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Abstract

Background/Objectives: Interindividual pharmacokinetic (PK) variability remains a daunt-
ing challenge for effective and safe drug therapy. Despite the widespread use of direct oral
anticoagulants (DOACs) and calcium channel blockers (CCBs), a substantial number of ad-
verse drug reactions have been reported for both classes. Herein, this study aimed to assess
and analyze the PK variability of DOACs and CCBs across diverse clinical and demographic
profiles under both single- and multiple-dose conditions. Methods: A PubMed search
identified clinical PK studies reporting maximum plasma concentration (Crax) and/or area
under the concentration-time curve (AUC). The coefficient of variation (CV%) was calcu-
lated and used as a measure of PK variability. A CV% < 40% indicated low-to-moderate
variability, and a CV% > 40% was defined as high variability. Results: A total of 264 studies
were included following systematic screening, and the dataset was further characterized
according to population features and clinical context. Among DOACs, edoxaban exhibited
the lowest PK variability, whereas dabigatran showed the highest. CCBs demonstrated a
broad variability spectrum, ranging from predictable agents (amlodipine and felodipine) to
highly variable compounds (nisoldipine, isradipine, nimodipine, diltiazem, and verapamil).
Studies evaluating drug—drug interactions, ethnicity, and specific drug-related factors were
associated with increased PK variability. Conclusions: These findings suggest that fixed-
dose strategies may not be universally appropriate for DOACs and CCBs, particularly in
high-risk subgroups where altered exposure may lead to sub- or supratherapeutic concen-
trations and compromise clinical outcomes. Therefore, clinicians should avoid evaluating
individual risk factors in isolation and instead consider the patient’s complete profile when
selecting and adjusting pharmacotherapy.

Keywords: pharmacokinetic variability; direct oral anticoagulants; calcium channel
blockers; drug exposure; precision dosing; therapeutic drug monitoring

1. Introduction

“Does one dose fit all?” has become one of the most relevant and widely debated ques-
tions in modern medicine. Any discussion surrounding the “one-size-fits-all” paradigm
inevitably leads to the concept of pharmacokinetic (PK) variability. In clinical practice, PK
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variability represents a daunting challenge to effective drug therapy [1-3]. A dose proven
therapeutically effective in some patients may be ineffective or even toxic in others. Vari-
ability in therapeutic response among patients with the same clinical condition arises from
a wide range of sources of interindividual variability (IIV). These include physiological
factors such as age, sex, genetic makeup, pregnancy, diet, microbiome; pathological factors
including disease state, obesity, hepatic or renal impairment; and pharmacological factors
such as drug-drug interactions (DDIs) and biopharmaceutical formulations [1,3]. Together,
these factors influence the processes of absorption, distribution, metabolism, and excretion
(ADME), resulting in substantial differences in systemic exposure following administration
of a standard dose.

Clinical practice routinely demonstrates considerable differences in plasma drug
concentrations between patients, and dose adjustment is often performed through a trial-
and-error approach [1,2]. Growing recognition that patients do not respond uniformly
to the same treatment has driven the development of tools capable of predicting drug
disposition and identifying potential PK liabilities, including poor bioavailability, altered
hepatic or renal clearance, susceptibility to DDIs, and the need for dose adjustment in
specific patient populations [1,4,5]. Advances in pharmacogenomics, pharmacometrics,
and therapeutic drug monitoring (TDM) have improved clinicians’ ability to individualize
therapy, supporting the goal of administering the right drug at the right dose to the right
patient at the right time. Consequently, identifying and mitigating sources of IIV, such as
intestinal permeability, plasma protein binding, first-pass metabolism, and the degree of
renal impairment, is essential for optimizing drug safety and efficacy.

The present study focuses on the interindividual PK variability of direct oral anticoag-
ulants (DOACs) and calcium channel blockers (CCBs).

DOACs are widely prescribed for the prevention of venous thromboembolism (VTE)
and stroke in patients with atrial fibrillation (AF) [5,6], as they interrupt part of the complex
system involved in the formation of blood clots (Figure 1) [7]. This drug class comprises
two main categories: direct thrombin inhibitors (dabigatran) and direct factor Xa inhibitors
(rivaroxaban, apixaban, and edoxaban) [6,8,9]. Following their first approval by the U.S.
Food and Drug Administration (FDA) in 2010, DOACs have rapidly become reliable
alternatives to vitamin K antagonists (VKAs), which had long represented the standard of
care (SoC) for oral anticoagulation [6]. Their widespread adoption was owing to several
advantageous properties: improved patient adherence due to oral administration, rapid
onset of action, fixed-dose regimens, limited IIV with predictable PK and pharmacodynamic
(PD) profiles, reduced risks of food and drug interactions, and a lower incidence of adverse
events, particularly bleeding complications [10-12].

Since their introduction, DOACs have remained a controversial topic in routine
clinical practice regarding whether therapeutic monitoring is necessary [13]. Some au-
thors argue that routine monitoring is not required because of their predictable PK/PD
characteristics [5,6]. However, other studies have shown that approximately 25% of patients
receiving DOAC therapy are incorrectly dosed [14,15]. Furthermore, DOACs have been
associated with considerable variability in systemic drug exposure, which may increase the
risk of adverse clinical outcomes such as bleeding or thromboembolic events [13]. Indeed,
a total of 268,551 adverse drug reactions (ADRs) have been reported for DOACs [8]. This
retrospective analysis of ADRs associated with DOAC dosing errors demonstrated that
underdosing remains the most frequent dosing error, in contrast to overdosing. In addition,
a study based on data from the Portuguese pharmacovigilance system between 2012 and
2021 revealed that dabigatran was the anticoagulant most frequently associated with ADRs
leading to hospitalization, followed by rivaroxaban, apixaban, and edoxaban [16]. Data
from EudraVigilance also showed that rivaroxaban is the oral anticoagulant most frequently
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reported in ADR cases [17]. Therefore, while some cases of inappropriate dosing may re-
sult from a lack of awareness of DOAC prescribing recommendations [6,13], particular
population subgroups, including patients with renal/hepatic impairment, obesity, and
cancer-associated thrombosis, may represent potential candidates for DOAC monitoring
due to the possibility of exhibiting altered PK profiles [6].

Mechanism of action of Direct Oral Anticoagulants J
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Figure 1. Overview of the mechanisms of action of DOACs and CCBs. DOACs inhibit key steps of
the coagulation cascade, thereby reducing thrombin generation and fibrin clot formation. Factor Xa
inhibitors (apixaban, rivaroxaban, and edoxaban) block the conversion of prothrombin to thrombin,
while dabigatran directly inhibits thrombin. CCBs inhibit L-type calcium channels in vascular
smooth muscle and cardiac tissue, reducing intracellular calcium influx, decreasing smooth muscle
contraction, promoting vasodilation, and lowering blood pressure. Dihydropyridines (nifedipine,
amlodipine, nicardipine, felodipine, and nimodipine, etc.) primarily exert vascular effects, while non-
dihydropyridines (diltiazem and verapamil) additionally reduce cardiac conduction and contractility.
Created with Servier Medical Art (https://smart.servier.com), licensed under CC BY 4.0 (https:
/ /creativecommons.org/licenses /by /4.0/) (accessed on 10 June 2026).

In turn, CCBs represent a heterogeneous group of compounds that primarily act by
inhibiting the influx of calcium ions across the cell membrane through blockade of L-type
voltage-gated calcium channels in the myocardium, vascular smooth muscle, and pan-
creas (Figure 1) [18,19]. Within this class, CCBs can be classified as non-dihydropyridine
(non-DHP) CCBs—diltiazem and verapamil—which are cardioselective and exert their
effects predominantly on the myocardium, and dihydropyridine (DHP) CCBs—nifedipine,
amlodipine, nicardipine, felodipine, and nimodipine, among others —-which primarily act
on vascular smooth muscle [18,20]. Their therapeutic indications include hypertension,
supraventricular tachycardia, vasospasm, and migraine headaches [21-23]. Several PK
studies have reported high IIV with CCB exposure (Table 1), raising concerns about their
long-term safety and efficacy [24]. In fact, these drugs have been associated with adverse
outcomes, such as increased risk of new-onset diabetes [25], impaired renal safety pro-
files [26], and bone fractures [27]. In addition, clinical manifestations such as bradycardia
and hypotension have been reported [21,28].
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Table 1. Interindividual variability associated with calcium channel blocker disposition.

CCB Interindividual Variability References

Amlodipine Intermediate [29]
Felodipine Wide [30]
Nifedipine Low [31]
Nicardipine Wide [32]
Nisoldipine Wide [33]
Isradipine Wide [34]
Nimodipine -

Diltiazem Wide [35]
Verapamil Wide [36]

CCB, calcium channel blocker.

According to the 2024 report of the American Association of Poison Control Centers’
National Poison Data System (NPDS), 6693 single exposures to CCBs were reported in the
United States, of which 39 were associated with fatalities, and 1166 occurred in children
aged five years or younger [28]. The increasing therapeutic use of these drugs likely
contributes to these elevated numbers. Isbister et al. [37] have identified amlodipine,
diltiazem, and verapamil as the most toxic agents within the CCB class. A systematic
review demonstrated that, although CCBs remain acceptable options for long-term therapy,
monitoring may be necessary, particularly in high-risk populations, due to their toxicity [24].
Furthermore, most of the supporting evidence is derived from studies involving DHP CCBs,
highlighting the limited number of studies available for non-DHP CCBs.

The reported toxic effects may;, at least in part, result from PK variability that is not
adequately managed at the time of prescribing. Similarly, treatment failure may indicate
that external factors are affecting the disposition of these compounds, leading to suboptimal
drug exposure. Therefore, a comprehensive understanding of the sources of IIV represents
a critical step towards achieving optimal dose selection, thereby maximizing therapeutic
efficacy while minimizing unnecessary exposure to supratherapeutic drug concentrations.
As far as we know, this is the first systematic comparative analysis to comprehensively
characterize and quantify the PK variability of these two drug classes. Previous evidence
has generally focused on individual agents or selected patient populations, limiting direct
comparisons of the magnitude and consistency of PK variability across drugs and clinical
scenarios. The lack of consensus on the true extent of variability in systemic exposure
to DOACs and CCBs may introduce uncertainty into clinical decision-making, helping
explain the frequent occurrence of inappropriate underdosing in DOAC-treated patients.
By integrating data from single-dose and steady-state studies and from populations with
diverse demographic and clinical characteristics, this study provides a broader assessment
of the determinants and clinical patterns of variability in systemic exposure. This work
provides a quantitative framework for identifying situations in which conventional dosing
may be associated with greater uncertainty in systemic exposure, providing guidance for
safer and more personalized prescribing strategies in clinical practice.

2. Methods

The PubMed database was used to identify PK studies involving four DOACs (apixa-
ban, rivaroxaban, edoxaban, and dabigatran) and 11 CCBs (amlodipine, felodipine, nifedip-
ine, nicardipine, nisoldipine, isradipine, nimodipine, lecarnidipine, diltiazem, and vera-
pamil) commonly prescribed for patients with cardiovascular diseases. The literature search
included studies published up to April 2026. For each drug, the following search strategies
were applied: “drug name AND pharmacokinetics AND single dose” for single-dose (SD)
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studies, and “drug name AND pharmacokinetics AND (steady state OR multiple dose)”
for steady-state (SS) studies.

SD and SS studies conducted in healthy adults and pediatric populations, as well
as in patients with renal or hepatic impairment, and studies evaluating the concomitant
administration of a DOAC or CCB with another drug, were included for variability analysis.
PK results describing drug exposure were collected as the coefficient of variation (CV),
using the most appropriate PK parameters, namely maximum plasma concentration (Cmax)
and area under the concentration-time curve (AUC). Studies reporting only mean values
or individual data presented exclusively in graphical format were excluded, as CV values
could not be calculated. Each PK observation was defined as a unique combination of study,
PK parameter (Cmax or AUC), dosing regimen (single-dose or steady-state), dose level,
and study population or clinical scenario (e.g., DDI, renal impairment, ethnicity, or age).
Multiple observations extracted from the same publication were retained only when they
represented distinct experimental conditions and were therefore considered independent
PK contexts rather than repeated measurements of the same dataset.

Variability data for PK parameters were reported in different formats, including mean
with CV%, mean with standard deviation (SD), or mean with standard error of the mean
(SEM). Both SD and SEM were converted into CV% when necessary. For studies reporting
SD, CV was calculated using the formula: CV = SD/Mean x 100. For studies reporting SEM,
SD was back-calculated using the following equation, where n represents the number of
study participants: SD = SEM x /n. The calculated SD value was subsequently used to
derive CV%.

Descriptive statistics were used to summarize PK variability (CV%) for Cpmax and AUC
across individual drugs, drug classes, study designs, and study populations. For both
Cmax and AUC, the CV reported for each study (SD or SS) was classified into the following
categories: 0-20%, 20—40%, 40-60%, 60-80%, or >80%. For descriptive interpretation,
studies with CV values > 40% were considered to exhibit high PK variability, whereas those
with CV values < 40% were considered to demonstrate low-to-moderate PK variability. This
threshold was selected as a pragmatic criterion to facilitate comparisons across compounds
and clinical scenarios.

Differences in the distribution of CV values between individual drugs within each
drug class were assessed separately for Crax and AUC and according to study design (SD
and SS) using the Kruskal-Wallis test. Post-hoc pairwise comparisons were performed
using Dunn’s test with Holm adjustment for multiple comparisons. Differences in PK
variability across population categories were also assessed separately within DOACs and
CCBs using the Kruskal-Wallis test. To further evaluate factors associated with PK variabil-
ity after adjustment for potential confounding variables, multivariable linear regression
models were developed. Because CV values showed a right-skewed distribution, CV%
were log-transformed before regression analysis. Drug, study design, and study population
were included as explanatory variables. Apixaban and amlodipine were specified as the
reference drugs for the DOAC and CCB models, respectively, while healthy populations
and SD studies were used as reference categories. Regression coefficients (f3), 95% confi-
dence intervals, and corresponding adjusted effects [exp(f3)] were estimated. Statistical
significance was defined as a two-sided p-value < 0.05.

Data analysis was performed using R (Version 2026.04.0+526). Generative artifi-
cial intelligence (GenAl) tools were employed as supportive resources for manuscript
drafting, language refinement, and coding assistance throughout the analytical work-
flow. GenAl tools were not involved in data generation, autonomous data analysis, or
scientific decision-making.
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3. Results

A total of 319 studies matching the predefined search criteria were initially identified.
Following retrieval, 264 studies were included in the final analysis, and 55 studies were
excluded because the reported PK parameters could not be converted into CV values
(Figure 2). The final study library comprised four DOACs and ten CCBs, although 11 CCBs
were initially screened. No eligible PK studies involving lercanidipine were identified, and
this compound was therefore excluded from the analysis.
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Figure 2. Study selection process. The literature search identified 1160 records. Following title
and abstract screening, 319 articles were selected for full-text assessment. 264 studies were in-
cluded in the final analysis after evaluation against the pre-defined eligibility criteria. The included
studies investigated the DOACs apixaban, rivaroxaban, edoxaban, and dabigatran, as well as the
CCBs amlodipine, felodipine, nifedipine, nicardipine, nisoldipine, isradipine, nimodipine, diltiazem,

and verapamil.

Specifically, 15 SD and SS studies were identified for apixaban, 25 for rivaroxaban,
11 for edoxaban, and 26 for dabigatran. The number of extracted PK observations varied
substantially between compounds. Rivaroxaban contributed to the largest number of AUC
observations in SD studies (1 = 98), while edoxaban contributed the fewest (1 = 28). Among
the CCBs, amlodipine generated the largest number of Cphax and AUC observations, though
nicardipine was represented by the smallest number of studies and PK observations. A
detailed summary of observations extracted from SD and SS studies is presented in Table 2.
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Table 2. Number of CV observations for Cax and AUC in SD and SS studies for each DOAC
and CCB.

Observations for Cax Observations for AUC Total Studies

Drug
SD (n) * SS (n) * SD (n) * SS (n) *

DOACs

Apixaban 48 22 47 20 15
Rivaroxaban 96 23 98 7 25
Edoxaban 29 12 28 7 11
Dabigatran 85 25 81 20 26
CCBs

Amlodipine 111 56 113 56 65
Felodipine 61 27 57 23 25
Nifedipine 63 35 62 34 27
Nicardipine 4 4 4 0 3
Nisoldipine 7 15 7 15 7
Isradipine 8 3 8 3 4
Nimodipine 10 9 10 7 9
Diltiazem 41 46 43 47 30
Verapamil 15 47 10 42 17

SD, single-dose; SS, steady-state; DOACs, direct oral anticoagulants; CCBs, calcium channel blockers.
* Values represent the number of individual PK CV determinations.

3.1. Characterization of PK Variability Across DOACs and CCBs

PK variability was subsequently categorized into five CV ranges. As shown in Table 3,
most DOAC data were concentrated within the 20-40% CV category. Apixaban exhibited
predominantly low variability, with most observations falling within the 20-40% range.
Only 16 measurements exceeded 40% CV for both Cpax and AUC in SD studies, out of a to-
tal of 95 observations. Rivaroxaban also demonstrated a generally low variability profile. In
SD studies, only a limited number of measurements fell within the 40-60% CV range, with
the majority of values distributed within lower variability categories. Equally, edoxaban dis-
played a highly stable PK profile, with very few observations indicating moderate-to-high
variability. Only six SD measurements were classified within the 40-60% CV range, and
no SS studies reported CV values exceeding 40% for Cmax. In contrast, dabigatran showed
the highest degree of variability among DOACs. When comparing SD and SS conditions,
a general trend towards reduced variability was observed across all drugs. For instance,
apixaban showed fewer observations exceeding 40% CV under SS conditions compared
with SD, indicating improved exposure consistency during chronic administration.

Table 4 extends the previous analysis to CCBs. Among DHP CCBs, amlodipine and
felodipine generally unveiled lower and more predictable variability profiles. Amlodipine
was predominantly associated with CV values within the 20-40% range. Felodipine also
showed mainly low variability, although some studies reported CV values exceeding 40%
and 60% in SD conditions. In contrast, nifedipine displayed a highly heterogeneous PK
profile, with CV values distributed across nearly all variability categories for both Cpax
and AUC. Additionally, some DHPs demonstrated marked PK variability: nisoldipine,
based on a limited dataset of seven studies, consistently showed high variability across
the available evidence; isradipine, evaluated in four studies, also exhibited predominantly
moderate-to-high variability; nicardipine was likewise included in a limited number of
studies (n = 3), two of which reported low variability, while one study under SS conditions
showed high variability; and nimodipine showed substantial heterogeneity, with CV values
spanning from low to high ranges, including a substantial number of studies reporting
values above 40%, indicating prominent variability.
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Table 3. Pharmacokinetic variability in single-dose (SD) and steady-state (SS) studies of 4 direct oral
anticoagulants: apiaban, rivaroxaban, edoxaban, and dabigatran.

Cv Ccv Ccv Cv Cv CV>
Drug Study TyPe  paorameter D% (M8 ¢ 599, 20-40%  40-60%  60-80%  80% References
S Crnax 0.5-5 10 30 7 1 0 [38-49]
Apixaban AUC 0.5-5 19 20 6 1 1 [38-49]
P . Crnax 2.5-25 7 12 3 0 0 [42,50-53]
AUC 2.5-25 8 9 2 0 1 [42,50-53]
sD Chax 2.5-80 26 63 7 0 0 [54-74]
Ri b AUC 2.5-80 26 58 14 0 0 [54-74]
ivaroxaban s Crna 10-20 8 3 12 0 0 [53,75-78]
AUC 10-20 2 4 1 0 0 [53,75,78]
- Cunax 10-150 1 2 6 0 0 [79-86]
Edoxab AUC 10-150 13 14 1 0 0 [79-86]
Oxaban s Crax 60-120 2 10 0 0 0 [80,87-89]
AUC 60-120 4 2 1 0 0 [80,87-89]
sD Chax 75-400 23 37 6 13 6 [90-108]
Dabigatran AUC 75-400 21 37 9 14 0 [90-108]
& s Conax 50-400 6 11 5 3 0 [90,109-115]
AUC 50400 7 10 2 1 0 [90,109,111-115]
Table 4. Pharmacokinetic variability in single-dose (SD) and steady-state (SS) studies of 10 calcium
channel blockers: amlodipine, felodipine, nifedipine, nicardipine, nisoldipine, isradipine, nimodipine,
diltiazem, and verapamil.
cv Doses cv cv cv cv cv
Drug Study TyPe  porameter  (mg) 0-20%  20-40%  40-60%  60-80%  >so%  Keferences
. Crnax 5-60 40 64 7 0 0 [116-162]
Amlodipine AUC 5-60 14 88 5 0 6 [116-162]
P ss Conax 5-15 25 27 4 0 0 [116,117,122,129,135,147,162-180]
AUC 5-15 18 28 7 1 2 [116,117,122,129,135,147,162-180]
<D Crnax 0.525-10 26 18 13 4 0 [140,162,181-198]
Felodipine AUC 0.525-10 26 11 9 10 1 [140,162,181-198]
P ss Crnax 2.5-20 6 9 12 0 0 [162,181,183,184,192,196,199-203]
AUC 2.5-20 6 12 5 0 0 [162,181,183,184,192,199-203]
<D Crnax 3.5-60 17 21 19 5 1 [204-220]
Nifedipine AUC 4.4-60 17 21 21 2 1 [205-212,214-223]
P ss Crnax 10-60 11 7 8 9 0 [205,206,215,221,224-230]
AUC 10-60 12 14 5 3 0 [205,206,215,221,223-230]
<D Crnax 30 4 0 0 0 0 [231,232]
Nicardipine AUC 30 4 0 0 0 0 [231,232]
P s Cunax 10-40 0 0 2 2 0 [233]
AUC 10-40 0 0 0 0 0 -
D Conax 5-10 0 0 3 1 3 [234-236]
Nisoldipine AUC 5-10 0 0 4 1 2 [234-236]
P Crnax 5-20 2 3 6 2 2 [234,235,237-239]
58 AUC 520 2 5 4 4 0 [234,235,237-240]
sD Cmax 2.5-10 3 0 1 3 1 [241-243]
Isradipine AUC 2.5-10 0 5 3 0 0 [241-243]
P s Conax 5 0 0 2 1 0 [241,244]
AUC 5 0 0 3 0 0 [241,244]
. Conax 0.5-60 0 1 4 3 2 [245-247]
Nimodipine AUC 0.5-60 0 1 7 2 0 [245-247]
P ss Crnax 1.6-120 8 1 0 0 0 [248-252]
AUC 1.6-120 6 1 0 1 0 [248,249,251-253]
D Chax 30-360 16 14 11 0 0 [140,254-270]
o S AUC 30-360 14 13 11 3 2 [140,254-271]
Diltiazem ss Crnax 0.5-60 12 25 9 0 0 [254,255,259,262,264-266,269,272-282]
AUC 0.5-60 12 23 10 2 0 [254,255,262,264-266,269,271-282]
) Cax 80-240 3 7 3 0 2 [283-288]
Verapamil AUC 80-240 3 3 3 1 0 [283-286,288,289]
P ss Crnax 30-360 4 14 23 5 1 [283,286,288,290-298]
AUC 30-360 7 9 18 7 1 [283,286,288,289,292,294-299]

Within non-DHP CCBs, diltiazem revealed a broadly heterogeneous distribution of
CV values, with some studies reporting variability above 80%. Verapamil also showed
a heterogeneous PK profile; however, a greater proportion of studies reported lower
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variability. Despite this, several measurements exceeded 40% CV, including four obser-
vations above 80%, indicating the presence of clinically relevant variability in specific
contexts. Based on our results, CCBs can be stratified into three categories: (i) relatively
stable compounds—amlodipine, felodipine, and nicardipine; (ii) highly heterogeneous
compounds, for which behavior is difficult to predict in patients—nifedipine, nimodipine,
diltiazem, and verapamil; and (iii) compounds associated with high PK variability, namely
nisoldipine and isradipine.

Table 5 focuses on the clinical risk threshold, detailing the proportion of PK studies
that reported a CV > 40% for AUC, thereby indicating high variability in total drug ex-
posure. According to these results, edoxaban and nicardipine were not associated with
highly variable AUC observations under either SD or SS conditions. Amlodipine also
showed a low proportion of studies exceeding this threshold. In contrast, nisoldipine,
isradipine, nimodipine, diltiazem, and verapamil were more frequently associated with
CV values above 40%. One of the main strengths of this analysis is its ability to identify
compounds for which high variability represents a common characteristic rather than an
isolated observation. Hence, nisoldipine, isradipine, and nimodipine were again flagged as
compounds of particular clinical concern. Furthermore, this analysis highlights situations
in which multiple-dose administration may improve patients’ outcomes. For dabigatran,
the proportion of highly variable studies decreased by 20% when comparing SD and SS
conditions. Similarly, for rivaroxaban, the proportion of studies with CV > 40% decreased
from 29% (SD) to 20% (SS). The most striking example was observed for nimodipine, where
all SD studies were classified as highly variable, while only 17% of SS studies exceeded
the 40% CV threshold, suggesting a substantial improvement in exposure consistency
following repeated administration. Nevertheless, as the available evidence was not evenly
distributed across compounds under SD and SS conditions, these comparisons should be
interpreted with caution.

Table 5. Distribution of CV for AUC in PK studies of DOACs and CCBs where the CVs were >40%
(high variability).

Number (%) of SD Studies Number (%) of SS Studies

Drug with CV > 40% for AUC  with CV > 40% for AUC
Apixaban 5/12 (42%) 3/6 (50%)
Rivaroxaban 6/21 (29%) 1/5 (20%)
Edoxaban 1/8 (13%) 0/3 (0%)
Dabigatran 10/19 (53%) 3/9 (33%)
Amlodipine 7/47 (15%) 5/25 (20%)
Felodipine 7/20 (35%) 4/10 (40%)
Nifedipine 11/20 (55%) 6/12 (50%)
Nicardipine 0/2 (0%) 0/1 (0%)
Nisoldipine 3/3 (100%) 4/6 (67%)
Isradipine 1/3 (33%) 2/2 (100%)
Nimodipine 3/3 (100%) 1/6 (17%)
Diltiazem 10/19 (53%) 10/20 (50%)
Verapamil 3/7 (43%) 8/14 (57%)

SD, single-dose; SS, steady-state; AUC, area under the concentration-time curve; DOACs, direct oral
anticoagulants; CCBs, calcium channel blockers.

Figures 3 and 4 provide a graphical representation of the distribution of CV values for
peak and total systemic exposure, respectively. Overall, DOACs exhibited narrower vari-
ability distributions than CCBs. As previously documented, dabigatran shows the broadest
distribution of CV values, while edoxaban demonstrates the narrowest. Within the CCB
class, amlodipine and felodipine generally present lower variability, albeit with notable
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outliers. The case of amlodipine is particularly interesting, as most studies report low vari-
ability; however, several outliers exceeding 80-100% CV suggest that specific populations
or experimental conditions may substantially increase its PK variability. Further, these
findings support our previous thoughts: nisoldipine, isradipine, nimodipine, diltiazem,
and verapamil consistently emerge as compounds requiring careful clinical consideration,
displaying broader distributions and a greater number of extreme observations.
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Figure 3. Distribution of the CV% in direct oral anticoagulants (apixaban, rivaroxaban, edoxaban,
and dabigatran) and calcium channel blockers (amlodipine, felodipine, nifedipine, nicardipine,
nisoldipine, isradipine, nimodipine, diltiazem, and verapamil) for the Cnax in single-dose (SD)
studies and steady-state (SS) studies. The dashed line represents a CV of 40%, the threshold for high
PK variability.
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Figure 4. Distribution of the coefficient of variance (CV) in direct oral anticoagulants (apixaban,
rivaroxaban, edoxaban, and dabigatran) and calcium channel blockers (amlodipine, felodipine,
nifedipine, nicardipine, nisoldipine, isradipine, nimodipine, diltiazem, and verapamil) for the area
under the plasma-concentration time curve (AUC) in single-dose (SD) studies and steady-state (SS)
studies. The dashed line represents a CV of 40%, the threshold for high PK variability.

3.2. Statistical Analysis of PK Variability

To investigate whether PK variability differed between individual agents, CV% values
were compared within each drug class, separately for Crax and AUC and according to
study design (SD and SS). Descriptive statistics for CV values across compounds, PK
parameters, and study design are provided in Supplementary Materials (Table S1).

For Cnax, no statistically significant differences in CV distributions were observed
among DOACSs in either SD (x? = 5.693, df = 3, p = 0.128) or SS studies (x? = 2.215,
df =3, p = 0.529). Although our previous descriptive analysis suggested some variation
in CV% across individual DOACs, these were not statistically significant. For AUC, an
overall difference was detected in SD studies (x? = 9.288, df = 3, p = 0.026), whereas no
difference was observed under SS conditions (x? = 0.768, df = 3, p = 0.857). Notably, despite
the significant omnibus result observed for SD studies, none of the individual pairwise
comparisons showed significance following post-hoc testing.

A different pattern was identified for CCBs. Significant between-drug differences in
Cmax variability were identified in both SD (x? = 62.330,df = 8, p < 0.001) and SS studies
(x* = 66.393, df = 8, p < 0.001). For AUC, significant differences were likewise observed in
both SD (x? = 42.825, df = 8, p < 0.001) and SS studies (x? = 38.449, df = 7, p < 0.001). The
complete set of pairwise comparisons is presented in Supplementary Materials (Table S2).

3.3. Population-Related Sources of PK Variability

In addition, we characterized our study collection (Figure 5) in terms of the different
populations included and/or clinical scenarios investigated. Studies were categorized
according to their primary focus, including DDIs, ethnicity, renal impairment, hepatic
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impairment, age, sex, and other conditions such as obesity, food and herbal interactions,
altered physiological states (e.g., gastric transit time), and pregnancy. Studies classified as
“healthy” refer to individuals without comorbidities beyond the clinical condition for which
the DOAC/CCB is prescribed, or to subjects without any disease or special characteristic
that would place them in other predefined categories. DDI studies represented a large
proportion of the available literature for both drug classes. Indeed, our DOAC dataset
predominantly included studies involving different ethnic groups, individuals with renal
impairment, and healthy populations. Similarly, CCB studies were mainly conducted in
healthy subjects, across different ethnicities, and in patients with renal impairment.

(b)
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Figure 5. Population sources of PK variability and their impact on drug exposure variability among
DOACs and CCBs: (a) distribution of the study populations included in PK studies of DOACs, cate-
gorized as healthy volunteers, elderly individuals, pediatric populations, obesity, renal impairment,
hepatic impairment, sex-specific populations, and DDI studies; (b) distribution of study populations
included in PK studies of CCBs according to the same population categories; (c) distribution of PK
variability, expressed as CV (%) across population subgroups for DOACs; and (d) distribution of PK
variability (CV, %) across population subgroups for CCBs. In panels (c,d), pink represents Cax and
blue represents AUC. Boxes represent the interquartile range, horizontal lines indicate the median,
whiskers represent the range of values within 1.5x the interquartile range, and individual points
represent extracted CV values.

Substantial heterogeneity in PK variability is recognized for both DOACs and CCBs
(Figure 5c,d). In the DOAC dataset, elderly populations showed comparatively lower
and more concentrated CV distributions for both Cp.x and AUC, whereas DDI, hepatic
impairment, and renal impairment studies displayed broader distributions. A similar
degree of heterogeneity was observed across the population categories represented in the
CCB PK library, particularly for DD], ethnicity, hepatic impairment, and renal impairment.
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The distribution of PK variability was subsequently compared statistically across
the different population categories represented in the included studies. For DOACs,
a significant difference in CV distributions was observed across population categories
(x? =22.746, df = 9, p = 0.0068). Post-hoc pairwise comparisons (Supplementary Materials
Table S3) identified differences between studies involving elderly and other populations
for Cmax, as well as between DDI and elderly populations for AUC. Among CCB studies,
the results also indicated statistically significant differences (x> = 17.117, df = 7, p = 0.0167).
However, no specific population pair could be identified as significantly different. These
findings indicate that the descriptive patterns of PK variability differed across population
categories and were not necessarily consistent between drug classes. Notably, renal or
hepatic impairment, characterized by marked dispersion in the descriptive analysis, did
not translate into statistically significant differences, highlighting the potential influence of
drug- and study-specific characteristics.

3.4. Multivariate Analysis of PK Variability

Finally, multivariable linear regression models were developed to characterize factors
associated with PK variability. Within each drug class, the models included individual
drug, study design (SD vs. SS), and study population as explanatory variables, allowing
the association between each factor and PK variability to be evaluated while adjusting for
the other covariates. The adjusted estimates and corresponding 95% confidence intervals
are presented in Figure 6, with complete regression results provided in Supplementary
Table S4.

Overall, there was no evidence of significant differences in Cnax variability among
the DOAC:s after adjustment for study design and population (p > 0.05). Although dabi-
gatran had previously shown descriptively higher variability, this difference was not
independently associated with drug identity in the multivariable analysis. Only studies in-
volving elderly populations differed significantly from those involving healthy populations
(B =—0.896, p < 0.001), corresponding to an approximately 59% lower CV. No significant
associations were observed for the other population subgroups, including renal impairment
(p = 0.866). Thus, some of the patterns observed in the exploratory descriptive analysis were
not supported after multivariable adjustment. Regarding systemic exposure variability,
dabigatran was significantly associated with higher AUC variability (3 = 0.680, p < 0.001),
corresponding to an approximately 1.97-fold higher CV compared with apixaban, as was
rivaroxaban (3 = 0.455, p = 0.020), corresponding to an approximately 1.58-fold higher CV.
Ethnicity-specific studies were also associated with lower AUC variability (47% lower CV;
B = —0.643, p = 0.002).

For CCBs, the multivariable model for Cpax variability had an adjusted R2 of 0.176,
indicating that drug identity, study design, and study population collectively accounted
for 17.6% of the observed variability in CV. Several CCBs were independently associated
with higher Cayx variability compared with amlodipine, including diltiazem (3 = 0.380,
p < 0.001), felodipine ( = 0.329, p = 0.001), isradipine (3 = 0.809, p < 0.001), nisoldipine
(B =1.072, p < 0.001), and verapamil (3 = 1.007, p < 0.001). In particular, the estimated CV
was approximately 2.25-fold higher for isradipine, 2.92-fold higher for nisoldipine, and
2-74-fold higher for verapamil. Nifedipine showed a borderline association with higher
variability (f = 0.183, p = 0.057), but did not reach the predefined significance thresh-
old. Studies involving DDI populations showed 59% higher CVs than studies involving
healthy individuals (3 = 0.466, p < 0.001), while ethnicity-specific studies showed approx-
imately 64% higher CVs (3 = 0.497, p < 0.001). In turn, AUC variability was also signifi-
cantly associated with drug identity: (a) diltiazem (43% higher AUC variability; 3 = 0.357,
p = 0.011), (b) nisoldipine (2.19-fold higher CV; 3 = 0.782, p < 0.001), (c) verapamil (2.41-fold
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higher CV; 3 = 0.879, p < 0.001); (d) nicardipine (82% lower CV; 3 = —1.741, p < 0.001),
and (e) nifedipine (37% lower CV; 3 = —0.466, p < 0.001). Unlike the DOAC models,
study design was significantly associated with AUC variability among CCBs, with SS
studies showing approximately 24% lower CVs than SD studies (3 = —0.276, p = 0.002).
Regarding study population, DDI studies were associated with 67% higher CVs (3 = 0.513,
p < 0.001), whereas ethnicity-specific populations showed 86% higher CVs (3 = 0.618,
p < 0.001) compared with healthy populations.
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Figure 6. Adjusted associations between drug, study design, population, and PK variability. Estimates
represent the adjusted associations between individual drugs, study design, and study population
and the CV for (a) Cmax and (b) AUC. Estimates were obtained from multivariable linear regression
models after log-transformation of CV values and are presented as exponentiated regression [exp(3)]
with 95% confidence intervals. Models were fitted separately for DOACs and CCBs and adjusted
for drug, study design, and study population. The dashed vertical line at 1 indicates no association.
Reference categories were apixaban for DOACs, amlodipine for CCBs, SD studies for study design,
and healthy for study population.

Although all four models were statistically significant, their explanatory power was
modest, with adjusted R2 values ranging from 6.7% to 17.6%. This indicates that drug
identity, study design, and study population accounted for only a limited proportion
of the observed heterogeneity in PK variability, suggesting that additional sources of
variability not captured by the available study-level characteristics may contribute to the
observed CVs.

4. Discussion

Our study revealed heterogeneity in reported interindividual PK variability across
DOACs and CCBs, with important differences in the patterns observed for peak and
total systemic exposure. In particular, dabigatran, nisoldipine, isradipine, and nimodipine
exhibited a high frequency of studies reporting elevated PK variability (CV > 40%), together
with diltiazem and verapamil, which can be described as highly heterogeneous drugs.
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However, these descriptive differences were not supported by our statistical analysis. For
DOAC:S, no significant differences in Cyax variability were identified, while dabigatran
and rivaroxaban were independently associated with higher AUC variability. In contrast,
significant differences between CCBs were observed for both PK metrics, with nisoldipine
and verapamil associated with higher variability.

4.1. Does Pharmacokinetic Variability in DOAC Therapy Matter?

DOAC:s are currently recommended and will likely remain the first-line anticoagulant
therapy, demonstrating good efficacy in reducing the risk of VTE and stroke in patients
with AF [5]. Nevertheless, variability in therapeutic response may lead to ADRs associated
with both thromboembolic and bleeding events [300]. Consequently, understanding the
relationship between dose, plasma drug concentrations, and successful or unsuccessful
therapeutic outcomes is essential for treatment optimization. Evidence indicates that low
trough and SS trough concentrations of dabigatran and edoxaban are associated with an
increased risk of ischemic stroke [5]. Furthermore, findings from RE-LY and ENGAGE
AF-TIMI 48 trials demonstrated that the probability of major bleeding events increases with
rising trough plasma concentrations of DOACs [15,301,302]. Although the FDA does not
define standardized plasma concentration thresholds for DOAC toxicity, concentrations
exceeding 400 ng/mL may be considered indicative of markedly elevated exposure, as
this value is substantially higher than the peak concentrations generally expected follow-
ing conventional therapeutic dosing. Nevertheless, no universal plasma concentration
threshold for DOAC toxicity has been established, and the clinical interpretation of drug
concentrations remains challenging. This is particularly relevant given the substantial
interindividual PK variability observed for some DOACs in the present study, which may
result in considerable differences in systemic exposure among patients receiving the same
dose. Therefore, our study highlights the clinical importance of PK variability and supports
the need to identify patient-specific factors that influence DOAC exposure.

Our analysis did not demonstrate significant differences among the four evaluated
DOAC:s. The descriptive analysis suggested that apixaban, rivaroxaban, and edoxaban
exhibited relatively stable PK profiles, with only a limited number of studies reporting Cnax
and AUC CV above 40%, suggesting these agents may be less susceptible to PK variations
arising from external factors. Not surprisingly, dabigatran revealed a large proportion of
studies reporting CV values above 60%. However, these descriptive patterns were not
supported by our statistical analysis. No significant differences in PK variability were
identified between DOACS in either SD or SS studies. Nevertheless, after adjustment for
study design and population, dabigatran and rivaroxaban were independently associated
with higher AUC variability than apixaban. These findings are consistent with previous
reports describing IIV in dabigatran exposure and therapeutic response, even under the
controlled setting of clinical trials [300].

The variability observed in systemic exposure poses important implications for clin-
ical decision-making. The selection of the most appropriate anticoagulant should con-
sider patient-specific characteristics, particularly renal function and the potential for DDIs,
given that these agents undergo varying degrees of renal excretion and are substrates
of cytochrome P450 (CYP) enzymes and/or transport proteins implicated in numerous
DDIs [300]. Current regulatory recommendations also support therapeutic monitoring
and dose adjustment in situations such as renal or hepatic impairment, suspected over-
dose, before invasive surgical procedures, in cases of non-adherence, following bleeding or
thrombotic events, or whenever altered drug disposition is suspected [303].
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4.2. Key Covariates Influencing DOAC Exposure: Age and Ethnicity

Within our study library, age emerged as an important population characteristic
associated with PK variability. Studies involving elderly populations showed a 59% lower
CV for Cpax and 81% lower CV for AUC compared with studies conducted in healthy
populations. However, these findings should not be interpreted as evidence that DOAC
exposure is more predictable in older patients. Rather, the observed associations may reflect
characteristics of the available evidence, including study conditions, drug composition,
and the distribution of clinical characteristics within the elderly populations represented in
the literature. A RE-LY analysis identified age as the most important covariate affecting
dabigatran disposition, with patients older than 75 years exhibiting a 68% increase in
serum concentrations compared with those younger than 65 years [302]. Although we
did not evaluate the effect of individual covariates separately for each drug, our findings
are broadly consistent with previous evidence reporting that apixaban is the DOAC with
the most stable therapeutic levels, compared with rivaroxaban and dabigatran, which
have presented supratherapeutic concentrations in elderly patients [304,305]. Despite these
concerns, the benefits of anticoagulation generally outweigh the risk of ADRs in the older
population [306]. Nevertheless, implementation of DOAC monitoring in elderly patients,
particularly those with impaired renal function and multiple comorbidities associated with
a higher risk of DDIs, may be clinically beneficial [5].

Polypharmacy is particularly relevant in the context of DOAC therapy. In fact, high
PK variability was most frequently observed in studies evaluating DDIs in dabigatran-
treated patients (Supplementary Materials Figure S1). Similar patterns were identified for
apixaban and rivaroxaban, whereas no edoxaban study reported CV values above 40%.
The PK properties of DOACs provide a mechanistic explanation for these findings. Rivarox-
aban and apixaban are substrates of CYP3A4/5 and CYP2J2, and CYP3A4/5, respectively,
and efflux transporters such as P-glycoprotein (P-gp) and breast cancer resistance protein
(BCRP) [307-311]. Dabigatran, in contrast, does not undergo CYP-mediated metabolism but
rather is metabolized through acylglucuronidation [312]. Furthermore, dabigatran etexilate
is a prodrug of dabigatran and a substrate of P-gp, exhibiting an absolute bioavailability of
only 6.5%, making it particularly susceptible to transporter-mediated interactions [90,313].
The expression and activity of these enzymes and transporters play a critical role in modu-
lating DOAC disposition [300]. Concomitant medications acting as substrates, inhibitors, or
inducers of both P-gp and CYP enzymes can alter DOAC exposure, and this may result in
adequate anticoagulation or an increased risk of bleeding. For instance, verapamil, a potent
P-gp inhibitor, increases dabigatran AUC by approximately 2.4-fold when administered
one hour before dabigatran, and by 71% when coadministered [96]. Indeed, major bleeding
events have been reported in elderly patients receiving dabigatran concomitantly with P-gp
inhibitors, potentially as a consequence of P-gp inhibition combined with advanced age
and impaired renal function [314-316].

In contrast, because edoxaban undergoes limited metabolism via CYP3A4 [317],
clinically relevant interactions with CYP inducers or inhibitors are generally less pro-
nounced. Consequently, concomitant administration of medications such as cyclosporine,
dronedarone, and ketoconazole is strongly discouraged with dabigatran and rivaroxa-
ban [15,318]. As argued by Gong et al. [300], it remains unclear whether the cumulative
effect of multiple moderate inhibitors on DOAC PK-PD is equivalent to that of a single
potent inhibitor. This represents an important gray area in clinical practice, as the full
spectrum of these interactions has yet to be comprehensively characterized in real-world
populations. Until then, dose adjustments (Table 6), together with appropriate therapeutic
monitoring, should be implemented whenever clinically indicated. Importantly, despite the
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established pharmacological relevance of DDIs, this was not identified as an independent
predictor of PK variability in our study.

Table 6. Recommended DOAC dose adjustments in special populations and clinical scenarios [300,318].

Dabigatran Rivaroxaban Apixaban Edoxaban
(mg BID) (mg OD) (mg BID) (mg OD)

Age

75-80 years 110 20 5 60

>80 years 110 20 25 60
Body weight

50-60 kg 150 20 25 30

<50 kg 110 20 25 30
Renal impairment

Mild (CrCl 51-80 mL/min) 150 20 5 30

Moderate (CrCl 30-50 mL/min) 150 or 110 15 5 30

Severe (CrCl < 30 mL/min) NR 15 2.5 NR
Hepatic impairment

Mild (Child-Pugh A) 150 20 5 -

Moderate (Child-Pugh B) 150 NR 5 -

Severe (Child-Pugh C) NR NR NR -

Hepatic dysfunction NR NR NR -
Drug—-drug interactions

P-gp inhibitor 110 15 2.5 30

CYP3A4 inhibitor 150 15 25 30

P-gp/CYP3A4 inducer NR NR NR 30

BID, twice daily; OD, once daily; CrCl, creatinine clearance; P-gp, P-glycoprotein; CYP, cytochrome
P450; NR, not recommended.

Ethnicity was another population characteristic significantly associated with AUC vari-
ability, demonstrating an approximately 47% lower CV compared with healthy populations.
This finding should not be interpreted as evidence that ethnicity itself reduces DOAC PK
variability. Rather, differences in genetic background, environmental factors, dietary habits,
body composition, and other population characteristics may contribute to differences in
drug disposition between populations. Ethnicity is closely related to genetic polymor-
phism affecting the expression of genes involved in ADME and may therefore contribute
to interindividual and interpopulation differences in drug exposure [5]. Nevertheless, the
available evidence remains insufficient to support routine DOAC dose adjustment based
solely on ethnicity.

Although renal impairment was not associated with PK variability in our regression
model, the descriptive analysis shows that renal function is not irrelevant to DOAC ex-
posure. Current guidelines recommend dose reduction or specific dosing considerations
for several DOACs according to renal function (Table 6). The absence of a significant
association in our analysis may reflect the complex relationship between kidney function,
age, comorbidities, and drug-specific excretion pathways. In fact, approximately 80%
of circulating dabigatran is eliminated via the kidneys, whereas only 33% and 25% of
rivaroxaban and apixaban, respectively, are renally cleared [307,319,320]. Consequently,
dabigatran is the DOAC most susceptible to variability driven by renal function. Chronic
kidney disease (CKD) is not uncommon in patients with AF; thus, the use of DOACs in this
population requires careful consideration due to altered drug clearance and the potential for
increased risk of bleeding and stroke [6,321]. Although dosing recommendations exist for
CKD patients, evidence in those with advanced CKD (CrCl < 15 mL/min) remains limited,
as these patients are generally excluded from phase III clinical trials. In this population,
apixaban is often preferred due to its lower degree of renal excretion [6].
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Current guidelines recommend that DOACs should be used with caution in patients
with severe renal impairment when CrCl is 15-29 mL/min, except for dabigatran, which
is contraindicated in this range [6,322]. In patients with mild and moderate renal impair-
ment, reduced DOAC doses must be considered (Table 6). In addition, edoxaban is not
recommended in patients with CrCl > 95 mL/min due to reduced efficacy in this sub-
group [322]. PK modeling is once again valuable for predicting drug efficacy and safety. For
example, a study of rivaroxaban suggested that CrCl-based dosing may be more accurate
than standard dosing, proposing a modification from once-daily to twice-daily dosing in
patients with CrCl > 70-159 mL/min (10 mg) and in patients with CrCl > 160 mL/min
(15 mg) [323].

One study from our library in Caucasian patients with moderate renal impairment
receiving dabigatran etexilate 150 mg once daily reported a CV of 79.8% for Cpax and
78.3% for AUC [114]. These findings indicate that even in individuals with moderate renal
dysfunction, systemic exposure varies. This emphasizes the importance of considering
the full patient profile rather than focusing on a single characteristic. Indeed, patients
with CKD are often older, and aging itself is associated with an increased risk of DOAC
accumulation. The RE-LY analysis demonstrated a strong correlation between age and
reduced renal function [302,324,325]. Further, older adults present a higher prevalence of
chronic conditions and are more likely to be exposed to polypharmacy, which predisposes
them to DDIs [324,325]. Although our analysis identified elderly populations as being
associated with lower reported PK variability, this result should not be interpreted as
evidence that aging protects against excessive drug exposure or toxicity. On the contrary,
advanced age is a well-established risk factor for altered drug disposition and ADRs. The
apparent discrepancy between lower CV values in elderly populations and the established
clinical vulnerability of older patients further illustrates the distinction between variability
in aggregated PK estimates and the clinical risk associated with individual drug exposure.

Additional patient-specific factors may also influence the PK profile of DOACs
with clinically relevant consequences. At present, dose adjustment based on BMI is
not recommended, although rivaroxaban and apixaban are often preferred in obese
patients [326]. For other covariates, there is currently insufficient evidence to support
routine dose adjustments.

4.3. Pharmacokinetic Variability Among CCBs: Clinical Implications

Approximately 30-50% of patients receiving CCB therapy for hypertension manage-
ment fail to achieve their target blood pressure (BP) goals [327-330]. Variations in CCB
serum concentrations resulting from interindividual PK variability represent one of the
factors contributing to uncontrolled hypertension [330]. Furthermore, when plasma concen-
trations exceed the toxicity threshold reported for a given CCB, adverse effects may occur,
including suppression of sinoatrial (SA) and atrioventricular (AV) node activity, leading to
bradycardia and subsequent hypotension. Episodes of excessive vasodilation may also oc-
cur, particularly with DHPs [19,331,332]. These vasodilatory effects can result in headaches,
flushing, hypotension, and peripheral edema [333,334]. Regulatory agencies have estab-
lished no standardized plasma concentration thresholds for CCB toxicity. For diltiazem,
therapeutic blood concentrations have been reported to range from 20-200 ng/mL, whereas
therapeutic concentrations of verapamil are generally reported between 80-400 ng/mL;
concentrations exceeding these ranges may indicate increased systemic exposure and a
greater potential for toxicity. However, these values should not be interpreted as definitive
toxicity thresholds. The toxic dose of diltiazem in humans remains unknown, and its
extensive metabolism may result in more than tenfold variation in blood concentrations fol-
lowing standard dosing, limiting the clinical utility of plasma concentrations for predicting
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toxicity. Similarly, the safety and clinical relevance of verapamil concentrations above the
conventional therapeutic range remain incompletely characterized.

Therefore, identifying the factors that influence the PK profile of CCBs may be im-
portant for optimizing antihypertensive therapy. The qualitative evidence summarized in
Table 1 suggested that several CCBs are associated with wide interindividual PK variability.
Our work extends this evidence by quantitatively characterizing PK variability across a
broad range of studies and patient populations. We found that, among all CCBs, nisoldip-
ine, isradipine, and nimodipine demonstrated the highest proportion of studies reporting
high PK variability, while diltiazem and verapamil were characterized by marked hetero-
geneity in their PK profiles. The multivariable analysis further refined these descriptive
findings, demonstrating that several compounds remained independently associated with
higher variability after adjustment for study design and population. The most relevant
associations were observed for nisoldipine and verapamil, which showed higher variability
for both Cnax and AUC compared with amlodipine. From a clinical perspective, as sys-
temic exposure to these agents varies considerably among patients receiving the same dose,
treatment response may become less predictable, potentially resulting in either suboptimal
BP control or an increased risk of ADRs. This may be particularly relevant for verapamil,
given its negative chronotropic and ionotropic effects. Excessive systemic exposure may
increase the risk of bradycardia and worsen cardiac output [332].

Contrary to our findings, Rognstad et al. [330] investigated the PK variability of am-
lodipine and its effects on blood pressure control in patients treated for hypertension. Their
study concluded that female sex, advanced age, reduced renal function, and decreased
CYP3A4 enzymatic activity were associated with higher dose-adjusted serum concentra-
tions of amlodipine. Furthermore, other studies have underscored that hepatic impairment
reduces amlodipine clearance, resulting in a 40-60% increase in systemic exposure and,
consequently, the need for dose adjustment [330]. In contrast, renal function appears to
have only a minor effect on amlodipine PK, and dose adjustment is generally not consid-
ered necessary in patients with renal impairment [335,336]. Taken together, the available
evidence remains somewhat controversial. Indeed, our findings point toward low PK
variability for amlodipine, suggesting that the impact of patient-specific factors on its
disposition may be less pronounced than previously reported. Further investigations are
warranted to better characterize the sources and extent of PK variability associated with
amlodipine therapy.

4.4. Are Some Patients Predisposed to Altered CCB Exposure?

According to current guidelines, CCB dosing varies depending on the specific com-
pound and patient characteristics. For example, the recommended initial dose of amlodip-
ine for uncomplicated hypertension is typically 5 mg once daily and may be increased to
10 mg once daily according to the individual patient’s response [337]. As noted above, our
findings suggest that amlodipine is not a particularly concerning compound with respect
to PK variability. In contrast, other CCBs appear to be more susceptible to variability.
Nifedipine treatment is generally initiated at 30 mg once daily and may be titrated up to
60-90 mg once daily, particularly in specific populations such as elderly patients or those
with impaired renal function [338].

DDI status emerged as an independent predictor of PK variability, being associated
with approximately 59% higher Cpax variability and 67% higher AUC variability com-
pared with healthy populations. These findings support the relevance of concomitant
medication use as an important source of variability in systemic CCB exposure. Individ-
ual studies within our study library further illustrate the potential clinical consequences
of such interactions. One example is the interaction between nifedipine and apatinib, a
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vascular endothelial growth factor receptor-2 (VEGFR-2) inhibitor indicated for advanced
gastric adenocarcinoma and gastroesophageal junction cancer [217]. This interaction is
clinically relevant because hypertension is a common adverse effect of vascular-targeting
anticancer agents such as apatinib, making nifedipine a potential co-medication in routine
clinical practice. To investigate this, Zhu et al. [217] conducted a single-center, open-label,
single-arm clinical study in patients with advanced solid tumors. Participants received
a single 30 mg dose of nifedipine followed by daily administration of 750 mg apatinib.
The authors demonstrated that coadministration increased nifedipine systemic exposure
by 83%, confirming a clinically relevant PK interaction mediated by CYP3A4 inhibition.
Interestingly, the reported CV values for both Cp,x and AUC were approximately 40%,
suggesting a moderate variability within the study population. These findings illustrate
an important concept: even when a DDI alters the PK profile, the magnitude of its clinical
effects may differ considerably between individuals. In other words, some patients may
experience clinically relevant exposure increases, while others may not, depending on addi-
tional patient-specific factors that further contribute to variability. This reinforces the notion
that clinicians should not evaluate individual patient characteristics in isolation but rather
consider the complete patient profile when selecting and adjusting therapeutic regimens.
In the study conducted by Zhu et al. [217], it would be particularly informative to identify
the individuals who experienced the greatest increases in nifedipine exposure, rather than
relying exclusively on population-average estimates. Such an approach could help eluci-
date the physiological and clinical factors that may exacerbate the magnitude of the DDI
in specific patients. This would be valuable for implementing precision dosing strategies,
allowing apatinib-nifedipine co-therapy to be tailored according to an individual’s risk of
nifedipine toxicity.

Indeed, CCBs constitute a pharmacologically diverse drug class that is frequently
administered in combination with other therapeutic agents, as hypertension commonly
coexists with multiple chronic conditions [339]. Thus, polypharmacy is highly prevalent in
this population. Nimodipine, one of the compounds identified in our analysis as exhibiting
high IIV, was evaluated in three DDI studies out of nine included in our study library. Simi-
larly, three of the seven studies available for nisoldipine investigated DDI scenarios. The
highest mean PK variability for both compounds was observed in DDI settings, suggesting
that concomitant medication use represents a major contributor to variability in systemic
exposure for these DHPs. The PK characteristics of nisoldipine provide a plausible mecha-
nistic explanation for these findings. As a substrate of CYP3A4, nisoldipine is susceptible
to alterations in exposure following coadministration with CYP3A4 inhibitors or inducers.
Such interactions may result in reduced plasma concentration and loss of antihypertensive
efficacy or, conversely, excessive systemic exposure and an increased risk of dose-dependent
adverse effects [332]. In addition to DDIs, age emerged as a relevant source of variability
in our analysis. This observation is consistent with current prescribing recommendations,
which advocate a lower initial dose of 8.5 mg once daily in elderly patients due to the
potential for increased plasma drug concentrations [340]. A similar pattern was observed
for diltiazem, for which the highest mean variability was identified in studies involving
DDIs and elderly populations. These findings suggest that advanced age and concomitant
medication use may constitute particularly important determinants of PK variability in pa-
tients receiving diltiazem or nisoldipine. Supporting this hypothesis, Bianchetti et al. [281],
in a study included in our database, demonstrated that elderly individuals exhibit increased
diltiazem bioavailability due to reduced first-pass metabolism.

Ethnicity was also a population characteristic associated with PK variability. In the
multivariable analysis, ethnicity-specific populations were associated with approximately
64% higher Cpax variability and 86% higher AUC variability compared with healthy
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populations. This suggests that differences between populations may contribute to the
heterogeneity observed in CCB exposure. Again, this association should not be interpreted
as evidence that ethnicity itself is a direct determinant of PK variability. Further investiga-
tion is required to establish whether specific genetic or physiological factors underlie the
observed association.

Renal function also represents a clinically relevant consideration in CCB therapy,
particularly because hypertension affects approximately 80% of patients with CKD [341],
making the optimization of antihypertensive therapy in this population a big challenge.
The available literature generally documents that the PK parameters of most CCBs are
comparable between healthy individuals, patients with CKD, and those with end-stage
renal disease [342]. Our findings support this. For instance, Harten et al. [235] reported
no significant differences in mean nisoldipine PK parameters between subjects with renal
impairment and healthy controls. Nevertheless, all reported CV values exceeded 40%,
indicating clear IIV in drug disposition despite the absence of statistically significant
differences in average exposure. These findings highlight the limitations of relying solely
on mean PK estimates when evaluating drug kinetics in special populations.

Additional evidence of clinically relevant variability was observed for verapamil.
Several studies included in our library reported highly variable Cpax and AUC values
under specific conditions, including food interactions (Supplementary Materials Figure S1).
In a study conducted by Ho et al. [296], administration of grapefruit juice twice daily in
combination with verapamil 120 mg twice daily resulted in a significant increase in systemic
exposure. This effect was attributed to the inhibition of intestinal CYP3A4, leading to
reduced presystemic metabolism and enhanced oral bioavailability. Given that grapefruit
consumption should be discouraged in CCB-treated patients, as excessive exposure may
increase the risk of toxicity [342].

Based on our findings, we identified clinical scenarios and patient populations in
which CCB dose individualization may warrant further investigation (Table 7). However,
these endorsements should be interpreted with caution, as they are derived from variability
estimates reported in the literature. Prospective clinical and pharmacometrics studies are
required to establish the flag covariates and to support evidence-based personalized dosing
strategies for CCB therapy.

Table 7. Hypothesis-generating considerations for CCB dose individualization in selected patient
populations and clinical scenarios based on the reported pharmacokinetic variability.

Drug Elderly Renal Impairment DDI Risk Recommendations
. No routine No routine No routine I
Amlodipine adjustment adjustment adjustment Monitoring preferred
Diltiazem Yes NO. routine Yes Dose adjustment should be considered
adjustment

. No routine No routine No routine .
Felodipine adjustment adjustment adjustment Monitoring preferred
Isradipine No evidence Yes Consider Dose adjustment may be considered
Nicardipine No evidence No evidence No evidence Monitoring preferred
Nifedipine NO. routine Consider Yes Dose adjustment should be considered

adjustment

Nimodipine No evidence No evidence Yes Dose adjustment should be considered
Nisoldipine Yes Yes Yes Dose adjustment should be considered
Verapamil Consider No evidence Yes Dose adjustment should be considered

Yes = supported by current evidence and/or product information; Consider = supported by PK
variability findings, patient-specific assessment recommended; No routine adjustment = adjustment
not generally recommended, although monitoring may be appropriate; No evidence = insufficient
data to support a recommendation.
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4.5. Future Directions in Exposure-Guided and Personalized DOAC and CCB Therapy

The assumption that PK variability is uniformly low or clinically negligible in DOACs
and CCBs is therefore challenged by our findings. Based on this, routine therapeutic
monitoring of DOACs and CCBs may be valuable in clinical scenarios characterized by
unexpectedly low or undetectable serum concentrations, as well as in cases of excessively
high exposure. Moreover, the identification of key patient characteristics that should be
considered when prescribing these dosing regimens highlights specific subgroups that may
benefit from TDM. This may help reduce clinical inertia in dose adjustment decisions. Real-
world evidence indicates that many patients receive doses that are inconsistent with labeled
recommendations, including under- and overdosing. For instance, clinicians often fear the
risk of bleeding, particularly in elderly patients with AF, leading to frequent underdosing.
Conversely, overdosing may occur when renal function is not adequately assessed at the
time of prescription or when patient-specific characteristics change during treatment. TDM
may help prevent such situations [330]. In particular, direct measurement of plasma drug
concentrations represents a potentially optimal and accurate approach for monitoring
exposure; however, we are aware of the limitations associated with this strategy, including
feasibility and accessibility in routine clinical practice.

Beyond conventional TDM, virtual and digital twin technologies represent promising
future approaches to support precision dosing. Although these technologies are not yet part
of routine clinical practice, they may eventually enable individualized prediction of drug
exposure and therapeutic response through integration of patient-specific physiological
and clinical data. Their potential role should therefore be viewed as a future research
direction. A virtual twin (VT) generally consists of a patient-specific computational model
that incorporates demographic, physiological, genetic, and clinical information to predict
individual drug exposure and response. However, whenever new patient information
becomes available, the model requires re-simulation to update its predictions. In contrast,
a digital twin (DT) represents a more advanced and integrated framework in which the
virtual representation of the patient is continuously synchronized with real-world data
through automated data streams. As a result, DTs can dynamically update model states
over time, providing a holistic representation of the individual and enabling real-time
prediction [343].

The integration of TDM data with VT and DT technologies may represent a major step
toward precision dosing of DOACs and CCBs. By combining measured drug concentrations
with patient-specific covariates, these platforms may improve the prediction of individual
PK profiles and support proactive dose optimization. Such approaches could be particularly
valuable for identifying patients at risk of subtherapeutic or supratherapeutic exposure.

4.6. Limitations

Several limitations should be considered when interpreting these findings. First, the
number of available studies differed considerably across compounds. While amlodipine,
rivaroxaban, and dabigatran were represented by extensive datasets, other drugs such
as nicardipine, isradipine, and nisoldipine were evaluated in a limited number of stud-
ies. Therefore, the variability profiles of some therapeutic agents should be interpreted
cautiously, as a small number of studies may not fully capture the true extent of PK vari-
ability observed in clinical practice. Second, the included studies encompassed diverse
populations, study designs, analytical methodologies, dosing regimens, formulations, and
sampling strategies. The study populations differed in terms of age, sex, ethnicity, disease
status, renal and hepatic function, concomitant medications, and other patient-specific char-
acteristics. Although this heterogeneity reflects the complexity of real-world populations
and was a deliberate feature of our study design, it may also contribute to differences in
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reported CV values that are not exclusively attributable to biological interindividual vari-
ability. In particular, differences in study design and bioanalytical methodology (analytical
platforms, assay procedures, and associated performance characteristics) may introduce
additional sources of variability that cannot be disentangled from patient-related factors
using aggregated literature data. Nevertheless, this broad population spectrum was consid-
ered essential for the primary objective of the present work, which was to characterize the
range of PK variability reported across clinically relevant scenarios rather than within a
single homogeneous population. Importantly, conventional clinical trials frequently rely on
highly selected and relatively homogeneous populations, which may not adequately repre-
sent the diversity encountered in routine clinical practice. Therefore, although population
heterogeneity limits direct comparisons between studies, it also provides valuable insight
into how differences in patient characteristics and clinical conditions may contribute to
variability in drug exposure. Future analyses based on individual patient-level data will
be necessary to disentangle the independent contribution of these factors and quantify
their respective effects on PK variability. Third, PK variability was assessed using only
two exposure metrics (Cmax and AUC) and, despite being widely accepted indicators of
peak and overall systemic exposure, they may not fully capture clinically relevant varia-
tions in drug disposition. For DOACs in particular, trough concentrations are often more
closely associated with efficacy and safety outcomes. Fourth, the inclusion of multiple
PK observations from the same publication, even when they represented distinct experi-
mental conditions, may have increased the representation of compounds that have been
more extensively studied. This approach was intentionally adopted to capture the full
spectrum of PK variability across different clinical scenarios. Nevertheless, this should be
considered when interpreting comparisons between compounds. Another limitation is
that the classification of PK variability into predefined CV categories and the adoption of
a 40% threshold to define high variability should be regarded as a pragmatic rather than
a universally accepted approach. Although this threshold has been used in previous PK
investigations, the clinical significance of a given CV value may differ according to the ther-
apeutic index, PD properties, and exposure-response relationship of each drug. This should
not be interpreted as a universal clinical threshold for clinical decision-making and dose
adjustment. Furthermore, this analysis was restricted to studies indexed in PubMed, as
relevant studies available in other databases, gray literature, regulatory reports, conference
proceedings, or unpublished datasets may not have been captured. Thus, publication bias
cannot be excluded. Finally, the present study was designed to characterize and compare
PK variability rather than establish causal relationships between specific covariates and
clinical outcomes. Consequently, although associations between variability and factors such
as DDlIs, age, or ethnicity were identified, the magnitude of their independent contribution
to variability could not be quantified. Future studies integrating individual patient data,
population pharmacokinetic modeling, pharmagenomic information, and real-world TDM
datasets are needed to better define the determinants of variability and support precision
dosing strategies for both DOACs and CCBs.

5. Conclusions

This study provides a comparative assessment of interindividual PK variability in two
widely used drug classes, DOACs and CCBs, demonstrating that variability in systemic
exposure remains a relevant and clinically meaningful phenomenon across both therapeutic
areas. Although DOACs are generally associated with stable PK profiles, the descriptive
analysis indicates that dabigatran exhibits high variability, while edoxaban shows the most
consistent exposure. In parallel, CCBs displayed an even broader variability profile, ranging
from stable compounds such as amlodipine and felodipine to highly heterogeneous agents
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including nisoldipine, isradipine, nimodipine, diltiazem, and verapamil. Importantly,
current clinical guidelines are consistent with these findings, reinforcing the need for
clinicians to adhere to evidence-based recommendations for clinical decision-making. These
descriptive differences, however, were not supported by formal statistical comparisons.
After adjustment for study design and population, dabigatran and rivaroxaban were
independently associated with higher AUC variability than apixaban, while DDIs, ethnicity,
and specific drug-related factors emerged as relevant determinants of PK variability.

Opverall, these findings indicate that PK variability is not uniformly distributed across
DOACs and CCBs and is influenced by both drug- and population-related factors. Although
this work does not support a universal need for dose adjustment or routine TDM, they
highlight specific drugs and patient characteristics that may warrant greater attention when
altered drug exposure is suspected. Future individual patient-level analyses integrating
population PK and real-world TDM data may help translate these observations into more
precise and individualized dosing strategies.
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/ /www.mdpi.com/article/10.3390 / pharmaceutics18091103/s1, Table S1. Descriptive statistics of
pharmacokinetic variability for Cmax and AUC across single-dose and steady-state studies of DOACs
and CCBs; Table S2. Statistically significant pairwise comparisons in PK variability between individ-
ual CCBs for Cmax and AUC; Table S3. Statistically significant pairwise comparisons of PK variability
between study populations for Cmax and AUC among DOACs; Table S4. Overall model statistics and
regression coefficients from multivariable analyses of PK variability; Figure S1. Population sources of
PK variability and their impact on drug exposure variability among DOACs and CCBs: (a) mean PK
variability, expressed as CV%, across different population subgroups for DOACs; and (b) mean PK
variability (CV%) across population subgroups for CCBs.

Author Contributions: Conceptualization, L.M. and N.V.; methodology, L.M.; software, L.M.; valida-
tion, L.M. and N.V,; formal analysis, L.M.; investigation, L.M. and N.V.; writing—original draft prepa-
ration, L.M.; writing—review and editing, N.V.; supervision, N.V.; project administration, N.V.; fund-
ing acquisition, N.V. All authors have read and agreed to the published version of the manuscript.

Funding: This article was supported by National Funds through FCT—Fundacao para a Ciéncia e a
Tecnologia, I.P., within the project RISE-Health—UID /06397 /2025.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors acknowledge the financial support provided by FEDER—Fundo
Europeu de Desenvolvimento Regional through COMPETE 2020—Operational Programme for
Competitiveness and Internationalization (POCI), Portugal 2020, and by Portuguese funds through
FCT—Fundacao para a Ciéncia e a Tecnologia, within the framework of CINTESIS, R&D Unit
(UIDB/4255/2020), and the project RISE—LA /P/0053/2020. N.V. also acknowledges support from
FCT and FEDER (European Union) through award IF/00092/2014/CP1255/CT0004, PRR-09/CO06-
834107 /2024.P11721, project 2024.18026.PEX, and the Chair in Onco-Innovation at FMUP. L.M. ac-
knowledges FCT for the doctoral grant 2024.02576.BD. During the preparation of this manuscript, the
authors used ChatGPT (OpenAl, GPT-5, 2025) to assist in refining digitized clinical plasma data and
with language revision and text structuring. The authors reviewed and edited the generated output
and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390 / pharmaceutics18091103


https://www.mdpi.com/article/10.3390/pharmaceutics18091103/s1
https://www.mdpi.com/article/10.3390/pharmaceutics18091103/s1
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 25 of 41

References

1.  Lin, J. Pharmacokinetic and Pharmacodynamic Variability: A Daunting Challenge in Drug Therapy. Curr. Drug Metab. 2007, 8,
109-136. [CrossRef] [PubMed]

2. Prasad, B. Predicting Pharmacokinetic Variability and Drug Interaction Risk Using Omics-Based Biomarkers. Clin. Transl. Sci.
2026, 19, €70591. [CrossRef] [PubMed]

3.  Eusuf, D.V,; Thomas, E. Pharmacokinetic Variation. Anaesth. Intensive Care Med. 2022, 23, 50-53. [CrossRef]

4. Sager, ].E.; Yu, J.; Ragueneau-Majlessi, I.; Isoherranen, N. Physiologically Based Pharmacokinetic (PBPK) Modeling and Simulation
Approaches: A Systematic Review of Published Models, Applications, and Model Verification. Drug Metab. Dispos. 2015, 43,
1823-1837. [CrossRef] [PubMed]

5. Thompson, L.E.; Davis, B.H.; Narayan, R.; Goff, B.; Brown, T.M.; Limdi, N.A. Personalizing Direct Oral Anticoagulant Therapy
for a Diverse Population: Role of Race, Kidney Function, Drug Interactions, and Pharmacogenetics. Clin. Pharmacol. Ther. 2023,
113, 585-599. [CrossRef] [PubMed]

6.  Miceli, G.; Ciaccio, A.M.; Tuttolomondo, A. Challenges and Opportunities of Direct Oral Anticoagulant (DOAC) Therapy in
Complex Clinical Scenarios: A Comprehensive Review and Practical Guide. . Clin. Med. 2025, 14, 2914. [CrossRef] [PubMed]

7. Heestermans, M.; Poenou, G.; Hamzeh-Cognasse, H.; Cognasse, F.; Bertoletti, L. Anticoagulants: A Short History, Their
Mechanism of Action, Pharmacology, and Indications. Cells 2022, 11, 3214. [CrossRef] [PubMed]

8. Morgovan, C.; Dobrea, C.M.; Chis, A.A.; Juncan, A.M.; Arseniu, A.M.; Rus, L.L.; Gligor, EG.; Ardelean, S.A.; Stoicescu, L.; Ghibu,
S.; et al. A Descriptive Analysis of Direct Oral Anticoagulant Drugs Dosing Errors Based on Spontaneous Reports from the
EudraVigilance Database. Pharmaceuticals 2023, 16, 455. [CrossRef] [PubMed]

9. Fan, P; Gao, Y;; Zheng, M.; Xu, T.; Schoenhagen, P; Jin, Z. Recent Progress and Market Analysis of Anticoagulant Drugs. J. Thorac.
Dis. 2018, 10, 2011-2025. [CrossRef] [PubMed]

10. McRae, H.L.; Militello, L.; Refaai, M.A. Updates in Anticoagulation Therapy Monitoring. Biomedicines 2021, 9, 262. [CrossRef]
[PubMed]

11.  Schulman, S. Advantages and Limitations of the New Anticoagulants. J. Intern. Med. 2014, 275, 1-11. [CrossRef] [PubMed]

12.  Zirlik, A.; Bode, C. Vitamin K Antagonists: Relative Strengths and Weaknesses vs. Direct Oral Anticoagulants for Stroke
Prevention in Patients with Atrial Fibrillation. J. Thromb. Thrombolysis 2017, 43, 365-379. [CrossRef] [PubMed]

13.  Moner-Banet, T.; Alberio, L.; Bart, P.-A. Does One Dose Really Fit All? On the Monitoring of Direct Oral Anticoagulants: A
Review of the Literature. Hamostaseologie 2020, 40, 184-200. [CrossRef] [PubMed]

14. Moudallel, S.; Steurbaut, S.; Cornu, P.; Dupont, A. Appropriateness of DOAC Prescribing Before and During Hospital Admission
and Analysis of Determinants for Inappropriate Prescribing. Front. Pharmacol. 2018, 9, 1220. [CrossRef] [PubMed]

15. Beyer-Westendorf, ].; Fay, M.; Amara, W. The Importance of Appropriate Dosing of Nonvitamin K Antagonist Oral Anticoagulants
for Stroke Prevention in Patients with Atrial Fibrillation. TH Open 2021, 05, e353-e362. [CrossRef] [PubMed]

16. Martins, A.S.; Monteiro, C.; Duarte, A.P. Risks of Oral Anticoagulants: Analysis of Adverse Drug Reactions Reported to the
Portuguese National Pharmacovigilance System. Pharmacol. Res. Perspect. 2024, 12, e1235. [CrossRef] [PubMed]

17.  European Medicines Agency. EudraVigilance—European Database of Suspected Adverse Drug Reaction Reports. Available
online: https://www.adrreports.eu/ (accessed on 22 June 2026).

18. Hocht, C.; Bertera, FM.; Santander Plantamura, Y.; Parola, L.; Del Mauro, J.S.; Polizio, A.H. Factors Influencing Hepatic
Metabolism of Antihypertensive Drugs: Impact on Clinical Response. Expert Opin. Drug Metab. Toxicol. 2019, 15, 1-13. [CrossRef]
[PubMed]

19. Eraky, A.M.; Mokhtar, Y.; Grabau, G.; Khan, A.; Acharya, A.; Gadd, N.; Jarosz, M.; Premkumar, A. Calcium Channel Blockers in
Critical Care Medicine: Current Clinical Applications and Future Investigational Perspectives. Med. Sci. 2026, 14, 213. [CrossRef]
[PubMed]

20. Zhu,].; Chen, N.; Zhou, M.; Guo, J.; Zhu, C; Zhou, ].; Ma, M.; He, L. Calcium Channel Blockers versus Other Classes of Drugs for
Hypertension. Cochrane Database Syst. Rev. 2022, 2022, CD003654. [CrossRef] [PubMed]

21. Alshaya, O.A.; Alhamed, A.; Althewaibi, S.; Fetyani, L.; Alshehri, S.; Alnashmi, F.; Alharbi, S.; Alrashed, M.; Alqifari, S.F; Alshaya,
A.IL Calcium Channel Blocker Toxicity: A Practical Approach. J. Multidiscip. Healthc. 2022, 15, 1851-1862. [CrossRef] [PubMed]

22. January, C.T.; Wann, L.S.; Calkins, H.; Chen, L.Y.; Cigarroa, J.E.; Cleveland, J.C.; Ellinor, P.T.; Ezekowitz, M.D.; Field, M.E.; Furie,
K.L,; etal. 2019 AHA/ACC/HRS Focused Update of the 2014 AHA /ACC/HRS Guideline for the Management of Patients with
Atrial Fibrillation. J. Am. Coll. Cardiol. 2019, 74, 104-132. [CrossRef] [PubMed]

23. Unger, T,; Borghi, C.; Charchar, F; Khan, N.A; Poulter, N.R.; Prabhakaran, D.; Ramirez, A.; Schlaich, M.; Stergiou, G.S.;

Tomaszewski, M.; et al. 2020 International Society of Hypertension Global Hypertension Practice Guidelines. |. Hypertens. 2020,
38,982-1004. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.2174/138920007779816002
https://www.ncbi.nlm.nih.gov/pubmed/17305491
https://doi.org/10.1111/cts.70591
https://www.ncbi.nlm.nih.gov/pubmed/42092736
https://doi.org/10.1016/j.mpaic.2021.10.014
https://doi.org/10.1124/dmd.115.065920
https://www.ncbi.nlm.nih.gov/pubmed/26296709
https://doi.org/10.1002/cpt.2714
https://www.ncbi.nlm.nih.gov/pubmed/35857814
https://doi.org/10.3390/jcm14092914
https://www.ncbi.nlm.nih.gov/pubmed/40363949
https://doi.org/10.3390/cells11203214
https://www.ncbi.nlm.nih.gov/pubmed/36291080
https://doi.org/10.3390/ph16030455
https://www.ncbi.nlm.nih.gov/pubmed/36986554
https://doi.org/10.21037/jtd.2018.03.95
https://www.ncbi.nlm.nih.gov/pubmed/29707358
https://doi.org/10.3390/biomedicines9030262
https://www.ncbi.nlm.nih.gov/pubmed/33800804
https://doi.org/10.1111/joim.12138
https://www.ncbi.nlm.nih.gov/pubmed/24112453
https://doi.org/10.1007/s11239-016-1446-0
https://www.ncbi.nlm.nih.gov/pubmed/27896543
https://doi.org/10.1055/a-1113-0655
https://www.ncbi.nlm.nih.gov/pubmed/32455459
https://doi.org/10.3389/fphar.2018.01220
https://www.ncbi.nlm.nih.gov/pubmed/30425641
https://doi.org/10.1055/s-0041-1731777
https://www.ncbi.nlm.nih.gov/pubmed/34435170
https://doi.org/10.1002/prp2.1235
https://www.ncbi.nlm.nih.gov/pubmed/39291726
https://www.adrreports.eu/
https://doi.org/10.1080/17425255.2019.1558204
https://www.ncbi.nlm.nih.gov/pubmed/30582386
https://doi.org/10.3390/medsci14020213
https://www.ncbi.nlm.nih.gov/pubmed/42201005
https://doi.org/10.1002/14651858.CD003654.pub6
https://www.ncbi.nlm.nih.gov/pubmed/35000192
https://doi.org/10.2147/JMDH.S374887
https://www.ncbi.nlm.nih.gov/pubmed/36065348
https://doi.org/10.1016/j.jacc.2019.01.011
https://www.ncbi.nlm.nih.gov/pubmed/30703431
https://doi.org/10.1097/HJH.0000000000002453
https://www.ncbi.nlm.nih.gov/pubmed/32371787
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 26 of 41

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Aisyah, N.; Aurellia, J.; Insani, W.N. Long-Term Safety and Effectiveness of Calcium Channel Blockers in Hypertension: A
Systematic Review. Drug Healthc. Patient Saf. 2026, 18, 576249. [CrossRef] [PubMed]

Brown, M.]; Palmer, C.R.; Castaigne, A.; de Leeuw, PW.; Mancia, G.; Rosenthal, T.; Ruilope, L.M. Morbidity and Mortality in
Patients Randomised to Double-Blind Treatment with a Long-Acting Calcium-Channel Blocker or Diuretic in the International
Nifedipine GITS Study: Intervention as a Goal in Hypertension Treatment (INSIGHT). Lancet 2000, 356, 366-372. [CrossRef]
[PubMed]

Bianchi, S.; Bigazzi, R.; Baldari, G.; Campese, V.M. Long-Term Effects of Enalapril and Nicardipine on Urinary Albumin Excretion
in Patients with Chronic Renal Insufficiency: A 1-Year Follow-Up. Am. ]. Nephrol. 1991, 11, 131-137. [CrossRef] [PubMed]
Agacayak, K.S.; Guven, S.; Atalay, Y.; Gunes, N.; Atilgan, S.; Koparal, M. Long-Term Effects of Antihypertensive Medications on
Bone Mineral Density in Men Older than 55 Years. Clin. Interv. Aging 2014, 9, 509-513. [CrossRef] [PubMed]

Beuhler, M.C.; Feldman, R.; Gummin, D.D.; Mowry, ].B.; Rivers, L.J.; Brown, K,; Pham, N.P.T.; Johnson-O’Leary, K.; Spyker, D.A;
Bronstein, A.C. 2024 Annual Report of the National Poison Data System® (NPDS) from America’s Poison Centers®: 42nd Annual
Report. Clin. Toxicol. 2025, 63, 1029-1280. [CrossRef] [PubMed]

van Zwieten, PA. Amlodipine: An Overview of Its Pharmacodynamic and Pharmacokinetic Properties. Clin. Cardiol. 1994,
17, 1113-6. [PubMed]

Snyder, B.D.; Rowland, A.; Polasek, T.M.; Miners, ]J.O.; Doogue, M.P. Evaluation of Felodipine as a Potential Perpetrator of
Pharmacokinetic Drug-Drug Interactions. Eur. J. Clin. Pharmacol. 2014, 70, 1115-1122. [CrossRef] [PubMed]

Leucuta, S.E.; Vida-Simiti, L.; Caprioara, M.G.; Fagarasan, E.; Olinic, N.; Manasia, M.; Vlaicu, R. Bioavailability of Nifedipine
from Different Oral Dosage Forms in Healthy Volunteers. Pharmazie 1989, 44, 336-338. [PubMed]

Nakamura, K.; Ariyoshi, N.; Iwatsubo, T.; Fukunaga, Y.; Higuchi, S.; Itoh, K.; Shimada, N.; Nagashima, K.; Yokoi, T.; Yamamoto,
K.; et al. Inhibitory Effects of Nicardipine to Cytochrome P450 (CYP) in Human Liver Microsomes. Biol. Pharm. Bull. 2005, 28,
882-885. [CrossRef] [PubMed]

Komura, H.; Yasuda, M.; Yoshida, N.H.; Sugiyama, Y. Species Difference in Nisoldipine Oxidation Activity in the Small Intestine.
Drug Metab. Pharmacokinet. 2002, 17, 427-436. [CrossRef] [PubMed]

Brogden, R.N.; Sorkin, E.M. Isradipine. Drugs 1995, 49, 618-649. [CrossRef] [PubMed]

Hermann, P; Rodger, S.D.; Remones, G.; Thenot, ].P; London, D.R.; Morselli, P.L. Pharmacokinetics of Diltiazem after Intravenous
and Oral Administration. Eur. J. Clin. Pharmacol. 1983, 24, 349-352. [CrossRef] [PubMed]

Busse, D.; Cosme, ].; Beaune, P.; Kroemer, H.K.; Eichelbaum, M.; Busse, D.; Kroemer, H.K.; Eichelbaum, M. Cytochromes of the
P450 2C Subfamily Are the Major Enzymes Involved in the O-Demethylation of Verapamil in Humans. Naunyn. Schmiedebergs.
Arch. Pharmacol. 1995, 353, 116-121. [CrossRef] [PubMed]

Isbister, G.K.; Jenkins, S.; Harris, K.; Downes, M. A ; Isoardi, K.Z. Calcium Channel Blocker Overdose: Not All the Same Toxicity.
Br. . Clin. Pharmacol. 2025, 91, 740-747. [CrossRef] [PubMed]

Frost, C.; Garonzik, S.; Shenker, A.; Barrett, Y.C.; LaCreta, F. Apixaban Single-Dose Pharmacokinetics, Bioavailability, Renal
Clearance, and Pharmacodynamics Following Intravenous and Oral Administration. Clin. Pharmacol. Drug Dev. 2021, 10, 974-984.
[CrossRef] [PubMed]

Frost, C.; Shenker, A,; Jhee, S.; Yu, Z.; Wang, J.; Bragat, A.; Pursley, J.; LaCreta, F. Evaluation of the Single-Dose Pharmacokinetics
and Pharmacodynamics of Apixaban in Healthy Japanese and Caucasian Subjects. Clin. Pharmacol. 2018, 10, 153-163. [CrossRef]
[PubMed]

Frost, C.E.; Song, Y.; Shenker, A.; Wang, J.; Barrett, Y.C.; Schuster, A.; Harris, S.I.; LaCreta, F. Effects of Age and Sex on the
Single-Dose Pharmacokinetics and Pharmacodynamics of Apixaban. Clin. Pharmacokinet. 2015, 54, 651-662. [CrossRef] [PubMed]
Mansell, H.; Shoker, A.; Alcorn, J.; Fenton, M.E.; Tam, ].S.; Semchuk, W.; Bashir, B.; Kraft, WK.; Yao, S.; Douketis, ]J.D.
Pharmacokinetics of Apixaban and Tacrolimus or Cyclosporine in Kidney and Lung Transplant Recipients. Clin. Transl. Sci. 2022,
15,1687-1697. [CrossRef] [PubMed]

Frost, C.; Cui, Y.; Song, Y.; Wang, J.; Yu, Z.; Schuster, A.; Barrett, Y.C. Single- and Multiple-Dose Pharmacokinetics, Pharmacody-
namics, and Safety of Apixaban in Healthy Chinese Subjects. Clin. Pharmacol. 2013, 5, 177-184. [CrossRef] [PubMed]

Frost, C.; Song, Y.; Yu, Z.; Wang, |.; Lee, L.; Schuster, A.; Pollack, A.; LaCreta, F. The Effect of Apixaban on the Pharmacokinetics of
Digoxin and Atenolol in Healthy Subjects. Clin. Pharmacol. 2017, 9, 19-28. [CrossRef] [PubMed]

Frost, C.E.; Ly, V.; Garonzik, S.M. Apixaban Pharmacokinetics and Pharmacodynamics in Subjects with Mild or Moderate Hepatic
Impairment. Drugs R D 2021, 21, 375-384. [CrossRef] [PubMed]

Luo, H.-Y;; Yao, Z.-].; Long, H.-Z.; Zhou, Z.-W.; Xu, S.-G.; Li, E-J.; Cheng, Y.; Wen, D.-D.; Deng, P.; Guan, Y.-Q.; et al. Pharmacoki-
netics, Safety, and Bioequivalence of Apixaban Tablets in Healthy Chinese Subjects under Fasting and Fed Conditions. Int. ]. Clin.
Pharmacol. Ther. 2023, 61, 129-138. [CrossRef] [PubMed]

Frost, C.; Wang, J.; Nepal, S.; Schuster, A.; Barrett, Y.C.; Mosqueda-Garcia, R.; Reeves, R.A.; LaCreta, F. Apixaban, an Oral, Direct
Factor Xa Inhibitor: Single Dose Safety, Pharmacokinetics, Pharmacodynamics and Food Effect in Healthy Subjects. Br. J. Clin.
Pharmacol. 2013, 75, 476-487. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.2147/DHPS.S576249
https://www.ncbi.nlm.nih.gov/pubmed/41873338
https://doi.org/10.1016/S0140-6736(00)02527-7
https://www.ncbi.nlm.nih.gov/pubmed/10972368
https://doi.org/10.1159/000168289
https://www.ncbi.nlm.nih.gov/pubmed/1951474
https://doi.org/10.2147/CIA.S60669
https://www.ncbi.nlm.nih.gov/pubmed/24741298
https://doi.org/10.1080/15563650.2025.2571299
https://www.ncbi.nlm.nih.gov/pubmed/41432769
https://www.ncbi.nlm.nih.gov/pubmed/9156957
https://doi.org/10.1007/s00228-014-1716-8
https://www.ncbi.nlm.nih.gov/pubmed/25028073
https://www.ncbi.nlm.nih.gov/pubmed/2772014
https://doi.org/10.1248/bpb.28.882
https://www.ncbi.nlm.nih.gov/pubmed/15863898
https://doi.org/10.2133/dmpk.17.427
https://www.ncbi.nlm.nih.gov/pubmed/15618694
https://doi.org/10.2165/00003495-199549040-00009
https://www.ncbi.nlm.nih.gov/pubmed/7789292
https://doi.org/10.1007/BF00610053
https://www.ncbi.nlm.nih.gov/pubmed/6861848
https://doi.org/10.1007/BF00168924
https://www.ncbi.nlm.nih.gov/pubmed/8750925
https://doi.org/10.1111/bcp.16258
https://www.ncbi.nlm.nih.gov/pubmed/39305202
https://doi.org/10.1002/cpdd.990
https://www.ncbi.nlm.nih.gov/pubmed/34342172
https://doi.org/10.2147/CPAA.S169505
https://www.ncbi.nlm.nih.gov/pubmed/30498375
https://doi.org/10.1007/s40262-014-0228-0
https://www.ncbi.nlm.nih.gov/pubmed/25573421
https://doi.org/10.1111/cts.13284
https://www.ncbi.nlm.nih.gov/pubmed/35439353
https://doi.org/10.2147/CPAA.S51981
https://www.ncbi.nlm.nih.gov/pubmed/24353445
https://doi.org/10.2147/CPAA.S115687
https://www.ncbi.nlm.nih.gov/pubmed/28260951
https://doi.org/10.1007/s40268-021-00359-y
https://www.ncbi.nlm.nih.gov/pubmed/34363188
https://doi.org/10.5414/CP204299
https://www.ncbi.nlm.nih.gov/pubmed/36458443
https://doi.org/10.1111/j.1365-2125.2012.04369.x
https://www.ncbi.nlm.nih.gov/pubmed/22759198
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 27 of 41

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Wang, X.; Tirucherai, G.; Marbury, T.C.; Wang, ].; Chang, M.; Zhang, D.; Song, Y.; Pursley, J.; Boyd, R.A.; Frost, C. Pharmacokinetics,
Pharmacodynamics, and Safety of Apixaban in Subjects with End-stage Renal Disease on Hemodialysis. J. Clin. Pharmacol. 2016,
56, 628-636. [CrossRef] [PubMed]

Byon, W.; Nepal, S.; Schuster, A.E.; Shenker, A.; Frost, C.E. Regional Gastrointestinal Absorption of Apixaban in Healthy Subjects.
J. Clin. Pharmacol. 2018, 58, 965-971. [CrossRef] [PubMed]

Steele, K.E.; Prokopowicz, G.P,; Canner, ].P,; Harris, C.; Jurao, R.A ; Kickler, T.S.; Streiff, M.B.; Petty, B.G. The APB Study: Apixaban
Pharmacokinetics in Bariatric Patients before to 1 Year after Vertical Sleeve Gastrectomy or Roux-En-Y Gastric Bypass. Surg. Obes.
Relat. Dis. 2022, 18, 594-603. [CrossRef] [PubMed]

Mavrakanas, T.A.; Samer, C.F.; Nessim, S.J.; Frisch, G.; Lipman, M.L. Apixaban Pharmacokinetics at Steady State in Hemodialysis
Patients. . Am. Soc. Nephrol. 2017, 28, 2241-2248. [CrossRef] [PubMed]

Fung, WW.-S.; Cheng, PM.-S.; Ng, ] K.-C.; Chan, G.C.-K,; Chow, K.M.; Li, PK.-T.; Szeto, C.C. Pharmacokinetics of Apixaban
Among Peritoneal Dialysis Patients. Kidney Med. 2023, 5, 100646. [CrossRef] [PubMed]

Frost, C.; Nepal, S.; Wang, J.; Schuster, A.; Byon, W.; Boyd, R.A.; Yu, Z.; Shenker, A.; Barrett, Y.C.; Mosqueda-Garcia, R.; et al.
Safety, Pharmacokinetics and Pharmacodynamics of Multiple Oral Doses of Apixaban, a Factor Xa Inhibitor, in Healthy Subjects.
Br. ]. Clin. Pharmacol. 2013, 76, 776-786. [CrossRef] [PubMed]

Kreutz, R.; Persson, P.B.; Kubitza, D.; Thelen, K.; Heitmeier, S.; Schwers, S.; Becka, M.; Hemmrich, M. Dissociation between the
Pharmacokinetics and Pharmacodynamics of Once-daily Rivaroxaban and Twice-daily Apixaban: A Randomized Crossover
Study. J. Thromb. Haemost. 2017, 15, 2017-2028. [CrossRef] [PubMed]

dos Santos, A.F,; Francisco, Q.A.S.; Nunes, J.B.; Colombo, F.A.; Boralli, V.B. ABCG2 Polymorphism and Rivaroxaban Pharmacoki-
netics in Healthy Individuals after a Single Dose. Braz. J. Med. Biol. Res. 2024, 57, €13257. [CrossRef] [PubMed]

Alalawneh, M.; Awaisu, A.; Abdallah, I; Elewa, H.; Danjuma, M.; Matar, K.M.; ElKashlan, A.M.; Elshayep, Y.; Ibrahim, F,; Rachid,
O. Pharmacokinetics of Single-dose Rivaroxaban under Fed State in Obese vs. Non-obese Subjects: An Open-label Controlled
Clinical Trial (RIVOBESE-PK). Clin. Transl. Sci. 2024, 17, €13853. [CrossRef] [PubMed]

Dias, C.; Moore, K.T.; Murphy, J.; Ariyawansa, J.; Smith, W.; Mills, R.M.; Weir, M.R. Pharmacokinetics, Pharmacodynamics, and
Safety of Single-Dose Rivaroxaban in Chronic Hemodialysis. Am. J. Nephrol. 2016, 43, 229-236. [CrossRef] [PubMed]

Kubitza, D.; Becka, M.; Roth, A.; Mueck, W. Dose-Escalation Study of the Pharmacokinetics and Pharmacodynamics of Rivaroxa-
ban in Healthy Elderly Subjects. Curr. Med. Res. Opin. 2008, 24, 2757-2765. [CrossRef] [PubMed]

Moore, K.T.; Plotnikov, A.N.; Thyssen, A.; Vaccaro, N.; Ariyawansa, J.; Burton, P.B. Effect of Multiple Doses of Omeprazole on the
Pharmacokinetics, Pharmacodynamics, and Safety of a Single Dose of Rivaroxaban. . Cardiovasc. Pharmacol. 2011, 58, 581-588.
[CrossRef] [PubMed]

Zhao, X.; Sun, P; Zhou, Y;; Liu, Y.; Zhang, H.; Mueck, W.; Kubitza, D.; Bauer, R.J.; Zhang, H.; Cui, Y. Safety, Pharmacokinetics and
Pharmacodynamics of Single/Multiple Doses of the Oral, Direct Factor Xa Inhibitor Rivaroxaban in Healthy Chinese Subjects.
Br. J. Clin. Pharmacol. 2009, 68, 77-88. [CrossRef] [PubMed]

Moore, K.T.; Vaidyanathan, S.; Natarajan, J.; Ariyawansa, J.; Haskell, L.; Turner, K.C. An Open-label Study to Estimate the Effect of
Steady-state Erythromycin on the Pharmacokinetics, Pharmacodynamics, and Safety of a Single Dose of Rivaroxaban in Subjects
with Renal Impairment and Normal Renal Function. J. Clin. Pharmacol. 2014, 54, 1407-1420. [CrossRef] [PubMed]

Kubitza, D.; Roth, A.; Becka, M.; Alatrach, A.; Halabi, A.; Hinrichsen, H.; Mueck, W. Effect of Hepatic Impairment on the
Pharmacokinetics and Pharmacodynamics of a Single Dose of Rivaroxaban, an Oral, Direct Factor Xa Inhibitor. Br. J. Clin.
Pharmacol. 2013, 76, 89-98. [CrossRef] [PubMed]

Genis-Najera, L.; Safiudo-Maury, M.E.; Moquete, T. A Single-blind, Randomized, Single-dose, Two-sequence, Two-period,
Crossover Study to Assess the Bioequivalence between Two Oral Tablet Formulations of Rivaroxaban 20 Mg in Healthy Mexican
Volunteers. Clin. Pharmacol. Drug Dev. 2022, 11, 826-831. [CrossRef] [PubMed]

Liu, Z.; Xie, Q.; Zhao, X.; Tan, Y.; Wang, W.; Cao, Y.; Wei, X,; Mu, G.; Zhang, H.; Zhou, S.; et al. The Pharmacogenetic
Variability Associated with the Pharmacokinetics and Pharmacodynamics of Rivaroxaban in Healthy Chinese Subjects: A
National Multicenter Exploratory Study. Clin. Ther. 2024, 46, 313-321. [CrossRef] [PubMed]

Huppertz, A.; Werntz, L.; Meid, A.D.; Foerster, K.I; Burhenne, J.; Czock, D.; Mikus, G.; Haefeli, W.E. Rivaroxaban and Macitentan
Can Be Coadministered without Dose Adjustment but the Combination of Rivaroxaban and St John’s Wort Should Be Avoided.
Br. J. Clin. Pharmacol. 2018, 84, 2903-2913. [CrossRef] [PubMed]

Ryu, H,; Cho, J.; Lee, T.; Kim, J.; Lee, S. Assessment of Pharmacokinetics and Food Effect of AD-109, a Novel Formulation of
Rivaroxaban 18 Mg. Clin. Transl. Sci. 2025, 18, €70439. [CrossRef] [PubMed]

Kubitza, D.; Becka, M.; Roth, A.; Mueck, W. The Influence of Age and Gender on the Pharmacokinetics and Pharmacodynamics
of Rivaroxaban—An Oral, Direct Factor Xa Inhibitor. J. Clin. Pharmacol. 2013, 53, 249-255. [CrossRef] [PubMed]

Kubitza, D.; Becka, M.; Mueck, W.; Halabi, A.; Maatouk, H.; Klause, N.; Lufft, V.; Wand, D.D.; Philipp, T.; Bruck, H. Effects of
Renal Impairment on the Pharmacokinetics, Pharmacodynamics and Safety of Rivaroxaban, an Oral, Direct Factor Xa Inhibitor.
Br. ]. Clin. Pharmacol. 2010, 70, 703-712. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1002/jcph.628
https://www.ncbi.nlm.nih.gov/pubmed/26331581
https://doi.org/10.1002/jcph.1097
https://www.ncbi.nlm.nih.gov/pubmed/29578609
https://doi.org/10.1016/j.soard.2021.12.023
https://www.ncbi.nlm.nih.gov/pubmed/35093269
https://doi.org/10.1681/ASN.2016090980
https://www.ncbi.nlm.nih.gov/pubmed/28302754
https://doi.org/10.1016/j.xkme.2023.100646
https://www.ncbi.nlm.nih.gov/pubmed/37533565
https://doi.org/10.1111/bcp.12106
https://www.ncbi.nlm.nih.gov/pubmed/23451769
https://doi.org/10.1111/jth.13801
https://www.ncbi.nlm.nih.gov/pubmed/28805299
https://doi.org/10.1590/1414-431x2024e13257
https://www.ncbi.nlm.nih.gov/pubmed/38958362
https://doi.org/10.1111/cts.13853
https://www.ncbi.nlm.nih.gov/pubmed/38847347
https://doi.org/10.1159/000445328
https://www.ncbi.nlm.nih.gov/pubmed/27100875
https://doi.org/10.1185/03007990802361499
https://www.ncbi.nlm.nih.gov/pubmed/18715524
https://doi.org/10.1097/FJC.0b013e31822f6c2b
https://www.ncbi.nlm.nih.gov/pubmed/21822144
https://doi.org/10.1111/j.1365-2125.2009.03390.x
https://www.ncbi.nlm.nih.gov/pubmed/19660005
https://doi.org/10.1002/jcph.352
https://www.ncbi.nlm.nih.gov/pubmed/24964176
https://doi.org/10.1111/bcp.12054
https://www.ncbi.nlm.nih.gov/pubmed/23294275
https://doi.org/10.1002/cpdd.1092
https://www.ncbi.nlm.nih.gov/pubmed/35510948
https://doi.org/10.1016/j.clinthera.2024.02.009
https://www.ncbi.nlm.nih.gov/pubmed/38553322
https://doi.org/10.1111/bcp.13757
https://www.ncbi.nlm.nih.gov/pubmed/30192025
https://doi.org/10.1111/cts.70439
https://www.ncbi.nlm.nih.gov/pubmed/41332264
https://doi.org/10.1002/jcph.5
https://www.ncbi.nlm.nih.gov/pubmed/23381840
https://doi.org/10.1111/j.1365-2125.2010.03753.x
https://www.ncbi.nlm.nih.gov/pubmed/21039764
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 28 of 41

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Gouin-Thibault, I.; Delavenne, X.; Blanchard, A.; Siguret, V.; Salem, J.E.; Narjoz, C.; Gaussem, P.; Beaune, P.; Funck-Brentano,
C.; Azizi, M,; et al. Interindividual Variability in Dabigatran and Rivaroxaban Exposure: Contribution of ABCB1 Genetic
Polymorphisms and Interaction with Clarithromycin. J. Thromb. Haemost. 2017, 15, 273-283. [CrossRef] [PubMed]

Sozer, G.; Inal, A.; Sezer, Z.; Martin, W.; Ottmann, E.; Reinsch, M.; Koru, S.A. Bioequivalence Study of Capsules versus Film
Tablets Containing Rivaroxaban in Healthy Caucasian Subjects under Fasting and Fed Conditions. Clin. Pharmacol. Drug Dev.
2024, 13, 281-287. [CrossRef] [PubMed]

Kubitza, D.; Becka, M.; Mueck, W.; Zuehlsdorf, M. Rivaroxaban (BAY 59-7939)—An Oral, Direct Factor Xa Inhibitor—Has No
Clinically Relevant Interaction with Naproxen. Br. J. Clin. Pharmacol. 2007, 63, 469-476. [CrossRef] [PubMed]

Kubitza, D.; Becka, M.; Roth, A.; Mueck, W. Absence of Clinically Relevant Interactions between Rivaroxaban—An Oral, Direct
Factor Xa Inhibitor—And Digoxin or Atorvastatin in Healthy Subjects. J. Int. Med. Res. 2012, 40, 1688-1707. [CrossRef] [PubMed]
Kroll, D.; Nett, P.C.; Borbély, Y.M.; Schidelin, S.; Bertaggia Calderara, D.; Alberio, L.; Stirnimann, G. The Effect of Bariatric Surgery
on the Direct Oral Anticoagulant Rivaroxaban: The Extension Study. Surg. Obes. Relat. Dis. 2018, 14, 1890-1896. [CrossRef]
[PubMed]

Guo, L,; Sun, X,; Bo, Q.; Bai, W.; Du, Y.; Song, H. Effects of ABCG2 421C > A Genetic Polymorphism on the Pharmacokinetics of
Rivaroxaban in Healthy Chinese Subjects. Xenobiotica 2025, 55, 445-453. [CrossRef] [PubMed]

Ding, S.; Wang, L.; Xie, L.; Zhou, S.; Chen, J.; Zhao, Y.; Deng, W.; Liu, Y.; Zhang, H.; Shao, F. Bioequivalence Study of 2
Formulations of Rivaroxaban, a Narrow-Therapeutic-Index Drug, in Healthy Chinese Subjects Under Fasting and Fed Conditions.
Clin. Pharmacol. Drug Dev. 2020, 9, 346-352. [CrossRef] [PubMed]

Levi, M.; Moore, K.T.; Castillejos, C.E; Kubitza, D.; Berkowitz, S.D.; Goldhaber, S.Z.; Raghoebar, M.; Patel, M.R.; Weitz, ].I; Levy,
J.H. Comparison of Three-factor and Four-factor Prothrombin Complex Concentrates Regarding Reversal of the Anticoagulant
Effects of Rivaroxaban in Healthy Volunteers. . Thromb. Haemost. 2014, 12, 1428-1436. [CrossRef] [PubMed]

Brings, A.; Lehmann, M.; Foerster, K.I.; Burhenne, J.; Weiss, J.; Haefeli, W.E.; Czock, D. Perpetrator Effects of Ciclosporin
(P-glycoprotein Inhibitor) and Its Combination with Fluconazole (CYP3A Inhibitor) on the Pharmacokinetics of Rivaroxaban in
Healthy Volunteers. Br. ]. Clin. Pharmacol. 2019, 85, 1528-1537. [CrossRef] [PubMed]

Sychev, D.; Minnigulov, R.; Bochkov, P; Ryzhikova, K.; Yudina, I; Lychagin, A.; Morozova, T. Effect of CYP3A4, CYP3A5, ABCB1
Gene Polymorphisms on Rivaroxaban Pharmacokinetics in Patients Undergoing Total Hip and Knee Replacement Surgery. High
Blood Press. Cardiovasc. Prev. 2019, 26, 413-420. [CrossRef] [PubMed]

Leven, C.; Delavenne, X.; Roche, C.; Bressollette, L.; Couturaud, F,; Lacut, K.; Thereaux, J. Full-Dose Rivaroxaban in Patients with
a History of Bariatric Surgery: Bridging the Knowledge Gap through a Phase 1 Study. J. Thromb. Haemost. 2024, 22, 2844-2854.
[CrossRef]

Cho, S.; Song, J.; Kang, D.W.; Kim, ].H.; Kim, H.; Chung, H.; Cho, H.-Y. Impact of Banhabaekchulcheonmatang (Banxia Baizhu
Tianma Tang) and Hwangryeonhaedoktang (Huang Lian Jie Du Tang) on Edoxaban: Herb-Drug Interaction Study in Healthy
Subjects. J. Ethnopharmacol. 2025, 337, 118997. [CrossRef] [PubMed]

Ogata, K.; Mendell-Harary, J.; Tachibana, M.; Masumoto, H.; Oguma, T.; Kojima, M.; Kunitada, S. Clinical Safety, Tolerability,
Pharmacokinetics, and Pharmacodynamics of the Novel Factor Xa Inhibitor Edoxaban in Healthy Volunteers. . Clin. Pharmacol.
2010, 50, 743-753. [CrossRef] [PubMed]

Lenard, A.; Hermann, S.A.; Stoll, F.; Burhenne, J.; Foerster, K.I.; Mikus, G.; Meid, A.D.; Haefeli, W.E.; Blank, A. Effect of
Clarithromycin, a Strong CYP3A and P-Glycoprotein Inhibitor, on the Pharmacokinetics of Edoxaban in Healthy Volunteers and
the Evaluation of the Drug Interaction with Other Oral Factor Xa Inhibitors by a Microdose Cocktail Approach. Cardiovasc. Drugs
Ther. 2024, 38, 747-756. [CrossRef] [PubMed]

Mendell, J.; Tachibana, M.; Shi, M.; Kunitada, S. Effects of Food on the Pharmacokinetics of Edoxaban, an Oral Direct Factor Xa
Inhibitor, in Healthy Volunteers. J. Clin. Pharmacol. 2011, 51, 687—-694. [CrossRef] [PubMed]

Mendell, J.; Chen, S.; He, L.; Desai, M.; Parasramupria, D.A. The Effect of Rifampin on the Pharmacokinetics of Edoxaban in
Healthy Adults. Clin. Drug Investig. 2015, 35, 447-453. [CrossRef] [PubMed]

Parasrampuria, D.A.; Mendell, J.; Shi, M.; Matsushima, N.; Zahir, H.; Truitt, K. Edoxaban Drug-Drug Interactions with
Ketoconazole, Erythromycin, and Cyclosporine. Br. J. Clin. Pharmacol. 2016, 82, 1591-1600. [CrossRef] [PubMed]

Chen, X,; Liu, D.; Wu, Y,; Song, H.; Liu, Y,; Jiang, J.; Hu, P. A Single-Dose Study Investigating the Pharmacokinetics and
Pharmacodynamics of Edoxaban at 30-90 Mg in Healthy Chinese Volunteers. Xenobiotica 2017, 47, 592-599. [CrossRef] [PubMed]
Zou, P; Zahir, H.; Duggal, A.; Pandya, G.; Jin, J.; Leil, T.A. Pharmacokinetics, Pharmacodynamics, and Safety of Edoxaban in
Pediatric Subjects: A Phase I Single-Dose Study. Clin. Pharmacol. Ther. 2024, 116, 736-746. [CrossRef] [PubMed]

Op 't Hoog, C.J.P.; Mehra, N.; van Kleef, A.; Somford, D.M.; van Oort, LM.; Imholz, A.L.T.; Hamberg, P; van Erp, N.P; Boerrigter,
E. Effect of Enzalutamide on Anticoagulant Therapy with Edoxaban in Patients with Prostate Cancer. Br. J. Clin. Pharmacol. 2026,
92,1117-1125. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1111/jth.13577
https://www.ncbi.nlm.nih.gov/pubmed/27893182
https://doi.org/10.1002/cpdd.1342
https://www.ncbi.nlm.nih.gov/pubmed/37997509
https://doi.org/10.1111/j.1365-2125.2006.02776.x
https://www.ncbi.nlm.nih.gov/pubmed/17100983
https://doi.org/10.1177/030006051204000508
https://www.ncbi.nlm.nih.gov/pubmed/23206451
https://doi.org/10.1016/j.soard.2018.08.025
https://www.ncbi.nlm.nih.gov/pubmed/30396779
https://doi.org/10.1080/00498254.2025.2522731
https://www.ncbi.nlm.nih.gov/pubmed/40560810
https://doi.org/10.1002/cpdd.742
https://www.ncbi.nlm.nih.gov/pubmed/31610099
https://doi.org/10.1111/jth.12599
https://www.ncbi.nlm.nih.gov/pubmed/24811969
https://doi.org/10.1111/bcp.13934
https://www.ncbi.nlm.nih.gov/pubmed/30912163
https://doi.org/10.1007/s40292-019-00342-4
https://www.ncbi.nlm.nih.gov/pubmed/31617197
https://doi.org/10.1016/j.jtha.2024.06.024
https://doi.org/10.1016/j.jep.2024.118997
https://www.ncbi.nlm.nih.gov/pubmed/39461388
https://doi.org/10.1177/0091270009351883
https://www.ncbi.nlm.nih.gov/pubmed/20081065
https://doi.org/10.1007/s10557-023-07443-2
https://www.ncbi.nlm.nih.gov/pubmed/36870039
https://doi.org/10.1177/0091270010370974
https://www.ncbi.nlm.nih.gov/pubmed/20534818
https://doi.org/10.1007/s40261-015-0298-2
https://www.ncbi.nlm.nih.gov/pubmed/26068927
https://doi.org/10.1111/bcp.13092
https://www.ncbi.nlm.nih.gov/pubmed/27530188
https://doi.org/10.1080/00498254.2016.1207825
https://www.ncbi.nlm.nih.gov/pubmed/27560456
https://doi.org/10.1002/cpt.3196
https://www.ncbi.nlm.nih.gov/pubmed/38369608
https://doi.org/10.1002/bcp.70369
https://www.ncbi.nlm.nih.gov/pubmed/41276277
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 29 of 41

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Bosch, F.; Mulder, F,; Franken, L.; Willemsen, A.; Rentinck, M.; van den Berg, P.; Bakker, S.L.; van der Velden, A.; van Es, N,;
Mathot, R.; et al. Effect of the P-Glycoprotein Inhibitor Tamoxifen on Edoxaban Plasma Levels in Women with Breast Cancer.
Thromb. Res. 2023, 228, 46-53. [CrossRef] [PubMed]

Yin, O.; Kakkar, T.; Duggal, A.; Kotsuma, M.; Shi, M.; Lanz, H.; Grosso, M.A. Edoxaban Exposure in Patients with Atrial
Fibrillation and Estimated Creatinine Clearance Exceeding 100 mL/min. Clin. Pharmacol. Drug Dev. 2022, 11, 666—674. [CrossRef]
[PubMed]

Stangier, J.; Rathgen, K ; Stahle, H.; Gansser, D.; Roth, W. The Pharmacokinetics, Pharmacodynamics and Tolerability of Dabigatran
Etexilate, a New Oral Direct Thrombin Inhibitor, in Healthy Male Subjects. Br. . Clin. Pharmacol. 2007, 64, 292-303. [CrossRef]
[PubMed]

Anliker-Ort, M.; Dingemanse, J.; Janti, L.; Kaufmann, P. Effect of Daridorexant on the Pharmacokinetics of P-Glycoprotein
Substrate Dabigatran Etexilate and Breast Cancer Resistance Protein Substrate Rosuvastatin in Healthy Subjects. Clin. Drug
Investig. 2023, 43, 827-837. [CrossRef] [PubMed]

Cox, D.S.; Rehman, M.; Khan, T.; Ginman, K,; Salageanu, J.; LaBadie, R.R.; Wan, K.; Damle, B. Effects of Nirmatrelvir/Ritonavir
on Midazolam and Dabigatran Pharmacokinetics in Healthy Participants. Br. |. Clin. Pharmacol. 2023, 89, 3352-3363. [CrossRef]
[PubMed]

Stangier, J.; Eriksson, B.I.; Dahl, O.E.; Ahnfelt, L.; Nehmiz, G.; Stahle, H.; Rathgen, K.; Svdrd, R. Pharmacokinetic Profile of the
Oral Direct Thrombin Inhibitor Dabigatran Etexilate in Healthy Volunteers and Patients Undergoing Total Hip Replacement. J.
Clin. Pharmacol. 2005, 45, 555-565. [CrossRef] [PubMed]

Rattanacheeworn, P.; Kerr, S.J.; Kittanamongkolchai, W.; Townamchai, N.; Udomkarnjananun, S.; Praditpornsilpa, K,
Thanusuwannasak, T.; Udomnilobol, U.; Jianmongkol, S.; Ongpipattanakul, B.; et al. Quantification of CYP3A and Drug
Transporters Activity in Healthy Young, Healthy Elderly and Chronic Kidney Disease Elderly Patients by a Microdose Cocktail
Approach. Front. Pharmacol. 2021, 12, 726669. [CrossRef] [PubMed]

Hsyu, P-H.; Pignataro, D.S.; Matschke, K. Effect of Bosutinib on the Absorption of Dabigatran Etexilate Mesylate, a P-Glycoprotein
Substrate, in Healthy Subjects. Eur. J. Clin. Pharmacol. 2017, 73, 57-63. [CrossRef] [PubMed]

Hirtter, S.; Sennewald, R.; Nehmiz, G.; Reilly, P. Oral Bioavailability of Dabigatran Etexilate (Pradaxa®) after Co-medication with
Verapamil in Healthy Subjects. Br. J. Clin. Pharmacol. 2013, 75, 1053-1062. [CrossRef] [PubMed]

Hartter, S.; Koenen-Bergmann, M.; Sharma, A.; Nehmiz, G.; Lemke, U.; Timmer, W.; Reilly, P.A. Decrease in the Oral Bioavailability
of Dabigatran Etexilate after Co-medication with Rifampicin. Br. J. Clin. Pharmacol. 2012, 74, 490-500. [CrossRef] [PubMed]
Schmith, V.D.; Graden, D.; Lohmer, L.L.R.; Schleyer, J.; Wanaski, S.P. The Effect of Ecopipam on the Pharmacokinetics of
Concomitant Medications. Clin. Transl. Sci. 2026, 19, €70490. [CrossRef] [PubMed]

Tatosian, D.A.; Yee, K.L.; Zhang, Z.; Mostoller, K.; Paul, E.; Sutradhar, S.; Larson, P.; Chhibber, A.; Wen, J.; Wang, Y.; et al. A
Microdose Cocktail to Evaluate Drug Interactions in Patients with Renal Impairment. Clin. Pharmacol. Ther. 2021, 109, 403—415.
[CrossRef] [PubMed]

Yalkinoglu, O.; Becker, A.; Krebs-Brown, A.; Vetter, C.; Lupfert, C.; Perrin, D.; Heuer, J.; Biedert, H.; Hirt, S.; Bytyqi, A.; et al.
Assessment of the Potential of the MET Inhibitor Tepotinib to Affect the Pharmacokinetics of CYP3A4 and P-Gp Substrates.
Investig. New Drugs 2023, 41, 596-605. [CrossRef] [PubMed]

Xie, Q.; Li, Y;; Liu, Z.; Mu, G.; Zhang, H.; Zhou, S.; Wang, Z.; Wang, Z.; Jiang, J.; Li, X.; et al. SLC4A4, FRAS1, and SULT1A1
Genetic Variations Associated with Dabigatran Metabolism in a Healthy Chinese Population. Front. Genet. 2022, 13, 873031.
[CrossRef] [PubMed]

Monk, S.A.; Kugler, AR.; Andersen, SW.; Ayan-Oshodi, M.A.; James, D.E.; Mullen, ]J.; Zimmer, J.A.; Willis, B.A. Clinically
Negligible Pharmacokinetic and Pharmacodynamic Interactions Between Lanabecestat and Dabigatran Etexilate, a Prototypical
P-gp Substrate. ]. Clin. Pharmacol. 2020, 60, 586-594. [CrossRef] [PubMed]

Liu, Y,; Yang, C.; Qi, W,; Pei, Z.; Xue, W.; Zhu, H.; Dong, M.; Guo, Y.; Cong, D.; Wang, F. The Impact of ABCB1 and CES1
Polymorphisms on Dabigatran Pharmacokinetics in Healthy Chinese Subjects. Pharmgenomics Pers. Med. 2021, 14, 477-485.
[CrossRef] [PubMed]

Halton, ].M.L.; Albisetti, M.; Biss, B.; Bomgaars, L.; Brueckmann, M.; Gropper, S.; Harper, R.; Huang, E; Luciani, M.; Maas, H.;
et al. Phase Ila Study of Dabigatran Etexilate in Children with Venous Thrombosis: Pharmacokinetics, Safety, and Tolerability.
J. Thromb. Haemost. 2017, 15, 2147-2157. [CrossRef] [PubMed]

Clemens, A.; van Ryn, J.; Sennewald, R.; Yamamura, N.; Stangier, J.; Feuring, M.; Hértter, S. Switching from Enoxaparin to
Dabigatran Etexilate: Pharmacokinetics, Pharmacodynamics, and Safety Profile. Eur. |. Clin. Pharmacol. 2012, 68, 607-616.
[CrossRef] [PubMed]

Yang, Z.; Li, Q.; Yu, D.; Zhang, X.; Wang, Y.; Liu, S.; Chen, L.; Zhou, Y.; Zeng, C.; Zeng, Y.; et al. A Single-Dose, Four-Cycle,
Fully Repetitive Crossover Bioequivalence of Dabigatran Etexilate in Chinese. BMC Pharmacol. Toxicol. 2025, 26, 62. [CrossRef]
[PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1016/j.thromres.2023.05.021
https://www.ncbi.nlm.nih.gov/pubmed/37269716
https://doi.org/10.1002/cpdd.1050
https://www.ncbi.nlm.nih.gov/pubmed/34877813
https://doi.org/10.1111/j.1365-2125.2007.02899.x
https://www.ncbi.nlm.nih.gov/pubmed/17506785
https://doi.org/10.1007/s40261-023-01310-6
https://www.ncbi.nlm.nih.gov/pubmed/37858005
https://doi.org/10.1111/bcp.15835
https://www.ncbi.nlm.nih.gov/pubmed/37354048
https://doi.org/10.1177/0091270005274550
https://www.ncbi.nlm.nih.gov/pubmed/15831779
https://doi.org/10.3389/fphar.2021.726669
https://www.ncbi.nlm.nih.gov/pubmed/34603040
https://doi.org/10.1007/s00228-016-2115-0
https://www.ncbi.nlm.nih.gov/pubmed/27717999
https://doi.org/10.1111/j.1365-2125.2012.04453.x
https://www.ncbi.nlm.nih.gov/pubmed/22946890
https://doi.org/10.1111/j.1365-2125.2012.04218.x
https://www.ncbi.nlm.nih.gov/pubmed/22348256
https://doi.org/10.1111/cts.70490
https://www.ncbi.nlm.nih.gov/pubmed/41635062
https://doi.org/10.1002/cpt.1998
https://www.ncbi.nlm.nih.gov/pubmed/32705692
https://doi.org/10.1007/s10637-023-01378-z
https://www.ncbi.nlm.nih.gov/pubmed/37415001
https://doi.org/10.3389/fgene.2022.873031
https://www.ncbi.nlm.nih.gov/pubmed/35646073
https://doi.org/10.1002/jcph.1558
https://www.ncbi.nlm.nih.gov/pubmed/31853995
https://doi.org/10.2147/PGPM.S291723
https://www.ncbi.nlm.nih.gov/pubmed/33935512
https://doi.org/10.1111/jth.13847
https://www.ncbi.nlm.nih.gov/pubmed/28921890
https://doi.org/10.1007/s00228-011-1205-2
https://www.ncbi.nlm.nih.gov/pubmed/22252796
https://doi.org/10.1186/s40360-025-00896-1
https://www.ncbi.nlm.nih.gov/pubmed/40087806
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 30 of 41

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Yang, D.Z.; Zhou, L.; Winton, J.A.; Matschke, K.T.; Kantaridis, C.; Doyle, K.; Lee, K.C.; Chen, N.; Zhang, Y.; Tan, W. Effect
of Vepdegestrant, a PROTAC Oestrogen Receptor Degrader, on Dabigatran and Rosuvastatin Pharmacokinetics in Healthy
Participants. Br. J. Clin. Pharmacol. 2025, 91, 3501-3510. [CrossRef] [PubMed]

Duan, J.; Yang, L.; Li, H.; Yamamura, N.; Harada, A. Pharmacokinetics and Safety of Dabigatran Etexilate after Single and
Multiple Oral Doses in Healthy Chinese Subjects. Eur. J. Drug Metab. Pharmacokinet. 2020, 45, 601-609. [CrossRef] [PubMed]
Yasaka, M.; Ikushima, I.; Harada, A.; Imazu, S.; Taniguchi, A.; Norris, S.; Gansser, D.; Stangier, J.; Schmohl, M.; Reilly, P.A.
Safety, Pharmacokinetics and Pharmacodynamics of Idarucizumab, a Specific Dabigatran Reversal Agent in Healthy Japanese
Volunteers: A Randomized Study. Res. Pract. Thromb. Haemost. 2017, 1, 202-215. [CrossRef] [PubMed]

Stangier, J.; Rathgen, K.; Stahle, H.; Reseski, K.; Kornicke, T.; Roth, W. Coadministration of Dabigatran Etexilate and Atorvastatin.
Am. J. Cardiovasc. Drugs 2009, 9, 59-68. [CrossRef] [PubMed]

Martin, J.L.; Esmaeili, H.; Manuel, R.C.; Petrini, M.; Wiebe, S.; Maas, H. Pharmacokinetics/Pharmacodynamics of Dabigatran 75
Mg Twice Daily in Patients with Nonvalvular Atrial Fibrillation and Severely Impaired Renal Function. J. Cardiovasc. Pharmacol.
Ther. 2018, 23, 399-406. [CrossRef] [PubMed]

Stangier, J.; Stahle, H.; Rathgen, K.; Roth, W.; Reseski, K.; Kornicke, T. Pharmacokinetics and Pharmacodynamics of Dabigatran
Etexilate, an Oral Direct Thrombin Inhibitor, with Coadministration of Digoxin. J. Clin. Pharmacol. 2012, 52, 243-250. [CrossRef]
[PubMed]

Wang, Z.; Zhao, X.; He, P; Chen, S.; Jiang, J.; Harada, A.; Brooks, S.; Cui, Y. Idarucizumab Reverses Dabigatran Anticoagulant
Activity in Healthy Chinese Volunteers: A Pharmacokinetics, Pharmacodynamics, and Safety Study. Adv. Ther. 2020, 37,
3916-3928. [CrossRef] [PubMed]

Eriksson, B.I; Mikuska, Z.; Feuring, M.; Amiral, ].; Haertter, S.; Stangier, J.; Nehmiz, G.; Weitz, J.I. An Open-Label Study of the
Pharmacokinetics and Pharmacodynamics of Dabigatran Etexilate 150 mg Once Daily in Caucasian Patients with Moderate Renal
Impairment Undergoing Primary Unilateral Elective Total Knee or Hip Replacement Surgery. Thromb. Res. 2016, 144, 158-164.
[CrossRef] [PubMed]

Hartter, S.; Sennewald, R.; Schepers, C.; Baumann, S.; Fritsch, H.; Friedman, J. Pharmacokinetic and Pharmacodynamic Effects of
Comedication of Clopidogrel and Dabigatran Etexilate in Healthy Male Volunteers. Eur. J. Clin. Pharmacol. 2013, 69, 327-339.
[CrossRef] [PubMed]

Lim, H.S.; Kim, J.H.; Hong, ].H.; Jung, J.; Sunwoo, J. Phase 1 Evaluation of the Bioequivalence and Drug-Drug Interaction
Potential of a Novel Fixed-Dose Combination of Ezetimibe, Atorvastatin, and Amlodipine. Clin. Pharmacol. Drug Dev. 2024, 13,
1345-1354. [CrossRef] [PubMed]

Rohatagi, S.; Lee, J.; Shenouda, M.; Haworth, S.; Bathala, M.S.; Allison, M.; Rubets, I.; Heyrman, R.; Noveck, R.; Salazar, D.E.
Pharmacokinetics of Amlodipine and Olmesartan After Administration of Amlodipine Besylate and Olmesartan Medoxomil in
Separate Dosage Forms and as a Fixed-Dose Combination. J. Clin. Pharmacol. 2008, 48, 1309-1322. [CrossRef] [PubMed]

Park, J.-Y,; Kim, K.-A,; Lee, G.-S.; Park, P.-W.; Kim, S.-L,; Lee, Y.-S.; Lee, Y.-W.; Shin, E.-K. Randomized, Open-Label, Two-Period
Crossover Comparison of the Pharmacokinetic and Pharmacodynamic Properties of Two Amlodipine Formulations in Healthy
Adult Male Korean Subjects. Clin. Ther. 2004, 26, 715-723. [CrossRef] [PubMed]

Park, ].-Y,; Kim, K.-A.; Park, P.-W,; Lee, O.-].; Hyeon Ryu, J.; Hyeog Lee, G.; Choun Ha, M.; Sun Kim, J.; Woo Kang, S.; Ryul Lee, K.
Pharmacokinetic and Pharmacodynamic Characteristics of a New S-Amlodipine Formulation in Healthy Korean Male Subjects:
A Randomized, Open-Label, Two-Period, Comparative, Crossover Study. Clin. Ther. 2006, 28, 1837-1847. [CrossRef] [PubMed]
Kim, K.; Park, P; Park, J. Effect of ABCB1 (MDR1) Haplotypes Derived from G2677T/C3435T on the Pharmacokinetics of
Amlodipine in Healthy Subjects. Br. J. Clin. Pharmacol. 2007, 63, 53-58. [CrossRef] [PubMed]

Kim, K.; Park, P,; Park, J. Effect of Cytochrome P450 3A5*3 Genotype on the Stereoselective Pharmacokinetics of Amlodipine in
Healthy Subjects. Chirality 2009, 21, 485-491. [CrossRef] [PubMed]

Zuo, X.; Zhou, Y,; Zhang, B.; Yang, G.; Cheng, Z.; Yuan, H.; Ouyang, D.; Liu, S.; Barrett, ].S.; Li, P; et al. Effect of CYP3A5*3
Polymorphism on Pharmacokinetic Drug Interaction between Tacrolimus and Amlodipine. Drug Metab. Pharmacokinet. 2013, 28,
398-405. [CrossRef] [PubMed]

Setiawati, E.; Sukmayadi; Yunaidi, D.A.; Handayani, L.R.; Harinanto, G.; Santoso, I.D.; Deniati, S.H. Comparative Bioavailability
Cf Two Amlodipine Formulation in Healthy Volunteers. Arzneimittelforschung 2007, 57, 467—471. [CrossRef]

Deng, Q.; Yang, D.; Cheng, Y.; Liu, Z.; Zhou, Y.; Wang, Y.; Su, Z.; Yang, H. A Single-Dose, Randomized, Crossover Bioequivalence
Study of Levamlodipine Besilate Tablets in Healthy Subjects. Naunyn. Schmiedebergs. Arch. Pharmacol. 2025, 398, 3955-3964.
[CrossRef] [PubMed]

Mei, Y.; Zuo, X.; Zhang, T.; Bu, Z.; Xu, Z. Pharmacokinetic and Bioequivalence of Two Formulations of Valsartan/Amlodipine
Tablet(I) in Healthy Chinese Volunteers: A Randomized, Three-Period, Partially Replicated Crossover Study. Sci. Rep. 2025,
16, 2664. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1002/bcp.70198
https://www.ncbi.nlm.nih.gov/pubmed/40825714
https://doi.org/10.1007/s13318-020-00626-4
https://www.ncbi.nlm.nih.gov/pubmed/32474728
https://doi.org/10.1002/rth2.12029
https://www.ncbi.nlm.nih.gov/pubmed/30046691
https://doi.org/10.1007/BF03256595
https://www.ncbi.nlm.nih.gov/pubmed/19178132
https://doi.org/10.1177/1074248418769167
https://www.ncbi.nlm.nih.gov/pubmed/29695165
https://doi.org/10.1177/0091270010393342
https://www.ncbi.nlm.nih.gov/pubmed/21868715
https://doi.org/10.1007/s12325-020-01439-2
https://www.ncbi.nlm.nih.gov/pubmed/32691242
https://doi.org/10.1016/j.thromres.2016.06.017
https://www.ncbi.nlm.nih.gov/pubmed/27352238
https://doi.org/10.1007/s00228-012-1304-8
https://www.ncbi.nlm.nih.gov/pubmed/22782539
https://doi.org/10.1002/cpdd.1472
https://www.ncbi.nlm.nih.gov/pubmed/39330938
https://doi.org/10.1177/0091270008322176
https://www.ncbi.nlm.nih.gov/pubmed/18974285
https://doi.org/10.1016/S0149-2918(04)90071-9
https://www.ncbi.nlm.nih.gov/pubmed/15220015
https://doi.org/10.1016/j.clinthera.2006.11.008
https://www.ncbi.nlm.nih.gov/pubmed/17213004
https://doi.org/10.1111/j.1365-2125.2006.02733.x
https://www.ncbi.nlm.nih.gov/pubmed/16869811
https://doi.org/10.1002/chir.20588
https://www.ncbi.nlm.nih.gov/pubmed/18752284
https://doi.org/10.2133/dmpk.DMPK-12-RG-148
https://www.ncbi.nlm.nih.gov/pubmed/23438946
https://doi.org/10.1055/s-0031-1296633
https://doi.org/10.1007/s00210-024-03513-w
https://www.ncbi.nlm.nih.gov/pubmed/39377925
https://doi.org/10.1038/s41598-025-32576-9
https://www.ncbi.nlm.nih.gov/pubmed/41390557
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 31 of 41

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Lesko, L.J.; Offman, E.; Brew, C.T,; Garza, D.; Benton, W.; Mayo, M.R.; Romero, A.; Du Mond, C.; Weir, M.R. Evaluation of the
Potential for Drug Interactions with Patiromer in Healthy Volunteers. . Cardiovasc. Pharmacol. Ther. 2017, 22, 434-446. [CrossRef]
[PubMed]

Chung, M.; Calcagni, A.; Glue, P.; Bramson, C. Bioavailability of Amlodipine Besylate/Atorvastatin Calcium Combination Tablet.
J. Clin. Pharmacol. 2006, 46, 1030-1037. [CrossRef] [PubMed]

Kim, J.H.; Song, ].H.; Kim, M.; Hong, ].H.; Sunwoo, J.; Jung, J.-G. Pharmacokinetic Comparison of a Fixed-Dose Combination of
Candesartan Cilexetil/ Amlodipine/Atorvastatin Versus Co-Administration of Individual Formulations in Healthy Participants.
Adv. Ther. 2024, 41, 2808-2825. [CrossRef] [PubMed]

Kungys, G.; Naujoks, H.; Wanner, C. Pharmacokinetics of Amlodipine in Hypertensive Patients Undergoing Haemodialysis. Eur.
J. Clin. Pharmacol. 2003, 59, 291-295. [CrossRef] [PubMed]

Nam, ].-H.; Oh, M,; Kim, H.].; Han, S.K,; Kim, E.J.; Song, G.S.; Kim, E.-Y.; Shin, J.-G.; Ghim, ]J.-L.; Kim, H.-S. Pharmacokinetic
Comparison of Amlodipine Adipate/Valsartan Fixed-Dose Combination with Amlodipine Besylate/Valsartan Fixed-Dose
Combination in Healthy Volunteers. Int. ]. Clin. Pharmacol. Ther. 2015, 53, 66-74. [CrossRef] [PubMed]

Park, J.-Y,; Kim, K.-A; Park, P-W.; Lee, O.-].; Kim, J.S.; Lee, G.H.; Ha, M.C,; Park, ]. H.; O, M.J.; Ryu, J.H. Comparative
Pharmacokinetic and Pharmacodynamic Characteristics of Amlodipine Besylate and Amlodipine Nicotinate in Healthy Subjects.
Int. ]. Clin. Pharmacol. Ther. 2006, 44, 641-647. [CrossRef] [PubMed]

Li, T,; Liu, Y,; Liu, S.; Shi, P; Jiang, X.; Tao, Y.; Gao, X.; Ma, Y.; Cao, Y. Bioequivalence Evaluation and Food Effect Assessment of
Lisinopril/ Amlodipine Tablets in Healthy Chinese Subjects under Fasting and Fed Conditions. BMC Pharmacol. Toxicol. 2022,
23,45. [CrossRef] [PubMed]

Nwe, H.H,; Bullman, J.N.; Joshi, S.M.; Stylianou, A.; Kapsi, S.G. The Relative Bioavailability of 2 Prototype Fixed-dose Combina-
tion Formulations for Amlodipine and Rosuvastatin in Healthy White and Chinese Subjects. Clin. Pharmacol. Drug Dev. 2016, 5,
131-140. [CrossRef] [PubMed]

Chien, K.-L.; Chao, C.-L.; Su, T.-C. Bioavailability Study of Fixed-Dose Tablet versus Capsule Formulation of Amlodipine plus
Benazepril: A Randomized, Single-Dose, Two-Sequence, Two-Period, Open-Label, Crossover Study in Healthy Volunteers. Curr.
Ther. Res. 2005, 66, 69-79. [CrossRef] [PubMed]

Chen, X,; Hu, P; Jiang, J.; Liu, T.; Zhong, W.; Liu, H.; Zhao, Q. Pharmacokinetic and Pharmacodynamic Profiles of a Fixed-Dose
Combination of Olmesartan Medoxomil and Amlodipine in Healthy Chinese Males and Females. Clin. Drug Investig. 2012, 32,
783-790. [CrossRef] [PubMed]

Moon, S.J.; Hong, S.H.; Lim, Y.; Chung, J. Pharmacokinetic Interaction Among Amlodipine, Losartan, and Chlorthalidone after a
Single Oral Administration in Healthy Male Subjects. Clin. Pharmacol. Drug Dev. 2026, 15, €70024. [CrossRef] [PubMed]

Lee, J.E.; van Heeswijk, R.; Alves, K.; Smith, F; Garg, V. Effect of the Hepatitis C Virus Protease Inhibitor Telaprevir on the
Pharmacokinetics of Amlodipine and Atorvastatin. Antimicrob. Agents Chemother. 2011, 55, 4569-4574. [CrossRef] [PubMed]
Kang, W.Y;; Seong, S.J.; Ohk, B.; Gwon, M.-R.; Kim, B.K,; La, S.; Kim, H.-J.; Cho, S.; Yoon, Y.-R.; Yang, D.H.; et al. Pharmacokinetic
and Bioequivalence Study of a Telmisartan/S-Amlodipine Fixed-Dose Combination (CKD-828) Formulation and Coadministered
Telmisartan and S-Amlodipine in Healthy Subjects. Drug Des. Dev. Ther. 2018, 12, 545-553. [CrossRef] [PubMed]

Oh, M.].; Hwang, HH.; Kim, H.G.; Lee, G.H.; Cho, Y.-5.; Lee, S.Y.; Kang, S.Y.; Cho, K.H,; Lee, Y.Y.; Lee, Y.J.; et al. Bioequivalence
Study of a New Fixed-Dose Combination Tablet Containing S-Amlodipine Nicotinate and Olmesartan Medoxomil in Healthy
Korean Male Subjects. Clin. Ther. 2017, 39, 1371-1379. [CrossRef] [PubMed]

Zimmermann, T.; Laufen, H.; Yeates, R.; Scharpf, F.; Riedel, K.; Schumacher, T. The Pharmacokinetics of Extended-Release
Formulations of Calcium Antagonists and of Amlodipine in Subjects with Different Gastrointestinal Transit Times. J. Clin.
Pharmacol. 1999, 39, 1021-1031. [CrossRef] [PubMed]

Jung,J.; Lee, S.; Oh, J.; Lee, S.; Jang, I.-].; Lee, D.; Yu, K.-S. Pharmacokinetic Comparison between a Fixed-Dose Combination of Fi-
masartan/Amlodipine/Hydrochlorothiazide 60/10/25 mg and a Corresponding Loose Combination of Fimasartan/Amlodipine
60/25 Mg and Hydrochlorothiazide 25 Mg in Healthy Subjects. Transl. Clin. Pharmacol. 2021, 29, 53—64. [CrossRef] [PubMed]
Lee, S.-Y;; Kim, J.-R.; Huh, W,; Bahng, M.-Y.; Ko, ].-W.; Jung, J.A. Bioequivalence Evaluation of Two Amlodipine Salts, Besylate
and Orotate, Each in a Fixed-Dose Combination with Olmesartan in Healthy Subjects. Drug Des. Dev. Ther. 2015, 9, 2811-2817.
[CrossRef] [PubMed]

Kim, B.-H.; Kim, J.-R.; Kim, M.-G.; Kim, K.-P;; Lee, B.-Y,; Jang, I.-].; Shin, S.-G.; Yu, K.-5. Pharmacodynamic (Hemodynamic) and
Pharmacokinetic Comparisons of S-Amlodipine Gentisate and Racemate Amlodipine Besylate in Healthy Korean Male Volunteers:
Two Double-Blind, Randomized, Two-Period, Two-Treatment, Two-Sequence, Double-Dummy, Single-Dose Crossover Studies.
Clin. Ther. 2010, 32, 193-205. [CrossRef] [PubMed]

Yang, E; Lee, S.; Lee, H.; Hwang, I; Jang, L.-].; Yu, K.-S.; Lee, S. Pharmacokinetic Comparison between Fixed-Dose Combination
of Fimasartan/Amlodipine 60/10 mg and the Corresponding Loose Combination through Partial Replicated Crossover Study in
Healthy Subjects. Transl. Clin. Pharmacol. 2019, 27, 134-140. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1177/1074248417691135
https://www.ncbi.nlm.nih.gov/pubmed/28585859
https://doi.org/10.1177/0091270006291031
https://www.ncbi.nlm.nih.gov/pubmed/16920898
https://doi.org/10.1007/s12325-024-02869-y
https://www.ncbi.nlm.nih.gov/pubmed/38771476
https://doi.org/10.1007/s00228-003-0620-4
https://www.ncbi.nlm.nih.gov/pubmed/12845505
https://doi.org/10.5414/CP202045
https://www.ncbi.nlm.nih.gov/pubmed/25034618
https://doi.org/10.5414/CPP44641
https://www.ncbi.nlm.nih.gov/pubmed/17190374
https://doi.org/10.1186/s40360-022-00590-6
https://www.ncbi.nlm.nih.gov/pubmed/35794660
https://doi.org/10.1002/cpdd.214
https://www.ncbi.nlm.nih.gov/pubmed/27138026
https://doi.org/10.1016/j.curtheres.2005.04.005
https://www.ncbi.nlm.nih.gov/pubmed/24672114
https://doi.org/10.1007/s40261-012-0026-0
https://www.ncbi.nlm.nih.gov/pubmed/23160920
https://doi.org/10.1002/cpdd.70024
https://www.ncbi.nlm.nih.gov/pubmed/41549823
https://doi.org/10.1128/AAC.00653-11
https://www.ncbi.nlm.nih.gov/pubmed/21825288
https://doi.org/10.2147/DDDT.S156492
https://www.ncbi.nlm.nih.gov/pubmed/29559771
https://doi.org/10.1016/j.clinthera.2017.05.355
https://www.ncbi.nlm.nih.gov/pubmed/28625505
https://doi.org/10.1177/00912709922011782
https://www.ncbi.nlm.nih.gov/pubmed/10516936
https://doi.org/10.12793/tcp.2021.29.e5
https://www.ncbi.nlm.nih.gov/pubmed/33855001
https://doi.org/10.2147/DDDT.S82820
https://www.ncbi.nlm.nih.gov/pubmed/26082611
https://doi.org/10.1016/j.clinthera.2010.01.017
https://www.ncbi.nlm.nih.gov/pubmed/20171424
https://doi.org/10.12793/tcp.2019.27.4.134
https://www.ncbi.nlm.nih.gov/pubmed/32095481
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 32 of 41

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Kim, S.; Ko, J.; Kim, J. Pharmacokinetic and Safety Profiles of a Fixed-Dose Combination of Amlodipine, Valsartan, and
Atorvastatin: A 3-Period Replicate Crossover Study. Clin. Pharmacol. Drug Dev. 2020, 9, 386-394. [CrossRef] [PubMed]

Choi, H.Y.; Kim, Y.H.; Kim, M.].; Noh, Y.-H.; Lee, S.H.; Bae, K.-S.; Lim, H.-S. Pharmacokinetics, Tolerability, and Safety of the
Single Oral Administration of AGSAV301 vs Exforge: A Randomized Crossover Study of Healthy Male Volunteers. Am. ].
Cardiovasc. Drugs 2014, 14, 63-72. [CrossRef] [PubMed]

Faulkner, J.; McGibney, D.; Chasseaud, L.; Perry, ].; Taylor, I. The Pharmacokinetics of Amlodipine in Healthy Volunteers after
Single Intravenous and Oral Doses and after 14 Repeated Oral Doses given Once Daily. Br. J. Clin. Pharmacol. 1986, 22, 21-25.
[CrossRef] [PubMed]

Kim, Y.; Son, M.; Lee, D.; Roh, H.; Son, H.; Chae, D.; Bahng, M.Y.; Park, K. Pharmacokinetic Comparison of 2 Fixed-Dose
Combination Tablets of Amlodipine and Valsartan in Healthy Male Korean Volunteers: A Randomized, Open-Label, 2-Period,
Single-Dose, Crossover Study. Clin. Ther. 2013, 35, 934-940. [CrossRef] [PubMed]

Sailer, R.; Arnold, P.; Erenmemisoglu, A.; Martin, W.; Tamur, U.; Kanzik, I.; Hincal, A. Pharmacokinetics and Bioequivalence Study
of a Generic Amlodipine Tablet Formulation in Healthy Male Volunteers. Arzneimittelforschung 2011, 57, 462—-466. [CrossRef]
[PubMed]

Moon, S.J.; Jeon, J.-Y; Yu, K.-S.; Kim, M.-G. Pharmacokinetic Interaction Among Telmisartan, Amlodipine, and Hydrochloroth-
iazide After a Single Oral Administration in Healthy Male Subjects. Clin. Ther. 2019, 41, 2273-2282. [CrossRef] [PubMed]

Song, H.; Qiu, B.; Sun, X.; Guo, C.; Hu, Y,; Dong, Z.; Liu, Y.; Bai, W. Bioequivalence Study of Single-Pill Capsule Formulation
of Amlodipine Plus Benazepril in Healthy Chinese Subjects Under Fasting and Fed Conditions. Drug Des. Dev. Ther. 2025, 19,
1853-1868. [CrossRef] [PubMed]

Wang, T.; Wang, Y,; Lin, S.; Fang, L.; Lou, S.; Zhao, D.; Zhu, J.; Yang, Q.; Wang, Y. Evaluation of Pharmacokinetics and Safety with
Bioequivalence of Amlodipine in Healthy Chinese Volunteers: Bioequivalence Study Findings. J. Clin. Lab. Anal. 2020, 34, e23228.
[CrossRef] [PubMed]

Lv, C.; Wei, C.; Wang, X.; Yao, H.; Li, R.; Wang, B.; Guo, R. The Influence of Food on the Pharmacokinetics of Amlodipine
and Losartan after Single-Dose of Its Compound Tablets in Healthy Chinese Subjects. Drug Res. 2013, 64, 229-235. [CrossRef]
[PubMed]

Liu, Y; Jia, J.; Liu, G.; Li, S;; Lu, C,; Liu, Y.; Yu, C. Pharmacokinetics and Bioequivalence Evaluation of Two Formulations of 10-Mg
Amlodipine Besylate: An Open-Label, Single-Dose, Randomized, Two-Way Crossover Study in Healthy Chinese Male Volunteers.
Clin. Ther. 2009, 31, 777-783. [CrossRef] [PubMed]

Choi, Y;; Lee, S.; Cho, S.-M.; Kang, W.-H.; Nam, K.-Y;; Jang, I.-].; Yu, K.-S. Comparisons of the Pharmacokinetics and Tolerability
of Fixed-Dose Combinations of Amlodipine Besylate/Losartan and Amlodipine Camsylate/Losartan in Healthy Subjects: A
Randomized, Open-Label, Single-Dose, Two-Period, Two-Sequence Crossover Study. Drug Des. Dev. Ther. 2016, 10, 3021-3028.
[CrossRef] [PubMed]

Li, X.; Mo, E.; Chen, L. Pharmacokinetics and Bioequivalence Evaluation of 2 Olmesartan Medoxomil and Amlodipine Besylate
Fixed-Dose Combination Tablets in Healthy Chinese Volunteers Under Fasting and Fed Conditions. Clin. Pharmacol. Drug Dev.
2022, 11, 761-769. [CrossRef] [PubMed]

Park, J.-W.; Chung, H; Kim, J.-M.; Kim, N.Y.; Hong, S.H.; Kim, K.-A.; Park, J.-Y. Pharmacokinetics of a Fixed-Dose Combination
Product of Amlodipine, Losartan, Ezetimibe, and Rosuvastatin and Its Comparison with Co-Administration of Four Individual
Components in Healthy Participants. Drugs R D 2024, 24, 179-186. [CrossRef] [PubMed]

Tian, M.; Huang, J.; Chen, Y,; Jin, Q.; Jiang, H.; Shi, C.; Mei, ].; Xu, M.; Yu, X.; Yang, S. Pharmacokinetics and Bioequivalence of
Two Fixed-Dose Combination Tablets of Valsartan/Amlodipine (80/5 mg) in Healthy Chinese Subjects. Drug Des. Dev. Ther. 2025,
19, 11-22. [CrossRef] [PubMed]

Chen, B.; Chen, Z; Lv, D.; Sun, Y.; Chen, H. Pharmacokinetics, Bioequivalence, and Safety Studies of Amlodipine Besylate in
Healthy Subjects. Clin. Pharmacol. Drug Dev. 2022, 11, 717-723. [CrossRef] [PubMed]

Lee, HW.; Kang, W.Y,; Jung, W.; Gwon, M.-R.; Yang, D.H.; Kim, E.H.; Cho, K.; Yoon, Y.-R.; Seong, S.J. Pharmacokinetics and
Bioequivalence of Fixed-Dose Combination of Candesartan Cilexetil/ Amlodipine Besylate (16/10 mg) versus Coadministration
of Individual Formulations in Healthy Subjects. Transl. Clin. Pharmacol. 2020, 28, 92. [CrossRef] [PubMed]

Jeon, I.; Moon, S.J.; Park, S.; Choi, Y.; Jung, J.; Yu, K.; Chung, J. Pharmacokinetics of a Fixed-Dose Combination of Amlodip-
ine/Losartan and Chlorthalidone Compared to Concurrent Administration of the Separate Components. Clin. Pharmacol. Drug
Dev. 2022, 11, 91-99. [CrossRef] [PubMed]

Leenen, FH.H.; Coletta, E. Pharmacokinetic and Antihypertensive Profile of Amlodipine and Felodipine-ER in Younger Versus
Older Patients with Hypertension. J. Cardiovasc. Pharmacol. 2010, 56, 669-675. [CrossRef] [PubMed]

Vaidyanathan, S.; Valencia, J.; Kemp, C.; Zhao, C.; Yeh, C.-M.; Bizot, M.-N.; Denouel, J.; Dieterich, H.A.; Dole, W.P. Lack
of Pharmacokinetic Interactions of Aliskiren, a Novel Direct Renin Inhibitor for the Treatment of Hypertension, with the
Antihypertensives Amlodipine, Valsartan, Hydrochlorothiazide (HCTZ) and Ramipril in Healthy Volunteers. Int. ]. Clin. Pract.
2006, 60, 1343-1356. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1002/cpdd.727
https://www.ncbi.nlm.nih.gov/pubmed/31373174
https://doi.org/10.1007/s40256-013-0051-2
https://www.ncbi.nlm.nih.gov/pubmed/24174172
https://doi.org/10.1111/j.1365-2125.1986.tb02874.x
https://www.ncbi.nlm.nih.gov/pubmed/2943308
https://doi.org/10.1016/j.clinthera.2013.05.021
https://www.ncbi.nlm.nih.gov/pubmed/23870605
https://doi.org/10.1055/s-0031-1296632
https://www.ncbi.nlm.nih.gov/pubmed/17803059
https://doi.org/10.1016/j.clinthera.2019.08.020
https://www.ncbi.nlm.nih.gov/pubmed/31564513
https://doi.org/10.2147/DDDT.S498337
https://www.ncbi.nlm.nih.gov/pubmed/40098905
https://doi.org/10.1002/jcla.23228
https://www.ncbi.nlm.nih.gov/pubmed/32034814
https://doi.org/10.1055/s-0033-1357143
https://www.ncbi.nlm.nih.gov/pubmed/24132705
https://doi.org/10.1016/j.clinthera.2009.04.013
https://www.ncbi.nlm.nih.gov/pubmed/19446150
https://doi.org/10.2147/DDDT.S113891
https://www.ncbi.nlm.nih.gov/pubmed/27703330
https://doi.org/10.1002/cpdd.1086
https://www.ncbi.nlm.nih.gov/pubmed/35289500
https://doi.org/10.1007/s40268-024-00460-y
https://www.ncbi.nlm.nih.gov/pubmed/38775910
https://doi.org/10.2147/DDDT.S485851
https://www.ncbi.nlm.nih.gov/pubmed/39781445
https://doi.org/10.1002/cpdd.1064
https://www.ncbi.nlm.nih.gov/pubmed/34981666
https://doi.org/10.12793/tcp.2020.28.e8
https://www.ncbi.nlm.nih.gov/pubmed/32656160
https://doi.org/10.1002/cpdd.963
https://www.ncbi.nlm.nih.gov/pubmed/34159751
https://doi.org/10.1097/FJC.0b013e3181fc45bb
https://www.ncbi.nlm.nih.gov/pubmed/20881606
https://doi.org/10.1111/j.1742-1241.2006.01164.x
https://www.ncbi.nlm.nih.gov/pubmed/17073832
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 33 of 41

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

He, Y.; Ligueros-Saylan, M.; Sunkara, G.; Sabo, R.; Zhao, C.; Wang, Y.; Campestrini, J.; Pommier, E; Dole, K.; Marion, A.; et al.
Vildagliptin, a Novel Dipeptidyl Peptidase IV Inhibitor, Has No Pharmacokinetic Interactions with the Antihypertensive Agents
Amlodipine, Valsartan, and Ramipril in Healthy Subjects. J. Clin. Pharmacol. 2008, 48, 85-95. [CrossRef] [PubMed]

Yi, S.; Kim, T.-E.; Yoon, S.H.; Cho, J.-Y,; Shin, S.-G.; Jang, I.-J.; Yu, K.-S. Pharmacokinetic Interaction of Fimasartan, a New
Angiotensin II Receptor Antagonist, with Amlodipine in Healthy Volunteers. ]. Cardiovasc. Pharmacol. 2011, 57, 682-689.
[CrossRef] [PubMed]

Noh, Y.-H.; Lim, H.-S.; Kim, M.].; Kim, Y.H.; Choi, H.Y; Sung, H.R; Jin, S.-J.; Lim, J.; Bae, K.-S. Pharmacokinetic Interaction of
Telmisartan with S-Amlodipine: An Open-Label, Two-Period Crossover Study in Healthy Korean Male Volunteers. Clin. Ther.
2012, 34, 1625-1635. [CrossRef] [PubMed]

Glesby, M.; Aberg, J.; Kendall, M.; Fichtenbaum, C.; Hafner, R.; Hall, S.; Grosskopf, N.; Zolopa, A.; Gerber, J. Pharmacokinetic
Interactions between Indinavir plus Ritonavir and Calcium Channel Blockers. Clin. Pharmacol. Ther. 2005, 78, 143-153. [CrossRef]
[PubMed]

Bhad, P.; Ayalasomayajula, S.; Karan, R.; Leon, S.; Riviere, G.-J.; Sunkara, G.; Jarugula, V. Evaluation of Pharmacokinetic
Interactions Between Amlodipine, Valsartan, and Hydrochlorothiazide in Patients with Hypertension. J. Clin. Pharmacol. 2011, 51,
933-942. [CrossRef] [PubMed]

Kim, C.O,; Sil Oh, E.; Kim, C.; Park, M.S. Pharmacokinetic Interaction Between Amlodipine and Lobeglitazone, a Novel
Peroxisome Proliferator—Activated Receptor-y Agonist, in Healthy Subjects. Clin. Ther. 2015, 37, 1999-2006.el. [CrossRef]
[PubMed]

Seong, S.J.; Ohk, B.; Kang, W.Y.; Gwon, M.-R.; Kim, B.K.; Cho, S.; Yang, D.H.; Lee, HW.; Yoon, Y.-R. Pharmacokinetic Drug
Interactions Between Amlodipine, Valsartan, and Rosuvastatin in Healthy Volunteers. Adv. Ther. 2019, 36, 1642-1656. [CrossRef]
[PubMed]

Gundlach, K.; Wolf, K.; Salem, I.; Randerath, O.; Seiler, D. Safety of Candesartan, Amlodipine, and Atorvastatin in Combination:
Interaction Study in Healthy Subjects. Clin. Pharmacol. Drug Dev. 2021, 10, 190-197. [CrossRef] [PubMed]

Ryu, H.; Kim, H.C,; Jeon, L; Jang, I.-J.; Cho, J.-Y,; Kim, K.T.; Oh, J. Pharmacokinetic Interactions Between the Fixed-Dose
Combination of Ezetimibe /Rosuvastatin 10/20 Mg and the Fixed-Dose Combination of Telmisartan/Amlodipine 80/5 mg in
Healthy Subjects. Drug Des. Dev. Ther. 2024, 18, 2641-2652. [CrossRef] [PubMed]

Stangier, J.; Su, C.A. Pharmacokinetics of Repeated Oral Doses of Amlodipine and Amlodipine plus Telmisartan in Healthy
Volunteers. J. Clin. Pharmacol. 2000, 40, 1347-1354. [CrossRef]

Son, M.; Guk, J.; Kim, Y.; Woo Chae, D.; Heo, Y.-A.; Soh, D.; Park, K. Pharmacokinetic Interaction Between Rosuvastatin,
Telmisartan, and Amlodipine in Healthy Male Korean Subjects: A Randomized, Open-Label, Multiple-Dose, 2-Period Crossover
Study. Clin. Ther. 2016, 38, 1845-1857. [CrossRef] [PubMed]

Doyle, G.D.; Donohue, J.; Carmody, M.; Laher, M.; Greb, H.; Volz, M. Pharmacokinetics of Amlodipine in Renal Impairment. Eur.
J. Clin. Pharmacol. 1989, 36, 205-208. [CrossRef] [PubMed]

Moon, S.J.; Jeon, J.-Y,; Jang, K.; Yu, K.-S.; Lim, Y.; Kim, M.-G. Pharmacokinetic Interactions between Telmisartan/Amlodipine and
Rosuvastatin after Multiple Oral Administrations in Healthy Korean Male Subjects. Drug Des. Dev. Ther. 2019, 13, 2533-2542.
[CrossRef] [PubMed]

Liu, J; Li, X,; Zhang, H.; Liu, Y.; Wu, M,; Niu, J.; Ding, Y. S-Amlodipine-Bisoprolol Combination Therapy Caused Elevated
Transaminases and Triglyceride Levels in Healthy Chinese Subjects: A Randomized Controlled, Open-Label, Multiple-Dose
Pharmacokinetic Interaction Study. Expert Opin. Drug Metab. Toxicol. 2019, 15, 687-695. [CrossRef] [PubMed]

Park, J.; Kim, K,; Il Kim, Y.; Park, J. Pharmacokinetic and Haemodynamic Interactions between Amlodipine and Losartan in
Human Beings. Basic Clin. Pharmacol. Toxicol. 2019, 125, 345-352. [CrossRef] [PubMed]

Kim, H.; Lee, S.H.; Jung, J.; Hong, S.; Lim, H.-S. Pharmacokinetic Drug Interaction Between Amlodipine and Tadalafil: An
Open-Label, Randomized, Multiple-Dose Crossover Study in Healthy Male Volunteers. Drug Des. Dev. Ther. 2022, 16, 425-433.
[CrossRef] [PubMed]

Gillen, M.; Yang, C.; Wilson, D.; Valdez, S.; Lee, C.; Kerr, B.; Shen, Z. Evaluation of Pharmacokinetic Interactions Between
Lesinurad, a New Selective Urate Reabsorption Inhibitor, and CYP Enzyme Substrates Sildenafil, Amlodipine, Tolbutamide, and
Repaglinide. Clin. Pharmacol. Drug Dev. 2017, 6, 363-376. [CrossRef] [PubMed]

Blychert, E.; Hedner, T.; Dahlof, C.; Elmfeldt, D. Plasma Concentration—Effect Relationships of Intravenous and Extended-Release
Oral Felodipine in Hypertensive Patients. J. Cardiovasc. Pharmacol. 1990, 15, 428-435. [CrossRef] [PubMed]

Regardh, C.G.; Edgar, B.; Olsson, R.; Kendall, M.; Collste, P.; Shansky, C. Pharmacokinetics of Felodipine in Patients with Liver
Disease. Eur. J. Clin. Pharmacol. 1989, 36, 473—-479. [CrossRef] [PubMed]

Bengtsson-Hasselgren, B.; Elmfeldt, D.; Moberg, L.; Rénn, O. Haemodynamic Effects and Pharmacokinetics of Felodipine at Rest
and during Exercise in Hypertensive Patients Treated with Metoprolol or Atenolol. Eur. J. Clin. Pharmacol. 1989, 37, 459—465.
[CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1177/0091270007307880
https://www.ncbi.nlm.nih.gov/pubmed/17986525
https://doi.org/10.1097/FJC.0b013e31821795d0
https://www.ncbi.nlm.nih.gov/pubmed/21394036
https://doi.org/10.1016/j.clinthera.2012.05.010
https://www.ncbi.nlm.nih.gov/pubmed/22721873
https://doi.org/10.1016/j.clpt.2005.04.005
https://www.ncbi.nlm.nih.gov/pubmed/16084849
https://doi.org/10.1177/0091270010376963
https://www.ncbi.nlm.nih.gov/pubmed/20852001
https://doi.org/10.1016/j.clinthera.2015.06.009
https://www.ncbi.nlm.nih.gov/pubmed/26163202
https://doi.org/10.1007/s12325-019-00976-9
https://www.ncbi.nlm.nih.gov/pubmed/31119689
https://doi.org/10.1002/cpdd.787
https://www.ncbi.nlm.nih.gov/pubmed/32388918
https://doi.org/10.2147/DDDT.S465652
https://www.ncbi.nlm.nih.gov/pubmed/38974125
https://doi.org/10.1177/009127000004001206
https://doi.org/10.1016/j.clinthera.2016.06.011
https://www.ncbi.nlm.nih.gov/pubmed/27422590
https://doi.org/10.1007/BF00609197
https://www.ncbi.nlm.nih.gov/pubmed/2524389
https://doi.org/10.2147/DDDT.S210364
https://www.ncbi.nlm.nih.gov/pubmed/31440035
https://doi.org/10.1080/17425255.2019.1650913
https://www.ncbi.nlm.nih.gov/pubmed/31359804
https://doi.org/10.1111/bcpt.13244
https://www.ncbi.nlm.nih.gov/pubmed/31058419
https://doi.org/10.2147/DDDT.S348897
https://www.ncbi.nlm.nih.gov/pubmed/35221673
https://doi.org/10.1002/cpdd.324
https://www.ncbi.nlm.nih.gov/pubmed/28067999
https://doi.org/10.1097/00005344-199003000-00013
https://www.ncbi.nlm.nih.gov/pubmed/1691367
https://doi.org/10.1007/BF00558072
https://www.ncbi.nlm.nih.gov/pubmed/2753065
https://doi.org/10.1007/BF00558124
https://www.ncbi.nlm.nih.gov/pubmed/2598984
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 34 of 41

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Kirch, W.; Laskowski, M.; Ohnhaus, E.E.; Aberg, J. Effects of Felodipine on Plasma Digoxin Levels and Haemodynamics in
Patients with Heart Failure. J. Intern. Med. 1989, 225, 237-239. [CrossRef] [PubMed]

Jalava, K.-M.; Olkkola, K.T.; Neuvonen, PJ. Itraconazole Greatly Increases Plasma Concentrations and Effects of Felodipine. Clin.
Pharmacol. Ther. 1997, 61, 410-415. [CrossRef] [PubMed]

Madsen, ].K; Jensen, ].D.; Jensen, L.W.; Pedersen, E.B. Pharmacokinetic Interaction between Cyclosporine and the Dihydropyri-
dine Calcium Antagonist Felodipine. Eur. |. Clin. Pharmacol. 1996, 50, 203-208. [CrossRef] [PubMed]

Chretien, M.L.; Bailey, D.G.; Asher, L.; Parfitt, J.; Driman, D.; Gregor, J.; Dresser, G.K. Severity of Coeliac Disease and Clinical
Management Study When Using a CYP3A4 Metabolised Medication: A Phase I Pharmacokinetic Study. BM] Open 2020,
10, e034086. [CrossRef] [PubMed]

Bailey, D.G.; Bend, J.R.; Arnold, ] M.O,; Tran, L.T.; Spence, ].D. Erythromycin-Felodipine Interaction: Magnitude, Mechanism, and
Comparison with Grapefruit Juice. Clin. Pharmacol. Ther. 1996, 60, 25-33. [CrossRef] [PubMed]

Dresser, G.K.; Urquhart, B.L.; Proniuk, J.; Tieu, A.; Freeman, D.J.; Arnold, J.M.; Bailey, D.G. Coffee Inhibition of CYP 3A4 in
Vitro Was Not Translated to a Grapefruit-like Pharmacokinetic Interaction Clinically. Pharmacol. Res. Perspect. 2017, 5, €00346.
[CrossRef] [PubMed]

Bailey, D.G.; Dresser, G.K; Urquhart, B.L.; Freeman, D.J.; Arnold, ].M. Coffee—Antihypertensive Drug Interaction: A Hemody-
namic and Pharmacokinetic Study with Felodipine. Am. J. Hypertens. 2016, 29, 1386-1393. [CrossRef] [PubMed]

Edgar, B.; Regardh, C.; Attman, P.; Aurell, M.; Herlitz, H.; Johnsson, G. Pharmacokinetics of Felodipine in Patients with Impaired
Renal Function. Br. J. Clin. Pharmacol. 1989, 27, 67-74. [CrossRef] [PubMed]

Dresser, G.; Bailey, D.G.; Carruthers, S.G. Grapefruit Juice-Felodipine Interaction in the Elderly. Clin. Pharmacol. Ther. 2000, 68,
28-34. [CrossRef] [PubMed]

Edgar, B.; Regardh, C.G.; Lundborg, P.; Romare, S.; Nyberg, G.; Ronn, O. Pharmacokinetic and Pharmacodynamic Studies
of Felodipine in Healthy Subjects after Various Single, Oral and Intravenous Doses. Biopharm. Drug Dispos. 1987, 8, 235-248.
[CrossRef] [PubMed]

Lundahl, J.; Regardh, C.G.; Edgar, B.; Johnsson, G. Effects of Grapefruit Juice Ingestion—Pharmacokinetics and Haemodynamics
of Intravenously and Orally Administered Felodipine in Healthy Men. Eur. J. Clin. Pharmacol. 1997, 52, 139-145. [CrossRef]
[PubMed]

Xiang, Q.; Li, C.; Zhao, X.; Cui, Y.M. The Influence of CYP3A5*3 and BCRPC421A Genetic Polymorphisms on the Pharmacokinetics
of Felodipine in Healthy Chinese Volunteers. J. Clin. Pharm. Ther. 2017, 42, 345-349. [CrossRef] [PubMed]

Rehngqvist, N.; Billing, E.; Moberg, L.; Lundman, T.; Olsson, G. Pharmacokinetics of Felodipine and Effect on Digoxin Plasma
Levels in Patients with Heart Failure. Drugs 1987, 34, 33—42. [CrossRef] [PubMed]

Gelal, A ; Balkan, D.; Ozzeybek, D.; Kaplan, Y.C.; Gurler, S.; Guven, H.; Benowitz, N.L. Effect of Menthol on the Pharmacokinetics
and Pharmacodynamics of Felodipine in Healthy Subjects. Eur. J. Clin. Pharmacol. 2005, 60, 785-790. [CrossRef] [PubMed]
Hardy, B.; Bartle, W.; Myers, M.; Bailey, D.; Edgar, B. Effect of Indomethacin on the Pharmacokinetics and Pharmacodynamics of
Felodipine. Br. J. Clin. Pharmacol. 1988, 26, 557-562. [CrossRef] [PubMed]

Zaccara, G.; Gangemi, PF; Bendoni, L.; Menge, G.P.; Schwabe, S.; Monza, G.C. Influence of Single and Repeated Doses of
Oxcarbazepine on the Pharmacokinetic Profile of Felodipine. Ther. Drug Monit. 1993, 15, 39-42. [CrossRef] [PubMed]

Landahl, S.; Edgar, B.; Gabrielsson, M.; Larsson, M.; Lernfelt, B.; Lundborg, P.; Regardh, C.G. Pharmacokinetics and Blood
Pressure Effects of Felodipine in Elderly Hypertensive Patients. Clin. Pharmacokinet. 1988, 14, 374-383. [CrossRef] [PubMed]
Lundabhl, J.U.E.; Regardh, C.G.; Edgar, B.; Johnsson, G. The Interaction Effect of Grapefruit Juice Is Maximal after the First Glass.
Eur. ]. Clin. Pharmacol. 1998, 54, 75-81. [CrossRef] [PubMed]

Li, D.;; Xu, S.; Wang, Y.; Li, D.; Li, X,; Pan, J.; Xu, P. Pharmacokinetics and Drug-Drug Interaction between Enalapril, Enalaprilat
and Felodipine Extended Release (ER) in Healthy Subjects. Oncotarget 2017, 8, 70752-70760. [CrossRef] [PubMed]

Blychert, E.; Edgar, B.; Elmfeldt, D.; Hedner, T. A Population Study of the Pharmacokinetics of Felodipine. Br. ]. Clin. Pharmacol.
1991, 31, 15-24. [CrossRef] [PubMed]

Kleinbloesem, C.H.; van Brummelen, P.; van Harten, J.; Danhof, M.; Breimer, D.D. Nifedipine: Influence of Renal Function on
Pharmacokinetic/Hemodynamic Relationship. Clin. Pharmacol. Ther. 1985, 37, 563-574. [CrossRef] [PubMed]

Donnelly, R.; Elliott, H.L.; Meredith, P.A.; Howie, C.A.; Reid, J.L. The Pharmacodynamics and Pharmacokinetics of the Combina-
tion of Nifedipine and Doxazosin. Eur. |. Clin. Pharmacol. 1993, 44, 279-282. [CrossRef] [PubMed]

Schwartz, J.B.; Upton, R.A,; Lin, E.T.; Williams, R.L.; Benet, L.Z. Effect of Cimetidine or Ranitidine Administration on Nifedipine
Pharmacokinetics and Pharmacodynamics. Clin. Pharmacol. Ther. 1988, 43, 673-680. [CrossRef] [PubMed]

Schug, B.S.; Brendel, E.; Wolf, D.; Wonnemann, M.; Wargenau, M.; Blume, H.H. Formulation-Dependent Food Effects Demon-
strated for Nifedipine Modified-Release Preparations Marketed in the European Union. Eur. J. Pharm. Sci. 2002, 15, 279-285.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1111/j.1365-2796.1989.tb00072.x
https://www.ncbi.nlm.nih.gov/pubmed/2656902
https://doi.org/10.1016/S0009-9236(97)90191-0
https://www.ncbi.nlm.nih.gov/pubmed/9129558
https://doi.org/10.1007/s002280050093
https://www.ncbi.nlm.nih.gov/pubmed/8737760
https://doi.org/10.1136/bmjopen-2019-034086
https://www.ncbi.nlm.nih.gov/pubmed/32139488
https://doi.org/10.1016/S0009-9236(96)90163-0
https://www.ncbi.nlm.nih.gov/pubmed/8689808
https://doi.org/10.1002/prp2.346
https://www.ncbi.nlm.nih.gov/pubmed/28971609
https://doi.org/10.1093/ajh/hpw081
https://www.ncbi.nlm.nih.gov/pubmed/27481881
https://doi.org/10.1111/j.1365-2125.1989.tb05336.x
https://www.ncbi.nlm.nih.gov/pubmed/2706189
https://doi.org/10.1067/mcp.2000.107524
https://www.ncbi.nlm.nih.gov/pubmed/10945313
https://doi.org/10.1002/bdd.2510080305
https://www.ncbi.nlm.nih.gov/pubmed/3593901
https://doi.org/10.1007/s002280050263
https://www.ncbi.nlm.nih.gov/pubmed/9174684
https://doi.org/10.1111/jcpt.12505
https://www.ncbi.nlm.nih.gov/pubmed/28244604
https://doi.org/10.2165/00003495-198700343-00009
https://www.ncbi.nlm.nih.gov/pubmed/3443063
https://doi.org/10.1007/s00228-004-0847-8
https://www.ncbi.nlm.nih.gov/pubmed/15592925
https://doi.org/10.1111/j.1365-2125.1988.tb05295.x
https://www.ncbi.nlm.nih.gov/pubmed/3207560
https://doi.org/10.1097/00007691-199302000-00007
https://www.ncbi.nlm.nih.gov/pubmed/8451779
https://doi.org/10.2165/00003088-198814060-00004
https://www.ncbi.nlm.nih.gov/pubmed/3396260
https://doi.org/10.1007/s002280050424
https://www.ncbi.nlm.nih.gov/pubmed/9591935
https://doi.org/10.18632/oncotarget.19984
https://www.ncbi.nlm.nih.gov/pubmed/29050316
https://doi.org/10.1111/j.1365-2125.1991.tb03852.x
https://www.ncbi.nlm.nih.gov/pubmed/2015166
https://doi.org/10.1038/clpt.1985.89
https://www.ncbi.nlm.nih.gov/pubmed/3987180
https://doi.org/10.1007/BF00271372
https://www.ncbi.nlm.nih.gov/pubmed/8491245
https://doi.org/10.1038/clpt.1988.94
https://www.ncbi.nlm.nih.gov/pubmed/3378388
https://doi.org/10.1016/S0928-0987(02)00008-8
https://www.ncbi.nlm.nih.gov/pubmed/11923060
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 35 of 41

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Ayan-Oshodi, M.A; Willis, B.A.; Annes, W.E; Lowe, S.L.; Friedrich, S.; de la Pefia, A.; Zhang, W.; Brown, T.; Wise, S.D.; Hall, S.D.
The Effects on Metabolic Clearance When Administering a Potent CYP3A Autoinducer with the Prototypic CYP3A Inhibitor,
Ketoconazole. Drug Metab. Dispos. 2012, 40, 1945-1952. [CrossRef] [PubMed]

Scott, M.; Castleden, C.; Adam, H.; Smith, R.; Fitzsimons, T. The Effect of Ageing on the Disposition of Nifedipine and Atenolol.
Br. J. Clin. Pharmacol. 1988, 25, 289-296. [CrossRef] [PubMed]

Zhang, H.; Wang, S.; Wang, H.; Zhi, T.; Ren, ].; Wang, Y.; Yao, Z.; Zhang, P; Ye, N.; Zhang, R. Comparative Bioequivalence and
Food Effect of Two Formulations of 30-mg Nifedipine Controlled-Release Tablets in Healthy Chinese Adults. Clin. Pharmacol.
Drug Dev. 2024, 13, 499-505. [CrossRef] [PubMed]

Troger, U.; Martens, ].; Meyer, EP; Hoffmann, A.; Terhaag, B. Study on the Bioequivalence of an Oral Nifedipine Formulation
and a Sustained Release Reference Preparation after Single Dose and Repeated Doses. Arzneimittelforschung 1995, 45, 1266-1270.
[PubMed]

Melia, A.T.; Mulligan, T.E.; Zhi, J. Lack of Effect of Orlistat on the Bioavailability of a Single Dose of Nifedipine Extended-Release
Tablets (Procardia XL) in Healthy Volunteers. J. Clin. Pharmacol. 1996, 36, 352-355. [CrossRef] [PubMed]

Debbas, N.; Jackson, S.; Shah, K.; Abrams, S.; Johnston, A.; Turner, P. The Bioavailability and Pharmacokinetics of Slow Release
Nifedipine during Chronic Dosing in Volunteers. Br. ]. Clin. Pharmacol. 1986, 21, 385-388. [CrossRef] [PubMed]

Chien, S.; Uang, Y.; Lin, H.; Hsu, K. Pharmacokinetics of Nifedipine in Taiwanese. Biopharm. Drug Dispos. 2004, 25, 77-84.
[CrossRef] [PubMed]

Smith, S.; Kendall, M.; Lobo, J.; Beerahee, A.; Jack, D.; Wilkins, M. Ranitidine and Cimetidine; Drug Interactions with Single Dose
and Steady-state Nifedipine Administration. Br. J. Clin. Pharmacol. 1987, 23, 311-315. [CrossRef] [PubMed]

Zamuner, S.; Johnson, B.M.; Pagliarusco, S.; Fina, P; Peroni, M.; Fiore, M.; Adams, L.M.; Fernandes, S.A. Effect of Single and
Repeat Doses of Casopitant on the Pharmacokinetics of CYP450 3A4 Substrates Midazolam and Nifedipine. Br. J. Clin. Pharmacol.
2010, 70, 537-546. [CrossRef] [PubMed]

Zhu, Y.-T.; Teng, Z.; Zhang, Y.-F; Li, W.; Guo, L.-X;; Liu, Y.-P; Qu, X.-].; Wang, Q.-R.; Mao, S.-Y.; Chen, X.-Y,; et al. Effects of
Apatinib on the Pharmacokinetics of Nifedipine and Warfarin in Patients with Advanced Solid Tumors. Drug Des. Dev. Ther.
2020, 14, 1963-1970. [CrossRef] [PubMed]

Soons, P.A.; van den Berg, G.; Danhof, M.; van Brummelen, P.;; Jansen, ].B.M.].; Lamers, C.B.H.W.; Breimer, D.D. Influence of
Single- and Multiple-Dose Omeprazole Treatment on Nifedipine Pharmacokinetics and Effects in Healthy Subjects. Eur. . Clin.
Pharmacol. 1992, 42, 319-324. [CrossRef] [PubMed]

El-Masry, S.M.; El-Khodary, N.M. Pharmacokinetic and Tolerability Comparison of Sustained and Immediate Release Oral
Formulations of Nifedipine Tablet Formulations: A Single-Dose, Randomized, Open-Label, Two-Period, Two-Way Crossover
Study in Healthy, Fasting Egyptian Male Volunteers. Drug Res. 2020, 70, 91-96. [CrossRef] [PubMed]

Xin, L.; Chen, Q.; Chen, D.; Li, Y.; Li, Y.; Wu, Q.; Zou, Y.; Wang, W.; Jia, ].; Yu, C.; et al. Pharmacokinetics and Bioequivalence of 2
Nifedipine Controlled-Release Tablets: A Randomized, Single-Dose, 2-Period Crossover Study in Healthy Chinese Volunteers
Under Fasting and Fed Conditions. Clin. Pharmacol. Drug Dev. 2023, 12, 1082-1088. [CrossRef] [PubMed]

Bortel, L.V,; B6hm, R.; Mooij, J.; Schiffers, P.; Rahn, K.H. Total and Free Steady-State Plasma Levels and Pharmacokinetics of
Nifedipine in Patients with Terminal Renal Failure. Eur. J. Clin. Pharmacol. 1989, 37, 185-189. [CrossRef] [PubMed]

Zylber-Katz, E.; Turetz-Abramovitch, M.; Koren, G.; Levy, M. Pharmacokinetic Interaction Between Nifedipine and Propranolol.
Fundam. Clin. Pharmacol. 1988, 2, 29-35. [CrossRef] [PubMed]

Odar-Cederlof, I.; Anderson, P.; Bondesson, U. Nifedipine as an Antihypertensive Drug in Patients with Renal Failure—
Pharmacokinetics and Effects. J. Intern. Med. 1990, 227, 329-337. [CrossRef] [PubMed]

Boje, KM.; Fung, H.L.; Yoshitomi, K.; Parker, ].O. Haemodynamic Effects of Combined Oral Nifedipine and Sublingual
Nitroglycerin in Patients with Chronic Stable Angina. Eur. ]. Clin. Pharmacol. 1987, 33, 349-354. [CrossRef] [PubMed]

Rimoy, G.; Idle, J.; Bhaskar, N.; Rubin, P. The Influence of Food on the Pharmacokinetics of ‘Biphasic” Nifedipine at Steady State
in Normal Subjects. Br. J. Clin. Pharmacol. 1989, 28, 612—615. [CrossRef] [PubMed]

Schneider, R.; Stolero, D.; Griffel, L.; Kobelt, R.; Brendel, E.; Iaina, A. Pharmacokinetic Profile of Nifedipine GITS in Hypertensive
Patients with Chronic Renal Impairment. Drugs 1994, 48, 16-22. [CrossRef] [PubMed]

Schall, R.; Miiller, FO.; Hundt, H.K.L.; Duursema, L.; Groenewoud, G.; Van Dyk, M.; Van Schalkwyk, A.M.C. Relative Bioavail-
ability of Four Controlled-release Nifedipine Products. Biopharm. Drug Dispos. 1994, 15, 493-503. [CrossRef] [PubMed]

Haas, D.; Quinney, S.; Clay, J.; Renbarger, J.; Hebert, M.; Clark, S.; Umans, J.; Caritis, S. Nifedipine Pharmacokinetics Are
Influenced by CYP3A5 Genotype When Used as a Preterm Labor Tocolytic. Am. ]. Perinatol. 2012, 30, 275-282. [CrossRef]
[PubMed]

Khan, A.; Langley, S.; Mullins, F,; Dixon, J.; Toon, S. The Pharmacokinetics and Pharmacodynamics of Nifedipine at Steady State
during Concomitant Administration of Cimetidine or High Dose Ranitidine. Br. . Clin. Pharmacol. 1991, 32, 519-522. [CrossRef]
[PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1124/dmd.112.046060
https://www.ncbi.nlm.nih.gov/pubmed/22789530
https://doi.org/10.1111/j.1365-2125.1988.tb03306.x
https://www.ncbi.nlm.nih.gov/pubmed/3358894
https://doi.org/10.1002/cpdd.1396
https://www.ncbi.nlm.nih.gov/pubmed/38478175
https://www.ncbi.nlm.nih.gov/pubmed/8595082
https://doi.org/10.1002/j.1552-4604.1996.tb04211.x
https://www.ncbi.nlm.nih.gov/pubmed/8728349
https://doi.org/10.1111/j.1365-2125.1986.tb05211.x
https://www.ncbi.nlm.nih.gov/pubmed/3707812
https://doi.org/10.1002/bdd.386
https://www.ncbi.nlm.nih.gov/pubmed/14872555
https://doi.org/10.1111/j.1365-2125.1987.tb03050.x
https://www.ncbi.nlm.nih.gov/pubmed/3567045
https://doi.org/10.1111/j.1365-2125.2010.03729.x
https://www.ncbi.nlm.nih.gov/pubmed/20840445
https://doi.org/10.2147/DDDT.S237301
https://www.ncbi.nlm.nih.gov/pubmed/32546963
https://doi.org/10.1007/BF00266355
https://www.ncbi.nlm.nih.gov/pubmed/1577051
https://doi.org/10.1055/a-1035-9212
https://www.ncbi.nlm.nih.gov/pubmed/31746448
https://doi.org/10.1002/cpdd.1258
https://www.ncbi.nlm.nih.gov/pubmed/37132398
https://doi.org/10.1007/BF00558229
https://www.ncbi.nlm.nih.gov/pubmed/2792174
https://doi.org/10.1111/j.1472-8206.1988.tb00618.x
https://www.ncbi.nlm.nih.gov/pubmed/3371839
https://doi.org/10.1111/j.1365-2796.1990.tb00168.x
https://www.ncbi.nlm.nih.gov/pubmed/2341826
https://doi.org/10.1007/BF00637629
https://www.ncbi.nlm.nih.gov/pubmed/3127220
https://doi.org/10.1111/j.1365-2125.1989.tb03551.x
https://www.ncbi.nlm.nih.gov/pubmed/2590615
https://doi.org/10.2165/00003495-199400481-00006
https://www.ncbi.nlm.nih.gov/pubmed/7533702
https://doi.org/10.1002/bdd.2510150607
https://www.ncbi.nlm.nih.gov/pubmed/7993987
https://doi.org/10.1055/s-0032-1323590
https://www.ncbi.nlm.nih.gov/pubmed/22875663
https://doi.org/10.1111/j.1365-2125.1991.tb03943.x
https://www.ncbi.nlm.nih.gov/pubmed/1958451
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 36 of 41

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

Gutierrez, L.M.; Lesko, L.J.; Whipps, R.; Carliner, N.; Fisher, M. Pharmacokinetics and Pharmacodynamics of Nifedipine in
Patients at Steady State. J. Clin. Pharmacol. 1986, 26, 587-592. [CrossRef] [PubMed]

Krishnaiah, Y.S.R.; Satyanarayana, V.; Bhaskar, P. Influence of Menthol and Pressure-Sensitive Adhesives on the in Vivo
Performance of Membrane-Moderated Transdermal Therapeutic System of Nicardipine Hydrochloride in Human Volunteers.
Eur. J. Pharm. Biopharm. 2003, 55, 329-337. [CrossRef] [PubMed]

Krishnaiah, Y.S.R.; Satyanarayana, V.; Bhaskar, P. Influence of Limonene on the Bioavailability of Nicardipine Hydrochloride
from Membrane-Moderated Transdermal Therapeutic Systems in Human Volunteers. Int. J. Pharm. 2002, 247, 91-102. [CrossRef]
[PubMed]

Wagner, ].G.; Ling, T.L.; Mroszczak, E.J.; Freedman, D.; Wu, A.; Huang, B.; Massey, L].; Roe, R.R. Single Intravenous Dose and
Steady-state Oral Dose Pharmacokinetics of Nicardipine in Healthy Subjects. Biopharm. Drug Dispos. 1987, 8, 133-148. [CrossRef]
[PubMed]

van Harten, J.; Burggraaf, J.; van Brummelen, P.; Breimer, D.D. Influence of Renal Function on the Pharmacokinetics and
Cardiovascular Effects of Nisoldipine After Single and Multiple Dosing. Clin. Pharmacokinet. 1989, 16, 55-64. [CrossRef] [PubMed]
van Harten, J.; Burggraaf, J.; Ligthart, G.J.; van Brummelen, P.; Breimer, D.D. Single- and Multiple-Dose Nisoldipine Kinetics and
Effects in the Young, the Middle-Aged, and the Elderly. Clin. Pharmacol. Ther. 1989, 45, 600—-607. [CrossRef] [PubMed]

Heinig, R.; Adelmann, H.G.; Ahr, G. The Effect of Ketoconazole on the Pharmacokinetics, Pharmacodynamics and Safety of
Nisoldipine. Eur. J. Clin. Pharmacol. 1999, 55, 57-60. [CrossRef] [PubMed]

Elliott, H.; Meredith, P.; McNally, C.; Reid, J. The Interactions between Nisoldipine and Two Beta-adrenoceptor Antagonists-
atenolol and Propranolol. Br. J. Clin. Pharmacol. 1991, 32, 379-385. [CrossRef] [PubMed]

Chandler, M.H.H,; Clifton, G.D.; Lettieri, ].T.; Mazzu, A.L.; Allington, D.R.; Thieneman, A.C.; Foster, T.S.; Harrison, M.R. Multiple
Dose Pharmacokinetics of Four Different Doses of Nisoldipine in Hypertensive Patients. ]. Clin. Pharmacol. 1992, 32, 571-575.
[CrossRef] [PubMed]

Shaw-Stiffel, T.A.; Walker, S.E.; Ogilvie, R.I1.; Leenen, FH. Pharmacokinetic and Pharmacodynamic Interactions during Multiple-
Dose Administration of Nisoldipine and Propranolol. Clin. Pharmacol. Ther. 1994, 55, 661-669. [CrossRef] [PubMed]

Van Harten, J.; Burggraaf, J.; Danhof, M.; Van Brummelen, P.; Breimer, D. The Contribution of Nisoldipine-induced Changes in
Liver Blood Flow to Its Pharmacokinetics after Oral Administration. Br. . Clin. Pharmacol. 1989, 27, 581-586. [CrossRef] [PubMed]
Shenfield, G.M.; Boutagy, J.; Stokes, G.S.; Rumble, F.; Dunagan, F. The Pharmokinetics of Isradipine in Hypertensive Subjects. Eur.
J. Clin. Pharmacol. 1990, 38, 209-211. [CrossRef] [PubMed]

Chandler, M.H.H.; Schran, H.E,; Cutler, R.E.; Smith, A.].; Gonasun, L.M.; Blouin, R.A. The Effects of Renal Function on the
Disposition of Isradipine. J. Clin. Pharmacol. 1988, 28, 1076-1080. [CrossRef] [PubMed]

Wang, Y.; Jin, Z.; Wang, Z.; Jiang, X.; Wang, L. Pharmacokinetic Properties of Isradipine after Single-dose and Multiple-dose Oral
Administration in Chinese Volunteers: A Randomized, Open-label, Parallel-group Phase I Study. Biomed. Chromatogr. 2013, 27,
1664-1670. [CrossRef] [PubMed]

De Sommers, K.; Kovarik, ].M.; Meyer, E.C.; van Wyk, M.; Snyman, J.R.; Blom, M.; Ott, S.; Grass, P.; Kutz, K. Effects of Diclofenac
on Isradipine Pharmacokinetics and Platelet Aggregation in Volunteers. Eur. |. Clin. Pharmacol. 1993, 44, 391-393. [CrossRef]
[PubMed]

Moser, M.M.; Rossler, K.; Hirschmann, D.; Gramss, L.; Tahir, A.; Plochl, W.; Herta, J.; Reinprecht, A.; Zeitlinger, M.; Hosmann, A.
Cerebral Ischemia Protection After Aneurysmal Subarachnoid Hemorrhage: CSF Nimodipine Levels After Intravenous Versus
Oral Nimodipine Administration. Clin. Pharmacol. Ther. 2025, 117, 589-597. [CrossRef] [PubMed]

Tartara, A.; Galimberti, C.; Manni, R.; Parietti, L.; Zucca, C.; Baasch, H.; Caresia, L.; Muck, W.; Barzaghi, N.; Gatti, G.; et al.
Differential Effects of Valproic Acid and Enzyme-inducing Anticonvulsants on Nimodipine Pharmacokinetics in Epileptic Patients.
Br. . Clin. Pharmacol. 1991, 32, 335-340. [CrossRef] [PubMed]

Fleishaker, J.C.; Hulst, L.K,; Peters, G.R. Lack of a Pharmacokinetic/Pharmacodynamic Interaction Between Nimodipine and
Tirilazad Mesylate in Healthy Volunteers. J. Clin. Pharmacol. 1994, 34, 837-841. [CrossRef] [PubMed]

Miick, W.; Wingender, W.; Seiberling, M.; Woelke, E.; Rdmsch, K.-D.; Kuhlmann, J. Influence of the H2-Receptor Antagonists
Cimetidine and Ranitidine on the Pharmacokinetics of Nimodipine in Healthy Volunteers. Eur. J. Clin. Pharmacol. 1992, 42,
325-328. [CrossRef] [PubMed]

Miick, W.; Breuel, H.P.; Kuhlmann, J. The Influence of Age on the Pharmacokinetics of Nimodipine. Int. ]. Clin. Pharmacol. Ther.
1996, 34, 293-298. [PubMed]

Herndndez-Hernandez, R.; Coll, T.; Rachitzky, P.; Armas-Hernandez, M.].; Armas-Padilla, M.C.; Velasco, M.; Rizzo, A. Comparison
of Two Nimodipine Formulations in Healthy Volunteers. ]. Hum. Hypertens. 2002, 16, S142-5144. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1002/j.1552-4604.1986.tb02954.x
https://www.ncbi.nlm.nih.gov/pubmed/3793948
https://doi.org/10.1016/S0939-6411(03)00027-4
https://www.ncbi.nlm.nih.gov/pubmed/12754008
https://doi.org/10.1016/S0378-5173(02)00401-5
https://www.ncbi.nlm.nih.gov/pubmed/12429488
https://doi.org/10.1002/bdd.2510080205
https://www.ncbi.nlm.nih.gov/pubmed/3593894
https://doi.org/10.2165/00003088-198916010-00004
https://www.ncbi.nlm.nih.gov/pubmed/2706880
https://doi.org/10.1038/clpt.1989.80
https://www.ncbi.nlm.nih.gov/pubmed/2731403
https://doi.org/10.1007/s002280050593
https://www.ncbi.nlm.nih.gov/pubmed/10206086
https://doi.org/10.1111/j.1365-2125.1991.tb03916.x
https://www.ncbi.nlm.nih.gov/pubmed/1777376
https://doi.org/10.1177/009127009203200614
https://www.ncbi.nlm.nih.gov/pubmed/1634646
https://doi.org/10.1038/clpt.1994.83
https://www.ncbi.nlm.nih.gov/pubmed/8004882
https://doi.org/10.1111/j.1365-2125.1989.tb03420.x
https://www.ncbi.nlm.nih.gov/pubmed/2757881
https://doi.org/10.1007/BF00265988
https://www.ncbi.nlm.nih.gov/pubmed/2140098
https://doi.org/10.1002/j.1552-4604.1988.tb05717.x
https://www.ncbi.nlm.nih.gov/pubmed/2977394
https://doi.org/10.1002/bmc.2977
https://www.ncbi.nlm.nih.gov/pubmed/23813620
https://doi.org/10.1007/BF00316480
https://www.ncbi.nlm.nih.gov/pubmed/8513853
https://doi.org/10.1002/cpt.3499
https://www.ncbi.nlm.nih.gov/pubmed/39560199
https://doi.org/10.1111/j.1365-2125.1991.tb03908.x
https://www.ncbi.nlm.nih.gov/pubmed/1777370
https://doi.org/10.1002/j.1552-4604.1994.tb02048.x
https://www.ncbi.nlm.nih.gov/pubmed/7962672
https://doi.org/10.1007/BF00266356
https://www.ncbi.nlm.nih.gov/pubmed/1577052
https://www.ncbi.nlm.nih.gov/pubmed/8832305
https://doi.org/10.1038/sj.jhh.1001361
https://www.ncbi.nlm.nih.gov/pubmed/11986913
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 37 of 41

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Krishnaiah, Y.S.R.; Bhaskar, P.; Satyanarayana, V. Formulation and Evaluation of Limonene-Based Membrane-Moderated
Transdermal Therapeutic System of Nimodipine. Drug Deliv. 2004, 11, 1-9. [CrossRef] [PubMed]

Kumar, A.; D’Andrea, C.; Kohli, P; Kottayil, S.G.; Longstreth, J.; Macdonald, R.L. Phase 1, Randomized, Crossover Study
Comparing Intravenous GTX-104 to Oral Nimodipine in Healthy Human Subjects. PLoS ONE 2025, 20, e0323162. [CrossRef]
[PubMed]

Kumana, C.R;; Kou, M.; Yu, Y.L.; Fong, K.Y,; Fung, C.F; Chang, C.M.; Miick, W.; Lauder, 1]. Investigation of Nimodipine
Pharmacokinetics in Chinese Patients with Acute Subarachnoid Haemorrhage. Eur. J. Clin. Pharmacol. 1993, 45, 363-366.
[CrossRef] [PubMed]

Hung, J.; Hackett, P.L.; Gordon, S.P.F,; Ilett, K.F. Pharmacokinetics of Diltiazem in Patients with Unstable Angina Pectoris. Clin.
Pharmacol. Ther. 1988, 43, 466-470. [CrossRef] [PubMed]

Lefebvre, M,; Lacasse, Y.; Spénard, J.; Geadah, D.; Moisan, R.; Gossard, D.; Landriault, H.; Du Souich, P; Caillé¢, C. Pharmacokinet-
ics and Pharmacodynamics of a Slow-release Formulation of Diltiazem after the Administration of a Single and Repeated Doses
to Healthy Volunteers. Biopharm. Drug Dispos. 1994, 15, 227-242. [CrossRef] [PubMed]

Manitpisitkul, P.; Curtin, C.R.; Shalayda, K.; Wang, S.; Ford, L.; Heald, D. Pharmacokinetic Interactions between Topiramate and
Diltiazem, Hydrochlorothiazide, or Propranolol. Clin. Pharmacol. Drug Dev. 2014, 3, 378-387. [CrossRef] [PubMed]

Zelis, R.E; Kinney, E.L. The Pharmacokinetics of Diltiazem in Healthy American Men. Am. ]. Cardiol. 1982, 49, 529-532. [CrossRef]
[PubMed]

Winship, L.C.; McKenney, ] M.; Wright, ].T.; Wood, ].H.; Goodman, R.P. The Effect of Ranitidine and Cimetidine on Single-dose
Diltiazem Pharmacokinetics. Pharmacother. ]. Hum. Pharmacol. Drug Ther. 1985, 5, 16-19. [CrossRef] [PubMed]

Gordin, A.; Pohto, P; Sundberg, S.; Nykénen, S.; Haataja, H.; Médnnisto, P. Pharmacokinetics of Slow-Release Diltiazem and Its
Effect on Atrioventricular Conduction in Healthy Volunteers. Eur. |. Clin. Pharmacol. 1986, 31, 423-426. [CrossRef] [PubMed]
Du Souich, P; Lery, N.; Lery, L.; Varin, E; Boucher, S.; Vezina, M.; Pilon, D.; Spenard, J.; Caillé, G. Influence of Food on the
Bioavailability of Diltiazem and Two of Its Metabolites Following the Administration of Conventional Tablets and Slow-release
Capsules. Biopharm. Drug Dispos. 1990, 11, 137-147. [CrossRef] [PubMed]

Tawashi, M.; Marc-auréle, J.; Bichet, D.; Spénard, J.; Lariviere, L.; Plante, D.; Caillé, G. Pharmacokinetics of Oral Diltiazem and
Five of Its Metabolites in Patients with Chronic Renal Failure. Biopharm. Drug Dispos. 1991, 12, 95-104. [CrossRef] [PubMed]
Caill¢, G.; Boucher, S.; Spénard, J.; Lakhani, Z.; Russell, A.; Thiffault, J.; Grace, M.G. Diltiazem Pharmacokinetics in Elderly
Volunteers after Single and Multiple Doses. Eur. ]. Drug Metab. Pharmacokinet. 1991, 16, 75-80. [CrossRef] [PubMed]

Guimont, S.; Landriault, H.; Klischer, K.; Grace, M.; Lambert, C.; Caillé, G.; Gossard, D.; Russell, A.; Raymond, M.; Hutchings,
E.; et al. Comparative Pharmacokinetics and Pharmacodynamics of Two Marketed Bid Formulations of Diltiazem in Healthy
Volunteers. Biopharm. Drug Dispos. 1993, 14, 767-778. [CrossRef] [PubMed]

Argenti, D.; Huang, M.-Y.; Heald, D.; Ziemniak, J. The Pharmacokinetics of Once-Daily Diltiazem Sr (Sustained-Release) in Young
Versus Elderly Hypertensive Patients. Am. J. Ther. 1994, 1, 133-139. [CrossRef] [PubMed]

Dimmitt, D.C.; Bhargava, V.O.; Arumugham, T.; Eller, M.; Weir, S.]. Relative Bioavailability of Cardizem CD and Tiazac Controlled-
Release Diltiazem Dosage Forms After Single and Multiple Dosing in Healthy Volunteers. Am. J. Ther. 1998, 5, 173-180. [CrossRef]
[PubMed]

Loffreda, A.; Matera, M.G.; Vacca, C.; Motola, G.; De Santis, D.; Ruggiero, A.; Russo, F; Fici, F; Cantoni, V.; Lampa, E.; et al.
Bioequivalence Assessment of Two Different Tablet Formulations of Diltiazem After Single and Repeated Doses in Healthy
Subjects. Curr. Med. Res. Opin. 1999, 15, 53-61. [CrossRef] [PubMed]

Bottiger, Y.; Sdwe, J.; Brattstrom, C.; Tollemar, J.; Burke, ].T.; Héss, G.; Zimmerman, J.J. Pharmacokinetic Interaction between
Single Oral Doses of Ditiazem and Sirolimus in Healthy Volunteers. Clin. Pharmacol. Ther. 2001, 69, 32—40. [CrossRef] [PubMed]
Quiroga, P.A.M.; Yuln, G.V.; Palummo, M.; Cingolani, A.; Dall, L.L.; Volonté, M.G. Comparative Bioavailability of Diltiazem in
Prolonged-Release Oral Preparations. Drug Dev. Ind. Pharm. 2001, 27, 1099-1106. [CrossRef] [PubMed]

Sista, S.; Lai, ].C.; Eradiri, O.; Albert, K.S. Pharmacokinetics of a Novel Diltiazem HCIl Extended-Release Tablet Formulation for
Evening Administration. J. Clin. Pharmacol. 2003, 43, 1149-1157. [CrossRef] [PubMed]

Korhonen, O.; Kanerva, H.; Vidgren, M.; Urtti, A.; Ketolainen, J. Evaluation of Novel Starch Acetate-Diltiazem Controlled Release
Tablets in Healthy Human Volunteers. J. Control. Release 2004, 95, 515-520. [CrossRef] [PubMed]

Christrup, L.L.; Bonde, J.; Rasmussen, S.N.; Sonnergaard, ].M.; Jensen, B.H. Single-Dose and Steady-State Pharmacokinetics of
Diltiazem Administered in Two Different Tablet Formulations. Pharmacol. Toxicol. 1992, 71, 305-307. [CrossRef] [PubMed]
Campistron, G.; Rostin, M.; Coulais, Y.; Caillard, C.; Zarrouk, G.; Frances, J.; Thiercellin, J.F.; Montastruc, J.L.; Houin, G. Effect of
Size and Dosage Strength on the Biovailability of Two Diltiazem Formulations During Repeated Administrations in Humans.
Fundam. Clin. Pharmacol. 1987, 1, 67-75. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1080/10717540490280372
https://www.ncbi.nlm.nih.gov/pubmed/15168785
https://doi.org/10.1371/journal.pone.0323162
https://www.ncbi.nlm.nih.gov/pubmed/41359540
https://doi.org/10.1007/BF00265956
https://www.ncbi.nlm.nih.gov/pubmed/8299671
https://doi.org/10.1038/clpt.1988.59
https://www.ncbi.nlm.nih.gov/pubmed/3356090
https://doi.org/10.1002/bdd.2510150305
https://www.ncbi.nlm.nih.gov/pubmed/7880983
https://doi.org/10.1002/cpdd.107
https://www.ncbi.nlm.nih.gov/pubmed/27129011
https://doi.org/10.1016/S0002-9149(82)80007-6
https://www.ncbi.nlm.nih.gov/pubmed/7058763
https://doi.org/10.1002/j.1875-9114.1985.tb04451.x
https://www.ncbi.nlm.nih.gov/pubmed/3982974
https://doi.org/10.1007/BF00613518
https://www.ncbi.nlm.nih.gov/pubmed/3816921
https://doi.org/10.1002/bdd.2510110206
https://www.ncbi.nlm.nih.gov/pubmed/2328299
https://doi.org/10.1002/bdd.2510120202
https://www.ncbi.nlm.nih.gov/pubmed/2031997
https://doi.org/10.1007/BF03189878
https://www.ncbi.nlm.nih.gov/pubmed/1936076
https://doi.org/10.1002/bdd.2510140903
https://www.ncbi.nlm.nih.gov/pubmed/8298070
https://doi.org/10.1097/00045391-199408000-00005
https://www.ncbi.nlm.nih.gov/pubmed/11835077
https://doi.org/10.1097/00045391-199805000-00008
https://www.ncbi.nlm.nih.gov/pubmed/10099056
https://doi.org/10.1185/03007999909115174
https://www.ncbi.nlm.nih.gov/pubmed/10216812
https://doi.org/10.1067/mcp.2001.112513
https://www.ncbi.nlm.nih.gov/pubmed/11180036
https://doi.org/10.1081/DDC-100108372
https://www.ncbi.nlm.nih.gov/pubmed/11794812
https://doi.org/10.1177/0091270003257214
https://www.ncbi.nlm.nih.gov/pubmed/14517197
https://doi.org/10.1016/j.jconrel.2003.12.026
https://www.ncbi.nlm.nih.gov/pubmed/15023462
https://doi.org/10.1111/j.1600-0773.1992.tb00989.x
https://www.ncbi.nlm.nih.gov/pubmed/1454755
https://doi.org/10.1111/j.1472-8206.1987.tb00546.x
https://www.ncbi.nlm.nih.gov/pubmed/3666663
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 38 of 41

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

Alebi¢-Kolbah, T.; Plavsi¢, F. Determination of Serum Diltiazem Concentrations in a Pharmacokinetic Study Using Gas Chro-
matography with Electron Capture Detection. J. Pharm. Biomed. Anal. 1990, 8, 915-918. [CrossRef] [PubMed]

Kelly, J.G.; Devane, J.G.; Geoghegan, B. Pharmacokinetic Properties and Antihypertensive Efficacy of Once-Daily Diltiazem.
J. Cardiovasc. Pharmacol. 1991, 17, 957-963. [CrossRef] [PubMed]

Leeuwenkamp, O.R.; Visscher, HW.; Mensink, C.K.; Jonkman, ]. H.G. A Comparative Study of the Steady-State Pharmacokinetics
of Immediate-Release and Controlled-Release Diltiazem Tablets. Eur. ]. Clin. Pharmacol. 1994, 46, 243-247. [CrossRef] [PubMed]
Lippert, C.L.; Arumugham, T.; Bhargava, V.O.; Eller, M.; Weir, S.J. The Relative Bioavailability of Two Marketed Controlled
Release Diltiazem Dosage Forms at Steady State in Healthy Volunteers. Biopharm. Drug Dispos. 1996, 17, 43-54. [CrossRef]
Shum, L.; Pieniaszek, H.J.; Robinson, C.A.; Davidson, A.F.; Widner, PJ.; Benedek, I.H.; Flamenbaum, W. Pharmacokinetic
Interactions of Moricizine and Diltiazem in Healthy Volunteers. J. Clin. Pharmacol. 1996, 36, 1161-1168. [CrossRef] [PubMed]
Weir, S.J.; Dimmitt, D.C.; Lanman, R.C.; Morrill, M.B.; Geising, D.H. Steady-State Pharmacokinetics of Diltiazem and Hy-
drochlorothiazide Administered Alone and in Combination. Biopharm. Drug Dispos. 1998, 19, 365-371. [CrossRef]

Hendriks, M.; Dogterom, P.; Ebels, J.; Oosterhuis, B.; Geertsema, L.; Hulot, T.; Bianchetti, G.; Jonkman, J. A Study Comparing
Biopharmaceutic Characteristics of Four Once Daily Controlled Release Diltiazem Preparations. Fundam. Clin. Pharmacol. 1998,
12, 559-565. [CrossRef] [PubMed]

Robbins-Weilert, D.K.; Giesing, D.H.; Weir, S.J. Steady-State Pharmacokinetics of High-Dose Diltiazem Hydrochloride (Cardizem
CD) Administered Once Daily in Healthy Volunteers. Am. J. Ther. 1999, 6, 211-216. [CrossRef] [PubMed]

Bianchetti, G.; Billy, S.; Ascalone, V.; Saivin, S.; Houin, G.; Rosenzweig, P. Multicenter Studies on the Pharmacokinetic Profile of
Sustained-Release Oral Diltiazem (300 mg) after Once a Day Repeated Administration: Influence of Age. Int. J. Clin. Pharmacol.
Ther. 1996, 34, 195-201. [PubMed]

Kovarik, ].M.; Lu, M,; Riviere, G.-J.; Barbet, I.; Maton, S.; Goldwater, D.R.; Schmouder, R.L. The Effect on Heart Rate of Combining
Single-Dose Fingolimod with Steady-State Atenolol or Diltiazem in Healthy Subjects. Eur. J. Clin. Pharmacol. 2008, 64, 457-463.
[CrossRef] [PubMed]

Lemma, G.; Wang, Z.; Hamman, M.; Zaheer, N.; Gorski, J.; Hall, S. The Effect of Short- and Long-Term Administration of
Verapamil on the Disposition of Cytochrome P450 3A and P-Glycoprotein Substrates. Clin. Pharmacol. Ther. 2006, 79, 218-230.
[CrossRef] [PubMed]

Hoon, T.J.; McCollam, P.L.; Beckman, K.J.; Hariman, R.J.; Bauman, J.L. Impact of Food on the Pharmacokinetics and Electro-
cardiographic Effects of Sustained Release Verapamil in Normal Subjects. Am. ]. Cardiol. 1992, 70, 1072-1076. [CrossRef]
[PubMed]

Conway, E.L.; Phillips, P.A.; Drummer, O.H.; Louis, W.J. Influence of Food on the Bioavailability of a Sustained-Release Verapamil
Preparation. J. Pharm. Sci. 1990, 79, 228-231. [CrossRef] [PubMed]

Mattila, J.; Mantyld, R.; Taskinen, J.; Méannisto, P. Pharmacokinetics of Sustained-Release Verapamil after a Single Administration
and at Steady State. Eur. . Drug Metab. Pharmacokinet. 1985, 10, 133-138. [CrossRef] [PubMed]

Eichelbaum, M.; Somogyi, A. Inter- and Intra-Subject Variation in the First-Pass Elimination of Highly Cleared Drugs during
Chronic Dosing. Eur. J. Clin. Pharmacol. 1984, 26, 47-53. [CrossRef] [PubMed]

Lenz, M,; Pool, J.; Laddu, A.; Varghese, A.; Johnston, W.; Taylor, A. Combined Terazosin and Verapamil Therapy in Essential
Hypertension: Hemodynamic and Pharmacokinetic Interactions. Am. J. Hypertens. 1995, 8, 133-145. [CrossRef] [PubMed]
Shand, D.G.; Hammill, S.C.; Aanonsen, L.; Pritchett, E.L.C. Reduced Verapamil Clearance during Long-Term Oral Administration.
Clin. Pharmacol. Ther. 1981, 30, 701-703. [CrossRef] [PubMed]

Somogyi, A.; Albrecht, M.; Kliems, G.; Schafer, K.; Eichelbaum, M. Pharmacokinetics, Bioavailability and ECG Response of
Verapamil in Patients with Liver Cirrhosis. Br. J. Clin. Pharmacol. 1981, 12, 51-60. [CrossRef] [PubMed]

Ahmed, ].; Meredith, P.; Elliott, H. The Influence of Age on the Pharmacokinetics of Verapamil. Pharmacol. Res. 1991, 24, 227-233.
[CrossRef] [PubMed]

Ahmed, J.; Godden, ].; Meredith, P; Elliott, H. R-verapamil: Pharmacokinetics and Effects on PR Interval, Blood Pressure and
Heart Rate. Br. J. Clin. Pharmacol. 1993, 36, 93-98. [CrossRef] [PubMed]

Schwartz, J.B.; Capili, H.; Wainer, LW. Verapamil Stereoisomers during Racemic Verapamil Administration: Effects of Aging and
Comparisons to Administration of Individual Stereoisomers. Clin. Pharmacol. Ther. 1994, 56, 368-376. [CrossRef] [PubMed]
Gupta, S.K,; Yih, B.M.; Atkinson, L.; Longstreth, ]J. The Effect of Food, Time of Dosing, and Body Position on the Pharmacokinetics
and Pharmacodynamics of Verapamil and Norverapamil. J. Clin. Pharmacol. 1995, 35, 1083-1093. [CrossRef] [PubMed]

Fromm, M.E; Dilger, K.; Busse, D.; Kroemer, H.K.; Eichelbaum, M.; Klotz, U. Gut Wall Metabolism of Verapamil in Older People:
Effects of Rifampicin-mediated Enzyme Induction. Br. . Clin. Pharmacol. 1998, 45, 247-255. [CrossRef] [PubMed]

Ho, P-C.; Ghose, K.; Saville, D.; Wanwimolruk, S. Effect of Grapefruit Juice on Pharmacokinetics and Pharmacodynamics of
Verapamil Enantiomers in Healthy Volunteers. Eur. J. Clin. Pharmacol. 2000, 56, 693—698. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1016/0731-7085(90)80142-C
https://www.ncbi.nlm.nih.gov/pubmed/2100642
https://doi.org/10.1097/00005344-199106000-00015
https://www.ncbi.nlm.nih.gov/pubmed/1714021
https://doi.org/10.1007/BF00192556
https://www.ncbi.nlm.nih.gov/pubmed/8070505
https://doi.org/10.1002/(SICI)1099-081X(199601)17:1%3C43::AID-BDD935%3E3.0.CO;2-F
https://doi.org/10.1002/j.1552-4604.1996.tb04171.x
https://www.ncbi.nlm.nih.gov/pubmed/9013374
https://doi.org/10.1002/(SICI)1099-081X(199809)19:6%3C365::AID-BDD112%3E3.0.CO;2-R
https://doi.org/10.1111/j.1472-8206.1998.tb00986.x
https://www.ncbi.nlm.nih.gov/pubmed/9794155
https://doi.org/10.1097/00045391-199907000-00006
https://www.ncbi.nlm.nih.gov/pubmed/11329099
https://www.ncbi.nlm.nih.gov/pubmed/8738855
https://doi.org/10.1007/s00228-007-0448-4
https://www.ncbi.nlm.nih.gov/pubmed/18196225
https://doi.org/10.1016/j.clpt.2005.11.001
https://www.ncbi.nlm.nih.gov/pubmed/16513446
https://doi.org/10.1016/0002-9149(92)90363-4
https://www.ncbi.nlm.nih.gov/pubmed/1414906
https://doi.org/10.1002/jps.2600790310
https://www.ncbi.nlm.nih.gov/pubmed/2338632
https://doi.org/10.1007/BF03189707
https://www.ncbi.nlm.nih.gov/pubmed/3840089
https://doi.org/10.1007/BF00546708
https://www.ncbi.nlm.nih.gov/pubmed/6714292
https://doi.org/10.1016/0895-7061(94)00162-5
https://www.ncbi.nlm.nih.gov/pubmed/7755941
https://doi.org/10.1038/clpt.1981.223
https://www.ncbi.nlm.nih.gov/pubmed/7297027
https://doi.org/10.1111/j.1365-2125.1981.tb01854.x
https://www.ncbi.nlm.nih.gov/pubmed/7248141
https://doi.org/10.1016/1043-6618(91)90085-C
https://www.ncbi.nlm.nih.gov/pubmed/1956867
https://doi.org/10.1111/j.1365-2125.1993.tb04202.x
https://www.ncbi.nlm.nih.gov/pubmed/8398588
https://doi.org/10.1038/clpt.1994.151
https://www.ncbi.nlm.nih.gov/pubmed/7955798
https://doi.org/10.1002/j.1552-4604.1995.tb04031.x
https://www.ncbi.nlm.nih.gov/pubmed/8626882
https://doi.org/10.1046/j.1365-2125.1998.00669.x
https://www.ncbi.nlm.nih.gov/pubmed/9517368
https://doi.org/10.1007/s002280000189
https://www.ncbi.nlm.nih.gov/pubmed/11214778
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 39 of 41

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

Fuhr, U.; Miiller-Peltzer, H.; Kern, R.; Lopez-Rojas, P.; Jiinemann, M.; Harder, S.; Staib, H.A. Effects of Grapefruit Juice and
Smoking on Verapamil Concentrations in Steady State. Eur. J. Clin. Pharmacol. 2002, 58, 45-53. [CrossRef] [PubMed]

Prisant, L.M.; Devane, J.G.; Butler, J. A Steady-State Evaluation of the Bioavailability of Chronotherapeutic Oral Drug Absorption
System Verapamil PM After Nighttime Dosing Versus Immediate-Acting Verapamil Dosed Every Eight Hours. Am. J. Ther. 2000,
7,345-352. [CrossRef] [PubMed]

Jin, Y.; Wang, Y.-H.; Miao, J.; Li, L.; Kovacs, R.].; Marunde, R.; Hamman, M.A; Phillips, S.; Hilligoss, J.; Hall, S.D. Cytochrome P450
3A5 Genotype Is Associated with Verapamil Response in Healthy Subjects. Clin. Pharmacol. Ther. 2007, 82, 579-585. [CrossRef]
[PubMed]

Gong, 1.Y; Kim, R.B. Importance of Pharmacokinetic Profile and Variability as Determinants of Dose and Response to Dabigatran,
Rivaroxaban, and Apixaban. Can. J. Cardiol. 2013, 29, S24-S33. [CrossRef] [PubMed]

Ruff, C.T,; Giugliano, R.P.,; Braunwald, E.; Morrow, D.A.; Murphy, S.A.; Kuder, ].E,; Deenadayalu, N.; Jarolim, P.; Betcher, J.; Shi,
M.; et al. Association between Edoxaban Dose, Concentration, Anti-Factor Xa Activity, and Outcomes: An Analysis of Data from
the Randomised, Double-Blind ENGAGE AF-TIMI 48 Trial. Lancet 2015, 385, 2288-2295. [CrossRef] [PubMed]

Reilly, P.A.; Lehr, T.; Haertter, S.; Connolly, S.J.; Yusuf, S.; Eikelboom, ].W.; Ezekowitz, M.D.; Nehmiz, G.; Wang, S.; Wallentin,
L. The Effect of Dabigatran Plasma Concentrations and Patient Characteristics on the Frequency of Ischemic Stroke and Major
Bleeding in Atrial Fibrillation Patients. J. Am. Coll. Cardiol. 2014, 63, 321-328. [CrossRef] [PubMed]

Kampouraki, E.; Avery, P.; Biss, T.; Wynne, H.; Kamali, F. Assessment of Exposure to Direct Oral Anticoagulants in Elderly
Hospitalised Patients. Br. ]. Haematol. 2021, 195, 790-801. [CrossRef] [PubMed]

Malik, A.H.; Yandrapalli, S.; Aronow, W.S.; Panza, J.A.; Cooper, H.A. Meta-Analysis of Direct-Acting Oral Anticoagulants
Compared with Warfarin in Patients >75 Years of Age. Am. . Cardiol. 2019, 123, 2051-2057. [CrossRef] [PubMed]

Martin, K.A.; Beyer-Westendorf, J.; Davidson, B.L.; Huisman, M.V.; Sandset, PM.; Moll, S. Use of Direct Oral Anticoagulants in
Patients with Obesity for Treatment and Prevention of Venous Thromboembolism: Updated Communication from the ISTH SSC
Subcommittee on Control of Anticoagulation. ]. Thromb. Haemost. 2021, 19, 1874-1882. [CrossRef] [PubMed]

Baglin, T.; Hillarp, A.; Tripodi, A.; Elalamy, I.; Buller, H.; Ageno, W. Measuring Oral Direct Inhibitors of Thrombin and Factor Xa:
A Recommendation from the Subcommittee on Control of Anticoagulation of the Scientific and Standardization Committee of the
International Society on Thrombosis and Haemostasis. J. Thromb. Haemost. 2013, 11, 756-760. [CrossRef] [PubMed]

Weinz, C.; Schwarz, T.; Kubitza, D.; Mueck, W.; Lang, D. Metabolism and Excretion of Rivaroxaban, an Oral, Direct Factor Xa
Inhibitor, in Rats, Dogs, and Humans. Drug Metab. Dispos. 2009, 37, 1056-1064. [CrossRef] [PubMed]

Lang, D.; Freudenberger, C.; Weinz, C. In Vitro Metabolism of Rivaroxaban, an Oral, Direct Factor Xa Inhibitor, in Liver
Microsomes and Hepatocytes of Rats, Dogs, and Humans. Drug Metab. Dispos. 2009, 37, 1046-1055. [CrossRef] [PubMed]
Gnoth, M.].; Buetehorn, U.; Muenster, U.; Schwarz, T.; Sandmann, S. In Vitro and In Vivo P-Glycoprotein Transport Characteristics
of Rivaroxaban. J. Pharmacol. Exp. Ther. 2011, 338, 372-380. [CrossRef] [PubMed]

Gong, 1.Y.; Mansell, S.E.; Kim, R.B. Absence of Both MDR1 (ABCB1) and Breast Cancer Resistance Protein (ABCG2) Transporters
Significantly Alters Rivaroxaban Disposition and Central Nervous System Entry. Basic Clin. Pharmacol. Toxicol. 2013, 112, 164-170.
[CrossRef] [PubMed]

European Medicines Agency. Xarelto: EPAR—Product Information. Available online: https://www.ema.europa.eu/en/
documents/product-information /xarelto-epar-product-information_en.pdf (accessed on 22 June 2026).

Ebner, T.; Wagner, K.; Wienen, W. Dabigatran Acylglucuronide, the Major Human Metabolite of Dabigatran: In Vitro Formation,
Stability, and Pharmacological Activity. Drug Metab. Dispos. 2010, 38, 1567-1575. [CrossRef] [PubMed]

Eisert, W.G.; Hauel, N.; Stangier, J.; Wienen, W.; Clemens, A.; van Ryn, J. Dabigatran: An Oral Novel Potent Reversible Nonpeptide
Inhibitor of Thrombin. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 1885-1889. [CrossRef] [PubMed]

King, A.E.; Szarlej, D.K; Rincon, F. Dabigatran-Associated Intracranial Hemorrhage. Neurohospitalist 2015, 5, 234-244. [CrossRef]
[PubMed]

Legrand, M.; Mateo, J.; Aribaud, A.; Ginisty, S.; Eftekhari, P.; Huy, PT.B.; Drouet, L.; Payen, D. The Use of Dabigatran in Elderly
Patients. Arch. Intern. Med. 2011, 171, 1285-1286. [CrossRef] [PubMed]

Cross, B.; Turner, R M.; Zhang, ].E.; Pirmohamed, M. Being Precise with Anticoagulation to Reduce Adverse Drug Reactions: Are
We There Yet? Pharmacogenomics J. 2024, 24, 7. [CrossRef] [PubMed]

Bathala, M.S.; Masumoto, H.; Oguma, T.; He, L.; Lowrie, C.; Mendell, ]. Pharmacokinetics, Biotransformation, and Mass Balance
of Edoxaban, a Selective, Direct Factor Xa Inhibitor, in Humans. Drug Metab. Dispos. 2012, 40, 2250-2255. [CrossRef] [PubMed]
Dillinger, J.-G.; Aleil, B.; Cheggour, S.; Benhamou, Y.; Béjot, Y.; Marechaux, S.; Delluc, A.; Bertoletti, L.; Lellouche, N. Dosing Issues
with Non-Vitamin K Antagonist Oral Anticoagulants for the Treatment of Non-Valvular Atrial Fibrillation: Why We Should Not
Underdose Our Patients. Arch. Cardiovasc. Dis. 2018, 111, 85-94. [CrossRef] [PubMed]

Blech, S.; Ebner, T.; Ludwig-Schwellinger, E.; Stangier, J.; Roth, W. The Metabolism and Disposition of the Oral Direct Thrombin
Inhibitor, Dabigatran, in Humans. Drug Metab. Dispos. 2008, 36, 386-399. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1007/s00228-002-0436-7
https://www.ncbi.nlm.nih.gov/pubmed/11956673
https://doi.org/10.1097/00045391-200007060-00002
https://www.ncbi.nlm.nih.gov/pubmed/11304641
https://doi.org/10.1038/sj.clpt.6100208
https://www.ncbi.nlm.nih.gov/pubmed/17443134
https://doi.org/10.1016/j.cjca.2013.04.002
https://www.ncbi.nlm.nih.gov/pubmed/23790595
https://doi.org/10.1016/S0140-6736(14)61943-7
https://www.ncbi.nlm.nih.gov/pubmed/25769361
https://doi.org/10.1016/j.jacc.2013.07.104
https://www.ncbi.nlm.nih.gov/pubmed/24076487
https://doi.org/10.1111/bjh.17899
https://www.ncbi.nlm.nih.gov/pubmed/34658009
https://doi.org/10.1016/j.amjcard.2019.02.060
https://www.ncbi.nlm.nih.gov/pubmed/30982541
https://doi.org/10.1111/jth.15358
https://www.ncbi.nlm.nih.gov/pubmed/34259389
https://doi.org/10.1111/jth.12149
https://www.ncbi.nlm.nih.gov/pubmed/23347120
https://doi.org/10.1124/dmd.108.025569
https://www.ncbi.nlm.nih.gov/pubmed/19196845
https://doi.org/10.1124/dmd.108.025551
https://www.ncbi.nlm.nih.gov/pubmed/19196846
https://doi.org/10.1124/jpet.111.180240
https://www.ncbi.nlm.nih.gov/pubmed/21515813
https://doi.org/10.1111/bcpt.12005
https://www.ncbi.nlm.nih.gov/pubmed/22958812
https://www.ema.europa.eu/en/documents/product-information/xarelto-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/xarelto-epar-product-information_en.pdf
https://doi.org/10.1124/dmd.110.033696
https://www.ncbi.nlm.nih.gov/pubmed/20551237
https://doi.org/10.1161/ATVBAHA.110.203604
https://www.ncbi.nlm.nih.gov/pubmed/20671233
https://doi.org/10.1177/1941874415569069
https://www.ncbi.nlm.nih.gov/pubmed/26425251
https://doi.org/10.1001/archinternmed.2011.314
https://www.ncbi.nlm.nih.gov/pubmed/21788545
https://doi.org/10.1038/s41397-024-00329-y
https://www.ncbi.nlm.nih.gov/pubmed/38443337
https://doi.org/10.1124/dmd.112.046888
https://www.ncbi.nlm.nih.gov/pubmed/22936313
https://doi.org/10.1016/j.acvd.2017.04.008
https://www.ncbi.nlm.nih.gov/pubmed/28988597
https://doi.org/10.1124/dmd.107.019083
https://www.ncbi.nlm.nih.gov/pubmed/18006647
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 40 of 41

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.
335.

336.

337.

338.

339.

340.
341.

Raghavan, N.; Frost, C.E.; Yu, Z.; He, K.; Zhang, H.; Humphreys, W.G.; Pinto, D.; Chen, S.; Bonacorsi, S.; Wong, P.C; et al.
Apixaban Metabolism and Pharmacokinetics after Oral Administration to Humans. Drug Metab. Dispos. 2009, 37, 74-81.
[CrossRef] [PubMed]

Emanuel, S.; Kaba, R.A.; Delanerolle, G.; Field, B.C.T; Lip, G.Y.H.; de Lusignan, S. Correct Dosing, Adherence and Persistence of
DOAG s in Atrial Fibrillation and Chronic Kidney Disease: A Systematic Review and Meta-Analysis. Open Heart 2023, 10, €002340.
[CrossRef] [PubMed]

Mega, ].L.; Walker, ].R.; Ruff, C.T.; Vandell, A.G.; Nordio, F,; Deenadayalu, N.; Murphy, S.A.; Lee, J.; Mercuri, M.F,; Giugliano, R.P;
et al. Genetics and the Clinical Response to Warfarin and Edoxaban: Findings from the Randomised, Double-Blind ENGAGE
AF-TIMI 48 Trial. Lancet 2015, 385, 2280-2287. [CrossRef] [PubMed]

Konicki, R.; Weiner, D.; Herbert Patterson, J.; Gonzalez, D.; Kashuba, A.; Cao, Y.C.; Gehi, A.K.; Watkins, P.; Powell, J.R.
Rivaroxaban Precision Dosing Strategy for Real-World Atrial Fibrillation Patients. Clin. Transl. Sci. 2020, 13, 777-784. [CrossRef]
[PubMed]

Wolf, P.A.; Abbott, R.D.; Kannel, W.B. Atrial Fibrillation as an Independent Risk Factor for Stroke: The Framingham Study. Stroke
1991, 22, 983-988. [CrossRef] [PubMed]

Foerster, K.I; Hermann, S.; Mikus, G.; Haefeli, W.E. Drug-Drug Interactions with Direct Oral Anticoagulants. Clin. Pharmacokinet.
2020, 59, 967-980. [CrossRef] [PubMed]

Bendayan, M.; Mardigyan, V.; Williamson, D.; Chen-Tournoux, A.; Eintracht, S.; Rudski, L.; MacNamara, E.; Blostein, M.; Afilalo,
M.; Afilalo, J. Muscle Mass and Direct Oral Anticoagulant Activity in Older Adults with Atrial Fibrillation. . Am. Geriatr. Soc.
2021, 69, 1012-1018. [CrossRef] [PubMed]

World Heatlh Organization. Global Report on Hypertension: The Race Against a Silent Killer; World Heatlh Organization: Geneva,
Switzerland, 2023.

Bergland, O.U.; Halvorsen, L.V.; Sgraas, C.L.; Hjernholm, U.; Kjeer, V.N.; Rognstad, S.; Brobak, K.M.; Aune, A.; Olsen, E.;
Fauchald, Y.M,; et al. Detection of Nonadherence to Antihypertensive Treatment by Measurements of Serum Drug Concentrations.
Hypertension 2021, 78, 617-628. [CrossRef] [PubMed]

Zhou, B.; Danaei, G.; Stevens, G.A.; Bixby, H.; Taddei, C.; Carrillo-Larco, R.M.; Solomon, B.; Riley, L.M.; Di Cesare, M.; Iurilli,
M.L.C,; et al. Long-Term and Recent Trends in Hypertension Awareness, Treatment, and Control in 12 High-Income Countries:
An Analysis of 123 Nationally Representative Surveys. Lancet 2019, 394, 639-651. [CrossRef] [PubMed]

Rognstad, S.; Seraas, C.L.; Brunborg, C.; Halvorsen, L.V.; Brobak, K.M.; Olsen, E.; Bergland, O.U.; Aune, A.; Tuv, S.S.; Svarstad,
A.C.; et al. Pharmacokinetic Variability of Amlodipine Serum Concentration and Effect on Blood Pressure in Patients Treated for
Hypertension. Pharmacol. Res. Perspect. 2025, 13, €70140. [CrossRef] [PubMed]

Liang, L.; Kung, ].Y.; Mitchelmore, B.; Cave, A.; Banh, H.L. Comparative Peripheral Edema for Dihydropyridines Calcium
Channel Blockers Treatment: A Systematic Review and Network Meta-analysis. J. Clin. Hypertens. 2022, 24, 536-554. [CrossRef]
[PubMed]

Jones, K.E.; Hayden, S.L.; Meyer, HR.; Sandoz, J.L.; Arata, W.H.; Dufrene, K.; Ballaera, C.; Lopez Torres, Y.; Griffin, P.; Kaye,
A.M.; et al. The Evolving Role of Calcium Channel Blockers in Hypertension Management: Pharmacological and Clinical
Considerations. Curr. Issues Mol. Biol. 2024, 46, 6315-6327. [CrossRef] [PubMed]

Sica, D.A.; Prisant, L.M. Pharmacologic and Therapeutic Considerations in Hypertension Therapy with Calcium Channel Blockers:
Focus on Verapamil. |. Clin. Hypertens. 2007, 9, 1-22. [CrossRef]

Russell, R.P. Side Effects of Calcium Channel Blockers. Hypertension 1988, 11, 11-44. [CrossRef] [PubMed]

Laher, M.S; Kelly, ].G.; Doyle, G.D.; Carmody, M.; Donohoe, ].E; Greb, H.; Volz, M. Pharmacokinetics of Amlodipine in Renal
Impairment. J. Cardiovasc. Pharmacol. 1988, 12, S60-S63. [CrossRef] [PubMed]

Food and Drug Administration. Norvasc (Amlodipine Besylate) Label. Highlights of Prescribing Information; Food and Drug
Administration: Silver Spring, MD, USA, 2017.

Hansson, L.; Zanchetti, A.; Carruthers, S.G.; Dahlof, B.; Elmfeldt, D.; Julius, S.; Ménard, J.; Rahn, K.H.; Wedel, H.; Westerling,
S. Effects of Intensive Blood-Pressure Lowering and Low-Dose Aspirin in Patients with Hypertension: Principal Results of the
Hypertension Optimal Treatment (HOT) Randomised Trial. Lancet 1998, 351, 1755-1762. [CrossRef] [PubMed]

Lee, E.M. Calcium Channel Blockers for Hypertension: Old, but Still Useful. Cardiovasc. Prev. Pharmacother. 2023, 5, 113-125.
[CrossRef]

Murphy, M.B. Selecting Optimum Antihypertensive Therapy: Indications for Choosing a Calcium Channel Blocker. Am. . Med.
1992, 93, S38-544. [CrossRef] [PubMed]

Sidhu, G.; Patel, P.; Hashmi, M.F. Nisoldipine; StatPearls [Internet]: Treasure Island, FL, USA, 2024.

Ohno, S.; Ishii, A.; Yanagita, M.; Yokoi, H. Calcium Channel Blocker in Patients with Chronic Kidney Disease. Clin. Exp. Nephrol.
2022, 26, 207-215. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1124/dmd.108.023143
https://www.ncbi.nlm.nih.gov/pubmed/18832478
https://doi.org/10.1136/openhrt-2023-002340
https://www.ncbi.nlm.nih.gov/pubmed/37419525
https://doi.org/10.1016/S0140-6736(14)61994-2
https://www.ncbi.nlm.nih.gov/pubmed/25769357
https://doi.org/10.1111/cts.12766
https://www.ncbi.nlm.nih.gov/pubmed/32267996
https://doi.org/10.1161/01.STR.22.8.983
https://www.ncbi.nlm.nih.gov/pubmed/1866765
https://doi.org/10.1007/s40262-020-00879-x
https://www.ncbi.nlm.nih.gov/pubmed/32157630
https://doi.org/10.1111/jgs.16992
https://www.ncbi.nlm.nih.gov/pubmed/33432589
https://doi.org/10.1161/HYPERTENSIONAHA.121.17514
https://www.ncbi.nlm.nih.gov/pubmed/34275336
https://doi.org/10.1016/S0140-6736(19)31145-6
https://www.ncbi.nlm.nih.gov/pubmed/31327564
https://doi.org/10.1002/prp2.70140
https://www.ncbi.nlm.nih.gov/pubmed/40616336
https://doi.org/10.1111/jch.14436
https://www.ncbi.nlm.nih.gov/pubmed/35234349
https://doi.org/10.3390/cimb46070377
https://www.ncbi.nlm.nih.gov/pubmed/39057019
https://doi.org/10.1111/j.1524-6175.2007.06504.x
https://doi.org/10.1161/01.HYP.11.3_Pt_2.II42
https://www.ncbi.nlm.nih.gov/pubmed/3280492
https://doi.org/10.1097/00005344-198812007-00013
https://www.ncbi.nlm.nih.gov/pubmed/2467131
https://doi.org/10.1016/S0140-6736(98)04311-6
https://www.ncbi.nlm.nih.gov/pubmed/9635947
https://doi.org/10.36011/cpp.2023.5.e16
https://doi.org/10.1016/0002-9343(92)90293-K
https://www.ncbi.nlm.nih.gov/pubmed/1519634
https://doi.org/10.1007/s10157-021-02153-1
https://www.ncbi.nlm.nih.gov/pubmed/34748113
https://doi.org/10.3390/pharmaceutics18091103

Pharmaceutics 2026, 18, 1103 41 of 41

342. Sica, D.A. Calcium Channel Blocker Class Heterogeneity: Select Aspects of Pharmacokinetics and Pharmacodynamics. J. Clin.
Hypertens. 2005, 7, 21-26. [CrossRef] [PubMed]

343. Gongalves, M.; Barata, P.; Vale, N. From Population-Based PBPK to Individualized Virtual Twins: Clinical Validation and
Applications in Medicine. J. Clin. Med. 2026, 15, 1210. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/pharmaceutics18091103


https://doi.org/10.1111/j.1524-6175.2006.04482.x
https://www.ncbi.nlm.nih.gov/pubmed/15858399
https://doi.org/10.3390/jcm15031210
https://www.ncbi.nlm.nih.gov/pubmed/41682891
https://doi.org/10.3390/pharmaceutics18091103

	Introduction 
	Methods 
	Results 
	Characterization of PK Variability Across DOACs and CCBs 
	Statistical Analysis of PK Variability 
	Population-Related Sources of PK Variability 
	Multivariate Analysis of PK Variability 

	Discussion 
	Does Pharmacokinetic Variability in DOAC Therapy Matter? 
	Key Covariates Influencing DOAC Exposure: Age and Ethnicity 
	Pharmacokinetic Variability Among CCBs: Clinical Implications 
	Are Some Patients Predisposed to Altered CCB Exposure? 
	Future Directions in Exposure-Guided and Personalized DOAC and CCB Therapy 
	Limitations 

	Conclusions 
	References

