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SUMMARY

Introduction: Physiologically based pharmacokinetic (PBPK) modeling is a powerful tool in
pharmaceutical research and drug development, offering accurate predictions of drug ab-
sorption, distribution, metabolism, and elimination (ADME). This method, when extended
to xenobiotics, enables the study of toxins and other substances through physiologically
based toxicokinetic (PBPT) models.

Methodology: This narrative review outlines recent applications of PBPK and PBTK model-
ing in drug development and ecotoxicology, based on literature retrieved from PubMed,
Scopus, and Web of Science.

Topic: By incorporating physiological and biochemical data, PBPK models provide more
precise simulations that closely resemble in vivo conditions. Advances in technology have
improved the feasibility of these models, making them increasingly valuable for predict-
ing drug behavior, as well as for cross-species and route-of-administration extrapolation.
The mechanistic nature supports regulatory decision-making and reduces the need for
extensive in vivo testing. Furthermore, PBPK models are instrumental in special population
assessments, such as pediatrics or patients with organ impairment.

Conclusion: With continued integration of in silico tools and data obtained by other test-
ing, PBPK modeling is poised to become a central platform in translational pharmacology
and safety assessment. Regulatory agencies most commonly use PBPK models to support
the assessment and prediction of drug-drug interactions.
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INTRODUCTION

A broad spectrum of drug-related research
methodologies is available today, ranging
from experimental in vivo and in vitro studies
to non-interventional designs such as pharma-
coepidemiological and pharmacoeconomic
analyses. These latter methods, which do not
involve direct testing on animals or humans,
can provide highly informative data on drug
utilization, cost-effectiveness, and treatment
outcomes in real-world settings. For example,
pharmacoepidemiological ~assessments of
chronic treatments like glaucoma therapy [1]
exemplify how such methods guide clinical
and policy decisions. Likewise, in silico meth-
ods such as physiologically based pharmaco-
kinetic (PBPK) modeling provide valuable
insights into drug performance by simulat-
ing absorption, distribution, metabolism, and
excretion processes through computational
frameworks. These approaches offer a mecha-
nistic understanding that complements data
from clinical, epidemiological, and preclinical
research.

PBPK modeling is a mathematical
modeling technique that has significant po-
tential in pharmaceutical research and drug
development. It enables the prediction of
pharmacokinetic parameters - namely absorp-
tion, distribution, metabolism and elimination
(ADME). The same principle can be applied to
other xenobiotics, specifically to toxins within
the context of physiologically based toxico-
kinetic (PBTK) modeling and simulations.
This prediction seeks to consider all anatomi-
cal, physiological, biochemical, physical and
chemical factors involved in ADME processes.
By refining these techniques, models are pro-
duced that increasingly approximate the re-
sults observed in in vivo studies [2-4].

Modeling the fate of the drug/other
xenobiotics within the body, considering all
physiological characteristics, usually involves
setting up multicompartment models in which
individual compartments are actually mod-
els of different tissues and organs. The con-
nections between them practically represent
blood or lymph flows, and the concentrations
(or quantities) in individual compartments
are expressed by differential equations. The
parameters of the system of differential equa-
tions are physiological parameters such as
blood flow, lung ventilation, organ volumes,
etc. A key challenge in this type of modeling

lies in striking a balance between the inherent
complexity of the investigated processes and
the need for simplification, formulation and
interpretation of the resulting outcomes de-
rived from a system of differential equations.
As technological advancements continue, this
balance is becoming easier to achieve, allow-
ing pharmacokinetic processes to be studied in
ways that are more ethically and economically
acceptable [2].

Therefore, in addition to its applica-
tion in drug testing, this technique can be uti-
lized to predict the behavior of all xenobiot-
ics entering the human body, including food,
toxins, and cosmetics. Additionally, there are
models that focus on predicting other drug
characteristics such as toxicology or pharma-
codynamics. While the primary advantage of
PBPK modeling lies in predicting pharmaco-
kinetic parameters of drugs in humans, also
enables cross-species extrapolation and trans-
lation between different routes of administra-
tion (e.g., from inhalation to oral) [4].

METHODOLOGY

This narrative review summarizes recent ad-
vances in the application of PBPK and PBTK
modeling in drug development and eco-
toxicology. Relevant literature was identified
through a computerized search of PubMed,
Scopus, and Web of Science databases using
keywords including PBPK, PBTK, pharma-
cokinetics, toxicokinetics, drug development,
and environmental risk assessment. Only ar-
ticles in English, including original research
and review papers, were included.

TOPIC

Elements of the
pharmacokinetic/toxicokinetic model

A multidisciplinary approach integrates
knowledge from various scientific disciplines,
enabling an understanding of complex phe-
nomena and develop the innovative solutions
[5]. PBPK models integrate two key data sets
- pharmacological data and physiological sys-
tem data (human or other species) to gener-
ate necessary information for simulation the
pharmacokinetics of the investigated drug in a
living organism. The simplest models typically
account for clearance via the liver and kidneys.
The gastrointestinal tract is typically the most

www.hophonline.org

1693



complex system to characterize and is often
represented through two sub-compartments:
the lumen (where the drug resides as unab-
sorbed) and the enterocytes (absorbed drug
molecules). In addition, parameters affecting
the pharmacokinetic properties of the drug
in the gastrointestinal tract are tissue volume,
surface area of the gastrointestinal tract, gas-
tric emptying / intestinal transport, time, pH
value of different parts and all of them can
be considered by modern pharmacokinetic
modeling approaches based on physiological
characteristics of the organism [2-4]. As our
understanding of drug properties and gas-
trointestinal physiology advances, the limita-
tions of early PBPK models are increasingly
being overcome. Many of these limitations are
also shared by in vitro methods—such as the
PAMPA (parallel artificial membrane permea-
bility assay) system—especially when predict-
ing drug absorption involving active transport
mechanisms.

System-specific (i.e., species-depen-
dent) parameters, such as tissue volume or
blood flow are available in the literature and
continiously updated. Other critical param-
eters include the glomerular filtration rate, the
amount of microsomal proteins, plasma pro-
teins, enzymes, the number and type of trans-
porters. Beyond simply defining the param-
eters of interest, it is important to consider the
natural existence of their variability within the
same species. This is particularly important
when modeling special populations, such as
healthy adults of different ethnic backgrounds
(e.g., American, Chinese, Japanese), as well as
individuals with hepatic or renal impairment,
smokers, children, the elderly, pregnant wom-
en, obese individuals, and cancer patients [4].

Modeling strategies and their application

There are two basic approaches in pharma-
cokinetic / toxicokinetic modeling: the tradi-
tional top-down and the modern bottom-up
approach, which implies the application of
knowledge about the molecular structure and
mechanisms of the organism in modeling the
fate of the tested xenobiotic. Practically, in the
ideal case, the second approach allows setting
up the chemical structure of the xenobiotic,
such that it satisfies all the required param-
eters. Successful application of this approach
relies heavily on the precision of input data,
which are typically derived from prior in silico
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and in vitro experiments. Accurate and reli-
able input is essential to achieving the highest
possible concordance between predicted and
observed pharmacokinetic or toxicokinetic
values [2-4].

Regardless of the extent of available
information that exists about a drug molecule,
PBPK can be applied at all stages of drug test-
ing, from early molecular development to the
final stages of clinical drug trials. When it
comes to application in preclinical research,
this modeling finds a place in the prediction
of animal or human pharmacokinetics, pro-
jection of dose efficiency and oral absorption.
Well-developed models also provide oppor-
tunities for formulation design proposals and
biopharmaceutical properties, while respect-
ing the 3R principle (reduction, refinement
and replacement of animal models) [4].

PBPK modeling of modified-release
formulations

It is well recognized that the pharmacokinetic
profile of a drug is significantly affected by its
formulation characteristics [6,7]. Modified-
release dosage forms are specifically designed
to control both the timing and rate of active
pharmaceutical ingredient (API) release.
Modifying the release of active ingredients
offers several therapeutic advantages, such as
minimizing adverse drug reactions and reduc-
ing the frequency of administration. These
formulations are particularly beneficial in the
management of chronic diseases. The devel-
opment of pharmaceutical formulations with
modified release is more complex compared to
conventional dosage forms, making the avail-
ability of various methods particularly impor-
tant [8].

PBPK modeling has been successful-
ly applied in the formulation development of
various drugs, including: ropinirole [9], tofaci-
tinib [10], sildenafil [11], hydrocortisone [12]
etc. The goal of modified release modeling is to
change the characteristics of the pharmaceuti-
cal form of the drug with immediate release in
such a way as to reduce the difference between
the maximum and the minimum of the func-
tion that describes the pharmacokinetics of the
active pharmaceutical ingredient. Although
absorption is a critical step in the development
of modified-release formulations, all aspects of
PBPK modeling can be applied.

One illustrative example from the lit-
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erature involves the use of PBPK modeling to
identify drug- and formulation-related factors
influencing bioequivalence. Basu et al. devel-
oped and qualified PBPK model for modified-
-release metoprolol formulations [13]. Meto-
prolol, a commonly used beta-blocker for
hypertension and heart failure, was selected
due to its good solubility and permeability
(BCS Class I), so these characteristics are not a
limiting factor for dissolution and consequent-
ly bioequivalence. For drugs belonging to BCS
I class, formulation factors dominantly affect
the processes that are important for achieving
bioequivalence. Dissolution profiles of bio-
equivalent test and reference metoprolol for-
mulations in doses of 50 mg and 200 mg were
analyzed. Authors stated release-controlling
polymer as a critical factor for achieving ad-
equate dissolution, absorption and pharmaco-
kinetics.

According to another research, PBPK
model was developed and used to determi-
nate key factors influencing the absorption of
furosemide from immediate release (IR) and
modified-release (MR) formulations as well as
to simulate and predict plasma concentrations
of this component [14]. Furosemide, a potent
loop diuretic, belongs to BCS Class IV, due
to its low permeability and solubility [14-16].
In the case of MR formulations, few studies
have applied PBPK modeling to identify key
factors influencing the plasma concentration
profile - such as release characteristics, gas-
trointestinal tract route, and drug permeabil-
ity - and whether they could be exploited in
formulation optimization [14]. Researchers
have found that unit size of MR furosemide
formulations can influence gastric emptying
rates in the fasted state, and additionally, the
model suggested that the release rate in the
small intestine, alongside with gastric emp-
tying and intestinal absorption rates, are key
determinants of furosemide absorption from
MR capsules.

PBPK in population simulation

Pharmacokinetics can vary significantly
across different populations. Some contribut-
ing factors include gender, body mass index
(BMI), polypharmacy, hypertension, diabe-
tes, pregnancy, or combinations of these fac-
tors [17-19]. Therefore, identifying appropri-
ate methods capable of efficiently assessing
pharmacokinetic variability without the need

to include a large number of population sub-
groups is of great importance. Recent advances
in scientific research have extended the use of
PBPK modeling into clinical trial design, par-
ticularly for populations with limited available
data, such as pediatrics [4,20-27], pregnant
women [27-31], and the elderly [32-35]. In ad-
dition, this type of modeling can also be used
to predict the pharmacokinetics of a drug in
the individuals with impaired organ function
(e.g. liver, kidney), as well as obese populations
[33,34,36,37]. Considering the physiological
changes that occur during disease progression,
commercially available PBPK modeling plat-
forms are capable of distinguishing between
various disease types and stages. For example,
they enable simulations of pharmacokinetics
in conditions such as the three stages of liver
cirrhosis, simple steatosis, nonalcoholic steato-
hepatitis (NASH), and four levels of renal im-
pairment, among others. There are also stud-
ies that include models on diabetic patients
[22,39,40]. Moreover, certain models offer the
prediction of drug properties across diverse
ethnic groups, including European, Chinese,
Japanese, who may exhibit physiological dif-
ferences that influence the ADME characteris-
tics of the active substance [4,32,41,42].

An example of PBPK modeling for
cross-population translation can be seen with
the CYP substrate montelukast. The model
was developed using basic physicochemical
parameters, preclinical data and clinical data
obtained from intravenous and oral admin-
istration of the drug to the adult population.
This model was then used to predict pharma-
cokinetics in various pediatric subgroups by
accounting for anatomical and physiological
differences between adults and children. One
key parameter was the absorbed fraction of the
dose, which ranged from 0.25 in the youngest
examined group (one month to two years old)
to between 0.7 and 0.9 in children older than
two years [4].

A new study from 2025 indicated
that PBPK modeling, alongside virtual clini-
cal approach, can be used to assess how obe-
sity affects imatinib pharmacokinetics in
cancer patients and to evaluate the effective-
ness of TDM-guided dose adjustments in
optimizing drug exposure [43]. Research so
far shows that imatinib, a drug used to treat
myeloid leukemia, is less effective when used
in obese people. Using clinical data from lean,
overweight, and obese cancer patients, scien-
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tists validated the PBKP model. This analysis
revealed significant physiological differences
among the selected populations (liver weight,
enzyme activity, cardiac output, and hemato-
crit) which contributed to variations in thera-
peutic response. It is shown that obese patients
have much lower maxmimum concentration
Cmax and area-under-the-curve (AUC) val-
ues of imatinib. As a result from this research,
it is evident that PBPK modeling can be used
to optimize dosing strategies for imatinib in
obese cancer patients, supporting more pre-
cise and individualized treatment approaches
in oncology.

PBPK and PBTK in ecotoxicology

In addition to investigating drug behavior
and prediction within the human body, there
is growing interest in studying environmental
toxins. This is particularly important given the
increasing exposure to complex mixtures of
chemicals through food, water, air, and con-
sumer products. Understanding the toxicoki-
netic profiles of these substances is crucial for
risk assessment, public health protection, and
the development of regulatory guidelines [44-
46]. Since the mid-20th century, ecotoxicol-
ogy, as a multidisciplinary science, has stud-
ied the impact of various chemicals on both
organisms and the environment, with the goal
of protecting the health and integrity of eco-
systems [47,48]. As previously mentioned, by
using the PBPK and PBTK models, through
understanding and connecting sciences such
as physiology, anatomy and biochemistry, it
is possible to successfully predict the behav-
ior of xenobiotics in organisms, as well as
their concentration in physiologically inacces-
sible compartments. The use of PBTK mod-
els has significantly increased in the context
of toxicological research and risk assessment
[49]. This significantly minimizes costs, time,
and the use of animals to obtain experimen-
tal results [49,50]. In addition, by combining
PBTK models with other methods, such as
toxicodynamics (TD), certain toxic effects of
the contaminant itself, such as mortality, can
be predicted [51]. Numerous PBTK models
have already been developed for a wide range
of species, including fish, birds, and mammals
[49-55]. On the other hand, the existence of
a large number of animal species, along with
their morphological and physiological differ-
ences, can make the application of these mod-

Hospital Pharmacology. 2025; 12(2):1692-1702

els challenging, as it requires special param-
eterization, and often extrapolation between
species, especially when it comes to endan-
gered or focal ones [56-60]. Also, toxicity tests
are often conducted using standard laboratory
species rather than the focal species, yet the
same dose can cause markedly different effects
across species [59].

Among aquatic species, zebrafish
(Danio rerio) are widely used in ecotoxico-
logical studies due to their rapid development,
small size, and cost-effectiveness [51,61,62].
An example of such a study, the PBTK-TD
model was used to simulate the uptake and dis-
tribution of cadmium and lead in the organs of
zebrafish (brain, liver, blood, gills, intestines,
reproductive organs, carcass) [51]. The study
showed that the developed PBTK-TD model
accurately predicted the uptake, distribution,
and toxicity of cadmium and lead in zebraf-
ish, but also that accumulation and toxicity
differed from organ to organ, with the greatest
accumulation of cadmium in the liver, while
the greatest accumulation of lead in the gills.

Another study, involving zebrafish,
specifically their eleutheroembryos, is based
on the development of an appropriate PBPK
model for the precise prediction of real-world
exposure levels to endocrine disruptors, bi-
sphenol A (BPA) and its analogues (BPAE
BPF and BPS) [62]. The model demonstrated
strong predictive accuracy, thereby enhancing
the reliability of toxicity assessments for these
compounds in early developmental stages.

Addressing the previously mentioned
challenge of limited models for many animal
species, a team of scientists proposed a work-
flow to develop models tailored for new ani-
mal species [59]. The study conducted a cross-
species sensitivity analysis to identify the most
sensitive parameters in existing mammalian
PBTK models. Starting with a validated rabbit
model, the analysis was extended to six addi-
tional mammalian species. It is revealed that
only a few parameters are sensitive in each
model. Similarity across species were non-gas-
trointestinal parameters, while gastrointestinal
(GIT) parameters exhibited increased varia-
tion. Furthermore, for the same substance,
changes within a species were typically more
noticeable than differences between species.
The scientists believe that the proposed work-
flow will support the development of new
models in the future.
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Application of PBPK and PBTK in industry
and recognition by regulatory bodies

Regulatory bodies increasingly recognize the
importance of this approach in defining drug-
drug interactions, assessing damage to indi-
vidual organs and developing age-appropriate
pharmaceutical forms of drugs intended for
different pediatric populations. Physiologi-
cally based pharmacokinetic modeling and
simulation have so far been recommended
by the European Medicines Agency (EMA),
the US Food and Drug Administration (FDA)
and the Ministry of Health, Labour and Wel-
fare of Japan (MHLW) primarily to assess the
existence of drug-drug interactions [3,4,63].
The EMA has issued guidelines for the use
of these methods for monitoring hepatotox-
icity depending on the dose and duration of
treatment with the investigational drug [64].
The FDA, in particular, supports the use of
this methodology for development in pediat-
ric populations [65]. Between 2008 and 2012,
a total of 33 drug registration applications
were submitted to the FDA that included data
based on a physiologically based pharmacoki-
netic modeling approach. The largest part of
that data (61%) was related to the evaluation
of drug-drug interactions. An example of the
mentioned interaction can be seen on the drug
ibrutinib, where the interaction at the level of
the CYP3A enzyme with a strong inhibitor -
ketoconazole and an inducer - rifampicin was
examined. Based on the data from this study, a
special dosage was created for patients who, in
addition to ibrutinib, need to use another drug
that by its nature is an inhibitor or inducer
of the CYP3A enzyme [66]. Ibrutinib is also
approved by the Agency for Medicines and
Medical Devices of Serbia (Serbian: Agencija
za lekove i medicinska sredstva Srbije, ALIMS)
and in its SmPC, chapter 4.5 (Interactions
with other drugs and other types of interac-
tions) states data based on the described simu-
lations [67]. In parallel with PBPK modeling,
physiologically based toxicokinetic (PBTK)
modeling is gaining increased attention from
regulatory agencies for its utility in predicting
the ADME properties of environmental xeno-
biotics. Agencies are beginning to incorporate
PBTK models into risk assessment procedures
to enhance the efficiency of safety evaluations
and improve strategies for protecting public
and environmental health.

Limitations of PBPK/PBTK modeling

Although physiologically based pharmacoki-
netic (PBPK) and toxicokinetic (PBTK) mod-
eling are increasingly recognized as valuable
tools in drug research, development, and regu-
latory assessment, they remain relatively novel
approacheswith several inherent challenges
and limitations.

One of the main challenges is the
shortage of qualified experts in the field. This
gap is largely attributed to the absence of for-
mal education programs that include PBPK/
PBTK modeling in their curricula. Currently,
short training courses and professional devel-
opment programs are being offered by soft-
ware companies. Such training is usually not
available to undergraduate students, which
delays both interest and progress in this field.
Moreover, investment in scientific research
related to PBPK/PBTK modeling is still con-
sidered insufficient. The shortage of highly
trained personnel leads to difficulties in the
review process of documentation submitted
to regulatory agencies, as well as challenges in
standardizing and reporting this type of scien-
tific research [68].

Even when expertise is available, the
development of PBPK models remains chal-
lenging due togaps or inconsistencies in both
in vitro and in vivo data required for model de-
velopment. This issue is particularly evident in
the modeling of toxic compounds such as bi-
sphenols or perfluorooctanoic acid (PFOA),
for which human concentration-time data are
often unavailable. While animal data may be
used for extrapolation, this approach carries
the risk of under- or overestimating inter-
nal exposure in humans [68,69]. Even when
a model is successfully validated in a general
population, it is often not feasible to achieve
the same level of validation for specific popu-
lations such as pregnant women, children, and
patients with certain conditions, due to the
lack of appropriate clinical studies. Modeling
substances with complex chemical structures,
such as proteins and nucleic acids, which are
increasingly used in modern pharmacother-
apy, remains a highly demanding task. Their
physicochemical complexity often exceeds the
current capabilities of standard PBPK mod-
eling approaches, which are still in the early
stages of development for such molecules [69].

Transferability is recognized as a
critical need among researchers working in
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the field of PBPK modeling, yet it remains
largely unmet. Investigators often specialize in
a single software tool, where data generated in
one program may not be compatible or read-
able in another. It is important to emphasize
that the investigation of xenobiotic behavior
in the human body is primarily of professional
interest to healthcare practitioners, who are
not trained as programmers. For this reason,
user-friendliness of PBPK modeling platforms
is especially important, as complex or non-
intuitive interfaces may hinder broader adop-
tion and practical use in clinical and regula-
tory settings. Substantial efforts are needed to
overcome this limitation in the future and to
facilitate broader usability, particularly when
it comes to the critical evaluation of published
results [68]. On the other hand, due to insuf-
ficient development of programming skills,
the full potential of in silico methods for the
development of more mechanistically based
models remains underutilized [69].

Given the inherent complexity of
PBPK modeling, its development and appli-
cation require active involvement of clinical
practitioners, especially clinical pharmacolo-
gists, toxicologists, physiologists, pediatri-
cians, and other specialists interested in drug
pharmacokinetics and xenobiotic behavior
in the human body. Pharmacists, responsible
for dosage form development, extensively use
PBPK models to simulate bioavailability and
support formulation strategies. Furthermore,
there is a growing need for the inclusion of reg-
ulatory scientists to guide and evaluate model
applications within regulatory frameworks.
Finally, computational scientists and model-
ing experts, whose skills in software use and
mechanistic model building are indispensable
for advancing and ensuring the reliability of
the models, contribute significantly to model
development. Thus, a multidisciplinary and
collaborative approach among all these profes-
sionals is essential to fully realize PBPK/PBTK
modeling potential.

CONCLUSION

This review examines the emerging role of
PBPK/PBTK in areas such as modified-release
drugs, population simulation, ecotoxicology
implementations, as well as the regulatory as-
pectofitsapplication. As modern science shifts
towards reducing animal testing to the lowest
possible level, minimizing costs and increasing

Hospital Pharmacology. 2025; 12(2):1692-1702

the use of in silico methods for research pur-
poses, it is anticipated that the application of
PBPK and PBTK models will continue to rise
and extend into additional scientific fields in
the near future.
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KRATAK SADRZAJ

Uvod: Fizioloski zasnovano farmakokinetsko (PBPK) modelovanje je mocan alat u
farmaceutskim istrazivanjima i razvoju lekova, nudedi ta¢na predvidanja apsorpcije,
distribucije, metabolizma i eliminacije lekova (ADME). Ova metoda, kada se prosiri
na ksenobiotike, omogucava proucavanje toksina i drugih supstanci putem fizioloski
zasnovanih toksikokinetickih (PBPT) modela.

Metodologija: Ovaj narativni pregled sumira nedavne primene PBPK i PBTK mode-
lovanja u razvoju lekova i ekotoksikologiji.

Tema: Ukljuc¢ivanjem fizioloskih i biohemijskih podataka, PBPK modeli pruzaju pre-
ciznije simulacije koje veoma podsecaju na in vivo uslove. Napredak u tehnologiji je
poboljsao izvodljivost ovih modela, ¢ineci ih sve vrednijim za predvidanje ponasanja
lekova, kao i za ekstrapolaciju izmedu vrsta i nacina primene. Mehanisticka priroda
podrzava donosenje regulatornih odluka i smanjuje potrebu za obimnim ispitivanjima
na zivim organizmima. Pored toga, PBPK modeli su od klju¢nog znacaja za procenu
u posebnim populacijama, kao sto su pedijatrijski pacijenti ili osobe sa ostecenjem
organa.

Zakljucak: Uz kontinuiranu integraciju in silico alata i podataka dobijenim drugim
ispitivanjima, PBPK modelovanje postaje centralna platforma u translacionoj farma-
kologiji i proceni bezbednosti. Regulatorne agencije najcesée koriste PBPK modele za
podrsku proceni i predvidanju interakcija izmedu lekova.

Kljucne reci: PBPK, PBTK, ADME, in silico, procena rizika, ksenobiotici, toksikologija
Zivotne sredine
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