates that the drug has efflux transport).2.2 Cell culture model
The first cell model used to estimate cell absorption was the Caco-2 cell line, which was originally established in 1977 (Fogh et al., 1977). Subsequently, cell models have been used for drug absorption evaluation. In addition to Caco-2 cells, commonly used cell lines include the HT29-MTX cell model, MDCK cell model and MDCK-MDR1 cell model.
2.2.1 Caco-2 cell model
In the past thirty or forty years, Caco-2 cells have been widely studied, and attention has been given to these cells, which have been applied as models for predicting the intestinal absorption of drugs. Caco-2 (Figure 1B) has become an important tool for permeability classification in the practice of bioequivalence exemption based on BCS classification. This model is widely adopted in the scientific research field and is used mainly to simulate the absorption and transport process of specific compounds in the human small intestine. Furthermore, the transport mechanism of these chemical components has been explored in detail (He et al., 2018). Both domestic and international studies have reported the use of the Caco-2 cell model to investigate the absorption of TCM in the human small intestine, with a particular prevalence of alkaloid and flavonoid substances. For example, Zheng et al. (2015) utilized the Caco-2 cell model to study the transport mechanism of flavonoid components in Buyang Huanwu soup, discovering that they are primarily transported via passive diffusion; Liao et al. (2011) employed the Caco-2 cell model to explore the absorption mechanism of andrographolide, finding that it may be mediated by active transport carriers. The Caco-2 cell model can be used to study the intestinal absorption and efflux transporter effects of TCM components, providing a basis for designing oral TCM formulations.
2.2.2 MDCK cell model
The MDCK (Madin‒Darby canine kidney) cell line is derived from the renal epithelial cells of Martin‒Darby dogs, and it is a cell line with extremely close intercellular connections. This cell line shows low levels of transporter expression and low metabolic activity (Braun et al., 2000). There is a good correlation between the MDCK cell line and the Caco-2 cell line in the study of the permeability of active absorption drugs (Irvine et al., 1999). Many physiological characteristics of the MDCK cell line are highly similar to those of the blood‒brain barrier (BBB), so it is often used as a model for screening drugs through the BBB in vitro (Veronesi, 1996). In 1988, the scientists of Pastan et al. (1988) successfully transfected the human mdr1 gene into MDCK cells, thus establishing the MDCK-MDR1 cell line, which can express high levels of P-gp. MDCK-MDR1 cells have a relatively short culture cycle, can obtain many cell samples in a short time, and can maintain a high degree of uniformity in the process of continuous passage (Polli et al., 2001). Therefore, the MDCK-MDR1 cell model is an ideal model for determining the protein and gene expression of P-gp. Zheng et al. (Liao et al., 2016) took advantage of the high expression of P-gP in MDCK-MDR1 cells and verified that IMP enhanced the intestinal absorption of puerarin and vincristine by inhibiting the activity of P-gP and the expression of its mRNA and protein.
2.2.3 HT29-MTX cell model
The HT29-MTX cell line is a derivative cell line obtained by methotrexate treatment of parent HT29 cells (Lesuffleur et al., 1991). HT29-MTX cells can differentiate into mucus-secreting goblet cells, simulating the mucous layer of the small intestine, which is beneficial for studying the effect of intestinal mucus on drug absorption. Compared with the Caco-2 model, HT29-MTX significantly improved the absorption capacity of lipophilic compounds due to the characteristics of goblet cells (Awortwe et al., 2014). When HT29-MTX cells and Caco-2 cells are cocultured, the permeability of compounds absorbed by passive transport is usually much greater than that of the Caco-2 monolayer model, which more accurately reflects the absorption characteristics of drugs in the intestine (Hilgendorf et al., 2000; Behrens et al., 2001). However, as the proportion of HT29-MTX cells in the Caco-2 and HT29-MTX coculture models increases, transepithelial electrical resistance (TEER) decreases significantly (Chen et al., 2010; Pan et al., 2015).
2.3 The chamber system
The Chamber (Figure 1C) is a high-precision in vitro model that is mainly used to study the transmembrane transport and electrophysiological characteristics of drugs in epithelial cells. The system can be used to evaluate drug absorption efficiency by measuring the performance of a semipermeable membrane and current, as shown in Figure 2. It is suitable for animal tissues or cultured epithelial cells, such as Caco-2 cells, and has important value in simulating drug absorption and metabolism. Scherbl et al. (2014) used this model to simulate the intestinal mucosal environment, explored the transport of caffeic hydroxycinnamic acid and its esters, and revealed the influence of compound structure on the absorption mechanism. Compared with the Caco-2 cell model, the use of isolated intestinal tissue segments can better represent the complex in vivo morphology (multicell aggregation and the existence of a mucus layer). This approach can better represent various possible processes involved in the in vivo situation (Westerhout et al., 2015). Wang et al. (2022) collected eight kinds of traditional Chinese medicines, including Salvia miltiorrhiza and Astragalus propinquus. Three intestinal absorption models, the Caco-2 cell model, the overturned rat intestinal sac model and the Ussing chamber model, were established. Combined with the three models and the absorption of drugs by oral gavage, the potential effective components screened by the Uxin chamber model are completely consistent with those determined by the rat gavage method. The results of the Ussing chamber model are the closest to the actual absorption of Chinese herbal extracts.
[image: Diagram illustrating brain drug delivery. Panel A shows the blood-brain barrier with pathways for various substances, labeled hydrophilic, lipophilic, and protein transport. Panel B illustrates the in vitro blood-brain barrier model with brain endothelial cells, pericytes, and astrocytes across three stages. Panel C depicts a schematic of the hollow fiber model setup, identifying the flow of culture medium and sites for injection and sampling.]FIGURE 2 | (A) Composition and transport mechanism of the blood‒brain barrier: blood‒brain barrier structure; transport mechanism of different types of compounds in the blood‒brain barrier. (B) Schematic diagram of BBB cell culture. ① Single culture model; ② Double coculture model; ③ Triple coculture model. (C) Schematic diagram of the dynamic model of the fibre cavity.2.4 In vitro models of intestinal absorption
Other in vitro models of intestinal absorption include the parallel artificial membrane osmotic model (PAMPA), drug dissolution/absorption bionic system (DDASS), and intestinal organ and intestinal epithelial organ models derived from intestinal hepatocyte differentiation. The PAMPA model consists of a donor chamber and a recipient chamber separated by an artificial membrane. In this artificial membrane, organic lecithin solution was coated on a polyvinylidene fluoride (PVDF) membrane to form a stable lipid bilayer, thus better simulating the structure of the biofilm (Song et al., 2023). The PAMPA is fast, efficient and economical and is especially suitable for early drug screening and preparation optimization, which can save time and resources. The DDASS system can continuously and dynamically evaluate the dissolution and transmembrane permeation characteristics of drugs (Gu et al., 2015).
2.5 Application status of the in vitro absorption model in TCM research
Compared with the single-component research model typical of Western medicine, studies on TCM usually adopt a stepwise reduction approach: “compound formula → herb pair → single herb → herb components → single compound.” This characteristic means that ADMET research in TCM must address a large number of individual compounds. For example, the Chinese Natural Product Database (CNPD) contains more than 57,000 natural products; the Waters 2023 database of TCM natural products covers over 17,000 natural compounds; and the Traditional Chinese Medicine Database (TCMD) comprises 23,033 TCM compounds. With the rapid advancement of modern analytical technologies, data on TCM components are continually expanding. However, not all of these compounds have the same research value—most are present only in trace amounts in medicinal materials, their isolation can be complex, and they are often difficult to obtain in quantities sufficient for in vivo evaluation (Li et al., 2015). In this context, in vitro ADMET models can play a crucial role in efficiently screening and identifying candidate molecules with drug potential.
Under this background, in vitro experiments can quickly evaluate the absorption potential of a large number of samples by virtue of their efficient Qualcomm screening ability, low drug demand and simplified experimental steps, thus accelerating the research and development process of TCMs. Taking the Gegen-Qinlian Decoction as an example, Wang Q. et al. (2017) and Wang R. et al. (2017) used a Caco-2 cell monolayer model to evaluate the intestinal permeability of 42 bioactive compounds and revealed the interactions between components in the formulation. Moreover, compared with the complex reactions of TCMs in vivo, in vitro models can be used to evaluate the absorption mechanism of TCM components under controlled conditions through cell culture, permeability experiments and other technologies. Moreover, the in vitro model can simulate interactions in the physiological environment and provide a platform for studying the synergistic or inhibitory effects between components. This is especially important for the study of the compound prescription of traditional Chinese medicine because different components in the compound prescription may have an impact on absorption. For example, Huang et al. (Huang et al., 2016) successfully analysed the absorption characteristics of the active ingredients in the TCMs of Salvia miltiorrhiza and Panax notoginseng via Ussing Chamber technology and LC‒MS/MS and revealed that the synergistic administration of Salvia miltiorrhiza and Panax notoginseng could significantly improve the absorption efficiency of the active ingredients in the jejunum segment.
The most commonly used intestinal absorption models can evaluate drugs from three aspects: absorption capacity, absorption mode and transport. However, each model is different in terms of specific application and accuracy, and a single model has many limitations, The advantages and disadvantages of the absorption model are supplemented in Supplementary Table S1. Therefore, for the study of TCMs and their components, different in vitro and in vivo models should be selectively used and combined, and various experimental methods and techniques should be combined to evaluate the intestinal absorption characteristics and pharmacodynamic characteristics of drugs more comprehensively.
3 IN VITRO DISTRIBUTION MODEL
At present, the drug‒plasma protein binding model and blood‒brain barrier model have been well studied in vitro. Including the drug‒plasma protein binding model and blood‒brain barrier model. However, compared with the in vivo model, the in vitro model is irreplaceable in the study of organ-level distribution quantification (the in vivo model can accurately capture the distribution of drugs in inert tissues such as the brain, fat and bone through real-time monitoring in vivo, such as PET‒CT imaging and organ biopsy). Therefore, the in vitro model is still more appropriate for related experiments on tissue distribution.
3.1 Drug‒plasma protein binding model
There are two main kinds of in vitro methods for the study of drug‒plasma protein binding: one is to directly determine the concentration of free drugs, such as equilibrium dialysis and ultrafiltration; the other involves various physical and chemical techniques, such as spectroscopy and mass spectrometry, which can provide confirmation of binding sites and structural variation after macromolecules bind ligands (Qiang, 2011). A comparison between the models is shown in Supplementary Table S1.
3.2 Blood–brain barrier (BBB) model
TCM has unique advantages and potential for improving BBB function and promoting drug delivery to the brain. An in vitro blood‒brain barrier model can be used to screen for effective substances in traditional Chinese medicine that can promote BBB permeability. This technique can be used not only to evaluate the influence of TCM and its components on BBB permeability but also to reveal the distribution and transport mechanism of traditional Chinese medicine in the BBB.
As important selective biological barriers (Figure 2A). The blood‒brain barrier plays a key role in protecting the central nervous system and maintaining brain homeostasis. Therefore, whether drugs can successfully cross the blood‒brain barrier becomes a necessary prerequisite for the treatment of central nervous system diseases when they are administered systematically (Yin and Wang, 2024). Therefore, establishing an appropriate in vitro blood‒brain barrier model is highly important for scientifically evaluating the potential and efficacy of drugs for treating brain-related diseases.
3.2.1 Construction of the BBB model: selection of endothelial cell types
Although the formation of the blood‒brain barrier involves the participation of many cells, specialized endothelial cells are undoubtedly its core component. They are responsible for forming the main structural basis of the blood‒brain barrier and express a variety of matrix-specific transporters to regulate the transport of substances between blood and brain tissue (Zhao et al., 2015). Therefore, endothelial cells are an indispensable cell type when constructing a blood‒brain barrier (BBB) model.
3.2.1.1 Primary endothelial cells
Primary endothelial cells are obtained directly from the tissues or organs of organisms through protease digestion or mechanical separation. They have not been subcultured or subcultured only a limited number of times. These cells are directly derived from organisms. Therefore, their biological characteristics, gene expression patterns and interactions between cells are highly consistent with the internal environment (Sabbagh and Nathans, 2020). However, the separation of microvascular endothelial cells involves complicated steps, is time-consuming and laborious, and usually, the yield is limited. Culture conditions may change the transcriptional activity of primary endothelial cells, thus altering some functions of cells (Sabbagh and Nathans, 2020). In addition, the separation of primary cells risks contamination by other primary cell types, which affects the repeatability of the experimental results. With increasing passage number, primary cells may lose their phenotypic characteristics. Therefore, although primary cells have excellent functions, their shortcomings limit their applicability in establishing blood‒brain barrier models (Andjelkovic et al., 2020).
3.2.1.2 Immortalized endothelial cells
The use of primary cells from humans can avoid the genetic variation of drugs between species. However, owing to ethical reasons, the availability of these primary cells is greatly limited. Immortalized human brain capillary endothelial cells can effectively solve this problem. Immortalized endothelial cells obtain infinite proliferation ability through gene modification, which prevents the aging and apoptosis of primary cells. This enables them to be maintained in the laboratory for a long time and is suitable for long-term research projects. Moreover, immortalized cell lines usually have stable genomic and phenotypic characteristics, which reduces the data fluctuations caused by changes in cell characteristics in experiments. In addition, the cell does not need continuous separation and culture, which reduces the complexity of operation and the technical requirements for experimenters. Because of its many advantages, it can not only be cultivated on a large scale to meet the needs of Qualcomm screening and large-scale experiments but also reduce the overall cost of experiments.
3.2.1.3 Stem cells
Stem cells can obtain any specific cell phenotype and can be used in regenerative medicine, in vitro disease modelling (Israel et al., 2012; Dolmetsch and Geschwind, 2011; Vatine et al., 2017), in vitro blood‒brain barrier modelling (Li Y et al., 2019) and other applications after induced differentiation. These findings provide new research ideas for the study of in vitro blood‒brain barrier models, which are more closely related to the human microenvironment. Induced pluripotent stem cells (iPCs), embryonic stem cells and neural progenitor cells have been used to establish a human BBB model in vitro (Kaisar et al., 2017). BMEC-like cells derived from human pluripotent stem cells (hPSCs) summarize many functions and molecular features of BMECs in vivo and significantly improve our understanding of the development and function of the blood‒brain barrier (Lippmann et al., 2020). However, because of the limitations of differentiation methods, many models lack some phenotypes and functions of BMECs in vivo. For example, key adhesion molecules are involved in immune cell migration, some transporter activities and responses to inflammatory stimuli (Park T. E. et al., 2019; Nishihara et al., 2020).
3.2.2 Single model and coculture model based on a Transwell device
The Transwell experimental system consists of upper and lower double-layer chambers separated by microporous semipermeable membranes made of polyester or polycarbonate (pore size range 0.2–4.0 μm), which provide a physical isolation and material exchange interface for the construction of an in vitro model of the BBB. On the basis of differences in cell composition, the BBB model can be divided into two systems: single culture and coculture.
The single culture model (Figure 2B) uses only brain microvascular endothelial cells (BMECs) as the main barrier, which has the advantages of simple experimental operation, controllable cost and suitability for Qualcomm drug screening. However, owing to the lack of paracrine regulation of key components of the neurovascular unit (NVU), such as astrocytes and peripheral cells, maintaining the polarization characteristics and functional protein expression of the BBB for a long period of time is difficult (Qi et al., 2023; Cecchelli et al., 2007).
In double-layer coculture (Figure 2B), BMECs are usually cocultured with astrocytes or pericytes, and helper cells can be seeded on the outer side (the bottom of the culture plate) or the top side (the other side of the membrane) of the Transwell system. In addition, the expression of tight junction proteins in endothelial cells is regulated by paracrine signals. Triple cocultures (Figure 2B) integrate BMECs, pericytes and astrocytes and can introduce neurons or microglia when necessary to simulate the plasticity regulation of the BBB dynamically under physiological or neuroinflammatory conditions (Nakagawa et al., 2009; Tontsch and Bauer, 1991). Compared with single cultures, the coculture model has a greater TEER value and lower permeability and can express more specific transporters, which better simulate the characteristics of the BBB. It can be widely used in the research fields of new drug screening, drug permeability evaluation, intercellular interactions and brain disease models.
3.2.3 Dynamic in vitro model
The dynamic in vitro (DIV) model of the blood‒brain barrier is a three-dimensional model (Figure 2C). Coculture can be realized in this model. In addition, intracavity flow can be generated through the support of artificial capillary-like structures within the framework of this system (Bussolari et al., 1982; Cucullo et al., 2008). BMECs were implanted in the cavity outside the hollow fibre in the sealed cavity, whereas the neurovascular unit (NUV) was implanted in the cavity of the hollow cavity. Pulsating pumps with variable speeds provide a flow rate in the cavity, which can be adjusted to produce medically equivalent pressure in the cavity or shear stress in the capillary in the body (Bussolari et al., 1982). This model has been used to study the pathophysiology of various central nervous system diseases. On the other hand, there are several limitations associated with this model. For example, 9–12 days are needed to reach stable transendothelial electrical resistance (TEER), which is significantly longer than the culture period of coculture models. In addition, it impedes direct observation of endothelial cell morphology from the luminal side, and its construction consumes a large number of cells. These limitations make the model difficult to apply for high-throughput compound screening (Bussolari et al., 1982), although it can still be used for lead compound optimization.
3.3 Application status of the in vitro distribution model in TCM research
The interaction between the multicomponent characteristics of TCM and the plasma protein binding rate between active components has been widely studied. Wen et al. (2007) studied the binding of the whole components of Danggui Buxue decoction with bovine serum albumin (BSA) via microdialysis and reported that the components in the decoction significantly affected their binding with BSA. Similarly, Qian et al. (2008) studied the interaction between the whole active substance of Lonicera japonica Thunb. and bovine serum albumin and reported that the degree of binding of three components, such as chlorogenic acid, to BSA was lower than that of individual components, whereas caffeic acid and rutin were the opposite.
In the study of the plasma protein binding rate, balanced dialysis has always been the gold standard for studying drug‒plasma protein binding. Bao et al. (2019) systematically evaluated the difference in the protein binding rates of nine active components in Duhaldea cappa extract in rat/human plasma via this method, revealing significant differences in interspecific binding characteristics. CHen et al. (2017a) determined the plasma protein binding rates of the cardiac glycosides in Periploca sepium Bunge, and the results revealed that the plasma protein binding rates of the transformed components increased. However, although this method is mature, its status is challenging because of its time-consuming nature and dilution effect. In addition, ultrafiltration, microdialysis, HPFA and other methods also have their own shortcomings and cannot completely replace the balanced dialysis method. At present, the research focus has shifted from simple drug binding rates, such as binding sites, conformational changes and interactions with other molecules, to more in-depth mechanistic exploration, which requires the combination of many advanced technologies, such as circular dichroism (CD), surface plasmon resonance (SPR), molecular docking and molecular dynamics simulation. For example, Yeggoni et al. (2017) integrated surface plasmon resonance (SPR) and fluorescence quenching techniques combined with molecular docking simulations to elucidate that andrographolide (ANDR) binds to subdomain IIA of human serum albumin (HSA) through hydrophobic interactions and enhances the stability of the complex via α-helix rearrangement.
Many traditional Chinese medicines can increase the permeability of the blood‒brain barrier, such as Borneol, Acorus gramineus, Moschus, Ligusticum chuanxiong hort., Benzoinum and Storesin (Fang et al., 2023). However, the mechanism by which ascending drugs are directed in some traditional Chinese medicines is still unclear, and the in vitro BBB model provides an effective tool to clarify this mechanism. By constructing an in vitro BBB model composed of BMECs and astrocytes, Fan et al. (2015) investigated the influence of borneol on the transport of known P-gp substrates across the BBB and reported that borneol inhibited P-gp function in BMECs through the drug mechanism of NF-κB signal transduction and affected BBB permeability. Wang et al. (2015) cocultured astrocytes (ACs) and human umbilical vein endothelial cells (ECV304) to simulate a BBB model in vitro. Muscone can affect BBB permeability by inhibiting the expression of P-gp and MMP-9. In addition, the BBB model is widely used to screen bioactive components with good brain delivery potential. For example, Liu et al. (2017) used a blood‒brain barrier model and reported that Magnolol significantly increased the TEER of endothelial cells, which indicates that magnolol has a significant protective effect on the BBB. As proof, in a coculture model of hCMEC/D3 cells and immortalized human astrocytes (HEBs), Liang (2020) reported that ginkgo biloba L. extract bilobalide can reversibly increase BBB permeability; although it does not affect the expression of tight junction proteins, it affects their ultrastructure and promotes ERM/MLC phosphorylation, which provides a new idea for developing brain-targeted drugs. The advantages and disadvantages of the in vitro BBB model are compared in Supplementary Table S1.
Although in vitro models play an important role in simulating drug plasma protein binding and blood-brain barrier permeability, they have inherent limitations and cannot be used to study the targeted distribution of drugs within organs. The main reason is that in vitro models typically focus on individual cells, tissues, or organs, lacking systemic blood circulation and inter-organ connections, and therefore cannot replicate the in vivo process of drug distribution via the cardiovascular system. Furthermore, in vitro models are unable to accurately mimic the complex physiological barriers and the coordinated regulation of various transport proteins and enzymes that exist in vivo, all of which are crucial for tissue distribution. More importantly, the collaborative actions among multiple organs, the dynamic metabolic and distribution processes, and the unique microenvironments of different tissues significantly affect drug distribution in the body, yet these factors are difficult to fully reproduce in vitro. Therefore, while in vitro models are suitable for evaluating drug absorption and metabolism, they cannot accurately reflect the distribution and targeting of drugs among tissues and organs in vivo, making comprehensive animal studies or clinical research indispensable for such investigations.
4 IN VITRO LIVER METABOLISM MODEL
The in vitro liver metabolism model is a key tool for studying the mechanism and toxicity of drugs. At present, the model system covers traditional models such as liver microsomes and primary hepatocytes and advanced technologies such as liver bioreactor systems and microfluidic organ chips. The latter significantly improves the durability and authenticity of metabolic function by integrating hemodynamics and multicell interactions. In addition, in the field of TCM metabolism research, the intestinal flora, as the second genome of the human body, is widely involved in the biotransformation process of active components of traditional Chinese medicine and has become a new hot spot in the basic research of the pharmacodynamic substances of TCM.
4.1 Recombinant enzyme technology
Genetic engineering enables the integration of P450s or other enzyme-encoding genes into mammalian, bacterial, or insect cells to express and purify specific isoenzymes (Friedberg et al., 1999; Parikh et al., 1997), as shown in Figure 3. Commercially available recombinant enzymes (e.g., CYP450s and UGTs) are widely used to study drug metabolism pathways, drug‒drug interactions, and the impact of genetic polymorphisms on biotransformation.
[image: Flowchart of recombinant enzyme preparation outlining key stages: gene cloning and vector construction, host cell selection and transformation, recombinant enzyme expression and induction, isolation and purification, purity identification, activity assay, and enzyme storage. Intermediate steps include host cell culture, induction of expression, cell harvesting, cell lysis, protein purification, target gene sequence identification, PCR amplification and gene cloning, sequence verification, and expression optimization.]FIGURE 3 | Preparation process for the recombinant enzyme.Recombinant CYP450 systems enable LC‒MS identification of drug metabolites, analysis of metabolic enzyme subtypes (e.g., kinetic profiling and enzyme specificity), and integration with liver microsome studies to pinpoint dominant metabolic pathways, accelerating drug interaction research and investigating substrate–enzyme binding for drug development. For example, Tang et al. (2011) successfully identified six metabolites of aconitine by using human liver microsomes and recombinant CYPs combined with liquid chromatography‒tandem mass spectrometry and clarified the leading role of CYP3A4/5 in aconitine metabolism. However, recombinant enzymes are expensive, and their activity is much greater than that of human microsomes (Li et al., 2010), which leads to differences between the experimental conditions of recombinant enzymes in vitro and in vivo, so the experimental results cannot be directly extrapolated to the human body.
4.2 Liver cell model
4.2.1 Selection of hepatocytes
Hepatocytes are the main cells responsible for drug metabolism in the liver, so they are used to construct an in vitro model to simulate liver function. Commonly used hepatocytes, including primary human hepatocytes (PHHs), immortalized cell lines (such as HepaRG and HepG2), adult stem cells (such as liver progenitor cells and mesenchymal stem cells), human embryonic stem cells (hESCs) and human induced pluripotent stem cells (HIPSCs), have shown unique advantages and limitations as research tools. Although these cell types are selected on the basis of a series of ideal characteristics, their application is accompanied by shortcomings that cannot be ignored (Bale et al., 2016). Supplementary Table S1 supplements the application, advantages and disadvantages of cells, and provides a reference for cell selection.
4.2.2 Stem cell culture
For in vitro studies of the liver, cell types that can reflect the characteristics of the liver in vivo should be selected, and appropriate culture methods should be selected according to the study duration. Two-dimensional (2D) culture is simple and suitable for short-term research, but long-term culture leads to functional decline (Schyschka et al., 2013). In contrast, three-dimensional (3D) culture, including sandwich culture, spheroid culture and bioprinting technology, can better simulate the liver microenvironment in vivo and maintain the long-term stability of cell function (Knobeloch et al., 2012; Schyschka et al., 2013; Messner et al., 2013; Bell et al., 2016; Ohkura et al., 2014; Gevaert et al., 2014; Du et al., 2008; Skardal et al., 2016). These methods can maintain the metabolism and transport function of heterogeneous organisms by affecting cell shape, cell‒cell contact and cell‒matrix interactions and are more suitable for complex research, such as long-term toxicity testing.
4.3 Cell models commonly used in the study of TCM in vitro liver metabolism
4.3.1 Liver microsome model
Liver microparticles are rich in a mixed functional oxidase system that depends on cytochrome P450, which is very important for drug metabolism and biotransformation. Studying the metabolism of traditional Chinese medicine in vitro by using liver microsomes has multiple advantages. In the study of TCM, it is difficult to directly study the metabolism kinetics of TCM because of its complex components. The study of liver microsome metabolism in vitro can avoid interference in vivo, accurately detect the metabolic rate and characteristics of traditional Chinese medicine components, and predict drug properties and metabolic characteristics in vivo (Song et al., 2017).
Moreover, several obvious shortcomings are associated with liver microsomes. Because microsomes are only a part of the subcellular structure, they lack the synergistic effect of other key enzymes (such as NAT and ST) and coenzymes in the whole cell, so some metabolic reactions that require the participation of phase II enzymes cannot be carried out in this system. In addition, drugs and their metabolites easily contact drug-metabolizing enzymes in an in vitro liver microsome incubation system, which may not fully reflect the complex situation in vivo. More importantly, liver microsomes are rich in CYP450 and UGT enzymes. Compared with whole cells (such as hepatocytes and precision liver sections), they lack the competitive participation of other enzymes, which may lead to an abnormally high biotransformation rate. Therefore, when extrapolating the experimental results of a liver microsome incubation system to the human body, we must be extra cautious to avoid misleading drug research and development decisions (Li et al., 2011).
4.3.2 Liver cytosol
After ultracentrifugation, the supernatant of the liver cytosol was used to remove all organelles (Figure 4A), and the granules contained mainly phase II metabolic enzymes and fewer phase I metabolic enzymes. Compared with liver S9, the liver cytosol contains fewer phase I metabolic enzymes but more phase II metabolic enzymes, such as UDP-glucuronosyltransferase (UGT) and thiotransferase (SULT), which are usually used to study the activity of a single soluble enzyme and specific metabolic pathways (Zhang et al., 2008). Therefore, we can study a subenzyme independently by adding different coenzymes. Alternatively, these coenzymes can be added at the same time to study the activity of these enzymes as a whole. However, because the cytosol contains only soluble phase II metabolic enzymes, the system cannot be used to study the phase II metabolic enzyme UGT in the endoplasmic reticulum (Li et al., 2011).
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The suspension solution (S9) obtained by removing homogenate precipitate from liver tissue is a system with complete metabolic function and contains the components required for metabolism (Figure 4A). Its characteristic is that it contains complete phase I and phase II metabolic enzyme activities, which makes S9 provide more comprehensive information in the study of drug metabolism profiles than microsomes and cytosols do. Drugs that undergo phase I metabolism and then phase II metabolism to form specific metabolites are especially common. The S9 system can be more effective in qualitative research, and some metabolites that undergo phase I metabolism and then phase II metabolism can be found to form specific metabolites, which are often not easily found in the in vitro research system of microsomes or cytosols (Liu and Zhang, 2018). However, the S9 model also has some shortcomings. Because its metabolic enzyme activity is lower than that of liver microsomes and the cytosol, some metabolites are formed in small quantities and are difficult to detect. In addition, the S9 system contains many lipids and other proteins, which may reduce the free concentration of drugs in the system, thus affecting the accuracy of the experimental results. Although the concentration of membrane proteins (such as CYPs, UGTs and transporters) in S9 microsomes is lower than that in liver microsomes, the concentration of cytoplasmic or cytoskeleton-related proteins in S9 microsomes is greater than that in liver microsomes (Wang et al., 2020). This reflects the complexity and particularity of the S9 system to some extent.
4.3.4 Precision liver sectioning
Precision liver sectioning (PCLS) is a model for in vitro metabolism research (Figure 4B) and has unique advantages because it retains the lobular structure and various cell systems. This versatile ex vivo model retains the multicellular histoarchitecture of the hepatic environment, including liver-infiltrating immune cells. Liver slices are also reproducible and inexpensive and maintain the viability of hepatocytes and Kupffer, endothelial, and hepatic stellate cells (Palma et al., 2019). It can be used to evaluate the influence of cell diversity and intercellular interactions on drug metabolism and can be used for drug transport experiments (Lake and Price et al., 2013). Moreover, because there is no need for protease digestion, PCLS is suitable for histological studies. However, this model also has several shortcomings, such as the drug having difficulty penetrating into the slice, which easily leads to necrosis of the central cells (Elferink et al., 2008). In addition, the preparation of PCLS requires fresh liver tissue, and peripheral cells are vulnerable. Although PCLS maintains the activity of most liver drug enzymes and organelles, its activity can last for only 5–7 days, which limits its application in long-term metabolic research. The slicing technology needs to be further improved to optimize the slicing thickness and culture conditions and prolong the viability maintenance time. Moreover, the preparation equipment of PCLS is expensive, which limits its Qualcomm screening application. Moreover, obtaining liver slices is technically challenging, and they are easily damaged, requiring seamless cooperation among multiple departments. Delays in the processing of surgical samples can lead to decreased viability, and it is difficult to obtain samples repeatedly for unplanned studies (Palma et al., 2019).
4.3.5 Perfusion of isolated liver
In vitro liver perfusion is a model for in vitro studies using intact livers (Figure 4C), and the tissue structure and physiological function of the liver are maintained by artificial perfusion solution. This method effectively simulates the physiological environment of the liver in vivo and is suitable for studying drug metabolism pathways, first-pass effects and drug interactions (Zhang et al., 2012). It can qualitatively and quantitatively analyse the concentration changes of drugs and their metabolites (Fu et al., 2012). Maier-Salamon et al. (2008) used isolated liver perfusion studies in gene knockout rats to investigate the metabolism and biliary excretion of resveratrol. They demonstrated that resveratrol can be metabolized in the liver to form six glucuronide or sulfate conjugates. The glucuronide conjugates are excreted into the bile via Mrp2-mediated transport, whereas the sulfate conjugates are not excreted through the Mrp2 pathway. Gradolatto et al. (2004) investigated the hepatic metabolism of apigenin via in vitro hepatocyte suspensions and the isolated perfused rat liver technique. They reported that the IPRL model more closely reflects the in vivo metabolic processes of apigenin in the liver. However, isolated liver perfusion requires complicated intubation operations, and experimental conditions (such as perfusion fluid composition and flow rate) significantly affect liver function, with limited operation time and poor reproducibility, and it is difficult to perform multisample operations. Therefore, the model is mainly used in small-scale research, although it can truly reflect the metabolic changes in drugs at the whole-organ level.
4.3.6 Liver bioreactor systems
A bioreactor is a container that provides the best requirements for the biochemical reactions of products (such as drugs, vaccines or antibodies) needed for industrial-scale synthesis and is used mainly to cultivate yeast, bacteria or animal cells (Mustafa et al., 2018). The model consists of a perfusion system, a detection system, an environmental control system, a nutrition supply system and other auxiliary systems. It is widely used in the study of drug metabolism and toxicity. The liver bioreactor can operate in recirculation and feeding mode, allowing repeated dosing tests to reflect the in vivo situation more accurately (Tostões et al., 2012). This approach is very useful for evaluating the effects of long-term drug exposure. Moreover, it can be used to culture many hepatocytes derived from stem cells, providing a sustainable cell source for drug testing. A bioreactor can accurately control culture parameters, provide a stable microenvironment, and help maintain the function and activity of hepatocytes (Farzaneh et al., 2020; Tostões et al., 2012). It is suitable for long-term culture of hepatocytes and can be used for long-term exposure to drugs (Tostões et al., 2012).
4.4 In vitro intestinal flora model
The interaction between the bioactive components of TCMs and the intestinal microflora has been the focus of many studies. When TCMs enter the digestive tract, the bioavailability of some components is limited due to the low intestinal absorption rate, and it is necessary to rely on the intestinal flora for metabolism or biotransformation to generate molecules with new biological activities to promote drug absorption and circulation. Therefore, the intestinal flora model plays a very important role in TCM metabolism research.
4.4.1 Batch fermentation model
Batch fermentation (BFM) is the simplest, flexible and easy-to-operate method for studying the intestinal flora in vitro; this method involves the construction of a closed anaerobic environment for short-term simulation. Its principle is based on a static culture system; that is, flora inoculum (such as a fecal suspension or specific bacteria) and nutrient substrate are added at one time. The temperature was subsequently controlled by a constant-temperature heating plate, the pH was maintained by acid‒base titration, the anaerobic environment was ensured by nitrogen bubbling, basic chemical culture medium was provided to supply nutrition to simulate the intestinal ecological conditions, and the experiment was terminated when the substrate was exhausted and toxic metabolites (such as ammonia and organic acids) accumulated, destroying the initial flora balance (Nissen et al., 2020). Although the model has limited similarity with the real environment in vivo because it cannot simulate the dynamic material flow in the intestine and the host interaction, its advantages are low cost and flexible operation.
4.4.2 Dynamic fermentation model
Dynamic fermentation models (DFMs) simulate the niches of different segments of the gastrointestinal tract (such as the proximal colon, transverse colon and distal colon) through multistage series reactors. A peristaltic pump is used to continuously supply a nutrient matrix to maintain the long-term activity of the flora, and the microaerobic/anaerobic environment of each reactor is accurately controlled by nitrogen/oxygen injection and a dissolved oxygen sensor (to avoid CO interference with pH) to restore the intestinal dynamics more accurately in time and space. The core of its principle is to control the first-stage reactor with sufficient acidic nutrition (simulating the rapid growth of proximal colon flora) and the subsequent reactor with neutral low nutrition (simulating the low-speed metabolism of the distal colon) by zoning and to maintain the activity of the fecal flora by combining it with basic medium at a constant temperature (Nissen et al., 2020; Gibson et al., 1988). Its advantages lie in remarkably improving the similarity in vivo, customizing and simulating the complex intestinal ecology, and being cost-controlled and operation-friendly, which provides a highly bionic platform for further studies of the interactions between flora and substrates.
4.4.3 TNO in vitro model of the colon
The TNO in vitro model of the colon (Tim-2) is a patented system developed by the Dutch Applied Scientific Research Organization that simulates the proximal colon environment through a four-chamber glass reactor. Its core principle lies in multiparameter physiological simulation accurately controlled by a computer: periodic extrusion of a flexible membrane is used to achieve intestinal peristalsis mixing, warm water is circulated to maintain body temperature, and continuous nitrogen bubbling keeps the redox potential stable at −300 mV (close to the human colon level). At the same time, the semipermeable membrane dialysis system dynamically removes water and metabolic waste (to prevent toxic accumulation) and automatically injects NaOH to neutralize acidic metabolites to maintain pH 5.8 (Nissen et al., 2020). After inoculation with human fecal flora, the compound culture medium simulating the ileal effluent was continuously supplied with nutrients. After acclimation for 16 h, the experiment was carried out for 72 h, and the release of substrate, bioavailability and flora interactions were analysed in different regions (Meyer et al., 2004; Minekus, 2015). Although the model is time-consuming and costly, its advantage is that it is highly similar to the physiological environment in vivo: it can not only accurately quantify the material dynamics in different compartments but also has compatibility and high reproducibility in small laboratories, providing a reliable near-physiological platform for nutrition intervention and drug research.
4.5 Application of an in vitro metabolic model in TCM research
The in vitro metabolic model plays an increasingly important role in TCM research, especially in clarifying the metabolic transformation law and potential toxicity of complex components of TCMs. Recombinant enzyme technology, a recombinant cell line that can express specific CYP enzymes, is used to study the metabolism of TCM components mediated by specific enzymes. Mao and Wang (2023) used this model to prove that CYP1A2 is the main P450 enzyme subtype involved in the metabolic activation of chelerythrine chloride. Liver microsomes, as a classical model, are often used to study the phase I metabolism of TCM components. For example, He et al. (2022) used liver microsomes to investigate the effect of curcumin on cytochrome P450 2C8 activity in rat and human liver microsomes. Liu J et al. (2022) studied the metabolic stability and metabolic enzyme phenotype of Chebulinic acid in different species of liver microsomes. However, owing to the lack of phase II metabolic enzymes, it is difficult for the liver microsome model to fully reflect the metabolic process in vivo. The liver cytosol model is rich in phase II metabolic enzymes, which can simulate liver metabolism more completely when combined with liver microsomes. The S9 component model contains both I-phase and II-phase metabolic enzymes, which more comprehensively reflect the metabolic process of traditional Chinese medicine components in vivo. For example, Peeters et al. (2020) identified the metabolites of medicagenic acid in S9, human liver microparticles (HLMs) and the liver cytosol (HLCYT). When the metabolites in S9 were compared with those after HLM/HLCYT coincubation, no significant difference was found in the types of metabolites. To better simulate the physiological environment of the liver, an in vitro metabolism model based on hepatocytes, including primary hepatocytes, immortalized hepatocytes and hepatocytes derived from iPSCs, is commonly used in the identification of metabolic phenotypes, metabolic pathway analysis and drug interaction research on TCM components. For example, Wang et al. (2024a), Wang et al. (2024b) studied the hepatotoxic mechanism of rhein by using a primary hepatocyte model. In addition, liver perfusion technology and liver bioreactors can maintain the physiological structure and function of the liver for a longer time, which is more suitable for long-term metabolism and toxicity research. Liver chip technology integrates many cell types and microfluidic technology, which can better simulate the complex microenvironment of the liver and provide a new direction for TCM metabolism research.
Compared with that of Western medicine, which mainly depends on the metabolism of liver drug enzymes, the metabolism of TCM is more characterized by a liver‒intestine dual path. The intestinal flora can significantly alter the chemical properties of TCM components through metabolic processes. For example, the intestinal flora, such as Escherichia coli, can readily metabolize baicalin into baicalein (Kim et al., 2008). Baicalein is efficiently absorbed from the intestine into the body, where it can then be converted back into baicalin. Ginsenoside Rg1 can be metabolized by human and rat intestinal bacteria, and its metabolites persist as the main active components in blood and constitute effective bioactive components in the human body (Chen, 2011). The specific anaerobic bacteria in the human intestine can transform the compound glycyrrhizin or one of its intermediate metabolites into glycyrrhizic acid and then enter the blood through the liver and intestinal circulation (Xi et al., 2008; Zhao et al., 2007). These compounds significantly improved in bioavailability and efficacy after intestinal flora transformation in vitro. In addition, the in vitro study of the intestinal flora has a mechanism that is homologous to that of traditional Chinese medicine processing methods, fermentation processing (probiotics/two-way fermentation), which provides an experimental basis for revealing the mechanism of increased drug effects after processing. The transformation process also has a two-way regulatory function: toxicity can be reduced after the transformation of the intestinal flora, such as the metabolism of aconitine to hypoaconitine, which has low toxicity (Zhang et al., 2022). It may also produce toxic substances, such as nitrides, to produce cyanide (Zhang et al., 2022). Further study revealed that an in vitro flora model can be used to analyse the compatibility law of traditional Chinese medicine in detail. Research by Liang et al. (Xi et al., 2008) revealed that the intestinal flora of rats could effectively degrade tetrahydropalmatine, and its content decreased with increasing incubation time. Coumarin (a synergistic component of Corydalis yanhusuo) significantly delayed metabolism, which revealed the scientific compatibility of Corydalis yanhusuo from the perspective of intestinal flora metabolism. Supplementary Table S1 compares the characteristics of metabolic models.
5 IN VITRO EXCRETION MODEL
The main elimination routes of drugs are the kidney and the hepatobiliary system, and the excretion ability of bile can be studied via bile membrane vesicles. In recent years, various in vitro culture models, such as tissue culture, primary culture of renal cells and slice culture, have been used to study renal excretion, toxicity and the mechanism of drugs. Among them, all kinds of immortalized cells have become reliable cell models for studying drug excretion and nephrotoxicity.
Among the commonly used in vitro models, the isolated kidney perfusion (IPK) model, liver cell sandwich culture model and various kidney cell models are important. Compared with other in vitro models, immortalized cells are more widely used in TCM research. Among them, the commonly used renal cell model covers a variety of cell lines, such as the MDCK cell line, which represents renal distal convoluted tubules; the OK cell line, which simulates renal proximal convoluted tubules; the LLC-PK1 cell line; and the HK-2 cell line.
5.1 Kidney cell model
In the study of drug metabolism, the kidney cell model, as an important tool (Supplementary Table S2), plays a very important role in the study of drug metabolism, excretion and toxicity mechanisms in the kidney. Freshly isolated proximal renal tubular cells (PRPTCs) are often used to study the mechanism of active drug secretion and reabsorption. Because they retain the expression and physiological functions of transporters (such as organic anion/cation transporters) in vivo, their easy dedifferentiation in vitro limits their long-term application (Adler et al., 2016; Lechner et al., 2021). Immortal cell lines (such as MDCKII and HK-2) are widely used for drug transmembrane transport and metabolic screening because of their stability and Qualcomm capacity, but insufficient expression of transporters/metabolic enzymes may reduce the correlation in vivo (Lechner et al., 2021). In addition, exogenous cell lines (such as HK-2 and RPTEC/TERT1) can partially simulate the function of human renal tubules in some cases. However, the expression of transporters and tight junction proteins in these cell lines is usually different from that in vivo (Jenkinson et al., 2012; Kim et al., 2002; Wieser et al., 2008). Animal-derived cells (such as LLC-PK1 and OK) are suitable for mechanistic exploration, but they are not recommended for excretion or toxicity prediction owing to species differences (Chi et al., 2021; Lechner et al., 2021). In view of the diversity of renal cell types, choosing a suitable cell type for successful studies is very important.
5.2 Isolated perfused kidney
An isolated perfused kidney (IPK) separates the kidney from the living body. The perfusion of “blood” in vitro is a method to study the kidney specifically without being affected by the whole-body blood circulation system and the regulation of neurohumors. Initially, the model was mostly used in the study of kidney physiology and biochemistry, and it is now widely used in the study of drug excretion, metabolism, clearance, drug interactions and drug nephrotoxicity in the kidney. The obvious advantage of IPK technology is that it can effectively eliminate the interference of many complex factors in the body while maintaining the complete function of the kidney, thus providing a purer and more controllable research platform. Researchers can accurately control the protein concentration, pH value and other parameters of perfusion fluid and then systematically explore the specific effects of different factors on renal function. However, this technology also has several limitations. For example, the flow rate of perfusion fluid is relatively high, which may cause the kidney to bear a certain pressure; at the same time, the function of distal renal tubules may be weakened in vitro. In addition, mechanical injury or hypoxic injury may inevitably be introduced during in vitro operation, which may adversely affect the normal function of the kidney and the accuracy of the experimental results (Taft, 2004; Nizet, 1975; Georgiev et al., 2011).
5.3 Liver cell sandwich culture model
Hepatocyte sandwich culture involves the inoculation of freshly separated or frozen primary hepatocytes between two substrates (collagen in the lower layer and artificial basement membrane in the upper layer) for culture (Gijbels et al., 2019). Primary hepatocytes cultured in this model for 3∼5 days can form bile duct-like structures between hepatocytes, and the expression of transporters and metabolic enzymes can maintain a high level, which can better simulate the in vivo environment and is the main model for studying the function of liver transporters in vitro (Liang, Song, Ge, ZHang, Dai, et al., 2018). Liu et al. (2019) demonstrated that tanshinone IIA can reverse the inhibitory effect of rifampicin on the transport capacity of the bile acid efflux pump (BSEP) through a sandwich culture model of rat hepatocytes. Therefore, tanshinone IIA has the potential to treat cholestasis caused by rifampicin.
5.4 Application of the in vitro excretion model in TCM
The in vitro excretion model is playing an increasingly important role in traditional Chinese medicine research, especially in evaluating the excretion pathway, excretion kinetics and potential nephrotoxicity of multiple components of traditional Chinese medicine. Renal cell models, such as primary renal tubular epithelial cells and immortalized renal tubular epithelial cell lines, are often used to study the transport, metabolism and excretion characteristics of traditional Chinese medicine components in the kidney. For example, Li B et al. (2019) and Li Y et al. (2019) studied the effects of tongfenging serum containing urate transporters on the function of urate transporters in a human renal tubular epithelial cell line (HK-2) induced by uric acid. However, fully simulating the complex physiological environment of the kidney with a single renal cell model is difficult. In an in vitro renal perfusion model, because the complete structure and some physiological functions of the kidney can be retained, the renal excretion process and potential nephrotoxicity of traditional Chinese medicine components can be evaluated more comprehensively. As Zou et al. (2021) used isolated rat kidney perfusion technology to study the mechanism of cichoric acid in reducing uric acid, the operation of this model was complicated, and the cost was high. Although the liver cell sandwich culture model is mainly used to study liver metabolism, it also plays an important role in evaluating the characteristics of bile excretion of traditional Chinese medicine components, which can be used to study the process of liver uptake, metabolism and bile excretion of traditional Chinese medicine components and explore drug interactions. Liang et al. (2018) used this model to compare the bile excretion characteristics of berberine, palmatine and jateorhizine.
6 IN VITRO TOXICITY EVALUATION
TCM is rich in medicinal resources and has a wide range of applications in the medical field. However, owing to the complexity of its components and the interactions between the components, the toxic mechanism of most of its components is not completely clear, and related research is in the stage of continuous exploration and accumulation of experience at home and abroad. In view of the urgent need for TCM modernization development. Accurate qualitative and quantitative analyses of TCMs containing toxic components have been carried out to reveal the specific mechanism of their toxicity. It is increasingly critical to construct a set of experimental data and safety evaluation models that can objectively evaluate the toxicity level of TCMs. In this process, the in vitro model is widely used in studies of the toxicity of traditional Chinese medicine because of its advantages of low cost and Qualcomm screening. It can not only simulate the internal environment of the human body but also provide a platform for accurate evaluation of the toxicity of TCMs, reveal the mechanism of action of the toxic components of TCMs, and provide a scientific basis for the safe use of TCMs. The common toxic substances and general toxicity mechanisms of TCM are shown in Figure 5.
[image: Diagram illustrating the toxic mechanisms and materials of Traditional Chinese Medicine (TCM). It shows classifications, toxic components like Aconitine and Triptolide, and mechanisms such as mitochondrial dysfunction and DNA damage, leading to various toxicities. Chemical structures of representative TCM components are included.]FIGURE 5 | The general mechanism and material basis of the toxic effects of TCMs (Toxic substance basis of TCM; mechanism of universal toxicity of TCM; common toxic substances of traditional Chinese medicine).6.1 In vitro studies of the toxicity of TCMs in cytotoxicity experiments
In studies of TCM toxicity, because of the diversity, complexity and fuzziness of TCM components, the efficacy and toxicity of TCM in the body show an overall comprehensive effect (Peng et al., 2008). Unlike a single chemical component, when TCM extract is directly added to an in vitro reaction system, it may cause changes in the cell osmotic pressure and pH value due to the presence of many impurities (such as tannins and inorganic salts). This may seriously interfere with the experimental results and lead to false positive or false negative results. Therefore, when identifying toxic substances in traditional Chinese medicine, there is often great controversy, which makes them difficult for the scientific community to recognize widely (Chen et al., 2017b).
Professor Masakazu Tashiro, a Japanese scholar, proposed the concept of “drug serum” in the 1980s. After oral administration to animals, the serum was taken as a drug source and added to the in vitro reaction system (Yuzhuo, 2006). This method effectively overcomes the interference between the physical properties of TCM crude extracts and impurities, and the experimental conditions are closer to the internal environment in which drugs produce effects in vivo. On the basis of this development, the “serum pharmacology of traditional Chinese medicine” has become a commonly used experimental method of TCM pharmacology, which provides an effective way to study TCM, especially the pharmacological effects of TCM compounds (Chen et al., 2017b). Researchers tend to use drug-containing serum for drug administration when conducting cell toxicity experiments in vitro, and the use of medicated serum can more accurately reflect the actual effects of drugs in the body, thus improving the accuracy and reliability of the experiment.
6.2 Common cell types for in vitro cytotoxicity evaluation
Cytotoxicity evaluation involves selecting cell types, establishing evaluation indices and selecting appropriate detection methods. In accordance with the characteristics of the test object, liver tissue cells are selected for evaluating liver toxicity, with a focus on subcellular indicators, such as mitochondrial toxicity, according to the type of toxicity. Different indices correspond to different detection methods; for example, changes in the mitochondrial membrane potential can be detected by flow cytometry (Sun et al., 2011). The cells commonly used in in vitro cytotoxicity evaluation are mainly cells obtained directly from human tissues or from model organisms closely related to humans.
Cells derived from normal tissues are commonly used in in vitro cytotoxicity evaluations. Their functional and structural characteristics make in vitro cytotoxicity tests more targeted and specific, facilitating the elucidation of the mechanisms by which toxic substances cause cellular damage (Liu G et al., 2014). Lian et al. (2021) investigated the hepatotoxicity mechanism of coptisine in a normal human liver cell line (L02) and reported that coptisine can induce apoptosis in L02 cells via both the mitochondrial and endoplasmic reticulum stress (ERS) pathways. Bao et al. (2020) reported that Polygonum multiflorum ethanol extract (PME) increased ROS levels and LDH release rates in L02 cells while decreasing SOD activity and the mitochondrial membrane potential (MMP). Subsequent Western blot results further demonstrated that PME may induce hepatocyte apoptosis through the ROS-mediated mitochondrial pathway. Cells derived from tumor tissues represent another commonly used cell type in in vitro cytotoxicity evaluation. These cells can proliferate indefinitely under in vitro culture conditions, which has made them widely used in such studies (Liu G, et al., 2014). Liu C et al. (2014) and Liu T et al. (2014) reported that jervine induces apoptosis in HepG2 cells by damaging the cell membrane and mitochondria and activating apoptosis-related genes. For example, Liu et al. (2016) studied the mechanism of the nephrotoxicity of aristolochic acid in an HK-2 cell model and screened 11 potential nephrotoxicity biomarkers by analysing the time course of the metabolic changes in aristolochic acid in HK-2 cells. The commonly used cell types are shown in Supplementary Table S3.
6.3 Special toxicity applications
6.3.1 Phototoxicity
Phototoxicity is a harmful reaction of some compounds after exposure to light. Some components of TCM, such as flavonoids (quercetin, rutin), coumarins (furocoumarin), alkaloids (berberine), curcumin derivatives and other components (such as chamazulene), have been shown to be phototoxic (Li et al., 2018). In the past, the evaluation of phototoxicity has relied mainly on basic in vitro screening tests, including photohemolysis tests, lipid photoperoxidation tests and protein photodamage tests. Although these tests are easy to perform and can provide some basis for preliminary safety evaluation, their prediction accuracy is limited and may not be enough to accurately evaluate the risk of phototoxicity (Khattak et al., 2012). With increasing research, more effective methods for evaluating phototoxicity have been developed. At present, the 3T3 NRU-PT test is one of the most widely used phototoxicity detection methods and is famous for its high sensitivity, ability to predict negative results effectively, and ability to provide sufficient evidence that substances are not phototoxic. In this case, there is usually no need for further testing, and it is considered that there will be no direct phototoxicity in humans. As an in vitro method for animal skin phototoxicity testing, 3T3 NRU-PT has the advantages of simple operation, low cost, good reproducibility and a short test period and has good correlation with in vivo experimental results (Seto et al., 2015). In addition to 3T3 NRU-PT, the in vitro detection system also includes the developed and verified UVA simulator reactive oxygen species (ROS) test as an alternative method for phototoxicity assessment. However, this method may overestimate the phototoxicity of negative substances (Lee et al., 2017). In addition, photodissociation tests based on capillary electrophoresis (CE) and in vivo biological phototoxicity tests (IBPs) combined with photochemical, photobiological and pharmacokinetic data have also been proposed as new screening strategies to predict the risk of phototoxicity in vivo (Seto et al., 2011).
6.3.2 Neurotoxicity
Neurotoxicity is a common adverse effect in drug development, and early screening is crucial for drug development. The existing in vivo experimental methods have limitations such as high subjectivity, long cycles, and high costs. In comparison, in neurotoxicity screening, in vitro human cell models have the advantages of high throughput, low cost, and cross-species applicability and are an effective alternative to in vivo experiments (Tian et al., 2020). In neurotoxicity research, in vitro models can be used to explore mechanisms, simulate neural developmental stages, and are suitable for assessing the safety of traditional Chinese medicines. Neuronal cell lines such as neuroblastoma cells (SH-SY5Y) and adrenal pheochromocytoma cells (PC12) are widely used in research on neurological disorders such as Parkinson’s disease and cerebral ischemia (Xicoy et al., 2017; Lahiani et al., 2018; Zhang et al., 2019). In addition, neural stem cells (NSCs) have become an ideal choice for developmental neurotoxicity tests because they can differentiate into various nerve cell types (Hong et al., 2019). Three-dimensional cell culture technology enhances in vitro model simulation capabilities and improves toxicity prediction sensitivity. The combination of multiple models enables comprehensive analysis of drug neurotoxicity. However, there are currently no in vitro guidelines for assessing the risk of neurotoxicity (Hartung et al., 2003). However, an in vitro model of neurotoxicity has been used in basic research for many years in the future, and the development of a new in vitro model for the comprehensive evaluation of nervous system function may become an important research direction in the future.
6.4 Present situation and future prospects of TCM in vitro toxicity evaluation
There are fundamental differences between TCM and Western medicine in toxicity research. Western medicine relies on the well-defined physicochemical properties and targeted mechanisms of single compounds, allowing toxicological studies to focus on precise dose‒effect relationships and specific targets. In contrast, TCM is a complex multicomponent system whose toxicity mechanisms are dynamically influenced by factors such as the diversity of biological sources, products of processing, interactions among combined ingredients, and in vivo biotransformation. Adverse reactions are often the result of synergistic effects between toxic and nontoxic components. Traditional empirical knowledge makes it difficult to quantify toxicity thresholds, leading to several challenges in TCM toxicity research: mechanistic ambiguity (multitarget effects complicate toxicological mechanism elucidation), unclear material basis (lack of systematic characterization of component transformations and novel toxic substances arising from processing and formulation), rough dosing (variability in bioactivity makes it difficult to define safety windows), and reliance on experience (individualized treatments hinder standardized evaluation). The advent of “precision medicine” has further challenged TCM toxicity research. Improving the safety of TCM and preventing safety incidents such as those related to TCM injections have become important tasks for research in TCM toxicology.
Under this background, in vitro models have been widely used in toxicity studies of TCMs because of their low cost, simple operation and Qualcomm screening ability. By using drug serum technology and optimizing the experimental conditions, the nonspecific interference of the TCM crude extract in vitro was effectively overcome, and the accuracy of the experimental results was significantly improved. Moreover, in vitro cytotoxicity evaluation has established a variety of cell models from humans or model organisms, covering many key organs, such as the liver, kidney, heart and nerve, which provides strong support for accurate evaluation of TCM toxicity. In addition, the introduction of organ chip and organ-like technology further compensates for the shortcomings of traditional cell models and animal experiments and provides innovative solutions for studying the toxicity of traditional Chinese medicine compounds. However, in vitro studies of the toxicity of traditional Chinese medicine still face challenges in terms of technology and standardization, and more sensitive and specific models and methods need to be further developed. In the future, with the development of 3D bioprinting, microfluidic technology and Qualcomm screening platforms, research on the toxicity of traditional Chinese medicine is expected to achieve more efficient and accurate evaluations and provide a more reliable scientific basis for the safe use of TCM and the development of new drugs.
7 ORGANOIDS
Organoid technology was developed a hundred years ago, from H.V. Wilson’s discovery that sponge cells can self-organize to form new organisms in 1907 to Hans Clevers’s initiative to reconstruct the crypt–villus structure of intestinal organoids in 2009 (Schutgens and Clevers, 2020). These findings indicate that this technology has entered a new stage of functional modelling, as Figure 6A. At present, organoids have developed into a whole-chain research system covering disease mechanism analysis, Qualcomm drug screening and regenerative medicine treatment. The construction of normal organoids mainly depends on two types of stem cells: pluripotent stem cells (PSCs) (including embryonic stem cells (ESCs), induced pluripotent stem cells (IPCSs) and adult stem cells (ASCs)) (Schutgens and Clevers, 2020). By optimizing the composition of the culture medium and precisely regulating signalling pathways, researchers drive stem cells to differentiate into target tissues. The core components of the classical WENR (or WNER) culture scheme include Wnt-3a, EGF, Noggin and R-spondins (Schutgens and Clevers, 2020). Through ingenious combination with other cytokines or small molecule inhibitors, WENR-derived culture conditions are suitable for the construction of various organoids. At present, the WENR protocol has been widely used in the culture of many organoids, such as those from the stomach, small intestine, colon, pancreas and liver. Figure 6C shows the process of organoid culture using Matrigel matrix. In recent years, microfluidic chips and biological 3D printing technology have injected new kinetic energy into organ-like research. A microfluidic system can dynamically simulate the physiological dynamic environment by accurately controlling the fluid shear force and oxygen gradient, and at the same time, it can be used to construct an organoid interaction model through chip technology (Wang et al., 2024a). Biological 3D printing technology can accurately reconstruct the vascular network and tissue structure in the spatial dimension and overcome the size and functional limitations of traditional organoids (Garreta et al., 2021). With the rise of artificial intelligence technology, the research process has accelerated, and the objectivity and efficiency of research have been significantly improved by efficiently analysing the images, omics and drug screening data of organoids through artificial intelligence (Wu et al., 2024).
[image: A diagram with three sections detailing the development and culture of organoids. Section A shows a timeline from 1907 to the present, highlighting key advancements like the creation of the first organoid model in 2009. Section B illustrates different applications and technologies associated with organoids, such as microfluidic chip technology and 3D printing. Section C describes the operation flow of Matrigel matrix culture, outlining steps from tissue preparation to organoid identification and passage, including incubation and enrichment processes.]FIGURE 6 | (A) Development timeline of organoid technology (1907-present); (B) Organoid construction technology system: stem cell source (PSCs-ESCs/IPCS, ASCS); culture method (ultralow adsorption culture plate and bioreactor, matrix gel method); culture conditions (small molecular compounds-promoters/inhibitors, cytokines, matrix glue); combination of new technologies (microfluidic chip, biological 3D printing technology); and technology convergence (LC‒MS/MS, Ai). (C) Process of organ culture with a Matrigel matrix.7.1 Intestinal organoids (IOs)
In vitro models previously used to study intestinal nutrient absorption, drug transport and intestinal cell metabolism, such as Caco-2 cells or rodent explant models, have limited value because they are derived from cancer and nonhuman sources, respectively. In particular, species differences lead to poor correlation data, which leads to insufficient reliability of drug cross-species extrapolation (Zietek et al., 2020). This lack of physiological correlation has become the key reason for the high failure rate of ADME prediction in new drug development. However, IOs can retain the expression characteristics of specific functional genes and transporters (such as GATA4, NHE3, and ENaC) in their original intestinal segment and accurately reflect the physiological relevance of primary tissues (Middendorp et al., 2014). More importantly, this technology can be used to construct a disease-specific drug absorption model. Sarvestani et al. (2021) first constructed an organoid model of ulcerative colitis (UC) on the basis of patient-derived iPSCs. Nishimura et al. (2019) constructed a pathological model of ulcerative colitis (UC) in vitro on the basis of human colon organoids and successfully revealed the drug response of intestinal epithelial cells under inflammatory stress. Elbadawy et al. (2021) successfully analysed amorphous curcumin by IOs and achieved targeted clearance of CSCs and sensitization to chemotherapy by increasing the bioavailability of anticancer drugs. These breakthroughs indicate that the organ-like model has advanced from a simple absorption prediction tool to a precise experimental system for analysing pathology–pharmacokinetics.
7.2 Brain organoids (BOs)
In 2013, Lancaster et al. (2013) published a study on the cultivation of complex classical human brain organs, which simulated some structural and functional characteristics of the brain, marking the official birth of BO technology. In 2017, Xiang et al. (2017) fused BOs of different brain regions to obtain more complex BO types. Birey et al. (2017) subsequently fused thalamic organoids with cortical organoids to simulate the bidirectional projection of neurons between the thalamic cortex. The development of BOs has achieved a leap-forward breakthrough from infrastructure simulation to complex function reconstruction.
The application of BOs in drug research has the unique advantages of three-dimensional spatial analysis and physiological microenvironment simulation. Park et al. (2021) used an iPSC-induced BO model of patients with Alzheimer’s disease (AD) to construct a Qualcomm dose-based drug screening system. To identify an anti-AD candidate drug library approved by the FDA that can penetrate the blood‒brain barrier. This further proves its potential in drug screening. BOs can be combined with mass spectrometry imaging technology. By freezing cultured BOs and scanning slices with uniform structures via mass spectrometry, we can determine the spatial distributions of different molecules (such as lipids, sugars, amino acids, drugs and their metabolites) in organs (Khalil et al., 2024; Cappuccio et al., 2023). This technology can further clarify the dynamic distribution mechanism of drugs.
7.3 Metabolic and excretory organoid model
In the study of drug metabolism and excretion, organoids have become an important tool for analysing the mechanism of drug biotransformation because of their bionic metabolic enzyme activity and tissue-specific microenvironment. For example, compared with traditional hepatocyte models, liver organoids (LOs) can perform more complex liver functions, such as drug metabolism, detoxification, protein synthesis and secretion. Park E et al. (2019) constructed mouse stem cell-derived LOs and systematically analysed the mechanism of drug metabolism mediated by the CYP enzyme. First, the expression of members of the CYP subfamily (such as CYP3A) is significantly increased by a CYP inducer, and then, the drug decomposition ability of organs is improved, as shown by docetaxel metabolism experiments. Furthermore, a liver‒pancreas organoid‒tumor coculture system was established, and it was found that the differentiated liver organs induced by CYPs could metabolize docetaxel efficiently (the survival rate of tumor cells in the coculture group was 101.90 0.94%, which was significantly greater than that in the noninduced group (66.05 2.14%). The biological process of liver metabolism detoxification is completely reproduced, which provides an inducible and quantitative functional platform for in vitro evaluation of drug metabolism-dependent toxicity and individualized drug use research.
Kidney organoids (KOs) contain many cell types, and the effects of drugs on kidneys often depend on many cells; thus, kidney organs can better match the effects of drugs in the body (Chen et al., 2021). Various structural units, such as glomerular podocytes, proximal tubules, distal tubules and collecting tubules, similar to those of the human kidney, can be formed via organoid technology.
Biliary epithelial cells (bile duct cells) protect the liver, regulate bile components and transport substances, and bile duct organoids can simulate these functions well and play an important role in the study of bile excretion. Mizoi et al. (2024) constructed a monolayer model of bile duct organoids from primary human hepatocytes and simulated the polar structure of the bile duct epithelium (a side of the apical membrane/B side of the basal side). The bile duct marker CK19 and bile excretion transporters (P-gp, MRP2, and BCRP) are highly expressed in organoid bodies, and their polarity is located on the A side. The transport experiment revealed that the permeation rate of drugs from the B→A side is significantly greater than that from the reverse side, and this directionality can be eliminated by transporter inhibitors, which confirms the mechanism of drug-directed excretion mediated by apical membrane transporters and provides a bionic research platform for the quantitative analysis of drug bile excretion.
7.4 Application of organoids in toxicity prediction
Organoid technology provides innovative solutions in drug toxicity research, which compensates for the shortcomings of traditional in vitro cell models and animal models. Organoids can better reflect the function of human tissues and have been widely used to evaluate the hepatorenal toxicity caused by drugs. Morizane et al. (2015) used renal organoids derived from human embryonic stem cells (hESCs) to evaluate the potential nephrotoxicity of drugs in detail, and the results revealed damage to the proximal and distal renal tubules under drug exposure. Mun et al. (2019) successfully constructed liver organoids derived from hiPSCs and evaluated the hepatotoxicity of four drugs that can cause liver injury according to the detection of the cell survival rate, ROS level, glutathione content and mitochondrial respiration. Shinozawa et al. (2021) used human liver organoids to screen the hepatotoxicity of 238 drugs in the form of Qualcomm quantities. In addition, organoid models have been used to study drug-induced cardiotoxicity (Chen et al., 2023), enterotoxicity (Crespo et al., 2018), reproductive toxicity (Li et al., 2021), retinal toxicity (Eade et al., 2021) and neurotoxicity (Scholz et al., 2022). In the field of drug toxicity screening, owing to technical limitations and high cost, it is difficult to construct 3D organoid models for large-scale drug toxicity screening in batches. Therefore, it is necessary to further develop 3D organoid construction technology (for example, with the help of microfluidics and 3D bioprinting) and use Qualcomm screening technology to establish a faster, more efficient and more accurate drug screening platform.
7.5 Application status of organoids in TCM research
In August 2022, the world’s first new drug, sutimlimab, whose preclinical data were completely from organ-like technology, was approved by the Food and Drug Administration (FDA) to enter clinical trials (Rumsey et al., 2022). At the end of December of the same year, the FDA Modernization Act 2.0, approved by the U.S. House of Representatives, announced that it was no longer mandatory to conduct animal tests before clinical trials of drugs, which indicated that the technology had moved from basic research to industrial application (Wadman, 2023). In the field of TCM research, organoids also present unique value. Among them, IOs provide a dynamic research platform for revealing the absorption mechanism of traditional Chinese medicine components. Glycyrrhetinic acid (GA) is among the main components of Glycyrrhiza uralensis Fisch. dinate and promote the effects of other drugs in traditional prescriptions. Chen et al. (2019), using small intestinal organoid models developed from intestinal crypt stem cells, demonstrated that GA increases the levels of human antigen R (HuR) and its downstream protein Ki67, thereby promoting intestinal organoid development. Combined with the in vivo experimental data, these findings revealed that GA facilitates intestinal epithelial homeostasis through HuR regulation. These experimental results indicate that Glycyrrhiza uralensis Fisch. can increase the absorption of drug components in the small intestine, providing modern scientific evidence for the traditional role of Glycyrrhiza uralensis Fisch. in “harmonizing and coordinating medicinal effects” in classical herbal formulations.
In the study of drug distribution, compared with the Transwell model of coculture, the BBB organoid model expresses more P-gp and ZO-1, which can simulate the characteristics of the BBB more accurately in vivo (Smyth et al., 2018). Du et al. (2022) constructed organoids with key characteristics of the blood‒brain barrier (BBB) by integrating human brain microvascular endothelial cells (HBMECs), human brain astrocytes (HAs) and human cerebrovascular pericytes (HBVPs). With this model system, researchers have systematically evaluated the effect of Guanxi injection (GXNI) on BBB dysfunction induced by oxygen‒glucose deprivation/reoxygenation (OGD/R). OGD/R injury can significantly reduce the expression level of P-glycoprotein (P-gp) in an organ-like model, and the downregulation of this transporter may promote some active components that cannot penetrate the BBB to enter the central nervous system to play a therapeutic role by regulating the drug efflux mechanism. Further research revealed that GXNI not only effectively alleviated the decrease in organoid viability caused by OGD/R but also significantly inhibited the abnormal increase in barrier permeability in the model group, which provides new in vitro research evidence that explains the mechanism by which GXNI protects the brain by regulating the dynamic balance of the BBB.
Organoids improve TCM safety evaluation through multidimensional toxicity prediction. Gu et al. (2023) revealed for the first time that esculentoside A, the main active component of Radix Phytolaccae, induced mitochondrial damage, promoted the release of mtDNA into the cytoplasm, activated the STING signalling pathway, and then triggered an inflammatory cascade and interstitial transformation of renal endothelial cells, eventually leading to renal tubular polarity loss and functional damage. Qian et al. (2023) constructed liver organoids (LOs) via a thermoresponsive alginate-RGD/Pluronic hydrogel, innovatively integrating a fluorescent sensing system based on the hybridization chain reaction (HCR) amplification strategy. By dynamically monitoring the secretion of glutathione S-transferase alpha (GST-α), an early biomarker of hepatotoxicity, they achieved precise in vitro evaluation of the hepatotoxicity of natural compounds such as emodin and triptolide. This work established a novel methodological framework for real-time tracking of dynamic biomarkers, advancing toxicity research in TCM.
In TCM research, organoids are used primarily for pharmacological efficacy and toxicity studies, with fewer cases focused on ADME aspects. However, in human ADMET processes, the construction of organoid models for critical organs has already been well established. Furthermore, with advancements in chip technology, breakthroughs in microfluidic organ-on-a-chip systems are progressively addressing the gaps in ADMET research for traditional Chinese medicine. The application of organoid technology in the evaluation of TCM toxicity is summarized in Supplementary Table S4.
8 ORGAN-ON-CHIP (OOC)
8.1 OoC technology based on microcontrol flow
Microfluidics is a science and technology characterized by manipulation of fluids in micron-scale space. It can highly or almost completely integrate many basic operation units in the fields of chemistry and biology, such as sample preparation, reactions, separation, detection, cell culture, sorting and lysis, onto a microchip with an area of only a few square centimetres or even smaller. OoC is an advanced bioengineering platform that integrates microfluidic technology and cell biology (Figure 7A). In living cells, the structure and function of human organs are reconstructed through precise microengineering devices. This innovative model can accurately control fluid flow, simulate the interaction between tissue interfaces and integrate mechanical signals, thus creating a dynamic and multidimensional bionic microenvironment. Compared with traditional static cell culture, OoC more accurately simulates the physiological and mechanical characteristics of the human body and provides a powerful and highly simulated research tool for drug research and development, disease modelling and individualized medical care.
[image: Diagram illustrating various organ-on-chip models. Section A details stem cell reprogramming and differentiation into single-cell micelles, multicellular systems, and multi-organ assemblies with biochemical inputs. Section B depicts a blood-brain barrier on a chip. Section C shows different liver chips for disease simulation and toxicity evaluation. Section D describes an intestinal-on-chip model involving various cell types, including Caco-2 cells and lactobacillus. Section E shows a kidney-on-chip setup with renal epithelial and endothelial cells. Each model emphasizes microstructural and mechanical simulation aspects.]FIGURE 7 | Structural schematic diagram of different types of OoC: (A) Basic structural schematic diagram of OoC; (B) Structural diagram of the BBB-on-a-chip; (C) Structural diagram of LoC; (D) Structural diagram of IoC; (E) Structural diagram of KoC.8.1.1 Intestine-on-chip (IOC)
IOC can highly reproduce the physiological and pathological state of the intestine by simulating the dynamic fluid flow, mechanical peristalsis and tissue‒tissue interface of the intestine (Figure 7D). Compared with the traditional Caco-2 cell model, the IOC is more accurate in predicting the permeability of the drug intestinal barrier, and the data are closer to the reality of the human body. In addition, it supports the coculture of intestinal cells and microbiota and studies the interaction between the host and microbiota. For example, Shah et al. (2016) designed a “human‒microorganism interaction system” on the basis of a microfluidic chip. In addition, the IOC constructed from patient cells provides an accurate platform for drug screening and toxicity testing for personalized medicine. Kim et al. (2016) introduced pathogenic Escherichia coli and human mononuclear macrophages into IOCs to construct a corresponding pathological model of enteritis. Shin and Kim (2018) introduced dextran sodium sulfate (DSS) into the intestinal cavity and established an injury and recovery model of DSS enteritis in vitro for the first time.
8.1.2 BBB-on-chip
The BBB-on-Chip (Figure 7B) usually uses human brain microvascular endothelial cells (hCMECs), astrocytes and neurons. These cells are tightly connected in the chip, simulating the structure of the blood‒brain barrier (Alves et al., 2023). The main function of this kind of chip model is to evaluate the penetration ability of the BBB (size, fat solubility, and efflux transporter activity). Park T. E. et al. (2019) constructed a BBB-on-Chip model by combining hCMECs derived from induced pluripotent stem cells with primary cultured human astrocytes and pericytes. In this model, endothelial cells highly express tight junction proteins and functional efflux pumps, and the selective transcytosis of peptides and antibodies can be observed. Microfluidic chip technology can also monitor the interaction between cells, molecules and nanoparticles in real time and accurately predict the distribution of drugs in cells, blood vessels and surrounding tissues. In addition, this technology highlights its unique advantages when studying the ability of drugs to cross the BBB in the disease state. Shi et al. (2023) innovatively constructed a glioma microfluidic chip model to explore the BBB penetration and efficacy of antiglioma TCM components in the human body and glioma microenvironment. The model combines microfluidic technology to coculture human brain microvascular endothelial cells, astrocytes, pericytes and U251 glioma cells, which highly simulates human BBB function and the glioma microenvironment. HPLC and UV evaluation revealed that TCM components such as flavonoids and resveratrol could cross the BBB and kill U251 cells.
8.1.3 Liver-on-chip (LoC)
LOC (Figure 7C) technology can endow the liver model with more functions, and different LOCs can be constructed as needed (Liu et al., 2024). Liu Y et al. (2022) developed a three-vessel chip based on double-layer microspheres. The chip successfully reproduced the structure of the hepatic lobule in vitro and formed a vascularized liver microstructure by constructing a culture zone of hepatic lobule cells and encapsulating hematopoietic stem cells with double-layer microspheres. This design not only simulates the concentration gradient microenvironment in vivo but also predicts hepatotoxicity, drug metabolism and tumor invasion mechanisms in vitro. With the continuous progress of technology, LoC has become an important means to simulate and create complex three-dimensional TME structures. Özkan et al. (2023) created a three-dimensional vascularized hepatocellular carcinoma chip composed of various cell types, which can simulate liver hardness under normal or cirrhosis conditions and provides a powerful tool for studying the tumor microenvironment and how drug delivery methods can adjust the chemotherapy resistance of hepatocellular carcinoma. The three-dimensional tumor ball invasion detection liver chip constructed by Lee et al. (2021) focuses on monitoring the fusion and invasion potential of HepG2 cells and other types of cells, which provides a new perspective for revealing the tumor invasion mechanism.
8.1.4 Kidney-on-chip (KoC)
KoC (Figure 7E) simulates the functions of glomeruli and renal tubules through microfluidic technology and uses human primary renal cells or induced pluripotent stem cells (iPSCs) to construct physiologically related models (Sateesh et al., 2022). KoC can not only simulate acute kidney injury (AKI), chronic kidney disease (CKD) and end-stage renal disease (ESRD) (Weber et al., 2018; Wilmer et al., 2016) but also provide a platform for evaluating the excretion efficiency and nephrotoxicity of drugs in complex pathological environments and screening potential therapeutic drugs. KoC can simulate various units that make up the kidney. For example, a glomerular chip is constructed from podocytes derived from iPSCs, which can highly simulate the filtration function of the glomerulus (Musah et al., 2017; Musah et al., 2018; Petrosyan et al., 2019). Renal tubular chips focus on the study of drug transport mechanisms and nephrotoxicity (Jang et al., 2013; Sciancalepore et al., 2014; Jansen et al., 2016). In addition, the emergence of multiorgan chip technology has enabled kidney chips to be combined with other organ chips (such as LoCs) (Sateesh et al., 2022).
8.1.5 Application of Organ-on-chip in toxicity prediction
OoCs can be divided into single-organ chips and multiorgan chips. At present, researchers have successfully constructed single-organ chips and multiple-organ chips for the lung (the first one, in 2010), liver, kidney, intestine, heart, brain, blood, bone, skin, nerve, islet and tumor (Ma et al., 2021). OoC has good bionic performance in vitro and requires fewer samples and a short detection time. It is convenient, sensitive and rapid, especially in the toxicological evaluation of drugs in the liver, kidney and heart (ZHang et al., 2023). OoC can provide more accurate drug toxicity assessment, especially in the study of drug-induced liver injury and nephrotoxicity. For example, LoC, developed by Jang et al. (2019), can detect various phenotypes of hepatotoxicity, such as steatosis, cholestasis and fibrosis, and evaluate the toxic effects of drugs. In the study conducted by Ewart et al. (2021), 870 LOCs were used to detect 27 drugs with known hepatotoxicity and nonhepatotoxicity. The results show that the liver chip has 80% sensitivity and 100% specificity, and the sensitivity can be improved to 87% by combination with the corrected protein, which indicates that LoC has significant advantages in identifying hepatotoxic drugs. To evaluate nephrotoxicity, Jang et al. (2013) cultured primary renal epithelial cells on a chip for drug transport and nephrotoxicity evaluation. Compared with conventional culture conditions, the toxicity test results of the chip are closer to the in vivo situation, and it has potential application in preclinical safety evaluation research.
8.2 The application of multi-organ on chip (multi-OoC)
Multi-OoC is a platform that integrates multiple organ models on one chip through microfluidic technology, which can simulate the interaction and physiological functions of multiple organs in the human body. Novak et al. (2020) built an automatic instrument named the “interrogator”, which contains ten kinds of OoCs. The vitality and organ-specific functions of eight different vascularized and dual-channel organ chips (including intestine, liver, kidney, heart, lung, skin, blood‒brain barrier and brain) were successfully maintained for 3 weeks through the Interrogator platform, and the in vitro simulation of complex human body systems was realized. On the basis of the technical advantages of this kind of multi-OoC platform, Herland et al. (2020) further carried out drug metabolism research. The metabolic processes of oral nicotine (using intestinal, liver and kidney chips) and intravenous cisplatin (using coupled bone marrow, LoC and koC) were studied via serial chip technology. The results showed that the multi-OoC model showed good predictive ability in the in vivo correlation (IVIVT) study of nicotine and cisplatin. In terms of organ PK parameters, the model was the most accurate in predicting liver metabolism; the deviation between the intrahepatic clearance rate of nicotine (CLint = 10.0 mL/min/kg) and the clinical value (12.5 mL/min/kg) was 20%, and the deviation between the CLint prediction of cisplatin in the liver (0.20 mL/min/kg) and the clinical value (0.25 mL/min/kg) was 20%. However, intestinal absorption (nicotine permeability deviation of 21%–98%) and renal excretion (nicotine renal clearance deviation of 75%–98%, cisplatin renal clearance deviation of 99.4%) are still bottlenecks, mainly due to the inability of the IoC to simulate mucus layer dynamics and the lack of active secretion structure of KoC. The prediction of total body exposure was outstanding: the predicted AUC values (48.27 μM h and 252.6 μM h) of cisplatin infusion for 1 h and 3 h were not significantly different from the clinical data (41.94 ± 12.41 μM h and 253.33 ± 100.32 μM h) (p > 0.05), and Bland‒Altman analysis revealed the Cmax. Lin’s Concordance Coefficient and Pearson coefficient show good to very good correlation. Pharmacodynamics (PD) verification further strengthened the model value: after 24 h of cisplatin exposure, the total number of cells in the bone-on-chip model decreased by 78% (p = 0.001), and the number of neutrophils and erythrocytes decreased by 67% (p < 0.04) and 72% (p < 0.002), respectively, which accurately simulated the clinical bone marrow suppression toxicity. Albumin and CYP3A4 in LoC did not change (consistent with human hepatotoxicity loss), but KoC reproduced the early signs of renal injury, with OCT2 upregulation and Pgp downregulation. This organ-specific toxicity response model was closer to that of the human body than was the rat model (long-term experiments in rats revealed the opposite trend). In summary, the model overcomes the limitation of species differences, and the overall prediction data are stronger than those of rodents. To establish clinical reliability in the prediction of core liver metabolism, systemic exposure and organ toxicity (deviation of key parameters ≤20%). These results show that multi-OoC systems have high potential for clinical use.
8.3 Application status of OoC technology in ADMET research of TCM
OoC has shown remarkable advantages in the study of ADMET (absorption, distribution, metabolism, excretion and toxicity), especially in simulating complex physiological environments and multiorgan synergistic effects. By constructing OoC and multi-OoC models, researchers can accurately analyse the mechanism of action of traditional Chinese medicine components. For example, Xu et al. (2024) revealed that aconitine caused cardiotoxicity by destroying the structure of the myocardial cell membrane and interfering with the cyclic metabolism of tricarboxylic acid, and Li et al. (2023) demonstrated that ginsenoside Rg3 was metabolized into a more active metabolite in the liver chip, which has greater antitumour potential. The core advantage of multi-OoC lies in its integrity, such as the ability of the intestine‒liver‒kidney combined model to track the absorption, metabolism and excretion path of ginsenoside CK dynamically and to verify that the biological parameters of traditional Chinese medicine components are closer to the in vivo data, which overcomes the static limitations of traditional single-cell or animal models (Liu et al., 2020). In addition, the 3D liver microsphere model can maintain the functional expression of hepatocytes through long-term culture and successfully warn of the potential hepatotoxicity of Xiangdan injection (Zhu et al., 2021), highlighting its value in chronic safety assessment. Supplementary Table S5 describes these examples in detail. Chang et al. (2017) studied the biotransformation process and transport mechanism of aristolochic acid I in an organ chip by establishing a model of the KoC–LoC connection and reported that the specific metabolism of aristolochic acid I in human hepatocytes significantly increased its cytotoxicity to human renal proximal tubular epithelial cells. The molecular mechanism of the hepatorenal synergistic toxicity of aristolochic acid I was revealed.
9 CONCLUSION AND PROSPECTS
In vitro models, through controllability, efficiency, and in-depth mechanism analysis, provide an irreplaceable technical platform for the ADMET research of TCM. Its advantage lies not only in overcoming the complexity of the multicomponent system of TCM but also in promoting the transformation of research methods from “overall fuzziness” to “accurate analysis”. However, in the process of analysing and sorting the relevant literature, in the study of ADMET, most studies use more traditional in vitro models and lack innovations in models. Moreover, these studies focused mostly on individual biological processes and lacked an examination of the overall mechanism of action of TCM in the body, making it difficult to provide accurate data after the interaction between organs.
This research method has obvious limitations, and comprehensively analysing the metabolic and toxic characteristics of complex systems of TCM is difficult. For example, although monolayer cell culture simplifies the research object, it is difficult to simulate the real physiological environment because of its oversimplification, especially in simulating the interaction between TCM components, the synergistic effect of multiple organs and the influence of microbial communities. The traditional Caco-2 monolayer cell model has difficulty reflecting the influence of intestinal microorganisms on TCM absorption, and a single hepatocyte culture system cannot simulate the complex structure of the liver. In addition, a single model under static culture conditions has difficulty capturing the dynamic process of TCM metabolism, such as the intestinal‒hepatic circulation and secondary transformation of metabolites. With respect to toxicity assessment, a single-cell model often overestimates or underestimates toxicity, and accurately predicting in vivo reactions is difficult. These limitations lead to a large gap between the research results and clinical manifestations, which affects the accuracy and predictive ability of ADMET research.
Traditional models and single-model analyses have gradually failed to meet the requirements of modern ADMET research, and the application of in vitro models in traditional Chinese medicine (ADMET) needs to overcome the analytical bottleneck of traditional research methods for complex Chinese medicine systems. Through the integration of organoids, OoC, gene editing and multiomics technology, the in vitro model has the advantages of high controllability, Qualcomm screening and accurate mechanism analysis. In addition, the combined application of multiple models has also become a trend in drug research. By integrating different levels of in vitro models (such as coculture cell models, organoids, and OoC), these technologies can help the complex physiological process of traditional Chinese medicine in the human body. This method is not limited to simulating the biotransformation of drugs in an organ and enables the dynamic and real-time comprehensive monitoring of drugs. The emergence of cutting-edge technology and multimodel joint models provides innovative research tools for intestinal absorption competition, transorgan distribution dynamics, metabolic transformation networks and multichannel excretion interactions of TCMs. This makes the evaluation of TCM no longer specific and provides a more comprehensive and accurate multidimensional analysis. Figure 8 provides a summary and overview of the content of this review.
[image: Chart and diagrams describing various in vitro models for traditional Chinese medicine research. It includes models for absorption, distribution, metabolism, excretion, toxicity, organoids, organ-on-chip, and bibliometric analysis.]FIGURE 8 | In vitro technology and ADMET research in traditional Chinese medicine.AUTHOR CONTRIBUTIONS
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