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personalized dose optimization
of nicardipine in renal and hepatic
dysfunction

Ammara Ayub?!, Ammara Zamir, Muhammad Fawad Rasool***, Usman Arshad? &
Faleh Alqahtani®***

Nicardipine is a calcium channel blocker employed to manage hypertension and angina. It is
primarily metabolized in the liver; therefore, hepatic impairment patients may experience drug
accumulation, potentially resulting in adverse events. This research aims to design physiologically
based pharmacokinetic (PBPK) model capable of accurately predicting the exposure of nicardipine in
healthy individuals as well as hepatic and renal impairment patients. An extensive literature review
was conducted to retrieve relevant articles and pharmacokinetic (PK) parameters of nicardipine,

for integration into the PK-Sim® program. The modeling approach incepts with the development

of healthy PBPK model, which is subsequently extrapolated to diseased populations to assess the
alignment of anticipated and reported concentration-time profiles. The precision of the model was
then evaluated through visual predictive checks, mean observed-predicted ratios, and average

fold error across relevant PK parameters, which adhered to the predefined 2-fold threshold. The
observed exposure of nicardipine in Child-Pugh A was found to be ~1.5-fold greater than in a healthy
population, highlighting the necessity of dosage adjustment in the cirrhotic population. The developed
PBPK models have effectively elucidated the PK alterations of nicardipine in healthy and diseased
populations, thus the insights gained from these models can inform tailored dosing regimens for
enhancing therapeutic efficacy.
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Physiologically Based Pharmacokinetic (PBPK) models play a critical role in drug development by enabling
predictions of biodistribution and toxicity of various pharmaceuticals' . Originating from Teorell’s 1937 concept,
PBPK modeling was first applied in clinical research in 1977 using preclinical in vitro data>®. PBPK models differ
from compartmental models by simulating organ-specific compartments interconnected via physiological blood
flow”. The integration of physiological, drug-related parameters, and the PK data in PBPK models facilitates the
accurate prediction of drug disposition and dosage optimization®’. Numerous publications have emerged over
the past several decades that examine the use of PBPK modeling in the context of various drugs!®-!°.

Nicardipine is classified as a dihydropyridine-type calcium (Ca?*) channel blocker. It is indicated for the
management of hypertension, stable angina, and Prinzmetal’s angina!®. This drug acts by inhibiting long-
acting Ca®* channels, thereby inducing vasorelaxation!’~!°. The Biopharmaceutics Classification System
(BCS) categorizes this drug as a class II drug, indicating elevated permeability and poor aqueous solubility
of 7.9 mg/mL%. It exhibits a complex metabolism predominantly mediated by the cytochrome P450 (CYP)
enzyme system, with CYP3A4 serving as the major contributor and CYP2C8 and CYP2D6 contributing to
a lesser extent, influencing its PK profile?!. Following oral administration, it undergoes rapid absorption but
undergoes a substantial first-pass effect, reducing its bioavailability to ~35%?%%. The resulting metabolites,
including, pyridine analogue metabolites (M-5)2*?, are excreted via urine (~40%) and bile (60%)%, and its
hepatic clearance (CL,,) in healthy populations is reported to be 58.68 +13.32 L/h¥’.
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Various pathophysiological changes are observed in LC and CKD that can influence several physiological
parameters, including blood flow to all organs, hematocrit levels, liver volume fraction, plasma protein scale factor,
estimated glomerular filtration rate (eGFR), small intestinal transit time, etc. which have been documented in
previously published clinical research studies?*-3!. Notably, the PK of nicardipine may be altered in patients with
LC and CKD, leading to increased drug exposure. Consequently, the integration of these physiological variations
into a drug-disease PBPK model may enhance the accuracy of predictions regarding the drug’s disposition thus
facilitating optimal dosing strategies for patients with these medical conditions.

Currently, there is only one reported application of the PBPK model for nicardipine, which has specifically
examined CYP3A4-mediated drug interactions between saxagliptin and nicardipine®2. The current investigation
endeavors to develop and evaluate a PBPK model capable of anticipating the ADME of nicardipine in healthy
individuals, as well as in patients with CKD and LC, by employing a systematic modeling framework. The
purpose of this study is to develop and evaluate drug-disease PBPK models for nicardipine following the
incorporation of pertinent pathophysiological changes associated with CKD and LC to recommend appropriate
dosage modifications in such patients, thus ensuring optimal therapeutic efficacy and safety.

Methodology

Pharmacokinetic studies screening

A comprehensive search was conducted across various databases, including Google Scholar, PubMed,
ScienceDirect, and the Cochrane Library, to gather relevant articles pertaining to the PK of nicardipine.
The screening was concentrated on administering nicardipine through both IV and oral routes, particularly
emphasizing the plasma concentration-time profiles observed in healthy and diseased populations. The analysis
comprised a total of 10 studies, encompassing 6 profiles related to IV dosage form, 7 profiles pertaining to oral
administration in healthy individuals, two profiles focused on patients with CKD, and one profile involving LC
subjects. The development and evaluation process of PBPK modeling employed one-third (2 for each IV and
oral) and two-thirds (4 for each IV and oral) studies, correspondingly. The demographic parameters of all the
included studies are outlined in Table 1.

Software employed for PBPK model

For the development of the PBPK model and assessment of the ADME of nicardipine in healthy and diseased
(CKD and LC) populations, the whole-body simulation software i.e. PK-Sim version 11.3, developed by Bayer
Technology Services GmbH Systems Biology Software Suite Wuppertal, Germany*® (available at https://github.c
om/Open-Systems-Pharmacology), was employed. The Get Data Graph Digitizer software (Version 2.24.0) was
employed to extract quantitative data from graphs in the included articles.

Building blocks development

PK-Sim software features a user-centered graphical interface with distinct building blocks, enabling efficient
operations and comprehensive simulation features. The drug-specific and physiological parameters, as well as
PK data of nicardipine based on established values derived from relevant clinical studies in healthy, CKD, and LC

Dosage Study size ‘ Gender ‘ F Prop. (%) | Age (years) | References

Intravenous administration in healthy population

0.16 mg/kg | 14 M 0 21-40 33
5 mg/h? 6 M 0 NN 3
0.885 mg 6 M 0 24-33 3
1.05 mg 1 F 100 32 36
5mg 8 MandF |50 51+9 37
210 ug/kg® | 8 M 0 19-28 38
Oral administration in healthy population

30 mg 6 M 0 NN 3
40 mg 1 F 100 32 36
30 mg 8 M 0 30-63 3
20 mg 8 MandF | 37.5 23-45 0
30 mg 9 MandF | 11.1 21-42 4
20 mg NN NN NN NN B
Oral administration in mild cirrhotic patients

30 mg 9 ‘ M ‘ 0 31-66 3
Oral administration in chronic kidney disease

20 mg* 12 MandF | 33.3 19-75 4
30 mg? 9 MandF | 11.1 18-69 4

Table 1. Summary of clinical studies employed in the development of Nicardipine PBPK model. M male, F
female, Prop proportion, NN not narrated. *Dose infused over 3 h, bdose infused over 30 min, moderate renal
failure, 9severe renal impairment.
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populations, were embedded into PK-Sim software for PBPK model configuration, as demonstrated in Table 2
and Supplementary Tables ST2 and ST3. PK-Sim provides three built-in cellular permeability models: PK-Sim
Standard, Charge Dependent Schmitt, and Charge Dependent Schmitt normalized to PK-Sim. In this study,
simulations were conducted using the PK-Sim Standard model, calculating permeability parameters from the
physico-chemical parameters given in the compound data window. The degree of dissociation of acids and bases
is not taken into account. It is assumed that this value is the same in all organs and that differences originate only
from size-dependent surface areas.

Strategic approach for model development

The development of the PBPK model was initiated by conducting an exhaustive literature search for the screening
of relevant PK parameters and plasma concentration-time profiles for nicardipine. Subsequently, for the purpose
of validating the model in healthy individuals, drug-specific parameters, system-related parameters, and PK
profiles were integrated into PK-Sim, developing IV and oral models based on previously recognized modeling
techniques'®!"!4>1-3*, The sensitivity analysis was performed for model parameters: fraction unbound (f),
lipophilicity (log P), specific intestinal permeability, and hepatic clearance (CL;;) as shown in the supplementary
document (Figure SF1 and Table ST1). The IV model was established first, subsequently leading to the creation
of the oral model, which was designed without altering the existing parameters. This approach was taken to
mitigate the complexities associated with absorption parameters, particularly those related to specific intestinal
permeability. To enhance the model’s relevance for diseased states, particularly those with LC and CKD, different
pathophysiological alterations were systematically integrated into the PBPK model. The mathematical equations
employed for PBPK model development are documented in the Supplementary Table ST4. The classification
of organs into slowly perfused and highly perfused compartments was carried out automatically by the PK-
Sim’ software, utilizing its built-in physiological parameters. The diagram illustrating the organs involved in the
PBPK model of drug and visual representation of this model framework are displayed in the Fig. 1A, B.

Model framework

Nicardipine is represented with molecular formula C, H,,N,O,*, and possesses a fraction unbound (f ) of
0.0024-0.016*>°°. Moreover, it has a basic nature with a dissociation constant (pK ) of 8.10°°. The model’s
prediction was guided by the Rodgers and Rowland model for cellular permeability and the standard partition
coefficient model of PK-Sim. The formulation parameters were optimized by utilizing the Weibull model. For
the tablet, sustained-release (SR) capsules, and oral solution, the specified dissolution times (50% dissolved)
were 10, 15, and 0.5 min, respectively. Furthermore, the dissolution shape values were designated as 2 for the
tablet, 0.2 for the SR capsule, and 1 for the oral solution after performing visual predictive checks (VPC). The
additional parameters used in developing the model are presented in the Table 2.

PBPK model for diseased population

Chronic kidney dysfunction

CKD is characterized by a reduction in renal function that persists for at least three months, indicated by a
glomerular filtration rate (GFR) of less than 60 mL/min per 1.73 m?*. Various pathophysiological alterations
occur in CKD, such as alterations in levels of plasma protein (specifically albumin), hematocrit, small intestinal
transit time, and gastric emptying time**3!, which subsequently alters the ADME of nicardipine. In the profiles
of moderate and severe CKD, the estimated glomerular filtration rates (¢GFR) were incorporated into model

Parameters Incorporated value References

Physicochemical characteristics

Molecular wt. (g/mol) 479.5 44
pK, 8.1 =
Plasma protein binding Albumin 1
Water solubility at pH 7 (mg/ml) 7.9 2
Log P (log units) 3.5 47
Absorption

Intestinal permeability (specific) (cm/s) | 7.60 x 10-¢ 48
Distribution

Cellular permeability model PK Sim Standard

Partition coeflicient model Rodgers and Rowland
Specific organ permeability (cm/min) | 0.3 Optimized
Unbound drug fraction (f,) 0.004 49,50

Disposition (metabolism and elimination)

Hepatic clearance (mL/min/kg) 11.8% 27

Renal clearance (mL/min/kg) 4b

Table 2. Input variables for nicardipine model development. Log P lipophilicity, pK_ acid-dissociation
constant. *The model employs a value of 0.71, expressed in L/h/kg, ®The model employs a value of 0.24,
expressed in L/h/kg.
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Fig. 1. (A) Framework for defining a strategic methodology to develop the PBPK model and attain results.
IV intravenous, CKD chronic kidney disease, LC liver cirrhosis, MW molecular weight, PK, acid dissociation
constant, CL, renal clearance, CL,, hepatic clearance, PK pharmacokinetic, PBPK model physiologically based
pharmacokinetic model. (B) Whole body physiologically based pharmacokinetic model in PK-Sim software,
Qp Q> Qpyy Qv Qo are blood flows in hepatic vein, hepatic artery, hepatic portal vein, blood flows into
and out of other compartments, E, and E,, represent fractions undergoing first pass metabolism in GIT and

liver.
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Fig. 1. (continued)

as 35.01 and 26 mL/min/1.73 m?, respectively. Other in-built pathophysiological changes for various stages of
CKD were integrated into the PK-Sim virtual populations to refine the drug-disease model. The AUC, _ was
analyzed and compared among three distinct populations: healthy, moderate CKD, and severe CKD, followed by
a rigorous evaluation of the model through comparison with the reported profiles. Furthermore, box-whisker
plots were deployed to visually illustrate the data, providing dosage recommendations for nicardipine.

Liver cirrhosis

LC is a progressive condition characterized by a decline in liver function, accompanied by significant
morphological and pathophysiological alterations. The progression of this disease is typically classified according
to the Child-Pugh (CP) grading system, which includes three categories; mild (CP-A), moderate (CP-B), and
severe (CP-C)*’. A PBPK model for cirrhotic patients was developed, based on pathophysiological changes in
the functional size of the liver, expression of CYP450, GFR, cardiac output, hematocrit, hepatic blood flow, as
well as plasma albumin concentrations, as detailed in Table 38, These changes may influence the systematic
exposure of nicardipine administered to the patient, making it imperative to evaluate drug PK to assess potential
risks and investigate any alterations in ADME of the drug under cirrhotic conditions. The study selected for
the verification of the nicardipine PBPK model in LC presented a plasma concentration versus time curve for
a population classified as CP-A%, the predictions of which were visually validated through the comparison of
reported data and the anticipated data. Moreover, Box whisker plots were employed to visually illustrate the
results of dose optimization.

Model evaluation and verification

All the PK profiles were evaluated using a simulated cohort of 1,000 individuals, designed to reflect the
characteristics of clinical studies, including demographic and physiological variables such as age, gender, and
body weight, as well as dosage and administration routes. A subsequent evaluation of the nicardipine model
was conducted by utilizing VPC to verify the robustness of the model. This technique involves evaluating PK
models by visual comparison of anticipated data against reported data. By plotting these datasets over time
or across various parameters, researchers can effectively assess how well the model captures the fluctuations
and trends present in the observed data®. The assessment of the model was conducted by the comparison of
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Variables Control | PK-Sim default | CP-A
Functional liver volume® | 1 2.2 0.81
Hematocrit (%)?* 40.9 0.47 36.6
Plasma protein factor” - 1 0.81
GFR (mL/min)? 120 21.5 83.7
Blood flow (mL/min)®

Liver - 18.83 13
Kidney - 228.58 0.88
Bone and other organs | - - 1.75

Table 3. Pathophysiological alterations observed in liver cirrhosis. *Reference values extracted from?,
PReference values extracted from?:.

the predicted arithmetic mean, the 5th to 95th percentiles, as well as the minimum and maximum plasma
concentrations against the mean plasma concentration vs. time curves obtained from the reported clinical data.
The PK parameters were calculated by employing non-compartmental analysis (NCA) in the PK-Solver’, an add-
in program, Version 2016%. In studies conducted on healthy subjects, the mean predicted-to-observed (Rpre Jobs)
ratios for cleaance (CL), C ., and AUC, _ were computed utilizing Eq. (1), with a 95% confidence interval. In
contrast, for diseased (CKD and LC) subjects, data were expressed as mean and range, owing to the availability
of limited studies. These ratios, as predicted by the previously published PBPK models, are expected to fall
within a two-fold range!®!1:1451-53, To determine RPre djobe Average fold error (AFE), and fold error, the following
Egs. (1)-(3) are employed, as provided below:

Predicted value of PK parameter

R = 1
Observed value of PK parameter M
Predicted values of parameter
Fold — = 2
© error Observed values of parameter @
AFE = 10 >~ log (fold error) 3)

N

Results
The systematic methodology employed to achieve the results is presented in Fig. 1.

Designing and evaluating PBPK model for healthy subjects

The PBPK model anticipated plasma concentration-time data for nicardipine were contrasted with the reported
PK data following the IV (bolus and infusion) and oral doses. The predictive accuracy for the concentration-time
profile was confirmed, as the reported data fitted well within the 5th — 95th percentile and was comparable with
the predicted arithmetic mean as displayed in Figs. 2 and 3. The accuracy of the nicardipine model was further
supported by calculating the average fold error (AFE) value, which reflected the average deviation between the
reported and anticipated values, displaying the maximal plasma concentration (C__ ) of 0.875 and 1.14 upon
IV and oral administration (Table 5). Moreover, RPre Jobs Fatios of other PK variables i.e. CL and area underneath
the curve from time zero to infinity (AUC__), were consistent and adhered to the predefined 2-fold threshold
(Table 4; Fig. 4).

Development and evaluation of the PBPK model in population with LC and CKD population
In patients with CKD and LC, the reported data aligned well with the anticipated concentration-time profiles
of nicardipine. This alignment was observable for both the arithmetic mean and the 5th to 95th percentile, as
illustrated in Figs. 5 and 6. Moreover, these results were validated by the AFE values, which reported the (C_ )
for CKD and LC individuals as 0.664 and 1.17, respectively (Table 5), and the R . Jobs F2LI0S for each relevant PK
parameter, which adhered to the permissible two-fold error threshold, are displ%yed in Fig. 4; Table 5.

Dosage modification of Nicardipine in LC and CKD patients

Following the oral administration of similar doses of nicardipine, the patients with LC displayed significantly
higher AUC,, _ than healthy individuals. A dosage adjustment method was implemented gradually through
careful tapering and simulations to attain comparable nicardipine exposure among healthy subjects and
LC patients. The exposure levels of the drug were rendered equivalent by reducing the dose by 75% of the
original 30 mg dose in the case of the CP-C population as evidenced in the box-whisker plot shown in Fig. 7.
In contrast, the dosage of nicardipine was reduced by 43% and 52% in the case of individuals with CP-A and
CP-B, correspondingly. However, in patients with moderate to severe CKD, the dosage of nicardipine was
adjusted, being reduced by 11% and 14% from the initial dose of 30 mg, respectively, to maintain comparable
exposure levels. This approach of dosage optimization adhered to the methodologies detailed in previously
published studies®!. The box-whisker plots (Figs. 7 and 8) illustrating the simulated exposure of oral nicardipine
administration in healthy population, LC, and CKD subjects highlight the process of dose optimization.
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Fig. 2. The contrast of reported and anticipated systemic concentration vs. time profiles of nicardipine
following Intravenous doses of; (A) 210 ug/kg for 30 mins*%, (B) 0.16 mg/kg®*, (C) Infusion of 5 mg/h over 3
hr*4, (D) 0.885 mg?®, (E) 1.05 mg?, (F) 5 mg*’, respectively. (Red dots): Values of observed data, (straight line):
Arithmetic mean prediction, (dashed line): dashed lines-maximum and minimum values, (black dotted line):
dotted lines-5th and 95th percentile.
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Fig. 3. The contrast of reported and anticipated systemic concentration vs. time profiles of nicardipine
following oral doses (in mg) of; (A) 30 mg*, (B) 30 mg>¢, (C) 30 mg*’, (D) 20 mg*!, (E) 30 mg*!, (F) 20 mg*?,
(G) 40 mg¥, respectively. (Red dots): Values of observed data, (straight line): Arithmetic mean prediction,
(dashed line): dashed lines-maximum and minimum values, (dotted line): dotted lines-5th and 95th percentile.
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C,ax (ng/mL) AUC,__ (ng/mL.hr) CL (L/h)
Dose O.V. [PV. [RRatio |O.V. [PV. [RRatio |ONV. [P.V. [RRatio | References
IV administration in healthy individuals

210 ug/kg for 30 min | 230.14 | 226.37 | 0.984 220.4 | 227.17 | 1.031 66.7 64.45 | 0.966 8

0.16 mg/kg 424.69 | 511.05 | 1.203 | 217.84 | 203.58 [0.934 [51.41 |5501 |1.07 »
5 mg/hr for 3h 1233 | 105.44 | 0.855 | 447.32 [360.76 | 0.806 | 33.53 |41.58 |1.24 #
0.885 mg 869 |6.65 |0.765 12.62 | 11.27 |0.893 70.13 | 78.56 | 1.12 *
1.05 mg 3465 |2925 |0.844 [21.08 |2158 |1.023 |49.8 |4866 |0.977 |
5mg 194.79 | 140.65 | 0.722 | 109.96 | 11226 | 1.021 | 4547 |44.54 |0979 |¥
Oral administration in healthy individuals
30 mg 7809 [60.52 [0.775 [116.98 |142.16 | 1215 |256.46 |211.03 |0.823 |3
40 mg 27.65 [3473 |1256 |179.38 |131.32 |0.732 |222.99 |304.6 |1366 |
30 mg 3327 (3626 [1.089 [83.06 |8595 |1.035 |361.17 |349.74 |0.968 |¥
30 mg 2214 (3813 [1722 |66.11 |87.85 |1329 |453.79 |341.45 [0.752 |
20 mg 20.63 [2435 |1.18 5292 |62.99 |1.19 393.88 | 317.47 | 0.806 |
30 mg 3148 [37.95 [1206 [101.03 |97.53 |0.965 |296.95 [307.6 |1.036 |*
20 mg 2582 (2429 [0941 [5203 |60.4 |1.161 |384.35 3311 |0.861 |*®
Oral administration in CKD population
20 mg 33.04 (2725 |0.825 |86.09 |7519 |0.872 23222 |266 |1.15 4
30 mg 55.02 |31.86 |0.579 152.02 | 103.50 | 0.680 194.45 | 290.44 | 1494 | #
Oral administration in LC population
30 mg (6712 [7445 [1109 [30721[173 [0563 [97.65 [17341 [1775 [
Table 4. The R edjobs TaLiOS for PK parameters of Nicardipine in healthy and diseased populations. C,

maximal plasma concentration, AUC, _ area underneath the curve from time zero to infinity, CL clearance,
CKD chronic kidney disease, LC liver cirrhosis, IV intravenous, O.V. the observed parameter value, PV. the
predicted parameter value, R Ratio P.V./O.V.

Discussion

This investigation involves employing a systematic framework for constructing a detailed and comprehensive
PBPK model for nicardipine, capturing the PK characteristics of the drug, analyzed after administering both
oral and IV doses in healthy individuals as well as diseased populations (CKD and LC). Saturable first-pass
metabolism is a notable characteristic of nicardipine pharmacokinetics, leading to complexities in drug
absorption and bioavailability profiles. When administered orally, nicardipine undergoes significant first-pass
metabolism in the liver and intestine, primarily mediated by cytochrome P450 enzymes, particularly CYP3A4.
This metabolism results in a limited bioavailability of about 35% after oral dosing?. Due to these metabolic
pathways, some patients experience multiple plasma concentration peaks, a phenomenon attributed to variable
intestinal absorption and hepatic clearance mechanisms®2. The preliminary evaluations were performed in a
healthy population before expanding the assessments to individuals diagnosed with certain diseased conditions,
following the methodology established by previously published models!®11:1451-53,

In the present study, the PBPK model was created and evaluated by utilizing PK-Sim" software, enabling
researchers to gain comprehensive insights into the PK behavior and elimination pathways of nicardipine.
This model is constructed using the documented physicochemical characteristics and concentration vs. time
profiles of the drug as reported in the studies for IV and oral dosing in healthy individuals, employing in silico
methodologies. The results indicate that the predicted and observed values exhibited a strong correlation, as
evidenced by the mean AUC,___ values of 173.03 vs. 170.93 ng.hr/mL following IV dosage in healthy subjects.
Furthermore, the mean predicted and observed AUC___ aligned closelyi.e. 93.1and 92.77 ng.hr/mL, respectively,
and the calculated mean R e /ops TaLIO for C . in the healthy subjects was 1.02, which demonstrates the model’s
robustness to reliably forecast the PX of nicardipine. Moreover, the assessment of the AFE value for CL, following
the oral administration of nicardipine, yielded a value of 0.95, which remained within the acceptable two-fold
error range. This finding indicates that the model successfully reflects ADME processes for nicardipine through
the utilization of precise and reliable input parameters.

Nicardipine is predominantly metabolized by the liver*, indicating that its ADME may be significantly
influenced by hepatic impairment. In individuals suffering from LC, variability in several parameters such
as blood flow to various organs, GFR, plasma protein scale factor, liver volume fraction, and hematocrit, is
frequently noted, which may significantly elevate the risk of developing irreversible complications?®2%:63,
Furthermore, the Child-Pugh (CP) classification serves as a valuable tool for evaluating the extent of liver
impairment. It is important to comprehend how these alterations may affect the PK of medications, which could
ultimately result in adverse effects or reduced therapeutic effectiveness. The data obtained from simulations
and actual measurements demonstrated that the AUC,__ for nicardipine significantly increased by ~2.7 folds
following oral administration in mild cirrhotic patients. The findings indicate that LC plays a significant role in
causing pathophysiological changes by elevating drug exposure and plasma concentration levels while reducing
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Fig. 4. The contrast of mean (Rpre /o) Tatios for the (A) area underneath the curve from time zero to infinity
(AUC, ), (B) Maximal plasma concentration (C ), and (C) Clearance (CL) amongst healthy individuals,
and chronic kidney disease (CKD) and liver cirrhosis (LC) patients. The findings are reported alongside a 95%
confidence interval (CI).

the CL. The evaluation of LC profiles involved a comparative assessment of AUC,__, which demonstrated that a
dose reduction of 43%, 52%, and 75% is warranted for individuals classified as CP-A, CP-B, and CP-C patients,
correspondingly. The suggested nicardipine dosage guidelines may provide valuable insight for managing LC in
patients, potentially reducing the likelihood of further complications associated with their condition.

Scientific Reports |

(2025) 15:19752 | https://doi.org/10.1038/s41598-025-03829-4

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

400

W
o
o

N
o
o

100

Concentration (ng/mL)

30 mg (CP-A)

Time (hr)

Fig. 5. The contrast of predicted and observed concentration vs. time curves following oral administration of

30 mg*’ nicardipine in mild liver cirrhotic (CP-A) patients. (Red dots): Values of observed data, (straight line):
Arithmetic mean prediction, (dashed line): dashed lines-maximum and minimum values, (dotted line): dotted
lines-5th and 95th percentile.

Numerous investigations have revealed that impaired renal function may lead to alterations in key
physiological parameters, including GFR, small intestinal transit time, gastric emptying time, hematocrit,
albumin, etc?%3103%4, Nicardipine is excreted from the body through the kidneys®’; therefore, its PK profile
may be adversely affected in renal impairment patients. In CKD subjects, both simulation and observed data
demonstrate a notable increase in the AUC,__ for nicardipine, with observed exposure increasing by 50-70%
for moderate and severe CKD, and this observation aligns with the outcomes reported in earlier research
studies®. These results imply that CKD plays a crucial role in altering pathophysiological mechanisms, as it
leads to a reduction in CL and an increase in plasma concentration levels, half-life, and bioavailability of the
drug. Therefore, it is advisable to consider dosage adjustments in this population, as recommended in previously
published studies®. An assessment of CKD studies comparing AUC,__ revealed that patients with severe CKD
require a dose reduction of 14%, whereas those with moderate CKD require a dose lowered by ~11%. The
proposed dosage recommendations of nicardipine for CKD patients may help in managing their condition and
alleviate the risk of disease progression.

Limitations

The systemic concentration of nicardipine over time obtained from publication graphs was carefully scanned
for model evaluation. While the extracted PK parameters aligned closely with the reported values, minor
discrepancies should not be neglected. Another notable limitation is that some studies used in the evaluation of
the model lacked data on gender distribution. The available clinical PK data for nicardipine is predominantly
sourced from studies following the oral administration of the drug in healthy subjects, cirrhotic, and renal
impairment patients. Therefore, the predictions made by the model regarding IV administration for disease-
afflicted populations cannot be supported. Future research could address this gap if pertinent IV studies in
affected populations become available. Additionally, to substantiate the validity of the proposed model, there is
a requirement for further clinical data pertaining to mild CKD.
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Fig. 6. The contrast of predicted and observed concentration-time curves following oral administration of
nicardipine in renal impairment (RI) patients at dosages of (A) 20 mg*! (Moderate RI), (B) 30 mg*! (Severe
RI), respectively. (Red dots): Values of observed data, (straight line): Arithmetic mean prediction, (dashed
line): dashed lines-maximum and minimum values, (dotted line): dotted lines-5th and 95th percentile.

Conclusion
The developed PBPK model has successfully anticipated the ADME of nicardipine in healthy, cirrhotic, and

renal impairment populations following oral and IV dosing. This model has been refined to yield more accurate
predictions by integrating various pathophysiological factors associated with LC and CKD, thus providing

Scientific Reports |

(2025) 15:19752 | https://doi.org/10.1038/s41598-025-03829-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

PK variables | AFE
IV healthy

C o (ng/mL) 0.896
AUC,__ (ngh/mL) | 0.951
CL (L/h) 1.059
Oral healthy

C e (ng/mL) 1.167
AUC,__, (ngh/mL) |1.089
CL/F (L/h) 0.945
Renal failure

C oy (ng/mL) 0.702
AUC,__ (ng:h/mL) | 0.776
CL/F (L/h) 1.322
Liver cirrhosis

C o (ng/mL) 1.109
AUC,__ (ng:h/mL) | 0.563
CL/F (L/h) 1.775

Table 5. Calculation of the AFE values for PK variables among healthy and diseased populations. PK
pharmacokinetics, AUC, _ area underneath the curve from time zero to infinity, C, maximal plasma
concentration, CL clearance, AFE average fold error.
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Fig. 7. Box plots illustrate the simulated AUC,, _ with the 5th —95th percentiles following a 30 mg oral dose
of nicardipine in both healthy individuals and those with hepatic dysfunction (a). Suggested dosage reductions
for patients with mild (CP-A), moderate (CP-B), and severe (CP-C) are presented in (b) for comparison with
the exposure levels in healthy individuals. AUC, _ area underneath the curve from time zero to infinity.

recommendations to healthcare professionals in optimizing dosing strategies for patients with compromised
hepatic and renal function. Moreover, the model is capable of forecasting the variations in PK among CKD and
LC patients exhibiting various levels of severity, i.e. mild, moderate, and severe.
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Fig. 8. Box plots illustrate the simulated AUC,,__ with the 5th —95th percentiles following a 30 mg oral dose
of nicardipine in both healthy individuals and those with chronic kidney disease (CKD) (a). Suggested dosage
reductions for patients with moderate and severe renal impairment are presented in (b) for comparison with

the exposure levels in healthy individuals. AUC,, _: area underneath the curve from time zero to infinity.
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