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Tirzepatide is an emerging hypoglycemic agent that has been increasing used in adults, yet its pharmacokinetic (PK) behavior and dosing regimen in pediatric population remain unclear. This study aimed to employ the physiologically based pharmacokinetic (PBPK) model to predict changes of tirzepatide exposure in pediatric population and to provide recommendations for its dose adjustments. A PBPK model of tirzepatide in adults was developed and verified by comparing the simulated plasma exposure with the observed data using PK-Sim&MoBi software. This model was then extrapolated to three specific age subgroups, i.e., children (10–12 years), early adolescents (12–15 years), and adolescents (15–18 years). Each subgroup included healthy and obese population, respectively. All known age-related physiological changes were incorporated into the pediatric model. To identify an appropriate dosing regimen that yielded PK parameters which were comparable to those in adults, the PK parameters for each aforementioned subgroup were predicted at pediatric doses corresponding to 87.5%, 75%, 62.5%, and 50% of the adult reference dose. According to the results of simulation, dose adjustments of tirzepatide are necessary for the individuals aged 10–12 years, as well as those aged 12–15 years with healthy body weights. In conclusion, the adult PBPK model of tirzepatide was successfully developed and validated for the first time, and the extrapolated pediatric model could be used to predict pediatric dosing regimen of tirzepatide, which will provide invaluable references for the design of future clinical trials and its rational use in the pediatric population.
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1 INTRODUCTION
The incidence of youth-onset type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) is increasing, which imposes a growing public health burden (Pihoker et al., 2023). The prevalence of T1DM and T2DM are projected to be 5.2 cases and 0.8 cases per 1000 youth, respectively (Dabelea et al., 2021). Obesity is believed to be one of the major modifiable risk factors for T2DM (Zhou et al., 2023). Studies indicated that obesity in childhood and adolescence increases the risk of youth-onset T2DM (Malone and Hansen, 2019). Current pharmacologic treatment options for children and adolescents with diabetes are limited to insulin, metformin, and two glucagon-like peptide-1 (GLP-1) receptor agonists, i.e., daily liraglutide and once-weekly exenatide extended release (ElSayed et al., 2023).
Glucose-dependent insulinotropic polypeptide (GIP) and GLP-1, as two main incretin hormones, are responsible for glucose homeostasis and glucose-dependent insulin secretion (Hammoud and Drucker, 2023). GLP-1 and GIP may improve β-cells functionality through synergistical pharmacological activation (Bastin and Andreelli, 2019). Tirzepatide is the first dual GIP and GLP-1 receptor co-agonist, approved by the Food and Drug Administration (FDA) and the European Medicine Agency (EMA) recently. Comparing to other drug treatments, once-weekly tirzepatide had shown superior glycemic and body weight control capacity with a comparable safety profile (Guan et al., 2022; Shi et al., 2023). Moreover, a cardiovascular risk assessment also favored tirzepatide based on the completed clinical trials (Sattar et al., 2022). Tirzepatide is administered subcutaneous once weekly with a recommended dose-escalation regimen, initiated by 2.5 mg for 4 weeks and increased by 2.5 mg every 4 weeks until reaching a maintenance dose between 5 and 15 mg (Gasbjerg et al., 2023). Although the pharmacokinetics (PK) of tirzepatide have been characterized in adults, no PK or dose-adjustment data of pediatric population have been released up to now. The demand for antidiabetic and weight-reducing medications among the pediatric population is increasing.
Administration of an appropriate dose is critical to obtain optimum systemic drug concentration. Yet unlike the adult population, the recruitment of pediatric patients for clinical investigation is confounded by inherent logistical and ethical constraints (Yellepeddi et al., 2019). Thus, the pediatric dose is usually calculated from the adult dose using empirical formulae based on the age, body weight and body surface area (Rashid et al., 2020). These methods ignore all the age-dependent physiological differences which may affect the PK of a drug (Barrett et al., 2012), e.g., blood flow, body composition, ontogeny of metabolic enzymes, and glomerular filtration rate (GFR). In addition, dosing for obese children must take the effect of obesity on PK into account because altered body size may affect drug disposition (Hanley et al., 2010). Physiologically based pharmacokinetic (PBPK) modelling is recommended by the FDA for pharmaceutical research and dose selection in pediatric patients (Khalil and Läer, 2014), since it’s a more advanced and comprehensive approach to predict PK parameters by integrating known physiological changes that may alter drug absorption and disposition in pediatric population (van der Heijden et al., 2023). Currently, PBPK modelling is an increasingly-popular and extensively-used strategy to extrapolate a drug’s PK from adults to children, and to support dosing decisions (Yellepeddi et al., 2019).
The purpose of this study is to develop and validate a PBPK model of tirzepatide in adults, extrapolate it to children and adolescents with both healthy and obese body weights, and simulate the exposure of tirzepatide in the pediatric population. An appropriate dosing regimen for pediatric patients can be proposed by comparing and matching pediatric drug exposures with that in adults. This unprecedented PBPK model can fulfill the gaps in the knowledge of the rational use of tirzepatide in children and adolescents, and provide references for designing clinical trials in future.
2 METHODS
2.1 Software
A PBPK model of tirzepatide was developed and verified in the adult population using PK-Sim and MoBi, which are part of the Open Systems Pharmacology Suite 11.0. This software suite (released under the GPLv2 license by the Open Systems Pharmacology community, www.open-systems-pharmacology.org) is user-friendly, open-source, and accredited for PBPK modelling. The model was then scaled to the pediatric population. The plasma concentration-time curve data of tirzepatide were extracted with the GetData Graph Digitizer 2.24 according to best practices (Wojtyniak et al., 2020). Pharmacokinetic parameters analysis, statistical calculations, and plots generation were performed in R 4.1.1 (R Foundation for Statistical Computing, Vienna, Austria).
2.2 Model development and verification in adults
The PBPK modelling was performed in a stepwise procedure as shown in Figure 1. Drug-specific physicochemical properties, as well as information on the absorption, distribution, metabolism, and elimination characteristics were obtained from comprehensive literature search or parameter optimization. A total of 5 clinical trials including PK data of tirzepatide were gathered and used to develop and validate the PBPK model. Collected plasma concentration-time profiles were split into a training dataset for model development and parameter optimization, and a testing dataset for model evaluation.
[image: Flowchart illustrating the process of drug model development. Inputs include physiological parameters, study protocol, drug-specific parameters, and clinical pharmacokinetic data. The process includes developing models with adult data, iterating through parameter optimization, and verifying with testing datasets. It checks if simulations describe clinical data; if yes, it proceeds to model development for children and adolescents, followed by scaling and dose optimization.]FIGURE 1 | Schematic representation of the PBPK modeling workflow.
A “middle-out” strategy, which integrates both “bottom-up” and “top-down” approaches, was utilized. In this method, key parameter estimates (e.g., CLkidney) were optimized using the built-in Monte-Carlo algorithm in MoBi. Subcutaneous dosing was modeled by optimizing a first-order absorption process described with Eq. 1 (Dubbelboer and Sjögren, 2022) using data from the training dataset of adults receiving 5 mg of tirzepatide (Coskun et al., 2018).
[image: Equation showing the rate of change of substance concentration, dAsc/dt equals negative Ka times Asc, with Asc subscript zero equals F times Dose.]
ASC describes the drug amount in the SC administration site, Ka the absorption rate, F the bioavailability, and Dose the administered dose.
Tirzepatide is extensively metabolized through a process similar to proteolysis, therefore we customized a hypothetical peptidase that was defined to be widely expressed throughout the body at a concentration of 1 μmol/L in organs and tissues. Tirzepatide with a relatively low molecule weight (<5 kDa) is assumed to be filtered freely by glomerulus (Meibohm, 2007) and metabolized in the proximal tubule to some extent, where many enzymes including peptidases are located (Brater, 2002). The model accounted for extensive systemic metabolism through proteolytic cleavage via peptidases and renal elimination through kidney clearance, with the fraction of the drug eliminated in the urine fixed at 66%, as reported in the FDA Clinical Pharmacology Review (FDA, 2021).
The developed tirzepatide PBPK model was first evaluated by visually comparing simulated vs. observed concentration–time profiles, using single and multiple dosing regimens of clinical data from the testing dataset (Urva et al., 2021; Furihata et al., 2022; Urva et al., 2022; Feng et al., 2023). Additionally, primary PK parameters, i.e., the maximum concentration (Cmax), area under the curve from 0 to infinity time (AUC0-inf), half-life (T1/2), the time to reach peak concentration (Tmax), and clearance over bioavailability (CL/F), were compared between predictions and observations using the fold error and the average fold error (AFE), calculated according to Eq. 2 and Eq. 3, respectively. The PBPK model is considered acceptable if fold error and AFE are within the 0.5–2 range (Kuepfer et al., 2016).
[image: Fold error equals the observed pharmacokinetic parameter divided by the predicted pharmacokinetic parameter, denoted as equation two.]
[image: Formula for average fractional error: AFE equals ten to the power of the sum of log base ten of the absolute error, divided by N, as shown in equation three.]
2.3 Model extrapolation to children and adolescents
The tirzepatide PBPK model developed and verified in adults was then scaled to children and adolescents (10–18 years) with both healthy and obese body weights. According to previously established guidelines for scaling PBPK models from adults to pediatric population, model structure and clearance processes were considered similar between these two groups (Maharaj and Edginton, 2014). Therefore, in the pediatric model, drug-specific inputs were maintained unaltered, and age-related physiological parameters including height, weight, organ volume, cardiac output and blood flow rate were modified based on the built-in algorithm of PK-Sim (Edginton et al., 2006b). No age-related maturation of drug-metabolizing enzymes or changes in the unbound fraction were considered in this study, since the PBPK models were scaled to individuals aged 10 years and above. For this age, the maturity level of enzymes and the abundance of albumin are considered to be no different from those of adults (McNamara and Alcorn, 2002). Besides, CLrenal, pediatric (renal clearance of the pediatric population) was calculated as shown in Eq. 4 (Edginton et al., 2006a).
[image: Equation showing the clearance for pediatrics: \( CL_{\text{renal, pediatric}} = \frac{GFR_{\text{pediatric}} \times f_u_{\text{pediatric}}}{GFR_{\text{adult}} \times f_u_{\text{adult}}} \times CL_{\text{renal, adult}} \).]
GFRpediatric and GFRadult are the GFR in pediatrics and adults, fu is the unbound fraction, CLrenal, adult is the optimized renal clearance in the adult model.
The pediatric population was grouped based on age into three subgroups, i.e., children (10–12 years), early adolescents (12–15 years) and adolescents (15–18 years). Each virtual pediatric population consisted of 50 females and 50 males. For those with normal body weights, simulations were performed using the default virtual individuals and populations embedded in the PK-Sim (Ford et al., 2022). For those with obese body weights, the validated virtual population (Gerhart et al., 2022b) accounted for key obesity-related physiological changes relevant to PK (i.e., body weight, body composition, organ size, blood flow and glomerular filtration rate (GFR)), was adopted. The characteristics of the virtual pediatric population used for the model development were shown in Supplementary Table S1 of the Electronic supplementary material (ESM). Briefly, body weights were increased to reflect a body mass index (BMI) greater than the 95th percentile (Gulati et al., 2012) as defined by the growth charts from the US Centers for Disease Control and Prevention. Body weights were also redistributed between adipose tissue and lean organs, with an increase of 115% in kidney and liver. Other organ volume scaling factors were shown in Supplementary Table S2 of the ESM. Followed with increased organ volumes, cardiac output and organ blood flow as well as absolute GFR, were also elevated.
Since 5 mg is the minimum maintenance dose of tirzepatide in adults, it’s chosen as the adult reference dose in this study. The simulated concentration-time profile and primary PK parameters in pediatric population were compared with observed data in adults. Then, the PK parameters were recalculated by decreasing the doses from 5 mg to 4.375, 3.75, 3.125, and 2.5 mg, which corresponded to dose reduction of 12.5%, 25%, 37.5%, and 50% respectively to accomplish the desired PK parameters within the reference adult ranges.
3 RESULTS
3.1 Development and verification of PBPK model in adults
Observed plasma drug concentration data of adults receiving 5 mg single dose of tirzepatide in a clinical trial (Coskun et al., 2018) was chosen as training dataset for parameter optimization and the development of the adult model (Figure 2A), data from 5 clinical studies covering a broad range of 0.25–15 mg in single (Figures 2B–H) and multiple (Figures 3A–E) dosing regimens were used as testing dataset for model external verification. The details of the included studies were summarized in Table 1. Drug-related input parameters for constructing the PBPK model were listed in Table 2.
[image: Eight scatter plots show data comparisons with orange trend lines from different studies labeled A to H. Each plot features blue data points with error bars, displaying a downward trend. Labels include "Coskun 2018," "Unna 2021," "Furuichi 2022," and "Feng 2023" followed by specific measurement types in parentheses across varying scales.]FIGURE 2 | Development (A) and external verification (B–H) of tirzepatide PBPK model in adults after single SC administration (2.5–8 mg). Solid lines indicated simulated arithmetic mean plasma concentration–time profiles. Observed data was shown as circles ±standard deviation if available.
TABLE 1 | Description of population characteristics of included clinical studies for model development and validation.
[image: A table comparing characteristics of training and testing datasets from various studies. It includes columns for Coskun et al. (2018), Furihata et al. (2022), Urva et al. (2021, 2022), and Feng et al. (2023). Rows detail the number of female/male subjects, population, dosage regimen in milligrams, age in years, weight in kilograms, and BMI in kilograms per square meter. Data values vary for each study.]TABLE 2 | Parameters used in tirzepatide PBPK model development.
[image: Table detailing pharmacokinetic parameters including physicochemical properties, absorption, distribution, metabolism, and excretion. Key values include molecular weight, log P, solubility, and absorption rate. References are provided for each parameter.]Model-predicted concentration-time profiles are in close concordance with the corresponding observed data as shown in Figure 2; Figure 3. Table 3 and Table 4 displayed the predicted and observed primary PK parameters, as well as their fold error for single and multiple dosing regimens, respectively. The majority of the fold errors fell in the range of 0.5–2, except for Tmax (0.83–2.28 h). This was expected due to the high interindividual variability of Tmax, and the simulated values were all within the observed range of clinical studies (24–72 h) (FDA, 2021). Additionally, the AFE of single dose regimen was computed with values of 1.18, 1.09, 1.04, 1.42, and 0.84 for AUC0-inf, Cmax, T1/2, Tmax and CL/F, respectively. All the values fell in the 2-fold range, which further validated the developed model.
[image: Five graphs labeled A to E show data trends over a range of doses. Each graph has a horizontal axis labeled 'Wave Number' and a vertical axis. Graphs feature orange lines and blue data points. Graph A is labeled "Coskun 2018 (4.5 mg)", B "Coskun 2018 (5-6-8-10 mg)", C "Furuhata 2022 (2.5-5-10 mg)", D "Feng 2023 (2.5-5 mg)", and E "Feng 2023 (0.5-2.5-5-10-12.5-15 mg)". Periodic peaks and downward trends are visible across graphs.]FIGURE 3 | External verification (A–E) of tirzepatide PBPK model in adults after multiple dosing regimens (details can be found in Table 4). Solid lines indicated simulated arithmetic mean plasma concentration–time profiles. Observed data was shown as circles ±standard deviation if available.
TABLE 3 | Comparison of PBPK model simulated and observed PK parameters following single-dose SC administration in adults.
[image: Table comparing predicted and observed pharmacokinetic parameters across various studies and doses. Parameters include AUC\(_{0-inf}\), \(C_{max}\), \(T_{1/2}\), \(T_{max}\), \(Cl/F\), with fold errors calculated. Studies by Coskun (2018), Furihata (2022), Urva (2021, 2022), and Feng (2023) are included.]TABLE 4 | Comparison of PBPK model simulated and observed PK parameters following multiple-dose SC administration in adults.
[image: A table comparing predicted and observed pharmacokinetic parameters for various dosing regimens across three studies: Coskun et al. (2018), Furihata et al. (2022), and Feng et al. (2023). Parameters include AUC\(_{0-168h}\) in ng·h/mL, C\(_{\text{max}}\) in ng/mL, T\(_{\frac{1}{2}}\) in hours, and T\(_{\text{max}}\) in hours, with fold errors calculated for each. Different doses and regimes show variations in predicted versus observed outcomes, with fold errors noted in bold. Annotations at the bottom explain abbreviations and calculations.]3.2 Simulated pharmacokinetic profiles in children and adolescents at adult dose
The simulation results of pediatric population receiving 5 mg single dose with comparison to the reference adult values were shown in Figure 4 (concentration-time profile) and Figure 5 (PK parameters). As for healthy and obese children (10–12 years), the lower limits of predicted AUC0–168h and Cmax both exceeded the reference range. It’s a similar story for the early adolescents (12–15 years) with normal body weights, yet for those with obese body weights, the simulated PK parameters fell in the reference range. In terms of both healthy and obese adolescents (15–18 years), the simulated AUC0–168h and Cmax were both overlapped with the reference range. Tmax of each group fell in the reference range.
[image: Three line graphs labeled A, B, and C depict decay processes over time. Each graph shows a main line with shaded confidence intervals, one in blue and one in orange. Axes are labeled for time across the horizontal and process completion or value on the vertical axis. The graphs appear similar but show subtle variations in the data trends and confidence intervals.]FIGURE 4 | Simulated mean concentration-time profiles in children and adolescents with normal and obese body weights after a single dose of 5 mg. (A) Children (10–12 years); (B) Early Adolescents (12–15 years); (C) Adolescents (15–18 years). The blue line represented the normal weight group, the orange line represented the obese weight group. The light shaded regions represented the 90% model prediction interval. Observed data in adults was shown as black circles ±standard deviation if available.
[image: Bar graphs labeled A, B, and C compare the mean and standard deviation of two groups, Female (blue) and Male (orange), across three categories: Always, Easy Announcements, and Announcements in A; Nonlinear, Easy Announcements, and Announcements in B; Changes, Easy Announcements, and Announcements in C.]FIGURE 5 | Simulated mean PK parameters and standard deviation in children (10–12 years), early adolescents (12–15 years) and adolescents (15–18 years) with normal and obese body weights after a single dose of 5 mg. (A) AUC0–168h; (B) Cmax; (C) Tmax. The range of PK parameters of adults receiving a single dose of 5 mg, such as 43459–63467 ng*h/mL for AUC0–168h, 305.7–488.3 ng/mL for Cmax, and 24–72 h for Tmax, were used as the reference range, represented as black dotted lines.
3.3 Pediatric dose simulations
As expected, the predicted plasma concentration and PK parameters of tirzepatide in pediatric population at the adult dose (5 mg) were higher, indicating dose adjustments were needed. Hence, dose of tirzepatide is reduced to 87.5%, 75%, 62.5%, and 50% of the reference adult dose to obtain both desirable AUC0–168h and Cmax. The simulated PK parameters at different single doses were shown in Figure 6 and Supplementary Table S3 of the ESM. Appropriate dose adjustments predicted by PBPK modelling were presented in Table 5. For children with normal body weights, the preferred dosage was 2.5–3.125 mg, which corresponded to 50%–62.5% of the adult dose. For obese children and healthy early adolescents, the recommended dosage was 3.125–3.75 mg, corresponding to 62.5%–75% of the adult dose. For obese early adolescents and healthy adolescents, 3.75–5 mg of tirzepatide was recommended, which was equivalent to 75%–100% of the adult dose. No dosage adjustment was necessary for adolescents (15–18 years) with obese body weights according to the simulation results. In addition, predicted concentration-time profiles at each dose in normal and obese pediatric population were demonstrated in Supplementary Figures S1, S2 of the ESM, respectively.
[image: Four bar charts labeled A, B, C, and D display the mean and standard deviation of drug concentration across different age groups: children, early adolescents, and adolescents. Each chart shows varying dose levels, with shades of blue in charts A and C, and shades of orange in charts B and D. Measurements are in nanograms per milliliter. Charts A and B depict higher concentrations for higher doses, while charts C and D have similar trends. Dotted lines indicate average thresholds.]FIGURE 6 | Simulated AUC0–168h (A,B) and Cmax (C,D) at different single doses to obtain values in healthy and obese pediatric population similar to the reference adult range, i.e. 43459- 63467 ng*h/mL for AUC0–168h and 305.7–488.3 ng/mL for Cmax. Those with normal body weights were represented in the blue bar charts (A) and (C), the obese population was represented in the orange bar charts (B) and (D).
TABLE 5 | Dose adjustment for pediatric population with different ages and body weights with PBPK modelling.
[image: Table showing predicted doses based on age and weight. For children: normal weight, 2.5–3.125 mg; obese, 3.125–3.75 mg. For early adolescents: normal, 3.125–3.75 mg; obese, 3.75–5 mg. For adolescents: normal, 3.75–5 mg; obese, no adjustment needed.]4 DISCUSSION
At present, the therapeutic options available for pediatric patients with diabetes are somewhat limited, only insulin, metformin, daily liraglutide and once-weekly exenatide extended release are applied in clinical practice. Tirzepatide demonstrated superior glycemic control and body weight reduction outcomes in clinical trials compared to existing medications. It is anticipated that, if tirzepatide can be adapted for use in the pediatric population, it would yield favorable outcomes and substantially alleviate the burden of diabetes. In this study, we developed a PBPK model of tirzepatide using both in vitro and in vivo data, and verified the model in adults, then scaled it to children and adolescents with both normal and obese body weights. Appropriate pediatric doses were predicted to achieve similar drug exposures to that in adults. To our knowledge, this is the first established PBPK model for dose prediction of tirzepatide in the pediatric population.
Previously, pediatric doses were usually extrapolated from adults using simple allometric scaling based on age, body weight or body surface area. However, the pediatric population undergoes physiological changes in body weight, body composition, and drug elimination pathways, all of which have profound effects on PK of drugs. Therefore, the use of PBPK modelling to extrapolate the initial doses for pediatric clinical trials has been steadily increasing in the last few years, and recognized by authorities (Heimbach et al., 2019; Johnson et al., 2021). Moreover, it’s estimated more than half of all drugs are prescribed off-label to children. PBPK modelling is a valuable approach to support dosing decisions in the pediatric population (Freriksen et al., 2023). At present, PBPK modelling is widely applied in pre-market studies to guide first-in-pediatric dose selection (Wang et al., 2021), as well as in post-marketing phase to establish pediatric drug dosing recommendations.
Since the prevalence of T2DM is very low in children aged <10 years (0.01 cases per 1,000 individuals) and much higher in older children (0.42 cases per 1,000 individuals) (Liese et al., 2006), the extrapolated age range is limited between 10 and 18 years in our model. Within this age group, the proteolytic enzymes (peptidases) mediating tirzepatide metabolism were considered to achieve similar maturity to that in adults (Chang et al., 2021). Therefore, the same non-renal clearance was used in our model between children and adults. Currently, quantitative information about the absorption and metabolic processes of peptides at the SC injection sites is not available (Kagan, 2014), thus a first-order absorption process between SC injection site to the compartment of venous blood was applied in this model. One previous study showed that the processes governing drug absorption were most likely to be consistent between adults and children (Malik and Edginton, 2018). Proteolysis at the SC tissue is a major elimination pathway for therapeutic protein and peptides that reduce their systemic bioavailability (Varkhede et al., 2020). Studies showed there may be a faster absorption rate and greater extent of pre-systemic elimination of drugs via SC administration in the pediatric population, but overall their bioavailability was the same as that in adults (Malik and Edginton, 2018).
The rising prevalence of obesity confronts physicians and pharmacists with dosing problems in this population. According to a systematic review of clinical studies conducted in obese children, clinically significant PK alterations were found in 65% of drugs studied, including changes in the volume of distribution and clearance (Harskamp-van Ginkel et al., 2015). Physiological alterations associated with obesity, e.g., increased tissue volume and perfusion, altered plasma protein concentrations and tissue composition, may significantly impact the distribution volume of a drug. Consequently, adjustments of initial doses might be necessary. Obesity-related changes in the drug eliminating organs, e.g., variations in hepatic enzyme activity and GFR, potentially warrant adjustments to the maintenance dosages (Gerhart et al., 2022a). Therefore, when prescribing medication for obese patients, it is necessary to consider whether dosage adjustments are required. There is usually a disproportionately low number of obese participants in clinical trials, resulting in insufficient dosing recommendations for this population (Berton et al., 2023). PBPK modelling facilitates the creation of simulated clinical trial scenarios based on prior knowledge on human physiology, permitting the investigation on how drugs are distributed and eliminated in the obese subjects. In the present model, the virtual population of children and adolescents with obesity was developed to reflect a greater total body weight and lean body mass (organ volumes) with obesity compared to those with normal body weights. Higher absolute blood flow in organs, GFR and renal clearances were also taken into consideration.
An adult PBPK model for tirzepatide was successfully developed, and scaled it to the pediatric population incorporating all known physiological changes. Some limitations should be noted. As a result of limited clinical studies, there has been no consensus whether the drug absorption rate or bioavailability from SC injections is altered in obese population so far. A delayed absorption of insulin lispro in obese patients was found (Gagnon-Auger et al., 2010), yet no difference of bioavailability of enoxaparin was observed between obese and nonobese individuals in a study (Sanderink et al., 2002). The AUC of human chorionic gonadotropin was substantially lower in the obese women group (Chan et al., 2003), yet it was challenging to distinguish whether it resulted from decreased absorption or increased clearance. Therefore, the absorption rate and extent are considered as consistent between healthy and obese population in this model. Since information on exposure-response of tirzepatide in children was absent, the relationship was assumed to be similar to that in adults. Besides, the aim of this study was to predict appropriate dosing regimen in children and provide references for future clinical trials, the extrapolated pediatric model was not verified because no PK data has been released up to now. However, the finding of this study could be translatable clinically only after a clinical study was conducted in such patients with the predicted doses.
In summary, a PBPK model of tirzepatide in adults was developed and verified to mechanistically describe the in vivo process of tirzepatide after SC administration. Then the model was extrapolated to children and adolescents (10–18 years) to account for age-related physiological changes. The developed pediatric PBPK model can provide invaluable references in designing dosing regimens of tirzepatide for the pediatric population, and contribute to individualized medication as well as rational use of tirzepatide in clinical practice.
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The rise of fentanyl has introduced significant new challenges to public health. To improve the examination and identification of biological samples in cases of fentanyl misuse and fatalities, this study utilized a zebrafish animal model to conduct a comparative investigation of the metabolites and biotransformation pathways of fentanyl in the zebrafish’s liver and brain. A total of 17 fentanyl metabolites were identified in the positive ion mode using ultra-high-pressure liquid chromatography Q Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometry (UHPLC-QE HF MS). Specifically, the zebrafish’s liver revealed 16 fentanyl metabolites, including 6 phase I metabolites and 10 phase II metabolites. Conversely, the zebrafish’s brain presented fewer metabolites, with only 8 detected, comprising 6 phase I metabolites and 2 phase II metabolites. Notably, M′4, a metabolite of dihydroxylation, was found exclusively in the brain, not in the liver. Through our research, we have identified two specific metabolites, M9-a (monohydroxylation followed by glucuronidation) and M3-c (monohydroxylation, precursor of M9-a), as potential markers of fentanyl toxicity within the liver. Furthermore, we propose that the metabolites M1 (normetabolite) and M3-b (monohydroxylation) may serve as indicators of fentanyl metabolism within the brain. These findings suggest potential strategies for extending the detection window and enhancing the efficiency of fentanyl detection, and provide valuable insights that can be referenced in metabolic studies of other new psychoactive substances.
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1 INTRODUCTION
The emergence of fentanyl analogs has significantly impacted the field of pharmacology and presented new challenges in the realm of public health (Clotz et al., 1991; Poklis, 1995; Zawilska et al., 2017; Han et al., 2019). Fentanyl is a synthetic opioid that is approximately 50–100 times more potent than morphine, its high potency, fast onset of action, and duration of the desired effect may be particularly important contributing factors to the higher risk of overdose deaths and social consequences. Additionally, it is frequently combined with other substances like heroin or cocaine, often unwittingly to the user. This scenario makes it exceedingly challenging for users to accurately assess the strength of the substances they are consuming, consequently leading to a rise in fentanyl-related overdose deaths (Henderson, 1991; Hibbs et al., 1991; Nolan et al., 2019). Survey data from New York City, West Virginia, and Australia indicate that since 2015, there has been a significant rise in the rate of fentanyl-related overdose deaths worldwide. Illicitly manufactured fentanyl and its analogues have become some of the primary substances identified in these fatalities (Colon-Berezin et al., 2019; Dai et al., 2022; Roxburgh et al., 2022).
Delving into the metabolites and biotransformation pathways of fentanyl provides a broader perspective on its toxicological impacts. Pinpointing its signature metabolites broadens the detection time frame, consequently enhancing the efficiency of tests. This is key in keeping a vigilant eye on potential fentanyl abuse. In recent years, the focus of research has increasingly centered on the qualitative and quantitative analysis of trace amounts of fentanyl and its metabolites in biological samples (Strayer et al., 2018; Busardò et al., 2019; Ott et al., 2022; Wei et al., 2022). The majority of reported fentanyl metabolites are phase I metabolites, which include N-dealkylation and hydroxylation metabolites. While phase II metabolites, which are primarily glucuronidation metabolites, are not as commonly reported. Consequently, there is a need for more research to broaden our understanding of phase II metabolism.
Zebrafish models offer several advantages over experimental rodent models, including greater time efficiency, cost-effectiveness, high-throughput capacity and sensitivity. Adhering to the internationally recognized 3Rs (replacement, reduction, refinement) principle in toxicological experiments, zebrafish models also boast a genome strikingly similar to that of humans. Furthermore, zebrafish possess a metabolic enzyme system that closely resembles that of mammals. Enzymes from the CYP450 family play a crucial role in the initial phase of drug metabolism in mammals. Goldstone et al. demonstrated that many zebrafish CYP450 enzymes have direct orthologues in humans and other mammals, underscoring the relevance of zebrafish as a model for studying drug metabolism. Notably, there are unique CYPs in fish, such as CYP1C, CYP2AE, and CYP2X, which lack human orthologs, suggesting potential differences in metabolic pathways (Goldstone et al., 2010). Furthermore, the gene expression profiles of phase II enzymes, including uridine glucuronosyltransferases (UGTs), sulfotransferases (SULTs), and methyltransferases (COMTs) in zebrafish, have been characterized and show similarities to their human counterparts (Alazizi et al., 2011; Mohammed et al., 2012; Christen et al., 2014). Consequently, zebrafish are capable of performing both phase I (oxidation, N-demethylation, O-demethylation, and N-dealkylation) and phase II (sulfation, glucuronidation, and methylation) drug metabolism reactions, paralleling human processes (Matos et al., 2020; Pesavento et al., 2022).
Zebrafish, frequently dubbed as “little mice in water” have garnered considerable interest in recent years. Their employment as biological models to investigate drug toxicity and metabolism has propelled them to the forefront of research (Xu et al., 2019; Morbiato et al., 2020; Krishna et al., 2021; Cooman et al., 2022b; Pesavento et al., 2022) conducted a study on the metabolism of fentanyl in zebrafish embryos, but no research has been reported on fentanyl metabolism in adult zebrafish. Fentanyl is a lipophilic compound, can swiftly cross the cell membrane and penetrate the blood-brain barrier to exert its medicinal effects within the brain (Yu et al., 2022). The liver, as the primary organ for drug metabolism, is abundant in drug-metabolizing enzymes.
For this study, the metabolites and biotransformation pathways of fentanyl in the liver and brain of zebrafish were examined and identified using ultra-high-pressure liquid chromatography Q Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometry (UHPLC-QE HF MS), with an emphasis on the analysis of Phase II metabolites. This approach lays a solid foundation for the examination and identification of biological samples in cases of fentanyl misuse and fatalities.
2 EXPERIMENTAL
2.1 Drugs and reagents
Fentanyl hydrochloride standard with a purity of at least 99.5% was sourced from Shanghai Yuansi Standard Technology Co., Ltd. in Shanghai, China, and was dissolved in ultrapure water to create a 10 mgL−1 (26.8 μM) fentanyl solution for later use. Chromatographically pure acetonitrile and formic acid were purchased from Merck & Co., Inc. In New Jersey, United States.
2.2 Zebrafish study
All zebrafish experimental procedures were reviewed and approved by Zhejiang University Experimental Animal Welfare. In our experiment, we worked with adult wild-type zebrafish of the AB strain, which we sourced from the Wuhan Zebrafish Center in China. We kept them in a recirculating tank system (RTS), courtesy of Shanghai Haisheng Biotechnology. This system kept the water clean and well-oxygenated, with a pH of around 7.2, conductivity from 500 to 600 μS, and a cozy temperature between 27.5°C and 28.5°C. The zebrafish enjoyed a diet of freshly hatched brine shrimp served twice a day, and we mimicked their natural light/dark cycle with 14 h of light followed by 10 h of darkness. Before we introduced them to the bath treatment for our metabolic studies, we let them get used to the tank system for at least a week.
Eighteen adult zebrafish (4–6 months old, weighing 0.5 ± 0.1 g) were divided into two groups of nine. A couple of hours before the experiment kicked off, we transferred both groups from the RTS to Petri dishes, each containing 30 mL of RTS water. This was to help them acclimate. We put three fish in each dish. One group was chosen for drug exposure. When the experiment started, we replaced the water in their RTS with an equal volume of fentanyl aqueous solution (10 mgL−1, 26.8 μM), and the fish were exposed to this solution for 24 h. The other group served as a control, remaining in the RTS water without drug exposure for the same period.
After the bath administration period, the zebrafish were rinsed thrice with ultrapure water, then humanely euthanized in grinding tubes. The livers were then harvested, with every three livers from the same group pooled together. Next, three grinding beads and 200 µL of acetonitrile were added to each tube, followed by homogenizing the samples using a JXFSTPRP-CL fully automatic sample freezing and grinding machine (Shanghai JingXin Co., Ltd., China) at −4°C (a frequency of 60 Hz, a run time of 40 s, and a pause time of 20 s, for a total of 10 cycles). This was followed by centrifugation at 13,000 r/min and 4°C for 10 min using a Legend Micro 21R freezing high-speed centrifuge (Thermo Fisher Scientific, Waltham, MA, United States). The supernatant was collected, re-dissolved using a nitrogen blow, and then filtered through a 0.22 μm organic PTFE microporous membrane into a lined tube for subsequent instrument analysis.
The treatment was similarly administered to the zebrafish brain.
2.3 Instrumental analysis
All samples were analyzed using a by ultra-high-pressure liquid chromatography Q Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometry (Thermo Fisher Scientific, Waltham, MA, United States). The chromatographic column was a ACQUITY UPLC HSS T3 Column (150 mm × 2.1 mm, 1.8 μm) fitted with a VanGuard precolumn, both from Waters (Milford, MA, United States). Mobile phases were 0.1% formic acid (A) and 0.1% formic acid in acetonitrile (B) and were run in a gradient at a flow rate of 0.3 mLmin−1 starting at 1% B until 1.0 min, ramped to 99% B at 8.0 min and held until 10.0 min, then ramped down to 1% B at 10.1 min and finally re-equilibration until 12 min. The column temperature was kept at a steady temperature of 30°C, and an injection volume of 3 µL was maintained.
An electrospray ionization source (ESI) was utilized that operated at a spray voltage of 3,800 V. Nitrogen was used as the collision gas, and the atomization temperature was set at 320°C, an atomization gas pressure of 38 arb was maintained and an auxiliary gas pressure of 15 arb, with a capillary temperature of 350°C. Data acquisition was performed using the Full MS-ddMS2 scan mode under the following conditions: a Full MS resolution of 35,000, a maximum injection time of 100 m, and a scan range of m/z 70–1,000. For tandem MS data collection, the dd-MS2 resolution was 17,500, with collision energies set at 17.5, 35, and 52.5 eV.
3 RESULTS AND DISCUSSION
3.1 Mass spectrometry analysis of fentanyl
Fentanyl, with the molecular formula C22H28N2O, exhibited an accurate mass of the protonated molecular ion [M + H]+ at m/z 337.22744 under the positive ion collection mode. The MSMS spectrum of fentanyl with characteristic fragment structures is depicted in Figure 1. Referencing Davidson’s study (Davidson et al., 2022) on fentanyl’s mass spectrometry fragmentation patterns, we observed that the fragmentation of fentanyl’s mass spectrum adheres to the patterns of m/z 337→281→188→146→134→132, 337→188→105 and 337→216. The detailed MSMS spectrometry fragmentation pathways, which further elucidate these patterns, are illustrated in Figure 2.
[image: Mass spectrometry graph showing relative abundance against m/z ratio for Fentanyl with retention time of 4.35 minutes. Peaks are labeled with chemical structures and m/z values, including 105.06971, 188.14299, and 337.22868. A detailed inset displays the chemical structure of Fentanyl, highlighting specific fragments like 150, 188, and 281.]FIGURE 1 | Mass spectra and assigned fragmentation patterns for fentanyl.
[image: Chemical reaction pathway showing structures and molecular weights. It starts with a compound having m/z 317.22646, leading to intermediates with m/z 281.19963, 181.12289, 116.13829, 146.09643, 134.09643, and 105.06973. Each step involves structural changes using arrows to indicate progression.]FIGURE 2 | Fragmentation pathway of fentanyl in ESI-MS.
3.2 Examination of fentanyl metabolites
In the positive ion mode, a total of 17 fentanyl metabolites were detected in the zebrafish’s liver and brain, M′4 was unique that it was only found in the brain but not in the liver. All other metabolites detected in the brain were identifiable in the liver of the zebrafish. To be specific, 16 fentanyl metabolites were detected in the zebrafish’s liver, comprising 6 phase I metabolites and 10 phase II metabolites. In contrast to the liver, the brain of zebrafish contained fewer metabolites, with a total of 8 detected. This included 6 phase I metabolites and 2 phase II metabolites, detailed in Table 1. Notably, glucuronidated fentanyl (M9-a) and monohydroxy fentanyl (M3-c) were the major metabolites in the liver. In the brain, however, norfentanyl (M1) and monohydroxy fentanyl (M3-b) were more prevalent. Phase I metabolites primarily consisted of dealkylation and hydroxylation products, while the phase II metabolites were predominantly the results of methylation, glucuronidation and sulfation processes. The extracted ion chromatogram of these metabolites is depicted in Figure 3, and the detailed information can be found in Table 2, mass error for protonated molecule of all these metabolites being less than 3.46 ppm. In comparison to earlier studies on fentanyl metabolism using hepatocytes (Kanamori et al., 2018a; Kanamori et al., 2018b) or zebrafish embryos (Pesavento et al., 2022), our study revealed a more diverse fentanyl metabolites, with a particular increase in phase II metabolites. Of significant note, this study presents the first report of fentanyl’s sulfation metabolites.
TABLE 1 | Peak areas of fentanyl and metabolites detected in the liver and brain of zebrafish.
[image: Table showing metabolite levels of Fentanyl and its metabolites in the liver and brain. Columns are labeled: Metabolite, Liver (rank), Brain (rank). Some metabolites have higher rankings in the liver, while others are more prominent in the brain. 'n.d.' indicates not detected. Rankings are given in parentheses next to peak area values.][image: Forest plot illustrating the efficacy of various antidepressants compared to placebo in reducing depression symptoms, measured by standard mean differences. Each row represents a treatment, with a point estimate and confidence interval reflecting its effectiveness. The line at zero represents no effect, with data points to the right indicating positive effects.]FIGURE 3 | Extracted ion chromatogram for the major metabolites of fentanyl detected in the liver (A) and brain (B) of zebrafish.
TABLE 2 | Detailed information of fentanyl and metabolites in the liver and brain of zebrafish.
[image: A table listing various biotransformations alongside associated data. Columns include Class, Biotransformation, Retention Time (RT in minutes), Calculated and Measured Mass-to-Charge Ratio ([M + H]⁺/m/z), Error in parts per million (ppm), and Characteristic Fragment. Examples include the parent drug at RT 6.38 with specific calculated and measured values, and various metabolites like N-dealkylation, hydroxylation, and glucuronidation reactions with different retention times and mass-to-charge values. Each entry details specific transformations and analytical data.]3.2.1 Examination of phase I metabolites
Six phase I metabolites were identified in both the liver and brain of zebrafish, M3-a was exclusive to the liver, whereas M′4 was found only in the brain.
3.2.1.1 Metabolites of N-Dealkylation
The N-dealkylation metabolite on the piperidine ring, designated as M1and also referred to as norfentanyl, has been identified as a signature metabolite of fentanyl (Wilde et al., 2019; Armenian et al., 2022), was identified in both the liver and brain of zebrafish. With a retention time of 5.70 min, M1 formed an accurate mass of the protonated molecular ion [M + H]+ at m/z 233.16484 (C14H20N2O), showing a reduction of 104 Da (-C8H8) compared to the parent drug. The main characteristic fragment ions of M1 were m/z 84.08068, 150.09119, and 177.13835, as depicted in Figure 4. The characteristic fragments ions at m/z 84 and 150 align with the corresponding parent drug. However, the fragment at m/z 177 was 104 Da less than the parent drug at m/z 281, indicating that M1 was formed as a result of N-dealkylation on the piperidine ring of the parent drug.
[image: Mass spectrometry graph showing relative abundance versus mass-to-charge ratio (m/z) for a compound with retention time of 5.70 minutes. Peaks are labeled with m/z values 56.04947, 84.08068, 150.09119, 177.13835, and 233.16451. Structural fragments are depicted at key m/z values.]FIGURE 4 | Mass spectra and assigned fragmentation patterns for M1.
3.2.1.2 Metabolites of hydroxylation
M2 was generated by hydroxylation of M1. M3-a, M3-b, M3-c, and M3-d were the monohydroxylation metabolites of the parent drug, while dihydroxylation results in M′3-e. M3-a was solely identified in the liver of zebrafish and not in the brain. Conversely, M′3-e was exclusively detected in the brain. M2 was observed at a retention time of 5.13 min, with an accurate mass of the protonated molecular ion [M + H]+ at m/z 249.15975, corresponding to the molecular formula C14H20N2O2. Compared to the characteristic fragments of M1, it was inferred from m/z 166.08578, 148.07497 (166→148, a loss of H2O) and 73.02837 that the hydroxylation site of M2 was located on the propionyl moiety as shown in Figure 5.
[image: Mass spectrum displaying relative abundance versus m/z (mass-to-charge ratio) for compound M2 at retention time 5.13 minutes. Key peaks are labeled, showing m/z values 94.06512 and 148.07569. Structural fragments are illustrated above corresponding peaks.]FIGURE 5 | Mass spectra and assigned fragmentation patterns for M2.
M3-a, M3-b, M3-c, and M3-d were identified at retention times of 5.57, 5.97, 6.08, and 6.20 min, respectively. These metabolites exhibited an accurate mass of the protonated molecular ion [M + H]+ at m/z 353.22235 (C22H28N2O2). The MSMS spectrum of M3 group is depicted in Figure 6. The presence of characteristic fragment ion peaks at m/z 84, 121, 162, and 204, along with the absence of m/z 335 (a loss of H2O), in both M3-a and M3-c, suggest that a monohydroxylation reaction occurred on the benzene ring of phenylethyl moiety in each metabolite.
[image: Four panels showing mass spectrometry data with chemical structures and retention times for compounds labeled M1-a, M1-b, M1-c, and M1-d. Each panel contains a graph of mass-to-charge ratio versus relative abundance. The chemical structures are depicted above the graphs, indicating molecular fragments. Retention times are noted as RT, varying in minutes for each compound. Peaks are labeled with specific m/z values and intensities.]FIGURE 6 | Mass spectra and assigned fragmentation patterns for monohydroxylated metabolites (M3 group).
The variation in retention times across these metabolites indicates distinct reaction sites for each hydroxylation event. The fragment ions of M3-b at m/z 73.02824, 148.07527, 232.13251, and 335.20856 indicate that the monohydroxylation reaction occurred on the propionyl moiety. For metabolite M3-d, the ion fragments adhered to a fragmentation pattern of m/z 353→204→186 and 353→335→279→186→174 (Cooman et al., 2022a). The transitions of m/z 353→335 and 204→186 were indicative of dehydration, thereby suggesting that the hydroxylation reaction site for M3-d is situated on the alkyl portion of the phenethyl moiety. Through detailed analysis of the tandem mass spectrometry data, it has become apparent that the MSMS spectrum alone is insufficient to pinpoint the exact carbon atom undergoing hydroxylation. However, considering the inherent instability of α-carbon hydroxylation in fentanyl metabolites, we infer that the hydroxylation occurs at the more stable β-carbon position. This deduction is supported by both the spectral data and the chemical logic pertaining to the likely metabolic pathways.
M’4 was exclusively observed in the brain of zebrafish at a retention time of 5.60 min. It formed an accurate mass of the protonated molecular ion [M + H]+ at m/z 369.21727 (C22H28N2O3). The absence of product ions at m/z 351 and 333, due to the loss of H2O, indicates that M′4 underwent hydroxylation on the benzene ring of fentanyl. The presence of the characteristic fragment ions at m/z 121.06461, 204.13803, and 84.08065 strongly suggest that one hydroxylation site is on the benzene ring of phenylethyl moiety. This observation exclude the possibility of a second hydroxy group being present on the phenylethyl moiety, as shown in Figure 7. Similarly, it can be inferred that another hydroxylation site could be located on the benzene ring of the aniline group from the fragment ions m/z 232.13333 and 249.16071.
[image: Mass spectrum graph showing relative abundance versus m/z (mass-to-charge ratio) with peaks at 84.08065, 121.06461, 204.13803, 232.13333, and 369.21698. An inset displays a chemical structure with annotated fragments corresponding to peaks. Key m/z values are labeled.]FIGURE 7 | Mass spectra and assigned fragmentation patterns for M′4.
3.2.2 Examination of phase II metabolites
Ten phase II metabolites were identified in the liver of zebrafish, contrastingly, only two (M5 and M9-a) were detected in the brain.
3.2.2.1 Metabolites of methylation
M5 was observed at a retention time of 6.10 min, with an accurate mass of the protonated molecular ion [M + H]+ at m/z 383.23292 (C23H30N2O3). Similar to M′4, the absence of product ions at m/z 365, 351, and 333, which would indicate the loss of H2O, was also noted for M5. The presence of characteristic fragment ions at m/z 151.07515, 234.14851, 119.04902, 192.10179, and 57.01083 suggests that the dihydroxylation reaction occurred on the benzene ring of the phenylethyl moiety. The specific fragment at m/z 192 supports the inference that a catechol metabolite was formed on the benzene ring of the phenylethyl moiety. Subsequently, a hydroxyl moiety underwent a methylation reaction formed M5. M11 was characterized by a retention time of 5.81 min with an accurate mass of the protonated molecular ion [M + H]+ at m/z 559.26501 (C29H38N2O9). From the characteristic fragment ions m/z 151.07515, 383.23221, 234.14845, and 192.10159, it can be inferred that M11 was formed by the glucuronidation of another hydroxyl moiety on M5. The MSMS spectrum of methylated metabolites are displayed in Figure 8.
[image: Two mass spectra are shown comparing compounds M5 and M11, with retention times of 6.10 minutes and 5.81 minutes, respectively. Each spectrum displays mass-to-charge (m/z) ratios with peaks labeled for various fragments. M5 shows peaks at 151, 327, and others, while M11 has peaks at 151, 234, 327, and 410. Chemical structures corresponding to the discussed metabolites with OCH₃ and OH groups are illustrated alongside the spectra.]FIGURE 8 | Mass spectra and assigned fragmentation patterns for methylated metabolites (M5 and M11).
3.2.2.2 Metabolites of glucuronidation
M6-a and M6-b were glucuronidated metabolites, formed through dealkylation and hydroxylation of the piperidine ring. They were identified with retention times of 5.00 and 5.98 min, respectively. Their protonated molecular ion [M + H]+ was observed at an accurate mass of m/z 425.19184 (C20H28N2O8) as shown in Figure 9. The formation of M6-a from M2 through glucuronidation can be inferred from the characteristic fragment ions. The presence of fragment ions m/z 82.06499, 249.15921, 233.16437, 150.09111, and 100.07552 suggest that M6-b was formed via glucuronidation after the N atom of the piperidine ring underwent dealkylation and oxidation. M9 and M10 moiety were formed through glucuronidation following the hydroxylation of the parent drug (Figure 10). M9-a and M9-b were identified at the following retention times: 5.78 and 6.00 min, with an accurate mass of the protonated molecular ion [M + H]+ at m/z 529.25444 (C26H36N2O8). They were formed as a result of glucuronidation, a process that occurred after parent drug underwent monohydroxylation. The MSMS spectrum of M9-a revealed fragment ions at m/z 121.06458, 353.22153, 204.13795, 84.08066, 380.16959 and no m/z 335 (a loss of H2O), suggesting that M9-a resulted from the glucuronidation of either M3-a or M3-c. In contrast, the fragment ions of M9-b at m/z 353.22153, 204.13788, 186.12737, 335.22153, and 134.09613 infer that M9-b is a product of the glucuronidation of M3-d. Similarly, M10-a and M10-b were formed through glucuronidation following the dihydroxylation of the parent drug.
[image: Two mass spectrometry graphs are shown. The left graph is for a molecule with peaks at m/z 84.04499, 161.05072, and 248.15519, with the molecular structure labeled AG. The right graph shows a molecule with peaks at m/z 84.04499, 236.16421, and 421.19095, featuring a molecular structure labeled 15%. Both graphs display m/z values on the x-axis and relative abundance on the y-axis.]FIGURE 9 | Mass spectra and assigned fragmentation patterns for M6 group.
[image: Four chromatograms, labeled M10-a to M10-d, show mass spectrometry data with retention times ranging from 9.49 to 15.58 minutes. Each includes molecular structures with peak intensities on y-axes and m/z ratios on x-axes, detailing specific chemical fragments.]FIGURE 10 | Mass spectra and assigned fragmentation patterns for glucuronidated metabolites (M9 and M10 group).
3.2.2.3 Metabolites of sulfation
The metabolite M7 was observed with a retention time of 6.13 min, and it formed an accurate mass of the protonated molecular ion [M + H]+ at m/z 433.17917 (C22H28N2O5S). The presence of the characteristic fragment ions at m/z 353.22153, 204.13794, 121.06456, 284.09439, 162.09109 and no m/z 335 (a loss of H2O) was observed indicated that M7 was formed through sulfation, following monohydroxylation of the parent drug, a process likely carried out by M3-a or M3-c. The post-dihydroxylation sulfation product M8, presented a retention time of 6.15 min. Its protonated molecular ion [M + H]+ ion was at m/z 449.17408, corresponding to the molecular formula C22H28N2O6S. The MSMS spectrum of M8 displayed characteristic fragment ions at m/z 369.21661, 220.13290, 137.05951, 178.08575 and no m/z 431, 351, and 333 by the loss of H2O were observed indicating the presence of two hydroxy moiety at the benzene ring of phenylethyl moiety, with one of them underwent sulfation (Figure 11).
[image: Two mass spectra graphs display the relative abundance of molecular ions against mass-to-charge ratio (m/z). The top graph (M7) shows a retention time of 6.13 minutes with peaks labeled, including 353.22153 and 433.17767 m/z, alongside a chemical structure. The bottom graph (M8) has a retention time of 6.15 minutes, highlighting peaks such as 178.08625 and 369.21661 m/z, also next to a chemical structure.]FIGURE 11 | Mass spectra and assigned fragmentation patterns for sulfated metabolites (M7 and M8).
The parent drug was found in high abundance in all samples. Upon comparing the peak areas of 17 metabolites in the experiment, ranking peak areas as outlined in Table 1, the most dominant metabolite was the metabolite of monohydroxylation and glucuronidation (M9-a), followed by monohydroxylated metabolite (M3-c, precursor of M9-a) in the zebrafish’s liver, and the highest abundance of normetabolite (M1) was found in the zebrafish’s brain, followed by monohydroxylated metabolite (M3-b). The N-dealkylation metabolite on the piperidine ring, also referred to as norfentanyl, has been identified as a signature metabolite of fentanyl. M9-a, M3-b, and M3-c contains all the structural characteristics of fentanyl. In summary, we have discerned that the metabolites, specifically M9-a in conjunction with M3-c, have been identified as potential indicators of fentanyl toxicity within the hepatic system. Simultaneously, we advocate for the combined use of M1 and M3-b metabolites as the metabolic signposts for fentanyl within the cerebrum.
3.3 Biotransformation pathways of fentanyl
The structural analysis of various metabolites in the liver and brain of zebrafish has revealed the biotransformation pathways of fentanyl. Metabolites were formed through several processes: N-dealkylation (M1) followed by hydroxylation (M2) and glucuronidation (M6-a); N-dealkylation followed by oxidation at the N atom of the piperidine ring and glucuronidation (M6-b); monohydroxylation (M3-a, M3-b, M3-c, M3-d) followed by glucuronidation (M9-a, M9-b) or sulfation (M7); dihydroxylation (M′4) followed by glucuronidation (M10-a, M10-b) or sulfation (M8); and dihydroxylation at the benzene ring of phenylethyl moiety followed by methylation of one hydroxyl moiety (M5) and glucuronidation of another hydroxyl moiety (M11). Figure 12 shows the proposed biotransformation pathway of fentanyl in the zebrafish’s liver and brain.
[image: Chemical structure diagram showing the metabolic pathway of fentanyl and its metabolites. Various chemical structures are linked with arrows, labeled with processes such as oxidation and reduction. Metabolites are indicated as M1 through M11, illustrating complex transformations.]FIGURE 12 | Proposed biotransformation pathways of fentanyl in the liver and brain of zebrafish (a. N-Dealkylation, b. Hydroxylation, c. Glucuronidation, d. Sulfation, e. Methylation). Major metabolites are marked by blue bold.
4 CONCLUSION
Given the increasing influence of fentanyl on public health, enhancing research into fentanyl metabolism is crucial. In this study, we used a zebrafish animal model, a method that is efficient in terms of time, cost, and sensitivity, in conjunction with UHPLC-QE HF MS, to perform a comparative analysis of the metabolites and biotransformation pathways of fentanyl in the zebrafish’s liver and brain. Our research identified 17 unique metabolites of fentanyl in the liver and brain of the zebrafish, including 7 phase I metabolites and 10 phase II metabolites. Fewer metabolites were detected in the brain than in the liver, the primary metabolic organ. M′4 was found exclusively in the brain, not in the liver. M9-a (monohydroxylation followed by glucuronidation) and M3-c (monohydroxylation) have been discerned as potential harbingers of fentanyl-induced hepatotoxicity. Concurrently, M1 (normetabolite) and M3-b (monohydroxylation) have been identified as cerebral metabolic markers for fentanyl. Notably, the diversity of metabolites identified in this study exceeded prior reports, particularly regarding phase II metabolites, and the sulfation metabolite was identified for the first time. This study provides an in-depth analysis of fentanyl metabolism. These insights could provide valuable evidence for the examination and identification of biological samples in instances of fentanyl misuse and related fatalities.
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Topical drug delivery is widely used in various diseases because of the advantages of not passing through the gastrointestinal tract, avoiding gastrointestinal irritation and hepatic first-pass effect, and reaching the lesion directly to reduce unnecessary adverse reactions. The skin helps the organism to defend itself against a huge majority of external aggressions and is one of the most important lines of defense of the body. However, the skin’s strong barrier ability is also a huge obstacle to the effectiveness of topical medications. Allowing the bioactive, composition in a drug to pass through the stratum corneum barrier as needed to reach the target site is the most essential need for the bioactive, composition to exert its therapeutic effect. The state of the skin barrier, the choice of delivery system for the bioactive, composition, and individualized disease detection and dosing planning influence the effectiveness of topical medications. Nowadays, enhancing transdermal absorption of topically applied drugs is the hottest research area. However, enhancing transdermal absorption of drugs is not the first choice to improve the effectiveness of all drugs. Excessive transdermal absorption enhances topical drug accumulation at non-target sites and the occurrence of adverse reactions. This paper introduces topical drug delivery strategies to improve drug effectiveness from three perspectives: skin barrier, drug delivery system and individualized drug delivery, describes the current status and shortcomings of topical drug research, and provides new directions and ideas for topical drug research.
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1 INTRODUCTION
Topical drugs have a long history. Thousands of years ago, ointments and salves made from animal, mineral, or plant extracts were commonly used in Egyptians, Chinese and Babylonians to cure a wide range of ailments (Lima et al., 2021; Metwaly et al., 2021; Roberts et al., 2021). Before 2000 BC, emplastra appeared in China, which maybe the original transdermal patch (Pastore et al., 2015). Many topical drugs are so effective that they are now widely used in many countries, and are also the source of discovery of some very effective monomers. However, there are some topical drugs that seem somewhat incomprehensible nowadays. For example, Kahun gynecological papyrus records that a substance (possibly crocodile excrement) is treated with honey or kefir and injected into the vagina for contraception (Metwaly et al., 2021). During the period of using natural drugs to treat diseases, external medication is one of the most important means of treating diseases. Surviving frescoes and books attest to this (Pastore et al., 2015; Chen, 2016; Zheng and Zheng, 2017). In terms of enhancing the effectiveness of topical drugs, many attempts have been made and many useful results have been achieved. Ancient Egyptians added essential oils to perfumes or ointments to increase the transdermal absorption efficiency of the active ingredients (Elshafie and Camale, 2017); Chinese used wine to soak their medicines to realize the enrichment of the active ingredients and to increase the transdermal absorption efficiency of the active ingredients (Zhu, 2007); and Chinese also heated up topical medicines added with iron sand to be used after application, which is a kind of topical drug formulation design to enhance the therapeutic efficacy of the medicines by heating (Zhu, 2007). In 1860, German chemist Niemann extracted an alkaloid from coca leaves and named it as cocaine. This is the first small molecule topical drug that is generally recognized. In 1884, cocaine was first officially used as a local anesthetic in clinical practice (Grzybowski, 2008). Since then, small molecule drugs have become the overlord of topical drugs to replace natural medicines (Figure 1).
[image: Timeline illustrating the evolution of drug delivery methods. It begins in 3000 BC with Egyptians and Babylonians using ointments, and progresses through various innovations such as the use of malachite, essential oils, and acupuncture in China. Key advancements include the use of cocaine as an anesthetic and Niemann obtaining cocaine from coca leaves. The timeline extends to modern advancements like the transdermal patch prototype in China.]FIGURE 1 | Development process of traditional topical drugs. The development process is divided into four aspects: topical medicine has a long history, topical drugs play an important role, the ancients can improve the efficacy of topical drugs, and topical drugs have begun a new era.
With the continuous development of science and technology and people’s deepening of disease understanding, peptides, proteins, nucleic acids, cells and bacteria are gradually used as drugs. The ultimate goal of all topical medication is to reach the target site in vivo with enough dose without side effects. According to the different target sites, topical medication can be divided into four types: 1) Drugs that do not want to be absorbed (e.g., sunscreen, heavy metals); 2) Drugs that reach the skin tissue and do not want to spread (e.g., drugs for the treatment of skin diseases); 3) Drugs that reach deeper tissues (e.g., anesthetics, drugs for treating muscle or joint diseases); 4) Drugs that cross the skin into blood vessels and are transported to other tissues or organs (e.g., insulin). In this paper, diseases are divided into three categories according to different target sites of disease (Table 1).
TABLE 1 | Classification of diseases at different target sites for topical drugs.
[image: Table listing diseases by target site. For skin: photoaging, wrinkles, acne vulgaris, melanoma, psoriasis, among others. Subcutaneous tissue: anesthesia, wound healing, diabetic foot infections, etc. Other tissues and organs: slimming, diabetes, cognitive impairment, etc.]2 PROPERTIES AND FUNCTIONS OF FOUR DIFFERENT SKIN BARRIERS
Recently, our view of the skin has evolved from a mere physical barrier to an organic organ made up of microbial, chemical, physical and immune barriers (Eyerich et al., 2018). Microbial, physical, chemical and immune barriers work synergistically together to maintain homeostasis in the body (Figure 2).
[image: Diagram illustrating gut barrier health. The left section depicts a normal gut with balanced elements labeled as T cell, B cell, macrophage, and others. The right section shows a diseased gut with imbalances, including pathogens and compromised barriers. The central arrows indicate imbalance leading to disease and balance maintaining health. Key barrier types are listed: physical, chemical, microbiological, and immune.]FIGURE 2 | The balance of the four skin barriers is the key to healthy skin. The four skin barriers are closely related and do not exist in isolation. Abnormalities in the microbiological and physical barriers are often the beginning of disease, and their abnormalities cause changes in the immune and chemical barriers. Only when all four barriers are restored to balance will the skin return to normal.
The microbial barrier consists of bacteria, archaea, fungi and viruses which inhabit the surface of the skin and mucous membranes. The microbial barrier can maintain and enhance the skin barrier function through a variety of mechanisms such as competing for nutrients, secreting metabolites, and interfering with the quorum sensing system, inhibiting conditional pathogenic bacterial infection (Uberoi et al., 2021), regulating immunity (Dhariwala and Scharschmidt, 2021), and promoting cell and tissue regeneration (Wang et al., 2023). For example, Staphylococcus epidermidis can affect immune cells in a number of ways thereby promoting neonatal skin barrier development (Severn and Horswill, 2023), enhancing innate immunity and inhibiting invasion by pathogenic bacteria (Gallo, 2015). Balancing the microbial barrier is key to maintaining healthy skin. Not only can increased abundance of pathogenic bacteria cause or exacerbate disease, but also can non-pathogenic bacteria (Severn and Horswill, 2023). And pathogenic bacteria are not entirely harmful. Under homeostatic conditions, the immune response induced by Staphylococcus aureus colonization of skin tissue can promote the growth of damaged nerve axons and local nerve regeneration (Enamorado et al., 2023).
The physical barrier is made up of the cells that make up the structure of the skin and is divided into epidermis, dermis and subcutaneous tissue. They balance body temperature and moisture, protect the body from ultraviolet exposure, transmit sensations and maintain good health (Eyerich et al., 2018). The stratum corneum is the outermost layer of the epidermis, with a thickness of about 10–20 μm, high density, low water content, low surface area of solute transport, and inactive metabolism, which is figuratively likened to a “brick wall structure” (Yang et al., 2017). The epidermis is mainly composed of keratinocytes with different degrees of differentiation. The keratinocytes move upwards from the basal layer, the degree of differentiation increases, the cells continue to age until they die, and the dead cells eventually accumulate in the outermost layer to form the stratum corneum (Peskoller et al., 2022). The dermis is located below the epidermis, and the basal layer is connected to the dermis layer by means of a basement membrane, which is mainly composed of fibroblasts and plays a supporting role in the epidermis (Ogawa, 2017). Cushioning the epidermis and dermis are layers of subcutaneous tissue and fat that protect the body from damage, provide flexibility and strength, act as a barrier to infection, and act as heat insulation and shock absorption (Singh and Singh, 1993). There are also skin appendages such as hair follicles, sebaceous glands, sweat glands, and nails on the surface of the skin, many of which are directly connected to the dermis and are an important way for drugs, especially macromolecular drugs, to enter the blood. Hair follicles are highly conserved sensory organs that are important reservoirs of keratinocytes and melanocytes in the skin, and hair follicles are also implicated in immune response to pathogens, thermoregulation, sebum production, angiogenesis, neurogenesis and wound healing (Ji et al., 2021). Sebaceous gland is a component of the sebaceous gland unit of the hair follicle, which secretes sebum, and its state is related to hair follicle morphogenesis (Zouboulis et al., 2022). The human body has about 20,000 to 40,000 sweat glands, which are divided into apocrine sweat glands and eccrine sweat glands according to anatomical structure and location (Sato et al., 1989). The end of the exocrine sweat duct is on the surface of the skin, and the end of the apocrine sweat duct is in the hair follicle.
The chemical barrier consists of metabolites from skin cells and microorganisms, and the chemical composition of the barrier varies from site to site, but they all play an important role in maintaining the balance of the skin barrier. The epidermis contains ceramides, free fatty acids, cholesterol, cholesterol sulphates, cholesterol esters and other lipids that are important for maintaining the barrier function of the skin (Starr et al., 2022). The research shows that the skin barrier function is significantly reduced after stratum corneum lipid extraction (Sweeney and Downing, 1970). The main components in sebum are mainly composed of glycerol ester, free fatty acid, cholesterol, Cholesteryl ester, wax ester and marlene. They are skin lubricants and stratum corneum plasticizing lipids, which can maintain the acidic condition of the outer surface of the skin and enhance the skin barrier function, and also play a central role in the composition and functional regulation of the skin microbiome (Qiu et al., 2022; Yin et al., 2023). Dysregulation of sebum secretion is an crucial cause or exacerbation of inflammatory skin disease (Shi et al., 2015). Amino acids, sodium pyrrolidone carboxylate, lactate, urea and other composition with moisturizing functions produced by the disintegration of keratinocytes are called natural moisturizing factors. Natural moisturizing factors are mainly distributed in the stratum corneum, which can regulate the hydration function of keratinocytes, maintain normal skin permeability, and reduce percutaneous water loss of the skin (Mojumdar et al., 2017). The metabolites of microorganisms mainly play a regulatory role. For example, sphingomyelinase can increase ceramide content in the stratum corneum, reduce skin dehydration, and enhance skin barrier integrity (Zheng et al., 2022). Short-chain fatty acids can regulate inflammation and promote wound healing (Stacy and Belkaid, 2019). Sweat glands producing hypotonic solutions can regulation and skin hydration (Roberts et al., 2021). These hypotonic solutions, together with other substances on the surface of the skin, constitute hundreds of components of sweat, and these components can reflect the state of the body (Yang et al., 2023). There is growing evidence that sweat can become a new type of substance to be tested, which can be used to detect diseases or special conditions such as alcohol or drug use.
The immune barrier is an inflammation immune regulatory system composed of various immune cells and inflammatory molecules in the skin. Under normal circumstances, only a small percentage of immune cells reside between the skin tissues. These immune cells residing among skin tissues can respond immediately when the skin is attacked by external forces, such as Langerhans cell and memory cells, which maintain skin stability by secreting antibodies, splitting cells, phagocytosis of pathogens and other means (Kabashima et al., 2019). Microorganisms are an important source for the immune barrier to respond appropriately to stimuli. The moist is an excellent place for microorganisms to communicate with the immune system (Chen et al., 2018). The skin is composed of microorganisms, cells, and the chemicals they secrete. It is an organic whole, and changes in every link can cause skin diseases. The cross-era development of biotechnology has focused research on the single-cell level, and breakthroughs in the analysis of very small samples of nucleic acids, proteins, small molecule compounds and other components have allowed us to deepen our understanding of the occurrence and development of diseases. Cell activity in disease states is summarized here, as detailed in Table 2. Understanding the dynamic changes of different cells in the occurrence and development of diseases is conducive to patients to choose more suitable drugs in different disease states, and improve effectiveness, increase the cure rate of patients, and reduce the pain of patients by actively avoiding drugs with poor effects, or through some measures to improve the efficiency of drugs reaching the target site.
TABLE 2 | The role of different cells in skin diseases.
[image: A detailed table lists various target cells, their brief introduction, associated diseases, functions, and references. The table includes rows for different cell types such as hematopoietic cells, mesenchymal stem cells, and endothelial cells, detailing their role in conditions like leukemia, diabetes, and arthritis. Functions include immune response modulation and tissue regeneration. Each entry includes a reference citation for further reading.]3 DRUG DELIVERY SYSTEMS AND FACTORS AFFECTING TRANSDERMAL DRUG ABSORPTION
Drug delivery system refers to a technological system that comprehensively regulates the distribution of drugs in an organism in terms of space, time and dose (Baryakova et al., 2023). Ideally, the drug delivery system should allow accumulation of the bioactive composition in the target site at the appropriate dose without overpenetration resulting in the drug reaching the circulation at a toxic dose or accumulating in tissues at non-target sites causing adverse effects (Peralta et al., 2018). Physicochemical properties of drug bioactive composition, excipients and additives, such as molecular weight, partition coefficient, polarity, surface charge and degree of hydrogen bonding, affect the absorption efficiency of drug bioactive composition (Mohammed et al., 2022). Selection of appropriate dosage forms, carriers, additives, and some smart response elements can improve the problems of poor stability, low solubility, and inability to accumulate at the target site of the drug bioactive composition (Figure 3). Garg et al. have given a very detailed account of the commonly used topical dosage forms and additives in their article. So this paper do not cover these two aspects (Garg et al., 2015).
[image: Illustration showing two sections. A: Drug carriers, including cell-penetrating peptides, hydrogels, microsponges, polymeric films, ionic liquids, deep eutectic solvents, liquid crystals, metal-organic frameworks, bacteria, cell derivatives, silicon dioxide, and calcium phosphate. B: Stimulus response components of drugs, featuring ligand modification, pH response, redox response, enzyme response, and magnetic response elements.]FIGURE 3 | Drug carriers and drug stimulus response elements. (A) is the 12 drug carriers described in the text, which are cell-penetrating peptides, hydrogels, microsponges, polymer films, ionic liquids, deep eutectic solvents, liquid crystals, metal-organic frameworks, bacteria and bacterial derivatives, cells and cell derivatives, silicon dioxide, and calcium carbonate. (B) is the stimulus response element for five drugs described in the text, namely, ligand-mediated targeting of drug-smart response elements, pH-responsive smart response element, redox-responsive smart response element, enzyme-responsive smart response element, and magnetically-responsive drug smart response element.
3.1 Drug carriers
When the bioactive composition of a drug is poorly stabilized, low solubility, dose-limiting side effects, a narrow therapeutic window or short half-life that makes it difficult to maintain the proper concentration of the drug over a period of time, the choice of the right drug delivery system is an important way to address these issues. Ramanunny et al. described 16 drug delivery systems (Ramanunny et al., 2021). This paper builds on them with a further account of 16 drug carriers (Table 3).
TABLE 3 | Advantages, disadvantages and applications of drug carriers.
[image: A comprehensive table comparing various drug carriers, detailing their advantages, disadvantages, applications, and references. Categories include cell-penetrating peptides, hydrogels, and more. Each row outlines the unique benefits and challenges associated with specific drug carriers, alongside their potential uses in medical and cosmetic applications. The table includes relevant academic references, providing a detailed overview for research and practical application in drug delivery systems.]3.1.1 Cell-penetrating peptides
Cell-penetrating peptides, also known as protein translocation structural domains, membrane translocation sequences, or trojan peptides, are small molecules of 6–30 amino acid residues that are able to penetrate biological barriers and cell membranes to enter the cell in a noninvasive manner (Silva et al., 2019). In 1988, Frankel et al. found that the tat protein of human immunodeficiency virus I was taken up into the nucleus by cells grown in tissue cultures (Frankel and Pabo, 1988). Since then, people have begun to take notice of cell-penetrating peptides. Over the course of more than 30 years, the family of cell-penetrating peptides has grown, with more than 100 cell-penetrating peptides described in articles by Milletti alone (Milletti, 2012). Cell-penetrating peptides are classified in a variety of ways. According to their physicochemical properties, cell-penetrating peptides can be simply divided into three categories: cationic, amphipathic and hydrophobic (Raucher and Ryu, 2015). The lack of cell type specificity of cell-penetrating peptides is one of the main reasons preventing their widespread use (Bode Lowik, 2017). The mechanism by which cell-penetrating peptides enter the cell has been the subject of extensive academic interest, but the pathways involved in the process has not been fully elucidated. The mechanisms of cell-penetrating peptide entry into cells identified so far are direct translocation and endocytosis (Guidotti et al., 2017). Cell-penetrating peptide-drug couplers play an important role in the delivery of a wide range of drugs.
3.1.2 Polymer drug delivery systems
Polymers play an important role in drug delivery due to their numerous types, unique three-dimensional structure, high drug loading capacity, and stable physicochemical properties. Polymers have evolved over the past few decades and have appeared in various forms such as hydrogels, polymeric films, and polymeric micelles. Polymers can be categorized into natural and synthetic polymers according to their origin. Natural polymers such as DNA, RNA, and peptides are widely used in bioengineering and drug delivery due to their unique properties (e.g., encodable, biodegradable). With the development of technology, advances in polymer modification techniques and the emergence of 3D printing technology, synthetic polymer carriers are becoming more versatile and powerful.
3.1.2.1 Hydrogels
Hydrogels are highly porous crosslinked three-dimensional hydrophilic polymer networks of drug carriers that can swell by absorbing large amounts of water (Jindal et al., 2022). The presence of hydrophilic groups such as -CONH2, CONH-, -OH, -COOH, -SO3H, etc., is the main reason why hydrogels can absorb water and swell. In addition to their shared properties, hydrogels have individualized advantages based on their specific material. For example, chitosan and chitin have antimicrobial properties in their own right. So the antimicrobial capacity of gels based on them is further enhanced (Li et al., 2018). Guanine phosphate can stimulate innate immunity by binding to Toll-like receptor 9, and recognition of DNA hydrogels containing unmethylated cytosine-phosphate-guanine dinucleotides further enhances organismal immunity (Nishikawa et al., 2014). Biomaterials such as DNA and proteins, because of their encodable properties and similarity to the organism’s microenvironment, can cause some programmed changes in the gel, such as the spontaneous formation of artificial protein scaffolds (Sun et al., 2014). In addition, hydrogel materials can be further enhanced by adding functional groups or incorporating some functional materials to further enhance certain properties. Zhou et al. used a biomimetic mineral plastic of calcium carbonate and polyacrylic acid to give the gel optical properties (Zhou et al., 2020). Haraguchi et al. interwoven polymer and clay into a network to create a hydrogel that can repair itself after damage (Haraguchi et al., 2011). The incorporation of high aspect ratio nanoparticles into suitable gel materials can produce shear-thinning hydrogels, and they can protect cells from high shear forces, leading to a wide range of applications in cartilage tissue regeneration and cell delivery for 3D bioprinting (Thakur et al., 2016).
3.1.2.2 Microsponges
Microsponges are a new type of drug delivery vehicle of porous polymer microspheres developed in recent years, usually consisting of crosslinked polymers with adsorbent capacity and containing a very large number of porous microspheres ranging from 5 to 300 μm inside, which can adsorb and encapsulate a large number of bioactive composition (Rahman et al., 2022; Tiwari et al., 2022). The microsponges ensure that the drug is localized on the skin surface and within the epidermis and does not diffuse in large quantities to non-diseased areas, preventing toxic effects caused by excessive accumulation of bioactive composition in the epidermis and dermis (Grabow and Jaeger, 2012). Green et al. used bionic microsponges to generate aggregates of inorganic particles that can provide surfaces and structures for cell attachment, organization and promote matrix synthesis (Green et al., 2020).
3.1.2.3 Polymeric films
Polymer films, which are films made from polymer fibers, have great potential as topical drug carriers. Electrospinning is the fabrication of organized filaments of polymer nanofiber solutions under strong electric field forces, and the resulting fibers have finer diameters (0.1–100 nm) and larger surface areas than those obtained by conventional spinning methods (Bhardwaj and Kundu, 2010). The throughput of nanofibers has become a serious bottleneck limiting their application (Bhardwaj and Kundu, 2010). 3D printing is the latest technology for manufacturing polymeric films. 3D printing is a technology that uses virtual computer-aided design models to create physical objects by depositing successive layers (Economidou et al., 2018). By 3D printing, it is possible to create polymer films with different porosity, mechanical properties and drug loading to meet the needs of topical drug delivery in different situations. The need for materials with low viscosity, droplet size, lack of precision in positioning, high cost and long production time are factors that limit the widespread use of 3D printing technology for polymer films (Riccio et al., 2022).
3.1.3 Ionic liquids
Ionic liquids are a new type of carrier, and everyone does not define it exactly the same way. Lei et al. considered ionic liquids to be compounds composed entirely of ions with melting points below 100°C (Lei et al., 2017). Gomes et al. considered ionic liquids as salts formed from organic cations and organic or inorganic anions (Gomes et al., 2021). Unlike conventional salts, it has unique physical and chemical properties. Although the definitions of ionic liquids are not identical, there is no doubt that ionic liquids are liquid salts at ambient temperature. Based on their chemical structure and properties, ionic liquids can be categorized into three groups: water- and air-sensitive ionic liquids, water- and air-insensitive ionic liquids, and biodegradable ionic liquids (Egorova et al., 2017). There are three applications of ionic liquids in increasing transdermal absorption of drugs: 1) Ionic liquids can be used as skin penetration enhancers for pharmaceutical formulations or in combination with other drug carriers. For example, the combination of ionic liquids and gels to form ionic liquid gels has been shown to be very effective in the treatment of infections and haemostasis (Luo et al., 2022; Gao et al., 2023). The mechanism by which ionic liquids promote transdermal absorption of drugs is not well understood, but may be negatively correlated with ionic interactions (Tanner et al., 2019). 2) The ionic liquid binds to the drug to form a drug-ionic liquid coupling. The essence of this approach is to convert the drug into a liquid salt so that the drug is characterized by the high stability and solubility of a liquid salt. Moshikur et al. combined 12 hydrophilic drugs with oil-soluble ionic liquids, which significantly increased the transdermal absorption of the drugs and significantly increased the elimination half-life and plasma concentration (Md Moshikur et al., 2022). 3) The ionic liquids are constructed by physical or chemical cross-linking to form new drug delivery systems poly-ionic liquids, such as poly-ionic liquid hydrogels.
3.1.4 Deep eutectic solvents
Deep eutectic solvents are novel liquids made by mixing high melting point salts and molecular hydrogen bond donors, which can significantly change the melting point, solubility and biostability of drugs (McDonald et al., 2018). Deep eutectic solvents are usually composed of two or three inexpensive and safe components, which are capable of joining with each other through hydrogen bonding interactions to form low eutectic mixtures, and deep eutectic solvents with a high melting point are also chosen for some thermally unstable drugs to enhance the thermal stability of the drug (Zhang et al., 2012; Kumar and Nanda, 2018). However, how deep eutectic solvents promote transdermal drug absorption has been inconclusive. Boscariol et al. found that choline geranate deep eutectic solvent may have contributed to the penetration of bioactive molecules through the openings by sliding around the fatty compounds that make up the interstitial space between keratinocytes and by creating small transient openings in the cell membrane (Boscariol et al., 2021). However, the resulting small transient openings in the cell membrane did not cause damage to the skin tissue structure. In addition to this deep eutectic solvents can be involved in the stimulation of important components of the response element for precise drug delivery (Shi et al., 2022). Perhaps 1 day we will be able to use deep eutectic solvents to better achieve precise localization and dose control of transdermal drug absorption.
3.1.5 Liquid crystals
Liquid crystals are a state of matter between a solid and a liquid, having both fluidity like a liquid and an orderly arrangement of crystals (Dierking and Al-Zagana, 2017). In 1957, Brown and Shaw described the physical properties of liquid crystals in their book (Mitov, 2017). Liquid crystals can be classified into a number of categories based on the conditions under which the liquid crystal state is maintained. The most commonly used classification of liquid crystals is the division of liquid crystals into thermotropic liquid crystals, which maintain the liquid crystal state within a certain temperature range; and lyotropic liquid crystals, which maintain the liquid crystal phase state under specific concentration conditions. The difficulty in realizing thermotropic liquid crystals at ambient temperature is the reason why almost no thermotropic liquid crystals are used in drug delivery systems. However, it has recently been found that thermotropic liquid crystals can alter the spontaneous water flux at the liquid crystal phase and interface by changing the type and concentration of the added electrolyte, further reorienting the liquid crystals at the aqueous interface and thus releasing the substances stored in the liquid crystals (Ramezani-Dakhel et al., 2017). In this way, thermotropic liquid crystals have the possibility and potential to become drug delivery systems that can precisely control drug release. The liquid crystallinity of lyotropic liquid crystal is a function of concentration and is mostly composed of amphiphilic molecules, the most common types being cubic, hexagonal and layered intermediate phases (Chavda et al., 2022). Many lyotropic liquid crystals have a lipid structure with similarities to the stratum corneum and strong bioadhesive properties, giving them an important place in transdermal drug delivery systems (Lotfy et al., 2022).
3.1.6 Metal-organic frameworks
Metal-organic frameworks are a class of highly ordered crystalline porous coordination polymers formed by the coordination of metal (transition metal or lanthanide metal) ions and organic ligands (carboxylates, azides, and phosphonates) that adsorb functional molecules on external surfaces or in open channels and trap these molecules in the backbone (Sun et al., 2020; Cheng et al., 2022). Metal-organic frameworks are produced by hot-melt, microwave-assisted synthesis, ultrasonic-assisted synthesis, etc. The metal-organic frameworks synthesised by different methods affect their crystal structure, size, porosity and other properties. Metal-organic frameworks can be used in conjunction with the formation of nanomaterials containing the active ingredient of a drug or with stimulus-responsive elements for the fine delivery of localised drugs (Zhao et al., 2019; Pan et al., 2022).
3.1.7 Bacteria and bacterial derivatives
Bacteria and bacterial derivatives, including bacterial ghosts and extracellular vesicles, are very promising bio-nanomaterials. Drug delivery platforms of bacteria and their derivatives retain some of the autonomous and dynamic functions of bacteria, such as colonization and targeting of human tissues, tissue penetration ability and enhanced activation of the body’s immune response (Chen et al., 2021). Compared with chemically synthesized drug carriers (nanoparticles and liposomes, etc.), drug carriers composed of natural biomaterials have both active and passive targeting properties (Cao and Liu, 2020). Endowed by means of engineering, bacteria and their derivatives can also be endowed with additional functions (Li et al., 2021).
3.1.7.1 Bacteria
Bacteria are closely associated with human health and disease development, playing a key role in preventing and maintaining atherosclerosis, fighting skin cancer, promoting skin wound healing and hair follicle rejuvenation, and neurological disorders including depression (Gilbert et al., 2013; Li et al., 2016; Naktsuji et al., 2018; Wang et al., 2021; Qiao et al., 2022). There are two common bacterial drug carriers (Li et al., 2021). One is the integration of disease-treating genes into the bacterial chromosome by means such as CRISPR-Cas9, which is developed into a living biopharmaceutical, allowing the drug to be continuously produced as the bacteria metabolize. The other is to load the drug into the living bacterial body to release the drug with bacterial lysis. Vishnu et al. studied and developed a non-pathogenic, therapeutic delivery system for Salmonella strains that can efficiently deliver bioactive proteins into cells by utilizing genetic circuits to control protein synthesis, invasion into the cell and release of protein drugs. And it can deliver drugs directly to cancer cells specifically without affecting healthy cells (Raman et al., 2021). The combination of the bacterial carrier effect with its own effects such as enhancing the immune response will certainly lead to better therapeutic results. In the future, the bacterial drug delivery system may be able to deliver drugs as precisely as an intelligent robot.
3.1.7.2 Bacterial ghosts
Bacterial ghosts are produced by the release of bacterial cytoplasmic contents through channels in the cell envelope, mainly from Gram-negative bacteria. The high number of cell wall layers, strong mechanical properties, the presence of more toxic exotoxins and the absence of a relatively simple protein secretion mechanism and high transporter capacity may be the reasons why Gram-positive bacteria are generally not used as delivery vectors but as vaccines (Hjelm et al., 2015; Wu et al., 2017). There are two methods of creating bacterial ghosts, the chemical-based “sponge-like” method and the genetically-engineered method, which is prepared by cleavage of gene E. The method is based on the use of chemical reagents. The “sponge-like” method refers to the use of chemicals to create pores through the bacterial cell wall, followed by centrifugation to remove the cell contents (Chen et al., 2021). The genetic engineering method utilizes the cleavage protein E produced by the cleavage gene E to cause the formation of transmembrane tunnels connecting the inner and outer membranes near the bacterial division site, flowing out of the cytoplasm and producing bacterial ghosts with surface structures identical to those on the surface of living cells (Ma et al., 2021). Beyond that, some bacterial ghosts have the ability to target infected macrophages (Xie et al., 2020). Combining bacterial ghosts with micro needling or subcutaneous injections would have great potential for application in bacterial infections of the skin or deep tissues.
3.1.7.3 Bacterial extracellular vesicles
Bacterial extracellular vesicles are spherical membrane particles with diameters of 20–400 nm secreted by commensal or pathogenic bacteria, which can be categorized into cytoplasmic membrane vesicles and outer membrane vesicles according to the type of bacteria secreted (Liu et al., 2022). Cytoplasmic membrane vesicles are derived from the cytoplasmic membrane of Gram-positive bacteria carrying material from the cytoplasm. Outer membrane vesicles are derived from the outer membrane of Gram-negative bacteria carrying material from periplasmic and cytoplasmic components (Toyofuku et al., 2019). Bacterial extracellular vesicles are the language of communication between bacteria and hosts, and can be used to regulate a variety of biological functions including biofilm formation, alteration of small intestinal epithelial permeability (Fizanne et al., 2023), increase in host angiogenesis and osteogenesis (Chen et al., 2022), inhibition of host viral infections and host collaboration in viral clearance (Ñahui Palomino et al., 2019; Bhar et al., 2022), induction of host resistance to other bacteria (Zhou et al., 2023), and host immunomodulation (Xie et al., 2022). Bacterial extracellular vesicles can release the contents of bacterial extracellular vesicles into host cells through three ways: endocytosis, internalization of bacterial extracellular vesicles through lipid rafts, and direct membrane fusion (Ñahui Palomino et al., 2021). Endocytosis is considered to be the main route of entry of bacterial extracellular vesicles into eukaryotic cells.
3.1.8 Cells and cell derivatives
Cells and cell derivatives, including cell membranes and cell vesicles, are drug delivery systems that modify drugs to the surface of cell membranes, encase them inside the living cell membranes, or integrate them onto cellular nucleic acids. When modified cells are delivered into a patient, such as by integrating gene fragments onto nucleic acids or wrapping around the inside of cells, they can become a kind of “living drug”, constantly producing drugs as cells metabolize or releasing a certain number of drugs as special events occur. Differences in the composition of their membranes, types of receptors, etc., of cells and cell derivatives of different origins have the ability of active/passive targeting to specific tissues. Some cells and cell derivatives also have the ability to activate the immune system, which can assist drugs to better treat diseases. Cells and cell derivatives have a wide scope for development in precision therapy and as controlled targeted drug carriers.
3.1.8.1 Cells
A cellular drug carrier is one that utilizes an intact cell or a denucleated cell as a carrier. In contrast to being intact, denuded cells not only do not proliferate or permanently engraft in the host, they also retain organelles to produce energy and proteins. Desmoplastic cells adhere to target cells or tissues through integrin-regulated adhesion and their functional properties are highly similar to those of extracellular vesicles (Wang et al., 2022). Red blood cells are unique in that they are whole cells and do not possess a nucleus of their own, allowing them to be transported to tissues through the bloodstream. Mesenchymal stem cell, with their intrinsic disease-targeting and paracrine capabilities, have gained a great deal of attention as therapeutic vectors. The short lifespan of neutrophils means that drugs can enter the bone marrow as senescent neutrophils return to the bone marrow. In addition, cells such as hematopoietic stem cells, platelets, natural killer cells, macrophages, dendritic cells, T-lymphocytes and tumor cells have also been used as drug delivery vehicles. The combination of these cells with topical implantation techniques or microneedling could have a promising future in the topical treatment of diseases of the skin and subcutaneous tissues.
3.1.8.2 Extracellular vesicles
Extracellular vesicles are nanoparticles encapsulated by lipid membranes secreted by cells, and are widely distributed in various body fluids, tissue fluids and cell culture supernatants (Hallal et al., 2022). Extracellular vesicles are both a means of disposing of harmful or unwanted intracellular components and are capable of long-range intercellular communication in vivo surface proteins, encapsulated cargo molecules (e.g., biologically bioactive molecules such as proteins, lipids, nucleic acids and sugars) (Shao et al., 2018; Buzas, 2023). Depending on the source, particle size, structure and function, extracellular vesicles can be categorized into various types such as exosomes, microvesicles, apoptotic bodies and oncosomes. The first extracellular vesicles identified were those loaded with transferrin receptors, which were excreted by reticulocytes via exosomes (Harding et al., 1984). With the exploration of extracellular vesicles, the therapeutic potential of extracellular vesicles in various diseases continues to be discovered.
3.1.8.3 Cell membrane
Cell membrane is a drug carrier in which the cell membrane of a certain cell is wrapped around the outer layer of the drug. Erythrocytes, leukocytes, platelets, cancer cells, macrophages, mesenchymal stromal cells, and exosomes have been used as cell membrane drug carriers. They closely resemble cell membrane components in vivo and carry a large number of surface molecules, possessing similar functions to cells and exosomes. Different types of cell membranes also possess their individualized functions. For example, drugs encapsulated in natural erythrocyte membranes inhibit drug uptake by the reticuloendothelial system (Rao et al., 2016). The membranes of macrophages, leukocytes and monocytes have a high affinity for inflamed and tumor-bearing regions, easily pass biological barriers, and can migrate transendothelially (Narain et al., 2017). The cell membranes of platelets have subendothelial adhesion properties as well as the ability to interact with pathogens (Kunde and Wairkar, 2021). Human keratinocyte membranes can achieve precise targeted release of drugs in the skin, which has a broad application prospect in dermatological treatment and functional cosmetic delivery (Jing et al., 2021).
3.1.9 Inorganic drug carriers
Drug carriers made from organic materials can easily dissolve and encapsulate poorly water-soluble drugs into their hydrophobic cores, but are also physicochemically and chemically unstable, making them susceptible to accidental drug leakage. Drug carriers made from inorganic materials such as mesoporous silica nanoparticles, carbon nanomaterials and gold nanoparticles are highly physicochemically and biochemically stable, less expensive to manufacture, and can provide sufficient attachment sites for a variety of organic components. Many inorganic drug carriers can also be prepared in a variety of sizes, structures and geometries. Compared to some highly biocompatible organic carriers, inorganic carriers are less able to cross the skin barrier, but the high drug loading capacity can be used as a strategy to control the retention and release of therapeutic candidates.
3.1.9.1 Silicon dioxide
Silicon dioxide drug carriers are drug carriers made of silicon dioxide, first synthesised in the 1990s, and are available in spherical, rod and flake shapes (Vallet-Regí et al., 2022). A type of silica porous microspheres with pore sizes ranging from 2 to 50 nm has occupied an important position in the family of silica drug carriers since its discovery, which is mesoporous silica (Vallet-Regí et al., 2022). In addition to this, many researchers have structurally modified mesoporous silica to give mesoporous silica a richer and more personalized advantage. For example, Xu et al. utilized a chiral amide gel-directed synthesis method that could give mesoporous silica significant chiral activity (Xu et al., 2023). Shiekh et al. modified mesoporous silica with hexamethylsilazane, which avoided agglomeration and was more conducive to targeted delivery (Shiekh et al., 2022). Difficulty in entering the bloodstream through the human stratum corneum even with the addition of chemical penetrating agents is the main obstacle that restricts the use of mesoporous silica drug carriers for some topical drugs. However, Zhao et al. utilized the drag effect of low eutectic solvents to enable mesoporous silica drug carriers to effectively penetrate the entire skin (Zhao et al., 2022).
3.1.9.2 Calcium carbonate
Calcium carbonate is one of the most widespread minerals found in nature and is also widely found in living organisms as a structural support. Calcium carbonate exists in various forms, such as amorphous and crystalline. There are six known crystalline forms of calcium carbonate, namely, calcite, aragonite, spherulite, calcium carbonate monohydrate, calcium carbonate hexahydrate, and calcium carbonate hemihydrate. The Ca2+- CO32- reaction system is the most commonly used way to synthesize calcium carbonate. Calcium carbonate with different sizes, morphologies and crystalline forms can be obtained by changing the reaction conditions (Niu et al., 2022). Surface modification is the main method to expand the application of calcium carbonate in drug carriers. Calcium carbonate was further engineered into porous, hollow or core-shell organic-inorganic nanocomposites by organic modification or inorganic modification, followed by template-induced biomineralization and layer-by-layer assembly of the resulting CaCO3 (Niu et al., 2022). Dong et al. utilized hollow calcium carbonate-polydopamine composite nanomaterials to fabricate a photosensitizer-loaded drug carrier that could significantly reduce phototoxicity and thus effectively minimize skin damage during in vivo antitumor photodynamic therapy (Dong et al., 2018).
3.2 Drug-smart response element
Drug-smart response elements are elements that can be targeted for delivery to a focal site after receiving a specific external or internal stimulus. In contrast to conventional drugs, stimuli-responsive elements can use a variety of principles to respond to subtle changes in the body’s environment, thereby delivering the drug precisely to the target site, which can reduce unwanted toxic side effects of the drug at non-target sites without increasing the concentration of the drug (Table 4).
TABLE 4 | Classification, advantages, disadvantages and applications of drug-smart response elements.
[image: A table compares different drug-smart response elements. It includes five types: Ligand-mediated, pH-Responsive, Redox-responsive, Enzyme-responsive, and Magnetically Responsive. Each type lists its classification, advantages, disadvantages, applications, and references. Classifications include endogenous and exogenous. Advantages range from targeting abilities to physiological activity response. Disadvantages mention issues like weak penetration or high costs. Applications cover tumor therapy, anticancer drugs, and antimicrobial uses. References cite various studies.]3.2.1 Ligand-mediated of drug-smart response element
Chemical modification has been an important way to improve the performance of drugs or carriers. Ligand-drug couplings are one such chemical modification method that has received widespread attention, first appearing in the 1870s (Chau et al., 2019). Small molecules have since been used as ligands, but antibodies as ligands have been the most dominant research direction. Currently, antibody couplings are developing rapidly. In addition to enhancing the targeting ability of drugs, antibody couplers can also activate the body’s immune response and regulate cell behaviour (Qian et al., 2021; Liu et al., 2023). The choice of antibodies is not limited to proteins with direct potency similar to those in the human body, but also includes bacterial surface proteins with indirect potency (Lahav-Mankovski et al., 2020). Some researchers have found that further modification of bacterial antibodies can give bacteria programmable properties to more finely regulate the organism by inducing cellular functions in a manner similar to cell surface protein responses. However, antibody couplings have a poor ability to penetrate barriers, and intravenous injection is the predominant route of administration. The application of microneedling and embedding technologies may be an important step in further expanding the application of ligand-mediated drug smart response elements.
3.2.2 pH-responsive drug smart response element
pH-Responsive drug smart response element is a drug delivery system that combines a pH-responsive structure, such as a 3+ carboxylic acid ligand, through surface adsorption, surface modification and mixing (Guillen et al., 2022; Tian et al., 2022). The most commonly used design is the modification of the carboxyl group of a protein with a stilbene analogue, which binds to the biologically active ingredient of a target drug having p-dimethylaminobenzaldehyde or to a drug carrier (Herold et al., 2020). pH-responsive drug smart response elements allow for the slow, sustained release of drugs from the smart response element at varying rates depending on the acidification conditions of the human environment, and have great potential for the long-term sustained release of drugs. In vivo pH-responsive drug smart response elements have major limitations. However, pH-responsive drug smart response elements have great applications in skin bacterial infections and trauma (Xie et al., 2023).
3.2.3 Redox-responsive drug smart response element
Redox-responsive drug-smart response elements typically contain disulfide and diselenide bonds that load the active pharmaceutical ingredient in a covalent or non-covalent manner and release the active pharmaceutical ingredient in response to oxidative stimulation (Li et al., 2022). The most commonly recognized substrates are reactive oxygen species and glutathione. The very slow kinetics of the classical “thiol-disulfide bond exchange reaction” is a major drawback of redox-responsive drug-smart response elements. Relief through the addition of core gating molecules can improve the accuracy of drug release and enable more precise disease targeting (Li et al., 2022). Because bacteria contain high concentrations of glutathione, the redox-responsive drug smart response element is likely to clear the bacteria (Wu et al., 2023). The skin is more prone to artificially modulate drugs, and redox-responsive drug-smart response elements have great potential for skin or mucosal antimicrobials.
3.2.4 Enzyme-responsive drug smart response element
The design principle of enzyme-responsive drug smart response elements is to utilize specific interactions between enzymes and substrates to prepare drug-smart response elements that can be specifically degraded by specific enzymes (Zhou et al., 2022). Precise localisation of enzyme-drug smart response elements could control the drug release dose according to disease severity and greatly reduce cytotoxicity (Zuo et al., 2020; Chen et al., 2021). In addition to this, enzyme-drug smart response elements have some personalized advantages. Self-assembled peptide thioesters consisting of aminoethyl thioesters as substrates for thioesterases can act on the Golgi apparatus of target cells in a timely and efficient manner via an enzymatic reaction, leading to cell death through a variety of pathways (Tan et al., 2022). Enzyme-responsive drug smart response elements can deliver live drugs such as cells and bacteria. Yang et al. solved the problems of low cell survival and severe immune rejection by utilizing matrix metalloproteinase-7-responsive nanoshells to encapsulate HeLa cells and human mesenchymal stem cells (Yang et al., 2019).
3.2.5 Magnetically responsive drug smart response element
Magnetic nanoparticles are 10–100 nanoparticles represented by iron, cobalt, nickel or metal oxides with inherent magnetic properties are the main source of magnetically responsive targeted drug delivery systems (Shi et al., 2022). Superparamagnetic magnetic hematite (γ-Fe2O3) or magnetite (Fe3O4) are commonly used magnetic nanoparticles in magnetically responsive drug smart response elements. Micro-robotics is the most ideal development direction for magnetically responsive drug smart response elements. An ideal micro-robotic drug smart response element should fulfill four core requirements: 1) high loading capacity, 2) protection of the drug from the external environment, 3) controllable propulsion mechanism, and 4) on-demand drug release (Song et al., 2022). However, achieving the above conditions using magnetically responsive elements is a long way from controlling the micro-robot to deliver the drug to the specified location.
3.3 Factors affecting transdermal drug absorption
Permeation of drugs through biological or synthetic membranes occurs through three main modes of transport: passive, active or facile. Transdermal absorption in humans or animals is the passive diffusion of drugs from carriers or excipients on skin surface tissues to reach the systemic circulation (Schaefer et al., 2013). The physiologic structures involved in the transdermal absorption of topical medications are the stratum corneum, hair follicles, sebaceous glands, and sweat duct orifices. The pathways of topical drug penetration through the stratum corneum can be categorized into three: 1) Intercellular pathway: chemicals bypass the keratinocytes and penetrate into the subcutis through the intercellular matrix that is continuously distributed between the keratinocytes (Barbero and Frasch, 2006). This is the main route for bioactive composition in drugs with very small molecular weights to enter the skin. The bioactive components of drugs that enter the skin via the intercellular route are of low molecular weight and have a certain degree of lipid- and water-solubility (David, 2014). 2) Transcellular entry: the chemical enters the target site either directly through keratinocytes and mesenchyme or through efflux and uptake transporters using transporters (Haque and Talukder, 2018; Bajza et al., 2020). The bioactive composition with smaller molecular weights directly pass through the cell membrane, while the components with larger molecular weights interact with transport proteins and pass through the cell membrane through efflux and uptake transporters (Idson, 1975). 3) The transdermal route by which chemicals enter the dermis directly through skin appendages such as hair follicles, sebaceous glands and sweat duct orifices is also known as the bypass route. In most cases, drug bioactive composition with large molecular weights or peculiar structures have difficulty in passing through the thicker lipid-rich stratum corneum and enter the skin mainly via the bypass route (Stoughton, 1965). The total area of the skin appendages is relatively small, but it has a significant impact on the skin permeability of drug bioactive composition (Marwah et al., 2016). The bypass pathway is an important reason why topical drugs resemble slow-release drugs. The storage of drugs in the skin appendages and the extremely thin stratum corneum of the skin appendages allow large molecular weight drug bioactive composition to cross the skin slowly at a constant rate for a certain period of time to reach the target site (Scheuplein and Blank, 1971; Ishii et al., 2010).
The nature of drug absorption on the skin is a passive diffusion process from the outer part of the skin, where the concentration is high, to the inner regions of the skin, where the concentration is low. In principle, all three pathways follow Fick’s law of diffusion, which states that the flux or motion of a molecule diffusing across a membrane is proportional to the difference in concentration of that molecule on either side of the membrane (Idson, 1975). The formula based on Fick’s first law of diffusion indicates that the maximum flux of a drug is proportional to the difference in skin concentration and inversely proportional to the thickness of the stratum corneum. Fick’s second law of diffusion suggests that the relationship between diffusion distance and the duration until an isopore (an area of the same drug concentration) is reached is not linear, but increases disproportionately with increasing diffusion distance (Wohlrab and Eichner, 2023). However, the efficacy of some drugs decreases significantly with increasing drug concentration (Hemmati et al., 2011), indicating that in addition, there are other important factors that similarly influence drug penetration and absorption. The integrity and properties of the membrane (skin) as the main body for the penetration of the bioactive composition of the drug have a great influence on the penetration of the drug (Gattu and Maibach, 2011). Lipid-water partition coefficients, solubility, melting point, molecular size and shape are widely recognized as important physicochemical factors that influence skin penetration and absorption of drug bioactive composition by their own properties. The strength of the effect of different factors on the penetration of bioactive composition of drugs is closely related to the structural composition of the skin and the prevailing skin condition (Lien and Tong, 1973; Michaels et al., 1975; Roberts et al., 1977). Magnusson et al. found that epidermal permeability coefficient and solute octanol-water partition coefficient were the key factors in the permeation efficiency of pharmaceutical bioactive composition (Magnusson et al., 2004). Molecular weight is an important factor in determining the maximum permeation flux of a pharmaceutical bioactive compound. The permeation of pharmaceutical bioactive compounds is also related to the specific surface area of the particles, the diffusion coefficient of the solute, the thickness of the boundary layer and the solubility of the solute (Sandri et al., 2014). The rate of permeation of a solute from an aqueous solution depends on the efficiency of partitioning and diffusion. The efficiency of solute partitioning in solution is related to the octanol-water partition coefficient. The efficiency of solute partitioning in solution is related to solute size and hydrogen bonding (Zhang et al., 2009). Passive diffusion of drugs through the skin is influenced by the physicochemical properties of the drug bioactive composition and by individualized differences in the structure and physiological state of the skin. However, not all drug bioactive composition penetrates at a higher rate in damaged skin than in normal skin. For example, nicotine transmits at a higher rate through normal healthy skin than through skin previously damaged by corrosive or destructive chemicals or physical agents (e.g., heat and cold) (Macht, 1938). Hydration not only plays an important role in skin barrier function, but also plays a major role in promoting the absorption of drug bioactive composition. Hydration of the stratum corneum can lead to profound changes in skin barrier properties. In its normal state, the stratum corneum contains 15%–20% water, and stratum corneum water can increase to about 400% after over-soaking (Dawber, 1980). Upon absorption by keratinocytes, water alters the position and stability of the disulfide bonds in keratin peptides, causing changes in the spatial orientation of the protein (Walters, 2002). The change in the spatial orientation of the proteins gives more space to the water molecules, allowing the water content of the keratinocytes to increase further. When the keratinocytes themselves swell, the denseness of the structure decreases, the cellular gap between the keratinocytes widens, and the permeability of the skin increases. The hydration of the skin can change the physicochemical properties of the bioactive composition of the drug and increase the diffusion coefficient of the bioactive composition of the drug. As the water content of the keratinocytes increases, the bioactive composition of the drug are more likely to combine with water to form hydrated molecules (Scheuplein et al., 1969; Wiedmann, 1988). In addition to this, pH and temperature also affect the transdermal absorption of drugs. pH is not absolute in its effect on the transdermal absorption of the bioactive composition of a drug. For example, the transdermal absorption dose of indomethacin increases as the pH of the skin surface decreases, a pattern that is not necessarily true for other pharmaceutical bioactive composition (Chiang et al., 1991). Alteration of pH affects the ionization of drug bioactive composition may be the main reason why pH affects the transdermal absorption of drug bioactive composition. Unlike pH, an increase in temperature generally increases the transdermal absorption of drug bioactive composition. Temperature increases skin blood flow at the site of heat application mainly by promoting skin vasodilation, which significantly increases the rate of transdermal absorption of drugs and the dose of transdermal absorption (Barkve et al., 1986; Hao et al., 2016).
4 INDIVIDUALIZED DRUG USE THAT AFFECTS THE EFFECTIVENESS OF INDIVIDUALIZED DOSING
The effect of the same drug on different individuals can vary greatly. The main reasons for this difference are family heredity, disease, age, weight and the concurrent use of other drugs. Personalized medicine refers to the formulation of a more reasonable treatment plan with full consideration of each patient’s individual situation. Thus, improving the efficacy of drugs, reducing the side effects of drugs in a more economical way achieve better therapeutic effect.
4.1 Pharmacogenomics affecting the effectiveness of individualized dosing
As everyone knows genetic sequence varies from person to person by only one in a thousand. Deletion, insertion, duplication and inversion are the four genetic structural variants that are always present. Metabolic enzyme, transporter, receptor and other genes encoding metabolic enzyme regulate the absorption, distribution, metabolism and excretion of substances in the human body. This makes the same concentration of the drug have different therapeutic effects and adverse effects on people with different genotypes. Large studies have shown that adverse drug reactions occurring in hospitals are one of the leading causes of death among American hospital patients (Roden et al., 2019). 97%–98% have at least one functional drug-related gene variant (Schärfe et al., 2017). These studies have shown that exploring human drug-related genes is particularly important for individualising medication and improving drug efficacy, hence the emergence of pharmacogenomics. Metoprolol is an important drug in the treatment of various cardiovascular diseases, thyroid crisis and localised choroidal haemangiomas (Zamir et al., 2022). The metabolism of the polymorphic enzyme CYP2D6 is the main reason that affects the metabolic rate of Metoprolol in vivo. In one study, the genotypes of patients were 30% extensive metabolizers, 55% intermediate metabolizers, and 13% weak metabolizers (Anstensrud et al., 2020). If the same drug dose is used in people with the CYP2D6 weak metabolism genotype, the risk of adverse reactions during Metoprolol treatment is 5 times higher than in people with the non-weak metabolism genotype (Bijl et al., 2009). Adjusting Metoprolol dosage according to genotype significantly reduces the probability and severity of adverse reactions in patients. More and more genotypic and phenotypic information related to the pharmacogenome is being discovered and many very useful databases have been established. As of April 2021, PharmGKB contains 715 drugs 1761 genes, 227 diseases, 165 clinical guidelines, and 784 drug labels (Gong et al., 2021). In PharmGKB, we have access to genotypic and phenotypic information related to the pharmacogenome. It includes drug dosing guidelines, drug labelling annotations, clinical and variant annotations, summary of drug-centred pathways, pharmacodynamic genes and the relationship between genes, drugs and disease. Approximately 4/5 patients may carry a variant that is a target for commonly prescribed drugs and may also have a functional impact, a variant that may alter drug efficacy (Schärfe et al., 2017). The correct use of gene sequencing tools and pharmacogenomics-related databases can effectively guide patients in the rational use of medication, improve drug effectiveness and reduce adverse drug reactions.
4.2 Microbiomes influencing the effectiveness of individualized dosing
The human organism contains hundreds of microorganisms with different biochemical functions that are relevant to human life. In recent decades, researchers have discovered that microorganisms also play a role in drug metabolism and efficacy. Zimmermann et al. analyzed 76 bacterial species, metabolizing 271 oral drugs in vitro and found that at least one strain was able to metabolize 2/3 of the drug (Zimmermann et al., 2019). Chemical modification of microorganisms is an important cause of altered drug efficacy. 5-aminosalicylic acid has a significant inhibitory effect on intestinal wall inflammation (Tavares Junior et al., 2022). With increased use, resistance develops in most patients. Anaerobic faecal culture experiments have shown that up to one-third of 5-aminosalicylic acid is metabolised by microorganisms to a form that lacks anti-inflammatory activity, N-acetyl-5-aminosalicylic acid (Dull et al., 1987). Mehta et al. identified 12 previously uncharacterized enzyme genes associated with 5-aminosalicylic acid inactivation and found that an increase in the number of these enzyme genes correlated with steroid use (Mehta et al., 2023). Metabolites of microorganisms can also affect the efficacy of drugs. Koh et al. found higher levels of imidazolepropionic acid, a metabolite of the gut flora, in patients who were not well treated with metformin (Koh et al., 2020). Further studies showed that imidazole propionate inhibited metformin-induced adenosine 5′-monophosphate-activated protein kinase activation via p38g and Akt, whereas pirfenidone blocked p38γ activation by imidazole propionate and restored the hypoglycaemic effect of metformin inhibited by imidazole propionate. Metabolism of drugs by microorganisms is the source of some adverse drug reactions. Clonazepam is an antiepilepsy and anxiolytic drug, and the breakdown product of this drug, vinylpyrimidine bromide, is severely toxic. Zimmermann et al. found that the serum level of bromoacetyluracil was five times higher in normal mice than in germ-free mice after the use of clonazepam (Zimmermann et al., 2019). The microbiome is relatively new and many of the current studies do not directly benefit patients, but there is no doubt that microbial metabolism has a huge impact on drug metabolism and efficacy. Moreover, the current microbiome research mainly focuses on the intestinal flora, and the research on skin microorganisms is relatively backward, which is not conducive to the research on the individualization of topical medications. Analyzing the reasons why drugs are metabolized by microorganisms can link individual differences in the microbiome to individual differences in drug metabolism, which can be targeted to accurately guide patients in the rational use of medication by restoring the efficacy of the drug or reducing the adverse effects of the drug.
4.3 Artificial intelligence modelling of the effectiveness of individualized dosing
Over the past decade, artificial intelligence (AI) has undergone a revolution that is bound to transform economics, society and science, solving many seemingly intractable problems (Richards et al., 2022). In the field of pharmaceuticals, AI has achieved excellent results in data processing, drug discovery (Schneider et al., 2020), image processing (Bera et al., 2021), and chemical structure analysis (Bojar and Lisacek, 2022). However, due to reasons such as medical datasets being difficult to access and the medical field being too large and complex. AI has not really made a real difference in the medical field. As it stands, assisting in disease identification and classification is one of the most promising aspects of AI. Accurate disease delineation and documentation can assist us in identifying and addressing more subtypes of disease further enabling individualized drug delivery. In this context, Acosta proposed a multimodal medical AI model that processes multiple types of information (Acosta et al., 2022). In this model, the AI model is able to make good use of data from both clinical and non-clinical databases, thus truly enabling AI to diagnose and treat diseases. Moor proposed another new paradigm of medical AI (Moor et al., 2023), known as the model of holistic medical AI. This model labelled data, flexibly interpreting data from different combinations of medical patterns and producing expressive outputs through self-supervision of large, diverse datasets. The models of omnipotent medical AI have the ability to customize queries to interact with the model compared to multimodal medical AI models, flexible combinations of different data modalities can be received and results output, allowing inference using undirected tasks. Multimodal medical AI models and all-round medical AI models require a diverse and specialized large database, which is very difficult and requires a very large financial investment. The processing of high-throughput data and the high accuracy requirements of models are also important issues that cannot be ignored in both types of modelling. AI is generally superior to individual physicians in data processing, and it can perform more complex information processing, find new subtypes of disease, and discover links between an individual’s characteristics and medication use, leading to better and more precise selection of medication types and dosages for an individual, and thus improving medication efficacy.
5 CONCLUSION AND OUTLOOK
More than half of the world’s population uses at least one drug per day, and as the global burden of disease continues to grow, the demand for drugs will continue to increase (Baryakova et al., 2023). Patient compliance is an important factor in disease treatment. Statistically, poor adherence leads to 10% of hospitalizations, resulting in $100 - $300 billion in avoidable healthcare costs and causing approximately 125,000 U.S. patient deaths annually (Baryakova et al., 2023). Oral medication is the most common and highest patient compliance route of medication use. However, most oral medications are not specific and may cause side effects. Metabolism in the gastrointestinal tract and liver can further reduce the dose of bioactive ingredients reaching the target site. Topical administration is a promising and effective method of drug delivery. Topical medication is a highly compliant mode of administration, is not metabolised in the gastrointestinal tract and has a high specificity for skin tissues.
Dermatological diseases are the greatest advantage of topical medication. Topical drugs can quickly reach the target site of skin diseases, shorten the time for the drug to produce therapeutic effects, and avoid the adverse effects of drug hoarding in other tissues. The skin is a complex and sophisticated tissue composed of microorganisms that inhabit the surface layer, cells that make up the structure of the skin, immune cells and their metabolites that are involved in innate immunity, adaptive immunity, and that help to protect the organism against external aggressions, guaranteeing the organism’s ability to survive in a harsh and dry external environment. The effectiveness of topical treatments is influenced by a number of factors. The transport of the bioactive composition of a topical drug from the skin to the target site is a key step in the efficacy of topical drugs. Regardless of the target site of the disease, the bioactive composition of topical drugs needs to cross the stratum corneum barrier. Dermatological diseases in which the bioactive composition crosses the stratum corneum barrier and reaches the target site directly to take effect. In subcutaneous tissue diseases, the bioactive composition has to be further diffused and cleared by metabolism and dermal circulation to reach deeper tissues. In diseases of other tissues and organs, bioactive composition also needs to be transported through the bloodstream to reach the target site. Enabling drug penetration through the skin is a major concern for topical drug delivery. The state of the skin barrier, the physicochemical properties of the bioactive composition, the excipients and additives of the agent, the drug delivery system and external means of altering the efficiency of transdermal absorption, such as heat and iontophoresis, all affect the efficiency and dose of the bioactive composition in reaching the target site, and thus the effectiveness of the bioactive composition. Undeniably, the question of how to enhance the transdermal absorption of drugs into the skin is a very important one. The advent of drugs of enormous size, such as proteins, nucleic acids and bacteria, has led to a demand for methods to increase the transdermal absorption of drugs. However, enhancing transdermal absorption of drugs is not the first option to improve the effectiveness of all drugs. Drugs with small molecule compounds as the main bioactive composition are still the most commonly used topical drugs in the clinic. Small molecule actives usually have a very good ability to penetrate the skin. Excessive promotion of transdermal absorption of drugs containing small molecules of biologically active ingredients results in most of the biologically active ingredient entering the bloodstream, while less of the drug is available at the target site of the skin, thus reducing the efficacy of the treatment. If the frequency of use of small molecules is increased, there is a high likelihood of causing adverse reactions in other tissues. Thus, it appears that small molecule topical drugs have a greater need to limit the rate of transdermal absorption. Mineral-based materials, such as apatite, diamond and montmorillonite clay, are currently important in limiting the transdermal penetration of bioactive composition of drugs and maintaining local action (Choimet et al., 2020; Shapira et al., 2022; Wang and Phillips, 2022). However, there are fewer studies of mineral-based materials in topical drug delivery systems, and the mechanism of action is unclear. Research on mineral-based materials as topical drug carriers is a blue ocean and more researchers need to participate in it.
Topical pharmaceutical preparations are emerging as an attractive alternative and a rapidly growing market. A variety of factors can influence the final efficacy. No one topical drug or topical drug delivery system is right for everyone. Individualized medication is an important way to improve the effectiveness of drug use. Individualized precision medication administration also achieves optimal outcomes for patients in a more cost-effective manner and reduces unnecessary capital expenditure. However, the complexity of influencing factors and mechanisms of action yet to be fully explored limit the practical application of precise individual administration of topical drugs. Continuing developments in pharmacogenomics, microbiomics and artificial intelligence modelling are continuing to fill the gaps in theoretical research. However, there is still a long way to go for the application of precise individual medication, and it still requires the continuous joint efforts of all parties.
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This work aimed to explore the mechanisms underlying the interaction of the active furanocoumarins in P. corylifolia on tofacitinib both in vivo and in vitro. The concentration of tofacitinib and its metabolite M8 was determined using UPLC-MS/MS. The peak area ratio of M8 to tofacitinib was calculated to compare the inhibitory ability of furanocoumarin contained in the traditional Chinese medicine P. corylifolia in rat liver microsomes (RLMs), human liver microsomes (HLMs) and recombinant human CYP3A4 (rCYP3A4). We found that bergapten and isopsoralen exhibited more significant inhibitory activity in RLMs than other furanocoumarins. Bergapten and isopsoralen were selected to investigate tofacitinib drug interactions in vitro and in vivo. Thirty rats were randomly allocated into 5 groups (n = 6): control (0.5% CMC-Na), low-dose bergapten (20 mg/kg), high-dose bergapten (50 mg/kg), low-dose isopsoralen (20 mg/kg) and ketoconazole. 10 mg/kg of tofacitinib was orally intervented to each rat and the concentration level of tofacitinib in the rats were determined by UPLC-MS/MS. More imporrantly, the results showed that bergapten and isopsoralen significantly inhibited the metabolism of tofacitinib metabolism. The AUC(0-t), AUC(0-∞), MRT(0-t), MRT(0-∞) and Cmax of tofacitinib increased in varying degrees compared with the control group (all p < 0.05), but CLz/F decreased in varying degrees (p < 0.05) in the different dose bergapten group and isopsoralen group. Bergapten, isopsoralen and tofacitinib exhibit similar binding capacities with CYP3A4 by AutoDock 4.2 software, confirming that they compete for tofacitinib metabolism. P. corylifolia may considerably impact the metabolism of tofacitinib, which can provide essential information for the accurate therapeutic application of tofacitinib.

Keywords: P. corylifolia, drug-drug interaction, cytochrome P450, pharmacokinetics, molecular docking

1 INTRODUCTION
Multiple drugs taken together cause DDIs, which further produce numerous side effects. In addition, DDIs may further induce adverse drug reactions (ADRs) (Zhang et al., 2020). Several drugs are frequently administered to patients with multiple disorders to boost their therapeutic effects. However, drug interactions may not always work and raise the risk of severe consequences or death. The primary factor contributing to DDIs is alterations in pharmacokinetics and pharmacodynamics (Aronson, 2004). Growing evidence indicates that the modulation of cytochrome P450 enzymes (CYP450s) through inhibition and induction can alter the pharmacokinetic characteristics of drugs, serving as a fundamental mechanism for drug interactions (Lin and Lu, 1998; Lin, 2006). Most drugs pass through metabolism by CYP oxidation (Hardman, 2001). The CYP3A4 enzyme found in the liver and intestines is highly prevalent and plays a crucial role in metabolizing approximately half of all drugs available on the market (Zhou, 2008). There is increasing evidence that drugs and/or exogenous substances stimulate or obstruct the activity and generation of CYP3A4, resulting in toxicity (Sabers, 2008). The combination of tofacitinib and ketoconazole, a CYP3A4 inhibitor, may prolong the QT interval and result in arrhythmia and mortality (Mathews et al., 1991). Accumulating evidence indicates that DDIs significantly contribute to preventable disease and death in modern healthcare (Day et al., 2017).
Tofacitinib (CP-690550) is a small-molecule oral JAK kinase inhibitor that can be used for long-term treatment (Palasik and Wang, 2021). Multiple studies have revealed that tofacitinib obstructs intracellular JAK kinase, cytokine receptor recruitment and STAT phosphorylation to hinder STAT from being activated into the nucleus, impede intracellular JAK pathway signaling, alleviate immune cell activation and pro-inflammatory factor release and inflammatory cascade (Meyer et al., 2010; Dhillon, 2017). Rheumatoid arthritis (RA) is reagred as a systemic chronic immune-mediated inflammatory disorder that affects multiple joints throughout the body. The JAK signal transduction factor and the transcription activation pathway play a crucial role in the pathogenesis of RA. Prior studies have revealed that tofacitinib can remarkably reduce bone marrow edema in patients with RA and ameliorate the progression of structural impairment (Conaghan et al., 2016). Tofacitinib has been approved for the treatment of RA in both the United States and Europe (Karaman et al., 2008).
The origins of traditional medicine for the treatment of diseases may be tracked over several thousands of years. Traditional Chinese Medicine is frequently combined with synthetic drugs to treat diseases in modern medicine. P. corylifolia, a traditional Chinese medicine, exhibits remarkable anti-inflammatory actions by modulating inflammatory signaling pathways, mitigating the generation and secretion of inflammatory mediators and suppressing the infiltration of inflammatory cells (Chen et al., 2023). Current evidence indicates that P. corylifolia potentially delivers therapeutic applications in treating inflammatory diseases including RA (Pai et al., 2021; Wang et al., 2022). A pioneering study has revealed that psoralen possesses remarkable anti-inflammatory properties and enhances the proliferation of MDSCs (Pai et al., 2021). Due to the significance of tofacitinib in treating RA and the anti-arthritis potential of psoralen, drug interaction is essential. P. corylifolia contains coumarins (Alam et al., 2018), which exert multiple pharmacological actions including anti-inflammatory, anti-tumor, anti-bacterial and antioxidant properties (Sharifi-Rad et al., 2021). The compounds found in P. corylifolia such as psoralen, isopsoralen, bergapten, psoralidin, xanthotoxol, and 8-methoxypsoralen, have been proven to possess diverse pharmacological actions including anti-inflammatory and anti-oxidation properties (Chen et al., 2023). Resarch suggests that psoralen may efficaciously alleviate ulcerative colitis inflammation (Zx, 2020). In addition, psoralen obstructs MMP-13 protein synthesis, promoting chondrocyte growth and protecting against TNF-α-induced gene dysregulation (Wang et al., 2019). More importantly, psoralen can decrease MMP-1/2/3/9/12/13 gene expressions and attenuate MMP-13 protein synthesis, which may enhance chondrocyte proliferation and cartilage-associated gene expression. In addition, psoralen protects chondrocytes against TNF-α-induced gene expression abnormalities. Studies have indicated that isopsoralen can effectively mitigate inflammation by suppressing the release of inflammatory factors in vivo and in vitro (Kong et al., 2017; Han et al., 2021; Liang et al., 2021). Bergapten (5-methoxy-psoralen) has been proven to have promising anti-inflammatory and analgesic actions (Yeo et al., 2000).
Furanocoumarins are commonly found in a variety of plants in nature. Certain furancoumarins can interact with the intestinal cytochrome P450 isomer CYP3A4, which has been determined in extensive research (Yeo et al., 2000; Nijsten and Stern, 2003; Stern, 2012). Furanocoumarins in grapefruit may strongly inhibit CYP3A4, which might affect the pharmacokinetic characteristics of multiple drugs and induce drug interactions (Ohnishi et al., 2000). Furanocoumarins in P. corylifolia interact with CYP3A4, which can alter pharmacokinetics and pharmacodynamics. Pioneering research revealed that resveratrol could increase plasma exposure to tofacitinib by impeding CYP3A4 enzyme (Ye et al., 2023). Tofacitinib used with moderate or severe renal and hepatic impairment must now be adjusted to 5 mg per day orally (Vyas et al., 2013). The primary adverse effects of tofacitinib included infection, gastrointestinal disturbances including perforation, increased liver enzyme levels and dyslipidemia (Moriana et al., 2022). Prolonged or high-dose administration of tofacitinib for treating RA elevates the likelihood of opportunistic infections related to immunosuppression (Beaugerie et al., 2020) and susceptibility to cardiovascular disease and malignancies (Charles-Schoeman et al., 2023; Curtis et al., 2023). Tofacitinib has been found to promote herpes zoster infection in a dose—and age-dependent manner (Beaugerie et al., 2020). A study conducted by Cox revealed that the augmented risk of severe infection in patients with RA treated with tofacitinib was attributed to the dosage of the drugs (Cohen et al., 2020). Tofacitinib dose limits may lower expectations when combined with other medicines due to tolerability and safety (Serhal and Edwards, 2019). P. corylifolia, a new RA medication, requires clinical and product development. In order to understand the underlying mechanism of DDIs, furocoumarins in P. corylifolia need to be investigated in combination with other drugs.
In this study, UPLC-MS/MS was utilized to determine tofacitinib and its metabolite M8 and to investigate the interaction of furocoumarin in psoralen in rat liver microsomes (RLMs), human liver microsomes (HLMs) and recombinant human CYP3A4 (rCYP3A4). First, eight furocoumarins in psoralen were evaluated for inhibitory activity and bergapten and isopsoralen were shown to be significant inhibitors. Berkapten and isopsoralen inhibited tofacitinib in RLMs, HLMs, and rCYP3A4, with a higher pre-inhibitory impact. Therefore, we investigated the in vivo interactions of bergapten, isopsoralen and tofacitinib. Our study focused on the pharmacokinetic properties of tofacitinib and the suppressory effects of bergapten and isopsoralen on tofacitinib. The binding interaction of bergapten and furanocoumarin with rCYP3A4 was finally confirmed employing molecular docking analysis to understand and anticipate the probability of interaction.
2 MATERIALS AND METHODS
2.1 Chemicals, reagents and biological samples
Tofacitinib (purity >98%) was purchased from Beijing InnoChem Science & Technology Co., Ltd. Psoralen, isopsoralen, psoralidin, bergapten, 8-methoxypsoralen and xanthotoxol were purchased from Chengdu Must Bio-technology Co., Ltd.Midazolam (internal standard (IS); purity >98%) was purchased from the Tianjin King York Pharmaceutical Co. Ltd. (Tianjin, China). HLMs was purchased from Wuhan PrimeTox biomedicine technology Co., Ltd. (Wuhan, China). rCYP3A4 was gifted from Beijing Hospital. Acetonitrile and methanol were bought from Merck Co., Ltd. (Darmstadt, Germany). Carboxymethylcellulose sodium salt (CMC-Na) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai China). Formic acid was bought from Sigma-Aldrich (St. Louis, MO, United States). Ultrapure water was obtained using a Milli-Q water purification system (Millipore, Billerica, MA, United States). RLMs was prepared in our laboratory. All other chemicals and biological substances were of analytical grade or higher.
2.2 Instruments and operation conditions
The determination of tofacitinib parameters was executed by employing a UPLC-MS/MS system, which possessed an ACQUITY I Class UPLC and a XEVO TQD triple quadrupole mass spectrometer (Waters Corp., Milford, MA, United States). Chromatographic analysis of tofacitinib was conducted with a CORTECS C18 column (2.1 × 50 mm, 1.6 µm) maintained at 40°C. The mobile phase included 0.1% formic acid, 5 mM ammonium formate and acetonitrile. Acetonitrile was eluted from 10% to 30% over 0.5–1.0 min; maintained at 95% for 1.0–2.0 min and then decreased to 10% over 2.0–2.3 min. The flow rate was 0.4 mL/min and the total run time was 3 min. Multiple positive reactions were monitored in mass scan mode. The parent ion and daughter ion were m/z 313.18→149.03 for tofacitinib, m/z 299.16→98.10 for tofacitinib M8 and m/z 325.98→291.07 for IS. Tofacitinib, M8 and IS were defined as 40 V, 40 V, and 50 V cone voltages and 30 V, 30 V, and 26 V collision energies, respectively.
2.3 The inhibitory effect of bergapten and isopsoralen on tofacitinib in vitro and the mechanism of action
Tofacitinib, 30 mg/mL RLMs, 20 mg/mL HLMs, or 2.68 mg/mL rCYP3A4, 0.1 mM PBS (pH7.4), 20 mM (Reduced) Nicotinamide Adenine Dinucleotide Phosphate (NADPH), bergapten or isopsoralen, or not included were added to 200 μL incubation. 100 μM psoralen, isopsoralen, psoralidin, bergapten, 8-methoxypsoralen and xanthotoxol were incubated with 0.3 mg/mL RLMs. Bergapten and Isopsoralen were found to have high RLMs inhibitory activity after determining the content of M8, a metabolite of tofacitinib. To determine IC50, the concentrations of bergapten and isopsoralen used were 0.01, 0.1, 1, 5, 10, 50, and 100 μM and tofacitinib was used at concentrations approximating Km values. To determine the inhibitory characteristic of Ki, tofacitinib was incubated at 1/4, 1/2, 1, 2 times the Km value and bergapten and isopsoralen at 1/4, 1/2, 1, 2 times the IC50 value. All except NADPH were mixed on ice. Afterward, the mixture was incubated at 37°C for 5 min. Next, the incubation was extended for an additional 30 min following the addition of NADPH to initiate the reaction. Acetonitrile containing midazolam was added for quenching and 200 ng/mL midazolam was used as the normal solution. After vortexing, the mixture content was adequeatly centrifuged at 13,000 rpm for 5 min and 150 μL of the supernatant was stored in a sample injection bottle for UPLC-MS/MS analysis.
2.4 Molecular docking simulations
The X-ray crystal structure of CYP3A4 (PDB ID: 2J0D) was found using PDB (Protein Data Bank, http://www.rcsb.org/pdb). In Chem3D Ultra 14.0, the three-dimensional structure of tofacitinib, bergapten and isopsoralen were optimized for energy minimization. The smile file for each ligand was then converted to PDBQT format utilizing AutoDockTools-1.5.6 software (AutoDock 4.2 software, The Scripps Research Institute, United States). Before the docking analysis, the CYP3A4 protein structure underwent modifications including removing water, the primary inhibitor and ligand molecules. After adding hydrogen atoms and Kollman charge, AutoDockTools-1.5.6 converted the structure to PDBQT. This ligand docking selected the standard precision mode, which pairs the ligand to the active site of the target protein. For the 10-GA docking simulation, Lamarque GA with default settings was employed. Protein-ligand interactions were studied by the protein-ligand Interaction Profile and PyMOL.
2.5 The pharmacokinetic interactions of tofacitinib with bergapten and isopsoralen in vivo
Male Sprague Dawley (SD) rats (average weighing 220–250) g were purchased from the laboratory animal center of Wenzhou Medical University, Zhejiang Province, China. Animals were maintained in a controlled environment with a 12 h light-dark cycle at 20°C–25°C and 55% ± 15% relative humidity. Diet intake was not allowed for a period of 12 h prior to the experiment. Then, water was allowed to be free and food was provided after the experiment. All the experimental procedures and protocols were reviewed and approved by the animal ethics committee of Wenzhou Medical University according to the guide for the care and use of laboratory animals (xmsq2021-0409). 36 male rats aged 8–10 weeks were randomly selected and divided into six groups for gavage. The group which was orally administered 40 mg/kg ketoconazole and 10 mg/kg tofacitinib acted as the positive control group and the group which was only orally administered 10 mg/kg tofacitinib acted as the negative group. Another four groups were orally administered 20 mg/kg bergapten, 50 mg/kg of bergapten, 20 mg/kg of isopsoralen and 50 mg/kg of isopsoralen, respectively, except 10 mg/kg of tofacitinib. Blood (300 μL) was collected from the tail veins into 1.5 mL tubes at 5, 15, and 30 min and 1, 2, 3, 4, 6, 8, 12, and 24 h after administering the drugs. The supernatant was collected and stored at −20°C after centrifugation at 4000 rpm for 10 min. The samples were restored to RT before analysis. 50 μL sample was accurately drawn to 1.5 mL of EP tube, 150 μL of midazolam internal standard solution (200 ng/mL) was added to the tube, then placed and vortexed for 15 s. After centrifugation at 13, 000 rpm for 15 min, 150 µL of supernatant was prepared for the UPLC-MS/MS system to analyze.
2.6 Data analysis
Pharmacokinetic data were analyzed by a non-compartmental method using Drug and Statistics (DAS) software (version 3.2.8). The plasma concentration at different times was expressed as mean ± SD and the drug concentration-time curve was obtained based on the mean concentration of 6 mice assessed at each time-point. Km, Vmax, and IC50 values were performed using Prism software v.8 (GraphPad). Statistical analysis was conducted using Student's t-test. A statistically significant difference was considered when p < 0.05. All in vitro experiments were repeated three times, and six rats in each group for in vivo experiments.
3 RESULTS
3.1 Characterization of the activity of RLMs, HLMs, and rCYP3A4 in tofacitinib treatment and screening of inhibitors
The Michaelis-Menten curves and Michaelis kinetic parameters of tofacitinib in RLMs, HLMs and rCYP3A4 were shown in Figure 1A; Table 1. There is no significant difference between RLMs, HLMs, and rCYP3A4 based on changes in maximum velocity of reaction (Vmax). Our data indicated that the Km of tofacitinib in RLMs, HLMs and rCYP3A4 were 76.25 ± 4.514 μM, 65.85 ± 4.749 μM and 1 0.61 ± 1.667 μM. Figure 1B demonstrated the inhibitory effectiveness of six furanocoumarins on RLMs. Among them, bergapten and isopsoralen were selected for their potent inhibitory activity. And the results were statistically significant compared to the control group (p < 0.05).
[image: Panel A shows a kinetic graph of tolbutamide concentration versus velocity for RLM (red), HLM (green), and 3A4 (black) with RLM exhibiting the highest activity. Panel B displays a bar graph comparing relative activity of various compounds: Bergapten, Praeruptorin, Xanthotoxin, Psoralen, Imperatorin, Isoimperatorin, and 5-Methoxypsoralen, with each bar labeled in different colors against a control group.]FIGURE 1 | (A) Michaelis-Menten plots of enzymatic activity of RLMs, HLMs and rCYP3A4 on tofacitinib metabolism. Data are presented as the mean ± standard deviation of three experiments. (B) Screening of bergapten, psoralidin, xanthotoxol, psoralen, isopsoralen, and 8-methoxypsoralen in RLMs. Values are mean ± SD, n = 3. *p < 0.05, significant difference from control group.
TABLE 1 | Kinetic parameters for the activity of RLMs, HLMs, and rCYP3A4 variants on tofacitinib metabolism.
[image: Table showing enzyme kinetics. For RLM: Km is 76.25 ± 4.514 µM, Vmax is 7.259 ± 0.1879. For HLMs: Km is 65.85 ± 4.749 µM, Vmax is 2.802 ± 0.0842. For rCYP3A4: Km is 10.61 ± 1.667 µM, Vmax is 0.421 ± 0.0169. Notes indicate n = 3 per group; data are expressed as mean ± SD.]3.2 Bergapten potently inhibits the metabolism of tofacitinib in RLMs, HLMs, and rCYP3A4 with the competitive mechanism
Figure 2 shows IC50 curves and a Lineweaver-Burk diagram of tofacitinib inhibited by bergapten in RLMs, HLMs and rCYP3A4. As given in Table 2, the results displayed that tofacitinib was restrained by bergapten in RLMs, HLMs and rCYP3A4 with IC50 values of 2.619 μM and 2.647 μM, 1.424 μM, respectively. All Km and Vmax values of bergapten on tofacitinib metabolism in RLMs, HLMs and rCYP3A4 are shown in Table 3. The Ki values of bergapten in RLMs, HLMs and rCYP3A4 were 0.4429 μM, 0.1893 μM, and 1.223 μM, respectively. The dynamic parameters of competitive inhibition are characterized by the increase of Km value and no change of Vmax. The findings revealed that bergapten competitively inhibited the metabolism of tofacitinib in RLMs, HLMs, and rCYP3A4 (Figure 3).
[image: Three graphs labeled A, B, and C display dose-response curves illustrating the effect of varying concentrations of a compound on relative activity. Curve A has an IC₅₀ of 1.479 micromolars, B has an IC₅₀ of 2.467 micromolars, and C has an IC₅₀ of 1.424 micromolars. Each graph has axes labeled with "Log (Beraprost)" on the x-axis and "Relative activity of control (%)" on the y-axis, showing a decrease in activity with increasing compound concentration.]FIGURE 2 | (A) IC50 of the inhibition of tofacitinib in RLMs by bergapten; (B) IC50 of the inhibition of tofacitinib in HLMs by bergapten; (C) IC50 of the inhibition of tofacitinib in rCYP3A4 by bergapten. Values are mean ± SD, n = 3.
TABLE 2 | The IC50 values and inhibitory effects of bergapten and isopsoralen on tofacitinib metabolism in RLMs, HLMs, and rCYP3A4.
[image: Table comparing IC50 and Ki values for Bergapten and Isopsoralen against different enzymes. Bergapten shows IC50 values of 2.619, 2.647, and 1.424 µM, and Ki values of 0.4429, 0.1893, and 1.223 µM for RLMs, HLMs, and rCYP3A4, respectively. Isopsoralen shows IC50 values of 19.27, 12.34, and 17.14 µM, and Ki values of 2.186, 1.774, and 15.36 µM for RLMs, HLMs, and rCYP3A4, respectively. All inhibition types are competitive.]TABLE 3 | The Km and Vmax values of bergapten on tofacitinib metabolism in RLMs, HLMs, and rCYP3A4.
[image: Table comparing enzyme activity with varying concentrations of bergapten. Enzymes include RLMs, HLMs, and rCYP3A4. The table lists kinetic parameters \( K_m \) in micromolar and \( V_{max} \) as M8 area ratio for bergapten concentrations of 0, 0.5, 1, 2, and 4 micromolar. Values vary significantly, showing differences in enzyme efficiency and capacity.][image: Graph set illustrating enzyme kinetics. Panels A, C, and E show Lineweaver-Burk plots with varying inhibitor concentrations labeled 0.5 to 4. Panels B, D, and F depict corresponding secondary plots with Bergapten versus primary plot slope. Data indicate different inhibition levels, illustrating interaction effects.]FIGURE 3 | Inhibitory mechanism of bergapten against tofacitinib in (A,B) RLMs, (C,D) HLMs and (E,F) rCYP3A4. Values are mean ± SD, n = 3.
3.3 Ispsoralen potently blocks tofacitinib metabolism in RLMs, HLMs, and rCYP3A4 with the competitive mechanism
Figure 4; Table 2 exhibited the IC50 curves, Lineweaver-Burk plot and the IC50 and Ki values of tofacitinib metabolism by isopsoralen in RLMs, HLMs and rCYP3A4. The IC50 values of Isopsoralen were 12.34 μM and 17.17 μM, 19.27 μM. Table 4 shows Km and Vmax values of ispsoralen on tofacitinib metabolism in RLMs, HLMs and rCYP3A4. Isopsoralen exhibited competitive suppression of tofacitinib metabolism in RLMs, HLMs and rCYP3A4, with Ki values of 15.36 μM, 1.744 μM, and 2.186 μM (Figure 5).
[image: Three graphs labeled A, B, and C show dose-response curves for hesperetin. The x-axis represents the logarithm of hesperetin concentration in micromolar, and the y-axis shows the relative activity of control in percentage. Each graph includes an IC₅₀ value: A is 12.34 micromolar, B is 11.9 nanomolar, and C is 12.17 nanomolar. The curves exhibit a downward trend as hesperetin concentration increases.]FIGURE 4 | (A) IC50 of tofacitinib inhibition in RLMs by isopsoralen; (B) IC50 of tofacitinib inhibition in HLMs by isopsoralen; (C) IC50 of tofacitinib inhibition in rCYP3A4 by isopsoralen.
TABLE 4 | The Km and Vmax values of isopsoralen on tofacitinib metabolism in RLMs, HLMs, and rCYP3A4.
[image: Table displaying enzyme data with isopsoralen concentrations. RLMs show Km values from 77.71 to 409.6 and Vmax from 5.190 to 2.664. HLMs show Km from 61.72 to 930.4 and Vmax from 1.886 to 2.589. rCYP3A4 shows Km from 20.63 to 142.9 and Vmax from 0.2455 to 0.4429.][image: Six graphs depict the effect of different concentrations on reactions. Graphs A, C, and E are Lineweaver-Burk plots showing 1/V against 1/[Tofacitinib] at varying concentrations of isopsoralen (0, 10, 20, 40 µM). Graphs B, D, and F show the slope of primary plots against isopsoralen concentrations. Each graph represents different experimental conditions, with linear trends observed in all plots. Error bars indicate variability in measurements.]FIGURE 5 | Inhibitory mechanism of isopsoralen against tofacitinib in (A,B) RLMs, (C,D) HLMs and (E,F) rCYP3A4. Values are mean ± SD, n = 3.
3.4 Molecular docking analysis of bergapten and isopsoralen on CYP3A4
The results of molecular docking and binding energy calculations are presented in Figure 6. Bergapten, isopsoralen and tofacitinib were well-docked at the active sites of CYP3A4. Molecular docking analysis has shown that tofacitinib, bergapten and isopsoralen establish hydrogen bond interactions with amino acid residues on CYP3A4 through hydrogen bonding. The CYP3A4 binding energies of tofacitinib, bergapten and isopsoralen were −6.8, −6.2, and −6.7 kcal/mol.
[image: Molecular structures in four panels. Panels A and C show larger protein complexes highlighted by red dashed lines. Panels B and D provide close-ups, illustrating interactions between amino acids and ligands. Green structures represent the protein, purple and blue indicate different ligands, and bonds are labeled with proximity measurements.]FIGURE 6 | Molecular docking scheme of tofacitub and bergapten (A) and isopsoralen (C); Action site between bergapten (B), isopsoralen (D) and tofacitinib and CYP3A4 via hydrogen bonding.
3.5 Effects of BGZs on the pharmacokinetics of tofacitinib in vivo
Figures 7A, B showed the mean plasma concentration-time curve of the bergapten or isopsoralen treatment group or control group after oral supplementation of tofacitinib. The pharmacokinetic properties of tofacitinib were evaluated using a non-compartmental model, as presented in Tables 5, 6. We observed that tofacitinib was rapidly absorbed by the plasma and reached its maximum concentration of 509.99 mg/L at 0.5 h following oral administration. Compared with the control group, the AUC (0-t), AUC (0-∞), MRT (0-t), MRT (0-∞) and Cmax of tofatinib increased in varying degrees (all p < 0.05), but CLz/F decreased in varying degrees (p < 0.05) in the bergapten group and isopsoralen group in a dose-dependent manner. Intriguingly, there was no statistically significant difference in changes in t1/2z and Tmax (p > 0.05). Collectively, these findings indicated that bergapten and isopsoralen inhibited the metabolism of tofacitinib in a dose-dependent manner.
[image: Two line graphs labeled A and B show telaprevir concentration over time in different groups. Both graphs feature four lines: control (black), bergaptene or isoparcolein at various doses (blue and green), and ketoconazole (red). Each line demonstrates a decrease in concentration over time, with the ketoconazole line showing the highest concentration throughout. Error bars indicate variability.]FIGURE 7 | Mean plasma concentration–time curves of tofacitinib in different treatment groups. Group (A), bergapten; group (B), isopsoralen (n = 6).
TABLE 5 | Main pharmacokinetic parameters of tofacitinib in bergapten group and control group in rats.
[image: A table comparing pharmacokinetic parameters across different groups: Control, Bergapten (20 mg/kg and 50 mg/kg), and Ketoconazole. Parameters include AUC, MRT, t₁/₂, Tₘₐₓ, CLz/F, and Cₘₐₓ. Values are means with standard deviations, and significant differences from the control group are marked with an asterisk (p < 0.05). Notes state each group has six members.]TABLE 6 | Main pharmacokinetic parameters of tofacitinib in isopsoralen group and control group in rats.
[image: Table displaying pharmacokinetic parameters for a control group and groups treated with isopsoralen at 20 mg/kg and 50 mg/kg, and ketoconazole. Parameters include AUC, MRT, half-life, Tmax, CLz/F, and Cmax. Isopsoralen and ketoconazole groups show significant differences from control, noted by an asterisk, p < 0.05. Data are expressed as mean ± SD for six subjects per group.]4 DISCUSSION
Tofacitinib is mainly metabolized by cytochrome P450 (CYP) 3A4 in the human body, followed by CYP2C19 metabolism (Veeravalli et al., 2020). Approximately 70% of tofacitinib is eliminated by a non-renal mechanism, whereas the remaining 30% is eliminated through the renal system (Bannwarth et al., 2013; Abdulrahim et al., 2019). Researchers found that the drug bergapten in P. corylifolia strongly blocks the activity of the CYP3A4 enzyme (Ho et al., 2001). Previous studies have found that isopsoralen can disrupt the activity of human recombinant CYP3A4 enzyme in vitro (Liu and Flynn, 2015; Hai et al., 2017). In this study, we measured the content of tofacitinib and its metabolite M8 to investigate the interaction of bergapten and isopsoralen with tofacitinib in rat liver microsomes, human liver microsomes and rCYP3A4. The results exhibited that bergapten and isopsoralen inhibited the metabolism of tofacitinib in rCYP 3A4, RLMs and HLMs. The relationship between substrates and inhibitors can be divided into three categories: competitive inhibition, non competitive inhibition, and uncompetitive inhibition. The dynamic parameters of competitive inhibition are characterized by the increase of Km value and no change of Vmax. Tofacitinib was shown to inhibit rCYP3A4, RLMs and HLMs competitively by bergapten and isopsoralen based on Km, Vmax and the Lineweaver-Burk plotting of double reciprocal plotting of the Mi equation. According to the literature, the risk of DDI is highest at ki value <1 µM, low at >50 µM and medium at 1–50 µM (Bjornsson et al., 2003a).Therefor, the risk of DDI between bergapten and tofacitinib was medium in 3A4 and high risk in RLMs and HLMs. In CYP3A4, RLMs and HLMs, the risk of DDI of isopsoralen and tofacitinib was medium.
The oral intervention of tofacitinib (10–100 mg/kg) to male Sprague-Dawley rats showed dose-dependent AUC above 50 mg/kg. Therefore, we selected 10 mg as the oral dose of tofacitinib (Lee and Kim, 2019). The ratio of AUCI/AUC greater than 2 indicates a high risk of DDI caused by drug interactions (Tucker et al., 2001; Bjornsson et al., 2003b). The AUCI/AUC ratios for bergapten at 20 mg/kg and 50 mg/kg were 2.7 and 3.1, respectively. Similarly, the AUCI/AUC ratios for isopsoralen were 1.91 and 2.49. Isopsoralen and bergapten increase tofacitinib-induced DDI risk. The AUC(0-∞) (p < 0.05), Cmax (p < 0.05) and MRT(0-∞) of tofacitinib were augmented and CLz/F (p < 0.05) was decreased in a dose-dependent manner after the oral intervention of bergapten and isopsoralen in vivo. Taken together, the results suggested that bergapten and isopsoralen might inhibit the metabolism of tofacitinib through CYP3A4 in vivo. And the risk of adverse reactions when bergapten or isopsoralen are combined with tofacitinib may increase due to an increase in the dosage of bergapten and isopsoralen.
Hydrogen bonding stabilizes energetically favorable ligands in protein structures. The interaction energy between target 3D structures and ligand molecules must be quantified to analyze the affinity of the binding (Patil et al., 2010). At present, it is generally believed that when the binding energy value is less than −5 kJ/mol, the binding between ligand and receptor is relatively stable, and the lower the binding energy values, the lower the conformational stability energy, and the greater the possibility of interaction between receptor and ligand. According to the formula 1 kJ = 0.24 kcal, the unit conversion between kcal/mol and kJ/mol shows that the binding energy of bergapten, isopsoralen, tofacitinib and CYP3A4 is less than −5 kJ/mol. The binding energy of bergapten, isopsoralen and tofacitinib is almost the same, which indicates that in the interaction with CYP3A4, bergapten and isopsoralen have similar stable binding ability to CYP3A4 as tofacitinib. In addition, according to the molecular docking results, it can be seen that the binding sites of bergapten and isopsoralen with CYP3A4 are similar to those of tofacitinib. This confirms the results of in vitro and in vivo studies that bergapten and isopsoralen may competitively inhibit tofacitinib metabolism in CYP3A4.
The dosage and metabolism of DDIs might produce adverse drug reactions. It is widely believed that drug metabolism plays an important role in drug safety. Therefore, it is necessary to evaluate the risk of adverse reactions between drugs due to dosage and metabolism. This study confirmed the inhibitory effect of bergapten and isopsoralen on the metabolism of tofacitinib in vitro and in vivo. The CYP450 enzyme inhibitors burgapten and isopsoralen increase blood tofacitinib levels in vivo. P. corylifolia possesses significant application potential owing to its abundant pharmacological action. This indicates that when we are using tofacitinib and P. corylifolia for combined treatment of rheumatoid arthritis, attention should be paid to the dosage of P. corylifolia intake.
Tofacitinib and bergapten/isopsoralen have significant interactions, which can be used to guide clinical medication and treatment in patients with RA. While further studies are required due to rat-human species differences.
5 CONCLUSION
DDIs may result in adverse drug reactions depending on dosage and metabolism. Drug metabolism is a crucial factor in maintaining drug toxicity. This study confirmed the inhibitory effect of bergapten and isopsoralen on CYP3A4 in vitro and vivo. We found that bergapten and isopsoralen exhibited distinct regulatory impacts on the metabolism of tofacitinib in RLM, HLM and CYP3A4. Our results also revealed that berkatten and isopsoralen inhibited CYP450 enzymes to enhance blood tofacitinib levels in vivo. Tofacitinib exposure may lead to more severe and frequent adverse events. Therefore, when using tofacitinib to treat rheumatoid arthritis, it is necessary to pay attention to or adjust the dose of Chinese herbs containing bergapten and isopsoralen, so as to reduce the occurrence of adverse reactions caused by the increase of tofacitinib blood concentration. This study provides a theoretic basis for the combination of P. corylifolia and tofacitinib. In addition to P. corylifolia, there are also many other traditional Chinese medicines that contain bergapten and isopsoralen, such as Coastal Glehnia Root and Saposhnikoviae Radiox.This study also provides significance for combining use of tofacitinib and traditional Chinese medicine containing this type of coumarin in the treatment of diseases.
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Aims: The population pharmacokinetic (PPK) model-based machine learning (ML) approach offers a novel perspective on individual concentration prediction. This study aimed to establish a PPK-based ML model for predicting tacrolimus (TAC) concentrations in Chinese renal transplant recipients.Methods: Conventional TAC monitoring data from 127 Chinese renal transplant patients were divided into training (80%) and testing (20%) datasets. A PPK model was developed using the training group data. ML models were then established based on individual pharmacokinetic data derived from the PPK basic model. The prediction performances of the PPK-based ML model and Bayesian forecasting approach were compared using data from the test group.Results: The final PPK model, incorporating hematocrit and CYP3A5 genotypes as covariates, was successfully established. Individual predictions of TAC using the PPK basic model, postoperative date, CYP3A5 genotype, and hematocrit showed improved rankings in ML model construction. XGBoost, based on the TAC PPK, exhibited the best prediction performance.Conclusion: The PPK-based machine learning approach emerges as a superior option for predicting TAC concentrations in Chinese renal transplant recipients.Keywords: renal transplant recipients, population pharmacokinetic, machine learning, XGBboost, tacrolimus

1 INTRODUCTION
Tacrolimus (TAC), a calcineurin inhibitor, is widely employed to prevent allograft rejection in transplant recipients following solid organ transplantation (SOT) (Zhang et al., 2017; Yu et al., 2018). TAC has a narrow therapeutic window (Mac Guad et al., 2016). Patients with elevated TAC exposure may experience toxicity, such as neurotoxicity, nephrotoxicity, and post-transplant diabetes mellitus. Conversely, insufficient TAC exposure may be associated with allograft rejection or even graft loss (Yaowakulpatana et al., 2016; Thongprayoon et al., 2020). TAC is rapidly absorbed, with peak blood concentration occurring 0.5–1 h post-administration. Its bioavailability in patients in a steady state is approximately 25% (5%–93%). Absorbed TAC undergoes extensive metabolism by CYP3A4 and CYP3A5 in the gut mucosa and liver, resulting in over ten different metabolites (Zuo et al., 2013b). More than 95% of the metabolites are eliminated through bile (Chitnis et al., 2013; Taber et al., 2021). TAC exhibits variable pharmacokinetic (PK) properties, and even slight dose variations can significantly impact individuals (Teng et al., 2022). Various factors, including genetic polymorphisms, pathophysiological indices, and concomitant drugs, may influence TAC PKs. CYP3A5 genotype is the most frequently studied factor (Ghafari et al., 2019), accounting for 40%–50% of the variability in TAC clearance (Benkali et al., 2010; Vannaprasaht et al., 2013; Zhang et al., 2013; Cheng et al., 2015; Mac Guad et al., 2016; Tang et al., 2016; Yaowakulpatana et al., 2016; Htun et al., 2018; Uno et al., 2019; Bezerra et al., 2020; Cheung et al., 2020). Additionally, factors such as postoperative date (POD), hematocrit (HCT), body weight, liver function, and the concurrent use of voriconazole or Wuzhi capsules may impact the exposure and dosing regimen of TAC (Degraeve et al., 2020).
Therapeutic drug monitoring (TDM) is commonly employed to ensure optimal exposure to TAC (Vannaprasaht et al., 2013; Chen et al., 2017; Tron et al., 2020; Franken et al., 2022). Trough concentration (C0) serves as a conventional surrogate index for assessing TAC exposure (Ghafari et al., 2019). It is valuable in the regulation of TAC dosing regimen. However, there are limitations of C0 in the estimation of TAC exposure, especially the influence of various factors on the TAC PK is not estimated. Through modeling and simulating based on results of TDM and patients’ characteristics, the individualized therapeutic regimen can be designed and adjusted. The maximum a posteriori (MAP) model, derived from the a priori population pharmacokinetic (PPK) model, proves valuable in formulating and regulating TAC dosing regimens. This approach offers the advantage of assessing and incorporating various factors into the PPK model to enhance predictive accuracy (Jing et al., 2021). While the MAP method excels in interpreting the mechanical characteristics of TAC PK data and accounting for inter- and intra-individual variations, it is noteworthy that individual trough concentration prediction errors may be relatively high due to inaccurate parameter assumptions or covariate effect modeling.
The use of machine learning (ML) in TDM and individualized therapy has rapidly developed in recent years. Its major advantage is the capability to process large amounts of data and explore the inherent characteristics of different data. ML can provide accurate predictions with a fast and efficient selection of covariates in large datasets (Fu et al., 2021; Sibieude et al., 2022). This method has been used to estimate the TAC concentration or dosage based on various factors, including body weight, age, pathophysiological status, concomitant drugs, and genetic polymorphisms of drug-metabolizing enzymes or transporters (Woillard et al., 2021). The ML method is suitable for predicting targets affected by many variables and sometimes shows stronger generalization and better accuracy (Huang et al., 2022; Song et al., 2023). Despite the higher accuracy of ML algorithms, there are some limitations to this strategy, such as inexplicable results (Destere et al., 2023). It can be assumed that a proper combination of two methods may provide more reliable predictions (Damnjanović et al., 2023).
This study aimed to establish a model of TAC ML combined with PPK in Chinese patients undergoing renal transplantation. The performances of different ML models and MAP in predicting the trough concentration of TAC were also compared.
2 METHODS
2.1 Study design and population
A total of 127 adult Chinese renal transplant recipients who underwent their first renal transplantation were included in this study. The inclusion criteria for patients were as follows: i) primary renal transplant recipients meeting standard renal donor criteria and ii) administration of immunosuppressive drugs only after transplant surgery. The exclusion criteria included: i) combined organ transplantation, ii) panel reactive antibody positivity, iii) allergy or intolerance to TAC, and iv) pregnancy or lactation.
All patients received a postoperative triple immunosuppressive regimen consisting of TAC, mycophenolate mofetil (MMF), and steroids. TAC (Prograf, Astellas) was orally administered at 0.1 mg kg-1·day-1 twice daily, then adjusted to C0: 10–13 ng mL-1 in the first month and 5–9 ng mL-1 thereafter. A 1000 mg dose of MMF (Cellcept, Roche) was administered within 6 h before renal transplantation, and the same dose was given every 12 h after transplantation. Methylprednisolone (Pfizer, Puurs) was administered intravenously during surgery, progressively tapered, and then maintained at 5–10 mg oral prednisone daily after the first-month post-transplantation. Patients’ pathophysiological characteristics were collected on the day of TAC TDM. Demographic data, such as age, sex, and body weight (WT), and clinical data, including red blood cell count (RBC), hematocrit (HCT), platelet count, alkaline phosphatase (ALP), total bilirubin (TBIL), creatinine clearance (CLcr), and albumin (ALB), were recorded. Postoperative date (POD) was defined as the period between the day of the operation and the day of data collection. Blood samples were collected at 8:00 a.m., just before the morning dose. The collected data were randomly divided into training (80%) and testing (20%) datasets.
2.2 Determination of tacrolimus concentration and CYP3A5 genotypes
Whole blood TAC levels were determined using the enzyme-multiplied immunoassay technique with the SYVA VivaEmit 2000 kit (Siemens Healthcare Diagnostics Inc., Erlangen, Germany). Whole blood (200 µL) was collected from patients for genotype analysis, and the detection range was 2–50 ng/mL.
Leukocyte DNA was extracted from peripheral blood samples using the TIANamp Blood DNA Kit (Tiangen Biotech Co., Beijing, China), following the manufacturer’s standard protocol. The CYP3A5*3 (rs776746) genotype was identified through PCR-sequencing. The primer sequences were as follows: CYP3A5*3: 3A5P1 (5′GCC CTT GCA GCA TTT AGT CCT T3′) and 3A5P2 (5′CCT GCC TTC AAT TTT TCA CTG 3′). The 50 μL reaction mixture contained 15–50 ng genomic DNA, 1 U of Taq DNA polymerase, 1× buffer, 0.2 mmol/L dNTP mixture, 1.5 mmol/L MgCl2, and 0.5 μmol/L of each primer. The reaction conditions were as follows: 7 min at 94°C, followed by 30 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 7 min. The resulting product was purified and sequenced using an automated genetic analyzer (ABI 3730 Sequence Detection System; Applied Biosystems).
2.3 Population pharmacokinetic modeling
The PPK model was developed using the nonlinear mixed-effects modeling software NONMEM version 7.4.1 (Icon Development Solutions, Hanover, Maryland, USA), Pirana (version 23.1.1, Certara) and Notepad++ and PsN (Perl-speaks-NONMEM, version 5.3.1). R (version 4.3.0) was used in data processing and graphing. The first-order conditional estimation (FOCE) method was employed to estimate relevant parameters. Model selection relied on the objective function value (OFV), parameter estimates, and standard errors.
To ensure that random effects were distributed around zero, concentrations were log-transformed. Inter-individual variation IIV) of the parameters was modeled exponentially, while the residual error was analyzed additively to maintain variation within the same order of magnitude. The structural model is defined by the following equation:
[image: Formula showing \( P_t = TV(P_t) \times e^{ct} \), labeled as equation (1).]
[image: The equation shows the natural logarithm of the observed concentration (\( \ln C_{\text{obs}} \)) equal to the natural logarithm of the predicted concentration (\( \ln C_{\text{pred}} \)) plus an error term (\( \epsilon \)), labeled as equation two.]
where Pi and TV (Pi) are the individual and population values of the parameters described in the equation, respectively. ηi was the random error of Pi. The values of ηi were assumed to be independently normally distributed with a mean of 0 and a variance of ω2. In the second equation, Cobs is the observed concentration, Cpred is the predicted concentration, and ε is the residual error with a mean of 0 and a variance of σ2.
Patient physiological and pathological characteristics, along with genetic polymorphisms, were assessed as potential covariates in the TAC PPK model. For categorical covariates including CYP3A5 genotype, discrete numbers were given to each index: 0 and one for male and female patients. 0, 1, 2 for CYP3A5 *1/*1, *1/*3 and *3/*3 patients, respectively. Both forward inclusion and backward elimination methods were employed in constructing the final regression model. Each candidate covariate was scrutinized by incorporating it into the baseline model, and weighted residuals, along with changes in the objective function value (OFV), were observed throughout the model-building process. Changes in the OFV approximate the χ2 distributions with degrees of freedom (df) equal to the number of covariates introduced. A covariate was deemed statistically significant if the OFV decreased by 6.63 or more (p < 0.01, df = 1) upon its addition to the base model during forward inclusion. The full model included all covariates that exhibited a significant decrease in OFV. Subsequently, each covariate retained in the model was eliminated by fixing its value to zero. This procedure was repeated until the value of the objective function failed to increase by 7.88 (p < 0.005, df = 1) (backward elimination). Individual PPK parameters, arithmetic means, and standard deviations were calculated using NONMEM Bayesian estimates from the POSTHOC output.
The test dataset was utilized to evaluate the accuracy and applicability of the final model and ensure its stability and predictive power. A visual predictive check (VPC) was conducted by simulating 1,000 datasets to assess the performance of the TAC PPK model. The distribution of concentration-time data for the simulated population (5%, 50%, and 95% quartiles) was compared with that of the original dataset to investigate the accuracy and predictive capability of the established model.
2.4 Machine learning models development and evaluation
A multilayer perceptron (MLP), support vector machine (SVM), and extreme gradient boosting (XGBoost) were utilized to develop the ML models. The indicators collected previously were included in the model: WT, AMT, POD, RBC, HCT, DBIL, BUN, CLcr, ALB, and the genotype of CYP3A5, while combinations of drugs were also integrated. The total unit dose per kilogram of body weight since the last blood concentration (UDOSE) was also calculated. Additionally, the individual concentration prediction (IPRE) of the TAC PPK basic model was tested.
To avoid biased performance estimates, nested cross-validation was performed using an inner 10-fold cross-validation for training and tuning, and an outer 10-fold cross-validation was used for validation after all training and tuning trials. The tuning process was performed using a Tree-structured Parzen Estimator (TPE), which employs the sum of the mean values of the mean absolute error (MAE) and mean absolute percentage error (MAPE). Each ML model pipeline was iterated 100 times within a predefined hyperparameter search space. The prediction performances in the training and tuning processes were evaluated using the R2 score, MAE, MAPE, and root mean squared error (RMSE). The equations are as follows:
[image: Mathematical formula for the coefficient of determination, R squared, is equal to 1 minus the sum of squared differences between predicted values (\( \hat{y}_i \)) and actual values (\( y_i \)), divided by the sum of squared differences between the mean of actual values (\( \bar{y} \)) and actual values (\( y_i \)).]
[image: Formula for Mean Absolute Error (MAE) shown as: MAE equals one over n times the summation from i equals one to n of the absolute value of y sub i minus y hat sub i.]
[image: The formula for Mean Absolute Percentage Error (MAPE) is shown as: MAPE equals one over n times the sum from i equals one to n of the absolute value of the predicted value (y-hat sub i) minus the actual value (y sub i) divided by the actual value (y sub i), multiplied by one hundred percent.]
[image: Formula for RMSE: Root Mean Square Error equals the square root of the average of the squares of differences between observed \(y_i\) and predicted \(\hat{y}_i\) values, summed from \(i = 1\) to \(n\).]
where [image: The image contains a mathematical symbol: \( y_i \), where "y" is a variable and "i" is a subscript, often used to denote an indexed element in a sequence or series.] is the actual value of TAC C0, [image: The image shows a mathematical symbol with a lowercase letter "y" topped with a circumflex accent, followed by a subscript lowercase letter "i", commonly representing a predicted value in statistics or machine learning.] is the predicted value, [image: Please upload the image you'd like me to analyze, and I'll help generate the alternate text for it.] is the mean value. The highest R2 score and lowest MAE, MAPE, and RMSE indicated the highest fitting degree, and the best fitting result was used as the basis for the algorithm selection.
The performances of the MLP, SVM, and XGBoost models based on PPK were validated using the test dataset. The performance of the predictions based on the final PPK model was also validated. R2, MAE, MAPE, and RMSE were used as the performance indices. We also compared the prediction performance of various models among different TDM results.
3 RESULTS
3.1 Patient characteristics
A total of 2041 concentrations from 127 renal transplant recipients were included in the model training (n = 103) and test (n = 24) sets. The patient demographics, laboratory data, concomitant medications, and genetic information of the training and testing datasets are shown in Table 1. This study included 81 male and 46 female patients, with an average age of 42.2 ± 11.0 years and weight of 62.6 ± 12.2 kg. TAC was administered between 3 and 1,622 days after transplantation. During therapy, 54.3% and 7.91% of patients received calcium antagonists and voriconazole, respectively. There were 9.45%, 33.9%, and 56.7% of patients with CYP3A5 *1/*1, *1/*3, and *3/*3 genotype, respectively.
TABLE 1 | Patients’ demographic and clinical information and genotype of CYP3A5.
[image: A table compares characteristics and data between training (80%) and test (20%) sets of patients. It includes number of patients, average age, gender distribution, height, weight, post-operation days, various blood measurements, and concomitant medication usage, along with genotypes of CYP3A5. The training set has 103 patients and the test set has 24 patients, with parameter averages and variations provided for both groups.]3.2 Population PK modeling
As only C0 of TAC was used in establishing the TAC PPK model, a one-compartment model with first-order elimination was applied to the structural model. The value of ka was fixed at 3.84 h-1. The clearance (CL/F) and volume of distribution (V/F) of the training data were 41.1 ± 13.8L/h and 2,620 ± 1,624 L, respectively. The PPK parameters of the structure and final model have been listed in Table 2.
TABLE 2 | Population pharmacokinetic parameters of structue model and final model.
[image: Table comparing parameters across three models: Structure, Final, and Test Set Final. Parameters include K\(_a\) (hour\(^{-1}\)), V/F (L), CL/F (L/hour), HCT on CL/F, and CYP3A5 on CL/F, with respective estimates and relative standard error (RSE%) values. The table also lists interindividual variability (IIV) for ωV/F (%), ωCL/F (%), and residual error (%). Each parameter shows variations in estimates and RSE% across the models.]The final model was formed after analyzing all covariates by forward inclusion and backward elimination. The HCT and CYP3A5 genotypes (*1/*1, *1/*3, *3/*3 were set to 0, 1, and 2, respectively, and introduced in the model) showed significant changes in OFV when tested as covariates of CL/F. The final CL/F model is as follows:
[image: Clearance over bioavailability (CL/F) is calculated using the formula: 70.6 multiplied by the exponential of CYP3A5 expression coefficient, 0.348, and the exponential of hematocrit (HCT) coefficient, 0.122.]
The goodness-of-fit (GOF) of the final model is shown in Figure 1, where the population prediction (PRED) and IPRE correlated well with the measured concentrations.
[image: Four scatter plots labeled A, B, C, and D show relationships between predictions, concentration, and time. Plot A: Population prediction vs. concentration with a trend line. Plot B: Individual prediction vs. concentration, also with a trend line. Both show increasing trends. Plot C: Weighted residuals vs. population predictions, and Plot D: Weighted residuals vs. time, both with non-linear trend lines showing variability. Each plot includes a dashed line for reference.]FIGURE 1 | Goodness of fit of final PPK model of TAC in Chinese renal allograft recipients (A). Population predicted concentration (PRED) vs. measured concentration (CONC); (B). individual predicted concentration (IPRE) vs. CONC; (C). Conditional weighted residual error (CWRES) vs. PRED; (D). CWRES error vs. time.
Through a Bayesian estimation method, the individual predicted TAC concentrations of validation group (24 patients, 331 points) were compared with the observed data. The MPE (95% CI) was 1.23% (−1.67%, 4.12%), and the MRSE% was 23.7%. The bias was not significantly different from 0. The predictive performance of the final model was assessed through VPC in validation group (Figure 2). The predicted and actual values exhibited a significant correlation, with the majority of the measured TAC C0 values falling within the 95% CIs of the predicted concentrations.
[image: Graph depicts observed concentration over time in hours, with black dots representing data points. A red line indicates trend, with shaded areas showing confidence intervals. Time increases along the horizontal axis.]FIGURE 2 | Visual predictive check based on the PPK model of TAC in Chinese renal allograft recipients. The solid lines represent the 50th observed data, the upper and lower dashed lines represent the 95th and fifth observed data, and the black solid cycles represent the observed data. Shaded areas correspond to simulated 95% confidence intervals.
3.3 Machine learning modeling
The MLP, SVM, and XGBoost algorithms of the ML model were developed based on various features, including post hoc prediction of the test dataset of PPK basic model parameters. The hyperparameters of the ML models were obtained from 100 TPE iterations using the training set. The optimal parameters of the ML model are listed in Table 3.
TABLE 3 | Hyperparameters of machine learning model.
[image: Table listing models with their core hyperparameters. MLP: alpha 0.007509, h_layer1 56, h_layer2 211, h_layer3 25, lr_init 0.0003293. SVR: C 9.244, degree 41, gamma_svr 0.014. Xgboost: colsample_bytree 0.8357, esr 36, eta 0.061, gamma 2.3214, max_depth 7, min_child_weight 0.72, n_estimators 175, reg_lambda 0.57835, subsample 0.61.]Shapley Additive Explanations (SHAP) was used to explain the model output (Figure 3). IPRE of the TAC PPK basic model, POD, CYP3A5 genotype, and HCT were ranked higher than those of the other factors.
[image: SHAP summary plot showing the impact of different features on model output. Features are listed on the y-axis, with SHAP values on the x-axis. Blue represents low feature values, and pink indicates high values, illustrating the positive or negative impact on predictions.]FIGURE 3 | SHAP summary plot of features in the final model for the estimation of TAC in Chinese renal allograft recipients.
3.4 Comparison of predictive performances
The TAC C0 prediction performed well in the test dataset using MAP based on the final PPK model, as well as with the MLP, SVR, and XGBoost models based on the basic PPK model (Table 4; Figure 4). Among these models, XGBoost, based on the PPK basic model, exhibited the highest performance (Table 4).
TABLE 4 | Evaluation results of PPK model and machine learning models in test dataset.
[image: Table comparing models by metrics: PPK Basic (MAE: 1.85, MAPE: 26.9%, RMSE: 2.44, R²: 0.46), PPK Final (MAE: 1.77, MAPE: 25.3%, RMSE: 2.35, R²: 0.48), MLP (MAE: 2.04, MAPE: 30.5%, RMSE: 2.54, R²: 0.25), SVR (MAE: 1.67, MAPE: 25.8%, RMSE: 2.12, R²: 0.48), XGboost (MAE: 1.61, MAPE: 23.7%, RMSE: 2.03, R²: 0.52).][image: Four scatter plots compare predicted versus actual values for models PPK_Final, PPK+MLP, PPK+SVR, and PPK+XGB. Each plot shows data points with varying correlations along a blue trend line.]FIGURE 4 | Plot of observed versus individual predicted TAC concentration by various machine learning models and Bayes estimation based on PPK model in the validation group of Chinese renal allograft recipients. (n = 328).
The MPE of C0 at various time points after TAC administration was compared in test group. Starting from the second dose, the prediction errors from various methods tended to approach zero. Simultaneously, MAE and RMSE of the different methods showed significant improvement compared to the first administration, with XGBoost based on PPK demonstrating superior performance (Figure 5). This suggests that, by utilizing individual parameters and incorporating prior mechanisms such as inputting the IPRE, ML methods can effectively manage more covariates and complex effects, leading to reliable predictions through proper training and pipeline tuning.
[image: Four box plots comparing the degree distribution over six time intervals for four models: PPK_Final, MLP, SVR, and XGB. Each plot shows the distribution from negative one to positive one degrees, with outliers indicated by black dots.]FIGURE 5 | Box plots of prediction error with machine learning model and Bayesian forecasting in different scenarios (1st to sixth TDM results post transplantation).
4 DISCUSSION
In this study, we developed an approach that combines PPK and ML models to enhance the prediction performance of C0 for TAC in Chinese renal transplant recipients. The PPK-based XGBoost model outperformed the PPK final, PPK-based SVR, and PPK-based MLP models in predicting C0.
Various PPK models have been established for different patient populations. The two-compartment model is commonly utilized as a structural model for PPK studies in patients following an intense sampling strategy (Zhu et al., 2014; Riva et al., 2023). Conversely, the single-compartment model is the most frequently employed PPK model based on conventional TDM data (Reséndiz-Galván et al., 2019; Teng et al., 2022). Approximately 60% and 40% of published models are one- and two-compartment models, respectively. In our previous study, we established a two-compartment TAC PPK model using rich-time PK data and conventionally monitored C0 data from Chinese patients. Based on this model, we estimated the Bayesian estimator of TAC AUC. We found that the two- and one-compartment models were suitable for intense PK and C0 data, respectively. The difference in CL/F obtained using the one- and two-compartment models was not statistically significant (Chen et al., 2017). The AUCs estimated using different models were comparable.
A number of factors have been reported to influence the PK of TAC. Campagne et al. found that among 63 published PPK models, CYP3A5 genotype, HCT, POD, WT were the most commonly reported covariates. These covariates impacted TAC PK parameters and necessitated dosing adjustments to achieve similar drug exposure among patients (Campagne et al., 2019).
The CYP3A5*3 allele (resulting from the 6986A>G mutation in CYP3A5 intron 3) leads to a splice defect in the mRNA, resulting in the production of an unstable and nonfunctional CYP3A5 enzyme (Dai et al., 2001; Hsieh et al., 2001). The CYP3A5*3 genotype is widely accepted to significantly affect the CL/F (Zuo et al., 2013a; Bergmann et al., 2014; Han et al., 2014) of TAC. In the present study, we found that the CL/F of CYP3A5*1/*3 and *3/*3 patients were 70.6% and 49.9% of those with the *1/*1 genotype, respectively. Including the CYP3A5*3 genotype as a covariate of the CL/F of TAC resulted in an 8.85% decrease in interindividual variation in CL/F.
As TAC is highly bound to erythrocytes, HCT may reflect the level of unbound TAC and further affect CL/F. It has been reported that HCT is lower in the early postoperative period in renal transplant recipients and increases with the recovery of renal function (Han et al., 2013). In the present study, we found that HCT as a covariate decreased the inter-individual variation in CL/F by 6.21%.
The integration of AI technology into medicine has revolutionized the approach to medical data mining. Unlike traditional statistical methods, which often struggle to uncover the inherent characteristics of flat data, ML algorithms excel at processing vast and complex datasets without mechanistic assumptions. The accuracy and practicality of models can be continually optimized with increasing of the participant data. ML algorithms have found extensive application in clinical drug therapy, with numerous models developed to predict dosage or exposure (Fu et al., 2021; Bououda et al., 2022; Ponthier et al., 2022). Woillard et al. (Woillard et al., 2021) introduced the XGBoost ML model, leveraging two or three concentrations (pre-dose, and 1 and 3 h post-dosing), which underwent rigorous testing across six independent full-PK datasets from renal, liver, and heart transplant patients. Their ML models, integrating four covariates (dose, type of transplantation, age, and time between transplantation and sampling), demonstrated superior performance compared to the MAP model. In another investigation, Zhang et al. conducted a comparative analysis of various ML and deep learning algorithms for predicting TAC dosing regimens. They determined that the TabNet algorithm exhibited the highest performance. Noteworthy variables influencing the TAC daily dose in their final prediction model included the last TAC daily dose, last TAC therapeutic drug monitoring value, time post-transplantation, HCT, Scr, aspartate aminotransferase, weight, CYP3A5 genotype, body mass index, and uric acid (Zhang et al., 2022).
In the present study, we established ML models based on the results of the PPK basic model and patient demographic and pathophysiological data. Utilizing SHAP analysis, we compared the impacts of various factors on the prediction performance of TAC C0 levels. The IPRE of the TAC PPK basic model, POD, CYP3A5 genotype, and HCT ranked higher than those of other factors. Additional indicators such as ALP, CREA, previous TAC dosage, and BUN also influenced machine learning modeling algorithms to varying degrees. Although used in limited patients during therapy in certain stage of therapy, co-administered voriconazole was proved to be a factor influence the prediction of TAC concentration. Among these factors, only CYP3A5 genotype and HCT were proved to be the covariates of TAC PPK model.
The model established in this study represents a pipeline that combines the advantages of PPK and ML. It serves as a complementary tool to address oversimplification and mis-specification of pharmacokinetic mechanisms due to mathematical modeling (Stankevičiūtė et al., 2023). Based on the IPRE from the basic PPK model, the XGBoost algorithm demonstrated better predictions compared to other algorithms, as well as the final PPK model, when applied to the data of the test group. This finding indicates a significant improvement in prediction performance. In the test group, the MPE of 2-6 TDM sessions were 13.1%, 11.6%, 11.2%, 11.5%, and 8.68%, respectively. Additionally, 68 samples (54.8%) exhibited a PE within the range of ±20% (Figure 5).
By leveraging the established model, previous dosing regimens, and TDM results, regulated dosages can be estimated. Each dose can be paired with another index to simulate C0, allowing for the selection of the optimal dose regimen.
By predicting the concentration after the next dose, clinicians can gain a clear understanding of dose exposure. They can then judge whether the concentration falls outside the therapeutic range to adjust the dose accordingly, thereby enhancing control over the patient’s drug exposure. This adjustment can lead to a reduction in adverse effects and minimize the risk of graft loss. We also explored labeling dose-exposure data to predict the direct dose amount and provide dosage recommendations, although further research is necessary in this regard.
This study has certain limitations. Firstly, only the C0 of TAC was considered, and TAC concentrations at other time points may offer additional insights into pharmacokinetics. Secondly, other factors such as genetic polymorphisms of transporters and other co-administered drugs (i.e., Wuzhi capsules) could potentially influence prediction accuracy. Thirdly, this study is a single-center study, while the data were split into training and test groups, validation with data from other centers could provide more robust validation for the established model.
5 CONCLUSION
In summary, we utilized PPK model-based machine learning algorithms to develop a TAC concentration prediction model tailored for Chinese renal transplant recipients. Through comparison with various algorithms and the MAP method, we found that the PPK model combined with XGBoost yielded superior prediction performance. The model developed in this study offers a promising avenue for designing personalized TAC dosing regimens for Chinese patients undergoing renal transplantation.
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Amdizalisib, also named HMPL-689, a novel selective and potent PI3Kδ inhibitor, is currently under Phase II clinical development in China for treating hematological malignancies. The preclinical pharmacokinetics (PK) of amdizalisib were extensively characterized in vitro and in vivo to support the further development of amdizalisib. We characterized the plasma protein binding, blood-to-plasma partition ratio, cell permeability, hepatic microsomal metabolic stability, and drug–drug interaction potential of amdizalisib using in vitro experiments. In vivo PK assessment was undertaken in mice, rats, dogs, and monkeys following a single intravenous or oral administration of amdizalisib. The tissue distribution and excretion of amdizalisib were evaluated in rats. The PK parameters (CL and Vss) of amdizalisib in preclinical species (mice, rats, dogs, and monkeys) were utilized for the human PK projection using the allometric scaling (AS) approach. Amdizalisib was well absorbed and showed low-to-moderate clearance in mice, rats, dogs, and monkeys. It had high cell permeability without P-glycoprotein (P-gp) or breast cancer resistance protein (BCRP) substrate liability. Plasma protein binding of amdizalisib was high (approximately 90%). It was extensively distributed but with a low brain-to-plasma exposure ratio in rats. Amdizalisib was extensively metabolized in vivo, and the recovery rate of the prototype drug was low in the excreta. Amdizalisib and/or its metabolites were primarily excreted via the bile and urine in rats. Amdizalisib showed inhibition potential on P-gp but not on BCRP and was observed to inhibit CYP2C8 and CYP2C9 with IC50 values of 30.4 and 10.7 μM, respectively. It exhibited induction potential on CYP1A2, CYP2B6, CYP3A4, and CYP2C9. The preclinical data from these ADME studies demonstrate a favorable pharmacokinetic profile for amdizalisib, which is expected to support the future clinical development of amdizalisib as a promising anti-cancer agent.
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1 INTRODUCTION
The phosphatidylinositol 3-kinases (PI3Ks) are members of intracellular lipid kinases that phosphorylate the 3′-hydroxyl (3′-OH) position of phosphoinositide lipids, leading to the activation of multiple intracellular signaling pathways that regulate cell proliferation, differentiation, apoptosis, glucose metabolism, and vesicle trafficking (Katso et al., 2001; Vivanco and Sawyers, 2002; Han et al., 2012; Bilanges et al., 2019). Over the past decade, most research findings have shown that aberrant activation of PI3K signaling pathways is one of the most common events in human cancers, underscoring its essential role in human carcinogenesis (Singh et al., 2015; Noorolyai et al., 2019; Miricescu et al., 2020). Substantial evidence indicates that PI3Ks play an important role in the initiation and progression of tumor progression, particularly in the control of cell proliferation, survival, and regulation of the potential oncogene protein kinase B (PKB) (Fayard et al., 2011; Koveitypour et al., 2019; Xue et al., 2021).
PI3Ks are divided into three main classes (Class I, II, and III) based on their substrate specificities and primary structural characteristics, with Class I being the most implicated in human cancers (Mishra et al., 2021). Class I contains four isoforms of the catalytic subunit, namely, p110α (PI3Kα), p110β (PI3Kβ), p110δ (PI3Kδ), and p110γ (PI3Kγ). The former two isoforms are ubiquitously expressed, while the expressions of the latter two isoforms are largely restricted to leukocytes (Beer-Hammer et al., 2010; Thorpe et al., 2015). B-cell receptor (BCR) signaling is a fundamental regulator of tumor survival in several B-cell lymphomas, including diffuse large B-cell lymphoma (DLBCL), chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), follicular lymphoma (FL), mantle cell lymphoma (MCL), and marginal zone lymphoma (MZL) (Burger and Wiestner, 2018). It is reported that the PI3Kδ isoform can be activated by the BCR transducing survival and proliferation signals via the nuclear factor kappa B (NF-κB) pathway, which plays a significant role in the development and clonal expansion of normal and malignant B-cells (Okkenhaug and Vanhaesebroeck, 2003; Seda and Mraz, 2015; Wiestner, 2015). Therefore, PI3Kδ is an effective target in the treatment of hematological malignancies.
In the past decades, molecularly targeted therapies, including PI3K inhibitors (PI3Kis), have changed the treatment landscape of lymphoma (Sapon-Cousineau et al., 2020; Berning and Lenz, 2021). Many pharmaceutical companies and research institutions are making efforts to develop potent and selective PI3Kδ inhibitors to treat B-cell malignancies. Idelalisib/Zydelig, an oral PI3Kδ inhibitor, was the world’s first selective PI3Kδ inhibitor approved by the US FDA in 2014 for the treatment of FL, CLL, and SLL (Yang et al., 2015). Data from phase I and II trials of idelalisib have indicated that early and late gastrointestinal (GI) toxicity, specifically diarrhea, is common and can be severe in some cases (Kahl et al., 2014; Weidner et al., 2015). Umbralisib/Ukoniq, an oral inhibitor of PI3Kδ and CK1-ε, was granted accelerated approval by the FDA for the treatment of MCL and FL in adults based on promising results from clinical trials but was later withdrawn from the market due to safety concerns (e.g., serious diarrhea or non-infectious colitis) (Dharmamoorthy et al., 2022). Copanlisib/BAY 80–6,946/Aliqopa, a highly selective intravenous pan-class I PI3K inhibitor with preferential inhibitory activity against the PI3Kα and PI3Kδ isoforms, was approved by the FDA for the treatment of relapsed FL and was further evaluated in clinical trials for several subtypes of non-Hodgkin’s lymphomas (Munoz et al., 2021). Diarrhea is also one of the most commonly reported treatment-emergent adverse events (TEAEs), occurring in 40.5% of patients with indolent and aggressive lymphoma in the phase II study (Dreyling et al., 2017). Duvelisib is the first FDA-approved oral dual inhibitor of PI3Kδ and PI3Kγ, with diarrhea reported as the most frequent any-grade adverse event (AE) (47%) and the most frequent grade ≥3 AE (12%) (Wang et al., 2023). The major mechanism of GI toxicity caused by PI3Kδ inhibitors is reported to be associated with the inhibition of B-cell differentiation through immune dysregulation of Tregs, leading to intestinal injury (Louie et al., 2015).
Overall, the clinical development of most PI3Kis has been discontinued from further development considering risk/benefit evaluations. Therefore, it is necessary to develop more specific inhibitors for individual isoforms of PI3K with improved toxic effect profiles, and comprehensively understanding the underlying mechanism of gastrointestinal toxicity is important for the clinical safety application of PI3Kis. Amdizalisib (HMPL-689) is a highly selective and potent PI3Kδ inhibitor with a different molecular structure discovered by HUTCHMED Limited. Preclinical data showed that amdizalisib was a potential best-in-class small-molecule inhibitor with high potency, favorable pharmacokinetics, and a drug safety profile. In this study, we conducted a battery of absorption, distribution, metabolism, and excretion (ADME) studies for amdizalisib, and finally, an allometric scaling (AS) approach was performed in order to estimate the total systemic clearance (CL) and volume of distribution (Vss) of amdizalisib in humans. We also analyzed the possible mechanism to lower the incidence of gastrointestinal toxicity for amdizalisib from a pharmacokinetic perspective.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Amdizalisib (unlabeled) and an internal standard (HM5025815, a structure analog of amdizalisib) were provided by the Department of Medicinal Chemistry and the Department of Pharmaceutical Sciences at HUTCHMED Limited. Preclinical animals were purchased from standard vendors in China with certificates of laboratory animal production and usage. The human colon adenocarcinoma (Caco-2) cell line was purchased from the Cell Resource Center, Shanghai Institutes for Biological Sciences (Shanghai, China). Transwell® 24-well plates and rapid equilibrium dialysis (RED) inserts with base plates were provided by Corning Costar (Corning, NY, United States) and Thermo Fisher Scientific (Waltham, MA, United States), respectively. HPLC-grade acetonitrile, isopropanol, ethyl acetate, ethanol, and methanol were purchased from Thermo Fisher Scientific (Waltham, MA, United States). Glucose-6-phosphate (G-6-P), glucose-6-phosphate dehydrogenase (G-6-PD), nicotinamide adenine dinucleotide phosphate (NADP), and HPLC-grade formic acid (FA) were obtained from Sigma-Aldrich (St. Louis, MO, United States). Dimethyl sulfoxide (DMSO), magnesium chloride (MgCl2), and ethylene diamine tetra-acetic acid (EDTA) were supplied by Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Substrates and inhibitors of CYP isoforms like acetaminophen, phenacetin, diclofenac, 4′-hydroxy-diclofenac, dextromethorphan, dextrorphan, 6β-hydroxy-testosterone, midazolam, 1′-OH midazolam, diazepam, 7-hydroxycoumarin, probenecid, erythromycin, verapamil, and nefazodone were supplied by Sigma-Aldrich (St. Louis, MO, United States). Testosterone was supplied by Acros Organics (Morris Plains, NJ, United States). Fetal bovine serum (FBS), 1X high-glucose Dulbecco’s Modified Eagle Medium (DMEM), 0.05% (1X) trypsin–EDTA solution, 1X Hank’s balanced salt solution (HBSS), 1 M (100X) N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), 100X penicillin–streptomycin solution, 100 mM (100X) sodium pyruvate, 200 mM (100X) L-glutamine, and 100X minimum essential medium-non-essential amino acid (MEM-NEAA) solution were obtained from Gibco (Invitrogen, Carlsbad, CA, United States). Blank plasma from Institution of Cancer Research (ICR) mice and Sprague–Dawley (SD) rats was prepared in-house. Blank beagle dog plasma was obtained from the Suzhou Drug Safety Evaluation and Research Center (Suzhou, China). Blank cynomolgus monkey plasma was purchased from Labcorp Co. Ltd. (Shanghai, China). Blank human plasma was donated by staff at HUTCHMED Limited. Liver microsomes of humans, dogs, rats, mice, and male monkeys were purchased from Life Technologies (Durham, NC, USA), and those of female monkeys were supplied by the Research Institute for Liver Diseases Co., Ltd (Shanghai, China). Deionized water was prepared by the Millipore Gradient Water Purification System (Bedford, MA, United States) in-house. All other chemicals/reagents were of research grade and used without further purification.
2.2 In vivo ADME studies
2.2.1 Dosing formulations
For oral administration in mice and monkeys, a homogenous suspension formulation was prepared using 0.5% CMC-Na (pH 2.1, adjusted by hydrochloric acid). For oral administration in rats and dogs, a homogenous suspension formulation was prepared using 0.5% CMC-Na. Amdizalisib was administered to mice and rats at 10 mL/kg body weight and dogs and monkeys at 2 and 5 mL/kg body weight, respectively. For intravenous administration in rodents, dogs, and monkeys, a solution formulation consisting of 10% Solutol HS 15, 10% ethanol, and 80% physiological saline was used. The volume of intravenous administration was 10, 4, 1, and 1 mL/kg for mice, rats, dogs, and monkeys, respectively. All intravenous and oral dose formulations were analyzed by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) to confirm test article concentration and determine formulation stability.
2.2.2 In vivo pharmacokinetic studies
The pharmacokinetic experiments in rodents were approved by the HUTCHMED Animal Care and Use Committee with approval numbers: HPD-113 (ICR mouse) and HPD-105 (SD rat). Animals were quarantined in a controlled environment within the Animal Resource Unit for a period of several days with 12:12 h light: dark cycles. Animals had free access to food, and water was allowed ad libitum. The animal experiments performed on dogs and monkeys were outsourced and conducted by Labcorp Co. Ltd (Shanghai, China). The blood samples were collected with sodium heparin as an anticoagulant. The plasma samples were obtained from blood samples by centrifugation and stored at −80°C until analysis.
The male ICR mice (26.8–31.2 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China). A total of eighteen mice were divided into intravenous (IV) and oral (PO) administration groups, with nine animals in each group. The mice were fasted overnight with free access to water before dosing. Mice in the IV group were intravenously treated with 2.5 mg/kg amdizalisib, and mice in the PO group were orally treated with 10 mg/kg amdizalisib. In both groups, the blood samples were collected at pre-dose (0), 5, 15, 30 min, 1, 2, 4, 6, 8, 12, and 24 h after treatment. After the mice were anesthetized with isoflurane, approximately 100 μL of whole blood was collected through the retro-orbital sinus and transferred to a 1.5 mL tube containing sodium heparin. The gathered blood samples were kept on ice until centrifugation. Plasma samples were harvested by centrifugation at 1,500 g for 10 min at 4°C.
The SD rats (173–217 g, male: female = 1:1) were supplied by Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China). For the single-dose PK study, twenty-four rats were divided into four groups, with six rats (male: female = 1:1) in each group. After fasting overnight, one group received intravenous administration of 5 mg/kg amdizalisib, and the other three groups received oral administration of 1, 5, and 25 mg/kg amdizalisib, respectively. Blood samples were collected at the following time points: pre-dose (0), 2, 5, 15, and 30 min and 1, 2, 4, 6, 8, 12, 24, and 48 h post IV dose; pre-dose (0), 15, and 30 min and 1, 2, 3, 4, 5, 6, 8, 10, 12, and 24 h for the 1 mg/kg post-PO dose; pre-dose (0), 15, and 30 min and 1, 2, 3, 4, 5, 6, 8, 10, 12, 24, and 48 h for the 5 mg/kg post-PO dose; and pre-dose (0), 15, and 30 min and 1, 2, 3, 4, 5, 6, 8, 10, 12, 24, 48, and 72 h for the 25 mg/kg post-PO dose, respectively. After rats were anesthetized with isoflurane, approximately 150 μL of whole blood was collected through the retro-orbital sinus and transferred to a 1.5 mL tube containing sodium heparin. The gathered blood samples were kept on ice until centrifugation. Plasma samples were harvested by centrifugation at 1,500 g for 10 min at 4°C.
For the tissue distribution study of amdizalisib, 33 SD rats (170–220 g, 15 males and 18 females) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China). Rats were divided into seven groups according to the sampling time points, with six rats (male: female = 1: 1) in each group, except that Group 1 h used three male rats and Group 2 h and Group 72 h used three female rats, respectively. Rats were fasted overnight with free access to water before dosing. Each rat was orally administered 5 mg/kg amdizalisib with a dosing volume of 10 mL/kg. Plasma and tissue samples were collected at 0.5, 1, 6, 24, and 48 h after dosing for male rats and at 0.5, 2, 6, 24, 48, and 72 h after dosing for female rats. After rats were anesthetized with isoflurane, approximately 250 μL of whole blood was collected through the ophthalmic vein and centrifuged at 1,500 g under 4°C for 10 min to obtain plasma samples. After blood collection, the rats were sacrificed, and 18 tissues, namely, brain, breast, skin, fat, testis, ovary, bladder, pancreas, skeletal muscle, heart, lung, kidney, liver, stomach, small intestine, colon, spleen, and spinal cord, were removed from the rats at designated time points. These tissues were washed with saline and dried with filter paper. Aliquots of tissues were accurately weighed and then homogenized in 50% (v/v) methanol/water (10 mL/1 g tissue). For the excretion study of amdizalisib, [14C] amdizalisib was synthesized by Curachem, Inc. (Cheongju-si, Korea). Twelve rats (207–277 g) were divided into the bile-duct cannulation (BDC) group and the bile-duct intact (BDI) group, with six rats (male: female = 1:1) in each group. Both BDC rats and BDI rats orally received a single dose (5 mg/kg, 100 μCi/kg) of [14C] amdizalisib. Urine and feces were collected at pre-dose (0) and 24 h through 168 h post-dose (the first 24 h interval split into 0–8 and 8–24 h for urine) for BDI rats. For BDC rats, urine and feces were collected at pre-dose (0) and 72 h post-dose (the first 24 h interval split into 0–8 and 8–24 h for urine), and bile was collected at pre-dose (0), 0–4, 4–8, 8–24, 24–48, and 48–72 h post-dose. Cage-washing fluids were collected at 24 h intervals until the last sampling time point for both groups. Another BDI rat was orally administered a blank vehicle (0.5% CMC-Na, 0.5 g/100 mL), and urine and feces were collected 24 h post-dose. The weight of the collected samples was recorded. Samples were stored in a −20°C freezer until analysis.
Twelve beagle dogs (6–10 kg, male: female = 1:1) purchased from Beijing Marshall Biotechnology Co. Ltd. (Beijing, China) were enrolled in a three-period self-control cross-over study with a washout time of 1 week. The effect of food intake on the pharmacokinetics of amdizalisib was also evaluated in this study. In Period 1 and Period 2, dogs were fasted overnight until dosing. In Period 1, dogs in group 1 received an IV dose of 0.5 mg/kg amdizalisib, and dogs in group 2 were orally given 0.5 mg/kg amdizalisib. Blood samples were collected at pre-dose (0), 2, 5, 15, and 30 min and 1, 2, 3, 4, 6, 8, 10, 12, 24, and 32 h post-dose for IV dosing and at pre-dose (0), 15, and 30 min and 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 24, and 32 h post-dose for PO dosing. In Period 2, dogs in groups 1 and 2 were orally given 3.5 and 25 mg/kg amdizalisib, respectively. Blood samples were collected at pre-dose (0), 15, and 30 min and 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 24, 32, and 48 h post-dose for group 1 and at pre-dose (0), 15, and 30 min and 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 24, 32, 48, and 72 h post-dose for group 2. In Period 3, dogs in group 2 were fasted overnight but fed for 30 min just before orally dosing 25 mg/kg of amdizalisib, and the blood sampling time points were the same as those at the same dose level in Period 2. Approximately 1.0 mL of blood was collected per time point from the jugular vein using a 2 mL injector and transferred to a 3 mL tube that contained sodium heparin. The collected blood samples were centrifuged at 3,500 g for 5 min at 4°C to collect plasma within 30 min after sample collection. Cynomolgus monkeys (3.3–4.6 kg, male: female = 1:1) purchased from Huazhen Laboratory Animal Breeding Center (Guangzhou, China) were enrolled in a two-period self-control cross-over study with a washout time of 1 week. Animals were fasted overnight and for approximately 4 h post-dose. In Period 1, six monkeys were intravenously administered 1 mg/kg amdizalisib, and in Period 2, the same six monkeys were orally administered 5 mg/kg amdizalisib. Blood samples were collected at pre-dose (0), 2, 5, 15, and 30 min and 1, 2, 4, 6, 8, 12, 24, and 48 h post IV dose and at pre-dose (0), 5, 15, and 30 min and 1, 2, 3, 4, 6, 8, 12, 24, and 48 h post PO dose. At each time point, approximately 1.0 mL of blood was collected from the femoral vein and transferred into an individual tube that contained sodium heparin. The blood samples were centrifuged at 3,500 g for 5 min at 4°C to harvest plasma.
2.3 In vitro ADME studies
2.3.1 Caco-2 transport
The bidirectional permeability and absorption mechanism of amdizalisib were evaluated across Caco-2 cell monolayers. The passage number of cells used in this study was 39. Non-specific binding to the device surfaces and the aqueous solubility of test compounds were tested before the transport experiment. Caco-2 cells were cultured in a 24-well Transwell® Insert at 37°C in an atmosphere of 5% CO2 and 90% relative moisture for 21 days to form monolayers. The integrity of the monolayer was estimated by measuring transepithelial electrical resistance (TEER). Only the monolayers with TEER over 150 Ω were used for the studies. The culture medium was 1× high-glucose Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS (v/v), 1% MEM-NEAA (v/v), 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 100 units/mL penicillin, and 100 μg/mL streptomycin. The transport medium buffer was 1× HBSS solution containing 10 mM HEPES and 1.2% (v/v) DMSO. The bidirectional transport studies were initiated by adding amdizalisib to either the apical (A) or basolateral (B) side of the Transwell® Insert. After 30 min of pre-incubation with blank transport medium buffer, concentration-dependent transport of amdizalisib was evaluated at 5–80 μM, and time-dependent transport of amdizalisib was assessed at 10 µM after incubation for 30–150 min. Atenolol (10 µM) and metoprolol (10 µM) were used as a low-permeable control and a high-permeable control in this study, respectively. After incubation, samples from both the donor and receiver sides were collected, and the concentrations of amdizalisib and control compounds were determined by LC-MS/MS. The apparent permeability coefficient (Papp) and the efflux ratio (ER) of Papp were calculated according to the following equations:
[image: Equation for apparent permeability, \(P_{\text{app}} (10^{-6} \, \text{cm/sec}) = \frac{V_r \times C_{r,t}}{S \times t \times C_{d,0}}\).]
[image: Efflux ratio (ER) equals P subscript app comma B to A divided by P subscript app comma A to B.]
where Vr is the donor volume (0.3 mL for A-B; 1 mL for B-A); Cd, 0 is the measured concentration of amdizalisib or controls on the donor side at time zero; Cr, t is the measured concentration of amdizalisib or controls on the receiver side at time t; S is the surface area of the cell monolayer (0.33 cm2); and t is the incubation time (sec).
The inhibitory effects of amdizalisib on P-gp and BCRP activities were also investigated in Caco-2 cell monolayers. The experimental conditions were similar to those of the permeability study. Digoxin (5 µM), a substrate of P-gp, was incubated in the absence or presence of amdizalisib (0.1–80 µM) or the absence or presence of LY335979 (1 μM, a specific and strong P-gp inhibitor) and Ko143 (10 μM, a negative or weak P-gp inhibitor). Estrone-3-sulfate (E3S, 2.5 µM), a substrate of BCRP, was incubated in the absence or presence of amdizalisib (0.1–80 µM) or the absence or presence of Ko143 (1 μM, a specific and strong BCRP inhibitor) and LY335979 (1 μM, a negative or weak BCRP inhibitor). After 60 min of incubation, samples on both sides were collected, and concentrations of digoxin and E3S were determined by LC-MS/MS. Papp and ER were calculated, and the equation for calculating the percentage of substrate transport inhibition was shown as follows:
[image: Percent transport inhibition formula: \( \left(1 - \frac{P_{\text{app-B-A,C+I}} - P_{\text{app-A-B,C+I}}}{P_{\text{app-B-A,C}} - P_{\text{app-A-B,C}}}\right) \times 100\%\).]
where Papp, C+I is the Papp value of the substrate in the presence of amdizalisib or transporter inhibitors and Papp, C is the Papp value of the substrate in the absence of amdizalisib or transporter inhibitors.
2.3.2 Plasma protein binding and whole blood-to-plasma ratio
Rapid equilibrium dialysis (RED), which is the most common approach for the evaluation of plasma protein binding, was used to evaluate the ability of amdizalisib to bind the plasma proteins. Stock solutions of amdizalisib were spiked into five different species (mice, rats, dogs, monkeys, and humans) plasma to achieve the designated concentrations (0.1, 1, and 20 μM). In addition, 300 μL of plasma samples containing amdizalisib (0.1, 1, or 20 μM) and 500 µL of dialysis buffer (containing 100 mM sodium phosphate buffer and 150 mM NaCl, pH = 7.4) were spiked into the donor and receiver cell chambers of the equilibrium dialysis device, respectively. The plate containing plasma and buffer was equilibrated for 6 h in a 37°C water shaking bath. After incubation, aliquots of buffer and plasma (20 µL) on both sides were collected and precipitated using organic solvents. The concentrations of amdizalisib were determined by LC-MS/MS. Plasma samples containing amdizalisib at each concentration level were prepared and incubated in a water bath at 37°C for 6 h to evaluate the plasma stability of the test compound. The post-dialysis recovery of amdizalisib was also measured. Plasma protein binding fraction (PPB%), post-dialysis recovery (Recovery%), and post-dialysis stability (Stability%) were calculated using the following equations:
[image: Percentage Peak Broadening (PPB%) formula: \((C_{\text{o}} - C_{\text{t}}) / C_{\text{o}} \times 100\).]
[image: Recovery percentage formula: (C₇ × 500 + C₄ × 300) divided by (C₆ × 300), then multiply by 100.]
[image: Equation for stability percentage calculation: Stability percent equals C sub six divided by C sub zero, multiplied by one hundred.]
where Cd or Cr is the determined concentration of amdizalisib in the donor or receiver cell chamber, respectively. C0 or C6 is the determined concentration of amdizalisib in plasma samples without incubation or with incubation for 6 h.
In vitro blood distribution of amdizalisib was investigated in the whole blood of rats, dogs, and humans according to the published method with slight modifications (Yu et al., 2005). Amdizalisib was spiked into the fresh whole blood from different species and the corresponding fresh plasma (reference control plasma) to achieve a final concentration of 1 μM. The whole blood and plasma samples were incubated at 37°C for up to 1 h. Serial samples (150 µL) were collected at different time points (0, 10, and 60 min) and transferred into new tubes. The whole blood samples were then centrifuged at 1700 g for 15 min to harvest plasma. After protein precipitation, the concentration of amdizalisib in two types of plasma samples was determined by LC-MS/MS. The whole blood-to-plasma partition coefficient (RB) and the unbound fraction of amdizalisib in blood (fuB) were calculated as follows:
[image: Mathematical formula showing \( R_B = \frac{C_{\text{PL}}^{\text{REF}}}{C_{\text{PL}}} \) with subscripts and superscripts applied to terms.]
[image: Equation depicting a mathematical relationship: \( f_{\text{uB}} = f_{\text{up}} / R_{\text{B}} \).]
where CREFPL is the concentration of amdizalisib in the reference control plasma; CPL is the concentration of amdizalisib from the plasma equilibrating with RBC (red blood cells); and fup is the unbound fraction of amdizalisib in plasma, which is obtained from the plasma protein binding study.
2.3.3 Metabolic stability
In vitro metabolic stability of amdizalisib in liver microsomes from different species (mice, rats, dogs, monkeys, and humans) was conducted in triplicate at 1 µM. The metabolic reaction mixture consisted of liver microsomes (0.5 mg/mL) or flavin-containing monooxygenase (FMO)-deactivated liver microsomes (0.5 mg/mL), 1 μM amdizalisib, 3 mM MgCl2, and 1 mM EDTA in 50 mM potassium phosphate buffer at pH 7.4. FMO was deactivated by heating liver microsomes at 45°C for 5 min. Following pre-incubation at 37°C for 10 min, the NADPH-regenerating system (1 mM NADP, 5 mM G-6-P and 1 Unit/mL G-6-PD) was spiked into the metabolic reaction mixture to start the reaction and terminated at 0, 5, 15, 30, 60, and 120 min by the addition of 125 μL cold acetonitrile containing internal standard (IS). The terminated incubation mixtures were centrifuged at 1,500 g for 10 min, and then the supernatant (70 µL) was diluted with 70 µL deionized water before injection into the LC-MS/MS system for analysis.
The peak area ratios of the analyte/IS were converted to a percentage of the drug remaining using the peak area ratio at time zero as 100%. The natural logarithm of the percentage of the drug remaining was plotted against the incubation time, and the slope of the linear regression (-k) was converted to in vitro half-lives (t1/2) using the following equation:
[image: Equation for in vitro half-life: \( \text{In vitro } t_{1/2} = 0.693 / k \).]
In vitro intrinsic clearance (CLint, in vitro) and scaled in vivo intrinsic clearance (CLint, in vivo) values (in units of mL/min/kg) were further estimated according to literature methods (Kuhnz and Gieschen, 1998; Obach, 1999; Zientek et al., 2010) without correction for the unbound fraction of amdizalisib in blood and based on the following assumptions: (1) metabolic clearance is the major mechanism of clearance; (2) liver is the major organ of clearance; and (3) oxidation is the major metabolic pathway.
[image: Equation showing the formula for intrinsic clearance in vitro: \( CL_{\text{int, in vitro}} = \frac{k}{C_{\text{microsomes}}} \).]
[image: The image shows a formula for calculating scaled intrinsic clearance in vivo. It is expressed as: Scaled CL_int, in vivo = CL_int, in vitro × microsomes yield × liver weight.]
where Cmicrosomes means the experimental protein concentration (0.5 mg/mL) in the incubation system. A microsome yield (45 mg protein/g liver) of all species was used, with the liver weight values for mice, rats, dogs, monkeys, and humans approximately being 87.5, 40, 32, 30, and 25.7 g/kg body weight, respectively (Davies and Morris, 1993).
Then, the scaled in vivo intrinsic clearance was used to predict the systemic clearance (equal to the hepatic clearance) using the well-stirred venous equilibration model (Houston, 1994).
[image: Equation showing clearance in vivo: \( CL_{sys} = CL_{int \ in \ vivo} \times Q_H / (Q_H + CL_{int \ in \ vivo}) \).]
where QH is the hepatic blood flow: 90 mL/min/kg for mice, 55.2 mL/min/kg for rats, 30.9 mL/min/kg for dogs, 43.6 mL/min/kg for monkeys, and 20.7 mL/min/kg for humans (Davies and Morris, 1993).
2.3.4 CYP inhibition
Reversible inhibition potentials of amdizalisib against eight major CYP isoforms (CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, and 3A4/5) were assessed in human liver microsomes (HLMs). Inhibitory activity was evaluated by incubating different concentration levels of amdizalisib (0.4–50 µM for CYP2B6 and 0.08–50 µM for the rest) and/or reference inhibitors with HLMs. The markers used to determine the activities of CYP isoforms were phenacetin O-deethylation for CYP1A2 (probe substrate: 50 µM phenacetin), bupropion hydroxylation for CYP2B6 (probe substrate: 70 µM bupropion), paclitaxel 6α-hydroxylation for CYP2C8 (probe substrate: 10 µM paclitaxel), diclofenac 4′-hydroxylation for CYP2C9 (probe substrate: 5 µM diclofenac), S-(+)-mephenytoin 4′-hydroxylation for CYP2C19 (probe substrate: 20 µM S-(+)-mephenytoin), dextromethorphan O-demethylation for CYP2D6 (probe substrate: 6 µM dextromethorphan), chlorzoxazone 6′-hydroxylation for CYP2E1 (probe substrate: 70 µM chlorzoxazone), and testosterone 6β-hydroxylation and midazolam 1′-hydroxylation for CYP3A4/5 (probe substrate: 45 µM testosterone and 5 µM midazolam). The CYP inhibition reaction mixtures contained HLMs (0.5 mg/mL for CYP2C19 and 0.2 mg/mL for the rest of the CYP isoforms), probe substrates, amdizalisib or positive inhibitors, the NADPH-regenerating system (the same as above), MgCl2 (3 mM), EDTA (1 mM), pure water, and 50 mM potassium phosphate buffer in a total volume of 125 μL. Alpha-naphthoflavone (0.04 µM), 2-phenyl-2-(1-piperidinyl)propane (5 µM), quercetin (1 µM), sulfaphenazole (0.5 µM), ticlopidine (4 µM), quinidine (0.2 µM), diethyldithiocarbamate (20 µM), and ketoconazole (0.05 µM) were used as positive inhibitors of CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, and 3A4, respectively. The vehicle control was prepared in the same composition as inhibitor solutions but free of inhibitors. The concentrations of probe substrates were close to Km values that were determined in-house and within the range recommended by the FDA (Huang et al., 2007). Reaction mixtures were incubated at 37°C for 5, 20, or 30 min, depending on the probe substrates of CYP isoforms. The reactions were terminated by adding cold acetonitrile containing IS, and the terminated incubation mixtures were centrifuged at 3,000 g for 10 min before LC-MS/MS analysis. The remaining activity of each CYP isoform was calculated by dividing the enzyme activity of amdizalisib or the positive inhibitor group by the enzyme activity of the vehicle control group.
The inhibitor concentrations along with the corresponding remaining enzyme activities were analyzed by the sigmoid and inhibitory effect Emax model using Phoenix WinNonlin (Certara USA Inc., Princeton, United States) to calculate the concentration required to achieve 50% inhibition (IC50). If the remaining CYP activity in the presence of the highest tested concentration of amdizalisib was greater than 50.0%, IC50 was expressed as greater than the highest tested concentration.
The procedure of time-dependent CYP inhibition was similar to that used for CYP reversible inhibition, as mentioned above, except that a pre-incubation step was added. The mixtures containing amdizalisib (10 μM) or positive inhibitors in the absence and presence of the NADPH-regenerating system were pre-incubated at 37°C for 30 min before moving on to the next step. Erythromycin, verapamil, and nefazodone at 10 μM were selected as weak, moderate, and strong inhibitors on CYP3A4/5, ticlopidine at concentrations of 0.4 μM and 4 μM was selected as a positive inhibitor on CYP2B6 and CYP2C19, respectively, and phenelzine sulfate at 200 μM was used as a positive inhibitor on CYP2C8. The probe substrates for CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A4/5 were phenacetin (250 µM), bupropion (450 µM), amodiaquine hydrochloride (15 µM), diclofenac (25 µM), S-(+)-mephenytoin (200 µM), dextromethorphan (30 µM), testosterone (225 µM), and midazolam (30 µM), respectively. Another appropriate volume of the NADPH-regenerating system and probe substrate were added to initiate the CYP isoform enzyme activity test step. For this step, the incubation period was 10 min, except for CYP2B6, CYP2C8, and CYP3A4/5 (probe substrate: midazolam), which was 3 min to make sure the reaction was under initial linear rates. After incubation for the designated time periods at 37°C, the ice-cold acetonitrile containing IS was added to quench the reaction. The samples were centrifuged at 1,500 g at 4°C for 10 min, and the supernatant fractions were analyzed by LC-MS/MS. The activity loss of each CYP isoform was calculated as follows:
[image: The formula for activity loss in percentage is displayed. It involves multiplying by one hundred the difference between two fractions. Each fraction represents the absorbance ratio of amidazole or positive inhibitors to vehicle, with the presence of NADPH and without NADPH, respectively.]
where A represents measured enzyme activities in the presence and absence of amdizalisib or positive inhibitors and NAPDH. (Ainactivator/Avehicle)-NADPH represents the enzyme activity remaining due to the inhibition by the diluted inactivator in the enzyme activity test step, and (Ainactivator/Avehicle) +NADPH represents the remaining enzyme activity due to pre-incubation loss plus inhibition by the diluted inactivator in the enzyme activity test step.
2.3.5 CYP induction
Induction potential on CYP1A2, 2B6, 3A4, 2C8, 2C9, and 2C19 activities by amdizalisib was examined in cryopreserved human hepatocytes (BioIVT, Baltimore, MD, USA) from three donors. Donor BXW (female, Caucasian, 73 years old), XSM (female, Spanish, 59 years old), and NFX (male, Caucasian, 36 years old) were used in the CYP1A2, 2B6, and 3A4 induction assays. Donors GKJ (male, Caucasian, 52 years old), ZEY (male, Caucasian, 62 years old), and WKF (female, Caucasian, 59 years old) were used in the CYP2C induction assay. In brief, three separate lots of cryopreserved human hepatocytes were treated once daily with vehicle (0.1% DMSO), amdizalisib (1.00, 3.00, 10.0, 20.0, and 30.0 µM for CYP1A2, 2B6, and 3A4/5, 0.3, 3, and 20 µM for CYP2C8, 2C9, and 2C19) or one of the following positive inducers: 50 μM omeprazole (CYP1A2), 1,000 μM phenobarbital (CYP2B6), 10 μM rifampin (CYP3A4/5), and 25 µM rifampin (CYP2C8, 2C9, and 2C19). Flumazenil (25 µM) was used as the negative control treatment for CYP2C8, 2C9, and 2C19. The probe substrates for CYP1A2, 2B6, 3A4, 2C8, 2C9, and 2C19 were phenacetin (250 µM), bupropion (500 µM), midazolam (25 µM), amodiaquine (15 µM), diclofenac (40 µM), and S-(+)-mephenytoin (80 µM), respectively. Following 48 h of incubation, an appropriate volume of incubation medium was collected to determine the metabolites of each substrate, including acetaminophen, hydroxyl bupropion, 1′-hydroxy midazolam, N-desethyl amodiaquine, 4′-hydroxy diclofenac, and 4′-hydroxy mephenytoin. Enzyme activity for each CYP isoform was reported as a fold change over vehicle control and the percent of positive control (detailed calculation in Supplementary 1.1). Hepatocytes were harvested with a lysis buffer from RNeasy 96 Kit (Qiagen Inc., Germantown, MD, USA) to isolate RNA, which was analyzed by real-time quantitative polymerase chain reaction (RT-PCR). The effect of amdizalisib on CYP1A2, 2B6, 3A4/5, 2C8, and 2C9 mRNA levels was reported as the percent of positive control (detailed calculation in Supplementary 1.1). Emax (the maximal observed induction) and EC50 (the concentration that supports half-maximal induction) were estimated by non-linear regression of fold increase in CYP mRNA expression versus concentration plots. The amdizalisib concentrations at different time points after the last incubation (CYP2C induction assay) were measured by LC-MS/MS, and the percentage of amdizalisib remaining was determined on the last day of treatment (CYP1A2, 2B6, and 3A4 induction assay).
2.3.6 Transporter inhibition
The inhibition of amdizalisib on substrate uptake mediated by OATP1B1, OATP1B3, OAT1, OAT3, OCT2, MATE1, and MATE2-K was explored in stable transfected HEK293 cell lines expressing these human drug transporters. Pre-incubation solutions containing amdizalisib (0.3, 1, 3, 10, 30, and 100 μM) or the positive control inhibitors (or transport buffer containing an equal volume of vehicle control) were added to the cell plate and incubated at 37°C for 30 min. The positive control inhibitor for OAT1 and OAT3 was probenecid (0.1, 0.3, 1, 3, 10, 30, and 100 μM); for OCT2, it was verapamil (0.3, 1, 3, 10, 30, 100, and 300 μM); for OATP1B1 and OATP1B3, it was rifampicin (0.01, 0.03, 0.1, 0.3, 1, 3, and 10 μM); and for MATE1 and MATE2-K, it was pyrimethamine (0.001, 0.003, 0.01, 0.03, 0.1, 0.3, and 1 μM). The pre-incubation solutions were removed, and incubation solutions containing the inhibitors and probe substrates (or transport buffer containing an equal volume of vehicle control and probe substrates) were added and incubated at 37°C for 2 min (5 min for OATP1B3). The probe substrate for OAT1 was 4-aminohippuric acid (10 μM), for OAT3 was estrone 3-sulfate (10 μM), for OCT2 was metformin (100 μM), for OATP1B1 was β-estradiol 17-(β-D-glucuronide) (5 μM), for OATP1B3 was β-estradiol 17-(β-D-glucuronide) (10 μM), and for MATE1 and MATE2-K was tetraethylammonium (10 μM). After incubation, cells were washed three times with ice-cold transport buffer (25 mM HEPES, pH 7.4, pH 8.0 for overexpressing MATE1 and MATE2-K HEK293 cells) and lysed in distilled water. The concentrations of probe substrates were determined by LC-MS/MS, and a BCA Kit (Solarbio ®Life Sciences, Beijing, China) was used to determine the protein content in the cell lysate. The uptake rate (pmol/mg protein/min), the percentage transported (%) for substrate, and the percentage inhibition (%) were calculated according to the following equations:
[image: Formula for uptake rate: uptake rate in picomoles per milligram protein per minute equals C divided by the product of P and T.]
[image: Percentage transported (%) is calculated as the uptake rate of the test compound minus the uptake rate of the passive, divided by the uptake rate of the vehicle control minus the uptake rate of the passive, all multiplied by one hundred.]
[image: Mathematical equation showing: Percentage inhibition (%) equals 100 minus Percentage transported (%).]
where C is the concentration of the drug in the cell lysate (nM), P is the protein concentration of the cell lysate (mg/mL), and T is the incubation time (minute). Uptake ratetest compound is the uptake rate of the substrate in the presence of the test compound. Uptake ratevehicle control is the uptake rate of the substrate in the presence of the vehicle control. Uptake ratepassive is the uptake rate of the substrate in the presence of the positive inhibitor at the top test concentration.
The inhibitory potency of amdizalisib/positive inhibitors was further evaluated with their IC50 values (the concentration to exert 50% of the maximal inhibitory effect on transporter activity). Where appropriate, the calculated percentage transported (%) was plotted against nominal inhibitor concentrations and fitted using XLfit (4-parameter logistic model, equation 201: parameter C equivalent to IC50) to calculate IC50. When percentage inhibition (%) at the maximum concentration tested was lower than 50.0%, IC50 was indicated as > the maximum concentration.
2.4 Prediction of human pharmacokinetic parameters using allometric scaling
Translational prediction of human plasma total clearance (CL) and volume of distribution at steady state (Vss) was projected using the AS approach for different preclinical species (mice, rats, dogs, and monkeys). The mean value of unbound plasma fraction (fu) in animals was applied to transform pharmacokinetic parameters (Vss or CL) to the corresponding free drug clearance (CLu) and free drug volume of distribution (Vss,u). The CLu in preclinical species was scaled to CLu in humans according to the following equations with consideration of the maximum lifespan potential (MLP) as a correction factor according to the rule of exponents (RoEs) (Mahmood and Balian, 1996), and Vss,u in preclinical species was scaled to Vss,u in humans simply based on BW according to the following equations. Both CLu and Vss,u in humans were converted to CL and Vss using the mean value of fu in humans.
[image: The formula shown is: CL adjusted times MLP equals a times BW to the power of b.]
[image: The equation represents a logarithmic expression: the logarithm of the product of CLu and MLP equals the sum of the logarithm of a and b times the logarithm of BW.]
[image: Equation representing V sub SS, U equals a times BW to the power of b.]
[image: The equation shows a mathematical relationship: \(\log(V_{\text{usa}}) = \log a + b \log \text{BW}\).]
where BW represents the body weight of the standard species (0.02, 0.2, 10, 4, and 70 kg for mice, rats, dogs, cynomolgus monkeys, and humans, respectively), a represents allometric coefficients, and b is allometric exponents.
2.5 Quantitative sample analysis
A universal liquid chromatography-tandem mass spectrometry (LC-MS/MS, AB SCIEX API-4500, Foster City, CA) method was applied for exploratory purposes in mouse and monkey PK studies, and a validated bioanalytical method was used in the determination of amdizalisib concentrations in rat and dog PK studies. An aliquot of 20 µL of plasma or tissue homogenate samples was precipitated with 80 µL of acetonitrile containing 200 ng/mL IS (a structural analog of amdizalisib) and centrifuged at 20,800 g at 4°C for 10 min (Eppendorf 5810R, Hamburg, Germany) after vortexing for 2 min. The clear supernatant (70 µL) was mixed with 70 µL of deionized water before injection into the LC-MS/MS system for analysis. The lower limit of quantification (LLOQ) of amdizalisib was 1 ng/mL in rat and dog studies and 2.44 ng/mL in mouse and monkey studies. The quantification range of amdizalisib was 2.44–10,000 ng/mL in mouse and monkey studies and 1–1,000 ng/mL in rat and dog studies. The detailed, universal, and validated analytical methods are provided in Supplementary 1.2.
For the determination of drug-derived radioactivity in the excretion study in SD rats, urine (0.1 g), bile (0.025 g), and cage wash samples (1 g) were mixed well with scintillation solution (5 mL for urine and cage wash samples; 10 mL for bile samples) and directly analyzed by a liquid scintillation counter (LSC, Perkin Elmer, Waltham, MA, United States). An appropriate amount of isopropanol: water (1:1, v/v) was added to the feces samples and thoroughly homogenized. Pooled fecal homogenate (0.3 g) was combusted in a Sample Oxidizer 501 (RJ Harvey Instrument, Tappan, NY, USA), and the generated 14CO2 was trapped in a 15 mL scintillation solution and further analyzed for radioactivity by LSC using a Tri-Carb 3110 TR counter (Perkin Elmer, Waltham, MA, United States). The radioactive concentrations of urine, bile, feces, and cage washings were calculated with the counted disintegration per minute (DPM). The percentage of administered dose recovered (% dose recovered) was calculated using the following equation:
[image: Formula for percentage dose recovered: total radioactivity in disintegrations per minute (DPM) in sample divided by radioactivity in dosing formulation times one hundred.]
An appropriate volume of samples from in vitro PK studies was diluted with appropriate matrices, followed by direct LC-MS/MS injection or protein-precipitated by acetonitrile before injection. The LC-MS/MS conditions were the same as the universal method or the validated method mentioned above.
2.6 Pharmacokinetic analysis
Pharmacokinetic parameters were calculated by a non-compartmental method using Thermo Kinetica® (Version 5.1 SP1, Thermo Electron Corporation, Philadelphia, Pennsylvania, United States). The area under the plasma concentration–time curve from time zero to the time of the last measurable sample (AUC0-t) or the plasma concentration–time curve from time zero to infinity (AUC0-inf) was calculated using the linear trapezoidal method. Dose-normalized AUC and Cmax (AUC/Dose and Cmax/Dose) were used to evaluate whether or not drug exposure increased dose proportionally. If the ratio of dose-normalized exposures (AUC/Dose and Cmax/Dose) between two dose levels was less than 2, the change in drug exposure was deemed dose-proportional. Absolute oral bioavailability (FPO%) was calculated using the following equation:
[image: Equation for oral bioavailability: F_PO (%) equals Dose (IV) times AUC from zero to infinity (PO) over Dose (PO), times AUC from zero to infinity (IV), all multiplied by 100.]
3 RESULTS
3.1 PK in mice, rats, dogs, and cynomolgus monkeys
The semi-log plasma concentrations of amdizalisib versus time profiles are shown in Figure 1, and the derived PK parameters in ICR mouse, SD rat, beagle dog, and cynomolgus monkey plasma derived from non-compartmental analysis are presented in Table 1. All intravenous and oral dose formulations were determined to have 100% ± 10% recovery for solutions and 100% ± 15% recovery for suspensions.
[image: Graphs depicting plasma concentration over time for four species: A) Mice, B) Rats, C) Dogs, and D) Monkeys. Each graph shows different dosages and forms of administration, with plasma concentration on the Y-axis and time in hours on the X-axis. The curves demonstrate how plasma levels change across species and treatments, indicated with distinct lines and colors for each dosage. Error bars represent variability.]FIGURE 1 | Plasma concentration–time profiles of amdizalisib after a single oral or intravenous dosing in mice, rats, dogs, and monkeys. (A) ICR mice (n = 3), (B) SD rats (n = 6), (C) beagle dogs (n = 6), and (D) cynomolgus monkeys (n = 6); all data are expressed as the mean ± standard deviation; IV, intravenous administration; PO, oral administration.
TABLE 1 | Pharmacokinetic parameters of amdizalisib after oral or intravenous administration to mice, rats, dogs, and monkeys (expressed as the mean ± standard deviation where applicable).
[image: Table displaying pharmacokinetic parameters across different animal species, feeding conditions, and administration routes. Values include dose in mg/kg, \(T_{\text{max}}\) in hours, \(C_{\text{max}}\) in ng/mL, AUC values in h·ng/mL, \(V_{\text{ss}}\) in L/kg, \(t_{1/2}\) in hours, MRT in hours, CL in mL/min/kg, and \(F_{\text{po}}\) in percentage. The table compares ICR mice, SD rats, Beagle dogs, and Cynomolgus monkeys. Dashed lines represent undetermined values. Footnotes clarify %AUC values and the meaning of \(F_{\text{po}}\).]After a single IV dose, the clearance (CL) of amdizalisib in mice, rats, dogs, and cynomolgus monkeys was 14.7, 9.12, 11.8, and 11.3 mL/min/kg, accounting for 16.3, 16.6, 38.1, and 25.7% of the hepatic blood flow of the corresponding species (using species-specific hepatic blood flow of 90, 55, 31, and 44 mL/min/kg, respectively (Davies and Morris, 1993)), implicating low hepatic extraction in rodents and monkeys (below 30% of the hepatic blood flow), and medium hepatic extraction in dogs (in the range of 30%–70% of the hepatic blood flow). The volume of distribution at steady state (Vss) was determined to be 1.87, 1.68, 2.40, and 1.45 L/kg in mice, rats, dogs, and monkeys, respectively, corresponding to approximately 2.58-, 2.51-, 3.97-, and 2.09-fold greater than the corresponding volume of total body water (0.725, 0.668, 0.604, and 0.693 L/kg for mice, rats, dogs, and monkeys, respectively) (Davies and Morris, 1993), indicating partitioning into the peripheral tissue compartments. Following IV bolus administration, the plasma concentrations of amdizalisib decreased in a mono-exponential manner in rodents and dogs but showed a bi-exponential decline in monkeys, as evidenced by a terminal elimination half-life (T1/2) that was greater than the mean residence time (MRT) (Table 1).
After oral administration of amdizalisib, the exposure in terms of Cmax and AUC generally increased dose-proportionally within the tested dose range (1–25 mg/kg) in rats. Similarly, at the oral dose levels of 0.5 to 25 mg/kg in dogs, the AUC0-t of amdizalisib increased more than dose-proportionally and Cmax increased almost dose-proportionally. The food effect on the PK of amdizalisib was observed in dogs. Compared with data in fasted dogs after a single oral dose of 25 mg/kg, food intake increased amdizalisib exposure, as indicated by the 2-fold increase in AUC0-∞. After PO dosing, absorption was rapid in rodents and monkeys (Tmax: 1.00–4.17 h) but absorbed slowly at 25 mg/kg in dogs (Tmax 15.0 h). The absolute oral bioavailability (FPO%) of amdizalisib was calculated to be 101, 39.8, 43.1, and 30.8% in mice, rats, dogs, and monkeys, respectively, indicating a moderate to high oral bioavailability in preclinical species. The terminal T1/2 after oral dosing was longer than that after IV dosing in all species except monkeys, which may indicate multiple sites of absorption in rodents and dogs (Table 1).
3.2 Tissue distribution in SD rats
In the tissue distribution study in SD rats, the concentrations of amdizalisib were determined in plasma and multiple tissues after a single oral administration of amdizalisib at 5 mg/kg. The tissue distribution profiles of amdizalisib at multiple time points and the main pharmacokinetic parameters in rats are shown in Figure 2; Supplementary Table S3, 4. Following a single oral dose of 5 mg/kg, the concentrations of amdizalisib attained their maximum at 0.5–2 h post-dose. The highest concentration was found in the liver (5,077 ng/g and 6,947 ng/g for male and female rats, respectively). Amdizalisib concentrations in most tissues were lower than the LLOQ (20 ng/g) at 24 h post-dose in male rats and 48 h post-dose in female rats, respectively. The elimination of amdizalisib in tissues was similar to that in plasma. The exposure (AUC0-t) in the liver was the highest among all tissues in both male and female rats, with about 12- and 8-fold higher than that in plasma in male and female rats, respectively. The tissues that had lower exposure than plasma were the testis, spinal cord, and brain in male rats and the skin, breast, bladder, spinal cord, and brain in female rats. The exposure (AUC) ratio of brain/plasma was 0.416 and 0.151 for male and female rats, respectively, indicating that amdizalisib is hard to pass through the blood–brain barrier.
[image: Two line graphs compare drug concentration over time in various tissues of male and female subjects. Both graphs display concentration in nanograms per milliliter on a logarithmic scale over time in hours. Tissues include plasma, skin, and muscle, among others, each represented by distinct colored lines. The upper graph shows male subjects, while the lower graph shows female subjects, both indicating a general decline in concentration over time.]FIGURE 2 | Mean concentration–time profiles of amdizalisib in male and female rat plasma and tissues after a single oral administration at 5 mg/kg (n = 3 or 6). (A) Male rat and (B) female rat.
3.3 Excretion/mass balance in SD rats
Following a single oral administration of 5 mg/100 μCi/kg [14C] amdizalisib, the excretion rate and amount of total cumulative radioactivity were similar between male and female BDI or BDC rats. As presented in Table 2, the recovery of radioactivity in mass balance studies was high (over 90%) in both BDI and BDC rats. The excretion of total radioactivity mainly occurred within 48 h in BDI rats post-dose, with over 80% of the total radioactivity recovered. The average total recovery of radioactivity at 168 h post-dose was 91.14% in BDI rats, in which 67.15% and 20.21% of the administered dose were recovered in feces and urine, respectively. The average total recovery of radioactivity in BDC rats was 91.15% of the administered dose within 72 h after the dose, in which 53.99% and 21.20% of the administered dose were recovered in the bile and urine, respectively, suggesting that at least 75.19% of the oral dose was absorbed. An average of 4.70%, 0.03%, and 29.80% of the administered dose of unchanged drug (the administered agent) was recovered in the bile, urine, and feces for female rats, respectively, and an average of 2.69%, <0.01%, and 23.20% of unchanged drug was recovered in the bile, urine, and feces for male rats, respectively.
TABLE 2 | Cumulative recovery of [14C] amdizalisib-derived radioactivity from bile-duct intact (0–168 h) and bile-duct cannulation rat (0–72 h) after a single oral administration of 5 mg/100 μCi/kg.
[image: Table comparing BDI and BDC rats over different time intervals, showing the mean percentage and standard deviation of substances excreted or recovered. Categories include urine, feces, cage washing, bile (for BDC rats), and total recovery for both male and female rats. Values differ slightly between genders and rat types, with overall total recovery percentages similar across groups, averaging over ninety percent.]3.4 Caco-2 transport
Amdizalisib, substrates, and control inhibitors were all soluble under the experimental conditions, and no significant non-specific adsorption of test compounds to the plastic wells was found at 37°C. The bidirectional transport permeability and the efflux ratio of amdizalisib across Caco-2 cell monolayers are shown in Table 3. Amdizalisib exhibited high permeability from the apical to the basolateral side (Papp, A-B around 40 × 10−6 cm/s), which was comparable with that of metoprolol (Papp, A-B: 39.4 × 10−6 cm/s), a high permeability marker in this study. Amdizalisib showed low potential for efflux transport since ER were all below 2, indicating that amdizalisib may not be a substrate of the efflux transporters P-gp and/or BCRP. The transport of amdizalisib was linear within the tested concentrations ranging from 5 to 80 µM and over the time range from 30 to 150 min, as the Papp values almost remained constant.
TABLE 3 | Bidirectional transport permeability and the efflux ratio of amdizalisib across Caco-2 cell monolayers.
[image: Table showing the bidirectional transport of various substrates, including atenolol, metoprolol, and amdzalisib, with different incubation times and substrate concentrations. The table lists the apparent permeability (P_app) values in both directions (A-B and B-A) and provides efflux ratios. Two additional sections detail the inhibition of control inhibitors and amdzalisib on digoxin and E3S transport, with variables including substrate concentration, incubation time, and P_app values. Annotations at the bottom explain terms such as NC (not calculated) and NA (not applicable).]The inhibitory effects of amdizalisib on P-gp and BCRP activities were also investigated in Caco-2 cell monolayers. As displayed in Table 3, amdizalisib at concentrations of 0.5–5 µM showed no or slight inhibition on the transport of digoxin across the Caco-2 monolayer, while the extent of inhibition significantly increased when the concentration of amdizalisib was raised to 10 µM and above. The percentage of inhibition on P-gp and BCRP by control inhibitors and amdizalisib is shown in Supplementary Table S5. When the percentage of inhibition (Y) was plotted against the logarithmic concentration of amdizalisib (X), they were well fitted with the sigmoidal dose–response curve (adjusted R2 = 0.982) using software Origin Graph 8.6 (Northampton, MA, United States). Amdizalisib inhibited digoxin transport with an estimated IC50 of 22.9 µM. Amdizalisib at concentrations of 0.1–5 µM slightly inhibited the transport of E3S across the Caco-2 monolayer, and the extent of inhibition showed no obvious increase when the concentration of amdizalisib further increased from 10 µM to 80 μM, with the maximum inhibition not exceeding 66.4% up to 80 µM of amdizalisib.
3.5 Plasma protein binding and whole blood/plasma ratio
The plasma protein binding (PPB) data of amdizalisib are listed in Table 4. In all species examined, the PPB rate of amdizalisib showed a constant value of approximately 90% at the concentration range of 0.1–20 μM, suggesting that when considering the interspecies allometric scaling of PK parameters, the correction with plasma unbound fraction (fup) may not be necessary. Recovery and stability of amdizalisib were assessed post-incubation, and both were >90% in all cases (data not shown), indicating the PPB data was reliable.
TABLE 4 | Binding fractions of amdizalisib to plasma proteins in different species.
[image: Concentration of Amdizalisib and its effect on different species. At 0.1 μM: Mouse 91.1%, Rat 87.2%, Dog 87.7%, Monkey 90.6%, Human 94.0%. At 1 μM: Mouse 91.5%, Rat 90.2%, Dog 89.1%, Monkey 89.7%, Human 92.8%. At 20 μM: Mouse 91.3%, Rat 89.9%, Dog 88.8%, Monkey 88.9%, Human 92.4%. Data is mean ± standard deviation.]The blood-to-plasma partitioning data of amdizalisib are shown in Table 5. The blood-to-plasma ratio (RB) of amdizalisib at 0, 10, and 60 min was 0.615, 0.680, and 0.797 in human whole blood, 1.01, 0.874, and 0.968 in dog blood, and 1.08, 1.16, and 1.03 in rat blood, respectively. There was a slight increase in the RB from 0 to 60 min in human whole blood, while no volatility of the RB was observed in rat and dog whole blood, indicating that the partition equilibrium rate of amdizalisib between RBC and plasma was fast in rat and dog whole blood and slow in human whole blood. Combining the unbound fraction (fup) of amdizalisib in the plasma of rats, dogs, and humans at a concentration of 1 μM, the unbound fractions of amdizalisib in whole blood were estimated to be similar (about 10%) across the species tested.
TABLE 5 | Blood-to-plasma partition ratio (RB) and the unbound fractions (fuB) of amdizalisib in the blood of rats, dogs, and humans.
[image: Table comparing species-specific pharmacokinetic data for rats, dogs, and humans. Columns include time in minutes, fraction unbound in plasma (f_up), blood-to-plasma concentration ratio (R_B), and fraction unbound in blood (f_uB %). Values are provided for time intervals of 0, 10, and 60 minutes for each species.]3.6 In vitro metabolic stability in liver microsomes
As shown in Table 6, amdizalisib was most stable in male human liver microsomes, with the parent drug remaining larger than 80% after incubation for 120 min. The in vitro t1/2 of amdizalisib was 62.4, 96.3, 37.9, and 108 min in the liver microsomes of male monkeys, dogs, rats, and mice, respectively. CLsys was calculated to be 17.8, 12.4, 30.0, and 32.3 mL/min/kg, respectively. In the liver microsomes of female humans, monkeys, dogs, rats, and mice, the in vitro t1/2 of amdizalisib was 139, 97.6, 41.5, 187, and 102 min, respectively, and CLsys was calculated to be 4.52, 13.3, 18.8, 10.7, and 33.6 mL/min/kg, respectively. According to the predicted systemic clearance (CLsys), amdizalisib showed low clearances in human and female rat liver microsomes (<30% hepatic blood flow), medium clearances in monkey, dog, and mouse liver microsomes (<70% but >30% hepatic blood flow), and high clearance in male rat liver microsomes (>70% hepatic blood flow). The gender difference in predicted CLsys was only observed in rats. The predicted CLsys is generally well consistent with the CLsys obtained from in vivo studies across all preclinical species, with differences within two- to three-fold of the measured clearance. A gender difference was also observed in CLsys obtained from the in vivo rat PK study. FMO showed no contribution to amdizalisib metabolism in liver microsomes in all species.
TABLE 6 | Liver microsomal stability and scaled hepatic CL across species for amdizalisib.
[image: Table comparing flavin monooxygenase (FMO) deactivation across species: human, monkey, dog, rat, and mouse. It shows in vitro half-life, predicted intrinsic clearance, and systemic clearance for males and females. Human data is unavailable for some parameters. Results vary by species and sex.]3.7 CYP inhibition
Without pre-incubation (reversible CYP inhibition), amdizalisib inhibited CYP2C8 and CYP2C9 activities with IC50 values of 30.4 and 10.7 μM, respectively. Amdizalisib did not significantly inhibit CYP1A2, CYP3A4/5, CYP2B6, CYP2C19, CYP2D6, and CYP2E1 activities with IC50 greater than 50 µM. The inhibition effects of amdizalisib on activities of CYP450 isoforms are provided in Supplementary Table S6. Positive inhibitors showed inhibition of the activity of each CYP450 isoform with consistent IC50 values for in-house studies (data not shown). In addition, amdizalisib exhibited no significant inhibition on CYP1A2, CYP2B6, CYP2C8, CYP2C19, and CYP2D6, with less than 10% activity loss following 30 min of pre-incubation with NADPH. Amdizalisib caused more than 10% but less than 20% activity loss of CYP2C9 (14.6%), CYP3A4/5 (substrate: testosterone, 11.7%), and CYP3A4/5 (substrate: midazolam, 16.9%), indicating weak time-dependent inactivation of these CYP isoforms. All positive inhibitors showed potent time-dependent inhibition of the relevant target CYP isoforms (data not shown).
3.8 CYP induction
At the concentrations tested, amdizalisib did not show an obvious cytotoxic effect on cell viability except that amdizalisib at 20 μM exhibited cytotoxicity against human hepatocytes in one donor (data not shown) in the evaluation of CYP2C induction. As shown in Supplementary Table S7, 8, based on the enzyme activity, amdizalisib at up to 30.0 µM was not considered an inducer for CYP1A2, CYP2B6, and CYP3A4 in all three donors, and at concentrations of up to 20 µM, it showed no induction potential on CYP2C8, CYP2C9, and CYP2C19 enzyme activities in all three donors. The results from gene expression levels indicate that amdizalisib at concentrations of 10.0–30.0 μM exhibited induction effects on CYP1A2 and CYP2B6 in two donors (BXW and NFX), with induction folds of 2.57–3.88 and 2.50–6.14 compared to the vehicle control, respectively. BXW showed the induction of CYP1A2 expression with Emax of 3.88-fold and EC50 of 9.57 μM, and the induction of CYP2B6 expression with Emax of 5.42-fold and EC50 of 5.73 μM. NFX showed the induction of CYP1A2 expression with Emax of 3.16-fold and EC50 of 7.73 μM and the induction of CYP2B6 expression with Emax of 3.39-fold and EC50 of 4.48 μM. In one donor (XSM), amdizalisib was considered an inducer for CYP1A2 at concentrations of 10.0 μM and 20.0 μM (2.49- and 2.06-fold, respectively). In the same donor, amdizalisib also induced CYP2B6 at concentrations ranging from 3.00 to 30.0 μM, with an induction fold of 2.19–8.96 compared to the vehicle control. XSM showed the induction of CYP1A2 expression with Emax of 2.17-fold and EC50 of 5.50 μM and the induction of CYP2B6 expression with Emax of 7.94-fold and EC50 of 3.38 μM. The induction of CYP3A4 was observed at concentrations of 1.00 and 3.00 μM (2.59- and 3.52-fold, respectively) in hepatocytes from one of the three donors (XSM) and at concentrations ranging from 10.0 to 30.0 μM in hepatocytes from all three donors (3.59- to 35.5-fold). BXW, XSM, and NFX showed the induction of CYP3A4 expression with Emax of 6.97-, 35.7-, and >26.5-fold and with EC50 of 6.11, 9.91, and >30.0 μM, respectively. Amdizalisib showed greater than 2-fold induction on CYP2C9 mRNA expression in all three donors (2.91- to 3.37-fold). Amdizalisib at a concentration of up to 20 µM showed no induction potential on CYP2C8 mRNA expression. All positive controls showed induction potential for corresponding CYPs, and flumazenil (negative control) did not induce CYP2C enzyme activity and gene expression levels. The stability of amdizalisib following the last incubation in human hepatocytes is provided in Supplementary Table S9, 10.
3.9 Transporter inhibition
Amdizalisib was found to markedly inhibit substrate uptake in OAT1-, OATP1B1-, OATP1B3-, and MATE1-over-expressing HEK293 cells by more than 50% at the concentration ranging from 10.0 to 100 μM (detailed calculation in Supplementary Table S11). The inhibitory potency of amdizalisib on the specific substrate uptake mediated by SLC transporters was evaluated by the IC50 values derived from the dose–response curves (Supplementary Figure S1). As shown in Table 7, the calculated IC50 values of amdizalisib on OAT1, OAT3, OATP1B1, OATP1B3, MATE1, and MATE2-K was 4.14, 41.1, 7.27, 5.03, 16.2, and 38.2 μM, respectively. Amdizalisib had mild or no effect on the OCT2-mediated metformin uptake with IC50 value > 100 μM (percentage inhibition less than 50%). 100% inhibition was achieved in all positive controls (Supplementary Table S11).
TABLE 7 | Inhibition of substrate uptake into transporter-transfected HEK293 cells by amdizalisib.
[image: Table displaying transporters, probe substrates, compounds, and their IC50 values in micromoles. Transporters include OAT1, OAT3, OCT2, OATP1B1, OATP1B3, MATE1, and MATE2-K. Compounds tested are Amdizalisib, Probenecid, Verapamil, Rifampicin, and Pyrimethamine, with varying IC50 values for different substrates.]3.10 Human PK projection
As shown in Figure 3, Vss,u and CLu × MLP showed good correlation with BW with corresponding correlation coefficients of 0.9899 and 0.9874, respectively. The application of allometric scaling with the correction of MLP and fu resulted in a predicted CL value of 2.57 mL/min/kg, and thus, CL/F was calculated to be 4.78 mL/min/kg (assuming F% = 53.7%, an average of F% from all preclinical species), which was close to the reported human CLss/F of 3.25 mL/min/kg (within two-fold error). Predicted human Vss,u was 1.35 L/kg, and thus, Vss/F was calculated to be 2.51 L/kg, showing good agreement with the observed human value of 2.33 L/kg.
[image: Two scatter plots show relationships between log body weight and pharmacokinetic parameters. Plot A displays the volume of distribution (Vss) versus log body weight with data points for mouse, dog, rat, and monkey along a linear trend. Plot B illustrates clearance (CL) versus log body weight with the same species, also aligned linearly.]FIGURE 3 | Allometric scaling of plasma clearance and volume of distribution at steady state using pharmacokinetic data from mice, rats, dogs, and monkeys. Data presented as individual values. (A) Volume of distribution and (B) clearance.
4 DISCUSSION
Amdizalisib is an orally available, highly selective, and potential best-in-class small-molecule PI3Kδ inhibitor with high potency. Amdizalisib is now being developed at the clinical stage for the treatment of patients with FL and MZL. Extensive characterization of the preclinical pharmacokinetics of a potential drug candidate has a great influence on the development process. In this paper, the in vitro and in vivo PK properties of amdizalisib were evaluated, including in vivo PK studies in multiple preclinical species, metabolic stability, permeability, protein binding, whole blood/plasma ratio, CYP inhibition, CYP induction, and transporter inhibition, and its potential human PK properties were also assessed.
The oral absorption of amdizalisib appears to be relatively fast, with a Tmax of 1 h to 4.17 h in rodents and monkeys, while Tmax increased from 1.92 to 15.0 h when the oral dose increased from 0.5 to 25 mg/kg in dogs, suggesting that higher doses can result in slower absorption for amdizalisib. Amdizalisib showed good oral bioavailability (F > 30%) in preclinical species, which is in line with its physicochemical properties, such as tPSA <120Å2 and MW < 500 Da (Van de Waterbeemd, 2003), and also in accordance with its high permeability across Caco-2 cell monolayers and good metabolic stability. The mice showed much higher oral bioavailability of amdizalisib than other species, which is likely due to the different drug dissolution behavior of amdizalisib in the GI tract between species (Tanaka et al., 2013). Since amdizalisib is a lipophilic compound with poor water solubility (Table 8) and high permeability, and no significant difference in systemic clearance was observed between preclinical species, it is assumed that the dissolution rate of amdizalisib in the GI tract could be the rate-limiting step for its oral absorption. Therefore, the species-difference in factors (e.g., bile acid and phospholipid concentrations) that can influence the dissolution rate of drugs may cause the difference in bioavailability observed between mice and other species. The significant food effect on the oral absorption of amdizalisib was observed in dogs, as evidenced by the increased plasma exposure (AUC0-inf and Cmax) and faster absorption (shorter time to achieve Cmax) under fed status than under fasted conditions. However, in the clinical food effect study of amdizalisib after the single oral dose at 30 mg conducted in Chinese healthy volunteers (Cao et al., 2023), the result showed that the high-fat diet can reduce the oral absorption rate of amdizalisib (median Tmax prolonged from 1 h to 4 h and the geometric mean of Cmax reduced by 36% after food intake), and no significant effect on the extent of oral absorption (AUC) was observed. This complete difference observed between dogs and humans demonstrated that the food effect study in dogs cannot be translated to humans simply due to the difference in gastric emptying and small intestine transit time, as well as the variable intestinal pH under the fed and fasted states between dogs and humans (Dressman, J. B., 1986).
TABLE 8 | ADME properties of amdizalisib.
[image: Table showing ADME properties and data for Amidzalisib. Solubility is 0.025 milligrams per milliliter at pH 7.78. In vivo PK indicates various clearance rates in animals. Caco-2 permeability values are listed. Not a substrate of P-gp and BCRP. Plasma protein binding is approximately 90%. Blood-to-plasma ratios provided for rodents and humans. CYP inhibition and induction data are included with IC50 values for multiple enzymes. Transporter inhibition data lists IC50 values for various transporters.]Vss of amdizalisib was similar across different preclinical species (mice, rats, dogs, and monkeys), with values of 2- to 4-fold greater than the total body water volume, which suggests extensive extravascular tissue distribution. This is further supported by the study results of tissue distribution in SD rats, in which amdizalisib was found to be distributed to various tissues within 1–2 h and with tissue-to-plasma concentration ratios higher than 1 in most tissues following oral administration. Among them, the liver showed the highest exposure with a tissue-to-plasma concentration ratio higher than 10, and the exposure of amdizalisib in the intestines was only approximately 3- to 6-fold higher than in plasma, which is much lower than other PI3Kδ inhibitors such as idelalisib (50-fold higher) (FDA, 2014), duvelisib (100-fold higher) (FDA, 2017), copanlisib (190-fold higher) (FDA, 2018), and umbralisib (100-fold higher) (FDA, 2021). It is well-known that P-gp is widely expressed on the intestinal epithelium as an efflux transporter; it can not only prevent oral drug intestinal absorption but can also contribute to the elimination of many drugs by mediating their direct secretion from the blood into the intestinal lumen (Van Asperen et al., 1998), which will also possibly lead to the specific intestinal distribution of drugs. With the exception of umbralisib, all the above-mentioned marketed PI3Kδ inhibitors, including idelalisib, duvelisib, and copanlisib, were P-gp substrates, while umbralisib showed the highest Vz/F among these drugs in human (FDA, 2014; FDA, 2017; FDA, 2018; FDA, 2021). Amdizalisib showed low Vz/F in humans and was not a substrate of P-gp. Both of these two characteristics determine the limited exposure of amdizalisib to the intestinal wall, which will be helpful in reducing its GI side effects. This assumption was supported by the reported GI toxicity in the clinical trials. As reported, ≥Grade 3 GI toxicity, including diarrhea and colitis, is one of the most common adverse effects for idelalisib, duvelisib, copanlisib, and umbralisib, with incidences all higher than 10% (FDA, 2014; FDA, 2017; FDA, 2018; FDA, 2021). However, for amdizalisib, less than 5% of serious GI toxicity was observed in humans, with Grade 3 diarrhea being low (2.2%), and no colitis cases were reported at the recommended phase 2 dose (RP2D: 30 mg) in a phase Ib study (n = 90) (European Society for Medical Oncology, 2021).
The prediction of plasma clearance from female human microsomal data produced a value of 4.52 mL/min/kg, and allometric scaling (correction with MLP) of in vivo clearance data from all four preclinical species generated a value of 2.57 mL/min/kg (CL/F = 4.78 mL/min/kg assuming F% = 53.7%); both predicted clearances would characterize amdizalisib as a low clearance compound (<30% of the liver blood flow) in humans, which is found to be in good agreement with the clearance observed in oncology patients.
The excretion study reveals that the recovery of administered radioactivity was high (over 90% of the dose) after oral administration of [14C] amdizalisib to rats, with 54% and 21% of the dose being excreted into bile and urine, respectively, indicating the importance of urinary and biliary excretion of amdizalisib. The excretion of the amdizalisib prototype was found to be low (<30%) in feces, bile, and urine, suggesting that the absorbed amdizalisib is mainly excreted via bile and urine as metabolites.
The in vitro experiments indicated that amdizalisib was not the substrate of P-gp and BCRP and showed inhibition potential on P-gp but not on BCRP. Combining the in vitro determined IC50 and calculated Igut (intestinal luminal concentration of the interacting drug calculated as the RP2D dose/250 mL) (FDA, 2020), it is predicted that the inhibition potential of amdizalisib on P-gp (Igut/IC50 ≥ 10) may cause the increased exposure of P-gp substrates following the co-administration of amdizalisib and P-gp substrates. The impact of amdizalisib as an inhibitor and inducer of P450 enzymes was evaluated using human liver microsomes and human hepatocytes, respectively. Studies with HLMs have highlighted that amdizalisib has the potential to act as a weak inhibitor of CYP2C8 and CYP2C9 (IC50: 30.4 and 10.7 μM), and no inhibition was observed on the rest of the major P450 enzymes (CYP1A2, CYP3A4/5, CYP2B6, CYP2C19, CYP2D6, and CYP2E1, IC50 > 50 μM), while at the maximal unbound plasma concentration of amdizalisib at steady state (∼52.1 nM), inhibition on CYP2C8 and CYP2C9 by amdizalisib at 30 mg QD in humans is unlikely (FDA, 2020). No time-dependent inhibition of P450 enzymes was observed for amdizalisib, suggesting that the formation of reactive metabolites is unlikely. Therefore, the risk of serious drug–drug interactions caused by competitive or time-based inhibition of P450 enzymes is considered to be low for amdizalisib. Although an in vitro study showed that amdizalisib had the potential to induce CYP1A2, CYP2B6, CYP3A4, and CYP2C9, only CYP2B6 and CYP3A4 may possibly be induced by amdizalisib according to the equation from the basic kinetic model (R3 value ≤0.8) that is used to predict induction potential in vivo (FDA, 2020). Studies with SLC transporter-overexpressing HEK293 cells indicated that amdizalisib inhibited the function of human OATP1B1 and OATP1B3 with IC50 values of 7.27 and 5.03, respectively, and the calculated R value was >1.1 (3.8 for OATP1B1 and 5.1 for OATP1B3, respectively) according to the equation recommended by the US FDA Guidance (FDA, 2020), suggesting that clinically significant DDI should be considered. The potential impact of amdizalisib on the activities of renal OATs, OCT2, MATE-1, and MATE2-K was low (calculated R value < 1.1), indicating that amdizalisib has a low risk of affecting renal elimination of concomitantly administered substrate drugs.
5 CONCLUSION
The preclinical data gathered in this work provided evidence that amdizalisib exhibited good oral bioavailability with low clearance and extensive tissue distribution in preclinical species (Table 8). Amdizalisib showed high cell permeability without efflux transporter substrate liability, adequate metabolic stability, and a low potential to cause drug–drug interactions. In vitro scaling of liver microsomal clearance data showed good agreement with in vivo clearance. After oral administration, amdizalisib was mainly eliminated via bile and urine as metabolites. Amdizalisib showed much lower exposure in the intestinal wall in rats, possibly related to its lower GI toxicity observed in humans compared to other PI3Kδ inhibitors. The excellent receptor selectivity combined with its unique PK properties makes it a valuable compound in this class for further development.
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Background and Objective: Ginseng has been regarded as a precious medicinal herb with miraculous effects in Eastern culture. The primary chemical constituents of ginseng are saponins, and the physiological activities of ginsenosides determine their edible and medicinal value. The aim of this study is to comprehensively and systematically investigate the kinetic processes of 20(S)—protopanaxadiol (PPD) in rats and dogs, in order to promote the rational combination of ginseng as a drug and dietary ingredient.Methods: PPD was administered, and drug concentration in different biological samples were detected by liquid chromatography tandem mass spectrometry (LC/MS/MS) and radioactive tracer methods. Pharmacokinetic parameters such as absorption, bioavailability, tissue distribution, plasma protein binding rate, excretion rate, and cumulative excretion were calculated, along with inference of major metabolites.Results: This study systematically investigated the absorption, distribution, metabolism, excretion (ADME) of PPD in rats and dogs for the first time. The bioavailabilities of PPD were relatively low, with oral absorption nearly complete, and the majority underwent first-pass metabolism. PPD had a high plasma protein binding rate and was relatively evenly distributed in the body. Following oral administration, PPD underwent extensive metabolism, potentially involving one structural transformation and three hydroxylation reactions. The metabolites were primarily excreted through feces and urine, indicating the presence of enterohepatic circulation. The pharmacokinetic processes of PPD following intravenous administration aligned well with a three-compartment model. In contrast, after gastric administration, it fitted better with a two-compartment model, conforming to linear pharmacokinetics and proportional elimination. There were evident interspecies differences between rats and dogs regarding PPD, but individual variations of this drug were minimal within the same species.Conclusion: This study systematically studied the kinetic process of PPD in rats and also investigated the kinetic characteristics of PPD in dogs for the first time. These findings lay the foundation for further research on the dietary nutrition and pharmacological effects of PPD.Keywords: 20(S)-protopanaxadiol, pharmacokinetics, metabolize, ginseng, unity of medicine and food

INTRODUCTION
Since ancient times, ginseng has been regarded as a precious medicinal herb with miraculous effects in Eastern culture. Its unique appearance and profound therapeutic properties have made it a symbol of health in people’s minds. In traditional Chinese medicine, ginseng is believed to possess multiple benefits, such as replenishing qi, nourishing blood, calming the mind, and enhancing cognitive function (Hasegawa, 2004). It is used for treating various diseases, including cardiovascular disorders, diabetes, and cancer (Cho et al., 2001; Lee et al., 2005; Huang et al., 2022). However, besides its medicinal value, ginseng also holds significant culinary value (Luo et al., 2021; Lv et al., 2023). In daily cuisine, ginseng can be used for simmering soups, brewing teas, and making pastries. This culinary application allows individuals to enjoy delicious food and ginseng’s nutritional components, embodying the concept of “the unity of medicine and food.” The cure of these diseases and nutritional components are closely associated with the chemical composition of ginseng.
The primary chemical constituents of ginseng are saponins, and the physiological activities of ginsenosides determine their edible and medicinal value (Hu et al., 2022). Dammarane saponins and their metabolites are the primary sources of its activity. Dammarane saponins isolated from Panax ginseng can be classified into two categories based on their aglycone moieties: protopanaxadiol saponins (e.g., ginsenosides Ra1, Rb1, Rb2, Rb3, Rg3, Rh2, Rc, Rd) and protopanaxatriol saponins (e.g., ginsenosides Re, Rg1, Rg2, Rh1) (Jin et al., 2019). Protopanaxadiol saponins Rg3 and Rh2 inhibit tumor cell proliferation and growth and induce differentiation and apoptosis in vitro and in vivo. 20(S)-protopanaxadiol (PPD) is the aglycone of protopanaxadiol saponins and exhibits more potent activity than Rg3 and Rh2 (Figure 1) (Tanaka et al., 1966).
[image: Chemical structure of a steroid molecule is shown with multiple rings and side chains. Below, a table lists variations in functional groups for different compounds: 20(S)Rg3, 20(R)Rg3, Rh2, and PPD. The groups include sugar moieties like "-glu-o-glu", "-glu", and functional groups such as "-OH", "-CH3", and "-H".]FIGURE 1 | Structures of PPD and ginsenoside Rh2 (internal standard).
There are numerous reports on the utilization of the LC/MS/MS method to detect ginsenosides (Choi et al., 2016; Jin et al., 2019; Yang et al., 2019), panaxadiol (Cai et al., 2013), and PPD, including quantitative detection in rat plasma (Ren et al., 2008; Han et al., 2010; Wang et al., 2012; Bao et al., 2013; Zhao et al., 2016; Jin-Qi et al., 2018) as well as in human plasma and urine (Zhang et al., 2009; Choi et al., 2016). The above articles, which focus on establishing quantitative methods, often mention the use of narrow pharmacokinetic studies (only in plasma, not involving tissue distribution, excretion, and metabolism). For instance, Ling-Ti Kong et al. conducted pharmacokinetic studies on two structurally similar saponins, protopanaxatriol and PPD, in rats (Kong et al., 2013). Lei Xu et al. reported gender differences in tissue distribution, excretion, metabolism, and anti-inflammatory studies of panaxadiol in rats, focusing on gender differences and anti-inflammatory effects (Xu et al., 2022). Currently, no comprehensive and systematic study has been conducted on the absorption, distribution, metabolism, and excretion patterns of PPD in vivo, and no studies on the in vivo process of PPD in dogs have been found.
This study aims to explore the process and quantitative changes of PPD in rats and dogs, elucidating its absorption, distribution, biotransformation, and excretion processes to facilitate the rational combination of ginseng as a medicinal and dietary ingredient.
METHODS
Experimental animals
Wistar rats (220–270 g) were provided by the Animal Laboratory of Shenyang Pharmaceutical University. Beagle dogs (8–12 kg) were sourced from the Experimental Animal Center of the Academy of Military Medical Sciences. All animal experiments followed the instructions of the Chinese Physiological Society Regulations for the Management of Laboratory Animals and were approved by the Ethics Committee for the Care and Use of Laboratory Animals of Jilin University.
Study design, drug administration and biological sample collection and processing
The grouping, administration, and sample collection for PPD are summarized in Table 1. In rats, 0.5 mL of venous blood was collected from the retro-orbital plexus after administration, while in dogs, 1.0 mL of blood was obtained from the central vein of the forelimb. The blood samples were collected in heparinized tubes, and centrifuged (3,000 rpm) for 10 min to separate the plasma. Tissue and fecal samples were weighed, and methanol was added at a rate of 3 mL·g⁻1, homogenized, sonicated, and centrifuged to obtain the supernatant. Urine and bile samples were stored directly. All samples were stored at −20°C until analysis.
TABLE 1 | Grouping, administration, and sample collection of PPD in rats and dogs.
[image: A table outlines nine experimental groups with details on animal type, number, dose, administration method, and sample collection times. Group 1 involves rats with a dose of 17.5 mg/kg with caudal vein injection. Groups 2, 5, 6, and 7, also involving rats, use gavage administration with doses ranging from 17.5 to 35 mg/kg. Groups 3 and 4 involve canines with either vein injection or gavage. Sample collection times vary by group. Groups 8 and 9 use a radiotracer dose of 5.55 MBq/kg, focusing on bile and urine excretion, respectively. Notes detail additional procedural specifics.]LC/MS/MS quantitative analysis method
A methanol-water mixture (1:1, v/v) of 100 μL was added to biological sample (50 μL of rat plasma, dog plasma, fecal supernatant, or 100 μL of tissue supernatant, bile or urine). Additionally, 100 μL of internal standard solution (500 ng·mL−1 Rh2) and 50 μL of sodium hydroxide solution (0.3 mol·L−1) were mixed into the sample. The mixture was vortexed for 1 min and oscillated for 15 min. After centrifugation at 3,000 rpm for 5 min, the supernatant was separated and evaporated under an air stream at 40°C. The residue was dissolved in 300 μL of mobile phase, and 20 μL of the solution was injected for LC/MS/MS analysis.
Chromatographic analysis was conducted using an Agilent 1100 high-performance liquid chromatography system (Agilent Technologies, United States) and a Zorbax Extend C18 column (50 mm × 2.1 mm, 3.5 μm). The mobile phase consisted of a mixture of methanol, acetonitrile, and a 10 mmol/L solution of acetic acid (45:45:10, v/v/v) at a flow rate of 0.4 mL·min−1. The column temperature was set at 40°C.
The mass spectrometry analysis was performed using an API 4000 triple quadrupole mass spectrometer equipped with an electrospray ionization source (ESI) and Analyst 1.3 data system (Applied Biosystems, United States). The ion spray voltage was set at 4800 V, and the temperature was maintained at 320°C. The nitrogen flow rate was as follows: sheath gas at 276 kPa, nebulize gas at 173 kPa, and curtain gas at 69 kPa, collision gas at 28 kPa. This method used positive ionization and multiple reaction monitoring (MRM) with DP voltage at 35 V. The specific ion reactions for quantification were m/z 461.6 → m/z 425.5 (PPD) and m/z 623.50 → m/z 605.5 (internal standard, Rh2).
Quantitative analysis of PPD excretion using the radiotracer method
Urine and bile were directly measured for radioactivity after dilution 1:1 with ethanol. After natural drying, the feces were weighed and ground into powder. A 1:12.5 fecal homogenate was prepared with anhydrous ethanol, and the supernatant was centrifuged to determine its radioactivity. Measurement was performed using the homogeneous method with a 1217 RACKBETA liquid scintillation counter (LKB, Sweden) (Klinger et al., 1996).
Plasma protein binding assay
The plasma protein binding rate of PPD was determined using the equilibrium dialysis technique. A certain concentration of fresh rat plasma test solution was prepared, and 1.2 mL of each sample was placed into a tubular semi-permeable dialysis bag measuring 10 cm in length. The bag was tightly sealed at both ends and placed in a stoppered test tube containing 4 mL of dialysis solution. The drug concentrations used in this experiment were 200, 500, and 1000 ng·mL−1. Three parallel samples were prepared for each concentration. After adding the test drug, the test tubes were placed in a 37°C water bath and continuously agitated for 24 h. The concentrations of PPD in both the plasma inside the bag and the dialysate outside the bag were measured.
PPD metabolism study
Considering that PPD and its metabolites typically contain several hydroxyl groups, and their secondary mass spectra commonly exhibit water loss, the present study utilized MRM analysis to analyze potential metabolites of PPD. Cumulative bile samples were collected from rats before and 0–12 h after oral administration. Following solid-phase extraction, LC/MS/MS was employed to investigate the metabolic products.
Data processing
The plasma drug concentrations in rats and dogs were measured using LC/MS/MS, and the concentration-time curves were plotted. Topfit 2.0 pharmacokinetic software (Thomae GmbH, Germany) was utilized to calculate pharmacokinetic parameters using a non-compartmental model. The main parameters included peak concentration (Cmax), time to reach peak concentration (Tmax), area under the concentration-time curve (AUC), elimination half-life (t1/2), clearance rate (CL), apparent volume of distribution (Vd), and others. A bar chart was generated to illustrate the distribution of drug concentrations in different tissues at various time points after administration.
The excretion rate, cumulative excretion, and cumulative excretion percentage of PPD in urine, feces, and bile were calculated. After administration, the cumulative excretion curves of PPD in urine, feces, and bile were plotted. The radioactivity and cumulative excretion percentage of [3H] PPD were calculated using the same method.
The [3H] radioactivity in rat urine, feces, and bile was calculated based on the working curve of the day. The cumulative excretion of the radioactive dose and the cumulative excretion percentage in urine, feces, and bile were determined. After administration, the cumulative excretion curves of [3H] radioactivity in urine, feces, and bile were plotted.
RESULTS
Blood concentration and pharmacokinetic parameters
After intravenous administration of PPD to rats at a dose of 17.5 mg·kg−1 and oral gavage administration at doses of 17.5, 35, and 70 mg·kg−1, the average blood concentration-time curve is shown in Figure 2A. The main pharmacokinetic parameters are presented in Table 2. The dynamic process of PPD in rats after intravenous administration fitted well with a three-compartment model, while the dynamic process after oral gavage administration fitted well with a two-compartment model. After oral gavage administration of PPD to rats, pharmacokinetic parameters such as AUC0-t, AUC0-∞, and Cmax showed a linear correlation with the dose (r > 0.708, p < 0.001). The relationship curves are shown in Figure 2B. The average absolute bioavailability of rats was 28.5%.
[image: Graphs showing drug plasma concentration over time and dosage relationship in rats and dogs. Panel A displays time-concentration curves for rats (left) and dogs (right) with varying dosages. Panel B shows dose-response plots for AUC (Area Under Curve) and Cmax (maximum concentration) in both species, highlighting linear increases with dosage.]FIGURE 2 | Mean blood concentration time curve (A) and dose linear relationship (B) of PPD in rats and dogs.
TABLE 2 | Main pharmacokinetic parameters after intravenous and gavage administration in rats and dogs.
[image: Table with pharmacokinetic parameters for rats and dogs at various dose groups. For rats, doses are 17.5 iv, 17.5 ig, 35 ig, and 70 ig, showing values for Cmax, Tmax, t1/2, AUC0-t, AUC0-∞, CL, and Vd. For dogs, doses are 5 iv, 5 ig, 10 ig, and 20 ig, with similar parameters. Values are shown with means and standard deviations.]The blood concentration-time curve after intravenous administration of PPD to dogs at a dose of 5 mg·kg−1 and oral gavage administration at doses of 5, 10, and 20 mg·kg−1 is depicted in Figure 2A. The major pharmacokinetic parameters are listed in Table 2. The kinetics of PPD in dogs after intravenous administration fitted well with a three-compartment model, while after oral gavage administration, it fitted well with a two-compartment model, consistent with the findings in rats. Following oral gavage administration of PPD to dogs, pharmacokinetic parameters including AUC0-t, AUC0-∞, and Cmax also exhibited a linear correlation with the dose (r > 0.708, p < 0.001). The corresponding relationship curves are shown in Figure 2B. The average absolute bioavailability of PPD in dogs was 11.0%.
Plasma protein binding rate
At three concentration levels of 200, 500, and 1,000 ng/mL, the plasma protein binding rate of PPD at 24 h was 97.56% ± 1.48%, 97.95% ± 1.90%, and 98.56% ± 0.82%, respectively. PPD exhibited a high plasma protein binding rate, averaging 98.02%, indicating that PPD was likely to predominantly exist in a protein-bound state in the blood after drug absorption.
Tissue distribution of PPD
After oral gavage administration of 35 mg·kg−1 PPD to rats, the distribution of the drug in 18 different tissues and plasma at various time points is depicted in Figure 3. The top five tissues in terms of concentration at 2, 4, 8, and 24 h were as follows: After 24 h post-administration, except for spleen, liver, lung, small intestine, gastric wall, ovary, and bladder, the levels of PPD in other tissues were less than 10% of the levels observed at 2 h, which suggested that PPD was not prone to accumulate significantly in various tissues.
[image: Bar chart showing the concentration levels of various elements in parts per million over different time periods: two hours, six hours, eight hours, and twenty-four hours. Bar colors represent the time periods, with highest concentrations for iron at each interval. Smaller concentrations are shown for elements like tartar, flesh, and twig.]FIGURE 3 | Tissue drug concentrations at various time points after intragastric administration of PPD in rats.
The excretion of PPD
Following the oral administration of 35 mg·kg−1 PPD to rats, the percentage of PPD relative to the administered dose was 0.02% ± 0.01% in bile at 36 h, 0.05% ± 0.07% in urine at 72 h, and 0.77% ± 0.41% in feces at 72 h. The average cumulative excretion curve is displayed in Figure 4A. The levels of unchanged PPD in urine, feces, and bile were relatively low in rats, suggesting extensive drug metabolism within the rat body.
[image: Two line graphs (A and B) depicting the percentage of dose excreted over time in urine, feces, and bile. Graph A shows a gradual increase in urine excretion over 72 hours, with minimal excretion in feces and bile. Graph B exhibits a steep increase in urine excretion within 24 hours, with slower rates in feces and bile over 144 hours.]FIGURE 4 | Mean cumulative excretion curve after intragastric administration of PPD (A) and [3H] PPD (B) in rats.
After orally administering 5.55 MBq/kg [3H] PPD to rats, the percentage of cumulative excretion of [3H] in relation to the administered dose was found to be 82.7% ± 7.9% in bile at 36 h, 59.6% ± 7.1% in feces at 96 h, and 21.6% ± 2.9% in urine at 144 h. The average cumulative excretion curve is shown in Figure 4B. These findings indicated that the drug’s metabolites could be excreted through feces and urine, with fecal excretion being the main route of elimination. The comparison between the percentages in bile at 36 h and feces at 96 h indicated the presence of hepatic enterohepatic circulation, where some metabolites might undergo intestinal reabsorption before being slowly eliminated through urine.
PPD metabolism
By comparing the MRM chromatograms of rat bile samples obtained before and after administration, it was observed that several new chromatographic peaks appeared in the post-dose samples besides the detectable parent drug peak. The corresponding chromatograms can be seen in Figure 5, indicating the presence of distinct metabolites. Parent drug M: Retention time of 9.7 min, which was consistent with the peak of the standard. Metabolite M1: A new peak was observed at a retention time of 3.0 min. The molecular weight and mass spectra fragmentation ions for this peak were identical to those of the parent drug, suggesting that it might be an isomeric metabolite resulting from double bond isomerization or a configuration change in one carbon atom of three chiral centers. Metabolites M2∼M4 ([M + H]+ = 477): By selectively monitoring m/z 477.5 → 441.5, three peaks appeared at retention times of 3.04, 3.51, and 5.21 min. These peaks corresponded to compounds with a molecular weight 16 Da higher than the parent drug, indicating hydroxylation metabolites.
[image: Diagram showing the metabolic pathway of a chemical compound with structures labeled M, M1, M2, M3, and M4. Arrows indicate transformation between structures. Below, two graphs labeled A and B present mass spectrometry data. Graph A shows peaks with maximum values at 461.6 to 425.5 and 477.5 to 441.5 m/z over time. Graph B displays peaks for M, M1, M2, and M4 with corresponding m/z values at different time points. Both graphs illustrate relative intensity percentages on the y-axis against time in minutes on the x-axis.]FIGURE 5 | MRM chromatograms and possible metabolic pathways of bile samples from rats before and after administration (A) Blank bile sample; (B) Bile samples from rats 0–12 h after administration.
Metabolic experiments revealed that the parent drug underwent extensive metabolism, including one conformational conversion and three hydroxylation metabolites. All four metabolites’ polarity was higher than the parent drug, while no phase II conjugated metabolites were detected. Possible metabolic pathways are shown in Figure 5. The results from the metabolic experiments aligned with the excretion study findings.
DISCUSSION
The AUC reflected the extent of absorption. In this study, the absolute bioavailability of PPD in rats and dogs was 28.5% and 11.0%, respectively, which indicated that the bioavailability of PPD was relatively low but did not necessarily imply poor oral absorption. Combining the results of [3H] radiotracer excretion for PPD suggested that oral absorption of PPD was relatively complete, with at least 82.7% entering the body. It could be inferred that most of it (approximately 82.7% minus 28.5%) underwent first-pass metabolism and existed in the body as metabolites. Tmax and Ka reflected the rate of absorption. After oral administration to rats and dogs, Tmax for absorption was relatively slow in both species, with dogs exhibiting a significantly faster absorption rate than rats. According to the “Lipinski’s rule of 5” (Lipinski et al., 2001; Lipinski et al., 1997), the approaching complete absorption of PPD was attributed to its low molecular weight. In contrast, the slow absorption was primarily influenced by its low water solubility and hydrogen bonding capability.
The Vd values for rats and dogs were found to be 15.60 ± 7.06 and 6.74 ± 1.63 L·kg−1, respectively, which indicated that PPD was evenly distributed in the bodies of both rats and dogs, with relatively equal distribution in blood and various tissues. There was no significant local accumulation phenomenon, which closely corresponds with the subsequent tissue distribution results. The tissue distribution results indicated relatively high levels of PPD in intestinal contents, heart, pancreas, and abdominal smooth muscle within 2 h of administration. However, PPD was rapidly eliminated as time progressed, and minimal accumulation was observed in the various tissues. The plasma protein binding rate of PPD at three concentration levels remained above 97% for 24 h, indicating that PPD primarily existed in a protein-bound state in the blood after absorption.
Drug elimination typically involved excretion and metabolic processes. t1/2 and CL reflected the elimination rate of the parent drug. In rats and dogs, the t1/2 and CL values indicated the parent drug’s relatively slow excretion rate, primarily attributed to its low water solubility and limited glomerular permeability. Excretion studies using [3H]-labelled PPD revealed extensive metabolism of PPD following oral administration. The metabolites were primarily excreted via feces and urine. Some metabolites underwent intestinal reabsorption, followed by slow elimination through urine, indicating the presence of enterohepatic circulation. Preliminary metabolic experiments showed widespread metabolism of the parent drug, including one configurational conversion and three hydroxylation metabolites. All four metabolites exhibited increased polarity compared to the parent drug, while no phase II conjugated metabolites were detected.
In the case of PPD administration in rats and dogs, significant differences were observed in AUC, Vd, and t1/2. However, within each species, the CV for AUC, Vd, and t1/2 was less than 50%, indicating minor individual variation but notable inter-species differences.
Pharmacokinetic models were mathematical simulations established to quantitatively study the rate characteristics of drug processes within the body. Commonly used models included compartmental models and elimination kinetics models. When fitting the blood concentration of PPD after intravenous and oral administration in rats and dogs, a three-compartment model exhibited good agreement with the kinetic processes of PPD in the body after intravenous administration. In contrast, a two-compartment model showed a better fit for the kinetic processes of PPD after oral administration. This suggests that compared to oral administration, the absorption, distribution, and elimination of PPD were more complex after intravenous administration. After administering PPD orally to rats and dogs at low, medium, and high doses, the pharmacokinetic parameters AUC0-t, AUC0-∞, and Cmax showed a linear correlation with the dose administered, which indicated that PPD followed linear pharmacokinetics within the three dosage ranges, characterized by first-order elimination kinetics or constant-rate elimination.
CONCLUSION
This study comprehensively and systematically studied the kinetic process of PPD in rats and also investigated the kinetic characteristics of PPD in dogs for the first time. PPD exhibited a relatively low bioavailability, approaching complete oral absorption but substantial first-pass metabolism. It displayed a high plasma protein binding rate and relatively uniform distribution throughout the body. The metabolites were mainly excreted via feces and urine, indicating the presence of enterohepatic circulation. The kinetic processes of PPD following intravenous administration fitted well with a three-compartment model, and after gavage administration conformed well to a two-compartment model, consistent with a linear pharmacokinetic constant ratio elimination model. There were significant interspecies differences between rats and dogs regarding PPD, whereas individual differences within the same species were minor. These findings lay the foundation for further research on the dietary nutrition and pharmacological effects of PPD.
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ATP-binding cassette (ABC) transporters are transmembrane proteins expressed commonly in metabolic and excretory organs to control xenobiotic or endobiotic disposition and maintain their homeostasis. Changes in ABC transporter expression may directly affect the pharmacokinetics of relevant drugs involving absorption, distribution, metabolism, and excretion (ADME) processes. Indeed, overexpression of efflux ABC transporters in cancer cells or bacteria limits drug exposure and causes therapeutic failure that is known as multidrug resistance (MDR). With the discovery of functional noncoding microRNAs (miRNAs) produced from the genome, many miRNAs have been revealed to govern posttranscriptional gene regulation of ABC transporters, which shall improve our understanding of complex mechanism behind the overexpression of ABC transporters linked to MDR. In this article, we first overview the expression and localization of important ABC transporters in human tissues and their clinical importance regarding ADME as well as MDR. Further, we summarize miRNA-controlled posttranscriptional gene regulation of ABC transporters and effects on ADME and MDR. Additionally, we discuss the development and utilization of novel bioengineered miRNA agents to modulate ABC transporter gene expression and subsequent influence on cellular drug accumulation and chemosensitivity. Findings on posttranscriptional gene regulation of ABC transporters shall not only improve our understanding of mechanisms behind variable ADME but also provide insight into developing new means towards rational and more effective pharmacotherapies.
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1 INTRODUCTION
ATP-binding cassette (ABC) transporters are a superfamily of transmembrane proteins which transport substrates by overcoming the concentration gradients across the membrane critical for cell functions (Robey et al., 2018; Wang et al., 2021). ABC transporters are expressed ubiquitously in human body while they are relatively more extensively distributed in metabolic organs such as small intestine and liver (Robey et al., 2018; Koehn, 2021). When ABC transporter domains recognize respective substrates, including xenobiotics (e.g., anticancer drugs and environmental agents) and endogenous compounds (e.g., nutrients and hormones), these transporters dispose such agents to maintain cell functions (Wang et al., 2021).
The clinical significance of ABC transporters has been well recognized. Since ABC transporters contribute to the homeostasis of some nutrients while exporting toxins, genetic mutations of ABC transporters might change transporter functions and be involved in certain disorders such as cystic fibrosis and retinal degeneration (Dean, 2005). On the other hand, the roles of ABC transporters in drug absorption, distribution, metabolism, and excretion (ADME) or pharmacokinetics (PK) are firmly established (Choi and Yu, 2014; Koehn, 2021), and overexpression of efflux ABC transporters in carcinoma cells confers multidrug resistance (MDR) (Choi and Yu, 2014; Bukowski et al., 2020; Koehn, 2021). Moreover, more than 90% of cancer patient deaths are caused by MDR during chemotherapy (Bukowski et al., 2020), in which the overexpression of efflux ABC transporters is considered to be one of the most important mechanisms (Choi and Yu, 2014; Fan et al., 2023). Therefore, understanding the factors in the control of ABC efflux transporter gene expression is important for identifying proper ways to overcome the MDR towards an improved therapy, in addition to the development of chemical inhibitors.
Studies have revealed the importance of several nuclear receptors, such as pregnane X receptor (PXR), constitutive androstane receptor (CAR), proliferator-activated receptor (PPAR) and aryl hydrocarbon receptor (AHR), in transcriptional gene expression of ABC transporters (Chen et al., 2012). For instance, PXR has been shown to regulate ABCB1 expression in human colon cancer LS174T cells through direct binding to the direct repeat separated by four base pairs (DR4) motif within the ABCB1 promoter region, and thus PXR ligand rifampin induces ABCB1 expression (Geick et al., 2001). As another example, 3-methylcholanthrene (3MC) upregulates ABCG2 expression in colon cancer LS174T cells via the activation of AHR which binds to the AHR response element 5 within ABCG2 promoter region and thus activate the transcription of ABCG2 (Tompkins et al., 2010).
Recent research has also revealed posttranscriptional gene regulation (PTGR) of ABC transporters by the genome-derived, small noncoding microRNAs (miRNAs or miRs) (Yu and Pan, 2012; Ingelman-Sundberg et al., 2013; Zhong and Leeder, 2013; Yu et al., 2016). By acting on the 3′-untranslated region (3′UTR) of target transcripts, miRNAs lead to the inhibition of mRNA translation or enhancement of mRNA degradation (Lai, 2002; Ambros, 2004). For example, hsa-miR-519c has been shown to target the 3′UTR of ABCG2 to modulate its protein outcomes in parental human colon cancer S1 cells whereas not in the drug-resistant S1MI80 cells, as the latter are comprised of shortened ABCG2 mRNA escaping miR-519c-controlled PTGR and leading to ABCG2 overexpression in the drug-resistant cells (To et al., 2008; To et al., 2009). In addition, hsa-miR-328 controls the PTGR of ABCG2 in the drug-resistant breast cancer cells to modulate mitoxantrone sensitivity (Pan et al., 2009). These findings not only offer insights into the presence of PTGR mechanisms behind variable ABC transporter expression levels and thus drug disposition capacities but also the development of new means to improve therapies.
Nevertheless, studies on miRNA-controlled PTGR have been limited to using vector or virus based expression materials or chemically synthesized miRNA agents (Yu et al., 2019; Traber and Yu, 2023). The former are not RNA but DNA molecules, while the latter are comprised of extensive artificial modifications differing from natural miRNAs. Therefore, novel recombinant technologies have been developed to achieve in vivo production of true biological miRNA agents, namely BERAs or BioRNAs (Li et al., 2014; Chen et al., 2015; Ho et al., 2018; Li et al., 2021; Tu et al., 2021; Traber et al., 2024). Recombinant miRNAs have been shown to be active and selectively regulate target gene expression, including many ABC transporters (Li et al., 2019; Yi et al., 2020), representing a new class of RNA molecules for basic research and showing potential as therapeutics (Ho et al., 2018; Cronin and Yu, 2023; Traber and Yu, 2023).
In this article, we first summarize the clinical importance of ABC transporters, specifically in ADME and MDR. Following a brief introduction of PTGR mechanism controlled by the genome-derived miRNAs, we overview the regulation of some important efflux ABC transporters by specific miRNAs and the consequent effects on drug transport and chemosensitivity. Further, we summarize the production and utilization of unparalleled recombinant miRNAs for the investigation of ABC transporter PTGR and discuss their potential applications.
2 CLINICAL IMPORTANCE OF ABC TRANSPORTERS
2.1 Discovery and general properties of ABC transporters
Research on ABC transporters emerged following the discovery of a nutrient-transporting protein from membrane vesicles of Escherichia coli that was dependent on ATP hydrolysis (Berger and Heppel, 1974). Later, Juliano and Ling (1976) disclosed a 170-kD, surface membrane glycoprotein affecting colchicine permeation, namely P-glycoprotein (P-gp or ABCB1), which was responsible for drug resistance in the mammalian cells. Further genetic analyses of the mammalian and bacterial transporters revealed that their coding genes were highly conserved (Walker et al., 1982; Riordan et al., 1985). With valuable insights of human genome, many human ABC transporter genes were identified (Luciani et al., 1994; Allikmets et al., 1996; Klein et al., 1999; Dean et al., 2001; Olsen et al., 2001; Venter et al., 2001). A total of 48 ABC genes have been revealed to encode functional ABC transmembrane proteins in humans and classified into seven subfamilies, from ABCA to ABCG (Dean et al., 2001; Dean, 2005; Vasiliou et al., 2009; Alam and Locher, 2023).
Human ABC transporters are expressed in almost all organs (Figure 1), especially those metabolic tissues such as intestine, liver, and kidney to greater degrees. These transporters are also critical for the body homeostasis and physiology by translocating xenobiotics and endobiotics across cells, and defects of ABC transporters may contribute to certain types of metabolic diseases. For instance, ABCA1 is a membrane protein which maintains lipid homeostasis by effluxing phospholipids and cholesterol to the extracellular lipid-poor apolipoprotein (Dean et al., 2001; Vincent et al., 2019), and ABCA1 within adipose tissues contributes to the high-density lipoprotein (HDL) biogenesis in the body (Chung et al., 2011). Through analyzing the visceral and subcutaneous adipose tissue ABCA1 expression in both lean and obese individuals, Vincent et al. (2019) found that lower expression of ABCA1 was correlated with obesity and insulin resistance. Notably, the precise location of important ABC transporters (e.g., ABCB1, ABCC1-4, and ABCG2) in major organs relevant to ADME, including apical (cell faces to the lumen) and basolateral (faces to the extracellular fluid) sides of cells (Figure 2), have been well established for improved understanding of the directions of drug transport within the body.
[image: Diagram illustrating the distribution of ABC transporters in the human body. Highlighted regions include the brain, lung, liver, heart, kidney, and intestine. Each section lists various ABC transporter types, such as ABCA1, ABCB1, and ABCC1, indicating their presence in the respective organs. Blue markings denote areas where specific transporters are located.]FIGURE 1 | Expression of ABC transporters in human body. ABC transporters are mostly expressed in metabolic and excretory organs, such as liver, kidney, and intestine. This figure was created with BioRender.com.
[image: Diagram showing the distribution of transporters in human tissues. Part A illustrates intestinal epithelia with ABCB1, ABCC2, ABCG2 directionally indicated. Part B depicts hepatocytes with transporters on basolateral and apical membranes. Part C shows proximal tubule cells in kidneys, highlighting ABCB1, ABCC2, ABCG2. Part D illustrates the blood-brain barrier, indicating transporters in cell membranes.]FIGURE 2 | Localization of important ABC transporters in human intestine (A), liver (B), kidney (C), and brain (D). The apical side refers to the cell surface oriented towards the lumen, while the basolateral side facing the extracellular fluid, such as blood. ABC transporters located to the apical surfaces export substances from the tissues to the lumens, and transporters expressed at the basolateral surfaces facing the blood vessels substrate efflux from the tissues to the portal bloods. At the blood-brain barrier, transporters localized on the apical sides of brain endothelium cells facing the bloodstream transfer substrates into the blood. This figure was made by using BioRender.com.
An ABC transporter is usually comprised of two nucleotide-binding domains (NBDs) to which ATP is bound and two transmembrane domains (TMDs) that allow transporter protein to reside on cell membrane and interact with specific substrates (Dean et al., 2001; Choi and Yu, 2014; Fan et al., 2023). Indeed, the classification of the ABC transporters is based on the sequences of conserved NBDs consisting of characteristic motifs (Walker A and Walker B) and the ABC signature motif (Walker et al., 1982; Hyde et al., 1990; Dean et al., 2022). X-ray crystallography studies have showed a similar conformational change of ABCB1 transporters from non-human species upon interacting with poly-substrates (Jin et al., 2012; Esser et al., 2017). Most recent applications of novel cryo-electron microscopy (cryoEM) technology have provided further structures of ABC transporters (Kim and Chen, 2018; Nosol et al., 2020), including human ABCB1 in the outward-facing conformation as well as interactions with substrates and inhibitors. The latter shall facilitate the prediction of possible, transporter-based drug-drug interactions as well as the discovery and development of more effective inhibitors to overcome MDR.
2.2 Roles of ABC transporters in ADME
ABC transporters expressed in human body (Figures 1, 2) are known to directly affect drug absorption, distribution, and excretion as well as metabolism via interacting with metabolic enzymes. Among various factors affecting oral drug absorption from gastrointestinal tract to the bloodstream (Stillhart et al., 2020), transporters ABCB1, ABCC2, and ABCG2 localized on the apical sides of intestinal epithelial cells (Figure 2A) contribute to limiting oral absorption while ABCC1, ABCC3, and ABCC4 on the basolateral sides facilitate the absorption of substrate drugs. Digoxin, a cardiac glycoside used to enhance heart function, has been identified as one of many substrates of ABCB1 (Table 1), and the absorption and overall PK of digoxin may be determined by ABCB1 status (de Lannoy and Silverman, 1992; Fromm et al., 1999; Greiner et al., 1999). Indeed, ABCB1 inducer rifampin was shown to have significant impact on the PK of digoxin in healthy volunteers, associated with the increase in intestinal ABCB1 expression levels (Greiner et al., 1999). Besides clinical investigations, genetically modified mouse models are widely used to define the importance of ABC transporters in ADME/PK (Jiang et al., 2011; Durmus et al., 2015), including the role of ABCB1 in digoxin PK (Fromm et al., 1999). As another example, comparative studies with wild type, Abcc2-knockout, Abcb1a/1b-knockout, and Abcb1a/1b/Abcc2-knockout mice demonstrated the important role of Abcc2 and Abcb1 in paclitaxel PK, in particular, Abcc2 in hepatobiliary excretion (Figure 2B) over renal excretion (Figure 2C), as well as Abcb1 in intestinal absorption (Lagas et al., 2006).
TABLE 1 | Localizations and common substrates of major human ABC transporters.
[image: A table listing transporters, their localization, and substrates. Transporters include ABCB1, ABCC1, ABCC2, ABCC3, ABCC4, ABCC5, and ABGC2. Each is described by expression sites like liver and kidney, and specific membrane locations. Substrates vary per transporter, including anthracyclines, taxanes, vinca alkaloids, kinase inhibitors, and more. Citations are provided for detailed sourcing.]ABC transporters may restrict the distribution of substrate drugs (Table 1) from the bloodstream to target organs, thereby the study of how ABC transporters impede drug penetration into the central nervous system (CNS) remains an important area in ADME/PK or drug delivery fields (Daood et al., 2008; Miller, 2015). ABCB1 and ABCG2 are two major efflux transporters expressed at the apical sides of brain endothelium cells (Figure 2D) which prevent substrates across the blood-brain barrier (BBB) and protect the brain from toxins or other xenobiotics including many therapeutic drugs (Dean et al., 2001; Daood et al., 2008). For instance, cyclin-dependent kinase inhibitors (CDKis) (Table 1) are a group of medications approved for the treatment of metastatic breast cancer, and it is important to understand their penetration into the brain (De Gooijer et al., 2015; Martínez-Chávez et al., 2019). In vitro studies revealed the CDKi ribociclib as a substrate for human ABCB1 whereas poorly transported by mouse abcg2 (Sorf et al., 2018; Martínez-Chávez et al., 2019). In vivo study with abcb1 and abcg2 knockout mice not only showed a 2.3-fold increase of ribociclib oral bioavailability but also 30-fold sharp elevation of brain-to-plasma (Kp,brain) ratio, supporting the role of abcb1 in brain distribution of ribociclib (Martínez-Chávez et al., 2019). Additionally, the coadministration of an abcb1 and abcg2 dual inhibitor (e.g., elacridar) resulted in a significant increase in ribociclib concentrations in the brain (Martínez-Chávez et al., 2019). Similarly, the other CDKi palbociclib exhibited higher brain distribution when abcb1 and abcg2 were knocked out in mice (De Gooijer et al., 2015).
Kidney is the primary excretory organ which eliminates drugs, metabolites, and toxins. Therefore, some efflux transporters (e.g., ABCC2, ABCC4, and ABCG2) located on the apical membranes of kidney proximal tubule cells (Figure 2C) may pump their substrates into the urine and contribute to their elimination (Masereeuw and Russel, 2012). Adefovir and tenofovir (Table 1), two antiviral drugs, were identified as ABCC4 substrates (Imaoka et al., 2007). Compared to wild-type mice, abcc4-knockout mice exhibited higher plasma drug concentrations and kidney accumulation following adefovir treatment. Additionally, the total clearance (CLtotal) of adefovir was found to be lower in the absence of abcc4, and tubular secretion clearance (CLrenal, kidney) of adefovir and tenofovir was also reduced over 50% in the knockout mice (Imaoka et al., 2007).
Clinical investigations have further revealed an altered expression of ABC transporters among patients with acute or chronic diseases and potential influence on drug ADME, efficacy or toxicity (Evers et al., 2018; Laddha et al., 2024). One study on hyperbilirubinemia and association with bile acid homeostasis and regulation among intensive care unit patients showed that protein levels of ABCC3 (Figure 2B) were strongly increased at the basolateral sides of patient liver biopsies (Vanwijngaerden et al., 2011). Another study with intestinal biopsy specimens from healthy volunteers as well as human immunodeficiency virus (HIV)-positive subjects with or without antiretroviral therapy revealed a significantly lower mRNA and protein levels of ABCC2 in antiretroviral therapy-naive subjects than the control group which was partially restored to baseline levels along with significant increase in ABCB1 expression in HIV-positive subjects following antiretroviral therapy (Kis et al., 2016). A very recent article provides a comprehensive review on the expression and function of hepatic transporters under fatty liver conditions, as well as subsequent effects on the PK properties of relevant drugs, including some clinical findings (Laddha et al., 2024).
2.3 Roles of ABC transporters in MDR
Besides their importance in controlling drug ADME/PK, the overexpression of efflux ABC transporters is a common mechanism behind MDR (Figure 3) (Hrycyna and Gottesman, 1998; Choi and Yu, 2014; Robey et al., 2018; Orelle et al., 2019) that leads to pharmacotherapy failure among patients with infections, cancers, or other diseases. Specific ABC transporters, including ABCB1, ABCC family, and ABCG2, have been shown to be overexpressed in human carcinoma cells to confer MDR, attributed to a lower intracellular drug exposure (Figure 3A) and manifested by low or lost chemosensitivity (Figure 3B). Among them, ABCB1 was highly expressed in almost all types of MDR cancers, such as adrenocortical, colon, breast, and kidney; and the contribution of ABCB1 to MDR has been proven for many drugs, including vincristine, doxorubicin (DOX), and 5-fluorouracil (5-FU) (Fojo et al., 1987) (Table 1). MDR appeared after the initial chemotherapy (e.g., vincristine) with the increase in ABCB1 levels during relapse and eventually led to mortality (Fojo et al., 1987). Another study also revealed much higher frequency or extent of ABCB1 expression among relapse acute nonlymphoblastic leukemia (ANLL) patients (60%) than initial ANLL patients (26%) (Han et al., 2001), indicating the involvement of efflux transporter ABCB1 in MDR.
[image: Two panels compare drug concentration and effects over time. Panel A shows graphs of drug concentration with efflux ABC transporters, highlighting lower levels (blue curve) and higher levels (red curve). The second graph demonstrates cell viability against drug concentrations for the same conditions, showing decreased viability with higher transporter expression. Panel B displays a similar setup with drug concentration over time and a survival percentage graph, indicating lower survival with higher transporter expression. Both panels include arrows symbolizing transitions between drug concentration and outcomes.]FIGURE 3 | Impact of ABC transporters on drug exposure and therapeutic outcome in vitro (A) and in vivo (B). (A) Overexpression of efflux ABC transporters leads to a lower intracellular drug accumulation (left) and antiproliferation activity (right). (B) Drug concentrations are reduced in patient tumor tissues with higher ABC transporter expression (left), which may lead to a lower survival rate (right). This figure was created with BioRender.com.
ABCC family transporters were found to be highly expressed in lung cancers associated with MDR, including both small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) (Young et al., 1999). Among them, ABCC3 was revealed to contribute greatly to the resistance to both DOX and vincristine (Table 1) during the treatment of lung cancer while other ABCC transporters could be involved in it. As another example, imatinib was identified as a substrate of ABCG2 (Table 1) (Burger et al., 2004) in treating leukemia, and ABCG2 was found to be upregulated in imatinib-resistant leukemia cells (Kaehler et al., 2017). Further, overexpression of ABCG2 was demonstrated to correlate with the resistance to many other drugs such as mitoxantrone (Rocchi et al., 2000), daunorubicin (Robey et al., 2003), DOX (Robey et al., 2003), and topotecan (Rocchi et al., 2000).
While overexpression of efflux ABC transporters confers MDR in carcinoma cells, it is also accompanied by many other cellular changes (Choi and Yu, 2014). For instance, MDR cells were revealed to exhibit a higher intracellular pH than parental cells (Boscoboinik et al., 1990), and the increased intracellular pH in MDR cells might decrease apoptosis as the caspase-dependent apoptosis was elevated under acidic conditions (Muriithi et al., 2020). Indeed, the reversal of MDR by small molecules were not necessarily correlated with their effects on intracellular pH (Boscoboinik et al., 1990). Furthermore, lipid compositions of plasma membranes were found to be altered in MDR cells, such as higher levels of sphingomyelin, phosphatidylinositol, cholesterol, cholesterol esters in MDR cell membranes (Peetla et al., 2013; Kopecka et al., 2020), which could contribute to the altered permeability of anticancer drugs (Mohammad et al., 2020; Szlasa et al., 2020).
As the impact of high-expressing efflux ABC transporters on the sensitivity of cells to respective substrate drugs, such as DOX (Fojo et al., 1987; Lemontt et al., 1988; Kim et al., 2015), has well demonstrated by preclinical studies (Figure 3A), clinical studies have also showed that high levels of ABC transporters contribute to the limited tissue and/or systemic drug exposure and subsequently poor therapeutic outcomes (Figure 3B) albeit there are some controversial reports (Tamaki et al., 2011). A recent study on the expression status of various ABC transporters in different tumors revealed that, while ABC transporter expression correlated with different stages of breast, kidney or lung tumors, a lower ABCB1 mRNA expression level was predictive of significantly longer survival of patients with ovarian or kidney cancer and thymoma (Kadioglu et al., 2020), supporting the clinical significance of efflux ABC transporters and needs for new means to achieve individualized pharmacotherapy.
One way to overcome MDR is to develop and co-administer with ABC transporter inhibitors (Robey et al., 2018), which rather has not found any success, given the complex roles of these transporters in ADME/PK (Choi and Yu, 2014). Understanding the mechanisms by which efflux transporters are overexpressed in MDR cells and organisms may offer clues for developing new strategies. Indeed, various factors such as gene duplication or multiplication as well as the changes in transcriptional regulation or signaling have been shown to contribute to the overexpression of efflux ABC transporters, and respective remedies may be explored and critically evaluated.
3 MICRORNAS IN POSTTRANSCRIPTIONAL GENE REGULATION
MiRNAs are small noncoding RNAs generated from the genome, around 22 nt in length, which play important roles in PTGR in cells (Ambros, 2004). Lin-4 (Lee et al., 1993) and let-7 (Reinhart et al., 2000) are among the first functional miRNAs discovered in Caenorhabditis elegans, while let-7 is the first miRNA identified in humans (Pasquinelli et al., 2000). With more studies to the miRNAs, they have been found across many animal species which are highly conserved (Pasquinelli et al., 2000; Li et al., 2010; De Rie et al., 2017). Regulation of target genes by miRNAs loaded within the RNA-induced silencing complex (RISC) involve the inhibition of mRNA translation and enhancement of mRNA decay or degradation (Lee et al., 1993; Lai, 2002; Doench and Sharp, 2004). Through PTGR of targeted genes, miRNAs influence essentially all biological processes, including those important in maintaining metabolite homeostasis and cellular defenses (Ha and Kim, 2014). Furthermore, miRNAs hold promise as therapeutic targets or entities for the treatment of various human diseases (Yu et al., 2020; Yu and Tu, 2022; Traber and Yu, 2023, 2024).
3.1 MicroRNA biogenesis
Most miRNAs are transcribed from corresponding coding genes by RNA polymerase II (Pol II) (Lee et al., 2004) to primary miRNAs (pri-miRNAs) which are recognized and cleaved by micro-processor proteins, DROSHA and DGCR8, to generate short-hairpin, precursor miRNAs (pre-miRNAs) within the nucleus (Lee et al., 2003; Denli et al., 2004; Gregory et al., 2004; Wang et al., 2007) (Figure 4). After the pre-miRNA is translocated from nucleus to cytoplasm by Exportin-5 (XPO5) (Yi et al., 2003; Lund et al., 2004), it is further processed by the RISC-loading complex (RLC), consisting of the RNase III family protein DICER (Bernstein et al., 2001; Ketting et al., 2001), transactivation response element RNA-binding protein (TRBP) (Lee et al., 2003; Fareh et al., 2016), and Argonaute 2 (AGO2) protein (Liu et al., 2004; Chendrimada et al., 2005; MacRae et al., 2008), to miRNA duplex. Subsequently, the AGO protein unwinds the miRNA duplex and guides one strand (3p- or 5p-) into the RISC (Khvorova et al., 2003; Kwak and Tomari, 2012) to achieve RNA interference (RNAi) (Figure 4).
[image: Diagram illustrating microRNA biogenesis pathways. The left section shows nucleus activities, including canonical and non-canonical pathways for microRNA processing involving the microprocessor complex and spliceosome. The right section depicts cytoplasmic activities, detailing DICER-independent and DICER-dependent processing, resulting in RISC complex formation. Posttranscriptional gene regulation is shown via translation inhibition and mRNA degradation. Arrows indicate process flow.]FIGURE 4 | Posttranscriptional gene regulation controlled by the genome-derived miRNAs. The canonical and non-canonical pathways of miRNA biogenesis are dependent and independent upon DROSHA, respectively, to generate pre-miRNAs from longer pri-miRNAs transcribed from the genome within nucleus. Following Exportin-5 (XPO5)-mediated translocation, cytoplasmic pre-miRNAs are recognized and processed by DICER, TRBP, and AGO2 to the miRNA duplex. The AGO protein unwinds the miRNA duplex where either the 5p or 3p strand may be incorporated into the RISC. Some mature miRNAs are generated through DICER-independent processing as pre-miRNAs directly bind to AGO2. The mature miRNA usually acts on the 3′UTR of target mRNA, leading to translation inhibition or enhanced mRNA degradation. This figure was made by using BioRender.com and Microsoft Powerpoint.
Complementary to the canonical biogenesis pathway, the maturation of some miRNAs is independent on the micro-processor (DROSHA/DGCR8) or DICER to offer noncanonical miRNAs (Figure 4). The short-hairpin introns may be spliced and debranched to produce pre-miRNAs directly (Okamura et al., 2007; Ruby et al., 2007). After exported into the cytoplasm, noncanonical pre-miRNAs may follow the DICER-dependent maturation pathway (Okamura et al., 2007). This DROSHA-independent mirtron pathway is conserved for some miRNAs (e.g., miR-887) including mammals (Berezikov et al., 2007; Babiarz et al., 2011). On the other hand, some miRNAs (e.g., miR-451) is formed independent on DICER (Figure 4), despite that pre-miRNA production is DROSHA-dependent. AGO2 protein has been revealed as an alternative enzyme to directly cleave pre-miRNA (Cheloufi et al., 2010; Yang et al., 2010), which may involve subsequent trimming by poly(A)-specific ribonuclease (PARN) (Yoda et al., 2013; Kim et al., 2016), to generate functional miRNA strand for target silencing within the RISC (Figure 4). Interestingly, miR-451 generally partners with miR-144, relying on the transfer of micro-processor proteins from miR-144 to continue its further maturation (Yang et al., 2010; Shang et al., 2020).
3.2 Posttranscriptional gene regulation by microRNAs
Derived from either canonical or noncanonical pathway, functional miRNA activates the RISC to control target gene expression at the posttranscriptional level, namely PTGR. In particular, one strand (5p- or 3p-) recognizes target mRNA sequences through imperfect base pairing to induce translation inhibition or mRNA cleavage or degradation (Figure 4). The human genome contains four AGO proteins (AGO1-4), among them AGO2 plays a major role in PTGR (Liu et al., 2004; O’Carroll et al., 2007). The seed region at the 5′ of an miRNA may include 7–8 nt that are fully complementary to the miRNA response element within 3′UTR of target mRNA to effectively inhibit mRNA translation and/or degradation (Doench and Sharp, 2004). While some research indicated possible contribution of post-initiation inhibition to translation repression, other studies identified the interruption of mRNA translation at the initiation steps and involvement of specific initiation factors or components (see reviews Gu and Kay, 2010; Wilczynska and Bushell, 2015), highlighting the complexity in studying miRNA-mediated translation inhibition. Meanwhile, processing bodies (P-bodies) and cytoplasmic granules seem associated with mRNA decay and degradation (Sheth and Parker, 2003; Sen and Blau, 2005).
4 MICRORNA-CONTROLLED POSTTRANSCRIPTIONAL GENE REGULATION OF ABC TRANSPORTERS
The miRNA mediated PTGR has been established as a critical regulatory mechanism behind target protein outcomes and the whole proteome critical for almost all cellular processes, including ABC transporters vital in ADME and MDR (Figure 5) (Yu, 2009; Yu and Pan, 2012; Haenisch et al., 2014; Yu et al., 2016). Many miRNAs have been shown to impact protein expression of specific ABC transporters through direct targeting of the transporter mRNAs or indirectly acting on their regulators. The reduction of efflux ABC transporter protein levels may subsequently alter the disposition of relevant substrates, such as antineoplastic drugs, and subsequently influence chemosensitivity (Table 2) (Figure 5).
[image: Diagram showing two scenarios of anticancer drug accumulation in cells. Panel A illustrates high ABC transporter activity, resulting in lower intracellular drug accumulation and decreased chemosensitivity. Panel B depicts reduced ABC transporter activity due to gene interference, leading to higher drug accumulation and increased chemosensitivity.]FIGURE 5 | MiRNA-controlled posttranscriptional gene regulation of ABC transporters in drug disposition and chemosensitivity. (A) By escaping miRNA mediated PTGR, efflux ABC transporters are overexpressed in cells to pump out substrate drugs, exhibiting lower drug exposure and chemosensitivity. (B) Restoration of PTGR of efflux transporters, e.g., through the introduction of bioengineered miRNA molecules, reduces ABC transporter expression, enhances intracellular drug exposure, and increases cell sensitivity to the drugs. Note that miRNAs introduced into the cells may inhibit the expression of some oncogenes to exert anticancer effects. This figure was made by using BioRender.com.
TABLE 2 | Roles of specific miRNAs in the regulation of human ABC transporter gene expression and influence on drug disposition.
[image: A table details the roles of various miRNAs in ABC transporter expression across different models. The table includes columns for transporters, miRNAs, roles in ABC transporter expression, models, and references. ABCB1, ABCB2, ABCB3, ABCB4, and other transporters are analyzed across several human cancer cell lines and conditions, noting effects such as drug resistance. References include Zhu et al., Chen et al., Sun et al., and others, presenting research from 2008 to 2020.]4.1 ABCB1
MiR-451 represents one of the first identified miRNAs involved in PTGR of ABCB1 (Kovalchuk et al., 2008) (Table 2). Deregulation of miR-451 was revealed in the DOX-resistant, human breast cancer cell line MCF-7/DOX, in which overexpression of ABCB1 contributes to DOX resistance. Luciferase reporter assay showed that miR-451 reduced ABCB1 3′UTR-luciferase activity, validating direct interaction between miR-451 and ABCB1 3′UTR. Further, transfection with miR-451 reduced the protein expression of ABCB1 in MCF-7/DOX cells and increased the sensitivity to DOX (Kovalchuk et al., 2008), suggesting the contribution of miR-451 mediated PTGR of efflux transporter ABCB1 behind MDR.
Likewise, decrease of miR-27a and miR-331-5p were found to be associated with DOX resistance in leukemia cells, and overexpression of these miRNAs increased the sensitivity of these cells to DOX (Feng et al., 2011) (Table 2). Luciferase reporter assay was also used to validate the miR-27a and miR-331-5p binding sites with ABCB1 3′UTR (Feng et al., 2011). In a separate study, miR-27a was showed to modulate ABCB1 expression in human hepatocellular carcinoma (HCC) cells through interference with upstream regulator, and downregulation of ABCB1 increased cell sensitivity to 5-FU (Chen et al., 2013). These findings suggest the potential role of miR-27a in reversing MDR by the reduction of efflux transporter expression. However, opposite effects were reported for miR-27a in human ovarian cancer A2780 cells where miR-27a mimics upregulated ABCB1 expression and increased chemoresistance (Zhu et al., 2008) (Table 2).
The adriamycin (ADM)-selected breast cancer MCF-7/ADM cell line exhibited higher levels of ABCB1 and Y-box binding protein-1 (YB-1), and transfection of miR-137 reduced both YB-1 and ABCB1 levels (Zhu et al., 2013) (Table 2). Further study indicated that miR-137 interfered with YB-1 mRNA, thereby inhibiting protein translation. Notably, YB-1 is a transcription factor that activates ABCB1 expression (Bargou et al., 1997), suggesting the contribution of YB-1 reduction to the suppression of ABCB1 expression in MCF-7/ADM cells by miR-137. Consequently, introduction of miR-137 elevated the sensitivity of MCF-7/ADM cells to anti-cancer drugs DOX, vincristine, and paclitaxel, as manifested by lower IC50 values (Zhu et al., 2013).
Recent study on HCC cells showed that resistance to DOX was correlated with overexpression of ABCB1, whereas miR-491-3p levels were reduced (Zhao et al., 2017) (Table 2). In line with the finding on the transcription factor Sp3 in transcriptional regulation of ABCB1 (Gromnicova et al., 2012), Zhao et al. (2017) demonstrated the actions of miR-491-3p on the 3′UTR of ABCB1 and Sp3 mRNAs that explained the suppression of ABCB1 expression and increase of cell sensitivity to DOX by miR-491-3p.
As ABCB1 transports many anti-epilepsy drugs (AEDs) across the blood-brain barrier (BBB) that may alter the exposure and efficacy of AEDs in patients with refractory epilepsy, another recent study investigated potential use of ABCB1 regulatory miRNA to reverse ABCB1-mediated MDR to AEDs (Xie et al., 2018). Lower levels of miR-298-5p were identified in drug-selected human brain microvascular endothelial cell lines (HBMEC/PHT) and astrocytes (U87-MG/DOX) cell lines, and forced expression of miR-298-5p reduced ABCB1 mRNA and protein levels and consequently, increased the intracellular accumulation of AEDs in drug-resistant HBMEC/PHT and U87-MG/DOX cells (Xie et al., 2018) (Table 2), illustrating the utility of miRNAs to overcome MDR in refractory epilepsy.
4.2 ABCC subfamily transporters
ABCC1 expression was found to be elevated in the etoposide-resistant breast cancer cell line MCF-7/VP, accompanied by a pronounced decline in miR-326 levels (Liang et al., 2010) (Table 2). Following the identification and validation of miR-326 binding site within ABCC1 3′UTR, transfection of MCF-7/VP cells with miR-326 was showed to reduce ABCC1 mRNA and protein levels as well as sensitivity to etoposide and DOX (Liang et al., 2010). In another study, miR-1291-5p was revealed to be derived from the small nucleolar RNA H/ACA box 34 (SNORA34) in human pancreatic carcinoma PANC-1 cells overexpressing ABCC1 (Pan et al., 2013). Control of ABCC1 protein outcomes by miR-1291 was verified by both gain- and loss-of-miR-1291 function approaches, besides the validation of miR-1291 response elements within ABCC1 3′UTR. As miR-1291 did not affect ABCC1 mRNA stability, PTGR of ABCC1 by miR-1291 is likely attributable to translation repression mechanism. In addition, downregulation of ABCC1 by miR-1291 elevated intracellular DOX accumulation and sensitized PANC-1 cells to DOX (Pan et al., 2013) (Table 2), illustrating the importance of miRNA-controlled PTGR in drug disposition and MDR.
In the multidrug-resistant, human colorectal carcinoma (CRC) cell line HCT-116/L-OHP overexpressing efflux transporter ABCC2, miR-297 level was found to be reduced (Xu K. et al., 2012) (Table 2). Reporter assay revealed that miR-297 suppressed ABCC2 3′UTR-luciferase activity. As miR-297 was effective to repress ABCC2 expression, overexpression of miR-297 in drug-resistant CRC cell lines sensitized the cells to anticancer drugs, including oxaliplatin, vincristine, and DOX, which was associated with an enhanced apoptosis of multidrug-resistant CRC cells compared to antineoplastic drug monotherapy (Xu K. et al., 2012).
One most recent study (Zeng et al., 2020) first showed that curcumol improved the sensitivity of drug-resistant, triple-negative breast cancer (TNBC) MDA-MB-231 cells to DOX in vitro and in vivo. That was related to the increase of miR-181b-2-3p levels which was found to target ABCC3 directly. Furthermore, curcumol activated a transcription factor, NFAT1, which could directly bind to the promoter region of miR-181b-2-3p to enhance its expression. Therefore, this NFAT1/miR-181b-2-3p/ABCC3 axis was likely involved in the sensitization of TNBC cells to DOX by curcumol (Table 2).
There are also many other reports on PTGR of human ABCC transporters by specific miRNAs, such as ABCC4 by miR-124 and -506 (Markova and Kroetz, 2014), as well as ABCC5 and ABCC10 by let-7 (Borel et al., 2012), as summarized in Table 2. Likewise, repression of ABCC transporter protein levels by the miRNAs could be translated into an altered drug exposure and response in the cells. Together, these findings not only demonstrate the involvement of miRNA-controlled PTGR in variations in efflux ABCC transporter expression and chemosensitivity but also provide insights into development of new remedies to overcome MDR (Choi and Yu, 2014; Yu et al., 2016).
4.3 ABCG2
Consisting of miR-519c binding sites within the 3′UTR, ABCG2 was showed to be repressed by miR-519c in the S1 colon cancer cells (To et al., 2008) (Table 2). However, the drug-resistant subline S1MI80 with truncated ABCG2 3′UTR lacking miR-519c binding sites escaped miR-519c mediated PTGR, providing new insights into ABCG2 overexpression conferring MDR in these cells (To et al., 2008). In the mitoxantrone-resistant breast cancer cell line MCF-7/MX100 overexpressing ABCG2 transporter, miR-328 was able to increase the sensitivity to mitoxantrone by decreasing the ABCG2 protein expression via complementary targeting the 3′UTR of ABCG2 mRNA (Pan et al., 2009). Further, miR-520h was found to modulate ABCG2 expression in PANC-1 cells and contribute to cancer cell migration and invasion (Wang et al., 2010). Another side-by-side study on the efficiency of miR-328, -519c, and -520h revealed that miR-328 and -519c were effective to repress ABCG2 protein levels in MCF-7/MX100 cells and thus, increase intracellular drug accumulation and chemosensitivity (Li et al., 2011). By contrast, miR-520h was found to be ineffective to regulate ABCG2 expression in MCF-7/MX100 cells in which miR-520h levels were unchanged, highlighting the importance to monitor miRNA levels in these studies.
Some recent studies demonstrated the regulation of ABCG2 by several other miRNAs, including miR-302a/b/c/d in mitoxantrone-resistant breast cancer cells (Wang et al., 2016) and miR-212 in imatinib-resistant leukemia cells (Kaehler et al., 2017) (Table 2). Both studies also showed the effectiveness of such miRNAs to sensitize drug-resistant cancer cells, supporting the roles of miRNA-controlled PTGR of the efflux ABC transporter as well as implications to drug disposition and MDR.
5 RECOMBINANT RNAS TO STUDY ABC TRANSPORTER POSTTRANSCRIPTIONAL GENE REGULATION
Recombinant DNA (rDNA) technology, which modifies genetic materials to produce specific products or introduce certain traits into living organisms, has been widely used for precise molecular, cellular, or systems studies on ADME genes (Cronin and Yu, 2023). The basis of rDNA technology is the manipulation of DNA sequences within host organisms using viable vectors or plasmids (Vieira and Messing, 1982). Application of rDNA technologies enables the production of gene products related to drug metabolism and disposition, such as drug-metabolizing enzymes (Dai et al., 1993; Crespi and Miller, 1999; Gonzalez, 2004) and efflux transporters (Galluccio et al., 2022; Cronin and Yu, 2023), which have greatly improved our understanding of roles of ADME genes in drug metabolism and disposition as well as possible influence on therapy.
While heterologous overexpression of RNAs proved to be challenging, novel technologies have been developed to achieve high yield production of recombinant miRNAs (named BERAs or BioRNAs) for PTGR studies, by using unique transfer RNA (tRNA) fused pre-miRNA carriers (Yu et al., 2019; Cronin and Yu, 2023; Traber and Yu, 2023). The tRNA fused pre-miRNA (e.g., pre-miR-34a) carriers allow a consistent, high-level and large-scale heterologous overexpression (e.g., >30% of total bacterial RNA) as well as high-yield production (e.g., tens milligrams from 1 L fermentation) of high-purity, target BioRNAs (e.g., >97% homogeneity, by HPLC; <3.0 EU/µg RNA) bearing target miRNAs, siRNAs, aptamers, or other forms of small RNAs (Chen et al., 2015; Ho et al., 2018; Li et al., 2021; Traber et al., 2024), in contrast to the tRNA scaffold (Ponchon et al., 2009) that commonly leads to the absence of heterologous expression of target RNAs or merely offers relatively a low yield (Li et al., 2014; Chen et al., 2015). Distinguished from conventional miRNA reagents synthesized in vitro through chemical or enzymatic reactions consisting of either extensive artificial modifications or none, BERAs or BioRNAs are similar as natural RNAs made and folded in vivo and being comprised of only a few essential posttranscriptional modifications (Li et al., 2015; Wang et al., 2015).
Recombinant BioRNA/miRNAs are precisely processed to target miRNAs in human cells to selectively regulate target gene expression, including many human ABC transporters (Table 3; Figure 5). For instance, recombinant miRNA let-7c-5p was successfully produced and introduced into human HCC Huh7 cells, leading to a sharp increase of let-7c-5p levels (Jilek et al., 2020). This resulted in a significant downregulation of ABCC5 protein levels in Huh7 cells, while ABCC4 and ABCG2 levels were not or minimally affected (Table 3). Additionally, coadministration of BioRNA/miR-7c-5p and 5-FU showed a strong synergism to inhibit HCC cell proliferation, partially attributable to the elevation in intracellular accumulation of 5-FU, a known substrate of ABCC5 transporter (Wijnholds et al., 2000; Pratt et al., 2005) (Table 1). As another example, Li et al. (2019) produced BERA/miR-328-3p that was revealed to control PTGR of ABCG2 transporter overexpressed to render mitoxantrone drug resistance in human breast cancer cells, namely MCF-7/MX100 cells (Pan et al., 2009; Li et al., 2011) (Table 3). After transfection with the BERA/miR-328-3p, the levels of miR-328-3p were greatly elevated in MCF-7/MX100 cells, leading to the reduction of ABCG2 and consequently, greater cellular exposure of and sensitivity to MX (Li et al., 2019). Rather, treatment of human placental BeWo cells with BERA/miR-328-3p did not alter intrinsic ABCG2 levels, intracellular MX accumulation, and chemosensitivity, indicating the difference in PTGR mechanism of ABCG2 between BeWo and drug resistant MCF-7/MX100 cells.
TABLE 3 | Utilization of novel recombinant miRNA agents in studying transporter gene expression and impact on xenobiotic flux and multidrug resistance. GLUT1/SLC2A1, glucose transporter protein type 1, gene symbol solute carrier family two member 1; LAT1/SLC7A5, large neutral amino acid transporter 1, gene symbol solute carrier family seven member 5.
[image: A table listing bioengineered miRNAs, their targets, findings, model systems, and references. It includes miR-1291-5p targeting ABCC1 and GLUT1, miR-124-3p targeting ABCC4, miR-328-3p targeting ABCG2 and others, and let-7c-5p targeting ABCC5. Findings cover protein level reductions and effects on drug sensitivity. Model systems include various cell lines. References indicate studies by Li et al., Tu et al., Ho et al., Yi et al., and Jilek et al.]Besides efflux ABC transporter, bioengineered miRNAs have been utilized to investigate PTGR of some solute carrier transporters (Tu et al., 2020; Yi et al., 2020) and enzymes (Li et al., 2014; Li et al., 2019; Tu et al., 2020) in ADME (Table 3). The involvement of miR-27b-3p in PTGR of human cytochrome P450 3A4 (CYP3A4) was demonstrated not only by a tRNA fused pre-miR-27b (Li et al., 2014) but also the tRNA/pre-miR-34a carrier based miR-27b-3p (Li et al., 2019). Following the downregulation of CYP3A4 proteins by recombinant miR-27b-3p, cellular midazolam 1′-hydroxylation capacity was reduced, indicating the involvement of miR-27b-3p signaling in drug metabolism. Further, miR-1291-5p was selectively released from recombinant miR-1291 in human pancreatic cancer cells (Tu et al., 2020). The suppression of arginosuccinate synthase (ASS1) in L3.3 cells by miR-1291-5p altered arginine homeostasis and increased the sensitivity of cells to arginine deprivation therapy (Tu et al., 2020). On the other hand, the reduction of glucose transporter protein type 1 (GLUT1) by miR-1291-5p decreased glucose uptake and glycolysis capacity and improved cisplatin efficacy in human AsPC-1 and PANC-1 cells (Tu et al., 2020).
Research on PTGR in ADME with recombinant RNAi molecules has advanced our knowledge of complex mechanisms behind interindividual variations in ADME and offered clues to developing new therapies. Indeed, a total of 6 RNAi therapeutics have been approved by the United States Food and Drug Administration for the treatment of various disorders, such as patisiran for hereditary transthyretin-mediated amyloidosis and nedosiran for primary hyperoxaluria type 1, respectively (Yu et al., 2019; Yu et al., 2020; Traber and Yu, 2023, 2024). Many studies have demonstrated the efficacy and safety of recombinant miRNAs and siRNAs in the control of tumor growth in clinically relevant animal models (Ho et al., 2018; Jilek et al., 2019; Tu et al., 2019; Deng et al., 2021; Ning et al., 2022; Chen et al., 2023; Luo et al., 2024) that are amenable to clinical investigations.
6 CONCLUSION AND PERSPECTIVES
The ubiquitous expression of membrane ABC transporters in human body maintains normal biologic processes through preserving endobiotic homeostasis, protecting against environmental toxins, and limiting the exposure to other xenobiotics. ABC transporters localized among metabolic organs pose an important role in substrate drug absorption, distribution, excretion, and overall PK properties, which may be altered among patients with certain conditions. Intrinsic or acquired overexpression of ABC transporters in the organisms or diseased cells has been shown to confer MDR by reducing drug exposure, which remains a major challenge in treating infectious diseases and cancers. While targeting efflux ABC transporters is a potential strategy to overcome MDR, clinical trials on previous generations of inhibitors reveals just a limited benefit whereas some toxicity. Therefore, a thorough understanding of complex mechanisms underlying dysregulation of ABC transporters would offer new insights into developing other possible means to improve therapies.
With the discovery of functional miRNAs derived from the genome, many recent studies have demonstrated the contribution of specific miRNAs in PTGR of various ABC transporters by targeting respective transcripts. Coadministration of certain miRNAs is proven effective to sensitize drug-resistant cells or tumors to anticancer drugs through the reduction of efflux ABC transporter expression, which rather warrants more extensive studies and clinical investigations. Furthermore, novel, in vivo fermentation based RNA molecular bioengineering technologies have been developed to offer high-quality, recombinant miRNA molecules that are a unique addition to conventional miRNA agents synthesized in vitro chemically or enzymatically. Bioengineered miRNA molecules have been revealed functional to modulate the expression of ABC transporters and other ADME genes and subsequently alter cellular drug metabolism and transport capacities as well as chemosensitivities. Such recombinant miRNA and RNAi molecules represent a novel class of tools for ADME and broader general biomedical research while holding promise as therapeutics.
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Lenvatinib is a first-line therapy for the treatment of hepatocellular carcinoma (HCC), an active multi-target tyrosine kinase inhibitor (TKI). The interaction between Traditional Chinese Medicine (TCM) and chemicals has increasingly become a research hotspot. The objective of this study was to pinpoint the effects of three flavonoids on the metabolism of lenvatinib. Enzyme reaction system was established and optimized in vitro, and in vivo experiments were conducted in Sprague-Dawley (SD) rats, where the analytes were detected by ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS). We found that among three flavonoids, luteolin and myricetin had strong inhibitory effects on lenvatinib metabolism, with half-maximal inhibitory concentration (IC50) values of 11.36 ± 0.46 µM and 11.21 ± 0.81 µM in rat liver microsomes (RLM), respectively, and 6.89 ± 0.43 µM and 12.32 ± 1.21 µM in human liver microsomes (HLM), respectively. In Sprague-Dawley rats, the combined administration of lenvatinib and luteolin obviously expanded the exposure to lenvatinib; however, co-administered with myricetin did not have any changes, which may be due to the poor bioavailability of myricetin in vivo. Furthermore, the inhibitory type of luteolin on lenvatinib showed an un-competitive in RLM and a mixed in HLM. Collectively, flavonoids with liver protection, especially luteolin, may inhibit lenvatinib metabolism in vitro and in vivo.
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1 INTRODUCTION
Liver disease remains one of the leading causes of death worldwide (Qian et al., 2021). It is estimated that approximately two million people around the world die from this disease (Mokdad et al., 2014), of which liver cancer ranks third among the global causes of cancer death (Rumgay et al., 2022), while hepatocellular carcinoma (HCC) is the most common form of liver cancer and the second leading cause of death from malignant tumors in the world (Mazzanti et al., 2016). This is mainly due to the fact that most people do not have symptoms in the initial stages of HCC, until the terminal stage, when liver transplantation is not possible (Ogunwobi et al., 2019; Buttell and Qiu, 2023), ultimately leading to a continuous increase in incidence and a 5-year survival rate of less than 20% (Chou et al., 2014).
Lenvatinib is an oral small molecule tyrosine kinase inhibitor (TKI) that selectively inhibits vascular endothelial growth factor receptors 1–3 (VEGFR 1–3), fibroblast growth factor receptors (FGFR), platelet-derived growth factor receptor α (PDGFRα), and proto-oncogenes kinase inhibitor (KIT) (Matsui et al., 2008; Ikuta et al., 2009). At present, the United States Food and Drug Administration (FDA) has approved it as a first-line treatment of unresectable HCC (Nair et al., 2021), and its therapeutic effect is not inferior to that of sorafenib (Kudo, 2018). The major metabolic product of lenvatinib is O-desmethyl lenvatinib (M1), and current studies have shown that CYP1A1, CYP1A2, CYP2B6, and CYP3A4 are the most efficient enzymes for the formation of these metabolites (Vavrová et al., 2022). Nevertheless, lenvatinib often has adverse reactions such as hepatotoxicity (Furuse et al., 2023), hypertension, hand-foot syndrome, and thrombocytopenia during treatment (Suyama and Iwase, 2018). Drug adverse reactions are one of the main causes of morbidity and mortality in the clinic every year (Wu et al., 2014), where drug interaction accounts for 30% of all adverse drug events (Becker et al., 2007).
Drug-drug interactions is a major problem in clinical practice and has been recognized as one of the primary threats to public health (Sennesael et al., 2018; Hoel et al., 2021; Ye et al., 2021; Zerah et al., 2021; Bruggemann et al., 2022). Traditional Chinese Medicine (TCM) is frequently used in combination with chemotherapeutic drugs (Hu et al., 2005). In addition to flavonoids, alkaloids, terpenoids, and others have been proven to have good anti-tumor effects (Zhao et al., 2023). Among them, flavonoids are a type of polyphenols widely found in fruits, vegetables, beer, and other common foods (Santes-Palacios et al., 2020). Research by Aune et al. indicates that its intake is closely related to reducing the incidence of cancer (Aune et al., 2017). For instance, luteolin can improve liver lesions by inhibiting inflammatory factors, alleviating oxidative stress, inducing liver cancer cell apoptosis and autophagy (Yao et al., 2023); myricetin can suppress the progression of hepatocellular carcinoma by decreasing the regulation of YAP expression (Li et al., 2019); fisetin can protect the liver by increasing GSH and reducing inflammatory mediators and CYP2E1 (Ugan et al., 2023). However, the interaction between flavonoids and lenvatinib has rarely been reported.
Therefore, in this study, we systematically selected luteolin (Yao et al., 2023), myricetin (Xu et al., 2020), and fisetin (Ugan et al., 2023), three kinds of flavonoids with live protective effects, to explore the changes of lenvatinib at present of them. First, in vitro, we used rat liver microsomes (RLM) and human liver microsomes (HLM) to investigate their effects on lenvatinib metabolism and the corresponding potential mechanisms. Subsequently, in vivo, Sprague-Dawley (SD) rats were applied to discover changes in the pharmacokinetic parameters of lenvatinib by luteolin and myricetin. The results may provide certain data to support the personalized precision treatment of lenvatinib in clinical practice.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Lenvatinib, O-desmethyl lenvatinib (M1), internal standard (IS, regorafenib), melatonin, 6-hydroxy melatonin, bupropion, hydroxy bupropion, midazolam and 1′-hydroxy midazolam were purchased from Beijing Sunflower Technology Development Co., Ltd (Beijing, China). Luteolin, myricetin and fisetin were provided by Shanghai Canspec Scientific Instruments Co., Ltd. (Shanghai, China). Reduced nicotinamide adenine dinucleotide phosphate (NADPH) was procured from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). HLM (mixed gender, pool of 50 donors) was from iPhase Pharmaceutical Services Co., Ltd. (Jiangsu, China), while RLM was prepared by our team. All solvents and reagents included in this study were above of analytical grade.
2.2 Detection condition of UPLC-MS/MS
A Waters Acquity ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) system was used for the quantitative analysis of the analytes. Chromatographic separation of lenvatinib, M1 (the main metabolite of lenvatinib), and IS was carried out by an Acquity BEH C18 column (2.1 mm × 50 mm, 1.7 μm; Milford, MA, United States) at a temperature of 40°C. The mobile phase was composed of 0.1% formic acid (A) and acetonitrile (B), with a gradient elution at a flow rate of 0.40 mL/min for 2 min. Mass spectrometry information of the analytes were obtained by a Waters Xevo TQ-S triple quadrupole tandem mass spectrometer (Milford, MA, United States) with multiple reaction monitoring (MRM) in positive mode. Furthermore, the main operating parameters of the mass spectrometers for lenvatinib, M1, IS and specific CYP isoform probes were summarized in Table 1.
TABLE 1 | Ion transitions and the main operating parameters for lenvatinib, M1, regorafenib (IS) and specific CYP isoform probes of the mass spectrometer.
[image: A table displaying analytes with corresponding ion transitions, cone voltages (V), and collision energies (eV). Analytes include: Lenvatinib, its metabolite M1, Regorafenib, 6-hydroxy melatonin, hydroxy bupropion, and 1'-hydroxy midazolam. Ion transitions and settings vary per analyte, indicating specific values for each column.]2.3 Enzyme preparation of RLM
The enzyme preparation of RLM was referred to previously reported literature (Wang et al., 2015). The main processes were as follows: the rat liver was weighted on balance and homogenized according to the ratio of 1 g plus 2.5 mL pre-cooled PBS-0.25 mM sucrose buffer. The homogenates were then centrifuged at 11,000 rpm for 15 min at 4°C, and after repeated centrifugation of the supernatants, the supernatant was centrifuged at 75,600 × g at 4°C for 2 h. Next, the precipitations were mixed with pre-cooled PBS buffer in a 1:3 ratio to obtain RLM. Finally, a BCA protein assay kit (Thermo Scientific) was used to determine the protein concentration. Absorbance was measured at 562 nm, and the results showed that the average concentration was 17.58 ± 0.63 mg/mL.
2.4 Enzyme reaction system
To determine the enzymatic kinetic parameter (the Michaelis constant, Km) of lenvatinib in RLM and HLM, we established a 200 μL enzyme reaction system, which included 2–100 μM lenvatinib, 0.3 mg/mL RLM or HLM, 0.1 M Tris-HCl, and 1 mM NADPH. In this study, the Km of specific CYP isoform probes, including melatonin (CYP1A2), bupropion (CYP2B6) and midazolam (CYP3A4), were determined by a mixed method. The mixed probe substrates were added to an incubation mixture containing 0.3 mg/mL RLM, 0.1 M PBS, and 1 mM NADPH. First, the mixture without NADPH was pre-incubated at 37°C for 5 min, and then 10 μL NADPH was added to start the reaction. After incubation for 30 min, the samples were immediately freezed to −80°C to terminate the reaction. About 20 min later, 300 μL acetonitrile and 10 μL regorafenib (200 ng/mL) as IS were added to precipitate the protein. When the samples were fully vortexed for 2 min and completely mixed, the mixture was centrifuged for 10 min at 13,000 rpm. In the end, each supernatant was detected and analyzed by UPLC-MS/MS.
To explore the ability of three flavonoids to inhibit lenvatinib metabolism in vitro, we measured the half-maximal inhibitory concentration (IC50) of luteolin, myricetin, and fisetin, respectively. The 200 μL incubation system consisted of Tris-HCl (0.1 M), RLM or HLM (0.3 mg/mL), NADPH (1 mM), lenvatinib (23.5 μM in RLM or 16.9 μM in HLM) and three flavonoids (0, 0.01, 0.1, 1, 10, 25, 50 and 100 μM). To evaluate the effects of three flavonoids on CYP1A2, CYP2B6 and CYP3A4 activity in RLM, the specific CYP isoform probe mixture was incubated with a single inhibitor and the specific CYP isoform probe was used at a concentration equal to or slightly below its corresponding Km value (Dinger et al., 2014). A similar incubation system was established including PBS (0.1 M), RLM (0.3 mg/mL), NADPH (1 mM), mixed probes (30.0 μM melatonin, 8.0 μM bupropion and 1.5 μM midazolam) and three flavonoids (0, 0.01, 0.1, 1, 10, 25, 50 and 100 μM). Subsequently, on the basis of the IC50 values and the data from animal experiments, we deeply studied the potential mechanism of interaction between lenvatinib and luteolin. In the 200 μL mixture, the concentration of lenvatinib was set to 5.88, 11.75, 23.50, 47.00 μM in RLM and 4.23, 8.45, 16.90, 33.80 μM in HLM (according to the corresponding Km value), and the concentration of luteolin was 0, 2.94, 5.89, 11.77 μM in RLM and 0, 3.44, 6.87, 13.74 μM in HLM (according to the corresponding IC50 value). Finally, the samples were processed as mentioned above.
2.5 Metabolic stability
Using the UPLC-MS/MS technique, metabolic stability tests were carried out to monitor any discernible drop in lenvatinib concentration in the RLM matrix (Shang et al., 2021). 1.0 μM lenvatinib was incubated with 0.3 mg/mL RLM and 1 mM NADPH in 0.1 M Tris-HCl buffer until a final volume of 0.2 mL was reached. NADPH was introduced following a 5 min pre-incubation period, and the reaction was stopped at various intervals of 0, 5, 10, 45, 60, and 90 min. Similarly, three flavonoids were added to the above incubation system to study the effects of the three flavonoids on the metabolic stability of lenvatinib. The post-treatment method was same as the above enzyme reaction. The metabolic stability curve for lenvatinib was constructed from the obtained data.
2.6 Animal experiments
In this study, healthy male Sprague-Dawley rats (200 ± 10 g) were obtained from the Animal Experimental Center of the First Affiliated Hospital of Wenzhou Medical University (Zhejiang, China). Experiment animals were cared as required by the National Research Council Guidelines for the Care and Use of Laboratory Animals. Moreover, the research protocol was in accordance with the ARRIVE guidelines and was approved by the Experimental Animal Ethics Committee of the First Affiliated Hospital of Wenzhou Medical University (Ethics approval number: WYYY-IACUC-AEC-2024–014).
Fifteen SD rats were randomly divided into three groups (n = 5): Group A, lenvatinib (1.2 mg/kg, p. o.) (Cui et al., 2021); Group B, lenvatinib (1.2 mg/kg, p. o.) + luteolin (30 mg/kg, p. o.) (Chen et al., 2010); Group C, lenvatinib (1.2 mg/kg, p. o.) + myricetin (50 mg/kg, p. o.) (Lan et al., 2017). Three drugs were suspended in 0.5% carboxymethylcellulose sodium salt (CMC-Na) solution, respectively, prepared when used. Before the formal experiment, SD rats fasted for 12 h to avoid the effect of food intake on drug absorption, but were free to drink water. At the beginning of the experiment, group A was given equal volumes of 0.5% CMC-Na solution, while group B and C were received luteolin and myricetin, respectively. After 30 min, all three groups were gavaged with a single dose of 1.2 mg/kg lenvatinib. At 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h after lenvatinib administration, blood samples were collected from the tail vein into a 1.5 mL EP tube treated with heparin, respectively. The 50 μL plasma supernatant was precisely extracted and put into a new 1.5 mL EP tube after centrifugation at 8,000 rpm for 10 min. 150 μL acetonitrile and 10 μL IS working solution (200 ng/mL) were added and fully vortexed, then centrifuged for 10 min at 13,000 rpm. Finally, the liquid supernatant was taken to UPLC-MS/MS to detect the concentration of the analytes.
2.7 Statistical analysis
The experimental data were expressed as mean ± standard deviation (mean ± S.D.). Through GraphPad Prism 9.5 software, the Michaelis-Menten curves of lenvatinb in RLM and HLM were drawn based on the Michaelis-Menten analysis curve fitting program in nonlinear regression analysis, and the log(inhibitor) vs normalized response mode was applied to acquire the corresponding IC50 curve diagram. The Lineweaver-Burk plot was got by the Lineweaver-Burk double reciprocal mode, and its subsidiary plot was drawn on the slope (Km/Vmax vs. inhibitor concentration) and y-intercept (1/Vmax vs. inhibitor concentration) of the drawn line. Besides, the mean plasma concentration-time curve of lenvatinib was plotted based on the pharmacokinetic data. Drug and Statistics (DAS) software (version 3.0 software, Mathematical Pharmacology Professional Committee of China, Shanghai, China) with non-compartment model analyzes was used to obtain the corresponding pharmacokinetic parameters. SPSS (version 24.0; SPSS Inc., Chicago, IL, United States of America) with one-way ANOVA was used to compare the difference between the combination and the single group, respectively. p < 0.05, it was considered statistically significant.
3 RESULTS
3.1 UPLC-MS/MS method for the determination of lenvatinib and M1
The chromatograms in Figure 1 showed that within 2 min of elution time, the retention times of lenvatinib, M1, and IS were 1.16 min, 1.17 min, and 1.49 min, respectively, could be well separated without interference from endogenous substances. Furthermore, lenvatinib and M1 had good linear relationships in the range of 2–500 ng/mL and 2–20 ng/mL, respectively, both with correlation coefficients greater than 0.99. The lower limit of quantification (LLOQ) of lenvatinib and its main metabolite was 2 ng/mL.
[image: Three chromatograms labeled A, B, and C, showing mass spectrometry data. Each has three overlapping channels with different colors: pink, green, and turquoise. The x-axis represents retention time in minutes, while the y-axis shows relative intensity. Chromatogram A shows minimal peaks, B has a prominent peak near 1.2 minutes, and C also has minimal peaks. Each channel lists a specific mass-to-charge ratio, indicating the monitored ion.]FIGURE 1 | UPLC-MS/MS chromatograms of lenvatinib, M1 and regorafenib (IS). (A) Blank rat plasma. (B) Blank rat plasma added with analytes at LLOQ. (C) Rat plasma samples from animal experiments.
3.2 Luteolin and myricetin both have strong inhibitory effects on the metabolism of lenvatinib in vitro
According to Figure 2, in RLM, the IC50 of luteolin, myricetin, and fisetin to inhibit the metabolism of lenvatinib were 11.36 ± 0.46 µM, 11.21 ± 0.81 µM, and 21.75 ± 0.86 µM, respectively, which showed that luteolin and myricetin can mightily reduce the metabolic activity of lenvatinib. Additionally, in HLM, the IC50 values of luteolin, myricetin, and fisetin were 6.89 ± 0.43 µM, 12.32 ± 1.21 µM, and 21.22 ± 0.93 µM, respectively, in which the inhibition rate of luteolin was significantly higher than in RLM.
[image: Six charts labeled A to F show the inhibitory effects of three compounds—Luteolin, Myricetin, and Biochanin A—on rat liver microsomes (RLM) and human liver microsomes (HLM). Each chart plots control activity percentage against the logarithmic concentration (x-axis) of each compound. Each plot includes a curve fitting the data points with corresponding IC50 values: (A) RLM Luteolin, IC50 = 11.3 ± 0.6 µM, (B) RLM Myricetin, IC50 = 11.2 ± 0.8 µM, (C) RLM Biochanin A, IC50 = 27.5 ± 0.9 µM, (D) HLM Luteolin, IC50 = 6.9 ± 0.4 µM, (E) HLM Myricetin, IC50 = 12.2 ± 1.2 µM, (F) HLM Biochanin A, IC50 = 21.2 ± 0.9 µM.]FIGURE 2 | Inhibitory potency of three kinds of hepatoprotective TCM on lenvatinib metabolism in vitro. (A–C) The half-maximal inhibitory concentration (IC50) of luteolin (A), myricetin (B) and fisetin (C) in RLM, respectively. (D–F) The IC50 curve diagram of luteolin (D), myricetin (E) and fisetin (F) in HLM. Data are presented as the mean ± S.D.
3.3 Effects of three flavonoids on CYP1A2, CYP2B6, and CYP3A4 activity in RLM
The Km values of the three specific CYP isoform probes (melatonin, bupropion and midazolam) were determined by the mixed method to be 32.39 ± 0.58 μM, 8.30 ± 0.52 μM and 1.90 ± 0.13 μM, respectively. The IC50 values of three flavonoids were determined according to the mixed Km values, as shown in Figure 3 and Table 2. When the concentration of luteolin was 100 μM, it showed strong inhibition on CYP1A2, where the activity of the enzyme was inhibited by 96.89% ± 0.23%. In addition, luteolin demonstrated moderate inhibition on CYP2B6 and weak inhibition on CYP3A4. Similar inhibition degree of myricetin was observed on CYP1A2 (IC50 = 5.61 ± 0.25 µM) and CYP3A4 (IC50 = 5.11 ± 0.11 µM), while it exhibited an IC50 value of >20 µM on CYP2B6. The degree of inhibition of fisetin on CYP1A2 and CYP2B6 were similar to that of myricetin, and it showed weak inhibition on CYP3A4.
[image: Three line graphs labeled A, B, and C show the inhibitory effects of different compounds on enzyme activities (CYP1A2, CYP2B6, CYP3A4) with varying concentrations. Each graph plots relative activity against the logarithm of compound concentration. CYP1A2 is in blue, CYP2B6 in green, and CYP3A4 in orange. Graph A uses lapatinib, B uses lapatinib metabolite M1, and C uses lapatinib metabolite M2. All show a decrease in activity with increasing concentration.]FIGURE 3 | Effects of three flavonoids on CYP1A2, CYP2B6 and CYP3A4 activity in RLM. The half-maximal inhibitory concentration (IC50) of luteolin (A), myricetin (B) and fisetin (C).
TABLE 2 | Enzymatic kinetic parameters (Km and IC50) for CYP1A2, CYP2B6 and CYP3A4 of three flavonoids in RLM.
[image: A table comparing enzymes with their kinetic parameters. It lists the K<sub>m</sub> values and IC<sub>50</sub> values for luteolin, myricetin, and fisetin across enzymes CYP1A2, CYP2B6, and CYP3A4. CYP1A2 has a K<sub>m</sub> of 32.39 ± 0.58 μM, IC<sub>50</sub> of luteolin 0.81 ± 0.07 μM, IC<sub>50</sub> of myricetin 5.61 ± 0.25 μM, and IC<sub>50</sub> of fisetin 5.89 ± 0.13 μM. CYP2B6 has a K<sub>m</sub> of 8.30 ± 0.52 μM, luteolin 18.92 ± 1.33 μM, myricetin 25.61 ± 1.73 μM, fisetin 29.42 ± 1.36 μM. CYP3A4 has a K<sub>m</sub> of 1.90 ± 0.13 μM, luteolin 49.43 ± 2.45 μM, myricetin 5.11 ± 0.11 μM, fisetin 74.24 ± 2.16 μM.]3.4 Metabolic stability
The relative content of lenvatinib in the RLM matrix was calculated after stopping the metabolic reaction at different time periods. The relative content was equal to the percentage of the remaining lenvatinib relative to zero time (representing 100%). As shown in Figure 4, the natural logarithm of the percentage of remaining lenvatinib and incubation time were linearly regression, then the slope k was obtained. The in vitro half-life (t1/2) was obtained using the equation: t1/2 = 0.693/k; V (mL/mg) = volume of incubation (Kaci et al., 2023)/protein in the incubation (Rumgay et al., 2022); intrinsic clearance (CLint) (mL/min/mg protein) = V × 0.693/t1/2. In RLM, the t1/2 of lenvatinib was 1018.12 ± 93.22 min, and CLint was 0.0023 ± 0.0002 mL/min/mg. The metabolic stability results of three flavonoids co-incubated with lenvatinib, including t1/2 and clearance were shown in Table 3. The results suggested that under the action of three flavonoids, metabolism of lenvatinib slowed down and CLint decreased in vitro, which verified the results of pharmacokinetic experiments.
[image: Line graph showing the effect of Lenvatinib combined with Luteolin, Myricetin, and Fisetin on the fluorescence quenching of key sera over time. Lenvatinib (blue) shows the slowest decline, followed by Luteolin (red), Myricetin (green), and Fisetin (purple). Time is on the x-axis, and fluorescence intensity is on the y-axis.]FIGURE 4 | Linear part of the metabolic stability curve of lenvatinib and three flavonoids; n = 3.
TABLE 3 | Linear regression equation for the linear portion of t1/2 and CLint in the presence or absence of three flavonoids.
[image: Table displaying data on different groups. Columns include Groups, Linear Regression Equation, \( t_{\frac{1}{2}} \), and \( CL_{int} \) in milliliters per minute per milligram. Four groups are listed: Lenvatinib, Lenvatinib with Luteolin, Lenvatinib with Myricetin, and Lenvatinib with Fisetin. Each group has unique values for the linear regression equation, \( t_{\frac{1}{2}} \), and \( CL_{int} \), showing variations in pharmacokinetic parameters.]3.5 Luteolin increased the drug exposure of lenvatinib in SD rats
The mean plasma concentration-time curves of lenvatinib in different groups were shown in Figure 5. The results indicated that the combination of luteolin with lenvatinib increased plasma exposure to lenvatinib, and from the results of the main pharmacokinetic parameters in Table 4, luteolin could rise the AUC(0-t) and AUC(0-∞) of lenvatinib by 0.81 and 1.18 times, respectively, while also reducing the elimination rate of lenvatinib by 0.49-fold, thus increasing the accumulation or prolonging the residence time of the drug in SD rats. However, there was no significant difference when lenvatinib and myricetin were administered together compared to single-use.
[image: Line graph showing the concentration of Lenvatinib over 25 hours. Three lines represent Lenvatinib alone (black), with Luteolin (red), and with Myricetin (blue). All lines peak around 5 hours, with combinations leading to higher peaks. Concentrations decrease after peaking. Error bars indicate variability.]FIGURE 5 | Mean plasma concentration-time curve of lenvatinib in three groups. Data are presented as the mean ± S.D.; n = 5.
TABLE 4 | Main pharmacokinetic parameters of lenvatinib in three groups (n = 5).
[image: Pharmacokinetic data table comparing Lenvatinib alone, with luteolin, and with myricetin. Parameters include AUC(0-t) and AUC(0-∞) in ng/mL*hr, t1/2zz in hours, Tmax in hours, CLz/F in L/hr/kg, and Cmax in ng/mL. Lenvatinib with luteolin shows higher AUC values and lower CLz/F than Lenvatinib alone or with myricetin, indicating significant differences. Notes explain abbreviations and statistical significance (*p < 0.05, **p < 0.01).]3.6 Luteolin inhibited lenvatinib metabolism by different mechanisms in RLM and HLM
The Michaelis-Menten constant Km of lenvatinib was 23.5 ± 2.17 µM in RLM, while Km was 16.9 ± 2.42 µM in HLM. Interestingly, Figure 6 showed the different mechanism types of luteolin inhibiting lenvatinib metabolism in RLM and HLM. Luteolin was an un-competitive inhibition in RLM, with a αKi = 55.44 ± 17.73 µM, while in HLM, it presented a mixed type of non-competitive and competitive inhibition, with Ki = 14.35 ± 4.85 μM and αKi = 19.27 ± 4.16 μM, respectively.
[image: Two panels depicting enzyme kinetics. Panel A shows RLM results with Lineweaver-Burk plots and graphs of relative parameters versus loratadine concentration; the Kᵢ is -55.44. Panel B presents HLM data similarly; Kᵢ values are 13.57 and 18.27. Color-coded lines represent different inhibitor concentrations.]FIGURE 6 | Potential inhibitory mechanism of luteolin on lenvatinib. (A) Lineweaver-Burk double reciprocal plot and its secondary plot for αKi of luteolin inhibiting lenvatinib metabolism in RLM. (B) Lineweaver-Burk double reciprocal plot, its secondary plot for αKi, and its secondary plot for Ki of luteolin inhibiting lenvatinib metabolism in HLM. Data are presented as the mean ± S.D.; n = 3.
4 DISCUSSION
HCC is one of the most common malignancies worldwide and the leading cause of cancer-related death (Vogel et al., 2022). Its prognosis is poor and the mortality rate (830,000 deaths per year) is almost similar to the worldwide incidence (Mazzanti et al., 2016; McGlynn et al., 2021; Siegel et al., 2022). Lenvatinib is a multi-target TKI with anti-VEGFR 1–3, FGFR 1–4, PDGF, and KIT (Tohyama et al., 2014). According to a Phase III REFLECT study (Kudo et al., 2018), lenvatinib treatment is not inferior to sorafenib, which is the first first-line targeted drug approved for the treatment of HCC (Galle et al., 2021). In addition, EMA and FDA have now also approved lenvatinib for the first-line treatment of HCC (Vogel et al., 2021). However, lenvatinib generally appears with hepatotoxicity, palmar-plantar erythrodysesthesia syndrome, proteinuria, and other adverse reactions during treatment (Furuse et al., 2023). To greatly improve the overall survival rate of patients, the combination of drugs with hepatoprotective agents is necessary.
The anti-tumor effect of TCM has been widely recognized (Zhao et al., 2023), which exhibit lower toxic side effects than chemotherapy drugs, and are usually taken as food additives or dietary supplements, greatly improves the possibility of interaction between TCM and drugs (Kotwal et al., 2020). Among them, flavonoids commonly found in our daily life have anti-oxidation, anti-cancer, liver protection, and other biological activities (Li et al., 2018). In this study, we systematically chose luteolin, myricetin, and fisetin, to explore their impacts on lenvatinib metabolism both in vitro and in vivo.
Results of the in vitro experiment showed that one of the enzyme kinetic parameters, Km, in RLM was 23.5 µM, while the Km value in HLM was 16.9 µM, which was 28.1% lower than in RLM. This was mainly due to the fact that CYP3A4 is widely expressed in HLM, while the CYP2C subfamily is its main enzyme in RLM (Rendic and Di Carlo, 1997; Indra et al., 2019), so there was a stronger affinity between lenvatinib and HLM. In RLM, the IC50 of luteolin, myricetin, and fisetin for lenvatinib was 11.36 ± 0.46 µM, 11.21 ± 0.81 µM, and 21.75 ± 0.86 µM, respectively. Among them, both luteolin and myricetin had potentially inhibitory effects on lenvatinib metabolism. At the same time, the results of our study on the inhibition degree of three flavonoids on specific CYP isoform probes (CYP1A2, 2B6 and 3A4) also confirmed that luteolin and myricetin were potential inhibitors of CYP1A2. In RLM, when the inhibitory concentration was 100 μM, the inhibitory rates of luteolin, myricetin and fisetin on CYP1A2 were 96.89% ± 0.23%、98.12% ± 0.19% and 93.56% ± 0.22%, respectively. Besides, the IC50 values of luteolin, myricetin, and fisetin in HLM were 6.89 ± 0.43 µM, 12.32 ± 1.21 µM, and 21.22 ± 0.93 µM, respectively. Particularly, luteolin may be more likely to increase the risk of adverse reactions of lenvatinib in humans than in SD rats.
In vivo experiments, when luteolin was combined with lenvatinib, the results were in agreement with the conclusions in vitro and can observably increase the AUC(0-t) and AUC(0-∞) of lenvatinib by 0.81-fold and 1.18-fold in SD rats, respectively. However, it is slightly less likely to expand toxic side effects than ketoconazole or isavuconazole, which can improve plasma exposure to lenvatinib by 3.01-times or 50.20% (Xia et al., 2023). Nevertheless, the pharmacokinetic parameters of lenvatinib did not change when myricetin and lenvatinib were administered together, which may be due to the poor stability of myricetin in the gastrointestinal tract, and eventually reduce its bioavailability and validity (Xiang et al., 2017). Previous studies had shown that the low absolute bioavailability of myricetin in rats (less than 10%) was attributed to its poor water solubility, which may also be the reason why myricetin had no inhibitory effect on lenvatinib in rats (Hong et al., 2014).
The enzyme responsible for lenvatinib O-demethylation are CYP1A1, 1A2, 2B6, and 3A4 (Vavrová et al., 2022). Furafylline (CYP1A2 selective inhibitor) had a 37% inhibitory effect on the formation of O-desmethyl lenvatinib, which is consistent with the study of Liu et al. (Vavrová et al., 2022; Liu et al., 2023). In previous studies, flavonoids were shown to have strong inhibitory effects on CYP2C8 and CYP1A2 (Kaci et al., 2023). This was also confirmed in our experiment, where the IC50 values of the three flavonoids against CYP1A2 were all <10 μM. Luteolin is a potent CYP1A1 inhibitor and has been reported to inhibit CYP1A2 in vitro with IC50 values < 10 μM (Cao et al., 2017; Shi et al., 2024). Myricetin has been shown to inhibit CYP3A4 and CYP3A2 in RLM and HLM (Lou et al., 2019). In one study, myricetin inhibited tofacitinib non-competitively in both RLM and HLM, with IC50 values of 9.27 μM and 2.35 μM, respectively (Ye et al., 2024), consistent with in vitro results from our experiment. In vitro metabolic stability experiments also revealed that luteolin and myricetin had inhibitory effects on lenvatinib metabolism, and the clearance was decreased to a similar degree.
5 CONCLUSION
Lenvatinib may have the possibility to be combined with flavonoids, especially luteolin, that can stratify the efficacy of lenvatinib. Thus, when using lenvatinib and flavonoids together in clinical practice, special attention should be paid to avoiding the interaction with luteolin.
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Background: L-Leucovorin (l-LV; 5-formyltetrahydrofolate, folinic acid) is a precursor for 5,10-methylenetetrahydrofolate (5,10-CH2-THF), which is important for the potentiation of the antitumor activity of 5-fluorouracil (5FU). LV is also used to rescue antifolate toxicity. LV is commonly administered as a racemic mixture of its l-LV and d-LV stereoisomers. We compared dl-LV with l-LV and investigated whether d-LV would interfere with the activity of l-LV.Methods: Using radioactive substrates, we characterized the transport properties of l-LV and d-LV, and compared the efficacy of l-LV with d-LV to potentiate 5FU-mediated thymidylate synthase (TS) inhibition. Using proliferation assays, we investigated their potential to protect cancer cells from cytotoxicity of the antifolates methotrexate, pemetrexed (Alimta), raltitrexed (Tomudex) and pralatrexate (Folotyn).Results: l-LV displayed an 8-fold and 3.5-fold higher substrate affinity than d-LV for the reduced folate carrier (RFC/SLC19A1) and proton coupled folate transporter (PCFT/SLC46A1), respectively. In selected colon cancer cell lines, the greatest enhanced efficacy of 5FU was observed for l-LV (2-fold) followed by the racemic mixture, whereas d-LV was ineffective. The cytotoxicity of antifolates in lymphoma and various solid tumor cell lines could be protected very efficiently by l-LV but not by d-LV. This protective effect of l-LV was dependent on cellular RFC expression as corroborated in RFC/PCFT-knockout and RFC/PCFT-transfected cells. Assessment of TS activity in situ showed that TS inhibition by 5FU could be enhanced by l-LV and dl-LV and only partially by d-LV. However, protection from inhibition by various antifolates was solely achieved by l-LV and dl-LV.Conclusion: In general l-LV acts similar to the dl-LV formulations, however disparate effects were observed when d-LV and l-LV were used in combination, conceivably by d-LV affecting (anti)folate transport and intracellular metabolism.Keywords: leucovorin stereo-isomers, l-leucovorin, thymidylate synthase, 5-fluorouracil, antifolates, pemetrexed

1 INTRODUCTION
L-Leucovorin (l-LV; 5-formyltetrahydrofolate; (6S)-leucovorin) is a precursor for natural reduced folates and is widely used, either in its pure form or in a racemic mixture with d-leucovorin (d-LV; (6R)-leucovorin), in combination treatment of colorectal cancer with 5-fluorouracil (5FU) (Thirion et al., 2004; Van Cutsem et al., 2011; Van Cutsem et al., 2016; Yoshino et al., 2018; Glimelius et al., 2021). As the active isomer, l-LV has partially replaced the use of the racemic mixture of d- and l-LV in a number of treatment schedules for colorectal cancer (Kovoor et al., 2009; Baumgaertner et al., 2010; Danenberg et al., 2016). L-LV may also be used as rescue regimen for the treatment with methotrexate (MTX), an antifolate drug which, in a high-dose regimen is widely used for the treatment of leukemia and osteosarcoma (Walling, 2006). Because of the shortage of chemotherapeutics, including dl-LV, interests in alternatives including l-LV (marketed as Fusilev®/levoleucovorin) has renewed research regarding its optimal administration in the treatment of these malignancies (Kovoor et al., 2009; Fujii et al., 2011; Chuang and Suno, 2012; Hayes et al., 2014; Danenberg et al., 2016). Although it was also suggested that the oxidized folic acid might replace LV, folic acid does not modulate 5FU activity (Asbury et al., 1987). L-LV enhances the antitumor activity of 5FU by increasing and prolonging the inhibition of thymidylate synthase (TS) (Peters et al., 2002; Danenberg et al., 2016). TS is inhibited by 5FU via its metabolite 5-fluoro-2′-deoxy-5′-uridinemonophosphate (FdUMP) (Peters et al., 2002; Longley et al., 2003) which, in the absence of reduced folate cofactors, forms an unstable binary covalent complex with TS. Upon administration of l-LV, a stable ternary covalent complex will be formed with the l-LV metabolite 5,10-methylenetetrahydrofolate (5,10-CH2-THF). In contrast to the binary complex, this ternary complex is very stable and inhibition of TS in patients will be retained for several days; the duration of this TS inhibition is dependent on the biochemical properties/expression dynamics of TS of individual patients (Peters et al., 2002). In fact, treatment with either a conventional bolus of 5FU or with a continuous infusion (either 1 week or longer) can induce the expression of TS up to 3-5-fold (Peters et al., 1993; Codacci-Pisanelli et al., 1995). Notably, pre- and simultaneous treatment with LV, as well as a high dose 5FU (with uridine protection) can abolish the induction of TS (Codacci-Pisanelli et al., 1997; Codacci-Pisanelli et al., 2002; Peters et al., 2002). This can partially be explained by the findings of Chu et al. (1991), who originally discovered an autoregulatory loop in which binding of thymidylate synthase protein to its own mRNA regulates its translation, while 5,10-CH2-THF relieves this effect. However, Kitchens et al. (1999) postulated that 5FU treatment leads to a FdUMP-mediated stabilization of the TS protein, leading to 5FU resistance. Previously we also observed in patients that 5FU induced increased TS protein and enzyme activity levels, but not TS mRNA, while LV treatment prevented the increase in TS levels (Peters et al., 2002). Apparently, a high-dose of 5FU has a similar effect. The FOLFOX and FOLFIRI schedules combine the advantages of both a high bolus dose and an infusion of 1–2 days at a relatively high dose (Van Cutsem et al., 2016; Glimelius et al., 2021).
In addition to the potentiation of 5FU-mediated TS inhibition, LV can also protect cells against the toxicity of antifolates (Walling, 2006) such as the dihydrofolate reductase (DHFR) inhibitors methotrexate (MTX) (Bertino, 1993), PLX (Folotyn) (Azzoli et al., 2007) and other antifolates such as the folate-based TS inhibitors pemetrexed (PMX, ALIMTA) and raltitrexed (RTX, Tomudex) (Figure 1). PMX is registered for the treatment of non-squamous non-small cell lung cancer (NSCLC) (Gridelli et al., 2010) and malignant pleural mesothelioma (MPM); it is usually given in combination with a platinum drug, either cisplatin or carboplatin (Vogelzang et al., 2003; Galvani et al., 2011). RTX is registered for the treatment of colon cancer, but has never become a standard treatment option (Van Cutsem et al., 2002; Batra et al., 2021). PLX is registered for the treatment of peripheral T-cell lymphoma (PTCL) and diffuse B-cell lymphoma (DBCL) (Azzoli et al., 2007; O’Connor et al., 2011; Peters et al., 2020). Although other natural folates such as folic acid and 5-methyltetrahydrofolate (5-CH3-THF) can also protect cells from antifolate cytotoxicity (Dudman et al., 1982; Reggev and Djerassi, 1986; Westerhof et al., 1995a), LV is much more stable than 5-CH3-THF and the activity of l-LV is instantaneous and more effective, and lower concentrations are required. This prompt effect is partly due to the efficient uptake into cells predominantly mediated by the reduced folate carrier (RFC/SLC19A1) (Matherly and Hou, 2008; Zhao et al., 2009; Gonen and Assaraf, 2012; Frigerio et al., 2019). In contrast, in cancer cells, folic acid is preferentially taken up by a folate receptor (FR) which has a high affinity, but a low capacity (Nutt et al., 2010; Assaraf et al., 2014), while intestinal uptake is predominantly mediated by the proton-coupled folate transporter (PCFT/SLC46A1) (Zhao et al., 2008; Zhao et al., 2009; Matherly et al., 2018). Based on these features, LV is used to prevent the side effects of MTX treatment in cancer patients. LV is usually given 24 h after treatment with high-dose MTX when drug levels are higher than 1 µM (Relling et al., 1994).
[image: Diagram showing the movement of molecules across cell membranes, illustrating the pathways of PMX, PLX, and RTX through RFC and PCFT transporters. Within the cell, PMX, PLX, and RTX interact with various enzymes, including FPGS, DHFR, and TS, affecting the conversion between dUMP and dTMP, and involving intermediates like FdUMP. FA and 5FU are also depicted entering through transporters.]FIGURE 1 | Schematic overview of folate transporters in cancer cells and the mechanism of action of the antifolates pralatrexate (PLX), pemetrexed (PMX), and raltitrexed (RTX). PCFT, at the optimal pH of 5.5, is the major transporter for PMX, RTX is primarily transported by the RFC, and FA by FRα. FA and l-LV may also be transported by PCFT, especially in the gut. Intracellularly all (anti) folates (including l-LV and PLX, not depicted) are metabolized via polyglutamylation; the polyglutamylated forms of the antifolates PMX and RTX can (more potently) inhibit DHFR and/or TS, while FA and l-LV enter the folate cycle. L-LV is metabolized to 5,10-methylene-tetrahydrofolate (5,10-CH2-FH4). After cellular uptake 5FU is metabolized via several steps to FdUMP, which is a suicide inhibitor of TS by forming a ternary complex with TS and 5,10-CH2-FH4.
LV is widely used in the treatment of colon cancer in regimens such as the weekly and monthly 5FU-LV regimens (Roswell Park and Mayo regimens, respectively) (Piedbois et al., 1992; Thirion et al., 2004; Van Cutsem et al., 2016), but currently mostly in combination with oxaliplatin or irinotecan in the FOLFOX and FOLFIRI regimens, respectively (Rougier and Lepère, 2005; Van Cutsem et al., 2016). In pancreatic cancer, FOLFIRINOX (a combination of FOLFOX and FOLFIRI) is an active regimen, although at the expense of increased toxicity (Conroy et al., 2011; Caparello et al., 2016). Most of these combinations have been investigated and optimized for the racemic mixture of d- and l-LV. Despite decades of research on folate metabolism, a number of questions remain to be addressed regarding the action of l-LV and the interaction with these drugs. This is, among other factors, due to the fact that novel transporters (e.g., PCFT, and efflux pumps such as the ABC transporters MRP1-5 and BCRP) have been recognized to play a role in influx and efflux of both natural folates and antifolates (Hooijberg et al., 1999; Hooijberg et al., 2004; Shafran et al., 2005; Assaraf, 2006; Lemos et al., 2009; Gonen and Assaraf, 2012; Matherly et al., 2018; Hooijberg et al., 2014).
Although d-LV may be taken up into cells via the normal folate transport systems albeit at a lower efficiency than l-LV, and is not metabolized or less efficiently than l-LV, it has been reported to interfere with the pharmacokinetics of l-LV (Sirotnak et al., 1979; Zittoun et al., 1993) and may have some antitumor effect by itself (Carlsson et al., 1995). Following some discussions on drug shortage (Chuang and Suno, 2012) it was suggested that l-LV could be replaced by folic acid, the oxidized form of folate, despite early studies showing that it is ineffective in modulation of 5FU (Asbury et al., 1987). However, intestinal uptake of folic acid is predominantly mediated by PCFT and to a lesser extent by FR (Matherly and Hou, 2008; Zhao et al., 2008; Nutt et al., 2010). Subsequently it needs to be activated by DHFR to produce the active reduced folate forms dihydrofolate (DHF) and tetrahydrofolate (THF). DHFR in humans has a markedly lower capacity (50-fold) to convert folic acid to DHF and THF then in widely used animal model systems such as the mouse (Bailey and Ayling, 2009). In humans, this will limit its metabolism and lead to a larger fraction of unmetabolized folic acid in the circulation of patients receiving high doses of folic acid (>1 mg per day) (Maruvada et al., 2020). Based on these considerations we investigated the uptake, metabolism and efflux of l-LV in relevant model systems, the potential interaction with d-LV, and the impact of these LV formulations on the sensitivity to several antifolates and 5FU.
2 METHODS
2.1 Materials
RPMI-1640 medium without folic acid (LF) was purchased from Invitrogen. Standard RPMI-1640 medium and DMEM medium, trypsin/EDTA (170,000 Units trypsin/L; 200 mg EDTA/L), Fetal Bovine Serum, dialyzed Fetal Bovine Serum, penicillin/streptomycin (100,000 IU/mL) and Hank’s Balanced Salt Solution (HBSS) were purchased from Lonza (Lonza, Geleen, Netherlands). Cell culture flasks were purchased from Greiner Bio one (Alphen aan de Rijn, Netherlands). L-LV (Fusilev®) and pralatrexate (Folotyn®) were gifts from Spectrum Pharmaceuticals (currently licensed to Acrotech, East Windsor, NJ, United States). d-LV, dl-LV, 5-FU and sulforhodamine B (SRB) were purchased from Sigma-Aldrich (Amsterdam, the Netherlands). Pemetrexed was a gift from Eli Lilly and Company (Indianapolis, IN, United States), and Raltitrexed from Astra-Zeneca (Cambridge, United Kingdom). The antifolates were dissolved in 150 mM NaHCO3 to stock solutions of 10 mM and stored at −20°C until use. Drug dilutions were made in medium prior to experiments. Trizol and RT-qPCR kit were from Invitrogen/Thermo Fisher Scientific (Bleiswijk, the Netherlands). Radioactive compounds, [3′,5′,7,9-3H(N)]-(6S)-Leucovorin (25 Ci/mmol), [3′,5′,7,9-3H]-folic acid, diammonium salt (21.0 Ci/mmol) and [5-3H(N)]-2′-deoxycytidine (25 Ci/mmol) were obtained from Moravek Biochemicals (Brea, CA, United States).
2.2 Model systems
In order to investigate the role of l-LV in the potentiation of 5FU we employed a panel of colon cancer cell lines, previously characterized for their sensitivity to 5FU and modulation by l-LV or dl-LV (Van Triest et al., 1999). We selected cell lines based on their variation in 5FU sensitivity, while we added cell lines which were adapted to grow under low folate concentrations, hence better representing the physiological folate environment (Lemos et al., 2008; Lemos et al., 2009). In order to investigate the role of various transporters in the uptake of l-LV and antifolates and their role in protection against cytotoxicity of several antifolates we used several cell lines, either deficient in one of the transporters or having an overexpression of one of the transporters, as well as mesothelioma and NSCLC cell lines previously characterized for their sensitivity to antifolates (Backus et al., 2000; Giovannetti et al., 2008; Giovannetti et al., 2017) (Table 1).
TABLE 1 | Characteristics of cell lines.
[image: A table listing various cell lines, their sources, medium, serum types, and remarks. Examples include WiDr from colon cancer using RPMI 1640 medium with 10% FBS, and others like NCI-H28 from malignant pleural mesothelioma using the same medium with different remarks. Additional details and sources are provided at the bottom of the table.]2.3 Cell culture
Most culture conditions are described in the papers cited in the legend of Table 1. Briefly, solid tumor cell lines were maintained as monolayer cultures either in DMEM (containing 2 mM L-glutamine and a supra-physiological concentration of 8.8 µM folic acid), RPMI-1640 (containing 2.3 μM supra-physiological folic acid (FA) and 2 mM L-glutamine), or RPMI-1640 (without FA, low folate (LF)). Both DMEM and RPMI-1640 (HF) were supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 20 mM Hepes pH 7.4 including 1% penicillin/streptomycin (100, IU/mL). RPMI-1640 LF medium was supplemented with 10% dialysed fetal bovine serum and 20 mM Hepes pH 7.4. Cells originating from the CaCo-2 and WiDr cell lines were adapted to grow in RPMI-1640 LF medium supplemented with 2.5 nM l-LV as a representative for a more physiological environment (Backus et al., 2000; Lemos et al., 2008). Cells were grown in 25 cm2 and 75 cm2 flasks in a 37°C incubator with 5% CO2 and 100% humidity. Cells were harvested with trypsin/EDTA at a point of 80% confluency in their exponential growth.
2.4 Growth inhibition experiments
Growth inhibition of the non-small cell lung cancer (NSCLC), colon cancer and malignant pleural mesothelioma (MPM) cell lines by 5-FU and the modulation by l-LV, d-LV and dl-LV, growth inhibition by PMX, RTX and PLX and the protection by l-LV was determined using the sulforhodamine B (SRB) assay as previously described (Keepers et al., 1991). Briefly, cells were seeded in triplicate in 96-well plates at their pre-established optimal density (CHO cells: 2,500 cells/100 μL; WiDr and HT29: 3,500 cells/100 μL; WiDr-LF/LV, LS174T: 5,000 cells/100 μL; CaCo2, CaCo2-LF/LV, H292, H28 and MSTO-211H: 6,000 cells/100 μL; H460, SW948 and SW1398: 7,000 cells/100 μL) and were allowed to attach for ∼ 24 h at 37°C in 5% CO2 and 100% humidified incubator. Thereafter, 100 μL of drug dilution without LV, or with 5 μM l-LV/5 μM d-LV/10 μM dL-LV (or any LV alone) were added. Cells were allowed to grow for 72 h at 37°C in 5% CO2 and 100% humidity. The t = 0 h control plate consisted of cells plated on the same day as the other cells, but after 24 h at 37°C in 5% CO2 and 100% humidity, only 100 μL medium was added and the cells were fixed immediately with 50% trichloroacetic acid (TCA) in milliQ water (25 μL per well) and put at 4°C for at least 1 h. Plates were washed five times with water and dried. Cells were stained with the SRB protein dye (0.4% (w/v) in 1% acetic acid. Excess dye was washed away four times with 1% acetic acid and plates were dried again. 200 μL of Tris (10 mM Tris (hydroxymethyl)-aminomethane in MQ) was added and optical density (OD) was read at 492 nm after mixing 2–3 min on a plate shaker.
Growth inhibition of lymphoma cells was determined using the tetrazolium (MTT) assay, as described earlier (Peters et al., 2020), including the t = 0 and t = 72 h controls.
2.5 TS in situ inhibition assay (TSIA)
To study the ability of the various LV formulations to modulate drug activity at the molecular target, i.e., TS, the TSIA assay was used (Peters et al., 1999). The principle of this assay is the measurement of TS enzymatic activity in intact cells. Intact cells will readily internalize radioactively labelled [5-3H]-deoxycytidine, which will be rapidly converted by deoxycytidine kinase (dCK) to [5-3H]-dCMP and subsequently deaminated to [5-3H]-dUMP, which will then serve as a substrate in the TS catalysed reaction to dTMP and 3H2O; the quantity of 3H2O formed over time is a measure of intracellular TS activity. We earlier showed that [5-3H]-deoxycytidine performed better than [5-3H]-deoxyuridine, although the latter is a direct substrate for [5-3H]-dUMP (Rots et al., 1999). This is because dCK has a higher, cell cycle independent activity than thymidine kinase 1, which is a cell cycle dependent enzyme. For this purpose, cancer cells were cultured in six wells plates at 2.5 × 105 cells/2 mL/well for 24 h. Thereafter, cells were exposed to drugs with or without the LV formulations at the indicated concentrations for 4 h. 2 h before the end of the incubation period [5-3H]-2′-deoxycytidine (final concentration 1 µM) was added to the cells. A 200 µL sample of the culture medium was taken and the reaction was terminated by addition of TCA (final concentration 5%) and unconverted [5-3H]-deoxycytidine was removed by precipitation with activated charcoal as described earlier (Peters et al., 1999; Rots et al., 1999). 3H2O was measured with liquid scintillation counting. In most cell lines we quantified dCK activity and dCK mRNA levels. Even in cells with a low dCK activity (Van der Wilt et al., 2003), we observed a relatively high tritiated water signal, not dependent on dCK expression. Therefore, we concluded that dCK activity is not rate-limiting for the TSIA assay (Rots et al., 1999; Van der Wilt et al., 1999).
2.6 Receptor binding and transport studies
In order to determine whether the LV isomers were substrates for either folate receptor α (FRα), RFC and/or PCFT, we used model systems with established overexpression of these receptors or transporters (Westerhof et al., 1995a; Westerhof et al., 1995b; Lasry et al., 2008; Van der Heijden et al., 2009).
For FRα we used KB cells (Westerhof et al., 1995b). An intact cell binding assay for competitive binding was performed as described previously (Westerhof et al., 1995a). Briefly, cells were washed with Hanks balanced salt solution and 6 mM glucose (HBSS, pH 7.4), suspended in 1 mL of this solution (1*106 for KB cells) and incubated at 4°C for 15 min with 100 pmol [3H]-folic acid [(3H)-FA], in the presence and absence of unlabelled folic acid or LV stereoisomers. Cells were collected by centrifugation and analysed for radioactivity. Relative affinities for FRα were defined as the inverse ratio of compound to displace 50% of radioactive folic acid from FRα. The relative affinity of folic acid was set at 1.
CEM-7A cells, which display 30-fold RFC overexpression relative to wild-type CCRF-CEM cells, were used to determine the relative affinity for RFC of the various LV formulations in comparison to MTX as a prototypical RFC substrate (Jansen et al., 1990; Westerhof et al., 1995a). CEM-7A cells (2 × 106) were suspended in 1 mL HBSS and the assay was initiated by addition of 25 μL 200 μM [3H]-l-LV; 5,000 pmol (i.e., 5 μM final concentration). Incubations proceeded for 2 min at 37°C in the absence and presence of increasing amounts of unlabelled LV/antifolate drug. Blanks consisted of a separate incubation at 4°C or incubation with 100-fold molar excess of unlabelled l-LV. [3H]-l-LV influx was terminated by adding 9 mL ice-cold HBSS, centrifugation and an additional wash of the cells with 10 mL ice-cold buffer. Cell pellets were then assessed for radioactivity. Relative affinities for RFC are expressed as the concentration of unlabelled drug necessary to inhibit [3H]-l-LV uptake by 50%.
The substrate affinity of PCFT for the various LV formulations was assessed relative to the antifolate substrate Pemetrexed (PMX) in CHO-C5 cells transfected with human PCFT. CHO/C5 cells were genetically modified to be deficient in RFC activity, and do not express PCFT (Lasry et al., 2008). The competitive inhibition by 2.5 μM [3H]-l-LV influx of PCFT was measured essentially as described for the RFC assay, except that the incubation time was 3 min, at pH 5.5 (the optimal pH for PCFT) and pH 7.4 with increasing amounts of unlabelled LV stereoisomers/antifolate drug. For PCFT too, relative affinities were expressed as the concentration of unlabelled drug necessary to inhibit 50% of [3H]-l-LV influx.
2.7 RT-qPCR
Cells were harvested by trypsinization (trypsin/EDTA), suspended in 5 mL medium and centrifuged for 5 min at 1,500 rpm at 4°C. The cell pellet was suspended in PBS (2 × 106 cells/mL) and 1 mL suspension was transferred into Eppendorf vials and centrifuged again. The supernatant was aspirated and the Eppendorf vials were snap frozen in liquid nitrogen and stored at −80°C. RNA was extracted from cell pellets by adding Trizol (1 mL per 5–10 × 106 cells). RNA was then reverse-transcribed for RT-PCR analysis, which was performed as described previously (Giovannetti et al., 2017).
2.8 Statistical analysis
Experiments were performed at least in triplicate. Data were expressed as mean ± SEM and analyzed by a t-test, Pearson correlation or two-way analysis of variance (2-way ANOVA) by GraphPad Prism software, version 5.1. Two-way ANOVA was further analysed using Tukey’s multiple comparison test. Level of significance is p < 0.05, if not otherwise stated.
3 RESULTS
3.1 The role of folate transporters in the intracellular uptake of -LV isomers
The relative substrate/binding affinities of the LV stereoisomers were examined for each of the three major folate transporters in cancer cells; RFC, PCFT, and FRα (Figure 1). Displacement of [3H]-FA binding from FRα by l-LV and d-LV required 15-fold and 69-fold molar excess over folic acid, respectively (Figure 2A). 50% [3H]-FA displacement by dl-LV occurred at 2-fold lower concentrations than l-LV, whereas displacement by PLX was observed at >100-fold molar excess (Figure 2A). Representation as relative affinities for FRα relative to FA showed l-LV: 0.073, dl-LV: 0.041, d-LV: 0.016, and PLX: 0.0035 (Figure 2B).
[image: Graph A shows a line chart displaying the percentage of control rates versus pmol for five substances: FA, l-LV, dl-LV, d-LV, and PLX. Graph B is a horizontal bar chart showing the relative affinity of folic acid and four other compounds. Each bar is labeled with a specific value, indicating different levels of affinity.]FIGURE 2 | Competitive displacement of [3H]-FA binding from FRα (KB cells) by LV-stereoisomers. (A) Intact KB cells were incubated with 100 pmol [3H]-FA and in the absence or presence of increasing concentrations unlabeled LV-stereoisomers and pralatrexate (PLX). Concentration- dependent displacement of [3H]FA binding is depicted. Representative figure from three separate experiments (SEM was within the size of the marker). (B) Relative affinities of FRα for LV-stereoisomers and PLX. Relative affinity is defined as the inverse ratio of the amount of drug displacing 50% of [3H]-FA. Relative affinity for FA is set to 1. Values are means ± SEM from three separate experiments.
The RFC is a high affinity but low capacity transporter which is responsible for transport of most natural folates under physiological conditions (Jansen et al., 1997; Zhao et al., 2009; Gonen and Assaraf, 2012). Relative affinities of RFC for LV-stereosiomers were assessed by [3H]-l-LV influx competition with unlabeled compounds and the antifolates MTX and PLX as reference. Influx competition profiles, at 5 µM [3H]-l-LV extracellular concentrations, are shown in Figure 3A. 50% inhibition of [3H]-l-LV influx was observed at 5.5 µM l-LV, 7.3 µM dl-LV, and 44 μM d-LV, indicating an 8-fold higher RFC substrate affinity of l-LV over d-LV (Figure 3B). 50% inhibition of [3H]-l-LV influx by PLX and MTX was noted at 2.5-fold lower and 3-fold higher concentrations than l-LV, respectively (Figure 3).
[image: Graph A shows a line chart of cell viability versus concentration (µM) for compounds: d-LV, l-LV, PDX, raltitrexed (RTX), and methotrexate (MTX). Viability decreases with increasing concentration. Graph B displays a bar chart for the same compounds, showing concentration in µM. Bar lengths vary, indicating different effective concentrations.]FIGURE 3 | Relative RFC substrate affinity for LV-stereoisomers, PLX and MTX. (A) Concentration-dependent inhibition of the RFC-mediated influx of 5 µM [3H]-l-leucovorin in CEM 7A cells (with 30-fold overexpression of RFC compared to wild type CCRF-CEM cells) by LV-stereoisomers, PLX and MTX. Representative figure out of three separate experiments is shown (SEM was within the size of the marker). (B) 50% [3H]-l-LV influx inhibitory concentrations of the LV-stereoisomers, PLX and MTX. Means ± SEM from three separate experiments.
PCFT is characterized as an (anti)folate transporter with a low pH optimum of around 5.5 (Zhao et al., 2008; Zhao et al., 2009; Matherly et al., 2018). To this end, PCFT influx competition of [3H]-l-LV with LV-stereoisomers, the prototypical PCFT substrate PMX, and PLX was measured both at pH 5.5 and 7.4 in CHO/C5/PCFT cells, being RFC-deficient and transfected with PCFT (Lasry et al., 2008). At pH 7.4 and at an extracellular concention of 2.5 µM [3H]-l-LV, influx rates were 11% compared to pH 5.5 (Supplementary Figure S1; white bar). At pH 5.5, only 0.4 µM PMX was required to achieve a 50% inhibition of PCFT-mediated [3H]-l-LV influx, consistent with its excellent substrate specificity at acidic pH (Zhao et al., 2008) (Figure 4A). 50% inhibition of [3H]-l-LV influx was achieved by 4 µM l-LV and by 13.3 µM d-LV (Figure 4B). With a 50% inhibitory concentration of 4.5 µM, dl-LV seemed to be more effective than the sum of the two isomers. Of further note, at pH 7.4, the effect of the drugs was much less than at pH 5.5, suggesting different transporter kinetics at each pH (Supplementary Figure S1).
[image: Graph A shows a line chart with concentration on the x-axis and percentage of control activity on the y-axis. It includes five curves representing different substances (d-LV, d-GLV, d-SLV, PMX, PLX) with varying downward trends. Graph B is a horizontal bar chart displaying comparative data for PLX, PMX, d-LV, d-GLV, and H-LV, with PLX having the longest bar, indicating highest concentration.]FIGURE 4 | Relative PCFT substrate affinity for LV-stereoisomers, PMX and PLX. (A) Concentration-dependent inhibition of PCFT-mediated influx of [3H]-l-leucovorin (2.5 µM, CHO/C5/PCFT cells, pH 5.5) by LV-stereoisomers, PMX and PLX. Representative figure out of three separate experiments is shown (SEM was within the size of the marker). (B) Compound concentrations (µM) establishing 50% inhibition of [3H]-l-LV influx. Values are means ± SEM from three separate experiments.
Together, these findings show that the three main folate transport systems harbor distinct substrate affinities for LV stereoisomers and various antifolates.
3.2 RFC and PCFT expression in cancer cell line models
We next determined the gene expression levels of RFC and PCFT in the cell line panel indicated in Table 1. Results depicted in Figure 5 demonstrate a large difference in the expression of both PCFT and RFC in the panel of colon cancer cell lines. PCFT expression was highest in CaCo2 cells; interestingly PCFT expression was even markedly higher in CaCo2 cells cultured under low folate medium conditions (Figure 5A). Also in WiDr-LF cells, PCFT expression was higher than in wild type WiDr cells cultured under high folate (HF) conditions, but this difference was less pronounced. In three other colon cancer cell lines, PCFT expression was lower than in CaCo2 and WiDr cells. In contrast, RFC was rather constitutively expressed in all colon cancer cell lines (Figure 5B) grown under high folate conditions, except that RFC expression was markedly reduced in CaCo2 cells cultured under low folate conditions and to a lesser extent in WiDr-LF cells. Additionally, PCFT and RFC gene expression was determined in a panel of cell lines of different cancer origin (Figure 6). PCFT expression relative to the reference CCRF-CEM was the highest in CaCo2 cells. From the MPM cell lines, MSTO-211H and H28 showed the highest and lowest expression compared to CEM cells, with values of 7 and 1, respectively. As to the NSCLC cell lines, H292 and H460 cells exhibited the highest and lowest expression relative to CEM cells, with values of 8 and 1, respectively (Figure 6A). Relative RFC expression in MSTO-211H was 7-fold higher than that of H28, while that of H460 was 3-fold higher than for H292 cells.
[image: Bar graphs comparing PCFT and RFC expression across different cell lines, measured as a ratio to GAPDH. Graph A shows PCFT expression with a prominent peak in the L5Y4 line, while Graph B shows RFC expression, also highest in L1210. Each bar represents a different cell line with color-coded distinctions. Error bars indicate variability.]FIGURE 5 | PCFT and RFC mRNA expression in colon cancer cell lines. mRNA expression levels of PCFT (A) and RFC (B) in colon cancer cell lines as analysed by RT-qPCR. Mean values were calculated from standard curves and expressed relative to the housekeeping gene GAPDH. Data presented are means ± SEM of three separate experiments.
[image: Bar charts comparing gene expression levels.   Chart A shows PCFT gene expression across various cell lines, with specific cells like MSTO-211H, SNG-M, and Jurkat highlighted in different colors.   Chart B displays RFC gene expression in cell lines MSTO-211H, H28, H446, and H292, each in distinct colors. Each bar represents gene expression levels relative to a control, with error bars indicating variability.]FIGURE 6 | Relative mRNA expression of PCFT and RFC in different types of human cancer cell lines. (A) PCFT expression in 14 cell lines, MPM cell lines are depicted in blue, NSCLC cell lines in red. CCRF-CEM (a human acute lymphocytic leukemia (ALL) cell line) is used as a control and set at 1. Other cell lines: Jurkat (CD4 (+) T-cell leukemia), SW620 (colon cancer), CaCo-2 (HF) (colon cancer). (B) RFC expression in four selected cell lines Mean values were calculated from standard curves and expressed relative to the housekeeping gene β-actin. Data presented are means ± SEM of three separate experiments.
3.3 Modulation by the pure LV stereoisomers and the racemic mixture
3.3.1 Potentiation of 5FU by LV formulations in colon cancer cell lines
Both, 5-FU alone and 5-FU supplemented with LV (l-, d-, and dl-) caused a concentration-dependent inhibition of growth in all colon cancer cell lines (Figure 7). IC50 values were derived from curves as shown in Figure 7, and ranged from 1.8 to 10.5 µM (5-FU only), 1.3 to 8.1 µM (5-FU + 5 µM l-LV), 2 to 10.5 µM (5-FU + 5 µM d-LV), and 1.4 to 8.9 µM (5-FU + 10 µM dl-LV). LS174T was the least sensitive to 5-FU and 5-FU supplemented with LV (l-, d-, or dl-). CaCo2 LF/LV was the most sensitive cell line to 5-FU supplemented with l- and dl-LV (Table 2).
[image: Two line graphs show the growth response of colon cancer cell lines to different concentrations of 5-FU with and without modulators. Graph A (SW1398) shows a positive modulation, with growth decreasing more with modulators. Graph B (LS174T) shows no significant modulation, as growth curves are similar with or without modulators. Both graphs plot growth percentage against 5-FU concentration.]FIGURE 7 | Modulation of 5FU sensitivity by LV-stereoisomers. (A) Example of positive modulation in SW1398 cells and (B) lack of modulation of 5FU activity in LS174T cells with a comparison of three leucovorin stereoisomer formulations. Representative figure from three separate experiments (SEM was within the size of the marker).
TABLE 2 | IC50 values of 5-FU and 5-FU modulated by 5 μM l-LV, 5 µM d-LV or 10 µM dl-LV for a panel of colon cancer cell lines.
[image: Table showing IC50 values in micromolar for various cell lines after 72-hour exposure to different drug conditions: 5-FU, 5-FU with 5 micromolar l-LV, 5-FU with 5 micromolar d-LV, and 5-FU with 10 micromolar d-LV. Data includes means and SEM with significance levels indicated. Cell lines include WiDr, CaCo2, LS174T, HT29, SW948, and SW1398.]Modulation by the various LV formulations varied between the cell lines (Table 2; Supplementary Figure S2). l-LV showed a 2-fold modulation in WiDr, HT29, SW948 and SW1398 cells; however, as shown very clearly in Supplementary Figure S2 d-LV was ineffective in all cell lines in modulating 5FU sensitivity, while in WiDr-LF cells the IC50 value for 5FU even increased 1.5-fold by d-LV. The racemic mixture was effective in the same cells where l-LV (after RFC mediated uptake) showed modulation, but the effect was less in WiDr cells (Table 2; Supplementary Figure S2).
3.3.2 Protection of antifolate cytotoxicity by l-LV in lung cancer cells
Antifolate sensitivity was determined in four selected NSCLC and MPM cell lines (Figure 8). PMX, PLX and RTX displayed a concentration-dependent inhibition of cell proliferation in all cell lines, with PLX being the most potent antifolate with IC50 values ranging from 2.4 nM (MSTO-211H) to 11 nM (H28); RTX displayed intermediate sensitivity with IC50 values ranging from 8 nM (MSTO-211H) to 136 nM (H28), whereas PMX was the least active with high IC50 values ranging from 103 nM (H292) to 302 nM (H460) (Table 3). Representative growth curves are shown in Figure 8.
[image: Line graphs A to D illustrate the impact of various treatments on relative growth across four cell lines: H460, H292, H28, and MSTO-211H. Each graph shows the relative growth percentage against the concentration in micromolar. Treatments include Pemetrexed, Pemetrexed with 5 micromolar leucovorin (LV), Pralatrexate, Pralatrexate with 5 micromolar LV, Raltitrexed, and Raltitrexed with 5 micromolar LV, depicted by different colored lines. Each treatment's effect varies depending on the cell line and concentration.]FIGURE 8 | L-leucovorin protection from pralatrexate (PLX), raltitrexed (RTX) and pemetrexed (PMX) growth inhibition of NSCLC (A,B) and MPM (C,D) cell lines. Dose response curves of growth inhibition of NSCLC cells (H460 and H292) and MPM cells (MSTO-211H and H28) by PLX, RTX and PMX, and protection from growth inhibition by 5 µM l-LV. Representative figures out of three separate experiments are shown. (SEM was within the size of the marker). Drug exposure time: 72 h.
TABLE 3 | IC50 values of growth inhibition of NSCLC and MPM cells by pemetrexed (PMX), pralatrexate (PLX) and raltitrexed (RTX) and corresponding protection by l-LV.
[image: Table showing IC₅₀ values in nanomolar for 72-hour drug exposure across four cell lines: H28, MSTO, H460, and H292. Columns list values for PMX, PMX +5 µM l-LV, PLX, PLX +5 µM l-LV, RTX, and RTX +5 µM l-LV. Statistically significant values (p < 0.001) are marked with an asterisk. Mean values ± SEM are provided.]Protection by l-LV was measured by simultaneous addition of 5 µM l-LV. For all antifolates a large shift in the IC50 values was found. The l-LV-mediated increase in the IC50 values of PLX was most pronounced (between 502 and 4778-fold) when compared to the other two antifolates, while l-LV protection of PMX cytotoxicity was the least (144-211-fold), possibly related to the intrinsic lower sensitivity of these cells to PMX. Protection by l-LV after RFC mediated uptake was statistically significant (Table 4; Figure 8; Supplementary Figure S3).
TABLE 4 | Relative protection by l-LV from antifolate (PMX, PLX and RTX) -induced growth inhibition of NSCLC and MPM cells.
[image: Table comparing PMX, PLX, and RTX treatments on different cell lines: H28, MSTO-211H, H460, and H292. Values show relative protection by 5 micromolar 1-LV, including means and standard errors. PLX treatment on H292 shows the highest value at 4,778 ± 1,795. A note indicates significant protection with p < 0.0015.]3.3.3 Efficacy of various antifolates and protection of antifolate cytotoxicity by l-LV in transfected CHO cells; role of PCFT and RFC
In order to determine whether (over)expression of either RFC or PCFT could play a role in protection by l-LV, we used genetically modified cell lines derived from the Chinese hamster ovary (CHO) cell line AA8, specifically expressing either human RFC or human PCFT (Table 1). AA8 cells themselves harbor inherent expression of hamster RFC, but do not express detectable levels of PCFT or FRα. CHO/C5 is a variant in which RFC has been knocked out by site-directed mutagenesis, while CHO/C5 Mock has been mock transfected to serve as a control for CHO/C5 PCFT and CHO/C5 hRFC, which have been transfected with human PCFT or hRFC, respectively.
Parent AA8 cells were clearly most sensitive to each antifolate, with PLX being the most active antifolate, while PMX, RTX and MTX were 10-fold less active (Table 5; Supplementary Figure S3). Protection by l-LV was very efficient, increasing the IC50 value from 94-fold (PMX) to 965-fold (PLX) (Table 5). The transporter knock out cells were 83-2500-fold less sensitive to the panel of antifolates than AA8 cells, while the mock transfected cells were 126-3447-fold less sensitive, confirming the absence of any transporter (Supplementary Figure S3). The moderate protection by 5 µM l-LV (Table 5) indicates that at this concentration, passive diffusion may contribute to l-LV uptake. Interestingly, PCFT-transfected cells were similarly sensitive to the antifolates as the knock out and mock transfected cells, both in the absence and presence of l-LV. This indicates that at neutral pH, PCFT is a very poor transporter for these antifolates, being consistent to the transporter experiments shown in Supplementary Figure S1. In contrast, hRFC-transfected cells showed IC50 values for the antifolates in the same range as the wild type AA8 cells (Table 5), indicating that under physiological neutral pH conditions, RFC is predominantly responsible for the uptake of antifolates, as well as for l-LV, since protection was very efficient, varying from 72-fold (MTX) to 1462-fold (RTX) (Table 5; Supplementary Figures S3, S4).
TABLE 5 | Role of various drug transporters in the sensitivity to methotrexate (MTX), pralatrexate (PLX), pemetrexed (PMX) and raltitrexed (RTX) and protection by l-LV/Fusilev® (5 µM).
[image: Table comparing IC₅₀ values in micromolar for different drugs across five CHO cell variants: CHO/C5, MOCK, PCFT, hRFC, and AA8. Drugs include MTX, MTX + 1-LV, PLX, PLX + 1-LV, PMX, PMX + 1-LV, RTX, and RTX + 1-LV. Each entry shows mean and standard error values. IC₅₀ values were measured at least three times. Abbreviations: CHO/C5, RFC-deficient; MOCK, empty vector; PCFT, PCFT-transfected; hRFC, human RFC-transfected; AA8, parental CHO. Protection by 1-LV was significant at the level <0.001.]3.4 Potentiation by l-LV of the cellular effects of 5FU and protection against antifolates
Another approach to investigate the functionality of the antifolates and the modulation of 5FU efficacy by LV is using the thymidylate synthase in situ inhibition assay (TSIA) (Figure 9). This assay measures the intracellular inhibition of TS, and incorporates all limiting intracellular factors necessary to achieve this inhibition, such as uptake and metabolism (e.g., conversion to polyglutamate forms).
[image: Three line graphs showing the effects of drug combinations on cell viability. Graph A: PLX versus PLX with additional treatments on TSIA WiDr cells, with cell viability decreasing with higher concentrations. Graph B: PMX versus PMX with additional treatments on TSIA WiDr cells, showing similar trends. Graph C: 5-FU versus 5-FU with LV on TSIA SW1398 cells, with a marked decrease in viability. Each graph uses different colors for each drug combination.]FIGURE 9 | Antifolate- and 5FU-inhibition of in situ TS activity (TSIA assay) in colon cancer cells and protective/potentiating potential of LV-stereoisomers. Concentration-dependent inhibition in situ TS activity in WiDr cells by (A) PLX, and (B) PMX in the absence or presence of 5 μM l-LV, 5 µM d-LV or 10 µM dl-LV. (C): concentration-dependent potentiation of inhibition of in situ TS activity in SW1398 cells by 5FU in the absence or presence of 5 µM l-LV. Exposure time to the drugs was 4 h, with [5-3H]-deoxycytidine present for the last 2 h. Representative curves out of three separate experiments are shown. SEM was within the size of the marker.
In order to study the effect of the various LV formulations on the potentiation of 5FU-mediated inhibition of TS, we used several colon cancer cell lines. (Table 6; Figure 9). The data reveal that TS inhibition dynamics mimicked growth inhibition profiles; inhibition of TS is achieved quite fast in sensitive WiDr cells, whereas slow TS inhibition was observed in the least sensitive LS174T cells. In this cell line inhibition of intracellular TS could be enhanced moderately by l-LV and dl-LV but not by d-LV. The other three colon cancer cell lines were much more sensitive to 5FU itself and TS inhibition could be modulated by all three LV formulations, including d-LV, but to a lesser extent. Interestingly, with the least sensitive cell line, LS174T, potentiation by dl-LV was more pronounced than with l-LV alone.
TABLE 6 | TSIA-IC50 values for 5FU, PLX, RTX, and PMX and stimulation or protection by different leucovorin formulations in colon cancer cells.
[image: Table comparing drug concentrations and effects on various cell lines, including WiDr, WiDr-LF, SW1398, and LS174T. Columns display concentrations of 5FU, PLX, RTX, and PMX under different leucovorin (LV) conditions (+ l-LV, + d-LV, + dl-LV). Footnote explains experimental conditions and significance levels indicated by asterisks.]Since the assay was validated with WiDr cells, this cell line was also used to investigate the effect of these formulations on protection against antifolates. Earlier WiDr cells were also characterized for sensitivity to antifolates with similar values in the low nanomolar range (Peters et al., 1999; Van Triest et al., 1999). The differences in modulation of TS inhibition were much more pronounced for the antifolates. Although we used a relatively short 4 h drug incubation, inhibition of intracellular TS was achieved in the nanomolar range (17–175 nM). PLX was the most potent drug, possibly because it has a highly efficient RFC uptake and conversion to polyglutamate forms that inhibit both DHFR and TS (Raz et al., 2016).
In contrast, PMX uptake by RFC is less efficient, as is its conversion to polyglutamate forms in 4 h, thus resulting in less potent TS inhibition. 5 μM d-LV does not display any protective effect on the TSIA (Table 6). The TSIA IC50 values are comparable to those of the antifolates alone. In full contrast, protection by 5 µM l-LV of TSIA was very efficient for all three antifolates, leading to dramatic shifts (>100–1000-fold) in TSIA IC50 values when compared to conditions without LV (Table 6). Moreover, dl-LV was similarly effective as l-LV in preventing the antifolates to inhibit the cellular TS activity.
4 DISCUSSION
In the current study we show that the expression of the major folate transporters RFC and PCFT plays an important role in the modulatory effect of the active form of LV, l-LV. At physiological pH, both l-LV and dl-LV enhance the cytotoxicity of 5FU against colorectal cancer cells, while the functional effect using the TSIA assay is even more pronounced. This functional effect is even more evident regarding the protection exerted by LV formulations on cytotoxicity of the three antifolates PMX, RTX and PLX against NSCLC and MPM cell lines. l-LV completely protects against the cytotoxicity of these antifolates including RTX and PLX which are excellent transport substrates for RFC, but also for PMX, which is a transport substrate for both RFC and PCFT. However, the data with the transfected cell lines clearly demonstrate that at physiological pH, PCFT does not play any role in the cytotoxicity of PMX.
This investigation regarding the comparison of l-LV and d-LV was initiated because in some papers it was questioned which folate would be most optimal for either enhancing the effect of 5FU or to be used as a protective agent against toxic side effects of commonly used antifolates (Chuang and Suno, 2012; Hayes et al., 2014; Maruvada et al., 2020). Regarding modulation of 5FU, we used several CRC cell lines, previously characterized for their sensitivity to 5FU and the modulation by dl-LV (Van Triest et al., 1999). In a large panel of unselected cell lines with a different pathology, dl-LV enhanced the effect of 5FU about 2-fold (Van der Wilt and Peters, 1994). In general, modulation by l-LV is similar to dl-LV, while d-LV does not modulate, in agreement with data in a CCRF-CEM cell line (Zittoun et al., 1991). In the present CRC cell line panel, modulation is also about 2-fold which is obviously related to the efficient uptake of reduced folates by these CRC cells (Van Triest et al., 1999); uptake will not be affected by d-LV since this compound has a poor affinity for RFC compared to l-LV (Figure 3). Interestingly, the data of the functional assay (the TSIA) allowed to quantify the role of folate uptake and metabolism, clearly indicating the importance of RFC in cellular uptake of reduced folates and antifolates in cancer cells with a high variation in all transporters. One important point of the functional assay not described earlier was the moderate but significant effect of d-LV on 5FU induced TS inhibition. This can be explained by the stimulating effect of d-LV on the binding of FdUMP on TS (Van der Wilt et al., 1993). Regarding l-LV and other naturally occurring S stereoisomers of reduced folates, not only the monoglutamate forms stimulate FdUMP binding to TS, but polyglutamylated forms are even more efficient (Van der Wilt et al., 2002). However, we do not expect that a polyglutamated form of d-LV will mediate this effect. To the best of our knowledge d-LV cannot be polyglutamylated or very poorly, since d-forms are poor substrates for FPGS (McGuire et al., 1980), while uptake will be low because of its poor substrate characteristics (Figure 3) and mainly mediated by passive diffusion. Previously we also demonstrated that a high expression of FPGS is important for the modulation of 5FU by LV (Van Triest et al., 1999). Indeed, clinical studies also showed a relation of 5FU-LV efficacy with FPGS expression (Chazal et al., 1997; Cheradame et al., 1997). Our data are in agreement with earlier papers on transport of-l-LV and dl-LV (Sirotnak et al., 1979; Matherly and Huo, 2008; Zhao et al., 2009). Since l-LV is one of the best transport substrates for both RFC and PCFT, a high expression of these transporters, both in tumor cells and normal cells, enables a fast and efficient uptake of l-LV. However, the high expression of PCFT in NSCLC and MPM plays an important role in the sensitivity of these malignancies to PMX (Zhao et al., 2009; Giovannetti et al., 2017; Matherly et al., 2018), which is an excellent substrate for PCFT at a low pH. The role of PCFT for PMX uptake is enhanced under acidic conditions, such as the tumor micro-environment of NSCLC and MPM. Indeed a high PCFT expression, but not RFC, was related to efficacy of PMX in mesothelioma (Giovannetti et al., 2017). Although RFC also has a high expression in NSCLC and MPM cells and tissues (Giovannetti et al., 2008; 2017), it does not play a role in the antitumor activity of PMX, possibly because in the tumor microenvironment, the pH is relatively low and RFC will be inactive.
Normal tissues such as gut epithelium, which has a relatively low pH in the duodenum and is more acidic at the bottom of crypt cells (Amiri et al., 2021), a high PCFT will enable uptake of l-LV. The colon epithelial cancer cell line CaCo2 has a high PCFT expression and is widely used as a model for intestinal drug uptake. Caco2 forms a polarized structure in transwell systems (Honeywell et al., 2015), displaying the natural distribution of transporters in gut epithelium (with PCFT at the apical gut site). Previously we observed a high uptake under these conditions of both folic acid and MTX (Lemos et al., 2007). Both compounds are relatively good substrates of PCFT, which explains the important role of PCFT as folate transporter in the gut. This also explains the efficacy of folic acid in protecting normal tissues (including gut) against antifolates (MTX and PMX) side effects. However, the gut has also a high FRα (Nutt et al., 2010), enabling a relatively efficient uptake of folic acid, commonly used to control toxicity in combination treatment with PMX in malignancies (Vogelzang et al., 2003; Nutt et al., 2010) and with MTX in rheumatoid arthritis (van Ede et al., 2001). The latter may be a problem when RA patients do not only take a low dose of folic acid in combination with low dose MTX, but also food fortification formulas (which contain a high dose of folic acid) which might completely abolish the efficacy of MTX (Maruvada et al., 2020).
LV is usually given as an infusion, but oral administration is also feasible (Priest et al., 1991). Although d-LV might affect the uptake of l-LV, this effect may be limited since d-LV has a much higher Kd for FRα compared to l-LV (Wang et al., 1992), which is in agreement with our data. However, d-LV may also affect l-LV pharmacokinetics when given as an infusion of the racemic mixture (Priest et al., 1991), although others did not find an interaction (Bertrand and Jolivet, 1989; Zittoun et al., 1993). However, this might be related to the less specific assays in these papers. Differences in pharmacokinetics and metabolism may be bypassed when another folate is administered to modulate 5FU, which can be achieved by administration of 5,10-CH2-THF itself, which is feasible when a proper formulation is used (Glimelius et al., 2021). Initially, Modufolin was used for this purpose (Danenberg et al., 2016), but large clinical studies were feasible with a more stable formulation of 5,10-CH2-THF (Arfolitixorin). The efficacy of the FOLFOX schedule was comparable to a schedule in which dl-LV was replaced by Arfolitixorin, although the study was designed to find a higher efficacy of the Arfolitixorin arm (Tabernero et al., 2024). However, in that schedule the effect of 5FU modulation might be overruled by the addition of oxaliplatin, since platinum analogs may decrease thymidylate synthase as well (Van der Wilt et al., 1992a).
This study also shows that mechanisms of folate transport and metabolism can efficiently be studied when using adequate in vitro models, in contrast to most in vivo models. Especially for (anti) folates both mice and rats are not appropriate, since the standard chow for these animals is extremely rich in folates (mostly oxidized and 5-methyl-tetrahydrofolate). However, these folates do not affect the modulation of 5FU by LV in mice, since both l-LV and dl-LV have a similar potentiating effect (Van der Wilt et al., 1992b). However, oxidized folates and 5-methyl-tetrahydrofolate will efficiently neutralize the antitumor effect of DHFR inhibitors, such as MTX which is ineffective in mouse models (Braakhuis et al., 1985). This can, partially, be overcome by putting the animals on a folate free diet and supplement this with a low amount of folic acid. The latter will protect normal tissues, but not the tumor (Smith et al., 1995; Alati et al., 1996; Van der Wilt et al., 2001). Next to folates, mice have a high thymidine level in plasma. Thymidine will also efficiently protect against antifolates including TS inhibitors such as RTX and PMX (Smith et al., 1995; Van der Wilt et al., 2001). The effect of thymidine can be prevented by either using thymidine kinase deficient models or by supplying thymidine phosphorylase (either pegylated or as pure enzyme) which will breakdown thymidine to undetectable levels (Direcks et al., 2008; Honeywell et al., 2015, unpublished data). Alternatively, in order to study side effects of MTX, adequate in vitro models such as a clonogenic assay for bone marrow toxicity (Jolivet et al., 1994) can be used. Moreover, oral mucosa organoids have been shown to be excellent in vitro models to study MTX induced mucosal toxicity (Driehuis et al., 2020).
Our study shows that l-LV is an excellent substrate for both RFC and PCFT, in agreement with earlier studies. However, this study is the first that systematically compared the various LV forms (l-LV, d-LV and the racemic mixture) for their potential capacity to modulate 5FU cytotoxicity and protect cells against the clinically used antifolates PMX, PLX, RTX and MTX. Modulation of 5FU can be achieved very effectively by l-LV, although d-LV itself may potentiate the binding of FdUMP to thymidylate synthase. At physiological pH, l-LV, taken up by RFC, was very effective in protecting cells against antifolates. This provides an additional perspective using l-LV as a fast protective or rescue agent (taken up by RFC) against toxicity induced by these antifolates, especially for myeloid cells growing at physiological non-acidic conditions. The low pH of the tumor microenvironment of NSCLC and MPM enables the effective therapy for PMX, one of the best transport substrates of PCFT. However, normal cells at a physiological pH (around 7) can be selectively protected by RFC-mediated uptake of systemic l-LV, which has a rapid distribution.
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SUPPLEMENTARY FIGURE S1 | Differential inhibition of PCFT-mediated influx of [3H]-l-LV (2.5 µM) at pH 5.5 and 7.4 by equimolar concentrations of l-LV, d-LV, dl-LV, PMX and PLX. PCFT influx activity of [3H]-l-LV at pH 7.4 was 11.5% of that at pH 5.5, calculated from the separate activities measured in each experiment. Values are means ± SEM of at least three separate experiments.
SUPPLEMENTARY FIGURE S2 | Modulation of 5FU cytotoxicity by three different leucovorin formulations in colon cancer cells. Modulation effect is expressed as the ratio of the mean IC50s for 5FU in the presence of LV stereoisomer (l-LV, d-LV or dl-LV) divided by the mean IC50s for 5FU in the absence of LV. Drug incubation time: 72 h. No modulation is represented by the red line crossing 1.0. Since values are calculated from the means depicted in Table 2, no SEM could be shown. However, the table shows the SEM for each condition.
SUPPLEMENTARY FIGURE S3 | Relative sensitivity for MTX, PLX, PMX and RTX of AA8 and of PCFT and hRFC transfected CHO/C5 cells compared to CHO/C5 cells without hRFC/PCFT transporters. The ratio is calculated by dividing the mean IC50 of CHO/C5 cells by those of AA8 and the transfected panel. Relative sensitivity to CHO/C5 is equal to 1, represented by the black line. The ratio represents the mean fold decrease in IC50 values, which corresponds to the fold increase in sensitivity. Since values are calculated from the means depicted in Table 5, no SEM could be shown. However, the table shows the SEM for each condition.
SUPPLEMENTARY FIGURE S4 | Fold protection of the cytotoxicity of MTX, PLX, PMX, RTX by l-LV in AA8 cells, CHO/C5 and PCFT- and hRFC-transfected CHO/C5 cells. The ratio is calculated by dividing the mean IC50 value in the presence of l-LV (5 µM) by that without l-LV. When a complete protection was found, the highest concentration tested for the drug was used for the calculation. The ratio thus represents the fold increase in IC50, or the fold protection. Since the values are calculated from the means no SEM can be depicted. However, the table shows the SEM for each condition.
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Ivacaftor is the first potentiator of the cystic fibrosis transmembrane conductance regulator (CFTR) protein approved for use alone in the treatment of cystic fibrosis (CF). Ivacaftor is primarily metabolized by CYP3A4 and therefore may interact with drugs that are CYP3A4 substrates, resulting in changes in plasma exposure to ivacaftor. The study determined the levels of ivacaftor and its active metabolite M1 by ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS). We screened 79 drugs and 19 severely inhibited ivacaftor metabolism, particularly two cardiovascular drugs (nisoldipine and nimodipine). In rat liver microsomes (RLM) and human liver microsomes (HLM), the half-maximal inhibitory concentrations (IC50) of nisoldipine on ivacaftor metabolism were 6.55 μM and 9.10 μM, respectively, and the inhibitory mechanism of nisoldipine on ivacaftor metabolism was mixed inhibition; the IC50 of nimodipine on ivacaftor metabolism in RLM and HLM were 4.57 μM and 7.15 μM, respectively, and the inhibitory mechanism of nimodipine on ivacaftor was competitive inhibition. In pharmacokinetic experiments in rats, it was observed that both nisoldipine and nimodipine significantly altered the pharmacokinetic parameters of ivacaftor, such as AUC(0-t) and CLz/F. However, this difference may not be clinically relevant. In conclusion, this paper presented the results of studies investigating the interaction between these drugs and ivacaftor in vitro and in vivo. The objective is to provide a rationale for the safety of ivacaftor in combination with other drugs.
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1 INTRODUCTION
Cystic fibrosis (CF) is an inherited disease caused by a genetic mutation that affects the secretory function of the mucus glands of the respiratory and gastrointestinal systems, severely limiting the life expectancy of patients (Sanders and Fink, 2016; O’Sullivan and Freedman, 2009; Elborn, 2016). Recent studies have shown that CF is caused by mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR), and CFTR potentiators have been shown to be useful in reducing disease progression in patients with CF (Elborn, 2016; Middleton et al., 2019).
Ivacaftor is the first CFTR potentiator approved by the United States Food and Drug Administration and the European Medicines Agency for the treatment of CF alone. Ivacaftor significantly improves lung function, especially in CF patients with the G551D CFTR missense mutation (Hadida et al., 2014; Ramsey et al., 2011). Ivacaftor can alleviate the symptoms of CF patients by improving the function of CFTR on the cell surface, enhancing the transport of chloride ions, increasing negative ion conductivity, improving mucus hydration, and decreasing mucus viscosity (Yu et al., 2012; Garg et al., 2019; Harbeson et al., 2017).
With advancements in early diagnosis, newborn screening, modern medical technology, and the extensive use of CFTR modulators, the median life expectancy of people with CF in the developed world has surpassed 40 years of age (McBennett et al., 2021; Elborn, 2016). As survival time increases, the likelihood of developing other diseases, especially chronic diseases such as cardiovascular disease, gradually increases in CF patients. CF patients often require combination therapy with other medications to improve their quality of life, and this combination of medications increases the likelihood of drug-drug interactions (DDI). Ivacaftor plasma protein binding has been reported to be >97%, which may affect drug concentrations when used in combination with other drugs (Schneider et al., 2015). Although ivacaftor therapy has been well tolerated by CF patients in established clinical trials, the occurrence of adverse events has been monitored in both experimental and real-world settings (Gavioli et al., 2020; Dagenais et al., 2020). Although a safe plasma concentration range for ivacaftor has not yet been established, real-world data suggest a potential link between drug exposure and toxicity (Dagenais et al., 2020; Hong et al., 2023a; Spoletini et al., 2022).
Ivacaftor is oxidatively metabolized mainly by the CYP3A family pathway, with hydroxymethyl ivacaftor (M1) as the active metabolite (Hong et al., 2023b; Robertson et al., 2015). The FDA reported that ivacaftor monotherapy resulted in an 8.5-fold increase in the area under the plasma concentration-time curve (AUC) of ivacaftor when combined with ketoconazole, a strong CYP3A inhibitor. In combination with itraconazole, the AUC of ivacaftor increased 15.6-fold. The plasma exposures of ivacaftor are significantly increased by strong CYP3A inhibitors (Garg et al., 2019). Another study in humans found that ritonavir, a potent CYP3A4 inhibitor, increased plasma exposure to ivacaftor 7-fold (van der Meer et al., 2021). Available studies suggest that there are significant effects of potent CYP3A4 inhibitors on the plasma exposure of ivacaftor, however, the effect of other, slightly less inhibitory drugs on the metabolism of ivacaftor is unclear. Ivacaftor often needs to be used in combination with other medications to help control symptoms in people with CF, with the potential for DDI (van der Meer et al., 2021; Hong et al., 2023b; Robertson et al., 2015). Therefore, it is important to study the possibility of DDI of ivacaftor with other drugs.
To investigate the possibility of DDI between ivacaftor and other drugs, we developed and used an ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) assay for this study. Firstly, enzyme incubation experiment in rat liver microsomes (RLM) was used as indicator to screen out the drugs that might have DDI with ivacaftor among 79 common drugs. The half-maximal inhibitory concentrations (IC50) values of 6 calcium channel blockers against ivacaftor were further investigated. Finally, we selected nisoldipine and nimodipine as drugs that might have in vivo inhibitory effects on ivacaftor and performed pharmacokinetic experiments in rats. In addition, the mechanism of inhibition of ivacaftor by nisoldipine and nimodipine in RLM and human liver microsomes (HLM) were investigated. We hope that the results of this study will provide a basis for the safety of ivacaftor in combination with other drugs and offer the possibility of improving the quality of life of CF patients.
2 EXPERIMENTAL
2.1 Materials and methods
2.1.1 Chemicals and reagents
The following drugs were supplied by Beijing Sunflower Technology Development Co., Ltd. (Beijing, China): ivacaftor, fluconazole (used as internal standard, IS), and hydroxymethyl ivacaftor (M1). Nisoldipine, nimodipine, nifedipine, felodipine, lacidipine, nicardipine, and the other drugs used in our experiments were provided by Shanghai Canspec Scientific Instruments Co., Ltd. (Shanghai, China). The purity of all drugs used in the experiments were ≥98%. Details of these drugs were listed in Supplementary Table S1. Acetonitrile (HPLC grade) and methanol (HPLC grade) were supplied by Merck (Darmstadt, Germany). The Milli-Q water purification system, manufactured by Millipore in Bedford, United States, was used to prepare ultra-pure water. Reduced nicotinamide adenine dinucleotide phosphate (NADPH) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). RLM was prepared in our laboratory. Protein concentrations for RLM and HLM are presented in Supplementary Table S2. HLM in this experiment was provided by iPhase Pharmaceutical Services Co., Ltd. (Beijing, China). All other chemicals and biologicals in our experiments were of analytical grade or above.
2.1.2 Equipment and operating conditions
The concentrations of ivacaftor and M1 were determined using ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) technology. A Waters Acquity UPLC BEH C18 column (2.1 mm × 50 mm, particle size 1.7 μm) was used in the chromatographic system for separation, and the column temperature was set at 40°C. Additional conditions were set as follows: injection volume 2.0 μL, and autosampler temperature 10°C. 0.1% formic acid aqueous solution (solution A) and acetonitrile (solution B) were used as the mobile phase, and the gradient elution was as follows: 0–0.5 min at 90% A, 0.5–1.0 min at 90%–10% A, 1.0–1.4 min at 10% A, 1.4–1.5 min at 10%–90% A. The entire run time was 2.0 min, and the flow rate was maintained at 0.4 mL/min. We used a Waters Xevo TQS triple quadrupole mass spectrometer (Milford, MA, United States) with multiple reaction monitoring (MRM) in positive mode selected for the quantification of ivacaftor and M1. Monitoring the transition pairs were m/z 393.08→337.02 for ivacaftor, m/z 409.07→353.02 for M1 and m/z 307.10→220.00 for IS, respectively (Table 1). The collision energies of ivacaftor, M1 and IS were 11 eV, 10 eV and 20 eV, respectively.
TABLE 1 | The quantitative ion pairs and related parameters of ivacaftor, its metabolite M1 and IS.
[image: Table displaying mass spectrometry data for three compounds: Ivacaftor, M1, and IS. Columns include Compound, Parent m/z, Daughter m/z, Cone voltage, and Collision energy. Ivacaftor has Parent m/z 393.08, Daughter m/z 337.02, Cone 10 V, Collision 11 eV. M1 has Parent m/z 409.07, Daughter m/z 353.02, Cone 20 V, Collision 10 eV. IS has Parent m/z 307.10, Daughter m/z 220.00, Cone 30 V, Collision 20 eV.]2.1.3 RLM
Previous studies have reported the preparation of RLM, which we had modified (Wang et al., 2014). Liver was weighed and homogenized with cold 0.01 mM phosphate-buffered saline (PBS) containing 0.25 mM sucrose, the homogenate was centrifuged at 11,000 rpm for 15 min. The supernatants were then transferred to new tube and centrifuged at 11,000 rpm for 15 min. The supernatants were centrifuged at 100,000 × g for 1 h, and the pellets were resuspended with cold 0.01 mM PBS. Protein concentrations were determined by Bradford Protein Assay Kit (Thermo Scientific, Waltham, MA, United States).
2.2 Enzyme reaction of ivacaftor using RLM and HLM
This system was made up of 200 μL of incubation solution consisting of 0.3 mg/mL RLM or 0.4 mg/mL HLM, 1.0 mM NADPH, pH 7.4 PBS and ivacaftor. Ivacaftor was used at a range of concentrations (0.1, 1, 2, 4, 12, 16 μM) for the determination of Km (Michaelis-Menten constant) in RLM. In HLM, a range of concentrations (0.1, 1, 2, 4, 12, 25 μM) of ivacaftor was used to determine Km. The solution should be pre-incubated at 37°C for 5 min before adding NADPH. Following the addition of NADPH, the mixture should be incubated for 40 min. The reaction should then be stopped at −80°C. After the enzyme reaction was completed, 20 μL of 500 ng/mL IS solution and 400 μL acetonitrile (protein precipitating agent) were added to the mixture. The mixture was vortexed for 2 min and then centrifuged at 13,000 rpm for 10 min. After centrifugation, 100 μL of the supernatant was quantified using UPLC-MS/MS.
2.3 Determination of DDI and inhibition mechanism of ivacaftor in vitro
The Km of ivacaftor in the RLM incubation system was determined to be 8.8 μM. First, we established a culture system to screen these 79 drugs that may have an effect on the metabolism of ivacaftor. Each drug was used at a concentration of 100 μM as the inhibitor. The culture system was 200 μL and included 0.3 mg/mL RLM, 1.0 mM NADPH, PBS, ivacaftor, and inhibitor. The reaction procedure was the same as the enzyme reaction mentioned above Section 2.2.
The IC50 values were determined to assess the inhibitory effects of nisoldipine, lacidipine, felodipine, nimodipine, nicardipine, and nifedipine on ivacaftor in RLM. The IC50 values for the inhibitory effects of nisoldipine and nimodipine on ivacaftor in HLM were also determined. These drugs were dissolved and diluted using DMSO to prepare a gradient concentration of IC50 at 0, 0.01, 0.1, 1, 10, 25, 50, and 100 μM. The final concentration of DMSO in the culture system is less than 1%. Based on the Km values in RLM and HLM, the concentrations of ivacaftor were 8.8 and 6.8 μM, respectively. The incubation and post-treatment procedures were consistent with the enzyme incubation of ivacaftor described above Section 2.2.
To investigate the type of inhibitory mechanism, we used Lineweaver-Burk plot analysis and calculation of inhibition constants (Ki and αKi), where the drug concentrations were set to be, in RLM, 2.2, 4.4, 6.6, and 8.8 μM for ivacaftor, 0, 1.64, 4.91, and 6.55 μM for nisoldipine, and 0, 2.29, 3.43, 4.57 μM for nimodipine, respectively; in HLM, 1.7, 3.4, 5.1, 6.8 μM for ivacaftor, 0, 2.28, 6.83, 9.10 μM for nisoldipine, and 0, 3.58, 5.36, 7.15 μM for nimodipine, respectively. The incubation and post-treatment procedures were consistent with the enzyme incubation of ivacaftor described above Section 2.2.
2.4 Study of pharmacokinetics in Sprague-Dawley rats
The animal study was supervised and approved by Ethics Committee of The First Affiliated Hospital of Wenzhou Medical University (WYYY-IACUC-AEC-2023-065). 12 Sprague-Dawley male rats (220 ± 20 g) were purchased from the First Affiliated Hospital of Wenzhou Medical University and randomly divided into three groups: group A (control), group B (nisoldipine), and group C (nimodipine), with 4 rats in each group. A 12 h fast with no restriction on water intake was conducted prior to the experiment. Ivacaftor, nisoldipine, and nimodipine were orally administered as suspensions in a 0.5% solution of sodium carboxymethyl cellulose (CMC-Na). Group B were received nisoldipine (1 mg/kg) via gavage, while group C were received nimodipine (10 mg/kg) via the same method. Group A were given the same volume of CMC-Na to serve as a control. After 30 min of inhibitor administration to rats, 10 mg/kg of ivacaftor was again administered by gavage. Tail venous blood was collected from rats at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24 and 48 h after ivacaftor administration. 0.3 mL of blood sample was collected and centrifuged at 8,000 rpm for 10 min at 4°C, and 100 μL of supernatants were frozen at −80°C for further processing. Before UPLC-MS/MS analysis, supernatant was mixed with 300 μL acetonitrile and 10 μL IS (500 ng/mL), and then vortexed for 2 min and centrifuged at 13,000 rpm for 10 min at 4°C. Finally, a 100 μL sample of supernatant was collected for UPLC-MS/MS analysis.
2.5 Data analysis
Km values, IC50 values, Lineweaver-Burk plots and mean plasma concentration-time curves were all generated using GraphPad Prism 9.0 software (GraphPad Software, Inc., United States). Pharmacokinetic parameters of ivacaftor and M1 were obtained by analyzing them using the non-compartmental model of Drug and Statistics (DAS) (version 3.0, Mathematical Pharmacology Professional Committee of China, Shanghai, China), and a one-way ANOVA was performed to compare the pharmacokinetics of the three groups of rats using SPSS (version 26.0; SPSS Inc., Chicago, IL, United States). A P-value <0.05 was considered statistically significant. Data were represented as mean ± standard deviation (SD).
3 RESULTS
3.1 Determination of ivacaftor and its metabolite by UPLC-MS/MS
As shown in Figure 1, the retention times of ivacaftor, M1 and IS were 1.58, 1.41 and 1.18 min, respectively. The analytes were well separated from each other, and no interfering peaks were found to affect the determination of the analytes. The standard calibration curves for ivacaftor and M1 were in the ranges of 1–1,000 ng/mL and 1–200 ng/mL, respectively, with correlation coefficients greater than 0.99.
[image: Chromatograms labeled (A) and (B) display mass spectrometry data. Each has three traces with color-coded labels: purple for hydroxymethyl ivacaftor, green for ivacaftor, and red for fluconazole. The x-axis represents time, while the y-axis represents intensity. Chromatogram (A) shows lower intensity peaks compared to chromatogram (B), which displays sharp peaks around 1.40 and 1.60 for hydroxymethyl ivacaftor and ivacaftor, respectively.]FIGURE 1 | UPLC-MS/MS chromatographs of ivacaftor, M1 and fluconazole (IS). (A) Blank plasma sample, no analyte, no IS. (B) Rat plasma sample after the administration of ivacaftor.
3.2 Screening of drugs with inhibitory effects on ivacaftor
As shown in Figure 2, the Km values of ivacaftor in RLM and HLM were 8.8 μM and 6.8 μM, respectively. This experiment screened 79 potential drugs that could be combined with ivacaftor, including cardiovascular drugs, traditional Chinese medicines, and others. The results of inhibition on ivacaftor by these drugs were shown in Figure 3A. Among these, 20 drugs showed inhibition rates of more than 80% (Figure 3B). In addition, the condition of inhibition rates by 23 cardiovascular drugs were displayed in Figure 3C. We found that nicardipine, nisoldipine, nimodipine, felodipine, lacidipine, and nifedipine showed inhibitions of 94.98%, 93.06%, 92.54%, 87.18%, 86.56%, and 80.69%, respectively. These results strongly suggested a high likelihood of DDI occurring when ivacaftor is combined with a calcium channel blocker.
[image: Two graphs display the relationship between Ivacaftor concentration and velocity in picomoles per minute per microgram (pMol/min/µg). Both show curves leveling off, indicating saturation. The left graph has a Km value of 8.8 µM and the right graph a Km value of 6.8 µM.]FIGURE 2 | Michaelis–Menten kinetics of ivacaftor in RLM and HLM.
[image: Three graphs labeled A, B, and C compare control activity percentages. Graph A is a scatter plot with points spread between 0% and 200%, highlighting variability. Graph B is a bar chart with most bars under 100%, featuring some red bars below a dotted red line at 10%. Graph C is another bar chart with declining black bars, some bars in red below the dotted red line at 10%. The graphs show different distributions and sensitivities of control activity percentages.]FIGURE 3 | Comparison of the inhibitory effects of different drugs (100 μM) on the metabolism of ivacaftor in RLM. For all screened drugs ((A), the red line represents 20%), 20 drugs with metabolic rates less than 20% of the control (B) and cardiovascular drugs (C). Data are represented as mean ± SD.
3.3 Nisoldipine and nimodipine inhibited ivacaftor metabolism in RLM and in HLM through different inhibitory mechanisms
The IC50 curves for the metabolism of ivacaftor by the 6 calcium channel blockers in RLM were shown in Figure 4. The IC50 value is calculated as Y = 100/(1 + 10^(X−LogIC50)). The inhibition assessment indicated that M1 concentrations were significantly reduced by nicardipine, nisoldipine, nimodipine and lacidipine (with IC50 values of 1.02 μM, 6.55 μM, 4.57 μM and 2.17 μM, respectively). In contrast, the IC50 values of felodipine and nifedipine were 15.58 μM and 15.77 μM, respectively, and the inhibition of ivacaftor metabolism was weaker than that of the other 4 drugs. When the IC50 value <10 μM, it indicates a strong inhibitory effect on the metabolism of ivacaftor. Figure 5 showed the IC50 curve of nisoldipine on ivacaftor metabolism in HLM at IC50 value of 9.10 μM. According to Figure 6, Lineweaver-Burk plots in RLM and HLM, nisoldipine was found to inhibit the metabolism of ivacaftor through a mixed-type of non-competitive and competitive inhibition. The Ki values were 3.35 and 3.92, and the α values were 8.48 and 35.40, respectively (Table 2). In addition, the IC50 value of nimodipine in HLM was 7.15 μM. Nimodipine was found to inhibit the metabolism of ivacaftor through competitive inhibition based on Lineweaver-Burk plots in both RLM (Figure 7A) and HLM (Figure 7B). The Ki values were 3.26 and 5.87, respectively (Table 2).
[image: Six graphs display dose-response curves of different compounds, each with control activity percentage on the y-axis and the logarithm of compound concentration in micromolar (µM) on the x-axis. Graph A shows Nicardipine with an IC₅₀ of 1.02 µM. Graph B details Nisoldipine with an IC₅₀ of 6.55 µM. Graph C illustrates Nimodipine with an IC₅₀ of 4.57 µM. Graph D represents Nifedipine with an IC₅₀ of 15.58 µM. Graph E shows Lacidipine with an IC₅₀ of 2.17 pM. Graph F features Nitrendipine with an IC₅₀ of 15.77 µM.]FIGURE 4 | IC50 curves of 6 cardiovascular drugs on ivacaftor metabolism in RLM. Nicardipine (A), nisoldipine (B), nimodipine (C), felodipine (D), lacidipine (E), and nifedipine (F).
[image: Two graphs show control activity as a percentage against the logarithm of drug concentration. Graph A displays the effect of Nisoldipine with an IC50 of 9.10 micromolar, and Graph B shows Nimodipine with an IC50 of 7.15 micromolar. Both graphs depict a sigmoidal decrease in control activity with increasing drug concentration.]FIGURE 5 | IC50 curves of nisoldipine (A) and nimodipine (B) on ivacaftor metabolism in HLM.
[image: (A) Panel shows two graphs comparing the effect of Nifedipine concentration on binding. The left graph plots the slope versus Nifedipine concentration, while the right graph shows binding data with different IC\(_{50}\) fractions. (B) Panel shows similar graphs with a new set of data, displaying comparable analyses as in (A). Both panels include legends indicating markers for varying IC\(_{50}\) fractions.]FIGURE 6 | Lineweaver-burk plot, secondary diagram of Ki and secondary diagram of αKi inhibiting ivacaftor metabolism at different concentrations of nisoldipine in RLM (A) and in HLM (B).
TABLE 2 | The IC50 values and inhibitory effects of nisoldipine and nimodipine on ivacaftor metabolism in RLM and HLM.
[image: Table comparing inhibitors Nisoldipine and Nimodipine. For Nisoldipine, RLM shows IC50 of 6.55 µM, with non-competitive and competitive inhibition, Kᵢ of 3.35 µM, αKᵢ of 8.48 µM, and α of 2.53. HLM has IC50 of 9.10 µM, Kᵢ of 3.92 µM, αKᵢ of 35.40 µM, and α of 9.03. Nimodipine shows competitive inhibition; RLM has IC50 of 4.57 µM, Kᵢ of 3.26 µM. HLM has IC50 of 7.15 µM, Kᵢ of 5.87 µM.][image: Two panels labeled (A) and (B), each containing two graphs. The left graphs show the slope of the primary plot versus nimodipine concentration with K\(_i\) values of 3.26 nM for (A) and 5.87 nM for (B). The right graphs are Lineweaver-Burk plots depicting the inverse of formoterol-stimulated \([\text{H}\]) binding versus inverse ivacaftor concentration at different IC\(_{50}\) fractions: 0, 0.5, 0.75, and 1.0, marked with different colors.]FIGURE 7 | Lineweaver-burk plot, secondary diagram of Ki inhibiting ivacaftor metabolism at different concentrations of nimodipine in RLM (A) and in HLM (B).
3.4 Effects of nisoldipine and nimodipine on the metabolism of ivacaftor in vivo
The mean concentration-time curves of ivacaftor and M1 were shown in Figure 8. The main pharmacokinetic results derived from the non-compartmental modeling analyses performed on rats in the control, nisoldipine, and nimodipine groups were presented in Tables 3, 4. The results demonstrated the significant changes of pharmacokinetic parameters of ivacaftor in the presence of nisoldipine and nimodipine in rats. The administration of nisoldipine with ivacaftor significantly increased the AUC(0-t) and AUC(0-∞) of ivacaftor in rats, while reducing CLz/F. There were no significant changes in t1/2, Tmax and Cmax. In detail, in rats that were given nisoldipine, the AUC(0-t) of ivacaftor was increased by 0.51-fold, while CLz/F was decreased by 32.11%. Therefore, it could be concluded that nisoldipine increased the exposure of ivacaftor in vivo after administration to rats, suggesting that nisoldipine may potentially interact with ivacaftor. Moreover, in rats given nimodipine, the AUC(0-t) of ivacaftor was increased by 0.44-fold, while CLz/F was decreased by 30.27%. Although there were no significant differences in the pharmacokinetic parameters of M1 (p > 0.05), the metabolite-parent ratio (MR, MR = AUCM1/AUCIvacaftor) was reduced by 44.34% and 45.90% in the nisoldipine group and the nimodipine group, respectively, compared to the control group. These findings provided evidence that nisoldipine and nimodipine inhibited the metabolism of ivacaftor in rats.
[image: Two line graphs labeled A and B compare drug concentration over time for different treatments. Graph A shows a higher peak concentration than Graph B. Both graphs display concentration (nanograms per milliliter) on the y-axis and time (hours) on the x-axis with data series for bradorx alone, bradorx with nisoldipine, and bradorx with nimodipine, marked in black, red, and green, respectively. Each series peaks around 1 hour and decreases over 48 hours.]FIGURE 8 | Mean plasma concentration-time curve of ivacaftor (A), and M1 (B) in rats. Data are represented as the mean ± SD, n = 4.
TABLE 3 | The pharmacokinetic parameters of ivacaftor in the three groups of rats (n = 4).
[image: Pharmacokinetic parameters table for ivacaftor alone and with nisoldipine or nimodipine. AUC(0-t) and AUC(0-∞) values increased with both combinations, with significant differences marked by an asterisk compared to control. t₁/₂, Tₘₐₓ, CLz/F, and Cₘₐₓ are also shown, with mean and standard deviation. Nimodipine and nisoldipine combinations reduce CLz/F significantly.]TABLE 4 | The pharmacokinetic parameters of M1 in the three groups of rats (n = 4).
[image: A table compares pharmacokinetic parameters of Ivacaftor alone, Ivacaftor with nisoldipine, and Ivacaftor with nimodipine. Parameters include AUC, half-life, T_max, clearance, and C_max, presented as mean ± SD.]4 DISCUSSION
CF is a genetic ailment whereby mucus obstructs the respiratory and digestive systems, necessitating long-term medication for managing its advancement. This severely compromises CF patients’ quality of life and amplifies their financial burden. Unfortunately, CF has no known cure, and patients can only retrench the disease’s progression with medication. Ivacaftor is a CFTR potentiator that can be used individually to treat CF patients with the G551D-CFTR missense mutation. As the average life expectancy of CF patients increases, the likelihood that CF patients will have chronic diseases increases, increasing the need for combination therapy with other drugs. It has been clinically reported that patients with CF may develop systemic arterial hypertension during the first week of elexacaftor/tezacaftor/ivacaftor use and require hypotensive therapy (Gramegna et al., 2022). Patients with CF associated with hypertension often require blood pressure control. Nisoldipine and nimodipine, which are dihydropyridine calcium channel blockers, are commonly utilized in clinical settings to regulate blood pressure. Previous studies have indicated that dihydropyridine calcium channel blockers are metabolized by CYP3A4 (Katoh et al., 2000). Nisoldipine, a cardiovascular medication mainly used to manage hypertension, is primarily metabolized in humans by CYP3A4 (Yuan et al., 2014). Nimodipine, also a cardiovascular drug, is mainly used to dilate cerebral blood vessels and has an inhibitory effect on CYP3A4 (Kong et al., 2023; Tomassoni et al., 2009). Ivacaftor undergoes metabolism by the CYP3A enzyme family, primarily converting to the active metabolite M1 (Garg et al., 2019). The aim of our study was to utilize an UPLC-MS/MS assay that was able to accurately detect the concentrations of ivacaftor and M1 to explore the effects of various drugs that may undergo DDI on the metabolism of ivacaftor in vitro and in vivo. On this basis, we also explored the mechanism of inhibition of ivacaftor by nisoldipine and nimodipine.
First, we selected 79 drugs with potential inhibitory activity as inhibitors in an established RLM culture system. These drugs may affect the metabolism of ivacaftor, so we performed experiments to clarify the inhibitory capacity of these drugs. Our in vitro findings indicated that 20 drugs inhibited ivacaftor metabolism by at least 80%. These drugs may have more substantial impacts on ivacaftor metabolism. Of the 20 drugs in question, 6 were identified as dihydropyridine calcium channel blockers, which are cardiovascular drugs utilized to regulate blood pressure. Further studies were conducted to investigate the inhibitory effect of these 6 dihydropyridine calcium channel blockers on the metabolism of ivacaftor. As illustrated in Figure 4, the IC50 curves and values of the 6 dihydropyridine calcium channel blockers on ivacaftor had been obtained through in vitro studies in RLM. The findings indicated that 4 substances with IC50 values < 10 μM had moderate inhibitory effects on ivacaftor in RLM: nicardipine (1.02 μM), lacidipine (2.17 μM), nimodipine (4.57 μM), and nisoldipine (6.55 μM). Considering the widespread clinical use of nisoldipine and nimodipine and the fact that there were reports in the literature of DDI of these drugs with cyclosporine and statins (Kong et al., 2023; Zhou et al., 2014), we further scrutinized the inhibition mechanism of nisoldipine and nimodipine against ivacaftor using RLM and HLM. The Lineweaver-Burk plots depicted in Figure 6 indicated that the mechanism of nisoldipine on ivacaftor in RLM and HLM worked through a mixed type of inhibition mechanism, including non-competitive and competitive inhibition. However, Figure 7 showed that the mechanism of inhibition of nimodipine on ivacaftor in RLM and HLM worked through competitive inhibition. Although both drugs are dihydropyridine calcium channel blockers and both affect L-type voltage-gated calcium channels, it is possible that differences in the structure and interaction binding sites of the drugs may be responsible for the different mechanisms of inhibition (Calcium Channel Blockers, 2012).
This in vitro study provided a basis for evaluating the pharmacokinetics of ivacaftor with or without nisoldipine or nimodipine in rats. Subsequently, we performed in vivo experiments in rats using nisoldipine and nimodipine as inhibitors of ivacaftor. One study reported an AUC(0–24h) of 22,177 ng/mL*h for ivacaftor in male rats following gavage of 10 mg/kg ivacaftor alone (Harbeson et al., 2017). In our in vivo experiments, 10 mg/kg of ivacaftor was administered by gavage to rats and the results showed significant differences in pharmacokinetic parameters between group B and C and control group respectively. As shown in Table 3, the AUC(0-t) of ivacaftor alone was 8,408.56 ng/mL*h, which was significantly lower than that of the above mentioned. This may be due to the fact that we used CMC-Na as a solvent, whereas this study used PEG400 as a solvent (Harbeson et al., 2017). The difference in solvent may be the reason for this discrepancy. In a more recent study, the researchers used aqueous suspension as the solvent, and after comparing the AUC(0–24) normalized to a dose of 1 mg/kg, there was less of a difference than in our study (Pozniak et al., 2024). When ivacaftor was administered in combination with nisoldipine or nimodipine, CLz/F was significantly decreased in rats, while AUC(0-t) was significantly increased. However, there was no statistically significant change in t1/2 for ivacaftor. This may be attributed to the inhibitory effects of nimodipine and nisoldipine on P-glycoprotein (Zhang et al., 2003; Bailey and Dresser, 2004), which affects ivacaftor efflux. Moreover, our results showed the significant inhibition of ivacaftor metabolism by nimodipine and nisoldipine, which may be due to the important role of CYP450 enzymes. The extant evidences indicate that nimodipine and nisoldipine are metabolized via CYP3A4, so the competitive inhibition of CYP3A4 may underlie the augmented plasma exposure (Yuan et al., 2014; Kong et al., 2023). In addition, nisoldipine and nimodipine reduced MR values, while pharmacokinetic parameters of M1 were not significantly different between these groups.
The results of our study demonstrated that both nisoldipine and nimodipine exhibited potent inhibition with an IC50 value of less than 10 μM in both RLM and HLM. The inhibition mechanism of nisoldipine in both RLM and HLM was a mixed type of non-competitive and competitive inhibition, whereas nimodipine was competitively inhibition in both. Although both drugs produced consistent inhibitory effects on ivacaftor metabolism, however, there were limitations in our experimental results considering the interspecies differences between rats and humans, such as differences in P450 enzyme composition and protein binding. Therefore, further studies are needed in the future to clarify the effects of these drugs on the metabolism of ivacaftor in humans. In addition, the results of in vitro experiments showed that nisoldipine and nimodipine had significant inhibitory effects on ivacaftor metabolism, but the results of pharmacokinetic experiments showed that the t1/2 of ivacaftor by these two drugs was less affected. Nisoldipine and nimodipine were the most potent inhibitors of ivacaftor metabolism among these 79 drugs, but they did not produce clinically relevant DDI when it was used in combination with these two drugs, and no dosage adjustment was required in the absence of any significant adverse effects. Our findings suggest that ivacaftor is less likely to cause DDI when used in combination with these drugs. Our study helps to promote rational clinical use of medications and improve the quality of life of CF patients.
5 CONCLUSION
79 drugs that may be used in combination with ivacaftor and affect metabolism were screened. The results of the in vitro study showed that nisoldipine and nimodipine strongly inhibited the metabolism of ivacaftor through mixed and competitive inhibitory mechanisms, respectively. Results of in vivo studies showed that the combined use of nisoldipine and nimodipine resulted in a clinically irrelevant DDI. The results of the study help clinicians rationalize the use of medications.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by Laboratory Animal Center of The First Affiliated Hospital of Wenzhou Medical University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
HX: Conceptualization, Data curation, Writing–original draft. XX: Investigation, Methodology, Writing–original draft. JC: Methodology, Software, Writing–original draft. HW: Writing–original draft, Software, Validation. YS: Visualization, Writing–original draft. XC: Writing–original draft, Formal Analysis. R-AX: Writing–review and editing, Conceptualization. WW: Supervision, Writing–review and editing, Resources, Validation.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1403649/full#supplementary-material
REFERENCES
	 Bailey, D. G., and Dresser, G. K. (2004). Interactions between grapefruit juice and cardiovascular drugs. Am. J. Cardiovasc Drugs 4, 281–297. doi:10.2165/00129784-200404050-00002
	 Calcium Channel Blockers (2012) “LiverTox: clinical and research information on drug-induced liver injury,” in Bethesda (MD): national institute of diabetes and digestive and kidney diseases . 
	 Dagenais, R., Su, V., and Quon, B. (2020). Real-world safety of CFTR modulators in the treatment of cystic fibrosis: a systematic review. J. Clin. Med. 10, 23. doi:10.3390/jcm10010023
	 Elborn, J. S. (2016). Cystic fibrosis. Lancet 388, 2519–2531. doi:10.1016/S0140-6736(16)00576-6
	 Garg, V., Shen, J., Li, C., Agarwal, S., Gebre, A., Robertson, S., et al. (2019). Pharmacokinetic and drug–drug interaction profiles of the combination of tezacaftor/ivacaftor. Clin. Transl. Sci. 12, 267–275. doi:10.1111/cts.12610
	 Gavioli, E. M., Guardado, N., Haniff, F., Deiab, N., and Vider, E. (2020). A current review of the safety of cystic fibrosis transmembrane conductance regulator modulators. J. Clin. Pharm. Ther. 46, 286–294. doi:10.1111/jcpt.13329
	 Gramegna, A., De Petro, C., Leonardi, G., Contarini, M., Amati, F., Meazza, R., et al. (2022). Onset of systemic arterial hypertension after initiation of elexacaftor/tezacaftor/ivacaftor in adults with cystic fibrosis: a case series. J. Cyst. Fibros. 21, 885–887. doi:10.1016/j.jcf.2022.04.010
	 Hadida, S., Van Goor, F., Zhou, J., Arumugam, V., Mccartney, J., Hazlewood, A., et al. (2014). Discovery of N-(2,4-Di-tert-butyl-5-hydroxyphenyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide (VX-770, ivacaftor), a potent and orally bioavailable CFTR potentiator. J. Med. Chem. 57, 9776–9795. doi:10.1021/jm5012808
	 Harbeson, S. L., Morgan, A. J., Liu, J. F., Aslanian, A. M., Nguyen, S., Bridson, G. W., et al. (2017). Altering metabolic profiles of drugs by precision deuteration 2: discovery of a deuterated analog of ivacaftor with differentiated pharmacokinetics for clinical development. J. Pharmacol. Exp. Ther. 362, 359–367. doi:10.1124/jpet.117.241497
	 Hong, E., Li, R., Shi, A., Almond, L. M., Wang, J., Khudari, A. Z., et al. (2023a). Safety of elexacaftor/tezacaftor/ivacaftor dose reduction: mechanistic exploration through physiologically based pharmacokinetic modeling and a clinical case series. Pharmacother. J. Hum. Pharmacol. Drug Ther. 43, 291–299. doi:10.1002/phar.2786
	 Hong, E., Shi, A., and Beringer, P. (2023b). Drug-drug interactions involving CFTR modulators: a review of the evidence and clinical implications. Expert Opin. Drug Metabolism and Toxicol. 19, 203–216. doi:10.1080/17425255.2023.2220960
	 Katoh, M., Nakajima, M., Shimada, N., Yamazaki, H., and Yokoi, T. (2000). Inhibition of human cytochrome P450 enzymes by 1,4-dihydropyridine calcium antagonists: prediction of in vivo drug-drug interactions. Eur. J. Clin. Pharmacol. 55, 843–852. doi:10.1007/s002280050706
	 Kong, Q., Gao, N., Wang, Y., Hu, G., Qian, J., and Chen, B. (2023). Functional evaluation of cyclosporine metabolism by CYP3A4 variants and potential drug interactions. Front. Pharmacol. 13, 1044817. doi:10.3389/fphar.2022.1044817
	 Mcbennett, K. A., Davis, P. B., and Konstan, M. W. (2021). Increasing life expectancy in cystic fibrosis: advances and challenges. Pediatr. Pulmonol. 57, S5–S12. doi:10.1002/ppul.25733
	 Middleton, P. G., Mall, M. A., Dřevínek, P., Lands, L. C., Mckone, E. F., Polineni, D., et al. (2019). Elexacaftor–Tezacaftor–Ivacaftor for Cystic Fibrosis with a Single Phe508del Allele. N. Engl. J. Med. 381, 1809–1819. doi:10.1056/NEJMoa1908639
	 O'Sullivan, B. P., and Freedman, S. D. (2009). Cystic fibrosis. Lancet 373, 1891–1904. doi:10.1016/s0140-6736(09)60327-5
	 Pozniak, J., Ryšánek, P., Smrčka, D., Kozlík, P., Křížek, T., Šmardová, J., et al. (2024). Ivacaftor pharmacokinetics and lymphatic transport after enteral administration in rats. Front. Pharmacol. 15, 1331637. doi:10.3389/fphar.2024.1331637
	 Ramsey, B. W., Davies, J., Mcelvaney, N. G., Tullis, E., Bell, S. C., Dřevínek, P., et al. (2011). A CFTR potentiator in patients with cystic fibrosis and theG551DMutation. N. Engl. J. Med. 365, 1663–1672. doi:10.1056/NEJMoa1105185
	 Robertson, S. M., Luo, X., Dubey, N., Li, C., Chavan, A. B., Gilmartin, G. S., et al. (2015). Clinical drug-drug interaction assessment of ivacaftor as a potential inhibitor of cytochrome P450 and P-glycoprotein. J. Clin. Pharmacol. 55, 56–62. doi:10.1002/jcph.377
	 Sanders, D. B., and Fink, A. K. (2016). Background and epidemiology. Pediatr. Clin. N. Am. 63, 567–584. doi:10.1016/j.pcl.2016.04.001
	 Schneider, E. K., Huang, J. X., Carbone, V., Baker, M., Azad, M. A., Cooper, M. A., et al. (2015). Drug-drug plasma protein binding interactions of ivacaftor. J. Mol. Recognit. 28, 339–348. doi:10.1002/jmr.2447
	 Spoletini, G., Gillgrass, L., Pollard, K., Shaw, N., Williams, E., Etherington, C., et al. (2022). Dose adjustments of Elexacaftor/Tezacaftor/Ivacaftor in response to mental health side effects in adults with cystic fibrosis. J. Cyst. Fibros. 21, 1061–1065. doi:10.1016/j.jcf.2022.05.001
	 Tomassoni, D., Lanari, A., Silvestrelli, G., Traini, E., and Amenta, F. (2009). Nimodipine and its use in cerebrovascular disease: evidence from recent preclinical and controlled clinical studies. Clin. Exp. Hypertens. 30, 744–766. doi:10.1080/10641960802580232
	 Van Der Meer, R., Wilms, E. B., Sturm, R., and Heijerman, H. G. M. (2021). Pharmacokinetic interactions between ivacaftor and cytochrome P450 3A4 inhibitors in people with cystic fibrosis and healthy controls. J. Cyst. Fibros. 20, e72–e76. doi:10.1016/j.jcf.2021.04.005
	 Wang, Z., Sun, W., Huang, C.-K., Wang, L., Ia, M.-M., Cui, X., et al. (2014). Inhibitory effects of curcumin on activity of cytochrome P450 2C9 enzyme in human and 2C11 in rat liver microsomes. Drug Dev. Industrial Pharm. 41, 613–616. doi:10.3109/03639045.2014.886697
	 Yuan, L., Jia, P., Sun, Y., Zhao, C., Zhi, X., Sheng, N., et al. (2014). Study of in vitro metabolism of m-nisoldipine in human liver microsomes and recombinant cytochrome P450 enzymes by liquid chromatography–mass spectrometry. J. Pharm. Biomed. Analysis 97, 65–71. doi:10.1016/j.jpba.2014.03.030
	 Yu, H., Burton, B., Huang, C.-J., Worley, J., Cao, D., Johnson, J. P., et al. (2012). Ivacaftor potentiation of multiple CFTR channels with gating mutations. J. Cyst. Fibros. 11, 237–245. doi:10.1016/j.jcf.2011.12.005
	 Zhang, L., Liu, X. D., Xie, L., and Wang, G. J. (2003). P-glycoprotein restricted transport of nimodipine across blood-brain barrier. Acta Pharmacol. Sin. 24, 903–906.
	 Zhou, Y. T., Yu, L. S., Zeng, S., Huang, Y. W., Xu, H. M., and Zhou, Q. (2014). Pharmacokinetic drug-drug interactions between 1,4-dihydropyridine calcium channel blockers and statins: factors determining interaction strength and relevant clinical risk management. Ther. Clin. Risk Manag. 10, 17–26. doi:10.2147/TCRM.S55512

Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Xia, Xu, Chen, Wu, Shen, Chen, Xu and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		METHODS
published: 20 September 2024
doi: 10.3389/fphar.2024.1432944


[image: image2]
A validated UPLC-MS/MS method for quantification of pyrotinib and population pharmacokinetic study of pyrotinib in HER2-positive breast cancer patients
Yunfang Zhu1, Yuxiang Xu1, Haopeng Zhao1, Hongxin Qie1, Xiaonan Gao1, Jinglin Gao1, Zhangying Feng1, Jing Bai2, Rui Feng2 and Mingxia Wang1*
1Department of Clinical Pharmacology, The Fourth Hospital of Hebei Medical University, Shijiazhuang, China
2Department of Pharmacy, The Fourth Hospital of Hebei Medical University, Shijiazhuang, China
Edited by:
Rong Wang, People’s Liberation Army Joint Logistics Support Force 940th Hospital, China
Reviewed by:
Karol Wróblewski, University of Rzeszow, Poland
Gajanan Jadhav, University of Alabama at Birmingham, United States
Małgorzata Szultka-Młyńska, Nicolaus Copernicus University in Toruń, Poland
Dharmendra Kumar Yadav, Gachon University, Republic of Korea
* Correspondence: Mingxia Wang, 46700792@hebmu.edu.cn
Received: 15 May 2024
Accepted: 02 September 2024
Published: 20 September 2024
Citation: Zhu Y, Xu Y, Zhao H, Qie H, Gao X, Gao J, Feng Z, Bai J, Feng R and Wang M (2024) A validated UPLC-MS/MS method for quantification of pyrotinib and population pharmacokinetic study of pyrotinib in HER2-positive breast cancer patients. Front. Pharmacol. 15:1432944. doi: 10.3389/fphar.2024.1432944

Objective: Pyrotinb has been approved for the treatment of HER2-positive advanced or metastatic breast cancer in China. However, the plasma concentration of pyrotinb in different patients varies greatly, and in the course of treatment, if patients have intolerable adverse reactions, the drug dosage will be reduced or even stopped. This study set out to establish an ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) for the determination of pyrotinb in human plasma, analyze the population pharmacokinetics (PPK) of pyrotinib and assess the influence of patient variables on PK of pyrotinib in patients with HER2 positive breast cancer.Method: An UPLC-MS/MS method was developed to measure pyrotinib in human plasma. Utilizing a gradient elution procedure and a Kinetex C18 column (2.1 mm × 100 mm, 1.7 μm), sample separation was accomplished in 5.5 min. Pyrotinb extraction via protein precipitation was used as a sample pre-treatment technique. In total, 50 patients provided 158 plasma samples, which were identified and used in the PPK investigation. The non-linear mixed-effects modeling (NONMEM) approach was used to assess the plasma concentrations and covariates information. For the final PPK model evaluation, external evaluation, non-parametric bootstrap, visual predictive check (VPC), and goodness-of-fit (GOF) were used.Results: The UPLC-MS/MS method for determining plasma concentration of pyrotinib in patients had good selectivity and linearity in the range of 1–1,000 ng/mL. Pyrotinib concentration profile in HER2-positive breast cancer patients was well described by a single-compartment PPK model with first-order absorption and elimination. The formulas for the final estimated values of overall parameters of CL/F and Vd/F and Ka are respectively: [image: Equation showing CL/F (L/h) equals 88.8 times e raised to the power of (TP/67.2) times 0.376.], [image: The formula V over F of L equals three thousand nine hundred forty is shown.], [image: Equation displaying kA in inverse hours equals zero point three five seven labeled as "FIXED".]. No dosage adjustment was advised, despite the possibility that the total protein levels could have a substantial impact on the apparent distribution volume of pyrotinib with limited magnitude.Conclusion: In this study, an UPLC-MS/MS method was established to determine the concentration of pyrotinib in human plasma. A population pharmacokinetic model of pyrotinib in HER2 positive breast cancer patients suggested that low serum total protein reduced the clearance rate of pyrotinib in patients. Clinical medical staff should pay attention to the liver function of patients with abnormal serum total protein and be alert to the occurrence of adverse drug reactions.Keywords: pyrotinib, tyrosine kinase inhibitor, population pharmacokinetics, HER2-positive breast cancer, NONMEM

1 INTRODUCTION
Breast cancer (BC) is one of the malignant tumors with the highest morbidity and mortality in women today, and it is increasing year by year. According to molecular typing, BC is divided into four types: luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)-positive and three-negative (Feng et al., 2018; Yeo and Guan, 2017). Among them, HER2-positive BC accounts for about 15%–20%, which has highly aggressive biological characteristics, high malignant degree (Loibl and Gianni, 2017), high recurrence rate and poor prognosis. At present, anti-HER2 targeted therapy mainly focuses on monoclonal antibodies, tyrosine kinase inhibitors (TKIs) and antibody-drug conjugates (ADCs). TKIs have the advantages of oral formulation, multiple targets and low toxicity. In addition, compared with monoclonal antibody drugs, small molecule TKIs can better cross the blood-brain barrier to achieve therapeutic effect (O’Sullivan et al., 2017; Gelmon et al., 2015; Awada et al., 2016).
Pyrotinib is an oral and irreversible TKI independently developed in China. In August 2018, this drug has been approved by the China National Medical Products Administration (CFDA) for the treatment of patients with HER2-positive advanced or metastatic breast cancer who had previously received anthracycline or taxane chemotherapy (Blair, 2018). Guan et al. (2023) summarized and analyzed individual patient-level data from three clinical trials (Phase I clinical trial: NCT02361112, Phase II clinical trial: NCT02422199, Phase III clinical trial: NCT03080805). Compared with patients treated with lapatinib + capecitabine (L + C), patients treated with pyrotinib + capecitabine (P + C) had significantly longer PFS (22.0 months vs. 6.9 months, p < 0.001) and OS (59.9 months vs. 31.2 months, P = 0.033). PFS was significantly longer in the P + C cohort than in the L + C cohort, regardless of whether patients had received trastuzumab previously (prior trastuzumab: 16.5 months vs. 6.9 months, p < 0.001; No prior trastuzumab: 27.5 months vs. 5.5 months, P = 0.004). These findings suggest that pyrotinib has superior efficacy as a treatment option for HER2-positive breast cancer.
The common adverse reactions of pyrotinib include diarrhea, hand-foot syndrome, AST/ALT elevation, etc. diarrhea is the most common and high incidence of adverse reactions. The results of a study on adverse reactions of targeted drugs for HER2-positive breast cancer (Fang et al., 2022) showed that all patients had varying degrees of diarrhea from 1 to 7 days after the first dose (2.76 ± 2.17 days). The duration of diarrhea was less than 1 week in 4 cases (8.7%), lasted from 1 week to 1 month in 19 cases (41.3%), and more than 3 months in 30.4%. The incidence of grade 3–4 diarrhea caused by pyrotinib reached as high as 80%. Diarrhea is an important factor hindering the absorption of drugs in the gastrointestinal tract (Effinger et al., 2019). In clinical practice, drug reducing or even withdrawal due to different degrees of diarrhea has become one of the important reasons affecting the subsequent treatment. Montmorillonite powder is one of the symptomatic drugs used for diarrhea caused by pyrotinib in clinical practice. Wen et al. (2021) showed that the combination of montserillonite powder in the treatment of diarrhea had a significant effect on the bioavailability of pyrotinib, and the distribution volume of pyrotinib could be significantly affected by patient age and serum total protein level.
Phase I trial data has indicated that large accumulation of pyrotinib was not observed with repeated daily dosing (Li et al., 2019). The steady-state apparent volume of distribution (Vd/F) and clearance (CL/F) of patients receiving 80–400 mg of pyrotinibranged from 2,570 ± 39.9 L to 3,820 ± 55.7 L and 149 ± 25.8 L/h to 213 ± 66.8 L/h, respectively (Ma et al., 2017). During elimination, pyrotinib is mainly metabolized by hepatic cytochrome P450 (CYP) 3A4 (>75%) and is mainly excreted in feces (>90.9%) (Meng et al., 2019; Zhu et al., 2016). Of interest is the high variability among subjects in phase I clinical trials after administration of pyrotinib. The coefficients of variation of AUC0–24h and Cmax at steady state varied from 25% to 110% and 32.8%–91%, respectively (Li et al., 2019; Ma et al., 2017). Therefore, it is essential to explore the potential influencing factors of pyrotinib PK in the patient population for individualized regimen administration and optimization of clinical results.
At present, there are few reports about the detection of plasma concentration of pyrotinib. Meng et al. (2019) and Zhu et al. (2016) analyzed the pharmacokinetics of pyrotinib in human body by radioactive liquid chromatography and ultra-high performance liquid chromatography-quadrupole-time-of-flight mass spectrometry (UPLC-Q-TOF-MS) respectively. In addition, Chai et al. (2021) used UPLC-MS/MS to simultaneously determine pyrotinib and its metabolite, pyrotinib-lactam, in rat plasma and applied it to the pharmacokinetic study of pyrotinib and its metabolite. Among the above methods, radioactive liquid chromatography is not suitable for routine development of clinical blood drug concentration monitoring. UPLC-Q-TOF-MS method needs expensive equipment and low penetration rate, so it is difficult to meet the needs of clinical blood drug concentration monitoring. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the best choice to detect the plasma concentration of small molecule targeted drugs at home and abroad at present, which has the advantages of wide application range, high detection sensitivity, strong specificity and fast analysis speed.
In recent years, more and more attention has been paid to tyrosine kinase inhibitors in PPK. Although PPK modeling studies (Wen et al., 2021) of pyrotinib based on data from two phase I clinical trials (NCT01937689 and NCT02361112) have been reported, there is a huge difference between the study population and the real-world application. During the real world treatment, the dose would be reduced or discontinued when the intolerable adverse reactions occurred. Therefore, compared with clinical trials, the dosage of some patients in the real world is dynamic. It is necessary to conduct PPK studies on real-world sample data. The purpose of this study is to perform PPK modeling in HER2-positive breast cancer patients to reflect the clinical use of pyrotinib and evaluate the impact factors, such as patient demographic information, pathophysiological and pharmacotherapeutic characteristics on the PK of pyrotinib in clinical application.
Therefore, we aimed to establish a rapid, simple, and sensitive UPLC-MS/MS method for the determination of pyrotinib concentration in human plasma, and further apply it for the PPK research. This study is the first PPK study of pyrotinib applied in the real world, in order to provide reference for clinical individualized administration of pyrotinib.
2 MATERIALS AND METHODS
2.1 Chemicals materials
Pyrotinib (purity >95%; 6,124,170,301) and apatinib (purity> 99%; 668,160,504) were both gifted from Jiangsu Hengrui Pharmaceuticals Co., Ltd. (Jiangsu, China). HPLC-grade methanol and acetonitrile were purchased from Fisher Scientific (Waltham, MA, United States). Formic acid and ammonium acetate were obtained from Mreda Technology Inc. (Dallas, TX, United States). Ultrapure water was provided by the WatsonCompany (Guangzhou, China).
2.2 Instruments
An ExionLC™ analytical (UPLC) system (AB Sciex, United States) with an AD controller, binary pump, and degasser was used to perform chromatographic analysis. An electrospray ionization (ESI) source operating in the positive ion mode was fitted to an AB Sciex Triple Quad 5,500 mass spectrometer (5500 Q-trap; Applied Biosystems Inc., United States) for use in MS analysis.
2.3 Solutions preparation
In order to create a 1 mg/mL standard stock solution, 10 mg of pyrotinib was added to a 10 mL volumetric flask and dissolved with methanol. The same procedure was used to create apatinib (internal standard, IS) stock solution (1 mg/mL). Working solutions of 10, 50, 100, 500, 1,000, 2,000, 5,000 ng/mL, and 10 μg/mL for pyrotinib were obtained by diluting a stock solution of 1 mg/mL of the drug with acetonitrile/water (1:1, v/v). A series of calibration standard sample solutions of pyrotinib with final concentrations of 1, 5, 10, 50, 100, 200, 500, and 1,000 ng/mL were generated by adding 10 μL of working solution of pyrotinib to 90 μL of drug-free human plasma. In the same manner, the middle quality control (MQC; 80 ng/mL), high quality control (HQC; 800 ng/mL), low quality control (LQC; 2 ng/mL), and lower limit of quantitation (LLOQ; 1 ng/mL) were generated. Methanol was used to dilute the apatinib stock solution to create an IS working solution with a concentration of 10 ng/mL.
2.4 Plasma sample treatment
100 μL of drug-containing human plasma and 400 μL of precipitant containing 10 ng/mL of IS were combined in 1.5 mL centrifuge tubes, vortexed for 3 min, and centrifuged at 13,000 × g for 5 min. Subsequently, 200 μL of water was added to 100 μL of supernatant, vortexed for a minute, then centrifuged for 3 min at a speed of 130,00× g. Ultimately, the UPLC-MS/MS apparatus was injected with 5 μL of the supernatant for analysis.
2.5 Analytical conditions
The temperature was kept at 45°C during the chromatographic analysis, which was carried out on a Kinetex C18 column (2.1 mm × 100 mm, 1.7 μm; Phenomenex, United States). With a gradient elution procedure: 0∼0.3 min, 35%B; 0.3∼0.8 min, 35%→82%B; 0.8–2.6 min, 82%B; 2.6∼3 min, 82%→35%B; 3∼5 min, 35%B. The mobile phase was composed of 0.1% formic acid and 10 mM ammonium formate water (A) and acetonitrile (B). An injection of 5 μL of sample at a flow rate of 0.3 mL/min was made into the UPLC-MS/MS system with the autosampler set at 4°C.
Ion source: electrospray ion source; Ion detection mode: positive ion scanning in MRM mode; Air curtain pressure: 35 psi, collision gas pressure: Medium, atomizing gas pressure: 40 psi, auxiliary heating gas pressure: 50 psi, ion source voltage: 5,500 V, ion source temperature: 500°C. The following mass transition pairs were observed by multiple reaction monitoring (MRM): m/z 583.3→138.2 for pyrotinib and m/z 398.2→212.0 for IS. Declustering potentials for pyrotinib and IS were 85 V and 70V, respectively, and their collision energies were 36 eV and 41 eV, respectively. Figure 1 displays the secondary mass spectrograms of the IS and pyrotinib.
[image: Two mass spectrometry spectra are shown. The left spectrum peaks at m/z 138.1, 369.1, 444.2, 490.2, and 583.3 with varying intensities. The right spectrum peaks at m/z 133.9, 183.9, 211.8, and 398.5, labeled “IS”. Both graphs have intensity in cps on the y-axis and m/z in Da on the x-axis.]FIGURE 1 | The product ion plots of pyrotinib (left) andapatinib (IS, right).
2.6 Method validation
The accuracy of the UPLC-MS/MS method for determining pirotinib in human plasma was confirmed by following the guidelines provided by the US Food and Drug Administration and China Pharmacopoeia (FDA, 2018; Xu et al., 2019; Tang et al., 2021).
2.6.1 Specificity and selectivity
By comparing the chromatograms of blank human plasma samples from various sources, blank human plasma spiked with pyrotinib and IS, and human plasma samples following pyrotinib treatment, the specificity of the UPLC-MS/MS approach was assessed. For the analytes at the LLOQ, the corresponding reaction should be less than 20%, and for the IS, it should be 5%.
2.6.2 Calibration curve, linearity, lower limit of quantitation and limit of detection
Using linear least squares and 1/x2 weighted regression, the peak area ratio of pyrotinib (1, 5, 10, 50, 100, 200, 500, and 1,000 ng/mL) to the IS was plotted against the nominal concentrations to produce the calibration curves. The standard curve’s regression coefficient (r) ought to be higher than 0.99. The back-calculated concentrations at the LLOQ should be within ±20% of the nominal values, but not more than 15% of them. The lowest concentration on the calibration curve with S/N > 10 was designated as the LLOQ. The limit of detection (LOD) was defined as S/N ratios of 3.
2.6.3 Precision and accuracy
By identifying the QC samples of pyrotinib at four concentration levels in five repetitions on the same day and on more than 2 days, respectively, the intra- and inter-batch precision and accuracy were assessed. The percentage of the measured concentration to the theoretical concentration was used to calculate accuracy, and the relative standard deviation (RSD%) was used to describe precision.
2.6.4 Carryover
Analyzing a blank sample following the injection of the highest calibration standard sample allowed for the evaluation of carryover. The analyte peak area in the blank sample should not be more than 5% of the internal standard or 20% of the LLOQ.
2.6.5 Matrix effect and recovery
The IS-normalized matrix factor (MF) at the LQC and HQC concentration levels was used to assess the matrix effect, which is the differential ionization of analyte(s) due to matrix components present in the biological samples. The ratio of the peak area with the matrix present (blank matrix spiked after extraction) to the peak area without the matrix present (neat aqueous samples) was used to compute the matrix factor (MF). The MF of pyrotinib was divided by the MF of IS to obtain the IS-normalized MF. Lastly, comparisons were made between the RSDs (%) of the IS-normalized MF. The ratio between the peak area extracted with the matrix (blank matrix spiked prior to extraction) and the peak area in the presence of the matrix (blankmatrix spiked post-extraction) was used to calculate recovery.
2.6.6 Stability
The stability of plasma samples was examined at LLQC, LQC, MQC, and HQC under four distinct storage scenarios: 4 hours at ambient temperature, 24 h at 4°C in an auto-sampler tray processing sample, three cycles of freeze-thaw (−80°C), and 4 months at −80°C. 90 μL of blank plasma was placed in a 1.5 mL centrifuge tube, and 10 μL of pyrotinib QC working solution with LLQC, LQC, MQC, and HQC (10, 20, 800, 8,000 ng/mL) were added respectively to prepare QC blood samples, which were vortex-mixed for 1 min and centrifuged for 30 s. The precision and accuracy of stability were evaluated by determining the QC samples of pyrotinib at four concentration levels in five replicates.
3 STUDY DESIGN AND PATIENTS
3.1 Patients and datasets
3.1.1 Patients
A total of 50 patients with HER2-positive breast cancer who received pyrotinib in the Fourth Hospital of Hebei Medical University from November 2020 to November 2023 were enrolled in this study. The study was conducted in accordance with principles in the Declaration of Helsinki, and was approved by the ethics committee of the Fourth Hospital of Hebei Medical University, Shijiazhuang, China (No.2020032).
Inclusion Criteria: HER2-positive breast cancer; regular oral pyrotinib (400 mg, 320 mg, and 240 mg); age ranged from 18 to 80 years. Exclusion Criteria: demographic and laboratory data missing; incomplete medical record information; treatment discontinuedfor 1 month or more.
3.1.2 Administration protocol and blood sample processing
Patients took pyrotinib maleate tablets (400 mg, 320 mg and 240 mg) orally 30 min after meals daily. Clinical plasma samples were collected from patients by opportunistic blood sampling. The relevant information of patients (such as demographics, pathophysiology, etc.) was collected through follow-up and consulting the HIS system of medical records from the Fourth Hospital of Hebei Medical University.
Pyrotinib plasma concentrations were measured using the validated UPLC-MS/MS method.
3.1.3 Data handling
Patients with a pyrotinib plasma concentration result of ≥1 and an acceptable dose of ≥ 1 were included in the PK analysis. Analysis of concentrations below the LLOQ was omitted. Data outside the conditional weighted residual errors (CWRES) range of −6 to 6 were deemed possible outliers by exploratory analysis and were not included in the modeling analysis. If a covariate was absent in more than 20% of the patients, it was eliminated.
3.2 Population pharmacokinetic analysis
Using first-order conditional estimation with the η–ε interaction (FOCE-I) method, a nonlinear mixed-effect modeling (NONMEM) approach was used for building PPK models. This was done using the NONMEM program (version 7.5.0, ICON Development Solutions, Ellicott City, MD, United States). Visual prediction checks, covariate screening, and bootstrap analyses were carried out using Perl-speaks-NONMEM (PsN, version 5.2.6, Department of Pharmaceutical Biosciences, Uppsala University, Sweden). The R package “Xpose” (version 4.5.3, Department of Pharmaceutical Biosciences, Uppsala University, Sweden), R (version 4.2.1, R Foundation for Statistical Computing, Vienna, Austria), and SPSS (version 21.0) were utilized for data processing and graphical analysis.
3.2.1 Base model
One- and two-compartment models were chosen as potential structural models based on graphical exploratory research. The structural pharmacokinetic parameter between-subject-variability (BSV) was included. Based on an exponential model (Equation 1), BSV was used as follows:
[image: The image shows a mathematical equation: \( P_i = P_{\text{pop}} \times e^{x(t_i)} \) followed by the number (1).]
where ηi represents the relationship between individual random effects for individual i, which is assumed to be normally distributed with a mean of zero and variance of ω2. Pi stands for the individual parameter estimate for individual i; Ppop stands for the typical population parameter estimate.
The residual unexplained variability (RUV) was modeled using one of three methods: proportional (Equation 2), additive (Equation 3), or a combination of both (Equation 4).
[image: Equation showing Y sub i equals IPRED sub i times open parenthesis one plus epsilon sub i close parenthesis, labeled as equation two.]
[image: The image shows a mathematical equation: \(Y_{ij} = \text{IPRED}_{ij} + \epsilon_{pij}\), followed by the equation number (3) on the right.]
[image: Equation displaying a model: \( Y_{ij} = IPRED_{ij} \times (1 + \varepsilon_{ij}) + \varepsilon_{dij} \), labeled as equation (4).]
where IPREDij is the individual predicted concentration; Yij is the observed concentration for the individual i at time tj; εp,ij denotes the proportional error component; and εa,ij is the additive error component. It was assumed that residual error had a normal distribution with a variance of σ2 and a mean of zero.
The base model was built according to the objective function value (OFV), visual assessment of goodness-of-fit (GOF) plots, and the accuracy of parameter estimates.
3.2.2 Covariate model
Based on physiological and clinical plausibility, potential PK variables included: age, height (HT),weight (WT), body mass index (BMI), serum sodium (Na), serum kalium(K), albumin (ALB), globulin (GLB), total protein (TP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (TBIL), Direct Bilirubin (DBIL), Indirect Bilirubin (IBIL), serum creatinine (SCr), occurrence of diarrhea, combined medications and immunohistochemical results.
In the initial investigation, statistical research was done on covariate correlations. For additional analysis, one of the highly associated factors was kept. Plotting empirical Bayes estimates of individual parameters versus covariates allowed us to investigate the effects of variables on pharmacokinetic parameters. Subsequently, covariates that were recognized as possibly impacting pharmacokinetic parameters underwent formal testing using a stepwise forward inclusion and backward elimination procedure.
One potential covariate at a time was introduced to the base model throughout the forward inclusion procedure, and each additional component necessitated a considerable drop in the objective function value (>3.84, p < 0.05). Upon include all significant factors, a comprehensive model was produced. One covariate at a time from the entire model was eliminated during the backward elimination process, and a substantial change in the objective function value (>10.83, p < 0.001) after the deletion was the condition for keeping a covariate. Covariates that satisfied the previously stated statistical requirements were included in the final model and kept because of their clinical significance. Covariates that had an impact on the parameter of greater than 20% were considered to have clinical relevance.
Both a power function (Equation 7) and an exponential model (Equation 6) evaluated continuous covariates, whereas (Equation 8) tested categorical covariates:
[image: Equation representing a model: \(\hat{\theta} = \theta_1 + \theta_2 \times (\text{cov}_i + \text{cov}_{\text{median}})\). Labeled as equation (5).]
[image: Equation showing \( \theta = \theta_1 \times ( \text{COV}_i + \text{COV}_{\text{median}} )^{\theta_2} \). Indicated as equation 6.]
[image: Mathematical formula showing \(\theta_3 = \theta_1 \times \theta_2^{(\cos \gamma \cos \beta)}\), labeled as equation 7.]
[image: It seems there is no image uploaded. Please provide an image or a URL for me to generate the alternate text.]
where the parameters for the person i are described by θi and covi, respectively, as the covariate value. For every covariate, the median value is called covmedian. The pharmacokinetic parameter’s usual value at the median covariate value is represented by θ1+θ2, θ1, and θ2 in Equations 5–7, in that order. For categorical variables, covi in Equation 8 equals 0 or 1.
Covariate analysis was also conducted using a full model approach.
3.2.3 Model evaluation
GOF plots were utilized to assess the model’s fitness. The observed values versus population projected values, observed values versus individual predicted values, CWRES versus population predicted values, and CWRES versus time were all assessed using scatter plots. For the purpose of evaluating the model, nonparametric bootstrap resampling (n = 1,000) was also used. Through the application of the final model to 1,000 bootstrapped datasets, each parameter was estimated many times. The estimates of the final model were compared with the 2.5th, 97.5th, and median popPK parameter estimates from the resampled datasets.
For simulation-based model assessment, the visual predictive check (VPC) method was employed to account for variations in independent variablest (Bergstrand et al., 2011). Using the final model’s parameters, 1,000 datasets were simulated in order to apply the VPC technique. The 5th and 95th percentiles as well as the median from the observed data were compared to the corresponding percentiles and median from the simulated data. An evaluation was conducted on the concordance of central tendency and variability between the simulated and observed data.
4 RESULTS
4.1 Validation of methodology
4.1.1 Specificity and selectivity
Pyrotinib and IS were fully isolated in the above experimental setup, and endogenous chemicals had no effect on detection. Figure 2 displays representative chromatograms. Pyrotinib and the IS had retention times of 1.59 and 1.86 min, respectively. The fact that no notable interferences were seen during the IS and pyrotinib retention periods suggests that this approach was adequately targeted.
[image: Graphical representation of intensity versus time in minutes, displayed in three sections labeled A, B, and C. Section A features two spiked graphs with varying peaks and labeled values at the top. Sections B and C each contain two simpler line graphs with significant peaks around the same time intervals but differing in intensity. The graphs include units of intensity in counts per second (cps) and a reference label "IS" with a subscript.]FIGURE 2 | Typical MRM chromatograms of pyrotinib (left) and IS (right):(A) blankplasma sample (B) blank plasma sample spiked with pyrotinib at 1 ng/mL and IS at 10 ng/mL; and (C) plasma determination in patients with oral pyrotinib.
4.1.2 Calibration curve, linearity and lower limit of quantitation
At the pyrotinib concentration range of 1–1,000 ng/mL, the typical regressionequation of pyrotinib was y = 0.00375–6.31213e−4 (r = 0.9998), which exhibited excellent linearity. The LLOQ was 1 ng/mL with an accuracy of 80%–120%, and the RSD values representing precision were less than 15%. The LOD was 0.1 ng/mL.
4.1.3 Precision and accuracy
The precision of the LLOQ and QC samples for intra- and inter-batch complied with Chinese and FDA Pharmacopoeia criteria when compared to the theoretical concentration, and all of these results were acceptable (Table 1). For pyrotinib, the intra-batch precision and accuracy were 1.95%–3.85% and 101.29%–108.46%, respectively, in five samples at each QC level. For every QC level, the inter-batch accuracy and precision were assessed in triplicate and were 6.23%–9.25% and 99.52%–103.79%, respectively.
TABLE 1 | Intra-day and inter-day precision and accuracy for pyrotinib of quality control samples.
[image: Table comparing intra-batch and inter-batch measurements of quality control (QC) samples at four nominal concentrations (1, 2, 80, 800 nanograms per milliliter). For intra-batch (n=5): measured concentrations are 1.01, 2.08, 86.36, and 867.7 ng/mL with RSDs of 3.48%, 3.85%, 1.95%, and 3.18%, and accuracies of 101.29%, 103.90%, 107.95%, and 108.46%. For inter-batch (n=15): measured concentrations are 1.04, 2.02, 79.62, and 803.06 ng/mL with RSDs of 8.81%, 6.23%, 7.23%, and 9.25%, and accuracies of 103.79%, 101.18%, 99.52%, and 100.38%.]4.1.4 Carryover
The analyte peak area in the blank sample satisfied the criteria for clinical sample determination, measuring 3.56% of the LLOQ and 0.01% of the IS in each valid batch.
4.1.5 Matrix effect and recovery
The findings demonstrated that, at pyrotinib doses of LQC (2 ng/mL) and HQC (800 ng/mL), the IS-normalized MFs (RSD%) were 89.56% (7.42%) and 89.79% (9.46%), respectively. At LQC (2 ng/mL), MQC (80 ng/mL), and HQC (800 ng/mL), the recovery rates of pyrotinib were found to be 79.80%, 78.91%, and 82.14%, respectively. The IS recovered at a rate of 105%.
4.1.6 Stability
Under the previously mentioned parameters, pyrotinib in human plasma was found to be stable. All stability results are compiled in Table 2.
TABLE 2 | Stability of pyrotinib in human plasma.
[image: Table displaying stability experiments with columns for the experiment type, nominal concentration in ng/mL, measured concentration with standard deviation, accuracy percentage, and relative standard deviation percentage. The experiments include autosampler for 24 hours, room temperature for 4 hours, three freeze-thaw cycles at minus 80 degrees Celsius, and storage at minus 80 degrees Celsius for 4 months, with varying concentrations of 1, 2, 80, and 800 ng/mL and corresponding measured data.]4.2 Patients and datasets
4.2.1 Patient characteristics
A total of 50 patients with HER2-positive breast cancer were included in the study, and a total of 158 concentration points were used as the modeling group. All patient details including demographic information, laboratory biochemical measures, and other relevant information are provided in Table 3.
TABLE 3 | Baseline demographics characteristics and clinical laboratory measurements of patients included in the model development.
[image: Baseline information table comparing a modeling group of 50 patients and 158 concentrations. The table lists the mean and standard deviation for age, height, weight, BMI, sodium, potassium, albumin, globulin, total protein, AST, ALT, and various biochemical markers such as bilirubin. Categorical data on diarrhea occurrence, medication usage, estrogen, and progesterone receptor status are provided as percentages. Data are expressed as means ± standard deviations or quantity ratios, with annotations for abbreviations.]4.2.2 Data distribution and processing
The distribution of each covariate was plotted. The results showed that the proportion of combined use of montmorillonite powder was less than 10% of the total sample size, so this covariate was not considered. The distributions of the covariates showed that the distributions of AST, TBIL and SCR were skewed, while the distributions of the other continuous covariates were approximately normal. The distribution of some continuous variables (AST, TBIL, SCR, GLB, TP, WT) and some categorical (MP, ER, PR) covariates are shown in Figures 3, 4, respectively.
[image: Six histograms displaying distributions for different variables: AST ranges from 0 to 300, TBIL from 0 to 60, SCR from 0 to 600, GLB from 15 to 35, TP from 50 to 80, and WT from 50 to 80. Frequencies vary across datasets.]FIGURE 3 | Distribution of partial continuous variables: AST: Aspartate aminotransferase; TBIL: total bilirubin; SCR: Serum creatinine; GLB: globulin; TP: Total Protein; WT: weight.
[image: Three bar charts labeled MP, ER, and PR show data comparisons at categories 0 and 1. MP shows a significant drop from 0.8 to 0.1. ER maintains a stable level of 0.4 across categories. PR decreases from 0.6 to 0.4.]FIGURE 4 | Distribution of partial categoricalvariables: MP: combined Montmorillonite powder; ER (estrogen receptor); PR (progesterone receptor).
In our data, no covariate was absent for more than 20% of the patients. Every concentration in the patient sample was higher than the quantification’s lower bound. Potential outliers were defined as data whose conditional weighted residuals (CWRES) fell beyond the range of −6 to 6. In this investigation, no data were found to be outliers.
4.3 Population-pharmacokinetic model
4.3.1 Base model
The PK data exhibited an excellent GOF diagnostic plot (Figures 5, 6) and were best characterized by a one-compartment model with first-order absorption and elimination (Table 4). The absorption rate constant (Ka), apparent clearance (CL/F), and Vd/F were used to parameterize the model. In apparent clearance (CL/F) and Vd/F (Ka, FIXED), the BSV was integrated. In the studies, a proportional error model was adopted for RUV.
[image: Two scatter plots display the relationship between predicted values (PRED) and observed values (DV) on the left, and individual predicted values (IPRED) and observed values (DV) on the right. Both plots show data points clustered along a line, with a dashed line indicating perfect correlation. The right plot includes a red line of best fit.]FIGURE 5 | DV-PRED (left) and DV-IPRED (right)ofthebasemodel: The red line represents the locally weighted scatterplot smoothing line. CWRES, conditional weighted residual errors.
[image: Two scatter plots display CWRES values against PRED and TIME. The left plot shows CWRES versus PRED with points scattered and a slight downward trend line. The right plot shows CWRES versus TIME, indicating a more pronounced downward trend. Both plots have points dispersed around the zero line, bounded by horizontal reference lines at two and negative two.]FIGURE 6 | CWRES-PRED (left) and CWRES-TIME (right) of the base model: The red line represents the locally weighted scatterplot smoothing line. CWRES, conditional weighted residual errors.
TABLE 4 | Population pharmacokinetic parameter estimates of nalbuphine of the basic model.
[image: Table showing pharmacokinetic parameters with estimates, relative standard error (RSE), and shrinkage standard deviation (SHRINKSD). Structural model parameters include CL/F, V/F, and KA. Between-subject variability parameters include BSV-CL and BSV-V. Residual unexplained variability includes ERR-1. Some SHRINKSD values are missing.]4.3.2 Covariate model
A graphical exploratory study showed that there was a correlation between the BMI and WT, a correlation between ALT and AST (R > 0.7), and a correlation between DBIL and IBIL and TBIL. WT, TBIL, and TP were thus chosen as confounders for additional investigation. Figure 7 displays a correlation diagram between the covariates. Ultimately, stepwise regression analysis was performed using a total of 15 covariates in this investigation.
[image: Correlation matrix visualizing relationships between various health-related variables. Red circles represent positive correlations, purple circles indicate negative correlations. Circle size reflects correlation strength. Variables include age, weight, blood parameters, among others.]FIGURE 7 | Correlation diagram between covariates: The darker color of the circle indicates a stronger correlation between the covariates. Secondly, an R-value greater than 0.7 within the circle indicates strong correlation between the covariates.
The effects of TP and HT were included in the forward inclusion stage, and HT was removed in the ensuing backward elimination step. Table 5 provides the main procedures for creating the base and covariate models.
TABLE 5 | The stepwise process of building PPK model of pyrotinib
[image: Table displaying model selection results with columns for model number, description, OFV, ΔOFV, and P-value. Forward inclusion shows models with decreasing OFV values, while backward elimination shows increasing values. Specific significance levels are noted, such as P<0.05 and P<0.001.]The final population parameter estimates for CL/F, Vd/F, and Ka are described by the following equations:
[image: Equation for clearance over bioavailability (CL/F) in liters per hour equals 88.8 times e raised to the power of temperature in Kelvin minus 67.2, raised to 0.376.]
[image: Mathematical expression displaying "V divided by F of L equals 3940".]
[image: The image shows the equation \( KA(\text{h}^{-1}) = 0.357 \) with the word "FIXED" next to it.]
The parameters of the final model are shown in Table 6. All shrinkages of BSV and RUV were less than 30%, suggesting a reliable estimate of each parameter. The limitations of the data information (only 4 patients had data for multiple absorption phase time points, and the rest had data for only a single absorption phase) resulted in a large bias in the KA estimates, so the final estimates of KA based on the published pyrotinib PPK model were fixed to avoid unreliable parameter estimates. A sensitivity analysis needs to be performed on the final model KA values, as detailed in Table. 6. When KA = 0.357 h−1, the typical values of the parameters, RSE% and OFV values of the model did not change from the final model data, indicating that fixing the KA to 0.357 h−1 does not affect the values of the parameters, the accuracy of the estimation and the model fit.
TABLE 6 | Sensitivity analysis of pyrotinib KA in final model.
[image: A table displays pharmacokinetic data with columns labeled KA (h-1), OFV, CL/F (L/h), TP-CL/F, V/F (L), BSV-1 (%CV), BSV-2 (%CV), and ERR-1 (%CV). The rows list values for different KA levels ranging from 0.10 to 0.50 and a final model. Notable figures include OFV for the final model at -849.969 and BSV-2 (%CV) for KA = 0.10 at 1.25. Entries include both decimal and whole numbers.]4.3.3 Model evaluation
The final model’s GOF diagnostic plots (Figures 8, 9) demonstrated sufficient agreement between observed and anticipated values of pyrotinib plasma concentrations, showing no signs of model bias across a broad concentration range. The scatterplots of CWRES with time and CWRES versus expectations did not show any clear trends, indicating that the final model sufficiently captured the PK of pyrotinib. Using non-parametric bootstrapping, the resulting model was resampled 1,000 times, and 915 of the calculations were able to properly show the reduction phase. The final model parameter estimates were in agreement with the bootstrapped median, 2.5th and 97.5th percentile values for each parameter (Table 7).
[image: Two scatter plots compare observed versus predicted data. The left plot shows DV vs. PRED with data points clustered along a diagonal line, indicating correlation. The right plot shows DV vs. IPRED, also displaying a similar correlation with points closely following the diagonal. Both plots indicate a strong relationship between the observed and predicted values.]FIGURE 8 | DV-PRED (left) and DV-IPRED (right) of the final model: The red line represents the locally weighted scatterplot smoothing line. CWRES, conditional weighted residual errors.
[image: Two scatter plots comparing CWRES against PRE and TIME. The left plot shows CWRES versus PRE, with points dispersed around zero and a trend line. The right plot shows CWRES versus TIME, with a similar distribution and trend line. Both plots include dashed reference lines at CWRES values of -4, -2, 2, and 4.]FIGURE 9 | CWRES-PRED (left) and CWRES-TIME (right) of the final model: The red line represents the locally weighted scatterplot smoothing line. CWRES, conditional weighted residual errors.
TABLE 7 | Parameter estimates of pyrotinib in the final model and bootstrap evaluation.
[image: Table showing pharmacokinetic parameters and variability. Parameters include CL/F, TP-CL/F, V/F, and KA. The table provides estimates, RSE%, SHRINKSD, Bootstrap median and percentiles, and Relative bias for structural, between-subject variability, and residual unexplained variability. CL/F estimate is 88.8 L/h with a relative bias of −6.7%. BSV-CL variability is 51.5% CV with −3.9% bias. Terms and units are defined below the table.]The VPC evaluation, as shown in Figure 10, indicated that the final model correctly captured the concentration-time profile’s trend. The VPC plots overall demonstrated a fair predictive ability of the final model, with the median, 5th, and 95th percentile of the simulated pyrotinib concentrations significantly overlapping with the real values.
[image: Scatter plot showing observations over time, with blue and red shaded areas indicating data ranges. The x-axis is labeled "TIME" and the y-axis "Observations." Multiple data points and trend lines in blue are visible.]FIGURE 10 | Visual predictive check: Dots represent the observed data. Solid lines represent the 5th, 50th, and 95th percentiles of the observed data. Shaded areas represent nonparametric 95% confidence intervals for the 5th, 50th, and 95th percentiles of the corresponding model-predicted percentiles.
5 DISCUSSION
Currently, chromatographic methods are considered ideal for blood concentration monitoring of small molecule targeted drugs, mainly including liquid chromatography-ultraviolet (LC-UV) and LC-MS/MS methods. Considering the low blood concentration of pyrotinib in patients, the LC-MS/MS method with higher sensitivity was chosen in this study, which was easy to operate, and suitable for monitoring the blood concentration of pyrotinib. Protein precipitation method was applied for plasma sample preparation of pyrotinib in this experiment, the commonly used organic solvents, such as methanol, acetonitrile and so on, were investigated as precipitant. This method was simple in operation, low in cost. And the method was able to quantify pyrotinib over a wider linear range (1–1,000 ng/mL).
For mass spectrometry ionization, isotope-labeled internal standards have the advantage of reducing matrix effects and fluctuations brought on by sample preparation. But we also took into account the high cost of isotope-labeled internal standards and whether or not they are stable enough to be stored for the purposes of concentration determination. As an internal benchmark for this investigation, we employed apatinib, which shares structural similarities with the medication under test. Throughout the investigation, we discovered that apatinib’s chromatographic characteristics were stable in these circumstances and had good chromatographic peaks (the batch’s RSD was less than 5%), which might satisfy the requirements of the analysis. Our results supported the use of apatinib as an effective internal standard, and the literature (Su et al., 2021) currently in publication also supports the substitution of structural analogues for isotope-labeled internal standards. In this study, 158 blood samples from 50 HER2-positive breast cancer patients were determined and included for pyrotinib PPK modeling. PK data were best described using a one-compartment model with first-order absorption and elimination, incorporating a covariate, total serum protein. This covariate had a limited effect on the PK parameters of pyrotinib, and therefore no dose adjustment of pyrotinib is recommended. Pyrotinib is mainly catalyzed by CYP3A4 enzymes in the liver (Meng et al., 2019). Total serum protein (TP) is an important indicator of liver function tests, including two types of albumin and globulin. Decreased TP clinically suggests that the synthesizing function of the liver may be impaired and is commonly associated with hepatocellular damage such as severe liver disease and liver failure. In addition, when the patient has a chronic wasting disease such as hyperthyroidism, the TP level decreases due to increased consumption.
Liver function abnormalities are one of the common adverse effects of pyrotinib. A study reported that the incidence of liver function abnormalities in pyrotinib combined with capecitabine in HER2-positive recurrent or metastatic breast cancer was 35.68% (71/199), with a predominance of grades 1–2, and the incidence of grade 3 liver function abnormalities was 2.51% (5/199) (Ma et al., 2019; Xu et al., 2021). The precautions in the leaflet for pyrotinib maleate tablets set out that liver function should be checked before starting pyrotinib therapy, and that liver function markers should be monitored at least once every two cycles (6 weeks) during the course of treatment, and the frequency of monitoring should be increased in the event of abnormalities. Treatment should be discontinued if severe liver function abnormalities were noted. Moderate to severe hepatic insufficiency may be at risk of hepatotoxicity and is not recommended. The serum total protein level reflects to some extent the status of the patient’s liver function, and the final model suggests that pyrotinib clearance was reduced in patients with low serum total protein. Therefore, in clinical practice, closely attention needs to be paid to the dosage of medication as well as to the monitoring of liver function in this group of patients in order to prevent the occurrence of adverse reactions.
Data from the Pyrotinib maleate tablets specification showed that pyrotinib was administered in combination with capecitabine to breast cancer patients, the mean clearance of 400 mg pyrotinib per day at steady state was CLss/F = 141 L/h, and the mean elimination half-life (t1/2) was 18.2 h. This value was close to the estimate of clearance (127 L/h) from the pyrotinib PPK model developed by Wen et al. (2021) based on data from two large phase I clinical trials. However, it was somewhat different from the estimated value of 88.8 L/h for the final model CL/F in this study. Possibly due to the fact that the sample data for this study were derived from a clinical real-world dosing population, and the dosages of some patients were dynamically changing (the modeling dataset contained three different dosages of 240 mg, 320 mg, and 400 mg). In addition, the final modeled clearance incorporates the effect of inter individual differences in TP on clearance. This suggests that when the TP level of patients decreases, the clearance rate of pyrotinib may decrease due to abnormal liver function, so it is necessary to pay attention to monitoring the liver function of patients at this time. At the same time, patients with abnormal albumin should be careful to take pyrroltinib, and clinical workers should pay close attention to the clinical manifestations of patients after taking it to prevent the occurrence of other serious adverse events, such as diarrhea.
The instructions for pyrotinib maleate tablets indicate that the mean apparent volume of distribution Vss/F = 4,200 L at steady state for 400 mg of pyrotinib per day when administered in combination with capecitabine for the treatment of breast cancer patients. The formula for the final PPK model developed by Wen et al. (2021) showed [image: Formula for VIF: VIF equals 2270 times the quantity AGE divided by forty-seven raised to the power of zero point six five four, times the quantity TP divided by seventy-two point eight raised to the power of negative one point nine four.], which incorporated the effects of inter-individual differences in the effect of AGE and TP on apparent distribution volume. The estimated final model V/F for pyrotinib PPK in this study was 3,940 L, and they were in comparable agreement.
It was reported that the combination of montelukast decreases the bioavailability of pyrotinib (Wen et al., 2021). However, less than 10% of the population in this study combined with montelukast to be included in the examination of covariates, pending further expansion of the sample size and optimization of the model in the future.
Second, the final model did not include the occurrence of diarrhea as an independent covariate affecting the PPK of pyrotinib, suggesting that diarrhea had a small effect on its PK. However, considering that diarrhea may also hinder drug absorption in the gastrointestinal tract (Wen et al., 2021), a confounding bias in the results cannot be excluded. The occurrence of diarrhea was included in the analysis as a dichotomous variable rather than a multicategorical covariate because the severity grading of diarrhea could not be accurately obtained for the patients in this study. Further research is needed to explore this issue in the future.
6 CONCLUSION
In this study, a simple, reproducible and accurate UPLC-MS/MS method was developed for the determination of pyrotinib concentration in humans. The results of population pharmacokinetic modeling of pyrotinib in patients with HER2-positive breast cancer suggest that clinical medical staff should pay attention to the liver function of patients with abnormal serum total protein and be alert to the occurrence of hepatotoxicity. To provide clinical medication guidance for pyrotinib, the future researche could incorporate PPK/PD modeling technology with real-world sample size expansion to optimize the current model and simulate patient dosage of pyroyinib with varying liver function grade.
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Mechanistic models of hepatic clearance have been evaluated for more than 50 years, with the first author of this mini-review serving as a co-author of the first paper proposing such a model. However, published quality experimental data are only consistent with the first of these models, designated as the well-stirred model, despite the universal recognition that this model is physiologically unrepresentative of what occurs with respect to liver metabolism and transport. Within the last 3 years, our laboratory has recognized that it is possible to derive clearance equations employing the concepts of Kirchhoff’s Laws from physics, independent of the differential equation approach that has been utilized to derive reaction rates in chemistry. Here we review our published studies showing that the equation previously believed to be the well-stirred model, when hepatic basolateral transporters are not clinically relevant, is in fact the general equation for hepatic clearance when only systemic drug concentrations are measured, explaining why all experimental data fit this equation. To demonstrate that the equations deriving the mechanistic models of hepatic elimination for the past 50 years are not valid, we show that when calculating Kpuu, the ratio of unbound drug concentration in the liver to the unbound concentration of drug in the systemic circulation, for the well-stirred, parallel tube and dispersion models, Kpuu surprisingly can never exceed 1 and is a function of FH, the hepatic bioavailability following oral dosing. We believe that knowledgeable drug metabolism scientist and clinical pharmacologist will agree that this outcome is nonsensical.
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1 INTRODUCTION
It is important to recognize that the limitations imposed by in vivo experimental and clinical studies must be considered when characterizing drug metabolism and transport data and their implications in drug dosing decisions. As we have recently summarized (Benet and Sodhi, 2024b), much of the pharmacokinetic analyses universally accepted by the field with respect to hepatic metabolism and transport are not consistent with the limitations of in vivo studies, where the only experimental measurements available are systemic drug concentrations and urinary excretion amounts as a function of time. These limitations apply to simple analyses of in vivo data using noncompartmental or compartmental pharmacokinetic models as well as physiologic based pharmacokinetic (PBPK) models. Decisions concerning drug dosing in a patient or changes in drug dosing due to disease states, pharmacogenomic and physiologic differences, and drug-drug interactions are all based on drug exposure, that is, area under the concentration-time curve (AUC). Thus, the relevance of the pharmacokinetic model is based on the ability to measure and/or predict exposure and changes in exposure. In this mini-review we limit our discussion to linear pharmacokinetic systems, but will address saturable processes in future publications, which are yet unpublished, although an abstract and poster describing this approach was presented at the 2024 International Society for the Study of Xenobiotics and Japanese Society for the Study of Xenobiotics (ISSX/JSSX) meeting, in Honolulu, HI, United States on September 16–18 (Benet and Sodhi, 2024c).
Systemic exposure and changes in systemic exposure due to metabolism and transport for linear systems are a result of dose, bioavailability (F) and clearance (CL), and changes in these three parameters as given in Equation 1 for a single dose over all time or for multiple doses at steady-state (ss) during a dosing interval.
[image: Equation showing pharmacokinetic relationship: AUC from zero to infinity or dosing interval at steady state equals F multiplied by Dose divided by CL.]
Changes in volume of distribution or rate constants do not change exposure unless they also result in clearance changes.
In the last 2 years we recognized that the derivation of clearance for in vivo drug metabolism and transport processes in series and in parallel could be simply accomplished independent of differential equations utilizing Kirchhoff’s Laws from physics (Patcher et al., 2022; Benet and Sodhi, 2023; Benet and Sodhi, 2024a; Benet and Sodhi, 2024b; Wakuda et al., 2024). In fact, we demonstrated that traditional pharmacokinetic equations based on differential equations for drug absorption and elimination utilized and taught for the past century cannot accurately define the measured AUC when clearance of drug from the administration site is comparable to or less than clearance of an iv bolus dose. Thus, using Kirchhoff’s Laws we can explain why it is possible to obtain bioavailability from systemic concentration measurements that exceed unity, why renal clearance can be a function of drug input processes, and why statistically different bioavailability measures may be found for urinary excretion versus systemic concentration measurements in the same study.
2 KIRCHHOFF’S LAWS APPLIED TO THE PHARMACOKINETICS OF IN SERIES PROCESSES
We discovered, in 2022, that Kirchhoff’s Laws from physics would provide a pathway to derive clearance and overall rate constants for in series processes, independent of differential equation derivations (Patcher et al., 2022). We showed that consistent with Kirchhoff’s Laws for processes in series, the inverse of the overall clearance would equal the sum of the inverse of the individual rate-defining processes entering and the inverse of the individual rate-defining process leaving. Here for clearance as given in Equation 2
[image: Equation showing the relationship between conductances: \( \frac{1}{CL_{\text{overall}}} = \frac{1}{CL_{\text{lowering rate-defining process}}} + \frac{1}{CL_{\text{lowering rate-defining process}}} \) with reference number (2).]
A rate-defining process is one that, on its own, could potentially define a total clearance, and one that is possible to measure experimentally when it solely determines the clearance (e.g., liver blood flow). When the hepatic metabolic clearance (CLH) is derived and hepatic basolateral transporters are not clinically relevant, the entering rate-defining process is hepatic blood flow (QH) and the leaving rate-defining process is the fraction unbound in blood (fu,B) multiplied by the hepatic intrinsic clearance (CLint) as given in Equation 3.
[image: Inverse clearance of the liver, one divided by CL subscript H, equals one divided by hepatic blood flow, Q subscript H, plus one divided by the unbound fraction, f subscript u dot b, times intrinsic clearance, CL subscript int. Equation is labeled three in parentheses.]
When hepatic basolateral transporters are relevant to hepatic clearance, a third rate-defining process is included (Patcher et al., 2022), the difference between the intrinsic hepatic uptake clearance (CLinflux) minus the intrinsic hepatic efflux clearance (CLefflux).
[image: The image shows an equation for clearance, denoted as 1 over CL_H, which equals 1 over Q_H plus f_uB times (CL_int, influx minus CL_eff, influx) plus 1 over f_uB times CL_int.]
As we recently detailed (Benet and Sodhi, 2024b), Kirchhoff’s Laws are only applicable for rate-defining processes. That is a parameter that can by itself be a measurable result of in vivo experimental studies. Thus, when (CLinflux – CLefflux) is a positive value, it is possible that hepatic basolateral transport could be rate limited by this value. However, if (CLinflux – CLefflux) is a negative value, hepatic clearance could never equal this value, and the term should not be included in the CLH equation (Equation 4), just as passive diffusion processes are not included in the CLH equation. Hepatic clearance can never be defined by passive diffusion.
When a drug is dosed extravascularly (e.g., oral, subcutaneous, intramuscular, lymphatic, transdermal, inhalation), the entering rate-defining process is the clearance from the site of administration, a concept not previously considered in pharmacokinetics prior to our publications (Wakuda et al., 2024; Benet and Sodhi, 2024b), while the leaving rate-defining process is the clearance following an iv bolus dose as given in Equation 5.
[image: The equation shows the inverse clearance for extravascular dosing is equal to the inverse clearance at the extravascular site plus the inverse clearance for intravenous bolus. Equation number (5).]
3 EVALUATING DRUG METABOLISM IN VIVO DATA
A very familiar equation results from rearrangement of Equation 3, which yields:
[image: Equation labeled as (6) shows: \( CL_H = Q_H \cdot \frac{f_{u,b} \cdot CL_{int}}{Q_H + f_{u,b} \cdot CL_{int}} \).]
Equation 6 for the past half-century has been believed to be the well-stirred model (WSM). However, Equation 6 was derived making no assumptions concerning the mechanistic characteristics of hepatic elimination; it is simply the result of considering two in series steps in hepatic elimination utilizing Kirchhoff’s Laws. The universality of Equation 6 in defining hepatic clearance when only extrahepatic concentrations are measured is notably supported by the fact that all valid isolated perfused rat liver (IPRL) experimental studies, where only systemic concentrations are measured, are consistent with Equation 6 (Sodhi et al., 2020). There are no valid experimental studies that unambiguously demonstrate that IPRL data are better fit by the parallel tube model (PTM) or dispersion models (DMs) as compared to Equation 6. Of particular relevance to this previous statement is Figure 1A, which was presented by both Professors Rowland and Sugiyama as supporting the PTM and DM mechanisms of hepatic elimination at the September 2023 International Society for the Study of Xenobiotics (ISSX) symposium, “50 Years of Clearance Prediction.” Both speakers cited studies from their laboratories in presenting versions of Figure 1A (Roberts and Rowland, 1986; Iwatsubo et al., 1996), where the y-axis values are published hepatic availability FH measures, experimentally determined from ex-vivo IPRL studies. Whereas the x-axis values are calculated efficiency numbers (fu ⋅ CLint/QH), which were determined by combining the experimentally utilized QH and fu values from the IPRL study with a predicted in vivo CLint that is based on in vitro-in vivo extrapolation (IVIVE) of in vitro CLint measures from a different study. As we recently noted (Benet and Sodhi, 2024b) “Notably, the calculated in vivo CLint values assume that IVIVE has no error, and that the in vitro CLint value may accurately predict the in vivo CLint. In the last century, it may have been believed that IVIVE would give quantitatively accurate values, but we know today from multiple studies that this is not true and that throughout the field, as presently employed, IVIVE consistently underpredicts the in vivo measured experimental clearance values (Sodhi and Benet, 2021). At the time that Figure 1A was originally presented the authors understandably may not have appreciated this difference. But subsequently, both speakers have published with their colleagues that they recognize that the previous assumption of the accuracy of IVIVE is incorrect (Chiba et al., 2009; Rowland and Pang, 2018).
[image: Two graphs compare hepatic availability for different compounds. Graph A shows original data with a curve and labeled points for several drugs like Propranolol and Lidocaine. Graph B shows data corrected for in vitro to in vivo extrapolation error, with a shifted curve. Axes in both graphs represent the same variables: hepatic availability (F_H) versus a combined measure of intrinsic clearance and hepatic blood flow.]FIGURE 1 | Adapted from Benet and Sodhi (2024b): Plots of hepatic availability (FH) vs. efficiency number (fu·CLint/QH) based on (A) originally published analysis, and (B) further corrected for in vitro-in vivo underprediction error. The theoretical clearance relationships are represented with lines in blue (the Equation 6 relationship; previously regarded as the well-stirred model), red (parallel tube model), and green (dispersion model). (A) Data points assuming no error in IVIVE prediction are depicted, based on original analysis from Roberts and Rowland (1986) and Iwatsubo et al. (1996). (B) Original data are corrected for degree of observed in vitro to in vivo (IVIVE) underprediction error, based on human liver microsomal IVIVE data reported by Wood et al. (2017). The five high extraction ratio compounds included in this analysis (alprenolol, lidocaine, meperidine, phenacetin and propranolol) are labeled. Additional compounds (low and moderate extraction ratio) are labeled with the following abbreviations: 5-HT, 5-hydroxytryptamine; ANP, antipyrine; CMZ, carbamazepine; DZP, diazepam; ETB, ethoxybenzamide; HBT, hexobarbitone; PYT, phenytoin; TLB, tolbutamide; TPT, thiopental. (Published with permission from Sodhi, J.S. Identifying Xenobiotic Transporter Involvement in Complex Drug-Drug Interactions, Doctoral Thesis, University of California San Francisco, 2020).
In Figure 1B, reproduced from Benet and Sodhi (2024b), we replotted the x-values for all of the data points where IVIVE error data were available using the degree of IVIVE underprediction for human microsome experiments, as reported by Wood et al. (2017). It is instructive that when the IVIVE underprediction is accounted for, all of the data appear to be best described by Equation 6 (blue line), previously regarded as the WSM. Thus, we maintain that although the field believes that the WSM is unphysiologic and that the PTM and DMs are more representative of liver elimination for high clearance drugs, there are no quality experimental studies available demonstrating that data are best described by the PTM and DMs when only systemic concentrations are measured. Equation 6 continues to best describe all valid experimental data available in the published literature.
4 EVALUATING MECHANISTIC MODELS OF HEPATIC ELIMINATION FOR IN VIVO DATA
As indicated above, using Kirchhoff’s Laws we showed that the equation previously believed to be the well-stirred model (Equation 6) could be derived independent of any mechanistic model. We maintain that when only systemic concentrations are measured, the correct relationship between hepatic clearance, hepatic blood flow and intrinsic hepatic clearance (when hepatic basolateral transporters are not clinically relevant) is Equation 6 and that Equation 6 is model-independent (i.e., it is not the well-stirred model). Sodhi et al. (2020) reanalyzed the published experimental IPRL data, the only data that can unambiguously differentiate the different mechanistic models of hepatic elimination and found that none of the studies support the parallel tube and dispersion models versus the fit to Equation 6.
However, if one chooses to ignore all experimental in vivo data, one can argue that our hypothesis is just a theoretical alternate proposal to the well-stirred model derivation (Rowland et al., 1973; Wilkinson and Shand, 1975). Yet recently we have demonstrated (Benet and Sodhi, 2024a) that the previously proposed mechanistic models of hepatic elimination, whether including or not including hepatic basolateral transport, lead to completely unrealistic relationships between Kpuu, the steady-state partition between unbound drug concentration in the liver and the unbound systemic blood concentration, and FH, the fraction of bioavailability due to hepatic clearance following oral dosing. Furthermore, we show that the proposal of Li and Jusko (2022) that when the unbound partition is measured between the drug concentration in the liver and the drug concentration in the blood exiting the liver leads to an even more preposterous outcome for Kpuu, with the result that Kpuu equals 1.0 for all drugs when clearance is described by Equation 6. Thus, we assert that these additional confounding theoretical outcomes added to the finding that no experimental IPRL data support the parallel tube and dispersion models should convince our field that the models of hepatic elimination have no relevance when only systemic concentrations are measured.
As we point out (Benet and Sodhi, 2024a; Benet and Sodhi, 2024b), the error that has been made for the past 50 years is equating the steady-state (ss) rate of loss in the systemic circulation with the unbound concentration in the liver (CLiver,u,ss) multiplied by the intrinsic liver clearance (CLLiver,int) for each of the mechanistic models of hepatic elimination. Instead, the correct approach should be to multiply the concentration of total drug in the liver (CLiver,ss) by the liver clearance (CLLiver) as represented in Equation 7.
[image: The equation shows the rate of loss at steady state: Rate of loss_ss equals C_Blood,ss times CL_Blood, which is equal to C_Liver,ss times CL_Liver but not equal to C_Liver,ss times CL_Liver,int.]
We assert that if the drug clearance in the blood is rate limited by hepatic blood flow, should not the drug clearance in the liver also be rate limited by hepatic blood flow? Thus, we argue that there should be no basis in utilizing the final term of Equation 7 to further derive mechanistic models of hepatic elimination, and this error explains why experimental data also do not support any such derived hepatic disposition equations.
5 EVALUATING IN VIVO DRUG TRANSPORT DATA
5.1 The extended clearance model (ECM)
Up to the present, the incorporation of hepatic basolateral transport into hepatic clearance equations has been treated as an extension of the WSM, assuming that the inequality in Equation 7 is a valid equality, which has been presented as the extended clearance model (ECM) in a number of papers as we reviewed (Benet et al., 2018), giving Equation 8
[image: The image shows an equation for clearance of blood in a biopharmaceutical context: \( CL_{\text{Blood, ECM}} = \frac{Q_H \cdot CL_{\text{int, flux}} \cdot f_uB \cdot CL_{\text{int}}}{Q_H \cdot (CL_{\text{int}} + CL_{\text{int, flux}}) + CL_{\text{int, flux}} \cdot f_uB \cdot CL_{\text{int}}} \). The equation is labeled as equation (8).]
Assuming that [image: Equation depicting the ratio of clearance influx, binding factor, and intrinsic clearance over hepatic blood flow, which is much less than the sum of intrinsic clearance and effective clearance influx.], the familiar form of the ECM is given as Equation 9
[image: The equation depicts CL subscript Blood comma ECM equals the product of CL subscript int flux, f subscript u comma B, and CL subscript int, all divided by the sum of CL subscript int and CL subscript int flux, denoted as equation nine.]
Then the explanation for hepatic uptake to be the rate limiting step for statins and other acids with molecular weights greater than 400 is to assume that CLefflux is negligible, so that the CLint terms in the numerator and denominator may cancel, as presented by many colleagues, for example, by Sirianni and Pang (1997), Webborn et al. (2007), Kusuhara and Sugiyama (2009), Caminesch and Umehara (2012), Barton et al. (2013), and Varma et al. (2015).
There are four outcomes that demonstrate the deficiencies of the ECM (Equation 9). First, when clearance is assumed to be given by Equation 9, the value for Kpuu determined at steady-state must always be less than FH, a completely unrealistic relationship (Benet and Sodhi, 2024a). Second, why should it be necessary for CLefflux to be negligible for hepatic basolateral transport to be rate limiting? Couldn’t hepatic basolateral uptake be rate limiting as long as CLinflux was greater than CLefflux? Third, if hepatic basolateral uptake is the rate limiting process for hepatic clearance, it is not possible for CLint to have any effect on hepatic clearance. And fourth, clearance incorporating hepatic basolateral transport (Equation 9) has only been derived for the WSM, not for the PTM and DMs.
5.2 Incorporating basolateral hepatic transport using Kirchhoff’s Laws
As first presented by Patcher et al. (2022), including hepatic basolateral transport in the general hepatic clearance equation (Equation 6) is given by:
[image: Equation showing an expression for clearance in blood: one divided by CL subscript blood equals one divided by Q subscript H plus one divided by f subscript u,B times CL subscript int plus f subscript u,B times the quantity of CL subscript intflux minus CL subscript efflux in parenthesis.]
Note that our approach to the relevance of influx and efflux at the hepatic basolateral border follows the same approach as universally used for secretion and reabsorption in the kidney, where it is the difference between the two processes that drives clearance, rather than separating out the two processes as is done in the ECM. Further, these parameters capture both the active plus the passive membrane passage clearances.
Then if [image: Equation relating liver blood flow and clearance rates: \( Q_H \gg f_{u,B} \cdot CL_{int} \) and \( f_{u,B} \cdot (CL_{influx} - CL_{efflux}) \).] solution of Equation 10 gives
[image: Equation for clearance, \( CL_{\text{H}} \), representing clearance in blood. It is defined as \( f_{\text{u.B}} \cdot CL_{\text{int}} \) times a fraction involving \( (CL_{\text{int.flux}} - CL_{\text{el.flux}}) \) over \( CL_{\text{int}} + (CL_{\text{int.flux}} - CL_{\text{el.flux}}) \). Another expression equates to \( \frac{f_{\text{u.B}} \cdot CL_{\text{int}}}{1 + \frac{CL_{\text{int.flux}} - CL_{\text{el.flux}}}{CL_{\text{int}}}} \) followed by a third form equating to a fraction with numerator \( f_{\text{u.B}} (CL_{\text{int.flux}} - CL_{\text{el.flux}}) \) and denominator \( 1 + \frac{(CL_{\text{int.flux}} - CL_{\text{el.flux}})}{CL_{\text{int}}} \). Equation labeled as (11).]
From the Equation 11 relationship, when CLint is much greater than [image: The image shows a mathematical expression: \( (CL_{\text{influx}} - CL_{\text{efflux}}) \). This represents the difference between influx clearance (\(CL_{\text{influx}}\)) and efflux clearance (\(CL_{\text{efflux}}\)).] hepatic basolateral transport is the rate limiting step; when [image: Equation showing the difference between two variables: \(CL_{\text{influx}}\) minus \(CL_{\text{efflux}}\).] is much greater that CLint, hepatic elimination is the rate limiting step. And Equation 11 defines the relationship at intermediate positions when both hepatic basolateral transport and hepatic elimination are relevant. All of the clinical clearance relationships for statins and other acids with molecular weights greater than 400 (i.e., Extended Clearance Classification System (ECCS) classes 1B and 3B drugs as defined by Varma et al., 2015) can be described by Equation 11.
6 SUMMARY
When evaluating and predicting systemic concentrations for drugs undergoing hepatic metabolism and transport, we have proposed that a number of the clearance equations universally accepted for the past 50-years are not valid. This obviously is a very controversial proposal; however, we believe that experimental data strongly support our position. Here we review our published studies showing that what was previously believed to be the well-stirred model is in fact the general model for hepatic elimination when only systemic concentrations are measured, consistent with the finding that all quality experimental data only fit this relationship. We detail four reasons that the equation including basolateral transporter effects into the hepatic clearance equation, the Extended Clearance Model, is not valid. The correct equation derived from Kirchhoff’s Laws is consistent with all experimental data. Hepatic clearance equations when hepatic basolateral transporters are clinically relevant and when they are not relevant are simply derived based on Kirchhoff’s Laws independent of differential equation derivations.
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Introduction: CA102N is a novel anticancer drug developed by covalently linking H-Nim (N-(4-Amino-2-phenoxyphenyl methanesulfonamide) to Hyaluronic Acid to target CD44 receptor-rich tumors. The proposed approach seeks to enhance the efficacy and overcome limitations associated with H-Nim, including poor solubility and short half-life.Methods: The study aimed to evaluate the pharmacokinetics, biodistribution, metabolism, and tumor permeability of [14C] CA102N in xenograft mice following a single intravenous dose of 200 mg/kg. Liquid scintillation counting analysis was used for the pharmacokinetics and mass balance analysis. Metabolite profiling was assessed by HPLC-MS coupled with a radio flow-through detector. Quantitative Whole-Body Autoradiography was used to determine tissue distribution. Concentrations of CA102N and its metabolites were measured using total radioactivity data from urine, feces, and tissue samples.Results: About 94.9% of the administered dose was recovered at 240 h post-dose. The primary route of radioactivity elimination was through urine, accounting for an average of 77% of the dose with around 13.2% excreted in the feces. Tissue distribution showed rapid accumulation within 0.5 h post-administration, followed by a fast decline in most tissues except for the tumor, where slow elimination was observed. CA102N/metabolites exhibited a two-phase pharmacokinetic profile, characterized by an initial rapid distribution phase and a slower terminal elimination, with a half-life (t1/2) of 22 h. The mean maximum concentration (Cmax) of 1798.586 µg equivalents per ml was reached at 0.5 h (Tmax). Most of the radioactivity in plasma was attributed to CA102N, while small-molecule hydrolysis products dominated the excreta and tissue samples. Metabolite profiling revealed two major hydrolysis products: H-Nim-disaccharide and H-Nim-tetrasaccharide. No unchanged [14C] CA102N was detected in urine or feces, suggesting that CA102N undergoes extensive metabolism before excretion.Conclusion: The current data provided valuable insights into the pharmacokinetics, metabolism, and tissue/tumor distribution of CA102N in mice. These findings demonstrated that metabolic clearance is the primary elimination pathway for CA102N and that the drug exhibits tumor retention, supporting its development as an anticancer therapy. Our results provided a strong pharmacological basis for the advancement of CA102N into the clinic.Keywords: hyaluronic acid, distribution, excretion, metabolism, pharmacokinetics, cancer therapy

1 INTRODUCTION
In the past decade, there has been growing interest in the development of drug delivery systems to improve the pharmacological and therapeutic properties of parenterally administered drugs. Hyaluronic acid (HA)-based delivery systems have gained significant attention recently, especially for their potential in cancer therapy (Jia et al., 2022; Luo et al., 2019).
HA is a naturally occurring glycosaminoglycan found in the extracellular matrix of connective tissues. Its unique properties make it a promising and versatile drug delivery system. HA is a biocompatible, biodegradable, non-toxic, non-immunogenic polymer, with a high affinity to the cluster of differentiation 44 (CD44) receptor which is overexpressed in various tumor cells and plays a key role in tumor progression (Blundell et al., 2004; Kalaydina et al., 2018; Pérez-Herrero and Fernández-Medarde, 2015; Elzahhar et al., 2019; Li et al., 2017; Soppimath et al., 2001; Almawash et al., 2018; Su et al., 2011; Xu et al., 2015).
The newly developed Hyaluronic Acid Drug Conjugate (HADC) platform employs the natural properties of HA to deliver drugs to target sites, such as tumors. (Mattheolabakis et al., 2015; Saravanakumar et al., 2014). By exploiting HA’s binding affinity to CD44, HADC can deliver therapeutic agents directly to diseased or cancer tissues, thus improving efficacy while reducing off-target effects and toxicity. Additionally, with its biocompatibility, biodegradability, and ability to enhance drug solubility, HADC could be an ideal platform for creating efficient and targeted drug delivery system.
CA102N is a novel HADC molecule, consisting of HA in its sodium salt form coupled to H-Nim (N-(4-Amino-2-phenoxyphenyl, methanesulfonamide), a derivative of cyclooxygenase-2 (COX2) inhibitor Nimesulide (Nim) (Jian et al., 2017). CA102N is currently under development in clinical phase II studies for metastatic colorectal cancer. Cyclooxygenase COX-2 is an inducible enzyme that catalyzes the metabolism of Prostaglandin E2 (PGE2). Studies have shown that COX-2–derived PGE2 promotes angiogenesis and tissue invasion of tumors, resistance to apoptosis, and suppression of immune responses in cancer (FitzGerald, 2011; Liu et al., 2015; Sheng et al., 2020); moreover, inhibition of COX-2 has been implicated in the treatment and prevention of various human cancers (Evans and Kargman, 2004). The anticancer activities of Nim have been shown in several studies (Okajima et al., 1998; Fukutake et al., 1998; Zhong et al., 2012; Li et al., 2003; Liang et al., 2009); however, its poor solubility, short t1/2, and association with increased risk for hepatotoxicity restrict its application of becoming a lead anticancer drug (Wei et al., 2021; Neha et al., 2012). CA102N was developed to address these limitations by specifically delivering H-Nim to cancer cells (Mero and Campisi, 2014). Pharmacological studies have demonstrated the apoptotic and tumor growth inhibitory effects of CA102N. Administration of 200 or 400 mg/kg CA102N) weekly (QW) or three times a week (TIW) in HT-29 xenograft nude mice led to a significant reduction in tumor burden compared to vehicle-treated controls (Lin et al., 2017).
Pharmacokinetics, distribution, metabolism, and excretion (PK-DME) characteristics of a novel molecule are critical for efficacy, safety, and ultimately success in the clinic. Further, the assessment of PK-DME data and tumor-targeting properties of cancer therapeutics allows for a more robust nonclinical evaluation. Therefore, the primary objective of this study was to assess the PK-DME properties of CA102N, using a human colon carcinoma (HT-29) xenograft model. This model was chosen for its ability to provide more relevant and translational cancer research data. Quantitative Whole-Body Autoradiography (QWBA) and [14C] labeling were employed to comprehensively evaluate the pharmacokinetics and tumor-targeting attributes of CA102N. Further, the use of the radiolabeled ([14C]CA102N) enabled in vivo tracking of the drug and its metabolites and highlighted the clearance mechanism.
The findings of this investigation were used to recommend clinical studies as well as to reduce uncertainties in dosing and safety, which are key aspects of translational research.
2 MATERIALS AND METHODS
2.1 Test article and General chemicals
2.1.1 Test articles
CA102N (N-(4-Amino-2-phenoxyphenyl) methanesulfonamide-graft-poly (β-D-(1, 3) glucuronic acid-β-D-(1, 4)-N-acetylglucosamine) conjugate (purity 100%) and H-Nim were synthesized in the Drug Discovery Laboratory of Holy Stone Healthcare (Hsinchu, Taiwan). CA102N is a white or off-white fibrous crystalline aggregate, sparingly soluble in water, and insoluble in ethanol.
[14C]-CA102N ([aniline ring-14C(U)]) (purity 97.7%), was supplied by Moravek Biochemicals, Inc. (Brea CA). The synthesis of radiolabelled CA102N was designed to provide a [14C]-CA102N [aniline ring-14C(U)]- labeling on H-Nim. The test article was a mixture of [14C]CA102N [aniline ring-14C(U)] and CA102N, (purity 100%). The structure of the test article is presented in Supplementary Figure S1, the asterisk indicates the position of the 14C label.
[14C]-CA102N was supplied as a solution in water with a specific activity of 5.95 μCi/mg. The solution was stored at 5°C, protected from light. The radiopurity and stability of [14C]CA102N in the dosing formulation were assessed by radio-HPLC, (Supplementary Figure S2).
2.1.2 General chemicals
Formic acid, HPLC-grade acetonitrile, and HPLC-grade methanol, Dulbecco’s Phosphate-Buffered Saline (DPBS) were purchased from Fisher Scientific (Pittsburgh, PA). Type I water was generated using an Elgastat UHQ PS water purification system. The reference standards H-Nim saccharide and H-Nim disaccharide were synthesized by ACME (Palo Alto, CA). The remaining reagents used in the study were commercially sourced and of analytical-grade quality.
2.2 Dosing formulation
The CA102N dosing formulation was prepared on the day of dosing by mixing an appropriate quantity of [14C]CA102N and CA102N in the vehicle, DPBS. The target CA102N formulation concentration was 40 mg/mL and the radioactivity concentration was approximately 40 μCi/mL resulting in the target dose of 200 mg/kg and approximately 200 μCi/kg, or a dose volume of 5 ml/kg/dose. CA102N was mixed thoroughly until the test article was completely dissolved and continuously stirred during dosing and sampling procedures. Prior to dose administration, formulations were filtered using 0.22 μm filters to ensure sterility.
2.3 Test animals and tissue collection
The animal studies were conducted in compliance with the protocols approved by the Institutional Animal Care and Use Committee (IACUC). For studies conducted at QPS (Newark, DE), the IACUC Protocol Number was 004, and the Study Numbers were 975N–1602 and 975N-1601. For studies performed at the National Chung Hsing University (Taichung, Taiwan) the IACUC Protocol Number was 110-036.
Female BALB/c athymic (nu+/nu+) mice (n = 48) were generated by Taconic (Germantown, NY). Mice (18–22 g) were acclimated for at least 3 days before subcutaneous implantation of 1 × 107 HT-29 colorectal carcinoma (ATCC number HTB38) cells in 100 μL 50:50 matrigel: PBS. Tumors were allowed to grow to 200–500 mm3 sizes before initiating the study. Each animal was assigned a permanent identification number, and identified with a tail mark before being placed on the study. Food and water were provided ad libitum. Animal rooms were controlled to maintain a temperature of 68°F–79°F, and 20%–70% relative humidity, with a 12 h light/12 h dark cycle. Observations were recorded for all animals pre-dose and at least once daily post-dose. Mice were randomized into 3 groups and housed (n = 3 per cage) in metabolism cages (Group 1, n = 9) or shoebox cages (Group 2, n = 29 and Group 3, n = 10). Each mouse received a single bolus injection of CA102N via the tail vein. Urine, feces, cage residue, blood/plasma, tissue samples, and carcasses were collected from different groups for Mass Balance (MB), Metabolite Identification (MET-ID), Pharmacokinetics (PK), and Quantitative Whole-Body Autoradiography (QWBA) studies.
Samples were collected on days 0 through 10. For the MET-ID studies, complete urine, feces, and cage residue specimens were collected (up to 120 h) over dry ice from each metabolism cage (n = 3 mice/cage, Group 1). Blood samples were collected via cardiac puncture (Group 2), into EDTA-containing tubes at 0 (pre-dose), 0.5, 2, 8, 24, 48, 72, 120,168, 240, and 336 h after the dose, and plasma samples were harvested on wet ice for PK analysis. Tumor and liver samples were also collected for detailed metabolites study at 240 h post-dose. The weights of all samples (except blood and plasma) were recorded and then stored at −70°C for later analysis. For the QWBA study (Group 3), mice were euthanized by being frozen in a hexane/solid carbon dioxide bath, blood samples were collected, and the carcasses (0 (pre-dose), 0.5, 2, 8, 24, 48, 72, 120,168, 240 and 336 h after dose) were stored at −20°C before processing for QWBA analysis.
2.4 Radioactivity measurement, liquid scintillation counting (LSC), analysis of mass balance samples, blood, and plasma
Radioactivity in diluted formulations, plasma, and urine, was quantitated by mixing with a liquid scintillator, Ultima Gold scintillation cocktail (5 mL, PerkinElmer). Samples were analyzed by LSC for total radioactivity content. Solid samples were homogenized (3 X volume of distilled water) and placed in a Combusto-Cone® that contained a Combusto-Pad® to dry overnight before combustion in a sample oxidizer (Perkin Elmer Model 307). The resulting 14CO2 liberated during combustion was trapped in CarboSorb® and Perma-Fluor® scintillation cocktail was added automatically to the samples before total radioactivity measurement by LSC.
All LSC analyses were performed using a liquid scintillation analyzer (Perkin Elmer Model 2800TR or Model 2900TR). The LSC data in CPM were automatically corrected for counting efficiency using an external standardization technique and an instrument-stored quench curve generated from sealed quenched standards, to obtain disintegrations per minute (dpm). Data were corrected to the background by subtracting the dpm value measured from the analysis of blank samples (cocktail only).
The extraction recovery of all samples was evaluated by mixing with MeOH: H2O (1:1, v/v). (except urine samples which were evaluated for centrifugation recovery). The mixtures were centrifuged and the supernatants’ radioactivity was determined by LSC. The % extraction recoveries were determined in all the samples.
2.5 Sample analysis for QWBA
The pinna, limbs, and tail were removed from each frozen carcass (Group 3) and the remaining carcass was embedded in an aqueous suspension of approximately 1% (w/v) carboxymethylcellulose and frozen into a block. The blocks were stored at approximately −20°C before sectioning. Each blocked carcass was mounted on a microtome stage (Leica CM3600 Cryomacrocut and/or a Vibratome 9800, Leica Corp., Nussloch, Germany) and maintained at approximately −20°C. Sections were collected and allowed to dry by sublimation in the cryomicrotome at −20°C for at least 48 h. A set of sections for each mouse was mounted on a cardboard backing, covered with a thin plastic wrap, and exposed along with calibration standards of [14C]-glucose mixed with blood at 10 different concentrations to a [14C]-sensitive phosphor imaging plate (Fuji Biomedical, Stamford, CT). The imaging plates and sections were placed in light-tight exposure cassettes, for a 4-day (96 h) exposure at room temperature. The imaging plates were scanned using the GE Healthcare Typhoon FLA 9500 image acquisition system (GE/Molecular Dynamics, Sunnyvale, CA, United States). Quantification was performed by image dosimetry using MCID image analysis software (Version 7.0, Interfocus Imaging Ltd., Linton, Cambridge, United Kingdom). A standard curve was constructed from the integrated response (MDC/mm2) and the nominal concentrations of the [14C]-calibration standards. The concentrations of radioactivity were expressed as the µg equivalents of CA102N per gram sample (µg equiv/g).
2.6 In Vivo metabolite profiling
Fecal and tissue homogenates were maintained at approximately −70°C for MET-ID analysis. The metabolite profiling in the biological samples from mice dosed with [14C]CA102N was performed by HPLC-tandem mass spectrometry coupled with a radio flow-through detector (RFD). The HPLC-MS/radio flow-through detector (RFD) consisted of a Shimadzu NexeraTM (Shimadzu, disseminated Japan) ultra-high pressure liquid chromatography system with two LC-30AD pumps, a SIL30AC autosampler, and a CTO-30A column oven; A Sciex TripleTOF 6600TM (Sciex, Framingham, MA) mass spectrometer; and a β-RAM Model 3 RFD. The mass spectrometer was controlled by Analyst TF 1.7TM (Sciex, Framingham, MA), and the RFD was controlled by Laura Lite 5TM (LabLogic Systems, Brandon, FL) software. The HPLC eluent was split between the RFD and mass spectrometer with a ratio of 3 to 1.
[14C]CA102N and its metabolites were separated using reverse-phase and hydrophilic interaction chromatography. Two HPLC methods were used to separate the metabolites and the parent molecule CA102N, using RFD and mass spectrometer simultaneously.
Retention times of the metabolites were determined from the radio-chromatograms. Mass spectra (MS and MS/MS) of metabolite standards (H-Nim, H-Nim Saccharide, H-Nim Disaccharide) were acquired and major fragment patterns were proposed. The identification of these metabolites was confirmed by matching mass spectra (MS and MS/MS) and retention times with authentic reference standards. For other unknown metabolites, molecular ions were searched on LC-MS chromatograms at the same retention times as those found on an HPLC radio-chromatogram. The product/ion spectra were acquired for the corresponding molecular ions. Putative metabolite structures were proposed based on the analysis of their mass fragment patterns.
2.7 PK of the parent molecule H-Nim in mice
Female BALB/c athymic (nu+/nu+) mice (n = 5) were used in the study. Mice were treated with a single bolus injection of H-Nim via the tail vein at 4.5 mg/kg. The blood samples were collected at 5, 10, 30, 60, and 120 min after treatment. Mice were anesthetized and decapitated to obtain the blood samples. Serum supernatant was collected and stored at −80 until analysis.
PK samples were analyzed by LCMS analysis. The retention time of H-Nim was approximately 25.4 min on the extracted ion chromatogram (XIC) and the protonated molecule of H-Nim was at m/z 279. The product ion spectrum of H-Nim displayed fragment ions at m/z 200, 171, 154 and 123.
2.8 Data analysis
Statistical analyses were limited to generating mean, standard deviation, and coefficient of variation calculations, as appropriate. Dose tables and data tables were compiled with the mean and standard deviation values calculated using the Debra® software program (v. 6.06.63, Lablogic Ltd.) and/or Microsoft® Office Excel 2010 (Microsoft Corporation).
The following calculations were used to determine the µg equivalents/mL, or/g and % percent of dose in the tissue:
[image: Microgram equivalents per milliliter equals microcuries per milliliter divided by specific activity dosed in microcuries per milliliter.]
[image: Equation showing drug equivalents per gram equals the disintegrations per minute (DPM) of the sample times one divided by mass of tissue in grams, all over the specific activity of the radiolabeled molecule in DPM per gram.]
[image: Equation for calculating the percent of dose in tissue is displayed: percent of dose in tissue equals microgram equivalents in tissue multiplied by one hundred, divided by specific activity dosed in microcuries per microgram.]
Note that: [image: Equation describing a calculation: micrograms equivalent in the tissue equals micrograms equivalent per gram tissue multiplied by one gram of tissue, resulting in micrograms equivalent.]
[image: Mass balance calculation formula showing: Total micrograms of compound in sample divided by Total micrograms of compound in dose, multiplied by one hundred.]
2.8.1 Plasma pharmacokinetic analysis
Pharmacokinetic parameters were determined using individual (Group 2) plasma total radioactivity concentration of [14C]CA102N and its metabolites vs. time profiles. Nominal times were used for pharmacokinetic calculations. Phoenix® WinNonlin®, (version 6.3, Pharsight Corporation, Mountain View, CA, United States) noncompartmental pharmacokinetic analysis was used to determine PK parameters [Maximal concentration (Cmax), Time of maximal concentration (Tmax), Terminal half-life (t1/2), area under the curve to infinity observed (AUCinf obs [µg equiv·h/g]), and area under the curve all observed points (AUCall [µg equiv·h/g])]. The acceptance criteria for the terminal half-life (t1/2) estimation used regression of at least three time points. Individual and/or mean plasma concentrations below the lower limit of quantitation (reported as BQL) were treated as zero for the calculation of mean concentration and standard deviation. Plasma concentrations are expressed as µg equivalents (equiv)/g (assume 1 mL = 1 g).
2.8.2 QWBA calculations
Autoradioluminographic image data were calibrated using response curves that were generated using a weighted, 1st-degree, polynomial, linear equation (1/MDC/mm2). A numerical estimate of the goodness of fit was given by the relative error, where the absolute value for the relative error of each calibration standard must have been ≤0.250 to be accepted.
The LLOQ and ULOQ were set using calibration standard concentration values of 0.0003 and 20.973 μCi/g, respectively, which were widely proven values (Kolbe and Dietzel, 2000) that were verified during the QWBA system validation (Solon and Lee, 2002).
3 RESULTS
3.1 Mass balance studies
The primary route of elimination of CA102N after a single IV dose of [14C]CA102N in female BALB/c athymic (nu+/nu+) xenograft mice (Group 1) was in the urine, which accounted for a mean of 56.7% of the pooled administered dose. About 13.2% of the pooled administered dose was recovered in the feces. An average of 16.4%, 3.0%, and 1.2% of the pooled administered dose was recovered in the cage rinse, wash, and wipe, 120 h post-dose respectively. An average of 4.4% of the pooled administered dose was recovered in the tissues (i.e. liver and tumor, 240 h post-dose) that were collected from the mass balance animals. The average total recovery of radioactivity in mice was 94.9% of the pooled administered dose (Figure 1).
[image: Line graph titled "Group 1" showing percentage of dose excreted or accumulated over 240 hours. Urine (diamonds) shows the highest percentage, followed by feces (circles), cage (triangles), and tissue (squares). Total (hexagons) represents cumulative data, increasing over time.]FIGURE 1 | The cumulative recovery of total radioactivity over time. Total radioactivity was measured following a single intravenous (IV) dose of [14C] CA102N at 200 mg/kg in Group 1 tumor-bearing mice (n = 9). The data indicated that 94.7% of the administered radioactivity was recovered by 240 h post-dose, demonstrating significant retention and clearance of the compound/metabolites over time.
The highest tissue concentrations (>400 μg equiv/g) in were found in the following tissues: blood (1,458.127 μg equiv/g at 0.5 h), lung (884.995 μg equiv/g at 0.5 h), urinary bladder content (8984.365 μg equiv/g at 0.5 h), tumor (875.26 μg equiv/g at 8 h), liver (642.95 μg equiv/g at 48 h), adrenal Gland (429.979 μg equiv/g at 72 h), thyroid (469.62 μg equiv/g at 2 h), skin (non-pigmented) (407.673 μg equiv/g at 0.5 h), uterus (432.78 μg equiv/g at 0.5 h), and lymph node (456.819 μg equiv/g at 72 h) (Table 1).
TABLE 1 | Distribution profile of total radioactivity (μg equivalents per gram tissue) determined by QWBA in tumors and major mouse tissues after i.v. administration of 200 mg/kg [14C] CA102N to the tumor-bearing mice (n = 1 per time point).
[image: A table displays tissue concentration of a substance in micrograms equivalent per gram over various time points. Columns show time in hours and concentrations in lung, total tumor, bone marrow, lymph node, spleen, kidney, liver, and heart. Concentrations generally decrease over time. The lower limit of quantification is 0.244 micrograms equivalent per gram of tissue.]The tissues having the lowest relative concentrations (<60 μg equiv/g) were: white adipose, brain, spinal cord, bone tissue, eye lens, mammary gland region, and skeletal muscle.
3.2 Quantitative Whole-Body Autoradiography (QWBA) studies
The mean tissue distribution in female athymic BALBc Nu+/Nu + HT-29 xenografted mice was examined following the administration of a single intravenous (IV) dose of [14C]CA102N mixture (200 mg/kg). The concentration-time profiles of major tissues are summarized in Table 1 and and shown in the related autoradiograms (Figure 2). The [14C]CA102N and metabolites-derived radioactivity was well distributed in tissues. Most tissues exhibited lower concentrations than in blood at early time points (Supplementary Table S1); however, at time points 24 h and after, concentrations in blood continued to drop steadily, whereas concentrations in most tissues declined slowly and remained higher than in blood and some tissues (lymph node, bone marrow, spleen, liver, and tumor) for the remainder of the study. the Cmax of [14C]CA102N and metabolites-derived radioactivity was observed in most tissues at 0.5 or 2 h post-dose, with tissue concentrations generally ≥80 μg equiv/g (Supplementary Figure S3).
[image: Three panels labeled A, B, and C show anatomical diagrams of animals at different time intervals of 0.5 hours, 8 hours, and 24 hours. Each panel contains detailed labeling of organs and tissues. Panels B and C feature highlighted tumors, emphasizing changes over time.]FIGURE 2 | Whole-body autoradiograms (QWBA) of selected cross-sections of tumor-bearing mice. Selected cross-section tissues were taken at different time points (A) 0.5 h, (B) 8 h, and (C) 24 h post-administration of [14C] CA102N. Darker shades in the autoradiograms represent areas with higher concentrations of radioactivity, indicating increased drug distribution. Tumor areas are marked, and comparisons of radioactivity distribution between tumor tissues and other selected organs (e.g., liver, kidneys, lungs) are shown at each time point. The images demonstrate the temporal distribution of CA102N and metabolites, highlighting initial uptake and prolonged retention in tumor tissues. h refers to hours post-dose.
3.3 Mice pharmacokinetics (PK)
The plasma concentration-time data for, [14C]CA102N and its metabolites, was characterized in the plasma of female BALB/c athymic (nu+/nu+) xenograft mice following a single IV dose of [14C]CA102N equivalent to 200 mg/kg. The mean total radioactivity concentration-time data of CA102N and related molecules are shown in Figure 3. Pharmacokinetic parameters were determined using total radioactivity concentrations in plasma vs. time profiles.
[image: Line graph showing total plasma radioactivity concentration over time. The vertical axis represents concentration in log scale, while the horizontal axis denotes time. The data points show a steep decline initially, which gradually levels out, indicating a significant decrease in concentration over time.]FIGURE 3 | The mean plasma total radioactivity concentration data ([14C] CA102N and related molecules) versus time profiles following a single intravenous dose of [14C] CA102N at 200 mg/kg. Total plasma radioactivity in female BALB/c Athymic (nu+/nu+) mice (n = 5) was measured following a single intravenous (IV) dose of 200 mg/kg [14C]CA102N. Data points represent the mean ± standard deviation (SD), over time plotted on a logarithmic scale to show detailed kinetics throughout the study.
The mean Cmax of plasma total radioactivity after a single IV dose of [14C]CA102N and its metabolites was 1,798.586 μg equiv/ml. The Tmax at Cmax was observed at 0.5 h post-dose. Mean plasma radioactivity concentrations decreased over time with a t1/2 of 22 h. The mean plasma total radioactivity AUClast was 18,332.4 μg equiv/ml*h (Table 2). The results showed a rapid decline of total radioactivity concentrations after Cmax, 0.5 h post-dose. Low concentrations of CA102N and metabolites were quantifiable in plasma up to 144 h.
TABLE 2 | Pharmacokinetic parameters total radioactivity concentration-time data ([14C]CA102N and metabolites) following a single intravenous administration of a nominal 200 mg/kg of [14C]CA102N in group 2 tumor-bearing female BALB/c athymic (nu+/nu+) mice.
[image: Table presenting pharmacokinetic parameters, their units, and values. Parameters include Lambda_z, t1/2, Tmax, Cmax, C0, Clast_obs/Cmax, AUC 0-t, AUC 0-inf_obs, AUC 0-t/0-inf_obs, AUMC 0-inf_obs, MRT 0-inf_obs, Vz_obs, Cl_obs, Vss_obs. Values range from 0.01 to 183329.2 in respective units. Mean dose administered is 197.27 with a standard deviation of 13.18.]The PK analysis of H-Nim (parent molecule) was not possible as H-Nim was only observed at the first sampled time points of up to 5 min, (0.142 μg/mL). H-Nim was not detectable at any time point greater than 5 min (detection limit, 0.1 μg/mL). These results confirm the relatively short half-life and fast elimination of H-Nim.
3.4 Metabolite profiling of plasma, urine, fecal, liver, and Tumor extracts from female xenograft mice
3.4.1 HPLC/MS analysis of metabolite standards
The identity of CA102N metabolites was confirmed by comparing the obtained mass spectra and retention times with the mass spectra and retention times of the reference standards, H-Nim, H-Nim Saccharide, and H-Nim Disaccharide.
3.4.2 Metabolite profiling
The recoveries of radioactivity from the LC column during a gradient run, determined from an injection of processed samples were all >90%. The radioactivity recoveries from mouse urine centrifugation were 99.06%. For the metabolite profiling, the identity of CA102N metabolites was confirmed by comparing the obtained mass spectra and retention times with the mass spectra and retention times of the reference standards, H-Nim, H-Nim saccharide, and H-Nim disaccharide. The parent molecule CA102N was the major product observed in the pooled plasma samples up to 24 h post-dose (Figure 4). CA102N is cleaved at the specific target site and two major metabolites, the H-Nim disaccharide conjugate and H-Nim tetrasaccharide, M1037 conjugate are released. No free Nim or H-Nim are determined in all the biological samples evaluated. This implies that the primary metabolic reaction likely involves glycosidic bond cleavage between sugar moieties or other linked components of the molecule.
[image: Chromatogram displaying two main peaks; the first small peak is labeled A and the larger, prominent peak is indicated as caffeine. The x-axis represents retention time, and the y-axis shows the intensity.]FIGURE 4 | HPLC radio-chromatogram of plasma extracts from female BALB/c Athymic (nu+/nu+) xenograft mice following a single intravenous dose of [14C] CA102N at 200 mg/kg. HPLC radio-chromatogram displays the analysis of plasma extracts from female BALB/c Athymic (nu+/nu+) xenograft mice, pooled from 0 to 24 h following a single intravenous dose of [14C] CA102N at 200 mg/kg. The chromatogram demonstrates the presence of radiolabeled components, with the predominant peak corresponding to the parent compound, CA102N, indicating that the parent drug remains the predominant component in plasma during this period.
H-Nim disaccharide was detected (isomer a and isomer b) in mouse fecal extracts and urine with a protonated molecule at m/z 658 (Figures 5A, B; Figures 6A, B; Supplementary Figures S4 A, B). The accurate mass of H-Nim disaccharide isomers were 658.1884 and 658.1863 Da, which matched the theoretical mass of 658.1913 Da for a formula C27H36N3O14+ (mass difference, −2.9, −7.6 ppm). The product ion spectra of H-Nim disaccharide standard isomers were similar and displayed prominent fragment ions at m/z 640, 437, 419, 358, 340, and 322. Both the retention time and product ion spectrum of H-Nim disaccharide matched the retention time and product ion spectrum of H-Nim disaccharide authentic standard.
[image: Four chromatograms labeled A, B, C, and D showing chemical peak data. Chart A highlights labeled compounds with multiple peaks. Chart B shows two main peaks labeled isomer 3 and isomer 4. Chart C displays a single, sharp peak marked MB327. Chart D features multiple smaller peaks, with MB327 labeled. Each graph illustrates chemical analysis results over a range of values.]FIGURE 5 | The HPLC Radio-chromatograms in different biological matrices of Female Xenograft Mouse. The radio-chromatograms display the presence of CA102N metabolites, specifically H-Nim-disaccharide (m/z 640) and M1037, in pooled mouse urine (A) and fecal extracts (B) collected from 0 to 120 h post-dose. Additionally, the metabolites were identified in the liver (C) and tumor tissues (D) at 240 h post-dose, confirming their tissue-specific distribution and retention.
[image: Seven panels of gas chromatography spectra with peaks labeled, illustrating different sample analyses, including compounds such as hexane and butene. Each panel highlights distinct retention times and peak intensities, showcasing differences in chemical compositions across samples.]FIGURE 6 | Extracted-ion chromatogram (XIC) and full scan mass spectrum of CA102N metabolites H-Nim-disaccharide and M1037 in different biological matrices. The top panels present the extracted-ion chromatograms (XIC), and the bottom panels display the full scan mass spectra for CA102N metabolites analyzed in various biological matrices. (A, B): H-Nim-disaccharide identified in pooled mouse fecal extracts and urine samples collected from 0 to 120 h post-dose. The XIC shows a clear peak for H-Nim-disaccharide with a protonated molecule at m/z 640, and the corresponding full scan mass spectrum reveals characteristic fragment ions supporting the metabolite’s identity. (C–E): M1037, a tetrasaccharide metabolite, was detected in liver and tumor tissues at 240 h post-dose and in urine samples pooled from 0 to 120 h post-dose.
The second metabolite, M1037, was identified in mouse liver and tumor extracts, and pooled urine samples with a protonated molecule at m/z 1,037 (Figures 5A, C, D; Figures 6C–E; Supplementary Figure S4C–E). The accurate mass of M1037 was 1,037.2994 Da, which matched the theoretical mass of 1,037.3027 Da for a formula C41H57N4O25+. The product-ion spectrum of M1037 displayed prominent fragment ions at m/z 1,019 (loss of water), 640, and 437. Based on the mass spectral data, M1037 was proposed as an H-Nim tetrasaccharide. The difference between the measured and theoretical masses is 0.0033 Da, which indicates a very close match, showing high confidence in the identification of this metabolite.
3.4.3 Biotransformation products of [14C]CA102N
The biotransformation products of [14C]CA102N in female xenograft mice included hydrolysis products H-Nim disaccharide and M1037, H-Nim tetrasaccharide (Figure 7).
[image: Chemical structures showing various disaccharide configurations. The main structure at the top branches into three labeled forms: "CA-102N," "M1037," and "H-NIM disaccharide." Each structure includes hydroxyl groups and complex ring formations.]FIGURE 7 | The biotransformation products of CA102N identified in female xenograft mice samples. CA102N metabolites (Nim-disaccharide and Nim-tetrasaccharide conjugates) are formed potentially by hydrolysis of glycosidic linkages within CA102N, leading to stepwise degradation into smaller saccharide units like disaccharides and tetrasaccharides.
4 DISCUSSION
CA102N is an innovative anticancer agent of a new class of therapeutics based on the HADC platform, designed to selectively target tumors via the CD44 receptor overexpressed in many cancers. This novel platform exploits the interaction between HA and the CD44 receptor to optimize tumor-specific drug delivery (Mattheolabakis et al., 2015; Saravanakumar et al., 2014). For chemotherapeutics, receptor-mediated drug delivery is believed to reduce systemic toxicity and improve drug efficacy at tumor sites (Mohanty et al., 2011; Large et al., 2019). CA102N is an HA-H-Nim conjugate developed to deliver H-Nim to target cells to improve the overall safety, efficacy, and PK characteristics of the drug. Nimesulide is approved (in some countries) as a second-line treatment for acute pain, symptomatic treatment of painful osteoarthritis, and primary dysmenorrhea (Rainsford, 2006). Nimesulide at the recommended daily dose of 200 mg is associated with an increased risk for hepatotoxicity (HPRA, 2007; Page et al., 2008; Traversa et al., 2003). Besides, Nimesulide and H-Nim (a derivative of Nimesulide) often face challenges related to their poor solubility and pharmacokinetic (PK) profiles (Macpherson et al., 2013). In PK studies H-Nim, disappeared rapidly, showing a potential half-life of <5 min, limiting its druggability as a drug candidate. These limitations may require the development of alternative strategies to enhance solubility, stability, and PK profiles. Hyaluronic acid (HA) is a naturally occurring polysaccharide with excellent water-binding capacity and biocompatibility, making it an ideal carrier for drug conjugation. By conjugating HA with hydrophobic drugs such as H-Nim, the overall solubility of the drug can be significantly improved. Additionally, HA as a carrier helps to prolong the circulation time of the drug, since the conjugate is less likely to be cleaved in the bloodstream. This also allows for controlled release and delivery to target tissues, such as tumors, where enzymes like hyaluronidases break down the HA and release the potential drug, metabolites. Therefore, the conjugation of H-Nim with HA in CA102N not only provides enhanced solubility, which is crucial for its parenteral administration but also improves its pharmacokinetics and tumor-targeting capabilities.
Understanding the PK and DME characteristics of a molecule is key to optimizing therapeutic potential, reducing side effects, and ensuring safety and efficacy. The present study was designed to evaluate for the first time the systemic exposure, tissue distribution and the DME properties of CA102N (H-Nim), an HADC, using a human colon carcinoma (HT-29) xenograft mouse model. The study was conducted in part to validate the HADC drug carrier system, highlighting its potential to improve drug targeting, delivery efficiency, and PK profile. Xenograft models were used in this study for they are often employed in cancer research as valuable models for understanding drug behavior in vivo and for confirming tumor-targeting properties of drug candidates prior to clinical trials (Kelland LR, 2004; Ruggeri et al., 2014). Although the data obtained from xenograft models may differ from human studies, it can still offer valuable insights for subsequent human experiments. Preclinical data from such models can guide dose selection and predict potential tissue-specific accumulation. These assessments are critical for designing human studies in clinical trials. In addition, in this study radiolabeled [14C]CA102N was used, with the radiolabel attached to the aniline ring of the H-Nim moiety. This approach facilitated the tracking of both the parent drug and its metabolites across various tissues and organs, which enabled the determination of its biodistribution.
Pharmacokinetic analysis of total radioactivity following a single intravenous (I.V.) dose of 200 mg/kg [14C] CA102N included both CA102N and its circulating metabolites. The maximum concentration (Cmax) of 1798.58 µg equivalents/mL was reached within 0.5 h post-administration (Tmax). The plasma concentration-time profile demonstrated a rapid distribution phase followed by a slower elimination phase, likely due to the gradual release of CA102N from cellular compartments. At 72 h post-dose, the mean plasma radioactivity was 1.073 µg equivalents/mL. CA102N showed a low systemic plasma clearance (CL) of 0.012 L/h/kg and a volume of distribution at a steady state (Vss) of 0.1 L/kg, which is smaller than the total body water volume in mice (0.7 L/kg). This suggests that CA102N may preferentially penetrate tissues with high CD44 expression.
The observed half-life (t1/2) of 22 h, a contrast to the much shorter half-life of the parent molecule H-Nim (t1/2 < 5 min), suggests that conjugation significantly enhanced the pharmacokinetic profile of H-Nim. Moreover, conjugation most likely improved the molecule’s stability and solubility, which could further potentiate the therapeutic impact of CA102N. By remaining bioavailable in the system for a much longer period, CA102N may also allow for sustained pharmacological action, potentially leading to enhanced therapeutic efficacy.
The QWBA imaging data provided valuable insights into the tissue distribution and retention of CA102N and active metabolites in tumor-bearing mice following intravenous administration. Measurable levels of CA102N and its associated molecules were detected in various tissues at all observational time points, highlighting the compound’s systemic exposure and targeted delivery capabilities. The highest total radioactivity concentrations were found in cardiac blood, lung, liver, kidney medulla, and the tumor capsule at Tmax, indicating key tissues where the drug and/or its metabolites accumulated.
The immediate and significant tumor accumulation (12.41% of the total dose at 0.5 h post-dose and a Cmax of 17.86% after 8 h) suggests that CA102N is rapidly delivered to tumor sites. This tumor targeting most possibly occurs through two primary mechanisms: CD44 Receptor-Mediated Targeting and the Enhanced Permeation and Retention (EPR) Effect. High CD44 expression in tumors enables selective binding and internalization of CA102N, making CD44-mediated targeting a critical factor for drug targeting and tumor selectivity. Additionally, the EPR effect likely played a crucial role in the increased tumor uptake and prolonged retention of CA102N (Maeda et al., 2016). The EPR effect allows passive accumulation of CA102N in tumors, where the drug remains for extended periods, as evidenced by the sustained release of CA102N and its metabolites from tumor sites, with a half-life of 74.2 h. This dual-targeting mechanism further enhances CA102N’s potential as a therapeutic agent.
The total recovered radioactivity of the administered dose was 94.9%, with 56.7% excreted in urine and 13.2% recovered in feces. The cage rinses, wash, and wipe accounted for a combined total of 20% of the dose. The primary source of cage rinse radioactivity (16.4%) was likely urine, suggesting that approximately 73% of the total [14C] CA102N-related material was excreted via urine (Table 3). Around 60% of the total dose was eliminated within the first 24 h, with the remaining amount likely being slowly released from tissues over time. Detectable levels of radioactivity were still present in certain tissues at the time of sacrifice, 10 days post-dose. The average residual radioactivity in liver and tumor tissues was 4.4% of the total administered dose, indicating prolonged retention in these tissues. The urinary excretion pattern aligns with the observed plasma half-life (CA102N and metabolites) of 22 h and its low clearance rate, supporting the hypothesis that CA102N-related molecules are released gradually from tissues over an extended period.
TABLE 3 | Excretion of CA102N, M1, and M1037 and total radioactivity following a single 200 mg/kg intravenous injection of [14C] CA102N in group 1 mice.
[image: Table detailing percent dose excretion measured as radioactivity across four components: Urine plus cage rinse, feces, liver plus tumor, and total. Urine excretion is 56.7% ± 4.8% and 16.4% ± 7.6%. Feces is 13.20% ± 8%, liver is 4.40% ± 0.3%, and the total is 94.90% ± 13.8%. Components M1, M1+M1037, M1037, and CA102N show varying excretion levels, with ND indicating not detected. Data represents means ± standard deviations from nine observations.]While CA102N was the major component observed in mouse plasma, two additional metabolites were identified across various tissues, urine, and feces. The primary metabolite in fecal extracts was H-Nim disaccharide, whereas M1037 (H-Nim tetrasaccharide) was the dominant metabolite in liver and tumor extracts. Both metabolites were determined in pooled urine samples. The cleavage of HA or CA102N may be initiated by hyaluronidases, particularly the HYAL-2 enzyme, which breaks down HA into intermediate-sized fragments of about 10–20 kDa (Stern, 2003; Lepperdinger et al., 2004). These fragments are taken up by cells via endocytosis after binding to HA receptors such as CD44 (Harada and Takahashi, 2007). Once internalized, hyaluronidase HYAL-1 further degrades HA/CA102N into predominantly tetrasaccharides within the endosomal-lysosomal compartments. These tetrasaccharides could either be cleaved into disaccharides by lysosomal glucuronidases or released intact through exocytosis (Jourdian, 1996; Racine and Mummert, 2012; Winchester, 1996).
No Nim-related metabolites or degradation products were observed during the study, and there was no indication of toxicity linked to Nim or its derivatives. This suggests that the conjugation of H-Nim to hyaluronic acid (HA) in CA102N may have altered its metabolic profile, reducing the formation of potentially toxic Nim-related compounds. Therefore, the metabolic profile, improved pharmacokinetics, and targeted delivery of CA102N via HA-CD44 interaction, likely contributed to its favorable safety profile. These findings are consistent with the absence of hepatotoxicity observed in preclinical toxicology and clinical studies (Pant et al., 2023; Tchaparian et al., 2019).
One of the limitations of this study is the small number of HT-29 xenograft model mice (n = 1)/time point used in the biodistribution assessment. However, unlike in vitro and ex vivo assays of excised organs or tissues, QWBA measurements minimize intra-subject variability by enabling longitudinal tracking of tissue distribution across multiple time points. This approach enhances its statistical power and ensures efficient data acquisition with reasonably high reliability, despite the limited sample size.
Another limitation is that the metabolic profile of CA102N was unknown at the time of this study. Consequently, total radioactivity was used to estimate the overall clearance and pharmacokinetic (PK) parameters, which may not fully capture the exact metabolic pathways of CA102N. Further studies will be necessary for a full characterization of the biotransformation pathway of CA102N.
5 CONCLUSION
In summary, the current study provided a comprehensive understanding of the PK and DME characteristics of CA102N and related molecules in mice following a single intravenous dose of 200 mg/kg. The pharmacokinetic profile was thoroughly characterized, including its biodistribution across various tissues, with a particular emphasis on tumor accumulation. Urinary excretion was identified as the major elimination pathway of CA102N. CA102N remained the primary circulating component in plasma for up to 24 h while two metabolites, a disaccharide, and a tetrasaccharide, were identified in the excreta and tissue samples. The metabolites profile revealed interesting hydrolysis pathways with no detectable fragments of the parent molecule, H-Nim.
These studies were instrumental in identifying the PK DME properties of CA102N, assessing potential safety risks, and supporting dosing decisions. The findings contributed significantly to the overall development of CA102N, allowing its successful advancement as a drug candidate in clinical settings.
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Background: Fluticasone propionate is a synthetic trifluoro-substituted glucocorticoid, a highly selective glucocorticoid receptor agonist. Fluticasone propionate nebuliser suspensions is an inhaled corticosteroid with the low systemic bioavailability which provides a low risk (benefit outcome without the adverse effects that accompany systemically administered corticosteroids), referred as a first-line preventive agent for patients with persistent asthma. China has become one of the countries with the highest asthma mortality rate in the world in the past years. It urgently needs good generic drugs to help ease patients’ burden and improve their quality of life.Objective: The primary objective of this study was to evaluate the bioequivalence of fluticasone propionate nebuliser suspensions between test formulation (generic product) and reference formulation (original product, Flixotide Nebules®) with the pharmacokinetic parameters as the endpoint indicators and the secondary objective was to evaluate the safety of two inhalated fluticasone propionate nebuliser suspensions under the condition of fasting in healthy Chinese subjects.Methods: The bioequivalence study was conducted with a single-center, randomized, open-label, single-dose, two sequences, two-period crossover design. 24 healthy subjects were randomly assigned into T-R and R-T sequence groups with 12 patients in each group. The subjects were administered 1 mg (2 mL:0.5 mg,plastic ampoules) of generic fluticasone propionate nebuliser suspension as a test formulation or Flixotide Nebules® as reference formulation and cross administration after sufficient washout period (5 days) for the second period study. The blood sample was collected at predetermined time points up to 48 h and the plasma concentration of fluticasone propionate was determined by HPLC-MS/MS in healthy subjects after inhalation of test or reference formulation. The non-compartment model method (NCA module) of the WinNonlin® software (version 8.3) was used to calculate the pharmacokinetic parameters (Cmax, AUC0-t, AUC0-∞) between the test formulation and the reference formulation were within the predefined range of 80.00% and 125.00%, bioequivalence of both formulations was demonstrated.Results: The 90% confidence intervals of the T/R ratio of the geometric mean of Cmax, AUC0-t, and AUC0-∞ for both formulations were 90.24%–112.68%, 96.99%–112.27% and 96.41%–111.59% respectively, which were all within the bioequivalent range of 80%–125%. No severe, suspicious or unexpected serious adverse reactions were reported.Conclusion: The test and reference formulations of fluticasone propionate nebuliser suspension were pharmacokinetic bioequivalent and were well tolerated and safe in all subjects.Keywords: bioequivalence, safety, fluticasone propionate, asthma, healthy Chinese subjects

1 INTRODUCTION
Asthma has become a global problem, one of the most common chronic diseases worldwide. The global prevalence, morbidity and mortality of asthma have increased sharply over the last 40 years (Braman, 2006; Serebrisky and Wiznia, 2019). It is estimated that approximately 300 million people worldwide currently have asthma, and will increase to 400 million by 2025 (Gulliver et al., 2007; Masoli et al., 2004). Asthma has a prevalence ranging from 1% to 18% (Al-Numani et al., 2015). The prevalence increases by 50% every decade, and approximately 180,000 deaths annually are attributable to asthma (Braman, 2006). It will cause more unemployment, fewer school days, poor quality of life, frequent emergency department visits, and hospitalizations of the patients (Al-Moamary et al., 2012).The economic burden of asthma in many countries is relatively high which may spend 1%–2% of their healthcare budget and it must be considered as the priority disorder in government health strategies (Serebrisky and Wiznia, 2019).
Asthma is a common chronic extensive airway inflammatory disorder which is characterized by airway hyper responsiveness, bronchial hyper-responsiveness, widespread but variable reversible and recurring airflow obstruction, lumen narrowing, airway remodeling and underlying inflammation (Gulliver et al., 2007; Al-Moamary et al., 2012; Hvizdos and Jarvis, 2000). The pathogenesis of asthma is very complex, and it is a multiple phenotypes syndrome (Expert Panel Working Group of the National Heart L et al., 2020) which is influenced by various inducers and provokers (Hvizdos and Jarvis, 2000). There are numerous cells and cellular elements (Braman, 2006) (such as eosinophils, mast cells, T lymphocytes, neutrophils, smooth muscle cells, airway epithelial cells, etc.) and cell components involved in the inflammation which induce Asthma (Crim et al., 2001). The main inducers and provokers are allergy. In addition, people with high airway reactivity and non-allergic stimulation may also cause airway contraction and finally induce asthma. These pathologic changes lead to recurring symptoms of wheezing, dyspnea, chest tightness and coughing. It often attacks or worsens at night and in the early morning (Braman, 2006; Gulliver et al., 2007). Most patients can relieve spontaneously or through treatment (Braman, 2006). After long-term standardized treatment and management, more than 80% of patients can achieve clinical asthma control.
Currently, the drugs used to treat asthma clinically can be divided into controller and reliever.Controller includes drugs that need to be used every day for a long time, including inhaled glucocorticoids (corticosteroids), systemic corticosteroids, leukotriene regulators, and long-acting drugs β 2-receptor agonists (LABA, which must be used together with inhaled corticosteroids), sustained-release theophylline, sodium tryptophan, anti-IgE antibodies and other drugs that help reduce the dose of systemic hormones. Reliever refers to drugs used on emergency as needed, including rapid inhalation β2-receptor agonists, systemic corticosteroids, inhaled anticholinergic drugs, short-acting theophylline and short-acting oral type β2-receptor agonists, etc. (Borghardt et al., 2018). These drugs relieve asthma symptoms by rapidly relieving bronchospasm. Inhaled corticosteroids are the most effective anti-inflammatory medication (Crim et al., 2001; Wood and Hill, 2009; Brutsche et al., 2000) and has been accepted as the first-line and cornerstone treatment for all individuals in the long-term control of persistent asthma since their introduction almost 50 years ago (Al-Numani et al., 2015; Hvizdos and Jarvis, 2000; Wood and Hill, 2009; Agertoft and Pedersen, 1994; Kirjavainen et al., 2018). Because the inhaled corticosteroids directly act on the respiratory tract by topical application, conferring high pulmonary drug concentrations and low systemic drug concentrations to exert a strong local anti-inflammatory effect, thus having a substantially better therapeutic index and safety than oral corticosteroids and other agents (Gulliver et al., 2007; Al-Numani et al., 2015; Hvizdos and Jarvis, 2000; Borghardt et al., 2018; Derendorf et al., 1998), most of which are inactivated by the liver after entering the blood through digestion and the respiratory tract, hence, fewer systemic adverse reactions happened (Brutsche et al., 2000). The previous studies show that inhaled corticosteroids can effectively reduce asthma symptoms, improve lung function, reduce airway hyperreactivity, reduce acute exacerbations of asthma, control airway inflammation, reduce the frequency and severity of asthma attacks, reduce mortality of asthma and improve quality of life (Al-Numani et al., 2015; Wood and Hill, 2009).
The exact mechanism of glucocorticoid in asthma inflammation is still unclear. Inflammation plays an important role in the pathogenesis of asthma. Glucocorticoids have been proven to have extensive inhibitory effects on allergic or non allergic inflammation by modulating multiple cell types (such as mast cells, eosinophils, basophils,neutrophils, macrophages and lymphocytes) and mediators (such as histamine, arachidonic acid and cytokines). The therapeutic effect of glucocorticoids on asthma may be attributed to their anti-inflammatory effect. On the molecular level, these anti-inflammatory actions are receptor-mediated, depending on the binding of the drug to the glucocorticoid receptor and subsequent transcriptional regulation of target genes (Crim et al., 2001). Recent data show that ICSs are well-tolerated, safe medications at the recommended dosages. ICSs act topically on lung epithelium to inhibit cell migration and activation and reduce airway hyperresponsiveness. ICSs block the late-phase (inflammatory) reaction to the allergen but not the early-phase (bronchospasm) reaction (Wood and Hill, 2009).
An ideal inhaled corticosteroid should demonstrate high pulmonary deposition and residency time (Gulliver et al., 2007) to have highly effective and lasting anti-inflammatory activity at the administration site (Möllmann et al., 1998), in addition to a low systemic bioavailability and rapid systemic clearance (Gulliver et al., 2007), which has only minimal systemic effects (Möllmann et al., 1998).Seven different ICS are currently available on the market for clinical use: fluticasone propionate, triamcinolone, budesonide, flunisolide, beclomethasone (beclometasone), mometasone, and ciclesonide (Gulliver et al., 2007). Fluticasone propionate (FP), the latest development in this group of inhaled corticosteroids is a synthetic trifluorinated corticosteroid with mainly androstane glucocorticoid activity (Kirjavainen et al., 2018) which is a highly selective, lipophilicitive and affinitive glucocorticoid receptor agonist (Crim et al., 2001; Derendorf et al., 1998). It mainly acts on the lungs and local respiratory tract. After inhalation of fluticasone propionate at the recommended dose, it shows strong and sustained anti-inflammatory effect in the lungs which is 18 times greater than dexamethasone (Al-Numani et al., 2015; Crim et al., 2001; Möllmann et al., 1998) with higher therapeutic index and efficacy (Brutsche et al., 2000), lower systemic effects than other inhaled corticosteroids (Gulliver et al., 2007; Brutsche et al., 2000; Möllmann et al., 1998; Thorsson et al., 1997) which can mitigate the symptoms and deterioration of asthma, prevent the decline of lung function, relieve acute exacerbations of asthma, reduce the risk of death from asthma, improve the control of asthma symptoms, reduce the use of other drugs, such as first-aid bronchodilators (Wood and Hill, 2009), Fluticasone propionate has a excessively high hepatic first-pass metabolism (Brutsche et al., 2000; Thorsson et al., 1997; Tony and Abdelrahim, 2022), very low oral bioavailability (Brutsche et al., 2000; Thorsson et al., 1997) (less than 1%) (Al-Numani et al., 2015; Möllmann et al., 1998; Tony and Abdelrahim, 2022), and 99% plasma protein bound (Al-Numani et al., 2015). It has a total blood clearance equivalent to hepatic blood flow (Thorsson et al., 1997). These indicate that following inhaled doses, any systemic activity results from the absorption of the drugs through the lungs, with a negligible contribution from the swallowed portion (Brutsche et al., 2000; Möllmann et al., 1998), therefore, has lower systemic exposure, thus make the incidence and severity of side effects significantly lower than other inhaled corticosteroids (Brutsche et al., 2000). Taken together, fluticasone propionate is one of the cornerstones and first-line in the treatment of moderate to severe asthma (Al-Numani et al., 2015; Crim et al., 2001; Brutsche et al., 2000), introducing generics of Fluticasone propionate products is essential, as the pricing of these medications remain a barrier to adequate patient care (Al-Numani et al., 2015).
Recently, a generic fluticasone propionate nebuliser suspension (test, T) has been developed by Shanghai Xin Huanghe Pharmaceutical Co., Ltd. in China. The primary objective of the present study was to evaluate the BE (bioequivalence) between the test formulation (T) and the reference formulation (R) of Fluticasone propionate in healthy Chinese subjects. Bioequivalence can be demonstrated if the 90% confidence interval of the geometric mean ratio of PK(pharmacokinetic) parameters (Cmax, AUC0-t, AUC0-∞) between test and reference formulations are within the acceptable range of 80%–125%. The second objective was to evaluate the safety of a single dose of fluticasone propionate (2 mL:0.5 mg*2 plastic ampoules) in healthy Chinese subjects.
2 METHODS
The study was conducted in accordance with the Declaration of Helsinki and the Good Clinical Practice (GCP). The study protocol, informed consent documents and advertisement,etc., were approved by the Ethics Committee of the Nanjing Gaoxin hospital (approval number: [2022]-012). Nanjing Gaoxin hospital Phase I Clinical Trial Site meets the satisfactory level of quality management system and bio-centre facility compliance, and obtains the quality management system qualification certificate (certificate NO:PMZ/QMS/2022/137). The site has been certified by the Pharmazone (the third-party certification authority), The rights and interests of subjects will be fully protected.Written informed consents (IC) were provided by all subjects prior to participating in any study-related activities in the study. Adequate time and opportunity were given to inquire about details of the study and to decide whether or not to participate before signing the IC.
2.1 Subjects
Twenty-four healthy male/female subjects (as determined by medical history, physical examination, vital signs, electrocardiogram, and laboratory tests at screening) aged 18–45 years with a body weight of male ≥50 Kg or females ≥45 Kg and BMI of 18.5–26.0 kg/m2 as well as promised that they would not have a fertility or sperm/ovum donation plan during the study period and within 60 days after the end of the study, and that they would voluntarily take one or more non drug contraceptive measures (such as complete abstinence, contraceptive ring, partner ligation, etc.) during the trial period were included. Subjects were excluded if they are allergic to fluticasone propionate or its analogues or prone to be allergic to multiple drugs or food or pollen; having respiratory diseases (active or static pulmonary tuberculosis, chronic bronchitis, emphysema, chronic obstructive pulmonary disease, asthma, chronic cough) and any other system or organic diseases or mental disorders; used to have smoking history within 1 year prior to screening or smoking test results are positive at screening; persons with any history of drug dependence or positive urine drug screening results; those who frequently drink alcohol; pregnant/lactating women or women of childbearing potential; on any prescription including vitamins and herbal supplements within 30 days prior to screening; on any inducers or inhibitors of hepatic metabolism CYP3A4 enzymes activity (such as inducers: barbiturates, carbamazepine, phenytoin, glucocorticoids, omeprazole; inhibitors: SSRI antidepressants, cimetidine, diltiazem, macrolides, nitroimidazoles, sedative hypnotics, verapamil, fluoroquinolones, antihistamines), etc, within 30 days prior to screening; participants in any clinical investigation within 3 months prior to screening or plan to participate in other clinical trials during the study; receiving major surgery within 3 months (90 days) prior to screening; losting/donating more than 400 mL of blood within 3 months (90 days) prior to screening; with HBsAg, anti-HCV, anti-HIV positives; clinically significant abnormalities in electrocardiogram, physical examination chest X-ray/CT examination laboratory tests and other situations determination by doctors or investigators.
2.2 Study design
The flow chart of the experiment process is shown in Figure 1. We recruited twenty-four subjects and used a blocked randomization method with a 1: 1 ratio to randomize to T-R and R-T two sequence groups. Each group included 12 subjects, and adopted a randomized, open-label, two-period crossover design. Subjects were scheduled for dosing as per the randomization schedule in each period which is shown in Table 1.The test formulation and reference formulation of fluticasone propionate nebuliser suspension was inhalated for 12 min at the first period and then crossover next after a 5-day washout period. Test formulation (T): fluticasone propionate nebuliser suspension manufactured by Shanghai Xin Huanghe Pharmaceutical Co., Ltd., with specification of 2 mL: 0.5 mg (Batch No.: 11922003); Reference formulation (R): fluticasone propionate nebuliser suspension (Fluxotide Nebules ®) manufactured by GlaxoSmithKline Australia Pty Ltd. and provided by Shanghai Xin Huanghe Pharmaceutical Co., Ltd.; with specification of 2 mL: 0.5 mg (Batch No.: GM6873).
[image: Timeline diagram outlining the phases of a clinical study from screening to follow-up. It includes steps such as being hospitalized, administration, discharge, and the start of the next dose group study, labeled from day minus five to day eight. Safety assessment and PK overlap with dosing, observation, and follow-up phases.]FIGURE 1 | The flow chart of the experiment process of the study.
TABLE 1 | Randomization schedule for the 24 subjects included in the study.
[image: Table listing subjects K001 to K024 with columns for Sequence, Period I, and Period II. The sequence alternates between "R-T" and "T-R." Period I and Period II entries are either "R" or "T," reflecting the sequence.]All subjects were fasted for at least 10 h prior to each treatment period until 4 h after drug administration, and were forbidden to drink water before and within 1 h after administration, and did not strictly control the amount and time of drinking water in the rest of the time. The subjects could have a unified standard meal (low-fat light diet) for lunch and dinner after fasting phase. The recipes of the two treatment periods were the same, and the meal plan during the two periods should be consistent.
2.3 Pharmacokinetic analysis of blood samples
In each period, venous blood samples (4 mL) for analysis of plasma drug concentrations were collected in potassium EDTA (KEDTA) tubes pre-dose and at 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, 40 min, 50 min, 1 h, 1.25 h, 1.5 h, 1.75 h, 2 h, 2.5 h, 3 h, 4 h, 6 h, 9 h, 12 h, 24 h, 36 h and 48 h after the start of dosing, gently reversed and mixed well and were placed in an ice bath for keeping before centrifugation. Within 120 min after the blood sample is collected, it enters the cryogenic centrifuge (preset at 4°C, 2500 g) for 5 min. After the centrifugation operation, the sample is taken out of the centrifuge, and the plasma is promptly packed in two labeled cryo vials. The amount of plasma in one cryo vial shall be at least 1.2 mL for analysis and test (test cryo vial); the remaining plasma is sub-packed in another cryo vial as a backup. The sub-packaged plasma can be placed in a refrigerator below −60°C for freezing until the cold chain is delivered to the sample analysis laboratory for pharmacokinetic analysis. Plasma samples were prepared by solid-phase extraction at room temperature and yellow light conditions; fluticasone propionate concentrations were determined by high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) assay with lower limit of quantitation (LLOQ) of 2.00 pg/mL (calibration range,2.00–600 pg/mL). Chromatographic retention times and peak areas were collected and processed by Watson LIMS (version 7.6.1, Thermo Fisher Corporation U.S.A.). All separations were carried out at 40°C using ACE Excel2 C18 50 × 21 mm. The mobile phase and flow rate are as follows: mobile phase A: 100% water containing 10 mM ammonium acetate and 0.1% formic acid; Mobile phase B: 100% acetonitrile with 0.1% formic acid; The flow rate is 0.600 mL/min. Adopting stepwise elution. And the mass spectrometer was operated in positive electrospray ionization mode. Identifications were based on multiple reaction monitoring transitions; m/z 501.2–293.2 for fluticasone propionate and m/z 506.2–293.2 for the standards of internal standard (IS) fluticasone propionate D5. Analytical data were processed using the Analyst 1.7.2, Applied Biosystems, U.S.A; Microsoft Office 2013, Microsoft, U.S.A; Watson LIMS 7.6.1, Thermo Fisher Corporation, U.S.A. The range of precision deviation between batches of precision range (CV) was below 15%.
2.4 Safety assessments
The physicians are responsible for observing any adverse event of all subjects during the clinical study (from receiving the test drug to the last follow-up) including clinical symptoms, physical examination, vital signs, laboratory tests and abnormalities in 12 lead ECG, for the safety evaluation in terms of NCI-CTCAE 5.0 standard. The clinical manifestations, severity, occurrence time, end time, treatment measures and outcomes were recorded, and the correlation between them and the investigational drug was determined.
2.5 Data analysis
Pharmacokinetic parameters of each subject after administration of test formulation and reference formulation were calculated using the non-compartmental model (NCA module), WinNonlin (Version 8.3). Primary PK parameters were Cmax (peak concentration), AUC0-∞ (area under the curve from time zero to time infinity), AUC0-t (area under the curve from time zero to time of the last measurable concentration of fluticasone propionate), wherein, Cmax is expressed by the measured value, AUC0-t is calculated by linear trapezoidal method, AUC0-∞ = AUC0-t + Ct/λZ (t is the sampling time of the last measurable blood drug concentration; Ct is the last measurable sample drug concentration; λZ is the terminal elimination rate constant obtained from the linear part at the end of the logarithmic concentration time curve. The best curve of the elimination phase is obtained by the least square method. Multiply the slope and 2.303 to obtain λ Z value). Secondary PK parameters were Tmax (time to the peak concentration), λz (Elimination rate constant), AUC_%Extrap (Percentage of AUC0-∞ due to extrapolation from Tlast to infinity), and t1/2 (half elimination time). At the same time, calculate the arithmetic mean, standard deviation, coefficient of variation, median, quartile, maximum, minimum and geometric mean of each parameter. SAS Software (Version 9.4) is adopted for bioequivalence evaluation for statistical analysis. Cmax, AUC0-t and AUC0-∞ are logarithmically transformed and then subject to multifactor analysis of variance (ANOVA) to test the level α = 0.05. In the ANOVA model, sequence, formulation, and period are taken as fixed effects, and subjects (order) are taken as random effects to judge the significance of differences between drug formulations, individuals, periods, and administration order.When the 90% confidence interval of the geometric mean ratio of Cmax, AUC0-t and AUC0-∞ of the test preparation and the reference formulations is within the range of 80.00%–125.00%, it is considered that the two formulations are bioequivalent.
3 RESULTS
3.1 Characteristics of subjects in the study
A total of 24 healthy subjects were enrolled in the study, including 17 males and 7 females. The average age was 26.33 ± 5.74 years (range 18–45 years, inclusive). The average height is 167.59 ± 7.61 cm; The average weight is 63.14 ± 8.30 Kg. Among the 24 subjects, 23 were Han nationality and 1 was Zhuang nationality. The baseline demographics of the subjects in the study are shown in Table 2. The inclusion and exclusion process of the subjects in the study are shown in Figure2, and all the subjects completed the study successfully.
TABLE 2 | Baseline demographics of subjects in the study.
[image: Table displaying summary statistics for age, height, weight, and BMI in a study of 24 individuals. The mean age is 26.33 years, height 167.59 cm, weight 63.14 kg, and BMI 22.40 kg/m². Median values are provided with interquartile ranges and minimum and maximum values for each variable. All entries have zero missing data.][image: Flowchart depicting a clinical trial process. It starts with 66 subjects screened, resulting in 42 screen failures. Reasons include 37 unmet inclusion or exclusion criteria and 5 inhalation training failures. Out of 24 subjects randomized, 12 were assigned to the TR sequence and 12 to the RT sequence, both showing completed analyses in safety, pharmacokinetics (PK), and bioequivalence (BE). Zero unused drugs.]FIGURE 2 | The scheme of the inclusion and exclusion process of the subjects.
3.2 Bioequivalence analysis
All subjects in the study were administrated successfully, and there was no need to reschedule any treatment period. The primary pharmacokinetic parameters of two fluticasone propionate formulations (test or reference) following a single dose of inhalated 1 mg were summarized in Table 3 and a comparison of the individual values of Cmax,AUC0-t and AUC0-∞ is provided in Figure 3.
TABLE 3 | Pharmacokinetic parameters of aerosol inhaled fluticasone propionate nebuliser suspension 1 mg for test formulation (T) and reference formulation (R).
[image: Table comparing pharmacokinetic parameters between test formulation (T) and reference formulation (R) for 24 subjects. Parameters shown include T_max, C_max, AUC_0-t, AUC_0-∞, λ_z, and t_1/2, with mean, standard deviation, and coefficient of variation for each. Test formulation shows T_max of 0.83 hours and C_max of 239.83 pg/mL, while reference formulation shows T_max of 0.66 hours and C_max of 252.97 pg/mL.][image: Three scatter plots labeled A, B, and C compare pharmacokinetic parameters between test and reference formulations. Plot A shows Cmax values, plot B displays AUC0-24 values, and plot C presents AUC0-∞ values. Data points are connected by lines indicating individual comparisons across formulations. Axes are labeled accordingly with respective units.]FIGURE 3 | Comparison of individual Cmax (A) panel,AUC0-t (B) panel and AUC0-∞(C) panel values for two fluticasone propionate formulations.
The geometric means of primary endpoints, Cmax, AUC0-t and AUC0-∞ were 239.83 pg/mL, 2146.59 pg h/mL and 2250.07 pg h/mL for the test formulation and 252.97 pg/mL,2107.33 pg h/mL and 2220.49 pg h/mL for the reference formulation, respectively. The concentration-time profiles after inhalation of two fluticasone propionate formulations (test versus reference) were shown in Figures 4, 5. The plasma concentrations of fluticasone propionate appeared to be comparable between the test and reference formulation over the 48 h sampling period.
[image: Line graph depicting log plasma concentration versus time for test and reference formulations. The x-axis is time in hours, and the y-axis is log plasma concentration. The test formulation shows a red line with error bars, while the reference formulation shows a black line with error bars. Both graphs indicate rapid initial concentration followed by gradual decline.]FIGURE 4 | Logarithmic curve of fluticasone propionate concentration-time profiles after administration of single inhalation doses of fluticasone propionate 1 mg of the test and reference formulations.
[image: Line graph showing plasma concentration over time for test and reference formulations. The test formulation, in red, decreases steadily and more slowly over 60 hours, while the reference formulation, in black, declines more sharply initially up to 8 hours. An inset focuses on the first 7 hours, highlighting concentration differences.]FIGURE 5 | The concentration-time profiles of fluticasone propionate after administration of single inhalation doses of fluticasone propionate 1 mg of the test and reference formulations.
The pharmacokinetic parameters Cmax, AUC0-t, AUC0-∞ of fluticasone propionate were converted by natural logarithm and analyzed by multivariate ANOVA. The results showed no statistical difference in Cmax, AUC0-t and AUC0-∞ between the test formulation and the reference formulation in the administration sequence, administration period and formulations.The results were showed in Table 4.
TABLE 4 | Analysis of variance of the pharmacokinetic parameters.
[image: Table showing the p-values for main factors in a study. For administration sequence, the p-values are 0.985 for Ln(Cmax), 0.641 for Ln(AUC0-t), and 0.651 for Ln(AUC0-∞). For administration period, the values are 0.855, 0.489, and 0.598, respectively. For formulation factor, the values are 0.899, 0.328, and 0.400, respectively.]After logarithmic transformation, the two-side t-test of PK parameters (Cmax, AUC0-t and AUC0-∞) showed that the low side test p values were all smaller than 0.001; The p values of AUC0-t and AUC0-∞ in the high side test were both <0.001, and the p-value of Cmax was 0.002. By rejecting H0 and accepting H1, it can be considered that PK parameters (Cmax, AUC0-t and AUC0-∞) of the test formulation and reference formulation in this test meet the bioequivalence standard. By calculating 90% confidence interval of the geometric mean ratio of PK parameters (Cmax, AUC0-t and AUC0-∞) of test and reference formulation. The 90% confidence interval of Cmax is 90.24%–112.68%; the 90% confidence interval of AUC0-t is 96.99%–112.27%; the 90% confidence interval of AUC0-∞ is 96.41%–111.59%. PK parameters Cmax, AUC0-t and AUC0-∞ are all in the range of 80.00%–125.00%, so it is considered that the test formulation is equivalent to the reference formulation. PK parameters of the primary end points are shown in Table 5.
TABLE 5 | BE evaluation of aerosol inhaled fluticasone propionate suspension 1 mg for test formulation (T) and reference formulation (R).
[image: Table displaying pharmacokinetic parameters for a study with 24 subjects. Includes corrected geometric mean for Cmax, AUC0-t, and AUC0-∞, comparing test and reference formulations. Shows intra-individual variation, confidence intervals, and power of the test. Cmax has values of 226.47 pg/mL for test and 224.59 pg/mL for reference; AUC0-t is 2044.58 pg·h/mL for test and 1959.33 pg·h/mL for reference; AUC0-∞ is 2142.58 pg·h/mL for test and 2065.73 pg·h/mL for reference.]3.3 Safety evaluation
Among the 24 subjects who entered the safety analysis set, 1 case of adverse event (Urine ketone body positive) was observed after R formulation in the second period and got recovered without further treatment. The severity of the adverse event was Grade I (mild), and the relationship between the adverse event and the study formulation was probably unrelated. No other clinically significant abnormality was found in the laboratory examination results; no serious adverse event and no death occurred. The test results showed that both test formulation and reference formulation were safe. Summary of adverse events are shown in Table 6.
TABLE 6 | Summary of adverse events.
[image: A table compares adverse events (AEs) between test and reference formulations. Both have 24 participants. The test formulation shows zero AEs, while the reference formulation has one AE (4.2%) marked as "Any AE" and "Ketone bodies urine positive." Both formulations show zero severe or serious AEs. Total on treatment shows one AE (4.2%) for these categories.]4 DISCUSSION
Pulmonary administration is a challenging route of administration. Firstly, the efficacy of inhalation depends on the location of drug deposition in the lungs. The deposition of inhaled drugs is a complex process that depends on the anatomy and physiology of the lungs, the physicochemical properties of the drug, the properties and characteristics of the formulation, and the type of drug delivery device, etc. (Douroumis et al., 2012). In order to ensure the accuracy and consistency of drug delivery in this trial, it is very necessary to select trial participants who have no respiratory diseases and exclude those who have smoking history, oral ulcers, pharyngitis, etc. They also need to be trained for simulated drug delivery by aerosol inhalation of normal saline. The researcher performing drug delivery fully evaluates the drug inhalation behavior of the trial participants, including understanding, comprehension, compliance, and consistency of operational behavior, etc., and provides sufficient training before formal drug delivery to strengthen the cooperation and compliance of the trial participants, ensure relatively consistent inhalation frequency, depth and duration, and minimize intra-individual differences. In order to reduce the risk of cross-contamination among trial participants during inhalation, the entire administration process needs to be carried out in a negative pressure room that meets the requirements, wearing standardized isolation clothing, and strictly controlling factors such as the entire inhalation process and sample collection environment to avoid cross-contamination among trial participants. The Fluticasone propionate suspension for inhalation is a suspension of fine particles. The fine particles will settle after standing. It needs to be fully shaken before administration to avoid inaccurate dosage.
Fluticasone propionate has been formulated as an suspension for inhalation delivered directly to the lungs, and developed as an effective therapy to treat patients with moderate to severe asthma (Al-Numani et al., 2015; Crim et al., 2001; Brutsche et al., 2000).To assess pulmonary deposition after inhaled administration, absorption of the active substance from the GI tract must often be blocked with charcoal, whereas for total systemic exposure, absorption from both the lung and GI tract must be considered. Although most of the inhaled other drug dose remains in the mouth and will be absorbed from the GI tract, ultimately resulting in higher systemic exposure (Borghardt et al., 2018; Zou et al., 2020). However, Fluticasone propionate is absorbed only from the lungs, this indicates a relatively long pulmonary residence time at the site of action (Derendorf et al., 1998), and fluticasone propionate has excessive first pass effect, low systemic bioavailability (fluticasone has an oral bioavailability of <1% (Al-Numani et al., 2015; Crim et al., 2001; Brutsche et al., 2000; Derendorf et al., 1998; Möllmann et al., 1998; Thorsson et al., 1997; Tony and Abdelrahim, 2022) and 99% plasma protein bound (Al-Numani et al., 2015)) and rapid systemic clearance as introduced before (Gulliver et al., 2007; Brutsche et al., 2000; Thorsson et al., 1997; Tony and Abdelrahim, 2022) and it is estimated that the systemic bioavailability of fluticasone propionate nebuliser suspensions inhalation is 8% (referring as NMPA Guidelines for the bioequivalence study of oral inhaled fumulation),therefore, the amount fluticasone propionate swallowed after inhalation contributes minimally to systemic exposure, negligible exposure through GI tract has also been confirmed (Kirjavainen et al., 2018). Hence, systemic absorption of inhaled fluticasone propionate occurs mainly through the lungs and administration of charcoal for lung deposition comparisons is not needed. The relative deposition in the lungs of fluticasone propionate (FP) after inhalation is easily and precisely to be measured using plasma sampling with pharmacokinetic techniques (Tony and Abdelrahim, 2022), so we conducted this bioequivalence study without concomitant administration of charcoal. When two medications have identical pharmacokinetic and lung deposition patterns, they are considered bioequivalent (Al-Numani et al., 2015; Möllmann et al., 1998; Zou et al., 2020).Results shows that the Cmax of fluticasone propionate after inhaled administration 1 mg is almost similar to that in published studies co-administrated with charcoal which is 0.26 ± 0.14 ng/mL (Möllmann et al., 1998).
In this study, we selected healthy subjects, which included healthy male and female volunteers, as the studies found in the literature suggest that BE testing of inhaled fluticasone propionate in healthy volunteers would be more sensitive than that in asthmatic patients because pharmacokinetic parameter values are higher in healthy volunteers (Brutsche et al., 2000; Kirjavainen et al., 2018) and variability which is not related to differences between the products is lower (Kirjavainen et al., 2018). As a consequence, studies with healthy volunteers allow the demonstration of equivalence with a smaller number of subjects and lesser exposure to an investigational medicinal product. The study was carried out with a single dose, open, and randomized crossover design. The dose was 1 mg of fluticasone propionate as recommended, such a dose enabled the determination of plasma drug concentrations up to 48 h after administration, as the drug concentrations in plasma were sufficiently high. As a result, all the pharmacokinetic parameters, including the elimination half-life, could be assessed reliably (Brutsche et al., 2000). We evaluate pulmonary equivalence using a crossover design in healthy subjects, which is more accurate; the CVs of the major pharmacokinetics parameter Cmax、AUC0-t and AUC0-∞ were 22.69%,14.84% and 14.83%, correspondingly.
Our study shows that the average t1/2 (h) of the test formulation and reference formulation is about 11.09 h and 11.59 h which is similar as the data reported previously (>10 h after inhalation, a slower terminal elimination half-life after inhalation than after intravenous administration which is 7–8 h) (Derendorf et al., 1998; Mackie et al., 1996).The wash-out period is set as 5 days, which is more than seven times the half-life of the drug. The concentration of all subjects at time 0 of the two cycles was BLQ (below lower limit of quantification), and the lower limit of quantification provided by the testing party was 2.00 pg/mL. Cmax is 239.83 ± 82.64 pg/mL, and BLQ is about 1% of Cmax. So the detection limit and cleaning period are set reasonably. The blood collection time should have three to five elimination half-life, or last until the blood concentration is 1/20–1/10 of Cmax. The t1/2 of this test is about 11.09 h, and the blood collection time lasts to 48 h, meeting the three to five half-life (31.83 h–53.10 h). The Tmax of fluticasone propionate was 0.83 h for the test product, slightly later than for the reference products (0.66 h),so the blood collection time is set reasonably.
In this study. The results showed that there were no safety concerns during the study, and fluticasone propionate concentrations were similar after administration of the test and the reference product. The criteria for the BE was met, which are bioequivalent in terms of the rate and absorption.
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Objectives: The purpose of this study was to investigate the effect of intestinal dysbiosis on the bioavailability of voriconazole and to explore any underlying mechanisms.Method: Sprague-Dawley rats were randomly divided into two groups: a normal control group and a ceftriaxone-associated dysbiotic group. The composition of the intestinal flora was examined using 16S rRNA sequencing analysis. Voriconazole concentrations were determined by high-performance liquid chromatography-tandem mass spectrometry. Outer membrane vesicles (OMVs) of microbes from the different groups were prepared for in vitro study in Caco-2 cells. The Nrf2 pathway and its related proteins involved in modifying P-glycoprotein (P-gp) expression were clarified by a series of immunoblot analyses.Key findings: The diversity and richness of intestinal bacteria, especially the abundance of gram-negative bacteria, were significantly decreased after ceftriaxone treatment. The AUC(0-t) and Cmax of voriconazole were reduced, and greater voriconazole clearance were noted in the dysbiotic group. An in vivo study also indicated that the expression of P-glycoprotein was significantly increased after ceftriaxone treatment, which may be due to the absence of gram-negative bacteria in the intestine. Finally, in vitro findings in Caco-2 cells treated with OMVs from the ceftriaxone-associated dysbiotic group suggested that Nrf2 translocation into the nucleus induced high expression of P-gp.Conclusion: OMVs from intestinal bacterial in the ceftriaxone-associated dysbiotic group induced high P-gp expression by regulating the Nrf2 signalling pathway, which led to an in vivo reduction in the bioavailability of voriconazole due to ceftriaxone-associated dysbiosis.Keywords: intestinal bacteria, ceftriaxone, voriconazole, bioavailability, P-glycoprotein

INTRODUCTION
Invasive fungal infections (IFI) are a globally emerging threat to humans (Lamoth et al., 2017). Voriconazole is a second-generation triazole that is widely used in the treatment of IFI and in antifungal prophylaxis. Its mechanism of action involves the inhibition of cytochrome P450-dependent 14 α-sterol demethylase to prevent the biotransformation of lanosterol to 14 α-demethylated lanosterol (Moriyama et al., 2017). The absolute bioavailability of voriconazole in healthy volunteers was ∼96%, whereas bioavailability was reduced to a mean of 61.8%, with a range of 44.6%–64.5% in patients. The reduction in bioavailability is thought to be due to differences in first-pass metabolism or diet, according to current reports (Shi et al., 2019). As the first–line treatment of IFI, voriconazole has saved the lives of many patients; however, many clinical investigations have revealed that the serum concentration of voriconazole exhibits remarkable variability among patient populations (Lee et al., 2021; Wang et al., 2024). For example, neutropenic patients with acute myeloid leukaemia and patients who have received an organ transplant display high variability in voriconazole bioavailability compared to normal populations (Han et al., 2010; Hicks et al., 2020; Lin et al., 2018). Previous studies have reported on the high pharmacokinetic variability of voriconazole treatment that is associated with the CYP2C19 genotype, drug interactions, hepatic dysfunction, and severe inflammation (Blanco-Dorado et al., 2020; Mafuru et al., 2019; Wang et al., 2022). However, these factors are not sufficient to explain the variability in voriconazole concentrations in patient populations (Chaudhri et al., 2020; Lee, et al., 2021).
Currently, an increasing number of studies have investigated the association between the gut microbiota and drug absorption, metabolism, efficacy and toxicity, all of which play a significant role in improving the individualized clinical use of specific drugs (Walsh et al., 2020). In recent decades, a considerable number of studies have demonstrated that the gut microbiota acts as an “invisible organ” to modulate drug pharmacokinetics (Li et al., 2020; Xun et al., 2024). The gut microbiota and the by-products it produces can metabolize some drugs into bioactive or toxic metabolites before absorption (Yoo et al., 2014). Greater than 176 drugs are known to be metabolized by at least one bacteria (Zimmermann et al., 2019). In addition, the composition and function of the gut microbiota affect the enzymes and transporters that metabolize and translocate drugs, which also play an important role in drug bioavailability (Yoo et al., 2014). For example, disorders of the intestinal flora (dysbiosis) have emerged as a new factor that affects the efficacy of statins and antiarrhythmics (Matuskova et al., 2014; Wang et al., 2018). Although the transfer system is not directly involved in drug metabolism, it can pump the drug or metabolites out of the cell. P-glycoprotein (P-gp) is an important transporter that deceases the absorption of drugs (Shi et al., 2011). Outer membrane vesicles (OMVs) produced by gram-negative bacteria prominently downregulate the expression of the P-gp transporter at the gene level (Cerveny et al., 2007; Kawauchi et al., 2014). Patients treated with voriconazole have often used antibiotics before, which easily leads to an imbalance in intestinal flora (Lahmer et al., 2021; Roberts et al., 2014). We previously found that the probiotic gut bacteria B. fragilis ameliorates abnormal voriconazole metabolism by inhibiting TLR4-mediated NF-κB transcription and regulating the expression of drug-metabolizing enzymes and drug transporters (Wang et al., 2021a). Nevertheless, data on the effects of dysbiosis on the bioavailability of voriconazole are lacking.
Multidrug resistance (MDR) is a major obstacle to chemotherapeutic drug therapy and is often the result of an overexpression of drug efflux proteins (such as P-gp), as a consequence of hyperactivation of nuclear factor kappa B (NF-κB) or NF-E2 p45-related factor 2 (Nrf2) transcription factors (Suttana et al., 2010). Impaired Nrf2 function is associated with drug transporters and pharmacokinetic parameters of substrate drugs (Shen and Kong, 2009). Under oxidative stress conditions, Nrf2 disassociates from its repressor Kelch-like ECH associating protein 1 (Keap1) and translocates to the nucleus, where it binds to antioxidant response elements (AREs) in the promoters of numerous genes and promotes the transcription of target genes (Hayes and Dinkova-Kostova, 2014). The degree of oxidative stress was accompanied by changes in P-gp activity. As a key antioxidant pathway, Nrf2-Keap1 pathway protects cells/organisms from the detrimental effects of oxidative stress (Chew et al., 2021). OMV proteins from clinical strains containing nonredundant proteins were identified in the membrane fractions and were associated with pathogenesis and specialized secretion systems for the delivery of virulence factors, and these proteins play a potential role in relevant processes, such as the oxidative stress response and drug kinetics (Librando et al., 2006; Mendez et al., 2012). Therefore, exploring the mechanisms of OMVs in the Nrf2 signalling pathway may be an effective method to elucidate voriconazole bioavailability in patients receiving therapy.
Our previous findings revealed that exogenous substances (xenobiotics), such as advanced oxidation protein products (AOPPs), upregulate P-gp by activating the Nrf2 signalling pathways. Thus, it is probable that these changes may modify the non-renal clearance of drugs (Xun et al., 2020). The objective of the present study was to clarify whether OMVs from gram-negative bacteria could modify the expression of P-gp and whether the Nrf2 pathway was involved in this process. We first utilized ceftriaxone-associated dysbiosis models to investigate the effect of dysbiosis on P-gp expression in vivo. Next, the effect of intestinal OMVs on P-gp was observed in Caco-2 cells. Finally, we highlighted the molecular mechanism by which OMVs upregulate the expression of P-gp. These findings clarify the mechanism by which the bioavailability of voriconazole varies in disease states, which helps provide new insight into the individualized clinical dosage of voriconazole in patients with IFI.
MATERIALS AND METHODS
Animals
Specific pathogen-free (SPF) Sprague–Dawley (SD) rats (male, aged 6 weeks, weighing 200–220 g) were obtained from the Laboratory Animal Center of Nanfang Hospital of Southern Medical University (Medical Experimental Animal Number: SCXK–2016–0041). All animal experimental procedures and post-treatment were approved by the Animal Ethics Committee of Nanfang Hospital (Approve No. NFYY–2020–73). Rats were housed on a 12 h light/dark cycle at a temperature of 25°C ± 2°C and humidity of 55% ± 10%. Rats with autoclaved chow and water in a pathogen-free facility. All rats were acclimated for 1 week before the experiment. Animals were euthanized 24 h after voriconazole administration, and their intestinal tract and intestinal faecal matter were separated. Immunoblot analysis and 16S rRNA-sequencing analysis were performed on tissue and faecal samples.
Dysbiosis models
To induce dysbiosis, 10 male SPF SD rats were orally treated with ceftriaxone sodium (Roche, Beijing, China) at a dose of 2 g/kg twice a day for 8 days, as described in previous studies (Wang, et al., 2018). The remaining rats were orally administered 2 mL sterile water twice a day for 8 days as a control.
16S rRNA-sequencing analysis
To ensure that the model of intestinal dysbacteriosis was successfully established and to understand the differences in fecal bacterial composition between the two groups, fecal samples were collected 8 days after administration of ceftriaxone sodium or sterile water. Samples were collected within 10 min of defecation using sterile gloves or sterile spoons and were mixed thoroughly by hand in a sterile bag. A subsample was retained for analysis. Prior to DNA extraction, samples were frozen at −80°C. Samples were analyzed using 16S rRNA sequencing to assess the diversity and richness of the samples.
The DNA of the microbial community genome was obtained from faecal samples using the E.Z.N.A.® DNA Kit (Omega Bio-tek, Norcross, GA, United States) per the supplier’s instructions. One percent agarose gel electrophoresis was used to detect the extraction quality of DNA, and NanoDrop 2000 (Thermo Scientific, Wilmington, United States) was used to determine the concentration and purity of DNA. The V3-V4 hypervariable region of the 16S rRNA gene was amplified by PCR using primer pairs 338F (5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). After amplification, a 2% agarose gel was used to recover PCR products. Then, AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) was used to purify the recovered products, and a Quantus gel Fluorometer (Promega, United States) was used to quantitatively the recovered products. NEXTFLEX Rapid DNA-Seq Kits (BioScientific, Austin, TX, United States) were used to build the paired-end library. Paired-end sequencing was performed on Illumina’s MiSeq PE300/NovaSeq PE250 (Illumina Inc., San Diego, CA, United States) using standard protocols at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). Raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 and merged by FLASH version 1.2.7.
Pharmacokinetics analysis
Twenty male SD rats in one batch were randomly divided into 4 subgroups. All rats in the control group (n = 10) and dysbiosis group (n = 10) were fasted for 12 h prior to the pharmacokinetic experiment, and allowed to drink water freely. One subgroup (n = 5) in each group was used for omeprazole blood concentration for PK analysis, and the other subgroup (n = 5) was used for voriconazole blood concentration for PK analysis. The rats were orally administered with voriconazole (Vfend® Tablets; Ascoli Piceno, Italy) at a dose of 25 mg/kg or omeprazole (Losec® Tablets; AstraZeneca Plc., United Kingdom) at a dose of 15 mg/kg. The proportion and concentrations of voriconazole were designed according to clinical dose conversion between humans and laboratory animals (Nair and Jacob, 2016). Rat blood samples (300 μL) were collected into heparinized tubes via the ophthalmic veins at 0.08, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 12, and 24 h after oral administration of voriconazole or omeprazole. 5% (w/v) CMC-Na was the solvent for oral gavage of voriconazole and omeprazole in the pharmacokinetic study. The blood samples were centrifuged at 3,000 rpm and 4°C for 10 min to isolate plasma. The plasma samples were stored at −80°C before high-performance liquid chromatography-tandem mass spectrometry (HPLC–MS/MS) analysis. The pharmacokinetic parameters were evaluated using DAS 2.0 software (Bontz Inc., Beijing, China).
HPLC–MS/MS conditions
Concentrations of voriconazole and omeprazole were detected using a Waters ACQUITY UPLC- QTOF system (Waters, Milford, MA, United States). An ACQUITY UPLC BEH C18 1.7 µm column (Waters, Milford, MA, United States) was used, with a column temperature of 40°C. Chromatographic separation was achieved using a gradient mobile phase consisting of 0.01% formic acid in water (A) and acetonitrile (B) with a flow rate of 0.3 mL/min as follows: voriconazole (VRC), 5%–99% B (0–5.0 min), 99% B (5.0–7.0 min), 99%–5% B (7.0–7.1 min), and 5% B (7.1–10.0 min); omeprazole, 10%–85% B (0–1.5 min), 85% B (1.5–6.0 min), 85%–10% B (6.0–7.0 min), and 10% B (7.0–10.0 min). Analytes were quantified using electrospray ionization (ESI) in MS scan mode.
Preparation of outer membrane vesicles (OMVs)
On the 7th day, fresh intestinal stool specimens were collected in groups, homogenized with 0.1 mol/L PBS (10%, w/v), centrifuged at room temperature 500 g for 10 min. Supernatant was collected and centrifuged at 4,500 g for 30 min. The microbial OMVs were then prepared as previously described (Gao et al., 2018). Briefly, supernatants were discarded and sediments were re-suspended in Luria-Bertani broth to obtain a gut microbiota suspension at 2 mg/mL. Suspensions were incubated at 37°C for 24 h. After incubation, suspensions were centrifuged at 6,000 g for 20 min. The supernatants were filtered by a 0.45 mm vacuum filter, and the filtrate was filtered by a 0.22 mm vacuum filter to remove the remaining cells. The filtrates were then ultracentrifuged at 200,000 g for 4 h at 4°C. The pellets containing the OMVs were suspended in PBS to use in cell culture experiments. A BCA Kit (Thermo ScientificTM Pierce CetM BCA Protein Assay Kit, Waltham, MA, United States) was used to determine protein concentrations.
Cell culture and treatments
The human Caco-2 intestinal epithelial cell line was purchased from BeNa Culture Collection Biological Technology Co., Ltd. (Beijing, China) and grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, streptomycin (100 U/mL), and penicillin (100 U/mL). Cells were cultured in 5% CO2 and 95% humidified air at 37°C in six-well plates. The culture medium was changed every 3 days until cells reached a confluent state. Caco-2 cells were then incubated in the presence or absence of the Nrf2 inhibitor ML385 (1 μmol/L) for 30 min, followed by 20 μg/mL OMVs for an additional 24 h. Cells from each group at different time points were harvested for PCR or immunoblot analysis. Each assay was repeated at least thrice.
Cell counting kit 8 (CCK8) assay
A CCK8 (Boster, Wuahan, China) was used to examine cell viability. Cells were washed with phosphate-buffered saline (PBS). A defined number (1 × 104) of cells was centrifuged after collection and resuspended in fresh solution and then 10 μL of CCK8 reagent was added to each well of the 96-well plate. The plates were incubated at 37°C for 1.5 h. The control well contained no cells but had the medium and CCK8. The absorbance values at OD 490 nm were monitored at 0, 24, and 48 h using an ELISA plate reader (Biotek, Winooski, VT, United States). Cell viability (%) = [OD (Sample)-OD (Blank)]/[OD (Control)-OD (Blank)] × 100%.
Quantitative reverse transcription-polymerase chain reaction (qRT–PCR)
P-gp gene (ABCB1) and Nrf2 expression levels were evaluated in Caco-2 cells using qRT–PCR. Samples were homogenized and mRNA was extracted using TRIzol reagent (Invitrogen, MA, United States). mRNA concentration was determined using an ABI Prism 7,900 sequence detection system (Applied Biosystems, Foster City, CA, United States). Five hundred nanograms of total mRNA was dissolved in a 20–μL reaction system, and RNA was reverse transcribed to generate cDNA. The reaction system was as follows: 1 μL oligonucleotide (dT) primer, 4 μL 5 × reaction buffer, 1 μL RNase inhibitor, 2 μL dNTP (10 mmol/L) and 1 μL reverse transcription (RT) buffer. The mixture was denatured at 42°C/60 min and annealed at 70°C/5 min. Following RT, 4 mL of each cDNA was dissolved in 50 mL PCR mixture consisting of 26 mL 1 × SYBR Green master mix, 1 μL each primer (final concentration 0.2 mmol/L) and 18 mL sterile water. The primer sequences for the target and internal control genes GAPDH are provided in Supplementary Table S1. The amplification conditions consisted of an initial denaturation at 95°C/30 s followed by 60 cycles of 95°C/5 s, and 60°C/30 s. The fluorescence data were collected and analysed using ABI 7,500 system SDS software version 1.4 (Applied Biosystems, Foster City, CA, United States) at the end of the elongation step per cycle. Quantification was performed using the 2−ΔΔCt method based on three replicates to determine the fold changes of relative abundance normalized to endogenous glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Dual-luciferase reporter gene assay
The plasmids pGL3-ARE-luc was used to analyse Nrf2 activity. The pRL-TK Renilla luciferase (Promega, United States) plasmid was used to control for transfection efficiency. For the dual-luciferase reporter gene assay, Caco-2 cells were cultured in 10 cm cell culture dishes to 70%–80% density. A total of 0.5 μg of the pGL3-ARE-luc plasmid or the equivalent amount of control plasmid was transfected using LipofectamineTM 3,000 transfection reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. At 24 h posttransfection, cells were treated with or without OMVs (20 μg/mL), and firefly and Renilla luciferase reporter signals were determined immediately using the dual-luciferase reporter gene assay system (Promega, Madison, WI, United States) (Xun, et al., 2020).
Small interfering (si) RNA-mediated knockdown
Inhibition of Nrf2 expression in Caco-2 cells was performed using directed siRNA reagents. Nrf2-specific siRNA (siNrf2) and negative control siRNAs (siNC) served as controls and were purchased from Ribo BIO (GuangZhou, China). siRNA sequences were listed in Supplementary Table S1 siRNA was transfected into cells using Lipofectamine™ 3,000 (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. Cells were rinsed and harvested for immunoblot analysis 24–48 h after transfection.
Western blotting analyses
All animals were sacrificed to obtain small intestine issues. Caco-2 cells (1 × 106 cells/well) were placed in 6-well plates in a 5% CO2 incubator at 37°C overnight. The cells were then treated with lysis buffer with protease and phosphatase inhibitors from Beyotime (Institute of Biotechnology, Nantong, China) for 60 min and centrifugated at 12,000 × g 4°C for 10 min. The cytosolic and enriched nuclear fractions were prepared using a Nuclear Extract Kit (Active Motif, Carlsbad, CA, United States). The small intestine of each animal was washed using stroke-physiological saline solution and then homogenized with 1% protease inhibitor in RIPA buffer. After centrifugation (12,000 rpm, 12 min, 4°C), the supernatant was collected for later experiments. Protein concentration was measured using BCA kits. Ten micrograms of total protein lysate were electrophoretic in a 10% SDS-polyacrylamide gel electrophoresis (SDS–PAGE), and proteins isolated in the gel were transferred to PVDF membranes (EMD Millipore, Billerica, MA, United States). The membranes were blocked with 5% milk blocking solution at room temperature for 2 h. The total protein concentration of the supernatant was detected using a SpectraMax M5 Multifunctional enzyme marker (Molecular Devices, Sunnyvale, CA, United States). The proteins were separated by 10% SDS–PAGE, transferred to PVDF membranes and blocked for 1.5 h. Thereafter, the PVDF membranes were washed with Tris-buffered saline with Tween-20 (TBST) and incubated with primary antibodies against P-gp (1:5,000), Keap-1 (1:200), Nrf-2 (1:100) at 4°C overnight. Primary antibodies were obtained from Cell Signaling Technology (Danvers, MA, United States). After washing the membranes with TBST thrice, the membrane of each protein was incubated with secondary antibody (1:10,000, Cell Signaling Technology) for 1 h at 25°C and then washed with TBST thrice. Blots were analysis was performed with enhanced chemiluminescence (ECL) detection reagent. Images were acquired using ImageJ to quantify the optical density (Wang, et al., 2021b).
Immunfluorescence
After treatment with OMVs alone or combined with ML385, cells were resuspended on microscopic cover slides in 35–mm Petri dishes and incubated for 24 h to allow the cells to adhere. Caco-2 cells were cultured on glass caps until 90% confluence. Cells were rinsed with PBS, fixed in 4% formalin (10 min), washed 3× with PBS, and permeabilized with 0.5% Triton X-100 (in PBS, 5 min). Then, the cells were blocked with 2% bovine serum albumin (BSA, Roche, Switzerland) for 30 min and fixed with 4% formaldehyde solution at room temperature. After that, the cells were incubated with rabbit polyclonal anti-P-gp antibody (1:100, Abcam, United Kingdom) overnight at 4°C and with fluorescein isothiocyanate (FITC) conjugated Affini-Pure goat anti–rat IgG (1:10,000; Protein-tech Biotechnology Co., Ltd., Wuhan, China) for 1 h at 37°C. Caco-2 cells were observed and photographed using a fluorescence microscope (Olympus BX-51, Olympus, Tokyo, Japan) following DAPI staining (1:1,000 in PBS, Sigma–Aldrich, St Louis, MO, United States) to visualize the nuclei.
Statistical analyses
Experimental data are presented as the mean ± standard deviation (SD). The data were analyzed using GraphPad Prism 8.0. A Student’s t-test was used to compare the differences between two groups, and the differences among multiple groups were evaluated using the Kruskal-Wallis test which analyzes non-normally distributed, non-parametric data, followed by Dunn’s post hoc test. Other statistical methods were reported accordingly. P < 0.05 was considered statistically significant.
RESULTS
Voriconazole bioavailability was reduced in ceftriaxone-associated dysbiosis
To examine whether ceftriaxone-associated dysbiosis affected the pharmacokinetics of voriconazole, we induced a model of intestinal dysbiosis in rats (Figure 1A). The model was validated using 16S rRNA sequencing analysis. CYP2C19 activity was investigated by analysing the pharmacokinetics of omeprazole in rats pre-treated with ceftriaxone, as shown in Figure 1B and Supplementary Table S2. No significant differences in CYP2C19 activity were observed between the ceftriaxone treatment group and the normal control group. These results indicated that ceftriaxone-associated dysbiosis did not affect rat hepatic CYP2C19 activity in vivo.
[image: Diagram with three panels: A) Experimental workflow showing adaptation, gavage treatments, and pharmacokinetic (PK) analysis; two groups received either sterile water or ceftriaxone, followed by administration of voriconazole or omeprazole. B) Line graph of omeprazole concentration over 24 hours, comparing normal (red) and dysbiosis (black) conditions. C) Line graph of voriconazole concentration over 24 hours, comparing normal (blue) and dysbiosis (black) conditions. Error bars represent standard deviation.]FIGURE 1 | Serial monitoring of omeprazole and voriconazole (VRC) in the peripheral blood of rats. (A) Schematic diagram of the experimental protocol. (B) Blood concentration-time curves after omeprazole (15 mg/kg) treatment. (C) Blood concentration-time curves after VRC (25 mg/kg) treatment. Time refers to hours after oral omeprazole or VRC administration, and horizontal lines depict the mean at each time point. Error bars represent the standard deviation.
To investigate whether the alteration of intestinal flora affected pharmacokinetics in rats, blood concentrations of voriconazole were measured at 0.08, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 12 and 24 h after oral administration of voriconazole (Figure 1C). The pharmacokinetics of voriconazole in both groups are shown in Supplementary Table S3. The AUC(0-t) and Cmax of voriconazole was decreased significantly in plasma exhibiting dysbiosis compared to normal plasma (P < 0.01 and P < 0.05, respectively). Meanwhile, the clearance of voriconazole was markedly increased in the dysbiotic group (P < 0.05) compared to the control group. The Tmax and t1/2 of voriconazole did not differ between the dysbiotic group and the normal group. These results indicate that alterations of the intestinal microflora affect the absorption of voriconazole.
Dysbiosis induced by ceftriaxone alters intestinal transporter expression
We next explored the potential factors affecting the differences in drug bioavailability. We hypothesize that the gut microbiota may be an important modulator of the decreased bioavailability of voriconazole in the host and to test this we analysed the gut microbiota between normal and dysbiotic rats to understand if the gut microbiota contributed to the decrease in voriconazole bioavailability following ceftriaxone treatment. The 16S diversity analysis revealed a significant difference in alpha diversity between the two groups of rats (Figures 2A–C). The alpha diversity Chao (Figure 2A), Shannon (Figure 2B) and InvSimpson (Figure 2C) indices were significantly decreased in the dysbiotic group compared to the normal group (P < 0.01, P < 0.01 and P < 0.001, respectively). These observations demonstrated that ceftriaxone treatment significantly decreased the diversity and richness of the intestinal microflora in the dysbiotic group compared to the normal group. Similarly, principal component analysis of beta diversity also indicated that the microbial community was markedly different between the normal group and dysbiotic group (Figure 2D).
[image: The image shows six panels related to a study on microbiome differences between normal and dysbiotic conditions. Panels A, B, and C display violin plots with significant differences in three indices (Chao1, Shannon, Inverse Simpson) between normal and dysbiotic samples. Panel D presents pie charts showing microbial composition, highlighting differences in Firmicutes and Bacteroidetes proportions. Panel E contains a forest plot comparing microbial taxa proportions, marked by confidence intervals and significance values. Panel F illustrates a Western blot analysis with a corresponding bar graph for P-gp protein levels in normal versus dysbiosis, indicating a significant difference.]FIGURE 2 | Differences in the intestinal microbiota (diversity and composition) are associated with drug bioavailability after ceftriaxone administration. (A–C) Gut microbial alterations in groups are expressed by alpha diversity. Community richness of the intestinal microbiota in dysbiosis is expressed as Chao index (A) and microbiota diversity in dysbiosis is expressed as the Shannon index (B) and the inverse Simpson index (C) compared to the normal control group (n = 6, respectively). (D) Community analysis pieplot at the phylum level. (E) Wilcoxon rank-sum test bar plot at the phylum level. (F) Immunoblots (left) and densitometric analysis (right) of P-gp. Immunoblots are representative of at least three independent experiments. A Student’s t-test was used to test for differences in alpha diversity analysis between groups. P values between the normal and dysbiotic groups are shown in the panels. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. the normal/dysbiotic group.
Relative abundance of Firmicutes at the phylum level increased sharply, whereas that of Bacteroidota, Actinobacteriota and Desulfobacterota decreased significantly in the dysbiotic group based on the effects of antibiotic treatment (ceftriaxone) against gram-negative bacteria (Figure 2E). The proportions of Actinobacteriota and Desulfobacterota decreased significantly in the dysbiotic group. In addition, multidrug resistance protein 1 (MDR1) protein efflux pump (P-gp) levels in the intestine were increased in the ceftriaxone-treated group (Figure 2F).
Bacterial outer membrane vesicles from ceftriaxone-induced dysbiotic rats promote intestinal P-gp expression
To uncover the mechanism involved in the in vivo results, we conducted a mechanistic study using Caco-2 cells and a CCK-8 assay to evaluate the potential effects of different concentrations of OMVs on Caco-2 cell viability and to determine the appropriate concentration of OMVs to further study the mechanism of OMVs in Caco-2 cells.
Caco-2 cells were incubated with OMVs from normal or dysbiotic rats at different concentrations (0, 1, 5, 10, 20, 50, 100, 200 μg/mL) for 24 h. As shown in Figures 3A, C, high concentrations of OMVs (200 and 150 μg/mL) from normal rats or low concentrations of OMVs (1 and 5 μg/mL) from dysbiotic rats exhibited significant reductions in cell viability (P < 0.05).
[image: Multiple graphs and images showing cell viability in response to OMVs in normal and dysbiosis conditions, along with protein expression analysis. Panels A and B display blue bar graphs for normal conditions, while C and D have yellow and red bars for dysbiosis. Panel E depicts a bar graph showing ABCB1 mRNA levels across different OMVs concentrations for control, normal, and dysbiosis groups. Panel F includes a Western blot image for P-gp and β-actin, followed by a bar graph of protein levels across control, normal, and dysbiosis, highlighting a significant difference.]FIGURE 3 | Screening of the effect of different concentration of microbial OMVs on Caco-2 cells. (A–D) A screening assay was performed at different OMV concentrations in Caco-2 cells. Cell viability in Caco-2 cells treated with OMVs originating from normal animals (A, B). Cell viability in Caco-2 cells treated with OMVs originating from dysbiotic animals (C, D). (E) Optimum OMV concentration selection based on P-gp gene (ABCB1) expression levels. (F) Western blot of P-gp in CaCo2 cells after different treatments. *P < 0.05 vs. the control/normal group.
To determine the optimal dosage and treatment time for OMV experiments, Caco-2 cells were incubated for 24 h with OMVs at a lower concentration (0, 1, 5, 10, 20, 40, 60, 80 μg/mL). As shown in Figures 3B, D, OMVs from normal rats at 60 and 80 μg/mL significantly increased cell viability (P < 0.05) while OMVs from dysbiotic rats at 1 μg/mL significantly decreased cell viability (P < 0.05). These results were used to further study the effects of OMVs on P-gp gene and protein levels. As shown in Figures 3E, F, Caco-2 cells were treated with OMVs at 10, 20 and 40 μg/mL for 24 h. Importantly, a significant change in ABCB1 mRNA levels were observed after OMV (20 μg/mL) exposure from both normal and dysbiotic rats (Figure 3E). Immunoblotting showed that Caco-2s cultured with 20 μg/mL OMVs derived from dysbiotic rats yielded an increase in the amount of P-gp protein (Figure 3F), which is consistent with a significant increase in ABCB1 mRNA (P < 0.05). This finding suggests that the modulation of intestinal efflux transporter expression was most pronounced when OMVs were present at a concentration of 20 μg/mL, a finding that facilitates further mechanistic exploration.
OMVs upregulate efflux transporter expression by activating the Nrf2 pathway in Caco-2 cells
Our previous studies have shown that antioxidant response elements (AREs) are located in the promoters of numerous genes and promote the transcription of target genes (such as Nrf2). Nrf2 is a critical nuclear transcription factor involved in regulating the expression of efflux transporters and also functions as a responder to external stimuli after exposure to xenobiotic substances. We assessed the effects of OMVs on Nrf2 activity using a dual-luciferase reporter gene assay. Figure 4A indicates that Nrf2 activity was increased in a dose-dependent manner after 24 h of treatment with OMVs from dysbiotic rats, and showed a significant increase compared to the control rats (P < 0.01). Thus, OMVs from dysbiotic rats may act as an efficient Nrf2 inducer compared to OMVs from normal rats.
[image: (A) Bar graph showing relative ABC luciferase activity, with dysbiosis treatments at different concentrations and controls, indicating significant activity increase at higher concentrations. (B) Western blot image showing P-gp and β-actin expressions, and a bar graph indicating P-gp expression levels with treatments, highlighting significant differences between DMSO and ML385 in normal and dysbiosis conditions. (C) Fluorescent microscopy images showing DAPI, P-gp, and merged views under different treatment conditions, accompanied by a bar graph illustrating significant changes in P-gp expression levels across treatments.]FIGURE 4 | OMVs upregulate efflux transporter expression through activation of the Nrf2-mediated signalling pathway in Caco-2 cells. (A) OMVs from dysbiotic rats induce ARE-luciferase activity. The dual-luciferase reporter system was used to detect Nrf2-ARE signalling pathway activation in Caco-2 cells. (B) Left, Western blot analysis of P-gp protein expression following ML385 (1 μmol/L) treatment in normal/dysbiotic OMV-treated Caco-2 cells. Right, densitometric analysis of the proteins. (C) Immunofluorescence assays (left) showed the relative abundance of P-gp in various treated Caco-2 cells (scale bar = 20 μm) and quantitative analysis (right) of the protein expression from the four groups. Data are presented as the mean ± standard deviation. **P < 0.01, ***P < 0.001.
To verify the efficiency of OMVs from rats with dysbiosis, Western blotting was used to detect the protein expression of P-gp in Caco-2 cells incubated with or without ML385. As expected, quantitative analysis revealed that cells treated with OMVs from rats with dysbiosis treated but not subject to ML385 pretreatment showed a significant increase in P-gp protein levels. However, P-gp protein expression was suppressed when cells were pretreated with ML385 prior to treatment with OMVs from dysbiotic rats (Figure 4B). Further fluorescence quantification confirmed that the mean fluorescence intensity increased significantly after incubation with OMVs from rats with dysbiosis (Figure 4C, P < 0.001). In the ML385 pretreatment group, the mean fluorescence intensity in Caco-2 cells incubated with 20 μg/mL OMVs decreased significantly (Figure 4C, P < 0.01). Altogether, these findings indicate that the Nrf2 pathway may play a critical role in regulating the expression of efflux transporters.
To further explore the mechanism by which OMVs promote the overexpression of efflux transporters, we used siRNA to knock down Nrf2 gene expression. Genetic silencing of Nrf2 led to significantly decreased levels of Nrf2 mRNA and protein in Caco-2 cells (Figures 5A, B). Additionally, and consistent with the results in vivo, OMVs originating from the dysbiotic group upregulated P-gp protein expression. However, this outcome was reversed by Nrf2 knockdown. Thus, this result further clarifies that Nrf2 plays a key role in the high expression of P-gp in the dysbiotic state (Figure 5C). Furthermore, we found that OMVs from rats with dysbiosis activated the Nrf2-Keap1 pathway in Caco-2 cells, as evidenced by the increased Keap1 expression in the cytoplasm and Nrf2 expression in the nucleus following OMV treatment (Figure 5D). This finding indicates that Nrf2 markedly accumulated in the nucleus after Nrf2 escaped from Keap1 in the cytoplasm (P < 0.05).
[image: Diagram comparing the effects of PBS, siNC, and siNrf2 on Nrf2 expression and P-gp levels. Panels A and B show reduced Nrf2 at mRNA and protein levels with siNrf2. Panel C demonstrates P-gp levels, and panel D illustrates western blot results for Keep-1 and Nrf2, with quantifications below. Panel E is a schematic depicting the process of OMVs influencing intestines, involving P-gp and Nrf2 pathways. Statistical significance is noted with asterisks.]FIGURE 5 | Molecular mechanism of OMV-induced efflux transporter expression. (A) Quantitative analysis of Nrf2 mRNA expression after small interfering RNA-mediated knockdown in Caco-2 cells. (B) Immunoblots and densitometric analysis of Nrf2 to verify the efficacy of Nrf2 knockdown in Caco-2 cells. (C) Immunoblots and densitometric analysis of P-gp expression after OMV treatment. (D) Immunoblots and densitometric analysis of the Nrf2-Keap1 pathway in Caco-2 cells after OMV treatment. (E) Schematic illustration of the OMV regulatory mechanism. Data are presented as the mean ± standard deviation. ***P < 0.001.
To further explore the detailed mechanism by which OMVs promote the overexpression of efflux transporters, we performed siRNA to knock down Nrf2 gene expression. Genetic silencing of Nrf2 led to significantly decreased Nrf2 mRNA and protein levels in Caco-2 cells (Figures 5A, B). Additionally, consistent with the results in vivo, OMVs (20 μg/mL) originating from the dysbiosis group upregulated P-gp protein expression. However, this outcome was reversed by Nrf2 knockdown. Thus, this result further clarifies that Nrf2 plays a key role in the high expression of P-gp in the dysbiosis state (Figure 5C). Furthermore, we found that OMVs from rats with dysbiosis activated the Nrf2-Keap1 pathway in Caco-2 cells, as evidenced by the increased Keap1 expression in the cytoplasm and Nrf2 expression in the nucleus following OMV treatment (Figure 5D). This finding indicates that Nrf2 markedly accumulated in the nucleus upon Nrf2 escape from Keap1 in the cytoplasm (P < 0.05).
DISCUSSION
A reduction in the diversity of the intestinal microbiota has been linked to several disorders, including obesity and inflammatory bowel disease (IBD) (Turnbaugh et al., 2008; Willing et al., 2010). The gut microbiota can affect drug pharmacokinetics through several mechanisms, including modulation of drug transport and the biotransformation of drugs into active or inactive metabolites. Thus, dysbiosis of the intestinal microbiota may alter the absorption of drugs, thereby altering their therapeutic efficacy and safety (Wang and Zhou, 2024). In this study, we demonstrated that the bioavailability of voriconazole was altered by the intestinal flora of rats treated with the antibiotic ceftriaxone.
The main bacteria inhabiting the intestinal tract belong to four dominant phyla: Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. Antibiotics are common factors that have an obvious effect on the proportions of these bacterial groups. In particular, broad-spectrum antibiotics reduce bacterial diversity while expanding and declining specific indigenous taxa (Modi et al., 2014). Analysis of the rat faecal microbiota α-diversity in our study indicated that the administration of ceftriaxone ignificantly decreased the richness of the gut microbiota. Specifically, ceftriaxone treatment reduced the abundance of Bacteroidetes and increased the abundance of Firmicutes and Proteobacteria at the phylum level. In our study, we found that outer membrane vesicles (OMVs) derived from these gram-negative bacteria can promote the expression of P-gp in Caco-2 cells through the Nrf2-Keap1 pathway, providing novel information that may be useful clinically in individualizing treatment plans in patients being treated with voriconazole.
Ceftriaxone is not catabolically metabolized in vivo, and no studies reported to date has suggested that ceftriaxone interferes with the expression of metabolism-related proteins in intestinal cell efflux transporters (Zhu et al., 2021). To examine whether ceftriaxone could affect drug metabolism, we established a model of intestinal dysbiosis in rats through the oral administration of ceftriaxone for 8 days. Ceftriaxone is reported to be a significant broad-spectrum antibiotic that induces an imbalance in the gut microbiota by widely inhibiting gram-negative bacteria (Wang, et al., 2018; Zhao et al., 2013). We verified the difference in intestinal bacteria α-diversity in the model between control and treated rats. In addition, rats were gavaged with voriconazole on the 10th day after ceftriaxone gavage, demonstrating that ceftriaxone sodium has minimal direct effects on voriconazole’s pharmacokinetics. Moreover, to avoid the influence of CYP2C19 metabolic enzymes on voriconazole metabolism in rats, we used a CYP2C19 probe substrate (omeprazole), performed a pharmacokinetic analysis, and found no difference in pharmacokinetics between the two groups. Thus, we were confident of the reliability of our dysbiosis models to explore any differences in voriconazole bioavailability in our study. After a single dose of voriconazole (25 mg/kg), plasma samples were collected from each rat and the concentration of voriconazole was measured. The AUC(0-t) and Cmax of voriconazole decreased drastically, whereas CLz/F increased significantly in the dysbiotic group compared to the control group. This finding suggests that reduced voriconazole exposure may be due to gut dysbiosis.
Voriconazole has a narrow therapeutic index and large intra/interindividual pharmacokinetics (PK) variability (Wang et al., 2021b). Previous studies have explained the inter/intraindividual variability of voriconazole in healthy populations on gene polymorphisms. However, in disease states, disease conditions, or drug-drug interactions (DDI) in different patients were thought to be responsible for the inter/intraindividual variability of voriconazole treatment, however the underlying mechanism was unknown (Kadam and Van Den Anker, 2016). When administered orally, voriconazole is mainly absorbed in the intestine, and the intestinal microbiota play important roles in governing the PK of the drug (Zhang et al., 2018). However, with the wide use of antibiotics, an imbalance of intestinal bacteria is common (dysbiosis), which affects the pharmacokinetics of drugs. Our study reveals that intestinal dysbiosis suppresses the absorption of voriconazole by increasing P-gp expression.
P-gp plays an important role in the intestinal absorption of drugs. Our study revealed that in the dysbiotic group, P-gp protein expression in the intestine was significantly increased compared to the control group, indicating that dysbiosis may decrease the bioavailability of voriconazole by increasing P-gp expression. Gram-negative bacteria interact with the host by producing secretory nanosized outer membrane vesicles (OMVs) to deliver both soluble and insoluble components into host cells (Ellis and Kuehn, 2010). LPS is one of the most abundant components of OMVs secreted by gram-negative bacteria and is considered the main promoter of the pathogenic activity of OMVs (Beutler and Rietschel, 2003). LPS is one of the most abundant components of OMVs secreted by gram-negative bacteria and is considered the main promoter of the pathogenic activity of OMVs (Beutler and Rietschel, 2003). LPS is involved in the regulation of cellular transcription factors, thereby inhibiting the active expression of enzymes involved in drug metabolism along with cellular drug transporters (Morgan et al., 2008). OMVs mediate the cytosolic localization of LPS (Vanaja et al., 2016). Indeed, previous research has indicated that OMVs produced by gram-negative bacteria are able to decrease the expressions of P-gp mRNA in Caco-2 cells (Gao et al., 2018). In our study, Firmicutes represented greater than 95% of the total bacteria in the dysbiotic group, indicating that less than 5% gram-negative bacteria existed in the intestinal bacteria of the dysbiotic group. In contrast, in the control group, Firmicutes and Bacteroidota accounted for 40.66% and 37.90% of the total bacteria, respectively. This result indicates that the proportion of gram-negative bacteria in the control group was more than 7-fold greater than that of the dysbiotic group. Given the significantly reduced number of gram-negative bacteria, P-gp expression was increased in the dysbiotic group compared to the control group. Thus, we hypothesized that the gut microbiota in the dysbiotic group could upregulate intestinal P-gp partially by reducing OMVs produced by gram-negative bacteria. However, the bioavailability of voriconazole may also affected by the CYP3A4, and our study did not examine any changes to this metabolic enzyme. Future studies, will continue to examine factors that alter the bioavailability of voriconazole via CYP3A4 in disease states (like an LPS-inflammatory state).
Another major finding of our study was that Nrf2 plays a critical role in regulating the expression of efflux transporters in response to gram-negative bacteria in the absence of OMV exposure. After exposure to OMVs from the dysbiotic group, Nrf2 protein expression increased, as did cytoplasmic Keap1 and nuclear Nrf-2 protein levels. These results suggest that OMVs promote Nrf2 translocation from the cytoplasm to nucleus. In order to investigate whether OMVs induce Nrf2 expression through interactions with AREs, Caco-2 cells were transiently transfected with pGL3-ARE-luc (Figure 4A). Our data showed that ARE-luciferin activity was strikingly activated by OMVs (from the dysbiotic group) at doses of 10 and 20 μg/mL. ML385 is a small molecule inhibitor of Nrf2 that specifically and directly interacts with Nrf2 proteins and blocks the transcriptional activity of Nrf2 into the nucleus. Treatment with ML385 abolished the ability of OMVs from the dysbiotic group to induce higher levels of P-gp expression (Figure 4B). The results showed that OMVs from the dysbiotic group could also upregulate the expression of nuclear Nrf2. Gene knockdown using siRNA targeted at Nrf2 further confirmed the ability of OMVs from the dysbiotic group to upregulate the expression of P-gp (Figure 5C). Taken together, these findings indicate that OMVs upregulate intestinal P-gp through Nrf2 transcriptional activation. Figure 5E shows the overall mechanism by which OMVs upregulate intestinal P-glycoprotein, based on the findings of our study.
CONCLUSION
The results of our study indicate that intestinal dysbiosis markedly reduced the absorption of voriconazole in SD rats. The potential mechanism by which this occurs is related to increased intestinal expression of P-gp, through the transcriptional activation of Nrf2 by OMVs produced by microbes in the dysbiotic group. These findings may provide new insight to clarify the mechanism underlying the variability in voriconazole treatment.
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Objective: To elucidate the metabolic mechanisms by which acteoside (ACT) isolated from Cistanche tubulosa alleviates cancer-related fatigue (CRF) in a murine model of colon cancer with cachexia.Methods: BALB/c mice inoculated with C26 colon cancer cells were treated with paclitaxel (PTX, 10 mg/kg) and ACT (100 mg/kg) alone or in combination for 21 days. Fatigue-associated behaviors, tumor inhibition rate, and skeletal muscle morphology assessed by hematoxylin-eosin (H&E) staining and electron microscopy were evaluated. Finally, liquid chromatography-mass spectrometry (LC/MS) was employed to investigate alterations in the plasma metabolic profile of tumor-bearing mice with CRF in response to ACT treatment, and the affinity between metabolite-associated proteins and ACT was verified by Surface plasmon resonance (SPR) assay.Results: Our study demonstrated the presence of CRF in the colon cancer mouse model, with the severity of fatigue increasing alongside tumor growth. Administration of ACT ameliorated both tumor burden and PTX-induced muscle fatigue-like behavior. LC/MS analysis identified a panel of differentially regulated metabolites, including trans-aconitine, citric acid, 3-coumaric acid, ephedrine, thymine, cytosine, indole-3-acetic acid, and pantothenol-9. These metabolites were primarily enriched in pathways associated with valine biosynthesis, tyrosine metabolism, tryptophan metabolism, and biosynthesis of pyridine alkaloids. Furthermore, several key enzymes, including CYP3A4, CYP19A1, CYP2E1, TNF, BCL-2, RYR2, and ATP2A1, were identified as potential targets underlying the anti-CRF effects of ACT.Conclusion: This study suggests that ACT derived from C. tubulosa harbors protective properties against cancer-related fatigue mediated by tumor cells.Keywords: side effects of radiotherapy and chemotherapy, cancer-related fatigue, metabolomics, Cistanche tubulosa, acteoside

1 INTRODUCTION
Colon cancer is a significant global health burden, ranking as the third most common malignancy and the second leading cause of cancer-related deaths after lung cancer (Araghi et al., 2019). Each year, an estimated one million people worldwide receive a colon cancer diagnosis, resulting in substantial patient suffering and placing a strain on healthcare systems (Sinicrope, 2022). Fortunately, advancements in diagnostic and treatment technologies, coupled with heightened public awareness about self-care, have led to a gradual decline in colon cancer mortality rates. Consequently, a growing population of individuals are either living with or have experience with colon cancer. This trend underscores the critical need to prioritize improving the quality of life for this expanding patient population.
CRF is a persistent and subjective sensation of tiredness, primarily manifesting as a lack of energy and general fatigue (Thong et al., 2020). Its occurrence is directly linked to cancer or its treatment, significantly impacting patients’ daily lives and overall quality of life. Studies have shown an escalating trend of CRF across various tumor types following initial treatment. The reported incidence rate ranges from 25% to 99% during treatment, rising to 65%–100% after chemotherapy and 82%–96% after radiotherapy. Notably, 30% of patients experience moderate to severe CRF (Bower, 2014). While successful treatment may alleviate CRF for some patients, follow-up studies reveal a persistence of fatigue in 25%–33% of patients, lasting for several years or exceeding 10 years post-diagnosis. This fatigue is not alleviated by adequate sleep or rest and may even disrupt anti-cancer treatment adherence (Berger et al., 2015). Therefore, CRF emerges as one of the most prevalent complications associated with both cancer and its treatment. It significantly compromises patient quality of life and presents a potential obstacle to successful treatment and improved survival rates.
Despite extensive research worldwide, the precise pathophysiological mechanisms underlying CRF remain elusive. This lack of clarity hinders the development of specific treatment options. Currently, interventions target various factors contributing to CRF and fall into two broad categories: non-pharmacological and pharmacological. Non-pharmacological interventions encompass lifestyle modifications, including increased physical activity, psychological support, rehabilitation programs, dietary adjustments, and sleep hygiene promotion. Pharmacological interventions involve using medications such as central nervous system stimulants (e.g., methylphenidate), agents for managing anemia (e.g., erythropoietin), antidepressants, and glucocorticoids (Kreissl et al., 2016). However, a definitive treatment strategy to completely eradicate fatigue remains elusive, highlighting the potential for natural product-based interventions.
Cistanche tubulosa, a venerated traditional Chinese medicinal herb, has been prized for centuries due to its purportedly targeted therapeutic effects and gentle properties. Renowned as “desert ginseng”, it has been used in Traditional Chinese Medicine (TCM) to invigorate the kidneys and nourish the body (Lei et al., 2023). Within China, four Cistanche species and one variety exist. Cistanche tubulosa stands out as the dominant medicinal resource in Xinjiang province, flourishing in arid desert regions. Notably, Xinjiang production accounts for over 80% of China’s total, making it the primary source for traditional Chinese medicine in southern Xinjiang regions like Hotan and Aksu. In recent years, C. tubulosa has garnered renewed interest due to its potential as a dual-purpose medicinal and edible plant, driven by its remarkable biological activity (Song et al., 2016). In recent years, research has identified total phenylethanol glycosides (CPhGs), including echinacoside and ACT, as the primary bioactive constituents and quality control markers for C. tubulosa. It is now understood that these CPhGs exhibit a broad spectrum of biological activities, including anti-fatigue (Kan et al., 2021), liver protection (Pei et al., 2018), kidney protection (Ding et al., 2023), anti-inflammatory (Peng et al., 2020), antioxidant (Ding et al., 2023), anti-osteoporosis (Lin et al., 2023), and anti-tumor (Wen et al., 2021) properties.
Our previous work demonstrated that ACT could promote mitophagy by suppressing PHD2, thereby upregulating the HIF-1α/BNIP3 signaling pathway and eliminating dysfunctional mitochondria, ultimately ameliorating PTX-induced CRF (Zhang et al., 2022). However, the ability of ACT to alleviate CRF and the underlying metabolic mechanisms remain to be elucidated. This study addresses this knowledge gap. We established a CRF model in mice bearing C26 colon cancer cells to evaluate the anti-CRF effects of ACT. Untargeted metabolomic profiling of mouse plasma samples was performed using liquid chromatography-mass spectrometry (LC-MS). Principal component analysis (PCA) and partial least squares-discriminant analysis (PLSDA) were employed to analyze the metabolic alterations and elucidate the potential metabolic mechanisms of ACT’s action. Ultimately, this research aims to contribute to developing novel therapeutic strategies for the benefit of cancer patients.
2 MATERIALS AND METHODS
2.1 Reagents
C26 colon cancer cells (CL-0071) were obtained from Procell Life Science & Technology Co., Ltd. (Wuhan, China). Acteoside (ACT; HPLC > 98.5%) was purchased from Yongjian Pharmaceutical Co., Ltd. (Taizhou, China). Paclitaxel (PTX) injection was procured from Yangtze River Pharmaceutical Group (Taizhou, China). Human CYP3A4 Protein (His Tag) and Human BCL2/Bcl-2 Protein (His Tag) were obtained from Sino Biological.
2.2 Animal models and drug treatment
Male BALB/c mice (16–20 g) were obtained from the Xinjiang Medical University Animal Experiment Center (certificate number SCXK [Xin] 2018-0001; SPF license number SYXK [Xin] 2018-0003). Upon arrival, the mice were housed in a specific pathogen-free (SPF) facility under controlled conditions (22°C–26°C, 40%–60% humidity, 12 h light/dark cycle) for a 7-day acclimation period with ad libitum access to food and water.
Male BALB/c mice were acclimated for 1 week before experimentation. During this acclimation period, the mice underwent a daily swimming adaptation training session in a high (30 cm) and diameter (25 cm) swimming box filled with water maintained at 25°C ± 1°C. Following the adaptation period, mice were randomly allocated into groups based on their swimming time (n = 10 per group). The normal control group (NC) received no C26 cell inoculation. The remaining mice were designated as the C26 group. On the day preceding inoculation, the dorsal fur of all mice designated for C26 cell injection was shaved (1 cm × 1 cm area). Log-phase C26 colon cancer cells were trypsinized and resuspended in PBS at a concentration of 1 × 106 cells/mL. Each mouse received a subcutaneous abdominal injection of 0.1 mL cell suspension. Seven days post-inoculation, upon reaching a tumor volume range of 50 mm3–100 mm3, mice were again randomly divided into four groups (n = 40 per group) based on tumor volume: tumor control (TC), PTX, ACT (100 mg/kg), and PTX + ACT (100 mg/kg) groups. The ACT groups received daily intragastric administration of 100 mg/kg ACT, while the PTX groups received 10 mg/kg PTX via intraperitoneal injection every other day. Both NC and TC groups received corresponding volumes of normal saline via the same administration routes as their respective treatment groups. Treatment duration was 21 days following group allocation (7 days post C26 cell inoculation). A detailed illustration of the experimental design and procedures is provided in Figure 1.
[image: Timeline of a study involving mice. Initially, adaptive feeding and swimming training occur over a week. Tumor transplantation happens before Day 0, followed by drug intervention. Exhaustive swimming experiments are conducted on Days 0, 10, and 20. Throughout the study, tests such as open field, tail suspension, tumor volume measurement, weight tracking, HE staining, skeletal muscle electron microscopy, and plasma metabolomics are performed. Mice are sacrificed after Day 20.]FIGURE 1 | Timeline of animal experiments (by figdraw).
2.3 Ethology assessment
A battery of behavioral tests was employed to evaluate fatigue levels across the experimental groups. These tests included the exhaustive swimming test, the open field test, and the tail suspension test.
Exhaustive swimming test: Mice underwent an exhaustive swimming test before treatment initiation and on days 10 and 20 of treatment. Lead weights equivalent to 7% of the body weight were attached to the tails of the mice. Each mouse was placed individually into a swimming box (height 30 cm, diameter 25 cm) filled with water maintained at 25°C ± 1°C. The time to exhaustion was recorded. Exhaustion was defined as the point at which the tip of the mouse’s nose submerged underwater for at least 10 s.
Open-field testing was conducted using a computerized behavioral analysis system (e.g., Chengdu Tai League TM-visual behavior experiment system). Mice were individually placed in the center of the open-field arena and allowed to freely explore for 5 min. The total distance traveled and time spent immobile were automatically recorded by the tracking software. The arena was thoroughly cleaned between trials to eliminate residual cues.
Tail suspension test: All mice in the open-field experiment were treated according to the original grouping and administration plan. 30 min after the last administration, the mouse tail (from the tail tip 2 cm) was glued to the TS-200 tail suspension tester, the mouse head was placed 5 cm from the bottom, and the immobility time was recorded for 5 min.
2.4 Evaluation of anti-tumor effect
Following the intervention, the longest diameter (L) and the vertical width diameter (W) of the tumor were measured with Vernier calipers every 3 days. The tumor volume (mm³) was then calculated using the formula: 0.52 × L × W2. One hour after the final administration, the tumor was excised and weighed. The following formula (Equation 1) was used to calculate the percentage tumor inhibition rate:
[image: Equation showing the calculation for tumor inhibition rate. It is defined as the average tumor weight of the control group minus the average tumor weight of the intervention group, divided by the average tumor weight of the control group, multiplied by one hundred percent.]
2.5 Histological staining and transmission electron microscope of skeletal muscle
Histological staining: Skeletal muscle tissues were fixed in 10% neutral buffered formalin (NBF) after the experiment for subsequent histological analysis using light microscopy. Following fixation, 3–5 mm thick sections were deparaffinized and processed routinely for hematoxylin and eosin (H&E) staining. Images were captured using a fluorescence microscope (DMi8, Leica, Germany) and analyzed with ImageJ software.
Transmission electron microscope of skeletal muscle: Skeletal muscle tissues were post-fixed in 1% osmium tetroxide for 3 h. Following dehydration through a graded ethanol and acetone series, the samples were embedded in Spurr resin. Ultrathin sections (70 nm) were then obtained and stained with uranyl acetate and lead citrate. Finally, the sections were observed under a transmission electron microscope (TEM; JEM-1230HC, JEOL, Japan).
2.6 Metabolomics analysis
2.6.1 Plasma metabolite extraction
24 h after the final administration, blood was extracted from the mice’s eyeballs and collected in an anticoagulant tube. The blood was then incubated at room temperature for 40 min, followed by centrifugation at 3,3000 rpm for 15 min. The upper plasma layer was separated and stored at −80°C. Prior to experimentation, plasma samples were retrieved from the −80°C freezer and thawed at 4°C. After thawing, 100 μL aliquots were transferred to 1.5 mL Eppendorf tubes, followed by the addition and thorough mixing of 500 μL acetonitrile. The supernatant was collected using a pipette, and the remaining pellet was resuspended in 100 μL of acetonitrile. This suspension was then incubated at −20°C for 2 h and centrifuged at 20,000 g for 10 min. Finally, 10 μL aliquots from each sample were combined with diluent to create quality control (QC) samples. All samples, including the QC samples, were stored at −80°C until analysis by mass spectrometry.
2.6.2 LC-MS metabolomics data acquisition
The metabolomic analysis was performed on a Q Exactive mass spectrometer (Thermo Fisher Scientific, USA) at LC-Bio Technologies (Hangzhou) Co., Ltd. To minimize batch effects, samples from all groups were interspersed throughout the LC-MS run order. Chromatographic separations were achieved using a Thermo Scientific UltiMate 3000 HPLC system equipped with an ACQUITY UPLC T3 column (100 mm × 2.1 mm, 1.8 μm particle size; Waters, UK) maintained at 50°C for reversed-phase chromatography. The mobile phase consisted of 0.1% formic acid in water (phase A) and 0.1% formic acid in acetonitrile (phase B). A gradient elution program was employed: 0–0.8 min, 2% B; 0.8–2.8 min, 2%–70% B; 2.8–5.6 min, 70%–90% B; 5.6–8 min, 90%–100% B; 8–8.1 min, 100%–2% B; 8.1–10 min, 2% B. The injection volume was 4 μL per sample. The instrument wash cycle included one or two washes and 3–4 QC samples. Subsequently, a QC sample was injected after every 10 samples, and the run concluded with two final QC injections. High-resolution tandem mass spectrometry using the Q-Exactive instrument facilitated the acquisition of first and second-order mass spectra for eluting metabolites in both positive and negative ionization modes. Precursor ion scans (m/z 70–1050) were acquired at a resolution of 70,000 with an AGC target of 3 × 106 and a maximum injection time of 100 ms. Data-dependent acquisition (DDA) mode was employed with a “top 3” configuration. Fragment spectra were collected at a resolution of 17,500 with an AGC target of 1 × 105 and a maximum injection time of 50 ms. Stepped normalized collision energy (nce) settings for fragmentation were 20, 40, and 60 eV. The electrospray ionization (ESI) source parameters were set as follows: spray voltage (|KV|) 4000 (positive and negative modes), sheath gas flow rate 35, auxiliary gas flow rate 10, and capillary temperature 320°C.
2.6.3 Metabolomics data processing and analysis
Mass spectrometry raw data files (.raw) acquired from the experiment were imported into Compound Discoverer 3.1.0 (Thermo Fisher Scientific, USA) for data pre-processing. This pre-processing included peak extraction, retention time correction within and between sample groups, adduct ion merging, gap filling, background peak labeling, and metabolite identification. Each metabolite ion was identified by its retention time (RT) and m/z value. Peak intensities were recorded for all identified metabolites. Finally, information such as feature molecular weight, retention time, peak area, and identification results were exported for further analysis. Online databases, including KEGG and HMDB, were utilized for metabolite annotation. This annotation process involved matching the exact molecular mass data, names, and formulas of the identified metabolites with database entries. Metabolites were considered tentatively identified if the mass difference between the observed and database values was less than 10 ppm.
Following peak data acquisition, further preprocessing was performed using metaX software. Features detected in less than 50% of QC samples or 80% of biological samples were removed to ensure data quality. Missing values in the remaining peaks were imputed using the k-nearest neighbor (kNN) algorithm to improve data completeness. Principal component analysis (PCA) was then performed on the preprocessed data to identify outliers and evaluate potential batch effects. Probabilistic quotient normalization (PQN) was subsequently employed to normalize the data, resulting in normalized ion intensity data for each sample. To minimize signal intensity drift over time, QC-based robust locally estimated scatterplot smoothing (LOESS) signal correction was applied to the QC data, considering the injection order. Finally, the coefficient of variation (CV) was calculated for each metabolic feature across all QC samples. Features with a CV exceeding 30% were removed from further analysis.
Student’s t-tests were used to identify metabolites with significantly different concentrations between the two phenotypes. P-values were adjusted for multiple comparisons using the Benjamini–Hochberg procedure. To further discriminate between groups and identify important features, supervised partial least squares-discriminant analysis (PLS-DA) was performed via MetaX software. Metabolites with a Variable Importance in Projection (VIP) score greater than 1.0 and a fold-change greater than or equal to 2 or less than or equal to 0.5 (p-value ≤0.05) were subjected to KEGG enrichment analysis.
2.6.4 Pathway enrichment and protein network analysis
To elucidate the origin and function of differentially abundant metabolites, metabolic pathway enrichment analysis was performed using the online tool MetaboAnalyst 5.0. Pathways with a p-value threshold of less than 0.05 were considered statistically significant and enriched. To identify key proteins potentially linking the effects of ACT to these altered metabolites, a protein-protein interaction (PPI) network was constructed based on proteins associated with the differential metabolites. Briefly, the HMDB 5.0 protein data (downloaded in XML format on 24 September 2021) was retrieved locally. Subsequently, a custom R script was employed to extract metabolite-related proteins from the STRING database.
2.7 Surface plasmon resonance (SPR) assay
SPR analysis was conducted with the Open SPR instrument (Nic-oyalife, Canada). The NTA sensor chip was first installed on theOpenSPR instrument in accordance with the standard operating procedure.
2.7.1 Ligand immobilization
The activator is prepared by mixing 400 mM EDC and 100 mM NHS immediately prior to injectionThe chip is activated for 240 s with the mixture at a flow rate of 20 μL/min. Dilute BCL2 to 50 μg/mL inimmobilization buffer, then injected to sample channel at a flow rate of 20 μL/min. The chip isdeactivated by 1 M Ethanolamine hydrochloride at a flow rate of 20 uL/min for 240s.The activator is prepared by mixing 400 mM EDC and 100 mM NHS immediately prior to injection. The chip is activated for 240 s with the mixture at a flow rate of 20 pL/min. Dilute CYP3A4 to 50 µg/mlin immobilization buffer, then injected to sample channel at a flow rate of 20 μL/min. The chip isdeactivated by 1 M Ethanolamine hydrochloride at a flow rate of 20 μL/min for 240 s.
2.7.2 Running analyte by multi-cycle method
Dilute Acteoside with the same analyte buffer buffer to 7 concentrations (500, 250, 125, 62.5, 31.2515.625 and 0 ylM). Acteoside is injected to sample channel at a flow rate of 20 uL/min for an associationphase of 240 s, followed by 360 s dissociation. The association and dissociation process are all handling inthe analyte buffer. Repeat 7 cycles of analyte according to analyte concentrations in ascending orderA fter each cycle of interaction analysis, the sensor chip surface should be regenerated completely with 10 mM Glycine-HCl as injection buffer at a flow rate of 1 50 uL/min for 10 s to remove the analyte, then nextconcentration cycle ofthe analyte Acteoside need to repeat injection and regeneration steps.
2.8 Statistical analysis
Statistical analysis of ethology assessment and anti-tumor effect evaluation was performed using one-way ANOVA followed by an LSD post-hoc test in SPSS software (version 16, SPSS Inc., Chicago, IL). Data were presented as mean ± standard deviation (SD). Statistical significance was set at p < 0.05. Column plots were generated using GraphPad Prism (version 7.00, GraphPad Software Inc., La Jolla, CA).
A heatmap, with color intensity reflecting the abundance, was used to represent the relative abundance of metabolites detected in each sample. The heatmap was generated using the pheatmap function within the pheatmap R package (version 1.0.12).
3 RESULTS
3.1 Effect of ACT on the general condition of tumor-bearing mice
Prior to the intervention, no significant differences in mental state, activity level, diet, or fur appearance were observed among the five groups. All mice exhibited liveliness, activity, smooth and well-groomed fur, bright eyes, and a keen response to food and escape stimuli. Throughout the experiment, the mice in the NC group maintained their liveliness, activity, neat and smooth fur, food sensitivity, and rapid escape response. In contrast, the four tumor-bearing groups progressively displayed signs of hair loss, inactivity, sluggish movement, and decreased food intake compared to the NC group. At the end of the experiment, the overall condition of the four tumor-bearing groups, ranked from poorest to relatively best, were: TC + PTX, TC, TC + PTX + ACT, and TC + ACT.
3.2 Effect of ACT on exhaustive swimming time
Exhaustive swimming tests were employed alongside the open field test and tail-suspension test to assess the anti-fatigue effects of ACT (Figure 2A). Before the intervention, all groups displayed similar exhaustive swimming times. However, on day 10, tumor-bearing mice in the treatment group exhibited a significantly reduced exhaustive swimming time compared to the control group. Interestingly, the NC group showed a significantly prolonged exhaustive swimming time compared to the tumor-bearing group (TC). The TC + PTX group displayed a significant decrease in exhaustive swimming time compared to the TC group, while the TC + ACT group showed a significant increase. Notably, no significant difference was observed between the TC + PTX + ACT group and the TC group. Compared to the TC + PTX group, all other groups exhibited significantly prolonged exhaustive swimming times. On day 20, tumor-bearing mice in the NC group again demonstrated a significant decrease in exhaustive swimming time compared to the NC group. Compared to the TC group, the NC group and TC + ACT group displayed significantly longer exhaustive swimming times, while the TC + PTX + ACT group showed no significant difference. Additionally, the NC group, TC + PTX + ACT group, and TC + ACT group exhibited significantly longer exhaustive swimming times than the TC + PTX group.
[image: Panel A features microscopic images and graphs showing cell growth and morphology under different treatments: NC, TC, TC+PTX, and TC+PTX+ACT. Panel B presents a line graph of tumor volume over time and a bar chart summarizing treatment effects. Panel C displays histological sections under HE and TEM for comparative tissue analysis across the four treatment groups.]FIGURE 2 | Alleviating effect of ACT on colon cancer cell-induced CRF. 100 mg/kg ACT was administered intragastrically, once daily. 10 mg/kg PTX was administered by intraperitoneal injection once every 2 days. (A) The results of the open field test in each group of mice, the degree of fatigue was evaluated by the exhaustive swimming time test and the results of the tail suspension test in each group of mice (Mice struggled to escape for a period of time and adopted a posture of immobility. The cumulative immobility time of the animal was recorded during the experiment); (B) E Effect of ACT on tumor size, volume and weight in tumor-bearing mice. (C) Photomicrographs of skeletal muscle sections stained with H&E (200X), representative images of the mitochondrial ultrastructure in skeletal muscle sections under transmission electron microscopy (scale bar = 2 µm). The values are presented as mean ± SD. #p < 0.05, ##p < 0.01, compared with NC group, +p < 0.05, ++p < 0.01, compared with TC + PTX group, *p < 0.05, **p < 0.01, compared with TC + PTX + ACT group.
3.3 Effect of ACT on the open field test
The open field test revealed that the total movement distance, peripheral movement distance, and center movement distance measured over 5 min were all significantly lower in the TC and TC + PTX groups compared to the NC group (Figure 2A). Interestingly, the peripheral movement distance in the TC + PTX + ACT group was significantly higher than that observed in both the TC and TC + PTX groups.
3.4 Effect of ACT on the tail suspension experiment
The tail suspension test, as depicted in Figure 2A, demonstrated that mice in the TC and TC + PTX groups exhibited significantly longer immobility than the NC group. Notably, both the TC + PTX + ACT and TC + ACT groups displayed significantly shorter immobility times compared to the TC group (p < 0.05).
3.5 Inhibitory effect of ACT on tumor growth in tumor-bearing mice
A two-factor repeated-measures analysis of variance (ANOVA) was conducted to assess tumor volume in mice across different time points. This analysis revealed significant main effects of time (p < 0.01), indicating that tumor volumes differed significantly before and after intervention. Additionally, significant main effects of groups were observed (p < 0.05), suggesting differences in tumor volume between the mouse groups. Furthermore, the interaction between time and group was significant (p < 0.01), implying that the effect of intervention on tumor volume varied across the different groups (Figure 2B).
At the end of the experiment, the tumor weights of the TC + PTX, TC + ACT, and TC + PTX + ACT groups were all significantly lower compared to the TC group (p < 0.01). Consistent with this observation, the tumor inhibition rates were 30.49%, 33.92%, and 31.77% for the TC + PTX, TC + ACT, and TC + PTX + ACT groups, respectively.
3.6 Histopathology changes of the effect of ACT on skeletal muscle
Hematoxylin and eosin (H&E) staining revealed normal muscle tissue architecture in the NC group, with intact adventitia, muscle fibers, and myoglobin content (Figure 2C). In contrast, the TC and TC + PTX groups displayed several abnormalities, including bent muscle fibers, dissolved myoglobin, pyknotic or dissolved muscle nuclei, and ruptured muscle fascicles. The TC + PTX + ACT group showed a limited degree of muscle fiber disruption, with a few fibers exhibiting breakage, dissolution, and bending. Interestingly, the TC + ACT group displayed a similar injury pattern to a small extent, with the remaining muscle fibers appearing normal.
3.7 Transmission electron microscope changes of the effect of ACT on the skeletal muscle ultrastructure
Transmission electron microscopy (TEM) analysis of skeletal muscle in the NC group revealed a normal Z-line structure characterized by smoothness. Notably, mitochondria were evenly distributed on both sides of the Z-line, exhibiting a long, linear, or oval shape with well-defined cristae (Figure 2C). In contrast, the TC and TC + PTX groups displayed significant mitochondrial abnormalities. These included an irregular Z-line, uneven mitochondrial distribution, and altered mitochondrial morphology (shape and size variations). Additionally, mitochondrial swelling and a loss of cristae structure were observed in these groups. The TC + PTX + ACT group demonstrated partial recovery of mitochondrial morphology, with the reappearance of some missing cristae. Interestingly, the TC + ACT group also exhibited a partial restoration of mitochondrial shape, with some mitochondria regaining a slender rod or oval form, suggesting an alleviation of mitochondrial damage in this group.
3.8 Metabolomics data processing and multivariate analysis
Building on our previous pharmacodynamic findings demonstrating the ability of ACT to alleviate CRF in C26 colon cancer cachectic mice, this study employs a non-targeted liquid chromatography-mass spectrometry (LC/MS)-based metabonomics approach. This approach aims to elucidate the effects of ACT on the serum metabolic profile of these mice and unveil its underlying mechanism in CRF prevention and treatment from a metabolic perspective. To ensure data quality, we performed quality control measures. The total ion chromatograms (TICs) of all quality control (QC) samples were overlaid to assess the stability of the mass spectrometer during ion collection, as shown in Figures 3A, B. A heatmap analysis with hierarchical clustering of all the groups is displayed in Supplementary Figure S1. The high degree of spectral overlap, minimal fluctuations in retention time, and consistent peak response intensity across QC samples indicate excellent instrument performance and stable signal throughout sample detection and analysis.
[image: Panel A shows a series of chromatograms with retention time on the x-axis and intensity on the y-axis, comparing positive and negative ion modes. Panel B contains two scatter plots indicating average m/z versus average retention time, also comparing positive and negative ion modes. The plots use a color scale from blue to red, indicating increasing intensity or frequency.]FIGURE 3 | (A) The total icon Chromatogram of each sample is drawn based on the ion strength, which is drawn continuously with the time point as the Abscissa and the sum of all the ions in the mass spectrum as the ordinate), and the signal intensity of the quality spectrum of the sample can be controlled overall. (B) The distribution of total ions was analyzed in the dimensions of charge-mass ratio (M/Z) and Retention time. The material retention time was represented by Abscissa, and the mz-rt distribution was plotted by ordinate m/z. Each point in the map represents an ion, and the color indicates the concentration of ions in this area.
Metabonomic studies often utilize multivariate statistical analysis techniques such as PCA and partial least squares-discriminant analysis (PLS-DA). In this investigation, PCA and PLS-DA were employed to analyze the metabolic profile differences in mice with CRF following ACT treatment to identify differential metabolites. The 3D PCA score plot is presented in Figure 4A. The 2D version of the PCA plot is displayed in Supplementary Figure S2. Both positive and negative ion mode analyses revealed significant separation in the plasma metabolic profiles between the NC and TC groups, as well as between the TC and TC + PTX groups, indicating distinct metabolic profiles in CRF mice compared to the NC group. Additionally, the plasma metabolic profile of mice treated with the chemotherapeutic drug PTX significantly differed from that of the tumor cell-induced late-stage cachexia model mice. Furthermore, significant differences were observed between the TC and TC + ACT groups, as well as between the TC + PTX and TC + PTX + ACT groups. Taken together, these findings suggest that ACT treatment for 21 days exerted a significant influence on the serum profile of CRF mice, suggesting that ACT may alleviate CRF progression by regulating metabolic disturbances associated with advanced cachexia.
[image: Panel A shows scatter plots for positive and negative ion modes with variables on the x-axis and y-axis, highlighting clusters in red. Panel B displays line graphs comparing different conditions across four scenarios, with data points in red and trends illustrated.]FIGURE 4 | (A) PCA score scatter plots (3D) showing clustering of plasma metabolites detected in ESI- mode (POS) and ESI + mode (NEG). (B) PLS-DA score scatter plots showing clustering of plasma metabolites detected in ESI- mode (POS) and ESI + mode (NEG). NC vs. TC (POS, R2Y = 0.8595, Q2 = −1.004; NEG, R2Y = 0.7618, Q2 = −1.2069), TC vs. TC + PTX (POS, R2Y = 0.7848, Q2 = −0.9052; NEG, R2Y = 0.6903, Q2 = −1.1063), TC vs. TC + ACT (POS, R2Y = 0.8589, Q2 = −0.8369; NEG, R2Y = 0.7834, Q2 = −1.1472), TC + PTX vs. TC + PTX + ACT (POS, R2Y = 0.8218, Q2 = −0.7954; NEG, R2Y = 0.0.747, Q2 = −0.8734).
To identify potential metabolic markers associated with ACT treatment, PLS-DA was employed to further analyze the differential metabolites between the TC and TC + ACT groups, as well as between the TC + PTX and TC + PTX + ACT groups (Figure 4B), and the VIP metabolites PLS-DA plots for each group are displayed in Supplementary Figure S3. The PLS-DA model exhibited significant separation between the NC and TC groups, and between the TC and TC + PTX groups. Additionally, the model demonstrated good fitting and high predictive ability. These findings collectively suggest distinct metabolic profiles in tumor cell-induced CRF mice compared to the NC group and further support the presence of metabolic differences between mice treated with PTX and those in the CRF model. Furthermore, the PLS-DA results revealed significant differences between the TC + ACT and TC groups, as well as between the TC + PTX + ACT and TC + PTX groups, indicating that ACT treatment for 21 days significantly modulated the serum metabolic profile of mice in both the CRF model group and the chemotherapy drug PTX group.
3.9 Screening and identifying differential metabolites
To identify the key features primarily responsible for group separation, a three-tiered screening process was implemented for differential variable selection. First, univariate analysis using Student's t-test was employed to identify features with statistically significant differences (p-value < 0.05) between the two groups being compared. Second, VIP scores were used to assess the contribution of each variable to the model’s ability to differentiate the groups. Variables with VIP scores greater than 1 were considered potentially important. Finally, a fold-change filter was applied, retaining only features that exhibited a fold-change greater than or equal to 2 or less than or equal to 1/2 in abundance between the compared groups. This selection process yielded a distinct number of differential variables in both positive (POS) and negative (NEG) ionization modes. Notably, the number of differential variables was consistently higher in the positive ionization mode (e.g., 264 vs. 167 for NC-TC comparison) compared to the negative ionization mode. This observation might be attributed to the preferential detection of endogenous plasma metabolites in positive ionization mode.
Figures 5, 6 depict the profile and abundance of differentially expressed metabolites. Figure 5 illustrates that 15 potential biomarkers exhibited increased levels in the TC group, except for dl-lactic acid and fumaric acid, which showed a decrease. Notably, administration of ACT reversed these trends, restoring dl-lactic acid, trans-aconitine, citric acid, 3-coumaric acid, dl-tryptophan, and indole isoquinoline to normal levels.
[image: Four volcano plots display gene expression data. Each plot compares conditions labeled as NC, TC, TC.PTX, and TC.ACT. Colored dots represent regulation with green indicating downregulated genes, red upregulated genes, and gray non-significant changes. The x-axis shows log2 fold changes, while the y-axis shows negative log10 p-values. Dotted lines indicate significance thresholds.]FIGURE 5 | Volcano plot depicting the distribution of significantly altered metabolites. The log2 (NC_TC), log2 (TC_TC + ACT), log2 (TC_TC + PTX), and log2 (TC + PTX_TC + PTX + ACT) represent the mean level for each metabolite, respectively. Each dot represents one metabolite. Blue and red dots represent significantly altered metabolites, and black dots represent non-significantly altered metabolites.
[image: Table comparing metabolites and their ratios under different conditions. The left table lists metabolites with their TCi/TCA-C ratios, highlighted in red or blue to indicate changes. The right table displays metabolites with their TCiP/TCiPXA-C ratios, also highlighting changes in red or blue. Each table includes ranking based on statistical significance, shown with asterisks.]FIGURE 6 | Univariate analysis Color Table: the color coding is performed according to the change in magnification (FC). The darker the color, the higher the significance; the darker the red, the higher the positive magnification of the difference between the two groups; and the darker the blue, the higher the reverse magnification of the difference between the two groups. The t-test or non-parametric Mann-Whitney test was performed, and the p values were corrected by the Benjamini–Hochberg method, *p < 0.05, **p < 0.01, ***p < 0.001.
Blood analysis of tumor-bearing mice (TC group) revealed significantly elevated levels of several metabolites compared to the NC group. These metabolites included dl-malic acid, dl-lactic acid, d-(−)-erythrose, L-threose, fumaric acid, and acetyl-L-carnitine. The increase in acetyl-L-carnitine, an ester of L-carnitine primarily found in muscle tissues, is noteworthy. Acetyl-L-carnitine is known to promote fatty acid oxidation, enhance cellular protection, and inhibit lactic acid accumulation. The observed muscle atrophy in cachectic tumor-bearing mice, characterized by fatigue and weakness, suggests a potential increase in skeletal muscle fat catabolism, which may be linked to elevated lactic acid levels. Previous studies have established a link between overweight/obesity and the development of colorectal cancer. Additionally, obesity has been shown to influence colorectal cancer growth and metastasis, further supporting the notion of disrupted fat metabolism in colorectal cancer patients. Interestingly, the levels of metabolites associated with fatty acid metabolism (lauric acid, isovalerate, and nervonic acid) were decreased in the colorectal cancer mice. This finding suggests a potential upregulation of anaerobic respiration in these tumors, possibly contributing to increased lactic acid. Consequently, high lactic acid levels may represent one of the mechanisms underlying colorectal cancer development in this mouse model.
Compared to the TC group, the TC + PTX group exhibited increased levels of several metabolites, including cis-aconitonic acid, itaconic acid, quinolinic acid, trans-aconitonic acid, citric acid, and glycine. Conversely, the levels of octanoyl amino acid, cholic acid, β-cholic acid, deoxycholic acid, histamine, β-alanine, and cortisol were downregulated in the TC + PTX group. PTX is a novel microtubule-targeting agent that exerts its antitumor activity by promoting tubulin polymerization, inhibiting depolymerization, and stabilizing microtubules, ultimately leading to cell cycle arrest and mitotic inhibition. PTX demonstrates significant clinical efficacy in treating various tumors. However, it is well-known that PTX treatment can cause neurotoxicity and muscle/joint pain, which are considered significant contributors to chemotherapy-induced fatigue.
3.10 Metabolic pathway analysis
To elucidate the metabolic pathways associated with the identified differential metabolites, enrichment analysis was performed using the MetaboAnalyst tool (Figure 7). This analysis revealed that the altered metabolites participate in a diverse range of pathways, including biosynthesis of branched-chain amino acids (valine, leucine, and isoleucine), ubiquinone and other terpenoids, and phenylenediones. Additionally, pathways involved in tyrosine and tryptophan metabolism, biosynthesis of alkaloids, toluene degradation, taurine and hypotaurine metabolism, steroid hormone biosynthesis, secondary bile acid biosynthesis, pyrimidine metabolism, thiamine metabolism, purine metabolism, propionic acid metabolism, porphyrin and chlorophyll metabolism, and ketone body synthesis and degradation were also enriched. This comprehensive analysis suggests that ACT treatment may exert its effects by modulating a broad network of metabolic pathways.
[image: Two panels labeled A and B show graphical data analyses. Panel A contains two dot plots with varying sizes and colors of dots, illustrating different data metrics across several categories. Panel B consists of two bar graphs comparing the number of gene entities across multiple categories. Each subset compares different treatment conditions labeled as TC/TC+ACT and TC+PTX/TC+PTX+ACT. Both panels highlight differences across various categories.]FIGURE 7 | KEGG enrichment circle diagram and bubble diagram. (A) Information on the environmental processing, human diseases, cellular processes, and organismal systems of the KEGG enrichment. (B) The metabolic pathway of the top 20 enrichment. The ordinate is the pathway, and the abscissa is the enrichment factor. The size indicates the quantity. The redder the color, the smaller the Q value, the higher the significance.
3.11 Analysis of interactions between proteins related to metabolites
Building upon the previously described approach, this analysis aimed to identify potential interactions between metabolites and their associated proteins, as well as relationships between the proteins themselves. A total of 137 and 84 proteins were found to be associated with differential metabolites between the TC and TC + ACT groups and between the TC + PTX and TC + PTX + ACT groups, respectively. A PPI network was constructed using the visNetwork software, and the results are presented visually in Figures 8A, B. The identified hub proteins in the TC vs. TC + ACT comparison included CYP3A4, CYP19A1, CYP2E1, TNF, MAPK1, IL-1, SMAD3, MMP2, FMO4, SLC7A5, SLC16A1, SLC29A4, PDGFR, HSPG2, and RYR2. Notably, the hub proteins in the TC + PTX vs. TC + PTX + ACT comparison were BCL-2, CYP11A1, CYP3A4, CYP19A1, SLC17A5, SLC6A3, PTGS2, DPP4, PLD1, ATP2A1, LOX, PPARG, and FMO5.
[image: Network diagrams labeled A and B. Diagram A shows a densely connected network with nodes in various colors indicating different groups. Diagram B is split into two sub-networks, with nodes connected by lines, displaying a less dense arrangement than A.]FIGURE 8 | PPI network analysis of differential metabolites-related proteins. (A) TC vs. TC + ACT, (B) TC + PTX vs. TC + PTX + ACT.
The interactions between ACT and CYP3A4,BCL-2 (two groups of top ranked genes) were further evaluated by real-time biomolecular interaction analysis and SPR. The kinetics of the binding reaction were determined by injecting different concentrations of the compounds over a recombinant human CYP3A4 and BCL-2 immobilized on the chip surface. The data were fitted to a monovalent binding model by non-linear regression. The equilibrium dissociation constants (KD) for ACT and CYP3A4 were 3.41E-4, respectively, with association rates of 4.09e2 and dissociation rates of 8.24E-3. The equilibrium dissociation constants (KD) for ACT and BCL-2 were 8.81E-5, respectively, with association rates of 4.09e2 and dissociation rates of 5.41E-3 (Figure 9).
[image: Two sensorgram graphs displaying response in resonance units over time in seconds. The left graph shows interactions between CTP1aM and Ancestral, with lines for 0.1, 1, 10, 50, and 100 µM concentrations. The right graph shows interactions between CTC1 and Ancestral, with similar concentration lines. Both graphs exhibit a peak response followed by a decline.]FIGURE 9 | Interactions between the ACT and CYP3A4, BCL-2 were determined by SPR assay, The KD of the CYP3A4 and BCL-2 protein with a series of concentrations of ACT was calculated by SPR.
4 DISCUSSION
With the development of society, the incidence of tumors is steadily increasing. However, advancements in diagnosis and treatment technologies, coupled with heightened public awareness of self-care, have improved tumor prevention and treatment strategies, resulting in a relative increase in patient survival rates. As an increasing number of people will experience tumors at some point in their lives, ensuring their quality of life becomes even more critical. CRF, one of the most common complications associated with both tumors and their treatment, significantly impacts patient quality of life and creates a burden on tumor treatment and survival. Despite extensive research by scholars and clinicians worldwide, the exact pathophysiological mechanisms of CRF remain unclear, and there is a lack of widely recognized, effective interventions in modern medicine (Wang and Woodruff, 2015). TCM, however, offers unique advantages and demonstrable efficacy in tumor treatment. The clinical application of TCM can reduce the side effects of chemotherapy, enhance the efficacy of anti-tumor therapies, and improve patients’ immunity (Najafi et al., 2021). Based on these advantages, this study investigates the pharmacological effects of a specific ACT compound derived from C. tubulosa on reducing fatigue in colon cancer mice, utilizing a metabonomic approach. This research provides valuable experimental data for the potential clinical application of ACT intervention, which holds great significance for improving the quality of life of tumor patients.
A disease model is a valuable tool for studying the pathogenesis of a disease. Three main approaches are commonly employed to establish CRF models in mice. One common method involves inducing CRF in normal mice using chemotherapeutic drugs. This approach replicates the fatigue experienced by clinical tumor patients undergoing chemotherapy due to drug toxicity and side effects, including anemia. Propranolol can further induce fatigue like that observed in patients (Norden et al., 2015a; Norden et al., 2015b). The first model, induced by chemotherapeutic drugs, primarily relies on behavioral tests to assess fatigue in mice undergoing tumor treatment. This approach not only helps gauge the fatigue state but also facilitates the identification of relevant target tissues. This is particularly valuable in elucidating the specific tissue damage caused by different chemotherapeutic drugs and their contribution to fatigue. The second model utilizes peripheral radiation to induce CRF. Unlike the first model, radiation-induced CRF excludes factors like weight loss, anemia, and emotional distress, mimicking the fatigue experienced by patients with non-metastatic cancers following localized radiotherapy. This model offers insights into the biological mechanisms underlying fatigue after radiotherapy. However, due to stringent regulations on radioactive materials and limited access to specialized equipment in China, research using this model is comparatively scarce (Renner et al., 2016). The third model employs tumor-bearing mice in a state of late-stage cachexia. This is achieved by inoculating the mice with exogenous tumor cells. Since fatigue in mice is primarily linked to the decline in bodily functions observed in the late stages of cancer, this model effectively simulates the fatigue mechanism associated with cachexia in patients with advanced tumors. Additionally, the model utilizes behavioral tests to monitor changes in mouse activity. By subcutaneously injecting exogenous tumor cells, researchers can mimic clinical tumors at various stages. This allows for dynamic observation of the fatigue state in mice throughout the progression of the tumor, from formation to natural death. This closely aligns with the clinical experience of patients with advanced malignant tumors who are ineligible for radiotherapy and chemotherapy. Therefore, this model offers significant reference value for investigating severe fatigue in advanced tumor-bearing mice (Dougherty et al., 2017). Based on our previous findings demonstrating that a specific ACT compound could significantly improve CRF induced by the chemotherapeutic drug PTX, this study utilized a model established by inoculating mice with colon cancer cells to assess fatigue through open field, tail suspension, and exhaustive swimming tests.
To select an appropriate evaluation method for the CRF animal model, we conducted a comprehensive analysis of the main clinical causes of CRF in this context. These causes include 1) Direct tumor influence: Tumor cells produce cytokines like IL-1, IL-2, IL-6, and TNF-α, promoting tumor growth, disrupting normal cellular metabolism, and compromising bodily functions (Bower and Lamkin, 2013). 2) Treatment factors: The increasing use of combination therapy, dose-intensive regimens, and dose-dependent regimens contributes significantly to fatigue in cancer patients (Adams-Campbell et al., 2023; Thambiraj et al., 2022). 3) Complications: Anemia, infection, thyroid dysfunction, electrolyte imbalances, etc., arising from the tumor or its treatment, can also cause and worsen fatigue (Knefel et al., 2023). 4) Disruptions in the hypothalamus-pituitary-adrenal axis have been linked to the development of fatigue associated with tumor therapy (LN et al., 2015). 5) Psychological factors: Diagnosis, treatment, and anxieties related to prognosis, functional loss, and financial burdens can lead to insomnia, depression, tension, irritability, fear, emotional distress, sadness, and other mental and psychological issues (Chartogne et al., 2021). These mental and psychological factors can further promote and exacerbate fatigue, creating a potentially cyclical relationship. Based on this comprehensive analysis, this study has chosen to evaluate the impact of interventions on general living conditions, anti-fatigue effects, and anti-tumor activity.
General health parameters, including body weight, activity level, fur condition, and food intake, provide objective indicators of the quality of life in mice. In this study, mice in the NC group exhibited a steady increase in body weight. Conversely, mice in the TC group displayed a significant decrease in body weight compared to the NC group at weeks 2 and 3 of the intervention. This weight loss was further exacerbated in the TC + PTX group. Notably, mice in the TC + PTX + ACT group showed significantly higher body weight than the TC + PTX group. Throughout the experiment, mice in the NC group remained active with smooth, well-groomed fur, demonstrating high responsiveness to food and a quick escape reflex. In contrast, mice in the four tumor-bearing groups (TC, TC + PTX, TC + PTX + ACT, and TC + ACT) progressively displayed signs of hair loss, reduced activity, lethargy, and decreased food intake. By the experiment’s conclusion, the overall health of the tumor-bearing groups, ranked from poorest to relatively best, were TC + PTX, TC, TC + PTX + ACT, and TC + ACT. These findings suggest that the combined effects of tumor growth and its impact on feeding, digestion, and absorption in mice ultimately lead to weight loss. This aligns with observations reported in other studies, where nutritional deficiencies and anorexia are identified as potential contributors to weight loss in cancer patients. Additionally, the potential gastrointestinal toxicity and side effects of chemotherapeutic drugs, particularly when administered intraperitoneally, may exacerbate weight loss in mice. Importantly, the results demonstrated that ACT could significantly improve weight loss caused by the tumor itself and offer some degree of improvement in the negative effects of the tumor and its treatment on mental state, activity level, food intake, and fur condition.
Besides, exhaustive swimming time analysis revealed a significant decrease in the TC group compared to the NC group, indicating physical fatigue in colorectal cancer mice. Similarly, the tail suspension test demonstrated a significantly longer immobility time in the TC group than in the NC group. Notably, mice in the TC + ACT and TC + PTX + ACT groups displayed significantly shorter immobility times compared to the TC and TC + PTX groups, respectively. These findings suggest a propensity for physical fatigue in tumor-bearing mice. Furthermore, the open-field test results revealed significantly lower total exercise distance and peripheral movement distance in the TC group compared to the NC group. This can be interpreted as indicative of mental fatigue in mice from the TC group. Collectively, the results from the exhaustive swimming time, tail suspension test, and open field experiment provide strong evidence of both physical and mental fatigue in colon cancer mice, validating the establishment of a robust colon cancer mouse model.
Given that tumor presence is a fundamental factor in CRF development, this study also assessed tumor growth. The results demonstrated a significant decrease in tumor weight in the TC + PTX and TC + PTX + ACT groups compared to the TC group. Notably, the TC + PTX + ACT group exhibited the highest tumor inhibition rate. These findings suggest that ACT can enhance the anti-tumor efficacy of the chemotherapeutic drug PTX in colon cancer mice, potentially by hindering tumor growth.
Overall, this study demonstrates that ACT administration significantly alleviates fatigue in colon cancer mice, a condition arising from both the tumor and the chemotherapeutic drug PTX. These findings suggest a potential role for ACT in mitigating CRF associated with tumors. The observed improvement in fatigue may be attributed to a combination of factors, including the general health improvement in tumor-bearing mice, the enhanced efficacy of the chemotherapeutic drug PTX, and a potential reduction in depressive symptoms.
Given that CRF is a subjective experience readily influenced by various factors, diagnosing and evaluating it in its early stages proves challenging. However, significant alterations in energy, lipid, protein, and amino acid metabolism may occur during this early phase. Metabonomics, a field that directly assesses the biochemical state of tissues, offers a sensitive approach to characterizing these physiological and pathological changes. Consequently, metabonomics holds great promise for the early diagnosis and prevention of complex diseases (Martin et al., 2017).
This study aimed to identify specific plasma metabolites associated with different stages of cachexia in tumor-bearing mice and elucidate the mechanisms underlying cachexia development and its remission with ACT and PTX treatment. We compared the plasma metabolite profiles of five groups: NC, TC, TC + PTX, TC + ACT, and TC + PTX + ACT. The analysis revealed specific alterations in metabolic pathways related to the biosynthesis of branched-chain amino acids (valine, leucine, isoleucine), ubiquinone and other terpenoid-phenylenediones, tyrosine and tryptophan metabolism, topiramate and pyridine alkaloid biosynthesis, toluene degradation, taurine and hypotaurine metabolism, steroid hormone biosynthesis, secondary bile acid biosynthesis, pyrimidine metabolism, thiamine metabolism, purine metabolism, propionic acid metabolism, porphyrin and chlorophyll metabolism, and ketone body synthesis and degradation.
Compared to the control group, the tumor-bearing group displayed elevated blood levels of dl-lactic acid, fumaric acid, acetyl L-carnitine, and testosterone. Conversely, citric acid, pantothenic acid, cholic acid, and d-pantothenic acid levels decreased. Notably, the increase in acetyl-L-carnitine, an ester of L-carnitine promoting fat burning and cellular protection, suggests enhanced fat catabolism in the skeletal muscles of TC mice, contributing to muscle atrophy and fatigue. Furthermore, elevated lactic acid levels might be linked to altered fat metabolism. Studies have established a link between overweight/obesity and colon cancer, along with its influence on tumor growth and metastasis. This aligns with the observed decrease in colon cancer mice of metabolites associated with fatty acid metabolism, including lauric acid, isovalerate, and nerve acid. These findings suggest a potential upregulation of anaerobic respiration in colon cancer, leading to increased lactic acid production. Consequently, high lactic acid levels may be a contributing factor in the pathogenesis of colon cancer in this murine model.
In comparison to the tumor-bearing control group, the TC + PTX group exhibited elevated levels of several plasma metabolites, including cis and trans aconitic acid, quinolinic acid, citric acid, glycine, various fatty acids (myristic, palmitic, linoleic, oleic, arachidonic, and a 22-carbon hexaenoic acid), uric acid, and indole. Conversely, the levels of cholic acid, β-mouse cholic acid, deoxycholic acid, histamine, and cortisol decreased in the TC + PTX group. Paclitaxel is a widely recognized anti-microtubule drug that exerts its anti-cancer effects by promoting tubulin polymerization, inhibiting depolymerization, maintaining microtubule stability, and suppressing cell mitosis (Hashemi et al., 2023). Despite its efficacy in tumor treatment, PTX is known to cause neurotoxicity and muscle/joint pain, potentially contributing to chemotherapy-related fatigue.
The TC + ACT group exhibited elevated plasma metabolites like trans-aconitate, citric acid, 3-coumaric acid, ephedrine, thymine, cytosine, and panthenol-9 compared to the TC group. Conversely, levels of dl-lactic acid, acetyl L-carnitine, and taurocholate, among other metabolites, decreased. Notably, thymine and cytosine are pyrimidine bases, essential components of deoxyribonucleic acid (DNA). They can combine with deoxyribose to form deoxyribonucleosides, including thymidine. Modified forms of thymidine, such as trifluorothymidine (FTT), serve as anti-nucleic acid metabolic anti-tumor drugs. These drugs have been shown to alleviate CRF in tumor-bearing mice.
Plasma metabolite levels in the TC + PTX + ACT group differed significantly from those in the TC + PTX group. Indole-3-acetic acid and pantothenol-9 exhibited increases, whereas hippuric acid, gentian acid, adenine, indole, arachidonic acid, and protoporphyrin-9 showed decreases in the combined treatment group. Our study has revealed that the incorporation of ACT into PTX treatment appears to influence the plasma metabolite profile in tumor-bearing mice, which had previously exhibited alterations attributed to chemotherapy. While these observations are intriguing, it is important to acknowledge that they do not conclusively establish a causal relationship with the adverse effects associated with PTX. We cautiously entertain the possibility that ACT might contribute to a modulation of metabolites and proteins related to inflammatory and energy metabolic pathways, which could potentially ameliorate some of the side effects of PTX. However, this notion remains to be substantiated, and we advocate for further investigation through rigorous experimental and clinical studies to explore this possibility more thoroughly. This protective effect could potentially counteract the exacerbation of CRF associated with PTX alone.
Our investigation into the metabolite-protein relationship identified several key enzymes that could account for ACT’s anti-CRF effect to some extent. The hub proteins in both groups were primarily associated with specific functionalities: the CPY family involved in endoplasmic reticulum and mitochondrial drug metabolism, the solute carrier family on the cell membrane, the ryanodine receptor family, and proteins related to inflammation and energy metabolism (Werk and Cascorbi, 2014). Studies have shown that RYR2 (Waddell et al., 2023), a member of the ryanodine receptor family, has been linked to the development and progression of various cancers, including lung, liver, and colon cancer. It contributes to tumor cell proliferation, apoptosis, and migration, playing a crucial role in tumorigenesis and metastasis. Based on these findings, we propose that ACT may exert its anti-cachexia effects through the regulation of inflammatory response and energy metabolism via multiple targets, including CYP3A4, CYP19A1, CYP2E1, TNF, BCL-2, RYR2, and ATP2A1. Further investigation into the interactions between these proteins and ACT is warranted to inform future drug discovery and development efforts. BCL2 immobilized on COOH chip can bind ACT with an affinity constant of 88.1 µM as determined in a SPR assay. CYP3A4 immobilized on COOH chip can bind ACT with an affinity constant of 341 µM as determined in a SPR assay. From the results of SPR experiments, BCL has a better affinity with ACT. In light of these findings, we would like to underscore that, while our data provide intriguing insights, they are not yet sufficient to conclusively demonstrate that ACT can target both BCL2 and CYP3A4 simultaneously. It is with this in mind that we recognize the need for further, more nuanced studies to unravel the intricate mechanisms of action and pinpoint the specific targets of ACT with greater certainty.
This study represents a preliminary investigation into the effects of ACT on CRF. However, several limitations warrant further exploration. Firstly, identifying differential metabolites requires validation through spiking with authenticated standards. Secondly, additional studies utilizing molecular biology techniques are needed to confirm the proposed mechanisms. Ultimately, animal model fatigue metrics may not accurately reflect human conditions. To address these limitations, future research should focus on confirming the identity of key differential metabolites using authenticated standards and investigating the influence of ACT on the expression and activity of key proteins. Moreover, enhancing animal model development and refining assessment criteria are essential. These experiments could identify the target protein(s) responsible for the observed effects.
5 CONCLUSION
In conclusion, our study demonstrates that late-stage tumor cachexia in mice induces pronounced CRF and significant alterations in their plasma metabolite profiles. These differentially regulated metabolites primarily belong to tyrosine, tryptophan, pyrimidine, and purine metabolism pathways. Importantly, ACT supplementation derived from C. tubulosa effectively ameliorated or reversed many of these changes. Network analysis based on differential metabolites and their associated proteins revealed key proteins potentially involved in ACT’s anti-cachexia effects. To our knowledge, this is the first investigation to employ metabolomics to elucidate the anti-cachexia properties of ACT from C. tubulosa. This study not only deepens our understanding of the molecular mechanisms underlying ACT’s protective effects against CRF but also offers valuable insights into the potential therapeutic application of C. tubulosa.
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Introduction: : Rifapentine, a potent semi-synthetic member of the rifamycin class, is approved for the treatment of tuberculosis due to its effective bactericidal properties. It is essential to assess the bioequivalence and bioavailability of different rifapentine formulations to ensure consistent clinical outcomes. This study compares the pharmacokinetic profiles of test and reference rifapentine capsules in healthy male volunteers.Methods: In this single-dose, randomized, crossover study, 19 healthy male volunteers aged 18–40 received 0.6 g of either the test or reference rifapentine capsules. The reference is an NMPA-approved product, while the test is a modified version intended to match it in safety and efficacy; both contain the same active ingredient but may differ in excipients or manufacturing processes. Blood samples were collected at predefined intervals over a 84-h period following administration to measure rifapentine plasma concentrations using UPLC. Key pharmacokinetic parameters, including maximum concentration (Cmax), time to maximum concentration (Tmax), and area under the concentration-time curve (AUC), were calculated and analyzed for bioequivalence.Results: The pharmacokinetic analysis demonstrated that both formulations of rifapentine had similar absorption rates and extent of exposure. The mean Cmax, Tmax, and AUC values were closely aligned between the two formulations. Statistical analysis, including ANOVA and bioequivalence testing, confirmed that the 90% confidence intervals for the primary pharmacokinetic parameters (Cmax, AUC0-t, and AUC0-[image: Please upload the image so I can generate the alternate text for it.]) fell within the acceptable range of 80%–125% for bioequivalence. Both formulations were well-tolerated with no serious adverse events reported.Discussion: The results of this study confirm the bioequivalence of the test and reference formulations of rifapentine under the conditions tested. These findings support the interchangeable use of these formulations in clinical practice for the treatment of tuberculosis. This study contributes to the body of evidence needed to ensure that patients receive a consistent therapeutic effect when administered either formulation of rifapentine.Conclusion: The bioequivalence demonstrated between the test and reference rifapentine capsules supports their use in clinical settings where rifapentine is indicated for tuberculosis therapy. This study provides a robust foundation for the regulatory approval of generic formulations of rifapentine, ensuring that patients have access to effective and lower-cost medication options.Keywords: rifapentine, UPLC, bioavailability, bioequivalence, pharmacokinetics

HIGHLIGHTS

	• The study successfully demonstrated the bioequivalence of the test and reference formulations of rifapentine capsules, with pharmacokinetic parameters like Cmax, Tmax, and AUC being statistically comparable within the accepted bioequivalence range of 80%–125%.
	• Utilizing advanced UPLC techniques, the study provided detailed pharmacokinetic analysis, ensuring accurate measurement of rifapentine concentrations in plasma over a defined period, thus reinforcing the reliability of the findings.
	• Both rifapentine formulations were well-tolerated by the healthy male volunteers, with no serious adverse events reported, highlighting their safety for further clinical use.
	• The confirmation of bioequivalence between the test and reference formulations supports their interchangeable use in treating tuberculosis, offering potential for cost reductions in treatment without compromising therapeutic efficacy.

INTRODUCTION
Rifapentine is a semi-synthetic, broad-spectrum bactericidal agent, with the molecular formula C47H64N4O12 and a molecular weight of 877.04, please refer to Figure 1. Its chemical designation is 3-[4-cyclopentyl-1-piperazinyl-iminomethyl]-rifamycin SV (Temple and Nahata, 1999). Rifapentine has been in clinical use in China since it was included in the 1996 edition of the Chinese National Essential Medicine List (Zheng et al., 2017). The U.S. Food and Drug Administration (FDA) (2001) approved rifapentine for the treatment of tuberculosis in 1998 (Roehr, 1998). As a derivative of rifamycin B, rifapentine belongs to the rifamycin family of antibiotics. It appears as a brick-red or dark red crystalline powder that is both odorless and tasteless. The compound dissolves easily in methanol and chloroform, has limited solubility in ethanol and acetone, and is almost completely insoluble in water and ether (Jenkin, 2017).
[image: Molecular model of Rifapentine, represented with spheres and sticks. The structure includes carbon, hydrogen, nitrogen, and oxygen atoms. The chemical formula C₄₇H₆₄N₄O₁₂ is shown.]FIGURE 1 | The chemical formula, structural formula, and spatial structure diagram of Rifapentine.
In vitro studies reveal that rifapentine possesses significant antimicrobial efficacy against M. tuberculosis, with a minimum inhibitory concentration (MIC) ranging from 0.03 to 0.25 mg/L. This makes it 2 to 10 times more potent than Rifampin (Rastogi et al., 2000; Bemer-Melchior et al., 2000; Mor et al., 1995; Arioli et al., 1981). Clinically, a bi-weekly treatment regimen with rifapentine achieves results comparable to daily Rifampin therapy, but with fewer side effects (Van den Boogaard et al., 2009). Follow-up studies 3 years post-treatment have shown a bacteriological relapse rate of 2.6% with rifapentine (Jarvis and Lamb, 1998), demonstrating its substantial long-term effectiveness in treating pulmonary tuberculosis with a relatively low recurrence rate. Moreover, rifapentine exhibits strong antibacterial activity against most Gram-positive bacteria, although its effectiveness against Gram-negative bacteria is weaker (Wu et al., 2015; Albano et al., 2021). When combined with isoniazid, rifapentine’s suppressive effects on Mycobacterium tuberculosis significantly exceed those observed with the sole use of Rifampin and isoniazid (Sterling et al., 2011). Additionally, rifapentine has been shown to prevent tuberculosis in HIV-positive individuals (Swindells et al., 2019).
Tuberculosis is an infectious disease caused by the M. tuberculosis complex, primarily affecting various organs throughout the body, with the lungs being the most common site (Daniel, 2006). This disease is one of the leading infectious diseases worldwide, with extremely high incidence and mortality rates, claiming over one million lives each year (Glaziou et al., 2018). According to the World Health Organization’s (WHO) 2022 Global Tuberculosis Report, there were 10.6 million new cases of tuberculosis in 2021, with an estimated 1.6 million deaths (Daley, 2019). Tuberculosis remains one of the significant epidemics among the top ten causes of death globally. Thus, the pharmacokinetics of drugs related to the treatment of tuberculosis will continue to be a focus of pharmacological research for an extended period.
Antituberculosis medications are broadly divided into first-line and second-line drugs. First-line agents include isoniazid, Rifampin, pyrazinamide, ethambutol, rifabutin, and rifapentine, each possessing a distinct mechanism of action. Notably, rifapentine’s pharmacological action is characterized by its binding to the subunit of DNA-dependent RNA polymerase, which inhibits bacterial RNA synthesis, halts the RNA transcription process, and ceases the synthesis of DNA and proteins, while having no impact on RNA polymerase in human and animal cells (Brodolin, 2014). Animal studies have demonstrated that this drug exhibits certain hepatotoxic effects and may have teratogenic impacts on fetuses (Jenkin, 2017). Recently, rifapentine has garnered considerable attention in clinical settings due to its pronounced antimicrobial properties and relatively low resistance rates (Rosenthal et al., 2007; Daniel et al., 2000; Conte et al., 2000).
Research indicates substantial interindividual variability in the bioavailability of rifapentine during administration (Francis et al., 2019; Savic et al., 2014; Weiner et al., 2004). The absorption of the drug in the gastrointestinal tract is slow and incomplete, influenced significantly by the presence of food. For example, bioavailability increases by 55% when a 600 mg tablet is taken with food, compared to fasting, with corresponding increases of 44% and 43% in peak concentration (Cmax) and area under the curve (AUC0-[image: Please upload the image or provide a URL, and I will help generate the alternate text for it.]), respectively (Keung et al., 1995). Volunteer studies have also recorded the time to reach peak concentration (Tmax) as ranging between 4.8 and 6.6 h (Jarvis and Lamb, 1998; Temple and Nahata, 1999). The drug’s protein binding rate exceeds 98% (Keung et al., 1998), and its oral half-life ranges from 14 to 16 h (Egelund et al., 2014). In vivo, rifapentine is predominantly distributed in the liver, with secondary distribution in the kidneys and high concentrations in other tissues, though it poorly penetrates the blood-brain barrier (Zurlinden et al., 2016). In the liver, rifapentine undergoes deacetylation by esterase to form 25-desacetyl rifapentine. This metabolite deacetylates more slowly than Rifampin, significantly reducing protein binding and resulting in the formation of inactive 3-formylrifamycin upon hydrolysis (Langdon et al., 2005). The drug and its metabolites primarily undergo hepatic-intestinal recycling; some are excreted into the intestine through bile, where they can be reabsorbed and then expelled with the feces, with only a minor portion eliminated via urine (Reith et al., 1998). Moreover, as rifapentine is a hepatic enzyme inducer, it accelerates the metabolism of itself and several other medications, requiring careful monitoring of drug interactions during clinical combination therapies and home medication management (Ling et al., 2023; Zheng et al., 2017).
In conclusion, rifapentine is a crucial antituberculosis drug, making the study of its pharmacokinetics in the human body especially important. Given the limited public data on its bioequivalence studies, this research conducted a single-dose cross-over oral trial with rifapentine capsules in healthy adult males, using both the test and reference formulations. By estimating the pharmacokinetic parameters and assessing bioavailability, this study evaluates the bioequivalence of the test drug to the reference, aiming to provide cost-effective, high-quality options for patient treatment. Additionally, this project has developed a rapid method to detect rifamycin-class drugs in human plasma, offering a benchmark for the rapid testing of similar medications.
MATERIALS AND METHODS
Formulations and subject selection
The test formulation of rifapentine capsules was provided by Shenyang Everbright Pharma Co., Ltd. Each size 0 gelatin capsule contains 0.15 g of rifapentine (lot no. 20190506, with a 2-year shelf life). The reference formulation, produced by Changzheng Pharmaceutical Co., Ltd., is a commercially available, NMPA-approved product widely used for tuberculosis treatment. Each size 0 gelatin capsule of the reference formulation also contains 0.15 g of rifapentine (lot no. 20190511, with a 2-year shelf life). This study comprised 19 healthy male volunteers, all of East Asian descent and Han ethnicity, aged between 18 and 40 years, with a Body Mass Index (BMI) ranging from 19 to 25. All volunteers had normal results in routine blood and urine tests, liver and kidney function assessments, coagulation profiles, electrocardiograms, and chest X-rays. Adhering to the Declaration of Helsinki and Good Clinical Practice (GCP) guidelines, written informed consent was secured from all participants before any screening or other study-related activities commenced. Participants were fully informed about the drug’s characteristics, the study’s objectives, the associated risks, and their rights and obligations before consenting. Researchers meticulously documented all data on Case Report Forms (CRFs) based on the initial assessments of the participants. Monitors ensured that all CRFs were filled out correctly and comprehensively, according to the study protocol. Any amendments were made clearly, with the researcher’s signature and date. After review and approval by monitors, the trial’s typical spectra, plasma drug concentration data, and CRFs were submitted for statistical analysis by clinical data analysts. The study was conducted at the National Institute for Drug Clinical Experiments, affiliated with the First Hospital of China Medical University.
STUDY DESIGN
Route of administration and dosage design
Participants were instructed to fast overnight for more than 10 h. The following morning at 7:00 a.m., they administered the prescribed medication on an empty stomach, accompanied by 250 mL of warm water. Each capsule contained 0.15 g of the formulation. The dosage was established at 0.6 g per dose (4 capsules), based on the package insert of the reference formulation and a thorough review of clinical study data for the test formulation (Jarvis and Lamb, 1998; Dooley et al., 2008; Weiner et al., 2004; Bock et al., 2002).
Design of the medication protocol
The study was designed as a single-center, open-label, randomized trial. Participants were divided into two groups, A and B, with 10 individuals in each group. A two-period crossover design was used, with specific dosing protocols detailed in Supplementary Table S1. Participants were instructed not to consume alcohol, caffeinated beverages, or juice the day before and during the trial. After fasting for 10 h, participants took their assigned medication on an empty stomach the following morning. Group A took four capsules of the test formulation of rifapentine, and Group B took four capsules of the reference formulation of rifapentine, each with 250 mL of warm water. Participants were not allowed to drink water within the first 2 h after dosing and were provided a standardized meal (low-fat diet) 4 h post-dose. After a 1-week washout period, the groups switched medications. Each participant in the same group took their medication at 2-min intervals, and blood samples were also drawn at 2-min intervals. Blood samples were protected from light, placed in an ice bath, and centrifuged quickly for plasma separation, then stored at −70°C. Based on the results of a preliminary trial, 4 mL of blood was drawn from the antecubital vein into a heparinized tube, centrifuged at 4°C at 4,000 r/min for 10 min, and the plasma was then stored at −70°C for future analysis. The washout period lasted for 7 days, with the second cycle of medication administration and blood sampling mirroring the first cycle.
Pre-trial
Before the trial, researchers should inquire about the participants’ medical history and any allergies to medications, followed by a physical examination and laboratory tests. Participants are required to fast after 7 p.m. the night before each trial day and take the medication on an empty stomach the following morning, accompanied by a standardized low-fat meal. During the trial, strenuous activities, smoking, alcohol consumption, and the intake of caffeinated beverages are prohibited. No non-trial medications are allowed.
Trial day
The trial utilizes a two-period, two-formulation crossover design to mitigate the effects of cycle variation and individual differences on the outcomes. Twenty healthy participants are randomly divided into two groups of ten. After fasting for more than 10 h, participants in the control group take four capsules of the reference formulation, and those in the test group take four capsules of the test formulation, both with 250 mL of warm water. Blood samples (4 mL each) are collected at pre-dose (0 h) and at 1, 2, 3, 4, 5, 7, 9, 12, 24, 36, 48, 72, and 84 h post-dose, placed into heparinized tubes, and centrifuged at 4°C for 10 min at 4,000 rpm. The plasma is then stored at −70°C. Participants may drink water 2 h after dosing and consume a standardized low-fat meal 4 h later. Blood draws are conducted in a clinical monitoring room. In case of adverse reactions, emergency measures should be taken, and the trial may be stopped if necessary. After a 7-day washout period, the groups cross over and repeat the procedure. Participants should avoid strenuous activities and prolonged bed rest during the trial. They stay in the observation room for 12 h post-dosing under clinical supervision to monitor any adverse reactions and overall condition. Emergency interventions are prepared for severe reactions, and all incidents are duly recorded. The monitored adverse reactions included allergic reactions (such as skin itching, redness, swelling, rash, wheezing, chest tightness, difficulty breathing, and difficulty swallowing or speaking), gastrointestinal issues (including diarrhea, abdominal pain, nausea, vomiting, and loss of appetite), central nervous system effects (such as abnormal thoughts and behaviors), cardiovascular symptoms (including abnormal heart rate and chest pain), specific reactions (such as swelling of the eyes, face, lips, tongue, throat, or limbs), flu-like symptoms (such as fever, chills, muscle soreness, fatigue, and headache), liver dysfunction (indicated by dark urine or yellowing of the skin or eyes), musculoskeletal reactions (such as joint pain or swelling), and blood system reactions (such as hemolytic anemia and thrombocytopenic purpura).
Post-trial examination
On the first day after the end of the second trial period, follow-up laboratory tests are conducted. Any clinically significant abnormalities are tracked until they return to normal.
Chemical materials
Rifapentine reference standard (99.6%, National Institutes for Food and Drug Control, China), Rifampin reference standard (99.7%, National Institutes for Food and Drug Control, China); methanol and acetonitrile provided by Thermo Fisher Scientific, chromatography grade reagents; ultrapure water from Millipore (Bedford, MA, United States); blank plasma supplied by Shengjing Hospital.
Instrumentation and conditions
ACQUITY™ UPLC system (Waters Corporation, Milford, MA, United States), which includes a quaternary high-pressure pump system, online degassing system, autosampler, column heater, and TUV detector. Data acquisition and processing were conducted using the Empower Chromatography Workstation; Milli-Q Gradient A10 Ultrapure Water System (Millipore Inc., United States); Tianmei D-2000 Chromatography Data Workstation Software, produced by Tianmei Technology Co., Ltd.; AT-330 Column Heater, manufactured by Autoscience Instruments Co., Ltd. in Tianjin; TGL-16C Centrifuge, made by Feige Instrument Co., Ltd.; XW-80A Mini Vortex Mixer (Shanghai Huaxi Instrument Factory); and XS105 Mettler Electronic Balance (Shanghai Mettler-Toledo Instruments Co., Ltd.). Chromatographic conditions: the column used was a Dima C8, 250 mm × 4.6 mm (Diamond column), column temperature: 35°C, mobile phase: methanol: water = 76:24, flow rate: 1.2 mL/min, injection volume: 50 μL, absorbance range: 0.25 AU, detection wavelength: 340 nm.
Plasma sample processing
Accurately transfer 100 μL of plasma into a 1.5 mL centrifuge tube. Precisely add 10 μL of a Rifampin internal standard solution (622 μg/mL) and vortex for 30 s. Subsequently, accurately add 190 μL of acetonitrile, vortex for an additional 2 min, then centrifuge at 14,000 rpm for 10 min. Carefully collect the supernatant, inject 50 μL into the analytical system. Ensure all procedures are conducted away from light to protect the samples.
Method specificity
Accurately dispense 100 μL of mixed blank plasma from six different sources and process following the 'Plasma Sample Processing Method,’ beginning with 'vortex for 30 s,’ to produce Figure 2A. Introduce 10 μL of a 160 μg/mL rifapentine standard solution and 10 μL of the internal standard solution, both diluted with 100 μL acetonitrile, to generate Figure 2B. Add rifapentine standard solution to the blank plasma to achieve a 16 μg/mL drug-containing plasma concentration, and process as per the 'Plasma Sample Processing Method’ to obtain Figure 2C. Collect plasma samples from Subject No. 1, 4 hours post-drug administration, and follow the 'Plasma Sample Processing Method’ to produce Figure 2D. Rifapentine’s retention time is approximately 0.82 min, and the internal standard, rifampin, is around 0.62 min. The results confirm that endogenous substances in the plasma do not interfere with the quantification of rifapentine and the internal standard.
[image: Four chromatograms labeled A, B, C, and D, showing changes in peak patterns. Peaks for Retigeric acid B and Adhyperforin are labeled. Chromatogram A has minimal peaks, while B, C, and D show increasing peak heights for Retigeric acid B and variations in Adhyperforin peaks.]FIGURE 2 | UPLC chromatogram of Rifapentine in plasma. (A) Chromatogram of the blank plasma sample. (B) Chromatogram of rifapentine standard (16 μg/mL) and I.S. rifampin standard (62.2 μg/mL). (C) Chromatogram after adding rifapentine (16 μg/mL) and rifampin standard (62.2 μg/mL) to blank plasma. (D) Chromatogram of rifapentine and rifampin in plasma from subject No. 1, 4 h after oral administration of rifapentine capsules.
Calibration curve and LLOQ
Accurately dispense 10 μL of rifapentine standard solutions at various concentrations into seven blank centrifuge tubes, and add 100 μL of blank plasma to create plasma samples containing rifapentine at concentrations of 0.05, 0.25, 0.50, 1.00, 5.00, 10.00, and 20.00 mg per liter. Proceed according to the 'Plasma Sample Processing Method,’ starting from the step where 10 μL of the rifampin internal standard solution (622 μg/mL) is precisely added. Analyze the samples to establish a standard curve for rifapentine. The concentration of the test substance (X, μg/mL) is plotted on the x-axis, and the ratio of the peak area of the test substance (As) to that of the internal standard (Ai) (As/Ai) is plotted on the y-axis, represented as Y. Linear regression is performed using a weighting factor (weight coefficient: 1/X2) to obtain the linear equation for the standard curve. The average standard curve results, validated over 3 days, are presented in Supplementary Tables S2–S4, and Supplementary Figure S1, which includes three standard curves per day. The findings confirm that rifapentine maintains a robust linear relationship within the concentration range of 0.05–20.00 μg/mL, encompassing the plasma concentrations of rifapentine in humans, with a quantitation limit of 0.05 μg/mL (S/N > 3).
Take 100 μL of blank plasma and add 10 μL of a 0.5 μg/mL rifapentine standard solution to prepare a sample with a final rifapentine concentration of 0.05 μg/mL in the plasma. On the second day of method validation, analyze six samples and calculate the concentration of each sample using the day’s standard curve. The data are presented in Supplementary Table S5. The results demonstrate that the UPLC-UV method can quantify rifapentine in plasma with a lower limit of quantification (LLOQ) of 0.05 μg/mL.
Precision and accuracy
Dispense 10 μL of rifapentine standard solution at varying concentrations into separate blank centrifuge tubes, then add 100 μL of blank plasma to prepare samples with drug concentrations of 0.1, 2.5, and 16 μg/mL, representing low, medium, and high concentration levels in the plasma. Follow the 'Plasma Sample Processing Method’ for preparation. Conduct this preparation and analysis across three analytical batches on different days, with each batch containing low, medium, and high concentration levels, analyzing six samples per concentration. Calculate the intra-day and inter-day relative standard deviation (RSD), which was found to be less than 10%. The results are documented in Supplementary Table S6.
Extraction recovery
Begin by adding 100 μL of blank plasma into each empty centrifuge tube, followed by the precise addition of 10 μL of rifapentine standard solution at various concentrations. Proceed according to the 'Standard Curve and Lower Limit Quantitation Plasma Sample Handling Method’ to prepare samples at low, medium, and high concentrations. Conduct three analyses per concentration, determining the respective drug peak area, As(H), and the internal standard peak area, Ai(H). Subsequently, mix 10 μL of rifapentine standard solution at varying concentrations with 10 μL of internal standard solution, dilute with acetonitrile, and perform an injection analysis to ascertain the corresponding drug peak area As(D) and internal standard peak area Ai(D). The extraction recovery rates are calculated as follows: for the drug, As(H)/As(D) × 100%; for the internal standard, Ai(H)/Ai(D) × 100%. These results are detailed in Supplementary Table S7, which shows that the extraction recovery rates for low, medium, and high concentrations range from 102.60% to 109.55%, and the internal standard recovery rates vary from 99.19% to 112.04%.
Sample stability
Start by adding 10 μL of rifapentine standard solution at different concentrations into blank centrifuge tubes, followed by 100 μL of blank plasma to prepare plasma samples with drug concentrations of 0.10 and 16.00 μg/mL at low and high levels, respectively. Prepare five sets of these concentrations, with each set comprising three samples. For one set, follow the 'Plasma Sample Processing Method’ and analyze the samples after leaving them at room temperature for 0, 24, and 36 h to evaluate the stability of plasma samples under room temperature conditions. Also assess the stability of plasma samples after thawing for 8 h. Another set is to be frozen at −70°C and subjected to three freeze-thaw cycles, then processed and analyzed according to the 'Plasma Sample Processing Method’ to evaluate the stability after repeated freeze-thaw cycles. Additionally, freeze two more sets at −70°C and analyze them after 15 and 30 days, respectively, following the 'Plasma Sample Processing Method’ to assess the long-term stability under freezing conditions, with each set analyzed in triplicate. Concurrently, evaluate the stability of the rifapentine standard solution after remaining at room temperature for 8 h and after being frozen at −20°C for 30 days. The results, as shown in Supplementary Tables S8, S9, indicate an RSD of less than 10%, demonstrating good stability of rifapentine under room temperature, repeated freeze-thaw, and long-term freezing conditions.
Accompanying standard curves and quality control in sample analysis
To reduce systematic errors, an accompanying standard curve is generated for each batch of sample analyses to calculate the concentrations of medication in the blood. This curve is constructed using a weighted regression method (W = 1/X2). Additionally, quality control samples at low, medium, and high concentrations—0.1, 2.5, and 16 μg/mL, respectively—are measured. The results can be found in Supplementary Tables S10, S11.
Data processing
Pharmacokinetic parameters are calculated and statistically analyzed using DAS 2.1 and SPSS 21.0 software. The analysis primarily focuses on descriptive statistics, with inferential statistics serving as supplementary information. Quantitative data are presented as mean ± standard deviation (Mean ± SD). To determine whether changes in parameters before and after administration or between dosage groups are statistically significant, a p-value of less than 0.05 is considered indicative of a meaningful difference.
Administration trial results expression and analysis methods
Utilize the drug concentration-time data (c-t) obtained from each subject in the trial to plot the c-t curves. Additionally, compile a table of mean drug concentrations and standard deviations at each time point, and construct a graph of the average plasma concentration curves, including standard deviations. Provide the Tmax, Cmax, AUC0-t, AUC0-[image: Please upload the image or provide a URL so I can generate the appropriate alternate text.], and T1/2 for each participant who received the test and reference formulations. Tmax and Cmax should be reported as observed values, while the AUC should be calculated using the trapezoidal rule.
[image: The formula shown is \( T_{1/2} = \frac{0.693}{\lambda} \), labeled as equation (1).]
[image: Equations show two formulas for area under the curve (AUC). The first formula, AUC from time zero to time t, equals the sum of increments over two times the average of concentrations. The second formula, AUC from zero to infinity, includes an additional term with concentration at t divided by decay rate lambda z. Equation is labeled as number two.]
The terminal elimination constant, λz, is calculated from the slope of the linear section of the logarithmic plasma concentration-time curve towards the end. Ct denotes the concentration of the drug in the plasma at the final sampling point.
[image: Equation representing a formula: F equals the area under the curve subscript T over the area under the curve subscript R multiplied by one hundred percent, with equation number three in parentheses.]
Statistical Analysis: For variance analysis, after log transformation of Cmax, AUC0-t, and AUC0-[image: Please upload an image or provide a URL, and I will assist you in generating the alternate text.], an analysis of variance (ANOVA) for a crossover design is used to assess the statistical significance of variations between formulations, individuals, and periods. For bioequivalence testing, Cmax, AUC0-t, and AUC0-[image: Please upload the image or provide a URL for me to generate the alternate text.] are subjected to two-sided, one-sample T-tests after log transformation. Equivalence is established if the AUC for the reference formulation falls within 80%–125%, and Cmax within 70%–143% of the corresponding parameters.
	① Test Hypothesis:

[image: Null hypothesis notation showing \( H_0: \eta_T - \eta_R \leq \ln r_1 \) or \( \eta_T - \eta_R \geq \ln r_2 \).]
[image: Hypothesis notation depicting H sub i; l n r sub 1 is less than eta sub n minus eta sub r is less than l n r sub 2.]
ηT and ηR represent the mean parameter data for the test formulation and reference formulation.
	② Calculate the Statistic:

[image: The equation shown is \( T_1 = \frac{(\eta_T - \eta_R) - \ln r_1}{S \cdot \sqrt{2/n}} \).]
[image: Equation for \(T_2\), showing \( \frac{\ln r_2 - (\eta_T - \eta_R)}{S \cdot \sqrt{2/n}} \).]
S represents the square root of the mean square error derived from the analysis of variance. T1 and T2 follow a T-distribution with ν degrees of freedom, which is denoted as T1-α(ν). If both T1 >T1-α(ν) and T2 >T1-α(ν) are true, then the null hypothesis H0 is rejected, and the alternative hypothesis H1 of bioequivalence is accepted. Tmax is analyzed using non-parametric testing. Cmax, AUC0-t and AUC0-[image: Please upload the image or provide a URL so I can generate the alt text for you.] are subjected to logarithmic transformation for Population Bioequivalence Testing, while Tmax is not transformed; these results are provided for reference only.
[image: Mathematical equation showing if sigma squared TR is greater than sigma squared TR rest nu equals open parenthesis mu T minus mu R close parenthesis squared plus open parenthesis sigma squared TT minus sigma squared TR close parenthesis minus theta zero sigma TR squared.]
[image: Mathematical equation depicting the conditions when sigma squared TR is less than or equal to sigma squared DV minus eta equals the difference of mu T and mu R squared plus the difference of sigma squared TT and sigma squared TR minus theta D sigma TT squared.]
If the upper limit of the 95% confidence interval for either η1 or η2 is less than zero, population bioequivalence is confirmed. The term [image: Mathematical notation representing the variance of a random variable \( T_0 \).] is the total variance for a specific constant, and θp is the threshold value for establishing population bioequivalence. [image: It seems there is no image to generate alternate text for. Please upload the image or provide a URL.], [image: Certainly! Please upload the image or provide its URL, so I can generate the appropriate alt text for you.] represent the overall mean values of the parameters for the test and reference formulations, respectively, with their total variances denoted as [image: Mathematical notation showing a symbol for variance, represented as sigma squared, with a subscript "T T".] and [image: Greek letter sigma squared with subscript "TR" in italic font.].
RESULTS
Determination of plasma samples and analysis of results
Nineteen participants orally administered 0.6 g of either the test or the reference formulation of rifapentine capsules. The rifapentine plasma concentration-time data were obtained using UPLC, as shown in Supplementary Tables S12, S13. Plasma concentration-time curves for the nineteen healthy participants who took the reference formulation can be found in Figure 3, while those for the test formulation are presented in Figure 4, and a comparison of the mean values is depicted in Figure 5.
[image: Line graph depicting the concentration of a substance in milligrams per liter over time in hours. Multiple colored lines represent different subject IDs, showing a general decline in concentration levels as time progresses from 0 to 96 hours.]FIGURE 3 | Plasma concentration-time curve of the drug after 19 subjects orally administered the reference formulation.
[image: Line graph showing concentration (mg/L) versus time (hours) for multiple subjects. Each line represents a different subject, with various colors indicating different subjects. Concentrations peak early and decrease over time.]FIGURE 4 | Plasma concentration-time curve of the drug after 19 subjects orally administered the test formulation.
[image: Line graph comparing concentration levels over time in two formulations: reference (blue) and test (red). Both show a declining trend from 0 to 96 hours, with error bars indicating variability.]FIGURE 5 | Average plasma concentration-time curves of the drug after 19 subjects orally administered either the test formulation or the reference formulation.
Pharmacokinetic calculations and bioequivalence
Cmax and Tmax are measured values. Other parameters are calculated using Equations 1, 2. The results are presented in Table 1 and 2. Relative bioavailability is calculated according to Equation 3. The ratio of AUC0-84, denoted as F, is used as the numeric value for relative bioavailability, and the ratio of AUC0-[image: Please upload the image or provide a URL so I can generate the alternate text for you.], denoted as F′, is used as a reference value. The results for F and F′ are shown in Table 3. The variance analysis results for ln AUC0-84, ln AUC0-[image: Please upload the image or provide a URL so I can generate the alternate text for you.], and ln Cmax between the two formulations are presented in Tables 4–6. These results indicate no statistically significant differences between the formulations for ln AUC0-84, ln AUC0-[image: Please upload the image or provide a URL so I can generate the alt text for you.], and ln Cmax; no statistically significant period differences for ln Cmax; however, significant period differences exist for ln AUC0-84 and ln AUC0-[image: Please upload an image or provide a URL for me to generate the alternate text.] (P < 0.05); and highly significant inter-individual differences for ln AUC0-84, ln AUC0-[image: Please upload the image or provide a URL, and I will generate the alternate text for you.], and ln Cmax (P < 0.001). The results of the two-sided one-sample t-tests and the [1-2α]% confidence interval analysis for ln AUC0-84, ln AUC0-[image: It seems like there's no image attached. Please try uploading the image again, and I'll help generate the alternate text for you.], and ln Cmax are shown in Tables 7–9. The results in Tables 7, 8 indicate that the null hypothesis H0 for the pharmacokinetic parameters ln AUC0-84 and ln AUC0-[image: It seems like the image did not come through. Please try uploading the image again or provide a URL. Optionally, you can add a caption for additional context.] of the two formulations is rejected in favor of the alternative hypothesis H1, and the results demonstrate that the [1-2α]% confidence intervals for ln AUC0-84 and ln AUC0-[image: Please upload the image you would like me to describe.] fall within the 80%–125% range, indicating bioequivalence in terms of absorption between the two formulations. Table 9 shows that the null hypothesis H0 for the pharmacokinetic parameter ln Cmax is rejected in favor of H1, and the results indicate that the [1-2α]% confidence interval for ln Cmax falls within the 70%–143% range, suggesting bioequivalence in peak concentration between the two formulations. The non-parametric test results for Tmax are presented in Table 10.
TABLE 1 | Pharmacokinetic parameters of the 0.6 g reference formulation of oral rifapentine capsules in 19 subjects.
[image: A table displaying pharmacokinetic data for twenty subjects, listing subject code, T1/2 (hours), Cmax (micrograms per milliliter), Tmax (hours), AUC0-t (nanograms per milliliter per hour), AUC0-∞ (micrograms per milliliter per hour), and AUC0-t/AUC0-∞. Mean, standard deviation (SD), and relative standard deviation (RSD) are provided at the bottom for each column.]TABLE 2 | Pharmacokinetic parameters of the 0.6 g test formulation of oral rifapentine capsules in 19 subjects.
[image: A table displaying pharmacokinetic parameters for various subjects. It includes columns titled Subject Code, T1/2 (h), Cmax (µg/mL), Tmax (h), AUC0-t (ng/mL·h), AUC0-∞ (µg/mL·h), and AUC0-t/AUC0-∞. The table lists data for 20 subjects, along with Mean, Standard Deviation (SD), and Relative Standard Deviation (RSD) percentages at the bottom row. Key numerical values provided include a mean T1/2 of 15.845 hours, a mean Cmax of 12.401 µg/mL, and a mean Tmax of 4.316 hours, among others.]TABLE 3 | Relative bioavailability and Cmax percentages (CT/CR) for test formulation (T) and reference formulation (R).
[image: Table comparing pharmacokinetic parameters across 20 subjects. Columns list subject codes, \(C_{\text{max}}\) (µg/mL), \(AUC_{0-t}\), and \(AUC_{0-\infty}\) (µg/mL·h) for test (T) and reference (R) groups, including T/R ratios and percentages (F%). Summary rows provide mean, standard deviation (SD), and relative standard deviation (RSD%) values for each metric.]TABLE 4 | Analysis of Variance Results for lnAUC0-84 Between Two Formulations.
[image: Table displaying sources of variation with columns for SS, DF, MS, F, and P values. Total variation shows 3.554 SS, 37 DF, and 0.096 MS. Inter-formulation, inter-period, and inter-subject variations have respective F values of 1.965, 1.930, and 47.279, with P values of 0.179, 0.183, and 0.000. Total residuals show 0.069 SS and 17 DF.]TABLE 5 | Analysis of Variance Results for lnAUC0-[image: Please upload an image or provide a URL to generate the alternate text. You can also add a caption for additional context if needed.] Across Two Formulations.
[image: Table showing sources of variation with statistical values. Total Variation: SS 3.786, DF 37, MS 0.102. Inter-formulation: SS 0.010, DF 1, MS 0.010, F 2.343, P 0.144. Inter-period: SS 0.009, DF 1, MS 0.009, F 1.921, P 0.184. Inter-subject: SS 3.691, DF 18, MS 0.205, F 46.131, P 0.000. Total Residuals: SS 0.076, DF 17, MS 0.004.]TABLE 6 | Analysis of Variance Results for ln Cmax Between Two Formulations.
[image: Table showing variation sources: Total Variation, Inter-formulation, Inter-period, Inter-subject, and Total Residuals. It includes columns for SS, DF, MS, F, and P values. Total Variation has highest SS at 2.156; Inter-subject has highest F at 10.132.]TABLE 7 | Equivalence Analysis for ln AUC0-84 Using Two Sided One Sample t-Test.
[image: Table displaying the relative bioavailability of the test formulation at 102.9%. Equivalence testing shows 12.174% for the lower bound and 9.370% for the upper bound, both with a P value of 0.000, concluding as qualified. The confidence interval is 99.3% to 106.7%, also qualified.]TABLE 8 | Equivalence Analysis for ln AUC0-[image: Please upload the image you would like me to describe, and I will generate the alternate text for it.] Using [1-2α]% Confidence Interval Method.
[image: Table showing results of a bioavailability study. Relative bioavailability of the test formulation is 103.4%. Equivalence testing shows comparisons to lower and upper bounds are 11.846% and 8.785% respectively, both with a P-value of 0.000. The confidence interval is 99.5% to 107.3%. All conclusions are marked as qualified.]TABLE 9 | Equivalence Analysis for ln Cmax Using Two Way One Sided t-Test.
[image: Table displaying bioavailability test results. Relative bioavailability is one hundred two point two percent. Equivalence testing shows values of eleven point three one six and ten point zero three zero percent with P-values of zero point zero zero zero. The confidence interval is ninety-six point four percent to one hundred eight point four percent. All conclusions are qualified.]TABLE 10 | Results of nonparametric test for tmax using paired wilcoxon method.
[image: Table comparing reference and test formulations. Mean ± SD: Reference is 4.21 ± 1.55, Test is 4.32 ± 1.63. Max-Min: Both have 9.00–2.00 (Reference), and 9.00–3.00 (Test). Median is 4 for both. P-value is greater than 0.05. Conclusion: Qualified.]Tolerability
All 19 volunteer participants completed the trial. However, participant number 11 voluntarily withdrew shortly after the trial began due to personal reasons. Throughout the experimental period, there were no gastrointestinal adverse reactions such as nausea, stomach pain, or indigestion observed, nor were there any other symptoms like dizziness, tinnitus, headache, rash, or insomnia. This indicates that the medication was relatively safe to use, with no significant adverse reactions occurring.
DISCUSSION
Given the limited public disclosure of literature on rifapentine bioequivalence studies, and the existing reports often lacking in detailed methodology and comprehensive pharmacokinetic data for healthy individuals, this paper provides the first thorough report on the pharmacokinetics of a single oral dose of rifapentine in healthy subjects. This study aims to furnish robust support for future clinical pharmacokinetic research on rifapentine.
This study employed UPLC with an internal standard to determine rifapentine concentrations in the plasma of healthy subjects, assessing bioavailability and bioequivalence. Endogenous substances did not interfere with the analyses. The standard curve was linear from 0.05 to 20.00 μg/mL, with a quantification lower limit of 0.05 μg/mL. Recovery rates ranged from 102.60% to 109.55%, with both intra-day and inter-day relative standard deviations (RSDs) below 15%.
During sample preparation, multiple extraction methods were explored to optimize rifapentine recovery. Initial trials using protein precipitation with methanol, trichloroacetic acid, isopropyl acetate, and glacial acetic acid were quick but produced excessive chromatographic peaks, affecting analytical accuracy. Subsequent trials with liquid-liquid extraction using n-hexane, ethyl acetate, dichloromethane with methanol, and dichloromethane with isopropanol improved extraction efficiency but suffered from long processing times and significant peak tailing, likely due to complex interactions with plasma components. Attempts using chloroform also resulted in peak tailing and impurities.
Solid-phase extraction (SPE) with specific columns (Sep-Pak C18 and C8, as well as Bond Elut C18 and C8) was then employed, which increased selectivity but did not completely resolve issues with impurities and peak tailing and increased sample processing costs. Ultimately, direct protein precipitation with acetonitrile was chosen. This method, involving the simple addition of acetonitrile, efficiently precipitated plasma proteins, streamlined the process, significantly reduced chromatographic impurities, and enhanced reproducibility. Due to its simplicity, efficiency, and low equipment demands, acetonitrile precipitation was preferred, laying a strong foundation for further drug concentration and bioequivalence studies.
Compared to earlier rifapentine extraction methods (Winchester et al., 2015; Parsons et al., 2014; Riva et al., 1991; Panchagnula et al., 1999), this approach offers simplicity and speed in sample handling, short detection times, and low reagent consumption, achieving a low quantification limit without the need for expensive instruments, SPE columns, or extraction kits. This method aligns with NMPA and USFDA guidelines for biological sample analysis.
This study assessed rifapentine concentrations in plasma and calculated the pharmacokinetic parameters for the test formulation as follows: half-life (T1/2) was 15.845 ± 3.350 h, maximum concentration (Cmax) reached 12.401 ± 3.221 μg/mL, time to reach maximum concentration (Tmax) was 4.316 ± 1.635 h, area under the curve from 0 to 84 h (AUC0-84) was 369.471 ± 114.334 μg/mL•h, and area under the curve from 0 to infinity (AUC0-[image: Please upload an image or provide a URL for me to generate the alt text.]) was 384.456 ± 124.561 μg/mL•h. For the reference formulation, the parameters were: T1/2 at 15.422 ± 2.914 h, Cmax at 12.093 ± 2.921 μg/mL, Tmax at 4.211 ± 1.548 h, AUC0-84 at 357.867 ± 104.519 μg/mL•h, and AUC0-[image: Please upload the image or provide a URL so that I can generate the appropriate alt text for it.] at 370.921 ± 114.284 μg/mL•h. Employing rifapentine capsules from Changzheng Pharmaceutical Co., Ltd. as the reference, the average relative bioavailability of rifapentine capsules produced by Everbright Pharma Co., Ltd. was calculated to be 103.4% ± 9.6%, which conforms to the bioequivalence standards set by the National Medical Products Administration (2009).
After variance analysis of the natural logarithms of AUC0-84 and AUC0-[image: Please upload the image you'd like me to generate alt text for.], no significant differences were found between the test and reference formulations of rifapentine capsules. The two-sided one-sample t-test revealed that the [1-2α]% confidence intervals for ln AUC0-84 and ln AUC0-[image: Please upload the image you want me to analyze, and I will generate the alternate text for you.] were 99.3%–106.7% and 99.5%–107.3%, respectively, both within the 80%–125% range, indicating bioequivalence in terms of absorption. Similarly, variance analysis of ln Cmax showed no significant differences between the two formulations. The [1-2α]% confidence interval for ln Cmax was 96.4%–108.4%, within the 70%–143% range, demonstrating bioequivalence in peak concentration. Tmax, analyzed through non-parametric testing, also showed no significant differences between the formulations, indicating bioequivalence in the time to reach peak concentration.
The novelty of this study lies in the evaluation of the bioequivalence between a new generic rifapentine capsule (test formulation) and an approved reference formulation. While both products share the same active ingredient, differences in excipients and manufacturing processes could lead to variations in clinical outcomes. Therefore, demonstrating bioequivalence between the test and reference formulations is essential to ensure that patients receive consistent therapeutic effects when using either formulation.
Additionally, due to significant individual variability, careful consideration of individual differences is advised when administering the medication.
CONCLUSION
In summary, this study established a rapid analytical method for detecting rifamycin-class drugs in human plasma, which can be utilized for pharmacokinetic research on rifamycin drugs. This method will aid in devising rational dosing regimens for future clinical trials of rifamycin-class medications and also provides valuable insights for optimizing clinical dosing strategies. Based on the experimental results described, both the test and reference formulations of rifapentine capsules were found to be bioequivalent in healthy, fasted Chinese male volunteers who were administered 600 mg orally in a crossover fashion. The results confirmed that the formulations meet the bioequivalence criteria set by the NMPA regulatory guidelines.
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This study aimed to examine the potential drug-drug interaction (DDI) between vandetanib and luteolin in vivo and in vitro, with the objective of establishing a scientific foundation for their appropriate utilization in clinical settings. Sprague-Dawley (SD) rats were randomly divided into two groups: a control group (vandetanib administered by gavage alone) and an experimental group (vandetanib and luteolin administered together). A series of blood samples were collected at different time intervals. The plasma concentrations of vandetanib and its metabolite N-demethyl vandetanib in rats were determined using an ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS). Incubation systems were set up with rat liver microsomes (RLM) and human liver microsomes (HLM) to measure the Michaelis-Menten constant (Km) and half-maximum inhibitory concentration (IC50) values. Additionally, the inhibitory mechanism of luteolin on vandetanib was also investigated. Ultimately, the molecular mechanism of inhibition was examined through the utilization of molecular docking techniques. In vivo animal experiment results showed that compared with the control group, the AUC(0-t) and Cmax of vandetanib in the experimental group were significantly increased. The findings from the in vitro experiments revealed that luteolin exhibited a moderate inhibitory effect on the metabolism of vandetanib. The IC50 values for RLM and HLM were determined to be 8.56 μM and 15.84 μM, respectively. The identified inhibition mechanism was classified as mixed. This study utilized molecular docking analysis to provide additional evidence supporting the competitive inhibition of luteolin on vandetanib in CYP3A4. The data presented in our study indicated a potential interaction between vandetanib and luteolin, which may necessitate the need for dose adjustment during their co-administration in clinical settings.
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1 INTRODUCTION
Vandetanib, an orally administered synthetic compound, demonstrated novel properties as an antagonist by effectively suppressing the activity of vascular endothelial growth factor receptor 2 (VEGFR2), VEGFR3, EGFR, as well as ret tyrosine kinases. These receptors have been implicated in the processes of tumor growth, progression, and angiogenesis (Morabito et al., 2010). On 6 April 2011, vandetanib was received approval for the treatment of medullary thyroid cancer (MTC), marking it as the first targeted therapy authorized by the U.S. Food and Drug Administration (FDA) specifically for this cancer type (Chau and Haddad, 2013; Tsang et al., 2016). Common adverse drug events after vandetanib treatment include diarrhea, rash, fatigue, nausea and hypertension (Grande et al., 2013; Koehler et al., 2021). In cancer chemotherapy, small changes in drug metabolism may affect drug pharmacokinetics, leading to serious clinical consequences. The phase I clinical trial indicated that vandetanib, as a monotherapy at a daily dose of ≤300 mg, demonstrated good tolerability and bioavailability. In the phase II trial, vandetanib exhibited antitumor activity in various malignancies (Morabito et al., 2009; De Luca et al., 2014). Vandetanib was metabolized through Phase I metabolism to generate four metabolites in vivo, all of which occur on the N-methyl piperidine part of vandetanib, namely, N-oxidation, N-demethylation, α-hydroxylation and α-carbonyl formation. The generation of metabolites increased the toxicity and instability of vandetanib (Attwa et al., 2018). Research has indicated that the primary cytochrome P450 (CYP450) enzyme responsible for vandetanib metabolism is CYP3A4 (Han et al., 2021). Vandetanib was metabolized to N-demethyl vandetanib by CYP3A4 and converted to vandetanib N-oxide by flavin-containing monooxygenases (FMOs) expressed in the kidney (FMO1) and liver (FMO3). Although N-demethyl vandetanib maintains similar potency to that of vandetanib, vandetanib N-oxide exhibits over 50 times less activity compared to the original compound (Indra et al., 2020).
CYP3A4 was a crucial enzyme involved in drug metabolism within the CYP450 superfamily. It was highly expressed in the human liver and significantly contributed to the metabolism of various drugs (Werk and Cascorbi, 2014). For example, the AUC of vandetanib was significantly decreased when vandetanib was combined with rifampicin, a strong inducer of CYP3A4. Conversely, combining vandetanib with itraconazole, a potent CYP3A4 inhibitor, resulted in increased levels of vandetanib exposure (Martin et al., 2011). Thus, alterations in CYP450 can impact the metabolism of vandetanib.
Luteolin is a tetrahydroxy flavonoid compound that has antioxidant, anti-inflammatory, anticancer and immunomodulatory activities (Du and Shen, 2023). In traditional Chinese medicine, luteolin has been utilized for the treatment of conditions like hypertension, inflammatory diseases, and cancer (Imran et al., 2019). Consequently, luteolin may serve as a complementary treatment to safeguard against and suppress the growth of human cancers. It was found that luteolin could inhibit the growth of thyroid cancer cells by reducing BRAF-activated non-protein coding RNA (BANCR) and thyroid stimulating hormone receptor (TSHR) (Liu et al., 2017; Du and Shen, 2023).
Drug-drug interaction (DDI) was considered to be an important factor leading to differences in plasma drug exposure. Given the potential of luteolin in the treatment of thyroid cancer and the wide application of vandetanib, it was important to study its interaction. Therefore, in this study, an ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) method was used to determine the concentrations of vandetanib and its active metabolite N-demethyl vandetanib. The interaction between vandetanib and luteolin was studied using rat liver microsomes (RLM), human liver microsomes (HLM) and Sprague-Dawley (SD) rats. Additionally, molecular docking simulation was used to explore the molecular mechanism underlying the impact of luteolin on vandetanib metabolism. We hope that the DDI study of vandetanib and luteolin in this work can provide some references for clinical individualized precision medicine, thereby promoting rational clinical drug use.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Vandetanib, luteolin and regorafenib (used as internal standard, IS) used in the experiment were purchased from Shanghai Perfemiker Chemical Technology Co., Ltd. (Shanghai, China). Nicotinamide adenine dinucleotide phosphate (NADPH) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Methanol and acetonitrile (HPLC-grade) were purchased from Merck (Darmstadt, Germany). Formic acid was purchased from Anaqua Chemicals Supply (ACS, United States). Ultrapure water was from the Milli-Q Water purification system (Millipore, Bedford, United States). RLM was prepared according to the literature (Wang et al., 2015). HLM was purchased from iPhase Pharmaceutical Services Co., Ltd. (Jiangsu, China). All other chemicals and biological products were of analytical grade or above.
2.2 Instruments and conditions
The UPLC-MS/MS system had a Waters Acquity UPLC I-Class system (Milford, MA, United States) and a Waters Xevo TQ-S triple quadrupole tandem mass spectrometer (Milford, MA, United States). The Waters Acquity UPLC I-Class was used to separate vandetanib, N-demethyl vandetanib, and IS with an Acquity BEH C18 column (2.1 mm × 50 mm, 1.7 μm) at 40°C. The mobile phase was consisted of 0.1% formic acid (solution A) and acetonitrile (solution B) with a gradient elution at a flow rate of 0.4 mL/min. The total run time was 2.0 min, and the injection volume was 0.5 μL. The temperature conditions were set as follows: the column temperature was 40°C and the autosampler temperature was 10°C.
A Waters Xevo TQ-S triple quadrupole mass spectrometer was equipped with electrospray ionization (ESI) in positive ion mode, and multiple reaction monitoring (MRM) mode was selected for quantification. The parent and product ions of vandetanib, N-demethyl vandetanib and IS were m/z 475.02→112.03, m/z 461.05→363.92 and m/z 483.00→269.97, respectively. The optimal MS parameters were defined as follows: the cone voltages of vandetanib, N-demethyl vandetanib and IS were set to be 10 V, 10 V and 20 V, respectively, and the collision energies were set to be 10 eV, 10 eV and 30 eV, respectively. Masslynx 4.1 software (Milford, MA, United States) was used for data acquisition, and the chromatograms of analytes were shown in Figure 1.
[image: Three chromatograms labeled A, B, and C show MRM of three channels for vandetanib, N-demethyl vandetanib, and reserpine. Each chromatogram displays retention time in minutes on the x-axis and intensity on the y-axis. Chromatogram A shows noisy baselines, while B and C show distinct peaks at specific retention times, indicating different concentrations or conditions for vandetanib and its metabolites.]FIGURE 1 | UPLC-MS/MS chromatographs of vandetanib, N-demethyl vandetanib and regorafenib (IS). (A) Blank plasma sample, no analyte, no IS. (B) Blank rat plasma added with analytes at LLOQ. (C) Rat plasma sample after the administration of vandetanib.
2.3 Method validation
In order to ensure the accuracy and reliability of the analytical methods, we conducted method validation to correctly provide information on the validation parameters. According to the latest guidelines from the FDA, the validation parameters included selectivity, linearity, lower limit of quantification (LLOQ), precision and accuracy, matrix effects, recovery and stability.
2.4 Animals and treatment
Male SD rats weighing 180–220 g were provided by the Laboratory Animal Center of the First Affiliated Hospital of Wenzhou Medical University (Zhejiang, China). They were housed under standard conditions with a temperature of 20°C–26°C, a relative humidity of 55% ± 15%, and a 12-h dark/light cycle. The rats had free access to water and no other drugs were given during the feeding period, and were prohibited from eating for 12 h before the experiment. The experimental procedures and protocols were in accordance with animal ethics standards and approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Wenzhou Medical University (Zhejiang, China).
2.5 Pharmacokinetics of luteolin on vandetanib in vivo
The rats were randomly assigned to two groups: luteolin group (n = 5) and control group (n = 5). Vandetanib and luteolin were both dissolved in 0.5% sodium carboxyl methyl cellulose (CMC-Na) solution. The luteolin group was given luteolin alone (30 mg/kg) by gavage, while the control group was given the same volume of 0.5% CMC-Na solution. 30 min later, each rat was administered of vandetanib (25 mg/kg) by gavage. Regarding the dosage selection for luteolin and vandetanib, we have chosen 30 mg/kg of luteolin and 25 mg/kg of vandetanib based on references from relevant literature (Lin et al., 2014; Yang et al., 2024). Therefore, we adopted the same dosages to ensure the comparability and validity of the experimental results. 0.3 mL tail vein blood was collected at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 48 and 80 h post-vandetanib administration. The blood samples were centrifuged at 4°C at 13,000 rpm for 10 min to obtain plasma, which was aspirated and stored at −80°C until analysis.
2.6 In vitro effect of luteolin on vandetanib metabolism
Considering that RLM or HLM microsome may have different metabolic rates, we conducted experiments on enzyme and incubation time before the start of the experiment. Regarding the determination of enzyme concentration, we added vandetanib (50 μM), NADPH, potassium phosphate buffer and different concentrations of RLM/HLM in a 200 μL system, controlling the incubation time to 30 min to measure the production of N-demethyl vandetanib. In the incubation time experiment, we determined the concentration of RLM/HLM to be 0.3 mg/mL and compared the production of N-demethyl vandetanib at different incubation times. A rate-time graph was created to select the most suitable concentration and incubation time within the linear range of variation. Taking into account the experimental cost and production yield, we selected an enzyme concentration of 0.3 mg/mL and an incubation time of 30 min. Thus, the total volume of the incubation mixture was 200 μL and was prepared as follows: 0.3 mg/mL RLM (HLM), 100 mM PBS (pH = 7.4), 1 mM NADPH, vandetanib and luteolin. The drug was dissolved in DMSO. The content of organic solvents was less than 1% (Li et al., 2010).
First, in the RLM system, a series of vandetanib at concentrations of 0.1, 0.5, 1, 10, 20, 50, and 100 μM were added to the reaction buffer to determine the Michaelis-Menten constant (Km) value. The concentrations of vandetanib in HLM were 1, 10, 50, 100, 300, 800 and 1,000 μM. The relationship between reaction rate and substrate concentration based on the Michaelis-Menten equation was calculated, and the Km value through nonlinear fitting was determined. For half-maximum inhibitory concentration (IC50) assay, the concentration gradients of luteolin used were 0, 0.01, 0.1, 1, 10, 25, 50 and 100 μM both in RLM and HLM, and the final concentration of vandetanib was the Km value in the corresponding system. The relationship between inhibitor concentration and reaction rate was plotted after the reaction rate at different inhibitor concentrations was determined, and then the IC50 value through nonlinear regression analysis was calculated. Finally, to determine the inhibitory mechanism of vandetanib on luteolin, a series of luteolin concentrations were produced according to the IC50 levels, where 0, 2.14, 4.28, 8.56 μM were for RLM and 0, 7.92, 15.84, 31.68 μM were for HLM, respectively. And, the concentrations of vandetanib were set according to the Km value, where the values were 2.35, 4.71, 9.41, 18.82 μM in RLM, and 12.47, 24.94, 49.87, 74.81 μM in HLM, respectively.
The above mixture was incubated at 37°C for 5 min, after which NADPH was added to start the reaction process for 30 min, and it was finally cooled to −80°C to stop the reaction. 400 μL of acetonitrile and 20 μL of IS working solution (200 ng/mL) were incorporated into the mixture. Following vortexed and centrifugated at 13,000 rpm for 10 min, the supernatant was obtained for UPLC-MS/MS analysis.
2.7 Molecular docking
The molecular structures of vandetanib, luteolin and itraconazole were obtained from the Pubchem database. PyMOL for structural optimization and AutoDock software for molecular docking verification and binding energy calculation were conducted. Finally, the binding interactions between drugs using PyMOL software was evaluated.
2.8 Statistical analysis
Km, IC50, Lineweaver-Burk plots and mean plasma concentration-time curves were generated using GraphPad Prism 9.5 software. Drug and Statistics (DAS, Chinese Committee of Mathematical Pharmacology, Shanghai, China) was intended to calculate the pharmacokinetic parameters of vandetanib and its metabolite, including time to peak (Tmax), maximum plasma concentration (Cmax), elimination half-life (t1/2), area under the drug-time curve (AUC), and clearance (CLz/F). SPSS (version 26.0; SPSS Inc., Chicago, IL, United States) was used for data processing, and t-test was employed to determine whether there was a significant difference. P value <0.05 indicated a significant difference compared to the control group.
3 RESULTS
3.1 Chromatographic method for vandetanib and its metabolite
Under the chromatographic conditions listed above, the retention times of vandetanib, the metabolite N-demethyl vandetanib, and IS were 1.16 min, 1.16 min and 1.51 min, respectively. As shown in Figure 1, no interference was detected in rat plasma between vandetanib, N-demethyl vandetanib and IS. The calibration curve of vandetanib was linear over the concentration range of 2–1,000 ng/mL with a typical regression equation of Y = 0.0012972 × X + 0.00147,298 (r2 = 0.996). And, N-demethyl vandetanib was measured from 0.5 to 50 ng/mL, with a regression equation of Y = 0.00119,975 × X + 0.00104,396 (r2 = 0.991). The LLOQ of vandetanib and N-demethyl vandetanib were 2 ng/mL and 0.5 ng/mL, respectively, in this developed UPLC-MS/MS method. The results of accuracy, precision, recovery rate and matrix effect were presented in Supplementary Table S1. Also, the stability results were complied with FDA guidelines. These findings demonstrated that the established method was accurate and dependable.
3.2 In vivo pharmacokinetic assays
The mean plasma concentration-time curves of vandetanib and its major metabolite after administration in rats were shown in Figure 2. The detailed pharmacokinetic parameters of vandetanib and N-demethyl vandetanib were shown in Table 1 and Table 2, respectively. In this study, it was found that compared with the control group, the AUC(0-t) of vandetanib in luteolin group was increased by 18.1% and Cmax was increased by 32.8%, while there were no statistically significant differences in other pharmacokinetic parameters. Moreover, there was no significant change in the metabolite. These data suggested that luteolin could significantly increase the plasma concentration and exposure of vandetanib by inhibiting the metabolism of vandetanib in rats.
[image: Line graphs showing concentration of Vandetanib and N-demethyl vandetanib over time. Graph (A) depicts Vandetanib with two lines: blue for Vandetanib alone and red for Vandetanib with Luteolin. Graph (B) shows similar lines for N-demethyl vandetanib. Concentrations decrease over time for both compounds, with data points and error bars included.]FIGURE 2 | Mean plasma concentration–time curves of vandetanib (A) and N-demethyl vandetanib (B) in rats.
TABLE 1 | The main pharmacokinetic parameters of vandetanib in SD rats.
[image: Table comparing pharmacokinetic parameters of Vandetanib and Vandetanib with Luteolin. Parameters include AUC(0-t), AUC(0-∞), t1/2, Tmax, CLz/F, and Cmax. Vandetanib combined with Luteolin shows significantly higher AUC(0-t) and Cmax values. Statistical significance is indicated by an asterisk for p < 0.05.]TABLE 2 | The main pharmacokinetic parameters of N-demethyl vandetanib in SD rats.
[image: A table comparing pharmacokinetic parameters of Vandetanib alone and Vandetanib with Luteolin. Parameters include AUC(0-t), AUC(0-∞), t1/2, Tmax, CLz/F, and Cmax. Vandetanib with Luteolin shows higher values for AUC and Cmax, and lower values for t1/2 and Tmax compared to Vandetanib alone.]3.3 Inhibitory effect of luteolin on the metabolism of vandetanib in vitro
In vitro study, the results showed that the Km of vandetanib was 9.41 μM and the IC50 value of luteolin was 8.56 μM in RLM (Figure 3). This suggested that luteolin had an inhibitory effect on vandetanib in vitro. The Lineweaver-Burk plot revealed that the inhibition mechanism was a mixture of non-competitive inhibition and competitive inhibition, with the values of Ki = 2.33 μM and α = 6.68 μM. As shown in Figure 4, in the HLM incubation system, the Km and IC50 values were 49.87 μM and 15.84 μM, respectively. The Lineweaver-Burk plot showed that the inhibition type of luteolin on vandetanib was a mixture of non-competitive and un-competitive, with Ki and α values of 16.52 μM and 0.28 μM, respectively.
[image: Panel (A) shows a saturation curve of vanderibine, plotting concentration in micromolar against initial rate, with a saturation point at K\(_m\) = 9.41 µM. Panel (B) presents a dose-response curve for luteolin, showing relative activity versus log concentration with an IC\(_{50}\) of 8.56 µM. Panel (C) features Lineweaver-Burk plots with slopes and intercepts plotted separately against luteolin concentration, indicating various inhibition levels at 0.25, 0.5, and 1 times the IC\(_{50}\).]FIGURE 3 | In RLM, Michaelis-Menten plot (A), IC50 of luteolin (B), Lineweaver-Burk plot, secondary diagram of Ki and secondary diagram of αKi inhibiting vandetanib metabolism at different concentrations of luteolin (C) (n = 3).
[image: (A) A line graph showing the relationship between vandetanib concentration in micromoles and the metabolic rate in nmol/mg/min, with a K\(_m\) value of 49.7 micromoles. (B) A dose-response curve illustrating the relative activity against the logarithm of luteolin concentration, with an IC\(_{50}\) value of 13.84 micromoles. (C) A series of graphs depicting Lineweaver-Burk plots with different slopes and intercepts, indicating the effects of varying luteolin concentrations on inhibitors. Each plot includes data points and trend lines.]FIGURE 4 | In HLM, Michaelis-Menten plot (A), IC50 of luteolin (B), Lineweaver-Burk plot, secondary diagram of Ki and secondary diagram of αKi inhibiting vandetanib metabolism at different concentrations of luteolin (C) (n = 3).
3.4 Molecular docking
To gain a deeper insight into the interaction mechanism between vandetanib and luteolin, molecular docking was conducted in this study. The results (Figure 5) showed that vandetanib (pink) formed three hydrogen bonds with residues PHE-304 (3.3 Å), PHE-213 (2.1 Å) and LEU-216 (2.5 Å), and the binding energy was −6.98 kcal/mol. Luteolin (cyan) formed three hydrogen bonds with PHE-304, PHE-213 and LEU-215, with sites 2.9 Å, 2.0 Å and 2.1 Å apart, respectively, and binding energy of −8.46 kcal/mol. We also observed that vandetanib and luteolin have common binding sites: PHE-304 and PHE-213, and that they can spontaneously bind to the active catalytic cavity of CYP3A4. At the same time, we observed a hydrogen bonding interaction between itraconazole (slate) and the active site residue ARG-372 (3.4 Å) that stabilized CYP3A4. The binding energy of itraconazole to CYP3A4 was −5.44 kcal/mol.
[image: Protein structures labeled A and B are shown with green ribbon models. Each structure includes a magnified view, highlighting molecular interactions with key amino acids and heme groups. Panel A focuses on PHE-121, LEU-248, PHE-304, and HEM-621. Panel B highlights ALA-327 and specific binding sites.]FIGURE 5 | Molecular docking of vandetanib and luteolin with CYP3A4 (A), and molecular docking of vandetanib and itraconazole with CYP3A4 (B). Superimposed 3D structure models with interactions (inset): vandetanib = pink; luteolin = cyan; itraconazole = slate, hydrogen bonding = yellow dashed line.
4 DISCUSSION
Thyroid cancer is a ubiquitous malignancy and its incidence has increased significantly in recent decades (Seib and Sosa, 2019). There are various types of thyroid cancer, with MTC being a relatively rare subtype, representing approximately 1%–2% of all thyroid cancers (Angelousi et al., 2022; Fugazzola, 2023). Despite its rarity, MTC accounts for a significant portion of thyroid cancer-related fatalities, making up about 15% of all deaths associated with thyroid cancer, and has a five-year survival rate of less than 40% (Bhoj et al., 2021; Green et al., 2022). Currently, some tyrosine kinase inhibitors (TKIs) have emerged as promising therapies for MTC that can induce clinical responses and stabilize diseases, such as cabozantinib, vandetanib, selpercatinib (Kim and Kim, 2021; Fallahi et al., 2022). Vandetanib has been approved by the FDA as the preferred option for patients with recurrent or persistent MTC who are not candidates for surgery and whose disease causes symptoms or growth (Haddad et al., 2022). The research indicated that for both long-term and short-term treatment, vandetanib has low toxicity and good efficacy, leading to significant improvements in the quality of life for patients (Tsang et al., 2016; Kreissl et al., 2020; Koehler et al., 2021; Ramos et al., 2021). Additionally, the role of vandetanib in treating children should not be overlooked, as it has been used to treat diffuse intrinsic pontine glioma in children (Bai et al., 2011; Carvalho et al., 2022). Vandetanib was mainly metabolized by CYP3A4, resulting in the formation of the active metabolite N-demethyl vandetanib (Martin et al., 2012; Beaton et al., 2022).
Luteolin was a common flavonoid with a range of pharmacological properties, including anti-inflammatory, neuroprotective, antibacterial, antiviral, and anti-diabetic properties (Rocchetti et al., 2023). At the same time, it made a variety of cancer cells sensitive to treatment-induced cytotoxicity by inhibiting cell survival pathways and stimulating apoptosis pathways, and was a widely used anticancer agent (Lin et al., 2008; Rakoczy et al., 2023). Since the anticancer effects of luteolin look very promising, its potential DDI must be considered (Galati and O'Brien, 2004). It has been reported that flavonoids may have drug interactions when administered in combination, affecting the therapeutic effects of other drugs (Khan et al., 2021). Therefore, additional studies and clinical trials are necessary to validate the safety of the combination of vandetanib and luteolin.
In this study, we developed and validated a sensitive, specific, rapid, and reliable UPLC-MS/MS method for the quantitative analysis of vandetanib and its metabolite. This method had been used for subsequent in vivo and in vitro studies. In our study, luteolin showed inhibitory effect on vandetanib metabolism. The pharmacokinetic parameters of animal experiments showed that compared with the single administration of vandetanib, the AUC(0-t) and Cmax of vandetanib were increased in the combined administration group. There was no significant statistical difference in the parameters of the metabolite N-demethyl vandetanib. This means that luteolin inhibited the metabolism of vandetanib in rats, leading to increased drug exposure and adverse reactions. The in vivo results were consistent with subsequent in vitro results, where luteolin inhibited the metabolism of vandetanib in a mixed manner. It had been reported in the literature that when luteolin was co-administered with drugs metabolized through CYP3A, it may cause pharmacokinetic interactions (Quintieri et al., 2008). Therefore, we speculated that the inhibitory effect of luteolin on vandetanib was mainly through CYP3A4.
In vitro enzyme kinetics studies, IC50 values told us that luteolin moderately inhibited vandetanib metabolism. Subsequently, we further explored the potential enzymatic and molecular inhibition mechanisms of luteolin on vandetanib metabolism. We found that luteolin inhibited the N-demethylation of vandetanib in a mixed manner in both RLM and HLM.
Hydrogen bonding is not only important for the energetic stabilization of protein structures, but also plays a crucial influence in drug binding affinity (Patil et al., 2010). For this reason, we investigated the docking simulations and weak intermolecular interactions of vandetanib, luteolin, and a strong CYP3A4 inhibitor (itraconazole). The results showed that luteolin and vandetanib were jointly bound to the same site of CYP3A4, which indicated that luteolin competitionally inhibited drug metabolism, and the spatial proximity may be one of the reasons for the relatively easy interaction between the two drugs. Compared to the strong CYP3A4 inhibitor itraconazole, luteolin exhibited a stronger binding ability to CYP3A4. Thus, this somewhat confirmed the inhibitory potential of luteolin on CYP3A4.
To conclude, our results implied that luteolin inhibited the metabolism of vandetanib, which may lead to potential DDI and provide early warning for drug co-use. But it is worth noting that luteolin was a natural compound widely present in various foods, such as celery, green peppers, carrots, onions, broccoli, and more (Yan et al., 2014; Çetinkaya and Baran, 2023). This makes it have important nutritional value and biological activity in our daily diet. However, due to the possible interaction between luteolin and some drugs, we need to pay special attention to the interaction between these foods and drugs when consuming foods containing luteolin (Wang et al., 2008; Liu and Li, 2024). This interaction may alter the absorption, metabolism, and efficacy of the drug, which can affect treatment effectiveness or increase the risk of adverse reactions. Therefore, we should be cautious in our diet and medication use, and try to avoid drug interactions as much as possible. Our research has certain reference value.
5 CONCLUSION
In summary, luteolin significantly inhibited the metabolism of vandetanib. The combination of luteolin and vandetanib resulted in significant increases in AUC(0-t) and Cmax of vandetanib. The occurrence of such DDI may lead to increased incidence and severity of adverse drug events. To reduce risks, clinical recommendations suggest avoiding the combination of two drugs as much as possible.
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Introduction
The aim of the present prospective study was to model the population pharmacokinetics of remimazolam after continuous infusion in critically ill patients, and to provide a guide for remimazolam administration based on simulations that were conducted.
Patients and methods
A total of 32 critically ill patients were enrolled in this study, with 236 plasma concentration data ultimately included for modeling. Plasma concentrations of remimazolam were quantified by a validated high-performance liquid chromatography-tandem mass spectrometry method, and the data were analyzed using non-linear mixed effect modeling. Concentration-time curves of remimazolam at different induction and maintenance doses were simulated and context-sensitive decrement times (CSDTs) were calculated using Monte Carlo simulations.
Results
A two-compartment model appropriately described the concentration-time profile of remimazolam in critically ill patients. The elimination clearance, volume of the central compartment, volume of the peripheral compartment, and peripheral compartmental clearance were estimated to be 58.2 L/h (95% CI, 47.8–72.3 L/h), 25.5 L (95% CI, 16.8–33.3 L), 34.5 L (95% CI, 26.0–58.8 L) and 21.9 L/h (95% CI, 12.2–34.6 L/h), respectively. No covariates significantly influenced the pharmacokinetic parameters of remimazolam. Internal validation proved the reliable predictive performance of the model. The CSDTs of remimazolam (10%–90%) was independent of the infusion time.
Conclusion
Remimazolam showed a predictable pharmacokinetic profile and was demonstrated to be suitable for long-term sedation in the intensive care unit, with dose adjustments only required dependent on the degree of the sedative effect.

Keywords: critically ill patients, population pharmacokinetics, remimazolam, sedation, context-sensitive decrement times
1 INTRODUCTION
Sedation is an indispensable treatment strategy in the ICU, but nevertheless excessive or inadequate sedation increases morbidity, mortality and resource consumption (Kumpf et al., 2023). Currently, ICU sedation complies with the eCASH concept which aims to establish optimal patient comfort with minimal sedation (Vincent et al., 2016). The ideal sedative agent is required to be characterized by producing a low incidence of adverse effects, predictable recovery, rapid conversion to inactive metabolites, non-dependence on organ function, and non-accumulation in tissues during the maintenance of general anesthesia (Kim and Fechner, 2022). Remimazolam is a novel sedative drug with pharmacokinetic properties suggested that it might be of great potential to utilize for the sedation of critically ill patients.
Remimazolam is a short-acting benzodiazepine derivative developed from a combination of remifentanil and midazolam properties, having a metabolizable methyl propionate side-chain structure similar to remifentanil, and a mechanism of action similar to midazolam (Kilpatrick et al., 2007; Hu et al., 2022). It exerts it actions by interacting with the gamma-aminobutyric acid type A (GABAA) receptor, increasing the flux of chloride ions, causing membrane hyperpolarization and inhibition of neuronal activity, resulting in reduced organismal activity, sedation, amnesia, etc. Of note is that these effects can be easily antagonized by administering flumazenil (Stafford, et al., 2002; Jacob et al., 2008). It was demonstrated that remimazolam is metabolized by carboxylesterase-1 (CES-1) to produce zolpidem propionic acid, which has <1/300 times the affinity of remimazolam for the GABAA receptor and has minimal pharmacological activity (Freyer et al., 2019; Sneyd and Rigby-Jones, 2020; Stöhr et al., 2021). In healthy volunteers (Antonik et al., 2012), remimazolam exhibited linear pharmacokinetic characteristics in the dose range of 0.01–0.30 mg/kg, with a steady-state volume of distribution (Vd) of 34.8 ± 9.4 L, a clearance (CL) of 70.3 ± 13.9 L/h, and a time of terminal half-life of 45 ± 9 min. A model (Masui et al., 2022) that included data from patients anesthetized for more than 7 h demonstrated that the context-sensitive half-time (CSHT) of remimazolam was independent of the infusion time of 360 min. Therefore, remimazolam is characterized by a rapid onset of action, rapid recovery and no drug accumulation.
Currently, remimazolam has been mainly administered for procedural sedation and general anesthesia, while its application in the ICU are still at the stage of clinical trials. Zhou et al. (2020) investigated factors influencing the variability in the remimazolam response in general anesthesia and found that lower doses could be considered in elderly patients with a serious disease burden or ASA class 3 patients, whereas Stöhr (Stöhr et al., 2021) found that CL was 38.1% lower in subjects with severe hepatic impairment compared to healthy volunteers. However, for critically ill patients with complex and severe pathophysiologic conditions, the pharmacokinetic parameters of the drug may be altered, and consequently affect its pharmacodynamics (Wang et al., 2021; 2023; Herten et al., 2022). In addition, many critically ill patients suffer from cardiac, pulmonary or renal dysfunction, requiring the use of extracorporeal membrane oxygenation (ECMO) or continuous renal replacement therapy (CRRT), which have the potential to impair drug exposure (Lan et al., 2022; Wu et al., 2022). A clinical trial of mechanical ventilation in an ICU in Japan reported (K.U., 2017) that seven patients who were administered the drug for more than 24 h had higher than expected plasma concentrations of remimazolam. The results of the latter study suggested that prolonged drug administration could be a challenge for ICU medication usage (Wiatrowski et al., 2016). To date, as far as we are aware, there are no published reports on the pharmacokinetic characteristics of remimazolam administered to ICU patients. In order to evaluate further its potential effects and adverse events during ICU sedation, it is crucial to investigate the pharmacokinetic properties of remimazolam in this population of patients.
The aim of this prospective and observational study was to model the population pharmacokinetics (PopPK) of remimazolam after continuous infusion in critically ill patients, to investigate covariates that may affect its pharmacokinetic properties, and to provide a guide for remimazolam administration based on a dosing simulation.
2 PATIENTS AND METHODS
2.1 Patients and setting
This study was conducted from April 2022 to December 2022 in the Department of Critical Care Medicine, Maoming People’s Hospital. The research was performed according to the World Medical Association Declaration of Helsinki and approved by the local ethics committee of Maoming People’s Hospital (No. PJ2021MI-K009-01). Patients who received remimazolam for sedation in the ICU were prospectively recruited to the study. The inclusion criteria were: (i) patients aged from 18 to 85 years who were administered remimazolam through an intravenous micropump; and (ii) patients or guardians gave acceptance for multiple blood collections during the study. Patients who had allergic reactions to remimazolam or incomplete clinical information were excluded. All patients or their legally authorized representatives provided written informed consent for the procedures.
2.2 Dosing and data collection
A final concentration of one or 2 mg/mL remimazolam besylate (Yichang Humanwell Pharmaceutical Co., Ltd., Hubei, China) was prepared by diluting 50 mg or 100 mg of the drug in 0.9% saline (50 mL). The schematic chemical structure and major physicochemical properties of remimazolam have been listed in Supplementary Figure S1; Supplementary Table S1. Remimazolam was administered through an infusion micropump, with the pump speed modified to achieve an acceptable degree of sedation. The degree of sedation was scored by the clinical nurse via the Richmond Agitation-Sedation Scale (RASS), and the clinical decisions on the use and dosing regimens of remimazolam were undertaken by the clinician responsible for each patient.
Demographic data, including sex, age, height, weight, reason for ICU admission, length of hospitalization and ICU stay, clinical outcomes, and causes of death, were carefully recorded for all patients. Laboratory test data included: (1) hepatic and renal function indicators—alanine aminotransferase (ALT), total protein (TP), albumin (ALB), and serum creatinine (SCR); (2) inflammatory and hematologic markers—C-reactive protein (CRP), leukocyte count (WBC), platelet count (PLT), and hemoglobin (Hb), all measured daily following medication administration. Creatinine clearance (CrCL) was calculated using the Cockcroft-Gault formula, and the glomerular filtration rate (GFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. Acute Physiology and Chronic Health Evaluation (APACHE) II scores were documented on the day of ICU admission or drug administration. For patients undergoing procedures with ECMO or CRRT, various parameter values and the length of treatment were recorded.
2.3 Sample collection and measurements
Blood samples from critically ill patients were collected in K2-EDTA tubes at the time of dose cessation and 10, 20, 30, 60, 90, 120 and 240 min after discontinuation of dosing (Sheng et al., 2020; Brum, 2022). Plasma samples were obtained by centrifuging the blood samples (996 g, 10 min, 4°C) and then storing them at −80°C at the Biological Resource Center before subsequent analysis.
All concentrations of remimazolam in plasma were quantified using a validated high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) analytical method (Chen et al., 2023) at the central laboratory of Maoming People’s Hospital. The internal standard (IS) was carbamazepin-d8 and the plasma sample extraction method was protein precipitation. The HPLC system (Agilent 1260) used a ACQUITY UPLC® BEH C18 column (Waters, 2.1 × 50 mm, 1.7 μm) coupled to a 6460 electrospray ionization-triple quadrupole mass spectrometer. Elution was performed using mobile phase A (10 mM ammonium acetate in water containing 0.2% formic acid) and mobile phase B (acetonitrile) under a gradient program, with retention times of 2.00 and 1.43 min for the analyte and IS, respectively. The ion pairs of remimazolam used for quantification were m/z 439.2 → 407.1 and m/z 245.2 → 202.2, with a linear range was 1.0–1000 ng/mL. The intra- and inter-batch precision were both ≤2.17%, with an accuracy between 95.5% and 102.2%.
2.4 Population pharmacokinetic model development
We analyzed the remimazolam concentration data using non-linear mixed effects modeling software NONMEM 7.3 (version 7.3, ICON plc, NY, USA). The first-order conditional estimation with inter- and intra-subject variability interaction was applied for model parameter estimation. One-, two- and three-compartments were tested to fit the plasma concentration-time data of remimazolam and to screen the appropriate base model. All covariates that could potentially influence the pharmacokinetic parameters of remimazolam were evaluated, including demographics such as age, sex, and weight, hepatic and renal function indicators such as SCR, ALT, and TP, as well as the use of CRRT or ECMO. Categorical variables (such as sex) were modeled as follows:
θij=θtv,j·θjCOV·eηi
In the case of continuous covariates (such as age), an exponential model with median covariate values and adjustment factors was employed thus:
θij=θtv,j·COVCOVMedianθj·eηi
In the above formula, θij is the individual parameter for each patient, θtv,j is the typical value of the parameter, θj is an impact factor and COV is the value of the covariate (when COV was a categorical variable, taken to be 0 or 1). ηi represented inter-individual variability (IIV), which was normally distributed with a mean of 0 and variance ω2. Residual variability (RV) was modeled by a mixed model of additive and proportional errors, which reflected the level of random variation in the predicted values with respect to the observed values.
The objective function values (OFV) of the model were an indicator of the goodness of fit, where the variance met the distribution of χ2 with the approximate degree of freedom (df). For covariate screening, forward stepwise univariate analysis was used with a decrease of OFV of at least 3.84 (α = 0.05, df = 1). A backward elimination analysis of the covariates increased of OFV by at least 10.82 (α = 0.001, df = 1). The decrease in IIV and RV values were also investigated.
2.5 Population pharmacokinetic model diagnostics
The diagnostic plots, bootstraps, prediction-corrected visual predictive check (pcVPC) and normalized prediction distribution error (NPDE) were used to comprehensively evaluate the models in this study.
Prediction-based model diagnostic plots illustrated the goodness of fit in a model by presenting the conformance between the observation and the population prediction (PRED) or the individual prediction (IPRED). Diagnostic plots of conditional weighted residuals (CWRES) vs time or PRED were used to estimate the prediction error. The non-parameter bootstraps were resampled 1,000 times to generate the datasets which were used to assess the accuracy and the stability of the model estimates. The distributional characteristics of the observed and the simulated data were graphically displayed in pcVPC. NPDE was based on 1,000 simulations and the model evaluated using the Wilcoxon signed rank test, Fisher’s variance test or Shapiro-Wilks test when appropriate.
2.6 Simulations
Monte Carlo simulations were conducted using the final model to generate data from 1,000 subjects to investigate the relationship between the remimazolam dose and the plasma concentration. In combination with covariates, concentration-time curves were calculated under different loading doses (3–8 mg/min) of 1-min duration and maintenance doses (6–18 mg/h) of up to 16 h. Context-sensitive decrement times (CSDTs) for remimazolam were estimated from population predicted values. The time to 10%–90% decrement in the concentrations of remimazolam between 0.5 h and 72 h by continuous infusion at a maintenance dose of 12 mg/h were simulated.
2.7 Statistical analysis
Baseline data were expressed as frequencies (percentage) for discrete variables. Continuous variables were presented as median (minimum-maximum) and interquartile range. R software (version 4.2.2) was used for statistical analysis and graphical plotting. The analysis procedure was run through Pirana (version 2.9.7). Bootstrap and pcVPC were run on Perl-speaks-NONMEM version 4.8.0 (Uppsala University, Sweden).
3 RESULTS
3.1 Patient characteristics
Figure 1 showed the protocol and flow of the PopPK study of remimazolam. A total of 32 patients (8 females, 24 males) were enrolled in the study. A total of 243 plasma samples were collected, seven of which were discarded due to unreasonably higher or lower concentrations. The final dataset consisted of 236 plasma samples. The plasma concentration-time curves of remimazolam in each patient after discontinuation of the infusion were shown in Figure 2. The median age and BMI of the groups were 62 years and 22.67 kg/m2. All patients were administered remimazolam during the ICU stay and 13 of them (40.6%) received remimazolam immediately after admission to the ICU. The dosing regimen for remimazolam ranged from 2 to 17.28 mg/h, with the most commonly administered dosage being 6 mg/h. The median infusion duration of remimazolam was 8.33 h and the longest duration of administration 294.9 h. Most patients (96.8%) were co-administered of remifentanil for analgesia, and 15 patients were combined with sedative medications, including midazolam, dexmedetomidine, and propofol. Patients had normal to severely impaired renal and hepatic functions (CrCL 7.5–222.4 mL/min, ALT 7.8–549.2 U/L). Eighteen patients received ECMO and 14 underwent CRRT. The demographic characteristics of the patients are listed in Table 1.
[image: Flowchart illustrating the process of developing individualized dosing recommendations for remimazolam. It begins with patient enrollment and lists exclusion criteria: allergic reactions and incomplete information. Thirty-two critically ill patients are included. The process involves sample collection, dosing and clinical data collection, pharmacokinetic model development with covariate screening (demographic factors and lab results), followed by model diagnostics and simulations. Simulations cover concentration-time profiles and context-sensitive decrement times, leading to individualized dosing recommendations.]FIGURE 1 | Study framework.[image: A line graph showing the concentration of amprenavir in log scale on the y-axis against time after dosing discontinuation in minutes on the x-axis. Multiple lines demonstrate the decline in concentration over time up to 240 minutes.]FIGURE 2 | The plasma concentration-time curves of remimazolam after discontinuing infusion (n = 32).TABLE 1 | Demographic characteristics of the population (n = 32).	Characteristics	Valuea	SD/IQR
	Male/female, n (%)	24/8 (75/25)	NA
	Age (year)	62 (26–79)	13.22
	Body Weight (kg)	63 (47–98)	19.00
	BMI (kg/m2)	22.67 (18.73–36.00)	3.45
	APACHE II (on admission or sampling day)	26 (15–41)	7.89
	Remimazolam dose (mg/h)	6 (2–17.28)	3.50
	Remimazolam infusion duration (hours)	8.33 (6.15–294.9)	34.09
	Biological results
	Alanine aminotransferase (U/L)	34.85 (7.8–549.2)	45.65
	 Total protein (g/L)	55.4 (26.82–85.29)	8.57
	 Albumin (g/L)	30.4 (15.97–51.7)	4.87
	Total bilirubin (μmol/L)	20.49 (6.73–227.8)	18.55
	Direct bilirubin (μmol/L)	8.2 (0.7–155.1)	12.27
	Serum Cystatin C (mg/L)	1.28 (0.73–75)	1.45
	Blood urea nitrogen (μmol/L)	6.65 (1.55–30.99)	8.52
	Uric acid (μmol/L)	149 (22–1,118.6)	222.1
	Serum creatinine (μmol/L)	75.75 (42.1–911.77)	101.75
	C-reactive protein (mg/L)	95.68 (7.55–158.72)	60.37
	Leukocyte (109/L)	11.88 (2.03–39.04)	6.51
	Platelet count (109/L)	166 (15–611)	143.2
	Hemoglobin	88 (47–141)	26.75
	Hematocrit	27.25 (14.6–44.3)	2.82
	Procalcitonin (ng/mL)	1.53 (0.1–66.3)	8.00
	Arterial lactate (mmol/L)	1.6 (0.3–15)	1.25
	Arterial Na (mmol/L)	137 (112–163)	45.65
	Arterial K (mmol/L)	3.6 (2.7–5.6)	8.57
	Arterial pH value	7.45 (7.04–7.73)	0.12
	Kidney function
	Creatinine clearance (mL/min)	75.77 (8.69–193.83)	82.11
	Estimated glomerular filtration rate (CKD-EPI) (eGFR, mL/min/1.73 m2)	86.90 (5.65–129.54)	73.56
	Diagnosis of admission to ICU
	Respiratory failure	21 (28.7)	NA
	Heart failure	19 (26.0)	NA
	Severe pneumonia	11 (15.1)	NA
	Septic shock	9 (12.3)	NA
	Acute myocardial infarction	8 (11.0)	NA
	COPD	5 (6.8)	NA
	Combinational therapy
	Remifentanil, n (%)	31 (96.8)	NA
	Dexmedetomidine, n (%)	4 (12.5)	NA
	Butorphanol, n (%)	4 (12.5)	NA
	Propofol, n (%)	2 (6.25)	NA
	ECMO type and parameters
	ECMO (yes/no), n (%)	18/14 (56.3/43.7)	NA
	 Veno-arterial, n (%)	10 (55.5)	NA
	 Veno-venous, n (%)	7 (38.8)	NA
	Veno-arterial-veno, n (%)	1 (5.55)	NA
	Length of ECMO therapy (hours)	209 (52–568)	86
	Blood flow (L/min)	3.3 (2–4.57)	0.648
	Gas flow (L/min)	3.5 (1–4.5)	1
	Revolutions per minutes	2,990 (2,500–3,450)	261.5
	CRRT type and parameters
	CRRT (yes/no), n (%)	14/18 (43.7/56.3)	NA
	CVVH, n (%)	11 (78.6)	NA
	CVVHD, n (%)	1 (7.14)	NA
	CVVHDF, n (%)	2 (14.3)	NA
	Length of CRRT therapy (hours)	82 (8–627)	193
	Blood flow rate (L/min)	150 (140–200)	10
	Dialysate flow rate (mL/h)	2,000 (1,000–2,000)	500
	Hemodilution parameters
	24 h input (mL)	2,620 (829–9,220.6)	1,520
	24 h output (mL)	2,700 (201–10,841)	1,776
	Clinical outcomes
	Length of ICU stay (days)	17.5 (4–97)	26
	Length of hospital stay (days)	22 (4–99)	30
	In-hospital mortality, n (%)	8 (25)	NA


Abbreviations: SD, standard deviation; IQR, interquartile range; APACHE, acute physiology and chronic health evaluation; COPD, chronic obstructive pulmonary disease; ECMO, extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy; CVVH, continuous veno-venous hemofiltration; CVVHD, continuous veno-venous hemodialysis; CVVHDF, continuous veno-venous haemodiafiltration; ICU, intensive care unit.
a The data were presented as median (range) or frequency (percentage), unless indicated otherwise.
3.2 Population pharmacokinetic analysis
Parameter comparisons for the one-, two-, and three-compartment models were summarized in Supplementary Table S2. According to the goodness-of-fit plots and the precision of the parameter estimations, a two-compartment model appropriately described the concentration-time profile of remimazolam in critically ill patients, with a proportionality error of 25%. Table 2 shows the pharmacokinetic parameter estimates for the final model and 95% confidence intervals (CI) based on bootstraps. No covariates were found to influence significantly the pharmacokinetic parameters of remimazolam. Regardless of whether the patients were treated with ECMO or CRRT, there were no meaningful variations in the pharmacokinetic parameters (Figure 3). The procedure for screening of all covariates was shown in Supplementary Table S3. The elimination CL, volume of the central compartment (V1), volume of the peripheral compartment (V2), and peripheral compartmental clearance (Q) were estimated to be 58.2 L/h (95% CI, 47.8–72.3 L/h), 25.5 L (95% CI, 16.8–33.3 L), 34.5 L (95% CI, 26.0–58.8 L), and 21.9 L/h (95% CI, 12.2–34.6 L/h), respectively. Other model parameters, including rate constants and half-lives, were provided in Supplementary Table S4.
TABLE 2 | Pharmacokinetic parameter estimates for the final model and bootstrap results.	Parameters	Base model	Median by 1,000 bootstraps	95% CI by 1,000 bootstraps
	Estimate (% RSE)	Shrinkage (%)
	Fixed effects
	 CL (L/h)	58.2 (10.6)	NA	58.7	47.8–72.3
	 V1 (L)	25.5 (12.8)	NA	25.2	16.8–33.3
	 Q (L/h)	20.0 (21.8)	NA	21.9	12.2–34.55
	 V2 (L)	34.5 (17.0)	NA	37.5	26.0–58.8
	Random effects
	 IIV-CL (%)	50.3 (15.6)	1	24.7	11.4–41.4
	 IIV-V1 (%)	16.5 (68.7)	69	3	0.03–93.8
	 IIV-Q (%)	65.7 (50.0)	27	44.2	0.5–115.6
	 IIV-V2 (%)	61.2 (24.7)	15	29.9	10.6–60.2
	 Proportional error (%)	25.0 (13.0)	NA	23.5	18.1–29.6


Abbreviations: CL, clearance of the central compartment; V1, volume of the central compartment; Q, peripheral compartmental clearance; V2, volume of the peripheral compartment; IIV, the inter-individual variability.
[image: Four box plots labeled A to D display data comparisons. Plot A shows CL values for non-ECMO versus ECMO. Plot B compares CL for non-CRRT versus CRRT. Plot C illustrates V1 values for non-ECMO versus ECMO. Plot D shows V1 for non-CRRT versus CRRT. Each plot has a box representing interquartile ranges, with median lines and whiskers extending to data limits, highlighting distributions and variability in CL and V1 measurements.]FIGURE 3 | Correlations plots for covariates and pharmacokinetic parameters. (A) CL in ECMO vs non-ECMO patients, (B) CL in CRRT vs non-CRRT patients, (C) V1 in ECMO vs non-ECMO patients and (D) V1 in CRRT vs non-CRRT patients.The goodness-of-fit plots of the final model for remimazolam are shown in Figure 4. The observed concentrations (Figures 4A,B) were clustered in the proximity of the reference line (y = x), suggesting a well-fitted model. In the graphs of CWRED vs PRED and time after the last dose, most of the data were uniformly distributed on both sides of the reference line (y = 0) and within ±2, which indicated that the model had a good prediction performance. The individual concentration-time profiles (Figure 5) provided a visual assessment of the predictions of the model for each patient.
[image: Four scatter plots labeled A, B, C, and D. Plots A and B show observed concentrations versus predicted concentrations with lines of identity and trends. Plot A uses PRED, Plot B uses IPRED. Plots C and D depict conditional weighted residuals (CWRES) versus PRED and time after last dose, respectively, with dashed horizontal lines at CWRES values of two and negative two. Blue circles represent data points, with red lines indicating trends.]FIGURE 4 | Goodness-of-fits plots for the final PopPK model. (A) Observed concentrations vs population prediction (PRED). (B) Observed concentrations vs individual predicted concentrations (IPRED). (C) Conditional weight residual error (CWRES) vs population predicted concentrations (PRED). (D) CWRES vs time after last dose. Blue dots represent remimazolam plasma concentrations; solid black line in A and B: line of identity; Orange line, data smoother; solid black line in C and D: CWRES are equal to 0.[image: Twelve-panel chart showing drug concentration over time after last dose, measured in nanograms per milliliter. Each panel represents a different case number, with observed, predicted (PRED), and individual predicted (IPRED) concentrations plotted over 12 hours. All graphs show a downward trend. Legend indicates line types for observed, PRED, and IPRED data.]FIGURE 5 | Plots of the typical individual plasma concentrations vs time after last dose.In pcVPC, most of the observations were within 90% of the prediction interval of the analogue data, which demonstrated that the model possessed an accurate prediction profile (Supplementary Figure S2). Through 1,000 simulations, the distribution of NDPE with a mean of −0.009 and a variance of 1.026, and results of the statistical tests revealed a normal distribution (Figures 6A,B). In the plots of NDPE vs time and population concentrations (Figures 6C,D), the values were found to be uniformly distributed between y = ± 2, indicating the validity of the final model.
[image: Histogram (A) shows the frequency distribution of sample quantiles for NPDE. Q-Q plot (B) compares sample quantiles to theoretical quantiles, illustrating alignment. Scatter plots (C and D) display NPDE against time after last dose and predicted concentration, with shaded areas indicating variability and trend lines aiding pattern identification.]FIGURE 6 | Normalized prediction distribution error (NPDE) metrics for the final PopPK model. Notes: (A) Histogram of the distribution of NPDE. (B) Quantile-quantile plot of NPDE. (C) NPDE vs time after last dose. (D) NPDE vs predicted concentrations. Solid points represent observed concentrations, and solid lines indicate the 5th, 50th, and 95th percentiles of observed data. Red or blue shaded areas represent 95% prediction intervals.3.3 Predicted concentration profiles
Figures 7A,B show the concentration-time curves of remimazolam under different dose scenarios. When remimazolam was administered at a constant rate, it took about 4 h to achieve steady state blood concentrations. After an initial loading dose (3–8 mg) given within 1 min, the plasma concentration of remimazolam rapidly peaked and tended towards a steady-state at the maintenance dose (3–18 mg/h). Simulations revealed that different doses of remimazolam cleared rapidly after discontinuation of the infusion. The CSDTs for 10%–90% decrements in remimazolam concentrations are presented in Figure 7C. In curves with the concentrations decreasing from 10% to 50%, the CSDTs at 4 h and at later times trended to the same level. The CSHTs (the CSDTs for 50% decrement) was 15.6 min, 18 min and 21 min at 0.5 h, 2 h and 8 h, respectively, followed by little elevation. The results clearly demonstrated that CSHTs were independent of prolonged infusion.
[image: Three graphs display pharmacokinetic data. Graph A shows concentration over time for doses ranging from six to eighteen mg/h, with concentrations peaking then declining after fourteen hours. Graph B compares concentration for varied loading and maintenance doses, showing similar trends to Graph A. Graph C illustrates decrement time against infusion time for different concentration percentages, showing a steep initial decrease followed by a plateau.]FIGURE 7 | Monte Carlo simulation results. (A) Plasma concentrations of remimazolam administered at different constant rate; (B) Plasma concentrations of remimazolam at different loading and maintenance doses; (C) Time of remimazolam concentration decrement by 10%–90% vs infusion time.4 DISCUSSION
4.1 Findings and the impact of covariates
As far as we are aware, this is the first prospective study to use PopPK to analyze the pharmacokinetic properties of remimazolam in critically ill patients. The results showed that continuous infusion of remimazolam was not susceptible to accumulation in critically ill patients with complex pathophysiological states, such as abnormal hepatic or renal functions, or under ECMO and CRRT therapy. In the course of administration, the dosage was adjusted only according the sedative effect.
In previous PopPK studies (Schüttler et al., 2020; Zhou et al., 2020; Stöhr et al., 2021), three-compartments was primarily chosen as the base model. However, our study collected arterial blood samples by sparse blood sampling during the elimination phase after continuous micropump administration. And after comparing one-, two- and three-compartment models, it was found that the two-compartment model had a better fit and smaller precision for the pharmacokinetic parameters of critically ill patients. The decision to choose a different model can be influenced by variations in dosage schedules, sampling processes, research populations and analytical methods (Yang et al., 2017). The pharmacokinetic characteristics of healthy volunteers were investigated in the studies by Sheng (Sheng et al., 2020), Wiltshire (Wiltshire et al., 2012) and Schüttler (Schüttler et al., 2020) et al., whereas in the study by Zhou et al. (2020) in surgical subjects, the CL total ranged from 56.4 to 72 L/h. In our study, the CL was 58.2 L/h, which was similar to those published in previous studies, suggesting no significant effect of different populations on CL.
Weight seemed to be a key covariate in the exploration of the anesthesia agent, typically in relation to the dose administered. In a phase 1 study on healthy subjects (Antonik et al., 2012), it was concluded that weight (60–100 kg) had little effect on the systemic CL of remimazolam. Another study (Masui et al., 2022) that enrolled surgical patients found higher blood levels in heavier patients than in lighter ones when weight-dependent doses were administered. They suggested that weight-unadjusted dosage regimens may also be an option. Consistent with the above reports, the present study considered that weight ranging from 47 to 98 kg was not a significant covariate for the pharmacokinetic parameters of remimazolam. Practical dosing regimens based on clinical effect instead of body weight should be a more appropriate choice (Erstad and Barletta, 2020). The distribution of sample characteristics may also influence the results of the study. In this study, the weight range of the sample was predominantly in the 47–75 kg range, with only three patients exceeding this range, thus it may be difficult to extrapolate to the overweight population.
In a previous study (Masui et al., 2022) it was reported that a higher infusion rate of approximately 10% was necessary to maintain remimazolam concentrations in female patients. In performing the forward stepwise inclusion of covariates, gender had an effect on CL [a difference of OFV (dOFV) of −6.244, α < 0.05], and in a subsequent backward elimination the increase in dOFV was found to be <10.82 (α > 0.001), which failed to meet the final criteria for screening. In the light of previous studies, we simulated the effect of gender on concentration (Supplementary Figure S3) and found that the CL was 1.3-fold higher in females than in males. However, in the present study, the number of male patients was three folds that of female, which would have impacted on the reliability of the results and ultimately the covariate was discarded.
It is commonly reported (Freyer et al., 2019; Sneyd and Rigby-Jones, 2020) that the metabolism of remimazolam is primarily hydrolysis by CES-1, which is highly expressed in the liver (Carithers et al., 2015), and its hydrolysis products are excreted via the kidneys. Considering that there are considerable variations in hepatic and renal functions for critically ill patients, it was vital to assess biochemical indicators of hepatic and renal function. Thomas et al. studied patients with hepatic (n = 11) and renal (n = 11) impairment and found that exposure in patients with severe hepatic insufficiency (n = 3) was 38.1% higher than in healthy volunteers. In this study, covariates related to hepatic function including ALT, TP, ALB, TBIL and DBIL were investigated (Bernardi, n.d.). The results revealed an increase in V1 with elevated ALT, yet this finding was not incorporated into the final model due to the insufficient significance of covariate inclusion (α < 0.001). In Supplementary Figure S3, we have illustrated the influence of ALT on the concentration-time, confirming that the time for remimazolam CL was not significantly extended when ALT was higher than normal (0–40 U/L). The potential mechanism could be that CES-1 was highly expressed not only in the liver, but also in the gallbladder and lungs (Uhlén et al., 2015; Tissue expression of CES1 - Summary - The Human Protein Atlas, n. d.), so that a pathway for extra-hepatic esterase metabolism may exist. In addition, there appear to be no published data to support the view that the primary metabolic enzyme of remimazolam is CES-1 (Kilpatrick, 2021). As for renal function, the SCR, calculated CrCL and eGFR were analyzed, and consistent with the conclusions of Stöhr (Stöhr et al., 2021), no correlation was found with the pharmacokinetic parameters of remimazolam. Since the metabolite CNS-7054 exhibited no sedative activity (Kilpatrick et al., 2007), dosage adjustments were not required in patients with renal impairment.
ECMO is a life-support modality for patients with refractory cardiac and/or respiratory failure with complex pharmacokinetic profiles of drugs used during treatment (Ha and Sieg, 2017; Song et al., 2022). In vitro ECMO modelling revealed that drugs with lipophilic or highly protein-binding properties may interact with the circuit material and exhibit an increase in Vd or a change in CL (Dagan et al., 1993; Shekar et al., 2015). Given in vitro studies without blood, these may overestimate the adsorption effect in the ECMO circuit (Cheng et al., 2019), which requires more clinical trials to assess the impact of ECMO. Remimazolam with its lipophilic structure may be adsorbed by the ECMO circuit, therefore the present study analyzed the occurrence of ECMO treatment and the parameters of ECMO, including the duration of ECMO treatment, blood and gas flow and the pump speed. We enrolled 18 patients who received ECMO, but no significant influences on remimazolam CL or Vd were discovered. For patients requiring sedation with remimazolam during ECMO therapy, we concluded that a dose intervention was not required. In critically ill patients requiring CRRT, the physicochemical properties of the drug, acute pathophysiological variability, and CRRT settings may affect the achievement of the optimal pharmacokinetic/pharmacodynamic goals (Pistolesi et al., 2019; Hoff et al., 2020; Li et al., 2020). Our research indicated that the pharmacokinetic properties of remimazolam were unaffected by the presence of CRRT, the treatment duration, blood flow rate and dialysate flow rate. Remarkably, there was a great variation in CRRT modalities and settings (Gatti and Pea, 2021), the reasons for which need to be further explored.
4.2 Simulation
The rate of drug elimination is usually affected by the duration of anesthetic administration which influences the duration of the anesthetic effect (Schraag et al., 1998; Eger and Shafer, 2005). For intravenous anesthetics, computer simulations are commonly used to estimate the CSDTs, which is a valid measure to quantify the pharmacokinetics of drug concentration after continuous intravenous infusion (Bailey, 1995). Multiple decrement times (10%–90%) and longer infusion times (0.5–72 h) were simulated in the present study, and all curves plateaued after 24 h, with the CSHTs ranging from 15.6 to 21 min. In comparison with our results, a shorter of arterial plasma CSHT of 7–8 min was found in a study conducted by Wiltshire et al. (2012) of a remimazolam (50 mg/h) infusion for 1 min to 8 h. While Masui and colleagues study results (Masui, 2020) and Schüttler et al. (Schüttler et al., 2020) observations of CSDTs of 15.9–19.1 min and 12 ± 2 min for effect site concentrations after 4-h infusion were more comparable to our findings. We suspect that the two-compartment model used in this investigation made it difficult to distinguish between plasma and effect site (Hughes et al., 1992; Eger and Shafer, 2005). The results can be influenced by combination medication, patient characteristics and the remimazolam dose regimens (Masui, 2020). Of significance, the CSDTs of remimazolam did not correlate with the duration of the infusion, implying that remimazolam is appropriate for long-term administration to sedate patients in ICUs.
4.3 Pharmaceutical synergies
In the simulation of the dosing regimen, we noted that the routine dosage for ICU sedation produced blood concentrations that did not reach the sedation concentrations (400–1,200 ng/mL) suggested by Sheng et al. (2020) which may be related to the co-administration of remifentanil. It has been reported (Zhou et al., 2020) that combined remifentanil significantly reduced sedation scores, and almost all patients (96.3%) in our study were co-administered remifentanil. The study by Sheng et al. modeled blood concentrations of remimazolam based on BIS values, whereas Shirozu et al. (2022) found that BIS was relatively high during anesthesia with remimazolam. That explained the sufficient sedative effect of lower plasma concentration levels of remimazolam in the present study.
In summary, the pharmacokinetic profile exhibited by remimazolam was appropriate for ICU sedation. However, in a trial (Oh et al., 2023) of remimazolam vs propofol for general anesthesia, re-sedation within 30 min postoperatively was observed only in the remimazolam group [11 (22%) patients)] Of these, 1 patient was fully awake within a few min without the need for additional flumazenil, whereas the remaining 10 patients were treated with an additional dose of flumazenil (0.2 mg) and were fully awake within the next 15 min. Moreover, a case (Takemori et al., 2022) of long-term delayed emergence with re-sedation was reported and the patient stayed drowsy after three flumazenil administrations. A recent review that (Kempenaers et al., 2023) summarized the adverse events of remimazolam reported that the incidence of re-sedation may be directly related to flumazenil administration. It should be noted that the monitoring of clinical symptoms and blood concentrations after termination of a remimazolam infusion may be helpful in searching for the cause of re-sedation.
4.4 Limitations
Some limitations of the present study should be discussed. First, the fact that this was a single-center study with a small sample size may restrict the generalizability of the results and the capacity to evaluate the influence of variables on PopPK parameters. However, a total of 243 plasma samples were collected and were sufficient for establishing a PopPK model. Second, for critically ill patients, sedative and analgesic agents are generally required to be simultaneously administered (Vincent et al., 2016), making it problematic to implement the collection of pharmacodynamic data for remimazolam alone. As well, due to the restricted availability of metabolites of remimazolam, a controlled drug, it was not possible to establish a combined PopPK model for both compounds. Finally, there is controversy concerning liver functions (Stöhr et al., 2021). In our study, patients were not scored independently for liver functions, but rather they were assessed using biochemical indicators, which might not accurately reflect the connection between remimazolam metabolism and liver function. It is considered that future studies should focus on these aspects to evaluate their efficacy and safety for long-term sedation of ICU patients.
5 CONCLUSION
In conclusion, our research has established the first PopPK model for continuous intravenous infusion of remimazolam in critically ill patients. No covariates were observed that significantly influenced the pharmacokinetic parameters of remimazolam. Dose adjustments of remazolam are not necessary for patients undergoing ECMO or CRRT in the ICU, nor for those with impaired hepatic or renal function. Remimazolam with its predictable pharmacokinetic profile in this population is suitable for long-term sedation demands in the ICU and can be administered in accordance with the sedative effect without the necessity for significant dose adjustment.
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Test data set (2

No. of patients 103 24
Age, years 41212 447 £891
Gender (Male/Female) 6439 1717
Hight, cm 1681 £ 7.72 1693 +7.12
Weight, kg 633 %129 626 £ 1.0
Post Operation Days 1023 175 + 242
WBC, x 10°/L 9.15 + 408 100 + 451
RBC, x 10%/L 306 % 0.61 298 051
PLT, x 10°/L 1506 543 1268 + 535
ALP, mmol/L | s82x249 630 £ 446
TBIL, pmol/L 113 £ 449 18411
DBIL, pmol/L 258117 291 % 145
BUN, mmol/L 188105 2430 £ 144
CR, umol/L 2125 £ 2085 3055 = 3406
HCT 0290056 027 £ 0.051
TP, gL 556554 536 £ 5.06
ALB, g/L. 340 %369 330404
D
Calcium Antagonists 81 (78.6%) 21 (87.5%)
Proton Pump Inhibitors 102 (99%) 24 (100%)
Voriconazole | 21 204%) 8 (33.3%)
D N
11 10 (9.7%) 2 (83%)
13 35 (34%) 8 (33.3%)
3043 58 (56.3%) 14 (58.3%)
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Parameters Structure model Final model Test set final model
Estimates RSE % Estimates RSE% Estimates RSE%
K, (1/h) 61 3,86 (fixed) 3.86 (fixed) 386 (fixed)
VIE L) 02 2620 103 2,560 107 2330 372
CLIF (L/h) 03 411 142 70.6 975 114 207
HCT on CL/F 04 -0.122 47.1 -0.161 312
| CYP3AS on CLIF 05 -0348 122 0395 23
v
@VIE (%) m 736 215 65.0 25 696 331
@CL/F (%) n 318 189 230 231 128 187
Residual error (%) 5 377 124 356 120 333 216
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Model Core hyperparameters

MLP alpha = 0.007509; h_layer] = 56; h_layer2 = 211; h_layer3 = 25; Ir_init = 0.0003293
SVR C = 9.244; degree = 41; gamma_svr = 0.014
Xgboost colsample_bytree = 0.8357; esr = 36; eta = 0.061; gamma = 2.3214; max_depth = 7; min_child_weight = 0.72; n_estimators = 175; reg_lambda =

0.57835; subsampl
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Animal
species

ICR mouse

SDrat

Beagle dog,

Cynomolgus
maonkey

PK parameters were calalated basdon the mean plssma concentrtions for miceand ndividul plasna concentrations for at,dogs, and morikey. Dash (-) ndicates ot determined. Ft efrs o sbsolute oral bioasaiabil
PO exposures. The %AUC..... was not above 20% in all preclinical species.
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Parameters Vandetanib Vandetanib +

Luteolin
AUCq0.y (ng/L*h) 31,350.29 + 2,839.70 37,051.06 + 4,082.07
AUC(o.co) (ng/L7h) [ 36,07335 £ 4,566.48 41,095.95 + 4,309.45 ‘
iz () 2655 £ 4.35 2299 £ 4.02 ‘
Tonax (h) 8.80 +3.03 7.60 + 261 ‘
CLJF (U/h/kg) 070 £ 0.09 0,61 +0.06 ‘
Cunax (ng/L) [ 859.16 + 124.58 1,140.87 + 217.62* ‘

*P < 0.05, in comparison with group vandetanib alone.
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Parameters

Vandetanib

Vandetanib +

Luteolin

AUC(. (ug/lh)

938.88 + 144.07

998.82 + 276.65

AUC( ) (/L)

1,163.14 + 157.34

1,11864 + 320.66

ty2 (h) 3404 £ 15.69 2433 563
Tonax (h) 1440 £ 537 1120 £ 179
CL/F (Lih/kg) 2183 £3.10 2383 £ 650
Cinax (1g/L) 19.56 + 3.03. 2241 +584
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Percent of dose Urine + (Cage Rinse) Feces Liver + Tumor Total

Excretion (measured radioactivity)

(56.7 + 4.8)+ (16.4 + 7.6) 1320 + 8 440+ 0.3 94.90 + 138

Excretion by component

M1 ND 13.20% ND 13.2% ‘
M1+M1037 77% 77% ‘
M1037 1 ND 4.40% | 4.4% ‘
CAI102N ND ND ND ND ‘

All data are means + standard deviations (n = 9). ND, not detected.
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Valu

Lambda_z 1h 003
tiz h 224
Tonax h 05
Conas bg equiv/ml 17985
co g equiv/ml 1985.6
Clast_0bs/Cynax 55E-05
AUC 0-t g equiv/mlh 183202
AUC 0-inf_obs g equiv/mlh 183324
AUC 0-t/0-inf_obs 099
AUMC 0-inf_obs 1g equiv/ml*i2 161062.0
MRT 0-inf_obs h 87
I Vz_obs (mg) (g equiv/ml) ] 03
Clobs (mg)/(ug equiv/ml)/h 001
Vss_obs (mg)/(pg/mL) 0.09

Mean dose administered: 197.27, SD, 13.18. N = 5 for all groups, except where noted; BQL, below the lower limit of quantitation; ND, not determined; SD, Standard Deviation. Abbreviations:
AUIC, the area under the concentiation-tine G Ca, maximum concertrations 195, diminstion hall

> bk 0 penel Co
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Tissue (ug equiv/g)

Time (h) Lung total tumor Bone Marrow Lymph Node Heart (myocardium)
05 88500 | 60805 26058 16205 185.07 96130 | 1926 | 24603
B 70141 | 5081 24414 386.80 D s 17674 | 17440
8 31666 | 87526 196.36 440.87 18654 22905 29967 | 8889
o 9267 | 79025 31336 55733 26357 8275 44121 4259
8 265 53473 39332 21696 32228 50.10 64295 | 1604
7 288 33654 32201 52257 33105 40,04 53183 | 1075
120 074 278.65 237.90 41403 109.73 17.70 2396 | 715
168 073 188.86 20472 42370 97.28 1695 i | 325
240 048 13433 18587 398.62 12064 13.67 20264 | 292
336 047 3122 145.98 24338 8872 |71 19385 | 161
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Bioengineered

miRNAs

Targets

Findings

Model systems

References

miR-1291-5p ABCCL miR-1291 reduces ABCCI transporter protein levels and improves cell PANC-1and MCF-7 | Li etal. (2015)
sensitivity to doxorubicin cells
GLUTI miR-1291 downregulates GLUT1 to suppress glucose uptake which alters | Human AsPC-1and | Tu et al. (2020)
glycolysis and improves cisplatin efficacy PANC-1 cells
miR-124-3p ABCCA ‘miR-124 reduces the ABCCA protein expression contributing to the A549 cells Ho et al. (2018)
inhibition of cancer cell proliferation and metastasis
miR-328-3p ABCG2 miR-328 downregulates ABCG2 expression and sensitizes drug-resistant cells | MCF-7/MX100 cells Li et al. (2019)
to m itoxantrone
GLUT/ ‘miR-328 decreases the protein levels of GLUT1 and LAT1 associated withiits | Human MG63 and Yi et al. (2020)
SLC241 synergistic antiproliferation activity with doxorubicin o cisplatin 143B cells
LAT1/
SLC7AS
let-7c-5p ABCC3 let-7¢ downregulates the ABCC5 protein expression and increases the Huh? cells Jilek et al. (2020)

intracellular 5-FU accumulation
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Transporters

Role in ABC transporter

expression

References

ABCBL miR-27a-3p TABCBI Human ovarian cancer cell line A2780 Zhu et al. (2008)
1ABCB1 Human leukemia cell line K562 Feng et al. (2011)
Idoxorubicin resistance
ABCBI (via frizzled class receptor 7) Human HCC cell line BEL-7402 Chen et al. (2013)
15-FU resistance
miR-34a-5p ABCBI (may relate to the p53) Human HCC cell line HepG2 Zheng et al. (2019)
Idoxorubicin resistance
miR-137-3p ABCBI by targeting YB-1 Human breast cancer cell line MCF-7 Zhu et al. (2013)
miR-145-5p 1ABCB1 Human colon carcinoma cell line Caco-2 Tkemura et al. (2013)
miR-186-5p 1ABCB1 Human ovarian cancer cell line A2780 Sun et al. (2015)
Ipadlitaxel and cisplatin resistance
miR-223-3p 1ABCB1 HCC cell lines Hep3B, HepG2, Huh7, SMMC- | Yang et al. (2013)
7721
miR-298-5p ABCBI Human breast cancer cell line MDA-MB-231 | Bao et al. (2012)
Idoxorubicin resistance
1ABCB1 Drug-resistant human brain microvascular | Xie et al. (2018)
JAEDs resistance endothelial cells (HBMEC/PHT) and
astrocytes (U87-MG/DOX)
miR-331-5p ABCBI K562 human leukemia cell line Feng et al. (2011)
Idoxorubicin resistance
miR-375-3p ABCBI (via astrocyte elevated gene-1 (AEG- | HCC cell lines Hep3B, HepG2, Huh? Yoo et al. (2010)
1) He et al. (2012)
Idoxorubicin resistance Fan et al. (2017)
miR-451-5p TABCBI Ovarian cancer cell line A2780 Zhu et al. (2008)
ABCBI Human breast cancer cell line MCF-7 Kovalchuk et al. (2008)
Idoxorubicin resistance
miR-491-3p ABCBI HCC cell lines Hep3B, SMMC-7721 Zhao et al. (2017)
Idoxorubicin resistance
ABCCL miR-133a-3p  |ABCCL HCC cell line HepG2 Ma et al. (2015)
Idoxorubicin resistance
miR-145-5p ABCCL Human breast cancer cell line MCE-7 Gao et al. (2016)
Idoxorubicin resistance
miR-199a-5p  |ABCCI Hepatocellular carcinoma Borel et al. (2012)
miR-199b-5p
miR-296-5p LABCC1 Hepatocellular carcinoma Borel et al. (2012)
miR-326-3p ABCCL HCC cell line HepG2 Ma et al. (2015)
Idoxorubicin resistance
1ABCCI Human breast cancer cell line MCF-7 Liang et al. (2010)
Letoposide (VP-16), doxorubicin resistance
miR-1291-5p  |ABCCI Human pancreatic cancer PANC-1 cells Pan et al. (2013)
|doxorubicin resistance
ABCC2 miR-297-5p 1ABCC2 Human colon carcinoma cell line HCT-8, ~ Xu et al. (2012a)
Loxaliplatin, vincristine, and doxorubicin HCT-116
resistance
miR-379-5p 1ABCC2 HCC cell line HepG2 Haenisch et al. (2011)
ABCC3 miR-181b-2-3p  |ABCC3 Human breast cancer cell line MDA-MB-231 | Zeng et al. (2020)
Idoxorubicin resistance
ABCC4 mik-124a-3p  |ABCC4 HEK293, and human kidney samples Markova and Kroetz (2014)
miR-125-5p  |ABCC4 Hepatocellular carcinoma Borel et al. (2012)
miR-125b-5p
miR-506-3p 1ABCCH HEK293, and human kidney samples Markova and Kroetz (2014)
ABCCS miR-101-3p 1ABCCS Hepatocellular carcinoma Borel et al. (2012)
miR-125a-5p
Let-7a-5p
ABCCI0 Let-7a-5p 1ABCCI10 Hepatocellular carcinoma Borel et al. (2012)
Let-7e-5p
ABCG2 miR-34a-5p ABCG2 (via Delta-Like 1 (DLL1)) Colon cancer side population (SP) cells Xie et al. (2020)
15-FU resistance
ABCG2 (via omithine decarboxylase CRC cell line HCT-8 Lietal. (2018)
antizyme 2 (OAZ2))
Loxaliplatin resistance
miR-212-3p 1ABCG2 miR-212/ABCG is associated with | Human immortalized myelogenous leukemia | Kaehler et al. (2017); Turrini
imatinib resistance cell line K-562 et al. (2012)
miR-302a/b/c/  |ABCG2 Human breast cancer cell line MCF-7 Wang et al. (2016)
d-3p |mitoxantrone resistance
miR-328-3p 1ABCG2 Human breast cancer cell line MCF-7 Pan et al. (2009)
Imitoxantrone resistance
1ABCG2 Human CRC cell lines SW1116, LoVo, Xu et al. (2012b)
Affects the side population (SP) phenotype | HCTI116, SW480
miR-519c-3p  |ABCG2 Human breast cancer MCF-7 Lietal. (2011)
|mitoxantrone resistance
miR-520h-3p  |ABCG2 Human pancreatic cancer cell line PANC-1 | Wang et al. (2010); Li et al.

Inhibits the cell migration and invasion

(2011)
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ABCC1

ABCC2

Localization

Extensively expressed in metabolic and excretory organs, including
liver, intestine, and kidney; Located in the apical membrane (Thicbaut
etal, 1987)

Ubiquitously expressed in human organs; Located in the basolateral
membrane (Evers et al., 1996; Flens et al., 1996)

Mostly expressed in liver, intestine, and kidney; located in the apical
‘membrane (Keppler and Kénig, 1997; Jedlitschky et al., 2006)

Substrates

1. Anthracyclines
Doxorubicin (Mechetner et al, 1998)

2. Taxanes
Paclitaxel (Mechetner et al., 1998), docetaxel (Shirakawa et al,, 1999)

3. Vinca alkaloids
Vinblastine (Ueda et al., 1987), vincristine (Meyers et al, 1991)

4. Cyclin-dependent kinase inhibitors
Palbociclib (De Gooijer et al., 2015), ribociclib (Sorf et al., 2018;
Martinez-Chavez et al., 2019)

5. Tyrosine kinase inhibitors
Imatinib (Heged(s et al., 2002), nilotinib (Tiwari et al,, 2009),
dasatinib (Chen et al., 2009), gefitinib (Kitazaki et al., 2005)

6. Cardiac glycoside
Digoxin (de Lannoy and Silverman, 1992)

1. HIV protease inhibitors
Saquinavir (Williams et al., 2002), ritonavir (Meaden et al, 2002),
lopinavir (Janneh et al., 2007)

2. Antimetabolites
Methotrexate (Zeng et al., 2001), edatrexate (Zeng et al., 2001)

3. Anthracyclines
Doxorubicin (Cole et al., 1992), daunorubicin (Renes et al, 1999),
epirubicin (Davey et al., 1995)

4. Topoisomerase inhibitors
Etoposide (Lorico et al, 1997), irinotecan (Chu et al., 1999)

5. Statins
Rosuvastatin (Knauer et al., 2010), atorvastatin (Knauer et al, 2010)

6. Tyrosine kinase inhibitors
Imatinib (Hegedis et al,, 2002)

1. Antibiotics
Grepafloxacin (Naruhashi et al,, 2002)

2. HIV protease inhibitors
Ritonavir (Huisman et al,, 2002), indinavir (Huisman et al,, 2002),
saquinavir (Su et al,, 2004)

3. Antimetabolites
Methotrexate (Chen et al,, 2003)

4. Alkylating antineoplastic agent
Cisplatin (Cui et al., 1999)

5. Anthracyclines
Doxorubicin (Cui et al., 1999), epirubicin (Cui et al, 1999)

6. Topoisomerase inhibitors
Etoposide (Cui et al, 1999)

ABCC3

ABCC4

ABCC5

ABCC10

ABCG2

Mainly expressed in liver and located in the basolateral membrane
(Kool et al., 1999)

Expressed in liver and kidney; Located in the basolateral membrane of
liver (Rius et al, 2003), and in the apical membrane of kidney (van
Aubel et al, 2002)

Highly expressed in brain and muscle; Located in the basolateral
‘membranes of most cells (Wijnholds et al, 2000), but in the apical
‘membrane of brain endothelial cells (Zhang et al., 2004)

Mostly expressed in liver, brain, and colon; Located in the basolateral
membrane (Hopper-Borge et ., 2004)

Highly expressed in liver, kidney, and intestine; Located in the apical
‘membrane (Rocchi et al., 2000)

1. Antimetabolites
Methotrexate (Kool et al.,, 1999)

2. Vinca alkaloids
Vincristine (Zeng et al, 1999)

3. Topoisomerase inhibitors
Teniposide (Kool et al., 1999), etoposide (Kool et al., 1999)

1. Antimetabolites
Methotrexate (van Aubel et al,, 2002), 6-mercaptopurine (Chen et al.,
2001)

2. Topoisomerase inhibitors
Topotecan (Leggas et al., 2004), irinotecan (Norris et al, 2005)

3. Antivirals
Nelfinavir (Fukuda et al., 2013), adefovir (Imaoka et al,, 2007),
tenofovir (Imaoka et al,, 2007)

4. Statins
Rosuvastatin (Knauer et al., 2010), atorvastatin (Knauer et al., 2010)

1. Nucleobase analogs
6-Mercaptopurine (Wijnholds et al., 2000), thioguanine (Wijnholds
et al, 2000)

2. Topoisomerase inhibitors
Irinotecan (Di Martino et al,, 2011)

3. Antimetabolites
5-FU (Wijnholds et al., 2000; Pratt et al,, 2005), pemetrexed (Chen
etal, 2021)

4. Statins
Rosuvastatin (Knauer et al,, 2010), atorvastatin (Knaer et al., 2010)

1. Taxanes
Docetaxel (Hopper-Borge et al., 2004), paclitaxel (Hopper-Borge etal,
2004)

2. Vinca alkaloids
Vinblastine (Hopper-Borge et al,, 2004), vincristine (Hopper-Borge
etal, 2004)

3. Tyrosine kinase inhibitors
Imatinib (Shen et al, 2009), nilotinib (Shen et al, 2009)

1. Topoisomerase inhibitors
Mitoxantrone (Rocchi et al., 2000), topotecan (Rocchi et al., 2000)

2. Tyrosine kinase inhibitors
Imatinib (Burger et al,, 2004), gefitinib (Lemos et al, 2009), nilotinib
(Heged(s et al,, 2009), dasatinib (Hegedds et al., 2009)

3. Cyclin-dependent kinase inhibitors
Palbociclib (De Gooijer et al., 2015)

4. Anthracyclines
Daunorubicin (Robey et al., 2003), doxorubicin (Robey et al., 2003)
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References formulation (R) Total on treatment®

Number of participants, n (%) 24(%) 24 (%) 24 (%)
Any AE,n (%) | 0 1(42) 1(42)
Severe AEs, n (%) 0 0 0
Serious AEs, n (%) 0 0 [ 0

AEs by system organ class, n (%)

Investigations:Ketone bodies urine positive 0 1(42) 1(42)

#1: each participant was administered T or R and cross administration after sufficient washout period (5 days) for the second period study.
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Parameters Corrected geometric mean and ratio (N*! = 24)  Intra-individual variation ~ 90% ClI
of subjects%CV

(unit)
Test References (T/R)%
formulation formulation (R)
Cinax (pg/mL) 22647 22459 10084 2269 (9024, 90.77
112.68)
AUCy.( (pgh/mL) 204458 195933 10435 14.84 (9699, 99.30
112.27)
AUC,. Brl(pg-h/mL) 2142.58 2065.73 103.72 14.83 (96.41, 99.53

111.59)
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Main factors p-Value

LN (Cmax) (pg/mL) Ln (AUCo-y) (pg-h/mL) Ln (AUCoq-o,) (pg-h/mL)
Administration sequence 0985 0.641 0.651
Administration period 0855 0489 0.598

formulation factor 0.899 0328 0.400 ‘
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Parameters (unit) Mean + SD (CV%) (N*2 = 24)

Test formulation References formulation (R)
Tinax ()™ 0.83 (0.41, 2.00) 0.66 (0.25, 3.99)
Cinax (pg/mL) 239.83 + 82.64 252,97 + 120.06
AUC,., (pgh/mL) 214659 + 65637 2107.33 £ 79521
AUCy., (pgh/mL) 225007 + 696.18 [ 222049 + 837.95
A, (1) 006 £ 0.01 006 0,01
ti2 (h) 1109 + 197 [ 1159 + 139

#1: Ty represents the median (minimum, maximum).
e N iovmmsents G amrilier o seouls o e DY ansbviis: et
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N (Nmiss)

Age (years) 24(0)
Height (cm) 24 (0)
Weight (kg) [ 24(0)

BMI(kg/m2) [ 24 (0)

BMI, body mass index; BMI , Weight/Height2; SD, standard deviation.

Mean (SD)
26.33 (5.74)
167.59 (7.61)
63.14 (8.30)

22.40 (1.66)

Median (Q1, Q3)
26,50 (21.00,31.00)
169.50 (163.50,171.50)
62.15 (58.75,68.40)

21.75 (21.35,23.95)

19.00,36.00
151.10,179.50
49.50,82.30

20.00,25.60
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Rat

Dose groups

Gl ‘ pgml?! - 0.608 + 0.164 ‘ 136 + 048 257 %113

‘ h - 283 %075 ‘ 3.00 £ 089 333£052

tin ‘ h 899 = 164 607 = 147 ‘ 438 161 506 £ 131

AUCy, ‘ pghmL" 1580 £ 678 450 = 1.08 ‘ 1131 £ 397 1815 £ 697
AUCo ‘ pghmL? 17.09 £ 7.49 478 £ 112 ‘ 1178 + 431 1906 £7.78

a ‘ mLomin"-kg" 2048 1000 63.58 £ 1374 ‘ 5485 17.77 7332 £ 3730
v, ‘7L~kg" 1560706 3367 £ 1131 w 1982 + 663 55950

Conax pgmL" - ‘ 0299 £ 0.158 102 £053 ‘ 166 £ 048
4 h ‘ - ‘ 167 £ 041 158 x04 ‘ 250 £ 055
[ h ‘ 625 + 181 \ 423 £ 158 | se6x 155 \ 856 £ 135
AUCy,, pghmL? ‘ 806 + 242 | 0.887 £ 0366 389 +233 ‘ 685 £ 268
AUCo.c0 [ ughmL? ‘ 832+258 ‘ 0904 £ 0372 e ‘ 741 + 281

cL mL-minkg" ‘ 13.05 + 405 ‘ 1266 + 487 59.35 £ 27.35 ‘ 60.68 + 21.77

Va Lkg* ‘ 674 + 163 ‘ 4112 £ 7.60 29.90 £ 17.30 ‘ 45.63 2051
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Groups Number

1| Rat venous PK 6

2 | Rat gavage PK 18

3 | Canine venous PK 6

4 | Canine gavage PK 18

5 | Rat tissue distribution | 32

6 | Rat bile excretion 8

7 | Rat urine and fecal 8
excretion

8 | Rat bile excretion by 6
radiotracer

9| Rat urine and fecal 6
excretion by radiotracer

Dose

17.5 mgrkg!

175,350,
70.0 mgkg”

5 mgkg'

5,10, 20 mgkg"

35 mgkg

35 mgkg

35 mgkg'

5.55 MBqkg'

5.55 MBqrkg"

Administration

Caudal vein injection

Gavage

Injection into the lateral saphenous
vein of the hind limbs

Gavage

Gavage

Gavage

Gavage

Gavage

Gavage

Sample collection

Collect venous blood before and after administration at 0.25,
05, 1.0, 20, 4.0, 60, 8.0, 100, 120,240 h

Collect venous blood at 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0, 12.0,
24.0 h before and after administration

Collect venous blood before and after administration at 0.17,
025,05, 1.0, 1.5, 2.0, 3.0, 40, 6.0, 8.0, 12.0, and 240 h

Collect venous blood before and after administration at 0.25,
05,10, 15, 2.0, 3.0, 4.0, 60, 8.0, 100, 12.0, and 240 h

Immediately after administration, dissect and collect tissues
such as brain, heart, lungs, liver, spleen, kidney, gastric wall, fat,
testes, ovaries, bladder, pancreas, uterus, small intestine wall,
skeletal muscle, abdominal wall smooth muscle, gastric and
intestinal contents at various time points

After the implementation of bile intubation surgery, collect bile
samples from various time periods of 0-1, 1-3, 3-6, 6-9, 9-12,
12-24, 24-36 h before and after administration, and record the
volume

Place in a metabolic cage and collect urine and fecal samples at
different time periods of 04, 4-8, 8-12, 12-24, 24-36, 36-48,
and 48-72 h before and after administration. Record the

volume of urine samples and weigh the fecal samples

Collect bile samples from different time periods of 0-1, 1-3,
3-6,6-9,9-12, 12-24, 24-36 h before and after administration,
and record the volume

Collect urine samples and fecal samples from 0 to 4, 4 t0 8,8 to
12, 12 to 24, 24 to 48, 48-72 h, 72-96 h, 96-144 h after
administration. Urine sample recording volume, fecal sample
weighing

Note: Randomly average grouping was used between each experimental group, with half male and half female in each dose group; The intravenous group ate and drank freely, while the gavage
group fasted for 12 h, drank freely, and ate 2 h after administration; The rat tissue distribution group was divided into 2, 4, 8, and 24 h groups according to time; The tracer method group

received a dosage of 5.55 MBq - kg, of [’H] PPD.
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ters (Units) Dose (mg)

Coskun et al. (2018) 25 Predicted 56546 228.1 1283 547 00440
| Observed 53200 231.0 120.0 240 00470
Fold error 1.06 0.99 107 228 094
5 Predicted 113085 494.2 128.0 400 00442
Observed 90500 397.0 123.0 241 00553
Fold error 125 124 104 1.6 0.80
8 Predicted 223391 901.4 1283 547 00358
Observed 169000 874.0 o | aso 00472
Fold error 132 1.03 116 114 076
Furihata et al. (2022) 5 Predicted* 113085 494.2 128.0 400 NA
| | Observed 104000 364.0 127.0 480 NA
Fold error 1.09 136 101 0.83 154
Urva et al. (2021) 5 Predicted 113084 494.2 128.0 40.0 00442
Observed 80500 339.0 121.0 480 00621
Fold error 1.40 1.46 1.06 0.83 071
Urva et al. (2022) 5 Predicted 113084 494.2 128.0 400 00442
[ Observed | 84300 510.0 [ 1240 [ 240 00593
Fold error 134 0.97 1.03 1.67 075
I Feng et al. (2023) 25 Predicted* 30673 7 2288 1283 547 00441
[ Observed | 35100 306.0 139.0 240 00384
Fold error 0.87 0.75 0.92 228 115

AUCy i area under the plasma concentration-time curve from time zer0 to infinity; Copyyy maximum plasma concentration; ty 2, half-life; t s, time to reach peak concentration; CL/F,
clearance over bioavailability; NA, not applicable. *AUC, is calculated between 0 and 168 h. Fold error was calculated according to Eq. 2.
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Parameters Dosing regimen AUCo_168n Gn

(Units) (ng:-h/mL) (ng/mL)
Coskun et al. (2018) 45 45 mg (4)* Predicted 988780 775 1283 420
Observed 103000 8840 1320 242
Fold 0.96 081 174
error
55-8-10 5mg (2), 8 mg (1), 10 (1) Predicted 189535 13780 1283 453
Observed 198000 15100 1260 242
Fold 0.96 091 102 1.87
error
Furihata et al. (2022) 5 5mg (8) Predicted 112988 8198 1283 412
Observed 104000 8380 1270 480
Fold 092 102 099 117
error
10 25 mg (2), 5 mg (2), 10 mg (4) Predicted 222479 16142 1283 410
Observed 192000 15200 1350 240
Fold 116 1.06 095 171
error
15 5 mg (2), 10 mg (4), 15 mg (2) Predicted 318900 23145 1283 427
Observed 285000 22700 1210 480
Fold L2 102 1.06 089
error
Feng et al. (2023) 5 25 mg (4), 5 mg (4) Predicted 108794 7895 1306 420
Observed 110000 9150 1240 240
Fold 099 086 105 175
error
10 25mg (4), 5 mg (4), 7.5 mg (4), 10mg (4)  Predicted 221867 16099 1284 418
Observed 263000 22000 1320 240
Fold 084 073 097 174
error
15 25mg (4), 5 mg (4), 7.5 mg (4), 10 mg (4),  Predicted 3362315 24397 12825 | 415
12,5 mg (4), 15 mg (4)
Observed 357000 2930 126 2
Fold 0.94 083 102 173
error

AUCs.¢ap area under the plasma concentration-time curve during one dose interval after last dose; C,n,y, maximum plasma concentration; Ty 2, half-1ife; Ty, time to reach peak
GiimaReeR: *The ke i oaoaihasss sepresiciiod B kv weeks this: doss v wid Tabil setel st caleuivied Sacsidinio:to: B, 2.
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Predicted dose

‘ Children normal 2.5-3.125 mg
{ obese 3.125-3.75 mg
‘ Early adolescents normal 3.125-3.75 mg
‘7 obese 375-5mg

[ Adolescents normal 375-5mg

| s

No dose adjustment is needed in obese adolescents.
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M), 72 h drug exposure

Cell line PMX PLX RTX

+5 UM (-LV. +5 uM 1LV +5 M 1LV
H28 280 + 48 34,333 + 8,694 11 £0.6 14,600 + 944* 136 + 16 4,260 + 291*
MSTO I 143 £ 14 I 21,000 + 2,280 2401 3,336 + 396* 80+05 1 4,583 + 281
H460 30212 52,667 + 8,730* 2801 | 1,450 + 34* 22+09 19,800 £ 2047*
H292 103 £12 17,000 £ 141% ] 37+03 19,075 + 6,892* 1408 6,325 + 662*

ICso values measured using the SRB, assay. Means + SEM are given. MSTO is MSTO-211H. Statistically significant modulation (p < 0.001) is indicated with *.
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Cell lines

5-FU +
5 uM 1LV

ICso (M), 72 h drug exposure

5-FU +

5 uM d-LV

5-FU +
10 uM dl-LV

WiDr 456 + 034 1.95 % 0.20" 421+ 057 291 + 106"
WiDr LE/LV 183 +0.18 177 £0.15 278+ 034 1.75 £ 0.08
CaCo2 3.08 027 3.04£039 3.04 £ 066 363+ 038
CaCo2 LF/LV 205 £028 178 £0.18 1.96 + 0.62 1.78 £ 039
LS174T 105 +0.82 8.11 £ 071 105 = 0.80 895 + 072*
HT29 790 £ 265 330 £0.20° 7.50 £ 050 3.80 £ 030%
SWo48. 365 + 041 263 + 040" 385 + 066 278 + 029"
SW1398 299 £047 1.28 £ 0,18 240 £ 068 144 £ 037

IC5o values measured using the SRB assay and are means  SEM for 3-7 separate experiments. Modulation SFU growth inhibition by I-LV or dI-LV was significant at the level of ***, p < 0.001;

p <001 and *, p < 0.05.
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Subject code Cmax (Hg/mL) Hg/mlh)

R T/R F F (%)
1 101 9.0 L1 2947 3219 915 3023 3294 918
2 | 12 1.8 10 296.0 3143 942 [ 3018 [ 3193 945
3 181 17 15 568.1 488.3 1164 590.9 5218 1132
4 | 124 155 08 5121 456.4 122 [ 5374 [ 468.0 1148
5 130 127 10 4719 4824 97.8 495.9 5113 97.0
6 [ 19 | 10.4 11 2956 309.9 954 | 300.7 3152 95.4
7 9.7 95 10 2852 2964 96.2 2932 299.5 97.9
8 | 123 10.4 12 2798 255.2 109.7 | 290.5 | 265.3 109.5
9 130 128 10 3182 363.2 876 3254 3758 86.6
10 92 10.0 09 2448 2345 104.4 2468 2382 103.6
12 126 17.2 07 4445 437.8 1015 4520 450.7 1003
13 75 7.7 10 1740 159.5 109.1 183.1 167.1 109.6
14 155 151 10 4549 4924 924 4744 5166 91.8
15 200 17.5 L1 5702 5516 1034 627.2 596.2 1052
16 89 9.1 10 3047 257.2 1185 3132 2596 1206
17 103 10.7 10 3085 299.0 1032 | s 304.1 1027
18 164 153 L1 4703 408.9 1150 503.3 4248 1185
19 100 9.6 10 3099 3160 98.0 3323 3262 1019
20 134 140 10 4165 3547 174 4219 3580 17.9
Mean 124 121 10 369.5 357.9 1034 3845 3709 1038
SD 32 29 02 1143 1045 96 1246 1143 100
RSD (%) | 260 242 161 309 292 93 | 324 [ 308 97






OPS/images/fphar-15-1450418/fphar-15-1450418-t001.jpg
Cell lines Source Medium erum (FBS) Remarks
WiDr Colon cancer RPMI 1640 10% FBS

WiDr LF/LV Colon cancer RPMI 1640 LF 10% dEBS 25 M 1LV
CaCo2 Colon cancer DMEM 10% FBS

CaCo2 LE/LV Colon cancer RPMI 1640 LF 10% dEBS 25 nM 1LV
CaCo2-LF/FA Colon cancer RPMI 1640 LE 10% dEBS 25 nM FA
LS174T Colon cancer DMEM 10% FBS

HT29 Colon cancer DMEM 10% FBS

SW948 Colon cancer DMEM 10% FBS

SW1398 Colon cancer DMEM 10% FBS

NCI-H28 MPM RPMI 1640 20% EBS

MSTO-211H MPM RPMI 1640 10% FBS

NCI-H292 NSCLC RPMI 1640 10% FBS

NCI-H460 NSCLC RPMI 1640 10% FBS

CCRF-CEM ALL RPMI 1640 10% FBS REC+
CEM/MTX CEM variant RPMI 1640 10% FBS REC—
CEM-7A CEM variant RPMI 1640-LF 10% dEBS (025 nM I-LV) REC+++ (30-fold)
AA8 CHO wild type RPMI 1640 10% FBS REC++/PCFT—
CHO/CS CHO ko. RPMI 1640 10% EBS REC-/PCFT—
CHO/C5-Mock CHO RPMI 1640 10% FBS REC-/PCET~
CHO/C5-hREC CHO RPMI 1640 LF 10% dFBS (1 nM I-LV) REC++/PCFT—
CHO/CS-PCET CHO RPMI 1640 10% FBS REC-/PCFT++
KB Nasopharyngeal epidermoid RPMI 1640-LF 10% EBS FRat+

L-LV, I-leucovorin; FA, folic acid; FBS, fetal bovine serum; dFBS: dialyzed fetal bovine serum; MPM, malignant pleural mesothelioma; NSCLC, non-small cell lung cancer; AL, acute

lymphoblastic leukemia; CHO, Chinese hamster ovary; CHO/CS, AA8 cells in which the natural RFC has been knocked out (k.0.), while the cells do not have natural PCFT; CHO/C5 mock, cells
transfected with an empty vector; LF, low folate; HE, high folate; RFC-, RFC-deficient; RFC+++, REC overexpression; PCFT-, PCFT-deficient; PCFT++, PCFT overexpression; FRa-, FRa
deficient; FRa++, overexpression. Additional details and sources of cell lines are described in (Jansen et al, 1990; 1997; Van Triest et al., 1999; Backus et al, 2000; Cillessen et al., 2008;

t al., 2008; 2017; Lasry et al., 2008; Lemos et al,, 2008; Lemos et al., 2009).
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Analytes lon transition Cone (V)

(m/z to m/z)

Lenvatinib 42720 - 369.87 30 23
‘ M1 (O-desmethyl lenvatinib) 41389 — 339.85 10 23
‘ Regorafenib (IS) 483.00 — 269.97 20 30
LS-hydroxy melatonin 24894 — 190.00 10 10
‘ hydroxy bupropion 25601 — 237.99 | 20 10

1'-hydroxy midazolam 34196 — 324.03 50 20
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Parameters

AUCo. (ng/mL*h)

Ivacaftor

430547 + 951.85

Ivacaftor + nisoldipine

3,606.73 £ 1,008.67

Ivacaftor + nimodipine

‘ 336175 + 88114

AUC o (rgimL7h)

477301 +1,12053

4,22029 +1,249.82

| 425804 £ 782,59

‘ 2240 £ 5.69

‘ tiz () 1268 + 090 1593 £ 356

‘ Tmax () 6.50 + 1.00 6.50 + 1.00 \ 650 + 1.00

‘ CLyr (L/h/kg) 217 £ 044 2.59 £ 1.00 \ 241 £ 046

‘ Cinax (ng/mL) 317.55 + 11454 27658 + 99.87 | 23037+ 3211

T ————
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Parameters

AUCo. (ng/mL*h)

Ivacaftor

8,408.56 + 1,515.44

Ivacaftor + nisoldipine

12,659.36 + 2,103.23*

Ivacaftor + nimodipine

‘ 12,139.40 + 1,270.98*

AUC o (rgimL7h)

9,357.24 £ 1,331.88

14,04234 £ 3,176.58*

| 1329730 £ 147472

‘ 1303 £3.25

‘ tiz () 1220 + 480 1329 £ 393
‘ Tmax () 6.50 + 1.00 4.50 + 1.00 \ 5.50 + 1.00
‘ Clyz (L//kg) 109 £0.16 074 £ 015 | 076 £ 0.09"

o (ng/mL)

675.93 £ 241.90

906.62 + 25257

| 73789 7462

<0105 coinpared with:the cortiol,gotip Data are fepscsenied as rican & SD;
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Inhibitors

I1Csp values

Nimodipine

655

9.10

457

7.15

Non-competitive inhibition and competitive inhibition
Non-competitive inhibition and competitive inhibition
Competitive inhibition

Competitive inhibition

335

3.92

326

5.87

253

9.03
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Compound Parent (m/z) Daughter (m/z) Cone (V) Collision (eV)
‘ Ivacaftor 393.08 ‘ 337.02 10 1
‘ M1 409.07 ‘ 353.02 20 10

‘ IS 307.10 ‘ 220.00 30 20
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Enzyme Km (uM) Vmax (M8 area ratio)

RLM 7625 + 4514 7.259 + 0.1879
HLMs 65.85 + 4.749 2.802 + 0.0842
rCYP3A4 10.61 + 1.667 0.421 £ 0.0169

Notes: n = 3 per group; data are expressed as mean + SD.
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Drug-smart
response
element

Ligand-mediated of
Drug-smart
Response Element

pH-Responsive Drug
Smart Response
Element

Redox-responsive
Drug Smart
Response Element

Enzyme-responsive
Drug Smart
Response Element

Magnetically
Responsive Drug
Smart Response
Element

Classification

Endogenous

Endogenous

Endogenous

Endogenous

Exogenous

Advantages

1. Highly specific targeting ability
of antibodies when used asligands

2. Small molecule compounds can
enhance the ability of drug
penetration barrier when used as
ligands

Many abnormal physiological
activities may trigger changes in
local microenvironmental pH

In pathological states, the body's
oxidising or reducing substances
are then altered accordingly,
which in turn disrupts the redox
balance homeostasis

Enzyme-responsive drug smart
response clements with mild
reaction conditions, high catalytic
efficiency and specific substrate
selectivity

Magnetic-responsive drug-smart
response elements are non-
invasive, asy to handle and well
biocompatible

Disadvantages

1. Weak penetration ability when
antibody is used as a ligand

2. Low targeting ability when small
molecule compounds are used as
ligands

Multiple pH Alterations in
Complex Diseases pH-responsive
drug smart response elements are
less selective

Redox-responsive drug smart
response clements are costly and
unstable in vivo, with the risk of
inducing immunogenic responses,
frequent drug release lags and
delayed drug action

Most of the Enzyme-responsive
drug smart responses have
stringent substrate requirements
and are difficult to design

Magnetic-responsive drug-smart
response elements require
equipment that generates the
required magnetic field

Applications

Ligand-mediated drug-
intelligent response clements
are widely used in tumour
therapy, facilitating
transdermal absorption of
drugs and targeted drug
delivery to abnormal regions

pH-responsive drug smart
response clements can be
applied to anticancer and
antibacterial drugs

Redox-responsive drug smart
response elements may be used
as oncology therapeutic agents
or as adjuvant oncology
therapeutic agents

Enzyme-responsive drug smart
response clements can be
applied to oncology drugs and
antimicrobials

Magnetically Responsive Drugs
Smart Response Elements can
be used on antimicrobial drugs
or synergistically with the
localised thermal effects
produced by magnetothermal
therapy to kill diseased cells

Yangetal. (2012),
Wang et al.
(2020), Nie et al.
(2021), Fu etal.
(2022), Katila
etal. (2022)

Stanton et al.
(2017), Yang et al.
(2018), Zhou
etal. (2020), Li
etal. (2022)

An et al. (2019),
Herold et al.
(2020), Lu et al.
(2021), Wang
etal. (2021), Li
etal. (2022)

Do et al. (2022),
Wu et al. (2023)

Stanton et al.
(2017), Song et al.
(2020), Du et al.
(2022), Lee et al.
(2023)
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Reference formulation Test formulation B Conclusion
Mean + SD 421£155 432+ 1.63 5005 Qualified
Max-Min 9.00-2.00 9.00-3.00

Median

4

4
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ical value (%)

Conclusion

Relative Bioavailability (F) of the Test Formulation 1022%
Equivalence Testing (Comparison to the Lower Bound) 11316 0,000 Qualified
Equivalence Testing (Comparison to the Upper Bound) 10.030 0.000 Qualified
[1-2a]% Confidence Interval 96.4%~108.4% Qualified
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ical value (%)

Conclusion

Relative Bioavailability (F) of the Test Formulation 103.4%
Equivalence Testing (Comparison to the Lower Bound) 11.846 0,000 Qualified
Equivalence Testing (Comparison to the Upper Bound) 8785 0.000 Qualified
[1-2a]% Confidence Interval 99.5%-~107.3% Qualified






OPS/images/fphar-15-1450418/fphar-15-1450418-t006.jpg
Cell line ugs + L
SFU (uM) SEU SEU B
WiDr 376+ 035 235 £ 020 3.00 £ 054 234 £ 025"
WiDr-LF 367+ 033 237 + 030" 277 £ 024 270 + 023"
SW1398 4145024 252 + 028" 328+ 023" 245 £ 027
LS174T 60 £ 20 48215 605 36 £37
‘ | PLX (nM) PLX PLX | PLX
‘WiDr 17.7 £ 4.7 >100*** 170 £ 1.4 >100%
RTX (nM) RTX PLX PLX
WiDr 212 >1,000% 3714 >1,000°
PMX (nM) PMX PMX PMX
WiDr 17575 51,000 | 260 + 60 >1,000°%

Values are means + SEM of three separate experiments performed in duplicate. Cells were exposed for 4 h to the drugs in a concentration range, while the leucovorin (LV) formulations were
added simultaneously. Concentrations of SFU are given in M, those for the antifolates are given in nM. The concentrations were 5 uM 1-LV, 5 M d-LV, or 10 yM dI-LV. TSIA-ICs, values (50%
inhibition) were determined from separate curves. TSIA modulation by LV variants was significant at the level of ***, p < 0.001; **, p < 0.01; *, p < 0.05.
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ical value (%)

Conclusion

Relative Bioavailability (F) of the Test Formulation 102.9%
Equivalence Testing (Comparison to the Lower Bound) 12174 0,000 Qualified
Equivalence Testing (Comparison to the Upper Bound) 9370 0.000 Qualified
[1-2a]% Confidence Interval 99.3% ~ 106.7% Qualified
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CHO variants

Drugs

MTX

MTX + I-LV

PLX

PLX +I-LV

PMX

PMX + 1-LV

RTX

RTX + 1-LV

ICso (in M) values were determined at least three times and are shown as means + SEM for each cell line and antifolate drug. I-LV was added at 5 uM concentration.

CHO/C5*

Mean
893
>100
950
483
310
596
273

6.68

*CHOJCS: RFC-deficient cell line.
"CHO/C5-MOCK: empty vector transfected cell line.
“CHOJ/C5-PCFT: PCFT-transfected cell line.

‘CHO/C5-hRFC: human RFC transfected cell line.
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‘AAS8: parental CHO cell line. For all CHO variants protection by I-LV was significant at the level <0.001.

084

34

1.96

531

15

85

02

9.7

0.020

145

0.0038

0.90

0.046

293

0.008

17

"

"

"

E3

E3

‘ 0.005 0.038
‘ 026 6.60
‘ 0.0001 0.0038
‘ 0.05 3.67
‘ 0014 0.037
‘ 64 3.50
‘ 0.001 | 0.019

‘ 23 292

"

W

W

W

W

W

W

W

‘ 0.001
031
‘ 0.0002
024
0002

064

| 0.001

‘ 051





OPS/images/fphar-15-1463575/fphar-15-1463575-t006.jpg
Source of variation SS DF Ms
Total Variation 2.156 37 0.058
Inter-formulation Variation 0.005 1 0.005 0.433 0519
Inter-period Variation 0.030 1 0.030 2.815 0.112
Inter-subject Variation 1.940 18 0.108 10.132 [ 0.000
Total Residuals 0.181 17 0.011 |
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PMX P

‘ Cell line Relative protection by 5 uM I-LV/

kHZS 193 + 36 1834 + 108 ‘ 68 + 10

‘ MSTO-211H 144£8 1,601 + 275 ‘ 592 + 27
‘ H460 162 + 41 502 + 21 ‘ 900 + 121
‘V H292 211 £43 4,778 £ 1795* ‘ 458 + 46

Values are calculated from the separate ratios of (ICs, antifolate + LV/ICs, antifolate). Means + SEM are shown. Protection by I-LV is significant for all three antifolates at the level p < 0.0015*.
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Source of variation SS DF Ms
Total Variation 3.786 -4 0.102
Inter-formulation Variation 0.010 1 0.010 2343 0.144
Inter-period Variation 0.009 1 0.009 1921 [ 0.184
Inter-subject Variation 3.691 18 0.205 46.131 [ 0.000
Total Residuals 0.076 17 0.004
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Source of variation SS DF Ms
Total Variation 3.554 37 0.096
Inter-formulation Variation 0.008 1 0.008 1.965 0.179
Inter-period Variation 0.008 1 0.008 1.930 0.183
Inter-subject Variation 3.469 18 0.193 47.279 [ 0.000
Total Residuals 0.069 17 0.004 |
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Parameters Control group Bergapten group

Ketoconazole group

20 mg/kg 50 mg/kg
AUC(.y ug/hL) 1228.50 + 341.32 3,29152 £ 545.46° 381187 £ 353.38° 8,384.65 + 2,729.10°
AUC(.c0) (ng/hL) 1236.65 + 34222 3,357.53 £ 559.47° 3,877.63 + 364.02° 8917.99 + 2,795.66°
MRT (. (h) 210 +027 255+ 0.4 262+ 016" 346 £ 0.30°
MRT .00 (h) 219 £028 280 £ 028" 284 £ 020° 427 £ 073
tizz(h) 173 £ 044 216 + 037 213 +047 299 £ 0.69°
Toan(h) [ 050 £ 027 054025 0.58 +0.20 117 £ 041¢
CLa/F (Lih/kg) 862 +236 305 + 049 260 £ 027° 122 £ 039
Conax (hg/L) 50999 + 125.41 1,10861 + 13454 137720 + 261.72* 189149 + 722.43¢

ot 5= 6 DEF grotiDe dun S EXGEesed 23 iHioan: 1 B0 < 0,08 sadcaws sipnihcant dillreines fron the-eantrol soows
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Parameters Control group Isopsoralen group

Ketoconazole group

20 mg/kg 50 mg/kg
AUC(.y ug/hL) 1228.50 + 341.32 2,346.65 + 62856 3,034.50 £ 704.47° 8,384.65 + 2,729.10°
AUC(.c0) (ng/hL) 1236.65 + 34222 236748 + 629.72° 3,08024 + 724.13° 8917.99 + 2,795.66°
MRT (. (h) 210 +027 240 £ 0.19° 251+ 034 346 £ 0.30°
MRT .00 (h) 219 £028 251 +024 269 £ 042° 427 £ 073
tizz(h) 173 £ 044 178 £ 0.32 197 £ 022 299 £ 0.69°
Toan(h) [ 050 £ 027 054025 | 033 £0.13 117 £ 041¢
CLa/F (Lih/kg) 862 +236 449 + 121 | 342+ 087° 122 £ 039
Conax (hg/L) 50999 + 125.41 88231+ 273.94° 1,24038 + 144.81° 189149 + 722.43¢

ot 5= 6 DEF grotiDe dun S EXGEesed 23 iHioan: 1 B0 < 0,08 sadcaws sipnihcant dillreines fron the-eantrol soows
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Drug nzyme ICso (M) Inhi

on type  Ki (uM)

Bergapten RLMs 2619 Competitive 04429
inhibition

HLMs 2,647 Competitive 01893
inhibition

TCYP3A4 1424 Competitive 1223
inhibition

Isopsoralen | RLMs 1927 Competitive 2186
inhibition

HLMs 1234 Competitive 1774
inhibition

1CYP3A4 1714 Competitive 15.36

inhibition
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Bergapten

Km (uM)

Vmax (M8 area ratio)

RLMs 0 65.46 8.021
05 72.26 8.054
1 88.57 8111
2 1596 8.689
4 4108 9555
HLMs [ 0 47.84 2973
05 53.15 2.960
1 76.71 3.018
2 1905 4.088
4 ~5,861 ~43.85
rCYP3A4 | 0 25.13 02966
05 57.43 04034
1 97.19 05032
2 1969 07462
4 ~3.026E+015 ~7.225E+12
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Enzym Isopsoralen Vmax (M8 area ratio)
RLMs 0 77.71 5.190
5 1145 5555
10 2590 5529
20 5375 4503
40 4096 2,664
HLMs 0 61.72 1886
5 7114 1.938
10 1344 1718
2 4315 2148
40 9304 2589
1CYP3A4 0 20.63 02455
5 38.97 03273
10 4064 02849
20 68.67 03328
40 1429 04429
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Parameter Final model Bootstrap Relative bias (%)

Estimates RSE% SHRINKSD (%) Median 2.5th—97.5th percentile

Structural model parameter

CL/F (L/h) 88.8 151 - 828 36.4~217.75 -67
TP -CL/F 0376 180 - 0373 ~0481~1.272 0.8

VIE(L) 3,940 258 - 3,770 2,538~6476 43
KA (h-1) 0357 FIXED - - — -

Between-subject variability ‘

BSV-CL (%CV) 515 273 265 49.5 11.9-75.0 -39

BSV-V (%CV) 96.5 226 232 92.5 47.0~293 41

Residual unexplained variability ‘

ERR-1 (%CV) 27.0 66 165 27.0 24.0-367 0

CL/F.apparent clearance (L/h); TP, on CL/F, influence of total protein onapparent clearance; V/F, apparentvolume of distribution(L); KA, absorption rate constant; BSV-CL, between-subject
variability of clearance; BSV-V, between-subject variability of volume of distribution; ERR-1, Residual Variation 1.
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-849.969 88 0376 3940 0515 0.965 0270
-839.288 108 | 0.128 [ 2380 [ 0457 125 [ 0276
~850.167 895 0346 3,630 0515 0.981 0267
KA =035 -850.077 889 0373 3,900 [ 0515 0.966 [ 0269
KA = 0357 ~849.969 888 0376 3,940 0515 0.965 0270
KA = 040 ~848.965 887 | 0393 4150 [ 0515 0.956 [ 0272
KA = -847.312 889 0407 4370 0515 0.948 0276
KA =050 -847.054 89.0 | 0409 4400 [ 0515 0.947 [ 0276
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Model n

Model description OFV  AOFV P&

Forward inclusion

Base model ~837.585
1 TP-CL >7849.969‘ -12.384 | P<0.05
2 L+HT-V -855.245 | -5276 | P<0.05
3 2+HT-CL -859.140 | -3895 | P<0.05
full covariate model ~859.140 |

Backward elimination

4 3-HT-CL -855.245 | 3.895 P>
0.001

5 4-HT-V/ -849.969 | 5.276 P>
0.001

6 5-TP-CL -837.585 | 12384 | P<0.001
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Number of patients 50
Number of concentrations 158
AGE (year) 605 % 119 (53 34-68)
HT (cm) | 73.4 £ 244 (158,150-166)
WT (kg) 163.7 + 230 (6.5 52.5-86)
BMI(kg/m2) 240 £ 2.6 (24.217.0-31.6)
Na (mmol/L) 227 + 141 (138.6 123.2-145.2)
K (mmol/L) 254 £ 13.2 (4.1 2.27-5.47)
ALB (g/L) 663 £ 6.1 (41.4 122-51.5)
GLB (g/L) 400 £ 38 (26.1 15.1-38.1)
TP (g/L) 266 + 5.0 (67.2 49.0-80.7)
AST (UL) 949 + 303 (19.8 118-327.1)
ALT (U/L) 59 £2.4 (167 6.6-193.6)
TBIL (pmol/L) 87 + 239 (8.0 33-77.0)
DBIL (umol/L) 2329 + 86.8 (2.2 0.1-49.9)
IBIL (umol/L) 101 £ 5.3 (5.3 0.3-27.1)
SCR (umol/L) 35+ 21 (605 30.8-419.0)
DRH (yes/no) 24 (48%)/26 (52%)
MP (yes/no) 9 (18%)/41 (82%)
LC (yes/no) I 15 (30%)/35 (70)
ER (positive/negative) 28 (56%)/18 (36%)
PR (positive/negative) 25 (50%)/21 (42%)

Data for continuous variables are presented as means * standard deviations. Data for categorical variables were expressed as quantity ratios. HT (height); W (weight); BMI (Body Mass Index);
Na (serum sodium); K (Serum kalium); ALB (albumin); GLB (globulin); TP (Total Protein); AST (Aspartate aminotransferase); ALT (Alanine Transaminase); TBIL (total bilirubin); DBIL
(Direct Bilirubin); IBIL (Indirect Bilirubin); SCR (Serum creatinine); DRH (occurrence of diarrhea); MP (combined Montmorillonite powder); LC (combined Loperamide capsules); ER
Contiviaiia Peaiptons: T, Goanipssions rstpiis;
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Stability experiment Nominal conc. (ng/mL) Measured conc. Accuracy (%) RSD (%)

Mean + SD (ng/mL]

Autosampler for 24 h 1 0.89 8877 451

2 196 98.02 298

80 76.53 95.67 1.90

800 75244 94.05 [ 481

Room temperature for 4 h 1 087 86.54 797
2 185 9225 [ 723

80 79.18 98.97 222

800 83444 10430 | 237

3 freeze-thaw cycles at ~80°C 1 1.00 10020 458
2 198 98.79 | 114

80 84,87 106.09 1.88

800 819.08 10239 [ 750

~80°C for 4 months 1 099 99.17 634

2 205 10256 | 578

80 8428 10535 466

800 84512 105.64 | 268
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QC (Nominalconc) Intra-batch (n = 5) Inter-batch (n = 15)

(ng/mL)
Measured conc RSD%  Accuracy (%) Measured conc RSD%  Accuracy (%)
Mean + SD (ng/mL) Mean + SD (ng/mL)
1 101+ 0.04 348 101.29 104 £ 0.09 881 103.79
2 2,08 + 0.08 385 103.90 2024013 623 10118
80 8636 + 168 195 107.95 7962 £ 576 7.23 9952

800 867.7 £ 27.56 318 108.46 803.06 + 74.32 925 10038
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Drug

carriers

Cell-penetrating

Advantages

Cell-penetrating peptides are highly

Disadvantages

Cell-penetrating peptides are less

Applications

Cell-penetrating peptides can be

Menegatti et al. (2016), Gan et al

Peptides permeable, low cytotoxic and non- | stable, less specific and the drug has to | used as drug carriers for skin cancer | (2018), Ruseska and Zimmer
immunoreactive cross the cytosol to act and inflammatory skin diseases and | (2020)
as cosmetic carriers
Hydrogels Hydrogels has a high drug loading | The disadvantages of hydrogels are | Hydrogels are used as carriers for | Fonder et al. (2007),
capacity for sustained drug release | related to the materials and production | glucose, adriamycin, hyaluronicacid | Narayanaswamy and Torchilin
‘methods, such as hyaluronic acid derivatives, dexamethasone and (2019), Patel et al. (2024)
‘material made of hydrogel mechanical | other drugs
strength is weak, low degradation rate;
physical cross-linking method of
hydrogel is susceptible to interference
by external factors
Microsponges | Microsponges have high drug Poor homogeneity, reproducibility, | Microsponges can be used as Grabow and Jaeger. (2012),

Polymeric films

Ionic Liquids

Deep Eutectic
Solvents

Liquid Crystals

Metal-organic

Frameworks

Bacteria

Bacterial Ghosts

Bacterial
Extracellular
Vesicles

Cells

Extracellular
Vesicles

Cell Membrane

silicon Dioxide

Calcium
Carbonate

loading capacity, high biosaety,
long residence time in the skin,
reduced number of administration
times, improved bioavailability of
bioactive ingredients and facilitated
transdermal absorption

Polymer films are small in
diameter, highly porous and
amorphous, and can act as a
physical barrier by attaching to
tissue or mucous membranes,
providing physical support for the
tissue, and delivering a quantitative,
sustained release of drug to the
tissue or mucous membrane

Tonic liquids are safe, less irritating
and promote transdermal
absorption of topical drugs

Decp eutectic solvents have low.
toxicity and modulate the solubility,
permeability and absorption of
biologically active pharmaceutical
ingredients

Liquid erystals offer improved drug
Ioading, stability and controlled
drug release as well as high
bioadhesion and biocompatibility

Metal-organic frameworks have
controlled surface chemistry, high
specific surface area, high porosity
and reversible structural flexibility,
high cellular uptake and good
biocompatibility

Bacteria have the ability to
preferentially colonise and
immunologically activate tumours

Bacterial ghosts have bioadhesive
properties and are also capable of
stimulating an innate immune
response without posing any threat
of infection

Bacterial extracellular vesicles
activate innate immunity

Cells are characterized by good
biocompatibility, biodegradability
and long half-life, which can solve
the problems of premature
clearance, toxicity and
immunogenicity of synthetic
nanocarriers

Extracellular vesicles are small,
biocompatible, biodegradable, have
a long half-life time, are very asily
absorbed into the skin, and can
solve the problems of premature
clearance, toxicity and
immunogenicity of synthetic
nanocarriers without ethical issues

Cell membranes are biocompatible,
biodegradable, have a long half-lfe,
are easy to prepare, and can solve
the problems of premature
dlearance, toxicity and
immunogenicity of synthetic
nanocarriers without ethical issues

Silicon dioxide has a high specific
surface area, good pore size
tunability, and can be loaded with
multiple active ingredients
simultaneously to prolong
administration time and reduce
concentration

Calcium carbonate can be loaded
with a variety of drugs at the same
time, and the calcium ions
produced by decomposition under
characteristically acidic conditions
can regulate a wide range of
physiological activities

and transdermal ability of the
microsponge

Adhesion of the polymer film to the
skin or mucous membranes may cause
discomfort, and the adhesive in the

polymer film may cause allergies

‘The variety of onic liquids is limited,
there are fewer biosafety studies, and
the aggregation properties of liquid
formulations need to be studied in
depth

Deep eutectic solvents are less well
studied with unclear principles and

safety

Liquid crystal production and testing
costs are high, and the crystal shape is
susceptible to environmental
influences

Many metal ions are biotoxic

Bacterial production at scale,
‘maintenance of bacterial viability
during delivery, precise control of
bacterial colonisation, dosimetry and
biosafety are still major challenges

‘The weak transdermal ability of
bacterial ghosts often needs to be used
in conjunction with microneedling and
other means

Methods for isolating and purifying
bacterial extracellular vesicles have not
been standardised and storage
conditions for bacterial extracellular
vesicles are harsh

Cells are costly and ethically
questionable to use

Extracellular vesicles are difficult to
store and difficult to produce
industrially

Cell membranes are costly to produce
and difficult to store

Silicon dioxide cytotoxicity,
genotoxicity, in vivo metabolic
pathway and other studies are less,
need to follow up in-depth research

Calcium carbonate is less researched,
and there s a lack of clarity on a variety
of issues such as the stability of the
product being made and storage
conditions

carriers for topical sunscreens, RNA
drugs, dermatological drugs, gene
therapy, bone repair, and
bioimaging

Polymeric films can be used as an
alternative to occlusive ointments
and gauze as carriers for topical
‘medications such as propranolol
and betamethasone

Tonic liquids can be used as skin
penetration enhancers, drug
carriers, as dermatomimetic smart
fonic gels with good antimicrobial
effects, and have the potential to be
used as RNA stabilisers

Deep eutectic solvents can be used as
stabilisers for protein components
and to modify the properties of
some carriers

Liquid crystals can be made into
breathable, shrinkable haemostatic
patches

Metal-organic frameworks can be
used as carriers for photodynamic
therapy photosensitisers, anticancer
drugs, antimicrobials, gaseous drugs
and deep tissue imaging

Bacteria can be used as carriers for
tumour-targeting drugs, RNA
vaccines, drugs to treat skin-based
diseases

Bacterial ghosts have important
applications in adjuvants, vaccines
and targeted drug carriers

Bacterial extracellular vesicles can
directly treat dermatological
diseases as well as serve as carriers
for the delivery of RNA drugs,
oncology drugs, macromolecular
drugs,and drugs for the treatment of
bacterial infections

Cells are used directly as drugs to
treat diseases and also as carriers for

nanomedicines, targeted drugs for
brain tumours, bone marrow-

targeted drugs

Extracellular vesicles can be used to
directly treat a variety of discases
also as drug carriers for the delivery
of RNA drugs, hyaluronic acid

Cell membranes can be used as
carriers for gene therapy, other
nanomedicines and targeted drugs

Silicon dioxide can be used as
vectors for RNA drugs

Calcium carbonate is used as a drug
to activate channels associated with
calcium ions and can be used as
carriers for pH responsive
components, a variety of drugs and
photosensitizers

Shopsowitz et al. (2014), Junqueira
and Bruschi, (2018), Choi et al.
(2019), Bhuptani and Patravale,
(2019), Mahant et al. (2020);
Zhang et al. (2021)

Frederiksen et al. (2015), Hissae
Yassue-Cordeiro et al. (2019),
Padula et al. (2019), Thakkar et al.
(2019), Liu et al. (2022), Riccio
et al. (2022)

Mazid et al. (2014), Zakrewsky

et al. (2014), Monti et al. (2017),

Qian et al. (2017), Li et al. (2020),
Correia et al. (2021), Zhang et al.
(2023)

Xin et al. (2017), Trombino et al.
(2022), Ge et al. (2023)

Wu et al. (2021), Chavda et al.
(2023)

Sun et al. (2020), Zhang et al.
(2020), Luo et al. (2021), Cheng.
et al. (2022), Huang et al. (2022),
Liu et al. (2022), Pan et al. (2022)

Gurbatri et al. (2020), Li et al.
(2021), Pei et al. (2022), Liu et al.
(2023), Lloren et al. (2023)

Kudela et al. (2010), Hjelm et al.
(2015), Michalek et al. (2017), Li
et al. (2021), Shen et al. (2022)

Gurung et al. (2011), Jun et al.
(2017), Huang etal. (2020), Liet al.
(2022), Liu et al. (2023), Liu et al.
(2023)

Choi et al. (2021), Li et al. (2022),
Chang et al. (2023)

Ma et al. (2021), Bui et al. (2022),
Oh et al. (2022), Ma et al. (2023),
You et al. (2023)

Gao et al. (2020), Cao et al. (2022),
Chen et al. (2022)

Shen et al. (2014),
Mora-Raimundo et al. (2021),
Zhou et al. (2022)

Zhu etal. (2020), Shen et al. (2022),
Xu et al. (2022)
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Parameter mates RSE (%) SHRINKSD (%)

Structural model parameter

CLIF (L/h) 127 141 -
VIE(L) 3,900 261 -
KA (h-1) 0357 FIXED -

Between-subject variability

BSV-CL (%CV) 503 289 273

BSV-V (%CV) 95.1 236 232

Residual unexplained variability

ERR-1 (%CV) 286 59 159

CL/Eapparent clearance (L/h); TP, on CL/F, influence of total protein onapparent clearance; V/F, apparentvolume of distribution(L); KA, absorption rate constant; BSV-CL between-subject
variability of clearance; BSV-V, between-subject variability of volume of distribution; ERR-1, Residual Variation 1.
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Target site Disease

Skin Skin Photoaging, Wrinkles, Skin pores are enlarged openings, Pigmentation diseases, Melasma, Congenital giant nevi, Pathogenesis of Port-
Wine Stains, Hand Eczema, Atopic Dermatitis, psoriasis, Ichthyosis, Inflammation of actinic keratoses, Seborrheic keratoses, Localized
scleroderma, Dermatitis linearis, Phytophotodermatitis, Contact Hypersensitivity Reactions, Acute generalized exanthematous pustulosis,
Seborrheic dermatitis, Radiodermatitis, Hidradenitis Suppurativa, Cutanous leishmaniasis, Pittosporum folliculitis, Acne Vulgaris,
Rosacea, Cutancous warts, Molluscum contagiosum, Human monkeypox virus, Dermatophytomas, Nonmelanoma skin cancers,
Melanoma, Vitiligo, Bullous pemphigoid, Uberous Sclerosis Complex, Hyperhidrosis, Lupus erythematosus, Female exual function, Severe
phimosis, Cold injuries, Burns, Scarring, Triae cutis distensae, Calcinosis cutis, Buruli ulcer, Peyronie's disease, Vulvar Paget’s disease,
Clitoral Keratin Pearls, Bowen’s disease, Pyoderma gangrenosum, Hypergranulation, Androgenic Alopecia

Subcutaneous tissue Anaesthesia, Wound Healing, Pain, Chronic pruritus, Painful diabetic peripheral neuropathy, Treatment of chemotherapy-induced
peripheral neuropathy, Acute soft tissues injuries, Psoriatic arthritis of the temporomandibular joint, Rheumatoid arthritis, Erectile
dysfunction, Postoperative seroma, Surgical site infections, Diabetic foot infections, Diabetic foot ulcers, Hronic venous ulcerations,
Idiopathic granulomatous mastitis, Varicose Ulcers, Erosive pustular dermatosis, Early breast cancer, Mycosis Fungoides-Type Cutaneous
T-Cell Lymphoma, Facial angiofibromas, Muscle function, Microcystic lymphatic malformation, Minimal Bruising, Osteoarthritis,
Recurrent lymphangiopathy of the external urethra, Blood loss in patients undergoing prosthetic knee surgery, Gorlin-Goltz syndrome

Other tissues and organs Slimming, Chronic Constipation, Cognitive impairment, Insomnia symptoms, Depression, Osteoporotic, Sjogren’s Syndrome, Graft-
versus-host disease, Diabetes
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get cells

Keratinocytes

Melanocytes

Sebaceous cells

Fibroblasts

Merkel’s cell

Neutrophils

Monocyte

Congenital
lymphocytes

Mast cell

Dendritic cells

Innate lymphoid
cells

Macrophage

T cells

B cells

Brief introduction

Keratinocytes are the main cell types in
the living cortex, the vast majority of the
living cortex undergoes complete renewal
approximately every 28 days, but only
15 percent of cells are continuously
involved in this process

Melanocyte originate from pigment
particles (particles containing melanin
produced by the Neural crest are called
melanosomes), which have an important
function of protecting the skin from
ultraviolet radiation and giving color to
the skin, hair and eyes

Sebocytes are located in a unique “small
resistance site” within the dermis and
play an important role in preserving and
balancing the symbiotic environment of
lipids, cytokines, and resident bacteria of
the sebaceous unit of hair follicles

Fibroblasts are synthetic and remodeling
extracellular matrices in embryonic and
adult organs and are the main cellular
responsible for tissue and organ types of
fibrosis, skin scarring, atherosclerosis,
systemic sclerosis, and the formation of
atherosclerotic plaques following
vascular damage. In the dermis,
fibroblasts are its main cell type.
According to their spatial location, they
can be divided into many subtypes. For
example, fibroblast-like fibroblasts in the
dermis layer adjacent to the basement
membrane and epidermis, reticular
fibroblasts located in the lower reticular
dermis. Different subtypes also have
different functions. Fibroblasts have a
tendency to fibrosis and can regulate the
growth and differentiation of epidermal
keratinocytes. Reticulofibroblasts secrete
most of the fine extracellular matrix in
the dermis, responsible for the first wave
of dermal repair after full-thickness
wounds. Dermal fibroblasts, located in
the dermis and connective tissue sheaths,
have the ability to regulate the signaling
required for hair follicle morphogenesis
and hair growth coordination

Merkle cells are closely related to nerve
endings and function as sensory
receptors in the nervous system

Neutrophils are the most abundant
immune cells in humans and are key
players in the acute immune response
with a short halfife. Normally,
neutrophils are relcased from the bone
marrow into the bloodstream and
circulate in the body for less than a day. It
plays a central role in the body’s defense
against the onset and continuation of
external microbial and systemic
autoimmune diseases, such as
dysregulation of neutrophil activation
that can lead to tissue damage during
various discases

Monocytes originate from progenitor
cells in the bone marrow and are
transported through the bloodstream to
peripheral tissues. Regulated by local
growth factors, pro-inflammatory
cytokines, and microbial products, they
differentiate into macrophages or
dendritic cell populations. Monocytes
contribute greatly to the effective control
and elimination of viral, bacterial, fungal
and protozoan infections, but also
promote the development of
inflammatory and degenerative diseases

Innate lymphoid cells are a
heterogencous group of immune cells
characterized by lymphoid morphology
and cytokine profiles, similar to T cells
but not expressing antigen receptors,
which play an important role in innate
immunity. Innate lymphoid cells are a
heterogencous group of immune cells
characterized by lymphoid morphology
and cytokine profiles, similar to T cells,
but do not express antigen receptors, and
play an important role in innate
immunity. According to cytokines,
transcription factors and functions, it is
divided into three groups, the first group
is composed of ILC1 and natural killer;
‘The second group consisted of ILC2; The
third group consists of ILC3 and Long-
Term immunosuppression

Mast cells are innate immune cells that
end-differentiate and reside within
vascular tissue and often play akey rolein
the initiation and continuation of allergic
inflammation, often through IgE-
mediated mechanisms. As sentinels of
local tissues, mast cells play a vital role in
the host’s defense against certain
parasites, bacteria, and toxins. Enclosed
inside mast cells isa dense set of secretory
granules containing soluble mediators,
including vasoactive amines and
proteases. And, activated mast cells
exhibit a remarkable ability to synthesize
and release multiple chemokines,
cytokines, lipid-derived medators, and
antimicrobial peptides

Dendritic cells, a class of bone marrow-
derived cells found in blood, epithelial,
and lymphoid tissue, are key players in
mediating immune responses and
inducing immune tolerance. Dendritic
cells have molecular sensors and antigen
processing mechanisms that can
recognize pathogens, integrate chemical
information, and guide immune
responses, including multiple subtypes
such as plasma celloid dendritic cells,
CD14 dendritic cells+, Langerhans cells,
and inflammatory dendritic cells [76]
Among them, Langerhans cells are the
epitome of dendritic cells of migrating
tissues, which not only participate in
antigen presentation, but also play an
important role in controlling the
proliferation of keratinocytes, and are
essential for the epidermal immune
barrier

Intrinsic lymphoid cells are a population
of immune cells that do not express
rearranged antigen receptors and are
mainly enriched on the barrier surface,
mainly by producing cytokines to
coordinate immune response, promote
barrier integrity and maintain tissue
homeostasis. According to the expression
of lineage-specific transcription factors,
native lymphoid cells can be divided into
ILC1, ILC2 and ILC3, and natural killer
cells belong to ILC1

Macrophages are highly plastic cells with
a variety of functions, including tissue
development and homeostasis, removal
of cellular debris, elimination of
pathogens, and regulation of
inflammatory responses. Macrophage
activation states are generally simplified
into two categories: M1 classically
activated macrophages and

M2 replacement activated macrophages

T cells are key players in maintaining
immune homeostasis. After exposure to
the pathogen, T lymphocytes migrate to
the barrier site, providing local immunity
and long-term protection to the body.
After the pathogen disappears, the
‘human barrier tissue still contains tissue
resident Memory T cell, which show
different tissue site specificity of
residence, homing and function from
circulating Memory T cell

B cells have the unique ability to produce
antibodies against multiple targets,
providing protection against infection
while also contributing to pathogenesis in
an immunodysregulated environment. In
addition to this, subsets of B cell
functional specialization also promote
immune responses through antigen
presentation and cytokine production

Disease

Psoriasis.

Atopic dermatitis

Ichthyosis

Chloasma

Alopecia areata

Melanoma

Chloasma

Keloids

Chloasma

Systemic sclerosis

Inflammatory skin
diseases

Psoriasis

Acne

Melanoma

Vitiligo

alloknesis.

Atopic dermatitis

Allergic
inflammation

Hidradenitis
suppurativa

‘Wound

Bacterial infections

Monkeypox

Psoriasis.

Chloasma

Atopic dermatitis

Inflammation

Allergic
inflammation

Cutaneous lupus

Systemic sclerosis

Inflammatory skin
diseases

Psoriasis.

Monkeypox

leprosy

Inflammatory skin
disease

Acne

Monkeypox

Atopic dermatitis

Senescence

Systemic sclerosis

Rheumatoid arthritis

Tumor

Melanoma

Hair loss

Vitiligo

Monkeypox

Hidradenitis
suppurativa

Monkeypox

Function

1. Excessive proliferation and abnormal
differentiation cause infiltration of a

variety of inflammatory cells

2. Releases its own nucleotides and
antimicrobial peptides, activating
plasmacyte-like dendriic cells

3. Together with fibroblasts and
endothelial cells, tissue remodeling occurs
through the activation and proliferation of
endothelial cells and the deposition of
extracellular matrix

Cytokines such as TSLP, interleukin-25,
and interleukin-33 are released, and
dendritic cells, mast cells, basophils, and
T cells are activated to produce or
aggravate inflammatory dermal infiltration
and itching

Loss of filagin gene function leads to
cytoskeletal disorders, altered lamellar
cargo loading, and impaired lamellar
maturation, resulting in dryness,
hyperkeratosis, excessive desquamation,
keratosis pilaris, and palmar and plantar
hyperlinearity

Overexpression of paracrine melanin-
producing factor

Under external stimuli, apoptotic
melanocytes debris induce an immune
response and cause alopecia areata

1. Melanoma cells amplify CD4 Treg
mainly through major histocompatibility
complex-1I, thereby promoting immune
crosion and accelerating immune progress.
2. Sirtuin? of Melanoma cells is activated
by unsaturated polyester resins, which
promotes call survival and immune escape
and accelerates the progress of Melanoma

Cytokines (pro-melanogenic factorsa-
melanocyte-stimulating hormone, Human
Endothelin-1; the stromal sustaining
factors Stemeellfactor and Basic Fibroblast
Growth Factor) and release of lipid
molecules, Promotes melanin production
and intensifies pro-inflammatory
cytokines-mediated inflammatory
responses

Caused by fibroblast hyperplasia and
abnormal accumulation of extracellular

matrix such as collagen

Overexpression of paracrine melanin-
producing factor in fibroblasts, especially
aged fibroblasts

1. Quiescent fibroblasts are converted into
myofibroblasts, which promotes the
expression of a-smooth muscle actin, the
secretion of matrix proteins, and the
increase of stress fibers

2. The decrease in the number and
dysfunction of fibroblasts associated with
Scleroderma cause fibrosis, vascular
pathology, inflammationetc.

Reduced expression of atent transforming
growth factor beta binding protein 4,
IGFBPS5, and TCF4 in fibroblasts in
inflammatory skin discases

C-C chemokine ligand 19, TNF
superfamily member 13b and Chemokine
Ligand 12 expression were elevated

Fibroblasts can undergo local proliferation
and differentiation into a pre-adipocyte’s
lineage, secreting the antimicrobial peptide
cathelicidin, which inhibits bacterial
growth. At the sametime, the large amount
of il produced during this reaction can
promote the growth of bacteria

Lipids secreted by aging skin fibroblasts
enhance melanoma resistance to targeted
drugs

Dermal fibroblasts recruit more CD8*
T cells in response to interferon y secreted
by cytotoxic CD8' T cells and secrete the
chemokines Chemokine ligand 9 and
Recombinant Human C-X-C Motif

Chemokine 10, further expanding the
progression of vitiligo

The epidermal Piezo2 channel-Merkle cell
signaling regulates the transition from
touch to pruritus and participates in the
exodus neuromechanoreceptors that
stimulate the process of conduction from
the skin to the spinal cord

1. Basophils accumulate at the site of the
lesion

2. Basophil secretionIL33, IL4, TSLP,
IL31 and other cytokines cause itching

Basophils cause dysregulated Th2 immune
response

1. Neutrophil infiltration, enhancing
spontancous extracellular traps

2. Promote B cell activation and
autoantibody secretion, causing immune
dysregulation and leading to inflammation

Monocytes act as rheostats during wound
repair by regulating leptin levels and
vascular reconstruction

Monocytes are transformed into
macrophages, which regulate the
expansion of subcutancous adipocytes and
the production of the adipokine hormone
leptin for several weeks after infection

Infection of Monocyte will accelerate the
systemic infection of Monkeypox virus

ILC3 specifically produces the associated
cytokines IL-17: and IL-22 in response to
IL-23 signaling, leading to skin
inflammation

Mast cells increase significantly
1. Aggregation at the site of the lesion

2. Secretion of IL33, 1L4, TSLP, 1131 and
other cytokines causes itching

Mast cell-derived TNF activates
endothelial cells within blood vessels.
Neutrophils circulating in the blood are
directly activated in order to migrate to
inflamed tissues

Causes dysregulation of the Th2 immune
response

1. Secretion of pro-inflammatory
cytokines, chemokines, and co-stimulatory
molecules continuously activates innate
and adaptive immune responses

1.Plasmacytic-like dendritic cells produce
interferon to promote the occurrence of
disease

2. Upregulate the interaction of CCLS-
CCR3, TNFSF9-TNFRSF9, XCL2-XCR1
and other receptors/ligands

1. Recombinant Interleukin 1 Receptor
Type I, Recombinant Interleukin

1 Receptor Type Il and C-C chemokine
receptor type 7, as well as Fc receptor
expression

2. Recruitment and polarization of T cells

LC2 is elevated in skin lesions of psoriasis,
expressing immunomodulatory markers

Dendritic cell macrophage infection will
accelerate the systemic infection of
Monkeypox virus

Increased expression of IDO1, STATI,
HCAR3, and MHC class I molecules

Expression of CD163, STAB1 and CEPP
increased

Increased macrophage triggering receptor
expressed on myeloid cells 2 subscts
adjacent to hair follicles and sebaceous
glands

Infection with macrophages accelerates
systemic infection with monkeypox virus

1. Regulatory T cell dysfunction imbalance,
antigen processing and presentation,
apoptosis and other immune responses
and the number of various types of T cells
increased significantly at the lesion site

2. Th2 cells secrete 1L33, IL4, TSLP,
1L31 and other cytokines to cause itching

Cytotoxic CD4" T cells can help fight aging
by clearing senescent cells

1. Increased subsets of profibrotic T cells

2. Th17 and Th22 cell drives involve

inflammatory responses in fibroblasts and
endothelial cells

3.CD4" T cells decreased methylation of
CD40L and CD11a, and

CD70 demethylation and corresponding
expression were enhanced, which
promoted the occurrence of inflammatory
response and induced T cells to migrate to
fibrosis

When chronic inflammation occurs,
abnormal CpG methylation occurs in the
cis-regulatory region of the gene, resulting
in the loss of regulatory T cell function,
further causing abnormal regulation of
effector T cells, aggravating the disease

CD4 T cells can promote or suppress the
antitumor response by recognizing
antigens presented by human leukocyte
antigen class 11 molecules

CD8-CCR7 and CD8-NR4AI are involved
in the positive regulation of lymphocyte

activation, cell response to heat, and cell

response to tumor necrosis factor

Regulatory T cells can sense changes in
glucocorticoid levels at the hair loss site,
release TGF-p3, activate the proliferation
of hair follicle stem cells, and the hair
follicle enters the growth phase from the
telogen phase

Autoimmune CD8" T cells attack
epidermal melanocytes, causing
depigmentated patches of skin

1T follicular helper cells enhance the
recall and differentiation of memory B cells
into antibody-secreting cells

2. Cytolytic T cells help kill infected
macrophages to prevent the spread of the
virus

3..CD8 T cells have been shown to
eradicate virus-infected monocytes

B cell dysregulation, such as elevated
plasma cells and immunoglobulin G,
promotes immune dysregulation and leads
to inflammation

1. B cell infection will accelerate the
systemic infection of Monkeypox virus

2. Vaccinia immunoglobulin secreted by
B cells can significantly inhibit further
infection with monkeypox virus
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Biotransformation RT/ [M + HI*/(m/2) Error/ Characteristic fragment
min ppm

Calculated  Measured

P Parent drug 638 337.20744 337.22668 ~225 | 188.14299, 105.06971, 21613785, 132.08051,
13409613, 146.09613
M1 N-Dealkylation 570 233.16484 23316451 ~141 | 8408068, 150.09119, 177.13835
M2 N-Dealkylation with hydroxylation reaction 513 249.15975 24915916 ~237 | 8408061, 166.08578, 177.13788, 94.06496,
73.02837
M3-a Hydroxylation 557 35322235 35322174 ~173 | 20413811, 12106465, 84.08067, 162.09114
M3-b 597 35322131 ~294 | 188.14288, 105.06965, 134.09612, 146.09596
M3-c 608 35322156 -224 | 12106454, 204.13794, 84.08063, 216.13773
M3-d 620 35322137 -277 | 20413783, 186.12727, 13208047, 335.21075,
17412726
M4 Dihydroxylation 560 36921727 36921698 ~0785 | 12106461, 204.13803, 84.08065, 232.13333
Ms Dihydroxylation with methylation reaction 610 38323292 38323230 ~162 | 15107515, 234.14851, 119.04902, 84.08069,
19210179
Mé-a N-Dealkylation with hydroxylation and 500 42519184 42519061 -289 | 249.15919, 8408060, 166.08572, 177.13782
glucuronidation reaction
M6-b 598 425.19086 ~230 | 8206499, 249.15921, 233.16437, 150.09111,
10007552
M7 Hydroxylation with sulfation reaction 613 43317917 43317767 ~346 | 35322153, 204.13794, 12106456, 28409439,
8408062
M8 Dihydroxylation with sulfation reaction 615 449.17408 144917343 ~145 | 36921661, 220.13290, 137.05951, 84.08064,
17808575
M9-a Hydroxylation with glucuronidation reaction 578 52925444 52925348 ~181 | 12106457, 35322150, 204.13792, 84.08061,
380.16934
M9-b 600 52925348 ~181 | 35322153, 20413788, 18612737, 33521094,
13409613
Mi0-a | Dihydroxylation with glucuronidation reaction | 535 54524936 545.24847 ~163 | 12106458, 204.13795, 369.21655, 380.16949,
8408070
Mi0-b 550 545.24884 ~0954 | 204.13808, 369.21667, 121.06464, 186.12741,
35120627
Mil Dihydroxylation with methylation and 581 559263501 55926422 ~141 | 15107515, 383.23221, 234.14845, 192.10159,
glucuronidation reaction 8408065
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Metabolite iver (rank) Brain (r: Metabolite ver (r Brain (rank)

Fentanyl 214E9 3.33E9 Mé-a 23286 (15) nd
M1 2.08E8 (3) 3.21E8 (1) Mé6-b 231E7 (7) nd
M2 L16E7 (1) 7.07E6 (6) M7 1.82E7 (8) nd
M3-a 15767 (9) nd M8 3.13E6 (14) nd

M3-b 9.28E7 (4) 1.35E8 (2) M9-a 291E8 (1) 1.70E7 (5)
M3-c 2.19E8 (2) 4.05E7 (3) M9-b 175E5 (16) nd
M3-d 2.78E7 (6) 2.11E7 (4) Mio-a 151E7 (10) nd
M4 nd 3.74E6 (7) Mi10-b 8.39E6 (12) nd
M5 4796 (13) 3.26E6 (8) M1 621E7 (5) nd

o gone ares Pabinge 48 imobolites civon it brschei o2 ook dekciid.






