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Abstract 
In the drug industry, the later a substance is dis-
charged from the drug development pipeline, the 
higher the financial cost. In order to reduce the num-
ber of lead compounds a number of computerized sys-
tems have been suggested, and in most of these systems 
modeling and simulation of the lead compound’s ef-
fects on different metabolic pathways are essential. In 
these systems, substances that are expected to be harm-
ful or lethal can be removed at an early stage and a 
reduced number of lead compounds can be chosen for 
the concluding tests. 

Given Modelica’s previous success with modeling 
and simulation of huge and complex systems it is likely 
that it will also be suitable for modeling, simulation, 
and visualization of metabolic pathway systems, e.g., 
those systems used in the drug industry. A Modelica li-
brary designed to be used for modeling, simulation, 
and visualization of metabolic pathways is the special-
purpose library Metabolic, an extension of the abstract 
Modelica library BioChem. 

Keywords: Pathway modeling, pathway libraries, tem-
plate models, BioChem, Metabolic. 

1. Introduction 
There is currently a great interest in the development of 
novel analytical technologies for rapid screening of 
biological dysfunctions in pharmaceutical and clinical 
applications. In the drug industry the later a substance 
is discharged from the drug development pipeline, the 
higher the financial cost. Not only is it costly to test 
many substances, the price of the tests increase along 
the development pipeline. Minimizing the number of 
substances that are fully tested, i.e., becoming lead 
compounds, is therefore one of the most important 
aims of all pharmaceutical discovery programs [1].  

In order to reduce the number of lead compounds a 
number of systems have been suggested, out of which 
some have been realized [2-5]. In most of these sys-
tems modeling and simulation of the lead compound’s 
effects on different metabolic pathways are included. A 
metabolic pathway can be seen as a complex web made 
up of several hundred substances and more than twice 
as many reactions. Substances that are expected to in-

teract in a harmful or lethal way with essential meta-
bolic pathways can be removed at an early stage and a 
reduced number of promising lead compounds can be 
chosen for the concluding tests. 

In theory, simulations of a single or a few inter-
connected pathways can be useful when the metabolic 
pathways under study are relatively isolated from each 
other. In practice, even the simplest and most well-
studied metabolic pathways can exhibit complex be-
havior due to connections in-between different levels 
of the whole-cell or whole-organism system.  

Given previous success of the equation-based ob-
ject-oriented language Modelica [6-9] with modeling 
and simulation of huge and complex technical, physi-
cal, electrical, and thermodynamic systems it is likely 
that it will also be a suitable language for modeling, 
simulation, and visualization of metabolic pathway 
systems. A prototype system for modeling, simulation, 
and visualization of metabolic pathways implemented 
in Modelica, i.e., BioChem, proved Modelica to be 
suitable for such applications [10, 11]. The prototype 
has since been further developed and the original Bio-
Chem library has been split into two. What remains of 
BioChem is now an abstract general-purpose library for 
biological and biochemical systems. This library is not 
intended, nor designed, to be used directly for creating 
models and running simulations. The intention with the 
library is to provide some common basic behaviors, at-
tributes, and environmental properties to be used in 
special-purpose libraries. 

The metabolic part of the old BioChem library has 
been moved to a new library, called Metabolic. Meta-
bolic which is a special-purpose library that extends, 
i.e., inherits, the basic behaviors, attributes, and envi-
ronmental properties provided in BioChem. The Meta-
bolic library is designed to be used for modeling, 
simulation, and visualization of metabolic pathways. 
The components specified in the library describe basic 
substances and general reactions that are common in 
metabolic pathways. 

Provided with the substances and reactions in 
Metabolic, a library of metabolic pathway templates 
can be built. The idea is that these general model-
templates can easily be extended and adapted to con-
crete species-specific models which can then be used in 
simulations of metabolic pathways. 
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Figure 1. The metabolic pathway Citrate cycle for Bakers yeast (Saccharomyces cerevisiae). The substances that par-
ticipate in the pathway are represented by sheres, while the enzymes that control the metabolic reactions are connected 
to the reaction arrows. 

2. The Cell as a System 
During the past ten to fifteen years the development 
and introduction of new analytical techniques in the 
area of biology and biochemistry have greatly in-
creased the amount of experimental data obtained from 
experiments performed in the area. Automated DNA 
sequencing [12-14], microarray-analysis of gene ex-
pressions [15, 16], and protein profiling [17, 18] are 
just a few of the methods that have made a significant 
contribution to the extensive amount of data available. 

The obtained data can be useful in modeling, simu-
lation, and visualization of cellular processes starting 
with genomics [19] where the total genome is investi-
gated in order to understand the significance of an in-
dividual gene, through transcriptomics [20] where 
change of individual transcript expressions are related 
to the total expression of RNA transcripts, through pro-
teomics [21] where changes of individual protein con-
centrations are related to the total expression of pro-
teins, and ending with metabonomics [1] where 
changes in metabolic profiles, i.e., metabolite concen-
trations, at an organism level, are of concern. 

2.1 Whole-Cell System Levels 

The cell itself is a huge system that easily can be di-
vided into several subsystems. Looking only upon the 
processes that take place inside the cell the whole-cell 
system can be divided into three levels (Figure 2), i.e., 
cell division, gene expression, and metabolism. Each 
level might then, depending on the context, be divided 
further into sub-levels. 

 
Figure 2. Levels in a whole-cell system. 

2.2 The Metabolic Level 

Metabolic processes usually consist of sequences of 
enzymatic steps, also called metabolic pathways [22-
24]. The connection of all possible metabolic pathways 



for a cell will result in a fully functional system level in 
the whole-cell system, i.e., the metabolic level. 

A cell’s metabolism involves the uptake, decompo-
sition, and rebuilding of different compounds and can 
be seen as several complex webs transporting matter 
and energy, e.g. the Citrate cycle (Figure 1), the Starch 
and sucrose metabolism, the Glycolysis, and the Glu-
coneogenesis [24]. Most of the reactions in these path-
ways are, in one way or another, controlled by en-
zymes [25, 26], mostly proteins. Enzymes can either 
activate or inhibit the reaction in question and the 
amount of a protein in the cell is controlled by the ex-
pression of the gene that codes for that specific protein. 

 
Figure 3. The metabolic pathway Citrate cycle for Bakers 
yeast (Saccharomyces cerevisiae) seen as a sub-system. 
Substances that are connection points to other metabolic 
pathways are represented by filled spheres, while sub-
stances that are internal with respect to the metabolic 
pathway are represented by unfilled spheres. (Compare to 
Figure 1.) 

 
Figure 4. Interconnection of the four metabolic pathways, 
the Starch and sucrose metabolism, the Glycolysis, the 
Glucogenesis and the Citrate cycle. More pathways do 
connect to each one of the four pathways, but for simplic-
ity these have been edited out. 

Each metabolic pathway is highly compartmentalized 
(Figure 3) with a few in-flows and/or out-flows that 
can be connected to preceding and following metabolic 
path-ways (Figure 4). For example, the Starch and Su-
crose metabolism is a preceding pathway and the Cit-
rate Cycle is a following pathway of the Glycolysis 
while the Gluconeogenesis is both a preceding and fol-
lowing pathway of the Glycolysis. 

Many of the reactions that participate in these path-
ways are more or less the same in all cells, while others 
are highly dependent on the species, the type of cell, or 
even on the individual that the cell belongs to. 

2.3 Databases Containing Metabolic Data 

Much of the data regarding metabolic pathways ob-
tained through experiments and analysis is accessible 
in different public and commercial reference databases. 
In order to be able to model metabolic pathways one 
needs to know the participating substances and the re-
actions in-between them. The organization of entire 
blocks of metabolic pathways can be found in human-
curated maps in public databases, i.e., KEGG [27] and 
BioCarta’s “Proteomic Pathway Project” [28]. The 
equations specifying the reactions can, however not be 
found in those maps. This information can instead be 
retrieved from databases that provide data on individ-
ual enzymatic reactions, i.e., BRENDA [29] and EMP 
[30], and in databases that provide data on multi-step 
metabolic pathways, i.e., MPW [31] and Eco-
Cyc/HumanCyc [32]. 

When the modeled pathway is not fully mathe-
matically defined it can be useful to employ enzyme 
databases that contain data that can not be displayed on 
maps or through equations. Unique identifiers, syno-
nyms, enzyme classification, encoding genes, protein 
sequences, protein structure, motifs, other reactions 
that the enzyme is involved in, cross-references, refer-
ences, and comments are just some of the information 
that can be found in these types of databases. The fast-
est way to retrieve data from all these databases is by 
using a database retrieval tool like DBGET [33]. One 
problem with these databases is that the data contained 
in different databases might be inconsistent. 

Although all the above resources together represent 
a good general reference in the work of modeling and 
simulation of metabolic pathways, they also have sig-
nificant limitations. The usually non species-specific 
information causes many errors and inconsistencies, 
and in many cases the amount of data that can be found 
for a pathway is not enough for building accurate 
pathway models [34]. Yet another problem with these 
databases is that the data contained in different data-
bases might be inconsistent. But even with the men-
tioned limitation it is still possible to perform modeling 
and simulation of metabolic pathways with the infor-
mation provided by the above resources. 



3. Problem Description 

3.1 Problem Context and Relevance 

There is currently a great interest in the development of 
novel analytical technologies for rapid screening of 
biological dysfunctions in pharmaceutical and clinical 
applications. In the pharmaceutical industry the later a 
substance is discharged from the drug development 
pipeline, the higher the development cost. Not only is it 
costly to test many substances, the price of the tests in-
crease along the development pipeline. Minimizing the 
number of substances that are fully tested, i.e., becom-
ing lead compounds, is therefore one of the most im-
portant aims of all pharmaceutical discovery programs. 

Until only a few years back most of the approaches 
to study biology had a reductionistic approach. Typi-
cally, researchers focused on one isolated component 
of a biological system at a time, e.g. a single gene, a set 
of genes, or a protein. The researchers then took all the 
component-data and tried to work up to the system 
level, independent of the system. The problem with 
this bottom-up approach was that the data from an in-
dividual component at a system level often was uncon-
nected from the context in which it was originally 
gathered. 

A new approach to study biological systems came 
with Systems Biology [35, 36] where researchers seek 
to integrate biological data that the new laboratory 
techniques provide in order to attempt to understand 
how large and complex biological systems function. 
The goal is to create a comprehensive and understand-
able model of the targeted system as a whole. 

Up until Systems Biology was introduced, model-
ing and simulation of metabolic pathways had a single-
level approach. As new research areas were introduced 
in system biology, additional system levels were re-
vealed and could be incorporated in the model. One 
multi-level system approach to model metabolic path-
ways is metabolic reconstruction [37, 38]. The term re-
fers to the process of deducing the metabolism and 
functional organization of an organism from its genetic 
sequence data supplemented by known biochemical 
and phenotypic data, or in practice to visually link 
metabolic blocks corresponding to the genetic compo-
nent of the organism in wire diagrams. Several investi-
gations have confirmed the power of these metabolic 
reconstruction models in predicting gene functions and 
finding novel pathways [39, 40]. 

There are also some severe limitations in the meta-
bolic reconstruction methodology. The next step would 
be to create algorithms that are capable of inferring 
condition-specific functional blocks by analyzing the 
whole space of molecular interaction networks along-
side high-throughput data. Several such algorithms 
have been recently described [41-43]. However, their 
applicability to the reconstruction of human and mam-
malian pathways has yet to be proven. 

3.2 Open Research Problems 

There are many open research questions in the area of 
systems biology. One of the greatest challenges in the 
area right now is to figure out which proteins interact 
with which reactions and then try to find the corre-
sponding coding gene in the DNA for these proteins. 
The knowledge of which proteins control which meta-
bolic processes is of great importance when modeling 
metabolic pathways. Some of the reactions in the 
metabolic pathways are already well-known as well as 
mathematically defined. Other parts of these pathways 
are more or less undetermined, ranging from not being 
fully mathematically defined to not being fully discov-
ered yet. 

Finding the mathematics behind the metabolic 
pathways, especially for those pathways involved in 
the xenobiotic metabolism, is of great importance for 
the pharmaceutical industry. In light of the rapid de-
velopment of the new biology and the high cost of the 
development of a new drug, there is a need for a con-
sistent framework for modeling, simulation, and visu-
alization of metabolic pathways at all system levels, 
including the impact of xenobiotica. 

4. Modelica 

4.1 The language 

Modelica [6-9] is one of the newer object-oriented 
equation-based languages, and was originally devel-
oped for hierarchical physical and technical modeling. 
Primarily, Modelica is a modeling language that allows 
the user to specify mathematical models of complex 
systems, but it is also an object-oriented equation-
based programming language, oriented towards com-
putational applications with high complexity requiring 
high performance. Modelica unifies and generalizes 
previous object-oriented modeling languages in the 
physical and technical area, and compared to other ob-
ject-oriented languages for modeling and simulation 
the most important advantages are [44]: 

• Acausal modeling is permitted since Modelica 
is based on ordinary differential equations and 
differential algebraic equations. This offers 
opportunities to reuse classes since a class can 
adapt to more than one data flow context. 

• The general type system of Modelica unifies 
object-orientation, multiple inheritance, and 
generics templates within a single class con-
struct. This facilitates the reuse of components 
and the evolution of models.  

• The multi-domain modeling capability of 
Modelica, i.e., the possibility to describe and 
connect model components from several dif-
ferent domains within the same application 
model. 



• The strong software component model of 
Modelica has constructs for creating and con-
necting components. This makes the language 
ideally suited as an architectural description 
language for complex systems. 

4.2 Benefits of Using Modelica for Biochemical 
and Biological Systems 

Biological and biochemical systems can often easily be 
described using mathematical relations and expres-
sions. This makes the equation-based Modelica a suit-
able programming and modeling language for mathe-
matical modeling of such systems. First of all, Mode-
lica classes are acausal, i.e., can adapt to more than one 
data flow context [8], which is a great benefit when 
dealing with chemical reactions where the flow of mat-
ter can move in two directions. 

The complexity of biological and biochemical 
models can be rather high, containing several hundreds 
of items. However, this will not be a problem since 
Modelica’s strength as a modeling language for com-
plex technical systems is well proven [7]. 

Moreover, Modelica’s strong software component 
model also makes it ideal as an architectural descrip-
tion language for complex systems [7], e.g. metabolic 
pathway webs. It is also possible to model both dis-
crete and continuous systems, as well as hybrids 
thereof [8]. Especially hybrid systems are quite com-
mon in the subject area of biology and biochemistry. 

Finally, Modelica is an object-oriented language 
which makes it possible to reuse of models at both 
component and template levels and to add new system 
functions in modules. This will result is fewer, but 
more generic models, a higher-level of structure, and 
the possibility of running the modeling and simulation 
system with an optional number of the modules pre-
sent. 

5. Development of the Libraries 

5.1 Development Environment 

The BioChem and Metabolic libraries have been de-
veloped using the MathModelica [45, 46] environment 
that consist of the Dymola kernel [47], the Mathe-
matica notebook environment [48], and the graphical 
Model Editor.  

In the MathModelica environment the Modelica 
code along with the documentation for each library is 
integrated in Mathematica notebooks [48]. This does 
not only make it easier for non-computer science users 
to navigate in the code, it also facilitates for these users 
to write their own Modelica classes. The Model Editor 
is a graphical drag-and-drop interface currently based 
on Microsoft Visio [49]. The user creates models in the 
graphical environment by dragging and dropping com-

ponents from existing model libraries onto the diagram 
area and then connecting them in a suitable manner. 
Models can also be created in the Mathematica note-
book textual environment, but the models must then 
first be transferred to the Model Editor in order to get a 
graphical view of the model.  

Once a model has been created it can either be 
transferred to a notebook for further processing and 
documentation or simulated in the simulation environ-
ment provided by MathModelica. The Dymola kernel 
handles the simulations by receiving, compiling, and 
executing the model. The result from the simulation 
can then be presented with different types of diagram. 
The parameters and the initial values of the model can 
also be altered in-between simulations. 

5.2 Basic Idea of Library Design 

The design idea behind the BioChem library (Figure 5) 
is to create a general purpose Modelica library for 
modeling and simulation of biological and biochemical 
systems. The BioChem library is not intended, nor de-
signed to be used directly for creating models and run-
ning simulations, but rather to provide some common 
basic behaviors, attributes, and environmental proper-
ties to be used in special-purpose biological and bio-
chemical libraries. With the basic features provided in 
BioChem it is easy to create new special-purpose librar-
ies without extensive addition of new code. 

Metabolic
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CompartmentPropertiess

Reactions

Substances

ConnectionPoints

Icons
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Figure 5. Simplified view of the structure of the Bio-
Chem library with the special-purpose library Metabolic. 



So far the Modelica library Metabolic (Figure 5) is 
the only library to use the features provided by Bio-
Chem. The design idea behind Metabolic is to create a 
special-purpose Modelica library for modeling, simula-
tion, and visualization of metabolic pathways, i.e., 
modeling, simulation, and visualization of the meta-
bolic level in cells. The classes implemented in Meta-
bolic describe substances and reactions that can take 
place in-between these substances in a diverse number 
of metabolic pathways. 

5.3 The BioChem library 

Most substances and reactions, respectively, have some 
common basic features. For instance, all substances 
must have a concentration and all reactions must have 
at least one substrate and one product. The design ob-
jective behind the BioChem library is to collect these 
basic features of substances and reactions along with 
units, compartment properties, and other attributes that 
are commonly used in these kinds of systems in a gen-
eral-purpose biological and biochemical Modelica li-
brary. 
 
package BioChem 
  package Units  
    "Units used in sub-packages of BioChem"  
  end Units; 
  package CompartmentProperties  
    "Properties for compartments used in sub-libraries"  
  end CompartmentProperties; 
  package Substances 
    "Basic components for reaction nodes in the package" 
  end Substances; 
  package Reactions  
      "Basic compnents for reaction in the package "  
  end Reactions; 
end BioChem; 
 

Figure 6. Structure of the BioChem library. 

In order to avoid recreating model code for the basic 
features of substances and reactions for each new 
Modelica library for biological or biochemical systems 
these features can instead be collected in one library. 
Along with substances and reactions it is also practical 
to define a default environmental container in which 
the substances are contained and where the reactions 
can occur. From the visualization’s point of view it is 
also practical to define some default interfaces and 
icons which later might be replaced in each sub-library. 
Not only the icons and interfaces are designed to be 
easily changed and/or replaced, most of the classes in 
BioChem are designed in such a way that they easily 
can be extended, and some parameters can also be re-
placed. Due to the design of BioChem some restrictions 
on the types of systems that BioChem can be used for 
arise. The systems that the classes in BioChem can be 
used for are only those biological and biochemical sys-
tems that contain mathematical definable chemical re-
actions. Only for those systems fully functional models 
that can be used for simulation can be specified. The 
structure of the package in Modelica code is shown in 
Figure 6. 

5.4 The BioChem Sub-Packages 

A simple reaction consists of some substrate(s) that are 
transformed into some product(s) in a known environ-
ment. The basics of these three components, i.e., reac-
tions, substances, and environments are described in 
BioChem along with the some types that are needed to 
specify the math behind the reaction. 

The basics for substances and reactions in biologi-
cal and biochemical systems are provided in the Bio-
Chem.Substances package and the BioChem.Rea-
ctions package respectively. In the BioChem.Com-
partmentProperties package the basics of re-
stricted screened-off containers where the reactions can 
take place are provided. For all reactions that are 
placed in the same container all the basic physical 
properties, e.g. volume and temperature, are the same. 

A number of physical types that are needed in or-
der to be able to declare most parameters and variables 
in the BioChem package are collected in the Bio-
Chem.Units package. Some of the types are SI types 
and are hence imported from the Modelica.SIunits 
library in order to avoid long name paths. Other types 
are non-SI types and thus need to be fully declared.  

5.5 The Metabolic library 

Most classes in the Metabolic library extend one or 
more classes in the BioChem library. Generally the par-
tial models specified in BioChem are extended, and 
with only a few additions, turned into fully functional 
models. As mentioned earlier, many of the reactions 
that occur in metabolic pathways are more or less the 
same in all cells no matter what species is considered. 
This is utilized in Metabolic to create a collection of 
partial models of different metabolic pathways that 
through small changes and/or additions are turned into 
fully functional species-specific metabolic pathways. 
The structure of the Metabolic package in Modelica 
code is shown in Figure 7. 

5.6 Metabolic Sub-Packages 

In order to be able to run a simulation of a model all 
substances, reactions, and other constructs in the model 
must be placed within a compartment model. The 
Metabolic.Compartments package contains models 
for some of the different types of containers that can be 
found in cells when dealing with modeling and simula-
tion of metabolic pathways. The partial compartment 
models in BioChem.CompartmentProperties are 
extended in order to obtain the basic properties of a 
compartment. Reactions and substances that require 
different properties than the ones provided by the 
main-compartment can be placed in new compartments 
within or adjacent to the main-compartment. 



within BioChem; 
package Metabolic  
  "Package for metabolic cellular reactions" 
  package Units  
    "Units used in the package"  
  end Units; 
  package Compartments  
    "Different types of compartments used in the package"  
  end Compartments; 
  package Icons  
    "Icons used in the package"  
  end Icons; 
  package ConnectionPoints  
    "Connector interfaces used in sub-libraries"  
  end ConnectionPoints; 
  package Substances  
    "Reaction nodes"  
  end Substances; 
  package Reactions  
    "Reaction edges"  
    package Kinetics  
      "Kinetic reactions"  
      package UniUni  
        "A->B kinetic reactions"  
      end UniUni; 
      package UniBi  
        "A->B+C kinetic reactions"  
      end UniBi; 
      package UniTri  
        "A->B+C+D kinetic reactions"  
      end UniTri; 
      package BiUni  
        "A+B->C kinetic reactions"  
      end BiUni; 
      package BiBi  
        "A+B->C+D kinetic reactions"  
      end BiBi; 
      package BiTri  
        "A+B->C+D+E kinetic reactions"  
      end BiTri; 
      package TriUni  
        "A+B+C->D kinetic reactions"  
      end TriUni; 
      package TriBi  
        "A+B+C->D+E kinetic reactions"  
      end TriBi; 
      package TriTri  
        "A+B+C->D+E+F kinetic reactions"  
      end TriTri; 
    end Kinetics; 
    package SBML  
      "Reactions pre-defined in SBML" 
      package MichaelisMenten  
        "Michaelis-Menten kinetics reactions"  
      end MichaelisMenten; 
      package Hill  
        "Hill kinetics reactions"  
      end Hill; 
      package Activation  
        "Activation kinetics reactions"  
      end Activation; 
      package Inhibition  
        "Inhibition kinetics reactions"  
      end Inhibition; 
      package Modifier  
        "Modifier kinetics reactions"  
      end Modifier; 
      package Misc  
        "Miscellaneous SBML-defined reactions"  
      end Misc; 
    end SBML; 
  end Reactions; 
end Metabolic; 
 

Figure 7. Structure of the Metabolic library. 

The package Metabolic.Substances contains dif-
ferent types of nodes needed for representing a sub-
stance in a metabolic pathway. The substance models 
are specified by extending the partial models of sub-
stance nodes in BioChem.Substances and adding 
some additional attributes and equations. Thus both 
normal substance nodes and nodes with different types 
of restrictions, e.g. on the concentration of the sub-
stance, can be specified. 

Metabolic.Reactions contains a collection of 
models for different types of reactions that can take 
place in metabolic pathway systems. The reactions are 
built up in two steps. First, different partial reaction 
types are specified in Metabolic.Reactions.Rea-
ctionTypes. Extending these basic reaction types and 
then adding equations for the relation between the reac-
tion rate and the participating substances, i.e., sub-
strates, products, and interacting enzymes, gives the 
different reaction models that can be used for modeling 

and simulation. In addition the predefined reaction 
types in SBML are also included in Meta-
bolic.Reactions in order to facilitate the translation 
of SBML-models into Modelica, and vice versa. The 
translation of models is performed with a two-way 
Modelica-SBML parser [50]. 

The package Metabolic.Icons contains icons 
used in the drag-and-drop interface of the Model Editor 
in MathModelica. Since the substances only come in a 
few flavors there is one icon, i.e., a sphere, for each 
type of node. The reactions on the other hand come in 
many different variations. Instead of creating one ar-
row icon for each type of reaction the final graphical 
interface for a reaction is built out of several partial 
icons. Enzymes that affect reactions are represented by 
a small arrow and an enzyme sign. The sign represent 
sthe type of effect that the enzyme have on the reac-
tion, i.e., inhibition, activation, or a combination of 
both, and are indicated with a ─, +, and M respec-
tively. 

In order to connect the graphical interface to the 
underlying models, connecting points are needed. The 
Metabolic.ConnectionPoints package contains 
connectors and several partial connector-models that 
relate to the graphical interface of at least one icon in 
Metabolic.Icons (Not more than one icon at a time 
though.). For the reaction arrows, connectors are 
placed at each intended connectable end. For the en-
zymes regulating the reactions the connectors are 
placed at the enzyme signs. Finally for substances, 
eight connectors are placed on the rim of the shere that 
represents the node of substance. 

6. Example: Malate Dehydrogenase 
The enzyme Malate dehydrogenase catalyzes, amongst 
other reactions, the transformation of S-Malate into 
Oxaloacetate. The reaction is part of the Citrate Cycle 
(Figure 1) and the overall reaction is: 

Malate + NAD+ → Oxaloacetate + NADH + H+ 

 
Figure 8. The Malate dehydrogenase catalyzed reaction 
in the MathModelica environment. 



 Although energetically unfavorable (∆ +6.7 kcal/mol) 
the reaction goes forward because NADH is oxidized 
rapidly via the respiratory chain and oxaloacetate goes 
on to react with another acetyl-CoA molecule. Apart 
from Malate dehydrogenase, NAD+ also participitates 
in the reaction as a coenzyme. The substance β-
fluoroxaloacetate might inhibit the reaction. 

 
Figure 9. The actual graphical model of the Malate dehy-
drogenase catalyzed reaction. 

The MathModelica graphical model of the Malate de-
hydrogenase catalyzed reaction in the MathModelica 
environment is shown in Figure 8. The model consists 
of four substances spheres connected to one reaction 
arrow Figure 9. NADH, NAD+, and H+ are not shown 
in the model since they are part of the container model. 
In that way the concentrations of substances like 
NADH/NADH+, ATP/ADP/AMP, and H+ are assured 
to be the same in the whole container. 

The variables and parameters for the participating 
substances and reactions can be reviewed and changed 
in the pane below the graphical model (Figure 8) and a 
simulation of the reaction can be performed by choos-
ing the option Simulation in the MathModelica menu 
(Figure 10). The result of a simulation is shown a 
graph. 

 
Figure 10. The MathModelica menu. 

7. Related Work 

7.1 Modeling Tools 

The idea of using object-oriented frameworks for 
metabolic modeling was first proposed in the mid 
1990s [51, 52]. Many of the commercially available 
tools for modeling, simulation, and visualization of 
metabolic pathways available today use an object-
oriented framework in the sense that they are imple-
mented in an object-oriented language with reuse of 
code at component level. This being said, very few at-
tempts so far have made full use of object-orientation 
throughout the whole construction of a modeling and 
simulation environment for metabolic pathways, i.e., 
applied in the design of the framework, in the imple-
mentation, and in the creation of model templates. 

During the last couple of years many commercial 
tools for quantitative simulation of metabolic pathways 
based on numerical integration of rate equations have 
been released. With software like GEPASI [53, 54], 
KINSIM [55], MIST [56], METAMODEL [57], 
SCAMP [58], and PathwayLab [59], modeling and 
simulation of metabolic pathways can also be done in a 
graphical environment. Some tools contain a collection 
of metabolic pathways, while others rely on import of 
models from different databases. However, only a few 
of the available commercial tools are designed for re-
constructions at several levels within the cell system. 
The two-leveled MetaCore [60] is one such system. 
Linking the gaps between the various levels of the 
cell’s process hierarchy is an extremely challenging 
problem that has yet to be adequately addressed. The 
introduction of the E-CELL [61] system is a significant 
step in that direction. 

7.2 Object-Oriented Languages 

Many of the common object-oriented languages, e.g. 
C++ and Java, have been used in several systems for 
metabolic modeling and simulation. However, there is 
one object-oriented language specially developed for 
biomedical applications, OOBSML, the Object-
Oriented Biomedical Systems Modeling Language 
[62]. OOBSML [63, 64] was developed with the aim to 
model and simulate continuous biomedical systems in 
an interactive knowledge-based environment. 

7.3 XML-languages 

In order to be able to store and interchange entire mod-
els between different pathway tools, several XML-
languages have been developed. The non biology-
specific MathML [65] is commonly used along with 
other more biology-specific languages such as SBML 
[66, 67] and CellML [68].  



8. Conclusions 
Apart from the single-level limitation of many systems, 
there are several other limitations in many of the tools. 
Most of the tools must rely on the pathway data avail-
able in metabolic maps found in databases, with the 
previously mentioned limitations. One other limitation 
is that most of the tools mainly deal with bacterial me-
tabolism, which is far less complicated than eukaryotic, 
and especially mammalian/human, metabolism. The 
graphical user interface is also an obstacle. Most 
graphical editors have their own layout, which can lead 
to confusion when switching between different tools. 

Different XML-languages have been proposed to 
make it possible to interchange models in-between dif-
ferent modeling and simulation tools. One limitation of 
the se XML-models is that the visual appearances of 
reactions and substances are not included in the mod-
els. 

During the work with the BioChem and the Meta-
bolic libraries some limitations of the Modelica lan-
guage has forced us to re-design the libraries’ structure 
at several points. The original BioChem library [10, 
11] was at a point divided into two libraries, i.e., Bio-
Chem and the Metabolic, which made a significant 
improvement of the library design and hence the under-
lying library structure. The design that is presented in 
this paper is currently being extensively tested and has 
not shown any major shortcomings this far. 

9. Future Work 

The BioChem package will probably have few addi-
tions of classes and models in the future, while there 
will surely be more packages added. As mentioned be-
fore, the main purpose of BioChem is to serve as a 
general-purpose package for biological and biochemi-
cal Modelica-packages.  

The construction of a library with metabolic path-
way templates will also continue. The idea is that these 
model templates can easily be extended and adapted to 
concrete models. The concrete models can then be used 
in standalone and connected simulations. For all of the 
above tasks, the data contained in the different re-
sources mentioned in Section 2.3 will be useful. 
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