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Abstract

biology.

Computational modeling is transforming cellular biology, providing tools to understand complex processes, particularly single-
cell metabolic heterogeneity and mitochondrial dynamics. Integrating omics data with genome-scale models allows for detailed
metabolic flux inference and whole-cell simulations. This capability reveals subtle cellular shifts, aids in understanding disease
mechanisms, and helps predict therapeutic responses. Such approaches are crucial for personalized medicine and advancing systems
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Introduction

Computational biology stands at the forefront of deciphering com-
plex cellular processes, offering vital frameworks for understand-
ing the intricate mechanisms governing life. One key area involves
developing novel computational methods for inferring metabolic
fluxes in single cells, a critical step toward understanding cellular
metabolic heterogeneity. By integrating single-cell RNA-seq data
with genome-scale metabolic models, researchers developed an ap-
proach to quantify cell-state-specific metabolic pathways, allowing
for the identification of subtle metabolic shifts between individual
cells, which bulk analyses often mask. This method holds signif-
icant implications for characterizing disease states at a single-cell
resolution, particularly in areas like cancer metabolism or immune

cell responses, where metabolic reprogramming is crucial for cellu-
lar function and pathology.

[1].

Exploring further, computational multi-scale models focused on
mitochondrial dynamics and bioenergetics have emerged as pow-
erful tools. Mitochondria, being central to cellular energy pro-
duction and signaling, exhibit complex behaviors influenced by
their morphology, fusion-fission events, and interactions with other
organelles. Integrating different scales of biological information,
from molecular interactions to organelle-level networks, enhances
our understanding of mitochondrial function in both health and dis-
ease. Such models are vital for exploring the impact of metabolic
perturbations, drug interventions, and genetic mutations on cellular
energy states.

[2].

Moreover, advanced computational tools are designed for in-
tegrating diverse single-cell omics data, like single-cell RNA-seq,
proteomics, and metabolomics, into cell-specific metabolic mod-
els. This integration is crucial for building highly personalized and
context-dependent models that reflect the unique metabolic states of
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individual cells within a heterogeneous population. These tools em-
power researchers to reconstruct, analyze, and simulate metabolic
networks for specific cell types, offering insights into cellular func-
tions, disease mechanisms, and potential therapeutic targets, mov-
ing beyond population-averaged observations.

[3].

The synergy between integrated computational and experimen-
tal studies is also being explored for developing comprehensive
whole-cell models. Whole-cell modeling aims to simulate the en-
tire life cycle and all biochemical processes of a cell, a monumental
task requiring vast amounts of experimental data and sophisticated
computational frameworks. Challenges and advancements in com-
bining quantitative experimental data with detailed computational
simulations are discussed, leading to predictive models of cellular
behavior. This integrated approach is fundamental for understand-
ing how different cellular components interact to give rise to com-
plex biological phenomena and for advancing the field of synthetic
biology.

[4].

Another significant area is metabolic flux analysis within sys-
tems biology, a powerful computational technique used to quan-
tify the rates of biochemical reactions within living cells, providing
a dynamic view of cellular metabolism. This analysis integrates
experimental data with genome-scale metabolic models to reveal
metabolic bottlenecks, identify regulatory mechanisms, and predict
metabolic responses to genetic or environmental changes. It plays a
role in understanding complex biological systems, from microbial
engineering to human disease, with new developments emerging for
single-cell and multi-organismal contexts.

[5].

The burgeoning field of dynamic single-cell models also
promises to unravel the complexities of cellular heterogeneity.
While static snapshots from single-cell omics provide valuable in-
sights, dynamic models are essential for understanding how individ-
ual cells evolve over time, respond to stimuli, and make decisions.
These models can simulate temporal changes in gene expression,
protein activity, and metabolic states within single cells, offering a
more complete picture of cellular processes. This approach is pow-
erful for studying developmental trajectories, disease progression,
and therapeutic resistance, where temporal dynamics are crucial.

[6].

Furthermore, methodologies for constructing human metabolic
models and integrating them with various omics data are contin-

uously advancing. Accurate human metabolic models are fun-
damental for understanding health and disease, enabling the pre-
diction of drug targets, biomarker discovery, and personalized
medicine. Different strategies for model reconstruction, including
constraint-based modeling and kinetic modeling, are detailed, along
with techniques for incorporating transcriptomics, proteomics, and
metabolomics data to refine model predictions and enhance physio-
logical relevance. Robust data integration is key for advancing our
understanding of human metabolism in diverse conditions.

[7].

Computational modeling approaches for mitochondrial bioen-
ergetics and dynamics are also comprehensively explored. This in-
cludes quantitative frameworks simulating critical processes within
mitochondria, such as oxidative phosphorylation, metabolite trans-
port, and the interplay between mitochondrial fusion, fission, and
mitophagy. These models help elucidate mechanisms underlying
mitochondrial dysfunction in various diseases and predict the ef-
fects of therapeutic interventions. The power of computational tools
to integrate diverse experimental data leads to a more mechanistic
understanding of mitochondrial physiology.

[8].

Computational systems biology leads the way in understanding
cellular decision-making. Cells process complex biochemical sig-
nals to make crucial decisions like proliferation, differentiation, or
apoptosis. Computational models, from ordinary differential equa-
tions to agent-based simulations, allow researchers to integrate vast
molecular data to simulate signaling networks and predict cellular
responses. These models offer a quantitative framework to unravel
cellular logic, identify key regulatory nodes, and contribute to pre-
cision medicine by simulating disease progression and optimal ther-
apeutic strategies.

[9].

Finally, an integrative approach combining single-cell spa-
tial transcriptomics with metabolic modeling uncovers tissue-level
metabolic heterogeneity. Traditional single-cell analyses often lose
spatial context, but by integrating spatial information, this study
demonstrates how metabolic variations are organized within tis-
sues. Computational models built upon spatial transcriptomics data
enable the prediction of localized metabolic fluxes and cell-cell
metabolic interactions, which are crucial for understanding tissue
function and pathophysiology. This framework offers a powerful
tool for investigating complex biological systems, such as tumor
microenvironments or organ development, where spatial organiza-
tion dictates metabolic specialization.
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[10].

Description

Computational biology provides essential tools for understanding
the intricate workings of cells, with a strong focus on modeling and
simulating complex biological systems. Researchers are develop-
ing novel methods for inferring metabolic fluxes at the single-cell
level, a critical advancement for characterizing cellular metabolic
heterogeneity. By integrating data from single-cell RNA sequenc-
ing with genome-scale metabolic models, scientists can quantify
cell-state-specific metabolic pathways. This capability reveals sub-
tle metabolic shifts in individual cells, which are often obscured
in broader, bulk analyses. Such precision offers significant impli-
cations for understanding disease states with single-cell resolution,
particularly in fields like cancer metabolism and immune cell re-
sponses, where metabolic reprogramming is a key factor in cellular
function and pathology.

Further efforts involve the development and application of com-
putational multi-scale models, specifically targeting mitochondrial
dynamics and bioenergetics. Mitochondria, being central to en-
ergy production and signaling, exhibit complex behaviors influ-
enced by their morphology, fusion-fission events, and interactions
with other organelles. Integrating biological information across
different scales—from molecular interactions to organelle-level
networks—deepens our understanding of mitochondrial function in
both health and disease. These models are essential for exploring
how metabolic perturbations, drug interventions, and genetic muta-
tions impact cellular energy states.

Beyond individual organelles, advanced computational tools are
being developed for integrating diverse single-cell omics data, in-
cluding RNA sequencing, proteomics, and metabolomics, into cell-
specific metabolic models. This integration is crucial for creating
highly personalized and context-dependent models that accurately
reflect the unique metabolic states of individual cells within hetero-
geneous populations. These tools empower researchers to recon-
struct, analyze, and simulate metabolic networks tailored to specific
cell types, offering profound insights into cellular functions, disease
mechanisms, and potential therapeutic targets, moving beyond gen-
eral, population-averaged observations.

Whole-cell modeling represents an ambitious frontier, striving
to simulate the entire life cycle and all biochemical processes of a
cell. This monumental task demands vast amounts of experimen-
tal data and sophisticated computational frameworks. Work in this
area explores the synergy between integrated computational and ex-

perimental studies to create comprehensive, predictive models of
cellular behavior. This integrated approach is fundamental for un-
derstanding how various cellular components interact to produce
complex biological phenomena and for advancing synthetic biol-

ogy.

Metabolic Flux Analysis (MFA) is another powerful computa-
tional technique at the heart of systems biology, used to quantify
the rates of biochemical reactions within living cells. It offers a
dynamic perspective on cellular metabolism. MFA integrates ex-
perimental data with genome-scale metabolic models to pinpoint
metabolic bottlenecks, identify regulatory mechanisms, and pre-
dict metabolic responses to genetic or environmental changes. It
is vital for understanding complex biological systems, from micro-
bial engineering to human disease, and is continually evolving to
address single-cell and multi-organismal contexts. Moreover, dy-
namic single-cell models are emerging as crucial tools for unravel-
ing cellular heterogeneity over time, simulating temporal changes
in gene expression and metabolic states to provide a more complete
picture of cellular processes, especially for disease progression and
therapeutic resistance.

Conclusion

Computational modeling and systems biology are transforming our
understanding of cellular processes, especially in dissecting cellular
heterogeneity and metabolic functions. Researchers are developing
innovative methods for inferring single-cell metabolic fluxes, inte-
grating various omics data like RNA sequencing, proteomics, and
metabolomics with genome-scale models. This allows for precise
characterization of cell-state-specific metabolic pathways and the
identification of subtle shifts often missed by bulk analyses. Key
areas of focus include understanding mitochondrial dynamics and
bioenergetics through multi-scale models, constructing comprehen-
sive human metabolic models, and developing whole-cell mod-
els by combining computational and experimental data. Metabolic
Flux Analysis (MFA) is a vital technique for quantifying biochem-
ical reaction rates, revealing bottlenecks and predicting cellular re-
sponses. Recent advancements also include dynamic single-cell
models to track temporal changes and integrated approaches uti-
lizing spatial transcriptomics to uncover tissue-level metabolic het-
erogeneity. These computational tools are crucial for advancing in-
sights into disease mechanisms, identifying therapeutic targets, and
paving the way for personalized medicine, offering a more complete
and dynamic view of cellular function and pathology.
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