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Conclusions 
A coupled model consisting of PBPK models for Ena and its active metabolite Enaat and full 

mechanistic representation of the RAAS was developed. The model is able not only to represent the 

pharmacokinetics of the prodrug Ena and the metabolite Enaat very well, but also the hormone 

cascade of RAAS in a very accurate manner, indicating a sufficient description of the underlying 

physiological processes. This model constitutes a first major step to establish a PBPK-PD model 

including the PK, the coupling to the mode of action (MoA) via RAAS and soon the PD (regulation of 

blood pressure). In the next step the model will be extended for detailed representation of the arterial 

blood pressure, which offers the opportunity to represent the relationships between blood pressure, 

blood volume (systemic, pulmonary, arterial, venous), heart rate, resistances and compliances. This 

will lead to a mechanistic representation of the PBPK-PD relationship in cardiovascular diseases and 

thus help to facilitate dose and dosing regimen decisions in this area. 
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Objectives 

 

  

 

Methods: 
1. The Enalapril/ Enalaprilat model 

Two separate PBPK models of oral Ena [figure 2] and intravenous (IV) Enaat (not shown) were 

developed with PK-Sim® and then coupled with MoBi ® [15]. The association (kAssociation) and 

dissociation (kDissociation) constants for Enaat binding to ACE were fitted with the Enaat  IV model to 

data presented by Hocking et al. [13]. The obtained parameters were then used in the coupled model 

without any changes. The oral Ena model has been compared to different experimental data [1-6]. 

Physicochemical properties included in the two models are presented in Table 1.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The coupling of both models was realized via the following equation: 

 

 
𝑑𝐶𝐸𝑛𝑎𝑎𝑡

𝑑𝑡
=

𝑉𝑀𝑎𝑥𝑂𝑟𝑔·𝐶𝐸𝑛𝑎 t

𝐶𝐸𝑛𝑎 t +K𝑚𝑂𝑟𝑔
           (1) 

 

The coupled model was assessed on its ability to predict the PK of both plasma concentrations (Ena 

and Enaat) with different publications and experiments [1-6] .Plasma concentrations of Enaat after 

oral Ena administration were predicted.  

 

2. The RAAS model: 

The RAAS model consists of seven separate PBPK models for Aldost, ACE , Ang 1, Ang 2, AT1, renin 

and prorenin. The model includes the hormone cascade as depicted in [figure 1]. For all hormones 

the following rates have been included: 

• production rates in the respective organ 

• secretion rates from  the respective organ 

• decay rates from the plasma 

Model structure was realized as shown in [figure 1] and corresponds directly to physiological 

description in literature. Couplings between the models are mediated by Michaelis-Menten kinetics as 

for example by: 

 
𝑑𝐶𝐻𝑜𝑟𝑚𝑜𝑛𝑒

𝑑𝑡
=

𝑉𝑀𝑎𝑥𝑂𝑟𝑔·𝐶𝐸𝑛𝑧𝑦𝑚𝑒 t ∙𝐶𝑃𝑟𝑒ℎ𝑜𝑟𝑚𝑜𝑛𝑒 t

𝐶𝑃𝑟𝑒ℎ𝑜𝑟𝑚𝑜𝑛𝑒 t +K𝑚𝑂𝑟𝑔
         (2) 

 

The competitive inhibition of renin production by Ang2 conc. was mediated by: 

 
𝑑𝐶𝑅𝑒𝑛𝑖𝑛

𝑑𝑡
=

𝑉𝑀𝑎𝑥𝑂𝑟𝑔·𝐶𝑃𝑟𝑜𝑟𝑒𝑛𝑖𝑛 t

𝐶𝑃𝑟𝑜𝑟𝑒𝑛𝑖𝑛 t +K𝑚𝑂𝑟𝑔∙ 1+
𝐶𝐴𝑛𝑔2 t

𝑘𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛

          (3) 

 

ACE expression data were included from data source [14]: The two presented models are coupled 

via the following equation for Enaat binding to ACE. 

 
𝑑𝐶𝐸𝑛𝑎𝑎𝑡𝐴𝐶𝐸

𝑑𝑡
= (𝑘

𝐴𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛
· 𝐶𝐴𝐶𝐸 · t 𝐶𝐸𝑛𝑎𝑎𝑡 t ) − (𝐶𝐸𝑛𝑎𝑎𝑡 t · 𝐶𝐴𝐶𝐸 t · k𝐷𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛)   (4) 

The Renin-Angiotensin-Aldosterone System 

(RAAS) plays an important role in the 

homeostasis of the water balance and blood 

pressure. It constitutes a key factor in 

cardiovascular disorders like hypertension, 

emphasizing it as a top target in drug design. 

This work is aimed to develop a whole body 

physiologically based pharmacokinetic (wb 

PBPK) model including a dynamic submodel 

of the RAAS including dynamically wb PKPB 

models for all main actors. In [figure 1] the 

enzymatic cascade for the main processes in 

the RAAS are depicted. Angiotensinogen 

(AGT) is secreted by the Liver which is then 

converted by the renally secreted enzyme 

renin to angiotensin 1 (Ang 1) and further to 

angiotensin 2 (Ang 2) by the membrane 

bound angiotensin1-converting-Enzyme 

(ACE). Ang 2 binds to the angiotensin 2 

receptor type 1 (AT1), which then influences 

the aldosterone (Aldost) synthesis from the 

kidney. Additionally Ang 2 concentration acts 

in a negative feedback loop for the renin 

synthesis from prorenin. The applicability of 

this model is shown exemplary for the ACE 

inhibitor enalapril (Ena). Ena is a prodrug 

which is converted to enalaprilat (Enaat) 

intrahepatically. Two separate dynamical wb 

PBPK models were developed for Ena and 

Enaat. After coupling they were able to 

predict the Enaat conversion in the liver. 

Figure 3: A) Plasma concentration-time profiles for hormones of the RAAS. Hormones are in a 

steady state until administration of oral Ena at t=1500 min. The curves then represent the hormonal 

changes after ACE inhibition by Ena. PK data is depicted by different symbols [11]. B) Predicted 

versus observed plasma concentrations of different hormones belonging to the RAAS after inhibition 

of ACE by Ena. Hormone data is depicted by different symbols [11]. Regression line denotes the line 

of identity. 

 

Figure 1: Schematic model of the enzymatic 

cascade of the RAAS. Enzymatic conversions take 

place in the plasma. ACE and AT1 are membrane 

bound. Solid arrows represent enzymatic 

conversions, dotted lines are secretion or binding 

processes as depicted in the upper right box.  

The two PBPK models are coupled via a hydrolytic reaction in the hepatocytes. Model parameters 

estimated in the separate models were kept constant. The coupled PBPK model of Ena and Enaat 

shows very good agreement with different experimental data as shown in [figure 2]. Additionally the 

Enaat plasma concentrations are accurately predicted compared to the presented experimental data.  
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Figure 2: A) Plasma concentration-time profiles of Ena and Enaat from the coupled model, in 

comparison with experimental data [2]. B) Predicted versus observed plot for Ena from the coupled 

model, compared to the data by [1-6]. Regression line denotes the line of identity. C) Predicted 

versus observed plot for Enaat from the coupled model, compared to the data by [1-6]. Regression 

line denotes the line of identity. 

 

 Property Ena   Enaat   Unit References 

Molecular weight 376.5 348.4 g/mol [7] 

Log P 0.07 -0.740 Log Units [8] 

pKa 4.74 2.03 

4.03 

- [8]  

Plasma protein binding 55 84 % [9] 

Hepatic clearance - 197.0 ml/min [10] 

Renal clearance 28 4.6 ml/min/kg [10] 

Clearance via feces 15.1 187.0 ml/min [10] 

Table 1: Physicochemical properties of Ena and Enaat 

 

Abbreviations: CEna= Concentration of enalapril, CEnaat= Concentration of enalaprilat, , CACE= ACE concentration, CEnzyme= the 

respective enzyme concentration, Cprehomone,= the respective Prehormone concentration, CAng2=the Angiotensin 2 concentration, 
Cref=reference concentration, VmaxOrg=Specific Vmax, KmOrg=Specific Km, kinhibition =the inihbition constant, kAssociation= association 

constant, kDissociation=dissociation constant 

The results in [figure 3] show that the RAAS model is able to very well represent all measured 

circulating plasma hormone levels [11] at steady-state. The simulation of ACE-inhibitor Ena 

administration (administration at t=1500) shows, that the full dynamical behavior of ACE and the other 

RAAS-hormone levels can be very well represented [figure 3]. Following the hormone cascade, ACE 

is blocked, which decreases the conversion of Ang 1 to Ang 2. As expected renin and Ang 1 plasma 

levels increase after ACE inhibition, while Ang  2 and Aldost levels decrease.  
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