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Aim: The 20(S)-ginsenoside Rh2 (Rh2) is being developed as a new antitumor drug. However, to date, little is known about the kinetics of its deglycosylation metabolite (protopanoxadiol) (PPD) following Rh2 administration. The aim of this work was to 1) simultaneously characterise the pharmacokinetics of Rh2 and PPD following intravenous and oral Rh2 administration, 2) develop and validate a mechanism-based pharmacokinetic model to describe the deglycosylation kinetics and 3) predict the percentage of Rh2 entering the systemic circulation in PPD form.
Methods: Plasma samples were collected from rats after the I.V. or P.O. administration of Rh2. The plasma Rh2 and PPD concentrations were determined using HPLC-MS. The transformation from Rh2 to PPD, its absorption, and elimination were integrated into the mechanism based pharmacokinetic model to describe the pharmacokinetics of Rh2 and PPD simultaneously at 10 mg/kg. The concentration data collected following a 20 mg/kg dose of Rh2 was used for model validation.
Results: Following Rh2 administration, PPD exhibited high exposure and atypical double peaks. The model described the abnormal kinetics well and was further validated using external data. A total of 11% of the administered Rh2 was predicted to be transformed into PPD and enter the systemic circulation after I.V. administration, and a total of 20% of Rh2 was predicted to be absorbed into the systemic circulation in PPD form after P.O. administration of Rh2.
Conclusion: The developed model provides a useful tool to quantitatively study the deglycosylation kinetics of Rh2 and thus, provides a valuable resource for future pharmacokinetic studies of glycosides with similar deglycosylation metabolism.
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1 INTRODUCTION
Ginseng is a traditional medicine that has been used for centuries. The global ginseng extracts market size was valued at USD 22.9 billion in 2019 and is expected to grow at a compound annual growth rate (CAGR) of 6.2% from 2020 to 2027 (Future Market Insights, 2020). Ginsenosides, a class of natural product steroid glycosides, have a wide effect on the cardiovascular system, central nervous system and immune system (Wang et al., 2014; Zhang et al., 2019a; Alolga et al., 2020; Zhu et al., 2020). Recent studies have found that 20(S)-ginsenosides Rh2 (Rh2), a substance isolated from red ginseng, may inhibit the growth of various cancer cells, reverse sleep deprivation-induced cognitive deficit, improve insulin sensitivity, and, enhance the antitumor immunological response in a melanoma mice model (Lee et al., 2007; Wang et al., 2017; Lu et al., 2018; Zhang et al., 2019b; Jeong et al., 2019; Qi et al., 2019).
However, the permeability of Rh2 in Caco-2 cells has been reported to be low, and it has also been reported to exhibit poor absolute bioavailability in rats (Qian et al., 2005; Gu et al., 2010). Here, Rh2’s poor bioavailability and permeability do not appear to support its in vivo bioactivity. One of the hypotheses is that Rh2 is bio-transformed by gut microbiota, thereby producing new bioactive molecules with better absorption to exert the bioactivity (Gong et al., 2020). Rh2 is a protopanaxadiol (PPD)-type ginsenoside; this type has one glucose moiety at the C3 hydroxyl of PPD as shown in Figure 1. As the second genome of the body, the microbiome involves the metabolism of many drugs (Zimmermann et al., 2019; Brody, 2020; Savage, 2020). The glycosidase activities present in the human colonic microbiota act on many glycosides including Rh2 (Dabek et al., 2008; Gloster et al., 2008). For example, the bioavailability of ginsenoside Rb1 has been reported to be low (Akao et al., 1998). Only the primary deglycosylation metabolite of ginsenoside Rb1 (compound K) could be detected in plasma, where its concentrations were found to be retained in the plasma for a long period of time following administration of ginsenoside Rb1 (Akao et al., 1998).
[image: Figure 1]FIGURE 1 | Development of the pharmacokinetic model according to the mechanism of the deglycosylation kinetics of Rh2 and in vivo metabolite (PPD) kinetics in rats. The left part of this figure is the mechanism diagram corresponding to the structure of pharmacokinetic model (right part of the figure). Hydrolysis in the liver, transformation from Rh2 to PPD in the liver (k45), route A in text article. Route A is assumed to exist since the PPD can be detected immediately after I.V. dosing of Rh2. Enzymatic hydrolysis, transformation from Rh2 to PPD by glycoside hydrolases from microflorae in the colon (kt from compartment T3 to compartment 6) (Qian and Cai, 2010), route B in the text article. Acidic hydrolysis, transformation from Rh2 to PPD by stomach acid (k12) (Bae et al., 2004), route C in text article.
This hypothesis is further supported by the following evidence reported in the literature: 1) Rh2 can be deglycosylated into its metabolite, PPD, in the gastrointestinal tract (Bae et al., 2004), 2) the bioavailability of PPD is 36.8%, a bioavailability much greater than that seen in rats (Ren et al., 2008), and, 3) PPD is an active metabolite that demonstrates a potency in inducing apoptosis, altering membrane integrity, and inhibiting triple-negative breast cancer metastasis (Popovich and Kitts, 2002; Peng et al., 2019). However, to date, there is no direct evidence from any in vivo pharmacokinetic study to further validate this hypothesis and provide a comprehensive understanding of the kinetic profiles of Rh2 and its active metabolite.
The above studies provided the knowledge with regard to the pharmacokinetics of Rh2 and its active metabolite PPD, which could be integrated into a mechanism based pharmacokinetic model to study the deglycosylation kinetics of Rh2. As shown in Figure 1, the mechanism based pharmacokinetic model included all the possible deglycosylation kinetics of Rh2 in plasma (k45), stomach (k12), and colon (kt). The classical two-compartment pharmacokinetic model was included in the mechanism based pharmacokinetic model to describe the distribution and elimination of Rh2 (compartment 4 and 7) and PPD (compartment 5 and 8). In doing so, it could facilitate the pharmacokinetic/pharmacodynamic (PK/PD) analysis of ginseng. On the other hand, Rh2 has been reported to be a potent non-competitive P-gp inhibitor (Gu et al., 2010). This has led to the concern that a potential herb-drug interaction may exist between ginseng and drugs that are P-gp substrates (Zhang et al., 2010). The mechanistic pharmacokinetic model of Rh2 and PPD would be the starting point to quantitatively assess the potential existence of the herb-drug interaction.
The aim of this study was to gain a better understanding of the deglycosylation kinetics of 20(S)-Ginsenosides Rh2 by integrating experimental data with prior biological mechanism knowledge. To achieve the aim, the study comprised of the following three specific objectives: 1) to simultaneously characterise the pharmacokinetics of Rh2 and PPD following intravenous (I.V.) and oral (P.O.) Rh2 administration, 2) to develop a mechanism-based pharmacokinetic model based on the hypothesised deglycosylation kinetics and 3) predict the percentage of Rh2 elimination by gut bacteria using the developed model.
2 MATERIALS AND METHODS
The methods section is described in two parts. The first part provides the technical details of the animal experiment and sample analysis. The second part describes the details of the data analysis, which includes: 1) an exploratory data analysis, 2) the development of a mechanism-based model for the deglycosylation of glycosides in vivo, and 3) a quantitative assessment of the contribution of each elimination route.
2.1 Part I
2.1.1 Chemical and Reagents
20(S)-Ginsenosides Rh2 (Rh2), PPD and panoxadiol (purity over 99%) were purchased from the Department of Nature Medical Chemistry, School of Chemistry, Jilin University, Changchun, China. Deionized water was prepared using the Milli-Q system (Millipore, Bedford, MA, United States). Methanol of HPLC grade was purchased from Merck, Darmstadt Germany. Acetic ether and all other reagents (including solvents) were of analytical grade. Pure nitrogen gas was supplied by the Gas Supplier Center of Nanjing University, China.
2.1.2 Animal Experiments
Young adult Sprague–Dawley male rats with a body weight of 240–280 g were purchased from Sino-British Sippr/BK Lab Animal Ltd. (Shanghai, China). This research study and all animal handling procedures were approved by Research Animal Care and Laboratory Animal Resources of China Pharmaceutical University. The animal studies adhered to the European Community guidelines for laboratory animal care.
Prior to commencing the experiment, the rats were given 1 week to acclimatise to the animal facility. Rh2 was dissolved in saline with 50% hydroxypropyl-β-cyclodextrin for I.V. or P.O. administration–a volume of 5 ml/kg was given. Twelve rats were divided into four groups. Following an overnight fast (of at least 12 h), rats allocated to groups 1 and 2 (n = 3 per group) were administered an I.V. bolus of 10 mg/kg and 20 mg/kg of Rh2, respectively; whilst rats allocated to groups 3 and 4 received a 10 and 20 mg/kg oral dose of Rh2, respectively (n = 3 per group). The 20(S)-Ginsenosides Rh2 occurred as O-glycosides with glucose bound in nature, which could be hydrolysed by β-O-glycosidase (Zheng et al., 2017). The activity of the glycosidase was not affected by sex difference significantly in mice as reported in a previous study (Doonan et al., 1978). Therefore, t authors assumed that the sex difference might have little effect on studying the transformation of PPD in this study. Herein, only males were included in this study. The relatively high dose levels were given to rats considering the poor bioavailability of Rh2. As the data were analysed by simultaneous global fitting of concentrations from the parent drug and metabolite at multiple time points, the effective sample size is far larger than experimental replication. In addition, no statistical comparison was performed on these data; rather, they were used for the development of a kinetic model of deglycosylation. Blood samples were collected by orbital sinus bleeding at 0 (prior to dosing), 0.25, 0.50, 1, 2, 4, 8, 12, 16, 20 (or 24) h post-drug administration. Water was freely accessible throughout the study, however access to food was restricted until 3 h post-drug administration. The collected samples were centrifuged at 4,000 rpm for 5 min. The separated plasma samples were then stored at -80°C.
2.1.3 Sample Preparation
Ten microliters of panoxadiol (2.0 μg/ml) were added to 0.1 ml of plasma creating an internal standard. This procedure was followed by a liquid–liquid extraction using 1.0 ml of acetic ether. The organic and aqueous phases of plasma were separated by centrifugation at 8,000 rpm for 5 min. The upper organic phase was transferred to another tube and evaporated using a Thermo Savant SPD 2010 Speed Vac System (Thermo Electron Corporation, United States) set at 40°C. The residue was reconstituted into 100 µl of the mobile phase using a vortex for 1 min. After centrifugation at 20,000 rpm for 10 min, 5 µl of the solution was injected into the column.
2.1.4 HPLC-MS Analysis for Determination of Plasma Concentrations
The method used to determine plasma concentration PPD has previously been published by Ren et al. (Ren et al., 2008). The HPLC method was revised for elution of the simultaneous determination of plasma Rh2 and PPD concentrations. Details of the method and validation are summarised in the Supporting Information.
2.2 Part II
2.2.1 Exploratory Data Analysis
A non-compartmental analysis (NCA) was performed to determine the following pharmacokinetic metrics for Rh2 and PPD: Cmax, Tmax, Vss, and T1/2. The NCA was performed using Phoenix 64 Winnonlin (Pharsight, a Certara™ Company, Cary, NC, United States). For Rh2 the I.V. dosing option was selected, whilst the extravascular dosing option was selected for PPD.
2.2.2 Workflow of Model Development and Validation
A brief workflow describing model development and validation is presented as follows:
(i) The known mechanism of deglycosylation kinetics (Figure 1) was summarised to explain the formation and in vivo kinetics of the metabolite (PPD). A mechanism based pharmacokinetic model was then implemented (as shown in Figure 1).
(ii) Based on the method of drug administration the proposed mechanistic model was further reduced into four sub-models (i.e., A, B, C, and D) for the estimation of model parameters. The observed data following I.V. or P.O. administration of Rh2 at 10 mg/kg was used for model fitting. Details of the sub-models are introduced in Appendix A. The model fitting results of the sub-models are provided in Supporting Information.
(iii) The concentration versus time data of Rh2 and PPD at 20 mg/kg was used for external validation of the developed mechanistic model.
2.2.3 Overview of Mechanistic-Based Pharmacokinetic Model
As shown in Figure 1, the model accounts for the distribution (i.e., transit in the intestine) and elimination of Rh2, as well as the formation, absorption, distribution, and elimination of PPD. The proposed model can describe the concentration time profiles of both Rh2 and PPD simultaneously after I.V. and/or P.O. administration of Rh2 in rats. Following the I.V. administration of Rh2 it is eliminated by three routes: 1) direct transformation from Rh2 to PPD (k45), 2) biliary excretion (k43), and 3) other unknown routes (k40) in the systemic circulation. Following the P.O. administration of Rh2 it is eliminated by two routes: 1) transformation of Rh2 to PPD in the stomach (k12), 2) transfer from stomach to colon through the transit compartments T1-T3 and metabolism in colon. The transformation of Rh2 to PPD in the colon is known to be the primary route of formation for PPD. The absorption of PPD in the stomach (it may be transferred to the duodenum and then absorbed) and colon into the systemic circulation is described by kt, whilst its elimination is described by the rate constant k50. The peripheral compartments (compartment 7 and 8) are implemented to describe the distribution of Rh2 and PPD into the peripheral tissues, respectively. A detailed description of the model is provided in Appendix A.1. The model can be further reduced into sub-models to describe the concentration time profiles of Rh2 and PPD following I.V. and P.O. administration of Rh2 respectively (see in Section 2.2.5).
2.2.4 Software and Criteria for Model Development
The mechanism-based pharmacokinetic model was developed using the non-linear mixed effect modelling software Phoenix 64 NLME (version 8.2, Pharsight, a Certara™ Company, Cary, NC). Inter-individual variability was described using an exponential model. Residual error was described by a multiplicative error model. The initial estimates used in the model were obtained by manual adjustment of parameters and visual inspection. The FOCE ELS algorithm in Phoenix 64 NLME was used for parameter estimation. The code for the final model is provided in Supporting Information. The model was evaluated based on successful convergence, objective function value, parameter precision, visual inspection of goodness-of-fit plots and a visual predictive check (VPC) (Wang and Zhang, 2012).
2.2.5 Strategy of the Parameter Estimation
The final model was comprised of 11 compartments and 16 parameters. This led to challenges in model parameter estimation. Hence, to reduce computational workload, a model reduction strategy was applied using the following four steps:
Step 1:. The full model was reduced to sub-model A, including compartments of “4. Rh2 in plasma” and “7. Rh2 in PC”. The parameters related to the elimination and distribution of Rh2 were then estimated using the raw data following I.V. administration of Rh2. Details for the sub-model A are provided in Appendix A.
Step 2:. The full model was reduced to sub-model B including compartments of “5. Rh2 in plasma” and “8. Rh2 in PC”. Similar to sub-model A for the independent modelling of Rh2, the parameters related to the elimination and distribution of PPD were estimated using the raw data following I.V. administration of PPD for the independent modelling of PPD.
Step 3:. Sub-model C was comprised of the following components: sub-model A, sub-model B, biliary excretion, transit of Rh2, transformation of Rh2 to PPD in the colon and absorption of PPD. The parameters were then estimated using the reported biliary excretion data of Rh2 and the concentration-time profile of PPD following a 10 mg/kg I.V. administered dose of Rh2 (Gu et al., 2009).
Step 4:. Sub-model D was comprised of the following components: sub-model B, transit of Rh2 from the stomach to the intestine, transformation of Rh2 to PPD in the stomach, and elimination of PPD in the intestine compartments (linked by blue and purple arrows in Figure 1). The related parameters were estimated using plasma concentrations of PPD following a 10 mg/kg dose of Rh2 administered P.O.Details for each of the sub-models is provided in Appendix A.
2.2.6 External Validation
The model was externally validated by performing a visual predictive check (VPC) (Wang and Zhang, 2012). The model parameters were fixed to simulate the concentration-time profiles for Rh2 and PPD following I.V. and P.O. administration when given at a 20 mg/kg dose. The 5th, 50th, and 95th percentiles were calculated from the empirical posterior distribution of 1000 replicates. If the majority of observed concentration data was within the 90% prediction interval the model was thought to be validated.
2.2.7 Evaluation of Elimination Contribution by Different Routes
The final model was used to quantitatively assess the contribution of each elimination route of Rh2. Following I.V. administration, Rh2 is eliminated via three different routes which are: 1) transformation from Rh2 to PPD in the plasma or liver (route A), 2) biliary excretion, transformation from Rh2 to PPD, and re-absorption into the systemic circulation (route B), and 3) other unknown metabolism routes. We assumed that route A exists without robust evidence since the PPD could be detected immediately after IV dosing of Rh2. The extent of Rh2 transformation to PPD in plasma (route A) was quantified as the ratio of direct transformation rate constant from Rh2 to PPD to the total elimination rate constant of Rh2 (k45/ke). The excreted Rh2 by bile was partly transformed into PPD in the colon and further re-absorbed into the systemic circulation (route B). The extent of biliary excretion was quantified as the ratio of the biliary excretion rate constant to the total elimination rate constant of Rh2 (k43/ke). The extent of re-absorbed PPD was the product of the percentage of biliary excretion and the percentage of PPD absorbed from the colon to the systemic circulation (k43/ke ∙ kt/(kt + k60). The extent of the other unknown elimination routes was quantified as the sum of unknown elimination of Rh2 in plasma and bile (k40/ke + k43/ke ∙ k60/(kt + k60)) or 100% minus the percentage of Rh2 entering the systemic circulation in PPD form (100% - k45/ke - k43/k3 ∙ kt/(kt + k60)). After P.O. administration, Rh2 is transformed to PPD in the stomach and colon via metabolism. The total disposition rate constant of Rh2 in the stomach is the sum of the transit rate constant from the stomach to the intestine and the transformation rate constant from Rh2 to PPD in the stomach (k12 + k13). The extent of Rh2 transiting from the stomach to the intestine was quantified as the ratio of transit rate constant from the stomach to the intestine and the total disposition of Rh2 in the stomach, expressed as k13/(k12 + k13). The extent of Rh2 metabolism in the stomach was expressed as k12/(k12 + k13). PPD present in the stomach can be transferred to the duodenum and absorbed into the systemic circulation, which has been simplified as absorption rate constant (kt), or eliminated via unknown mechanisms (k20). Hence, the total disposition rate constant of PPD in the stomach is the sum of both of the routes (kt + k20). The extent of PPD absorption in the stomach was quantified as the ratio of absorption rate constant of PPD to total disposition rate constant of PPD: kt/(kt + k20). The extent of PPD elimination in the stomach was quantified as the ratio of elimination rate constant of PPD to total disposition rate constant of PPD in the stomach: k20/(kt + k20). The percentage of Rh2 transformed to PPD in the colon and further absorbed into the systemic circulation (route B) was the product of the percentage of Rh2 transiting from the stomach to the intestine and the percentage of PPD absorbed from the colon to the systemic circulation (k13/(k12 + k13) ∙ kt/(kt + k60)). The percentage of Rh2 transformed to PPD in the stomach and absorbed into the systemic circulation (route C), was the product of the percentage of Rh2 transiting from the stomach to the intestine and the percentage of PPD absorption in the stomach: k12/(k12 + k13) ∙ kt/(kt + k20). The extent of the other unknown elimination routes was quantified as the sum of unknown elimination of Rh2 in the stomach and colon (k13/(k12 + k13) ? k60/(kt + k60) + k12/(k12 + k13) ? k20/(kt + k20)) or 100% minus the percentage of Rh2 entering the systemic circulation in PPD form (100% - k13/(k12 + k13) ∙ kt/(kt + k60) - k12/(k12 + k13) ∙ kt/(kt + k20)).
3 RESULTS
3.1 The Result of Exploratory Data Analysis
A summary of the non-compartmental analysis results is presented in Table 1. The pharmacokinetic profile of PPD following an I.V. or P.O. dose of Rh2 were characterised by an atypical double peak. Following an I.V. or P.O. dose of Rh2, PPD reached a maximum concentration by approximately 6 h post Rh2 administration. The Tmax of PPD was longer than that after only oral dosing of PPD (2.5 h), indicating a long delay of transformation from Rh2 to PPD after dosing of Rh2. The PPD has high exposure after administration of Rh2: the exposure of PPD (AUC0-t, 1039 h nmol/L) is around 71% of the exposure of Rh2 (AUC0-t, 1457 h nmol/L) after I.V. administration of Rh2 at a dose level of 10 mg/kg. At an oral Rh2 dose of 10 mg/kg the concentration of Rh2 was lower than the lower limit of quantitation (LLOQ), though the AUC for PPD was 2,377 h nmol/L. This was obviously higher than that after I.V. of Rh2 at the same dose in rats. The Cmax and AUC0-t of Rh2 and PPD were found to increase proportionally with the dose. The other PK parameters are shown in the Supporting Information.
TABLE 1 | The pharmacokinetic parameters from non-compartment analysis.
[image: Table 1]3.2 Kinetic Modelling of Rh2 and PPD After I.V. Administration (Sub-model A and B)
Following an I.V. dose, the pharmacokinetic profiles of Rh2 and PPD were characterized by a rapid drop in plasma concentration followed by a relative slower decrease in the terminal phase. This conforms with the features of a classic two-compartment model. Sub-models A and B provided a reasonable description of the observed data (shown in Figures 2A,B). The parameters of sub-models A and B were precisely estimated (as shown in Table 2). The elimination rate constant of Rh2 (ke) was estimated to be 4.67 h−1, a value similar to the elimination rate constant of PPD (k50,4.88 h−1). This indicates a similar in vivo elimination in rats. The distribution of Rh2 was notably different to PPD. This was evident by the large differences between the distribution related parameters of Rh2 (k47, k74, and VRh2, plasma) and the corresponding parameters for PPD (k58, k85, and VPPD, plasma). These model parameters were fixed when estimating the parameters in sub-models C and D.
[image: Figure 2]FIGURE 2 | Evaluation of model performance in rats and the calculated elimination routes of Rh2. Green areas represent the 90% confidence interval between the 5th and 95th of percentiles, solid lines are the median profile (50th point of percentile), red symbols represent raw observations of Rh2, and blue symbols represent raw observations of PPD. (A), Rh2 pharmacokinetic profile after I.V. administration of Rh2 at 10 mg/kg; (B), PPD pharmacokinetic profile after I.V. administration of PPD at 0.2 mg/kg; (C), PPD pharmacokinetic profile after I.V. administration of Rh2 at 10 mg/kg; (D), PPD pharmacokinetic profile after P.O. administration of Rh2 at 10 mg/kg. Route A is the percentage of the administered Rh2 transformed from Rh2 to PPD in the systemic circulation; Route B is the percentage of the administered Rh2 transformed to PPD in the colon and absorbed into the systemic circulation; Route C is the percentage of the administered Rh2 transformed to PPD in the stomach and absorbed into the systemic circulation. STO refers to stomach.
TABLE 2 | Summary of estimated pharmacokinetic parameters.
[image: Table 2]3.3 Kinetic Modelling of PPD After I.V. Administration of Rh2 (Sub-Model C)
Sub-model C provided a good description of the concentration-time course of PPD following an I.V. administration of Rh2 (shown in Figure 2C). This was shown by the majority of observations lying within the 90% confidence interval in Figure 2C. This finding was consistent with the visual inspection of the goodness-of-fit plots (shown in Figure S1 in Supporting Information). As shown in Table 2, the parameters in sub-model C were precisely estimated with CV values below 30%. The value for ke (4.67 h−1) was determined by summing k43 (1.29 h−1), k40 (3.29 h−1), and k45 (0.091 h−1). Here, it was found that 2% of the administered Rh2 was eliminated via direct transformation from Rh2 to PPD in plasma. Around 28% of the administered Rh2 was eliminated via biliary excretion among which 9% of the administered Rh2 were transferred into the colon, transformed into PPD, and then absorbed into the systemic circulation. The other 19% of the administered Rh2 in bile and 70% of the administered Rh2 in plasma were eliminated via unknown routes.
3.4 Kinetic Modelling of PPD After P.O. Administration of Rh2 (Sub-Model D)
Sub-model D provided a good description of the time course of PPD following P.O. administration of Rh2. This was shown by most of the observations lying within the 90% prediction interval shown in Figure 2D. This was consistent with the visual inspection of the goodness-of-fit plots (presented in Supporting Information). As shown in Table 2, the parameters in sub-model D were precisely estimated with RSE values below 30%. Around 61% of the administered Rh2 transited from the stomach into the colon among which 19% of the administered Rh2 was followed by deglycosylation, which might explain the high exposure of PPD following P.O. as opposed to I.V. administration when the same dose was given. Only 1% of the administered Rh2 was metabolised to PPD in the stomach and absorbed into the circulatory system as PPD. In total, 80% of administered Rh2 was eliminated by other unknown routes.
3.5 Model External Validation
The developed model based on data following a 10 mg/kg dose was used to predict the concentration versus time profiles for a 20 mg/kg dose. The predicted data were compared with the observed data for external validation via a VPC. As shown in Figure 3, most of the observed Rh2 or PPD concentrations was within the predicted 5th and 95th percentiles with the majority of observations being evenly distributed around the median. Hence, the results indicated that the developed model could describe the observed data when predicting a higher dose.
[image: Figure 3]FIGURE 3 | External evaluation of the developed mechanistic pharmacokinetic model using the observed data from 20 mg/kg groups. Green areas represent the 90% model prediction interval between the 5th and 95th of percentiles, solid lines are the median model prediction (50th point of percentile), red symbols represent raw observations of Rh2, and blue symbols represent raw observations of PPD. (A), Rh2 pharmacokinetic profile after I.V. administration of Rh2 at 20 mg/kg; (B), PPD pharmacokinetic profile after I.V. administration of Rh2 at 20 mg/kg; (C), PPD pharmacokinetic profile after P.O. administration of Rh2 at 20 mg/kg. The 90% model prediction intervals were predicted by the model developed by the data at 10 mg/kg. Most of the observed Rh2 or PPD concentrations lay within the predicted 5th and 95th percentiles with the majority of observations being evenly distributed around the median.
4 DISCUSSION
In recent years, the interaction between the bioactive ingredients of traditional Chinese medicine (TCM) and gut microbiota has attracted much attention (Laparra and Sanz, 2010; Dey, 2019; Feng et al., 2019; Yue et al., 2019; Gong et al., 2020; Jia et al., 2020). The bio-transformation by gut microbiota and their effect on the pharmacokinetics and therapeutic role have been reported (Choi et al., 2018; Bridgeman et al., 2020; Savage, 2020). However, few reports used modelling and simulation to quantitatively study the bio-transformation from parent drug to metabolite. In this study, the parent drug and deglycosylation metabolite were detected simultaneously after dosing of Rh2 in rats and a model-based method was used for the study of bio-transformation with minimum data requirements. As a result, high concentrations of PPD were detected following the administration of Rh2. This highlights the importance of simultaneously investigating the pharmacokinetic profiles of Rh2 and PPD. Following I.V. or P.O. administration of Rh2, the pharmacokinetic profile of PPD showed atypical double peaks with a prolonged Tmax. The mechanisms of PPD formation were summarized and the hypothesis of deglycosylation kinetics was proposed in Figure 1 to qualitatively explain the formation and in vivo kinetics of the metabolite (PPD) based on the reported publications. The mechanism of deglycosylation kinetics involved the transformation from parent drug (Rh2) to metabolite (PPD) by acid in the stomach and by microflorae in the colon, as well as the transit of Rh2 and PPD in intestinal tracts, and biliary excretion of Rh2. Since the liver concentrations were not measured, we did not include a separate liver compartment in the final model; instead it was merged into the plasma compartment.
The mechanism-based pharmacokinetic model could provide a detailed assessment on the percentage of Rh2 elimination by different routes. Some elimination routes could be supported by the reported facts or data. After I.V. administration, the simulated biliary excretion is 28%, the same as the reported value (Gu et al., 2009). The excretion rate constant of Rh2 into faeces is zero, which is in accordance with the reported faeces excretion of Rh2 in rats (Gu et al., 2009). The other unknown metabolism route in plasma contributed to about 70% elimination of Rh2, which may be correlated with oxygenation (Qian et al., 2005). In addition, the predicted concentration time profiles of Rh2 and PPD could describe the observed data at 20 mg/kg (these data were not used in model building). These results supported the rationality of the hypothesis of deglycosylation kinetics.
The study predicted the percentage of Rh2 entering the systemic circulation in PPD form. In total, 11 and 20% of the administered Rh2 were predicted to be transformed into PPD and enter the systemic circulation after I.V. administration and P.O. administration respectively. The predicted percentage was relatively reliable because it was determined by the exposure of PPD in plasma. The second peak of PPD was high and considered as the main transformation from Rh2 (route B). The first peak of PPD of I.V. administration was assumed to be caused by the transformation from Rh2 to PPD in the liver (route A). The first peak of PPD of P.O. administration might be caused by the transformation from Rh2 to PPD in the stomach (route C) (Bae et al., 2004), but route A and C only contributed to the formation of PPD slightly since the first peak was low.
Most of the administered Rh2 were predicted to be eliminated by other unknown routes. The elimination of Rh2 by other unknown routs was evaluated in the stomach by matching the pharmacokinetic profile of PPD after oral administration of Rh2. We have considered three possible mechanisms to explain the elimination of Rh2 in the stomach by the following unknown routes: 1) Rh2 is absorbed into the liver and further metabolised there; 2) Rh2 is eliminated directly in the stomach; 3) Rh2 is transformed into PPD, and later eliminated in the stomach and intestine. Although all the assumptions could render similar performance and describe the observed data well, the third mechanism seems to be more biologically feasible. It should be noted that the details of other unknown routes should be used carefully since the assumption of an unknown route was not fully validated. But the predicted percentage of other unknown routes might be valuable for the next study of mass balance.
The developed models have potential to be applied for the pharmacokinetic study of other glycosides. Glycosides are popularly applied in food and medicine as important naturally occurring substances and include hormones, sweeteners, alkaloids, flavonoids, antibiotics, etc. (Khan et al., 2017; Momtazi-Borojeni et al., 2017; Osman et al., 2017; Botelho et al., 2019; Bundgaard Anker et al., 2019; Liu et al., 2019). Most glycosides have similar pharmacokinetics characteristics with Rh2. They can be hydrolysed into active aglycons in a biological body by the glycosidase in intestine microflorae (Tribolo et al., 2007; Winotapun et al., 2013; Mishra and Aeri, 2017). Herein, it is necessary to simultaneously investigate the kinetics of the glycoside and its aglycone for the pharmacokinetic study of glycoside. When the concentrations versus time data of glycoside and its aglycone are available, the developed models in this study may be a good starting point for pharmacokinetic modelling and simulation, which is the basis for further PK/PD modelling.
The deglycosylation metabolism of Rh2 could be observed in the rat and human intestinal bacteria indicating that the developed models had the possibility to translate preclinical findings into clinical practice (Bae et al., 2004; Qian and Cai, 2010). Considering the requirements on the quantitative translation, we proposed a strategy to translate the deglycosylation kinetics from rats to humans (Figure 4):
(i) Use the reported method to predict the human pharmacokinetics of the parent drug after dosing of Rh2 and PPD, respectively, for the pharmacokinetic parameters of Rh2 and PPD, such as VRh2, plasma and VPPD, plasma (Ren et al., 2019).
(ii) Find the in vitro and in vivo correlation on the transformation rate constant from Rh2 to PPD in the colon and stomach in rats.
(iii) Use the above relationship of in vivo and in vitro data to predict the human in vivo transformation rate constant from Rh2 to PPD based on the in vitro transformation rate constant from Rh2 to PPD in human faeces homogenates and simulated gastric fluid of humans, respectively.
(iv) Develop the advanced compartmental absorption and transit (ACAT) model of Rh2 in rats and extrapolate the model from rats to humans (Gobeau et al., 2016).
(v) Integrate the human pharmacokinetic parameters of Rh2 and PPD, transformation rate constants from Rh2 to PPD, and the intestinal transit of Rh2 to quantitatively predict the PK profiles of Rh2 and PPD in humans.
[image: Figure 4]FIGURE 4 | The proposed strategy to translate the deglycosylation kinetics from rats to humans. PBPK, physiologically based pharmacokinetic; ACAT, advanced compartmental absorption and transit.
However, there are three key issues, which need more research: 1) the Rh2 may have better oral absorption in human than rats due to the longer intestine length and larger lumen area; 2) the extrapolation of excretion by faeces from rats to humans is challenging; 3) the proposed method of prediction needs to be validated by the actual data; but there are few publications involving the Rh2 and PPD kinetics in humans. There are some challenges regarding the interspecies differences in deglycosylation activity of the colonic microbiota and large inter-individual differences in humans (Brody, 2020). However, the proposed strategy made the first step of this long journey to translate the deglycosylation kinetics from rats to humans and more studies are warranted.
5 CONCLUSION
This study has identified that PPD plays a critical role in the pharmacokinetics of Rh2. A mechanism-based pharmacokinetic model of Rh2 was developed to quantitatively describe the kinetics of Rh2 and PPD. The percentage of transformation from Rh2 to PPD could be predicted based on the model. The developed model has the potential to be used to describe the deglycosylation kinetics of other glycosides, the PK/PD analysis of ginseng, and the herb-drug interaction between ginseng and other P-gp substrates.
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