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1. INTRODUCTION
Tacrolimus being profoundly effective immunosuppressant that reduces the risk of organ
transplant rejection, has got multiple challenges associated with its use. It has got the rare

combination of narrow therapeutic window and high pharmacological variability
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(pharmacokinetic [PK] and pharmacodynamic [PD].! It should be noted thus, treatment with
tacrolimus can cause adverse reactions such as nephrotoxicity and neurotoxicity due to
overdose and transplant rejection due to low dose.” Uptake of Tacrolimus from the digestive
system after oral intake is incomplete and inconsistent. The total availability in grown kidney
transplant individuals is 17+10%; in adult liver transplant cases is 22+6%; in well individuals
is 18+5%.°1 Having lower bioavailability and the risk associated with the systemic
concentration, it is essential to understand the impact of the concomitant administration of
various substances, such as drugs, dietary supplements and nutrients, on the pharmacokinetics
of tacrolimus.!? Therefore, model informed drug development becomes essential for such
drugs. Generally, the focus of model informed drug development is to make use of novel
modelling and simulation tools to support drug discovery and development through various
multiple applications. In recent years, modelling and simulation-based approaches have been
used for the development of both new chemical entities (NCE) and generic products.*®! The
range of applications of modelling and Simulation (M&S) solely depend on the development
stage of the drug. For NCE’s, M&S could be applied to evaluate drug-drug interactions,
facilitate first-in-human dose estimations, drug-food interactions, assess biopharmaceutical
risk with bridging of formulation between various phases of clinical trials, and selection of
suitable drug candidates based on biopharmaceutical properties, etc.*® The applications for
generic products include; risk assessment for the conduct of bioequivalence (BE), assessment
of fasting and fed state, clinical study waivers for other strengths, identification of critical
bioavailability attributes, impact of demography, and to support the BE studies for regulatory
filings that differ from the recommended.” The ultimate aim of all the model-based
approaches is to reduce the timelines of drug launch in the market especially for generic
products. The commonly wused modelling and simulation-based approaches are
physiologically based pharmacokinetic modelling (PBPK), physiologically based

biopharmaceutics modelling (PBBM) and Population Pharmacokinetics.

2. PBPK MODELLING

A mathematical framework known as PBPK model enables to mimic the pharmacokinetics of
drugs on the basis of an interaction of biological, physicochemical and metabolic properties
and factors.l”? PBPK models and other pharmacokinetic models can be constructed primarily
from observable experimental data (a "top down" approach) or from a more comprehensive
understanding of the human body and its mechanisms (a "bottom up" approach)® The

compartments of PBPK models which depict the various physiological organs of the body are

www.wipr.net | Vol 14, Issue 11,2025. | SO 9001: 2015 Certified Journal | 350



Akhtar et al. World Journal of Pharmaceutical Research

connected by the circulating blood system. Specific to the species of interest, each
compartment has tissue volume and blood flow rates that precisely characterize it. Every

tissue is described based on either perfusion-rate-restricted or permeability-rate-restricted.”

Physiologically based pharmacokinetic (PBPK) modelling plays a crucial role in optimizing
the use of tacrolimus, a calcineurin inhibitor with a narrow therapeutic index and high
interindividual variability. The model enables prediction of drug exposure in diverse clinical
scenarios, accounting for factors like CYP3A5 polymorphism, co-administered drugs, and
demographic variability. It supports dose individualization, especially in special populations
like paediatric and transplant patients. Furthermore, PBPK models assist in evaluating the
impact of drug-drug interactions (DDIs) and first-pass metabolism, improving therapeutic
outcomes while minimizing adverse effects. A semi-physiologically based population
pharmacokinetic (semi-PBPK) model was constructed and an online dashboard to personalize
tacrolimus dosing in Chinese adult liver transplant patients co-administered with
voriconazole.™ The model incorporated dynamic CYP3A inhibition and patient-specific
covariates, including body-mass index (BMI) and postoperative days, to optimize therapy in
the context of drug-drug interactions. Van der Veken et al. (2023)!*Y) constructed a full PBPK
model integrating CYP3A4 ontogeny, red blood cell binding, and age-specific absorption to
describe tacrolimus disposition in paediatric kidney transplant recipients, identifying blood
partitioning as a key determinant of pharmacokinetic variability. Pei et al. (2023)1*2
formulated a 15-compartment PBPK model to optimize tacrolimus dosing in adult heart
transplant patients, identifying CYP3A53, CYP3A418B, and IL-10 G-1082A polymorphisms
as significant predictors of drug exposure and demonstrating the impact of voriconazole co-
administration. PBPK modelling was applied to pregnant populations, highlighting the
limitations of dose adjustments based solely on total tacrolimus concentrations, as free drug
levels remained more stable than total levels despite altered plasma protein binding.**l Hong
et al. (2023) investigated the drug-drug interaction between ivacaftor and tacrolimus in
lung transplant recipients using PBPK simulations, revealing a 2.36-fold increase in exposure
due to CYP3A inhibition and recommending a 50% dose reduction. He et al. (2022,
2021)*%* ysed PBPK models to characterize the inhibitory effects of Wuzhi capsule
components (schizandrol A/B, schisantherin A, schisandrin A) on CYP3A-mediated
tacrolimus metabolism, predicting genotype-dependent increases in exposure (up to 2.70-
fold) and emphasizing caution in herbal co-administration. Guan et al. (2024)1*”! developed

age-specific PBPK models in pediatric HSCT patients, adjusting for CYP3A4/3A5 ontogeny
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and recommending genotype-specific tacrolimus doses to account for reduced enzyme
expression and clearance in younger children. Xu et al. (2025)™® focused on PBPK modeling
in infected pregnant women, incorporating inflammatory mediators like IL-6, and proposed
trimester-specific tacrolimus dose adjustments based on trough level simulations. Karakitsios
et al. (2025)!*% evaluated amorphous solid dispersion (ASD) formulations of tacrolimus using
in vitro dissolution and PBPK modeling, demonstrating accurate prediction of bioequivalence
and aiding early formulation screening. Martischang et al. (2024)%% simulated continuous 1V
infusion scenarios in transplant patients unable to tolerate oral tacrolimus, providing
Css/Cmin-based conversion ratios and validating them in clinical settings. EI-Khateeb et al.
(2023)"?Y integrated PBPK modelling and therapeutic drug monitoring to assess the impact of
chronic kidney disease on tacrolimus clearance, showing a 36% reduction in intrinsic
clearance correlated with declining eGFR. Adiwidjaja et al. (2020)*? explored PBPK-
predicted interactions between Schisandra sphenanthera lignans and TKIs, showing
significant CYP3A4-mediated interaction with bosutinib, but minimal effect on imatinib.
Maruyama T et al. studied drug-drug interaction simulated between letermovir and extended-
release tacrolimus in Japanese renal transplant patients, recommending genotype-guided dose
reductions (57-65%) based on predicted increases in tacrolimus exposure. !

2.1. Basics to develop a PBPK Model

The whole-body PBPK model identifies the organs responsible for drug absorption,
distribution, excretion, and metabolism based on their physiological function or volume."
These include the heart, lungs, brain, stomach, spleen, pancreas, gut, liver, kidney, gonads,
thymus, adipose tissue, muscle, bone, and skin. The arterial and venous blood compartments
connect the tissues, and each has its own blood flow rate, volume, tissue partition coefficient,
and permeability.?! It assumes or defines that each tissue is either permeability-limited or
perfusion-limited. Perfusion-rate-limited kinetics are commonly observed in small lipophilic
molecules where the limiting process for absorption is blood flow to the tissue. The limiting
process of absorption for larger and more hydrophilic molecules is permeability across the

cell membrane.[?®

A compartment is defined as a region with uniform distribution, where a sample is
representative of the entire compartment.’?”! Blood represents the central compartment that
connects to one or two peripheral compartments via rate constants in a classical PK model.?®

PBPK is a compartmental model in which the volumes of the compartments match the actual
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physical volumes of the organs and tissues and the compartments represent actual tissue and
organ spaces.”” One significant advantage of PBPK modelling is the availability of a
detailed structural representation of an organism's physiology. The different parameters
required for a model either collected from literatures or computed using precise and
thoroughly verified formulas or from existing knowledge. However generally speaking it is

possible to differentiate between the drug parameters and the organism parameters. !

2.2. Modelling strategy

PBPK models use data from in vitro experiments as well as in vivo preclinical and clinical
data, as opposed to traditional data-fitting pharmacokinetic models that take a "top down"
approach and "bottom up" approaches that advocate modelling entirely in virtual space.
Kostewicz et al. classified PBPK modelling as a "middle out' approach, where the model is
built in an iterative manner. During the drug development process, the model is redefined as
the in vitro and/or in vivo data becomes available.*” The basic information required for
model development can be divided into organism related, drug related and administration

protocol and formulation related.®!

2.3. Model development

Khalil F. et al. divided PBPK model development into five major steps: (1) specifying
general model structure, (2) specifying tissue model, (3) writing model equations, (4)
defining model parameterisation, and (5) simulations and/or parameter estimation."

2.3.1. General Model Structure Specification

The different organs and tissues are depicted in PBPK models as compartments connected by
a blood circulation loop that is separated into arterial and venous pools simulating the
structure of the living organism under study. The natural basis for compartment selection is
the body’s overall physiology and anatomy from the cellular level to the whole organism.
The number of body regions or compartments needed is not determined by this though
because crucial elements of the drugs pharmacokinetic events need to be evaluated. The
objective of model together with pharmacological (transport mechanism site[s] of action) and
physicochemical (binding lipid solubility and ionization) characteristics of the drug
influences the decision.®™™ Tissues with similar physiological, physicochemical, and
biochemical properties are combined into one compartment, whereas tissues with distinct
properties—such as the liver, where metabolism occurs, or target tissues—are separated from

the lumped compartments. Finally, PBPK models differ, ranging from partial-body PBPK
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models, which include specific body systems or tissues, to whole-body PBPK models, which
[31]

include almost all body tissues and are represented as separated or lumped compartments.
2.3.2. Tissues/Organs Model Specification

The model for each specific tissue or organ must then be stated. The vast majority of PBPK
models have one to four compartments per tissue or organ. The compartmentalisation
decision is based on existing information about tissue kinetics and the biochemical process
involved once the drug enters the tissue. Each tissue is well-defined under the assumption
that it is either perfusion- or permeability-limited.®® Small molecules of lipophilic nature
typically exhibit perfusion-rate-limited kinetics, which limits the process of absorption due to
blood flow to the tissue. For more hydrophilic and larger molecules, the factor limiting

process of absorption is permeability across the cell membrane. !

2.3.3. Writing the PBPK Model Equations

The PBPK model equations are based on the law of mass action, which means they are mass
balance equations because kinetic processes are mass transfer phenomena. In PBPK models
four different mathematical descriptions of the tissues have been used.3**! (i) algebraic
descriptions, (ii) linear ordinary differential, (iii) nonlinear differential, and (iv) partial
differential. Algebraic descriptions are used when the processes are considered to equilibrate
instantly and can be static (e.g., alveolar and inhaled air concentrations. Linear ordinary
differential are the most commonly used descriptions in describing dynamic pharmacokinetic
processes. The nonlinear differentials represent non-linear processes within a specific tissue
(e.g., concentration-dependent binding and/or clearance) and the partial differentials are used

with the dispersion tissue model.*!

2.3.4. PBPK-Model Parameterization

Once model equations have been written, the parameters must be specified and/or estimated.
The parameters for incorporation into PBPK models are typically physiological or compound
dependent.®Y Physiological parameters such as organ/tissue volumes cardiac output and
blood flows tissue composition surface area pH values and/or gastrointestinal transit times
characterize the anatomical structure and physiological functions of the species under model.
These parameters' values have been shown to vary across species and subjects, as well as
with age and physiological/pathological state. The second set of parameters needed for a
PBPK model depends on the compound and includes data like substance partitioning between

body tissues and the blood/plasma (KpT) and permeability—surface area products (P x SA).
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These parameters can be obtained through in vitro experiments, extrapolation of experimental
[31]

in vivo values from animals to humans, or estimation/prediction via specific algorithms.
2.3.5. PBPK Modelling Software for Simulation and Parameter Estimation

After the system is coupled, the model equations are coded in a particular software language
for simulation and/or parameter estimation.® Commercial platforms like GastroPlus
(Simulations Plus, Lancaster, PA), SimCyp (SimCyp, Sheffield, UK), and PK-Sim and MoBi
(Bayer Technology Services, Leverkusen, Germany) have made it easier to use complex
PBPK models. These commercial PBPK modelling platforms offer a generic model structure
for studying the physiology of predefined species and populations. These models use
physiological databases, compound-specific information, and biometric data to create a
whole-body PBPK model.?®!

2.4. PBPK Modelling approach for Tacrolimus

Tacrolimus having numerous challenges associated with its pharmacokinetics (PK) and
pharmacodynamics (PD), PBPK model-based approach could be used in different ways to
reduce and overcome these challenges. Some of the aspects for which PBPK has been used

for Tacrolimus are as follows.

2.4.1. Food-Drug Interaction

Due to narrow therapeutic window, dose dependent toxicity and pharmacological variability,
studies on interaction of tacrolimus with food intake are critical.””! Helena et al. demonstrated
the impact of food intake on tacrolimus PK (food—drug interactions) by developing a PBPK
model on PK-Sim® Version 10 using a total of 37 whole blood concentration—time profiles
of tacrolimus and incorporated the metabolism via CYP3A4 and CYP3AS5, with varying
activities used for different CYP3A5 genotypes and study populations. The model
demonstrated good descriptive and predictive performance and successfully predicted the

interaction between tacrolimus PK and food intake in healthy individuals.®

2.4.2. Drug-Drug Interaction

Tacrolimus is prone to drug—drug interactions, when co-administered with drugs that are
metabolized by CYP3A enzymes. Helena et al. demonstrated the impact drug-drug
interactions involving the drugs voriconazole, itraconazole, and rifampicin acting as CYP3A
perpetrators. PBPK was developed on PK-Sim® Version 10 using a total of 37 whole blood

concentration—time profiles of tacrolimus and incorporated the metabolism via CYP3A4 and
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CYP3A5, with varying activities used for different CYP3A5 genotypes and study

populations.®®

Maruyama T. and others. also used the PBPK model to illustrate the drug-drug interactions
between tacrolimus and letermovir in Japanese renal transplant recipients. Letermovir and
extended release tacrolimus PBPK models were created with the Simcyp simulator. A
creation of virtual Japanese post-transplant population with physiological parameters specific
to Japanese patients, including CYP3A5 genotypes was done. The predictions of the model
were accurate for tacrolimus formulations and the model displayed increased tacrolimus
exposure due to co-administration with letermovir.”® Qian et al.”® found that oral
phenobarbital significantly reduced tacrolimus levels in pediatric patients more than its
intravenous form. Qian et al. used a semi-PBPK model to compare rifampicin’s effects on
oral versus intravenous CYP3A/P-gp substrates, confirming that DDIs were more
pronounced with oral administration. He et al.l***? explored herb-drug interactions involving
Wuzhi capsule constituents (schisantherin A, schisandrin A, and schizandrols), finding that
these compounds increased tacrolimus exposure significantly, especially in CYP3A5 non-
expressers. Zhang et al.™! highlighted mechanism-based inhibition as the primary factor in
these interactions, while Adiwidjaja et al.l*! validated PBPK models for Schisandra lignans,
warning against co-administration with tacrolimus due to a predicted 2.4-fold increase in

drug exposure.

2.4.3. Metabolism and Genetic polymorphism

The another most important factor that affects PK of tacrolimus is metabolism regulated by
cytochrome P450 enzymes CYP3A4 and CYP3AS5. These enzymes are susceptible to
induction or inhibition due to their involvement in the metabolism of a wide variety of

drugs.l®"!

Guan Y, et al demonstrated the impact of age-related maturation in hepatic and intestinal
CYP3A4/3A5 enzymes using physiologically-based pharmacokinetic models. GastroPlusTM
(version 9. 0) was used to develop and validate the models in adult volunteers and adult
HSCT patients. The models were then extrapolated to paediatric HSCT patients while taking
CYP3A4 and CYP3A5 maturation into account. The study highlighted the role of PBPK
modelling to explore the age-related maturation of enzymes in children and infants. The
findings suggested that elevated tacrolimus levels were due to CYP3A4/3A5 ontogeny
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profiles in patients aged 9 months to 3 years and age-adjusted tacrolimus dosing is

recommended for children with different CYP3A5 genotypes.=®

A physiologically based pharmacokinetic (PBPK) model for tacrolimus was created, which
included a virtual population that reflects the physiological parameter distributions of renal
transplant recipients. The ratios of predicted to observed dose-normalized maximum plasma
concentration (C max), 0—-12-hour area under the concentration—-time curve (AUC 0-12 hours),
and trough plasma concentration (C ough) Varied between 0.92 and 1.15, demonstrating
strong predictive capability. The model quantitatively assessed how cytochrome P450
(CYP)3A4 levels, hematocrit, and serum albumin concentrations, as well as CYP3A5
genotype, influenced the pharmacokinetics of tacrolimus and the variability associated with
it. The variation in tacrolimus trough concentrations seen in paediatric patients was

predominantly linked to the development profile of CYP3A.1*%

2.4.4. Paediatric Patients and Pregnancy

Van der Veken M. et al. developed a PBPK model to predict adult tacrolimus exposure which
was then extrapolated to the paediatric population. Tacrolimus blood plasma partitioning
variations in paediatric patients may be a factor in exposure variability according to the
study.*Y As discussed above, the PBPK model developed by Guan Y. et al suggested that
elevated tacrolimus levels were due to CYP3A4/3A5 ontogeny profiles in patients aged 9
months to 3 years and age-adjusted tacrolimus dosing is recommended for children with
different CYP3A5 genotypes.*8! Xu J. et al. extended these models to pregnant women with
infections, showing that CYP3AS5 genotype and IL-6 levels influenced tacrolimus exposure,
thereby aiding personalized dosing.*® Coppola et al. demonstrated that although total
tacrolimus levels declined in pregnancy, free drug levels remained stable, highlighting the
importance of monitoring free concentrations. Jogiraju et al. and Coppola et al. further
validated the application of PBPK modeling in predicting pregnancy-related pharmacokinetic

changes for tacrolimus, with varying degrees of accuracy.! %

3. CONCLUSION

Modelling and simulations have become an integral part of drug development and are being
applied at different stages of research and clinical application. For complex drugs like
Tacrolimus with  multiple challenges such as narrow therapeutic index, high
pharmacokinetics and pharmacodynamic variability, drug and food interactions etc.

associated with their use, PBPK modelling is the preferred tool to reduce and overcome these
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challenges. The applications of PBPK modelling to evaluate drug-drug interactions, facilitate
first-in-human dose estimations, drug-food interactions, biopharmaceutical risks, requirement
of fasting and fed state for bioequivalence study, clinical study waivers, critical
bioavailability attributes, impact of demography, and to support regulatory filings etc. have
made this approach the part and parcel of modern drug research and development. With an
appropriate pharmacological and biopharmaceutical knowledge and the availability of
required information, PBPK modelling approach can reduce the timelines for a drug product
to reach the patients.
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