
J Physiol 0.0 (2026) pp 1–22 1

Th
e
Jo
u
rn

al
o
f
Ph

ys
io
lo
g
y

Systems modelling of mitochondrial dynamics in different
exercise regimes

Ali Khalilimeybodi1, Lingxia Qiao2, Allen Leung3, Andrew D. McCulloch4,5 , Simon Schenk6
and Padmini Rangamani1,2
1Department of Mechanical and Aerospace Engineering, University of California, San Diego, CA, USA
2Department of Pharmacology, University of California San Diego, La Jolla, CA, USA
3Department of Chemical and Nanoengineering, University of California, San Diego, CA, USA
4Shu Chien – Gene Lay Department of Bioengineering, University of California, San Diego, CA, USA
5Department of Medicine, University of California, San Diego, CA, USA
6Department of Orthopedic Surgery, University of California San Diego, San Diego, CA, USA

Handling Editors: Natalia Trayanova & Haibo Ni

The peer review history is available in the Supporting Information section of this article
(https://doi.org/10.1113/JP290424#support-information-section).

Abstract figure legendMitochondrial dynamics in different exercise regimens sprint, resistance and endurance exercise
impose distinct power–time profiles that differentially shape skeletalmusclemitochondrial remodelling. Exercise stimuli
converge on mitochondrial fusion and fission processes through a hybrid signalling–metabolic network.

This article was first published as a preprint. Khalilimeybodi A, Qiao L, Leung A, McCulloch AD, Schenk S, Rangamani P. 2025. Systems modeling
of mitochondrial dynamics in different exercise regimes. bioRxiv. https://doi.org/10.1101/2025.10.27.684912

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society. DOI: 10.1113/JP290424

https://orcid.org/0000-0002-1708-5675
https://orcid.org/0000-0001-5953-4347
https://doi.org/10.1113/JP290424#support-information-section
https://doi.org/10.1101/2025.10.27.684912
http://crossmark.crossref.org/dialog/?doi=10.1113%2FJP290424&domain=pdf&date_stamp=2026-07-01


2 Khalilimeybodi and others J Physiol 0.0

Abstract Exercise stimulates skeletal muscle signalling and mitochondrial metabolism. Emerging
evidence shows that mitochondrial dynamics (i.e. fission and fusion) could be regulated by
exercise. Yet, key gaps remain in identifying (i) the signals that drive fission vs. fusion; (ii) how
energy status and reactive oxygen species (ROS) shift control between dynamin-related protein
1 (DRP1) and mitofusin (MFN)/optic atrophy 1 (OPA1); and (iii) which intensity–duration
combinations yield similar cytosolic signals but different mitochondrial remodelling. Therefore, we
developed an integrative computational framework connecting exercise regimens to mitochondria
fission–fusion machinery by linking blood–myofibre energetics in cytosol and mitochondria to
signalling pathways. The influence of sprint, resistance and endurance exercise regimens on
mitochondrial fission and fusion has been simulated. Classified qualitative validation of the
signalling network model achieved 80% accuracy. The model predicts regimen-specific dynamics
starting with an acute DRP1-driven fission during exercise followed by MFN1/2–OPA1-mediated
re-fusion as energy stress declines, consistent with a cyclical triage-then-rebuild paradigm. Changes
are most pronounced and sustained with endurance, sharp but brief with sprint, and minimal with
resistance. Global sensitivity analysis identified AMP-activated protein kinase (AMPK)/peroxisome
proliferator-activated receptor gamma coactivator-1α→MFN1/2 as dominant fusion drivers, ROS
andAMPK→mitochondrial fission factor/DRP1 as primary fission switches, andCa2+–calmodulin,
extracellular-signal-regulated kinase and liver kinase B1/AMPK as shared regulators. The model
predicts that an endurance base, augmented with one or two weekly high intensity interval
training/sprint interval training sessions could maximize AMPK–ROS pulses and mitochondrial
fission–fusion. This framework unifies muscle’s signalling logic with energetic state to explain
how intensity–volume combinations, bout spacing and kinase modulation tune mitochondrial
remodelling, yielding testable predictions for optimizing training and adjuvant therapies to enhance
mitochondrial quality and performance.

(Received 30 October 2025; accepted after revision 20 May 2026; first published online 27 June 2026)
Corresponding author P. Rangamani: Department of Pharmacology University of California San Diego, La Jolla
02093-0636, CA, USA. Email: prangamani@health.ucsd.edu

Key points
� Different exercise regimes such as sprint, resistance, and endurance can trigger different signalling
pathways.

� Exercise also triggers mitochondrial remodelling in skeletal muscle.
� Using a systems biology model, we developed a systems biology model for skeletal muscle
signalling and mitochondrial metabolism for exercise.

� Ourmodel predicts the dynamics ofmitochondrial fusion and fission in different exercise regimes
and identifies which signalling pathways dominassste these remodelling mechanisms.

0 Ali Khalilimeybodi is a Principal Scientist at BI with a background in computational systems biology andmultiscale modeling of
cardiomyopathy, heart failure, exercise-induced muscle remodeling, and mechanotransduction pathways. His doctoral research
was centered on chemo-mechanical modeling of cardiac muscle growth and remodeling. During his postdoctoral fellowship
at UC San Diego, Dr. Khalilimeybodi contributed to multiple projects involving mathematical modeling of the effects of
exercise regimens on skeletal muscle signaling and metabolic pathways. His broader research vision is to leverage multiscale
computational models to bridge knowledge gaps, improve experimental design, and support the discovery of novel therapeutic
targets for complex diseases.
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Introduction

Exercise is a potent physiological perturbation to skeletal
muscles, eliciting co-ordinated shifts in signalling
cascades, metabolic flux, gene transcription and cellular
phenotype (Baar, 2006; Smith et al., 2023). Across different
types of exercise modalities including resistance, end-
urance and sprint, acute bouts of activity remodel the
phosphoproteome including the regulatory kinases
AMP-activated protein kinase (AMPK), mammalian
target of rapamycin (mTOR) and protein kinase A
(PKA) (Blazev et al., 2022). Yet, superimposed on
this common core of change in phosphorylation
patterns are modality-specific patterns particularly
evident during recovery (Baar, 2006; Blazev et al.,
2022; Smith et al., 2023). ATP generation in muscles
is matched to contractile demand through substrate–level
(anaerobic) and oxidative (aerobic) phosphorylation
(Hargreaves & Spriet, 2020). The relative engagement
of ATP-generating pathways is dictated by the exercise
task. During brief, all-out efforts lasting only seconds
(e.g. sprinting), ATP generation arises mainly from
phosphocreatine breakdown and glycogen-to-lactate flux
(Medbø & Tabata, 1993; Parolin et al., 1999), reflecting
substrate-level (anaerobic) phosphorylation. By contrast,
during exercise sustained for minutes to hours, ATP is
supplied predominantly through oxidative metabolism of
carbohydrate and fat (Hawley & Leckey, 2015; O’Brien
et al., 1993), characteristic of the aerobic energy system.
Transcriptomic programs likewise diverge by exercise
modality. For example, sprint exercise preferentially
upregulates stress response, muscle adaptation and
immune related signatures (Amar et al., 2021), whereas
resistance and endurance training enhance genes linked
to stress response, kinase activity and metabolic processes
(Pillon et al., 2020). This systematic view to exercise
that links upstream signals and energy demand to
mitochondrial network remodelling in each exercise
modality motivates the modelling framework developed
here.

Mitochondria sit at the centre of the exercise response,
co-ordinating ATP supply, redox signalling and structural
remodelling in muscles. During sustained, high-intensity
efforts, mitochondria supply the majority of ATP via
oxidative phosphorylation, placing them as principal
mediators of performance and recovery dynamics
(Hargreaves & Spriet, 2020). Classical training studies
demonstrate increases in mitochondrial enzymes and
oxygen uptake capacity with repeated endurance sessions
(Holloszy, 1967; Meinild Lundby et al., 2018). Granata
et al. (2018) showed that manipulating training variables
(volume, intensity) yields distinct effects onmitochondrial
content vs. function. An acute session of high intensity
interval training (HIIT) elevates nuclear peroxisome
proliferator-activated receptor gamma coactivator

(PGC)-1α and initiates a mitochondrial gene program in
human skeletal muscle (Little et al., 2011). This is in line
with rapid exercise-induced surges in PGC-1α transcripts
and protein (Furrer et al., 2023; Mathai et al., 2008), which
can produce robust mitochondrial remodelling after
repeated sessions. Mitochondrial dynamics, particularly
fusion and fission, are integral to these adaptations
and are differentially engaged by exercise dose and
timing (Gan et al., 2018). Muscle contractions activate
AMPK, cAMP/PKA and p38 mitigen-activated protein
kinase pathways that converge on PGC-1α; downstream
and PGC-1α increases expression of fusion machinery
mitofusin (MFN)1/MFN2 and optic atrophy 1 (OPA1)
(Pilegaard et al., 2003; Puigserver et al., 1999; Terada
et al., 2005; Vega et al., 2000). In parallel, fission is
mediated by the large GTPase dynamin-related protein
1 (DRP1) (Smirnova et al., 2001). Acute endurance
exercise increases DRP1 phosphorylation, with the signal
subsiding during recovery. This temporal pattern is
consistent with early network fragmentation to segregate
damaged segments, followed by re-fusion and biogenesis
(Moore et al., 2019). AMPK and Akt can promote DRP1
activity (Hu et al., 2024), whereas PKA phosphorylation
inhibits DRP1 and restrains fission (Merrill et al., 2011).
Resistance exercise presents a different picture: hyper-
trophy can dilute volume density, yet multiple studies
indicate improved mitochondrial function even when
classical content markers do not rise. For example,
low-load blood-flow–restricted and high-load resistance
training both increase mitochondrial protein synthesis
and respiration with no change in citrate synthase activity,
implying functional enhancement independent of bulk
content (Groennebaek et al., 2018). Together, these data
position mitochondria as both the means (ATP supply)
and a target (biogenesis, dynamics, mitophagy) of training
adaptation, with distinct exercise modalities differentially
weighting these levers.
Systems biology models offer a rigorous way

to connect exercise dose (intensity, duration and
modality) with skeletal muscle multiscale physiology,
by integrating fast metabolic transients, slower signalling
programs and cumulative structural remodelling in the
muscle. Early mechanistic work showed that simple
control laws can capture high–resolution bioenergetic
data. For example, a linear respiration model that
explains the mono–exponential phosphocreatine
(PCr) dynamics observed in exercising muscle
establishes how mitochondrial oxidative flux tracks
ATP demand (Meyer, 1988). Building on this
foundation, oxygen transport–metabolism models
linked convective–diffusive O2 delivery to intracellular
ATP/PCr kinetics, shedding light on the conditions in
which increasing O2 supply (e.g. hyperoxia) does or
does not accelerate oxidative responses during muscle

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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4 Khalilimeybodi and others J Physiol 0.0

contractions (Lai et al., 2007). Systems bioenergetic
models then unified cellular metabolism with training
history, predicting how loading or unloading reprograms
enzyme capacities and fuel selection during subsequent
exercise (Dash et al., 2007). Parameterized against human
biopsy and in vivo data, in silico studies demonstrated
how the malate–aspartate shuttle and initial glycogen
stores set the time course of glycolytic vs. oxidative
ATP provision during work transitions (Li et al., 2009).
Fibre–type–resolved models further dissected type I/II
recruitment and metabolite transport to reproduce
heterogeneity in cytosolic and mitochondrial fluxes
under moderate–intensity protocols (Li et al., 2012).
On the signalling side, dynamic models have quantified
kinase control, showing that ADP, rather than AMP,
dominantly governs AMPK activity during exercise,
comprising a key insight for linking energy charge to
downstream transcriptional programs (Coccimiglio &
Clarke, 2020). Recently, a signalling network model
explored muscle acute and phenotypic responses to end-
urance vs. resistance exercise and highlightedmTOR–Akt,
AMPK and reactive oxygen species (ROS)–nulcear factor
kappa B as key signalling mediators (Fowler et al.,
2024). Modular whole–muscle frameworks have coupled
metabolism, kinase cascades, and gene expression to
recapitulate acute–to–chronic adaptations following
varied exercise stimuli (Akberdin et al., 2021). In parallel,
quantitative models of mitochondrial fission–fusion have
mapped how network dynamics govern mitochondrial
DNAmaintenance and quality control, providing a formal
handle on morphology–function coupling (Tam et al.,
2013).
In the present study, we developed a modular systems

biologymodel that links blood–fibre–organelle exchanges
to cytosolic signalling and mitochondrial bioenergetics
across different timescales to predict how sprint, resistance
and endurance stimuli regulate mitochondrial dynamics.
This model integrates a metabolism module adapted
from an established exercise model (Akberdin et al., 2021;
Li et al., 2012) and a logic-based ordinary differential
equation (ODE) signalling module developed from prior
knowledge and validated against independent studies.
Here, we address three key questions: which upstream
signals are necessary and sufficient to bias mitochondria
toward fission vs. fusion? How do cellular energetic
status and ROS partition control between DRP1 and
MFN/OPA1? And which combinations of intensity and
duration produce distinct mitochondrial remodelling
despite similar cytosolic signals? Model simulations
generated testable, exercise modality-dependent pre-
dictions of metabolites (ATP/ADP, lactate, ROS), kinases
[AMPK, mTOR, extracellular-signal-regulated kinase
(ERK)/p38] and effectors of mitochondrial dynamics
(DRP1,MFN1/2,OPA1), allowing us to identify principles
governing the fission–fusion balance.

Methods

Ethical approval

In this study, no new human/animal data were collected,
and the work is computational/in silico.

Model overview

The aim of this study was to create a mathematical model
that integrates the metabolic and signalling pathways
linking exercise modalities to mitochondrial fusion and
fission. The metabolic module of the model is adopted
from a previously developed mathematical model of
cellular metabolic dynamics in skeletal muscle fibres
during exercise (Akberdin et al., 2021; Li et al., 2012).
The signalling module was developed using a logic-based
ODE approach (Kraeutler et al., 2010) as is frequently
used in modelling large-scale signalling pathways in
cardiac (Grabowska et al., 2021; Khalilimeybodi et al.,
2020; Zeigler et al., 2016) and skeletal (Fowler et al.,
2024) muscles. Given our focus on differential dynamics
of signalling and metabolic species between exercise
modalities, model simulation results are reported as
normalized values. The normalized level is obtained by the
fractional activation of species divided by the maximum
changes in the fractional activation across three different
types of exercise regimens.
The integration of signalling and metabolic modules

was conducted by defining the key mediators including
ATP/ADP, carnitine palmitoyltransferase 1 (CPT1),
ROS and glucose transporter type 4 (GLUT4). The
metabolic module captures exercise-dependent substrate
utilization and energetic state and communicates back
to signalling through ATP/ADP and mitochondria ROS.
Mitochondria and cytosolic ROS transfer between cyto-
sol and mitochondria. Cytosolic ROS are regulated
by signaling pathways, including phosphoinositide
3-kinase (PI3K)/Akt, protein kinase (PKC) and
stress-activated signaling nodes (details are provided
in the section on ‘Minimal model for reactive oxygen
species’ section). Dynamics of CPT1 and GLUT4 are
regulated by their upstream signalling pathways, and they
linearly affect the transfer rates of fatty Acyl-CoA from
cytosol to mitochondria and glucose from capillary blood
to cytosol, respectively.

Exercise input

We considered three exercise regimens in this study:
sprint, resistance and endurance (Fig. 1A). Using a
parsimonious approach to capture regimen-specific
effects on mitochondrial dynamics, we introduced an
‘Energy’ node to represent exercise-induced cellular
stimulation. This node is modulated by exercise modality,

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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J Physiol 0.0 Modelling exercise-induced mitochondrial dynamics 5

Figure 1. Systems biology model of mitochondrial dynamics
A, model time–power inputs illustrating the energetic load/stress of different exercise modalities. B,
capillary–myofibre module that models GLUT4-mediated glucose uptake, glycolysis, PCr/Cr buffering, β-oxidation,
tricarboxylic acid (TCA) and electron transport chain (ETC) ATP generation, mitochondrial ROS generation,
and metabolite exchange with blood. C, exercise signalling module linking adrenergic, Ca2+/CaM, insulin-like
growth factor 1/neuregulin 1(IGF1/NRG1), PI3K–Akt, ERK–p38, AMPK and mTOR–sirtuin 1–PGC1α pathways to
mitochondrial fission/fusion. Key mediators of signalling and metabolic modules (i.e. ATP/ADP, CPT1, ROS, GLUT4)
are highlighted in pink.

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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6 Khalilimeybodi and others J Physiol 0.0

and its temporal profile follows the same time course as
the exercise protocol described in Blazev et al. (2022).
The basal level of ‘Energy’ node was set to 0.2 for all
three exercise regimens to simulate rest condition. For
sprint exercise, the ‘Energy’ node level was elevated by
0.8 units above the basal level during the intervals [0,
0.5 min], [4.5, 5 min] and [9, 9.5 min]. For resistance
exercise, the ‘Energy’ node level was elevated by 0.2 units
above the basal level during the intervals [0, 0.5 min],
[2.5, 3 min], [5, 5.5 min], [7.5, 8 min], [10, 10.5 min] and
[12.5, 13 min]. For endurance exercise, the ‘Energy’ node
level increased by 0.12 during the interval [0, 90 min].
These levels were chosen to represent the different energy
demands of the exercise regimens (Blazev et al., 2022).
The ‘Energy’ node serves as an upstream driver for
activation of signalling pathway nodes and also induces
a ‘Stress’ node that represent mechanical stress on cell
during exercise. The metabolic module (Fig. 1B) was
adopted from prior models (Akberdin et al., 2021; Li
et al., 2012), which incorporate a weight parameter ‘W’
to quantify exercise effects on the metabolic network
by scaling reaction/flux rates. In the present model,
parameter ‘W’ changes proportionally with the ‘Stress’
node. Accordingly, ‘W’ is applied to metabolic reaction
rate/flow expressions in the same manner with same
parameter values as in (Akberdin et al., 2021; Li et al.,
2012):

Ri = R0i.

(
1 + αi.W.

(
1 − exp

(
(t0 − t )

τi

)))

where R0i represents the metabolic reaction rate/flow at
resting steady state; αi and τi are activation coefficient and
time constant of each metabolic reaction, respectively.

Fusion–fission signalling module

Tomodel signalling pathways ofmitochondrial fusion and
fission in skeletal muscle during exercise, we employed
a logic-based ODE modelling approach, which has
been used extensively in modelling signalling pathways
of cardiac and skeletal muscles (Fowler et al., 2024;
Grabowska et al., 2021; Khalilimeybodi et al., 2020,
2023; Zeigler et al., 2016). We chose this approach
because it captures complex, large-scale signalling at
the same time as requiring minimal time-course data,
which is often unavailable in cardiac and skeletal muscle
studies. The signalling network was constructed based
on known interactions between key signalling molecules
involved in muscle fusion and fission (Fig. 1C), such as
calcium-calmodulin (Ca2+-CaM), p38 mitogen-activated
protein kinases, mTOR, ERK1/2, AMPK, DRP1 and
MFN1 and 2 (Halling & Pilegaard, 2020; Huang et al.,
2018; Leduc-Gaudet et al., 2021; Marzetti et al., 2013;
Peng et al., 2022). In total, the signalling model included

28 nodes representing different signalling species and
four nodes representing the mediators of signalling and
metabolic pathways (i.e. ATP/ADP, CPT1, ROS and
GLUT4) connected through 66 reactions. Each reaction
uses a normalized Hill function with default parameters
of weight (w), EC50 and Hill coefficient (n). Each
signalling species has default parameters for initial level
(Y0), maximum level (Ymax) and time constant (τ )
(Kraeutler et al., 2010). Model inputs consisted of an
Energy node, which was activated by sprint, endurance
and resistance exercise regimens, and a sympathetic
stimulation (adrenaline) node, specifically activated by the
sprint exercise regimen. The model outputs were skeletal
muscle fusion and fission. Details of the species, reactions,
and parameters in the fusion–fission signalling model are
provided in the Supporting information (File 1).

Logic-based ODE approach. A logic-based ODE
approach was utilized to transform the skeletal muscle
fusion/fission signalling network into a system of ordinary
differential equations, enabling the simulation of the
signalling molecules dynamics during exercise (Kraeutler
et al., 2010). In the logic-based ODE approach, state
variables X represent the normalized activity of each
signalling species ranging between 0 and 1. Interactions
between species are characterized as either activation
fact or inhibition finhib, represented by normalized Hill
functions defined as:

fact (X ) = BXn

Kn + Xn , finhib (X ) = 1 − BXn

Kn + Xn .

Here, B = ECn
50−1

2ECn
50−1 , K = (B − 1)1/n. The logic-based

ODE method uses continuous logic gates, AND (i.e.
f (x) f (y)) and OR (i.e. f (x) + f (y) − f (x) f (y)) to
model the interactions and cross-talk between signalling
pathways in response to external stimuli. For example,
PI3K activation can occur via either IGF1 or NRG1
receptor stimulation, which was modelled using an OR
gate. However, muscle fusion requires the simultaneous
activation of both MFN1 and MFN2, which was
represented using anANDgate. TheODEswere generated
automatically using Netflux, a software package designed
for logic-based network modelling (Clark et al., 2025).
Simulations were performed in MATLAB SimBiology,
with default parameter values based on previous studies
(Kraeutler et al., 2010). The model predictions were
validated against experimental data on muscle signalling
during exercise, ensuring that the model accurately
captures the key dynamics of muscle fusion and fission.

Metabolic module

For the metabolic module, we adapted a previously
established mechanistic framework that couples

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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J Physiol 0.0 Modelling exercise-induced mitochondrial dynamics 7

cytosolic glycolysis, PCr/Cr buffering, lipid handling
and mitochondrial TCA–OXPHOS to simulate
exercise-induced metabolic transients in skeletal
muscle (Li et al., 2012). We analyzed the muscle as a
well-mixed tissue compartmentwithout explicit fibre-type
differentiation. Protein metabolism was not included in
the model because its contribution to energy production
during short-term exercise is minimal (Li et al., 2012).
The model includes distinct compartments for cytosolic
and mitochondrial domains, allowing for the simulation
of mass transport processes and reaction fluxes that
occur during exercise. For the transition from rest to
exercise, skeletal muscle was modelled to undergo an
activation process capturing enhanced metabolic rate
within muscle cells. The metabolic module also accounts
for transport processes between the blood and muscle,
enabling simulation of how blood-borne substrates and
metabolites are utilized by the muscle during exercise (Li
et al., 2012). The transport processes between the blood
and muscle fibres were modelled using dynamic mass
balance equations. These equations describe the transport
of chemical species from the blood to the cytosol and
from the cytosol to the mitochondria. Mass transport
was influenced by both passive diffusion and facilitated
transport. The metabolic reaction fluxes in the cytosol
and mitochondria were governed by reversible enzyme
kinetics, with the forward and backward reaction rates
adjusted according to the experimental data on sub-
strate and product concentrations (Li et al., 2012). The
metabolic model includes a series of reactions modelling
the breakdown of carbohydrates and fats, as well as the
synthesis of ATP through oxidative phosphorylation in
the mitochondria. The parameters related to activation
coefficients were optimized by fitting model outputs to
experimental data. Model validation was performed by
comparing simulated metabolite concentrations with
published experimental data on muscle fibre activation
patterns during exercise (Akberdin et al., 2021; Li et al.,
2012). A list of all ODEs, initial values and parameters
used to simulate the signalling-metabolic model in this
study is provided in the Supporting information (File S2).

Minimal model for reactive oxygen species. To estimate
ROS changes during exercise, we incorporated both
mitochondrial and cytosolic ROS generation mechanisms
in the model. For mitochondrial ROS, as demonstrated
in previous studies (Quinlan et al., 2013), we used the
following function:

vH2O2 = aem
NADHx
NADtot − c

to represent the ROS production rate caused by the
NADH/NAD+ ratio in skeletal muscle mitochondria.
This exponential non-linear regression function provides
a good fit to the experimental training data and can

be adjusted or normalized as needed (Quinlan et al.,
2013). During exercise, the PI3K/Akt and PKC pathways,
along with mechanical stress, contribute to increased
ROS production (Bouviere et al., 2021; Díaz-Vegas et al.,
2015; Ward et al., 2014). The PI3K/Akt pathway increases
mitochondrial activity, resulting in greater electron
leakage from the electron transport chain and subsequent
ROS generation (Hu et al., 2023). PKC activation, driven
by elevated calcium levels and diacylglycerol, stimulates
NADPH oxidase (NOX), producing cytosolic ROS
(Díaz-Vegas et al., 2015). Additionally, mechanical stress
from muscle contractions amplifies ROS production
through the activation of mechanosensitive elements
and increased mitochondrial respiration (Ward et al.,
2014). Given the significant complexity of these cellular
processes and the limited availability of data, we used a
minimal linear model to account for PI3K/Akt, PKC and
stress-induced ROS production in the cytosol.

Sensitivity analysis

To systematically evaluate the effect of individual reactions
on mitochondrial fusion and fission dynamics, we
implemented a global sensitivity analysis using the
Morris elementary effects method (Morris, 1991). Morris’
method is well-suited for mechanistic models with high
dimensionality or computational complexity, allowing
for identification of parameters with the largest effect
on system dynamics (Saltelli et al., 2009). The weight
parameters associated with each reaction in the network
model were changed to examine their effect on the pre-
dicted levels of mitochondrial fusion and fission. To
generate the input space for analysis, we adopted the
sampling for uniformity approach. This sampling strategy
was configured with eight discrete levels for each input
parameter, an oversampling pool of 300 candidate points
and 16 distinct trajectories to have a broad and uniform
coverage of the parameter space (Khare et al., 2015). The
sensitivity analysis was carried out using the EE sensitivity
package in MATLAB developed by Khare et al. (2015),
which computed two key metrics for each reaction: the
mean of the absolute values of the elementary effects
(μ∗) and their standard deviation (σ ). The μ∗ value
provides a measure of the overall influence of a reaction
on selected outputs. By ranking the reactions in terms of
μ∗, we identified key reactions regulating mitochondrial
dynamics (i.e. fusion and fission).

Statistical analysis

All analyses were based on deterministic model
simulations. Therefore, no formal hypothesis testing
was performed on model outputs, and no P values were
calculated. Literature results were used only for qualitative

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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8 Khalilimeybodi and others J Physiol 0.0

validation, and any references to ‘statistical significance’
reflect the original publications. For validation, each
simulated perturbation was paired with a corresponding
experimental comparison and changes in mitochondrial
fusion and fission were classified as increase, decrease,
or no change using a ±0.1% relative-change threshold
from the reference condition (within ±0.1% = no
change). ‘Accuracy’ was calculated as the proportion of
perturbations for which the predicted direction matched
the direction implied by the paired experimental outcome.

Results

Classified qualitative validation of the fusion–fission
signalling network model

To validate the accuracy of the developed systems biology
model (see Appendix, Fig. A1), we compared its pre-
dicted signalling activities with the experimental data.
The metabolic module had already been validated in
a previous study (Li et al., 2012). For the signalling
model, the activity levels of key signalling molecules were
compared to experimental data (Fig. 2) using a classified
qualitative validation approach (Khalilimeybodi et al.,
2020). Accordingly, the steady-state activity of signalling
nodes following the exercise input (stimulated) was

compared with their steady-state activity in the absence
of the exercise input (control). Signalling nodes were
categorized into three groups (‘Model’ row in Fig. 2) based
on relative changes in their activity compared to threshold
(i.e. 0.1% relative change): increased, decreased and
unchanged. Similarly, experimental data were classified
into three categories, decreased, no change, or increased,
based on their statistical significance compared to controls
reported in the literature (‘Experiment’ row in Fig. 2). By
conducting thorough manual review of existing studies,
we identified experimental measurements for 22 nodes
in the signalling network model, compiled from 18
distinct articles, which were independent of those used
for model development. It is important to note that
reports of exercise-induced signalling are not always
consistent, with nodes such as PI3K/Akt, p38, mTOR
and AMPK showing opposite trends across studies. Such
discrepancies probably reflect differences in experimental
context, including cell state andmethodological approach.
The modular model correctly predicted the majority
(80%) of observed signalling trends. This performance is
comparable to other signalling network models and near
the upper end of reported accuracies (Fowler et al., 2024;
Khalilimeybodi et al., 2020, 2023; Zeigler et al., 2016).
Uncertainty quantification studies showed this metric is
robust to parameter uncertainty (Cao et al., 2020).
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Figure 2. Classified qualitative validation of fusion-fission signalling network model
Model predicted changes in fractional activation of signalling nodes are classified as increased (>0.1%,
red), decreased (<–0.1%, blue) or unchanged (–0.1% to 0.1%, grey). Corresponding statistically significant
experimental changes for the same molecules are shown for comparison, with supporting studies cited by their
PMID number in the row entitled Sources.
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J Physiol 0.0 Modelling exercise-induced mitochondrial dynamics 9

Model predicts the dynamics of cytosolic species
across exercise modalities

Having validated themodularmodel, we then investigated
the normalized dynamics of cytosolic species under
different exercise regimens. It is noteworthy that all
simulated responses are normalized and the magnitudes
of absolute changes from pre-exercise level are not
quantified. Accordingly, the results should be inter-
preted qualitatively (e.g. cAMP activity is higher in sprint
than endurance), not quantitatively. During exercise,
sympathetic catecholamines activate β-adrenergic
receptors in skeletal muscle, elevating cAMP–PKA
signalling to mobilize fuel (Berdeaux & Stewart, 2012;
Febbraio et al., 1998; Lynch & Ryall, 2008), whereas Ca2+
transients that occur during muscle activation/contractile
activity engage Ca2+–calmodulin pathways (Chin, 2005;
Rose et al., 2006), collectively increasing energetic
demand. At the same time, depending on fibre type
and exercise intensity, exercise could enhances glucose
uptake and its hexokinase-mediated phosphorylation to
glucose 6-phosphate, and accelerate anaerobic glycolysis,
thereby increasing lactate (Gladden, 2004; Richter &
Hargreaves, 2013). However, the model predicts distinct,
modality-dependent cytosolic dynamics across exercise

regimens. For cytosolic cAMP and Ca2+-CaM, the
highest peak levels are observed during sprint exercise,
followed by endurance exercise, with resistance exercise
resulting in the lowest levels (Fig. 3A and B). Cyto-
solic glucose, free fatty acids (FFA) and lactate all show
clear exercise-modality dependence (Fig. 3C–E). End-
urance elicits the largest and most sustained increases,
sprint produces smaller and more transient responses,
and resistance results in minimal changes. Glucose
rises rapidly and reaches its highest-level during end-
urance, with much smaller peaks during sprint and
resistance. FFA shows a similar pattern, with end-
urance producing the strongest and longest-lasting
elevation, whereas sprint and resistance cause only
modest, short-lived increases. Lactate also increases
most prominently during endurance, whereas sprint and
resistance induce comparatively minor and transient
responses. Overall, the peak amplitudes of glucose,
FFA, and lactate follow the same rank order: end-
urance > sprint > resistance (Fig. 3F). Collectively,
the model predicts modality-specific dynamics for cyto-
solic species with maximum cAMP/Ca2+-CaM activity in
sprint exercise, and highest cytosolic glucose/lactate level
in endurance training.
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Figure 3. Predicted normalized dynamics of cytosolic species across exercise modalities
A–E, simulated dynamics of cytosolic cAMP (A), Ca2+-CaM (B), glucose (C), FFA (D) and lactate (E). In each panel,
three different types of exercise regimens are applied: sprint (blue), endurance (orange) and resistance (green).
The corresponding energy response is shown in the inset of (A). The normalized level is obtained by the fractional
activation of species divided by the maximum changes in the fractional activation across three different types of
exercise regimens. F, maximum normalized level for cytosolic cAMP, Ca2+-CaM, glucose, FFA and lactate. The color
indicates the exercise regimen: sprint (blue), endurance (orange) and resistance (green).
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10 Khalilimeybodi and others J Physiol 0.0

Exercise-driven shifts in ROS, ATP/ADP and
AMPK–mTOR regulation

We then investigated the effects of exercise regimens on
mediators of signalling andmetabolism in skeletalmuscle,
focusing on cytosolic ROS, ATP, ADP, AMPK andmTOR.
Cytosolic ROS, a key metabolite positively regulated
by PI3K, PKC and NRG1, increases in response to
exercise stimulation and relaxes during recovery (Fig. 4A).
Among exercise types, endurance training induces the
highest ROS peak, followed by sprint and resistance
training, consistent with greater electron-flux and oxidant
production under prolonged load (Fig. 4A and H).
Cytosolic ATP and ADP levels also undergo significant
changes during exercise. As exercise starts, ATP trans-

iently decreases as it is hydrolyzed and consumed through
various metabolic reactions to meet the energy demands
of skeletal muscle, leading to a corresponding increase
in ADP (Fig. 4B and C). Notably, the dynamics of cyto-
solic ADP closely follow the energy profile, whereas ATP
levels exhibit an inverse relationship to energy dynamics.
These energetic transients propagate to kinase control.
AMPK exhibits a modality-dependent surge that is sharp
and large with sprint, sustained with endurance, and
minimalwith resistance reflecting the predicted sensitivity
of AMPK to changes in adenylate charge and glycogen
state (Fig. 4D and H). mTOR shows an early bump
followed by suppression driven by AMPK/p53 inputs;
this suppression is strongest and longest during end-
urance, weak and short-lived during sprint, and near base-
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Figure 4. Predicted normalized dynamics of signalling and metabolism mediators across exercise
modalities
A–G, simulated dynamics of cytosolic ROS levels (A), ATP levels (B), ADP levels (C), AMPK activity (D), mTOR activity
(E), MFF activity (F) and PGC1a activity (G), in different exercise regimens. H, maximum normalized level for cytosolic
ROS, ATP, ADP, AMPK and mTOR. The colour indicates the exercise regimen: sprint (blue), endurance (orange) and
resistance (green).
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J Physiol 0.0 Modelling exercise-induced mitochondrial dynamics 11

line with resistance (Fig. 4E). mTOR activity rises after
sprint and resistance exercise but declines following end-
urance. In our model, however, the recovery phase yields
mTOR activity below the pre-exercise baseline for all
regimens. As expected from themodel structure (Fig. 1C),
AMPK and mitochondrial fission factor (MFF) display
similar dynamics, with both showing rapid activation
that is strongest in sprint and endurance and minimal in
resistance (Fig. 4D and F), whereas PGC-1α rises more
gradually and remains elevated much longer, with the
largest and most sustained response during endurance,
a moderate response in sprint, and only a small change
in resistance (Fig. 4G). In summary, our model predicts
that endurance training elicits the largest, longest shifts
in ROS and ADP, with sustained AMPK activation and
strongmTOR suppression. Sprint exercise produces sharp,
transient AMPK spikes, whereas resistance training yields
minimal changes across these mediators.

Regimen-specific control of mitochondrial ATP and
the fission–fusion machinery

Next, we predicted how exercise modality shapes
mitochondrial ATPflux and the fission–fusionmachinery.

Simulations predict a rapid rise in mitochondrial ATP
production that tracks the imposed energetic load for all
exercise modalities and relaxes with recovery (Fig. 5A),
yielding a transient increase in mitochondrial ATP that
returns to baseline once demand subsides (Fig. 5B).
Endurance produces the largest and most sustained
ATP-producing flux, sprint a sharp but brief burst,
and resistance minimal change (Fig. 5H). Upstream
contraction and catecholamine signals (Ca2+–CaM,
PKC, Akt, p38, ERK) drive a fast activation of DRP1,
producing an early fission surge that diminishes
after the stimulus (Fig. 5C and F). In parallel, MFN1
and MFN2, activated via PGC-1α, ERK and AMPK,
accumulate more slowly, supporting a delayed fusion
response that helps restore network connectivity and
distribute the newly generated ATP (Fig. 5D, E and
G). Across readouts (mitochondrial ATP, DRP1/MFN
activities, fission, fusion), peak amplitudes rank end-
urance > sprint > resistance (Fig. 5H). Thus, the model
predicts that modality-specific energetic load drives a
staged remodelling sequence, an early DRP1-driven
fission surge followed by MFN1/2-mediated re-fusion,
with endurance producing the largest and most sustained
mitochondrial reorganization.
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Figure 5. Predicted normalized dynamics of mitochondrial ATP and the fission–fusion machinery across
exercise modalities
A–G, simulated dynamics of mitochondrial ATP production rate (A), mitochondrial ATP levels (B), cytosolic DRP1
activity (C), cytosolic MFN1 activity (D), cytosolic MFN2 activity (E), mitochondrial fission (F) and mitochondrial
fusion (G), in different exercise regimens. H, maximum normalized level for mitochondrial ATP levels, cytosolic
DRP1 activity, cytosolic MFN1 and MFN2 activities, and mitochondrial fission and fusion.
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Sensitivity analysis identifies key control points for
mitochondrial fusion and fission

To identify reactions with major influence on
mitochondrial dynamics during exercise, we conducted
a global sensitivity analysis using fusion and fission
activities as readouts. This is a common approach to
identify major signalling interactions regulating the cell
response (Fowler et al., 2024; Khalilimeybodi et al., 2024).
Varying the weight parameter (w) of each reaction across
the network revealed a compact set of high-leverage
pathways (Fig. 6A). On the fusion arm (Fig. 6B),
AMPK/PGC-1α signalling and the effector nodes
MFN1/MFN2 exert the strongest positive control. On
the fission arm (Fig. 6C), ROS input, AMPK-dependent
signalling and the DRP1–MFF axis dominate. Several
mediators [i.e. Ca2+-CaM, ERK1/2, liver kinase B1
(LKB1) and AMPK) influence both processes indicating
shared upstream switches that can flip network polarity
depending on energetic and calcium cues. The sensitivity
analysis highlights AMPK as a central signalling hub
and suggests that enhancing AMPK/PGC-1α/MFN1/2
biases skeletal muscle mitochondria toward fusion,
whereas amplifying ROS/DRP1/MFF drives fission. The
sensitivity analysis identified broadly similar high-impact
reactions across exercise regimens. This finding suggests
that mitochondrial dynamics may be controlled by a
conserved signalling network that integrates distinct
exercise-derived metabolic inputs. ATP/ADP, ROS and
Ca2+-dependent cues converge on shared control nodes,
including AMPK, LKB1, ERK1/2 and Ca2+–CaM, which
connect the metabolic module to downstream regulators
of fusion and fission. This system-level organization
suggests that differences between exercise regimens could
arise from differential activation of common integrative
hubs rather than distinct pathway structures.

Discussion

Here, we developed a modular computational framework
that integrates blood–myofibre energetics, cytosolic
signalling networks and the mitochondrial fission–fusion
machinery to explain why sprint, resistance and
endurance exercise elicit distinct yet overlapping
mitochondrial adaptations in skeletal muscle. The
simulations reproduce a stereotyped temporal sequence:
an acute DRP1-dependent fission burst during the
exercise bout, followed by MFN1/2- and OPA1-mediated
re-fusion during recovery as energetic stress resolves and
gene regulatory programs (e.g. PGC-1α–driven) mature.
These results align with a view of exercise as a cyclical
perturbation that transiently fragments the network to
triage damage and later restores connectivity to distribute
newly synthesized components (Memme et al., 2021).

ROS-mediated control of mitochondrial dynamics in
exercise

Predictions from our model indicate that ROS are early
drivers of the shift toward mitochondrial fission, and
their production rises with metabolic load and with
catecholamine- and Ca2+-dependent activation of NOX2
and respiratory-chain electron flux (Henríquez-Olguin
et al., 2019). By examining whether antioxidant vitamin
supplementation alters endurance-training adaptations
in humans, researchers indicated that physiological
ROS are required for normal adaptation (Yfanti et al.,
2011). Similarly, high-dose vitamins C and E in a
placebo-controlled trial impaired cellular markers of
endurance adaptation, supporting that ROS signalling is
beneficial during training rather than purely damaging
(Paulsen et al., 2014). Our model predicts a qualitative
ordering of cytosolic ROS across exercise modalities
(endurance > sprint/HIIT > resistance), primarily
driven by the longer integrated metabolic/contractile
demand of endurance work. Henríquez-Olguin et al.
(2019) demonstrated in humans and mice that NOX2 is
a dominant source of myocellular cytosolic ROS during
moderate-intensity exercise, consistent with sustained
cytosolic oxidant production during endurance-type
bouts. By contrast, mouse HIIT produces rapid and
transient NOX2 activation (immediately post-exercise,
returning toward baseline within hours), which aligns
with a smaller time-integrated cytosolic ROS exposure
despite high intensity (Henríquez-Olguín et al., 2019).
For resistance-like loading, animal work indicates that
eccentric contractions can elicit robust cytosolic H2O2
elevations that are NOX2-dependent, and these signals
can persist into recovery, implying that resistance may not
always be ‘lowest’ when assessed in the post-exercise
window (Kano et al., 2024). The results from the
model also show that endurance exercise produces the
strongest DRP1 activity and fission, in line with studies
reporting exercise-induced increases in DRP1 expression
or phosphorylation and a shift back toward fusion during
recovery (Zhou et al., 2024). Mechanistically, AMPK links
energy stress to mitochondrial fission by phosphorylating
MFF, which recruits DRP1 and promotes fission early
after exercise (Toyama et al., 2016). By contrast, PKA
phosphorylation of DRP1 at Ser637 restrains fission and
favours fusion, and so the final morphology reflects the
balance between stress-activated kinases and cAMP–PKA
signalling during and after contractions (Ko et al., 2021).
In summary, ROS and energy stress act together to
bias the network toward fission at exercise onset, with
fusion re-emerging as redox pressure and catecholamine
tone return toward baseline in recovery (Smith et al.,
2023).

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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AND AND SIRT1
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Parameter Reac�on mu* sigma
P46 AMPK => MFF 2.04E-01 1.92E-01
P61 MFF & DRP1 => Fission 1.68E-01 1.82E-01
P41 !ERK12 => LKB1 1.50E-01 1.83E-01
P42 LKB1 => AMPK 9.72E-02 1.28E-01
P13 ROS => AMPK 2.63E-02 7.12E-02
P56 !PGC1a => DRP1 2.09E-02 3.56E-02
P6 Energy => Ca_CaM 2.01E-02 2.27E-02
P30 !PKA => DRP1 1.88E-02 3.99E-02
P43 Rel_AMP => AMPK 1.49E-02 2.64E-02
P51 !SIRT1 => DRP1 1.16E-02 2.37E-02

Fission_Endurance

Fission_Sprint

Fission_Resistance

Parameter Reac�on mu* sigma
P41 !ERK12 => LKB1 1.88E-01 2.19E-01
P42 LKB1 => AMPK 1.33E-01 2.16E-01
P50 AMPK => MFN2 8.80E-02 1.07E-01
P45 !ERK12 => MFN1 7.13E-02 8.54E-02
P48 AMPK => PGC1a 6.31E-02 1.30E-01
P63 MFN1 & MFN2 => Fusion 5.23E-02 1.16E-01
P58 PGC1a => OPA1 2.95E-02 4.92E-02
P62 OPA1 => Fusion 2.71E-02 6.57E-02
P6 Energy => Ca_CaM 1.64E-02 1.95E-02
P21 Ca_CaM => PGC1a 8.79E-03 1.10E-02

Parameter Reac�on mu* sigma
P41 !ERK12 => LKB1 1.91E-01 2.21E-01
P42 LKB1 => AMPK 1.34E-01 2.18E-01
P50 AMPK => MFN2 8.56E-02 1.07E-01
P45 !ERK12 => MFN1 7.04E-02 8.57E-02
P48 AMPK => PGC1a 6.39E-02 1.32E-01
P63 MFN1 & MFN2 => Fusion 5.09E-02 1.16E-01
P58 PGC1a => OPA1 2.99E-02 4.99E-02
P62 OPA1 => Fusion 2.73E-02 6.61E-02
P6 Energy => Ca_CaM 1.59E-02 1.92E-02
P21 Ca_CaM => PGC1a 8.65E-03 1.08E-02

Parameter Reac�on mu* sigma
P41 !ERK12 => LKB1 2.11E-01 2.31E-01
P42 LKB1 => AMPK 1.48E-01 2.46E-01
P50 AMPK => MFN2 1.02E-01 1.07E-01
P45 !ERK12 => MFN1 7.93E-02 8.72E-02
P48 AMPK => PGC1a 7.85E-02 1.46E-01
P63 MFN1 & MFN2 => Fusion 6.70E-02 1.16E-01
P58 PGC1a => OPA1 5.06E-02 7.86E-02
P62 OPA1 => Fusion 3.99E-02 7.41E-02
P6 Energy => Ca_CaM 3.23E-02 3.85E-02
P21 Ca_CaM => PGC1a 1.92E-02 2.20E-02

Fusion_Endurance

Fusion_Sprint

Fusion_Resistance

A

B C

Figure 6. Sensitivity analysis identifies major reactions regulating mitochondrial fusion and fission
A, Morri’s sensitivity analysis identified major reactions that control mitochondrial fusion (purple), fission (green),
or both processes (red). The top 10 major reactions regulating mitochondrial fusion (B) and fission (C) in different

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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14 Khalilimeybodi and others J Physiol 0.0

exercise regimens are listed. Exercise modalities (sprint, endurance, resistance) provide the energetic/Ca2+ inputs
that drive signalling through Ca2+–calmodulin, ERK1/2, LKB1–AMPK, ATP/ADP and ROS. AMPK and PGC-1α

emerge as central integrators that transmit these cues to the mitochondrial machinery: fusion effectors MFN1/2
and OPA1, and fission effectors DRP1 and MFF. Logical ‘AND’ gates indicate that both inputs are required. Arrows
and bars in A, denote activation and inhibition, respectively. In (B) and (C), mu∗ represents the mean of the absolute
elementary effects, indicating the overall importance of a parameter on the model output, and sigma represents
the SD of the elementary effects, reflecting the extent of that parameter’s non-linear behaviour or interaction
effects with other parameters.

AMPK tunes the balance between mitochondrial
fission and fusion during exercise

AMPK serves as the cell’s energy hub, linking rapid,
activity-driven shifts in mitochondrial morphology to
slower gene-regulated remodelling programs. It rises
quickly during sprints and remains elevated with end-
urance exercise, translating energy stress into actionable
signals in vivo. Specifically, AMPK activates ULK1 to
promote autophagy and phosphorylates MFF to recruit
DRP1, initiating mitochondrial fission (Laker et al.,
2017; Toyama et al., 2016). Over longer time scales,
AMPK together with p38 activates PGC-1α, which
induces genes for fusion (MFN1, MFN2, OPA1) and
oxidative machinery. In humans, both endurance training
and HIIT rapidly increase nuclear PGC-1α and its
mRNA, with fusion rising later after an initial fission
phase (Barrès et al., 2012; Little et al., 2010, 2011).
Exercise elevates MFN2 and this increase tracks with
mitochondrial function, whereas reduced reliance on
oxidative metabolism lowers MFN2, linking cellular
energy status to fusion capacity (Zorzano, 2009). Genetic
removal of MFN1/2 in adult mouse muscle impairs
electron transport chain function and diminishes exercise
performance, demonstrating that a competent fusion
program is essential for training benefits(Bell et al.,
2019). Taken together, AMPK-dominant signals initiate
early fission for triage and mitophagy, followed by
AMPK–p38–PGC-1α-driven fusion and biogenesis that
rebuild a more connected, higher-quality mitochondrial
network (Reisman et al., 2024).
As AMPK sits at the crossroads of these pathways,

drugs that raise or lower AMPK can change how exercise
reshapes mitochondrial fission and fusion. The direction
depends on timing, dose and context (e.g. exercise
modality and muscle state) (Reisman et al., 2024). Direct
AMPK activators such as A-769662 and 991 could mimic
parts of the exercise signal in type II muscle fibres.
They enhance glucose uptake and promote mitochondrial
biogenesis. They can also drive fission-linked mitophagy
via ULK1 and MFF (Laker et al., 2017; Toyama et al.,
2016; Treebak et al., 2009). A key caveat is that A-769662
preferentially activates β1-containing AMPK complexes,
which may not reproduce contraction-relevant γ -subunit
signalling; thus, ex vivo findings may not translate to
training adaptations (Treebak et al., 2009). Prolonged

AMPK activation also carries trade-offs. It can suppress
mTOR–S6K signalling and alter ribosome biogenesis,
blunting hypertrophy from resistance exercise and, in
some cases, limiting gains in mitochondrial respiration
even when mitochondrial ‘content’ increases (Konopka
et al., 2019; Walton et al., 2019). In older adults,
metformin, an indirect AMPK activator, may reduce
muscle growth during structured training and attenuate
improvements in cardiorespiratory fitness, indicating
that layering AMPK activators onto exercise can be
counterproductive depending on the objective (Konopka
et al., 2019; Walton et al., 2019). There are contexts,
however, where activation is beneficial. For example, when
mitochondrial quality is poor, as in certain dystrophy
models, 991 or AICAR improved muscle homeostasis
and regeneration, consistent with a setting in which
enhanced mitophagy and fission-mediated triage are
desirable (Zhang et al., 2016). Overall, acute and potent
AMPK activation is expected to amplify the early
fission/mitophagy phase of an exercise bout, whereas
chronic use around resistance training may dampen
the later fusion/biogenesis phase via mTOR suppression;
careful periodization and avoidance of indiscriminate
AMPK agonism when hypertrophy is the priority are
therefore warranted (Reisman et al., 2024).

Optimizing exercise for mitochondrial health

A key practical question is which training plan best
supports mitochondrial health when we consider both
fission and fusion. Our simulations indicate that workouts
with higher total energetic level such as endurance as
well as sprint (high-intensity intervals) create the biggest
short-lived AMPK–ROS signal and DRP1 activation,
followed by strong fusion as PGC-1α–driven programs
turn on. By contrast, low-load resistance work causes
smaller redox and AMPK changes and milder effects
on dynamics, even though it clearly benefits strength
and ribosome biogenesis (Burgomaster et al., 2008; Little
et al., 2011; MacInnis & Gibala, 2017). Human studies
show that both single and repeated interval sessions boost
nuclear PGC-1α and other markers of mitochondrial
biogenesis, and, in some cases, achieve gains similar to
traditional continuous endurance training but in much
less time (Burgomaster et al., 2008; Little et al., 2011;

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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J Physiol 0.0 Modelling exercise-induced mitochondrial dynamics 15

MacInnis & Gibala, 2017). There is an active debate
about what matters most: intensity or volume. Studies
suggest volume mainly drives increases in mitochondrial
content (e.g. citrate synthase), whereas intensity is a
stronger driver of mitochondrial function (respiratory
capacity)(Bishop et al., 2019). This view aligns with our
finding that similar fission–fusion patterns can arise from
different combinations of intensity–duration. Protein
data support a ‘fragment-then-fuse’ pattern. MFN2 and
OPA1 tend to rise with both moderate continuous
training and sprint/HIIT, whereas DRP1 phosphorylation
spikes during exercise and returns toward baseline
in recovery (Molina et al., 2016; Zhou et al., 2024).
Head-to-head studies further suggest that high-intensity
aerobic sessions can produce larger, better-connected
mitochondrial networks than resistance-only or mixed
protocols over similar time frames (Ruegsegger et al.,
2023). Therefore, a practical plan formitochondrial health
could be an endurance base plus one to two HIIT/sprint
interval training sessions per week to amplify the
AMPK–ROS pulse and its downstreammitophagy/fusion
program (Ostaiza-Cardenas et al., 2025). It could be
complemented with at least one resistance session to pre-
serve myofibrillar quality and the translational capacity
needed formitochondrial protein renewal (Mesquita et al.,
2021). In simple terms, longer low-to-moderate sessions
are especially good for boosting mitochondrial content,
whereas high-intensity intervals are especially good
for improving mitochondrial function; combining them
probably maximizes both at the same time as avoiding
overreliance on a single pathway (Bishop et al., 2019;
MacInnis & Gibala, 2017). Mechanistically, acute end-
urance exercise raises PGC-1α transcription and nuclear
levels in human muscle, with promoter demethylation
strengthening this response and providing the substrate
for the delayed fusion/biogenesis phase (Barrès et al., 2012;
Little et al., 2010; Pilegaard et al., 2003). By contrast,
antioxidant supplementation that blunts the exercise
ROS signal dampens these transcriptional programs,
supporting the need for a sufficient redox ‘pulse’ to help
the system move from fission during exercise to fusion in
recovery (Paulsen et al., 2014; Ristow et al., 2009).

Limitations and future directions

Our model offers a modular way to connect exercise
signals to mitochondrial fission and fusion, capturing
qualitative trends and pathway cross-talk without needing
many hard-to-measure kinetic constants. As such, it is well
suited for semi-quantitative predictions and hypothesis
generation. However, there are some methodological
limitations that may restrict the generalizability of the
results. The logic-based ODE approach cannot provide

absolutemolecule concentrations or fully capture gradual,
time-dependent enzyme kinetics, and so outputs should
be interpreted as semi-quantitative. Also, the current ROS
module compresses multiple oxidant sources into a single
minimal representation. Experiments indicate that NOX2
is a major source of cytosolic ROS during endurance-type
exercise and that mitochondrial ROS can even drop
briefly, suggesting a need for compartment-specific
redox modules that explicitly include NOX2/NOX4
and respiratory-chain leak (Henríquez-Olguin et al.,
2019). In this model, the muscle is treated as one
uniform compartment, whereas real muscle differs by
fibre type, recruitment pattern and mitochondrial sub-
populations. Thus, adding fibre-resolved energetics and
spatially explicit mitochondria would better reflect this
heterogeneity (Smith et al., 2023).
Although the metabolic module includes both

carbohydrate and fatty-acid pathways, the pre-
sent implementation is not calibrated to predict
modality-specific substrate partitioning because a
quantitative treatment of fuel switching will require
fibre-type–resolved recruitment and additional
constraints from indirect calorimetry and tracer-based
flux datasets. Although the model includes DRP1,
MFN1/2 and OPA1 dynamics, it does not yet model
OPA1 processing, cristae remodelling or the MICOS
complex. These features influence how fusion trans-
lates into respiratory efficiency, and so incorporating
these processes could enhance model predictions
for how endurance vs. interval training remodel the
inner membrane. Moreover, we have not yet linked
mitochondrial dynamics to mitophagy flux beyond ULK1
targeting. Because fission helps isolate damaged segments
and mitophagy is required for many training benefits,
adding a quantitatively constrained turnover module
enhances model predictions (Guan et al., 2019). Recent
phosphoproteome profiling across endurance, sprint
and resistance exercise (Blazev et al., 2022) supports
a shared acute ‘core’ signalling response (e.g. AMPK
and stress/Ca2+ pathways activation with concurrent
mTOR/p70S6K suppression) at the same time as revealing
mode- and recovery-phase–specific signatures. Our
model is consistent with this qualitative structure
capturing common engagement of AMPK–mTOR
and stress/Ca2+ nodes across modalities alongside
predicting modality-dependent amplitudes and
persistence. However, some differences in recovery-phase
patterns reported by Blazev et al. (2022) probably
reflect mechanisms not explicitly represented here
(phosphosite-level regulation, fibre-type recruitment
and mode-specific mechanotransduction/recovery
kinetics), which are important targets for future
extensions. Another limitation is that the model does
not include morphology-to-metabolism feedback, which

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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16 Khalilimeybodi and others J Physiol 0.0

is often mediated by slower remodelling processes (e.g.
changes in mitochondrial content/ultrastructure, enzyme
abundance, or respiratory capacity) occurring over
longer timescales than our acute exercise simulations.
Despite these constraints, the model’s strengths, including
its network-based structure, modularity, and the
ability to integrate diverse exercise signals, make it
a practical framework for testing mechanism-based
interventions and for prioritizing experiments. By
adding compartmental redox modules, spatial/fibre-type
structure, inner-membrane remodelling and explicit
mitophagy flux in future studies, the same framework can
deliver more precise predictions.

Conclusions

In summary, the present model supports a unifying
principle: exercise reshapes mitochondria in phases. An

AMPK/ROS-driven fission burst isolates damage and
triggers mitophagy. Then, AMPK–p38–PGC-1α drives
refusion and biogenesis to rebuild the network. Exercise
intensity and volume set the size and timing. From a pre-
scription standpoint, we posit that a blendedprogramwith
an endurance base, periodic HIIT to intensify the early
signal and regular resistance training to maintain trans-
lational capacity will best sustain mitochondrial health
through co-ordinated fission–fusion–turnover. We pre-
dict that indiscriminate chronic AMPK pharmacology
can, in some populations, attenuate training adaptations
and should be periodized or avoided when hypertrophy
or maximal respiratory gains are desired. Finally, the
model could provide a scaffold for testing targeted hypo-
theses (e.g. NOX2 inhibition, β-adrenergic blockade or
fibre-type–specific recruitment) against the still-growing
experimental studies on mitochondrial dynamics in
human muscle.

© 2026 The Author(s). The Journal of Physiology © 2026 The Physiological Society.
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Appendix

Figure A1. Multicompartment skeletal-muscle signalling-metabolism model in SimBiology
Themodel topology links blood (arterial, capillary, venous), cytosol andmitochondria. Boxes denote compartments;
blue nodes represent dynamic species; and arrows indicate reactions, transport and regulatory influences (solid =
flux/reaction; dashed = regulation). Circulating substrates and oxygen enter from blood, feed cytosolic pathways
and couple to mitochondrial energetics.
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