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Aim: The study was aimed to understand the underlying causes for the differences in 
propranolol pharmacokinetics (PK) between healthy and cirrhosis populations by using a 
systematic whole-body physiologically based pharmacokinetic (PBPK) model-building 
approach for suggesting model informed propranolol dosing in liver cirrhosis patients with 
different stages of disease severity.
Methods: A whole-body PBPK model was developed by using population simulator PK- 
Sim® by using reported physicochemical and clinical data for propranolol in healthy and 
liver cirrhosis populations. The model evaluation was done by visual verification and 
comparison of PK parameters using their observed/predicted ratios (Robs/pred).
Results: The developed model has effectively described the disposition of propranolol after 
intravenous and oral application in healthy and liver cirrhosis populations. All the model 
predictions were comparable to the observed clinical data and the Robs/pred for all the PK 
parameters were within a 2-fold range. A significant increase in plasma concentration of 
propranolol and decrease in drug clearance was observed in progressive stages of liver 
cirrhosis. The developed model after evaluation with the reported clinical PK data was 
used for suggesting model informed propranolol dosing in different stages of liver cirrhosis 
based on systemic unbound drug concentration.
Conclusion: The developed PBPK model has successfully described propranolol PK in 
healthy and cirrhosis populations after IV and oral administration. The evaluated PBPK 
propranolol-cirrhosis model can have many implications in predicting propranolol dosing in 
liver cirrhosis patients with different stages of disease severity.
Keywords: PBPK, propranolol, cirrhosis, dose adjustments, drug therapy

Introduction
Propranolol, a non-selective beta-blocker drug first marketed in 1964, is still 
indicated for a variety of cardiovascular diseases (CVD) like cardiac arrhythmias, 
ischemic heart disease, heart failure, and hypertension.1,2 It is also prescribed in 
non-cardio-vascular diseases (NCVD) like migraine, anxiety, thyrotoxicosis, tre-
mors, and infantile haemangiomas.1 It is recommended for pre, primary and 
secondary prophylaxis of variceal bleeding in cirrhosis.1–3 It significantly reduces 
variceal re-bleeding as compared to placebo4 but at the same time, it reduces the 
portal vein velocity (PVV) which is a major cause of portal vein thrombosis (PVT), 
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an adverse outcome of liver cirrhosis.4,5 In a recent meta- 
analysis, a significant association was found between the 
use of propranolol in cirrhosis and the development of 
PVT.5

Propranolol has a high hepatic extraction ratio (0.8–0.9)6 

and is extensively metabolized by the liver UDP-glucurono-
syltransferases (UGTs)7 and cytochrome P450 (CYP) 2D6, 
2C19, and 1A2 enzymes.8 Therefore, an alteration in hepatic 
blood flow (QH) and CYP enzyme activity may have a 
considerable effect on propranolol disposition.9 Its pharma-
cokinetics (PK) can be altered in conditions where changes in 
QH and hepatic enzymes are reported, as in liver cirrhosis.10 

The pathophysiological changes occurring in chronic condi-
tions (liver cirrhosis) can be incorporated into a physiologi-
cally based pharmacokinetic (PBPK) model to predict and 
optimize administered drug doses.11–15

There is a need to develop a generic whole-body PBPK 
model of propranolol for a wide range of intravenous (IV) 
and oral (PO) doses among healthy and diseased populations 
as it is still one of the most recommended drugs for a variety 
of CVD and NCVD.16 The availability of published clinical 
PK data, after IV and oral administration of propranolol in 
healthy populations, can assist the development of the whole- 
body PBPK model of propranolol by using a systematic 
model-building approach.11,17 After successful evaluation 
of the developed PBPK model in the healthy adults, the 
disease-specific pathophysiological changes occurring in 
liver cirrhosis can be incorporated into the evaluated PBPK 
model for predicting propranolol PK in liver cirrhosis.18,19 

There are few published reports for PBPK models of propra-
nolol that were focused on predicting the effect of food on its 
PK.20–22 The PBPK-Cirrhosis models for various other drugs 
are reported18,19,23–25 but to the best of our knowledge, there 
is no published report of a PBPK model for propranolol that 
has been used to predict its exposure in liver cirrhosis patients 
with different degree of disease severity. Therefore, if such a 
model is developed it may be used in suggesting model 
informed propranolol doses in liver cirrhosis patients with 
respect to their disease severity.5

The objective of the present study was to understand 
the differences in propranolol PK between healthy and 
disease populations by developing a whole-body PBPK 
model using a systematic model-building approach. This 
work aimed to suggest model informed propranolol dosing 
in liver cirrhosis patients with different stages of disease 
severity.

Materials and Methodology
Clinical Pharmacokinetic Data
A comprehensive literature search was done by using Pubmed 
and Google Scholar databases to shortlist the published litera-
ture in which concentration-time profiles and pharmacokinetic 
data of propranolol were available after oral and IV adminis-
tration. GetData Graph Digitizer® V.2.26.0 (accessible via 
http://getdata-graph-digitizer.com/) was used to extract the 
data of plasma concentration of propranolol, at various time 
intervals from the reported clinical PK studies. Data from 22 
clinical studies (7 for IV administration and 15 for oral admin-
istration) in healthy individuals was extracted. One-third (3 
IV26–28 and 5 oral29–33) of which were used for the develop-
ment of the PBPK model and the rest of the two-thirds (4 IV 
and 10 oral) were used for subsequent model verifications. All 
the observed data sets were used for model evaluation. The list 
of clinical studies and demographics used for the development 
and verification of the propranolol-PBPK model in the healthy 
population are summarized in Table 1.

In liver cirrhosis, 07 clinical studies were used and 
their demographics are summarized in Table 2. 
Participants of these studies were classified based on the 
severity of liver cirrhosis measured by the physiological 
scoring method as Child Pugh-A (CP-A), Child Pugh-B 
(CP-B), and Child Pugh-C (CP-C) for mild, moderate, and 
severe cirrhosis respectively.34 This scoring is based upon 
the measurement of five morphological and physiological 
biomarkers including i) total bilirubin concentration ii) 
serum albumin levels iii) prothrombin time with interna-
tional normalized ratio (INR) iv) ascites and v) hepatic 
encephalopathy.34 In six clinical studies participants were 
stratified into CP A, B, and C groups but in one of the 
selected studies, only data of morphological and physiolo-
gical biomarkers was available.35 This information was 
used to classify participants of this study into different 
CP groups.34 All of the studies, which were included for 
model evaluation in liver cirrhosis consisted of mixed 
cirrhosis populations (CP A–C).

PBPK Modeling Software
Whole-body physiological based pharmacokinetic (WB- 
PBPK) models of propranolol in healthy adults and cir-
rhotic population were developed using the population- 
based PBPK simulator PK-Sim® (modeling program). 
This software package and source codes of developed 
models are the parts of open system pharmacology 
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Table 1 List of Clinical Studies and Their Demographics Used for the Development and Verification of Propranolol-PBPK-Healthy 
Population Model

Dose Sample Size No. of Females Age (Years) Weight (kg) Race

(N) Range Range

Propranolol IV Administration in the Healthy Population

0.05 mg/kg65 6 0 20–31 60–90 White American

0.1 mg/kg66 6 0 24–29 70–100 White American
0.2 mg/kg27 10 1 22–34 52–86 White American

01 mg46 15 3 27–67 ––––– European

2.2 mg26 8 0 23–25 55–85 European
10 mg28 6 0 23–28 66–81 European

10 mg47 6 6 24–74 40–67 European

Propranolol Oral Administration in the Healthy Population

05 mg29 18 4 32–36 ––––– European
10 mg29 18 4 32–36 ––––– European

40 mg29 18 4 32–36 ––––– European

40 mg30 55 31 20–44 ––––– European
40 mg33 12 0 ––––– ––––– White American

40 mg48 12 0 20–34 ––––– White American

80 mg32 6 3 20–28 41–70 European
80 mg31 18 10 18–26 64.4 White American

80 mg26 8 0 23–25 55–85 European
80 mg49 8 2 23–49 ––––– European

80 mg51 12 6 23–41 62–77 European

80 mg50 12 0 18–45 54–92 White American
80 mg52 18 0 18–40 ––––– White American

160 mg67 24 0 23–44 62–100 European

Table 2 List of Clinical Studies and Their Demographics Used for the Development and Verification of Propranolol- Cirrhosis PBPK 
Model

Dose Sample Size (N) No. of Females Age (Years) Weight (kg) Race

Range Range

Child-Pugh Class Child-Pugh Class

A B C Total A B C Total

Propranolol IV Administration in Cirrhosis Population

0.4 mg/kg35 1 7 6 14 0 3 4 7 37–78 ––––– European
01 mg46 6 6 3 15 2 1 0 3 27–67 ––––– European

Propranolol Oral Administration in Cirrhosis Population

40 mg46 6 6 3 15 2 1 0 3 27–67 ––––– European

80 mg63 6 6 3 15 0 0 0 0 39–60 48.5–78 European
80 mg68 9 6 0 15 0 0 0 0 42–60 65.2 ±2.1 Asian

160 mg62 6 12 6 24 0 0 0 0 ––––– ––––– European
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(OSP) suit are now freely available for all the users (http:// 
www.open-systems-pharmacology.org).

Development of Building Blocks
As PBPK modeling in the used modeling platform is based 
upon the principle of building blocks. To create building 
blocks, drug and disease-related data were gathered from 
literature and incorporated into the building blocks. 
Certain parameters were fitted after parameter identifica-
tion to predict the exposure of the drug more precisely. 
Input parameters used in the development of the PBPK 
model of propranolol are summarized in Table 3.

Modeling Strategy
The modeling strategy adopted for PBPK simulations of pro-
pranolol is depicted in Figure 1. The standard protocol was 
observed to develop PBPK models as described in the 
literature.11 First drug disposition was modulated after IV 
administration because absorption is a complex process and 
involves the partition of a drug between multiple compart-
ments. To bypass the complexity of absorption, the IV 
approach was adopted first which yielded distribution and 
elimination patterns comparable to observed data. In this 

step, intrinsic clearance of CYP2D6, CYP1A2, CYP2C19, 
hepatic and renal clearances were used as elimination para-
meters. Molecular weight and fraction unbound of propranolol 
described the distribution of a drug between various compart-
ments. Program inbuilt differential equations were used to 
explain the distribution of the drug. In every simulation, a 
total of 100 virtual subjects were created with a similar pro-
portion of females, frequency and dose administered, age, 
weight, height, and ethnicity as reported in the reference 
clinical study. The modeling tool has inbuilt population-spe-
cific values of organ weights, blood flow rates, tissue compo-
sition on age, gender, body weight, and body mass index for 
different ethnic populations. Different combinations of these 
parameters are assigned to individuals within the mean input 
values until the whole population has been created.

Model Structure
Physicochemical Properties
Propranolol (C16H21NO2) is a basic drug with a pKa value 
of 9.42, molecular weight 259.3 g/mol, and lipophilicity 
constant (Log p) 3.48. Further details of physicochemical 
properties are presented in Table 3.

Table 3 Input Parameters Used for the Development of PBPK Model of Propranolol

Input Parameters Value Reference

Physicochemical Properties

Major Plasma Protein binding α1 –Acid Glycoprotein [2]

Molecular Weight (g/mol) 259.3
Water Solubility (mg/mL) 61.7 [69]

pKa (base) 9.45 [70]

Lipophilicity (Log Units) 3.48 [71]

Absorption

Specific Intestinal Permeability (cm/min) 5.24×10−6 (optimized) Parameter optimization module

Distribution

Fraction Unbound (Fu) 10% [72]
Blood to plasma ratio (B/P) 0.89 [72]

Partition Coefficient Model Poulin and Theil Standard

Cellular permeability Model Program Standard

Metabolism

Hepatic plasma Clearance (L/hr) 46
CYP2D6 (µL/min/pmol of enzymes) 15.1249 (Calculated)* [73]

CYP1A2 (µL/min/mg of Cyp enzymes) 1.1963 (Calculated)* [73]

CYP2C19 (µL/min/mg of Cyp enzymes) 0.3238 (Calculated)* [73]

**Additional hepatic clearance (L/hr) 8.06 (calculated)

Excretion

Renal Clearance (L/h/Kg) 0.013 [22]

Notes: *Back calculated by using the well-stirred model; **17.6% of total hepatic clearance was assigned as additional hepatic clearance.
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Absorption
For oral drug administration, the mechanistic absorption model 
of the modeling program was used. In this absorption model 
gastrointestinal tract (GIT) was divided into 12 compartments 
and each compartment was further divided into additional 
mucosal compartments.36 Specific intestinal permeability of 
propranolol, calculated from its lipophilicity and molecular 
weight, was 6.64×10−4 cm/min. A value of 5.24×10−6 cm/min 

was used in this model after the parameter identification feature 
of the modeling program.37 The specific intestinal permeability 
of propranolol reported in the literature ranged from 2.8×10−4– 
6.67×10−4 and 6.67 ± 3.42 ×10−4 cm/s.38,39

Distribution
The standard calculation method present in the modeling 
program was adopted to estimate the cellular permeability. 

Figure 1 General workflow of the development of propranolol PBPK model in healthy and cirrhotic populations.
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The Poulin and Theil model was used for the estimation of 
tissue plasma partition coefficients.36

Elimination
To describe elimination in the best way, the intrinsic clear-
ance (CLint) values of CYP enzymes responsible for the 
metabolism of propranolol were back-calculated from the 
well-stirred liver model.11 Firstly, total hepatic intrinsic 
clearance (CLint(H)) of all contributing enzymes was cal-
culated from unbound plasma fraction (fu), blood to 
plasma ratio (B/P) of drug, hepatic clearance (CLH) of 
propranolol (Table 3) after IV administration, and renal 
clearance (CLR) (Table 3) clearance.40 Secondly, The 
CLint(H) was used to estimate the CLint of each contribut-
ing CYP enzyme by multiplying the percentage contribu-
tion of the respective enzyme with CLint(H). Propranolol is 
extensively metabolized in the liver through CYP (82.4%) 
and UGTs (17.6%). The percentage contributions of CYP 
enzymes reported in the literature are 59% (2D6), 21% 
(1A2), and 2.4% (2C19) respectively,41 but there is no 
exact information available for the contributions by 
UGTs. In addition to this, the abundance of UGTs 
remained preserved in liver cirrhosis18,24 therefore, the 
remaining 17.6% CLint(H) was assigned as additional hepa-
tic clearance (CLHadd) in the developed model.

Scaling of Adult PBPK Model for 
Predictions in Cirrhotic Population
The reported pathophysiological changes in different 
stages of the liver cirrhosis (CP-A-C) population were 

incorporated into the developed PBPK model. These 
include changes in blood flow, organ volume, plasma 
protein binding, and hematocrit as reported previously 
(Table 4).18,19 All the studies which were selected for 
propranolol-cirrhosis PBPK model verification did not 
have stratified plasma concentration-time data in different 
stages of liver cirrhosis (CP-A–C) rather they had a mean 
plasma concentration-time curve for the overall cirrhosis 
populations. Only the information on the total number of 
CP-A, CP-B, and CP-C participants along with their age, 
weight, height, and gender was available. Therefore, for 
the model verification process, separate predictions for 
each CP class were carried out first, and then their mean 
values were compared with the observed data sets.

After successful evaluation of the drug-disease PBPK 
model of propranolol, it was used for predicting model 
informed propranolol dosing in different stages of liver 
cirrhosis (CP-A–C). For this purpose, additional simula-
tions were performed after creating virtual populations of 
healthy adults and cirrhosis patients (CP-A–C) within the 
age range of 18–60 years, weight 50–80 kg, and height 
150–165 cm. The ranges of these demographic parameters 
were estimated from the clinical studies used for PBPK 
model development and verification in healthy popula-
tions. Firstly, an oral dose of 40 mg propranolol was 
administered to both healthy and cirrhosis populations 
(CP-A–C). Secondly, the dose reductions were suggested 
based on a comparison of total AUC (AUCtotal) and 
unbound AUC (AUCunbound) between healthy and 

Table 4 Fractions of Physiological Changes, Incorporated in the Propranolol-Cirrhosis-PBPK Model

Parameter Child-Pugh Class

A B C

Portal Blood flow a 0.40 0.36 0.04

Arterial blood flow to liver a 1.3 2.3 3.4

Renal Blood flow a 0.88 0.65 0.48
Other Organs a 1.75 2.25 2.75

Cardiac Output a 1.11 1.27 1.36

α1-Acid glycoprotein a 0.60 0.56 0.30
Haematocrit a 0.39 0.37 0.35

Functional liver mass b 0.81 0.65 0.53

GFR a 1 0.70 0.36

Hepatic enzymes b

CYP2D6 0.76 0.33 0.11
CYP1A2 0.63 0.26 0.12

CYP2C19 0.32 0.26 0.12

Notes: aFractions of control values as described by Edginton et al 2008;19 bfractions of control values as described by Johnson et al.18
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cirrhosis (CP-A–C) populations. The administered propra-
nolol doses in cirrhosis populations were gradually 
reduced until the AUCunbound was comparable between 
the healthy and cirrhosis (CP-A–C) populations. The 
results for dose adjustments were presented graphically 
as box-whisker plots.

Model Appraisal and Verification
The developed PBPK models were appraised by visual ver-
ification and by comparison of various pharmacokinetic para-
meters with observed clinical studies (Table 1). For visual 
verification, predicted arithmetic mean (AM), 10th–90th per-
centile, minimum and maximum venous plasma concentra-
tion-time curves were compared with the mean plasma 
concentration-time curves of observed data. The Microsoft 
Excel add-in PK-Solver® was used for the calculation of 
various PK parameters of the observed and predicted data by 
non-compartmental analysis (NCA).42 Ratio of observed ver-
sus predicted (Robs./pred.) was used to compare the mean area 
under plasma concentration-time curve from zero to infinity 
(AUC0-inf), maximum plasma drug concentration (Cmax), and 
plasma drug clearance (CL/F) of observed to predicted data 
with 95% confidence interval (CI). A two-fold error range was 
considered acceptable for model verification as reported 
previously.13,14,23,43 The average fold error (AFE) and root 
mean square error (RMSE) were calculated for further verifi-
cation of the developed PBPK model.14,44 The box-whisker 
plots were used to express the drug dosing recommendations 
in cirrhosis patients (CP-A–C). For this purpose, AUCunbound 

and AUCtotal of the propranolol in healthy and diseased popu-
lations (CP-A–C) were determined. AUCtotal was available in 
the modeling program output files and AUCunbound was calcu-
lated by multiplying Fu of propranolol in the healthy and 
diseased state with the AUCtotal.45

Results
Healthy Adults
Mean drug-plasma concentration-time curves of observed and 
simulated data, after intravenous (0.05–0.2 mg/kg, 1–10 mg) 
and oral (5–160 mg) administration in healthy individuals, are 
compared in Figure 3. All observed data sets qualify visual 
verification analysis when compared with mean, 10th–90th 
percentile, minimum, and maximum simulated concentration 
curves. The mean Robs./pred. of AUC0-Inf, Cmax, and CL after IV 
and oral administration, were 1.2 (range: 0.85–1.69, 95% CI 
0.9–1.5) and 0.9 (range: 0.61–1.38, 95% CI 0.75–1.05), 0.76 
(range: 0.53–1.06, 95% CI 0.58–0.94) and 1.1 (range: 0.6– 

1.92, 95% CI 0.89–1.31), 0.86 (range: 0.59–1.17, 95% CI 
0.64–1.07) and 1.19 (range: 0.72–1.63, 95% CI 1.01–1.38) 
respectively. All Robs./pred of PK-parameters (AUC0-Inf, Cmax, 
and CL) were within the two-fold error range (Table 5, 
Figures 2 and 3). Average fold error (AFE) and root mean 
square error (RMSE) for predictions of all the doses used for 
the development and evaluation of the presented propranolol- 
PBPK are described in Table 5.

Liver Cirrhosis Population
The comparison of simulated propranolol plasma concen-
tration-time profiles, after IV doses of 0.4 mg/kg, 1 mg, and 
oral doses of 40–160 mg, in cirrhotic patients (CPA–C) with 
the observed data sets showed that the developed model has 
successfully predicted propranolol PK in liver cirrhosis 
populations (CP A–C) (Figure 4). The mean ratio 
(observed/predicted) of AUC0-Inf, Cmax, and CL, after IV 
and oral administration, were 1.25 (95% CI: 0.9–1.5) and 
0.88 (95% CI: 0.75–1.05), 0.72 (95% CI: 0.58–0.94) and 
1.0 (95% CI: 0.89–1.31), 0.90 (95% CI: 0.64–1.07) and 
0.94 (95% CI: 1.01–1.38) respectively. Average fold error 
(AFE) and root mean square error (RMSE) for all the model 
predictions are described in Table 6. All observed vs pre-
dicted ratios of PK-parameters (AUC0-Inf, Cmax, and CL) 
were within the two-fold error range (Table 6, Figure 4).

Propranolol Dose Optimization in 
Cirrhosis
In comparison to the healthy adults, a 3, 9, and 10 fold 
increase in the AUCtotal and 5, 14, and 27 fold increase in 
AUCunbound was observed in CP-A, CP-B, and CP-C popu-
lations after administering 40 mg oral propranolol 
(Figure 5A and B). To have similar propranolol exposure 
(AUCtotal) in healthy and cirrhosis populations (CP-A–C) 
after administering 40 mg oral propranolol, the dose of 
propranolol was decreased up to 20% (8 mg), 10% (4 
mg), and 5% (2 mg) in CP-A, CP-B and CP-C populations 
respectively (Figure 5C). This decrease in administered 
propranolol dose in cirrhosis populations (CP-A–C) was 
not able to keep the AUCunbound comparable with the 
healthy population (Figure 5D). Therefore, the adminis-
tered propranolol doses were further reduced by 25% (8 
mg to 6 mg), 50% (4 mg to 2 mg), and 25% (2 mg to 1.5 mg) 
in CP-A, CP-B, and CP-C populations to make the AUC 
unbound values comparable between the healthy and cirrhosis 
populations (CP-A–C) (Figure 5E and F).
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Discussion
In the presented study, a whole-body PBPK model capable 
of explaining the propranolol PK after IV and oral admin-
istration was developed and evaluated successfully in 
healthy and cirrhosis populations. Since propranolol is a 
high protein-bound drug (Alpha-1 acid glycoprotein) and 
is eliminated primarily by hepatic clearance, therefore, it 
was important to estimate whether its PK are affected in 
altered physiological conditions or not. All the model 
predictions in healthy and cirrhosis populations were com-
parable to the observed clinical data as ratio obs/pred for 
all the PK-parameters were within the 2-fold range.

The presented model has effectively described the dis-
position of propranolol after IV and oral application in 
healthy populations. This argument can be further verified 

by comparison of the mean observed clearance (CL) 
0.82 L/h/kg (95% CI: 0.64–1.00)26–28,46,47 with mean pre-
dicted clearance 0.99 L/h/kg (95% CI: 0.70–1.2) after IV 
administration. Similarly, CL/F in healthy individuals was 
also comparable, as its observed and reported values were 
217 L/h (95% CI: 183.6–250.80)26,29–33,46,48–52 and 183.3 
L/h (95% CI: 169.9–196.6), respectively. Furthermore, the 
AFE value for CL (0.83 and 1.15 after IV and oral dose 
predictions) strengthened the argument that the developed 
PBPK model was predicting the disposition of the drug 
precisely (Table 4).

The liver is a vital homeostatic organ and every 
chronic complication of the liver ends in the development 
of cirrhotic liver, characterized by fibrosis in the parench-
yma, nodule formulation, and loss of hepatocytes.53 All 

Table 5 Mean Observed and Predicted Values of Different Pharmacokinetic Parameters After Intravenous and Oral Administration of 
Propranolol Among Healthy and Their Ratios (Observed vs Predicted). Average Fold Error (AFE) and Root Mean Square Error 
(RMSE) of All Predictions of the Developed PBPK Model in Healthy Individuals

PK-Parameters (Unit)

Dose AUC (µg/L.h) Cmax. (µg/L) CL/F (L/h) AFE RMSE

Obs. Pred. Ratio  
Obs/Pred.

Obs. Pred. Ratio  
Obs/Pred.

Obs. Pred. Ratio  
Obs/Pred.

IV Administration

0.05 mg/kg65 47.04 55.11 0.85 39.41 39.77 0.99 1.06 0.91 1.16 0.86 0.093
0.1 mg/kg66 121.52 130.95 0.93 30.64 43.64 0.70 0.82 0.76 1.08 0.88 0.113

0.2 mg/kg27 216.18 215.25 1.004 48.06 89.13 0.53 0.92 0.93 0.99 1.08 0.157

1 mg46 14.66 9.28 1.58 8.12 11.58 0.70 68.23 107.82 0.63 1.86 0.272
2.2 mg26 60.23 35.56 1.69 17.56 26.25 0.67 36.53 61.86 0.59 1.22 0.248

10 mg28 181.75 164.16 1.12 51.2 77.74 0.66 55.02 60.92 0.90 0.86 0.150

10 mg47 282.51 185.04 1.53 83.53 78.65 1.06 35.4 54.04 0.66 1.56 0.238

Oral Administration

05 mg29 24.32 25.44 0.96 4.26 3.51 1.21 205.62 196.52 1.05 1.08 0.073

10 mg29 62.95 50.85 1.28 9.58 7.02 1.36 158.86 196.65 0.81 1.22 0.151

40 mg48 124.82 170.12 0.73 16.33 24.91 0.66 320.47 235.13 1.36 0.71 0.176
40 mg29 196.66 200.25 0.98 34.97 28.04 1.25 203.39 199.75 1.02 1.05 0.109

40 mg30 142.28 213.11 0.67 23.54 29.59 0.80 281.13 187.7 1.50 0.77 0.141

40 mg46 160.39 251.69 0.64 25.95 24.93 1.04 249.39 158.93 1.56 0.79 0.255
80 mg50 694.64 500.38 1.39 93.87 48.8 1.92 115.17 159.88 0.72 1.75 1.333

80 mg51 264.88 433.29 0.61 34.04 56.23 0.61 302.03 184.63 1.64 0.99 0.430

80 mg52 340.65 502.88 0.68 41.17 48.99 0.84 234.85 159.08 1.48 0.74 1.510
80 mg31 395.93 606.46 0.65 53.44 67.84 0.79 202.06 131.91 1.53 0.89 0.178

80 mg26 333.41 449.39 0.74 44.46 51.68 0.86 239.95 178.02 1.35 1.61 0.774

80 mg49 507.63 411.81 1.23 75.88 51.09 1.49 157.59 194.26 0.81 1.47 0.220
80 mg32 547.21 450.7 1.21 82.26 56.03 1.47 146.2 177.5 0.82 1.53 0.217

160 mg67 928.85 833.83 1.11 127.67 98.2 1.30 172.26 191.88 0.90 1.23 0.137

160 mg74 594.02 811.4 0.73 93.92 101.93 0.92 269.35 197.19 1.37 0.79 0.134

Abbreviations: Obs, observed; Pred, predicted; AFE, average fold error; RMSE, root mean square error.
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Figure 2 Comparison of observed and predicted systemic propranolol plasma concentration versus time profile in healthy subjects after IV dose of (A) 0.05 mg/kg,65 (B) 0.1 
mg/kg,66 (C) 0.2 mg/kg,27 (D) 1 mg46 (E) 2.2 mg26 (F) and (G) 10 mg28,47 respectively. Solid line (―) are indicating arithmetic mean, dash line (———————) minimum 
and maximum concentrations, dotted line (.............) 10th and 90th percentile.
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Figure 3 Comparison of observed and predicted systemic propranolol plasma concentration versus time profile in healthy subjects after oral dose of (A) 5 mg,29 (B) 10 
mg,29 (C–F) 40 mg,29,30,46,48 (G–M) 80 mg26,31,32,49–52 (N) and (O) 160 mg67,68 respectively. Solid line (―) are indicating arithmetic mean, dash line (———————) 
minimum and maximum concentrations, dotted line (.............) 10th and 90th percentile.
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Figure 4 Comparison of observed and predicted systemic propranolol plasma concentration versus time profile in Cirrhosis population (CP-A–C) subjects after IV dose of 
(A) 1 mg46 (B) 0.4 mg/kg,35 an oral dose of (C) 40 mg,46 (D) 80 mg,69 (E) 80 mg twice daily (b.i.d)63 and (F) 160 mg62 respectively. Solid line (―) indicating Arithmetic mean, 
dash line (———————) minimum and maximum concentrations, dotted line (................) 10th and 90th percentile.
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these physiological and anatomical changes affect not only 
the homeostatic functions of the liver but also develop 
serious and sometimes fatal complications.53 Inter-hepatic 
resistance to blood flow demonstrates the development of 
portal hypertension which is further responsible for gastro-
esophageal variceal bleeding.19 Reduction in functional 
liver size, hepatic arterial blood flow, gut and liver CYP 
enzyme expression, hepatic extraction ratio, glomerular 
filtration rate, cardiac output, albumin, and alpha-1 acid 
glycoprotein concentrations, blood flow to portal vein and 
villi were anatomical and physiological changes associated 
with liver cirrhosis and can severely affect the exposure of 
the administered drug.18 Despite all these anatomical and 
physiological changes in the liver cirrhosis, the abundance 
of human UGTs remains unaltered.18,24 The US, Food, and 
Drug Administration (FDA) and the European Medical 
Agency (EMA) recommend the evaluation of PK para-
meters of an administered drug in a liver cirrhosis popula-
tion based on the disease severity (CP-A–C).54,55

Propranolol has a high hepatic extraction ratio and a 
substrate of liver CYP enzymes (2D6, 2C19, and 1A2)8 

therefore an alteration in blood flow (Q(H)) and CYP 
enzyme activity in liver cirrhosis may have a considerable 
effect on propranolol disposition.9 Furthermore, the con-
centration of plasma alpha-1 glycoprotein, a major plasma 
binding protein for propranolol, has been reduced in liver 
cirrhosis and an increase in fraction unbound of proprano-
lol is expected.18,56 The developed PBPK model has pre-
cisely predicted an increase in plasma drug concentration 

after administration of the same dose of propranolol in 
healthy and cirrhosis population (CP A–C). The mean 
plasma propranolol concentration in the cirrhosis popula-
tion (CP A–C) was increased proportionally compared to 
the healthy population as the administered dose was 
increased (Tables 5 and 6, Figures 3 and 4). A ~3–8 fold 
increase (9.28 vs 31.56, 156 vs 582.9, 440.6 vs 3376.5 
and, 761.4 vs 2311.3) was observed in the AUC0–inf [µg/L. 
h], after 1 mg IV, 40 mg, 80 mg, and 160 mg of oral dose 
administration in the cirrhosis population (CP A-C) as 
compared to the healthy population (Tables 5 and 6). 
This increase in plasma drug concentration was due to a 
reduction in the concentration of α-1 acid glycoprotein.57 

In liver cirrhosis its concentration is reduced up to 40%, 
44%, and 70 in CP-A, CP-B, and CP-C populations 
respectively,19 therefore, the more unbound drug will be 
available in plasma. Moreover, reduced portal absorption 
and portal blood flow to the liver in cirrhosis prevent 
propranolol from first passed hepatic metabolism. These 
facts result in a significant increase in unbound plasma 
drug concentration.58 A recent study compared the effi-
cacy of propranolol with other non-selective beta-blocker 
(NSBB’s) and accessed that propranolol was equally effec-
tive in the prevention of variceal bleeding as other NSBB’s 
and Its low cost made it a more suitable drug in this 
indication.59

Propranolol had significantly reduced variceal re- 
bleeding in cirrhosis patients4 and recommended for pre, 
primary and secondary prophylaxis of cirrhotic variceal 

Table 6 Mean Observed and Predicted Values of Different Pharmacokinetic Parameters After Intravenous and Oral Administration of 
Propranolol Among Cirrhosis Populations and Their Ratios (Observed vs Predicted). Average Fold Error (AFE) and Root Mean Square 
Error (RMSE) of All Predictions of the Developed PBPK Model in Healthy Individuals

PK-Parameters (Unit)

Dose AUC (µg/L.h) Cmax. (µg/L) CL/F (L/h) AFE RMSE

Obs. Pred. Ratio 
Obs/Pred.

Obs. Pred. Ratio 
Obs/Pred.

Obs. Pred. Ratio 
Obs/Pred.

IV Administration in Cirrhosis

0.4 mg/Kg35 1236.3 743.48 1.66 127.86 273.89 0.47 0.32 0.54 0.60 0.53 0.21
01 mg46 26.52 31.56 0.84 6.94 7.19 0.97 37.7 31.69 1.19 0.71 0.29

Oral Administration in Cirrhosis

40 mg46 807.08 582.98 1.38 56.02 40.55 1.38 49.56 68.61 0.72 1.93 0.44

80 mg68 832.87 1270.32 0.66 59.32 91.88 0.65 96.05 62.98 1.53 0.82 0.30
80 mg63 2631.5 5482.68 0.48 199.41 169.26 1.18 14.59 30.40 0.48 1.43 0.17

160 mg62 2272.3 2311.29 0.98 119.35 146.59 0.81 70.41 69.22 1.02 0.98 0.08

Abbreviations: Obs, observed; Pred, predicted; AFE, average fold error; RMSE, root mean square error.
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Figure 5 Box-Whisker plots compare the AUCtotal and AUCunbound after oral doses of propranolol among healthy, CP-A, CP-B, and CP-C populations. (A) AUCtotal after 40 
mg oral dose of propranolol in healthy adults and CP-A–C populations. (B) AUCunbound after 40 mg oral dose of propranolol among healthy adults and CP-A–C populations. 
(C) AUC total up to 20%, 10%, and 5% reduction in oral doses of propranolol in CP-A, CP-B, and CP-C populations respectively as compared to 40 mg oral dose in the 
healthy population. (D) AUC unbound up to 20%, 10%, and 5% reduction in oral doses of propranolol in CP-A, CP-B, and CP-C populations respectively as compared to 40 mg 
oral dose in the healthy population. (E) AUC total after further 25%, 50%, and 25% reduction in oral doses of propranolol among CP-A, CP-B, and CP-C populations 
respectively (F) after further 25%, 50%, and 25% reduction in oral doses of propranolol among CP-A, CP-B, and CP-C populations respectively. 
Abbreviations: AUC, area under the curve; CP-A, Child-Pugh class A; CP-B, Child-Pugh class B; CP-C, Child-Pugh class C.
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bleeding.3 At the same time, it significantly reduced PVV 
which is a major cause of PVT, an adverse outcome of 
liver cirrhosis.5 In a recent meta-analysis, a significant 
association was found between the use of NSBB’s in 
cirrhosis and the development of PVT.5 It was evident 
that with progressive stages of liver cirrhosis retention of 
unbound drug in the plasma increased which may result in 
the prognosis of PVT in the severe stage of liver cirrhosis 
(CP-C population).60 An additional care and dose adjust-
ment will be required in this indication to avoid this life- 
threatening situation. It was also evident from the evalua-
tion of the developed PBPK drug-disease model that clear-
ance of propranolol is much lower in progressive stages of 
liver cirrhosis and plasma concentration of drug increases 
with the progression in severity of disease ie from CP-A to 
CP-C population.

The use of propranolol in cirrhosis is established since 
long61 and in the reported clinical trials, the same dose of 
propranolol had been administered to all cirrhosis patients 
irrespective of the severity of the disease.35,46,58,62,63 

Moreover, there was no clear information available that 
can explain its exposure in various stages of liver cirrhosis 
(CP-A–C) rather than a mean population plasma concen-
tration curves of all types of cirrhosis patients were 
reported. The developed drug-disease model was used to 
predict the exposure of propranolol in healthy, CP-A, CP- 
B and, CP-C cirrhosis populations after administration of 
the same (40 mg) oral dose of propranolol (Figure 5A). 
Total exposure in CP-A, CP-B, and CP-C populations was 
~ 3–10 fold greater as compared to the healthy population 
(Figure 5A). The concentration of unbound fraction of 
propranolol is ~ 5–27 folds more than the healthy popula-
tion (Figure 5B). It is evident from the box plots 
(Figure 5C) that oral administration of 8 mg, 4 mg, and 
2 mg propranolol among CP-A, CP-B, and CP-C popula-
tions have a similar AUCtotal as in healthy population after 
the oral administration of 40 mg of propranolol. At the 
same time on these optimized doses, AUCunbound of pro-
pranolol is still 1.5 folds greater in CP-B and CP-C as 
compared to the healthy population (Figure 5D). We may 
have to optimize the unbound concentration of the drug by 
a further, 8 mg to 6 mg, 4 mg to 2 mg, and 2 mg to 1.5 mg, 
reduction in the oral dose of propranolol in CP-A, CP-B, 
and CP-C populations respectively (Figure 5F). These 
model informed drug dosing predictions can serve as a 
tool to prevent PVT in moderate to severe cirrhosis 
patients.

Limitations
Observed data, which was used for the development and 
evaluation of this model, was extracted from published 
plasm concentration-time curves by using GetData Graph 
Digitizer® V.2.26.0. Although this data was not obtained 
directly from the researchers but calculated PK parameters 
based upon these extracted data points were similar to 
reported PK parameters. All other PK parameters were 
calculated by NCA and for convenience in calculations 
of AUC time points of observed data were rounded off. 
There was no mechanism reported to avoid these minor 
adjustments.

This model has extensively explained the PK of pro-
pranolol in different oral and IV doses in both genders, but 
only immediate released formulations of propranolol were 
considered for the development and evaluation PBPK 
model. Further appraisal of this model can be done with 
sustained-release formulations.

Specific intestinal permeability in the program is calcu-
lated from the molecular weight and lipophilicity of the 
drug64 and for the development of this model, absorption of 
propranolol was calculated by using this global feature of the 
modeling program.37 For the successful development and 
accurate prediction of the PBPK model, further parameter 
identifications were carried out and an optimized value of 
intestinal permeability was used. This value was different 
from the reported literature values of intestinal permeability 
of propranolol calculated by other methods.64

To explain the clearance of propranolol, the contribution 
of CYP enzymes was considered which was 82.4%. The 
contribution of UDP glucuronosyltransferases was 17.6% 
and a very minor amount of the drug was eliminated by 
renal excretion. The exact contribution of UDP glucurono-
syltransferase was uncertain. Therefore, we assigned this 
additional 17.6% drug clearance to whole hepatic clearance 
in the modeling program for the development of the model. 
The exact method of this additional clearance may affect the 
predictability of this developed model. In addition to this 
intrinsic clearance by CYP2D6, CYP1A2 and CYP2C19 
were calculated by using back-calculation of the well-stirred 
model (see methodology). Average values of different anato-
mical and physiological input parameters were used to get 
accurate predictions of the model.

Conclusion
The presented propranolol PBPK model successfully 
explained the pharmacokinetics of propranolol after IV 
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(0.05–0.2 mg/kg. 1–10 mg) and oral (5–160 mg) adminis-
tration of propranolol in a healthy population of both 
genders and different ethnicities. The predictive ability of 
the drug-disease model was well evaluated by the incor-
poration of human liver cirrhosis related pathophysiologi-
cal changes in the developed drug-disease PBPK model. 
This propranolol-cirrhosis PBPK model has successfully 
applied in drug dosing predictions of propranolol in dif-
ferent stages of disease severity (CP-A–C) which could 
have significant clinical application in the prevention of 
PVT among cirrhosis patients who were taking proprano-
lol for the treatment of variceal bleeding and portal 
hypertension.
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