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Abstract

Sirolimus is a potent mTOR inhibitor used primarily to prevent acute rejection in transplant recipients.
Its clinical management is challenging because of its narrow therapeutic index, low and highly vari-
able oral bioavailability, and pronounced inter-individual variability driven by CYP3A4/5-mediated
metabolism and P-glycoprotein efflux. Extensive partitioning into erythrocytes further complicates its
disposition and necessitates therapeutic drug monitoring. Here, we developed a mechanistic whole-
body physiologically based pharmacokinetic (PBPK) digital twin of rapamycin that integrates complex
absorption kinetics, nonlinear distribution, and first-pass metabolism. The SBML-encoded model was
calibrated and evaluated against a comprehensive library of curated clinical pharmacokinetic data,
comprising studies primarily in healthy volunteers and stable renal transplant recipients. The dataset
covers diverse ethnic populations, cohorts with varying degrees of renal and hepatic impairment,
and individuals with relevant genetic polymorphisms. The digital twin captured overall trends in ra-
pamycin blood concentrations across a wide range of doses and dosing regimens. Simulations showed
good agreement with observed data under hepatic and renal impairment, as well as under fasted
and fed conditions. Furthermore, the model reproduced the magnitude of drug–drug interactions
involving potent CYP3A4 inhibitors, CYP3A4 inducers, and concomitant immunosuppressive agents.
This SBML-based digital twin provides a quantitative framework for characterizing sirolimus dose
dependency and the multifactorial effects of intrinsic and extrinsic factors on systemic exposure. By
providing the model in a standards-based, executable format together with simulation scripts and
curated pharmacokinetic datasets, this work supports independent reproduction, transparent model
evaluation, and systematic reuse in accordance with FAIR principles.

Keywords: rapamycin; sirolimus; PBPK modeling; digital twin; mTOR inhibitor; drug–drug interac-
tions; organ impairment; personalized medicine

1. Introduction
The mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase that integrates

signals from growth factors, nutrients, and cellular energy status to regulate cell growth, proliferation,
and metabolism. mTOR inhibitors, including rapamycin and its analogues, allosterically interact with
mTOR complex 1 (mTORC1; the rapamycin-sensitive complex), thereby suppressing its activity [1,2].
Rapamycin, also known as sirolimus, is a macrolide isolated from Streptomyces hygroscopicus. Initially
investigated as an antifungal agent, rapamycin is now widely used to prevent organ transplant
rejection because of its immunosuppressive properties [3,4]. It acts by binding to FKBP-12, forming a
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complex that inhibits mTORC1 and thereby suppresses T-lymphocyte activation and proliferation, a
key mechanism in preventing immune-mediated graft rejection [1,5].

Rapamycin is rapidly absorbed from the gastrointestinal tract and has a long terminal half-
life (T1/2). Its oral bioavailability is relatively low because of extensive first-pass metabolism and
efflux by intestinal P-glycoprotein. Once absorbed, rapamycin distributes extensively into blood
cells, resulting in pronounced partitioning between plasma and whole blood. Metabolism occurs
primarily via CYP3A4 in the liver and intestine, after which rapamycin is converted to metabolites
that are eliminated mainly in faeces [6–8]. Following oral administration, rapamycin exposure shows
substantial inter-individual variability, driven by its lipophilic properties, limited gastrointestinal
stability, patient-specific physiology, genotype, food intake, and co-administered drugs. Consequently,
patients may differ markedly in systemic exposure even after receiving the same dose [7,9].

The complexity of rapamycin disposition, together with the incomplete understanding of factors
underlying its pharmacokinetic variability, constrains the predictive power of empirical models and
limits their clinical applicability. Physiologically based pharmacokinetic (PBPK) modeling provides a
robust framework for addressing this challenge. By mechanistically describing absorption, distribu-
tion, metabolism, and excretion (ADME) on the basis of drug-specific properties and physiological
parameters, PBPK models can integrate patient-specific data to predict individual drug exposure [10].

Several PBPK models of rapamycin have previously been developed [11–13]. Early adult models
characterized CYP3A-mediated metabolism and successfully predicted bioavailability, tissue distri-
bution, and drug–drug interactions [11]. Subsequent paediatric extensions incorporated enzyme
maturation and accurately described clearance in newborns and infants [12], while other work ex-
plored the pharmacogenetic effects of the CYP3A5*3 polymorphism [13]. Together, these models
have advanced the quantitative understanding of sirolimus pharmacokinetics across populations and
genetic profiles.

In addition to predictive performance, transparency and reproducibility are critical requirements
for PBPK models intended to support cumulative model development and translational applications.
However, many published PBPK models are difficult to reproduce because executable model files,
full model equations, parameter sets, simulation protocols, and curated calibration or validation
datasets are often not made openly available [14,15]. This limits independent verification, comparison
between models, reuse in new contexts, and systematic extension by the wider community. To address
these limitations, reproducible and standards-based model development is increasingly important.
Encoding models in open formats such as SBML, together with openly available simulation workflows
and curated pharmacokinetic datasets, provides a transparent foundation for independent evaluation,
reuse, and further development in accordance with FAIR principles [16,17].

In this study, we developed a whole-body PBPK digital twin of rapamycin to simulate its phar-
macokinetic profile across clinically relevant sources of variability, including food intake, CYP3A4/5
genetic polymorphisms, hepatic and renal impairment, and drug–drug interactions (DDIs). The
model was developed from curated clinical pharmacokinetic data and encoded in SBML to support
reproducible simulation and reuse. Together with openly available model files, simulation scripts, and
curated datasets, this work provides a transparent mechanistic framework for predicting rapamycin
exposure across dosing regimens and patient populations.

2. Materials and Methods
2.1. Systematic Literature Research and Data Curation

A systematic literature review was conducted to identify clinical pharmacokinetic studies of
rapamycin using PubMed and PKPDAI (Figure 1). The search terms were rapamycin AND phar-
macokinetics and sirolimus AND pharmacokinetics. Studies were considered eligible if they reported
pharmacokinetic data in adult humans, including blood concentration–time profiles, administered
dose levels, and relevant elimination parameters. Animal studies, computational modeling studies,
and studies lacking the required pharmacokinetic or dosing information were excluded.
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Figure 1. PRISMA workflow diagram of the literature search and study selection process.

Data from 19 eligible studies were extracted and curated in PK-DB [18]. Curated information
included demographic characteristics (age, sex, and body weight), clinical status (healthy volunteers,
renal or hepatic impairment, and transplant status), rapamycin dose and dosing regimen, concomitant
medication, genotype information, and prandial state. Concentration–time profiles reported in figures
were digitized using WebPlotDigitizer [19], and all numerical data were standardized according to
the PK-DB data schema [18]. Extracted pharmacokinetic parameters included the maximum blood
concentration (Cmax), time to maximum blood concentration (tmax), elimination half-life (t1/2), and
area under the blood concentration–time curve (AUC).

2.2. Computational Model

A whole-body rapamycin PBPK model was developed in SBML format using sbmlutils [20].
Simulations were performed using sbmlsim [21] and libRoadRunner [22,23], visualization of the
results was performed using cy3sbml [24]. The created model structure consists of absorption (oral
input), distribution in organ compartments, hepatic and intestinal metabolism, and hepatic and renal
excretion.

Fractional organ volumes and blood flows were taken from the literature [25]. Fractional compart-
ment volumes were set to FVgu = 1.71 % for the gut, FVki = 0.44 % for the kidneys, FVli = 2.10 % for
the liver, and FVlu = 0.76 % for the lungs. Fractional blood flows were defined as FQgu = 18.00 % for
the gut, FQki = 19.00 % for the kidneys, FQh = 21.50 % for hepatic venous outflow, and FQlu = 100 %
for the lungs. Absolute organ volumes and blood flows were calculated by scaling the corresponding
fractional values by body weight.

• Renal impairment was modelled as a progressive reduction in renal function. The dimen-
sionless factor frenal was used to scale the renal clearance of the corresponding substances.
Scaling values were derived from the KDIGO Clinical Practice Guideline for the Evaluation
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and Management of Chronic Kidney Disease [26,27]. The values were based on the esti-
mated glomerular filtration rate (eGFR, mL min−1/1.73 m2) defining each kidney-function cat-
egory: normal kidney function (eGFR ≥ 90 mL min−1/1.73 m2, frenal = 1.00); mild impair-
ment (60 mL min−1/1.73 m2 ≤ eGFR < 90 mL min−1/1.73 m2, frenal = 0.69); moderate impair-
ment (30 mL min−1/1.73 m2 ≤ eGFR < 60 mL min−1/1.73 m2, frenal = 0.32); severe impairment
(15 mL min−1/1.73 m2 ≤ eGFR < 30 mL min−1/1.73 m2, frenal = 0.24); and end-stage kidney
disease (eGFR < 15 mL min−1/1.73 m2, frenal = 0.10). Dialysis was not included in the model.

• Hepatic impairment was modelled as a progressive reduction in functional liver tissue and an
increase in portosystemic shunting. The dimensionless factor fcirrhosis represents the fraction of
non-functional liver parenchyma and the development of portosystemic collaterals. Values were
assigned according to Child–Turcotte–Pugh (CTP) classes, which are used to classify the severity
of cirrhosis and estimate prognosis: class A (mild impairment, 5–6 points, fcirrhosis = 0.40); class B
(moderate impairment, 7–9 points, fcirrhosis = 0.70); and class C (severe impairment, 10–15 points,
fcirrhosis = 0.81) [28–31].

2.3. Model Parametrization

The parameters of the model were estimated by minimizing the weighted sum of squared residuals
between model simulations and available clinical observations. The objective function was defined as

F( p⃗) =
1
2 ∑

i,k
(wi,k · ri,k( p⃗))2,

where ri,k( p⃗) is the residual between the observed concentration and the corresponding model predic-
tion for observation i in study k, and wi,k represents the weighting factor accounting for study sample
size and measurement variance. Model calibration was performed simultaneously across fed and
fasted conditions and across the available dose levels to capture variability between physiological
states and dosing regimens.

To reduce the likelihood of convergence to local optima and improve the robustness of the
parameter estimates, 100 independent optimization runs were performed from distinct starting points.
Model performance was subsequently assessed using goodness-of-fit plots.

2.4. Pharmacokinetic Parameters

The pharmacokinetic parameters (Cmax, tmax, AUC, t1/2, and CL/F) were derived from the
concentration–time profiles reported in the selected clinical studies using non-compartmental analysis.
AUC values were calculated by trapezoidal integration, with extrapolation of the terminal phase where
applicable. The simulated concentration–time profiles and corresponding pharmacokinetic parameters
were then compared with the curated experimental data to assess the model’s ability to reproduce
observed pharmacokinetic behaviour.

3. Results
3.1. Rapamycin Database

Clinical pharmacokinetic data for rapamycin were curated from 19 independent studies and
assembled into an open-access database (Table 1). Following the systematic literature review (Fig-
ure 1), the included studies covered a broad range of dosing regimens, physiological states, and
genotype variants (Table 1). This integrated dataset provided the foundation for model development,
parametrization, and evaluation.
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Table 1. Summary of studies for modeling. Overview of study identifiers, PK-DB IDs, PMID, route, dosing, and subject characteristics, including health status (H), hepatic impairment (HI), renal
impairment (RI), and renal transplant (RT).

Study PK-DB PMID Route Dosing Dose Dose unit DDI Genotype H Fed HI RI RT

[2] PKDB01078 31089971 PO single 0.5, 2, 10, 40 mg ✓ ✓

[42] PKDB01038 11180036 PO single 10 mg Diltiazem ✓

[33] PKDB01003 11034258 PO single 0.3, 1, 3, 5, 8 [mg/m2] ✓

[36] PKDB01079 10594869 PO multi 3.6 ± 1.1 mg Cyclosporine ✓

[5] PKDB01004 27121219 PO single 5 mg ✓

[35] PKDB01006 16623021 PO single 6 mg ✓

[8] PKDB01073 16418694 PO single 40 mg ✓

[39] PKDB01080 17192769 PO single 2.9 ± 2.26 mg CYP3A5 1*/1*, *1/*3, *3/*3 ✓

[37] PKDB01081 18482049 PO single 6 mg Tacrolimus, Mycophenolate motefil ✓

[44] PKDB01005 23052408 PO single 15 mg Tacrolimus ✓

[43] PKDB01007 27128230 PO single 20 mg Rifampin ✓

[46] PKDB01082 27128614 PO multiple 1-4 mg Cyclosporine CYP3A5 1*/1*, *1/*3, *3/*3 ✓

[41] PKDB01070 36416673 PO single 2 mg Ritonavir, Ombitasivir, Paritaprevir,
Dasabuvir ✓

[40] PKDB01071 28700521 PO single 5 mg CYP3A4 1*/1*, *1/*1G, *1G/*1G;
CYP3A5 1*/1*, *1/*3, *3/*3 ✓

[34] PKDB01083 9156373 PO multiple 0.5, 1, 1.5, 2.5, 3,
3.5, 4, 5, 6.5

mg/m2 Cyclosporine ✓

[48] PKDB01084 10579146 PO single 15 mg ✓ ✓

[45] PKDB01072 18218785 PO single 15 mg Cyclosporine ✓

[47] PKDB01085 16291711 PO single 15 mg ✓

[38] PKDB01086 18218785 PO single 15 mg ✓
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3.2. Computational Model

A whole-body PBPK model of rapamycin was developed to represent the major physiological
and drug-specific processes governing its pharmacokinetics (Figure 2). The model describes the
anatomical compartments relevant to rapamycin absorption, distribution, metabolism, and excretion,
including the gastrointestinal tract, liver, kidneys, and systemic circulation. Drug-specific processes
included dissolution and intestinal absorption, CYP-mediated intestinal and hepatic metabolism,
faecal elimination, and renal excretion.

Figure 2. Whole-body PBPK model of rapamycin and key factors influencing its disposition. A) Whole-body
model of rapamycin (RAP) administration (oral and intravenous), its systemic circulation via blood circulatory
system, and key organs involved in its metabolism, distribution, and excretion. B) Intestine model illustrating
rapamycin absorption by enterocytes. C) Hepatic model of RAP uptake by hepatocytes and its conversion to
metabolites by CYP3A4 and CYP3A5. D) Renal model describing excretion of rapamycin in urine via kidneys. E)
Key factors affecting rapamycin disposition accounted for in the model: dose, renal function, cirrhosis, food effect,
CYP3A4 and CYP3A5 activity.

Key sources of intra- and inter-individual variability were explicitly incorporated into the model
structure. These included dose level, nutritional state (fasted or fed), CYP3A4/5 genotype, and
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the presence of renal or hepatic impairment. Together, these components enabled the simulation of
clinically relevant variability in rapamycin exposure across different physiological states and patient
populations.

The complete model, including simulation scripts and documentation, is available in SBML
format under a CC-BY 4.0 license via GitHub (https://github.com/matthiaskoenig/rapamycin-model)
and is archived on Zenodo (v0.5.0) [32].

3.3. Dose Dependency

The dose dependency of rapamycin pharmacokinetics was evaluated for oral doses ranging
from 0.5 mg to 40 mg and from 0.3 mg m−2 to 8 mg m−2. Across studies in healthy volunteers and
stable renal transplant recipients, rapamycin was rapidly absorbed, with peak blood concentrations
typically reached within 1 h to 2 h. Pronounced inter-individual variability was observed across the
reported concentration–time profiles. Rapamycin was extensively distributed into formed blood
elements, consistent with the substantially higher concentrations reported in whole blood compared
with plasma.

Dose-dependency simulations reproduced the observed increase in systemic exposure with
increasing dose. Exposure metrics, including Cmax and AUC, increased approximately proportionally
with dose, whereas elimination-related parameters, including the elimination rate constant kel and
terminal half-life t1/2, remained largely independent of the administered dose. These findings are
consistent with dose-linear pharmacokinetics over the investigated dose range.

Time-course simulations were performed for all curated clinical dose and dose-dependency
studies (Basa-Denes2019 [2], Brattstrom2000 [33], Zimmerman1997 [34], Leelahavanichkul2005 [35],
KorthBradley2012 [5], Kelly1999 [36], Leung2006 [8]). Simulated rapamycin concentrations in blood
and plasma, as well as urinary and faecal excretion, are shown for single- and multiple-dose regimens.
Direct comparison was possible for blood concentration–time profiles, whereas plasma concentrations,
metabolite profiles, and urinary and faecal excretion data were not available in the curated clinical
studies.

3.4. Renal Impairment

The pharmacokinetics of rapamycin under conditions of renal impairment appeared to be rel-
atively stable. Across the evaluated degrees of renal impairment, simulated rapamycin exposure
showed only minor changes, indicating that systemic exposure is largely insensitive to reduced renal
function. This finding is consistent with the predominant elimination pathway of rapamycin, which is
mainly governed by hepatic metabolism and biliary/faecal excretion rather than renal clearance.

However, interpretation of these results is limited by the fact that the available clinical data for
model evaluation were derived from a single study in patients who had undergone Roux-en-Y gastric
bypass surgery. In this population, observed rapamycin exposure was lower than predicted, and
substantial inter-individual variability was reported for both peak concentrations and overall exposure.
These discrepancies are therefore more likely attributable to altered gastrointestinal anatomy and
impaired absorption after gastric bypass than to renal impairment itself.

Roux-en-Y gastric bypass reduces the absorptive surface area of the proximal intestine and alters
gastrointestinal physiology, including gastric pH, intestinal transit, and drug dissolution conditions.
For rapamycin, which has limited aqueous solubility and absorption that depends on gastrointestinal
conditions, these changes may substantially reduce oral bioavailability [37]. Because the model does
not currently account for malabsorptive changes following bariatric surgery, the agreement between
simulations and clinical observations was weaker in this scenario than in other evaluated populations.

Taken together, the simulations suggest that renal impairment alone has only a minor effect on
rapamycin pharmacokinetics. In contrast, gastrointestinal factors affecting absorption may represent
a more important source of variability in specific patient populations. Additional clinical pharma-
cokinetic data from patients with renal impairment but without concomitant bariatric surgery would
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be required to more clearly distinguish the effects of renal dysfunction from those of altered oral
absorption.

3.5. Hepatic Impairment

The effect of hepatic impairment on rapamycin pharmacokinetics was evaluated using simulations
based on data from patients with severe liver cirrhosis (Child–Pugh class C; Figure 5). Simulations
were performed across hepatic function states ranging from normal liver function to severe cirrhosis.
Rapamycin exposure increased with declining liver function, as reflected by higher AUC and a
prolonged terminal half-life. This was accompanied by a progressive decrease in the elimination rate
constant kel, consistent with reduced hepatic clearance under impaired liver function. In contrast,
Cmax remained largely unchanged across the simulated degrees of cirrhosis, indicating that hepatic
impairment primarily affected elimination rather than the initial absorption phase.

Figure 3. Dose-dependent pharmacokinetics of rapamycin. A) Oral dose range (0–40 mg). B) Pharmacokinetic
time courses of rapamycin in the blood and plasma. C) Pharmacokinetic parameters (AUC0−inf, Cmax, kel ,
and half-life) for rapamycin; observed parameters overlaid where available. D) Comparison of simulations
with study data from BasaDenes2019 [2], Brattstrom2000 [33], Zimmerman1997 [34], Leelahavanichkul2005 [35],
KorthBradley2012 [5], Kelly1999 [36], Leung2006 [8]. Simulations are shown as solid lines and study data as
symbols with SDs where available.
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Figure 4. Effect of renal impairment on pharmacokinetics of rapamycin. A) Renal function categories from
normal to severe impairment used in simulations. B) Pharmacokinetic time courses of rapamycin in the blood. C)
Pharmacokinetic parameters (AUC0−inf, Cmax, kel , and half-life) for rapamycin; observed parameters overlaid
where available. D) Comparison of simulations with study data Rogers2008 [37]. Simulations are shown as solid
lines, and study data as symbols with SDs where available.

For rapamycin metabolites, increasing hepatic impairment resulted in reduced metabolite for-
mation in plasma and a corresponding decrease in cumulative metabolite excretion. These findings
are consistent with the reduced CYP-mediated metabolic capacity and altered hepatic blood flow
associated with cirrhosis.

Simulated blood concentration–time profiles of the parent compound and metabolites, together
with urinary and faecal excretion profiles, are shown for the different hepatic function groups and
compared with the available clinical data from Zimmerman2008 [38]. Direct comparison was possible
for whole-blood rapamycin concentration–time profiles, whereas plasma concentrations, metabolite
profiles, and urinary and faecal excretion data were not available in the curated clinical study.
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Figure 5. Effect of hepatic impairment on pharmacokinetics of rapamycin. A) Liver function categories used
in simulations. B) Pharmacokinetic time courses of rapamycin in the blood. C) Pharmacokinetic parameters
(AUC0−inf, Cmax, kel , and half-life) for rapamycin; observed parameters overlaid where available. D) Comparison
of simulations with study data Zimmerman2005 [47], Zimmerman2008 [38]. Simulations are shown as solid lines,
and study data as symbols with SDs where available.

3.6. Food Effect

The effect of food on rapamycin pharmacokinetics was evaluated using simulations under fed
and fasted conditions (Figure 6). Following oral administration with food, the initial absorption phase
was altered, resulting in a lower maximum whole-blood concentration Cmax and a delayed time to
peak concentration. Compared with the fasted state, the fed state produced a lower and broader
concentration–time profile, whereas the fasted state was characterized by more rapid absorption and a
sharper peak.

Total systemic exposure was largely preserved, indicating that food primarily affected the rate of
absorption rather than the overall extent of absorption. Consistently, simulated plasma metabolite
profiles were flattened under fed conditions, whereas the cumulative amount of excreted metabolites
remained largely unchanged.
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Figure 6. Effect of gestational state on pharmacokinetics of rapamycin. A) Gestational state categories used
in simulations. B) Pharmacokinetic time courses of rapamycin in the blood. C) Pharmacokinetic parameters
(AUC0−inf, Cmax, kel , and half-life) for rapamycin; observed parameters overlaid where available. D) Comparison
of simulations with study data Basa-Denes2019 [2], Zimmerman1999 [48]. Simulations are shown as solid lines,
and study data as symbols with SDs where available.

Simulated blood concentration–time profiles of the parent compound and metabolites, together
with urinary and faecal excretion profiles, are shown for fed and fasted conditions and compared
with the available clinical data from Zimmerman2008 [38] and Basa-Denes2019 [2]. Direct comparison
was possible for whole-blood rapamycin concentration–time profiles, whereas plasma concentrations,
metabolite profiles, and urinary and faecal excretion data were not available in the curated clinical
studies.

3.7. Genetic Variants (CYP3A4 and CYP3A5)

The effects of CYP3A4 and CYP3A5 genetic variants on rapamycin pharmacokinetics are shown in
Figure 7. Genetic polymorphisms affected inter-individual variability in rapamycin exposure through
changes in organ-specific metabolic activity. Clinical concentration–time profiles indicated that the
CYP3A4*1G variant and CYP3A5*1 expressor status were associated with increased metabolic activity
and lower whole-blood rapamycin concentrations compared with the corresponding lower-activity or
non-expressor genotypes.
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Figure 7. Effect of CYP3A4/5 genotype on pharmacokinetics of rapamycin. A) CYP3A4/5 genotype activity
categories used in simulations. B) Pharmacokinetic time courses of rapamycin in the blood. C) Pharmacokinetic
parameters (AUC0−inf, Cmax, kel , and half-life) for rapamycin in the gut and liver; observed parameters overlaid
where available. D) Comparison of simulations with study data Zhang2017 [40], Renders2007 [39]. Simulations
are shown as solid lines, and study data as symbols with SDs where available.

For both CYP3A4 and CYP3A5, increased hepatic enzyme activity resulted in reduced rapamycin
exposure, reflected by lower AUC and shorter terminal half-life. This was accompanied by an increase
in the elimination rate constant kel, consistent with enhanced systemic clearance. In contrast, increased
intestinal enzyme activity primarily reduced bioavailability, leading to lower AUC and Cmax, while kel

and terminal half-life remained largely unchanged. These findings indicate that intestinal CYP activity
mainly affects first-pass metabolism and absorption-related exposure, whereas hepatic CYP activity
determines systemic elimination after absorption.
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Across both enzymes, higher-activity genotypes shifted the metabolic profile towards increased
metabolite formation, resulting in higher simulated plasma metabolite concentrations and increased
cumulative urinary excretion of metabolites, while faecal excretion remained largely unchanged.

Simulated blood concentration–time profiles of the parent compound and metabolites, together
with urinary and faecal excretion profiles, are shown for the CYP3A4 and CYP3A5 genotype groups
and compared with the available clinical data from Renders2007 [39] and Zhang2017 [40]. Direct
comparison was possible for whole-blood rapamycin concentration–time profiles, whereas plasma
concentrations, metabolite profiles, and urinary and faecal excretion data were not available in the
curated clinical studies.

3.8. Drug-Drug Interactions (DDIs)

Rapamycin pharmacokinetics was strongly influenced by co-administered drugs targeting
CYP3A4 and P-glycoprotein pathways (Figure 8). In healthy volunteers, CYP3A4 inhibition increased
rapamycin exposure. The 3D regimen containing ritonavir increased whole-blood rapamycin concen-
trations and prolonged the terminal half-life [41]. Diltiazem similarly increased rapamycin exposure,
consistent with reduced intestinal and hepatic CYP3A4-mediated first-pass metabolism [42]. By con-
trast, rifampin markedly decreased rapamycin exposure, consistent with CYP3A4 and P-glycoprotein
induction and enhanced clearance [43]. Tacrolimus had only a minor effect on rapamycin pharmacoki-
netics in healthy subjects, with simulated concentration–time profiles closely matching those obtained
after rapamycin administration alone [44].

Figure 8. Effect of co-administered drugs on pharmacokinetics of rapamycin. A) Drug administration categories
used in simulations. B) Pharmacokinetic time courses of rapamycin in the blood. C) Comparison of simulations
with study data Bottiger2001 [42], Tortorici2013 [44], Tortorici2014 [43], Wang2014 [46], Zimmerman2003 [45],
Zha2022 [41], Kelly1999 [36], Zimmerman1997 [34]. Simulations are shown as solid lines, and study data as
symbols with SDs where available.
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In stable renal transplant recipients, simulated rapamycin concentrations remained stable during
maintenance therapy with cyclosporine when staggered dosing was considered. Although cyclosporine
co-administration markedly increases rapamycin exposure in healthy subjects [45], this interaction
can be reduced by separating the dosing times. The simulations therefore reproduced stable and
predictable rapamycin concentration–time profiles under clinically used maintenance regimens in
transplant patients [34,36,46].

4. Discussion
4.1. Model

This work established a curated clinical dataset of rapamycin pharmacokinetics and used it to
develop a whole-body mechanistic PBPK model. In total, 19 previously published clinical studies were
curated, covering a broad range of rapamycin dosing regimens and patient populations. This enabled
the evaluation of clinically relevant factors affecting rapamycin exposure, including dose level, food
intake, renal and hepatic impairment, genetic variability, and drug–drug interactions.

Although data availability was limited, the curated dataset was sufficient for model development
and evaluation. Whole-blood concentration–time profiles were consistently reported across studies,
including single-dose, multiple-dose, staggered-dose, and maintenance-therapy regimens. In contrast,
plasma concentration profiles, metabolite data, and urinary or faecal excretion data were generally
unavailable, limiting direct validation of these model components.

The developed framework integrates systemic circulation, hepatic and intestinal metabolism,
and renal elimination into a mechanistic whole-body representation of rapamycin pharmacokinetics.
Parameter optimization and the agreement between simulated and observed concentration–time
profiles across the evaluated studies support the reliability of the model, while also providing a basis
for future refinement as additional clinical pharmacokinetic data become available. A key advantage
of this mechanistic modelling approach is its ability to investigate clinically relevant scenarios that
are difficult to assess systematically in clinical trials, such as organ impairment, genetic variability,
drug–drug interactions, or changes in dosing regimens under controlled in silico conditions.

4.2. Dose Dependency

Simulations of rapamycin dose dependency showed good agreement with published clinical
data and captured the major pharmacokinetic trends across a broad range of dosing regimens. The
model reproduced the approximately dose-proportional increase in peak whole-blood concentrations
Cmax and total exposure AUC observed across the curated studies. It also captured the characteristic
long terminal half-life of rapamycin. In multiple-dose scenarios, the model reproduced the accumula-
tion phase, consistent with clinical observations that sirolimus concentrations increase over several
days before reaching steady state. Although simulated profiles did not perfectly overlap with all ob-
served data, this is expected given the pronounced inter-individual variability reported for rapamycin
pharmacokinetics.

4.3. Renal Impairment

Pharmacokinetics of rapamycin under conditions of renal impairment appear to be relatively
stable. However, the evaluation of this effect was limited as it was based on a single simulated study
in which patients had undergone gastric bypass surgery. This study reported substantial inter-patient
variability in peak concentrations and overall exposure, which contributed to discrepancies between
simulated and observed data.

Across the assessed levels of renal impairment, simulated rapamycin exposure showed only
minimal changes, suggesting that systemic exposure is largely insensitive to declining renal function.
This observation is consistent with the known elimination pathway of rapamycin, which primarily
involves hepatic metabolism and faecal excretion rather than renal clearance.
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Despite these simulation trends, the clinical data used for model validation demonstrated lower
exposure than predicted. This discrepancy is most likely attributable to the effects of Roux-en-Y gastric
bypass in the study population rather than renal impairment itself. The surgical procedure reduces the
absorptive surface area of the proximal intestine and alters gastric pH, thereby decreasing rapamycin
solubility and absorption [37].

The agreement between simulations and clinical observations in the context of renal impairment
was weaker than in other populations, likely because the mechanistic model does not account for mal-
absorptive changes following bypass. These findings suggest that while rapamycin pharmacokinetics
are not inherently sensitive to renal function, other physiological factors may play a more significant
role in driving inter-individual variability.

4.4. Hepatic Impairment

In contrast, the pharmacokinetics of rapamycin under conditions of hepatic impairment show
a clear dependence on liver function, although available data remain limited. Evaluation in this
population is based on a single reported blood concentration-time profile, which exhibits substantial
inter-individual variability and complicates direct quantitative comparisons between simulation and
observed data.

Clinical findings indicate a progressive and significant increase in systemic exposure, along with
a prolongation of the terminal half-life, as the severity of liver dysfunction increases. Rapamycin
exposure rises with advancing cirrhosis, reflecting a consistent reduction in systemic clearance. In
subjects with severe hepatic impairment (Child-Pugh C), these pharmacokinetic parameters are
markedly altered compared with healthy individuals. Conversely, the absorption phase appears to
be largely unaffected by hepatic status, while reduced clearance is the dominant and consistently
observed change.

Model simulations accurately predict these trends, reflecting the diminished hepatic metabolic
capacity. Despite the general agreement between simulations and clinical trends, the high variability
observed among patients suggests that additional processes can contribute to the disposition of
rapamycin, such as the effects of liver cirrhosis on the activity of CYP3A4 and CYP3A5 that reduce the
metabolic capacity of the subject, the abundance of intestinal CYP3A4 protein, or the activity of the
P-glycoprotein efflux pump in the small intestine.

Model simulations capture these trends adequately, reflecting diminished hepatic metabolic
capacity. However, despite general agreement between simulated and observed data, the pronounced
variability among patients suggests that additional factors may influence rapamycin disposition. These
may include alterations in the activity of CYP3A4 and CYP3A5 enzymes, reduced intestinal CYP3A4
abundance, and changes in the activity of the P-glycoprotein efflux transporters in the small intestine.

4.5. Food Effect

The effect of prandial state on rapamycin pharmacokinetics is moderate but becomes more
pronounced following high-fat meals. Clinical data indicate that food primarily alters the rate of
absorption, while its impact on total systemic exposure depends on the formulation. For the oral
solution, administration with high-fat meal results in a reduction in maximum blood concentration
(Cmax) and a marked delay in time to peak concentration (tmax), with only a moderate increase in
overall exposure. In contrast, tablet formulations have been associated with increases in both Cmax and
AUC under fed conditions, whereas nano-amorphous formulations show reduced peak concentrations
without significant changes in total exposure. Despite these formulation-dependent differences in
absorption, the terminal half-life remains unaffected by food intake.

Model simulations reproduce these trends well, including the delayed and attenuated peak
concentrations observed in the fed state. The impact of food is primarily reflected in altered absorption
kinetics, leading to variability in peak concentrations and apparent elimination profiles, while overall
exposure remains relatively stable. By incorporating mechanistic descriptions of gastrointestinal
processes, the model captures the effects of delayed gastric emptying and enhanced solubilization
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mediated by dietary fats and bile salts. Furthermore, inclusion of intestinal and liver metabolic
pathways enables the model to account for potential modulation of CYP3A4 and CYP3A5 activity in
the gastrointestinal tract, including competitive inhibition or transient reduction in metabolic capacity
associated with food intake.

The agreement between simulations and clinical observations for the food effect is generally robust,
although the differences can be caused mostly by inter-individual variability and food components
interactions with P-gp, which the model does not account for. These findings suggest that while food
is a relevant factor, other intrinsic processes such as enzymatic variability and genetic polymorphisms
can significantly influence the effect of prandial state on the disposition of rapamycin.

Overall, the agreement between simulations and clinical observations for the food effect is satisfac-
tory, although some discrepancies remain. There are likely attributable to inter-individual variability
and food-drug interactions involving transport proteins (P-gp), which are not captured by the model.
Collectively, these finding indicate that while prandial state is an important determinant of rapamycin
absorption kinetics, intrinsic factors such as enzyme variability and its genetic polymorphisms may
further modulate its overall pharmacokinetic profile.

4.6. Genetic Polymorphisms

Genetic variability in the metabolic enzymes CYP3A4 and CYP3A5 represents an important
source of inter-individual differences in rapamycin pharmacokinetics. Sirolimus is a sensitive substrate
of both enzymes, which contribute to extensive first-pass metabolism in the liver and intestinal wall.
Evaluation in this context demonstrated substantial variability between individuals, particularly in
parameters such as clearance and volume of distribution.

Clinical data indicate that enzyme activity is an important determinant of rapamycin disposition.
Individuals carrying the functional CYP3A5*1 allele (expressors) generally exhibit higher oral clearance
than those homozygous for the inactive CYP3A5*3 variant. In parallel, variability in CYP3A4 has
been associated with genotypes such as *1/*1, *1/*1G, and *1G/*1G, reflecting polymorphisms that
contribute to differences in metabolic capacity, with particularly notable effects reported in Asian
populations.

To mechanistically account for this variability, the model incorporates both hepatic and intestinal
metabolism mediated by CYP3A4 and CYP3A5, including the influence of genetic polymorphisms.
Within this framework, genotype-dependent effects are represented by assigning relative enzyme
activity levels corresponding to differences in metabolic capacity. Although some discrepancies
between simulations and observed data remain, the model captures the overall trends associated with
genetic variation. In particular, reduced enzymatic activity in either the liver or intestine leads to
increased systemic exposure and prolongation of the terminal half-life.

4.7. Drug-Drug Interactions (DDIs)

Drug–drug interactions represent an important modulator of rapamycin pharmacokinetics, pri-
marily through effects on shared metabolic enzymes and transporters. These interactions predomi-
nantly involve the CYP3A4-mediated metabolic pathway, which is incorporated into the model to
account for competitive, inhibitory, and inductive effects arising from concomitant drug administration.
Within this framework, inhibition or induction is represented by adjusting relative enzyme activity
levels to capture general interaction trends.

Clinical data demonstrate that strong CYP3A4 inhibitors, such as diltiazem and ritonavir, sig-
nificantly increase systemic exposure and prolong the terminal half-life of rapamycin. Similarly,
co-administration with cyclosporine leads to a marked increase in rapamycin blood concentrations;
however, this effect can be mitigated by separating the dosing times by several hours. In contrast,
potent CYP3A4 inducers, such as rifampin, substantially enhance drug clearance, resulting in reduced
systemic exposure. Tacrolimus, despite its structural similarity to rapamycin, does not exhibit clinically
meaningful pharmacokinetic interactions.
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Model simulations reproduced these interaction patterns, capturing the main trends observed
under both simultaneous and staggered dosing regimens across different therapeutic combinations.
Remaining discrepancies between simulated and observed data are likely attributable to the high
inter-individual variability associated with rapamycin, limited clinical data, and additional factors
such as variability in enzyme expression and population-specific differences.

4.8. Outlook

Future efforts aimed at advancing models of rapamycin and other immunosuppressive agents
should prioritize the standardization and enhancement of reported clinical data. Equally important
is a deeper exploration of rapamycin’s mechanism of action to address existing knowledge gaps. In
particular, further research is needed to better characterize the effects of organ impairment on phar-
macokinetics, as well as the role of genetic polymorphisms in inter-individual variability. Moreover,
quantifying the specific contributions of CYP3A enzymes and P-glycoprotein transporters to sirolimus
disposition and activity remains essential for improving mechanistic understanding and predictive
accuracy, and ultimately for optimizing therapeutic outcomes.

The model successfully captured general trends in the ADME profile of rapamycin; however,
the available data remain limited, particularly with respect to its metabolites and detailed excretion
patterns in urine and faeces. As a result, these predictions could not be fully validated against clinical
observations. Improved availability of such data would enable more comprehensive model refinement
and validation, while also enhancing the applicability of mechanistic PBPK models for a deeper
understanding of the drug’s behaviour and therapeutic efficacy in patients.

4.9. Reproducibility

Beyond the pharmacological insights, this study highlights a broader challenge in computational
pharmacology and systems biology related to model transparency and reproducibility. A considerable
proportion of published PBPK models cannot be independently reproduced, because critical com-
ponents such as model equations, executable code, and well-curated calibration datasets are often
not made publicly accessible. This lack of availability limits independent validation and substan-
tially constrains the reuse, extension, and cumulative advancement of models within the scientific
community.

To address these limitations, reproducibility and accessibility of the whole-body rapamycin PBPK
model were established as central design principles of the present work. The complete modelling
framework, including the SBML-encoded model, simulation scripts, and curated clinical datasets,
is made openly available and organized according to the FAIR principles [16,17]. This ensures that
the model can be independently reproduced, critically evaluated, and systematically reused across
different research contexts. Furthermore, all resources are provided under permissive MIT and CC-BY
licences, facilitating broad adoption in both academic and industrial environments and enabling
straightforward integration into existing workflows, including commercial applications.

In conclusion, this PBPK digital twin of rapamycin integrates available clinical data into a mecha-
nistic framework that captures key pharmacokinetic processes across dosing regimens and patient
populations. The model provides quantitative insight into dose dependency and factors influencing
variability in drug action. By providing full open access to the model, this work establishes a transpar-
ent and reproducible reference framework that supports independent validation, reuse, and further
improvement of future PBPK models of rapamycin and other immunosuppressive drugs.
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