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Abstract

Background: Hydrochlorothiazide is a widely prescribed thiazide diuretic used for the treatment of
hypertension. Cardiac, hepatic, and renal impairments are common comorbidities in hypertensive
patients and may contribute to substantial interindividual variability in pharmacokinetic (PK) and
pharmacodynamic (PD) responses. This variability complicates dose optimization, particularly in
clinically heterogeneous patient populations. Methods: We developed a whole-body physiologically
based pharmacokinetic/pharmacodynamic (PBPK/PD) model of hydrochlorothiazide integrating oral
absorption, systemic distribution, renal elimination, renal sodium, chloride, and fluid handling, and
blood-pressure regulation. The model was calibrated and evaluated using systematically curated PK
and PD data from 25 clinical studies in healthy individuals and patients with hypertension, cardiac
impairment, hepatic impairment, or renal impairment. Results: Model predictions were consistent
with observed dose-proportional PK and PD and captured variability in hydrochlorothiazide exposure
and response across simulated comorbid conditions. Renal impairment was identified as the main
driver of altered hydrochlorothiazide exposure and reduced urinary excretion. By contrast, hepatic
and cardiac impairment affected PK primarily through secondary effects on renal function, rather than
through direct effects on drug metabolism or absorption. Conclusions: The developed PBPK/PD
model provides a mechanistic framework for understanding hydrochlorothiazide pharmacology
across heterogeneous clinical conditions. It supports model-informed assessment of variability in
exposure and response and may contribute to individualized antihypertensive therapy in patients
with comorbidities.

Keywords: digital twin; hydrochlorothiazide; hypertension; physiologically based pharmacoki-
netic/pharmacodynamic model (PBPK/PD); pharmacokinetics; pharmacodynamics; personalized
medicine

1. Introduction

Hypertension is a leading modifiable risk factor for cardiovascular morbidity and mortality and
contributes substantially to the global burden of ischemic heart disease, stroke, heart failure, and
chronic kidney disease. With hypertension affecting approximately 1.4 billion adults worldwide and
adequate blood pressure control achieved in only 23% of patients, the need for effective, adaptable,
and individualized antihypertensive treatment strategies remains pressing [1].

Hydrochlorothiazide (HCTZ) is a widely prescribed thiazide diuretic used for the treatment of
hypertension. Its pharmacokinetics are well characterized. Following oral administration, HCTZ is
rapidly absorbed, with an estimated absorption of 65-75%, primarily in the duodenum and proximal
jejunum [2]. Absorption efficiency appears to be dose independent and generally follows first-order
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kinetics [3]. Maximum plasma concentrations are typically reached within 1-5 hours after dosing [4].
HCTZ distributes mainly within the extracellular fluid compartment and exhibits limited tissue
penetration. Plasma protein binding is moderate, with reported values of approximately 40-70%, and
is not considered a major determinant of variability in drug disposition [5]. The apparent volume of
distribution ranges from 1.5 to 4.2 L/kg, consistent with confinement largely to extracellular water [6].
Distribution to the kidney is pronounced, whereas metabolism is minimal. HCTZ is eliminated
primarily via the kidney through glomerular filtration and active tubular secretion. Under normal
renal function, urinary recovery of unchanged drug typically accounts for 70-90% of the oral dose.
Reported elimination half-lives range from 6 to 15 hours, and biliary excretion has been reported to
account for 11.4-24.5% of elimination [2,7].

The pharmacodynamic effects of HCTZ are mediated primarily through inhibition of the Na*/CI*
cotransporter in the distal convoluted tubule of the nephron. The initial antihypertensive effect is
generally attributed to natriuresis-induced reductions in plasma volume and, subsequently, cardiac
output [8-10]. Direct vasodilatory effects have also been suggested. During chronic administration,
plasma volume tends to normalize, whereas peripheral vascular resistance decreases, indicating that
sustained antihypertensive efficacy may involve vascular adaptation. Modulation of neurohormonal
pathways has also been proposed [11]. After oral administration, diuretic effects usually begin within
approximately 2 hours, peak after about 4 hours, and persist for up to 24 hours [5]. HCTZ does not
appear to lower blood pressure in normotensive individuals [12]. Despite its extensive clinical use, the
mechanisms underlying its sustained antihypertensive effect remain incompletely understood.

Hypertension frequently coexists with chronic conditions that may alter both the pharmacokinetics
and pharmacodynamics of antihypertensive therapy. Among these, congestive heart failure, chronic
kidney disease, and chronic liver disease are particularly relevant because of their prevalence in
hypertensive populations and their effects on hemodynamics, renal function, and fluid balance.

Congestive heart failure (CHF) affects an estimated 1-3% of the global population, with prevalence
rising to over 7% in individuals aged 70 years or older [13]. CHF is often characterized by impaired
cardiac output, neurohormonal activation, and fluid overload. Hypertension is a major risk factor
for the development of CHF, and diuretics such as HCTZ are commonly prescribed to relieve fluid
overload and improve blood pressure control. However, reduced cardiac output and neurohormonal
activation in CHF can alter organ perfusion and thereby affect both the pharmacokinetics and diuretic
efficacy of HCTZ. In patients with CHE, oral absorption of HCTZ has been reported to be approximately
50% lower than in healthy individuals, possibly due to altered intestinal wall properties or reduced
splanchnic blood flow [8].

Chronic kidney disease (CKD) is present in up to 23.7% of hypertensive adults in the United
States and is both a cause and a consequence of poorly controlled blood pressure [14]. More than 90%
of patients with CKD have concomitant hypertension [15]. Excess extracellular fluid is considered
an important contributor to both hypertension and CKD progression [15]. Renal impairment has a
marked influence on HCTZ elimination: reduced glomerular filtration rate and tubular dysfunction
can prolong drug half-life, increase systemic exposure, and attenuate the diuretic response because of
reduced functional nephron capacity.

The interaction between cardiovascular and renal disease further complicates treatment. CHF can
precipitate or aggravate renal impairment through cardiorenal syndrome, in which reduced cardiac
output and increased venous congestion compromise renal perfusion and accelerate CKD progression.
Patients with concomitant CHF and CKD therefore represent a particularly vulnerable subgroup with
potentially altered HCTZ exposure and response.

Chronic liver disease is less directly linked to hypertension but frequently co-occurs with car-
diometabolic risk factors such as obesity, diabetes, and metabolic syndrome [16]. Patients with cirrhosis
or advanced hepatic impairment may develop secondary renal dysfunction, hypoalbuminemia, and
altered systemic hemodynamics [17,18]. These pathophysiological changes, including hepatorenal
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interactions, may indirectly influence HCTZ pharmacokinetics and pharmacodynamics despite the
minimal hepatic metabolism of the drug.

Cardiac, hepatic, and renal impairment are therefore clinically relevant in patients receiving
HCTZ and may coexist within the same individual. However, dose recommendations for HCTZ in
the setting of organ dysfunction remain insufficiently defined. Because the full range of comorbidity
patterns cannot be comprehensively evaluated in clinical trials alone, mechanistic modeling approaches
are needed to predict how organ dysfunction affects drug disposition and response and to support
individualized therapy.

Previous computational modeling studies of HCTZ have addressed several specific aspects of its
pharmacology, including population pharmacokinetics in healthy subjects and patients with heart fail-
ure [19], demographic effects [20], pediatric dose—exposure relationships [21], drug-drug interaction
assessment using physiologically based models [22,23], and absorption kinetics [24]. Pharmacody-
namic models of the antihypertensive effects of HCTZ have been developed in rats [25-27]. In humans,
a combined PK/PD model has been reported as part of a drug—drug interaction study in normotensive
subjects [23]. However, these models have focused on isolated aspects of HCTZ pharmacology rather
than providing an integrated framework for predicting pharmacokinetics, natriuretic and antihyper-
tensive pharmacodynamics, and organ-impairment effects across clinically relevant scenarios. In
addition, existing models are limited in reproducibility because of proprietary software implementa-
tions, restricted data availability, or incomplete adherence to FAIR principles. Existing HCTZ models
are systematically summarized in Supplementary Table S1, including their scope, availability, and
reproducibility.

To address these limitations, we developed an open and reproducible whole-body PBPK/PD
model of HCTZ encoded in SBML. The model integrates mechanistic pharmacokinetics, dose depen-
dency, renal sodium, chloride, and fluid handling, antihypertensive pharmacodynamics, and organ
dysfunction within a single framework. By providing transparent model equations, executable code,
and curated clinical data, this work supports independent reuse, systematic evaluation of variability
in HCTZ exposure and response, and model-informed assessment of antihypertensive therapy across
clinically relevant comorbidity scenarios.

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

A systematic literature search was performed to identify clinical pharmacokinetic (PK) and
pharmacodynamic (PD) data for hydrochlorothiazide (Supplementary Figure S1). The search was
conducted in PubMed and PKPDALI [28] on June 12, 2024, using the search terms hydrochlorothiazide
AND pharmacokinetic and hydrochlorothiazide AND pharmacodynamic. Retrieved studies were screened
for single- and multiple-dose PK and PD data in healthy volunteers and in patient cohorts with renal,
cardiac, or hepatic impairment.

Eligible studies were clinical studies in adults that reported clear dosing information and at least
one relevant PK or PD endpoint. PK endpoints included plasma concentration—time profiles, urinary
excretion data, or elimination parameters. PD endpoints included blood pressure, diuresis, or urinary
electrolyte excretion. Preclinical studies, pediatric studies, reviews, and reports without sufficient PK
or PD information for model development or evaluation were excluded.

Relevant data from eligible studies were curated in the open pharmacokinetics database PK-DB
(https:/ /pk-db.com) using the standardized PK-DB data format [29]. Curated study-level and subject-
level information included demographics, health status, comorbidities, dosing regimens, sampling
schedules, plasma concentration-time profiles, and urinary concentration or excretion profiles. Curated
PD data included blood pressure, diuresis, urinary sodium and chloride excretion, angiotensin-
converting enzyme (ACE) activity, renin activity, and aldosterone concentrations. Graphical data were
digitized using WebPlotDigitizer [30]. Values, units, and metadata were harmonized according to the
standardized PK-DB data structure [29].
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2.2. Computational Model

A whole-body physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) model of
hydrochlorothiazide was developed in the Systems Biology Markup Language (SBML) [31,32] using
the sbmlutils library [33]. The model consists of linked submodels representing intestinal absorption,
systemic distribution, renal and intestinal elimination, kidney function, hepatic function, and blood
pressure regulation. The framework further includes pharmacodynamic components describing renal
sodium, chloride, and fluid handling, as well as systemic blood pressure regulation.

Simulations were performed with sbmlsim [34] and libRoadRunner [35,36]. Model visu-
alizations were generated with cy3sbml [37,38]. 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/hctz-model) and is archived on Zenodo as version 0.7.0
(https:/ /doi.org/10.5281/zenod0.20409640) [39].

Cardiac impairment was implemented using the parameter £_cardiac_function, where a value
of 1.0 represents normal cardiac function, corresponding to a cardiac output of approximately 4.5-
6 L/min. Simulated impairment levels were scaled to represent mild, moderate, and severe reductions
in cardiac output, with parameter values of 0.75, 0.50, and 0.25, respectively. This adjustment affected
systemic hemodynamics, renal perfusion, and downstream clearance processes, thereby capturing the
impact of congestive heart failure on hydrochlorothiazide disposition.

Renal impairment was represented by scaling renal function through the parameter KI__f_renal
_function, with a value of 1.0 indicating normal kidney function, corresponding to a glomerular filtration
rate of approximately 101 mL/min. Progressive renal impairment was simulated using values of 0.69,
0.32, and 0.19 for mild, moderate, and severe impairment, respectively. These values reflect reduced
glomerular filtration rates consistent with clinical chronic kidney disease staging: 69.5 mL/min/1.73 m?
for mild, 32.5 mL/min/1.73 m? for moderate, and 19.5 mL/min/1.73 m? for severe renal dysfunction [40].

Hepatic impairment was implemented using the parameter £_cirrhosis, with a value of 0.0 rep-
resenting normal hepatic function and increasing values representing progressive cirrhotic impairment.
Impairment levels were scaled according to Child-Pugh classifications, corresponding to mild, moder-
ate, and severe impairment, with parameter values of 0.40, 0.70, and 0.81, respectively [41]. Although
hydrochlorothiazide undergoes minimal hepatic metabolism, hepatic impairment was included to
capture secondary effects such as altered systemic hemodynamic changes and renal perfusion. These
mechanisms may indirectly influence hydrochlorothiazide disposition and diuretic response in patients
with cirrhosis or advanced liver disease.

2.3. Parameter Optimization

Pharmacokinetic (PK) and pharmacodynamic (PD) parameters were optimized using the cu-
rated clinical datasets. For the PK model, the optimized parameters comprised the tissue distribu-
tion factor (ftissue_hctz), the tissue-to-plasma partition coefficient (Kp_hctz), the dissolution rate
(Ka_dis_hctz), the intestinal absorption rate constant (GU__HCTZABS_k), the maximum urinary ex-
cretion rate (KI__HCTZEX_Vmax), and the Michaelis constant for urinary excretion (KI__HCTZEX_Km).
For the PD model, optimization targeted sodium chloride intake from food (vin_nacl) and the ECsg
values for hydrochlorothiazide-induced urinary sodium, chloride, and water excretion (E50_hctz_na,
E50_hctz_cl, and E50_hctz_h2o, respectively). Optimization was performed across multiple dose
levels and under fed and fasted conditions. Multiple local optimization runs were applied sequentially,
with PK parameters estimated first and PD parameters estimated subsequently.

Optimized parameter values and optimization diagnostics are reported in Supplementary Sec-
tion S3, including fitted PK and PD parameter sets, convergence behavior, and goodness-of-fit assess-
ments for both model components.

The objective function, defined as a function of the parameter vector g, minimized the sum of
squared weighted residuals 7; ; across all time courses k and data points i. Time courses were weighted
according to the number of participants in each study, 1, and individual data points were weighted
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by the inverse of the associated measurement uncertainty, represented by the standard deviation o; ;.
This resulted in weights w; , = ny /o

F(7) = 5 Slwia sl
i,
Accordingly, data points with lower measurement uncertainty and time courses from studies with
larger sample sizes contributed more strongly to the objective function.
Multiple optimization runs (n = 100) were performed using different initial parameter values to
reduce sensitivity to local minima. Optimization was conducted sequentially: PK parameters were
estimated first, followed by PD parameters.

2.4. 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
route of administration, dose, dosing schedule, baseline blood pressure, and hepatic, cardiac, and renal
function, were adjusted according to the information reported in each study. Multiple-dose protocols
were implemented where applicable.

To further investigate sources of variability, additional simulation experiments and parameter
scans were performed across physiologically relevant ranges of hepatic, cardiac, and renal function, as
well as dose. These simulations enabled systematic evaluation of the effects of key physiological and
pathophysiological parameters on pharmacokinetic and pharmacodynamic outcomes.

2.5. Pharmacokinetic and Pharmacodynamic Parameters

Pharmacokinetic parameters of hydrochlorothiazide were derived from simulated plasma
concentration—time profiles and urinary excretion profiles using standard non-compartmental analysis.
Pharmacodynamic outcomes were evaluated based on simulated urinary sodium and chloride excre-
tion, diuresis, and blood pressure responses. Blood pressure simulations incorporated study-specific
baseline blood pressure values where available.

Simulated concentration—time profiles, urinary excretion profiles, pharmacodynamic response
profiles, and derived pharmacokinetic and pharmacodynamic parameters were compared with the
curated clinical data.

3. Results
3.1. Hydrochlorothiazide Database

A total of 25 clinical studies met the inclusion criteria and were systematically curated for
PBPK/PD model development and evaluation. The curated studies covered diverse study populations,
dosing regimens, routes of administration, and clinical conditions, including healthy individuals and
patients with hypertension, renal impairment, cardiac impairment, or hepatic impairment. The study
identification, screening, and inclusion workflow is shown in Supplementary Figure S1. An overview
of the curated studies and their key data characteristics is provided in Table 1.

The curated data were integrated into an open hydrochlorothiazide pharmacokinetic/ pharmaco-
dynamic database. Each study was assigned a unique PK-DB identifier linked to the corresponding
curated dataset in the publicly available PK-DB resource. The database includes study-level metadata,
dosing regimens, demographic and clinical information, pharmacokinetic concentration—-time and
urinary excretion data, and pharmacodynamic endpoints, including blood pressure, diuresis, and
urinary sodium and chloride excretion.

3.2. Computational Model

A whole-body physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) model
of hydrochlorothiazide was developed (see Figure 1). The model comprises the key organs and
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functional units involved in hydrochlorothiazide pharmacokinetics and pharmacodynamics, including
the gastrointestinal tract, liver, kidneys, nephron, body-fluid compartments, and blood pressure
regulation, all connected through the systemic circulation. The model incorporates physiological
and pathophysiological factors relevant to hydrochlorothiazide exposure and response, including
administered dose, renal impairment represented by glomerular filtration rate, hepatic impairment
represented by the degree of cirrhosis according to Child-Pugh classification, and cardiac impairment
represented by cardiac output.

Model parameters were optimized against a subset of the curated clinical dataset. The optimized
model showed good agreement between simulations and observed data across different patient
populations and dosing scenarios. This framework enables systematic exploration of dosing regimens
and common comorbidities affecting hydrochlorothiazide exposure and response, thereby providing a
basis for model-informed assessment of individualized dosing strategies.

The intestinal submodel describes dissolution, absorption, transport, and gastrointestinal ex-
cretion of hydrochlorothiazide. It is structured into five compartments: stomach, intestinal lumen,
enterocytes, blood plasma, and feces. Hydrochlorothiazide dissolves in the stomach and is subse-
quently transferred through the intestinal lumen and enterocytes into the systemic circulation.

The kidney model describes renal elimination of hydrochlorothiazide from plasma into urine. As
shown in Figure 1, the kidney model includes plasma and urine compartments, with renal clearance
represented as unidirectional transport from plasma to urine. A nephron submodel was integrated
to simulate sodium, chloride, and water transport in the early distal tubule, the primary site of
hydrochlorothiazide action.

Body-fluid compartments were included to describe the pharmacodynamic effects of hy-
drochlorothiazide on diuresis and blood pressure. The fluid model is coupled to the kidney and
nephron submodels and links drug-induced changes in renal sodium, chloride, and water handling to
systemic fluid balance and blood pressure regulation.

After establishing the PBPK/PD model structure, selected model parameters were optimized
using a subset of the curated clinical data. Pharmacokinetic parameters were optimized first, followed
by pharmacodynamic parameters. Optimization diagnostics, including convergence behavior and
goodness-of-fit assessments, are provided in Supplementary Section S3.

3.3. Dose Dependency

Oral hydrochlorothiazide doses ranging from 5 to 200 mg and intravenous doses ranging from
1 to 35 mg were simulated. The model reproduced dose-dependent pharmacokinetic and phar-
macodynamic behavior across the simulated dose range, as shown in Figures 2 and 3. Simulated
hydrochlorothiazide concentrations in plasma, urine, and feces increased with dose and were consistent
with the general trends observed in clinical data from single- and multiple-dose studies.

The model captured the observed dose dependency reported by Azumayal990, Jordo1979, Pa-
tel1984, and Beermann1976 [2,7,42,43]. Simulated Cimax and AUCy_ increased more than proportion-
ally with dose, whereas the apparent elimination half-life and renal elimination rate decreased with
increasing dose. These patterns indicate nonlinear pharmacokinetics over the investigated dose range.

Pharmacodynamic responses also increased with dose. Higher doses resulted in greater maximum
diuresis, reaching up to 270 mL/h after a 100 mg dose, as well as increased urinary sodium and chloride
excretion. Higher doses were also associated with stronger reductions in systolic and diastolic blood
pressure, reaching values of approximately 109 and 73 mmHg, respectively, in the simulations. Overall,
the simulated dose-dependent pharmacokinetic and pharmacodynamic trends were consistent with
the curated clinical data.

3.4. Hepatic Impairment

Simulations of different degrees of liver cirrhosis were performed to investigate the effects of
hepatic impairment on hydrochlorothiazide pharmacokinetics and pharmacodynamics. As shown
in Supplementary Figure 546, changes in hepatic function had only minor effects on simulated
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hydrochlorothiazide concentrations in plasma, urine, and feces. This finding is consistent with the
minimal hepatic metabolism of hydrochlorothiazide.

With increasing cirrhosis severity, simulated AUCy_., increased, whereas the apparent elimination
half-life (t1 /;) showed only minor changes. Overall, hepatic impairment had limited direct effects on
hydrochlorothiazide exposure, and the simulated pharmacokinetic profiles were consistent with the
general trends observed in the curated clinical data.

3.5. Cardiac Impairment

Different levels of cardiac output, ranging from 0 to 6 L/min, were simulated to investigate
the effects of cardiac impairment on hydrochlorothiazide pharmacokinetics. As shown in Figure 4,
changes in cardiac output had only minor effects on simulated hydrochlorothiazide concentrations in
plasma, urine, and feces. Fecal hydrochlorothiazide concentrations were largely unchanged across the
simulated range of cardiac output.

Simulated AUCy_, and apparent elimination half-life (¢, /) changed moderately with increasing
cardiac impairment. However, the magnitude of these effects was substantially smaller than that
observed for renal impairment, indicating that cardiac impairment alone is not a major determinant of
hydrochlorothiazide exposure in the model. The moderate changes in pharmacokinetic parameters
were primarily attributable to cardiac-output-dependent changes in glomerular filtration rate, which
indirectly affected renal elimination.

Overall, the simulated pharmacokinetic profiles were consistent with the general trends observed
in the curated clinical data. In contrast to the interpretation proposed by Beermann et al. [8], the
model suggests that reduced cardiac output alone does not substantially alter hydrochlorothiazide
exposure. The previously reported differences in patients with congestive heart failure may therefore
reflect secondary effects, such as altered renal function, changes in intestinal absorption, or other
disease-related physiological changes, rather than cardiac impairment alone.

3.6. Renal Impairment

Simulations across different levels of renal function, ranging from 0.1 to 1.0 and corresponding to
an eGFR range from less than 30 to more than 90 mL/min/1.73 m?, were performed to investigate
the effects of renal impairment on hydrochlorothiazide pharmacokinetics and pharmacodynamics.
As shown in Figure 5, reduced renal function resulted in higher simulated hydrochlorothiazide
plasma concentrations and reduced urinary excretion, whereas fecal hydrochlorothiazide concentra-
tions remained largely unchanged. These findings highlight the central role of renal elimination in
hydrochlorothiazide disposition.

Simulated AUC(_. and apparent elimination half-life (t1,,) increased with decreasing renal
function, consistent with impaired renal clearance. The magnitude of these changes was substantially
larger than that observed for hepatic or cardiac impairment, indicating that renal function is the
primary determinant of hydrochlorothiazide exposure in the model. Simulated pharmacokinetic and
pharmacodynamic profiles were consistent with the general trends observed in the curated clinical
data.
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Table 1. Overview of included studies. All 25 studies included are listed with key identifiers (Study, PK-DB ID), dosing regimen, dose, route and participant characteristics: healthy,
hypertension (HTN), cardiac impairment (CI), renal impairment (RI), and hepatic impairment (HI). Pharmacokinetic data include plasma concentrations (Plasma), urinary recovery
(Urine) and fecal recovery (Feces); pharmacodynamic data include blood pressure (BP), diuresis (Diu), urinary sodium excretion (Na), and urinary chloride excretion (Cl) .

Study PK-DB Dosing Dose [mg] Route Healthy HTN CI RI HI Plasma Urine  Feces BP Diuresis Na Cl
Anderson1961 [44] PKDB01102 single 50 p.o., iv. v v v v v v

Azumayal990 [42] PKDB01103 single 125,25 p-o. v v

Barbhaiya1982 [3] PKDB00751 single 50 p-o. v v v

Barbhaiya1982a [45] PKDB01104 single 50 p-o. v v v

Beermann1976 [2] PKDB00752 single > t1303;5(1(5)o) p.o. iv. v v v v v

Beermann1977a [46] PKDB00821 single 12.5, 25,50, 75 p-o. v v v v v v
Beermann1979 [8] PKDB01105 single 50,75 p-o. v v v v

Devineni2014 [47] PKDB00879 multiple 25 p-o. v v

Giudicelli1987 [48] PKDB00753 single, multiple 25 p-o. v v

Heise2015 [49] PKDB00852 multiple 25 p-o. v v

Howes1991 [50] PKDB00777 single 25 p-o. v v v v

Hsia02015 [51] PKDB00754 multiple 25 p-o. v v

Hunninghake1986 [52] PKDB00755 single 75 p-o. v v v

Jeon2012 [53] PKDB00756 multiple 25 p-o. v v v v v

Jordo1979 [43] PKDB00757 single 12.5,25 p-o. v v v

Knauf1995 [54] PKDB???? single 25,50 p-o. v v v v
Koytchev2004 [55] PKDB00853 single 12.5 p-o. v v

Niemeyer1983 [56] PKDB00758 single 50 p-o. v v v v v

Nilsen1989 [57] PKDB01107 single 25 p-o. v v v v v
Niopas2004 [58] PKDB00789 single 12.5 p-o. v v

Patel1984 [7] PKDB00759 single 25, 50, 100, 200 p.o. v v v v v
Ripley2000 [59] PKDB01108 single 25 p.o. v v v
Vaidyanathan2006 [60] PKDB00681 multiple 25 p-o. v v

Weir1998 [61] PKDB00760 multiple 25 p-o. v v v

Williams1982 [62] PKDB01109 single 50,100 p-o. v v v v v v
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Figure 1. Physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) model of hydrochlorothiazide.
A) Whole-body model illustrating oral and intravenous administration of hydrochlorothiazide (HCTZ), its
distribution via systemic circulation, and the key organs involved in its absorption, metabolism, and elimination,
including the gastrointestinal tract liver and kidneys. B) Gastrointestinal model depicting the absorption of
HCTZ and showing minimal role of intestinal excretion. C) Kidney model emphasizing renal excretion as the
principal elimination route of HCTZ ensuring that the fraction of drug reaching the tubular site of action is
appropriately represented. D) Fluid model linking HCTZ mechanism of action to blood pressure as a function of
extracellular fluid. Sodium and chloride, followed by water, move from the ECF via glomerular filtration to the
tubular lumen illustrated as the distal convoluted tubule (DCT) to then be excreted in the urine. HCTZ increases
sodium and chloride excretion, thereby increasing diuresis. ECF volume reduction decreases systolic and diastolic
blood pressure. E) HCTZ mechanism of action in the early distal convoluted tubule as part of the kidney model:
inhibition of sodium-chloride co-transporter, thereby reducing sodium and chloride reabsorption. F) Factors
affecting PK and PD profiles accounted for in the model: administered dose, hepatic impairment (cirrhosis),
cardiac impairment, and renal impairment.
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Figure 2. Dose-dependent pharmacokinetics and pharmacodynamics of hydrochlorothiazide. A) Oral and
intravenous dose range (1-200 mg) evaluated in the simulations. B) Simulated PK time-courses for various
doses and dose dependency relationships for key PK parameters. Correlation between HCTZ dose and key
pharmacokinetic parameters is illustrated for AUCy_j¢ and t;,,. C) Simulated PD time-courses for various
doses and dose dependency relationships for key PD parameters. D) Correlation between HCTZ dose and key
pharmacodynamic parameters is illustrated. E) Simulated (solid lines) versus observed (dashed lines/symbols)
plasma and urine concentration-time profiles of hydrochlorothiazide across various single oral doses in clinical
studies. Observed data are presented as mean or mean + SD where available. Data from Azumayal990 [42],
Barbhaiya1982 [3], Barbhaiya1982a [45], Beermann1976 [2], Beermann1977a [46], Heise2015 [49], Howes1991 [50],
Hsia02015 [51], Hunninghake1986 [52], Jordo1979 [43], Koytchev2004 [63], Nilsen1989 [57], Niopas2011 [58],
Patel1984 [7], and Williams1982 [62].
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Figure 3. Additional dose-dependent clinical studies of hydrochlorothiazide. E continued) Simulated (solid
lines) versus observed (symbols with dashed lines) plasma and urine concentration-time profiles of hydrochloroth-
iazide across single oral doses and various multiple oral doses in clinical studies. Data from Ripley2000 [59],
Giudicelli1987 [48], Devineni2014 [47], Jeon2012 [53], Vaidyanathan2006 [60], and Weir1998 [61]. F) Simulated
(solid lines) versus observed (dashed lines/symbols) pharmacodynamic profiles of hydrochlorothiazide across
various oral doses in clinical studies. Observed data are presented as mean or mean + SD where available. Data
from Beermann1977a [46], Jeon2012 [53], Ripley2000 [59], Nilsen1989 [57], Patel1984 [7], Knauf1995 [54] and
Williams1982 [62].
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Figure 4. Effects of cardiac impairment on the pharmacokinetics and pharmacodynamics of hydrochloroth-
iazide. A) Classification of heart function levels based on cardiac output, distinguishing normal function from
mild, moderate, and severe cardiac impairment. B) Simulated pharmacokinetic time-course profiles across increas-
ing degrees of cardiac impairment. Correlation between cardiac function and key pharmacokinetic parameters is
illustrated for AUCj_inf and t; /5. C) Simulated pharmacodynamic time-course profiles across increasing degrees
of cardiac impairment. Correlation between cardiac function and key pharmacodynamic parameters is illustrated.
D) Comparison of simulated (solid lines) and observed data (dashed lines/symbols) for plasma concentration-time
profiles and cumulative urinary excretion in patients with cardiac impairment from Anderson1961 [44].
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Figure 5. Effects of renal impairment on the pharmacokinetics and pharmacodynamics of hydrochlorothiazide.
A) Classification of renal function levels based on estimated glomerular filtration rate (eGFR), distinguishing
normal function from mild, moderate, and severe renal impairment. B) Simulated pharmacokinetic time-course
profiles across graded renal function levels. Correlation between renal function and key pharmacokinetic
parameters is illustrated for AUCy_i,¢ and t; /5. C) Simulated pharmacodynamic time-course profiles across
graded renal function levels. Correlation between renal function and key pharmacodynamic parameters is
illustrated. D) Comparison of simulated (solid lines) and observed data (dashed lines/symbols) for plasma
concentration-time profiles and cumulative urinary excretion across renal function levels in selected studies:
Anderson1961 [44], Niemeyer1983 [56], and Beermann1979 [8].
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Figure 6. PBPK/PD HCTZ model simulating single and multiple oral dose administration of hydrochlorothiazide showing dose-dependent pharmacokinetics and pharma-
codynamics. A) Oral doses (0-100 mg) shown in the simulations. B & C) For single (B) and multiple (C) oral dose administration, simulated PK and PD time-courses and dose
dependency relationships for all key parameters: plasma concentration (HCTZ), amount in urine (HCTZ urine) and feces (HCTZ feces), extracellular fluid volume (ECF), sodium
and chloride concentration in ECF, diuresis, sodium and chloride excretion, water uptake, sodium and chloride uptake, as well as systolic and diastolic blood pressure. Lastly, the
correlations between HCTZ plasma concentration and blood pressure are illustrated.
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4. Discussion

In this study, we compiled a curated clinical dataset of hydrochlorothiazide pharmacokinetics
and pharmacodynamics from 25 studies and used it to develop a whole-body PBPK/PD model. The
dataset included healthy and hypertensive individuals as well as patients with renal, hepatic, or cardiac
impairment. Plasma concentration—time profiles and cumulative urinary excretion were consistently
reported across studies, whereas pharmacodynamic endpoints were available for a subset of studies
and were used to calibrate the exposure-response relationship.

The model integrates oral absorption, systemic distribution, predominantly renal elimination,
renal sodium and water handling, and blood pressure regulation. Simulations showed good agree-
ment with observed pharmacokinetic data across therapeutic doses and organ-function strata. Dose-
dependent exposure and diuretic effects were reproduced within the clinical range. Renal impairment
was identified as the main determinant of altered hydrochlorothiazide exposure and urinary excretion,
whereas hepatic and cardiac impairment affected pharmacokinetics primarily through secondary
effects on renal function. Overall, the model provides a mechanistic framework to characterize
hydrochlorothiazide PK/PD variability across clinically relevant conditions.

Although hydrochlorothiazide undergoes minimal hepatic metabolism, the curated data and
simulations indicate that hepatic impairment may indirectly influence hydrochlorothiazide pharma-
cokinetics. In subjects with hepatic impairment, reduced peak plasma concentrations and urinary
excretion were observed in some datasets. These findings suggest that hepatic dysfunction may affect
hydrochlorothiazide disposition through mechanisms other than metabolism. In advanced liver dis-
ease, impaired hepatic function is often accompanied by cirrhosis-associated systemic hemodynamic
changes, including reduced effective arterial blood volume, splanchnic vasodilation, and secondary
renal hypoperfusion. These alterations are characteristic of hepatorenal physiology and may reduce
renal drug clearance or alter drug delivery to the kidney.

Renal dysfunction is common in patients with chronic liver disease. The incidence of acute renal
dysfunction in hospitalized patients with chronic liver disease has been reported to be approximately
20% [64], and patients with chronic liver disease are at increased risk of acute kidney injury [65].
Such pathophysiological changes may impair renal elimination and reduce urinary recovery of hy-
drochlorothiazide. In addition, hypoalbuminemia associated with cirrhosis may alter plasma protein
binding and distribution, although hydrochlorothiazide protein binding is only moderate (and protein
binding was not included in the model). Together, these mechanisms suggest that hepatic impairment
may influence hydrochlorothiazide pharmacokinetics indirectly, particularly in patients with advanced
cirrhosis or concomitant renal dysfunction.

Reduced hydrochlorothiazide absorption in cardiac failure has previously been attributed to alter-
ations in intestinal wall properties or reduced splanchnic blood flow [8]. However, closer examination
of the available patient-level data does not provide clear support for a direct effect of cardiac impair-
ment alone on hydrochlorothiazide absorption. In the study by Beermann1979, all participants were
diagnosed with cardiac failure, yet only one patient (SP) had preserved renal function, as indicated by
normal creatinine clearance. This patient showed urinary recovery of hydrochlorothiazide comparable
to that observed in individuals without cardiac disease, despite the presence of cardiac failure. In
contrast, reduced cumulative urinary recovery was observed mainly in patients with impaired renal
function. These findings suggest that reduced hydrochlorothiazide recovery in cardiac failure may be
more closely related to renal dysfunction than to cardiac impairment per se.

Anderson1961 similarly proposed that impaired gastrointestinal absorption in patients with
heart failure may contribute to reduced hydrochlorothiazide recovery but is unlikely to be the sole
explanatory factor [44]. Changes in renal hemodynamics associated with congestive heart failure, as
well as alterations in body fluid and electrolyte status, may also contribute to altered renal excretion.
Consistent with this interpretation, our simulations suggest that reduced cardiac output alone has
only limited effects on hydrochlorothiazide exposure, whereas secondary changes in renal function
can modestly influence pharmacokinetic parameters.
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The PBPK/PD model confirmed that renal impairment predominantly affects hydrochlorothiazide
clearance. With decreasing renal function, simulated plasma concentrations and systemic exposure
increased, whereas urinary excretion was reduced. This pattern is consistent with the known elimina-
tion pathway of hydrochlorothiazide, which is predominantly excreted unchanged via the kidneys.
Accumulation of hydrochlorothiazide in renal impairment may contribute to augmented or prolonged
diuretic and antihypertensive effects, but may also increase the risk of excessive volume depletion or
electrolyte disturbances. Careful monitoring of therapeutic response, renal function, volume status,
and electrolyte balance is therefore particularly important in patients with impaired renal function.

Anderson reported different degrees of reduced urinary hydrochlorothiazide excretion in patients
with renal impairment [44]. However, creatinine clearance and glomerular filtration rate were not
reported for these patients, limiting direct interpretation of the observed variability. Model-based
comparison suggests that patient 11 may have had severe renal impairment, whereas patient 10
may have had moderate renal impairment. These examples illustrate how mechanistic PBPK/PD
modeling can support interpretation of historical clinical data when key physiological covariates were
incompletely reported.

The role of hydrochlorothiazide and other thiazide or thiazide-like diuretics in chronic kidney
disease is being re-evaluated. Traditional teaching suggested that thiazide diuretics become ineffective
once eGEFR falls below approximately 30 mL/min/1.73 m?2. However, clinical studies and reviews have
challenged this assumption, indicating that thiazide or thiazide-like diuretics may still lower blood
pressure in stage 3—4 chronic kidney disease when appropriately dosed, sometimes in combination with
loop diuretics [54,66-69]. Pilot studies comparing furosemide and hydrochlorothiazide in advanced
chronic kidney disease further suggest that hydrochlorothiazide can contribute to blood pressure
control even at reduced renal function [70,71]. Nevertheless, data remain limited at very low eGFR,
and the balance between efficacy, exposure, and safety requires careful clinical assessment.

The presented PBPK/PD model has several limitations that should be considered when inter-
preting the results. First, data quality and reporting were heterogeneous across the included studies.
Model development was constrained by the limited availability of high-quality pharmacokinetic and
pharmacodynamic data in patient populations with relevant comorbidities. Although hydrochloroth-
iazide has been used extensively in clinical practice, systematic characterization of its disposition and
effects under conditions such as cardiac, renal, or hepatic impairment remains incomplete, limiting the
depth of validation in these subgroups.

Quantitative data describing the renal handling of hydrochlorothiazide, particularly tubular
secretion and reabsorption processes, are sparse. Consequently, renal clearance processes were param-
eterized empirically rather than through fully mechanistic representations of transporter-mediated
pathways. This approach is consistent with standard PBPK practice when detailed transporter ki-
netics are unavailable, but it introduces uncertainty when extrapolating to extreme degrees of renal
dysfunction.

PBPK modeling is inherently dependent on the availability of high-quality input data, rigorous
validation against experimental observations, and appropriate handling of computational complexity
in large-scale simulations [72]. Future clinical and mechanistic studies, particularly in underrepresented
patient populations, would support further refinement of model structure and parameterization and
strengthen confidence in prospective simulations.

One study, Beermann1976 [2], reported values that were inconsistent with physiologically plausi-
ble concentration ranges and deviated substantially from the other clinical datasets. Despite extensive
review, the discrepancy could not be reconciled and may reflect a unit conversion or reporting error
in the original source. Accordingly, this outlier dataset was excluded from model calibration and
evaluation.

Future studies should expand and harmonize clinical data for hydrochlorothiazide, particularly
in patients with comorbidities. More comprehensive datasets including aligned plasma concentration—
time profiles, urinary excretion data, blood pressure endpoints, and electrolyte measurements, espe-
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cially under multiple-dose conditions, would enable deeper mechanistic evaluation and strengthen
model validation across organ-function strata. Impairment studies should report not only hepatic or
cardiac disease status but also renal clearance, glomerular filtration rate, cardiac output or heart failure
severity, and relevant markers of fluid and electrolyte balance.

Although the model performed robustly in renal impairment, additional datasets spanning
a broader range of renal function would further refine the characterization of exposure-response
relationships. Standardized reporting across impairment studies would enhance mechanistic inter-
pretation and improve the predictive performance of PBPK/PD models in heterogeneous patient
populations. Clinically, careful monitoring of therapeutic response, volume status, renal function, and
electrolyte balance remains important in patients with cardiac, renal, or hepatic impairment receiving
hydrochlorothiazide.

All model files, SBML code, simulation scripts, and curated datasets are openly accessible in ac-
cordance with FAIR principles, supporting transparency, reproducibility, independent validation, and
reuse. The presented PBPK/PD model provides an extensible framework to investigate hydrochloroth-
iazide variability across clinically relevant conditions and supports model-informed assessment of
individualized antihypertensive therapy.

Supplementary Materials: The following supporting information can be downloaded at website of this paper
posted on Preprints.org.
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