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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: Figure 1]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: image]
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).
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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: image]
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: Figure 2]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: Table 1]TABLE 2 | Parameters used in tirzepatide PBPK model development.
[image: Table 2]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: Figure 3]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 3]TABLE 4 | Comparison of PBPK model simulated and observed PK parameters following multiple-dose SC administration in adults.
[image: Table 4]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: Figure 4]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: Figure 5]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: Figure 6]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 5]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.
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.
AUTHOR CONTRIBUTIONS
RG: Conceptualization, Formal Analysis, Methodology, Visualization, Writing–original draft. XL: Supervision, Writing–review and editing, Conceptualization. GM: Supervision, Writing–review and editing, Conceptualization.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (Grant Numbers 82374133, 82074109, 81873078, and 81374051).
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.2023.1326373/full#supplementary-material
ABBREVIATIONS
AFE, average fold error; AUC, area under the curve; BMI, body mass index; Cmax, maximum concentration; CL/F, clearance over bioavailability; ESM, electronic supplementary material; F, bioavailability; FDA, Food and Drug Administration; fu, fraction unbound in plasma; GFR, glomerular filtration rate; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; Ka, absorption rate; log P, logarithm of octanol/water partition coefficient; PBPK, physiologically based pharmacokinetic; PK, pharmacokinetic; SC, subcutaneous; T1/2, half-life; Tmax, the time to reach peak concentration; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.
REFERENCES
 Barrett, J. S., Della Casa Alberighi, O., Läer, S., and Meibohm, B. (2012). Physiologically based pharmacokinetic (PBPK) modeling in children. Clin. Pharmacol. Ther. 92 (1), 40–49. doi:10.1038/clpt.2012.64
 Bastin, M., and Andreelli, F. (2019). Dual GIP-GLP1-receptor agonists in the treatment of type 2 diabetes: a short review on emerging data and therapeutic potential. Diabetes Metab. Syndr. Obes. 12, 1973–1985. doi:10.2147/dmso.S191438
 Berton, M., Bettonte, S., Stader, F., Battegay, M., and Marzolini, C. (2023). Physiologically based pharmacokinetic modelling to identify physiological and drug parameters driving pharmacokinetics in obese individuals. Clin. Pharmacokinet. 62 (2), 277–295. doi:10.1007/s40262-022-01194-3
 Brater, D. C. (2002). Measurement of renal function during drug development. Br. J. Clin. Pharmacol. 54 (1), 87–95. doi:10.1046/j.1365-2125.2002.01625.x
 Chan, C. C., Ng, E. H., Chan, M. M., Tang, O. S., Lau, E. Y., Yeung, W. S., et al. (2003). Bioavailability of hCG after intramuscular or subcutaneous injection in obese and non-obese women. Hum. Reprod. 18 (11), 2294–2297. doi:10.1093/humrep/deg446
 Chang, H. P., Kim, S. J., Wu, D., Shah, K., and Shah, D. K. (2021). Age-related changes in pediatric physiology: quantitative analysis of organ weights and blood flows: age-related changes in pediatric physiology. Aaps J. 23 (3), 50. doi:10.1208/s12248-021-00581-1
 Coskun, T., Sloop, K. W., Loghin, C., Alsina-Fernandez, J., Urva, S., Bokvist, K. B., et al. (2018). LY3298176, a novel dual GIP and GLP-1 receptor agonist for the treatment of type 2 diabetes mellitus: from discovery to clinical proof of concept. Mol. Metab. 18, 3–14. doi:10.1016/j.molmet.2018.09.009
 Dabelea, D., Sauder, K. A., Jensen, E. T., Mottl, A. K., Huang, A., Pihoker, C., et al. (2021). Twenty years of pediatric diabetes surveillance: what do we know and why it matters. Ann. N. Y. Acad. Sci. 1495 (1), 99–120. doi:10.1111/nyas.14573
 Dubbelboer, I. R., and Sjögren, E. (2022). Physiological based pharmacokinetic and biopharmaceutics modelling of subcutaneously administered compounds - an overview of in silico models. Int. J. Pharm. 621, 121808. doi:10.1016/j.ijpharm.2022.121808
 Edginton, A. N., Schmitt, W., Voith, B., and Willmann, S. (2006a). A mechanistic approach for the scaling of clearance in children. Clin. Pharmacokinet. 45 (7), 683–704. doi:10.2165/00003088-200645070-00004
 Edginton, A. N., Schmitt, W., and Willmann, S. (2006b). Development and evaluation of a generic physiologically based pharmacokinetic model for children. Clin. Pharmacokinets 45 (10), 1013–1034. doi:10.2165/00003088-200645100-00005
 ElSayed, N. A., Aleppo, G., Aroda, V. R., Bannuru, R. R., Brown, F. M., Bruemmer, D., et al. (2023). 14. Children and adolescents: standards of care in diabetes-2023. Diabetes Care 46 (1), S230–s253. doi:10.2337/dc23-S014
 FDA (2021). CENTER FOR DRUG EVALUATION AND RESEARCH. Available at: https://www.accessdata.fda.gov/drugsatfda_docs/nda/2022/215866Orig1s000ClinPharmR.pdf.
 Feng, P., Sheng, X., Ji, Y., Urva, S., Wang, F., Miller, S., et al. (2023). A phase 1 multiple dose study of tirzepatide in Chinese patients with type 2 diabetes. Adv. Ther. 40 (8), 3434–3445. doi:10.1007/s12325-023-02536-8
 Ford, J. L., Gerhart, J. G., Edginton, A. N., Yanovski, J. A., Hon, Y. Y., and Gonzalez, D. (2022). Physiologically based pharmacokinetic modeling of metformin in children and adolescents with obesity. J. Clin. Pharmacol. 62 (8), 960–969. doi:10.1002/jcph.2034
 Freriksen, J. J. M., van der Heijden, J. E. M., de Hoop-Sommen, M. A., Greupink, R., and de Wildt, S. N. (2023). Physiologically based pharmacokinetic (PBPK) model-informed dosing guidelines for pediatric clinical care: a pragmatic approach for a special population. Paediatr. Drugs 25 (1), 5–11. doi:10.1007/s40272-022-00535-w
 Furihata, K., Mimura, H., Urva, S., Oura, T., Ohwaki, K., and Imaoka, T. (2022). A phase 1 multiple-ascending dose study of tirzepatide in Japanese participants with type 2 diabetes. Diabetes Obes. Metab. 24 (2), 239–246. doi:10.1111/dom.14572
 Gagnon-Auger, M., du Souich, P., Baillargeon, J. P., Martin, E., Brassard, P., Ménard, J., et al. (2010). Dose-dependent delay of the hypoglycemic effect of short-acting insulin analogs in obese subjects with type 2 diabetes: a pharmacokinetic and pharmacodynamic study. Diabetes Care 33 (12), 2502–2507. doi:10.2337/dc10-1126
 Gasbjerg, L. S., Rosenkilde, M. M., Meier, J. J., Holst, J. J., and Knop, F. K. (2023). The importance of glucose-dependent insulinotropic polypeptide receptor activation for the effects of tirzepatide. Diabetes Obes. Metab. 25 (11), 3079–3092. doi:10.1111/dom.15216
 Gerhart, J. G., Balevic, S., Sinha, J., Perrin, E. M., Wang, J., Edginton, A. N., et al. (2022a). Characterizing pharmacokinetics in children with obesity-physiological, drug, patient, and methodological considerations. Front. Pharmacol. 13, 818726. doi:10.3389/fphar.2022.818726
 Gerhart, J. G., Carreño, F. O., Edginton, A. N., Sinha, J., Perrin, E. M., Kumar, K. R., et al. (2022b). Development and evaluation of a virtual population of children with obesity for physiologically based pharmacokinetic modeling. Clin. Pharmacokinet. 61 (2), 307–320. doi:10.1007/s40262-021-01072-4
 Guan, R., Yang, Q., Yang, X., Du, W., Li, X., and Ma, G. (2022). Efficacy and safety of tirzepatide in patients with type 2 diabetes mellitus: a bayesian network meta-analysis. Front. Pharmacol. 13, 998816. doi:10.3389/fphar.2022.998816
 Gulati, A. K., Kaplan, D. W., and Daniels, S. R. (2012). Clinical tracking of severely obese children: a new growth chart. Pediatrics 130 (6), 1136–1140. doi:10.1542/peds.2012-0596
 Hammoud, R., and Drucker, D. J. (2023). Beyond the pancreas: contrasting cardiometabolic actions of GIP and GLP1. Nat. Rev. Endocrinol. 19 (4), 201–216. doi:10.1038/s41574-022-00783-3
 Hanley, M. J., Abernethy, D. R., and Greenblatt, D. J. (2010). Effect of obesity on the pharmacokinetics of drugs in humans. Clin. Pharmacokinet. 49 (2), 71–87. doi:10.2165/11318100-000000000-00000
 Harskamp-van Ginkel, M. W., Hill, K. D., Becker, K. C., Testoni, D., Cohen-Wolkowiez, M., Gonzalez, D., et al. (2015). Drug dosing and pharmacokinetics in children with obesity: a systematic review. JAMA Pediatr. 169 (7), 678–685. doi:10.1001/jamapediatrics.2015.132
 Heimbach, T., Lin, W., Hourcade-Potelleret, F., Tian, X., Combes, F. P., Horvath, N., et al. (2019). Physiologically based pharmacokinetic modeling to supplement nilotinib pharmacokinetics and confirm dose selection in pediatric patients. J. Pharm. Sci. 108 (6), 2191–2198. doi:10.1016/j.xphs.2019.01.028
 Johnson, T. N., Abduljalil, K., Nicolas, J. M., Muglia, P., Chanteux, H., Nicolai, J., et al. (2021). Use of a physiologically based pharmacokinetic-pharmacodynamic model for initial dose prediction and escalation during a paediatric clinical trial. Br. J. Clin. Pharmacol. 87 (3), 1378–1389. doi:10.1111/bcp.14528
 Kagan, L. (2014). Pharmacokinetic modeling of the subcutaneous absorption of therapeutic proteins. Drug Metab. Dispos. 42 (11), 1890–1905. doi:10.1124/dmd.114.059121
 Khalil, F., and Läer, S. (2014). Physiologically based pharmacokinetic models in the prediction of oral drug exposure over the entire pediatric age range-sotalol as a model drug. Aaps J. 16 (2), 226–239. doi:10.1208/s12248-013-9555-6
 Kuepfer, L., Niederalt, C., Wendl, T., Schlender, J. F., Willmann, S., Lippert, J., et al. (2016). Applied concepts in PBPK modeling: how to build a PBPK/PD model. CPT Pharmacometrics Syst. Pharmacol. 5 (10), 516–531. doi:10.1002/psp4.12134
 Liese, A. D., D'Agostino, R. B., Hamman, R. F., Kilgo, P. D., Lawrence, J. M., Liu, L. L., et al. (2006). The burden of diabetes mellitus among US youth: prevalence estimates from the SEARCH for Diabetes in Youth Study. Pediatrics 118 (4), 1510–1518. doi:10.1542/peds.2006-0690
 Maharaj, A. R., and Edginton, A. N. (2014). Physiologically based pharmacokinetic modeling and simulation in pediatric drug development. CPT Pharmacometrics Syst. Pharmacol. 3 (11), e150. doi:10.1038/psp.2014.45
 Malik, P., and Edginton, A. (2018). Pediatric physiology in relation to the pharmacokinetics of monoclonal antibodies. Expert Opin. Drug Metab. Toxicol. 14 (6), 585–599. doi:10.1080/17425255.2018.1482278
 Malone, J. I., and Hansen, B. C. (2019). Does obesity cause type 2 diabetes mellitus (T2DM)? Or is it the opposite?Pediatr. Diabetes 20 (1), 5–9. doi:10.1111/pedi.12787
 McNamara, P. J., and Alcorn, J. (2002). Protein binding predictions in infants. AAPS PharmSci 4 (1), E4. doi:10.1208/ps040104
 Meibohm, B. (2007). Pharmaceutical biotechnology: fundamentals and applications. Berlin, Germany: Springer. 
 Pihoker, C., Braffett, B. H., Songer, T. J., Herman, W. H., Tung, M., Kuo, S., et al. (2023). Diabetes care barriers, use, and health outcomes in younger adults with type 1 and type 2 diabetes. JAMA Netw. Open 6 (5), e2312147. doi:10.1001/jamanetworkopen.2023.12147
 Rashid, M., Sarfraz, M., Arafat, M., Hussain, A., Abbas, N., Sadiq, M. W., et al. (2020). Prediction of lisinopril pediatric dose from the reference adult dose by employing a physiologically based pharmacokinetic model. BMC Pharmacol. Toxicol. 21 (1), 56. doi:10.1186/s40360-020-00429-y
 Sanderink, G. J., Le Liboux, A., Jariwala, N., Harding, N., Ozoux, M. L., Shukla, U., et al. (2002). The pharmacokinetics and pharmacodynamics of enoxaparin in obese volunteers. Clin. Pharmacol. Ther. 72 (3), 308–318. doi:10.1067/mcp.2002.127114
 Sattar, N., McGuire, D. K., Pavo, I., Weerakkody, G. J., Nishiyama, H., Wiese, R. J., et al. (2022). Tirzepatide cardiovascular event risk assessment: a pre-specified meta-analysis. Nat. Med. 28 (3), 591–598. doi:10.1038/s41591-022-01707-4
 Shi, Q., Nong, K., Vandvik, P. O., Guyatt, G. H., Schnell, O., Rydén, L., et al. (2023). Benefits and harms of drug treatment for type 2 diabetes: systematic review and network meta-analysis of randomised controlled trials. Bmj 381, e074068. doi:10.1136/bmj-2022-074068
 Urva, S., Quinlan, T., Landry, J., Ma, X., Martin, J. A., and Benson, C. T. (2022). Effects of hepatic impairment on the pharmacokinetics of the dual GIP and GLP-1 receptor agonist tirzepatide. Clin. Pharmacokinet. 61 (7), 1057–1067. doi:10.1007/s40262-022-01140-3
 Urva, S., Quinlan, T., Landry, J., Martin, J., and Loghin, C. (2021). Effects of renal impairment on the pharmacokinetics of the dual GIP and GLP-1 receptor agonist tirzepatide. Clin. Pharmacokinet. 60 (8), 1049–1059. doi:10.1007/s40262-021-01012-2
 van der Heijden, J. E. M., Freriksen, J. J. M., de Hoop-Sommen, M. A., Greupink, R., and de Wildt, S. N. (2023). Physiologically-based pharmacokinetic modeling for drug dosing in pediatric patients: a tutorial for a pragmatic approach in clinical care. Clin. Pharmacol. Ther. 114, 960–971. doi:10.1002/cpt.3023
 Varkhede, N., Bommana, R., Schöneich, C., and Forrest, M. L. (2020). Proteolysis and oxidation of therapeutic proteins after intradermal or subcutaneous administration. J. Pharm. Sci. 109 (1), 191–205. doi:10.1016/j.xphs.2019.08.005
 Wang, K., Jiang, K., Wei, X., Li, Y., Wang, T., and Song, Y. (2021). Physiologically based pharmacokinetic models are effective support for pediatric drug development. AAPS PharmSciTech 22 (6), 208. doi:10.1208/s12249-021-02076-w
 Willmann, S., Lippert, J., and Schmitt, W. (2005). From physicochemistry to absorption and distribution: predictive mechanistic modelling and computational tools. Expert Opin. Drug Metab. Toxicol. 1 (1), 159–168. doi:10.1517/17425255.1.1.159
 Wojtyniak, J. G., Britz, H., Selzer, D., Schwab, M., and Lehr, T. (2020). Data digitizing: accurate and precise data extraction for quantitative Systems Pharmacology and physiologically-based pharmacokinetic modeling. CPT Pharmacometrics Syst. Pharmacol. 9 (6), 322–331. doi:10.1002/psp4.12511
 Yellepeddi, V., Rower, J., Liu, X., Kumar, S., Rashid, J., and Sherwin, C. M. T. (2019). State-of-the-Art review on physiologically based pharmacokinetic modeling in pediatric drug development. Clin. Pharmacokinet. 58 (1), 1–13. doi:10.1007/s40262-018-0677-y
 Zhou, Q., Lei, X., Fu, S., Liu, P., Long, C., Wang, Y., et al. (2023). Efficacy and safety of tirzepatide, dual GLP-1/GIP receptor agonists, in the management of type 2 diabetes: a systematic review and meta-analysis of randomized controlled trials. Diabetol. Metab. Syndr. 15 (1), 222. doi:10.1186/s13098-023-01198-4
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.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2023 Guan, Li and Ma. 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.
OPS/images/math_2.gif
Qoservea 'K parameter

fold error = SR parameter.

@





OPS/xhtml/nav.xhtml
Contents

		Cover

		Prediction of pediatric dose of tirzepatide from the reference adult dose using physiologically based pharmacokinetic modelling		1 Introduction

		2 Methods		2.1 Software

		2.2 Model development and verification in adults

		2.3 Model extrapolation to children and adolescents





		3 Results		3.1 Development and verification of PBPK model in adults

		3.2 Simulated pharmacokinetic profiles in children and adolescents at adult dose

		3.3 Pediatric dose simulations





		4 Discussion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/math_1.gif
dAsc
T = —Ka x Asci Ascy =

[0





OPS/images/math_4.gif
O Rptirrc, J Upadiatrc,
CFRuw  fliam

*Clrosisass (9
Clrout pettric =





OPS/images/math_3.gif
3)





OPS/images/fphar-14-1326373-t005.jpg
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.






OPS/images/fphar-14-1326373-t004.jpg
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
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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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Characteristics Training dataset

Coskun et al. Furihata et al. (2022)

Testing dataset

Urva et al.
(2022)

Feng et al. (2023)

(2018)
Number of female/male 3153 /47
subjects
Population Asian | Japanese
Dosage regimen (mg) single/maultiple dose 2.5/ ‘ single/multiple dose 2.5/5/

5/8 10/15
Age (years) 394103 ‘ 574+ 88
Weight (kg) 719 % 111 | 723104
BMI (kg/m?) J 247 £32 | 254+32

European

single dose 5

58.1 £7.6
880 + 112

286 +26

3110

European

single dose 5

558+ 113
96.72 + 18.62

30.88 £ 4.57

nns3

Chinese

single/multiple dose 2.5/5/
10/15

563 +54
67.1£76

257 £23
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Parameters Reference

Physicochemical properties

Molecular Weight (g/mol) 48135 EDA label
Log P | 68 Pubchem
Solubility <1 mg/mL Drug Bank
fu 1% Drug Bank
Absorption
Ka (1/h) 00996 Optimized
Bioavailability 81% | EDA label

7 Distribution
Partition coefficients PK-Sim Standard Willmann et al. (2005)
Cellular permeabilities [ PK-Sim Standard Willmann et al. (2005)
Metabolism
peptidase

7 Clupec (Vpmol/min) Loss [ Optimized
Excretion
GER fraction 100 FDA label
faise oo FDA label

Renal clearance (1/min) 0.12 Optimized

Log P, logarithm of octanol/water partition coefficient; f, fraction unbound in plasma; CL,., specific clearance by peptidase in PK-Sim; FDA, US, food and drug administration; fne fraction
excreted to urine; Ka, absorption rate constant; GFR, glomerular filtration rate. A GFR, fraction of 1.0 in PK-Sim indicates no tubular secretion or reabsorption is included.
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