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ABSTRACT

The immunological benefits of exercise are commonly
attributed to its immune-boosting effects such as the release
of exercise-induced factors (e.g., exerkines) and activation
of anti-inflammatory molecules. However, this may not fully
explain its benefits in chronic inflammatory conditions. We
propose a complementary view whereby exercise potentially
functions as a biological detoxifier by removing harmful
immunological debris such as damage-associated molecular
patterns (DAMPs), senescent cells, dysfunctional mitochondria
and pro-inflammatory extracellular vesicles (EVs) that drive
chronic immune activation. We highlight key mechanisms by
which exercise may reduce or remove these harmful signals,
including autophagy and mitophagy activation, enhanced
efferocytosis, reduced senescence burden, and modulation of
EV cargo. This “immune detox” model may help explain the
clinical benefits of exercise in conditions where the immune
system is overactivated, not deficient. It shifts the narrative
from immune boosting to restoring immune balance, and
could have potentially important implications for biomarker
discovery and personalized exercise prescriptions in chronic
disease.
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INTRODUCTION

Shifting the Paradigm

The immunological benefits of exercise are widely recognized
to enhance the production of beneficial signaling molecules.
From the secretion of myokines such as IL-6, IL-15, and
irisin, to systemic changes in catecholamines and lactate,
the dominant view has been that physical activity stimulates
a cascade of molecules that support immune surveillance,
repair, and immune downregulation (1). This framework
has been particularly influential in the field of exercise
immunology, leading to a continued focus on identifying and
quantifying exercise-induced biomarkers associated with anti-
inflammatory or immunomodulatory effects. However, this
model may be incomplete, especially in the context of chronic
diseases characterized by persistent inflammation and immune
dysregulation. In these persistent conditions, such as chronic
obstructive pulmonary disease (COPD), asthma, idiopathic
pulmonary fibrosis (IPF) (2-6), acute lung and liver disease
(7-9), diabetes mellitus (10, 11), cancer (12), Alzheimer’s
disease (13), autoimmune diseases (14), and aging (15, 16),
immune dysfunction appears to be less about a lack of immune
activation and more about the persistence of harmful signals.
Damaged and senescent cells accumulate in these chronic
states, releasing a spectrum of pro-inflammatory and danger-
associated molecules that chronically stimulate the immune
system (6, 17). The result is not immune deficiency, but an
immunologically overactive system that struggles to maintain
homeostasis in the face of continuous inflammatory stimuli
from internal sources. In fact, an editorial by Dr Esch et al.
(2020) highlights the widespread clinical use of monoclonal
antibody therapies specifically designed to neutralize
unregulated secretion of circulating proinflammatory cytokines
for the treatment of diverse autoimmune syndromes (18).
These therapeutic approaches highlight the clinical relevance
of persistent inflammatory signals.

In this perspective article, we hypothesize that regular
physical exercise contributes to immune rebalancing, not
only by inducing beneficial exercise-induced factors, but
also by reducing or removing pro-inflammatory cellular
byproducts such as DAMPs, senescent signals, dysfunctional
mitochondria, and inflammatory EVs, that we collectively



refer to as “inflammatory debris” or “immune clutter”. This
concept which we describe as “immune detox” emphasizes
a “subtractive model” of immune regulation, where exercise
promotes immune homeostasis by removing internal drivers
of chronic inflammation. These terms are used metaphorically
throughout the manuscript to describe biological processes that
reduce harmful immunological molecules and restore balance.

The Immunological Burden on Chronic Disease

Chronic diseases are increasingly recognized as states of
sustained immunological stress, driven not only by pathogens
or external insults, but by the persistent accumulation of
endogenous danger signals. DAMPs are released or exposed
during a variety of cellular processes, including injury,
necrosis, mitochondrial dysfunction, or senescence. Rather
than resolving over time, DAMPs remain elevated in many
chronic conditions including COPD, obesity, type 2 diabetes,
autoimmune diseases and aging, resulting in prolonged immune
activation and systemic inflammation. The most well described
and accepted DAMPs are nucleic acids such as mitochondrial
DNA (mtDNA) (13, 19-21), HMGBI1 (high mobility group box
1) (18, 22), histones (23), and S100 proteins (24). Other nuclear
or cytosolic components, when misplaced or mispackaged,
also signal tissue damage. Given the similarities between
DAMPs and pathogen-associated molecular patterns (PAMPs),
it should be no surprise that DAMPs are sensed by innate
immune receptors such as toll-like receptors (TLRs) and NOD-
like receptors (NLRs), initiating inflammatory cascades that
perpetuate low-grade but chronic immune stimulation (25-29).

Senescent cells also contribute to this inflammatory load
by releasing a complex mix of pro-inflammatory factors,
collectively known as senescence-associated secretory
phenotype (SASP)(30), which includes cytokines (e.g., IL-6,
IL-8), chemokines (e.g., CXCL1, CCL2), matrix remodeling
enzymes (e.g., MMPs), and growth factors. Their persistence in
tissues adds another layer to immune dysregulation, especially
in the aging population (6, 11, 16). One or more SASP
components likely mediate chronic inflammation and affect
the growth and survival of tumor cells (30, 31). Its regulation
occurs at multiple levels, including chromatin remodeling and
activation of transcription factors such as C/EBP and NF-«kB.
Nevertheless, SASP components can also support tissue repair,
immune clearance, and wound healing, making them promising
targets for therapeutic modulation (31, 32).

Mitochondria are bacterial endosymbionts that have evolved
to be vital organelles in cellular energy production. Despite this,
mitochondria are frequent sources of immune-activating signals
when damaged (27). Mitochondrial DNA (mtDNA), which has a
bacterial-like, double-stranded circular structure, can be released
into the cytosol or extracellular space under cellular stress such
as ATP or LPS stimulation, where it acts as a potent DAMP that
activates the innate immune system via receptors like TLR4 or
TLRY (20, 33). Among the best-characterized mitochondrial
genes that trigger immune responses are MT-ND1, MT-ND2,
MT-ND4 and MT-CO1 (34). Human neutrophils exposed to
purified mtDNA released matrix metallopeptidases MMP-8 and
MMP-9 (35), and incubation of human embryonic kidney cells
with serum from acute myocardial infarction patients contains
elevated levels of mtDNA induced TLR9-dependent NF-xB
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activity (36). Together, these findings highlight the potent
immunostimulatory capacity of mitochondrial components,
particularly mtDNA, and underscore their emerging role as key
inflammatory mediators.

A less often discussed, but increasingly important
componentofthisimmunological milieuis EVs. Long considered
vehicles of intercellular communication, EVs also serve as a
mechanism for exporting unwanted or harmful cellular contents
in a protected fashion. EVs often carry inflammatory cargo in
chronic diseases, including damaged nucleic acids, oxidized
lipids, and dysfunctional mitochondrial proteins (37). Emerging
evidence suggests that these vesicles are not merely messengers
but active participants in immune signaling, especially when
their cargo consists of DAMP-like molecules. Several studies
have demonstrated that EVs mediate inflammatory responses
by delivering mtDNA (37). mtDNA levels are elevated in EVs
and the release of mtDNA into EVs is suggested to coincide
with an increase in the expression of markers associated with
DNA damage, proinflammatory cytokines and senescence (27,
38, 39). Besides mtDNA, mitochondrial RNAs (e.g., tRNAs and
rRNAs), which are recognized as key DAMPs and involved in
triggering inflammation, are also carried by EVs (40, 41). Like
mtDNA, mitochondrial RNAs (mtRNAs) can originate from
mitochondrial fragments of stressed or damaged cells and once
delivered to target cells via EVs, they can activate TLRs and
trigger inflammatory pathways (42, 43). Hough and colleagues
(2018) demonstrated that EVs can transfer mitochondria to
target T cells and integrate with their mitochondrial network,
leading to increased production of reactive oxygen species
(ROS) and activation of inflammatory signaling pathways
within the T cells (44). These findings suggest that the mtRNA
and mtDNA content within EVs may hold clinical relevance and
could serve as potential diagnostic and prognostic biomarkers
for chronic inflammatory diseases.

Thus, the immune system in chronic disease settings
appears to be burdened not only by defective regulation, but
also by the sheer volume of inflammatory signals that sustain
its activation. Addressing this “inflammatory debris” may be
a more effective strategy for restoring immune balance than
further stimulating a system that is already overwhelmed.

Exercise as an Immune Detoxifier

Exercise involves a diverse set of molecular and cellular
pathways that enhance tissue renewal, metabolic homeostasis,
and immuno-regulation. Importantly, many of these pathways
directly contribute to the clearance of harmful cellular
byproducts. In contrast to the conventional view of exercise
as a stimulator of beneficial exerkines, an equally powerful
role may lie in the potential for exercise to enhance clearance
mechanisms, acting as a biological detoxifier.

A cornerstone of this detoxifying effect is the activation
of autophagy and mitophagy, as shown by He et al. (2012)
and Laker et al. (2017), where exercise upregulated muscle
autophagy and mitochondrial quality control mechanisms,
respectively (45, 46). Indeed, exercise-induced autophagy
and mitophagy seem to be involved in mediating many of
the beneficial effects of exercise. These conserved pathways
are responsible for the degradation and recycling of damaged
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organelles and proteins. Exercise, particularly aerobic and
endurance-based exercise, increases autophagic capacity by
upregulation of key regulators such as AMP-activated protein
kinase (AMPK), forkhead box O (FOXO), transcription factor
EB (TFEB), sirtuin 1 (SIRT1), and peroxisome proliferator-
activated receptor-gamma  coactivator-lalpha (PGC-1a)
(47). Exercise-induced AMPK can also suppress mammalian
target of rapamycin (mTOR), which is a known suppressor of
autophagy (47). The role of exercise-induced autophagy has
been investigated by inhibiting autophagy using the lysosomal
inhibitor chloroquine, administered 5 days per week for 16
weeks in an animal model (48). This intervention has led to the
development of sporadic inclusion body myositis, a condition
characterized by muscle weakness and wasting (48). Resistance
exercise training prevented chloroquine-induced increases in
ATG6 (Beclin-1) and p62 (48), thereby improving autophagy,
muscle strength, and preventing myositis.

Through mitophagy, exercise facilitates the removal of
dysfunctional mitochondria, thereby reducing the leakage
of ROS and mtDNA, which are both potent DAMPs that
drive immune activation. This process is mediated by key
molecular pathways, particularly the PINK1/Parkin axis (49).
Upon mitochondrial damage, PINK1 accumulates on the outer
mitochondrial membrane and recruits the E3 ubiquitin ligase
Parkin, which ubiquitinates outer membrane proteins and marks
the mitochondria for degradation via lysosomal autophagosomes
(49). By selectively clearing damaged mitochondria, exercise-
induced mitophagy preserves mitochondrial quality and
supports cellular homeostasis.

Another critical mechanism is enhanced efferocytosis, the
process by which phagocytic cells, particularly macrophages,
clear apoptotic cells (e.g., neutrophils) to maintain tissue
homeostasis. In chronic diseases such as COPD, asthma,
atherosclerosis, lupus, cystic fibrosis, rheumatoid arthritis,
neurodegenerative diseases (e.g., Alzheimer’s, Parkinson’s),
type 2 diabetes, obesity, and some cancers, efferocytosis is
often impaired, resulting in secondary necrosis and the release
of additional pro-inflammatory contents (50-56). While direct
evidence regarding the effects of either acute or chronic
exercise on macrophage efferocytosis is currently lacking,
exercise training has been shown to reprogram macrophages
toward a more efficient, anti-inflammatory phenotype, thereby
enhancing their ability to resolve inflammation (57). Since
timely clearance of apoptotic cells prevents the release of
inflammatory DAMPs (58), interventions that reduce DAMPs
(such as exercise) may indirectly support and improve apoptotic
cell clearance.

Senescence is another target of exercise-mediated immune
detox. Studies in aging and metabolic disease models have
demonstrated that regular exercise reduces the number of
exhausted/senescent cells as well as circulating SASP factors
(59, 60). In addition, increased cardiorespiratory fitness can
protect against the production/accumulation of senescent cells,
including immune cell populations (60, 61). For example, it
has been demonstrated that individuals with an above-average
cardiorespiratory fitness measured by VO,max (47.3 ml/kg/
min) had 37% fewer KLRG1+/CD57+ and KLRG1+/CD28—
senescent T cells than individuals with an average or below-
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average VO,max (43.0 and 34.4 ml/kg/min, respectively) (62).
Whether reduced senescent cells are due to direct effects on
cellular senescence or enhanced immune clearance of senescent
cells remains under investigation, but the result is a measurable
reduction in pro-inflammatory signaling (63, 64).

A particularly intriguing detoxification pathway involves
the modulation of EVs. As previously noted, beyond transporting
secreted exerkines and immunoregulatory molecules, EVs can
also carry harmful cargo including mtDNA, pro-inflammatory
cytokines and chemokines, nuclear debris, and dysfunctional
proteins, all of which contribute to immune activation. Exercise
has been shown to change not only the abundance of circulating
EVs, but also their molecular cargo (65-68). In both animal
models and human studies, exercise appears to shift EV profiles
away from pro-inflammatory content toward those enriched in
regulatory or restorative molecules (69-72). This may reflect
a functional reorganization of the EV system, shifting from
disseminating inflammatory signals to exporting intracellular
waste, depending on physiological context. Recently, we
observed a reduction in the EV content of mitochondrially
encoded transcripts, including MT-ND1, MT-ND2, MT-NDP28,
MT-ND3 and MT-RNRI, at peak exercise compared to rest,
following exercise training interventions in two different
patient groups (COPD and long COVID) (4bstract published
(73), and manuscripts currently under review). These findings
support the idea that exercise facilitates the clearance or
suppression of harmful mitochondrial-derived EV cargo,
representing a potential mechanism for immune restoration. In
addition, exercise-induced EVs may contribute to macrophage
efferocytosis. EVs can enhance macrophage efferocytosis
by modulating macrophage polarization, thereby improving
apoptotic cell clearance and promoting inflammation resolution
(74, 75). Specifically, EVs may increase the expression
of efferocytosis receptors such as Tim4 on macrophages,
enhancing their capacity to engulf apoptotic cells (74). EVs
can also deliver functional molecules like milk fat globule-
EGF factor 8 (MFGES), which further promote efferocytosis
(76). Notably, we recently found that C1q proteins are elevated
in serum EVs from smoke-exposed mice following 1 hour of
aerobic exercise compared to their non-exercised counterparts
(Abstract published (77)). Clq, a well-known component of
the classical complement system, also acts as a pro-efferocytic
signal, enhancing the uptake of apoptotic cells while limiting
TNFa production by mouse and human macrophages (78-80).
The unpublished data from our lab, although preliminary, add
empirical support to the proposed detoxification hypothesis,
and are the focus of ongoing mechanistic investigations.

Collectively, these mechanisms illustrate how exercise acts
as a biological clean-up mechanism (see Figure 1), leading to
reduced immune activation. Rather than merely introducing
beneficial factors, exercise also diminishes the presence of
harmful or inflammatory ones. In principle, this could alleviate
chronic immune stimulation and allow the system to return
to a more responsive and regulated state. We hypothesize
that exercise, including acute bouts, reduces the EV content
of mitochondrially-encoded RNAs (e.g., MT-ND1, MT-ND2,
MT-ND3, MT-RNR1, MT-RNR2) by enhancing mitochondrial
quality control via coordinated activation of AMPK, PGC-
la, FOXO, and SIRT! signaling pathways. Although direct
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Figure 1. Exercise-induced autophagy, mitophagy, macrophage pro-resolving function and modulation of EV content contribute to cellular
detoxification and immune resolution. Exercise activates key signaling molecules such as AMPK, PGC-1a, SIRT1, and FOXO, which initiate the
ULK1-Beclin-1-LC3 autophagy machinery. This promotes the formation of autophagosomes and enhances mitophagy, mitochondria-specific
autophagy. Dysfunctional mitochondria produce excess reactive oxygen species (ROS) and release mitochondrial DAMPs such as mtDNA and
mtRNAs, which may be exported via EVs. Exercise reduces the abundance of EVs and DAMPs, while increasing the production of EVs laden
exerkines that influence immune cells. In particular, exercise-induced EVs can promote macrophage polarization toward an M2-like phenotype,
enhancing phagocytosis, efferocytosis, and PPARy signaling, while reducing foam cell formation. Collectively, these pathways support a
coordinated detoxification response, contributing to improved mitochondrial quality and immune homeostasis by removing inflammatory debris.
EV: Extracellular vesicles; MAC: macrophage; DAMP: danger-associated molecular patterns; ROS: reactive oxygen species.

evidence is currently lacking, it is plausible that exercise-
induced activation of signaling molecules such as AMPK, PGC-
la, FOXO, or SIRT1 contributes to the observed reduction in
mtRNA and mtDNA content in EVs. This reduction may reflect
improved mitochondrial integrity, turnover, or reduced cellular
stress, rather than direct pathway-specific modulation. Future
studies are needed to dissect these mechanisms.

Reframing the Concept of Exercise-Induced Benefits

If we embrace the view that exercise reduces harmful
inflammatory immunological burden rather than simply
enhancing beneficial signals, it will require a fundamental shift
in how we understand, study, and prescribe physical activity,
particularly in the context of chronic disease. The traditional
narrative has emphasized the “addition” model, in which
exercise increases anti-inflammatory cytokines, mobilizes
immune cells, and releases myokines and metabolites that
enhance host defense and tissue repair. While these phenomena
are well-documented, they do not appear to fully account for
the therapeutic effects observed in individuals with chronic
inflammatory conditions. In such individuals, the immune

system is overactive, bombarded by DAMPs, senescent
signaling, and pro-inflammatory EVs. In this context, the value
of exercise may lie in its potential to remove the drivers of
this chronic activation, essentially dampening the background
noise so that productive immune responses can emerge. This
subtractive or detoxifying model reframes exercise not as a
simple immune stimulant, but as a homeostatic regulator that
clears internal debris and restores equilibrium.

This perspective may also help explain why modest doses of
exercise, sometimes even below the recommended thresholds,
can result in profound clinical improvements in populations
with chronic illness or immunosenescence. These populations
may not need more immune activation; they need less immune
distraction. By reducing the load of pro-inflammatory signals,
exercise may restore immune precision and functional
reserve. Importantly, this conceptual shift has implications for
biomarker development and exercise prescription. Biomarkers
of benefit should not be limited to increased levels of known
anti-inflammatory mediators but should also include reductions
in molecules that reflect immune clutter (e.g., circulating
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mtDNA, senescence-associated transcripts, SASP factors, and
inflammatory EVs). Similarly, exercise prescriptions could be
personalized not only by intensity and volume, but also by the
individual’s inflammatory burden and capacity to engage in
immune restoration.

In sum, this reframing opens the door for a more nuanced,
mechanism-informed understanding of exercise in chronic
disease. It positions physical activity as a systemic regulator of
immune tone, not merely by boosting the system, but rather by
clearing the path for it to function effectively.

It is important to recognize that the immune-activating
and immune-detoxifying effects of exercise are not mutually
exclusive but may function synergistically depending on the
physiological context. For instance, during acute infection
or immunosuppression, the stimulatory effects of exercise
on immune surveillance and effector functions may be
advantageous. In contrast, in chronic disease conditions (which
are characterized by sustained immune activation and systemic
inflammation) the ability of exercise to attenuate immunological
burden through clearance of pro-inflammatory mediators may
be more therapeutically relevant. This integrated framework
acknowledges that exercise exerts both immunostimulatory and
immunoregulatory effects, with their relative predominance
shaped by factors such as disease type, biological age, physical
fitness, and metabolic status.

While the detox model presents a compelling framework,
it is important to recognize its potential limitations. Under
certain conditions, excessive autophagy or mitophagy may
be maladaptive, leading to cellular dysfunction or energy
depletion (81-85). Furthermore, in some chronic diseases,
clearance pathways such as efferocytosis or autophagy may
be too impaired to fully respond to exercise stimuli, limiting
the detox potential (11, 20, 51, 86). Finally, if immune activity
is overly affected, it could potentially suppress essential
immune surveillance. These limitations underscore the need for
mechanistic validation and the identification of optimal exercise
thresholds that balance immune restoration with necessary
immune vigilance.

Future Directions and Therapeutic Potential

The idea that exercise promotes immune health by reducing
cellular waste and inflammatory burden presents a number
of promising avenues for future research and therapeutic
innovation. While preclinical and in vitro studies have provided
strong foundational evidence, direct clinical validation of
these detoxification mechanisms, particularly exercise-induced
EV cargo modulation and enhanced efferocytosis, in human
populations remains limited. Future studies in animal models and
human populations with chronic diseases are needed to confirm
whether these mechanisms translate into measurable therapeutic
effects.

As this detoxification framework gains traction, several
key areas deserve focused investigation. First, the development
of biomarkers of immune inflammatory debris or clutter could
greatly enhance our ability to assess exercise responsiveness in
chronic disease populations. Current research predominantly
measures increases in exercise-induced factors, but equally
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important may be reductions in circulating DAMPs (e.g.,
HMGBI1, mtDNA), senescence-associated transcripts (e.g.,
pl6, IL-6, CXCL1), dysfunctional mitochondria markers, and
pro-inflammatory EVs. Standardizing these metrics could help
identify individuals most in need of “immune unloading” and
track their physiological response to training.

Second, this perspective opens the possibility for therapeutic
synergy. Interventions aimed at reducing immune burden such
as senolytics, mitophagy enhancers, or anti-inflammatory diets
may act synergistically with exercise to accelerate immune
restoration. Rather than viewing exercise as a standalone tool, it
could be strategically integrated into multi-modal treatment plans
that combine physical activity with agents targeting cellular
senescence, mitochondrial health, or vesicle biogenesis.

Third, understanding individual variability in “immune
detox” capacity will be essential. Some individuals, due to age,
disease state, or genetic predisposition, may exhibit impaired
efferocytosis (e.g., in COPD), sluggish autophagy, or dysregulated
EV release. These individuals might require longer or differently
structured training regimens to achieve the same immunological
benefits. Investigating the molecular “non-responder” phenotype
in this context could be particularly valuable.

Finally, the detox model has clear relevance in emerging areas
such as long COVID, immunosenescence, and cancer-related
immune exhaustion. These conditions are all marked by a buildup
of internal danger signals and impaired immune resolution.
Exercise interventions tailored to reduce this load may provide a
safe and scalable strategy to restore immune resilience in diverse
clinical populations. Together, these directions underscore the
potential of a more refined, mechanism-based application of
exercise as a therapeutic agent, not just to stimulate immunity,
but to improve removal of inflammatory debris.

CONCLUSION

The conventional narrative of exercise as an immune booster has
advanced our understanding of how physical exercise supports
health. However, in the context of chronic diseases characterized
by immune overactivation and persistent inflammation, this
perspective may be incomplete. We propose that a major,
underappreciated benefit of exercise lies in its ability to reduce
harmful cellular byproducts, what we term ‘inflammatory debris’
or clutter. By promoting autophagy, enhancing efferocytosis,
reducing senescence, and reshaping extracellular vesicle cargo,
exercise acts as a biological detoxifier that restores immune
balance. This framework offers a compelling explanation for the
broad clinical benefits of exercise rehabilitation, especially in
populations where the immune system is not underperforming,
but is overactive. Although promising, this model remains
a hypothesis and further clinical validation is essential.
Recognizing and measuring this detoxifying role opens the door
for new biomarkers, personalized interventions, and therapeutic
strategies that position exercise and exercise rehabilitation as a
precision tool for immune restoration.
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