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Abstract

Background/Objectives: Empagliflozin is an SGLT2 inhibitor prescribed for the management of
type 2 diabetes mellitus, lowering blood glucose by increasing urinary glucose excretion (UGE)
through inhibition of renal glucose reabsorption. PK/PD responses vary substantially across patient
populations, complicating dose selection under altered organ function. Here, we developed a whole-
body PBPK/PD digital twin integrating absorption, distribution, metabolism, and excretion with
explicit modeling of renal glucose handling via the renal threshold for glucose. Methods: The
model represents empagliflozin and its glucuronide metabolite, is implemented in SBML, and was
calibrated and evaluated against curated PK/PD data from 27 clinical studies spanning healthy
individuals, patients with type 2 diabetes, and cohorts with renal or hepatic impairment. Results:
The model accurately captured observed clinical PK/PD data across all 27 studies, spanning a wide
range of doses, dosing regimens, and patient populations. Good agreement between simulations and
observations was obtained under normal and impaired renal and hepatic function, as well as under
fasted and fed conditions, demonstrating the model’s ability to reproduce empagliflozin disposition
and pharmacodynamic response across clinically relevant scenarios. Conclusions: This SBML-based
PBPK/PD digital twin provides quantitative insight into empagliflozin dose dependency and the
impact of renal impairment, hepatic impairment, and food intake on PK/PD across clinically relevant
populations. All model files, simulation scripts, and curated datasets are openly available in accordance
with FAIR principles.

Keywords: digital twin; empagliflozin; Type 2 diabetes mellitus; physiologically based
pharmacokinetic/pharmacodynamic model (PBPK/PD); pharmacokinetics; pharmacodynamics;
personalized medicine

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder and a major global health
challenge, characterized by persistent hyperglycemia that can lead to severe complications. Despite the
availability of multiple glucose-lowering therapies, many patients fail to achieve sustained glycemic
control [1,2], highlighting the continued need for effective and well-characterized therapeutic strategies.

The kidney plays a central role in glucose homeostasis by reabsorbing nearly all filtered glucose
in the proximal tubule [3], a process mediated primarily by sodium-glucose co-transporter 2 (SGLT2,
~90%) and to a lesser extent by sodium-glucose co-transporter 1 (SGLT1, ~10%) [4,5]. SGLT2 inhibition
lowers the renal threshold for glucose (RTG), thereby increasing urinary glucose excretion (UGE) and
reducing plasma glucose concentrations via an insulin-independent mechanism [5,6].
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Empagliflozin is an orally active SGLT2 inhibitor approved for the treatment of adults with T2DM.
It is administered once daily, with a default starting dose of 10 mg that may be escalated to 25 mg for
improved glycemic control in appropriate patients. Dosing is primarily guided by indication, renal
function, and tolerability [7].

The pharmacokinetics of empagliflozin are well characterized. Following oral administration, it is
rapidly absorbed with an oral bioavailability of ~70-80% and peak plasma concentrations reached
within 1.3-3 h. Plasma profiles show a biphasic decline with a terminal half-life of approximately
10-13 h, supporting once-daily dosing [8,9]. Food is considered to have no clinically relevant effect on
absorption [10,11]. Empagliflozin has a large apparent volume of distribution and high plasma protein
binding (~86-90%, primarily to albumin). Metabolism is dominated by phase II glucuronidation via
UGT2B7, UGT1A3, UGT1AS8, and UGT1AY, forming 2-O-, 3-O-, and 6-O-glucuronide metabolites,
each representing less than 10% of total drug-related material; oxidative metabolism is minimal [7,12].
Elimination occurs via both renal and fecal routes, with approximately 10-20% of the dose excreted
unchanged in urine at steady state. Renal impairment increases exposure, while hepatic impairment has
less than a 2-fold effect, and dose adjustment for liver disease is generally considered not required [12].
Pharmacodynamically, empagliflozin potently and selectively inhibits SGLT2 in the proximal tubule,
lowering the RTG and producing dose-dependent increases in UGE, with sustained reductions in
plasma glucose and HbAlc independent of insulin secretion [12].

Patients with T2DM exhibit substantial inter-individual variability in empagliflozin pharmacoki-
netics (PK) and pharmacodynamics (PD), with renal and hepatic function representing key sources
of this variability. As eGFR declines, renal clearance of empagliflozin decreases, leading to modest
increases in systemic exposure, while Crax remains largely unchanged. Despite higher exposure, UGE
falls steeply with worsening renal function because less glucose is filtered, substantially attenuating
the glycemic PD effect [13,14]. Hepatic impairment, by contrast, has comparatively minor effects on
empagliflozin exposure and does not materially alter UGE or glucose-lowering efficacy, since the PD
effect is driven by renal filtration rather than hepatic function. Routine dose adjustment is therefore
not required in mild—-moderate hepatic impairment, though caution is advised in severe disease due
to limited data [15]. Together, these pathophysiological factors introduce a level of complexity in
dose selection that mechanistic modeling approaches are well suited to address, enabling systematic
assessment of drug exposure and response across diverse patient populations.

Several computational models of empagliflozin have been published, spanning population PK
and PK/PD analyses [16-20], mechanistic and exposure-response PK/PD models [21-23], PBPK
approaches [24-26], a quantitative systems pharmacology model of renal glucose handling [27], and a
molecular binding study [28]. While these models have provided valuable insights into empagliflozin
exposure-response relationships and glycemic effects, most rely on closed software and proprietary
datasets, provide no executable code, and do not adhere to FAIR principles, precluding independent
reproduction, long-term preservation, and systematic extension. Many are furthermore based on
narrowly defined patient cohorts, limiting their applicability across the full range of clinically relevant
populations and scenarios. A systematic overview of existing models, including their scope, availability,
and reproducibility, is provided in Supplementary Table S1.

Reproducibility remains a broad challenge in systems biology [29] and PBPK modeling [30], with
many published models lacking accessible equations, data, or executable workflows. Physiologically
based pharmacokinetic/pharmacodynamic (PBPK/PD) modeling provides a quantitative framework
for integrating physiological, biochemical, and drug-specific data, and by representing absorption,
distribution, metabolism, and excretion (ADME) in mechanistic detail, such models can simulate the
impact of organ dysfunction and other patient-specific factors on drug exposure and response, offering
insights that complement and extend those obtainable from clinical trials alone [31-33]. To fully realize
this potential, however, models must be transparent, reproducible, and built on openly accessible data
and code.
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Here, we present a fully reproducible digital twin of empagliflozin developed in accordance
with FAIR principles [34] and Open Science practices, using published clinical data from 27 studies
(Table 1), including healthy individuals, patients with T2DM, and individuals with renal or hepatic
impairment. The model is a physiologically based whole-body PBPK/PD framework that explicitly
represents empagliflozin and its glucuronide metabolite (EG), as well as the key organs involved in
absorption, metabolism, and elimination (intestine, liver, and kidney) linked through the systemic
circulation and renal glucose handling. All clinical data are stored in a curated database, and the
model is implemented in SBML [35] as a standardized format to ensure transparent and reproducible
simulations. The digital twin was calibrated and evaluated across multiple datasets and applied
to systematically investigate the effects of dose, renal impairment, hepatic impairment, and food
intake on empagliflozin pharmacokinetics and pharmacodynamics. The digital twin quantitatively
links parent drug and metabolite to pharmacodynamic response under normal and impaired organ
function, providing a mechanistic, physiology-based framework that can be individualized to simulate
patient-specific drug response across clinically relevant scenarios.

2. Materials and Methods

The digital twin of empagliflozin was developed through a systematic workflow combining
clinical data curation, mechanistic PBPK/PD modeling, and in silico simulation. This involved a
structured literature search, implementation of an SBML-based model, parameter optimization against
a selected data subset, and simulation experiments designed to reflect clinical trial conditions. Pharma-
cokinetic and pharmacodynamic outcomes were analyzed to characterize empagliflozin disposition
and variability across physiological, pathophysiological, and prandial states.

2.1. Systematic Literature Research and Data Curation

A systematic literature search was conducted to identify studies reporting pharmacokinetic
and/or pharmacodynamic data for empagliflozin. PubMed was queried on 2024-08-27 using the
terms "empagliflozin AND pharmacokinetics”, and the PKPDAI database was screened in parallel [36].
Eligible studies included healthy volunteers, patients with type 2 diabetes mellitus, and populations
with renal or hepatic impairment; animal studies and reports lacking sufficient data were excluded.
An overview of the selection process is provided in Supplementary Figure S1.

Data from eligible studies were curated in the open pharmacokinetics database PK-DB [37], fol-
lowing established extraction protocols. Extracted information included demographics, disease status,
dosing regimens, plasma and urine concentration-time profiles of empagliflozin and EG, and pharma-
codynamic outcomes including UGE. Figure-based data were digitized using WebPlotDigitizer [38],
and tabular or textual data were reformatted into standardized PK-DB formats. The complete curated
dataset is publicly available via PK-DB and within the model files; an overview of included studies is
provided in Table 1.

2.2. Computational Model

The PBPK/PD model was developed in the Systems Biology Markup Language (SBML) [35,
39]. Programmatic model construction and visualization were performed using the sbmlu-
tils [40] and cy3sbml [41,42] libraries. Numerical solutions of the underlying ordinary differ-
ential equations (ODEs) were obtained with sbmlsim [43], powered by the high-performance
SBML simulation engine libRoadRunner [44,45]. 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/empagliflozin-model) and archived on Zenodo (v0.5.4) [46].

The model comprises a whole-body framework with submodels for the intestine, liver, and
kidney, linked through the systemic circulation (Figure 1) to characterize empagliflozin absorption,
distribution, metabolism, and excretion. The model has a hierarchical structure, with the whole-body
model linking the individual organ submodels.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Key ADME processes include intestinal absorption, hepatic glucuronidation via UGT enzymes to
form the empagliflozin glucuronide metabolites (EG), and biliary excretion of EG with subsequent
enterohepatic circulation. The kidney submodel captures both renal glucuronidation of empagliflozin
to EG and urinary excretion of empagliflozin and EG. The pharmacodynamic component links em-
pagliflozin plasma concentrations to UGE through inhibition of renal glucose reabsorption in the
proximal tubule, parameterized by fasting plasma glucose and the RTG. Mathematical descriptions of
the submodels and the corresponding ordinary differential equations are provided in the Supplemen-
tary Materials Section 54.

Fractional organ volumes and blood flows were taken from literature sources [31]. The fractional
compartment volumes were set to FVgy = 1.71 % for the gut, FVi; = 0.44 % for the kidneys, FV}; =
2.10 % for the liver, and FVj, = 0.76 % for the lungs. Fractional blood flows were defined as FQg, =
18.00 % for the gut, FQy; = 19.00 % for the kidneys, FQ}, = 21.50 % for the hepatic venous outflow, and
FQqy = 100 % for the lungs. Absolute organ volumes and blood flows were calculated by scaling the
corresponding fractional values with bodyweight.

Several key factors influencing pharmacokinetic and pharmacodynamic variability were imple-
mented as scaling parameters:

* Renal impairment was modeled as a progressive decline in renal function using the scaling
factor frenal, applied to glomerular filtration rate (GFR) and renal clearance of empagliflozin
and EG. Scaling values were derived from KDIGO categories: normal (eGFR >90 mL/min,
frenal function = 1.00), mild (eGFR 60-89 mL/min, fienal function = 0.69), moderate (eGFR 30-
59 mL/min, frenal function = 0-32), and severe (eGFR <30 mL/min, frenal function = 0-19), consistent
with KDIGO guidelines and related modeling studies [47,48].

¢  Hepatic impairment was modeled using the scaling factor f .hosis, representing reduced func-
tional liver parenchyma and portosystemic blood shunting. Values were assigned according to
Child-Turcotte-Pugh (CTP) classes: A (mild, 5-6 points, fiirhosis = 0.40), B (moderate, 7-9 points,
feirrhosis = 0.70), and C (severe, 10-15 points, feirthosis = 0.81) [49-52].

e Food intake was modeled using the absorption scaling factor fapsorption, which modulates the
rate of intestinal empagliflozin absorption. Fasting and not-reported conditions were assigned
fabsorption = 1.00, while fed conditions were assigned fapsorption = 0.80, consistent with the modest
reduction in absorption rate observed after food intake.

Subject- and study-specific physiological and clinical parameters were incorporated where avail-
able, including bodyweight, glomerular filtration rate to adjust renal function, and fasting plasma
glucose for the pharmacodynamic component. Multiple-dose regimens were implemented by stepwise
numerical integration between dosing intervals, with dosing events applied according to study-specific
protocols. Oral doses were specified using the parameter PODOSEep,. Simulation time horizons and
post-dose sampling windows were selected to match the corresponding clinical study designs.

2.3. Model Assumptions

Additional details on model equations and assumptions are provided in Supplementary Mate-
rial 54. The key model assumptions and simplifications are summarized below.

*  Empagliflozin absorption was modeled as a first-order process.

¢  Diurnal variation in plasma glucose concentrations was not modeled explicitly. Instead, a constant
fasting plasma glucose concentration was assumed and used for the calculation of UGE. When
reported, study-specific FPG values were used; otherwise, default values of 5.0 mM for healthy
subjects and 8.0 mM for subjects with T2DM were assumed.

¢ The RTG was parameterized via parameter optimization, with optimized values reported in
Supplementary Table S5.

¢  Renal filtration and tubular glucose reabsorption were not modeled explicitly. Instead, renal
elimination of empagliflozin and EG was described using first-order processes dependent on

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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kidney volume, renal function, and compound-specific excretion rate constants. The parameters
KI_EMPEX_k and KI_EGEX_k were estimated via parameter optimization.

*  The glucuronidation of empagliflozin to EG in the liver and kidneys was modeled using irre-
versible Michaelis-Menten kinetics, with UGT activity represented by the general scaling factor

fugt'

2.4. Model Parameterization

A subset of curated data from healthy subjects, patients with T2DM, and individuals with renal
impairment following single-dose administration was used for parameter optimization using a local
standard optimizer. The resulting optimal parameter set was applied consistently across all subsequent
simulations without further study-specific refitting. Optimized parameter values and optimization
diagnostics are reported in Supplementary Materials Section S5, including fitted pharmacokinetic and
pharmacodynamic parameter sets as well as convergence behavior and goodness-of-fit assessments
for both model components.

Parameter optimization minimized a cost function F(p) defined as the sum of squared weighted
residuals 7; ; across all time courses k and data points i:

F(p) = 0.5 ) (wix - rix(P))?,
ik

where weights w; = ny/0;  combine weighting by study sample size 1, and inverse measurement
uncertainty o; s, such that data points with lower uncertainty and larger sample sizes contribute more
to the objective function.

Optimization was performed sequentially: pharmacokinetic parameters were estimated first,
followed by pharmacodynamic parameters. To improve robustness against local minima, multiple
optimization runs (n = 100) were conducted using different initial parameter values.

2.5. Simulations

For each curated clinical study (Table 1), a corresponding in silico experiment was implemented to
reproduce the reported dosing regimen and study conditions. Study-specific parameters, including
oral dose, prandial state, bodyweight, fasting plasma glucose, and renal or hepatic function were
adjusted according to available study information, with multiple dosing protocols incorporated where
applicable.

To systematically investigate sources of variability, parameter scans were conducted across
physiologically relevant ranges of dose, renal function, hepatic function, and food intake, enabling a
comprehensive evaluation of their influence on empagliflozin PK/PD outcomes.

2.6. Pharmacokinetic and Pharmacodynamic Parameters

Pharmacokinetic parameters of empagliflozin and its metabolites were calculated from plasma
concentration-time curves and urinary excretion using standard non-compartmental methods. Phar-
macodynamic outcomes were evaluated in terms of UGE, calculated from the simulated plasma
concentration-time courses in combination with fasting plasma glucose and the renal threshold for
glucose. Simulated profiles and derived pharmacokinetic and pharmacodynamic parameters were
compared against the curated clinical data.

3. Results
3.1. Empagliflozin Database

An extensive database of empagliflozin pharmacokinetic and pharmacodynamic data was com-
piled to develop and evaluate the model. A systematic literature search across PubMed, PKPDAI,
and manual sources initially yielded 191 records after duplicate removal. After screening according
to predefined inclusion and exclusion criteria, 27 studies were selected for detailed curation and

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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formed the core dataset used to develop and evaluate the PBPK/PD model. The complete study
selection process is outlined in Supplementary Materials Figure S1. All curated pharmacokinetic and
pharmacodynamic data are publicly available in the model files and in the PK-DB database, with
unique study identifiers as referenced in the manuscript (Table 1).

3.2. Computational Model

Using the curated dataset, a digital twin in the form of a PBPK/PD model was developed to
describe the ADME of empagliflozin and EG, as well as the pharmacodynamic effect on UGE (Figure 1).
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/empagliflozin-model)
and archived on Zenodo (v0.5.4) [46].

Simulations followed the respective clinical study designs, accounting for single- and multiple-
dose regimens, as well as renal and hepatic impairment conditions. Dose and glucose dependency
simulations are provided in Supplementary Materials Section S6.1 (Figures S7-S8), and individual
study simulations in Section 56.2 (Figures S9-538). The final optimized parameter set is summarized
in Supplementary Materials Table S5. Parameter convergence and goodness-of-fit metrics are shown
in Supplementary Materials Figures S5-56. Submodel visualizations are provided in Supplementary
Materials Section S3 (Figures S2-54), and all model equations and ODEs are given in Section 54.

3.3. Dose Dependency

The pharmacokinetic and pharmacodynamic effects of empagliflozin over an oral dose range
of 0-800 mg are shown in Figure 2. With increasing doses, plasma concentrations of empagliflozin
and EG increased proportionally, as did the cumulative amounts excreted in urine and feces. The
parameter scan showed a clear dose-dependent rise in exposure metrics (AUC(_jnf and Cmax), while
Tmax and half-life remained largely unchanged across the dose range. Higher doses were associated
with a nonlinear increase in UGE. Time-course simulations were performed for all curated clinical
dose-dependency studies (Heise2013 [8], Heise2013a [53], Macha2015a [54], Sarashina2013 [55], Se-
man2013 [56], Zhao2015 [57]). Simulated empagliflozin plasma concentrations and UGE are shown for
both single- and multiple-dose regimens, with model predictions in good agreement with the observed
clinical data across all studies and dose levels.

3.4. Renal Impairment

The impact of renal impairment on empagliflozin disposition and pharmacodynamics is shown
in Figure 3. Simulations were performed across a continuous range of renal function, with discrete
categories corresponding to normal, mild, moderate, and severe impairment. With declining renal
function, plasma concentrations of empagliflozin increased modestly, while EG plasma exposure
rose more markedly. Urinary excretion of both empagliflozin and EG decreased progressively with
worsening impairment, whereas EG fecal excretion increased compensatorily. Parent AUCy_;,,¢ showed
a moderate increase with declining renal function, while Crax and Tmax were less affected. Renal
clearance of empagliflozin decreased in parallel with the decline in GFR.

The pharmacodynamic response showed a pronounced reduction in UGE with declining renal
function. In severe renal impairment, simulated UGE was markedly lower than under normal renal
function, consistent with the attenuated glycemic efficacy observed clinically at low eGFR.

Simulated empagliflozin and EG plasma time courses, urinary excretion profiles, and UGE across
renal function groups are shown together with clinical data from two studies (Macha2014f [13] and
Sarashina2014 [14]). The model predictions align closely with the observed clinical data across all renal
function categories.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Whole-body PBPK/PD model of empagliflozin and key factors influencing its disposition. A) Whole-
body model showing empagliflozin (EMP) administration, systemic circulation, and key organs (liver, kidney,
GI tract) involved in metabolism, distribution, and excretion. B) Intestinal model illustrating EMP dissolution,
absorption by enterocytes into portal blood, and fecal excretion of EMP and its glucuronide metabolite (EG). C)
Hepatic model showing EMP uptake into hepatocytes, intracellular conversion to EG via UGT enzymes, and
enterohepatic circulation (EHC) of EG back into the intestinal lumen. D) Renal model showing uptake and urinary
excretion of EMP and EG, renal metabolic conversion of EMP to EG via UGT enzymes, and EMP-mediated
inhibition of SGLT2, reducing renal glucose reabsorption and increasing urinary glucose excretion. E) Key factors
influencing EMP disposition included in the model: administered dose, renal impairment, hepatic impairment,

and food intake effects on absorption.
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Figure 2. Dose-dependent pharmacokinetics and pharmacodynamics of empagliflozin. A) Oral dose range (0-
800 mg). B) Pharmacokinetic time courses of empagliflozin and EG in plasma, urine, and feces. C) Pharmacokinetic
parameters (AUC)_inf, Cmax, Tmax, and half-life) for empagliflozin and EG, and 24 h UGE; observed parame-
ters overlaid where available. D) Comparison of simulations with study data (Heise2013 [8], Heise2013a [53],
Macha2015a [54], Sarashina2013 [55], Seman2013 [56], Zhao2015 [57]). Simulations are shown as solid lines and
study data as symbols/dashed lines with SDs where available.
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Figure 3. Effect of renal impairment on pharmacokinetics and pharmacodynamics of empagliflozin. A) Renal
function categories from normal to severe impairment used in simulations. B) Pharmacokinetic time courses
of empagliflozin and EG in plasma, urine, and feces. C) Pharmacokinetic parameters (AUC(_int, Cmax, Tmax,
half-life, and renal clearance) for empagliflozin and EG, and 24 h UGE; observed parameters overlaid where
available. D) Comparison of simulations with study data (Macha2014f [13], Sarashina2014 [14]). Simulations are
shown as solid lines, and study data as symbols/dashed lines with SDs where available.

3.5. Hepatic Impairment

The effect of hepatic impairment on empagliflozin pharmacokinetics and pharmacodynamics is
summarized in Figure 4. Simulations were performed across a continuous range of cirrhosis degree,
with discrete categories corresponding to normal liver function and mild, moderate, and severe
cirrhosis (CTP classes A, B, and C). With increasing hepatic impairment, empagliflozin and EG plasma
exposure increased minimally, with AUCj_;y¢ and Cnax remaining nearly unchanged across cirrhosis
severity. Tmax was stable for both empagliflozin and EG across all hepatic function categories. Urinary
excretion of both empagliflozin and EG increased slightly with higher cirrhosis degree.

The pharmacodynamic response was largely preserved across hepatic function states. UGE
remained nearly unchanged with increasing cirrhosis severity, consistent with the predominantly renal
mechanism of empagliflozin pharmacodynamics, which is independent of hepatic function.
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Simulated plasma concentration time courses and urinary excretion profiles for empagliflozin
and EG under different degrees of hepatic impairment are shown together with clinical data from
Macha2014b [15] and show good agreement.
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Figure 4. Effect of hepatic impairment on pharmacokinetics and pharmacodynamics of empagliflozin. A) Liver
function categories used in simulations. B) Pharmacokinetic time courses of empagliflozin and EG in plasma,
urine, and feces. C) Pharmacokinetic parameters (AUC(_inf, Cmax, Tmax, and half-life) for empagliflozin and EG,
and 24 h UGE; observed parameters overlaid where available. D) Comparison of simulations with study data
from Macha2014b [15]. Simulations are shown as solid lines, and study data as symbols/dashed lines with SDs
where available.

3.6. Food Effect

The effect of food intake on empagliflozin pharmacokinetics and pharmacodynamics is sum-
marized in Figure 5. Simulations were performed across a continuous range of absorption activity
(0.1-1.5), with fasted and fed conditions corresponding to absorption scaling factors of 1.0 and 0.8,
respectively. With decreasing absorption activity, Cmax decreased and Tmax increased, reflecting a
slower and lower peak absorption under fed conditions. AUC_;,¢ remained nearly unchanged across
the full absorption activity range. EG plasma concentrations and urinary excretion followed the same
pattern as the parent drug. Similarly, the model predicts that UGE is unaffected by food intake at all
simulated plasma glucose levels. However, we have no clinical UGE data with which to compare our
simulations.

Simulated empagliflozin plasma concentration time courses under fasted and fed conditions are
shown together with clinical data from four studies (Seman2013 [56], Chen2020 [58], Hailat2022 [59],
Li2020 [11]). Figure 5 retains Hailat2022, even though it was marked as an outlier. This is done for
visual reference, as the general shape of the fasted and fed profiles remains informative in the context
of other food-effect studies.
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Table 1. Summary of studies for modeling. Overview of study identifiers, PubMed IDs, PK-DB IDs, administered substance, route, dosing, and subject characteristics, including
health status (H), renal impairment (RI), hepatic impairment (HI), fasting status, type 2 diabetes (T2), urinary glucose excretion (UGE), fasting plasma glucose (FPG), renal threshold
for glucose (RTG). EMP P = empagliflozin plasma, EMP U = empagliflozin urine, EMP B = empagliflozin bile, EMP F = empagliflozin feces

Study PubMed PK-DB Substance Route Dosing Dose [mg] Fast EMPP EMPU EMPB EMPF H RI HI T2 UGE FPG RTG
Ayoub2017 [60] 28566743  PKDB00900 empagliflozin oral single 25 NR v v
Brand2012 [61] 23054692  PKDB00902 empagliflozin oral  multiple 50 NR v v v
Chen2015a [62] 25547626  PKDB00930 Cfinpaghﬂ‘.’zmﬁ oral  single 50 NR v v v v
empagliflozin
Chen2020 [58] 32498113  PKDB00901  empaglifiozin  oral  single 10 fafsg?g' v v v
ElDash2021 [63] 34123370  PKDB00944 empagliflozin oral  multiple 10 NR v v v v
Friedrich2013 [64] 23328275  PKDB00916 empagliflozin oral  multiple 50 NR v v v
Hailat2022 [59] 35215305 PKDB00931  empaglifiozin  oral  single 10,25 fafsggd' v v
Heise2013 [8] 23838841  PKDB00914  empaglifiozin  oral nfg;ﬁgfl'e 25,10,25,100 NR v v
Heise2013a [53] 23356556 PKDB00915  empagliflozin  oral rriﬁtgil;l,e 10.0,25,100  NR v v
Heise2015 [65] 25636696  PKDB00852 empagliflozin oral single 25 NR v v
Jiang2023b [66] 37521035  PKDB01000 empagliflozin oral single 25 fasted v v
Kim2021 [67] 33953542  PKDB00996 empagliflozin oral  multiple 25 fasted v v
Kim?2023 [68] 37282359  PKDB00927 empagliflozin oral  multiple 25 fasted v v
Laffel2018 [69] 29655290  PKDB01155 empagliflozin oral single &, 10,23 v v v v
Li2020 [11] 32799565  PKDB00995 empagliflozin oral single 25 fafs;sd, v v
Macha2013d [70] 23497760  PKDB01157  empagliflozin  oral niﬂ?il;l/e 25 fasted v v
Macha2013e [71] 23094794  PKDB01001 empagliflozin oral single 25 fasted v v
Macha2014 [72] 24491572 PKDB01002 empagliflozin oral single 10, 25 fasted v v
Macha2014b [15] 23859534  PKDB00938 empagliflozin oral single 50 fasted v v v v
Macha2014f [13] 23859488  PKDB00939 empagliflozin oral single 50 NR v v v v v v
Macha2015a [54] 26138865  PKDB00940 empagliflozin oral  multiple 5,10 fed v v v v
Macha2015b [73] 26051874  PKDB01156 empagliflozin oral  multiple 50 fasted v v
Sarashina2013 [55] 23149871  PKDB00941 empagliflozin oral single L 5’1%)8’ %, NR v v v v
Sarashina2014 [14] 25199997  PKDB00942 empagliflozin oral single 25 NR v v v v v
0.5,2.5, 10, 25, }NRt’_
Seman2013 [56] 27121669 PKDB00943 empagliflozin oral single 50, 100, 200, iis v v v v
400, 800 &
fed
vanderAart- P ]
vanderBeek2020 [74] 32663790  PKDB00929 empagliflozin oral  multiple 10 NR v v
Zhao2015 [57] 26101175  PKDB00932 empagliflozin oral  multiple 10, 25 fasted v v v v v
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Figure 5. Effect of food intake (absorption) on pharmacokinetics and pharmacodynamics of empagliflozin.
A) Absorption activity range used in simulations. B) Pharmacokinetic time courses of empagliflozin and EG in
plasma, urine, and feces. C) Pharmacokinetic parameters (AUCy_inf, Cmax, Tmax, and half-life) for empagliflozin
and EG, and 24 h UGE; observed parameters overlaid where available. D) Comparison of simulations with study
data (Seman2013 [56], Chen2020 [58], Hailat2022 [59], Li2020[11]). Simulations are shown as solid lines, and study
data as symbols/dashed lines with SDs where available. Hailat2022 [59] is included for visual reference but was
excluded from parameter optimization due to atypical double-peak absorption behavior and a probable unit
inconsistency in the reported concentration values. Note: Chen2015a [62] is shown separately (bottom row) to
show urinary and fecal excretion of parent drug and glucuronide metabolite; it is not a fasted /fed study and was
included here to present excretion data.

4. Discussion

In this study, we established a comprehensive clinical dataset of empagliflozin pharmacokinetics
and pharmacodynamics and used it to develop a mechanistic PBPK/PD digital twin. In total, 27 clinical
studies were curated, covering a broad spectrum of dosing regimens and study populations, including
healthy individuals, patients with T2DM, and cohorts with renal and hepatic impairment. Overall,
data availability was sufficient for model development and evaluation, with consistent reporting
of plasma concentration-time courses and urinary excretion across both single- and multiple-dose
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designs. Data on empagliflozin glucuronide plasma concentrations and fecal excretion were limited
but sufficient to constrain the metabolite-related model components. No direct RTG measurements
were available; however, UGE data were well represented across studies and dose levels, providing an
adequate basis for calibration and evaluation of the pharmacodynamic model component.

The PBPK/PD framework integrates intestinal absorption, systemic distribution, hepatic
metabolism, and renal elimination into a coherent representation of empagliflozin disposition and
pharmacodynamic effect. Robust parameter optimization and good agreement between simulations
and observed data across a wide range of studies and conditions support the reliability of the model.
A key strength of this mechanistic approach is its ability to investigate scenarios that are difficult
to address systematically in clinical trials, such as direct comparisons between renal and hepatic
impairment, controlled exploration of dose-dependent behavior across physiological states, and the
influence of food intake on absorption and exposure. Pharmacodynamic effects are driven by plasma
empagliflozin concentrations through inhibition of SGLT2, resulting in modulation of the RTG and a
mechanistic, physiologically interpretable link between drug exposure and UGE.

Two optimized parameters reached their upper bounds during parameter optimization: the
biliary EG export rate constant in the liver (LI_EGBIEX_k) and the Michaelis constant for renal UGT-
mediated glucuronidation (KI_LEMP2EG_Km_emp). This likely reflects limited sensitivity of the
available calibration data to these specific processes, as biliary EG excretion data are sparse and renal
glucuronidation contributes only partially to total EG formation.

The simulations reproduced the expected dose-dependent pharmacokinetic and pharmacody-
namic behavior of empagliflozin, with increasing doses leading to proportionally higher plasma
exposure and greater UGE. Across the investigated dose range, time to maximum concentration and
elimination half-life remained largely unchanged, consistent with dose-proportional kinetics. The
modeled dose-dependent increase in UGE reflects progressive inhibition of renal glucose reabsorption
and is consistent with the nonlinear exposure-response relationship reported in clinical studies. At
extreme doses approaching 800 mg, model predictions showed a tendency to overestimate plasma
exposure, which likely reflects the limits of linear scaling assumptions at concentrations well outside
the therapeutic range; performance across clinically relevant dose levels was not affected.

The pharmacokinetics and pharmacodynamics of empagliflozin under conditions of hepatic im-
pairment are less extensively characterized than in other clinical populations. Evaluation in this setting
was constrained by the availability of clinical data, as only one study reported plasma concentration—
time profiles alongside urinary excretion of both empagliflozin and its glucuronide metabolite, as well
as UGE. Despite this limitation, model simulations were in good agreement with the available observa-
tions across all measured endpoints. Simulated plasma concentration-time profiles for empagliflozin
and EG, urinary excretion, and UGE were all well reproduced across the range of hepatic impairment
categories. The model predicted only modest increases in empagliflozin and EG plasma exposure with
worsening hepatic dysfunction, likely because empagliflozin undergoes glucuronidation in both the
liver and the kidney. As hepatic UGT activity declines, renal glucuronidation partially compensates,
limiting the overall impact on systemic exposure. Furthermore, since the pharmacodynamic effect is
driven by renal filtration and SGLT2 inhibition in the proximal tubule rather than by hepatic function,
UGE remained largely preserved across cirrhosis severity. That said, conclusions drawn from this
population should be interpreted with caution, as they rest on a single clinical study, and further data
would strengthen confidence in model predictions for patients with liver disease.

Renal impairment represented an important source of variability in empagliflozin treatment
response and had a pronounced influence on the pharmacodynamic outcome. Evaluation in this popu-
lation was supported by two clinical studies, both reporting parent empagliflozin plasma concentration—
time profiles, urinary excretion of empagliflozin, and UGE across categories of renal function; data on
EG plasma concentrations or urinary excretion were not available from these studies. Model simu-
lations were in good agreement with the clinical observations across all available endpoints. Parent
empagliflozin plasma exposure changed only modestly with declining renal function, consistent with
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the presence of alternative clearance routes including hepatic metabolism, though these could not
be directly verified against data in this setting. In contrast, urinary excretion of empagliflozin and
UGE both declined markedly with worsening renal function, and these trends were well captured
by the model across all impairment categories. With declining GFR, less glucose is delivered to the
proximal tubule, reducing the substrate available for SGLT2 inhibition and thereby attenuating the
pharmacodynamic response independent of drug exposure. Thus, renal function represents a key
determinant of empagliflozin efficacy.

The effect of food intake on empagliflozin pharmacokinetics was evaluated across four clinical
studies, all in healthy volunteers. Consistent with the published literature, fed conditions were
associated with a lower and delayed peak plasma concentration compared to fasted administration,
while overall exposure remained largely unchanged. These modest pharmacokinetic differences are
generally considered not clinically meaningful, and empagliflozin can be administered irrespective
of meals. Agreement between simulations and observed plasma profiles was reasonable across the
available studies. Hailat2022 was excluded from parameter optimization due to atypical double-peak
behavior and a likely unit inconsistency in the reported concentration values, and should be interpreted
with caution. Direct evaluation of the simulated UGE response under fasted and fed conditions was
not possible due to the lack of pharmacodynamic endpoints from the food effect studies. Simulations
predicted that UGE is largely insensitive to the modest changes in absorption rate associated with
food intake, consistent with the clinical understanding that glycemic efficacy is preserved regardless of
prandial state.

Future work could focus on expanding the clinical data base for empagliflozin under conditions
of organ impairment. For hepatic impairment, the current evaluation rests on a single study, and
more comprehensive data, including pharmacodynamic endpoints such as UGE would allow a more
complete assessment of model behavior in this population. For renal impairment, the available studies
were restricted to single-dose designs and did not include EG measurements; multiple-dose data and
metabolite profiles would further support model refinement and validation across the full range of
renal function categories. More broadly, consistent and standardized reporting of both pharmacokinetic
and pharmacodynamic endpoints across organ impairment studies would substantially improve the
utility of mechanistic PBPK/PD frameworks for characterizing drug behavior in patients with altered
organ function.

Beyond the pharmacological findings, this work also addresses a broader challenge in compu-
tational pharmacology and systems biology related to model transparency and reproducibility. A
substantial fraction of published PBPK models cannot be independently reproduced because essential
components such as model equations, executable code, and curated calibration datasets are not publicly
available [29,30], which limits independent verification and restricts reuse, extension, and cumulative
model development within the field. To address this, reproducibility and accessibility were treated
as core design principles throughout this work. The complete modeling framework, including the
SBML model, simulation scripts, and curated clinical datasets, is openly available and structured in
accordance with FAIR principles [34,75], enabling independent reproduction, transparent evaluation,
and systematic reuse across different contexts. All resources are released under permissive MIT and
CC-BY licenses, lowering barriers to reuse in both academic and industrial settings and allowing
straightforward integration into existing workflows.

In summary, this PBPK/PD digital twin of empagliflozin integrates diverse clinical data into
a mechanistic framework that captures pharmacokinetic and pharmacodynamic behavior across a
wide range of dosing regimens and patient populations. The model provides quantitative insight
into dose dependency and the effects of renal impairment, hepatic impairment, and food intake on
drug exposure and response, supporting the analysis of variability under clinically relevant conditions.
Full open access to the model, simulation code, and curated datasets establishes a transparent and
reproducible reference framework that supports independent validation, reuse, and future extension
of empagliflozin PBPK/PD modeling efforts.
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