ABHINAV MISHRA - M.SC. BIOIFORMATICS - MATRICULATION: 5491552

A Physiologically-Based Pharmacokinetic Model of
Tirzepatide

Abstract

Tirzepatide, a dual glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1)
receptor agonist, represents a novel approach for treating type 2 diabetes mellitus (T2DM) and obesity. By
combining the actions of both incretins, it enhances insulin secretion, suppresses glucagon, and reduces appetite,
leading to superior glycemic control and weight loss compared to traditional GLP-1 receptor agonists. Despite its
efficacy, inter-individual variability in pharmacokinetics necessitates a mechanistic understanding for optimized
therapeutic application. This study employs physiologically-based pharmacokinetic (PBPK) modeling to
characterize tirzepatide's absorption, distribution, metabolism, and excretion (ADME). The model integrates
physiological parameters to assess dose proportionality, hepatic and renal impairment effects, and body weight
dependency. By improving drug exposure predictions, this approach aids personalized treatment strategies and
enhances clinical decision-making across diverse patient populations.
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1 Introduction

1.1 GLP-1 Agonists and Tirzepatide

GLP-1 receptor agonists (GLP-1 RAs) are key in treating type 2 diabetes and obesity, improving glycemic control,
weight management, and cardiovascular health [1]. However, native GLP-1 degrades rapidly due to dipeptidyl
peptidase-4 (DPP-4), limiting its therapeutic potential. To counter this, GLP-1 RAs like exenatide and semaglutide
were developed for prolonged action, though they have side effects and variable efficacy [2, 3].

Tirzepatide, a dual GIP and GLP-1 receptor agonist, enhances insulin secretion, suppresses glucagon, and improves
insulin sensitivity [4]. Clinical trials show it outperforms GLP-1 RAs in HbAlc and weight reduction [5, 1]. Its

once-weekly dosing improves adherence, but responses vary due to metabolic differences [6].

Given tirzepatide’s complex pharmacokinetics (PK) and growing clinical applications, a physiologically-based phar-
macokinetic (PBPK) model offers a mechanistic framework to assess its absorption, distribution, metabolism, and
excretion (ADME) [6, 7]. This approach helps optimize dosing, particularly for patients with impaired organ func-
tion, and supports personalized treatment strategies. As tirzepatide’s clinical applications expand, PBPK modeling

will be vital in refining its therapeutic use.

1.2 Tirzepatide Pharmacokinetics

Tirzepatide, a dual GIP and GLP-1 receptor agonist for T2DM and obesity, has a long half-life enabling once-weekly
dosing. Administered subcutaneously in the abdomen, thigh, or upper arm, it is slowly absorbed, reaching peak
plasma levels (Tiax) in 24-72 hours. With high plasma protein binding (~99%) and a large volume of distribution,
it remains in circulation for an extended period. It undergoes proteolytic degradation by DPP-4 and NEP rather
than CYP enzymes, minimizing drug interactions. Its elimination half-life (T;/;) is 5 days ( 120 hours), with

clearance primarily via proteolysis and minimal excretion of the intact molecule.
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1.2.1 Dose Proportionality
Tirzepatide displays dose-proportional pharmacokinetics across the therapeutic dose range of 2.5 mg to 15 mg, with

linear increases in systemic exposure (Cpq, and AUC) as the dose increases (Fig. 6).

1.2.2 Impact of Hepatic and Renal Impairment

Tirzepatide’s pharmacokinetics are minimally affected by hepatic and renal impairment. Since it is not metabolized
through the CYP system, mild to moderate hepatic impairment has little impact on its pharmacokinetics, though
data on severe hepatic impairment remain limited. Similarly, studies indicate that mild to severe renal impairment
does not significantly alter tirzepatide exposure, as its elimination primarily occurs through peptide metabolism

rather than direct renal excretion (Fig. 7, 8).
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1.2.8 Special Populations
Tirzepatide pharmacokinetics remain consistent across age and gender, with no clinically significant differences

between younger and older adults or between males and females.

2 Scientific Questions

This project aims to comprehensively study tirzepatide’s pharmacokinetic and pharmacodynamic profiles. Using
computational modeling, pharmacokinetic data analysis, and patient-specific parameters, we will address critical
factors driving inter-individual variability in response to these therapies. A particular focus will be placed on
patients with hepatic and renal impairments, given their altered metabolism and excretion pathways. The outcomes
of this research will contribute to the development of predictive models and support precision medicine approaches,

optimizing the clinical use of tirzepatide for diverse patient populations.
1 Establish pharmacokinetics database of tirzepatide for model building and validation
2 Develop a computational model of tirzepatide (physiological based whole-body model)
3 Study the effect of renal and hepatic impairment on tirzapetide pharmacokinetics

3 Methods

This study employed a structured methodological approach, consisting of a systematic review of the literature to
compile pharmacokinetic data for tirzepatide (Sec. 3.1); curation of clinical data to ensure accuracy and relevance for
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analysis (Sec. 3.2); construction and implementation of a physiologically based pharmacokinetic (PBPK) model to
characterize the drug’s pharmacokinetic behavior (Sec. 3.3); optimization of model parameters using clinical datasets
(Sec. 3.4); and calculation of pharmacokinetic parameters to validate the model and support its interpretation
(Sec. 3.5).

3.1 Systematic literature research

A systematic literature search was conducted to identify studies reporting pharmacokinetic data for tirzepatide.
Searches were performed on PubMed using the keywords tirzepatide AND pharmacokinetics and the PKPDAI
database [8], accessed on 2024-12-17. The search initially identified several studies related to tirzepatide’s pharma-

cokinetics. Articles were screened based on predefined inclusion and exclusion criteria (Fig. 2):

e Inclusion criteria: Clinical trials involving healthy volunteers or patients with T2DM, as well as studies

investigating the effects of renal and hepatic impairments on tirzepatide pharmacokinetics.

e Exclusion criteria: Studies involving pediatric populations, non-human subjects, or insufficiently reported

pharmacokinetic parameters.

3.2 Data curation

Selected literature data were curated and stored in the open pharmacokinetics database PK-DB [9], following estab-
lished protocols [9]. Relevant patient-specific details, including age, sex, comorbidities, medications, dosing regimens,
and pharmacokinetic profiles, were extracted. Pharmacokinetic figures were digitized using WebPlotDigitizer [10],

and tabular/textual data were standardized for consistency [9].

Patient data were categorized by demographics and clinical factors, ensuring uniformity. Key pharmacokinetic
parameters (Crmax, Tmax, T1/2) and pharmacodynamic markers (glucose, insulin) were included for PBPK modeling.
The curated dataset formed the basis for model construction, calibration, and validation, with all data accessible
via PK-DB [9]. An overview of included studies is shown in Tab. 1.

3.3 Model

The PBPK model and tissue-specific submodels were developed using the Systems Biology Markup Language
(SBML) [11, 12]. Programmatic manipulation and visualization of the models were performed using the sbmlutils
[13] and cy3sbml [14] libraries. Numerical solutions for the ordinary differential equations (ODEs) underly-
ing the model were computed using sbmlsim [15], powered by the high-performance SBML simulation engine
libRoadRunner [16, 17]. The model is publicly available in SBML format under a CC-BY 4.0 license, with all as-
sociated equations accessible at https://github.com/matthiaskoenig/tirzepatide-model. The specific version
used in this project is 0.9.3 [18] (Fig. 3).

Hepatic Impairment Hepatic function was modeled using the scaling parameter LI__f_hepatic_function, where
1.0 represents normal function and lower values indicate impairment. Severity was classified using the Child-Pugh
system, with scaling factors for mild (0.399), moderate (0.698), and severe cirrhosis (0.813). These were applied to
hepatic metabolism to simulate reduced drug clearance [19, 20].

Renal Impairment Renal function was modeled via KI__f_renal_function, with 1.0 as normal and lower values
reflecting impairment. Following KDIGO guidelines, scaling factors were set for mild (0.5), moderate (0.35), severe
(0.20), and end-stage (0.1) impairment [21]. These adjustments accounted for reduced glomerular filtration, tubular

secretion, and reabsorption of tirzepatide and its metabolites (Fig. 1).


https://pubmed.ncbi.nlm.nih.gov/
https://www.pkpdai.com/
https://alpha.pk-db.com/
https://alpha.pk-db.com/
https://github.com/matthiaskoenig/tirzepatide-model
https://doi.org/10.5281/zenodo.14984688
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3.4 Parameter optimization
Parameter fitting was conducted to minimize the discrepancy between experimental data and model predictions by
optimizing ten key parameters related to application, proteolytic cleavage, and excretion processes. The optimized

parameters are detailed in Tab. 2.

The optimization process utilized a combined dataset encompassing single and multiple dose studies, and multi-
ple runs (n = 100) were performed using a local optimizer with different initial parameter conditions to ensure

convergence. The best-fit parameters were selected for the final model, and are shown in Tab. 2.

3.5 Pharmacokinetic parameters
Pharmacokinetic parameters for tirzepatide were derived from plasma concentration-time profiles and urinary ex-

cretion data using standard non-compartmental analysis methods [22].

4 Results

4.1 Tirzepatide data

The initial step in developing the PBPK model involved the curation of data from clinical studies. Articles were
selected based on a systematic literature search, focusing on publications that included time-course data and
pharmacokinetic parameters for tirzepatide. This search identified 4 studies from PKPDAI and 20 studies from
PubMed. An additional 23 studies were manually added. The workflow for this curation process is illustrated in
Fig. 2.
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eligibility criteria resulted in 6 studies, which were curated for this work

Curated | Included studies‘nfzg)rimary analysis | (See Tab. 1)

Table 1: Overview of tirzepatide studies. This table includes key identifiers (Study, PMID, PK-DB ID), administration route
(Route), dosing regimen (Dosing) and dose (Dose), and participant characteristics (H for healthy, RI for renal impairment, HI for
hepatic impairment, T2 for diabetes mellitus type 2).

Study PMID PK-DB ID Route Dosing Dose [mg] H RI HI T2
Coskun2018 30473097 PKDB00967 SC single, 0.25-15 v - - v
multiple

Feng2023 37285081 PKDB00962 SC multiple 25-15 - - - v
Furihata2022 34647404 PKDB00964 SC multiple 25-15 - - - '
Martin2024 39243911 PKDB00968 SC single 4.1 v - - -

Urva2021 33778934 PKDB00963 SC single 5 - v - v
Urva2022 35674880 PKDB00969 SC single 5 - - v v



https://www.pkpdai.com/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/30473097
https://identifiers.org/pkdb:PKDB00967
https://pubmed.ncbi.nlm.nih.gov/37285081
https://identifiers.org/pkdb:PKDB00962
https://pubmed.ncbi.nlm.nih.gov/34647404
https://identifiers.org/pkdb:PKDB00964
https://pubmed.ncbi.nlm.nih.gov/39243911
https://identifiers.org/pkdb:PKDB00968
https://pubmed.ncbi.nlm.nih.gov/33778934
https://identifiers.org/pkdb:PKDB00963
https://pubmed.ncbi.nlm.nih.gov/35674880
https://identifiers.org/pkdb:PKDB00969
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In total, 6 clinical studies met the criteria and were selected for the development and evaluation of the PBPK model.
These studies provided comprehensive pharmacokinetic data under various conditions, including detailed informa-
tion on dosing protocols, administration routes, participant health status, co-administered drugs, and study design.
Each study was assigned a unique identifier in the PK-DB database (PK-DB ID) and linked to its corresponding
PubMed ID (PMID), ensuring easy traceability.

The curated dataset was made publicly available as open data to promote transparency and reproducibility. A
summary of the selected studies, including key details such as participant characteristics and drug administration
protocols, is shown in Tab. 1.

4.2 Computational model
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Using the curated dataset of pharmacokinetic studies for tirzepatide, a PBPK model was developed to simulate the
pharmacokinetics of the drug. This model was designed to provide detailed insight into absorption, distribution,
metabolism and excretion under various physiological and pathological conditions.

The model integrates the systemic circulation with detailed representations of key tissues involved in the pharma-
cokinetics of tirzepatide. These include the gastrointestinal tract, liver and kidneys, as shown in Fig. 3. Tissue-specific
models were combined into a whole-body framework, allowing simulations to consider both localized processes and
how they interact within the systemic circulation.

4.3 Parameter optimization

Table 2: Optimized parameters for the tirzepatide PBPK model.

Parameter name  Description Value Unit

Ksc_tir Subcutaneous absorption rate of tirzepatide  0.3284E-3  1/min
TIR2TM k Rate for tirzepatide cleavage in plasma 0.6782E-3  I/min
KI__TMEX k Rate for TM renal excretion 19.19E-3 |/min
LI__TMEX.k’ Rate for TM liver excretion 3.949E-3 [/min
GU__TMEXC_k Rate for TM fecal excretion 0.3920E-3  I/min

Parameter optimization enhanced the model’s agreement with the data. Figure 4 shows the convergence of the

optimization algorithm, demonstrating its effectiveness in minimizing the error, and a scatter plot comparing the
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Figure 4: Optimization Performance.

model’s predictions to the actual data points, visually confirming the improved goodness-of-fit achieved through

parameter optimization.

4.4 Prediction of Clinical Studies

The PBPK model, calibrated using the optimized parameters in Tab. 2, was employed to simulate clinical study
outcomes, as depicted in Fig. 5. The model effectively replicates plasma concentration-time profiles observed across
multiple independent studies, capturing key pharmacokinetic properties of tirzepatide, including its prolonged half-

life and dose-proportional absorption kinetics.

Simulation results closely align with experimental data, demonstrating the model’s ability to predict drug exposure

under different physiological conditions, including renal and hepatic impairment.

4.5 Dose dependency

Following parameter optimization, the model was used to explore the dose-dependent pharmacokinetics of
tirzepatide. The simulations demonstrated a proportional increase in systemic exposure with escalating doses, con-
firming dose linearity across the therapeutic range. Steady-state concentrations were reached after approximately
three weeks of continuous administration. The excretion profile showed a elimination of metabolites via the renal

route and fecal route (Fig. 6).

4.6 Hepatic impairment

To assess the impact of hepatic dysfunction on tirzepatide metabolism, simulations were conducted using hepatic
impairment scaling factors based on Child-Turcotte-Pugh (CTP) classification. The results indicated a moderate
increase in systemic exposure in patients with severe cirrhosis, though the overall elimination profile remained con-
sistent with healthy individuals. These findings align with clinical observations suggesting that hepatic impairment

has a limited effect on tirzepatide clearance (Fig. 7).

4.7 Renal impairment

Renal elimination is a major pathway for tirzepatide metabolites. Simulations incorporating various degrees of
renal impairment, classified by estimated glomerular filtration rate (GFR), revealed a progressive increase in drug
exposure with worsening renal function. However, since tirzepatide itself is not excreted unchanged in urine, only
its metabolites exhibited significant accumulation in individuals with severe renal dysfunction (Fig. 8).
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Figure 5: Comparison of model simulations with observed data from studies. Data from [23, 25, 26, 24, 27, 28].
MAD: Multiple-ascending dose, SAD: Single-ascending dose, and POC: Proof-of-concept

4.8 Bodyweight dependency

Given the role of body weight in drug distribution and clearance, simulations were performed across a range of
body mass indices (BMIs). The results suggested that higher body weight slightly reduces tirzepatide plasma
concentrations due to increased distribution volume. The influence of body weight on renal and hepatic metabolism
was also investigated, confirming that adjustments in dosing are unlikely to be required based solely on patient
weight (Fig. 9a, 9b).
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Figure 7: Impact of hepatic impairment
on tirzepatide pharmacokinetics. Scan of
tirzepatide plasma concentration-time profiles
and pharmacokinetic parameters show no sig-
nificant differences across varying degrees of
hepatic impairment classified by CTP scores,
suggesting that hepatic dysfunction does not
alter tirzepatide metabolism or clearance, indi-
cating no need for dose adjustments in cirrhotic
patients (Fig. 1)

Figure 8: Impact of renal impairment on
tirzepatide pharmacokinetics. A progres-
sive increase in tirzepatide metabolite concen-
trations with declining renal function, while the
parent drug remains largely unaffected. (Cmaz
and AUC) exhibit an asymptotic relationship
with renal function, suggesting that severe im-
pairment leads to saturation-like effects on sys-
temic exposure (Fig. 1).

5 Discussion
This study presents a mechanistic framework for understanding tirzepatide’s pharmacokinetics under various con-
ditions. The model accurately captured key ADME processes, reflecting its dose-proportional kinetics and extended

half-life (Fig. 3, 5). Hepatic dysfunction did not alter tirzepatide metabolism or clearance, indicating no need for
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(b) Parameter dependency for pharmacokinetic parameters.

dose adjustments in cirrhotic patients (Fig. 7). In contrast, severe renal impairment led to saturation-like effects
on systemic exposure, with progressive accumulation of tirzepatide metabolites, highlighting the need for careful
monitoring in patients with advanced renal dysfunction (Fig. 8). While higher body weight slightly reduced Cyax
for tirzepatide and its metabolites, it had a more pronounced effect on AUC for tirzepatide metabolites (Fig. 9).
The model’s strong agreement with clinical data supports its utility in optimizing dosing strategies (Fig. 4).

6 Abbreviations

ODE: Ordinary differential equations, SBML: Systems biology markup language, ADME: Absorption, Distribution, Metabolism, and Excretion, AUC: Area Under the
Curve, CC-BY: Creative Commons Attribution, CL/F: Apparent Clearance, CPT: Child-Pugh Classification, CV: Coefficient of Variation, CYP: Cytochrome P450,
DPP-4: Dipeptidyl Peptidase-4, GIP: Glucose-Dependent Insulinotropic Polypeptide, GLP: Glucagon-Like Peptide, GLP-1: Glucagon-Like Peptide-1, GLP-1 RA:
Glucagon-Like Peptide-1 Receptor Agonist, HbAlc: Hemoglobin Alc, KDIGO: Kidney Disease: Improving Global Outcomes, LI: Liver Impairment (as a parameter
in PBPK model), NEP: Neutral Endopeptidase, ODE: Ordinary Differential Equation, PBPK: Physiologically-Based Pharmacokinetic, PD: Pharmacodynamics,
PK: Pharmacokinetics, PK-DB: Pharmacokinetics Database, PKPDAI: Pharmacokinetics and Pharmacodynamics Artificial Intelligence Database, PMID: PubMed
Identifier, PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses, SBML: Systems Biology Markup Language, T2DM: Type 2 Diabetes
Mellitus, TIR: Tirzepatide (used as a shorthand in the model), V4: Volume of Distribution, t1/2: Elimination Half-Life, T}q2: Time to Maximum Plasma
Concentration, Cj,qz: Maximum Plasma Concentration, F: Bioavailability (as used in pharmacokinetics equations).
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