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Abstract 

Background: Mitochondria are central regulators of cellular bioenergetics, calcium homeostasis and 

apoptosis. Beyond these classical roles, emerging evidence highlights their pivotal involvement in 

inflammation and related disease progression. Under physiological conditions, mitochondria sustain 

metabolism and signaling; however, when dysfunctional, they can release mitochondrial damage-

associated molecular patterns, such as mitochondrial DNA, reactive oxygen species, cardiolipin and 

ATP, into the intra- or extracellular environment. 

Main body: The release of these mitochondrial components activates innate immune receptors and 

inflammasomes, thereby initiating or sustaining inflammatory cascades implicated in aging and a 

broad range of diseases, including cancer and neurodegenerative, cardiovascular, gastrointestinal and 

respiratory disorders. Mitochondrial calcium signaling plays a crucial role in energy production and 

metabolic adaptation; yet when dysregulated, it promotes ROS generation, membrane 

permeabilization and cell death, all of which further amplify inflammation. Structural and functional 

mitochondrial messengers, including mtDNA fragments and mitochondria-derived vesicles, also 

contribute to intercellular communication, enhancing immune activation or driving chronic 
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inflammation depending on their context. Therapeutically, mitochondria are emerging as promising 

targets to counteract inflammation. Investigational strategies include mitochondrial transplantation, 

engineered mitovesicles, pharmacological modulators of Ca²⁺ flux, antioxidants, and agents that 

restore mitochondrial biogenesis and metabolism. By reestablishing mitochondrial integrity, these 

interventions aim to reduce inflammatory signaling, restore cellular homeostasis, and slow disease 

progression. 

Conclusions: This review underscores mitochondria as both initiators and regulators of inflammatory 

processes across multiple diseases, highlighting their dual role as drivers of pathology and as 

promising therapeutic targets. A deeper understanding of mitochondrial signaling, mitochondrial 

messengers, and inter-organelle communication will be essential for developing effective 

mitochondria-based therapies to mitigate inflammation and improve patient outcomes. 
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Background 

Inflammation is a fundamental and protective biological process that defends the body against 

external and/or internal harmful stimuli, supporting tissue repair mechanisms to maintain homeostasis 

[1]. However, when the inflammatory response becomes excessive or prolongated, it can lead to 

tissue damage and contribute to the progression and exacerbation of disease. Inflammation is initiated 

through the activation of Pattern Recognition Receptors (PRRs), such as plasma membrane-

expressing Toll-like Receptors (TLRs) and cytosolic-expressing NOD-like Receptors (NLRs), in 

response to the detection of exogenous Pathogen-Associated Molecular Patterns (PAMPs). The latter 

includes molecules conserved in microbes or endogenous Damage-Associated Molecular Patterns 

(DAMPs), such as adenosine triphosphate (ATP), nucleic acids and proteins [2]. However, under 

normal physiological conditions, DAMPs are typically restricted from accessing the cellular 

compartments where PRRs reside [3]. Cellular stress or cell death can disrupt this 

compartmentalization releasing subcellular contents (including DAMPs) into the cytosol, thereby 

stimulating PRRs towards the activation of pro-inflammatory pathways and the production and 

release of pro-inflammatory mediators [4]. 
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Increasing evidence shows that mitochondria appear to play a pivotal role in regulating inflammation 

through two key mechanisms: (i) as checkpoints in intracellular signaling pathways downstream of 

PRRs and (ii) as source of freely or encapsulated mitochondrial DAMPs (mtDAMPs), including 

mitochondrial DNA (mtDNA), mitochondrial reactive oxygen species (mtROS), Ca²⁺, cardiolipin, 

and ATP, which are released into the intracellular and extracellular environment to regulate biological 

responses associated to inflammation [5]. Mitochondrial Ca2+ signal contribute in an essential activity 

for the proper functioning of cellular processes, such as cell metabolism and cell death. In fact, 

mitochondrial Ca²⁺ plays a central role in maintaining mitochondrial function; its dysregulation 

impairs mitochondrial respiration, favoring the generation of ROS, promotes the membrane 

permeabilization triggering cell death and inflammation [6–8]. 

Because of their central role in both cellular homeostasis and inflammation, novel therapeutic 

strategies are being explored for inflammatory-related diseases in which mitochondrial dysfunction 

plays a central role in driving disease progression and exacerbation. Mitochondrial transplantation, 

mitochondria-derived vesicles (MDVs) and engineered artificial mitovesicles administration are 

examples of alternative mitochondria-based approaches that aims to preserve cellular bioenergetics 

and counteract mitochondrial impairment in order to slow or reverse pathological processes, restoring 

mitochondrial activity mediating the transfer of functional mitochondria or of mitochondrial 

components [9,10]. 

This review aims to emphasize the significance and role of mitochondria in inflammation-related 

diseases, discussing also of recent discoveries that support the development of mitochondria-based 

therapeutic strategies in aging and in pathological conditions such as cancer, lung, neurodegenerative, 

gastrointestinal and cardiovascular diseases. 

 

Mitochondrial workload and calcium signaling 

Central to their functionality, Ca2+ plays a crucial role in regulating mitochondrial workload and 

overall cellular homeostasis [8,11]. Structurally, mitochondria are defined by two distinct 

phospholipid membranes: the outer mitochondrial membrane (OMM) and the inner mitochondrial 

membrane (IMM), which delineate in turn two distinct compartments: intermembrane space and 

mitochondrial matrix. 

OMM permits the movement of water, ions and small molecules via various channels, including the 

Voltage-Dependent Anion Channel (VDAC) family [12]. In contrast, IMM is selectively permeable, 

allowing only specific molecules such as water, metabolites, oxygen and carbon dioxide to pass 

through [13–16]. This selective permeability is critical for generating the electrochemical gradient 

through mitochondrial electron transport chain (mETC), necessary for ATP production and in 

maintaining ion homeostasis, including Ca2+ ions. Among the four major complexes that make up the 

mETC, complex I (NADH-CoQ reductase) and complex III (cytochrome c reductase) are the primary 

sources of mtROS. The IMS is essential for various processes, including mitochondrial respiration, 

protein import, lipid regulation and metal ion exchange. By contrary, the matrix is house of mtDNA, 

ribosomes and a wide range of metabolic pathways, such as tricarboxylic acid (TCA) cycle, β-

oxidation and heme biosynthesis. 

Mitochondria participate in controlling intracellular Ca2+ homeostasis, transiently sequestering Ca²⁺ 

released from endoplasmic reticulum (ER) and transfer through ER-mitochondria contact sites, 

dynamic regions that bridge two organelles to regulate size, organelle-spacing and frequency 

interactions in response to cellular demands [17] (Figure 1). Mitochondrial Ca2+ uptake primarily 

occurs through a low-affinity, high-selectivity channel the mitochondrial Ca2+ uniporter (MCU) 
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complex located on the IMM [18]. The MCU complex enables the rapid influx of Ca2+ into the 

mitochondrial matrix in response to cellular signals. This channel is tightly controlled by several 

associated proteins, including the mitochondrial Ca2+ uptake proteins (MICUs) and the essential 

MCU regulator (EMRE). MICU1, MICU2 and MICU3 serve as gatekeepers for pore-forming protein 

MCU, regulating the channel's opening in response to cytosolic Ca2+ levels, ensuring that Ca2+ uptake 

occurs only when necessary to prevent mitochondrial Ca2+ overload [18] (Figure 1). Once in the 

matrix, Ca2+ activates Ca2+-dependent dehydrogenases within TCA cycle, thereby enhancing the 

production of reducing equivalents such as NADH and FADH₂, which are crucial for ATP synthesis 

via oxidative phosphorylation [19,20]. This process highlights the essential role of Ca2+ in linking 

cellular energy demand with mitochondrial ATP production. 

 

Figure 1. Core components of mitochondrial Ca²⁺ handling under physiological conditions. 

The diagram provides an overview of the molecular machinery that regulates mitochondrial Ca²⁺ 

uptake and efflux in healthy cells. 

 

 

 

The efflux of Ca2+ from mitochondria is equally critical in maintaining cellular homeostasis. The Ca2+ 

efflux is primarily mediated by Na+-dependent exchangers, Na⁺/Ca²⁺/Li⁺ exchanger (NCLX) located 

in the IMM and Na⁺/Ca²⁺ exchanger (NCX) expressed at the OMM, respectively [21,22]. NCX can 

operate in forward mode (exporting one Ca²⁺ in exchange for three Na⁺) or reverse mode (Ca²⁺ influx 

and Na⁺ efflux). In contrast, NCLX is localized to the IMM and mediates Ca²⁺ extrusion from the 

matrix in exchange for either Na⁺ or Li⁺ at similar rates. The Na+-dependent exchangers extrude Ca2+ 

in both excitable and non-excitable cells while in non-excitable cells the mitochondrial Ca²⁺ may be 

also extruded via H⁺/Ca²⁺ exchanger [23], anyway all contribute to the regulation of mitochondrial 

Ca2+ homeostasis preventing Ca2+ overload, and the maintenance of the mitochondrial membrane 

potential. 

The role of mitochondrial Ca2+ dysregulation in determining cell fate is well established. Increasing 

evidence suggests that this alteration is also involved in additional cellular processes underlying 

various pathologies. In particular, mitochondrion and mitochondrial Ca2+ signaling are emerging as 

crucial modulators of inflammation, a common feature among these diseases. Abnormal Ca2+ 

handling led to mitochondrial membrane permeabilization with consequent release of either 

mtDAMPs and MDVs to promote and sustain the inflammation or cytochrome c and pro-apoptotic 

factors to active caspases and trigger apoptosis, exacerbating the disease progression [24–26]. 

Mitochondrial metabolism also plays a critical role in shaping the inflammatory response of immune 

cells, where changes in mitochondrial function and metabolic reprogramming are pivotal to 

coordinate the nature and extension of the inflammatory responses [5,27]. There is also evidence that 

Transient Receptor Potential Vanilloid 4 (TRPV4), a mechanosensitive ion channel permeable to 

Ca²⁺, influences macrophage function under inflammatory conditions. The activation of TRPV4 in 

macrophages exposed to inflammatory stimuli increases intracellular Ca²⁺ influx, which then triggers 

phosphorylation/activation of the transcription factor CREB. Activated CREB binds to regulatory 

elements in the IL­10 gene promoter, thereby up-regulating IL-10 production. Elevated IL-10 in turn 

reprograms the macrophages toward a less pro-inflammatory, more anti-inflammatory phenotype 

[28]. 
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The interplay between mitochondrial Ca2+ handling and inflammatory signaling pathways is an 

emergent area of study, understanding this intricated relationship will be essential for developing 

mitochondria-based therapeutic approaches to contrast the inflammatory-related diseases [24]. 

 

“Mitochondrial messengers” in inflammation  

The dynamic plasticity of mitochondria is essential for their ability to communicate with other 

organelles and even with cells, thereby facilitating the exchange of metabolites and signaling 

molecules. To ensure effective functionality and interconnected signaling, several molecular 

mechanisms have evolved to generate and release mitochondrial messengers under physiological as 

well as pathological conditions. 

Despite classical origin of DAMPs includes plasma membrane, nuclear and intracellular proteins; it 

has been identified that mitochondrial constituent play a crucial role to stimulate inflammation, acting 

as mtDAMPs (Figure 2) [8,29,30]. These mitochondrial messengers may act both intracellularly and 

extracellularly, either in free form as a consequence of indirect release during mitochondrial stress or 

packaged within whole mitochondria or vesicles through specific biogenetic and release mechanisms 

(Table 1). This allows a “protected transfer” of mitochondrial messengers to other intracellular 

compartments or to recipient cells [31].  

 

 

Table 1. A summary on the roles of mitochondria and mitochondrial calcium-induced inflammation 

in specific diseases. 
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Mitochondrial 

Component 
Disease 

Role in 

Inflammatio

n 

Resulting 

function 

Reference

s 

Circulating mtDNA 

Progressively rise in 

Aging 

Activates innate 

immune receptors 

on the plasma 

membrane of 

immune cells, such 

as monocytes, 

triggering the 

release of pro-

inflammatory 

mediators. 

Increases levels of 

pro-inflammatory 

cytokines (IL-6, 

TNF-α, IL-1 

receptor 

antagonist) in the 

plasma. 

[1,2] 

Increases in plasma 

and bronchial 

alveolar lavage in 

Idiopathic 

pulmonary fibrosis 

(IPF) patients  

Regulates alveolar 

epithelial cell 

programmed cell 

death and 

promotes 

fibroblast 

activation 

contributing to 

fibrosis 

Reflects the disease 

severity and 

represents a 

potential biomarker 

of mitochondrial 

stress and fibrosis. 

[3,4] 

Is increased in 

plasma and in 

excrement of 

patients with 

inflammatory 

bowel disease (IBD) 

It may activate 

innate immune 

receptors, such as 

TLR9, leading 

inflammatory 

responses 

It may serve as a 

non-invasive 

biomarker to 

monitor subclinical 

disease activity. 

[5] 

Extracellular 

mtDNA 

Parkinson's disease 

(PD) 

Degenerated 

dopaminergic 

neurons contribute 

to mtDNA release  

Contributes to 

neuroinflammation 

activating 

microglia, and 

reflects the status of 

neurodegeneration 

in PD and MS. 

[6] 

Multiple Sclerosis 

(MS) 

Elevated level in 

the cerebrospinal 

fluid of MS 

patients, 

correlating with 

disease severity. 

[7] 

Idiopathic 

pulmonary fibrosis 

(IPF) 

The accumulation 

reflects 

mitochondrial 

distress, acting as 

mtDAMPs 

Induces metabolic 

remodeling, and 

fibroblast 

activation. 

[3,4]  

Myocarditis 

mtDNA release 

from endothelial 

cells contributed to 

impaired cardiac 

contractility 

Contribute to 

potentiate the 

inflammatory 

response, 

triggering 

cardiomyocyte 

death. 

[8] 

mtDNA 

encapsulated in 

Extracellular 

vesicles (EVs) 

Prostate Cancer 

Evs, released from 

senescent tumor 

cells,  are taken up 

by neutrophils and 

polymorphonuclea

r myeloid-derived 

Functionally 

reprograms PMN-

MDSCs to acquire 

a more 

immunosuppressiv

e phenotype, 

[9] 
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suppressor cells 

(PMN-MDSC), 

activating the 

cGAS-STING-NF-

κB-PERK axis 

thereby promoting 

tumor progression. 

Pneumococcal 

Pneumonia 

EVs, released from 

lung epithelial 

cells, are taken up 

by neutrophils 

suppressing their 

ability to produce 

ROS 

Compromises a 

critical host-

defense 

mechanisms 

[10,11]  

Mitochondria 

encapsulated in EVs 

Acute respiratory 

distress syndrome 

(ARDS) 

Mesenchymal stem 

cell-derived EVs 

promote an anti-

inflammatory and 

highly phagocytic 

macrophage 

phenotype through 

EV-mediated 

mitochondrial 

transfer 

Mesenchymal stem 

cell-based 

mitochondria 

changed the 

macrophage 

phenotype 

ameliorating the 

lung injury in vivo. 

[12] [13] 

 

Mitochondria 

transplantation 

Aging 

Attenuates 

systemic 

inflammation and 

tissue dysfunction, 

ameliorating the 

bioenergetics and 

the intercellular 

communication 

The transferring 

restored 

mitochondrial 

function, 

bioenergetics, 

ameliorating the 

inflammatory 

response, and 

preserving the 

tissue integrity. 

[14,15]  

[16,17]  

Chronic obstructive 

pulmonary disease 

(COPD) 

Mesenchymal stem 

cell-based 

mitochondria 

attenuated cigarette 

smoke-induced 

mitochondrial ROS 

production and 

apoptosis in airway 

cells 

[18] 

Parkinson’s Disease 

Mesenchymal stem 

cell-based 

mitochondria 

protected 

dopaminergic 

neurons, 

decreasing 

microglial 

activation 

[15] 

mitochondrial 

replacement 

prevented 

experimental PD 

progress through 

increasing the 

activity of electron 

transport chain, 

decreasing ROS, 

and preventing cell 

death 

[19] 
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Ischemia/Reperfusi

on injury 

Mitochondrial 

injection restored 

mitochondrial 

respiration and 

ATP production in 

cardiomyocytes, 

improving 

contractile 

recovery 

[20,21]  

Intracellular{Citatio

n} mtDNA 

Aging 

Recognized by 

intracellular innate 

immune sensors, 

such as cGAS–

STING and 

NLRP3 

inflammasome, 

promote the 

release of pro-

inflammatory 

mediators. 

Persistent 

inflammasome 

activation has been 

implicated in 

several age-related 

conditions, 

including 

neurodegeneration 

and metabolic 

disorders 

[22–25] 

Lung carcinoma 

increased dendritic 

cell activation and 

antitumor 

immunity. 

[26] 

Atherosclerosis 

Exacerbate the 

inflammation 

favoring the 

formation of 

atherosclerotic 

lesion 

[27] 

Ischemia-

Reperfusion injury 

Sustain the 

inflammation-

induced damage, 

which worsen post-

I/R injury. 

[28] 

Alzheimer’s Disease 

(AD) 

Promote the 

secretion of pro-

inflammatory 

mediators, 

contributing to 

synaptic 

dysfunction and 

neuronal loss. 

[29] 

Parkinson's disease 

(PD) 
[6,30] 

Cystic fibrosis 

 

Promote epithelial 

and endothelial 

barrier disruption, 

alveolar edema, 

and impaired gas 

exchange. 

[31,32] 

Acute respiratory 

distress syndrome 

(ARDS) 

[33] 

Mitochondrial 

respiratory chain 

Cancer 

Mutations promote 

mitochondrial 

ROS-induced 

damaged, favoring 

the activation of 

inflammasomes 

Establish a chronic 

inflammatory 

microenvironment 

that fuels cancer 

cell proliferation, 

angiogenesis and 

immune evasion. 

[34] 

Alzheimer's disease 

(AD) 

Alteration of 

mitochondrial 

respiration activity 

impairs the 

bioenergetics 

Promoting cellular 

damage and the 

progression of 

neurodegeneration. 

[29] 
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promoting the 

oxidative stress 

Parkinson's disease 

(PD) 

The deficiency of 

mitochondrial 

complex I leads to 

the accumulation 

of depolarized 

mitochondria with 

consequent 

production of 

mtROS 

[30] 

Multiple Sclerosis 

(MS) 

Contributes to a 

metabolic 

reprogramming 

that stalls 

oligodendrocytes 

in an 

undifferentiated 

state. 

Hinder 

remyelination in 

MS through 

mitochondrial and 

metabolic 

dysregulation. 

[35] 

Cystic Fibrosis 

(CF) 

Deficiency in 

mitochondrial 

complex I 

enhances NADPH 

oxidase activity 

and oxidative 

stress. 

Leads to 

glutathione 

depletion and 

impaired energy 

homeostasis. 

[36,37] 

 

Mitochondrial 

Reactive Oxygen 

Species (ROS) 

Aging 

Senescent cells 

produce more 

mtROS enhancing 

inflammation. 

NF-κB activation 

and 

hyperproduction of 

pro-inflammatory 

cytokines 

[38] 

Breast Cancer 

Accumulation of 

damaged 

mitochondria, 

which generate 

ROS that activate 

the inflammasome. 

Promoting the 

secretion of pro-

inflammatory 

mediators that 

fostering bone 

metastasis. 

 

[39] 

Parkinson’s disease 

(PD) 

 

Multiple Sclerosis 

(MS) 
 

Contribute to 

microglial 

activation, 

favoring the 

inflammasome 

assembly and 

activation. 

 

The resulting 

secretion of pro-

inflammatory 

cytokines sustain 

the 

neuroinflammation

, exacerbating the 

synaptic 

dysfunction. 

 

 

[40,41] 

 

 

Alzheimer's disease 

Amyloid- 

accumulation 

induces ROS 

production, which 

promote the 

pathological 

aggregation of tau 

protein. 

Contribute to 

disrupt the 

mitochondrial 

trafficking to and 

from synaptic 

terminals, 

promoting synaptic 

impairment and 

neurodegeneration 

[42] 

Asthma 

Promote cytokine 

production in 

airway smooth 

muscle cells. 

Contribute to 

airway remodeling 

and 

hyperresponsivene

ss. 

[43,44] 
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Inflammatory 

Bowel Diseases 

(IBD) 

Low levels of ROS 

maintain intestinal 

stem cell function 

and antimicrobial 

responses 

The persistent 

presence of ROS 

has deleterious 

effects on intestinal 

integrity, which 

sustain the 

intestinal 

inflammation, also 

through the 

recruitment of 

NLRP3 

inflammasome; but 

in specific contexts 

this may contribute 

to epithelial 

regeneration, 

indicating a dual 

and potentially 

opposing roles 

within the 

gastrointestinal 

system. 

[45–

47]29/01/202

6 09:28:00 

Excessive ROS 

disrupt barrier 

function, inducing 

apoptosis of 

intestinal epithelial 

cells, and 

perpetuating 

mucosal 

inflammation 

Atherosclerosis 

Mitochondrial 

ROS accumulation 

promote 

inflammasome 

activation and 

macrophage 

pyroptosis 

Promote the 

decline of vascular 

health, amplifying 

inflammation 

mediating the 

release of pro-

inflammatory 

mediators and the 

death of 

phagocytes. 

[45] 

Mitochondrial Ca²⁺ 

Uniporter (MCU) 

complex 

Aging 

Mitochondria 

control the 

cytosolic Ca²⁺ 

levels but this 

ability declines 

with age, resulting 

in cytosolic Ca²⁺-

overload, which 

actives Ca²⁺-

dependent 

degradative 

enzymes 

Onset of damage to 

cellular structures 

and DNA, which 

exacerbates injury 

and amplifies 

inflammatory 

signaling 

[46–48] 

Cancer 

Lower MCU 

expression in aged 

macrophages 

disrupts 

metabolism and 

promotes 

inflammation in 

tumor environment 

Increases 

production of 

cytokines, such as 

IL-6 and TNF-α, 

impairs oxidative 

phosphorylation 

and increases 

dependence on 

glycolysis. 

[49,50] 

Cystic Fibrosis 

(CF) 

Increased 

mitochondrial Ca²⁺ 

uptake, during 

pathogen infection, 

promote 

mitochondrial 

permeabilization 

and 

 

Controls the 

secretion of pro-

inflammatory 

mediators from 

bronchial epithelia 

cells, sustaining the 

inflammation and 

[32,51] 
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inflammasomes 

activation 

favoring tissue 

damages  

Cerebral amyloid 

angiopathy (CAA) 

MICU3 interacting 

with PINK1, in 

neurons and glia, 

preserves 

mitochondrial 

homeostasis during 

amyloid- 

accumulation 

Controls amyloid 

β-driven 

neurovascular and 

neuroinflammatory 

damage. 

[52] 

Vascular 

Inflammation and 

Atherosclerosis, 

Cardiomyopathy 

and heart failure 

Loss of 

MICU1/2 expressi

on contribute to 

mitochondrial ROS 

generation, 

reducing the 

function of 

scavenger enzymes   

Amplification of 

inflammatory 

signals, which 

worsen 

cardiovascular 

damage. 

[53–55] 

Ischemic Heart 

Disease 

MICU3 interacting 

with VDAC1 

increases the ER-

mitochondria Ca²⁺ 

transfer during 

ischemia-

reperfusion in 

peripheral blood 

neutrophils 

Voltage dependent 

anionic channel 

(VDAC) 

Cancer 

Changes in 

VDAC2 

expression in 

cancer cells disrupt 

mitochondrial 

integrity and 

bioenergetics, 

favoring the 

release of 

mtDAMPs 

Reducing VDAC2 

expression in 

cancer cells actives 

anti-tumor immune 

response.  

[56,57] 

Inflammatory 

bowel disease (IBD) 

VDAC-interacting 

drugs prevent 

VDAC-

oligomerization 

and subsequent 

mtDNA release 

VDAC controls the 

mitochondrial 

membrane 

permeabilization, 

attenuating 

experimental colitis 

and preserving 

intestinal epithelial 

integrity 

[58,59] 

Atherosclerosis 

Dissociation of 

hexokinase 2 from 

VDAC induces 

mitochondrial Ca2+ 

overload with 

consequent VDAC 

oligomerization, 

which mediates the 

release of mtDNA 

fragments in 

macrophages 

This contributes to 

NLRP3 activation, 

which exacerbates 

the atherosclerotic 

lesions 

[27,60] 
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Figure 2: Several mitochondrial-derived molecules contribute to inflammation.  

Schematic representation of the mitochondrial pathways involved in the regulation of innate immune 

responses. Mitochondrial outer membrane permeabilization through B-cell lymphoma 2 (BCL2)-

associated protein X/BCL2 homologous antagonist killer (BAX/BAK) or voltage-dependent anionic 

channel/ mitochondrial permeabilization transition pore (VDAC/mPTP) leads to the release of 

mitochondrial DNA (mtDNA), cardiolipin, adenosine triphosphate (ATP), and N-formylated 

peptides into the cytosol or extracellular space. mtDNA activates cyclic GMP-AMP synthase-

stimulator of interferon genes (cGAS-STING) signaling, leading to interferon regulatory factor 

(IRF3/7) activation and interferon (IFN) gene transcription. mtDNA fragments also trigger NOD-like 

Receptor (NLR) pyrin domain-containing protein 3 (NLRP3) and NLR family CARD domain 

containing 4 (NLRC4) inflammasomes, promoting caspase-1 activation and interleukin (IL)-1β/IL-

18 maturation. Circulating CpG-rich mtDNA is sensed by Toll-like receptor 9 (TLR9), initiating the 

Myeloid differentiation primary response 88 (MyD88)-dependent pathway that induces IL-6 and 

Tumor Necrosis Factor alpha (TNF-α) production. Mitochondrial reactive oxygen species (mtROS), 

cardiolipin exposure, ATP levels, and mitochondrial Ca2+ fluxes further modulate inflammasomes 

activation and redox-sensitive transcription factors, like nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB), inducing pro-inflammatory cytokines. Mitochondrial damage also 

generates mitovesicles and mitochondrial-derived vesicles (MDVs), which participate in intercellular 

communication and immune modulation. Together, these mitochondrial signals orchestrate the 

interplay among the cells, including immune cells, during inflammation. 

 

 

mtDNA is a pivotal immunostimulator when exhibits persistent, stereotypical oxidative damage 

modifications or mutagenic signatures. This double-stranded circular DNA encodes 37 genes, which 

13 are essential components of mETC and ATP synthase [32]. Several mtDNA copies are present in 

each cell, and its copy number is regulated basally by cell-specific mechanisms and in response to 

various intrinsic and environmental stresses. The low methylation levels of mtDNA, respect to 

nuclear DNA, the lack of histone protection, and the proximity to ROS made by mETC system results 

in a major exposure to oxidation, leading to mtDNA more prone to damage [33–35]. The release into 

the cytoplasm of either whole or fragmented mtDNA, but also in the extracellular space and in the 

circulatory stream, may engage multiple receptors based on cell-type and context-dependent manner, 

triggering cell death, immune cells activation and antimicrobial responses [36–40].  

Studies have highlighted the role of VDAC1 and mitochondrial permeability transition pore (mPTP) 

in mtDNA release (Figure 2). VDAC1 can oligomerize in response to mtDNA fragments, facilitating 

their escape into the cytosol [41]. Although VDAC1 was once thought to be a key component of the 

mPTP, experiments in VDAC1-deficient mice showed no significant impact on mPTP formation, 

suggesting that VDAC1 is either not essential for mPTP or its role is compensated by other VDAC 

isoforms [42]. The potential synergistic relationship between mPTP opening and VDAC1 

oligomerization in mediating mtDNA release remains unclear. While during apoptosis BAX/BAK 

macropores can permeabilize the OMM, allowing mtDNA extrusion [43], under certain stress 

conditions mtDNA might cross both the IMM and OMM, ultimately entering the cytosol. However, 

the precise mechanisms governing the formation and regulation of these pores require further 

investigation.  

After cellular injury, mtDNA may be sensed by PPRs in the cytosol and in the extracellular space 

[44]: i) cytosolic mtDNA could be recognized by the cyclic GMP-AMP synthase (cGAS), which after 

activation triggers conformational alterations of the ER-resident protein stimulator of interferon genes 
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(STING). Consequently, the binding with TANK-binding kinase 1 activates interferon regulatory 

factor 3 (IRF3) or IRF7 to prompt transcription of type I interferons (IFNs) genes; ii) circulating 

mtDNA may active human polymorphonuclear neutrophils via TLR9, resulting in the pro-

inflammatory mediator production and release. TLR9 is a type I transmembrane receptor with a 

horseshoe-shaped extracellular domain that is crucial for ligand-induced dimerization. It detects 

unmethylated CpG-DNA [45,46] which triggers the MyD88-dependent signaling cascade, leading to 

the production of pro-inflammatory cytokines, such as Tumor Necrosis Factor (TNF) and IL-6, 

through the activation of MAPKs and NF-kB [47]; iii) fragments of mtDNA of several hundred base 

pairs in length, in the cytosol, may activate NLRs, including NLRP3 and NLRC4 inflammasomes 

(Figure 2). 

These intracellular receptors require a double activation steps: firstly the priming step, where the 

expression and post-translational modifications of inflammasome components are induced in reply 

to pro-inflammatory stimuli and subsequent NF-kB activation [48]; secondly the activation step, 

which is controlled by an amplitude of signals and it needs the physical interaction with mitochondria, 

mediating mitochondrial antiviral-signaling (MAVS) protein, for the assembly of inflammasome and 

the consequent auto-cleavage of pro caspase-1, responsible for the production of mature cytokines 

IL-1β and IL-18 [49]. MAVS is a key protein involved in both inflammation and viral infection. It 

acts as a signaling adaptor on OMM. RIG-I-like receptors (RLRs) include RIG-I and MDA5; they 

are cytoplasmic sensors that detect viral double-stranded RNA. Upon RNA binding, these receptors 

initiate a signaling cascade by interacting with MAVS on the OMM. This interaction induces MAVS 

oligomerization, which in turn activates transcription factors, such as IRF3, IRF7 and NF-κB, 

ultimately promoting the expression of IFNs and other antiviral genes to fight off viruses [50]. 

However, dysregulation of MAVS can also contribute to excessive inflammation in various diseases 

[51]. 

Additional key players in driving inflammation are mtROS, produced during oxidative 

phosphorylation (OXPHOS) and consisting of the anion superoxide which is then converted to 

hydrogen peroxide by mitochondrial superoxide dismutase (SOD) enzyme [52,53]. Generally, 

mtROS levels increase during mitochondrial dysfunction; for instance, in the presence of unfolded 

proteins or excessive Ca2+ accumulation, that impair OXPHOS. At low and moderate concentrations 

mtROS have a role as signaling molecule and of pro-inflammatory activator, acting on redox-

sensitive transcription factors, such as NF-kB, with consequent production of inflammatory 

mediators; while they are the principal cause of cellular injuries at higher concentrations (Figure 2). 

The excessive mtROS levels lead to a vicious cycle of oxidative stress, promoting further damage to 

mETC with consequent more electron leakage and mtROS production [5]. mtROS can directly 

contribute to NLRP3 activation, driving the translocation of NLRP3 and its adaptor ASC to 

mitochondria [54]. Other mtDAMPs promote the IRF1-dependent transcription of Cytidine/Uridine 

monophosphate kinase 2, a mitochondrial key enzyme in mtDNA synthesis, via TRL signaling, 

generating the oxidized mtDNA fragments necessary to complete the inflammasome activation [55].  

To avoid mitochondrial or cellular damage, mtROS levels are strictly controlled by mitochondrial 

antioxidants systems and mitochondrial stress responses, which intervene to restore the mitochondrial 

homeostasis. Furthermore, an important driver in mtROS stimulation is Ca2+, which can directly 

stimulate mtROS production by activating mitochondrial resident ROS-generating enzymes, or 

indirectly, by the Ca2+-dependent activation of nitric oxide synthase [56–58]. 

Mitochondria are widely recognized as the primary site of ATP production, a process essential for 

maintaining cellular health and function. Under stress conditions, when energy demands increase, 
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elevated intracellular ATP levels can lead to its release into the extracellular space. In this context, 

extracellular ATP acts as a signaling molecule, activating purinergic receptors that promote 

inflammatory responses [32,59]. Specifically, ATP binds to the P2X7 receptor, a member of the P2X 

family of plasma membrane non-selective cation channels that are activated by ATP [60,61]. 

Activation of P2X7 triggers potassium efflux, a critical event that leads to the further activation of 

NLRP3 inflammasome (Figure 2). Beyond inflammasome activation, ATP also plays a key role in 

the immune system by mediating chemotaxis and neutrophil adhesion. It enhances neutrophil 

degranulation and the production of ROS, thereby facilitating the destruction of invading pathogens 

[62,63]. 

The binding of cardiolipin (CL) is also necessary to NLRP3 inflammasome activation. A 

phospholipid that constitutes up to 20% of the total lipid content of IMM, which is essential for the 

proper function of mETC [32,64,65]. However, during mitochondrial dysfunction, CL translocates 

from IMM to OMM, and once externalized, it directly binds NLRP3 at Leucine-Rich Repeat domain, 

promoting caspase-1 activation and subsequent cytokine release [48]. 

As remnants of their bacterial ancestry, also the N-formylated peptides contained into mitochondria, 

once released into the extracellular environment, increase the production of pro-inflammatory 

mediators and ROS. They do it through the formyl peptide receptors (FPRs) binding on neutrophils 

and macrophages, thereby inducing receptor-mediated activation and directed chemotaxis (Figure 2) 

[66,67]. 

In recent years, extracellular vesicles (EVs) have gained much attention for their crucial role in 

translating inflammatory signals into recipient cells. Specifically, EVs cargo includes plasma 

membrane and endosomal proteins, but also contain material from other cellular compartments, 

including mitochondria. Specifically, studies have shown that subpopulation of EVs may transport 

whole mitochondria, mitochondrial materials and/or mtDAMPs to modulate the metabolic and 

inflammatory responses of recipient cells. Among the various subtypes of EVs, MDVs represent a 

distinct subset of mitochondrial origin. These vesicles, typically ranging from 60 to 150 nm in 

diameter, are formed through two mechanistic models: i) budding of the mitochondrial membrane 

and subsequently released by clathrin-mediated exocytosis [68]; or ii) long membrane protrusion are 

pulled out of mitochondria and released by scission event [69]. Initially, MDVs were identified as a 

potential mechanism for removing damaged mitochondrial components [70]. Their formation may be 

regulated by pathways involving the Parkinson’s disease-associated proteins PINK1 and Parkin 

(linked to mitophagy, the selective autophagic removal of dysfunctional mitochondria mediated by 

the Parkin/PINK1 pathway through lysosomes), or through a dynamin-related protein 1 (DRP1)-

dependent mechanism, both of which have been comprehensively reviewed [71,72]. A failure in 

PINK1 import into mitochondria leads to the recruitment of Parkin, which triggers mitophagy and 

may promote MDV formation. 

To date, two different types of MDVs have been identified, called single-membraned MDVs, 

exclusively formed by OMM and double-membraned MDVs containing both outer and IMM contents 

[73]. Studies demonstrated that MDVs are released under both basal and upon various forms of 

mitochondrial stress, and that their biogenesis and cargo are strictly dependent to the nature of stress. 

Their functional and biological role in immunity and inflammatory signaling is under investigations, 

it is clear that MDV cargoes, expelled from mitochondria to organelles or cells, can serve as signals 

to trigger inter-organelle and inter-cellular responses (Figure 2) [74,75].   

More recently, a novel subtype of MDVs, termed "mitovesicles," has been identified in brain tissue 

using an optimized isolation method [76,77]. Intriguingly, mitovesicles appear to possess properties 
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that are entirely distinct from conventional EVs. When isolated via high-resolution density gradients, 

these vesicles were enriched in mitochondrial proteins such as VDAC, COX-IV and PDH-E1α, while 

lacking typical markers of microvesicles, exosomes and EVs of endocytic origin. Indeed, their lack 

of several mitochondrial proteins that are abundant in MDVs, such TOMM20, mitofusin-2 (MFN2), 

suggesting that mitovesicles may arise through unique biogenetic and biophysical mechanisms, 

separate from those of traditional EV subtypes, like MDVs, microvesicles and exosomes (Figure 2) 

[76,77]. However, the exact mechanisms underlying mitovesicles biogenesis remain to be elucidated. 

In summary, current evidence supports the notion that MDVs may follow distinct biogenetic 

pathways and exhibit unique biological characteristics based on their cargo. 

 

Inflammation and mitochondria in aging 

Aging is a complex biological process characterized by the gradual decline in physiological functions, 

leading to increased vulnerability to diseases and mortality. It begins with accumulative damage and 

destabilization of the genome: over time cells and tissues accrue mutations, chromosomal 

rearrangements and impaired DNA repair. This hallmark of genomic instability erodes the 

foundations of cellular integrity and promotes cellular dysfunction. Closely linked is telomere 

attrition, the progressive shortening of chromosome ends as cells divide, which eventually triggers 

replicative arrest or genome instability when telomeric protection fails. Ageing cell also suffers 

epigenetic alterations: modifications of DNA methylation, histone marks, chromatin architecture and 

non-coding RNAs that disturb the correct regulation of genes, thereby impairing cell function. 

Equally important is the breakdown of protein quality control or the loss of proteostasis by which 

damaged or mis-folded proteins accumulate, chaperone and clearance systems falter and the cellular 

protein landscape becomes dysfunctional. Complementing that is the deficiency in cellular “house-

keeping” clearance: the hallmark disabled macroautophagy reduces the ability of cells to recycle 

damaged components and maintain homeostasis [78]. Cells progressively enter a state of non-division 

and altered function: cellular senescence describes accumulation of cells that have irreversibly exited 

the cell cycle but remain metabolically active and often secrete pro-inflammatory mediators, thereby 

contributing to ageing and tissue deterioration. Moreover, with ageing inter-cellular communications 

change with hormonal changes, immune-system drift and the senescence-associated secretory 

phenotype (SASP) affecting distant cells. Persistent low-grade immune activation (inflammaging) 

becomes a chronic reality [79] [80]. Chronic inflammation emerges when the immune system remains 

in a state of heightened activation, driving decline and age-related pathologies. Finally, also dysbiosis, 

an imbalanced microbiome and altered microbial-host interactions reflects how microbial ecology 

influences the host’s ageing process via immune, metabolic and barrier-integrity effects [78,81]. 

One of the most important traffic light intersection of pathways in aging is that one involving 

autophagy, endolysosomal system (ELS) and mitophagy. Autophagy is essential for degrading and 

recycling damaged proteins and organelles. As organisms age, a gradual decline in autophagic 

efficiency emerges; this is not merely a matter of waste accumulation, it has far-reaching 

consequences for inflammatory homeostasis [82]. Autophagy normally acts as a brake on innate 

immune activation, removing sources of intracellular danger signals such as oxidized proteins, 

dysfunctional mitochondria (through mitophagy) and protein aggregates that would otherwise 

stimulate PPRs. In this way, basal autophagy serves as a key anti-inflammatory mechanism that 

prevents chronic activation of pathways like NF-κB, NLRP3 inflammasome and the cGAS–STING 

axis. With advancing age, autophagic flux becomes impaired at multiple levels: autophagosome 

formation, lysosomal fusion and lysosomal degradation. The resulting buildup of damaged organelles 
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and undegraded material increases intracellular stress, generating ROS and releasing DAMPs. 

Closely tied to this process is the ELS, a complex network of endosomes and lysosomes responsible 

for degradation, trafficking and secretion. The ELS has recently been recognized as a key regulator 

of aging and inflammation [83]. Lysosomes are not simply degradative compartments but also 

signalling hubs that coordinate nutrient sensing and immune responses. During aging, lysosomal 

integrity and enzyme activity decline, leading to inefficient degradation and partial leakage of 

lysosomal contents into the cytosol. Such lysosomal membrane permeabilization (LMP) releases 

cathepsins and other hydrolases, which in turn activate the inflammasomes. Interestingly, when 

lysosomal degradation is compromised, cells often reroute cargo through secretory autophagy or EV 

pathways. While this may temporarily alleviate intracellular stress, it also results in the release of 

undegraded materials, including mitochondrial fragments and oxidized lipids, into the extracellular 

space. With age, also impaired mitophagy occurs with persisting damaged mitochondria, generating 

oxidative stress and releasing mtDNA into the cytoplasm.  

This creates a feed-forward cycle: impaired autophagy and ELS function lead to defective mitophagy, 

which allows the persistence of damaged mitochondria that, in turn, generate inflammatory DAMPs. 

These DAMPs activate innate immune sensors, which then exacerbate cellular stress and lysosomal 

dysfunction, further suppressing autophagic clearance. At the molecular level, this network is tightly 

linked to nutrient-sensing pathways, particularly mTORC1 and its downstream target S6 kinase 

(S6K). Persistent mTOR activation with age inhibits both autophagy and lysosomal biogenesis, while 

S6K signalling influences ELS trafficking and immune activation [83]. 

After the age of 50, levels of circulating mtDNA progressively rise and are associated with increased 

levels of pro-inflammatory cytokines, such as IL-6, TNF-α and IL-1 receptor antagonist [84]. 

Remarkably, exposing monocytes to mtDNA, at concentrations like those found in vivo, has been 

shown to increase TNF-α production, indicating that circulating mtDNA play a direct role in 

inflammaging [85]. Moreover, one of the key features of aging mitochondria is the accumulation of 

mutations in mtDNA. These mutations can impair mitochondrial function, further exacerbating 

oxidative stress and contributing to the decline in cellular and tissue function observed in aging [86]. 

Oxidized mtDNA released into the cytosol is an inflammasome activator, promoting IL-1β and IL-

18 secretion and amplifying systemic inflammation [54,87]. Persistent inflammasome activation has 

been implicated in several age-related conditions, including neurodegeneration and metabolic 

disorders [88]. 

Mitochondria play a significant role in buffering cytosolic Ca2+ levels, and their ability to do so 

declines with age [25]. An altered mitochondrial Ca2+ buffering may lead to prolonged elevation of 

intracellular Ca2+ levels, activating various enzymes that can damage cellular structures and 

contribute to the inflammatory response. This dysregulation primarily occurs at the ER-mitochondria 

contact sites; with aging mitochondrial Ca²⁺-uptake capacity declines alongside alterations in MCU-

complex components and regulatory gatekeepers, impairing buffering and promoting cytosolic Ca²⁺-

overload [89–91]. The sustained rise in Ca²⁺ activates Ca²⁺-dependent enzymes, including calpains, 

phospholipase A and Ca²⁺/Mg²⁺-dependent endonucleases, degrading cytoskeletal proteins, lipidic 

membranes, and DNA, thereby exacerbating injury and amplifying inflammatory signaling [92,93]. 

Mitochondria in senescent cells exhibit a fragmented morphology and impaired function, leading to 

increased mtROS production and mtDAMPs release, which further amplifies inflammatory signaling 

[94]. The decline in mitochondrial biogenesis also contributes to the aging process and the associated 

inflammation [95,96]. Mitochondrial biogenesis is regulated by various signaling pathways, 

including those involving peroxisome proliferator-activated receptor-gamma coactivator 1-alpha 
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(PGC-1α) and nuclear respiratory factors (NRFs) [97]. With age, the expression and activity of these 

regulators decline, leading to a reduction in mitochondrial number and function. Pharmacological 

activation of PGC-1α has been shown to improve mitochondrial function and reduce inflammation in 

aging models [98]. This activation counteracts cellular aging by stimulating mitochondrial biogenesis 

and enhancing the efficiency of the respiratory chain, thereby increasing ATP production. Moreover, 

PGC-1α reduces the generation of ROS and modulates anti-inflammatory pathways, particularly by 

suppressing aberrant activation of the transcription factor NF-κB, a key driver of chronic 

inflammation. Through these mechanisms, PGC-1α activation alleviates oxidative stress and 

inflammation associated with aging [99].  

A growing body of literature suggests that targeting mitochondrial health may represent a promising 

avenue to counteract inflammaging and age-related functional decline. Beyond the well-established 

role of mitochondria as central regulators of bioenergetics, Ca²⁺ homeostasis, and ROS signaling, 

recent studies have explored their potential as rejuvenation tools. For instance, mitochondrial 

transplantation has emerged as a novel therapeutic strategy capable of restoring cellular function in 

aged tissues. Transplantation of mitochondria isolated from young, healthy donors into aged animal 

models has been shown to alleviate anxiety-like behaviors, improve synaptic plasticity, and restore 

bioenergetic capacity in the brain [100,101]. Importantly, mitochondrial transplantation not only 

reversed age-associated cognitive impairment but also enhanced ATP production, mitochondrial 

complex activity, and Wnt signaling, thereby supporting neurogenesis and synaptic repair [102]. 

From a molecular standpoint, mitochondrial transplantation has been linked to increased succinate 

dehydrogenase activity in the hippocampus of aged mice, a key component of complex II that 

regulates both ATP production and ROS control [103]. 

These findings align with the broader hypothesis that mitochondrial decline is a driver of aging and 

that its reversal could attenuate systemic inflammation and tissue dysfunction. Indeed, mitochondria 

have been increasingly recognized as mediators of cellular communication, not only through mtDNA 

and mtROS release but also via EVs that can carry mitochondrial components to modulate immune 

responses [104]. This interplay suggests that mitochondrial-targeted interventions, ranging from 

pharmacological modulators to direct organelle transfer, may hold translational potential in 

mitigating age-related diseases. Phua et al. proposed that mitochondria could be harnessed as 

powerful rejuvenation tools, representing a paradigm shift in strategies aimed at extending health 

span and combating the pathophysiological consequences of aging [105]. 

Noteworthy, a recent study uncovers a direct mechanistic link between mtDNA instability and 

inflammation, offering new insight into how mitochondria can trigger immune activation during 

ageing and stress [106]. The researchers show that when the balance between deoxyribonucleotides 

(dNTPs) and ribonucleotides (rNTPs) becomes disrupted, such as through decreased dNTP 

availability or increased rNTP levels, mtDNA replication becomes error-prone, leading to the 

incorporation of ribonucleotides into mtDNA. Because mitochondria lack efficient repair 

mechanisms for removing ribonucleotides, this incorporation destabilizes the mitochondrial genome, 

causing strand breaks and the accumulation of fragmented mtDNA. These damaged fragments are 

then released into the cytosol, where they are recognized by innate immune sensors, particularly the 

cGAS–STING pathway, which detects cytosolic DNA. Activation of this pathway triggers a type I 

interferon response and expression of inflammatory genes, linking mitochondrial genome damage 

directly to innate immune activation. In models where ribonucleotide incorporation was 

experimentally increased, such as mice lacking the mitochondrial exonuclease MGME1 or the 

protease YME1L, researchers observed strong inflammatory signatures, tissue damage and activation 
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of interferon-stimulated genes. Similar effects occurred in senescent human cells, where cell-cycle 

arrest limits dNTP synthesis, making mtDNA especially prone to rNTP incorporation [106]. This 

mechanism provides a biological explanation for the chronic, low-grade inflammation that 

accompanies cellular senescence and inflammaging. In aged mouse tissues, increased ribonucleotide 

incorporation into mtDNA correlated with signs of mitochondrial stress and immune activation, 

suggesting that nucleotide imbalance in mitochondria becomes more pronounced with age. 

Importantly, when the researchers restored the dNTP pool by supplementing cells and animals with 

deoxyribonucleosides, the extent of rNTP incorporation was reduced, mtDNA integrity was 

preserved and the inflammatory response was markedly diminished. 

 

Inflammation and mitochondria in cancer 

The relationship between mitochondria, inflammation and cancer has emerged as a dynamic and 

reciprocal axis that plays a pivotal role in tumor development and resistance to therapy [107]. In 

cancer, mitochondrial dysfunction profoundly alters cellular signaling pathways, particularly those 

involved in inflammatory responses. The most known contributors are mtROS; under stress 

conditions, such as oncogene activation [108], hypoxia or exposure to chemotherapy [109], mtROS 

levels can surge, leading to oxidative damage, mutations and structural changes to mitochondrial 

genome and the concomitant release of mtDMAPs into the cytosol [110]. The importance of 

mitochondria in full NLRP3 activation has been described recently in a seminal paper by Billingham 

LK and colleagues who reported the influence of mitochondrial integrity and electron transport chain 

activity on NLRP3-mediated inflammation [111]. These cytokines, in turn, can establish a chronic 

inflammatory microenvironment that fuels cancer cell proliferation, angiogenesis and immune 

evasion (Figure 3). 

 

Figue 3. Deregulation of mitochondrial Ca²⁺ signaling across major disease contexts. 

The figure shows how altered Ca²⁺ transfer to mitochondria causes increased ROS production, 

mitochondrial permeabilization, release of mtDAMPs and activation of inflammatory pathways. 

Disease panels display typical outcomes of this imbalance: neuroinflammation in Alzheimer’s 

disease, heightened epithelial inflammatory responses in cystic fibrosis, mitochondrial stress 

responses and survival strategies in cancer, and Ca²⁺-related mitochondrial failure leading to 

cardiomyocyte death in cardiovascular diseases. Overall, the schematic emphasizes mitochondrial 

Ca²⁺ imbalance as a common mechanism that drives inflammation and tissue dysfunction. 

 

 

ROS-induced oxidative damage exacerbates mitochondrial dysfunction, creating a harmful feedback 

loop. Beyond causing injury, mtROS act as signaling molecules regulating cell migration, 

invasiveness, proliferation, and gene transcription [54]. 

Examples of association between oncogenes activation and mtROS in the signaling cascade outlined 

above are given by H-RAS and K-RAS [112,113]; an increase in mitochondrial activity driven by 

significant alterations in mitochondrial membrane potential and Ca2+ has been described during 

oncogenic transformation, with the concomitant increase in ROS production. This enhanced 

mitochondrial function cannot be maintained throughout all stages of tumor development [113]. 

Excessive mtROS can harm the organelle itself, amplifying mitochondrial-related oncogenic stress. 

To cope with this, cancer cells initiate mitochondrial stress response mechanisms like mitophagy and 

the mitochondrial unfolded protein response (mtUPR), which help restore mitochondrial function and 
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enhance cell survival and resistance to environmental stressors. mtROS generated by cancer cells act 

as signaling molecules within the tumor microenvironment, influencing nearby cancer-associated 

cells (i.e., fibroblasts) and infiltrating immune cells [114,115]. 

In the tumor microenvironment, hypoxia plays a central role in driving cancer progression and 

chronic inflammation. Both chronic and intermittent (cycling) hypoxia led to the stabilization of 

hypoxia-inducible factor 1-alpha (HIF-1α), a key transcription factor that orchestrates the cellular 

response to low oxygen levels. In colorectal cancer cells this happens through the activation of the 

OMA1-OPA1 signaling axis, which boosts mtROS production [116]. This stabilization promotes the 

transcription of genes that support tumor survival, such as those involved in glycolysis and 

angiogenesis, creating an acidic and nutrient-deprived environment that paradoxically favors cancer 

cell adaptation and proliferation. One of the major molecular consequences of hypoxia is its interplay 

with intracellular Ca2+ signaling. Under hypoxic stress, intracellular Ca2+ levels rise, often due to 

altered activity of Ca2+ channels and transporters [117–119]. This activates Ca2+/calmodulin-

dependent protein kinase II (CaMK2) [120], which in turn stimulates the IKK complex, leading to 

the activation of the transcription factor NF-κB. Notably, this pathway can be triggered independently 

of the classical IκB degradation route, underscoring Ca2+ a direct role in modulating inflammatory 

responses in hypoxic cancer cells. The activation of NF-κB under these conditions leads to the 

production of a range of pro-inflammatory cytokines, such as TNF-α and IL-1β, and enzymes, 

including COX-2 [121]. Furthermore, HIF-1α can enhance the expression of Ca2+-effectors, such as 

TRPC1 and STIM1, reinforcing Ca2+ entry into the cell and thus further stabilizing HIF-1α in a self-

perpetuating loop [117]. This mutual reinforcement between Ca2+ signaling and HIF-1α enhances the 

transcription of pro-inflammatory genes, thereby contributing to a sustained inflammatory state in the 

tumor environment. So far, we have seen how intracellular (and mitochondrial) Ca2+ increase is 

predominantly associated to inflammation; by contrast, aged macrophages usually encounter a shift 

toward the pro-inflammatory phenotype due to a reduced expression of MCU, increasing production 

of cytokines like IL-6 and TNF-α. This age-related decline in mitochondrial Ca2+ impairs oxidative 

phosphorylation and increases reliance on glycolysis, a metabolic switch associated with 

inflammation [122]. Thus, for some reasons, Ca2+ signaling can be exploited in different ways to 

achieve a mitochondrial-dependent inflammatory phenotype. 

Moreover, cancer cells frequently co-opt mitochondrial quality control mechanisms to survive stress 

and maintain chronic inflammation [123]. For example, in certain tumors, mitophagy is elicited to 

allow tumor progression and chemoresistance [124,125]. A mitochondrial protease, LonP1, which is 

involved in mitophagy, is often upregulated in cancer cells. LonP1, beyond its proteolytic role, 

contributes to resistance against chemotherapeutic agents like cisplatin by modulating mitochondrial 

Ca2+ handling and promoting retrograde pro-inflammatory signaling. Specifically, LonP1 can activate 

the mitochondrial NCLX, leading to the release of Ca2+ into the cytoplasm. Elevated cytosolic Ca2+ 

level activates kinases, like PYK2 and SRC, which culminate in the nuclear translocation of STAT3, 

a transcription factor well-known for its dual role in promoting survival and driving inflammation in 

the tumor microenvironment. This signaling not only upregulates anti-apoptotic proteins such as Bcl-

2 but also stimulates the secretion of IL-6, reinforcing an autocrine and paracrine loop that sustains 

inflammation and tumor growth [126]. 

In breast cancer, the loss of ULK1, a key mitophagy regulator, leads to impaired clearance of 

dysfunctional mitochondria and increased mtROS, which activates NLRP3 inflammasome, 

promoting secretion of IL-1β and IL-6 and fostering bone metastasis [127]. Along similar lines, 

promyelocytic leukemia protein (PML) may localize at ER-mitochondria contact sites, where it forms 
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a trimeric complex with NLRP3 and the P2X7 receptor, thereby further modulating inflammasome 

activation and shaping the tumor microenvironment [128]. Pharmacological targeting of mtROS (e.g. 

using silibinin) reduces ROS generation and NLRP3 activation, thereby suppressing inflammatory 

signaling and breast cancer cell migration [129,130]. 

The mitochondria-inflammatory signaling loop extends to the tumor microenvironment. Tumor-

derived mtDAMPs can activate surrounding immune cells, particularly macrophages, and skew them 

toward an M2-like phenotype, commonly referred to as tumor-associated macrophages (TAMs). 

These macrophages, in response to signals like succinate or IL-6, suppress cytotoxic T cell responses 

and secrete additional pro-tumoral factors, effectively transforming inflammation into a tool for 

immune escape and metastasis [131]. This especially happens in those cells with suppressed succinate 

dehydrogenase (SDH) activity translating in elevated levels of succinate in the serum of lung cancer 

patients and associated with increased expression of the succinate receptor SUCNR1 on TAMs [131]. 

Upon binding to SUCNR1, succinate triggers intracellular Ca2+ signaling through G-protein-coupled 

mechanisms. Although the study does not measure intracellular Ca2+ levels directly, the known 

signaling mechanisms of SUCNR1 strongly imply a role for Ca2+ in regulating downstream 

responses. This metabolite-induced inflammatory signaling has been shown to enhance endothelial 

cell activation and contribute to a feed-forward loop of vascular remodeling and metastatic 

dissemination [131]. 

Mitochondrial stress (e.g., after TFAM knockdown) leads to mtDNA leakage and cGAS-STING 

activation, triggering phosphorylation of TBK1, IRF3, and STING, with increased dendritic cell 

activation and antitumor immunity in lung carcinoma models [132]. STING antagonists can reverse 

these effects and promote metastasis [133,134]. Similarly, Raddeanin A enhances mtDNA release 

and activates cGAS-STING and NF-κB pathways, increasing cytokine secretion and tumor 

immunogenicity. Conversely, in regulatory T cells, inhibition of FABP5 causes mitochondrial 

dysfunction and mtDNA release, which activates cGAS-STING and type I IFNs, paradoxically 

supporting immune suppression [135]. 

Interestingly, the E3 ligase TRIM21 limits mtDNA release by promoting VDAC2 degradation; its 

loss enhances cGAS-STING activation and improves CD8+ T cell responses after radiotherapy [136]. 

On the other hand, senescent tumor cells release mtDNA via extracellular vesicles (EVs) that are 

taken up by neutrophils and polymorphonucler myeloid-derived suppressor cells, activating the 

cGAS-STING-NF-κB-PERK axis and enhancing their immunosuppressive function [137]. This 

duality exemplifies the context-dependent outcomes of cGAS-STING signaling in tumors. 

Given this intricate crosstalk, therapeutic strategies that target mitochondrial function (including Ca2+ 

signaling) and inflammation are being actively explored. Recent research shows how the loss of 

isoform VDAC2, a key OMM protein involved in metabolite transport and apoptosis regulation, can 

trigger profound mitochondrial dysfunction and mito-inflammation that selectively destroys tumor 

cells [138]. The study demonstrates that knocking down VDAC2 in cancer cells disrupts 

mitochondrial integrity and bioenergetics, leading to the release of mtDAMPs, which activate innate 

immune pathways and inflammasomes within the tumor microenvironment. This mitochondrial 

stress-induced inflammation recruits and activates immune effector cells, promoting an anti-tumor 

immune response that not only causes direct cancer cell death but also reprograms the tumor 

microenvironment to support sustained tumor clearance. Importantly, VDAC2 loss was shown to 

synergize with immunotherapies, enhancing their efficacy by overcoming immune suppression 

commonly observed in tumors [138]. 
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Inflammation and mitochondria in respiratory diseases 

Respiratory diseases such as asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis 

(CF), acute respiratory distress syndrome (ARDS), idiopathic pulmonary fibrosis (IPF) and 

pneumonia, despite their heterogeneous clinical presentations, share two fundamental pathogenic 

mechanisms: chronic inflammation and mitochondrial dysfunction. These two processes are closely 

interrelated and mutually reinforcing, establishing a vicious cycle that drives persistent tissue injury 

and disease progression [30,139–142]. Mitochondrial dysfunction in epithelial, immune and 

structural lung cells triggers the release of mtDAMPs, which activate PRRs and inflammasomes, 

amplifying pro-inflammatory signaling cascades. The resulting inflammatory mediator secretion 

shapes disease-specific immune signatures, as seen in asthma, where Th2-driven inflammation 

promotes mucus hypersecretion and airway remodeling [143,144], or in COPD, where neutrophilic 

and macrophage-mediated inflammation leads to alveolar destruction [145,146]. 

In COPD, mitochondrial dysfunction is characterized by reduced mitochondrial density and mtDNA 

content in both airway epithelial cells and skeletal muscle, contributing to impaired bioenergetics and 

diminished functional capacity [147,148]. Environmental factors such as cigarette smoke (CS) and 

fine particulate matter (PM2.5) exacerbate mitochondrial injury by increasing oxidative stress and 

impairing mitophagy [149–152]. The pathological relevance of defective mitophagy is illustrated by 

evidence that Pink1-deficient mice are protected from CS-induced emphysema [152], and that 

decreased Parkin levels in skeletal muscle contribute to muscle wasting in COPD patients [153]. 

Mitochondrial quality control disruption, similar to that observed in CF, IPF and ARDS, links 

mitophagy failure with persistent inflammation and tissue damage [8,154–156]. In COPD, CS-

induced bronchial epithelial cell-derived EVs carry microRNAs such as miR-210 and miR-21 that 

suppress autophagy and promote fibrosis through pVHL/HIF-1-dependent mechanisms [157–160]. 

CS-conditioned lung epithelial cell-derived EVs also modulate macrophage activation and 

polarization [161,162], and CS-conditioned macrophages release EVs with gelatinolytic and 

collagenolytic activities enriched in matrix metalloproteinase (MMP)-14, contributing to 

extracellular matrix degradation and emphysema development [163,164]. Notably, the abundance 

and content of EVs correlate with disease severity in COPD [165]. Circulating mitochondrial 

components, particularly mtDNA, reflect disease severity and represent potential biomarkers of 

mitochondrial stress [166–169]. Therapeutically, mitochondria-targeted antioxidants such as MitoQ, 

MitoE and Mito-TEMPO effectively reduce mtROS and restore mitochondrial integrity in 

experimental models [170–173]. Clinical studies indicate that MitoQ may improve vascular function 

in COPD patients [171] (clinical trials NCT05605548; NCT02966665). 

In IPF, a disease closely associated with aging, mitochondria exhibit increased size, cristae disruption 

and mtDNA mutations, all hallmarks of senescence-associated mitochondrial dysfunction in alveolar 

epithelial cells, fibroblasts and macrophages [174–176]. This phenotype is accompanied by elevated 

expression of the cyclin-dependent kinase inhibitor CDKN2A, which correlates with disease severity 

[177] and by downregulation of PINK1 and Parkin, leading to defective mitophagy [154,155,178]. 

Mitochondrial dysfunction in IPF enhances TGF-β signaling, promoting fibroblast-to-myofibroblast 

transition and extracellular matrix deposition [179]. This process can be modulated by pirfenidone, 

which improves mitochondrial quality through PDGFR–PI3K–AKT activation and Parkin 

stabilization [180]. Circulating mtDNA in IPF not only reflects mitochondrial distress but also serves 

as a biomarker of fibrotic burden [169,181]. 

Asthma is also characterized by alterations in mitochondrial dynamics. Drp1 upregulation, induced 

by CS, drives mitochondrial fragmentation in airway cells [161]. Elevated mtROS in airway smooth 
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muscle cells lead to increased cytokine production, contributing to airway hyperreactivity and 

remodeling, while allergen exposure induces mitochondrial biogenesis and structural disorganization 

in airway epithelial cells [182–184]. Extracellular mitochondrial ATP activates dendritic cells and 

promotes Th2-type immune responses, an effect reversible with apyrase or P2 receptor antagonists 

[185]. Therapeutic interventions such as mesenchymal stem cell (MSC)-based mitochondrial transfer 

have shown efficacy in restoring mitochondrial function and reducing airway hyperresponsiveness in 

experimental models [186]. 

In CF, mitochondrial defects extend beyond CFTR dysfunction. Deficiency in mitochondrial complex 

I enhances NADPH oxidase activity and oxidative stress, leading to glutathione depletion and 

impaired energy homeostasis [187–189]. Mitochondrial impairment also interferes with the mtUPR 

and mitophagy, sustaining chronic inflammation. Disturbed Ca²⁺ signaling between the endoplasmic 

reticulum and mitochondria further enhances mitochondrial Ca²⁺ uptake via the mitochondrial 

calcium uniporter (MCU), activating the NLRP3 inflammasome and promoting IL-1β and IL-18 

secretion [190–193]. Pharmacologic MCU inhibition restores autophagy and immune function in CF 

models, highlighting MCU as a promising target to modulate inflammation [194]. Moreover, in CF 

as well as in COPD, macrophages exhibit impaired polarization and autophagy, reducing their 

capacity to clear pathogens and thereby sustaining inflammation [195–198] (Figure 3). 

In ARDS, mitochondrial dysfunction is primarily linked to oxidative stress and activation of the 

NLRP3 inflammasome and NF-κB signaling pathways, which together compromise mitochondrial 

ATP production. This leads to epithelial and endothelial barrier disruption, alveolar edema, and 

impaired gas exchange. Similar to other respiratory diseases, defective mitophagy contributes to 

ongoing inflammation and lung injury [8,154–156]. Application of MSC-based therapies in ARDS 

improves mitochondrial bioenergetics, reduces inflammation and enhances epithelial barrier integrity 

[99,199,200]. 

In pneumonia, particularly in pneumococcal pneumonia, the bacterial toxin pneumolysin induces 

mitochondrial Ca²⁺ overload, opening of the mitochondrial permeability transition pore (mPTP), and 

ATP depletion, thereby promoting the release of mtDNA-enriched EVs that amplify the inflammatory 

response [201,202]. When internalized by neutrophils, these Evs impair ROS production and 

antimicrobial functions [203]. Conversely, MSC-derived Evs can restore macrophage mitochondrial 

metabolism and reduce lung inflammation, although those derived from emphysematous donors are 

less effective [204]. The accumulation of extracellular mtDNA not only reflects mitochondrial 

distress but also acts as an mtDAMP, promoting inflammation and serving as a biomarker of fibrotic 

burden [169,181]. Excessive alcohol exposure further impairs mitochondrial homeostasis by 

promoting the release of mtDNA-rich Evs, which compromise alveolar epithelial integrity and 

macrophage responses, thereby increasing susceptibility to respiratory infections [205]. 

Across these respiratory diseases, mitochondrial signaling emerges as a central regulator of immune 

function and inflammation. Damaged airway epithelial cells release mtDNA and N-formyl peptides 

that activate STING and NF-κB pathways in immune cells, amplifying inflammation [141]. The 

failure of conventional antioxidant therapies in clinical trials [206,207] has spurred growing interest 

in mitochondria-based therapeutic approaches aimed at restoring cellular bioenergetics and resolving 

chronic inflammation [208–210]. MSC-derived CD44⁺ Evs containing functional mitochondria 

enhance macrophage phagocytosis and promote anti-inflammatory M2 polarization [199,200], while 

mitochondria-targeted small molecules such as MitoQ, MitoE and Mito-TEMPO effectively reduce 

mtROS and restore mitochondrial integrity [170–173]. Collectively, these findings reinforce that 

mitochondrial dysfunction is not merely a secondary consequence of chronic inflammation but a 
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fundamental driver of respiratory disease pathogenesis, offering a promising strategic target for 

therapeutic intervention. 

 

Inflammation and mitochondria in neurodegenerative diseases 

Neurodegenerative diseases, which include Alzheimer’s disease (AD), Parkinson’s disease (PD), 

amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS), are characterized by progressive 

neuronal loss and are increasingly recognized as disorders of chronic inflammation and mitochondrial 

dysfunction. In recent years, a growing body of evidence has linked mitochondrial damage to aberrant 

activation of innate immune responses, underscoring the crucial interplay between metabolic 

impairment and inflammation in neurodegeneration. Mitochondrial dysfunction and impaired 

mitophagy act both as a trigger and amplifier of neuroinflammation [211,212].  

In AD, mitochondrial impairment is an early and prominent feature, with reduced respiratory chain 

activity, abnormal mitochondrial dynamics and Ca2+-overload observed in affected neurons [213]. 

Damaged mitochondria release mtDNA and mtROS, which contribute to microglial activation and 

NLRP3 inflammasome assembly [214,215]. The resulting secretion of pro-inflammatory cytokines, 

such as IL-1β and IL-18, exacerbates synaptic dysfunction and neuronal loss. Moreover, defective 

mitophagy further amplifies neuroinflammation by allowing the accumulation of dysfunctional 

organelles [216] (Figure 3). Furthermore, complementary evidence from human studies has shown 

that mitophagy biomarkers are reduced in the serum of patients with AD and mild cognitive 

impairment [217]. This systemic reduction in mitochondrial quality control markers may reflect an 

impaired ability to clear damaged mitochondria, contributing to neurodegenerative cascades. Such 

findings support the hypothesis that compromised mitophagy is not only a hallmark of AD but may 

be part of a shared mitochondrial vulnerability across several neurodegenerative diseases. 

Intriguingly, experiments in AD mouse models have shown that systemic administration of freshly 

isolated human mitochondria enhances cognitive performance within just two weeks, while reducing 

neuronal degeneration and gliosis in the hippocampus. These beneficial effects were associated with 

the restoration of mitochondrial respiratory function, as indicated by normalized activity of citrate 

synthase and cytochrome c oxidase [218] (Figure 3). 

Notably, amyloid-β (Aβ) and tau proteins are the primary contributors to cell damage and death in 

AD. At the same time, they represent a main cause of mitochondrial impairment. Aβ accumulation 

induces oxidative stress and enhances mitochondrial production of ROS, which in turn exacerbates 

mitochondrial damage. Elevated ROS levels further promote the pathological aggregation of tau 

[219]. Moreover, both Aβ and tau disrupt mitochondrial trafficking to and from synaptic terminals 

and promote excessive mitochondrial fission, ultimately contributing to synaptic impairment and 

neurodegeneration [220]. One study addresses how MICU3, a regulatory subunit of the mitochondrial 

calcium uniporter complex influences pathology in a mouse model of cerebral amyloid. In the 

transgenic Tg‑SwDI mouse line MICU3 expression was found to decline in cortex and hippocampus 

with age. Over-expression of MICU3 via AAV9 (AAV-MICU3) led to improved cerebral blood flow, 

behavioral performance and reduced vessel- and parenchymal Aβ burden. Importantly, neuronal 

death in cortex/hippocampus was markedly reduced and activation of glial cells (microglia, 

astrocytes) and neuroinflammatory markers were attenuated. Mechanistically, MICU3 over-

expression rescued mitochondrial dysfunction: it reduced oxidative stress, restored mitochondrial 

membrane potential, elevated ATP production and mitochondrial DNA copy number and improved 

overall mitochondrial morphology. In vitro experiments further revealed that the protective effects of 

MICU3 (on neurons, glia, oxidative stress) required PINK1, as knockdown of PINK1 abolished 
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MICU3’s benefits; co-immunoprecipitation confirmed a MICU3-PINK1 interaction. Thus, the 

MICU3-PINK1 axis appears central to preserving mitochondrial homeostasis, limiting Aβ-driven 

neurovascular and neuroinflammatory damage [221]. 

In PD, mitochondrial complex I deficiency and mutations in genes regulating mitochondrial quality 

control, including PINK1 and Parkin, lead to accumulation of depolarized mitochondria and elevated 

mtROS production. This triggers microglial activation and chronic inflammation within substantia 

nigra. Furthermore, Parkin has been also found to regulate the activation of the inflammasome 

NLRP3 [222]. Consistently, Parkin loss determines microglial NLRP3 accumulation and neuronal 

damage and loss. In line with this evidence, a recent study demonstrated that the cytosolic DNA 

sensor cGAS, through activation of the cGAS–STING pathway in microglia, amplifies 

neuroinflammation and dopaminergic neurodegeneration in neurotoxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced models of PD, highlighting this axis as a potential therapeutic 

target [223]. For what concern PINK1-dependent mitophagy in astrocytes, HK2 is a critical regulator 

[224]. Astrocytes exhibit more rapid and broadly-distributed mitophagy upon mitochondrial damage 

compared to neurons, as indicated by faster Parkin translocation and phosphorylated ubiquitin 

formation. HK2 is highly expressed in astrocytes and following mitochondrial stress a glucose-

dependent complex forms between HK2 and PINK1. Knockdown of HK2 or disruption of its 

mitochondrial localization strongly impairs PINK1 stabilization, ubiquitin phosphorylation and 

subsequent mitolysosome formation. Importantly, when astrocytes are exposed to inflammatory 

stimuli (e.g., TNF-α/IL-1α/C1q), the HK2–PINK1 axis becomes up-regulated, enhancing mitophagy 

and reducing neurotoxic outcomes in neuron–astrocyte co-culture models and in vivo. Loss of HK2 

or PINK1 markedly increases neuronal death in the inflammatory context [224]. 

Given that mitochondria are source of mtDAMPs, it is plausible that mtDNA released from stressed 

or degenerating dopaminergic neurons contributes to the activation of the cGAS–STING pathway in 

microglia, thereby linking mitochondrial dysfunction with innate immune activation and 

neurodegeneration in PD. Both genetic ablation and pharmacological inhibition of cGAS conferred 

neuroprotection by suppressing antiviral inflammatory signaling, highlighting cGAS as a potential 

therapeutic target in PD [223]. Similarly, pharmacological inhibition of the STING pathway or 

restoration of mitophagy has been shown to ameliorate neuroinflammation and neuronal death in 

preclinical models of PD [225], highlighting the therapeutic potential of targeting mitochondria-

mediated inflammation.  

Direct mitochondrial delivery in mice was able to attenuate PD progression, with biodistribution 

analyses revealing that transplanted organelles can reach not only the brain but also peripheral tissues 

including liver, kidney, muscle and heart [226]. Beyond direct injection, intercellular transfer of 

mitochondria has emerged as an additional mechanism of protection. Scheiblich and colleagues 

demonstrated that microglia are capable of exchanging mitochondria through tunneling nanotubes, a 

process that concurrently reduces intracellular α-synuclein aggregates and dampens inflammatory 

responses [214]. Eo et al. reported that intravenous administration of mitochondria derived from 

MSCs protected dopaminergic neurons in a PD mouse model, while also decreasing microglial 

activation and pro-inflammatory cytokine release in the striatum, ultimately translating into improved 

behavioral outcomes [227]. Similarly, Jain et al. explored the use of exercise-induced liver 

mitochondria, highlighting that these organelles display enhanced respiratory activity compared to 

sedentary counterparts [228]. When transplanted into PD mice, exercise-primed mitochondria 

provided superior protection against dopaminergic neurodegeneration, with F-actin-dependent uptake 

mechanisms identified as critical for their incorporation into recipient cells [228]. Together, these 
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findings suggest that mitochondrial transplantation and transfer strategies represent a rapidly evolving 

frontier in the search for disease-modifying therapies in AD, PD and related neurodegenerative 

conditions. 

ALS is another neurodegenerative disorder characterized by prominent mitochondrial abnormalities 

and neuroinflammation. In motor neurons from ALS patients and mouse models, mitochondrial 

fragmentation, reduced ATP production, and increased oxidative stress are common features. 

Mislocalized TDP-43 and mutant SOD1, hallmarks of ALS pathology [229], have been shown to 

accumulate at mitochondria, interfering with their function [230] and promoting NLRP3 

inflammasome activation in glial cells [231]. This interplay leads to the release of IL-1β and IL-6, 

reinforcing a feedforward loop of neuroinflammation and neurodegeneration.  

Given the central role of mitochondrial dysfunction in ALS, recent evidence indicates that impaired 

mitophagy may contribute significantly to disease progression by allowing the accumulation of 

damaged mitochondria, thereby enhancing oxidative stress, energy failure, and inflammation [232]. 

Emerging evidence further implicates impaired autophagy in ALS pathogenesis. Autophagosome 

accumulation and inefficient cargo degradation are consistently detected in patient tissues, suggesting 

defective autophagic flux [233,234]. Familial ALS models expressing mutant SOD1 exhibit 

autophagy impairment due to aberrant interaction with BECN1, a key regulator of autophagosome 

formation [235]. Moreover, mutations in SQSTM1/p62, a selective autophagy receptor, have been 

identified in ALS patients and may contribute to disease susceptibility and onset [236]. Functional 

studies confirm that disruption of autophagy-related genes exacerbates motor neuron degeneration: 

the conditional deletion of Atg5 or Atg7 in motor neurons results in pathological protein aggregation 

and progressive motor dysfunction [237,238]. 

In MS, a demyelinating disorder with both autoimmune and neurodegenerative components, 

mitochondrial dysfunction contributes significantly to neuroaxonal injury. Oxidative stress generated 

by dysfunctional mitochondria exacerbates demyelination and impairs axonal transport. Recent 

findings reveal that inflammatory conditions impair oligodendrocyte differentiation by disrupting 

mitochondrial function, including altered mitochondrial Ca2+-uptake, reduced membrane potential, 

decreased complex I activity and elevated ROS levels. This mitochondrial dysfunction, along with 

AMPK activation, contributes to a metabolic reprogramming that stalls oligodendrocytes in an 

undifferentiated state, suggesting that inflammatory cytokines may hinder remyelination in MS 

through mitochondrial and metabolic dysregulation [239]. Moreover, mtDNA levels are elevated in 

the cerebrospinal fluid of MS patients and correlate with disease severity [240], further supporting a 

role for mitochondria-induced inflammation. Elevated levels of markers related to mitochondrial 

functioning (mainly mitophagy process) in the cerebrospinal fluid and serum of MS patients have 

been observed, suggesting a persistent activation of these degradative pathways in response to 

mitochondrial stress [241,242]. This altered autophagic response may initially act as a compensatory 

mechanism; however, its chronic dysregulation ultimately impairs mitochondrial clearance and 

exacerbates neuroinflammation. Supporting this view, recent in vitro studies and animal models of 

MS have demonstrated that enhanced mitophagy is associated with demyelination and inflammatory 

processes [216]. Interestingly, the same study revealed that antipsychotic drugs, frequently prescribed 

off-label to MS patients for symptom management, may inhibit autophagy and mitophagy both in 

vitro and in vivo, exacerbating mitochondrial dysfunction and inflammation [241]. Other evidence 

confirms that impaired mitophagy plays a central role in MS. One of the key regulators of this process 

is CLEC16A, a gene previously linked to autoimmune susceptibility. In-depth genetic and 

neuropathological studies have revealed that specific CLEC16A polymorphisms are significantly 
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associated with increased MS risk [243,244] and with the presence of chronic active lesions in the 

central nervous system, pointing to its involvement in sustaining inflammatory activity and lesion 

progression. A recent work further investigates the specific role of CLEC16A. Astrocyte-specific loss 

of CLEC16A exacerbates neuroinflammation and demyelination in an MS mouse model and 

corresponds with mitophagic deficits in human MS plaques, highlighting CLEC16A as a novel 

therapeutic target [245]. 

 

Inflammation and mitochondria in gastric-colon diseases  

Disruption of intestinal epithelial cell (IEC) homeostasis is a hallmark of inflammatory bowel 

diseases (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD) and colorectal cancer 

(CRC) [246]. IBD pathogenesis is multifactorial, involving genetic predisposition, immune 

dysregulation, environmental influences, and alterations in the gut microbiome [247]. These 

interplaying factors contribute to chronic immune activation, predominantly involving CD4+ T cells, 

macrophages and neutrophils, which perpetuates tissue damage and barrier dysfunction [248]. A 

growing body of literature has positioned mitochondrial dysfunction as a central contributor to both 

IBD pathogenesis and the development of colitis-associated CRC. Mitochondria are essential for 

maintaining intestinal barrier integrity, regulating immune responses, and fueling the high metabolic 

demands of epithelial renewal. Their impairment initiates a cascade of events, ranging from 

bioenergetic failure and ROS overproduction to the release of pro-inflammatory mtDAMPs, that 

drive mucosal inflammation and epithelial damage [249] (Figure 3).  

Metabolomic analyses of inflamed IBD tissues reveal disturbances in core mitochondrial pathways, 

including fatty acid β-oxidation, TCA cycle activity and amino acid metabolism [250]. 

Transcriptomic profiling in pediatric UC shows significant downregulation of genes encoding 

mitochondrial components, including all 13 mtDNA-encoded subunits of the OXPHOS system 

[251,252]. Notably, CD patients with milder disease and protective genotypes display enhanced 

mitochondrial gene expression signatures [253], suggesting that mitochondrial competence may 

modulate disease severity. Proteomic studies corroborate these findings, reporting decreased levels 

of proteins involved in mitochondrial energetics, ETC function, redox balance and stress response 

pathways in IBD mucosa [254,255] (Figure 3). Ultrastructural analyses consistently demonstrate 

mitochondrial abnormalities, including swollen organelles, disrupted cristae and altered fission-

fusion dynamics in IECs of IBD patients [256–258]. Pharmacologic inhibition of mitochondrial 

fission, using P110, reduces inflammation and preserves epithelial structure in murine colitis [259]. 

Genetic studies further support the role of mitochondria in IBD. Approximately 5% of genes proximal 

to IBD-associated loci are linked to mitochondrial processes, such as iron metabolism, ROS 

regulation, protein ubiquitination and mtUPR [260,261]. Variants in mitophagy-related genes, like 

ATG16L1, IRGM and LRRK2, impair mitochondrial quality control, resulting in accumulation of 

dysfunctional mitochondria and excessive mtROS production [262–264]. The mtROS regulation is 

particularly relevant in IBD. While low levels of ROS maintain intestinal stem cell (ISC) function 

and antimicrobial responses [265,266], excessive ROS disrupt barrier function, induce IEC apoptosis, 

and perpetuate mucosal inflammation [267,268]. 

Direct evidence for mitochondrial dysfunction as a driver rather than consequence of intestinal 

inflammation comes from mouse models with IEC-specific deletions of key mitochondrial genes. 

Loss of Prohibitin-1 (Phb1), a mitochondrial membrane protein, induces crypt apoptosis, Paneth cell 

loss and spontaneous ileitis, which may be reversed by ROS scavenging [269]. Reduced STARD7 

expression, a phosphatidylcholine transfer protein, in ulcerative colitis impairs mitochondrial 
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function, decreased tight junction protein levels compromising barrier integrity. This could be 

restored by AMPK activation [270]. Similar phenotypes are observed with deletion of autophagy 

genes Atg16l1, Atg5 or Atg7, which impair mitophagy and lead to accumulation of damaged 

mitochondria, impaired energy metabolism, crypt cell loss and heightened sensitivity to colitis [271]. 

Defective autophagy in intestinal antigen-presenting cells and epithelial cells resulted in mtROS 

production and inflammasome activation, enhancing intestinal inflammation, T helper 17 cell 

responses and susceptibility to DSS-induced colitis [272] [273]. Although the release of same 

cytokines, NLRP3 may also participate in epithelial regeneration in specific contexts, suggesting that 

the inflammasome, in gastro-intestinal apparatus, may have dual and controversial roles [274].  

Pro-inflammatory cytokine TNF and IL-1β, upregulated in IBD, target mitochondria to inhibit ETC 

complex I and increase mtROS production in intestinal cell culture models [275,276]. Anti-TNF 

therapy, a breakthrough in IBD, has demonstrated protective effects against mitochondrial 

dysfunction in various tissues, including the intestine [277,278], suggesting that its benefits extend 

beyond immunomodulation to preservation of mitochondrial health [277]. 

Alternative mitochondrial-based therapies are emerging, such as MitoQ and MitoTEMPO, 

mitochondrially-antioxidants that attenuate experimental colitis and preserving epithelial integrity by 

scavenging mtROS, while VBIT-12, interacting with VDAC, prevents VDAC-oligomerization and 

subsequent mtDAMPs release [260,279,280]. Some agents have progressed to clinical trials for UC 

(NCT04276740, NCT05539625), highlighting the translational relevance of modulating 

mitochondrial redox balance to prevent the mitochondrial membrane permeabilization. Koumine, a 

natural anti-inflammatory alkaloid, acts in the context of intestinal inflammation induced by Citrinin 

(CTN), a mycotoxin. CTN exposure in mice and intestinal epithelial cells triggers activation of the 

IP3R1–GRP75–VDAC1 ER-mitochondria tethering complex, leading to mitochondrial Ca2+ 

overload, increased mtROS and subsequent pyroptosis (inflammatory programmed cell-death) of 

intestinal epithelial cells. Treatment with Koumine significantly attenuated CTN-induced intestinal 

damage. Mechanistically, it down-regulated the expression or activation of the IP3R1–GRP75–

VDAC1 complex, thereby decreasing mitochondrial Ca2+ uptake [281]. 

The transcriptional coactivator PGC-1α plays a pivotal role in regulating mitochondrial biogenesis 

and antioxidant defenses. Its expression is markedly reduced in both IBD patients and mouse models, 

correlating with reduced mitochondrial mass, elevated mtROS and impaired energy production 

[282,283]. Therapeutic strategies to enhance PGC-1α activity, such as the use of rosiglitazone, 

improve mitochondrial function and suppress colitis [284]. Conventional IBD therapies, such as 

mesalamine, may also exert mitochondrial effects, including ROS scavenging and PGC1 activation 

[285]. Phytochemicals, like oleuropein, activate the NRF2/HO-1 pathway, reducing inflammation 

and oxidative stress in experimental colitis [286], and NRF2-deficient mice exhibit severe disease, 

further supporting NRF2 as a mitochondrial stress-responsive pathway with therapeutic value [287].  

Perturbations in NAD⁺ metabolism further link mitochondrial health to IBD pathogenesis. NAD+ 

depletion in IBD impairs mitochondrial biogenesis through downregulation of the SIRT1-PGC1 

axis, exacerbating epithelial dysfunction [252,288]. Supplementation with NAD+ precursors, such as 

nicotinamide riboside, restored mitochondrial function and ameliorated colitis in preclinical models 

[252]. However, the effects of NAD+ are cell-type dependent: while epithelial cells benefit from 

NAD+ restoration, reduced NAD+ levels in immune cells may dampen inflammation by altering T 

cell polarization [289]. These observations emphasize the need for targeted approaches that consider 

the cellular context of NAD+ modulation. 
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Paneth cells and goblet cells, specialized IECs with high metabolic demands, are particularly 

vulnerable to mitochondrial damage. This leads to defective antimicrobial peptide secretion, which 

compromises the mucosal protection and predispose to microbial translocation, sustaining the 

inflammation [290]. In CD, Paneth cell mitochondrial abnormalities, including swelling and cristae 

disruption, correlate with disease severity and recurrence risk [291,292]. 

Mitochondrial dysfunction also reshapes cellular metabolism in the inflamed gut. IECs undergoing 

inflammation switch from oxidative phosphorylation to glycolysis, increasing oxygen levels in the 

lumen and favoring the expansion of facultative anaerobes, such as Enterobacteriaceae, which are 

implicated in dysbiosis [293,294]. In parallel, microbial products (e.g., hydrogen sulfide and nitric 

oxide) inhibit mitochondrial respiration; while the decline in butyrate-producing bacteria, and thus in 

short-chain fatty acid availability, deprives colonocytes of their primary energy source, further 

destabilizing mitochondrial metabolism [295,296]. 

Beyond inflammation, mitochondrial impairment contributes to the oncogenic transformation of the 

intestinal epithelium. CRC commonly develops through genetic mutations along two principal 

pathways: the APC-KRAS-p53 pathway or the BRAF-MLH1 hypermethylation and microsatellite 

instability pathway. IBD is a known risk factor for CRC, with disease duration, severity, and extent 

contributing to cancer development [297,298]. In CRC tissues, mitophagy regulators are 

downregulated resulting dysfunctional mitochondria accumulation, excessive ROS, cytokine release 

and tumor-promoting inflammation [299,300]. TRAP1, a mitochondrial chaperone, is upregulated 

during UC-associated CRC progression, driving tumorigenesis via mitochondrial fragmentation and 

enhanced glycolysis [301,302] (Figure 3). Additionally, elevated levels of circulating and fecal 

mtDNA have been found in active UC and CD patients, suggesting that mitochondrial stress markers 

could be a potential biomarkers for disease monitoring and CRC risk stratification [303].  

Mitochondrial dysfunction is not limited to IBD but also contributes to gastrointestinal motility 

disorders. In mitochondrial neurogastrointestinal encephalomyopathy, systemic mitochondrial 

defects result in chronic intestinal pseudo-obstruction through smooth muscle atrophy, cytochrome c 

oxidase deficiency, and mtDNA depletion [304–306]. Interstitial cells of Cajal, essential for gut 

motility, are likewise affected due to their high mitochondrial requirements [307]. Interestingly, 

mtDNA polymorphisms have been associated with functional disorders such as irritable bowel 

syndrome (IBS), suggesting that mitochondrial vulnerability spans rare monogenic syndromes and 

common multifactorial conditions [308]. 

Collectively, this extensive body of evidence highlights mitochondrial dysfunction as both a key 

pathogenic mechanism and a promising therapeutic target in IBD and CRC. From genetic 

susceptibility and epithelial damage to dysbiosis and cancer evolution, mitochondria emerge as 

central regulators of intestinal health. Future research should aim to delineate cell-specific 

mitochondrial roles, develop reliable biomarkers of mitochondrial stress, and optimize mitochondria-

targeted interventions for clinical application (Figure 4) (MARVEL trials: NCT04276740, 

NCT05539625) [252,284]. Tailoring these approaches to individual patient profiles, potentially 

through biomarker-guided trials like MUSIC (NCT04760964), could revolutionize treatment 

paradigms in gastrointestinal inflammatory and neoplastic diseases. 

 

Inflammation and mitochondria in cardiovascular diseases 

Etiologically, the cardiovascular diseases (CVDs) for which the role of inflammation is predominant 

are myocarditis, pericarditis and endocarditis. There, inflammation of the heart muscle, of the sac 

surrounding the heart or of the heart valves respectively, may lead to damage and weaken the heart’s 
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ability to pump blood effectively [309]. However, inflammation can be a direct driver of several other 

diseases by accomplishing the progression of atherosclerosis, a process (and a pathology) which 

entails plaque buildup, largely composed of lipids that trigger a chronic inflammatory response [310]. 

The significant contribution of inflammation it has also been reported in some types of 

cardiomyopathies and to peripheral artery diseases [311]. One important point of contact between 

inflammation and cardiovascular pathology is the mitochondrion; on one hand, its activity contributes 

to cardiac contraction, on the other hand, an organelle whose activity can produce and release several 

biomolecules which activate mitochondria-mediated inflammatory pathways [312]. Also here, Ca2+ 

covers an important role, its alteration in the mitochondrial matrix triggers the release mtDAMPs into 

the cytosol or in the extracellular milieu amplifying inflammation [313]. 

Chronic inflammation of the heart muscle is mainly due to infectious and immune-mediated causes. 

Prevalence and incidence vary widely depending on population and diagnostic criteria with an 

estimated incidence of 10-20 cases per 100.000 people [314]. Myocarditis has become a widely 

discussed topic in the literature since the onset of the SARS-CoV-2 pandemic in 2020, due to its 

suspected association with the virus [315]. One of the most recent studies investigated the effects of 

viral infection on mitochondria and inflammation using a 3D organ-on-a-chip model [316]. This 

platform allowed researchers to simultaneously examine the interactions between cardiomyocytes, 

endothelial cells, and peripheral blood mononuclear cells (PBMCs). Following viral exposure in the 

presence of PBMCs, the authors observed a marked increase in inflammation, which led to cardiac 

dysfunction. Mitochondria appeared reduced in number, showed increased vacuolization and were 

associated with elevated levels of circulating cell-free mtDNA, presumably released by endothelial 

cells. This was accompanied by diminished intracellular Ca2+ transients, potentially contributing to 

impaired cardiac contractility [316]. The study also demonstrated that EVs derived from quiescent 

human endothelial cells, when administered along with PBMCs in the same model, reduced cytokine 

release and restored Ca2+ transients to normal levels. A concurrent reduction in mtDNA trafficking 

was also observed. Although the authors did not establish a direct link between mtDNA release, EV 

cargo and function, they attributed mitochondrial dysfunction to inflammation, in which cytokines 

triggered ROS production, increased mtDNA release, and cell death [316]. 

Similar disruptions in Ca2+ transients were observed in an in vivo model of viral myocarditis using a 

transgenic mouse strain containing the coxsackievirus B3 genome [317], as well as in a model of 

endotoxemia-mediated myocarditis [318], both showing delayed kinetics and impaired sarcomere 

relaxation. 

Atherosclerosis is recognized as a chronic inflammatory condition characterized by the accumulation 

of lipids and is widely regarded as the leading cause of CVDs. The onset of atherosclerosis is 

associated with abnormal lipid levels in the blood, particularly elevated cholesterol [319]. However, 

its precise triggering mechanisms are complex and likely involve multiple, not yet fully understood, 

factors. Inflammation also plays a critical role in the progression of atherosclerosis [311], and this is 

at least partly linked to mitochondrial Ca2+ dysregulation and activation of the inflammasome. 

Recently, the Journal of Clinical Investigation reported a gene expression study conducted in human 

endothelial cells with depleted MICU1 levels. The study revealed a significant upregulation of genes 

involved in inflammation-related pathways, including TNF, TLR, NOD-like receptor and JAK-

STAT signaling. Additionally, cytokines and chemokines were found at increased levels following 

MICU1 suppression. These in silico findings were validated in both in vitro and in vivo models, where 

MICU1-silenced tissues showed increased expression of VCAM1, IL-6, and TNFα after LPS 

treatment compared to controls with normal MICU1 expression [320]. 
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MICU1 functions as a gatekeeper of mitochondrial Ca2+ levels and influences ROS production 

through the downregulation of SIRT3 [320]. This, in turn, affects the acetylation status of SOD2, 

which increases, leading to a reduced function of this key scavenger enzyme. Overall, the data suggest 

that MICU1 plays a protective role in endothelial cells by preventing mitochondrial Ca2+ overload 

and suppressing basal inflammatory signaling. Its proper function contributes to the mitigation of 

atherosclerosis progression [320]. 

The inhibition of NLRP3 inflammasome has also shown protective effects against atherosclerosis. 

For instance, treatment with MCC950 significantly reduces atherosclerotic lesions in preclinical 

models [321]. An upstream event in inflammasome activation is mediated by mitochondrial Ca2+, 

which is released from ER following the dissociation of hexokinase 2 (HK2) from VDAC. This Ca2+ 

overload promotes VDAC oligomerization, enabling the release of small mtDNA fragments that 

active NLRP3, driving inflammation [322]. However, the specific stimuli that cause HK2 to 

dissociate from OMM remain to be clarified. 

The ER-mitochondria interface, typically characterized by the interaction between IP3Rs and VDAC 

proteins to favor the inter-organelle Ca2+ exchange, has also been studied in the context of 

hyperhomocysteinemia, a known cardiovascular risk factor [323]. Hyperhomocysteinemia promotes 

pyroptosis and contributes to plaque formation during atherosclerosis. Elevated levels of circulating 

homocysteine induce ER stress and enhance ER-mitochondria contact sites, facilitating rapid Ca2+ 

transfer to mitochondria in macrophages. As a result, mitochondrial ROS production and mtDNA 

release are increased, ultimately leading to macrophage pyroptosis and amplified inflammation [323] 

(Figure 3). Furthermore, modulation of macrophage Ca2+ dynamics has been observed with a ketone 

body-enriched diet, which improves vascular health by maintaining mitochondrial integrity and 

controlling inflammation. Activation of the GPR109A receptor significantly increases intracellular 

Ca2+ and stabilizes ER-mitochondria Ca2+ flux, preventing mitochondrial Ca2+ overload. This, in turn, 

limits NLRP3 inflammasome activation, reduces pro-inflammatory M1 macrophage polarization, 

enhances cholesterol efflux, and ultimately diminishes lesion formation in ApoE⁻/⁻ mice [324]. 

While increased mitochondrial Ca2+ uptake is typically associated with the initiation of NLRP3-

mediated inflammation, a study by Coon B. and colleagues highlighted a protective role for this 

process [325]. Specifically, they demonstrated that enhanced mitochondrial Ca2+-uptake, induced by 

high laminar shear stress and ROS generation, triggers mitophagy which activates the MEKK-MEK5-

ERK5 signaling pathway and promotes KLF2 expression. KLF2 is known for its anti-inflammatory 

properties and vascular protective effects. Conversely, inhibition of mitochondrial Ca2+ uptake, via 

MCU, impaired KLF2 expression and contributed to disease progression [325]. 

Extracellular ATP is also recognized as a trigger of inflammation and atherosclerosis [326]. In THP-

1-derived macrophages, researchers investigated the role of ATP in activating inflammatory 

responses via the Transient Receptor Potential Ankyrin 1 (TRPA1) channel. Their findings showed 

that ATP stimulation significantly increased TRPA1 expression and activity, leading to elevated 

intracellular Ca2+ influx. This Ca2+ signaling cascade activated oxidative stress pathways and 

upregulated the expression of key pro-inflammatory cytokines, including IL-1β and TNF-α, thereby 

exacerbating vascular inflammation and promoting plaque instability [327]. 

Ischemia-reperfusion (I/R) injury occurs when blood supply returns to the heart after a period of 

ischemia, paradoxically causing additional tissue damage. A central mechanism of this injury 

involves Ca2+ dysregulation. During ischemia, intracellular Ca2+ accumulates due to impaired ATP-

dependent pumps and altered ion exchange. Upon reperfusion, the sudden influx of oxygen and 

restoration of pH exacerbate Ca2+ overload, especially within mitochondria [328,329]. This excessive 
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mitochondrial Ca2+-uptake can trigger mPTP opening, leading to mitochondrial depolarization, ATP 

depletion, swelling and release of pro-apoptotic factors culminating in cell death [330,331] (Figure 

3). This also has implications for inflammation. One of the mechanistic insights has been proposed 

few months ago in a rat model of I/R injury, where RNA-seq analysis on tissues revealed the 

overexpression of MICU3. It was found to interact with VDAC1, enhancing ER-mitochondria Ca2+ 

flux, as a result of transcriptional changes induced by circulating lactate during I/R and in charge of 

neutrophils population, promoting mitochondrial Ca2+ overload and inflammation [332]. Similar 

findings about mitochondrial Ca2+ contribution in inflammation were observed following the 

overexpression of Piezo1 in I/R. Increased Piezo1 expression led to enhanced extracellular Ca2+ 

influx in cardiomyocytes, triggering calpain activation and mitochondrial damage. This cascade 

resulted in elevated ROS production and inflammation [333]. 

The maintenance of proper cristae architecture is essential for mitochondrial function, including its 

role in mitochondria-mediated inflammatory pathways. Mitofilin, a key component of IMM, has been 

identified as critical in preserving cristae structure [334]; in fact, complete knockout of Mitofilin in 

vivo is lethal. Its depletion has been studied in an in vivo model of I/R, where it was found to cause 

mitochondrial fragmentation and increased sensitivity to mPTP opening, following mitochondrial 

Ca2+ overload. This led to excessive ROS production and mtDNA release into the cytosol during 

reperfusion, responsible for exacerbating the inflammatory response [335]. 

Cardiomyopathies (CM) are a group of diseases leading to impaired cardiac function and potentially 

life-threatening complications. They are classified into several main types characterized by different 

macroscopic maladaptive remodeling of the heart. Causes can be genetic or acquired, including viral 

infections, metabolic disorders, alcohol abuse and chronic diseases. Three major studies suggested a 

role for mitochondrial Ca2+ in inflammation-mediated disease progression with direct and indirect 

evidence. 

Direct evidence comes from a pair of studies highlighting the loss of expression and function of 

MICU1 and MICU2 in experimental cardiomyopathy’s models. Both proteins are key regulators of 

mitochondrial Ca2+-uptake, playing crucial roles in both physiological and pathological contexts. In 

the first model represented by diabetic cardiomyocytes, MICU1 expression is downregulated, leading 

to mitochondrial Ca2+ imbalance. This dysregulation contributes to cardiomyocyte apoptosis and the 

progression of diabetic cardiomyopathy. In the same model, MICU1 deficiency has also been 

observed in endothelial cells, where it results in unregulated Ca2+ influx into mitochondria, triggering 

mitochondrial dysfunction, increased nitrosative stress and nitrosation-induced inflammation [336]. 

MICU2, in cooperation with MICU1, helps prevent mitochondrial Ca2+ overload under resting 

conditions while enabling appropriate Ca2+-uptake during cellular stimulation. The second study 

demonstrated also MICU2 deficiency, resulting in excessive mitochondrial Ca2+ accumulation. This 

leads to a harmful cascade including elevated ROS production and mPTP opening. Crucially, MICU2 

loss was linked to the activation of inflammatory pathways. The elevated mitochondrial Ca2+ 

triggered the release of mtDNA and ROS, both potent activators of NLRP3 inflammasome. 

Functionally, MICU2-deficient models displayed impaired cardiovascular homeostasis, characterized 

by compromised cardiac contractility and structural abnormalities. These findings emphasize the 

critical role of MICU2 in regulating mitochondrial Ca2+ flux and in protecting the heart from 

inflammation-induced damage [337]. 

Indirect evidence comes from an in vivo model studying a C452F missense mutation in Drp1protein 

which is strongly linked to a form of monogenic dilated cardiomyopathy. This mutation enhances 

Drp1’s GTPase activity but impairs its ability to disassemble oligomers, leaving them permanently 
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assembled. Consequently, mitophagy is impaired, leading to the accumulation of dysfunctional 

mitochondria [338]. These damaged mitochondria become depolarized and lose their ability to 

effectively buffer Ca2+ in the cytosol. Experimental data show reduced mitochondrial Ca2+-uptake, 

which in turn diminishes the activation of oxidative phosphorylation and compromises ATP 

production. The buildup of defective mitochondria initiates a sterile inflammatory response in the 

heart. Activation of innate immune pathways including inflammasomes, TLR9, STING, and MAVS 

leads to sustained pro-inflammatory signaling. Over time, the failure of mitophagy and persistent 

inflammation result in dilated CM, as observed in the Python mouse model. Inflammation further 

disrupts Ca2+ handling and contributes to energy failure [338]. 

Cardiometabolic diseases like obesity and type 2 diabetes mellitus (T2DM) are increasingly 

recognized not only as metabolic disorders but also as chronic inflammatory conditions. The term 

metaflammation has been coined to describe the persistent, low-grade inflammation that accompanies 

metabolic overload and insulin resistance. This inflammatory state is distinct from acute immune 

activation seen in infection; rather, it is subtle, chronic, and sterile in nature, sustained by endogenous 

danger signals derived from metabolic stress. Mitochondria lie at the heart of this process, acting as 

both metabolic regulators and key orchestrators of innate immune responses. In conditions of nutrient 

excess, as seen in obesity and insulin resistance, mitochondria become overloaded with substrates 

such as glucose and free fatty acids. This excess drives an increase in mitochondrial membrane 

potential and electron leak, resulting in enhanced ROS generation. Sustained oxidative stress damages 

mitochondrial proteins, lipids and DNA, impairing their function and creating a self-perpetuating 

cycle of dysfunction. The accumulation of damaged mitochondria acts as danger patterns capable of 

activating innate immune sensors such as the cGAS–STING pathway, TLR9 and the NLRP3 

inflammasome [339–342]. Tissues suffering from that are the adipose one, the liver, the endothelium 

and the heart of course. Thus, mitochondrial dysfunction becomes a molecular bridge linking nutrient 

excess to inflammation and metabolic dysregulation. 

Considering the importance of these findings, researches started to explore promising therapeutic 

approaches to mitigate vascular inflammation associated with CVDs, as mitochondrial 

transplantation (MTx) [343,344]. These studies which we briefly report below, maybe can overcome 

past failures in targeting mitochondria [345] and collectively are demonstrating that MTx offers 

significant cardioprotection when applied in models of I/R injury. Injection of isolated mitochondria 

during early reperfusion was shown to reduce infarct size (IS) by approximately 35-40%, to restore 

mitochondrial respiration and ATP production by 20-25%, and decrease ROS by roughly 30%. This 

reduction in oxidative stress was accompanied by improved contractile recovery, with left ventricular 

ejection fraction (LVEF) increasing by 15-20% compared to untreated controls [346–348]. 

Importantly, transplantation of autologously derived mitochondria has been tested to be a safe and 

effective approach to rescue ischemic myocardium. This treatment decreased cardiomyocyte 

apoptosis by up to 40%, reduced IS by 30-35% and enhanced myocardial contractility, reflected in 

an 18% increase in fractional shortening. Improvements in mitochondrial membrane potential and 

Ca2+ handling were also observed, indicating an impact on cellular metabolism in damaged 

cardiomyocytes [347]. Different ways for MTx are available, such as the intracoronary delivery of 

mitochondria, that provide a minimally invasive method [349]. This approach facilitated 

mitochondrial uptake by cardiomyocytes, resulting in a 30% decrease in IS and about a 25% increase 

in myocardial ATP content. Cardiac output and stroke volume improvements were confirmed by 

echocardiographic measurements, showing enhanced systolic function following treatment [350]. In 

a larger animal model, specifically in pigs, has been obtained similar findings: autologous 
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mitochondrial transplantation during reperfusion reduced IS by 30-40% and increased myocardial 

ATP levels by approximately 20%. Additionally, this intervention attenuated inflammatory cytokines 

such as TNF-α and IL-6 by around 35%, suggesting a strong anti-inflammatory effect. Functional 

improvements in cardiac performance, including LVEF increases of 15-18%, were sustained for 

several weeks post-treatment [348]. 

The timing of mitochondrial delivery was also explored in the reported publications, with delayed 

transplantation several hours after reperfusion still providing cardioprotective benefits. Although the 

reductions in IS were somewhat smaller (20-25%), improvements in mitochondrial respiration, ATP 

production, oxidative stress reduction and microvascular perfusion were still significant, facilitating 

myocardial recovery [351]. Furthermore, preischemic intracoronary injection of autologous 

mitochondria served as a form of preconditioning, reducing IS and preserving cardiac contractile 

function as measured by stroke volume and cardiac output. This preconditioning was associated with 

increased mitochondrial biogenesis and antioxidant defense mechanisms, demonstrated by elevated 

expression of PGC-1α and superoxide dismutase enzymes in myocardial tissue [352]. 

MTx also protected against sepsis-induced myocardial dysfunction through multiple mechanisms: 

enhancing mitochondrial biogenesis, as evidenced by increased expression of PGC-1α and NRF1, 

regulating mitochondrial fission/fusion balance through Drp1 and MFN1/2 and dampening the 

inflammatory response in terms of TNF-α and IL-6 [353]. 

 

Conclusions 

Mitochondria and their components can exist in multiple forms, inside or outside the cell, membrane-

bound or free, often with complex and still unclear implications for human health. This review 

underscored the expanding recognition of mitochondria as central players in numerous diseases, 

where they act as key amplifiers of inflammation. Their multifaceted role in inflammation is driving 

the development of mitochondria-targeted interventions (Figure 4) [32,354]. These approaches aim 

to preserve mitochondrial bioenergetics and structural integrity in compromised cells, thereby 

mitigating inflammation and slowing disease progression. Among these, MitoQ is the most advanced 

compound, having entered clinical trials and raising hopes that its preclinical success will soon 

translate into clinical benefit. Recent studies have further revealed that mitochondria form dynamic 

micron-sized compartments capable of selective cargo incorporation and vesicle formation. 

Determining how and where these molecules are released, whether as whole mitochondria, 

fragmented components, or vesicle-packaged cargo, will be essential for understanding their 

physiological functions and clinical significance as biomarkers or therapeutic targets. Parallel 

progress is now unfolding in mitochondrial and MDV transplantation. Notably, mitochondrial 

transplantation is not constrained by phylogenetic barriers, suggesting broad therapeutic versatility 

and even potential applications in bioenhancement [355]. Although many questions remain regarding 

mitochondrial biology, mitochondria are increasingly recognized as central therapeutic targets. Once 

viewed merely as remnants of bacterial ancestry, they now stand at the forefront of biomedical 

research, representing a precise and promising avenue for intervention across a wide spectrum of 

human diseases. 

 

Figure 4. Mitochondria-targeted strategies for restoring cellular homeostasis and preventing 

inflammation. Overview of therapeutic approaches aimed at preserving or restoring mitochondrial 

integrity to counteract the release of mitochondrial damage-associated molecular patterns 

(mtDAMPs) and subsequent inflammatory responses. Mitochondrial transplantation and the use of 
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mitovesicles or mitochondrial-derived vesicles (MDVs) support mitochondrial physiology and 

inter-organelle communication. Mitochondrial antioxidants, such as MitoQ and MitoTEMPO, 

prevent ROS-dependent damage and inflammasome activation. Modulators of mitochondrial 

calcium (Ca²⁺) homeostasis protect against Ca²⁺ overload and dysfunction. Regulators of 

mitochondrial dynamics and biogenesis maintain structural and energetic balance, while mitophagy 

and the mitochondrial unfolded protein response ensure mitochondrial quality control. Finally, 

metabolic regulators such as NAD⁺ precursors enhance bioenergetics, reducing mitochondrial 

stress. Together, these strategies highlight potential therapeutic avenues for modulating 

mitochondrial function and inflammation. 

 

 

 

Future directions 

Future research should aim to define the precise mechanisms linking mitochondrial dysfunction and 

immune activation, particularly the spatiotemporal dynamics of mitochondrial Ca2+ flux, ROS 

production and mtDNA release. The heterogeneity of mitochondrial messengers requires 

standardized methods for their isolation, quantification and characterization to clarify their distinct 

roles in physiological and pathological contexts. Integrative multi-omics and advanced imaging 

technologies will be instrumental in mapping mitochondrial interactions with other organelles, 

immune receptors and metabolic networks.  

Many open questions remain to be elucidated: i) how do specific mitochondrial Ca²⁺ handling proteins 

interact with immune signaling pathways under physiological and pathological conditions? ii) Can 

precise modulation of mitochondrial Ca²⁺ flux restore immune balance without impairing essential 

metabolic functions? iii) What are the distinct biological effects of free versus vesicle-associated 

mtDNA and other mitochondrial DAMPs? iv) How do MDVs and mitovesicles mediate intercellular 

signaling in inflammation or tissue repair? v) How do variables such as age, sex and metabolic status 

affect mitochondrial biomarker profiles? vi) What patient-specific mitochondrial signatures could 

guide tailored therapeutic interventions? 

 

 

 

Abbreviations 

Aβ amyloid-β 

AD Alzheimer's disease 

ALS amyotrophic lateral sclerosis 

ARDS acute respiratory distress syndrome 

ATP adenosine triphosphate 

CaMK2  Ca2+/calmodulin-dependent protein kinase II 

CDKN2 Acyclin-dependent kinase inhibitor 2A 

CD Crohn’s disease 

CF cystic fibrosis 

cGAS cyclic GMP-AMP synthase 

COPD chronic obstructive pulmonary disease 

CRC colorectal cancer 

CS cigarette smoke 

CVDs cardiovascular diseases 
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DAMPs Damage-Associated Molecular Patterns 

DRP1 dynamin-related protein 1 

EMRE essential MCU regulator 

ER endoplasmic reticulum 

EVs extracellular vesicles 

HK2 hexokinase 2 

IBD inflammatory bowel diseases 

IEC intestinal epithelial cell 

IFNs interferons 

IMM inner mitochondrial membrane 

IPF idiopathic pulmonary fibrosis 

IS infarct size 

IRF3 interferon regulatory factor 3 

LVEF left ventricular ejection fraction 

MAVS Mitochondrial antiviral-signaling protein 

MCU mitochondrial Ca2+ uniporter 

MDVs mitochondria-derived vesicles 

MICUs mitochondrial Ca2+ uptake proteins 

mtDNA mitochondrial DNA 

MFN2 mitofusin-2 

mPTP mitochondrial permeability transition pore 

MPTP neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

mETC mitochondrial electron transport chain 

mtROS mitochondrial reactive oxygen species 

mtUPR mitochondrial unfolded protein response 

MTx mitochondrial transplantation 

MS multiple sclerosis 

MSCs mesenchymal stem cells 

NCLX Na⁺/Ca²⁺/Li⁺ exchanger 

NCX Na⁺/Ca²⁺ exchanger 

NLRs NOD-like Receptors 

NRFs nuclear respiratory factors 

OMM outer mitochondrial membrane 

OXPHOS oxidative phosphorylations 

PAMPs Pathogen-Associated Molecular Patterns 

PBMCs peripheral blood mononuclear cells 

PD Parkinson's disease 

PGC-1α proliferator-activated receptor-gamma coactivator 1-alpha 

Phb1 Prohibitin-1 

PRRs Pattern Recognition Receptors 

RLRs RIG-I-like receptors 

SASP senescence-associated secretory phenotype 

SDH succinate dehydrogenase 

SOD superoxide dismutase 

STING  stimulator of interferon genes 
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TAMs tumor-associated macrophages 

TCA tricarboxylic acid 

TLRs Toll-like Receptors 

TNFa Tumor Necrosis Factor 

TRPA1 Transient Receptor Potential Ankyrin 1 

UC ulcerative colitis 

VDAC Voltage-Dependent Anion Channel 
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