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Abstract

:

Natural medicine has been widely used for clinical treatment and health care in many countries and regions. Additionally, extracting active ingredients from traditional Chinese medicine and other natural plants, defining their chemical structure and pharmacological effects, and screening potential druggable candidates are also uprising directions in new drug research and development. Physiologically based pharmacokinetic (PBPK) modeling is a mathematical modeling technique that simulates the absorption, distribution, metabolism, and elimination of drugs in various tissues and organs in vivo based on physiological and anatomical characteristics and physicochemical properties. PBPK modeling in drug research and development has gradually been recognized by regulatory authorities in recent years, including the U.S. Food and Drug Administration. This review summarizes the general situation and shortcomings of the current research on the pharmacokinetics of natural medicine and introduces the concept and the advantages of the PBPK model in the study of pharmacokinetics of natural medicine. Finally, the pharmacokinetic studies of natural medicine using the PBPK models are summed up, followed by discussions on the applications of PBPK modeling to the enzyme-mediated pharmacokinetic changes, special populations, new drug research and development, and new indication adding for natural medicine. This paper aims to provide a novel strategy for the preclinical research and clinical use of natural medicine.
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1. Introduction


Natural medicine, especially botanical drugs, is widely used in the fields of clinical treatment and health maintenance in many regions of the world, including China, India, Sumer, Egypt, and Greece [1]. In addition, extracting active ingredients from traditional Chinese medicine (TCM) and other natural plants, defining their chemical structure and pharmacological effects, and screening potential druggable candidates are also uprising directions in new drug research and development [2,3]. The study of the pharmacokinetics of natural plant components is a crucial step for the rational clinical use and further development of these drugs. The physiologically based pharmacokinetic (PBPK) model has been widely used in drug development for chemicals and has gradually been recognized by regulatory authorities in recent years, including the U.S. Food and Drug Administration (FDA) [4,5]. When it comes to natural medicine, the PBPK modeling can compensate for the shortcomings of traditional research methods, with unique advantages in speculating drug concentrations in target organs, interspecies extrapolation, pharmacokinetic study of special populations, and other aspects. Moreover, this computational approach is of particular significance to speed up the process and reduce the cost. Therefore, this review summarizes the applications of PBPK modeling in the research and development of natural medicine in order to promote the understanding of such mechanistic modeling and provide new tools and ideas for preclinical development and further clinical use of active components of natural medicine.




2. Overview of Pharmacokinetic Study of Natural Medicine Components


Natural medicine refers to the natural products and preparations from natural animals, plants, and microorganisms, with a particular pharmacological activity on the human body under the guidance of modern medical theory. Capsules, tablets, injections, liniments, and creams prepared from plant extracts are widely used in clinical practice. With the development and utilization of TCM and plant drug resources, especially after the great success of artemisinin, the research on the internal components of natural plants has become an important direction of global new drug investigations. Thanks to advancing analytical techniques and sensitive and accurate detection instruments, it is possible to determine the contents of active but trace components in plants, which significantly promotes the exploration of natural medicines. In recent decades, the pharmacokinetic studies of natural medicines have mainly focused on the pharmacokinetics of the main active components of TCM, the interactions between Chinese and Western medicine, the compatibility of TCM, and the effects of drug-metabolizing enzymes on the active ingredients in natural medicines [6,7,8,9,10,11,12,13].



Most of the published studies on the pharmacokinetics of natural drugs were based on healthy animals, or animal models under diseased states, to simulate the pharmacokinetics of natural drugs in vivo. Some studies directly measured plasma concentrations and obtained the concentration–time curve of the drug in humans. Taking triptolide as an example, Guo et al. [14] found that triptolide showed nonlinear elimination in rats. Li et al. [15] determined the serum content of triptolide in patients with rheumatoid arthritis. In vivo pharmacokinetic models of the active components of natural medicine were constructed individually in these studies, with some limitations. First, the animal or human plasma concentration obtained in the study could not represent the drug exposure in the target organ or tissue. Thus, a novel method is still strongly needed to obtain the drug level in those areas. Second, the conclusions of the studies cannot directly guarantee the safe use of single-plant drugs. Different from chemical drugs, the components of plant drugs are complex, and the active components are not ultimately revealed. A single component cannot represent a single plant, and the efficacy of plant drugs may be the comprehensive effect of multi-components and multitargets. Therefore, a method is needed to integrate the isolated results of pharmacokinetic studies of multiple components. Third, the number of patients who usually participate in determining plasma concentration is relatively small, resulting in significant bias and poor representation. At the same time, the participant differences in physiological status can lead to an extensive fluctuation range of drug plasma concentrations. Fourth, animal experiments are accompanied by long operational periods and species differences, making it challenging to apply the results directly to the human body. Fifth, due to the limitations of ethics and other aspects, it is not easy to conduct the pharmacokinetics study of natural drugs via clinical trials. Suppose there is a validated and reliable pharmacokinetic model which is easy to operate and can be directly applied to the human body. In that case, it can significantly reduce animal experiments, assist in understanding the disposition process of the drug in vivo, and significantly speed up drug research and development.




3. PBPK Modeling and Its Advantages in Pharmacokinetic Studies of Natural Medicine


3.1. Overview of the PBPK Modeling


A PBPK model is a mathematical model that simulates the absorption, distribution, metabolism, and excretion of drugs in various tissues and organs based on anatomical parameters and the physical and chemical properties of drugs [16,17,18]. The advantage of the PBPK model lies in using mathematical models to simulate the pharmacokinetic profiles of drugs in vivo, which can possibly partially replace animal experiments or clinical trials [19]. The PBPK model consists of two parts—body system and drug characteristics. The body system integrates the physiological and pathological conditions of the human body or other species, including blood perfusion rate, tissue, organ volumes, etc. [20]. The drug properties cover the physicochemical properties and in vitro absorption, distribution, and metabolic parameters of drugs, such as the inherent clearance of metabolic enzymes, plasma-protein binding rate, and membrane permeability. The PBPK model describes and combines the two parts, using a “bottom-up” method, that is, it predicts the dynamic process of drug exposure in vivo according to the body system parameters and drug parameters in vitro [21,22]. The PBPK model divides the body into several compartments according to anatomical and physiological structure, which represent each tissue and organ, and connect these compartments into a closed-model structure through blood circulation. According to the mass-balance differential equations, the inflow and outflow of drugs in each compartment are described, and the calculations are carried out by computer programs. Through simulation, the PBPK model can provide concentration–time curves of drugs and their metabolites in plasma and specific tissues and organs, which has great advantages in predicting bioavailability and in understanding the kinetic process of drug metabolism in vivo.



At present, the PBPK model has been widely used in the research of drug–drug interactions (DDIs) [23,24], pharmacokinetics of special populations [25], and pharmacokinetic predictions to calculate first-in-human doses [26,27]. A variety of applications have been accepted by the FDA in drug development and regulatory decisions [4].




3.2. Advantages of PBPK Modeling in Pharmacokinetic Studies of Natural Medicine


For the pharmacokinetic study of natural medicine, PBPK modeling and simulation can be a novel and efficacious approach. The PBPK model has unique advantages in the safety evaluation of natural drugs, DDIs, pharmacokinetic study of special populations, and development of new drugs with active components of natural medicines. Figure 1 shows the strategies for studying the pharmacokinetics of natural medicine using the PBPK model.



3.2.1. The Drug Exposure of Natural Medicine Components in Target Organs and Tissues Can Be Studied by PBPK Modeling


In developing new drugs or clinical use, the toxicity and safety of natural drugs often attract great attention. The PBPK model is based on human anatomy; compartments represent organs or tissues, and the quantities of drugs flowing into and out of each chamber follow the mass balance. Therefore, the PBPK model can predict the drug exposure of toxic natural medicine components in target organs or tissues, clarify the dose–effect relationship, and provide a safe dose reference for the appropriate use of harmful natural medicines. At the same time, the PBPK model simulates the distribution of drugs and metabolites in various organs and describes the pharmacokinetic process of natural medicine active components and their metabolites, which can help in exploring the metabolic mechanism of active components or their metabolites.




3.2.2. The PBPK Model Is an Effective Tool for Studying DDIs


Natural products have a variety of components and are often used in combination with other herbs or chemical drugs. DDIs may occur internally between the active components of herbs, or externally between herbs and chemical drugs. For example, St. John’s wort is an inducer of cytochrome P450 (CYP) enzymes (most importantly CYP3A4) and P-glycoprotein, which can alter the pharmacokinetics of drugs such as digoxin, tacrolimus, indinavir, warfarin, alprazolam, and simvastatin [28]. PBPK modeling and simulation have been advocated for the quantitative prediction of DDIs [29]. It has been successfully used to describe several potential DDIs, including silibinin with raloxifene [30], glycyrrhizin with rifampin [31], curcumin with imatinib, and bosutinib [32]. The PBPK models of many active components of natural medicines can be constructed to mimic enzymatic interactions simultaneously [33]. This is suitable for the pharmacokinetic study of natural medicines characterized by multi-components.




3.2.3. The PBPK Model Has Unique Advantages for Solving the Problem of Safe Use of Natural Medicine in Special Populations


Special populations, such as children, pregnant women, the elderly, and patients with renal or hepatic impairment, often face more significant risks when using natural medicine. Many clinical studies in special populations cannot be carried out because of ethical restrictions. The PBPK model has robust extrapolation and prediction functions, which can solve this problem. First, the PBPK model for healthy people will be established. Then, the model will be extrapolated to the particular population by adjusting the physiological parameters (such as protein binding rate, enzyme/transporter-related parameters, etc.) in the specific physiological or pathological state so that the pharmacokinetic behaviors of the active components of natural drugs in special populations can be predicted. It can reference dose adjustments and the safe use of natural medicine for special populations.




3.2.4. The PBPK Model Has More Potential in the Research and Development of New Drugs Based on Natural Medicine


As a part of new drug development, finding potential monomer components from natural medicine, exploring the pharmacokinetic processes of monomer components, and integrating the pharmacokinetic information of these monomer components to establish a PBPK model helps in understanding the human pharmacokinetic characteristics of active components. With a strong extrapolation ability, the PBPK model can realize cross-species extrapolation from animal to human and solve the ethical difficulties. Based on that, the first dose in humans could be determined to decrease the risk of trial failure, reduce animal experiments, and improve the speed and efficiency of new drug research and development.






4. Applications of the PBPK Model in the Study of Pharmacokinetics of Natural Medicine


4.1. The Enzyme-Mediated Pharmacokinetic Changes in Natural Drugs


Gene polymorphism is significant in clinical practice. Genetic polymorphisms in a population may act to predispose individuals to adverse reactions or treatment failure [34]. Moreover, the use of natural medicine products continues to rise, partly because of the widespread misconception that “natural” is synonymous with “safety”. Patients often use natural medicine products to try to alleviate the disease or to supplement the treatment plan without professional consultation. As a result, natural medicines are usually taken in combination with prescription and over-the-counter drugs, likely triggering drug interactions that risk changing the pharmacodynamics and efficacy. Both gene polymorphisms and drug interactions lead to changes in the abundance of enzymes in the human body, resulting in changes in the pharmacokinetics of drugs in the population due to different metabolic rates, which will affect drug exposure and cause concerns about drug safety and efficacy. PBPK modeling and simulation can quantitatively predict the effects of gene polymorphism on the pharmacokinetics of natural drugs and study the DDIs between natural pharmaceutical preparations and chemical drugs.



4.1.1. The effects of Gene Polymorphism on the Pharmacokinetics of Natural Drugs


Cannabis has been used to treat diseases and for recreational purposes for centuries [35], and it is important to determine its metabolism process in the human body. Wolowich et al. [36] studied the pharmacokinetics of an active component of cannabis delta-9-tetrahydrocannabinol (THC) and its main metabolites, 11-hydroxy-delta-9-tetrahydrocannabinol (11-OH-THC) and 11-nor-9-carboxy-delta-9-tetrahydrocannabinol (THC-COOH) in healthy volunteers with known CYP2C9*3 status through minimal PBPK modeling, noncompartmental analysis, and compartmental modeling. This study partially revealed the complexity of cannabis disposition in the human body. It was found that CYP2C9*3 polymorphism and the hepatic diffusional barrier contributed to the variability in THC disposition. The CYP2C9*3 phenotype reduced the exposure of THC-COOH because THC production decreased in this polymorphism. The activity of THC-COOH has been reported [37], implying that the exposure difference in individuals homozygous for CYP2C9*3 may become therapeutically relevant, indicating that dose adjustments should be considered in this subpopulation [36].



The impact of CYP2B6 polymorphisms on the interactions of efavirenz with lumefantrine is used to treat malaria in children. The exposure of lumefantrine in patients could be reduced when combined with antiretroviral efavirenz, which may lead to increased malaria recrudescence rates and treatment failure. Zakaria used the PBPK model to evaluate efavirenz’s impact in reducing lumefantrine’s pharmacokinetics by CYP3A4 induction in African pediatric populations. The model also considered the impact of the CYP2B6 polymorphism in DDIs between efavirenz and lumefantrine. The study indicated that lumefantrine concentrations on day seven were significantly lower in the population of the *6/*6 CYP2B6 phenotype (p < 0.001) compared to the population of *1/*1. Therefore, it is recommended that the artemether–lumefantrine treatment regimen be extended from 3 days to 7 days in *6/*6 genotype groups [38].



The herbal hepatoprotective drug, silybin A, inhibits CYP2C9 and CYP3A4 enzymes. Thus, it may interact with losartan, the substrate of CYP2C9 and CYP3A4. Tanveer et al. established a PBPK model to simulate the pharmacokinetics of losartan with or without coadministration of silybin A in populations of different CYP2C9 genotypes to study DDIs. It was found that silybin A was a weak CYP inhibitor of losartan in the population of CYP2C9*1/*1 and CYP2C9*1/*3, while there was a moderate pharmacokinetic interaction between silybin A and losartan in CYP2C9*1/*2. The results implied that clinical strategies (losartan dose and administration frequency) could be adjusted according to individual genotypes. CYP2C9*1/*1 and CYP2C9*1/*3 genotypes may not need losartan dose adjustments, but dose adjustments may be considered in CYP2C9*1/*2 genotypes [39].




4.1.2. Study the Drug Interaction with Natural Medicine in Oncology Using PBPK Modeling


Many cancer patients take herbal drugs in addition to prescription drugs. Venkatesh et al. established a PBPK model to predict the extent of interactions between constituents in herbs and food, including grapefruit juice (bergamottin), turmeric (curcumin), and St. John’s grass (hyperforin), with oncology drugs (acalabrutinib, osimertinib, or olaparib). The corresponding interaction mechanisms (CYP3A, P-glycoprotein, and breast-cancer resistance protein), in vitro parameters, and clinical data were incorporated into the PBPK model. Prospective simulations with grapefruit juice and turmeric showed clinically minor-to-insignificant changes in exposure (<1.50-fold) to acalabrutinib, osimertinib, and olaparib. However, the interaction risk between acalabrutinib and curcumin was increased by 1.57 times. Taking St. John’s wort with acalabrutinib, Osimertinib, or olaparib has a moderate risk (ratio between 1.5 and 2) of DDIs [40]. This quantitative clinical-pharmacology-modeling framework will simplify the safety assessments of herbal products, assist with the management of DDIs, and ultimately facilitate the safe clinical use of oncology drugs.



In addition to the several aforementioned tumor drugs, DDIs between natural medicines and imatinib and bosutinib have been widely investigated. First, PBPK modeling can predict the effects of curcumin on the metabolism of imatinib and bosutinib by PBPK modeling. Curcumin is a natural active component isolated from turmeric with anticancer and hepatoprotective effects [41]. It has been identified as an effective inhibitor of the CYP3A enzyme and the ABCB1 and ABCG2 transporters. However, little is known about the potential interactions between curcumin and anticancer drugs, especially when different concentrations and new formulations are used [42]. The potential interactions could significantly impact their total body exposure (bioavailability). To predict the possible effects of curcumin coadministration on systemic exposures of imatinib and bosutinib, Adiwidjaja et al. established a PBPK model for curcumin formulated as solid lipid nanoparticles (SLN). Curcumin had potent, reversible inhibition of CYP3A4-mediated N-demethylation of imatinib and bosutinib and CYP2C8-mediated metabolism of imatinib in vitro. However, PBPK model simulations predicted only a 10% increase in systemic exposure to imatinib and bosutinib under the coadministration of SLN curcumin at the recommended dosing regimen (320 mg twice daily for 14 days), which is unlikely to be of clinical importance. PBPK simulations with different doses of curcumin showed that the interaction with imatinib and bosutinib would have clinical significance when more SLN curcumin was used (at least 3.2 g and 1.6 g, respectively) [32].



Moreover, the potential for pharmacokinetic interactions between Schisandra sphenanthera and bosutinib, but not imatinib, has recently been reported. The clinical therapeutic effect of Schisandra sphenanthera and its natural products is hepatoprotective [33]. It is known that patients treated with tyrosine kinase inhibitors take complementary medicines simultaneously, including Schisandra sphenanthera, to help reduce adverse effects [43]. Several bioactive lignans, namely schisantherin A (STA), schisandrin A (SIA), and schisandrol B, have been identified as being related to CYP3A enzymes. To investigate the potential interactions between Schisandra sphenanthera and imatinib or bosutinib, the PBPK models for interactions between Schisandra lignans and midazolam and tacrolimus were successively established and verified based on existing clinical pharmacokinetic and herb-drug interaction data. Then, the PBPK models for interactions between Schisandra lignans, imatinib, and bosutinib were developed. As result, it was predicted that the interaction between imatinib and Schisandra lignans was unlikely to be clinically significant. Conversely, bosutinib systemic exposure was expected to triple when S. sphenanthera was given at a clinically relevant dose [33].



In another study, combined with the in vitro experimental data and the published clinical pharmacokinetic data, the PBPK models were established to predict natural product–drug interactions between goldenseal, berberine, imatinib, and bosutinib. These models explain the reversible and irreversible (mechanism-based) inhibition of CYP3A enzymes and the inhibition of P-glycoprotein transporters. There is a potentially significant clinical interaction between goldenseal extract and bosutinib, but not imatinib. Thus, dose adjustment should be considered when coadministration is needed for treatment [44].



In clinical practice, the Wuzhi capsule can reduce cyclophosphamide toxicity in the kidneys and liver [45]. To study the effects of the main constituents of the Wuzhi capsule, SIA, and STA, on the pharmacokinetics of cyclophosphamide, Chen et al. developed reliable PBPK models of SIA, STA, and cyclophosphamide to predict the DDIs caused by SIA and STA. The results showed that the area under the plasma concentration–time curve (AUC) of cyclophosphamide was increased by 18% and 1% when administered in combination with STA and SIA at a single dose, respectively, and increased by 301% and 29% when administered in combination with STA and SIA at multiple doses, respectively. The maximum concentration of cyclophosphamide was increased by 75% and 7% when combined with STA and SIA at multiple doses, respectively. This study showed that STA had a more significant inhibitory effect on cyclophosphamide metabolism than SIA, and cyclophosphamide’s adverse drug reactions and toxicity should be closely monitored. Dosing adjustment of cyclophosphamide could be considered when coadministered with the Wuzhi capsule [46].




4.1.3. Study of the Drug Interactions with Natural Medicine in Immunosuppression by PBPK Modeling


The Wuzhi capsule is often prescribed with tacrolimus in China to alleviate drug-induced hepatotoxicity. Considering DDIs and gene polymorphisms, the effects of several active components on the pharmacokinetics of tacrolimus have been studied. As the main active components of the Wuzhi capsule, STA and SIA can inhibit the CYP3A enzymes and increase the systematic exposure of tacrolimus. Zhang et al. quantitatively analyzed the contributions of STA and SIA in the Wuzhi capsule on the pharmacokinetic profile of tacrolimus based on PBPK modeling [47]. Moreover, CYP3A5 is an important metabolic enzyme of tacrolimus. Approximately 40–50% of the variability in tacrolimus dose requirement is due to the polymorphism of CYP3A5 [48]. Another study [49] showed that STA had a time-dependent and reversible inhibition effect on CYP3A4, but only a reversible inhibition effect on CYP3A5, according to in vitro experiments. Nevertheless, SIA had time-dependent inhibition on CYP3A4 and 3A5 and reversible inhibition on CYP3A5. To predict the impact of CYP3A5 polymorphisms on DDIs between tacrolimus and schisantherin A/schisandrin A, a PBPK model was established with the CYP3A5 polymorphism included. The results showed that tacrolimus exposure was increased 2.70- and 2.41-fold in CYP3A5 expressers and nonexpressers, respectively, after the multidose simulations of STA. SIA also increased tacrolimus exposure, but to a lesser extent than STA.



Moreover, Fructus schizandrol A (SZA) and schizandrol B (SZB) are two active components of the Wuzhi capsule. Metabolic study results showed that SZB shows both reversible and time-dependent inhibition on CYP3A4 and CYP3A5, while SZA shows time-dependent inhibition to a limited extent through CYP3A4. In addition, the PBPK model predicted that multidose SZB would increase tacrolimus exposure by 26% and 57% in CYP3A5 expressive and nonexpressive individuals, respectively. The results can provide reference and help for patients with different CYP3A5 genotypes in long-term DDIs between tacrolimus and Wuzhi capsules. Particular attention should be paid to the coadministration of the Wuzhi capsule and tacrolimus [50].



Cyclosporine A is also commonly used to alleviate rejection after organ transplantation. It has been reported that Wuzhi capsules could change the pharmacokinetics of cyclosporine A [51]. The AUC of cyclosporine A, in combination with STA, increased by 47% and 226%, respectively, and in combination with SIA, increased by 8% and 36%, respectively. The PBPK model fully described the pharmacokinetics of cyclosporine A, SIA, and STA. Compared with SIA, STA has a more significant inhibitory effect on cyclosporine A metabolism. Our results show that the dose of cyclosporine A can be reduced to maintain a similar profile compatible with the Wuzhi capsule.





4.2. Pharmacokinetics of Natural Medicine Active Components in Special Populations


It is often difficult for special populations, including children, pregnant women, the elderly, and patients with liver or kidney insufficiency, to determine the safe dose in clinical practice. For instance, the risk of a drug overdose in patients with liver and kidney injury is significantly increased due to fluctuating physiologic status. In addition, clinical trials in special groups are often waived due to ethical problems. Thus, it is hard to study the pharmacokinetics of natural medicine active components in vivo in special populations. PBPK modeling can tackle this problem by predicting the pharmacokinetic process of compounds in vivo based on physiological and pathological changes.



4.2.1. THC/11-OH-THC PBPK Modeling in Pregnant Women


Continuing use of cannabis during pregnancy is associated with poorer neonatal outcomes [52] and neurodevelopmental consequences [53]. THC and its active metabolite, 11-OH-THC, are the main psychoactive constituents of cannabis. Prospective clinical studies to measure maternal and fetal drug exposure are not ethically feasible but can be simulated using the PBPK model. Patilea-Vrana et al. developed and validated a linked PBPK model of THC and 11-OH-THC in a healthy, nonpregnant population after intravenous and inhalation administration, and then extrapolated to pregnant women by taking into account the gestational physiological changes, such as changes in drug-metabolizing enzyme activity and drug-binding protein expression. Simulation results showed that the THC plasma AUC did not change during pregnancy, but 11-OH-THC plasma AUC decreased by up to 41%. The linked THC/11-OH-THC PBPK model can be extrapolated and then predict exposure in special populations, DDIs, or the impact of gene polymorphism in the future [54].




4.2.2. Evaluating the Safety of Tripterygium Wilfordii in Patients with Liver Injury by PBPK Modeling


In clinical practice, Tripterygium wilfordii treats autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematosus. Triptolide is the main active ingredient with immunosuppressive and anti-inflammatory effects, but also the main component causing hepatotoxicity. To evaluate the safety of Tripterygium wilfordii products in patients with liver injury, Wu established a rat PBPK model of triptolide and then extrapolated it to a human model. The pharmacokinetics of triptolide in healthy and liver injury populations was predicted by the PBPK model. The results showed that the metabolic rate of triptolide decreased and drug exposure was significantly elevated in patients with moderate and severe liver cirrhosis, which may aggravate the hepatotoxicity of triptolide in such patients and cause serious safety problems [55]. Therefore, when Tripterygium wilfordii preparation is used, more attention should be paid to the liver function of patients and dosage adjustment in time to ensure safety.





4.3. PBPK Modeling Can Help Speed Up the Research and Development of New Natural Medicines and Add New Indications


There has been an increasing demand to predict human pharmacokinetics as early as possible to help select the best candidates for further development and avoid drug discovery failures due to poor pharmacokinetics. The PBPK model can predict the concentration–time profiles of compounds in plasma and human target organs or tissues, giving an idea of such compound performances, which makes it easy to understand the pharmacokinetic properties of novel compounds. Thus, in the drug screening stage, the PBPK model can assist in obtaining drug information. When a new drug is about to enter a clinical trial, the PBPK model can assist in choosing the first dose in humans to speed up the process. At the same time, for existing natural compounds, PBPK modeling can be used to predict the concentration in new target tissues and increase new indications.



4.3.1. Dosing Determination for Natural Medicine Using PBPK Modeling


In order to achieve optimal ratios of red-clover components (formononetin, biochanin, A. daidzein, and genistein) and obtain optimal efficacy, a PBPK/PD model was successfully established to describe the time course of concentration and effect. The red-clover bioactive substances and their metabolites in different animal species, including humans, were included, along with the enterohepatic cycling process. The pharmacodynamic model described the rate of bone formation and resorption. According to the simulation results, a recommended daily dosage of 5 to 200 mg was recommended [56].



Andrographolide has a potent antiviral effect in the treatment of COVID-19. Talapphetsakun established a perfusion-limited PBPK model in mice and then extrapolated it to rats, dogs, and humans. According to the results, there is absorption saturation of the high dose (12 g) of andrographolide. Based on simulation results, it was proposed that an oral dose of 200 mg every 8 h can keep the trough level of andrographolide in the lungs above the reported anti-SARS-CoV-2 half-maximal inhibitory concentration, but lower than the pulmonary toxicity threshold [57].




4.3.2. Local Exposure Estimation of Natural Medicine Using PBPK Modeling


Rivero-Segura et al. screened 100 compounds in silico isolated from the most commonly used Mexican herbal medicine. Only three compounds could target the critical proteins of SARS-CoV-2 stably, while only one (cichoriin) was safe, based on the docking results and toxicological properties. Cichoriin has a strong affinity to the main targets of SARS-CoV-2. To determine whether cichoriin could achieve sufficient exposure locally against COVID-19, PBPK models were constructed using data from other coumarins with similar structures. The simulation showed that when injected intravenously at 100 mg/kg, the concentration of cichoriin might reach acceptable levels in plasma, intracellularly, and the highest concentration in the lung. The PBPK model makes it easier to understand the pharmacokinetics properties of novel compounds and obtain information about their local exposure to the target organs and tissues [58].



Mitragynine is the major psychoactive alkaloid in kratom leaves and acts as a μ opioid agonist with analgesic, antidepressant, and other pharmacological effects. A PBPK model was successfully established by incorporating important biologically related features, including breast-cancer resistance protein in the brain, CYP3A4-mediated liver metabolism, and diffusion-limited transport in fat. The model can predict the blood and brain concentration–time curves of mitragynine in rats and humans under different administration scenarios and can guide the formulation of better local penetration [59].



Deoxypodophyllotoxin (DPT) is a phytochemical with antitumor pharmacological activity. A PBPK model including tumor compartment was established to predict DPT exposure in plasma, tumor tissue, and main normal tissues of NCI-H460 tumor-bearing mice. Then PBPK model was linked with a PD model based on in vitro cytotoxicity test results, and the PBPK-PD model successfully predicted the tumor growth of NCI-H460 tumor-bearing mice during multidose DPT treatment. The results showed that the antitumor effect in vivo could be predicted based on in vitro cytotoxicity test by the PBPK-PD model. This method can facilitate and accelerate the screening of anticancer drug candidates and the design of drug delivery regimens in drug discovery [60].




4.3.3. Extrapolation to Humans Pharmacokinetically and Pharmacodynamically Using PBPK Modeling


Soraphen A is a natural macrolide product produced by the myxobacterium Sorangium cellulosum. It is effective against the dengue virus. A mouse PBPK/PD model for dengue virus was established and extrapolated to humans. The clinical situation predicted a reduction in viremia by more than one log10 unit for an intravenous infusion regimen of Soraphen A [61].



To assess the PKs and PD of 5-methoxypsoralen that is standardized in an approved drug in Brazil, a PBPK model was established in rats using in vitro and in vivo studies. Then, the model was extrapolated to humans to support psoralen and ultraviolet type A therapy. PBPK model prediction in humans supported a once-every-two-day regimen for optimal melanin production. The method can be suitable for supporting dose selection strategies and studying the effects of drugs on melanocyte recovery [62].





4.4. Other Applications of PBPK Modeling in the Pharmacokinetic Study of Natural Medicine


The effects of intestinal metabolism and enterohepatic circulation on bioavailability and systemic disposal of resveratrol in rats and humans could be investigated by PBPK modeling. Resveratrol is a natural polyphenol plant health hormone. The PBPK model simulation illustrated the significant contribution of intestinal first-pass metabolism to the systemic elimination of resveratrol and the differential effect of enterohepatic circulation on systemic exposure to resveratrol in rats and humans. After partial modification and verification, the PBPK model can optimize the drug delivery regimen and predict the interaction between resveratrol natural products and drugs in various clinical scenarios [63].



The risk of drug-induced liver injury poses a major challenge for developing natural products derived from TCMs. Li et al. developed a method integrating a support vector machine classifier and PBPK modeling. They predicted the dosing schedules of triptolide, emodin, matrine, and oxymatrine, corresponding to the different probabilities of hepatotoxicity. The safe dosing regimen of oxymatrine estimated by this method (367 mg thrice a day) was close to the clinically recommended regimen (200–300 mg thrice a day), which proved the reliability of the technique. The results showed that the technique could be used to predict the daily multidose administration regimen of the compound and provide a reference for the safety evaluation and development of natural products derived from TCMs [64].



PBPK modeling could be used for exposure, toxicity, and risk assessment of Pyrrolizidine alkaloids in food and phytomedicine. Petasites japonicus is consumed as a wild vegetable or used in folk medicine in Japan. Neopetasitenine is the major form of pyrrolizidine alkaloid in Petasites japonicus, which exists at high concentrations with its carcinogenic deacetylated metabolite, petasitenine. The plasma levels of neomymatrine and petasitenine were predicted by establishing a PBPK model in rats and extrapolating the model to humans with an allometric scaling method. PBPK simulations showed that daily Petasites japonicus will cause sustained dangerous concentrations of deacetylated petasitenine in human plasma or liver [65].



PBPK model is an excellent tool for studying the permeability of TCM and predict human absorption. Liu et al. established the PBPK model of several aglycones (quercetin, daidzein, formononetin, genistein, and glycyrrhetinic acid) in rats and beagle dogs. They extrapolated the model to humans by allometric scaling, followed by predictions of absorption fraction and bioavailability of aglycone components in humans. The predicted absorption fraction in humans showed a similar data range and trend, posing a good correlation with predicted results by the single-pass intestinal perfusion model [66].



The applications of the PBPK model in the study of the pharmacokinetics of natural medicine mentioned above are summarized in Table 1.





5. Discussion


As a reliable quantitative method for pharmacokinetic studies, PBPK modeling has been used increasingly in the research, development, and clinical administration of natural medicine. The PBPK model has unique value and significance for studying the pharmacokinetics of natural drugs. (i) The PBPK model can significantly reduce unnecessary trials and lower experimental costs. Traditional pharmacokinetic studies in vivo are generally based on animal experiments, resulting in a large amount of experimental animal and material consumption [67]. PBPK modeling can reduce the use of experimental animals and only requires in vitro data to build bottom-up modeling. In a recent study, the pharmacokinetics of seven commonly used microsomal enzyme probe substrates were well-predicted by PBPK modeling [68]. It was proved that PBPK modeling is a feasible strategy to practice the 3R principles and a valuable tool for pharmacokinetic research. (ii) PBPK modeling can predict the pharmacokinetics among different species and speed up the research process for the pharmacokinetic analysis. With advanced computational technology, PBPK modeling can make drug screening faster and identify clinically significant and exploitable compounds with good pharmacokinetic properties, greatly shortening the preclinical process and assisting in choosing the first dose in humans. (iii) When applied to guide clinical drug use, PBPK modeling can help achieve accurate dosing in different populations and reduce adverse drug reactions.



Natural drugs have been used worldwide for centuries, especially in developing countries. However, natural medicines are generally defined as dietary supplements, not drugs, and are not regulated by governmental health agencies, e.g., the FDA and the European Medicines Agency [69]. It has been reported that 50% of Americans take dietary supplements, mostly composed of natural botanical products [70]. Although natural medicines are widely used, the pharmacokinetics and pharmacodynamics of many natural medicines are not clear. In this review, the related research and application of the PBPK model in natural medicine are summarized for the first time. Compared with traditional animal experimental research, there are fewer articles to establish the PBPK model in silico to study the pharmacokinetics of natural medicine. However, the PBPK model includes the mechanisms that affect ADME (such as CYP450 enzymes, glucuronosyltransferases enzymes, transporters such as P-glycoprotein, and breast-cancer resistance proteins). This bottom-up research method cannot be achieved by traditional pharmacokinetic research. Recently, the uprising research ideas mainly focus on the metabolic and elimination mechanisms of natural drugs in vivo, DDI predictions, gene polymorphisms, concentration predictions in target organs or tissues for drug development or new indication adding, and drug dosage adjustments for special populations using PBPK models. Among them, DDI research accounts for a larger proportion because natural medicine is generally used as a supplement in combination with chemical drugs, while natural medicine plays a role as a perpetrator. As concluded in Table 1, the interaction could be so significant that it requires dosing adjustments based on the exposure change.



Despite the promising applications, it should be noted that PBPK modeling is not directly applicable to the pharmacokinetic study of natural medicine according to its modeling characteristics. Different from chemical drugs, natural-medicine PBPK modeling has more difficulties. Firstly, choosing a component as the main object and integrating remainings is a complex problem for natural medicine in PBPK modeling. Secondly, the lack of standardization of TCM products or other botanical drugs leads to significant differences in the content of components. Thus, as described in the PBPK modeling strategy of natural medicine in Figure 1, the dose of the key active component should be determined first. Thirdly, considering the multicomponent characteristics of natural drugs, it is difficult to ignore the influences of internal interactions—which are complex and require further research and discussion—on pharmacokinetic studies. In addition, the relevant pharmacokinetic data of natural drugs in clinical practice are less than that of chemical drugs. These factors restrict the application of the PBPK model in the pharmacokinetic study of natural medicine. Therefore, PBPK modeling is more suitable for studying monomer compounds with clear structures and principal components with high content in natural drugs to further explore the single and synergistic effects of multiple components in pharmacokinetics. Furthermore, PBPK modeling requires a large number of physiological parameters, such as the volume and blood flow rates of various tissues and organs, as well as related parameters of drug metabolism in vivo, including drug solubility, plasma-protein binding rate, enzyme and transporter parameters, etc. Obtaining these parameters requires intensive literature review and benchwork. In addition, as a mathematical model, PBPK modeling also requires developing computational algorithms to support complex calculations and more sophisticated frameworks. With the development of related technologies, PBPK modeling is expected to be more optimized and advanced enough for natural medicine.




6. Methods


PBPK studies from 2018 to 2022 that were reported to be related to natural medicine were researched based on the “Mesh terms OR Entry terms” strategy in four databases: PubMed, Web of Science, Embase and the China National Knowledge Infrastructure (CNKI). The relevant PBPK studies on natural medicine were identified using the following search terms: ((Pharmacokinetics)) AND ((Physiologically Based Pharmacokinetic) OR (PBPK) OR (Simcyp) OR (PK Sim) OR (Gastroplus) OR (MATLAB) OR (WinNonlin) OR (Berkeley Madonna) OR (R Software) OR (STELLA) OR (MCSim) OR (RVis) OR (acslX)) AND ((Dietary Supplements) OR (Plant Preparations) OR (Plants, Medicinal) OR (Herbal Medicine) OR (Phytochemicals) OR (Phytomedicine) OR (Herb) OR (Herba) OR (Herbal) OR (Herbal Preparations) OR (Herbaceous Agent) OR (Constituent) OR (Vegetable Medicine) OR (Vegetable Drug) OR (Natural Drug) OR (Natural Compound) OR (Natural Medicine) OR (Plants) OR (Crude Drugs) OR (Traditional Chinese Medicine) OR (Traditional Medicine) OR (Chinese Herbal Monomer) OR (Galenical) OR (Galenical Pharmaceuticals) OR (Galenical Extracts) OR (Galenical Preparations) OR (Botanical Drug) OR (Botanical Natural Product)). The inclusion criteria were: 1) pharmacokinetic studies based on PBPK modeling; 2) studies involving natural medicine. The exclusion criteria were surveys, case reports, and abstracts of congress meetings or conference proceedings. Finally, 24 typical studies were included and discussed in this review.




7. Conclusions


This review summarizes the applications of the PBPK model in the pharmacokinetic study of natural drugs, including DDI, gene polymorphism, special populations, and new drug research and development. Currently, the PBPK modeling of natural medicine focuses on the monomer components. With the development and advancement of PBPK modeling, it is expected that multi-components will be studied comprehensively in the future.







Author Contributions


Conceptualization, Q.J., Q.H., L.Y. and X.X.; writing—original draft preparation, Q.J. and Q.H.; writing—review and editing, Q.J., Q.H., L.Y., X.X., X.Z., J.L., M.L. and Z.T.; visualization, Q.J.; supervision, X.X. and X.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the National Natural Science Foundation of China (82011540409) and the Foundation of Shanghai Municipal Commission of Health and Family Planning (202240116).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rao, T.; Tan, Z.; Peng, J.; Guo, Y.; Chen, Y.; Zhou, H.; Ouyang, D. The pharmacogenetics of natural products: A pharmacokinetic and pharmacodynamic perspective. Pharmacol. Res. 2019, 146, 104283. [Google Scholar] [CrossRef]

	



Chopra, B.; Dhingra, A.K. Natural products: A lead for drug discovery and development. Phytother. Res. 2021, 35, 4660–4702. [Google Scholar] [CrossRef]

	



Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019. J. Nat. Prod. 2020, 83, 770–803. [Google Scholar] [CrossRef]

	



Grimstein, M.; Yang, Y.; Zhang, X.; Grillo, J.; Huang, S.M.; Zineh, I.; Wang, Y. Physiologically Based Pharmacokinetic Modeling in Regulatory Science: An Update From the U.S. Food and Drug Administration’s Office of Clinical Pharmacology. J. Pharm. Sci. 2019, 108, 21–25. [Google Scholar] [CrossRef]

	



Lesko, L.J. Perspective on model-informed drug development. CPT Pharmacomet. Syst. Pharmacol. 2021, 10, 1127–1129. [Google Scholar] [CrossRef]

	



Liu, L.; Jia, Z.; Yan, X.; Zhu, M.; Fang, C.; Feng, M.; Huang, B.; Liu, J.; Li, Q.; Xiao, H. Effect of Chuanxiong Rhizoma on the absorption and clearance of four coumarins in Angelicae Dahuricae Radix. Acta Pharm. Sin. 2021, 56, 1804–1810. (In Chinese) [Google Scholar] [CrossRef]

	



Qian, H.; Zhang, M.; Zou, Y.; Liu, S.; Wang, W.; Chen, Q.; Liu, G.; Liu, Y.; Lu, C.; Jia, J. Pharmacokinetics and Safety of Huperzine A in Chinese Elderly Subjects. Her. Med. 2021, 40, 764–767. (In Chinese) [Google Scholar]

	



Gong, Z.; Lin, Z.; Han, L. Analysis of research status based on projects in pharmacokinetics of traditional Chinese medicine funded by National Natural Science Foundation of China. China J. Chin. Mater. Med. 2021, 46, 1010–1016. (In Chinese) [Google Scholar] [CrossRef]

	



Ling, X.; Chen, Y.; Wang, P.; Li, C.; Li, X. Effects of flavonoids from Chinese traditional Medicine on other drugs mediated by metabolic enzymes and transporters. China Pharm. 2021, 32, 2287–2293. (In Chinese) [Google Scholar]

	



Zhang, W.; Liu, X.; Wen, C.; Jiang, X.; Wang, L. Review of the in vitro inhibitory effects of traditional Chinese medicine and its components on CYP450 enzymes in liver microsomes. Acta Pharm. Sin. 2022, 57, 303–312. (In Chinese) [Google Scholar] [CrossRef]

	



Sun, X.; Wu, Q.; Ma, W.; Zhen, X.; Lv, S.; Guo, Y. Advances in pharmacokinetics of Traditional Chinese medicine. J. Hebei Tradit. Chin. Med. Pharmacol. 2018, 33, 52–55. (In Chinese) [Google Scholar] [CrossRef]

	



Liu, C. Difficulty and hot-points on pharmacokinetics studies of traditional Chinese medicine. Acta Pharm. Sin. 2005, 40, 395–401. (In Chinese) [Google Scholar] [CrossRef]

	



Xu, Y.; Feng, J.; Sun, H.; Ning, L.; He, F. Survey on pharmacokinetics of Gastrodia elata Blume. Chin. J. Ethnomedicine Ethnopharmacy 2021, 30, 71–77. (In Chinese) [Google Scholar]

	



Guo, S.; Wang, Q.; Lin, S.; Que, H.; Yang, J. Pharmacokinetics of triptolide as active metabolite of iso-tripthiocyanatolide in SD rats. Chin. J. Clin. Pharmacol. 2012, 28, 355–357. (In Chinese) [Google Scholar] [CrossRef]

	



Li, Y.; Wang, Y.; Luo, H.; Huang, C.; Zhu, J. Determination of Serum Concentration of Triptolide in Patients with Rheumatoid Arthritis and lts Pharmacokinetics Study. Chin. J. Inf. Tradit. Chin. Med. 2014, 21, 85–87. (In Chinese) [Google Scholar]

	



Jones, H.M.; Chen, Y.; Gibson, C.; Heimbach, T.; Parrott, N.; Peters, S.A.; Snoeys, J.; Upreti, V.V.; Zheng, M.; Hall, S.D. Physiologically based pharmacokinetic modeling in drug discovery and development: A pharmaceutical industry perspective. Clin. Pharmacol. Ther. 2015, 97, 247–262. [Google Scholar] [CrossRef]

	



Liu, H.; Chen, F.; Xiang, X.; Quan, Y.; Jin, S. Application of Physiologically Based Pharmacokinetic Modeling in Pharmaceutics. Chin. J. Pharm. 2019, 50, 383–391. (In Chinese) [Google Scholar] [CrossRef]

	



Zhuang, X.; Lu, C. PBPK modeling and simulation in drug research and development. Acta Pharm. Sin. B 2016, 6, 430–440. [Google Scholar] [CrossRef]

	



Jamei, M. Recent Advances in Development and Application of Physiologically-Based Pharmacokinetic (PBPK) Models: A Transition from Academic Curiosity to Regulatory Acceptance. Curr. Pharmacol. Rep. 2016, 2, 161–169. [Google Scholar] [CrossRef]

	



Soldin, O.P.; Mattison, D.R. Sex differences in pharmacokinetics and pharmacodynamics. Clin. Pharmacokinet. 2009, 48, 143–157. [Google Scholar] [CrossRef]

	



Wang, X. Study on physiologically based pharmacokinetic modelling and its application. Master’s Thesis, Zhejiang University, Hangzhou, China, 2006. (In Chinese). [Google Scholar]

	



Jiang, X.L.; Samant, S.; Lewis, J.P.; Horenstein, R.B.; Shuldiner, A.R.; Yerges-Armstrong, L.M.; Peletier, L.A.; Lesko, L.J.; Schmidt, S. Development of a physiology-directed population pharmacokinetic and pharmacodynamic model for characterizing the impact of genetic and demographic factors on clopidogrel response in healthy adults. Eur. J. Pharm. Sci. 2016, 82, 64–78. [Google Scholar] [CrossRef] [PubMed]

	



Jin, Z.; He, Q.; Zhu, X.; Zhu, M.; Wang, Y.; Wu, X.A.; Lv, Q.; Xiang, X. Application of physiologically based pharmacokinetic modelling for the prediction of drug-drug interactions involving anlotinib as a perpetrator of cytochrome P450 enzymes. Basic Clin. Pharmacol. Toxicol. 2022, 130, 592–605. [Google Scholar] [CrossRef] [PubMed]

	



Niu, W.; Li, S.; Jin, S.; Lin, X.; Zhang, M.; Cai, W.; Jiao, Z.; Xiang, X. Investigating the interaction between nifedipine- and ritonavir-containing antiviral regimens: A physiologically based pharmacokinetic/pharmacodynamic analysis. Br. J. Clin. Pharmacol. 2021, 87, 2790–2806. [Google Scholar] [CrossRef]

	



George, B.; Lumen, A.; Nguyen, C.; Wesley, B.; Wang, J.; Beitz, J.; Crentsil, V. Application of physiologically based pharmacokinetic modeling for sertraline dosing recommendations in pregnancy. NPJ Syst. Biol. Appl. 2020, 6, 36. [Google Scholar] [CrossRef]

	



Wagner, C.; Zhao, P.; Pan, Y.; Hsu, V.; Grillo, J.; Huang, S.M.; Sinha, V. Application of Physiologically Based Pharmacokinetic (PBPK) Modeling to Support Dose Selection: Report of an FDA Public Workshop on PBPK. CPT Pharmacomet. Syst. Pharmacol. 2015, 4, 226–230. [Google Scholar] [CrossRef] [PubMed]

	



Offman, E.; Edginton, A.N. A PBPK workflow for first-in-human dose selection of a subcutaneously administered pegylated peptide. J. Pharmacokinet. Pharmacodyn. 2015, 42, 135–150. [Google Scholar] [CrossRef]

	



Nicolussi, S.; Drewe, J.; Butterweck, V.; Meyer Zu Schwabedissen, H.E. Clinical relevance of St. John’s wort drug interactions revisited. Br. J. Pharmacol. 2020, 177, 1212–1226. [Google Scholar] [CrossRef]

	



Brantley, S.J.; Argikar, A.A.; Lin, Y.S.; Nagar, S.; Paine, M.F. Herb-drug interactions: Challenges and opportunities for improved predictions. Drug Metab. Dispos. 2014, 42, 301–317. [Google Scholar] [CrossRef]

	



Gufford, B.T.; Barr, J.T.; González-Pérez, V.; Layton, M.E.; White, J.R., Jr.; Oberlies, N.H.; Paine, M.F. Quantitative prediction and clinical evaluation of an unexplored herb-drug interaction mechanism in healthy volunteers. CPT Pharmacomet. Syst. Pharmacol. 2015, 4, 701–710. [Google Scholar] [CrossRef]

	



Dong, J.; Olaleye, O.E.; Jiang, R.; Li, J.; Lu, C.; Du, F.; Xu, F.; Yang, J.; Wang, F.; Jia, W.; et al. Glycyrrhizin has a high likelihood to be a victim of drug-drug interactions mediated by hepatic organic anion-transporting polypeptide 1B1/1B3. Br. J. Pharmacol. 2018, 175, 3486–3503. [Google Scholar] [CrossRef]

	



Adiwidjaja, J.; Boddy, A.V.; McLachlan, A.J. Physiologically-Based Pharmacokinetic Predictions of the Effect of Curcumin on Metabolism of Imatinib and Bosutinib: In Vitro and In Vivo Disconnect. Pharm. Res. 2020, 37, 128. [Google Scholar] [CrossRef]

	



Adiwidjaja, J.; Boddy, A.V.; McLachlan, A.J. Potential for pharmacokinetic interactions between Schisandra sphenanthera and bosutinib, but not imatinib: In vitro metabolism study combined with a physiologically-based pharmacokinetic modelling approach. Br. J. Clin. Pharmacol. 2020, 86, 2080–2094. [Google Scholar] [CrossRef]

	



Mazzari, A.L.; Prieto, J.M. Herbal medicines in Brazil: Pharmacokinetic profile and potential herb-drug interactions. Front. Pharmacol. 2014, 5, 162. [Google Scholar] [CrossRef]

	



Le Foll, B.; Tyndale, R.F. Cannabinoids: Friend or foe? Clin. Pharmacol. Ther. 2015, 97, 528–531. [Google Scholar] [CrossRef]

	



Wolowich, W.R.; Greif, R.; Kleine-Brueggeney, M.; Bernhard, W.; Theiler, L. Minimal Physiologically Based Pharmacokinetic Model of Intravenously and Orally Administered Delta-9-Tetrahydrocannabinol in Healthy Volunteers. Eur. J. Drug Metab. Pharmacokinet. 2019, 44, 691–711. [Google Scholar] [CrossRef]

	



Wilsey, B.L.; Deutsch, R.; Samara, E.; Marcotte, T.D.; Barnes, A.J.; Huestis, M.A.; Le, D. A preliminary evaluation of the relationship of cannabinoid blood concentrations with the analgesic response to vaporized cannabis. J. Pain. Res. 2016, 9, 587–598. [Google Scholar] [CrossRef]

	



Zakaria, Z.; Badhan, R.K.S. The impact of CYP2B6 polymorphisms on the interactions of efavirenz with lumefantrine: Implications for paediatric antimalarial therapy. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2018, 119, 90–101. [Google Scholar] [CrossRef]

	



Tanveer, A.; Hussain, K.; Tasneem, H.; Arif, I.; Rashid, M.; Abbas, N.; Shamim, R.; Shah, P.A.; Bukhari, N.I. Prediction of CYP-mediated silybin A-losartan pharmacokinetic interactions using physiological based pharmacokinetic modeling. J. Pharmacokinet. Pharmacodyn. 2022, 49, 311–323. [Google Scholar] [CrossRef]

	



Pilla Reddy, V.; Jo, H.; Neuhoff, S. Food constituent- and herb-drug interactions in oncology: Influence of quantitative modelling on Drug labelling. Br. J. Clin. Pharmacol. 2021, 87, 3988–4000. [Google Scholar] [CrossRef]

	



Salehi, B.; Stojanović-Radić, Z.; Matejić, J.; Sharifi-Rad, M.; Anil Kumar, N.V.; Martins, N.; Sharifi-Rad, J. The therapeutic potential of curcumin: A review of clinical trials. Eur. J. Med. Chem. 2019, 163, 527–545. [Google Scholar] [CrossRef]

	



Adiwidjaja, J.; McLachlan, A.J.; Boddy, A.V. Curcumin as a clinically-promising anti-cancer agent: Pharmacokinetics and drug interactions. Expert Opin. Drug Metab. Toxicol. 2017, 13, 953–972. [Google Scholar] [CrossRef] [PubMed]

	



Fleischer, T.; Chang, T.T.; Chiang, J.H.; Chang, C.M.; Hsieh, C.Y.; Yen, H.R. Adjunctive Chinese Herbal Medicine therapy improves survival of patients with chronic myeloid leukemia: A nationwide population-based cohort study. Cancer Med. 2016, 5, 640–648. [Google Scholar] [CrossRef] [PubMed]

	



Adiwidjaja, J.; Boddy, A.V.; McLachlan, A.J. Physiologically based pharmacokinetic model predictions of natural product-drug interactions between goldenseal, berberine, imatinib and bosutinib. Eur. J. Clin. Pharmacol. 2022, 78, 597–611. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, J.; Zhang, F.; Gao, S.; Chen, L.; Feng, G.; Yin, J.; Chen, W. Schisandra chinensis extract decreases chloroacetaldehyde production in rats and attenuates cyclophosphamide toxicity in liver, kidney and brain. J. Ethnopharmacol. 2018, 210, 223–231. [Google Scholar] [CrossRef]

	



Chen, L.; Ji, N.; Zhang, M.; Chen, W. The Influence of Wuzhi Capsule on the Pharmacokinetics of Cyclophosphamide. Recent Pat. Anticancer Drug Discov. 2021, 17, 195–203. [Google Scholar] [CrossRef]

	



Zhang, H.; Bu, F.; Li, L.; Jiao, Z.; Ma, G.; Cai, W.; Zhuang, X.; Lin, H.S.; Shin, J.G.; Xiang, X. Prediction of Drug-Drug Interaction between Tacrolimus and Principal Ingredients of Wuzhi Capsule in Chinese Healthy Volunteers Using Physiologically-Based Pharmacokinetic Modelling. Basic Clin. Pharmacol. Toxicol. 2018, 122, 331–340. [Google Scholar] [CrossRef]

	



Tang, J.T.; Andrews, L.M.; van Gelder, T.; Shi, Y.Y.; van Schaik, R.H.; Wang, L.L.; Hesselink, D.A. Pharmacogenetic aspects of the use of tacrolimus in renal transplantation: Recent developments and ethnic considerations. Expert Opin. Drug Metab. Toxicol. 2016, 12, 555–565. [Google Scholar] [CrossRef]

	



He, Q.; Bu, F.; Zhang, H.; Wang, Q.; Tang, Z.; Yuan, J.; Lin, H.S.; Xiang, X. Investigation of the Impact of CYP3A5 Polymorphism on Drug-Drug Interaction between Tacrolimus and Schisantherin A/Schisandrin A Based on Physiologically-Based Pharmacokinetic Modeling. Pharmaceuticals 2021, 14, 198. [Google Scholar] [CrossRef]

	



He, Q.; Bu, F.; Wang, Q.; Li, M.; Lin, J.; Tang, Z.; Mak, W.Y.; Zhuang, X.; Zhu, X.; Lin, H.S.; et al. Examination of the Impact of CYP3A4/5 on Drug-Drug Interaction between Schizandrol A/Schizandrol B and Tacrolimus (FK-506): A Physiologically Based Pharmacokinetic Modeling Approach. Int. J. Mol. Sci. 2022, 23, 4485. [Google Scholar] [CrossRef]

	



Fan, J.; Chen, L.; Lu, X.; Li, M.; Zhu, L. The Pharmacokinetic Prediction of Cyclosporin A after Coadministration with Wuzhi Capsule. AAPS Pharm. Sci. Tech. 2019, 20, 247. [Google Scholar] [CrossRef]

	



Grzeskowiak, L.E.; Grieger, J.A.; Andraweera, P.; Knight, E.J.; Leemaqz, S.; Poston, L.; McCowan, L.; Kenny, L.; Myers, J.; Walker, J.J.; et al. The deleterious effects of cannabis during pregnancy on neonatal outcomes. Med. J. Aust. 2020, 212, 519–524. [Google Scholar] [CrossRef] [PubMed]

	



Stickrath, E. Marijuana Use in Pregnancy: An Updated Look at Marijuana Use and Its Impact on Pregnancy. Clin. Obstet. Gynecol. 2019, 62, 185–190. [Google Scholar] [CrossRef] [PubMed]

	



Patilea-Vrana, G.I.; Unadkat, J.D. Development and Verification of a Linked Δ (9)-THC/11-OH-THC Physiologically Based Pharmacokinetic Model in Healthy, Nonpregnant Population and Extrapolation to Pregnant Women. Drug Metab. Dispos. 2021, 49, 509–520. [Google Scholar] [CrossRef] [PubMed]

	



Wu, T. Study on Metabolism and Disposition of TP in vivo and in vitro and its interaction with CYP enzyme. Master’s Thesis, Academy of Military Sciences, Beijing, China, 2018. (In Chinese). [Google Scholar]

	



Tam, Y.K.; Lin, Y.-C.J.; Sloley, B.D.; Tseng, C.-Y. Development of a phytoestrogen product for the prevention or treatment of osteoporosis using red clover. US patent 11123389, 21 September 2021. [Google Scholar]

	



Talapphetsakun, T.; Viyoch, J.; Waranuch, N.; Sermsappasuk, P. The Development of a Physiologically Based Pharmacokinetic (PBPK) Model of Andrographolide in Mice and Scaling it up to Rats, Dogs, and Humans. Curr. Drug Metab. 2022, 23, 538–552. [Google Scholar] [CrossRef] [PubMed]

	



Rivero-Segura, N.A.; Gomez-Verjan, J.C. In Silico Screening of Natural Products Isolated from Mexican Herbal Medicines against COVID-19. Biomolecules 2021, 11, 216. [Google Scholar] [CrossRef]

	



Ya, K.; Methaneethorn, J.; Tran, Q.B.; Trakulsrichai, S.; Wananukul, W.; Lohitnavy, M. Development of a Physiologically Based Pharmacokinetic Model of Mitragynine, Psychoactive Alkaloid in Kratom (Mitragyna Speciosa Korth.), In Rats and Humans. J. Psychoact. Drugs 2021, 53, 127–139. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Zhao, K.; Liu, F.; Li, Y.; Zhong, Z.; Hong, S.; Liu, X.; Liu, L. Predicting Antitumor Effect of Deoxypodophyllotoxin in NCI-H460 Tumor-Bearing Mice on the Basis of In Vitro Pharmacodynamics and a Physiologically Based Pharmacokinetic-Pharmacodynamic Model. Drug Metab. Dispos. Biol. Fate Chem. 2018, 46, 897–907. [Google Scholar] [CrossRef]

	



Rox, K.; Heyner, M.; Krull, J.; Harmrolfs, K.; Rinne, V.; Hokkanen, J.; Perez Vilaro, G.; Díez, J.; Müller, R.; Kröger, A.; et al. Physiologically Based Pharmacokinetic/Pharmacodynamic Model for the Treatment of Dengue Infections Applied to the Broad Spectrum Antiviral Soraphen A. ACS Pharmacol. Transl. Sci. 2021, 4, 1499–1513. [Google Scholar] [CrossRef]

	



Martins, F.S.; Sy, S.K.B.; Fonseca, M.J.V.; de Freitas, O. Pharmacokinetics, Pharmacodynamics and Dermal Distribution of 5-Methoxypsoralen Based on a Physiologically Based Pharmacokinetic Model to Support Phytotherapy Using Brosimum gaudichaudii. Planta Med. 2020, 86, 276–283. [Google Scholar] [CrossRef]

	



Han, D.G.; Seo, S.W.; Choi, E.; Kim, M.S.; Yoo, J.W.; Jung, Y.; Yoon, I.S. Impact of route-dependent phase-II gut metabolism and enterohepatic circulation on the bioavailability and systemic disposition of resveratrol in rats and humans: A comprehensive whole body physiologically-based pharmacokinetic modeling. Biomed. Pharmacother. 2022, 151, 113141. [Google Scholar] [CrossRef]

	



Li, S.; Yu, Y.; Bian, X.; Yao, L.; Li, M.; Lou, Y.R.; Yuan, J.; Lin, H.S.; Liu, L.; Han, B.; et al. Prediction of oral hepatotoxic dose of natural products derived from traditional Chinese medicines based on SVM classifier and PBPK modeling. Arch. Toxicol. 2021, 95, 1683–1701. [Google Scholar] [CrossRef]

	



Yanagi, M.; Kamiya, Y.; Murayama, N.; Banju, K.; Shimizu, M.; Yamazaki, H. Metabolic profiles for the pyrrolizidine alkaloid neopetasitenine and its metabolite petasitenine in humans extrapolated from rat in vivo and in vitro data sets using a simplified physiologically based pharmacokinetic model. J. Toxicol. Sci. 2021, 46, 391–399. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, X.; Shi, X.; Wen, Y.; Yang, L.; Dong, L. Applicability analysis and evaluation of aglycones in single-pass intestinal perfusion technique based on PBPK model. China J. Chin. Mater. Med. 2019, 44, 3645–3652. (In Chinese) [Google Scholar] [CrossRef]

	



Piersma, A.H.; Ezendam, J.; Luijten, M.; Muller, J.J.; Rorije, E.; van der Ven, L.T.; van Benthem, J. A critical appraisal of the process of regulatory implementation of novel in vivo and in vitro methods for chemical hazard and risk assessment. Crit. Rev. Toxicol. 2014, 44, 876–894. [Google Scholar] [CrossRef]

	



Yuan, Y.; He, Q.; Zhang, S.; Li, M.; Tang, Z.; Zhu, X.; Jiao, Z.; Cai, W.; Xiang, X. Application of Physiologically Based Pharmacokinetic Modeling in Preclinical Studies: A Feasible Strategy to Practice the Principles of 3Rs. Front. Pharmacol. 2022, 13, 895556. [Google Scholar] [CrossRef]

	



Hess, H.M.; Miller, R.K. 2.19—Herbs during pregnancy. In Drugs During Pregnancy and Lactation, 3rd ed.; Schaefer, C., Peters, P., Miller, R.K., Eds.; Academic Press: San Diego, CA, USA, 2015; pp. 511–525. [Google Scholar]

	



Indrayanto, G.; Putra, G.S.; Suhud, F. Chapter Six—Validation of in-vitro bioassay methods: Application in herbal drug research. In Profiles of Drug Substances, Excipients and Related Methodology; Al-Majed, A.A., Ed.; Academic Press: San Diego, CA, USA, 2021; Volume 46, pp. 273–307. [Google Scholar]








[image: Molecules 27 08670 g001 550] 





Figure 1. Strategies for studying the pharmacokinetics of natural medicine using the PBPK model. IVIVE: in vitro–in vivo extrapolation; PBPK: physiologically based pharmacokinetic; PK: pharmacokinetic; DDI: drug–drug interaction. 
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Table 1. Applying the PBPK model in the studies of the pharmacokinetics of natural medicine.
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Applications

	
Examples

	
Regimen Adjustment

	
References






	
The enzyme-mediated pharmacokinetic changes in natural drugs

	
The effect of gene polymorphism on the pharmacokinetics of natural drugs

	
The special pharmacokinetics of THC in individuals homozygous for CYP2C9*3

	
NA

	
[36]




	
The impact of CYP2B6 polymorphisms on the interactions between efavirenz and lu-mefantrine

	
Artemether and lumefantrine regi-men should be ex-tended from 3 days to 7 days in *6/*6 genotype groups

	
[38]




	
The drug interaction with natural medicine in oncology

	
Perpetrator drugs: natural medicine

(active components)

	
Victim drug:

chemical drugs

	
Regimen

adjustment

	
References




	
Grapefruit juice

(bergamottin);

Turmeric (curcumin);

St. John’s grass

(hyperforin)

	
Acalabrutinib; Osimertinib; Olaparib

	
NA

	
[40]




	
Turmeric (curcumin)

	
Imatinib;

Bosutinib

	
NA

	
[32]




	
Schisandra sphenanthera

(SIA, STA and schisandrol B)

	
Imatinib;

Bosutinib

	
Bosutinib should be reduced from 400 to 150–200 mg s after coadministration with Schisandra lignans

	
[33]




	
Goldenseal; Berberine

	
Imatinib;

Bosutinib

	
NA

	
[44]




	
Wuzhi Capsule

(SIA and STA)

	
Cyclophosphamide

	
NA

	
[46]




	
The drug interaction with natural medicine in transplant

	
Wuzhi Capsule

(SIA and STA)

	
Tacrolimus

	
NA

	
[49]




	
Wuzhi Capsule

(SZA and SZB)

	
Tacrolimus

	
NA

	
[50]




	
Wuzhi Capsule

(SIA and STA)

	
Cyclosporine A

	
NA

	
[51]




	
Pharmacokinetics of natural medicine active components in special populations

	
Natural medicine

(active components/metabolites)

	
Special populations

	
Regimen recommendation

	
References




	
Cannabis (THC and 11-OH-THC)

	
Pregnant women

	
NA

	
[54]




	
Tripterygium wilfordii (triptolide)

	
Patients with liver injury

	
NA

	
[55]




	
Speed up the research and development of new drugs

	
Dosing determination for natural medicine using PBPK modeling

	
Research and development of a phytoestrogen product for the prevention or treatment of osteoporosis using red clover

	
5–200 mg daily dosage of total isoflavone

	
[56]




	
Predict the concentration of andrographolide in the lungs to initially evaluate the potential efficacy of the proposed COVID-19 regimen

	
200 mg of andrographolide orally q8h

	
[57]




	
Local exposure estimation of natural medicine

	
In-silico screening of natural medicine isolated from Mexican herbal medicines against COVID-19

	
Cichoriin IV at 100 mg/kg

	
[58]




	
Predict the blood and brain concentration–time curves of mitragynine in rats and humans

	
NA

	
[59]




	
Predict the PK of deoxypodophyllotoxin in mice to accelerate the screening of anticancer drug

	
NA

	
[60]




	
Extrapolation to humans pharmacokinetically

	
The treatment of dengue infections applied to Soraphen A

	
NA

	
[61]




	
PK and PD assessment of 5-methoxypsoralen in humans to support psoralen and ultraviolet type A therapy

	
Supported a once-every-two-day regimen for optimal melanin production

	
[62]




	
Other applications of PBPK modeling in the pharmacokinetic study of natural medicine

	
The effects of intestinal metabolism and enterohepatic circulation on bioavailability and systemic disposal of resveratrol in rats and humans

	
NA

	
[63]




	
Prediction of oral hepatotoxic dose of natural products derived from TCM based on support vector machine classifier and PBPK modeling

	
regimen of oxymatrine estimated by this method (367 mg thrice a day) was close to the clinically recommended regimen (200–300 mg thrice a day)

	
[64]




	
Exposure, toxicity and risk assessment of Pyrrolizidine alkaloids in food and phyto-medicine

	
NA

	
[65]




	
Study the permeability of aglycones in TCM and predict human absorption

	
NA

	
[66]








PBPK: physiologically based pharmacokinetic; NA: not available; THC: delta-9-tetrahydrocannabinol; SIA: schisandrin A; STA: schisantherin A; SZA: schizandrol A; SZB: schizandrol B; 11-OH-THC: 11-hydroxy-delta-9-tetrahydrocannabinol; PK: pharmacokinetic; PD: pharmacodynamic; TCM: traditional Chinese medicine.
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