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Abstract

Kinetic model is a mathematical or computational model that has been developed and
applied in many industries. Numerous kinetic models have been constructed and used to
study different area of systems biology. The areas include modelling metabolic, enzymatic,
signalling pathway, gene regulation, drug development and cellular behaviour. Hence, a
scoping review was performed using PubMed for studies published prior to 2026. 128
articles out of 193 articles were included and classified into 2 main themes: (a) development
of kinetic model, and (b) application of kinetic model. The majority of these papers focused
on the development of kinetic model through constructing, adopting and modifying.
Metabolism and enzymatic models are the most developed ones. Through this review, we
could discover which type of kinetic models are available and which type of kinetic model
requires further research or improvement which is an essential tool in studying systems
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Introduction

Systems biology is a complete and in-depth study of natural and
synthetic molecular diversity of living system.!? It involves the
identification of general principles and patterns in biology systems and
using this knowledge to develop kinetic models of regulatory network
to foresee and explain the behaviour behind it.* The aim of systems
biology is not solely for describing life but to also comprehend and
engineer it for the improvement of humanity.

Kinetic model is a type of mathematical model that explains the
rate of change of variables over time.® Kinetic models are developed
as a tool in many fields such as chemistry, biology, pharmacology,
environment science and engineering. Using Dbiological data,
kinetic models can be created to investigate physiological or
pathophysiological states and predict biological outcomes.® Kinetic
models can be developed for numerous utilities such as studying
gene regulatory network, signal transduction, signalling pathway,

metabolic pathway, protein interaction, tissue or whole cell organism
interactions. A kinetic model could be simplified, extended or
modified to fit the aim of the study. This scoping review examines
the type of kinetic models developed, adopted or extended and how
existing kinetic models are used in the study of systems biology.

Methods

A PubMed search was carried out on 01 February 2026 for existing
studies regarding the application of kinetic models in systems biology
published before 2026 using PRISMA guidelines;’ specifically,
pertaining to scoping review.® The search term “kinetic model”
AND “systems biology” were used. This search term is intentionally
restrictive which is appropriate, as shown in scoping reviews.’!! Date
range limit was set between 01 January 1000 (the default start date in
PubMed search when a start date is not given) and 01 January 2026.
This resulted in the following reproducible search URL,?

https://pubmed.ncbi.nlm.nih.model”+AND+"systems+biology” &filter=dates.1000/1/1-2026/1/1.

The following exclusion criteria were used: (A) articles with no full
text; (B) articles not in English; (C) non-primary articles; (D) articles
not about creating or using kinetic model. Screening and theming
of articles are initially done by the first author (YHM), followed by
verification by the second author (ML).

Results

A total of 193 articles were identified from PubMed (Figure 1).
After the screening process, 128 articles were included and segregated
into 2 themes — (a) development of kinetic models, and (b) application

of kinetic models (Table 1). Nearly half of the articles identified were
focused on developing kinetic models on metabolic and enzymatic
pathway. In contrast, there were much lesser articles published on the
development of kinetic model related to protein interaction. One-tenth
of the included articles describe the use of published kinetic model for
their respective studies. Due to the large number of included studies,
representative references were cited with the remaining references
listed as Supplementary materials. Details from the screening of
articles; such as, which article has been excluded under which criteria;
are also provided in Supplementary materials for the purpose of
transparency as previously proposed.'?
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Table | Thematic classification of articles on development and application of kinetic models

Theme
Types of Kinetic Model

Number of Articles with

. . Percentage
Representative Articles g

Metabolic / Enzymatic Pathway

Development of kinetic model Gene Regulation

Signalling
(including adopting and modifying of kinetic ~ Protein Interaction
model) Integrated Cellular
Others

Using of published kinetic models -

45.31%
9.38%
17.19%
5.47%
6.25%
6.25%
10.16%

58I37I6
|2I7720
222I724

725718
82973 2
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I 33640

identification of Articles via databases ]

Articles identified from Pubbled
using search terms:
Databases (n = 193)

.
.
—

Aricles screensd with Tull text
{n = 182)

¥

Articles screanad In English
{n=182)

v

Articles screenad for Primary
Artlcles
{n=173)

!

Articles screened on creating
kinetic model or using kinetic
rrvieched
{n=128)

l

g Studies included in review

Screening

(n = 128)

Figure | Articles selection process using PRISMA for Scoping Reviews.”®

There are no overlaps in themes as the total number of studies
across all themes and subthemes add up to the 128 included studies.

Theme 1: Development of kinetic model

There were various types of kinetic model that were developed
for many purposes. The screened articles are further classified based
on the various types of kinetic model created in the study. The 5
main groups of kinetic models include metabolic enzymatic, gene
regulatory, signalling, protein interaction and integrated cellular. The

Articles excluded:
n=11)

Articles excluded:
(n=0

Articles excluded:
{n=49)

- Articles excluded:
(n = 45)

rest of the kinetic models that did not fit into the 5 main groups were
classified as “Others”.

Theme 1.1: Development of kinetic model — metabolic and
enzymatic kinetic models

There was a total of 58 articles included for the development of
kinetic models on metabolic and enzymatic pathway. Most of the
models were deterministic kinetic model to study metabolic and
enzymatic pathway. The different organisms that were investigated
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include plants, human cells, bacteria and yeast. Central carbon
metabolism and glycolysis process had a higher proportion of being
modelled and studied. Parasite, bacterial and yeast metabolisms
were heavily studied. Common organism used include Plasmodium
falciparum, Escherichia coli, pancreatic beta cells, and Saccharomyces
cerevisiae.

A study developed kinetic model on the intracellular central carbon
metabolism in pancreatic beta cells when stimulated with high levels
of glucose.*’ The model includes 56 metabolites and 65 enzymes
catalysed reactions. The model studied the relationship between beta
cell metabolism and glucose stimulated insulin secretion. It helps to
predict the effectiveness of diabetic medication on insulin secretion.
A study constructed a detailed kinetic model on the central carbon
metabolism of E. coli in a batch culture. The model includes 27
metabolites, 38 fluxes, 21 gene expressions, 12 biomass rate equation,
22 enzymes and phosphotransferase system proteins.'*

A study constructed a detailed mechanistic kinetic model with 19
metabolites and 17 reactions on trophozoite stage of P. falciparum
glycolysis.!” The model was validated and was used to predict parasite
metabolism. Another study modelled glucose metabolism in malaria
patients to investigate the contribution of parasite metabolism to the
disease state.*” The kinetic model includes 35 to 45 reactions and 30
to 40 metabolites. The primary organism used was P. falciparum and
human red blood cell was used as the host cell.

Diabetes, red blood cells metabolism, inflammation disease,
infections and cancers linked to metabolic modification were studied
with the development of kinetic models. By studying the affected
pathways, it helps to study the mechanism behind the diseases
and ways to develop novel drugs. Kinetic model used to study the
disease mechanism helps to better understand pathological and
pharmacological states. A study developed a kinetic model of
arachidonic acid metabolism pathway in non-alcoholic fatty liver
disease (NAFLD).* A/J, C57BL/6J, and PWD/Ph] were the 3
mouse strains used in the study for the comparison of the severity of
steatohepatitis.

Lipid metabolisms such as phospholipid synthetic pathway, fatty
acid beta oxidation and sphingolipid biosynthesis were analysed to
gain insights on their physiological roles. A study builds a kinetic
model on glycerophospholipid pathway in Plasmodium knowlesi.**
The model studied how the pathway metabolism and the resistance
mechanism were affected during a malaria infection.

To study how carbohydrates were broken down and regulated in
the cell, kinetic models were constructed for sucrose, fructose, lactose
metabolism. Several studies also focused on redox metabolism and
homeostasis in cells such as hydrogen peroxide metabolism, copper
homeostasis and glutathione metabolism. Redox metabolism is
important in explaining how cells utilise energy and assist in the
diagnosis and treatment of diseases. A study developed a kinetic
model on copper homeostasis in S. cerevisiae. The model includes
25 reactions and 10 components in the cytosol of S. cerevisiae used
to study yeast mechanism when the copper concentration increases.'

Apart from human biology, plant metabolic kinetic models were
developed to help in the study of plant metabolism, biosynthesis and
photosynthesis. To study the physical and chemical process of sucrose
cycling, a kinetic model was developed. The model investigated the
subcellular sugar concentrations in Arabidopsis thaliana in various
light and heat conditions.'® Six ODE equations were used to describe
the time dependent change.
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Theme 1.2: Development of kinetic model — gene regulatory
kinetic models

12 articles developed kinetic models on gene regulatory. Most
developed a deterministic ordinary differential equation while the
minority developed a stochastic model. A kinetic model was created
in plant biology in the study of regulation of ethylene synthesis during
the development and ripening of tomato.** Gene expression was used
in the prediction of intermediate protein and metabolites in ethylene
biosynthesis pathway.

Three articles developed kinetic models relating to cell
differentiation which include kinetic model of multi-miRNA
chondrogenesis, B-cells differentiation to plasma and memory
cells, and the interaction of transcription factor PU.1-GATA-1. The
transcription factors PU.1 and GATA-1 regulate hematopoietic
system.”” A gene regulatory network model that activates time
dependent changes in gene expression and phenotypes affected by
miRNAs and their targets was constructed.*

Kinetic model was developed to predict chemoresistance in
human cancer cells. Main molecules E2F1, p73, DNp73, miR-205,
ERBB3, BCL2 were included in the development of the kinetic gene
regulatory network model.” Some studies target the gene regulatory
network on the feedback regulation and feed forward regulation.
Target genes CTA1 and POT1 were included in the model of feed
forward regulation of the core fatty acid transcriptional network in S.
cerevisiae."” Kinetic model of the Clb/Cdk1-Fkh2 regulatory system
and Boolean regulatory model in S. cerevisiae was developed to study
how CLB genes affect the expression in cell cycle and division. CLB2
and CLB3 were also included in the model.*’

To investigate the gene p21, an ODE gene regulatory model was
created to predict p21 protein level for 9 cellular functions.'® 1 kinetic
model studied the ATF3/NF-kB regulation of 116 and I112b which
explain ATF3 as a regulator of negative feedback that regulate immune
activation after the stimulation of Toll-like receptor 4. The included
articles for gene regulatory model show that kinetic model was an
effective way to study gene regulation and predicting behaviours of
regulatory network in systems biology.

Theme 1.3: Development of kinetic model — signalling kinetic
models

In the included articles, 22 models focused on signalling pathway.
There was a wide range of biological signalling pathway. TGF-
signal transduction, IGF network activity, rapamycin (mTOR1/2),
and phosphoinositide-3 kinase (PI3K) and neuregulin induced
HER2/3 through MAPK and PI3K were models developed to study
the respective growth factors.?? Insulin Receptor Substrate 1 (IRS-
1) and Insulin Receptor Substrate 2 (IRS-2) are important proteins
that signal insulin and growth factor to the cell. Deterministic ODE
kinetic model was created to stimulate insulin signalling of liver cells
in humans.?* The model consists of 40 to 80 types of reactions and
parameters respectively.

Four papers also created kinetic models to study the regulation and
interaction of G protein coupled systems. G protein coupled reaction
(GPCR) happens through sequential receptor reactions.” GPCR
activates G protein. This explains the different pharmacology effect
when different drugs bind to the same receptor. Real time signalling
timing in GPCR expressing living cells was measured in the study.
GTPase Activating Protein (GAP) are regulator protein that deactivate
G protein. One of the studies explained the strength and timing of G
protein signalling was closely regulated by GPCR and GAP.* The
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coordination between GPCR and GAP is important in controlling the
deactivation of G protein at the correct setting.’!

Bacterial signalling studied include Two-Component System
(TCS) signalling in E. coli and signalling processes in phototaxis
and chemotaxis. A mechanistic kinetic model was created with 10
biochemical parameters to study the signalling pathway in E. coli.?
The study predicts the behaviour of multiple gene knockout that
removes buffering mechanism against cross talk. Both EnvZ/OmpR
and CpxA/CpxR systems were included in the study. Another study
constructed a stochastic kinetic model based on published data. The
study shows that based on actual kinetic parameters, TCS demonstrate
all-or-none, graded or mixed mode responses.>

Other signalling pathway model includes platelet plasma ODE
model on thrombin substrates Z-GGR-MCA and Boc-VPR-MCA.
The model was built upon Hockin Mann model with 76 species, 56
reactions and 105 kinetic parameters to evaluate thrombin substrates
that were commonly used.?' Signalling models for hormone estrogen
receptor-a regulation in positive breast cancer cell, calcium signalling
pathway, cellular JAK-STAT and PKD-CERT signalling and
interaction were also developed.

Overall, signalling models had a higher ratio in developing models
on growth factor, bacterial and G-protein coupled reaction protein
signalling pathway.

Theme 1.4: Development of kinetic model — protein interaction
kinetic models

There were seven included articles on the development of kinetic
model on protein interaction. These models include multivalent
sequential binding between recombinant Protein A/G (PAG) and
Immunoglobulin G (IgG) which uses Staphylococcus aureus as the
source for protein A and Streptococcus as source of protein G.”’
Ion permeation channel through the Kir4.1 potassium channel with
K*, Rb*, Cs*, NH,*, Ba** ions were studied.™ Kir4.1 expressed in
Xenopus laevis oocytes was tested in the kinetic model of the ion
channel regulation.

Two kinetic models were developed for the study of DNA
replication and Apoptosis-associated Speck-like (ASC) protein
oligomerization.®** The kinetic model demonstrate ASC self-
assembles faster and into more compact filaments than ASCb due
to differences in linker length. Kinetic model of Protease-Activated
Receptor (PAR-3) was developed to determine the membrane binding,
oligomerization and dissociation in Caenorhabditis elegans zygote
with PAR-3, PAR-6, PKC-3, CDC-42 to form the complex.” One
of the kinetic models adopted Hill’s dynamic instability model and
improvised a new FRAP interpretation model.* It helped to interpret
FRAP experimental data in terms of the underlying microtubule
dynamic.

Stochastic kinetic model of a chromatophore vesicle from the
purple bacterium Rhodobacter sphaeroides was extended from a
published model.*® The new model uses a stochastic protein-like
kinetic framework to simulates photosynthetic energy conversion
process in Rhodobacter sphaeroides chromatophore vesicles to
investigate how molecular separation and stochasticity affected
system behaviour.

Theme 1.5: Development of kinetic model — integrated cellular
kinetic models

Eight articles regarding kinetic models were related to
integrated cellular. Integrated cellular kinetic model combined
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more than 1 biological process. One of the studies integrated three
biological processes of Central metabolic pathways of hepatic
glucose metabolism with insulin and glucagon signalling and gene
regulation.®® Other kinetic models integrated two biological processes
such as building kinetic model with 15 to 30 reactions to simulate
iNOS gene expression patterns and signal transduction in murine
macrophages.’’ One of the studies extended a kinetic model by
replacing the intrinsic clearance term with a detailed kinetic model
of estrogen metabolism in the liver or a genome-scale model of liver
metabolism.> Medical conditions studied related kinetic models
include multi-organ and scale that express the reactions of enzymes
and transporters with the regulation of hormonal actions in diabetes;
sugar and fats metabolism in Non-Alcoholic Fatty Liver Disease;
estrogen metabolism in liver and the interaction of immune system
with melanoma micro metastasis. In plant biology, stimulation time of
central cystolic carbohydrate metabolism was studied by developing a
kinetic model of SnRK1/C-metabolism interaction during a repletion
experiment of C-starved seedlings of 4. thaliana.*®

Theme 1.6: Development of kinetic model — others

The remaining eight studies developed kinetic models to study
about physiological, locomotion, viral replication of Eastern equine
encephalitis life cycle, drugs toxicity in chemo immune system and
GeXP multiplex RT-PCR assay calibration. In locomotion model,
the movement, speed and motility of bacterial in biofilm and C.
elegans were studied.*% In the viral replication model, it explains
the whole process of how a virus infect a healthy cell.* The processes
include attachment to receptor, entering the host cell, uncoating, RNA
replication, assembly and lastly exiting the cell. These kinetic models
show the importance of kinetic models in studying different biological
and physiological processes.

Theme 2: Using of published kinetic model

Current kinetic models have a wide range of applications and
could be used in numerous fields. It can be applied for identification of
ligands targeting G protein coupled receptor and transcription factor
target. In the study of G protein coupled receptor, the model helped
to identify antagonists with novel chemical structures that would
have been missed by traditional ligand-based approach and help to
predicted dose-response and signalling inhibition.’” Kinetic models
are also used in studying the diagnosis, treatment of liver cancer and
lifespan of red blood cell. Based on the study, standard laboratory
HbAlc can be misleading as it does not account for differences in
every individual red blood cell lifespan.** Kinetic models could help
in investigating BRAF inhibitor drug tolerance, the relationship in
intracellular metabolism, effect of RNA interference on the target
of mRNA degradation, organism responses to light and temperature.
One of the studies uses Fokker-Planck-type (FP-type) kinetic model
to investigate how melanoma cancer cells develop resistance over
time towards BRAF inhibitor drugs.®® BRAF inhibitor drugs were
used to treat melanoma and developing resistance could affect the
effectiveness of the treatment. The study shows that the development
of melanoma cell resistance was not only due to DNA mutation. It
was instead due to the dynamic and unpredictable change in gene
activity affecting the melanoma cell state. Hence, it is important to
understand the transition state of the cell to understand the reason
behind therapy failure. One of the studies used yeast glycolysis
model to investigate how temperature affect the rate of glycolytic
metabolism. The organism used in the study was S. cerevisiae. Based
on the study, temperature was not the limiting factor on the rate of
metabolism as the rate of enzyme catalytic change co-ordinately with
temperature.>® Glucose concentration was the main factor that affected
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the rate of metabolism. Other applications also include validation
in plant biology and helping in computing and verifying the rate of
bacterial growth. Kinetic model of E. coli metabolism was used to
study the relationship between glycolysis, acetate and rate of growth
change.’® The study shows that acetate was a useful nutrient that aids
in bacterial growth. The presence of acetate helps E. coli to survive
and grow despite a disruption in glycolysis. The included studies
cover the wide range of uses of kinetic models from studying cellular
to organism to therapeutic and validation applications.

Discussion

In this scoping review, 128 selected articles show that there were
an extensive development, extension, modification and application
of kinetic model in system biology. It was used to study, validate
and experiment our biological system in terms of understanding our
metabolic pathway, gene regulation, signalling processes and protein
interactions. Applications of kinetic models were not limited to a few
categories. It can also be used to study the movement of organism and
understand the life cycle of virus replication. Applications of kinetic
model is crucial in analyse the failure causes of cancer treatments and
identify ways to reduce drug interactions and resistance. Numerous
models were created to research about the glycolysis pathway in
parasite which helps in anti-malarial drug targets identifications.
Kinetic models also helped in better understanding of a disease or
pathway which is essential for future therapeutic progression. With
the use of kinetic models, more hypothesis and experiment could be
tested out. Simulations and biological response to different factors
could be predicted and studied.

About half of the developed kinetic models were on metabolic
and enzymatic pathway. One of the possible explanations is that
constructing a metabolic model could be easier to develop, measure,
estimate and validate as compared to other types of kinetic model.*
There were many established kinetic laws such as Michaelis-Menton
kinetics, Mass-action kinetics and Hill kinetics which were used as
the foundation of developing kinetic models. Reactions and enzymes
were also well-researched. Some studies adopted published kinetic
model and reconstruct a new updated kinetic model. The existing
models could be extended or modified by including more reactions,
metabolites or changing the parameter kinetics. One of the benefits
of adopting published kinetic models is that these models were
validated. Therefore, time was saved from having to build a kinetic
model from scratch. On the other hand, gene regulatory and signalling
models does not have a fixed kinetic framework. The pathways in
gene regulation and signalling are more complex.”’ There were
relatively lesser data and information available. Most models adapted
parameters that were derived from other models. It was more difficult
for kinetic parameters estimation, measurement and model validation.
Hence, these models are more challenging to developed accurately as
compared to metabolic models.

The strengths of this review are reviewing the type of kinetic
models developed and its application using PRISMA guideline to
aid in reproducibility, completeness, and transparency.’” The kinetic
models are grouped based on their application and hence allow to
review the trend of the constructed model. However, limitations of
this review include reviewing articles only from PubMed. Articles
were only screened based on the inclusion criteria and most of the
models were not readily available for download. As kinetic models
are progressing rapidly, articles published after the search period were
not screened or included in this review.
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The possible gaps in developing kinetic model might be due to
the lack of accurate parameters and restricted model validation.’
Future studies should focus on improving the accuracy of parameter
estimation. Development of kinetic model could focus on least
explored areas such as gene regulation, signalling pathway and
protein interaction. Future studies could also apply kinetic models in
emerging disease diagnoses, testing, treatments and experimenting
biological responses.

Conclusion

Kinetic model is a mathematical model or computational model
that demonstrate the rate of change in systems biology. It is constructed
and applied in numerous areas to study biological reactions, gene
regulation, signalling, protein interaction and physiological behaviour.
This systematic review summarised the applications of kinetic model
into 2 themes; development of kinetic models and application of
existing kinetic model. Currently, there is an increasing trend in
developing kinetic models for a study. Kinetic model remains an
important tool in studying systems biology.

Supplementary materials

Supplementary materials can be downloaded from https://bit.ly/
KM_SR.
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