
Vol.:(0123456789)

European Journal of Drug Metabolism and Pharmacokinetics (2025) 50:251–263 
https://doi.org/10.1007/s13318-025-00943-6

ORIGINAL RESEARCH ARTICLE

Minimal Physiologically‑Based Pharmacokinetic Modeling of Atenolol 
and Metoprolol Absorption in Malnourished Rats

Fatma Kir1,2 · Selma Sahin1 · William J. Jusko2 

Accepted: 9 March 2025 / Published online: 2 April 2025 
© The Author(s) 2025

Abstract
Background and Objective  The pharmacokinetics of drugs can be altered by pathophysiological changes in the body that 
result from malnutrition. The objective of this study was to evaluate the profiles derived from in vivo studies conducted on 
non-malnourished (control) and malnourished rats using minimal physiologically based pharmacokinetic (mPBPK) models.
Methods  Single oral doses of atenolol (ATN) and metoprolol (MET) were administered to non-malnourished and malnour-
ished rats. We demonstrate how plasma profiles can be evaluated using mPBPK models with high and low tissue-to-plasma 
partition coefficients (Kp) and elimination by either kidney or liver. A decrease in blood flow and cardiac output due to beta-
blocker administration was assumed. Reference IV profiles from the literature were included to inform the mPBPK model 
and to help assess the absorption phases of individual oral profiles. Absorption was captured as two or three sequential 
zero-order processes for both drugs, and IV and oral profiles were assessed by joint fitting. Modeling was performed using 
both naïve pooling (ADAPT) and population (Monolix) analyses.
Results  The experimental data show increased AUC values of MET and ATN in malnourished rats. Accordingly, an increased 
bioavailability (from 0.43 to 0.67) for ATN and an increased bioavailability (from 0.42 to 0.84) for MET in the malnourished 
group were related to higher absorption rates in both absorption phases.
Conclusions  This study demonstrated advantageous use of mPBPK modeling with malnutrition primarily altering drug 
absorption in this animal model. Also, our analysis offers a blend of known and assumed components assembled mechanisti-
cally to suggest a reasonable interpretation of the PK profiles.
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Key Points 

Pathophysiological changes in the body resulting from 
malnutrition can alter drug absorption.

The absorption characteristics of non-malnourished and 
malnourished rats were compared by minimal physiolog-
ically based pharmacokinetic models following atenolol 
and metoprolol administration.

The enhanced bioavailability of atenolol and metoprolol 
in malnourished rats was attributed to higher absorption 
rates.

1  Introduction

Malnutrition is defined as a pathological condition resulting 
from protein and/or calorie deficiency, often associated with 
infection [1]. Over the last 30 years, the prevalence of mal-
nutrition in hospitalized patients has ranged between 19% 
and 80% [2]. Malnutrition is seen in developed countries 
since it can also be caused by diseases such as AIDS, can-
cer, and anorexia nervosa [3]. Pathophysiological changes 
(e.g., total intestinal surface area, delayed gastrointestinal 
emptying time, intestinal transit time, and transporter and 
enzyme expression) in malnutrition may also affect the 
absorption and disposition of drugs [4, 5]. For instance, the 
extent of absorption for caffeine, paracetamol, and chlo-
ramphenicol were significantly increased with malnutrition 
while decreasing for carbamazepine and chloroquine. The 
plasma protein binding of chloroquine increased, while that 
of digoxin, streptomycin, and penicillin decreased. Addition-
ally, the clearance of metronidazole, quinine, and isoniazid 
was decreased in malnutrition [6].

Atenolol (ATN) and metoprolol (MET) are beta-1 adr-
energic receptor antagonist drugs used in the treatment of 
diseases such as hypertension, angina pectoris, and cardiac 
failure. The solubility of MET and degree of absorption in 
humans are high (fa ≥ 85%); accordingly, it is classified as a 
Class I (high solubility, high permeability) compound based 
on the Biopharmaceutical Classification System (BCS) [7]. 
Its log P is 1.76 [8]. Following oral administration, MET is 
completely absorbed from the gastrointestinal tract (GIT). 
The absorption of MET from the stomach is negligibly 
low in rats while the absorbed amount is high in the small 
intestine. In the small intestine, the MET absorption rate in 
rats (ka) is 0.66 at pH 6.2 and 0.81 h−1 at pH 7.5, while the 

absorption rate of MET in the colon in rats at pH 7.5 is 1.21 
h−1 ; however, total absorption is negligible in the colon and 
is higher in the small intestine due to its large surface area 
[9]. Despite the complete absorption of MET, only 4–60% in 
rats and 38–60% in humans reaches the systemic circulation 
because of the extensive first-pass effect [10].

The distribution of MET into tissues is rapid and exten-
sive with highest concentrations in the lung, liver and kid-
neys, and the distribution volume is greater than actual body 
weight. Approximately 12% of MET is bound to albumin, 
while its binding to other plasma proteins is negligible. The 
concentration of MET in erythrocytes is slightly higher than 
in plasma. MET is eliminated primarily by the mono-oxy-
genase system in the liver, and approximately 70% of orally 
administered MET is metabolized by the CYP2D6 enzyme. 
A small portion (~ 5%) of an oral or IV dose is excreted 
unchanged in the urine. Changes in hepatic blood flow sig-
nificantly affect plasma concentration of MET since it is a 
high-clearance drug [11, 12].

ATN is a hydrophilic (log P = 0.16) [8], and thus it has 
difficulty passing through cellular membranes and is incom-
pletely absorbed (fa = 50–84%) from the intestine in humans. 
ATN is categorized as Class III (high solubility, low perme-
ability), according to the BCS [7]. The absorption of ATN 
as a poorly permeable drug is GI site-dependent in rats [13]. 
Plasma protein binding of ATN is low (~ 3%) and almost all 
of ATN is eliminated through the kidneys, while approxi-
mately 5% is metabolized in the liver [14].

A study was performed to compare high-dose ATN and 
MET oral absorption in non-malnourished and malnour-
ished rats and showed higher AUC values in the malnour-
ished rats. The purpose of this report is to demonstrate how 
minimal physiologically-based pharmacokinetic (mPBPK) 
models can serve to integrate experimental and literature 
data to provide mechanistic insights into the absorption and 
disposition of drugs. These drugs were chosen owing to their 
differences in permeability, while the rat model was selected 
because of its ease and common use in malnutrition studies 
[15, 16].

2 � Materials and Methods

2.1 � Materials

Atenolol was purchased from Sigma-Aldrich (USA). Meto-
prolol tartrate was kindly supplied by Novartis Pharma 
(Turkey). Healthy male Sprague-Dawley (SD) rats (weigh-
ing 200–250 g) were purchased from Kobay Experimental 
Animals Laboratory (Ankara, Turkey). This study was car-
ried out according to the protocol approved by the Ethics 
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Committee of Kobay Experimental Animals Laboratory, 
Ankara, Turkey.

2.2 � Methods

2.2.1 � Treatment Protocol

The rats were maintained in an animal room at a tempera-
ture of 20–23 °C with a 12-h/12-h light/dark cycle. After 
3–4 days for acclimation, they were divided into two groups 
(n = 4) as control (non-malnourished) and malnourished. 
Malnutrition was developed by feeding rats with a low pro-
tein diet (5% protein) while non-malnourished groups were 
fed the control diet (20% protein) for 17–20 days. The diets 
were isocaloric and formulated in a pellet form by Arden 
Diet Research and Experiment (Ankara, Turkey) according 
to the literature [15, 16]. All rats were fed ad libitum at the 
same frequency, and water was provided ad libitum. The rats 
were fasted overnight before drug administration. Total cho-
lesterol and serum albumin concentrations were measured 
before experiments.

ATN and MET doses were 250 and 312 mg/kg, based on 
pilot studies performed in rats with various doses. ATN was 
suspended in purified water at a dose of 250 mg/kg, while 
metoprolol tartrate was dissolved in purified water at a dose 
of 400 mg/kg (equal to 312 mg/kg MET) and administrated 
orally by a feeding tube. Blood samples (~ 100 μL) were 
collected via the tail vein at various sampling points (ATN: 
0, 30, 60, 90, 120, 180, 240, 300, 360, 420, 450, and 480 
min; MET: 0, 5, 15, 30, 45, 60, 90, 105, 120, 150, 180, 
240, 300, 360, and 420 min) into heparinized tubes after 
drug administration. The plasma samples were separated 
by centrifugation (5 min at 10,000 rpm) and stored at – 20 
°C until analysis. The plasma samples were prepared for 
analysis according to Yoon et al [10]. The concentrations of 
ATN and MET in plasma samples were measured using a 
validated high-performance liquid chromatography method 
with modifications [17]. The pharmacokinetic (PK) profiles 
obtained were analyzed using noncompartmental analysis 
(NCA) and pharmacometric modeling.

The plasma profiles following IV administration of ATN 
and MET were taken from the literature as references for the 
oral profiles [10, 18]. The PK of ATN were assessed after 
an IV dose (1 mg/kg) in male SD rats [18]. MET was given 
at three different IV doses (0.5, 1, and 2 mg/kg) in male SD 
rats [10].

Different IV datasets were used for model evaluation 
by external validation. The PK of ATN was assessed after 
an IV dose (1.67 mg/kg) in male SD rats, while the PK of 
R-MET following an IV dose (1.5 mg/kg) was determined in 
male SD rats [19, 20]. The plasma profile data was digitized 
using Web Plot Digitizer version 5.0 (Automeris, CA, USA, 
https://​autom​eris.​io).

2.2.2 � Model Structure for Atenolol

The mPBPK model with three tissue compartments was used 
(Fig. 1), Tissue 1 was considered as rapidly perfused, while 
Tissue 2 as slowly perfused. The tissue-to-plasma partition 
coefficient (Kp) values for ATN were predicted [21, 22] 
using GastroPlus PBPK simulator (version 9.9; Simulations 
Plus, Lancaster, CA, USA). Accordingly, liver, kidney, and 
lung were defined as Tissue 1 with high Kp values (liver: 
2.87, kidney: 3, and lung: 2.63), while the remaining tis-
sues were defined as Tissue 2. ATN is hydrophilic and is 
excreted mainly by the kidneys. Therefore, the kidney served 
for elimination.

The following differential equations described the model 
for ATN in Fig. 1:

Vb ⋅ Rb ⋅

dCp

dt
=Input +

(

QCO − Qrenal

)

⋅ fd1 ⋅ Rb

⋅

(

C1

Kp1

− Cp

)

+
(

QCO − Qrenal

)

⋅ fd2 ⋅ Rb ⋅

(

C2

Kp2

− Cp

)

+ Qrenal

⋅ Rb ⋅

(

Crenal

Kp_renal

− Cp

)

(1)Cp(0) = 0 (PO), Cp(0) = dose∕Vb (IV)

(2)

V1.
dC1

dt
=
(

QCO − Qrenal

)

⋅ fd1 ⋅ Rb ⋅

(

Cp −
C1

Kp1

)

C1(0) = 0

Fig. 1   The minimal physiologically-based pharmacokinetic model 
extended with the kidneys for ATN. Symbols are defined in Tables 2 
and S3

https://automeris.io
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where Cp is the plasma drug concentration, C1, C2 , Crenal 
are drug concentrations in Tissues 1, 2, and kidney, Vb is the 
volume of blood, V1 and V2 are the volumes of Tissues 1 and 
2, Vrenal is the volume of the kidney, Qco is cardiac output, 
fd1 and fd2 are fractions of Qco for Tissues 1 and 2, Qrenal is 
renal blood flow, Kp1 and Kp2 are the tissue-to-plasma parti-
tion coefficients for Tissues 1 and 2, Kp_renal is the tissue-to-
plasma partition coefficient for kidney, CL is the systemic 
(renal) clearance, k01, k02 ,and k03 are the apparent zero-order 
absorption rate constants over designated sequential time 
intervals, and Rb is the blood-to-plasma ratio.

2.2.3 � Model Structure for Metoprolol

MET is lipophilic (log P = 1.76) [8] and is extracted mainly 
by the liver. Also, the first-pass effect of MET is high, 
approximately 50% of an oral dose [7, 11]. Therefore, the 
liver served as the elimination compartment. The kidney, 
and lung were defined as Tissue 1 with high Kp values (kid-
ney: 14 and lung: 21.15), while the remaining tissues were 
defined as Tissue 2.

The following differential equations defined the model 
for MET in Fig. 2:

(3)

V2 ⋅
dC2

dt
=
(

QCO − Qrenal

)

⋅ fd2 ⋅ Rb ⋅

(

Cp −
C2

Kp2

)

C2(0) = 0

(4)
Vrenal.

dCrenal

dt
=Qrenal ⋅ Rb ⋅

(

Cp −
Crenal

Kp_renal

)

− CL ⋅ Cp Crenal(0) = 0

Vb ⋅ Rb ⋅

dCp

dt
=Input IV +

(

QCO − Qhep

)

⋅ fd1 ⋅ Rb ⋅

(

C1

Kp1

− Cp

)

+
(

QCO − Qhep

)

⋅ fd2

⋅ Rb ⋅

(

C2

Kp2

− Cp

)

+ Qhep

⋅ Rb ⋅

(

Chep

Kp_hep

− Cp

)

(5)Cp(0) = 0 (PO), Cp(0) = dose∕Vb(IV)

(6)

V1.
dC1

dt
=
(

QCO − Qhep

)

⋅ fd1 ⋅ Rb ⋅

(

Cp −
C1

Kp1

)

C1(0) = 0

where Vhep is the volume of the liver, Qhep is hepatic blood 
flow, Kp1 and Kp2 are the tissue-to-plasma partition coef-
ficients for Tissues 1 and 2, Kp_hep is the tissue-to-plasma 
partition coefficient for the liver (62.25), and CLint is the 
intrinsic clearance in liver (Chep). Other symbols represent 
the same parameters as in Fig. 1.

The mPBPK models have been based on physiological 
and anatomical properties by defining the system parameters 
such as tissue volume, cardiac output, and tissue blood flow 
rates [23]. Although a change in blood flow in malnutri-
tion was not known to be significant, the decrease in cardiac 
output and blood flow to the tissues owing to effects of beta 
blockers was included [24].

The tissue volumes were calculated using:

 where V3 is the kidney or liver volume for ATN or MET [23, 
25]. All tissue volumes were fixed to physiological values 
[26, 27].

Permeability-limited distribution characterized by low fd1 
and fd2 was assumed for ATN [28] as:

(7)

V2 ⋅
dC2

dt
=
(

QCO − Qhep

)

⋅ fd2 ⋅ Rb ⋅

(

Cp −
C2

Kp2

)

C2(0) = 0

(8)

Vhep ⋅

dChep

dt
=Input PO + Qhep ⋅ Rb ⋅

(

Cp −
Chep

Kphep

)

− CLint ⋅ Rb ⋅

Chep

Kphep

Chep(0) = 0

(9)Body weight = Vb + V1 + V2 + V3

(10)fd,total = fd1 + fd2 ≤ 1

Fig. 2   The minimal physiologically-based pharmacokinetic model 
extended with the liver for MET. Symbols are defined in Tables 3 and S4
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Perfusion-limited distribution was assumed for MET [28] 
as:

The Rb value was used to calculate blood concentration-
dependent PK parameters using data based on plasma con-
centrations. The following equation was used to calculate 
the Rb value [29]:

where ρ is the affinity for blood cells, HCT is the hematocrit, 
and fu the fraction of drug unbound in plasma.

The ρ value was fixed at 2.57 for MET while it was cal-
culated for ATN. It was reported that the hematocrit (HCT) 
may change depending on the protein content in diets. 
Accordingly, the HCT of malnourished and control SD rats 
were 45.5% and 47.5% [30]. ATN and MET have low plasma 
protein binding and are primarily bound to albumin. There-
fore, fu values for the malnourished group were calculated 
(fu ATN: 1.00,  fu MET: 0.908) by comparison to the albumin 
concentration of the control group (fu ATN: 0.970,  fu MET: 
0.805) [8, 29]. The Rb values of ATN for the control and 
malnourished groups were 1.00 and 1.014, while the Rb val-
ues of MET were 1.508 and 1.607. Also, the Rb value was 
1.7 (average of R- and S-MET) for the reference IV admin-
istration of MET. Where available, specific Kp values were 

(11)fd,total = fd1 + fd2 = 1

(12)� =
HCT − 1 + Rb

HCT ⋅ fu

taken from literature sources rather than being fitted as is 
typical with mPBPK models.

The estimated fd1, Kp1 and F parameters were 
dimensionless.

The individual fittings of the data were first tested to 
ensure the accuracy of the initial parameters and model fit-
ting. Then, all the data (IV and oral) were jointly fitted with 
most parameters shared for each drug through naïve pool-
ing. Subsequently, population analyses were conducted to 
simulate broader trends. The results of these analyses were 
then evaluated to gain insights into the overall patterns and 
behaviors observed in the data. Figure 3 provides a summary 
of the steps involved in the modeling process.

2.2.4 � Individual Oral Fittings

ATN and MET absorption profiles were first evaluated using 
a point–area deconvolution method [31]. In this regard, the 
absorption rate of the drugs at each time point was calcu-
lated by comparing IV and PO profiles using:

where D0 is the dose, Cpt is the plasma drug concentration 
after oral administration at time t, F is the bioavailability, 
and AUC​ıv(0−t) is the area under the curve at time t for IV 
administration.

(13)Input rate =
D0 ⋅ Cpt

F ⋅ AUC
(0−t)

IV

Fig. 3   Flowchart of the modeling process
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The results showed that the absorption rates of ATN and 
MET were relatively constant over differing time frames as 
an indication of zero-order input [31]. Since two or three 
phases for each drug were seen, absorption was defined as 
two or three zero-order processes. The starting and finishing 
times of these phases were identified in the deconvolution 
assessment and then optimized by trial and error in the full 
model fitting process

The apparent bioavailability of each drug was calculated 
from the dose-normalized total AUC values of the model-
fitted oral versus IV plasma concentration profiles.

2.2.5 � External Validation

The external validation of the models involved comparison 
of model predictions with reference IV profiles for differ-
ent data sets of ATN and MET from the literature [19, 20]. 
Simulations were performed by fixing estimated parameters 
for each model and drug and superimposing them on the 
separate profiles.

2.2.6 � Naïve Pooling

Naïve pooled data included IV and oral profiles of all rats. In 
reference IV profiles, the standard deviations for each point 
were also digitized and assumed as different rats. Thus, three 
rats were evaluated for each IV reference dose. The naïve 
pooling involved fitting of all IV and PO data jointly.

2.2.7 � Population Analysis (PopPK)

The PK parameters from the IV references were fitted using 
the mPBPK models. The estimated parameters (fd1, Kp1, and 
CL) were fixed in the control and malnourished groups for 
assessment of absorption profiles (a two-stage analysis). 
Between-subject variability (ω2) of the parameters and the 
random effects were assumed to be log-normally distrib-
uted. Various error models (e.g., constant, proportional, 
and combined) were applied to define residual errors. The 
proportional error model was used for all groups, while the 
constant error model was used to define MET oral profiles. 
The linearization method was used to calculate the Fisher 

Information Matrix, and standard errors of the parameters 
were estimated. According to the evaluations, the random 
effect of CL was included in the model for both drugs.

The relationship for observation Yij is described for the jth 
observed concentration of the Ith individual using:

where cpred,ij is the estimated drug concentration for the jth 
concentration of the ith individual, b is the proportional 
error term, and εij is assumed to be a standardized Gauss-
ian random variables representing residual error for the jth 
concentration of the ith individual, with zero as a mean and 
a variance of σ2 [32].

The models were evaluated by visual inspection of diag-
nostic plots, − 2 times log-likelihood (− 2LL), Akaike 
Information Criterion (AIC), Bayesian Information Crite-
ria (BIC), Corrected Bayesian Information Criteria (BICc), 
and the relative standard errors of the parameter estimates 
(RSE).

Statistical comparisons were conducted with the 
Kruskal–Wallis test followed by Mann–Whitney U as a post 
hoc analysis with IBM SPSS (version 29.0). NCA was con-
ducted using PKanalix (version 2023 R1; Lixoft, Antony, 
France). The naïve pooled analysis was performed using 
ADAPT 5 (Biomedical Simulations Resource, Los Angeles, 
2009) [33]; and the results were visualized using GraphPad 
Prism (version 6). Population PK analysis was performed 
using Monolix (version 2023 R1, Lixoft). The ADAPT and 
Monolix codes for the IV/oral models of ATN and MET are 
provided in the Supplementary Materials.

3 � Results

Table 1 provides the biochemical measures in the two animal 
groups after 17–20 days of the two diets. The body weight, 
serum albumin, and total cholesterol values were signifi-
cantly reduced in the malnourished groups. These reduc-
tions indicate that malnutrition developed in rats fed low 
protein with changes in concordance with published obser-
vations [34]. NCA results are summarized in Supplementary 

(14)log
(

Yij
)

= log
(

cpred,ij
)

+ b. log
(

cpred,ij
)

.�ij

Table 1   Effects of low protein 
diet on weight, albumin and 
total cholesterol

Values are reported as mean (standard deviation)
*p < 0.05 and **p < 0.001 represent significant differences between control and malnourished rats 

Parameter ATN MET

Control Malnourished Control Malnourished

Body weight (g) 300 (18.27) 216* (14.99) 302 (16.47) 233** (14.25)
Serum albumin (g/dL) 4.40 (0.07) 3.75** (0.17) 4.68 (0.13) 4.15** (0.15)
Total cholesterol (mg/dL) 78.4 (15.01) 50.3** (8.34) 66.5 (10.01) 49.5** (2.69)
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Table 1. Assessment of these measures as covariates did not 
improve the population modeling.

3.1 � Model Fittings

ATN exhibited a rapid initial decline phase followed by a 
long linear terminal phase after IV administration. Follow-
ing oral dosing in the control and malnourished groups, a 
rapid increase in drug concentration was observed at the 
first time point. Also, after 120 min, it was observed that the 
absorption rate increased. The plasma concentrations rose in 
two apparent phases reaching a similar Cmax of 25.0 ± 3.82 
µg/mL for control and 22.8 ± 2.56 µg/mL for malnourished 
groups at 240–300 min. The plasma drug concentrations 
then showed a rapid decay after tmax in the controls which 
was similar to the IV data, while a differing slow decay was 
seen in the malnourished group. These behaviors plus the 
preliminary deconvolution analysis led to our assumption 
that ATN has 2 or 3 absorption phases.

Physiological parameters of tissues used for the mPBPK 
models are shown in Supplementary Table S2. The popula-
tion and jointly fitted IV and oral (control and malnourished) 
data of ATN are shown in Figs. 4 and S1.

The final PopPK parameter estimates of ATN are sum-
marized in Tables 2 and S3. The disposition-related param-
eters (fd1, Kp1, and CL) were shared in all groups. The fd1 
and fd2 were assumed to be equal and found to be very small 
(0.134), which is consistent with the low permeability of 
ATN (Table 2). In the PopPK, k01 and k02 were evaluated 
separately, and there was no significant difference between 
the control and malnourished groups (k01 C vs k01 M, k02 
C vs k02 M). Therefore, k01 and k02 were shared in the joint 
fitting. The tmax was fixed at 300 min for both control and 
malnourished groups according to visual inspection. The 
duration of the first absorption phase (t1) was determined 
based on deconvolution and trial and error, and then fixed 
to 120 min for both groups. Consequently, the difference 
between the control and malnourished groups may be due 
to absorption in the third phase (k03).

MET also exhibited apparent IV biexponential disposi-
tion kinetics. The PK data for three IV dose levels showed 
linearity. Following oral administration, MET showed a 
rapid increase in drug concentration at initial time points for 
both groups. The absorption rate increased after 60 min for 
the control group, while it appeared similar throughout the 
entire absorption phase for the malnourished group. After 
tmax, the drug concentration decreased similarly for both 
groups. The Cmax at 100–120 min was 14.3 ± 1.54 µg/mL 
in the control and 20.6 ± 3.12 µg/mL in the malnourished 
group. The oral decline phases were slower than those from 
the IV curves.

Figures 5 and S2 illustrate population and jointly fitted IV 
and oral data of MET. The final parameter estimates of MET 
obtained by population and joint fitting are summarized in 
Tables 3 and S4.

Parameters related to disposition (fd1, Kp2 and CL) were 
shared in all groups. The fd1 (0.464) and fd2 (0.536) for MET 
were higher than for ATN (Table 3). This is in accordance 
with the perfusion-limited assumption for MET. The absorp-
tion phases were defined separately for the control and mal-
nourished groups. The absorption rate constants were not 

Fig. 4   Population fits for ATN plasma concentrations versus time. 
Symbols are observations and lines are population fittings, while the 
dashed line shows the fitting without k03
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shared in the joint fitting and were evaluated as separate 
parameters to compare the two groups. The tmax was fixed at 
135 and 110 min for the control and malnourished groups, 
respectively, and t1 was fixed to 60 min for both groups by 
optimization. Since k0I values have units of amount/time 
(mg/min/kg), the overall bioavailability (F) was calculated 
using the predicted concentration versus time profiles from 
F = AUC​PO/AUC​IV. Consistent with the parameters and 
observed higher concentrations in the malnourished groups, 
F increased from 0.43 to 0.67 for ATN and from 0.42 to 
0.84 for MET. The population models were optimized by 
using 0.34 and 0.27 fractions of the CL obtained from the 
IV fitting for control and malnourished groups according to 
goodness of fit (GoF). Thus, the CL value for the oral pro-
files (43.8 ± 5.92 mL/min/kg) was found similar to the CL 
estimated in the joint fitting (40.4 mL/min/kg).

3.2 � Population metrics

Profiles for population fittings are shown in Figs. 4 and 5. 
Reference IV and oral (control and malnutrition groups) 
profiles were well predicted by the mPBPK model. Also, 
model predictions describing absorption phases as two or 
three zero-order processes for the malnourished group are 
shown in Tables 2 and 3, respectively. The outlier propor-
tions for observations and predictions for ATN and MET 
were found to be 7.59 ± 0.52% and 10.32 ± 2.26%, respec-
tively. Scatter plots of the residuals had no pattern or trend. 
Visual predictive check plots are shown in Figures S3 and 
S4. Estimated population parameters for ATN and MET are 
listed in Tables 2 and 3, respectively. All the parameters 
were estimated well since they have low SE and RSE% 
values.

Table 2   Estimated population pharmacokinetic parameters for atenolol

 RSE relative standard error, SE estimated standard error
a fd1 = fd2
b Kp1 = Kp2
c Assumed to be 0 according to GoF
d Calculated based on Vss = (Vb + V1·Kp1 + V2·Kp2 + V3·Kp3)/body weight
e Calculated based on F = (AUC​PO·DoseIV)/(AUC​IV·DosePO), C: control group, M: malnourished group
*Significantly lower than k02 C and k02 M (p < 0.05)
**Significantly higher than k03 M (p < 0.05)

Parameter Definition Value Linearization

SE RSE (%)

Fixed effects
fd1

a Fractional distribution parameter for Tissue 1 0.134 0.016 11.9
Kp1

b Tissue-to-plasma partition coefficient for Tissue 1 1.43 0.0973 6.81
CL (mL/min/kg) Total clearance 16.04 1.28 8.00
k01 C (mg/min/kg) Apparent zero-order absorption rate constant 1 (t = 0–120 min) 1.19 0.0758 6.38
k01 M (mg/min/kg) 1.012* 0.0633 6.26
k02 C (mg/min/kg) Apparent zero-order absorption rate constant 2 (t = 120–300 min) 1.86** 0.138 7.41
k02 M (mg/min/kg) 1.68 0.134 7.99
k03 Cc (mg/min/kg) Apparent zero-order absorption rate constant 3 (t = 300–360 min) 0
k03 M (mg/min/kg) Apparent zero-order absorption rate constant 3 (t = 300–420 min) 1.16 0.147 12.6
Vss (L/kg)d Volume of distribution at steady-state 1.41
F Ce Apparent absolute bioavailability 0.426
F Me 0.673

Standard deviation of the random effects

Value (CV%)

ω CL Random effect of CL 0.124 (12.5) 0.0589 47.4

Error model parameters

b IV Proportional error term 0.154 0.0328 21.3
b C 0.256 0.03204 12.5
b M 0.234 0.0272 11.6
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3.3 � External Validation of the Models

Simulation studies were performed comparing separate 
sources of PK data, as shown in Fig. 6. Although the pub-
lished data for ATN are not as conclusive as MET, they were 
well-captured by ADAPT and Monolix.

The MET data was predicted well by Monolix, while 
only the early data were captured by ADAPT. This may be 
related to the different factors (e.g., the random effect of CL) 

considered for popPK analysis, while the error model terms 
used in ADAPT 5 and Monolix differ.

Our Kp_hep was calculated assuming mixed R- and S-iso-
mers of the MET IV reference; however, the external dataset 
used for MET was obtained after R-MET administration. 
Therefore, the Kp_hep was fixed to 39.1 as a closed-loop Kp 
estimation of R-MET [19]. The late overestimation may be 
related to the stereoselective metabolism of MET as R-MET 
has a 40% higher clearance than S-MET due to metabolism 
by the CYP2D6 enzyme in humans [35]. In any case, there 
is consistency in the PK with our studies, adding credibility 
to the assessment of ATN and MET absorption.

4 � Discussion

ATN and MET have been given orally to rats in several stud-
ies. Yoon et al. administered MET orally to healthy male SD 
rats (200–250 g) at doses of 1, 2, and 5 mg/kg, and evalu-
ated the PK [10]. ATN was given orally to healthy male 
Wistar rats at doses of 1 mg/kg [36]. However, in most of 
the studies, PK parameters were evaluated by NCA. The 
PK profiles of ATN and MET in malnourished rats have not 
been assessed.

Both increased and decreased absorption, protein binding, 
distribution volumes, and clearances have been observed in 
malnutrition, as reviewed by [4]. The changes appear to 
be drug-specific. There have been few modeling studies to 
examine the changes in the PK of drugs during malnutrition. 
Linear mammillary plasma clearance models were used for 
the PK evaluation of ketamine in malnourished rats [16], 
and it was concluded that the absorption rate was increased 
and clearance was decreased during malnutrition. Ketamine 
is primarily metabolized by CYP450 enzymes (CYP2B6, 
2C9, and 3A4) and undergoes extensive first-pass metabo-
lism. Body composition differences between healthy and 
malnourished adults and children were assessed [37], and 
the decrease in organ components was defined according to 
malnutrition levels, and physiological scaling parameters for 
the translation of physiological changes at different levels 
of malnutrition were identified. Thus, virtual malnourished 
pediatric populations were created and a PBPK model was 
proposed accordingly. Alterations in drug exposure (increase 
for caffeine, cefoxitin, and ciprofloxacin; decrease for lume-
fantrine, pyrimethamine, and sulfadoxine) were attributed to 
changes in elimination capacity in malnutrition.

Our study assessed the PK of ATN and MET for con-
trol and malnourished rats after oral dosing to demonstrate 
the advantages of mPBPK modeling. The mPBPK mod-
els include anatomical and physiological components and 
can successfully define plasma PK profiles of drugs when 
only blood/plasma data are available. Also, mPBPK mod-
els are flexible since they involve a 'lumping' approach by 

Fig. 5   Population fits for MET plasma concentrations versus time. 
Symbols are observations and lines are population fittings
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combining tissues with similar kinetic properties [23]. The 
mPBPK model for MET was expanded with the liver and 
first-pass effect included, while the model for ATN included 
the kidney. Oral profiles were evaluated by informing the 
mPBPK model with literature IV data, which included 
use of same Kp values from literature sources and reduc-
ing blood flows in accordance with expected effects of the 
beta-blockers.

An increased apparent bioavailability (from 0.43 to 0.67) 
for ATN and an increased bioavailability (from 0.42 to 0.84) 
for MET in the malnourished group were related to higher 
absorption rates in both absorption phases. The incomplete 
F for ATN can be attributed to its low permeability, while 
the incomplete F for MET may be related to its first-pass 
effect, as its bioavailability based on Qh and CLint is expected 
to be 0.79 (from F* = 1 − CLh/Qh where CLh is the IV dose/
AUC).

The absorption of drugs is well known to vary in differ-
ent segments of the GIT [38]. The results of in situ studies 
conducted to investigate the permeability of ATN and MET 
in different segments of the rat intestine indicated that the 

absorption of both drugs varies depending on the region, 
since the permeability of ATN and MET varies depend-
ing on GIT pH [9, 13]. This is consistent with the absorp-
tion of ATN and MET exhibiting two or three absorption 
phases. Similar to our approach, differences in the plasma 
time-course phases after oral dosing have been interpreted 
using “finite absorption time” models where site-dependent 
absorption rates can be evidenced as drugs move down the 
GIT, even limiting bioavailability [39, 40]. Segmental dif-
ferences in drug absorption rates are commonly found in 
commercial software such as GastroPlus (Simulations Plus). 
The absorption of drugs may increase due to the loosening 
of tight junctions between cells in malnutrition [5].

The naïve pooling approach assumes that all data are 
combined and analyzed as if originating from a single sub-
ject. This is straightforward and easily implemented. Moreo-
ver, incorporating various datasets can potentially enhance 
the reliability of the estimations. Conversely, while popula-
tion analyses are inherently more complex than naïve pool-
ing, they facilitate the derivation of more accurate estimates 

Table 3   Estimated population pharmacokinetic parameters for metoprolol

 *Significantly lower than k01 M (p < 0.05)
 RSE relative standard error, SE estimated standard error
a fd2 = 1 − fd1, symbols and calculations as described in Table 2

Parameter Definition Value Linearization

SE RSE (%)

Fixed effects
fd1

a Fractional distribution parameter for Tissue 1 0.464 0.104 22.4
Kp1 Tissue-to-plasma partition coefficient for Tissue 1 4.033 0.54 13.4
CLint (mL/min/kg) Intrinsic clearance 148 26.7 18.0
k01 C (mg/min/kg) Apparent zero-order absorption rate constant 1 (t = 0–60 min) 4.5* 0.463 10.3
k01 M (mg/min/kg) 7.56 0.611 8.076
k02 C (mg/min/kg) Apparent zero-order absorption rate constant 2 (t = 60–135 min) 5.57 1.02 18.4
k02 M (mg/min/kg) Apparent zero-order absorption rate constant 2 (t = 60–110 min) 7.12 1.12 15.8
fr C Fraction of CLint 0.336 0.0611 18.2
fr M 0.256 0.0387 15.1
Vss (L/kg) Volume of distribution at steady-state 5.82
F C Apparent absolute bioavailability 0.422
F M 0.839

Standard deviation of the random effects

Value CV%

ω CL Random effect of total clearance 0.258 26.2 0.137 53.2

Error model parameters

b IV Proportional error term 0.365 0.033 9.11
a C Constant error term 1.76 0.194 11.04
a M 2.54 0.274 10.78
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by incorporating factors such as inter-individual differences 
and residual intra-individual variability.

The naïve pooling and PopPK assessments, along with 
optimization (tI values) and findings, provided reasonable 
fittings. Similar results were found by naïve pooling and 
joint fittings in ADAPT, as shown in the Supplementary 
Materials. Limitations of this study are the study of only 
two drugs, and that IV profiles of healthy rats came from 
the literature and were assumed relevant for the oral dose 
groups. The drug-induced change in blood flows should 
better be related pharmacodynamically to the concentra-
tions. However, the PK of the study drugs is linear in rats, 
and the oral and IV plasma concentrations were within 
a 10-fold range. Further, the physiological parameters 
of malnourished rats were assumed unchanged relative 
to body weight affected similarly by the beta-blockers. 
The possibility of both altered absorption and reduced 
clearance cannot be ruled out in the malnourished rats, as 
reduced clearance has sometimes been observed in mal-
nourished humans [4]. Nevertheless, it is quite evident 
that the time-course profiles differed between the control 
and malnourished groups consistent with differences in 
absorption. This is basically a pilot study. More intensive 
blood and GI sampling using a range of IV and oral doses 
would be necessary to comprehensively evaluate more 
mechanistic models.

A particular goal of this study is the demonstration of the 
integration of experimental and literature data using PopPK 
methodology for mechanistically relevant mPBPK models. 
Besides the physiological distribution elimination construct, 
the model allows for altered blood flow and the input of 
MET to be influenced by both transient rate GI absorption 
and possible first-pass through the liver. The PK of ATN 

does not involve first-pass, but provides complementary 
information for a low versus high permeability drug.

5 � Conclusions

The experimental data clearly show increased AUC values 
of MET and ATN in malnourished rats. Our analysis, like 
with the operation of full PBPK models, offers a blend of 
known and assumed components assembled mechanistically 
to offer a reasonable interpretation of the PK profiles.
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