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Precisely targeting mitochondria to regulate macrophage fate has emerged as a critical therapeutic paradigm 
for managing inflammation-related pathologies. Mitochondria, while known for producing ATP, have been 
increasingly recognized for their critical involvement in immune cell differentiation and activation. As key 
innate immune effectors, macrophages dynamically adapt to microenvironmental cues through metabolic 
reprogramming and phenotype polarization, processes fundamentally controlled by mitochondrial 
homeostasis. Organelle-specific therapeutic advances now position mitochondria-targeted strategies as 
precision interventions with spatiotemporal advantages over conventional approaches. Crucially, these 
rationally designed systems demonstrate remarkable potential not only to direct macrophage differentiation 
toward anti-inflammatory phenotypes but also to reprogram the immune microenvironment concurrently, 
thereby achieving a breakthrough in precision medicine for inflammatory disorders. This review analyzes 
mitochondrial homeostasis mechanisms in pathophysiology, establishing design principles for targeted 
therapies. We classify emerging mitochondrial modulation approaches into indirect regulation and direct 
targeting, evaluating their impacts on macrophage plasticity and therapeutic efficacy. Critical translational 
challenges are examined, including single-cell-centric regulation, the complexity of mitochondrial interactions 
in macrophages, and the inefficiency of traditional trial-and-error strategies. The proposed artificial 
intelligence (AI)-driven methods such as deep learning-based material design, metabolic network modeling, 
and advanced small-molecule synthesis can accelerate the development of targeted mitochondrial therapies 
and enhance clinical feasibility. This synthesis aims to accelerate the development of mitochondrially 
engineered immunotherapies through rational design principles and standardized evaluation protocols.

Introduction

   As master regulators of immune homeostasis, macrophages exert 
critical regulatory functions spanning innate defense mechanisms 
to tissue repair processes through their remarkable phenotypic 
plasticity [  1 –  3 ]. They are active participants in all stages of the 
inflammatory process [  4 ]. The classical M1/M2 polarization 
paradigm, while oversimplified, remains instrumental in 
understanding these phagocytes’ dichotomous roles in disease 
progression—from perpetuating inflammatory cascades to orches-
trating resolution pathways [  5 ]. However, dysregulation of mac-
rophage fate frequently arises in diseases such as pneumonia, 
cardiovascular diseases, and inflammatory bowel disease, com-
promising therapeutic outcomes [  6 –  8 ]. Consequently, precise 
modulation of macrophages in disease contexts presents an urgent 
clinical imperative.

   Emerging evidence establishes mitochondrial homeostasis as 
the central rheostat governing macrophage fate determination, 

where organellar integrity directly dictates inflammatory com-
mitment versus reparative transformation [  9 –  11 ]. Mitochondria, 
as integral components of the respiratory chain, generate 
substantial adenosine triphosphate (ATP) through oxidative 
phosphorylation (OXPHOS), providing a continuous energy 
supply for cellular functions that is closely linked to macro-
phage polarization [ 11 –  13 ]. Structurally, mitochondria are 
double-membrane-bound organelles, where the outer mito-
chondrial membrane (OMM) and inner mitochondrial mem-
brane (IMM) compartmentalize the organelle into the matrix 
and intermembrane space [  14 ]. These membranes regulate ion 
and molecular trafficking via selective permeability and active 
transport mechanisms [  15 ]. Beyond energy production, mito-
chondria are pivotal in diverse processes, including quality con-
trol, mitochondrial reactive oxygen species (mtROS) generation, 
ion homeostasis, and mitochondria–endoplasmic reticulum 
(ER) interactions [  16 ]. Notably, mitochondria are semi-autono-
mous organelles harboring their own genome (mtDNA). While 
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mtDNA primarily encodes components of the mitochondrial 
electron transport chain (ETC), it also plays a critical role in 
modulating macrophage immune responses [  17 ]. For instance, 
mtDNA released into the cytosol under stress acts as a damage-
associated molecular pattern (DAMP), activating inflammatory 
pathways such as cGAS-STING and NLRP3 inflammasomes 
[  18 ]. Targeting mitochondrial pathways holds therapeutic poten-
tial for regulating macrophage fate, including polarization, func-
tional plasticity, and survival.

   The deepening understanding of mitochondria as signaling 
integrators in macrophage polarization has propelled mito-
chondrial medicine to the forefront of immunotherapy innova-
tion [  19 ,  20 ]. While mitochondria serve as the central signaling 
hub coordinating macrophage metabolism, epigenetics, and 
inflammatory responses, their double-membrane architecture 
presents unique pharmaceutical challenges [  21 ]. This makes 
precise mitochondrial targeting challenging. Given the critical 
role of mitochondria in regulating macrophages, reviewing 
strategies for targeted mitochondrial regulation is essential.

   This comprehensive review systematically examines the 
intricate relationship between mitochondrial homeostasis and 
macrophage immunobiology. We first elucidate the mechanistic 
underpinnings of mitochondrial homeostasis in governing 
macrophage functional plasticity and phenotypic determina-
tion. Subsequently, we present a critical taxonomy of mitochon-
drial regulatory strategies, categorizing current interventions 
according to their homeostatic modulatory mechanisms while 
providing an objective appraisal of their therapeutic merits and 
technical constraints. Building on this foundation, we critically 
evaluate emerging pharmacological and bioengineering inter-
ventions capable of precise mitochondrial targeting, with par-
ticular emphasis on their immune-metabolic reprogramming 
capabilities. Our analysis culminates in a rigorous assessment 
of current translational challenges and emerging opportunities 
in macrophage-centric mitochondrial therapeutics. We posit 
that mitochondrial-targeted immunomodulation represents 
a paradigm-shifting approach in cellular medicine, offering 
unprecedented opportunities for developing pathophysiol-
ogy-driven treatment modalities. This strategic intervention 
axis not only expands our therapeutic arsenal for complex 
disorders but also provides a robust conceptual framework 
for advancing precision medicine paradigms, ultimately pav-
ing the way for transformative developments in targeted 
immunotherapy (Fig.  1 ).           

Mitochondria: The Regulators  
of Macrophage Fate

   Mitochondria, ubiquitous double-membraned organelles found 
in nearly all eukaryotic cells, are hypothesized to have originated 
from an ancient endosymbiotic fusion between bacteria and 
proto-eukaryotic cells [  22 ]. Structurally, its dual membrane 
system—comprising an OMM and a highly folded IMM—
compartmentalizes distinct functional domains. The OMM 
contains transporter proteins such as voltage-dependent anion 
channel/porin (VDAC) as well as translocase of the outer mem-
brane channel, which facilitate the vital exchange of ions and 
proteins essential for mitochondrial homeostasis [  23 ]. Separated 
by the intermembrane space, the IMM embeds a sophisticated 
protein machinery, such as the ETC complexes and the mitochon-
drial calcium uniporter (MCU), which collectively underpin its 

multifaceted roles [  24 ,  25 ]. Functionally, our understanding of 
mitochondria has evolved from their traditional role as cellular 
“powerhouses” to dynamic hubs coordinating biosynthesis, sig-
naling, and metabolic regulation [  26 ]. This paradigm shift is 
driving the transition from mitochondrial medicine to mito-
chondria-centric precision medicine, emphasizing tailored inter-
ventions based on mitochondrial dynamics.  

Mitochondrial quality control
   Mitochondria operate within a multilayered quality control 
system to preserve cellular homeostasis [  27 ]. To sustain func-
tional mitochondrial networks and ensure uninterrupted 
aerobic energy production, cells must coordinate 3 tightly 
regulated processes: (a) recognition of irreversibly damaged 
mitochondria, (b) their targeted elimination via selective 
mitophagy, and (c) replenishment through mitochondrial 
biogenesis [  28 ]. Disruption of this quality control cycle not 
only impairs energy metabolism but also triggers cascading 
cellular pathologies, including calcium (Ca2+) dyshomeosta-
sis, dysregulated heme biosynthesis, oxidative stress from 
pathological mtROS overproduction, and activation of intrin-
sic apoptotic pathways.  

Mitochondrial membrane dynamics
   Mitochondria exhibit evolutionarily conserved structural plas-
ticity, characterized by dynamic changes in organellar morphol-
ogy, ranging from elongated networks to fragmented forms, 
and ultrastructural features such as cristae density and mem-
brane curvature. This adaptive remodeling, influenced by cell 
cycle phase, metabolic demands, and stress signals, forms the 
biological basis of mitochondrial dynamics, a homeostatic 
system regulated by 2 opposing processes: network integra-
tion via fusion and quality control through fission [  29 ]. The 
fusion machinery employs guanosine triphosphatase (GTPase)-
mediated membrane remodeling through stage-specific effec-
tors, mitofusins (MFN1/2), executing OMM fusion [  30 ,  31 ], 
followed by optic atrophy 1 (OPA1)-mediated IMM fusion 
[  32 ,  33 ]. This process enables content homogenization across 
the mitochondrial population, facilitating functional com-
plementation between organelles. Conversely, fission events 
directed by dynamin-related protein 1 (DRP1) involve its oligo-
merization at ER–mitochondria contact sites, culminating in 
membrane constriction and daughter organelle formation, 
thereby permitting selective segregation of damaged compo-
nents [  34 ,  35 ]. Cristae architecture, the IMM’s functionally 
specialized subdomain, undergoes activity-dependent topo-
logical reorganization mediated by OPA1 isoforms and MICOS 
complex proteins [  36 –  38 ]. These structural adaptations regulate 
respiratory efficiency through 3 key mechanisms: (a) optimiz-
ing supercomplex assembly in tightly folded cristae [  39 ], 
(b) sequestering cytochrome c within cristae junctions to pre-
vent premature apoptosis [  40 ], and (c) aligning ATP synthase 
dimers along cristae ridges for vectorial proton transport [  41 ]. 
Notably, mitochondrial ultrastructural plasticity directly dic-
tates macrophage polarization states [  42 ]. Pro-inflammatory M1 
macrophages exhibit fission-dominant fragmented networks 
with dilated cristae, correlating with glycolytic dependency. In 
contrast, reparative M2 counterparts maintain fusion-elongated 
mitochondria containing densely packed cristae that maximize 
OXPHOS efficiency. This bidirectional regulation establishes 
mitochondrial dynamics as a metabolic rheostat controlling 
macrophage functional commitment.   
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Mitophagy
   The autophagic system orchestrates selective clearance of dys-
functional mitochondria through lysosomal degradation, a con-
served quality control mechanism termed mitophagy [  43 ]. This 
process dynamically regulates mitochondrial homeostasis by 
balancing mitochondrial biogenesis with lysosomal degradation, 
thereby maintaining functional organelle populations [  44 ,  45 ]. 
Mitophagy execution is primarily mediated by OMM receptors 
including NIX/BNIP3L, BNIP3, and FUNDC1, which possess a 
conserved light chain 3 (LC3)-interacting region (LIR) motif that 

directly binds microtubule-associated protein LC3 on autopha-
gosomal membranes [  46 –  48 ]. In parallel, the PINK1–Parkin 
pathway serves as another critical regulatory axis for mitophagy 
initiation [  49 ,  50 ]. Mitochondrial depolarization triggers stabili-
zation of PINK1 on the outer membrane, which phosphorylates 
ubiquitin chains and recruits cytosolic Parkin E3 ligase [  51 ,  52 ]. 
This cascade culminates in extensive ubiquitination of mitochon-
drial substrates, facilitating ubiquitin-dependent recruitment of 
autophagic receptors that mediate LC3 binding and subsequent 
autophagosome encapsulation [  53 ].

Fig. 1. Indirect and direct strategies for targeting mitochondria to modulate macrophage fate. Four major mitochondrial-targeting materials of direct strategies endow 
targeting strategies with the ability to precisely regulate mitochondrial function. Indirect regulatory strategies influence macrophage polarization by restoring the balance of 
mitochondrial quality control, metabolism, mtROS, mitochondrial ion, and mtDNA (created with BioRender.com).
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   Mitophagy serves as a metabolic checkpoint governing mac-
rophage phenotypic commitment through mitochondrial qual-
ity control. During M1 polarization, activated mitophagy 
removes damaged mitochondria to support pro-inflammatory 
glycolysis [  54 ]. This clearance mechanism ensures optimal 
expression of glycolytic enzymes and sustains cytokine produc-
tion, with deficient macrophages showing impaired inflamma-
tion [ 44 ,  55 ]. Paradoxically, hyperglycemic conditions disrupt 
mitochondrial clearance machinery while paradoxically ampli-
fying M1 activation, suggesting glucose concentration-depen-
dent modulation of mitophagy’s immune-metabolic regulation 
[  56 ]. The bidirectional crosstalk between mitophagic flux and 
metabolic states ultimately dictates macrophage fate determina-
tion: Efficient mitochondrial turnover favors classical M2 
reparative differentiation, whereas defective mitophagy pro-
motes alternative M1 pro-inflammatory phenotypes through 
accumulated mitochondrial DAMPs [ 44 ,  57 ]. This regulatory 
axis positions mitophagy as a rheostat balancing immune acti-
vation resolution and metabolic homeostasis in macrophage 
biology.   

Mitochondrial biogenesis
   Mitochondrial biogenesis establishes cellular energetic capacity 
through coordinated expansion of the organelle network, serv-
ing as the quality control counterbalance to mitophagic elimi-
nation [ 27 ]. Since mitochondria cannot be generated de novo, 
their biosynthesis relies on the dynamic integration with exist-
ing mitochondrial structures. This process involves membrane 
remodeling and content replication, coordinated by the col-
laboration of both genomes: Nuclear DNA encodes the struc-
tural components, while mtDNA encodes the OXPHOS 
subunits [  58 ]. The process is activated by metabolic sensors 
including adenosine monophosphate–activated protein kinase 
(AMPK), sirtuin 1 (SIRT1), and mechanistic target of rapamy-
cin (mTOR), which integrate intracellular energy status {ATP/
ADP (adenosine diphosphate) ratio, NAD+ [nicotinamide 
adenine dinucleotide (oxidized form)]/NADH (reduced form 
of NAD+) levels} with extracellular cues like nutrient avail-
ability and oxidative stress [  59 ]. This multilayered regulatory 
architecture converges on master transcriptional coactivators, 
principally the peroxisome proliferator-activated receptor γ 
coactivator (PGC-1) family [  60 ]. PGC-1α operates as the nodal 
orchestrator by (a) partnering with nuclear respiratory factors 
(Nrf1/2) to activate mitochondrial transcription factor A 
(TFAM)-dependent mtDNA replication [  61 ], (b) coordinat-
ing with estrogen-related receptors (ERRα/γ) to up-regulate 
OXPHOS complexes [  62 ,  63 ], and (c) synergizing with antioxi-
dant transcription factors (FOXO3, Nrf2) to sustain mitochon-
drial redox homeostasis [  64 ]. Through this tripartite regulatory 
axis, PGC-1α simultaneously activates metabolic genes favoring 
β-oxidation while suppressing pro-inflammatory signaling. 
This dual functionality calibrates mitochondrial mass to both 
energetic demands and inflammatory tone [  65 ].

   Mitochondrial biogenesis functions as an immune-metabolic 
rheostat in macrophage phenotypic polarization, dynamically 
integrating inflammatory signaling with organelle replenish-
ment. Mechanistically, macrophage-derived nitric oxide (NO) 
and compartmentalized ROS activate AMPK/SIRT1-mediated 
PGC-1α signaling and Nrf2-dependent heme oxygenase-1 (HO-
1) induction [  66 ]. This dual redox-sensitive pathway couples de 
novo mitochondrial biosynthesis with glutathione regeneration 
systems, thereby resolving inflammation through synchronized 

antioxidant defense activation and damaged organelle replace-
ment. The biosynthetic–metabolic coordination proves criti-
cal during inflammatory challenges through 3 interlocking 
mechanisms: New mitochondrial networks sustain NADPH 
(reduced form of nicotinamide adenine dinucleotide phos-
phate) production to fine-tune phagocytic burst dynamics while 
simultaneously resolving oxidative stress [  67 ]; concurrently, 
biogenesis-coupled HO-1 activity converts pro-inflammatory 
heme into anti-inflammatory biliverdin, thereby neutralizing 
cytotoxic iron accumulation [  68 ]; this redox-regulatory axis 
synergizes with PGC-1α/Nrf2-mediated cardiolipin remodeling 
in mitochondrial membranes, which directly suppresses NLRP3 
inflammasome oligomerization by stabilizing cristae architec-
ture and preventing oxidized lipid release [  69 ]. Addi tionally, the 
promotion of mitochondrial biogenesis enhances mitochondrial 
energy production and ATP synthesis, which is critical for sus-
taining immune cell functions and controlling excessive inflam-
matory responses [  70 ]. By supporting mitochondrial renewal, 
these processes help to optimize the balance between cellular 
metabolism and inflammatory resolution. Conversely, impaired 
biogenesis disrupts mitochondrial membrane potential oscil-
lations, trapping macrophages in a pro-inflammatory loop 
marked by mtDNA leakage and STING-dependent interferon 
responses [  71 ]. This self-reinforcing cycle establishes mito-
chondrial biogenesis capacity as a determinant of macrophage 
fate specification. Sufficient organelle replenishment promotes 
resolution-phase transition to pro-repair M2-like states, driven 
by metabolic shifts such as increased OXPHOS and fatty acid 
oxidation [ 69 ]. In contrast, biogenesis failure perpetuates M1 
hyperactivation, characterized by glycolytic dominance and 
inflammatory cytokine production, leading to sustained tissue 
damage [ 69 ]. Through these mechanisms, macrophage mito-
chondrial biosynthesis emerges as a regulator balancing pro-
resolving inflammation with tissue-protective antioxidant 
responses.    

Mitochondrial metabolism
   As the cell’s bioenergetic nexus, mitochondria execute coordi-
nated substrate oxidation through the tricarboxylic acid (TCA) 
cycle and ETC, coupling redox reactions with proton gradient-
driven ATP synthesis via OXPHOS. This sophisticated energy 
transduction system generates over 30 ATP molecules per glu-
cose molecule, its efficiency increasing 15-fold compared to 
cytosolic aerobic glycolysis, which yields only 2 ATP. Beyond 
mere energy factories, mitochondrial metabolism produces criti-
cal regulatory intermediates: TCA cycle-derived citrate regulates 
lipid synthesis, while succinate and acetyl-CoA (coenzyme A) 
serve as epigenetic modifiers influencing macrophage polariza-
tion [  72 ,  73 ]. The system’s supremacy stems from dynamic 
metabolite shuttling—Glycolytic pyruvate enters mitochondria 
as acetyl-CoA for complete oxidation, whereas cytoplasmic 
NADH transfers reducing equivalents through malate-aspartate 
and glycerol phosphate shuttles [  74 ]. When mitochondrial res-
piration is compromised, cells resort to inefficient glycolytic ATP 
production, accumulating lactate as a result of anaerobic fer-
mentation, and depleting NAD+ pools through the conversion 
of pyruvate to lactate [  75 ]. This metabolic reprogramming 
triggers compensatory mitophagy and the accumulation of 
α-ketoglutarate (α-KG) and fumarate, which contribute to ROS 
production by disrupting mitochondrial electron transport 
and modulating redox-sensitive pathways, thereby amplifying 
inflammatory signaling [  76 ]. Crucially, mitochondrial OXPHOS 
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maintains cellular ATP turnover rates matching physiological 
demands through allosteric regulation of rate-limiting dehydro-
genases by NADH/ATP ratios [  77 ]. Given ATP’s limited buffer-
ing capacity, mitochondrial respiratory control via uncoupling 
proteins (UCPs) and adenine nucleotide translocase becomes 
indispensable for preventing energy crises [  78 ]. These features 
establish mitochondrial metabolic flux not only as an energy 
source but also as the primary rheostat governing cellular redox 
balance, biosynthetic precursor supply, and inflammatory signal-
ing cascades.

   Mitochondrial metabolic reprogramming dictates macro-
phage functional polarization through dynamic substrate utiliza-
tion and effector metabolite production [  79 ]. M1 macrophages 
undergo aerobic glycolysis dominance characterized by hypoxia-
inducible factor-1α (HIF-1α)-mediated pyruvate dehydrogenase 
(PDH) kinase up-regulation, which shunts pyruvate toward 
lactate accumulation while suppressing TCA cycle flux [  80 ]. This 
Warburg-like metabolic shift generates itaconate via IRG1-
mediated cis-aconitate decarboxylation, a pleiotropic immuno-
metabolite that both inhibits succinate dehydrogenase (SDH) to 
stabilize HIF-1α and alkylates KEAP1 to activate Nrf2 antioxi-
dant responses [  81 ,  82 ]. Concomitant mitochondrial membrane 
potential dissipation reduces OXPHOS efficiency, creating a 
self-amplifying loop through accumulated TCA cycle intermedi-
ates—succinate-driven prolyl hydroxylase (PHD) inhibition 
further stabilizes HIF-1α, while citrate export to cytoplasm fuels 
NO and ROS synthesis via inducible nitric oxide synthase 
(iNOS) and NADPH oxidase 2 (NOX2) [  83 ]. Conversely, M2 
polarization engages peroxisome proliferator–activated receptor 
γ (PPARγ)-dependent fatty acid uptake and CPT1a-mediated 
β-oxidation, feeding acetyl-CoA into a reconfigured TCA cycle 
that sustains OXPHOS-driven ATP production [  84 ]. This meta-
bolic architecture generates α-KG to demethylate histone 
H3K27me3 through Jumonji domain-containing dioxygenases, 
epigenetically reinforcing interleukin-10 (IL-10) transcription 
[  85 ]. Notably, mitochondrial cristae stabilization in M2 macro-
phages permits efficient ETC coupling. This process generates 
NAD+ to fuel SIRT3-dependent deacetylation of IDH2. This 
redox optimization mechanism reciprocally enhances fatty acid 
oxidation [  86 ]. Through these dichotomous metabolic cir-
cuits, mitochondrial metabolites operate as both energy cur-
rencies and epigenetic modifiers, establishing organellar 
metabolism as the central processing unit of macrophage phe-
notypic commitment.   

Mitochondrial ROS
   Mitochondrially generated reactive oxygen species (ROS) encom-
passing superoxide (O2•

−), hydrogen peroxide (H₂O₂), and hydroxyl 
radicals (•OH) serve dual physiological roles. They function as 
essential redox signaling mediators while also acting as potential 
causes of macromolecular damage [  87 ]. At physiological levels, these 
reactive molecules participate in homeostatic signaling [  88 ], yet 
their dysregulated propagation triggers oxidative cascades that per-
oxidize lipids, carbonylate proteins, and fragment mtDNA [  89 ]. In 
activated macrophages, mtROS production arises primarily from 
electron leakage from the ETC [  90 ]. Counterbalancing this genera-
tion is a tripartite antioxidant defense system: Manganese superox-
ide dismutase (MnSOD) initiates detoxification by dismutating 
O2•

− to H₂O₂ [  91 ], which glutathione peroxidase 4 (GPX4) then 
reduces to water using glutathione (GSH) as an electron donor [  92 ], 
while peroxiredoxin III (PrxIII) concurrently neutralizes peroxyni-
trite through cyclic thiol oxidation–reduction reactions [  93 ]. The 

dynamic equilibrium of this redox landscape is governed by the 
mitochondrial transmembrane potential (Δψm), an electrochemi-
cal gradient established through directional proton pumping during 
ETC activity. Δψm regulates redox homeostasis through biphasic 
control of mtROS generation. Physiological membrane potentials 
(−140 mV to −180 mV) permit complex I (CI)-derived transient 
O2•

− bursts that activate cytoprotective pathways [  94 ], whereas 
hyperpolarization (below −200 mV) induces electron congestion 
at complex III (CIII) quinone sites, remarkably increasing ROS pro-
duction [  95 ]. This voltage-sensitive ROS modulation is fine-tuned 
by UCPs, which mitigate excessive Δψm through controlled proton 
reflux, thereby establishing a self-correcting feedback loop [  96 ]. 
Through this spatially organized bioenergetic–redox crosstalk, 
mitochondria calibrate ROS fluxes to synchronize macrophage 
inflammatory responses with oxidative damage containment, exem-
plifying their role as metabolic sentinels in immune regulation.

   mtROS function as pleiotropic signaling hubs in macrophage 
immunometabolism, directly coupling OXPHOS dynamics to 
inflammatory output through multi-tiered regulatory circuits. 
Mechanistically, mtROS activate the mitogen-activated protein 
kinase (MAPK)/nuclear factor κB (NF-κB) axis via oxidation of 
critical cysteine residues in IκB kinase γ (IKKγ) and ASK1 phos-
phatase thioredoxin-1, driving transcriptional up-regulation of 
tumor necrosis factor-α (TNF-α), IL-6, and cyclooxygenase-2 
(COX-2) [  97 ]. Concurrently, mtROS stabilize HIF-1α through 
2 synergistic mechanisms: inhibition of PHDs via ascorbate 
depletion and oxidation of Fe2+ in PHD catalytic centers, col-
lectively promoting glycolytic enzyme transcription while sup-
pressing PDH-mediated pyruvate entry into the TCA cycle [  98 ]. 
This metabolic rewiring sustains LPS-induced IL-1β maturation 
through mtROS–NLRP3 inflammasome crosstalk—oxidized 
mitochondrial cardiolipin recruits NLRP3 to mitochondrial 
membranes, while K+ efflux caused by ETC-derived ROS 
potentiates apoptosis-associated speck-like protein contain-
ing a CARD (ASC) speck assembly [  99 ,  100 ]. In parallel, 
mtROS-induced oxidative stress facilitates STING activation 
by amplifying STING-dependent IFN signaling, thereby modu-
lating macrophage inflammatory responses [  101 ]. Further more, 
mtROS-driven activating transcription factor 4 (ATF4)–C/
EBP homologous protein (CHOP) signaling activates the 
mitochondrial unfolded protein response (UPRmt), contribut-
ing to macrophage functional reprogramming and the regulation 
of inflammatory resolution [  102 ]. Mechanistically, focal plasma 
membrane photodamage triggers DRP1-mediated mitochon-
drial fission at injury sites, with resultant ROS bursts facilitating 
membrane repair through lipid peroxidation signaling [  103 ]. 
Collectively, these spatially constrained ROS microdomains 
exemplify how mitochondrial information processing systems 
orchestrate gene expression patterns and subcellular functions 
through compartmentalized redox signaling.   

Mitochondrial ion homeostasis
   Mitochondrial ion flux operates as an electrochemical decoder 
in macrophage functional programming, translating extracellular 
immune signals into organellar metabolic responses through 
voltage-gated ionic circuits. The IMM potential establishes a bio-
physical platform for charged species sensing, with Ca2+ serving 
as the predominant second messenger [  104 ]. The MCU mediates 
activity-dependent Ca2+ influx within milliseconds. This influx 
couples cytosolic Ca2+ oscillations to TCA cycle amplification by 
activating PDH phosphatase, which gates pyruvate entry into 
oxidative metabolism [  105 ,  106 ]. This Ca2+-metabolism nexus 
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directly modulates macrophage inflammatory polarization. 
MCU deficiency blunts LPS-induced itaconate production in 
macrophages through attenuated α-KG dehydrogenase activity, 
thereby impairing NLRP3 inflammasome resolution [  107 ,  108 ]. 
The mitochondrial Na+/Ca2+ exchanger (NCLX) introduces spa-
tiotemporal regulation by extruding matrix Ca2+ in exchange for 
cytosolic Na+, maintaining ionic homeostasis critical for mito-
chondrial permeability transition pore (mPTP) gating [  109 ]. In 
macrophages, NCLX activity prevents Ca2+-induced cristae 
remodeling during phagocytosis, preserving ETC integrity for 
sustained ROS production [  110 ]. Simultaneously, accumulated 
matrix Na+ activates NHE1 to mediate proton export, thereby 
promoting pH-dependent mtDNA release, which is a key event 
for STING pathway activation [  111 ]. This dual-ion rheostat 
(Ca2+/Na+) coordinates metabolic flexibility with danger signal-
ing [ 24 ]. Elevated Na+/Ca2+ ratios promote fatty acid oxidation-
driven M2 polarization through SIRT3 deacetylation of IDH2. 
In contrast, Ca2+-dominant states favor glycolytic M1 commit-
ment via CaMKII–HIF-1α signaling.

   As multimodal ionic sentinels, mitochondria employ an 
evolutionarily conserved toolkit of transporters and redox-
sensitive modifications to dynamically interpret extracellular 
ionic milieus. Beyond canonical Ca2+ sensing via MCU, mito-
chondria detect monovalent ions such as Na+ through NCLX 
[ 109 ] and Cl− via putative SLC25A51 paralogs [  112 ], while 
transition metals like Fe2+ are monitored via mitoferrin-
dependent import coupled to frataxin-mediated storage [  113 ], 
and Cu2+ through CTR1/ATP7B-regulated transport coordi-
nated with chaperone-mediated sequestration [  114 ]. Ferroptosis 
is a form of iron-dependent cell death closely linked to mito-
chondrial iron homeostasis. Dysregulation of iron import via 
mitoferrin and storage by frataxin leads to iron overload, caus-
ing lethal lipid peroxidation through ROS accumulation and 
GPX4 inactivation [  115 ]. In macrophages, ferroptotic stress 
enhances pro-inflammatory signaling by inducing mtROS 
bursts that activate the NLRP3 inflammasome, leading to IL-1β 
and IL-18 secretion and M1 polarization [  116 ]. Additionally, 
lipid peroxides released from damaged mitochondria act as 
DAMPs that activate neighboring macrophages through Toll-
like receptor 4 (TLR4) and NF-κB pathways [  117 ]. Building 
upon the mitochondrial-centric mechanisms of ferroptosis in 
macrophages, which hinge on iron-mediated lipid peroxidation 
and inflammasome activation, a parallel yet distinct pathway 
emerges in the context of copper dysregulation. Cuproptosis is 
a copper-dependent cell death pathway that is driven by mito-
chondrial copper overload, which results from dysregulated 
CTR1/ATP7B transport. This process induces proteotoxic stress 
by aggregating lipoylated TCA cycle enzymes and remodeling 
cristae via direct copper–sulfur interactions [  118 ]. In macro-
phages, this copper overload disrupts mitochondrial energy 
metabolism by crippling ATP production and NAD+/NADH 
homeostasis, forcing a glycolytic shift that stabilizes HIF-1α and 
entrenches pro-inflammatory M1 polarization [  119 ]. Copper-
induced cristae fragmentation further releases mitochondrial 
DNA into the cytosol, activating the cGAS-STING axis, leading 
to hyperinflammatory macrophage states [  120 ]. Even low-
abundance ions such as Li+ may modulate IMM phospholipid 
packing through charge-shielding effects, although their dedi-
cated transporters remain uncharacterized [  121 ].

   In summary, the precise regulation of key mitochondrial ions 
including Ca2+, Na+, Fe2+, and Cu2+ extends beyond energy pro-
duction and redox homeostasis to directly modulate macrophage 

polarization and immune signaling pathways. This underscores 
the critical role of mitochondrial ion dynamics in shaping 
immune responses and highlights the organelle’s capacity to 
decode extracellular cues into precise cellular outcomes, ulti-
mately determining macrophage function in health and 
disease.   

mtDNA
   The mitochondrial genome operates as a dual-functional entity: 
a genetic repository encoding 13 OXPHOS subunits, 22 transfer 
RNAs (tRNAs), 2 ribosomal RNAs (rRNAs), and regulatory 
mitochondria-derived peptides, and a stress-responsive hub 
sensitive to extracellular perturbations such as mutagens and 
nucleotide pool imbalances [  122 ]. This genomic vulnerability 
stems from 3 structural constraints: close exposure to ROS, 
lack of histone protection, and error-prone replication [  123 ]. 
These factors allow mtDNA damage to directly disrupt mito-
chondrial homeostasis. Both germline and somatic mtDNA 
mutations impair OXPHOS complex assembly, propagating a 
cascade of bioenergetic failure: diminished ETC efficiency, col-
lapse of Δψm, and systemic metabolic dysregulation [  124 ]. As 
Δψm and OXPHOS regulate key mitochondrial functions 
including metabolite transport, redox balance, and ion gradient 
maintenance, their disruption leads to ATP depletion, oxidative 
stress, and immune reprogramming.

   Beyond these primary defects, mtDNA lesions propagate 
systemic metabolic chaos. In skeletal muscle, for instance, focal 
mtDNA deletions not only cripple respiratory enzyme function 
but also provoke adaptive mitochondrial proliferation—a com-
pensatory mechanism to offset energetic deficits [  125 ]. Even 
nonpathogenic mtDNA polymorphisms exert pleiotropic effects, 
altering metabolite flux to generate phenotypic diversity that 
modulates aging and disease trajectories [  126 ]. The inherent 
genomic fragility of mtDNA, caused by limited repair capacity 
and replication errors, necessitates robust surveillance systems 
to detect genotoxic stress as a primary defense mechanism.

   In macrophages, mtDNA homeostatic failure directly dic-
tates immune-metabolic reprogramming. Large-scale deletions 
impair CI assembly, triggering glycolytic dependency. This 
metabolic shift consequently enhances IL-1β secretion [  127 ]. 
Concurrently, cytosolic mtDNA escape subverts mitochondrial 
quality control, activating cGAS-STING via DAMPs to drive 
IFN production and entrench M1 polarization [  128 ]. Subtle 
mtDNA variants further distort NAD+/NADH ratios, compro-
mising SIRT3-dependent deacetylation of IDH2 and ACLY, 
thereby changing inflammatory signaling [  129 ].    

Indirect Strategies for Regulation  
of Mitochondria

Membrane dynamics control: Shaping morphology
   As the principal mechanochemical effector of mitochondrial 
fission, Drp1 orchestrates organelle division through mem-
brane-anchored adaptor protein complexes, assembling con-
strictive superstructures that execute precise mitochondrial 
separation [  130 ]. This mechano-enzymatic activity establishes 
Drp1 as a central regulator of mitochondrial dynamic homeo-
stasis, positioning it as a promising therapeutic target for cor-
recting organellar dysregulation in disease states.

   The small-molecule Mdivi-1, a cell-permeable quinazoli-
none, has been identified as an inhibitor of Drp1 activity in both 
yeast and mammalian cells. By blocking Drp1 oligomerization, 
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Mdivi-1 interferes with the GTPase activity required for mito-
chondrial division [  131 ]. Recent work by Su et al. [  132 ] dem-
onstrated that Mdivi-1 reduces mitochondrial fragmentation 
and alleviates mitochondrial dysfunction by preventing Drp1 
phosphorylation at Ser616 and its translocation to mitochondria. 
This reduction in mtROS production suppresses NLRP3 inflam-
masome activation and shifts macrophage polarization away 
from the pro-inflammatory M1 phenotype, offering poten-
tial therapeutic benefits in the treatment of atherosclerosis. 
Complementing this pharmacological strategy, baicalein, a bio-
active flavonoid from Scutellaria baicalensis roots, achieves con-
vergent regulation of mitochondrial dynamics via divergent 
molecular pathways [  133 ]. Unlike Mdivi-1’s posttranslational 
modulation, baicalein down-regulates Drp1 expression at 
transcriptional and translational levels while retaining potent 
antioxidative and anti-inflammatory properties. Parallel inves-
tigations into traditional pharmacopeia reveal broader therapeu-
tic potential, exemplified by Thymus quinquecostatus CELAK 
(TQC) extracts restoring LPS-disrupted mitochondrial mor-
phology networks and associated gene expression, suggesting 
the evolutionary conservation of phytochemicals in regulating 
organellar homeostasis [  134 ].

   Advancements in organelle-specific therapeutics have cata-
lyzed innovative approaches for Drp1 modulation in macro-
phages. Zhang et al. [  135 ] constructed a multi-functional drug 
delivery system (DDS) using engineered exosomes targeting 
macrophages for pulmonary fibrosis. A general-targeted exo-
somes were designed by fusing traptavidin with exosomal pro-
tein PTGFRN, which has been utilized as a surface display 
scaffold for structurally and biologically diverse proteins. They 
constructed ExoTarget by first generating ExoTraptavidin through 
expression of traptavidin-His-PTGFRN in human embryonic 
kidney 293T (HEK293T) cells and isolating the resulting exo-
somes and then conjugating biotinylated d-mannose to the 
ExoTraptavidin surface to enable specific targeting of CD206-
positive macrophages (Fig.  2 A). siDrp1 was loaded into ExoTarget 
via electroporation and delivered into the fibrotic area (Fig. 
 2 B). Lung macrophages treated with the siDrp1-loaded ExoTarget 
(ExoTx) exhibited less mitochondria and increased mitochon-
drial length compared to the controls (Fig.  2 C). As a result, the 
CD206-targeting exosomes significantly alleviated lung fibrosis 
in the bleomycin-induced mice (Fig.  2 D). Complementing 
these biological delivery systems, nanostructured materials 
demonstrate dual capacity for mitochondrial morphology regu-
lation and immunomodulation. Shanley et al. [  136 ] observed 
that there was a trend toward an increase in mitochondrial 
aspect ratio and eccentricity upon nanosized hydroxyapatite 
(nanoHA) particle stimulation, with mitochondrial structures 
appearing as fused networks within the macrophages, resulting 
in anti-inflammatory macrophage polarization. Similarly, our 
group developed HA@Ce-TA nanoparticles (HA@Ce-TA NPs), 
which incorporate hydroxyapatite and tannic acid (TA) to 
target mitochondria without relying on mitochondrial mem-
brane charge [  137 ]. These nanoparticles positively modulate 
mitochondrial dynamics by regulating mitochondrial adenos-
ine triphosphatase (ATPase)/ATP synthase-related signaling 
pathways. Notably, HA@Ce-TA NPs have been demonstrated 
to shift macrophage polarization from the pro-inflammatory 
M1 phenotype to the anti-inflammatory M2 phenotype by 
suppressing inflammatory cascades, thereby facilitating 
macrophage transition and promoting repair in bone defect 
models.        

   Emerging therapeutic modalities are extending beyond 
canonical mitochondrial dynamic regulation to target cristae 
architecture. This paradigm shift recognizes cristae remodel-
ing as a potent immune-metabolic control point, enabling 
precise macrophage reprogramming through organellar nano-
engineering. Among these, plant-derived nanovesicles (PDNVs) 
have garnered increasing interest due to their remarkable 
biocompatibility, low immunogenicity, cost-effectiveness, and 
ease of production. Nanovesicles derived from Artemisia 
annua L. (ADNVs), prepared through sequential ultracen-
trifugation, have demonstrated the ability to restore mito-
chondria damaged by LPS stimulation [  138 ]. Specifically, 
ADNVs transform swollen, disorganized mitochondria with 
disrupted or absent cristae into elongated mitochondria with 
well-organized cristae. This mitochondrial restoration is 
mediated by γ-aminobutyric acid (GABA) present in ADNVs, 
which acts via GABA receptors, particularly GABABR. Improved 
mitochondrial morphology enhances mitochondrial function 
and reprograms macrophages toward the anti-inflammatory 
M2 phenotype. As a result, ADNVs enhance mitochondrial 
integrity and alveolar macrophage (AM) functionality, pro-
viding protection against acute lung injury (ALI) and mitigat-
ing lung immunopathology. In addition to plant-derived 
approaches, microorganisms can also influence mitochon-
drial structure. For instance, Lactobacillus paracasei KW3110, 
a specific lactic acid bacterial strain, can restore mitochon-
drial shape and cristae disrupted by LPS exposure [  139 ]. By 
preserving cristae integrity, KW3110 alleviates mitochondrial 
dysfunction in inflammation-stressed macrophages. This 
preservation is crucial since cristae integrity supports mito-
chondrial respiration by expanding the inner membrane sur-
face area, thereby accommodating essential respiratory protein 
complexes. Such microbial–mitochondrial interplay highlights 
the therapeutic potential of symbiotic mechanisms to mitigate 
pathological cristae remodeling. Consequently, both plant-
derived and microbial-based platforms emerge as novel bioen-
gineering strategies for immune-metabolic disorders.   

Mitophagy modulation: Enhancing  
clearance efficiency
   Mitophagy has emerged as a master switch governing macrophage 
functional plasticity, driving the development of cutting-edge tool-
kit to spatiotemporally control its activity for immunotherapeutic 
applications. By coupling mitochondrial quality control with meta-
bolic reprogramming, these approaches offer precision control 
over inflammatory resolution and tissue repair across diverse 
pathological contexts. Rapamycin (Rapa) is a powerful autophagy 
activator known for its marked anti-inflammatory properties, 
achieved through the induction of autophagic pathways [  140 ]. 
However, its poor water solubility limits its bioavailability and 
delivery efficiency, particularly when targeting macrophages. This 
limitation underscores the pressing need for innovative delivery 
strategies that enhance the therapeutic efficacy of Rapa, minimize 
off-target drug accumulation, and mitigate potential side effects 
associated with its systemic distribution. Li et al. [  141 ] developed 
a ROS-responsive biodegradable amphiphilic polymer (PolyHAPM), 
which was used to encapsulate Rapa into nanoparticles, forming 
NP@PolyRHAPM. This nanomaterial was designed for intra-artic-
ular injection to address osteoarthritis (OA). Treatment with NP@
PolyRHAPM significantly increased the LC3-II/I ratio and p62 pro-
tein expression in M1 macrophages compared to controls, indicat-
ing enhanced mitochondrial autophagy (Fig.  3 A). Autophagic 
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Fig. 2. (A) Synthesis diagram of ExoTx. (B) Representative transmission electron microscopy (TEM) images of mitochondrial morphology in lung macrophages treated with 
phosphate-buffered saline (PBS)/ExosiNC/ExoTx. (C) Calculated mitochondria per cell and mitochondrial length. (D) ExoTx carrying siDrp1 inhibited mitochondrial fission and 
effectively alleviated pulmonary fibrosis [135]. Copyright 2024, KeAi.
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process inhibited the activation of NLRP3 inflammasomes, 
thereby preventing persistent inflammation (Fig.  3 B). This process 
also facilitated energy production, maintained mitochondrial 
quality by eliminating damaged mitochondria, and reduced exces-
sive ROS levels (Fig.  3 C). Furthermore, they improved macro-
phages’ ability to withstand oxidative stress (Fig.  3 D). Consequently, 
NP@PolyRHAPM effectively suppressed M1 macrophage polar-
ization and promoted their repolarization toward the anti-
inflammatory M2 phenotype in synovial tissue. However, 
direct administration of this nanomaterial confronts challenges 
such as uncontrolled drug release and restricted applicability to 
ROS-elevated lesions. Furthermore, while these systems exhibit 
responsive behavior primarily in ROS-enriched environments, 
their targeting specificity and therapeutic efficacy require substan-
tial enhancement. Tian and his team [  142 ] designed an innovative 
dual-responsive borosilicate glass (BSG) scaffold capable of releas-
ing epigallocatechin gallate (EGCG) in response to glucose and 
H2O2, targeting the dysregulated inflammation associated with 
diabetic alveolar bone defects. EGCG, a potent antioxidant and 
anti-inflammatory compound primarily found in green tea, has 
limited bioavailability when administered orally. To overcome this, 
the researchers incorporated EGCG into the mesoporous structure 
of BSG through physical adsorption, followed by encapsulation 
with polyvinyl alcohol to regulate its release (Fig.  3 E). Under con-
ditions of chronic hyperglycemia or elevated ROS, the scaffold 
triggers EGCG release, promoting autophagy in macrophages, 
relieving autophagic flux blockages, and restoring mitochondrial 
function (Fig.  3 F). This controlled delivery system effectively 
reprograms inflammatory macrophages into an anti-inflammatory 
phenotype, offering a targeted approach for managing inflamma-
tion in diabetic high-glucose environments. In addition to artificial 
materials, organism-derived substances can be used to modulate 
mitochondrial autophagy. Conidiogenone C is a natural cyclopi-
ane diterpenoid derived from marine microorganisms. Li et al. 
[  143 ] identified conidiogenone C as a small-molecule activator of 
immunity-related GTPase family M protein 1 (IRGM1), 
marking the first reported activator of this protein. Their study 
demonstrated that conidiogenone C directly binds to IRGM1 
in LPS-stimulated RAW264.7 macrophages, thereby promoting 
IRGM1-mediated mitophagy of dysfunctional mitochondria. This 
process facilitates the clearance of cytosolic mtDNA and subse-
quently suppresses IFN responses in pro-inflammatory macro-
phages. Beyond coni diogenone C, other natural compounds have 
also been found to regulate mitophagy and influence immune 
responses. Alliin, an organosulfur compound extracted from gar-
lic, has high therapeutic and pharmacological properties. Liu et al. 
[  144 ] demonstrated that alliin could induce the alleviating effect 
of pyroptosis by promoting mitophagy in LPS-induced THP-1 
macrophages and mice, as it is mostly caused by mtROS from 
dysfunctional mitochondria. Most therapeutic strategies engage 
in mitochondrial quality control by promoting mitophagy, 
thereby inhibiting macrophage pro-inflammatory polariza-
tion. However, some studies have also achieved this by inhibit-
ing mitophagy. Meng et al. [  145 ] demonstrated that taurine 
inhibits S-adenosylmethionine (SAM)-dependent PP2Ac meth-
ylation to block PINK1-mediated mitophagy flux, thereby main-
taining a high mitochondrial density, which ultimately reprograms 
the polarized phenotype of macrophages by hindering the conver-
sion of energy metabolism to glycolysis required for M1. Such a 
paradox may stem from the dynamic equilibrium nature of mito-
chondrial quality control, where both hyperactivated and sup-
pressed autophagic flux can destabilize this balance and impair 

macrophage signaling homeostasis. Collectively, pharmacologic, 
bioengineering, and natural compound-based approaches for 
bidirectionally modulating mitophagic flux establish a powerful 
paradigm for macrophage fate reprogramming across the inflam-
matory disease spectrum. Although current strategies show thera-
peutic potential, their clinical translation remains constrained by 
spatiotemporal and microenvironmental limitations. Next-
generation integration of microenvironment-responsive delivery 
with multi-target strategies may unlock precision mitophagy con-
trol for macrophage reprogramming across disease states.        

   Ultrasound (US)-responsive piezoelectric nanomaterials 
represent a novel and promising approach for precise intra
cellular modulation. Wang and his group [  146 ] developed a 
piezoelectric nanosystem that enables precise and noninva-
sive regulation of mitochondrial autophagy through US 
stimulation. The system, named BaTCG, consists of barium 
titanate nanoparticles modified with triphenylphosphine 
(TPP) for mitochondrial targeting and loaded with GLP-1 
receptor agonists. Upon US stimulation, the piezoelectric 
effect induces localized currents that depolarize the mito-
chondrial membrane and activate mitophagy. Compared with 
traditional approaches using chemical inducers or uncou-
plers, this strategy provides better spatial and temporal con-
trol and reduces systemic toxicity. After entering cells, the 
nanoparticles accumulate near mitochondria, and mitophagy 
is triggered only when US is applied, allowing precise control 
over the treatment site and timing. This approach promotes 
the clearance of dysfunctional mitochondria and relieves oxi-
dative stress at its source, overcoming the limitations of con-
ventional antioxidant therapies. Although originally applied 
to diabetes-related erectile dysfunction, the method offers a 
generalizable strategy for mitochondrial quality control. The 
study highlights the potential of US-responsive piezoelectric 
nanomaterials for targeted intracellular modulation and pro-
vides a new avenue for regulating macrophages through mito-
chondrial autophagy.

   Mitophagy serves as a bidirectional regulator of macrophage 
polarization. Zhang et al. [  147 ] demonstrated that polyethylene 
glycol-conjugated gold nanoparticles (PEG-AuNPs) can effec-
tively modulate mitophagy in tumor-associated macrophages 
(TAMs), promoting their repolarization from the M2 pheno-
type to the M1 phenotype. Specifically, PEG-AuNPs induce 
lysosomal alkalization, disrupting the acidic environment typi-
cally required for efficient mitochondrial degradation. Further
more, PEG-AuNPs enhance lysosomal membrane permeability, 
impairing the fusion of autophagosomes with lysosomes and 
preventing the complete degradation of engulfed mitochondria. 
By interfering with autophagic flux, PEG-AuNPs hinder the 
polarization of TAMs toward the M2 phenotype, which is often 
associated with tumor-promoting and immunosuppressive 
functions. In contrast, inhibition of mitochondrial autophagy 
favors the repolarization of TAMs toward the M1 phenotype, 
enhancing antitumor immunity and supporting the potential 
for effective cancer immunotherapy.   

Biogenesis stimulation: Boosting  
organelle formation
   Targeted induction of mitochondrial biogenesis represents a 
promising therapeutic strategy for macrophage functional 
reprogramming. This approach capitalizes on the intrinsic cel-
lular capacity of de novo mitochondrial biosynthesis to rees-
tablish metabolic equilibrium, thereby modulating polarization 
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Fig. 3. (A) NP@PolyRHAPM alleviates the blockage of autophagic flow. (B) Autophagy limits the activation of NLRP3 inflammatory vesicles. (C) ATP production in M1 macrophages 
after NP@PolyRHAPM treatment. (D) Macrophage responsiveness to oxidative stress after NP@PolyRHAPM treatment [141]. Copyright 2023, Wiley-VCH GmbH. (E) Schematic 
illustration of the fabrication of glucose and hydrogen peroxide dual-responsive BSG scaffolds loaded with EGCG. (F) EGCG-loaded BSG markedly restores the number of 
autophagic vesicles in macrophages under high-glucose (HG) conditions [142]. Copyright 2024, KeAi.
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states and inflammatory output. Current advances employ 
diverse modalities, ranging from natural bioactive components 
to engineered synthetic systems to amplify PGC-1α-driven 
transcriptional networks, thereby coupling mitochondrial reju-
venation with immunomodulation [  148 ,  149 ].

   Medicinal PDNVs have garnered considerable interest for 
modulating mitochondrial biogenesis. Ye et al. [ 138 ] recently 
demonstrated that treatment with ADNVs significantly improved 
the expression of TFAM, a nuclear-encoded transcription factor 
essential for mtDNA replication and stability, and PGC-1α, a key 
transcriptional coactivator of TFAM, in LPS-stimulated macro-
phages. These findings suggest that ADNVs enhance mito-
chondrial biogenesis, promote OXPHOS activity, boost ATP 
production, and restore redox balance in dysfunctional macro-
phages. Sharing botanical origins, TQC induces similar functional 
recovery in mitochondrial biogenesis [ 134 ]. However, in contrast 
to the transcriptional mechanisms, TQC pretreatment exerts 
mitochondria-protective effects primarily through potent induc-
tion of HO-1. This antioxidant enzyme promotes rapid recovery 
of mitochondrial biogenesis in LPS-activated macrophages by 
restoring ATP synthesis capacity and neutralizing mtROS, with-
out engaging PGC-1α/NRF1/TFAM-dependent pathways.

   Complementary to plant-derived strategies, synthetic bioma-
terials offer precision-controlled activation of mitochondrial 
biogenesis. The biomimetic carbon monoxide (CO) nanogenera-
tor (M/PCOD@PLGA) enhances PGC-1α signaling through 
multiple mechanisms linked to its controlled CO release and 
peroxynitrite (ONOO−) scavenging [  150 ]. CO directly activates 
the AMPK/SIRT1 pathway, which deacetylates and activates 
PGC-1α, a master regulator of mitochondrial biogenesis. Simul
taneously, the elimination of cytotoxic ONOO− by PCOD585 
reduces oxidative stress-mediated suppression of PGC-1α tran-
scriptional activity. CO further potentiates mitochondrial bio-
genesis by up-regulating Nrf1 and TFAM, downstream targets 
of PGC-1α. This dual action—AMPK/SIRT1 activation coupled 
with redox homeostasis restoration—synergistically amplifies 
PGC-1α-driven mitochondrial DNA replication and respiratory 
chain enzyme synthesis, thereby supporting macrophage meta-
bolic reprogramming toward an anti-inflammatory phenotype.

   While mitochondrial biogenesis represents an endogenous 
process requiring sustained activation to exert therapeutic effects, 
mitochondrial transplantation offers a promising complementary 
strategy capable of providing immediate metabolic rescue to dis-
tressed cells. The biomimetic a127/mito@ZIF@Ma nanoplatform 
utilizes exogenously isolated healthy mitochondria from donor 
cells, which are conjugated with macrophage membrane-cam-
ouflaged ZIF-8 nanoparticles carrying anti-miR-127 [  151 ]. This 
system directly delivers functional mitochondria to recipient 
macrophages while simultaneously triggering endogenous mito-
chondrial biogenesis through epigenetic modulation. Unlike 
conventional approaches that solely rely on pharmacological 
activation of mitochondrial synthesis pathways, this dual-action 
strategy provides immediate metabolic rescue via transplanted 
organelles while durably enhancing self-renewal capacity through 
PGC-1α pathway stimulation. The combined effect overcomes 
the kinetic limitations of purely endogenous biogenesis methods, 
resulting in accelerated metabolic recovery characterized 
by restored OXPHOS and rebalanced redox homeostasis. 
Consequently, macrophages exhibit a phenotypic shift toward 
pro-resolving M2 states with reduced inflammatory cytokine 
secretion and enhanced tissue repair functions. Although chal-
lenges regarding mitochondrial sourcing scalability persist, this 

approach demonstrates superior efficacy in acute inflammatory 
settings where rapid metabolic correction is critical.   

Metabolic reprogramming: Optimizing energy flow
   Mitochondrial metabolism functions as a central regulator of 
macrophage functional reprogramming, providing a founda-
tion for developing context-specific therapeutic strategies. By 
harnessing bioengineered materials, organelle-precise delivery 
systems, and natural/synthetic modulators, researchers now 
aim to recalibrate metabolic nodes spanning electron transport 
efficiency, metabolite flux, and redox balance. These approaches, 
though varied in design, converge on a unified goal: spatiotem-
poral control over macrophage polarization through mitochon-
drial bioenergetic rewiring, offering transformative potential 
for immune-metabolic disease intervention. Molybdenum 
(Mo), an essential trace element for nearly all organisms, has 
been identified as part of the active sites of more than 50 
enzymes involved in various redox reactions and oxygen atom 
transfer [  152 ]. Huang et al. [  153 ] engineered a pH-responsive 
molybdate-oligosaccharide nanoplatform (CMO NPs) that 
orchestrates diabetic wound healing through dual immune-
metabolic modulation. By up-regulating SIRT1–PGC-1α axis 
components and respiratory complex subunits, CMO NPs 
enhance bioenergetic efficiency, driving macrophage M2 polar-
ization via augmented OXPHOS capacity—a metabolic shift 
that concurrently dampens inflammatory cascades. However, 
the pH-dependent activation of CMO NPs limits their appli-
cability to other microenvironments; future iterations integrat-
ing multi-omic metabolic maps could expand their operational 
range across heterogeneous disease niches. Building upon this 
metabolic paradigm, He et al. [  154 ] developed molybdenum-
doped bioactive scaffolds (Mo-BGC) that induce dose-depen-
dent metabolic rewiring in periodontal macrophages. Glycolytic 
profiling revealed that Mo-BGC treatment markedly attenuated 
macrophage glycolytic capacity and reserve relative to controls, 
whereas BGC induced only a marginal reduction in glycolytic 
reserve (Fig.  4 A). Mitochondrial functional analysis showed 
that Mo-BGC treatment robustly enhanced basal respiration, 
maximal respiration, and ATP production in macrophages 
compared to both BGC and control groups (Fig.  4 B). Following 
incubation with Mo-BGC powder extract, macrophages exhib-
ited significant up-regulation of pivotal mitochondrial metabo-
lites including fumarate, guanosine triphosphate (GTP), citrate, 
and ATP. This metabolic reprogramming was accompanied by 
enhanced mitochondrial bioenergetics, which mechanistically 
drove the M2 polarization phenotype through improved mito-
chondrial membrane potential and OXPHOS efficiency (Fig. 
 4 C). Additionally, the precisely printed hollow-pipe structure 
facilitated large and sustained release of bioactive ions from the 
Mo-BGC scaffolds, allowing this biomaterial to exert long-term 
effects in vivo. Building upon bioactive glass ceramic matrices, 
Chen et al. [  155 ] engineered selenium-doped (Se-BGC) con-
structs that simultaneously drive macrophage M2 polarization 
and osteogenic metabolism reprogramming. Its enhancement 
of the macrophage OXPHOS metabolism contributed to mac-
rophage polarization regulation toward M2. Despite their meta-
bolic efficacy, such bulk material approaches exhibit limited 
organelle-level precision, often inadequately resolving the 
underlying bioenergetic disturbances driving mitochondrial 
dysfunction. Addressing this therapeutic gap,  Ren ’s team [  156 ] 
created mitochondrial complex biomimetic nanozymes (MCBN) 
through MnO₂ nanoarchitecture engineering. MCBN specifically 
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Fig. 4. (A) ECAR level of macrophages in response to Mo-BGC. (B) OCR level of macrophages in response to Mo-BGC. (C) Mo-BGC enhances TCA cycle metabolites and 
OXPHOS while attenuating glycolysis of macrophages [154]. Copyright 2024, Elsevier. (D) OCR level of microglia in response to COR. (E) ECAR level of microglia in response 
to COR. (F) Both OXPHOS and glycolysis are up-regulated to maintain mitochondrial homeostasis in AD microglia following COR treatment. Copyright 2024, Wiley-VCH GmbH.
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targets mitochondria, where it absorbs excess electrons from the 
ETC, thereby restoring normal electron transfer and utilizing 
these electrons to decompose H2O2, transforming it from a 
harmful to a beneficial molecule. Experimental validation dem-
onstrated that MCBN stabilizes the ETC and reduces ROS lev-
els, thereby modulating NLRP3 inflammasome activation and 
the NF-κB signaling pathway. This mechanism effectively sup-
presses macrophage-driven inflammatory activation, providing 
therapeutic potential for periodontitis by controlling inflam-
mation and alleviating alveolar bone resorption.        

   Natural bioactive compounds have been extensively studied 
for their potential in immunomodulation and regulation of 
mitochondrial metabolism. Macrophage migration inhibitory 
factor (MIF), an enigmatic tautomerase, was discovered to 
regulate M1 polarization. Vámos et al. [  157 ] reveal that KRP-6, 
a potent and highly selective MIF ketonase inhibitor, improved 
mitochondrial bioenergetics by ameliorating basal respiration, 
ATP production, coupling efficiency, and maximal respiration 
in LPS + IFN-γ-treated cells. KRP-6 also reduced glycolytic 
flux in M1 macrophages, significantly reducing macrophage 
activation. Cordycepin (3′-deoxyadenosine, COR) is the first 
nucleoside antibiotic isolated from fungi.  Zhong  and his team 
[  158 ,  159 ] discovered that COR promotes M2 polarization of 
microglia by modulating mitochondrial metabolism, thereby 
improving the neuronal microenvironment in Alzheimer’s dis-
ease (AD). LPS + amyloid-β (Aβ) disrupted both oxidative 
metabolism (Fig.  4 D) and glycolytic function (Fig.  4 E) in 
microglia, with COR combination treatment uniquely reversing 
these metabolic deficits, aligning with its role in mitigating 
AD-related mitochondrial dysfunction. Specifically, COR tar-
gets hexokinase II (HKII) to enhance extracellular acidification 
rate (ECAR) and lactate production in the glycolytic pathway 
while simultaneously up-regulating oxygen consumption rate 
(OCR) in the OXPHOS pathway via pyruvate dehydrogenase 
kinase 2 (PDK2)-mediated activation of PDH (Fig.  4 F). 
Sulforaphane, an organosulfur compound found as glucosino-
late precursor in cruciferous vegetables including broccoli, 
Brussels sprouts, and cabbage, has been reported to influence 
mitochondrial metabolism reprogramming during M1 polar-
ization, as well as contribute to inhibition of M1 marker expres-
sion in murine macrophages [  160 ]. Grossamide (GSE), a 
lignanamide from Polygonum multiflorum Thunb., shunted NO 
production from arginine by up-regulation of arginase and 
down-regulation of inducible NO synthase, thus attenuating 
the inhibition of NO on OXPHOS and significantly inhibiting 
the release of IL-1β and TNF-α on LPS-induced macrophages 
[  161 ]. Although GSE’s NO-centric mechanism effectively tar-
gets specific inflammatory pathways, its limited capacity to 
resolve broader metabolic dysregulation could be addressed 
through integration with mitochondrial metabolite sensors, 
enabling the construction of feedback-controlled therapeutic 
systems.

   Currently, many strategies for macrophage modulation explore 
chemical drugs conjugated to various functional nanocarriers 
recognized by macrophage receptors. Metal–organic supercon-
tainers (MOSCs) are self-assembled nanocarriers with multiple 
binding sites and good biocompatibility, ideal for drug delivery. 
Chen et al. [  162 ] developed a zinc-based MOSC (Zn-NH-pyr) 
that efficiently targets mitochondria by escaping endo/lysosomal 
barriers. They loaded 4-octyl itaconate (4-OI) into this system to 
create 4-OI@Zn-NH-pyr. As expected, due to the highly efficient 
mitochondrial targeting efficacy, 4-OI@Zn-NH-pyr exhibited an 

enhanced inhibitory effect on basal respiration, ATP produc-
tion, and maximal respiration, in comparison with the single 
4-OI-treated group. However, the use of these targeting nanocar-
riers is usually limited by high cost, instability, toxic effects, and 
so on. Therefore, it is essential to design and develop structure-
inherent small molecules targeting the mitochondria of macro-
phages. Wang et al. [  163 ] screen the dyes and characterize a 
small-molecule infrared dye termed IR-61, which preferentially 
accumulates in the mitochondria of these pro-inflammatory adi-
pose tissue macrophages. It improves obesity and its associated 
metabolic syndromes via intraperitoneal administration, potenti-
ates mitochondrial OXPHOS, and thus represents a possible treat-
ment strategy for obesity-related metabolic diseases. IR-61’s 
empirical screening is labor-intensive and serendipity-driven, 
and artificial intelligence (AI)-guided predictions of structure–
mitochondrial affinity could accelerate the discovery of next-
generation dyes with enhanced selectivity and metabolic 
reprogramming precision. These pioneering efforts exemplify 
the potential of mitochondrial metabolic engineering to steer 
macrophage fate, yet key challenges persist. Future progress will 
require multi-omic metabolic profiling to transcend microen-
vironmental constraints, feedback-controlled systems integrat-
ing metabolite sensors, and AI-driven platforms to deconvolute 
structure–mitochondrial affinity relationships. Through the 
application of these new technologies, next-generation strategies 
will achieve context-adaptive precision, transforming mitochon-
drial metabolism into a dynamically programmable lever for 
macrophage immunomodulation.

   Conventional biomaterials designed to modulate macrophage 
polarization typically depend on passive structural properties or 
localized release of biochemical signals. These approaches exhibit 
limited spatiotemporal control and minimal influence on mito-
chondrial metabolic regulation. In comparison, magnetically 
responsive platforms permit noninvasive remote manipulation 
of cellular functions via externally applied magnetic fields, offer-
ing unprecedented precision in immune cell programming. A 
recent study by Yan et al. [  164 ] introduced a magnetically respon-
sive scaffold system that reprograms macrophage metabolism and 
polarization via targeted mitochondrial modulation (Fig.  5 A). The 
authors engineered a nanocomposite by electrostatically assem-
bling positively charged Fe3O4 (pFe3O4) nanoparticles onto 
2-dimensional MXene nanosheets, creating a co-dispersed hybrid 
that was embedded into a poly-l-lactic acid (PLLA) matrix 
through selective laser sintering to fabricate a biomimetic porous 
bone scaffold (PFM). This structure displayed excellent mechani-
cal properties, biocompatibility, and magnetic sensitivity. Upon 
exposure to a static magnetic field (SMF), the PFM scaffold 
significantly elevated the expression of arginase 2 (Arg2), a 
mitochondrial enzyme that modulates oxidative metabolism. 
Subsequent functional assays showed that Arg2 up-regulation was 
accompanied by increased mitochondrial membrane potential, 
as indicated by higher JC-1 aggregate formation in the PFM + 
SMF group (Fig.  5 B). This increase in membrane potential cor-
related with enhanced ATP production (Fig.  5 C). Meanwhile, 
mtROS levels were significantly reduced, suggesting improved 
mitochondrial efficiency and reduced oxidative stress (Fig.  5 D). 
This metabolic shift promoted macrophage polarization toward 
the anti-inflammatory M2 phenotype, contributing to a favorable 
immune microenvironment that attenuated early inflammatory 
responses and supported bone regeneration and neovasculariza-
tion. This work highlights a novel strategy that integrates advanced 
material design with remote magnetic control to achieve precise 
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regulation of mitochondrial metabolism. By leveraging the inter-
play between biophysical cues and mitochondrial metabolism, 
magnetically responsive scaffolds offer distinct advantages over 
conventional biomaterials in orchestrating immune responses and 
enhancing tissue repair, positioning them as promising platforms 
for next-generation regenerative therapies.        

   Material-based strategies for modulating mitochondrial 
function have traditionally faced limitations such as indirect 
regulation, low specificity, and delayed cellular responses, 
which are effectively overcome by directly delivering exoge-
nous mitochondria. Zhang et al. [  165 ] demonstrated such 

advancement by employing a targeted mitochondrial trans-
plantation system to reprogram TAMs toward a pro-inflam-
matory M1-like phenotype, thereby enhancing anti-tumor 
immune responses. This system utilizes mannosylated poly-
ethyleneimine (mPEI) to coat mitochondria isolated from M1 
macrophages, facilitating selective uptake by M2 macrophages 
through mannose receptor-mediated endocytosis. Upon inter-
nalization, the exogenous mitochondria shift cellular metabolism 
from OXPHOS to glycolysis, as demonstrated by increased 
ECARs and decreased oxygen consumption. This metabolic 
reprogramming elevates intracellular ROS, which activates 

Fig. 5. (A) Scheme showing the fabrication of magnetically responsive scaffold system and its SMF-induced mitochondrial modulation in macrophages. (B) Increased 
mitochondrial membrane potential in the PFM + SMF group. (C) Elevated intracellular ATP levels observed in the PFM + SMF group. (D) mtROS levels were reduced by the 
PFM scaffold under SMF intervention [164]. Copyright 2025, Wiley-VCH GmbH.
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key signaling pathways including NF-κB and MAPK, promoting 
and stabilizing the inflammatory M1-like immunophenotype. 
The successful mitochondrial transplantation strategy not only 
achieves precise metabolic reprogramming of macrophage mito-
chondria but also provides crucial theoretical and practical 
insights for directly modulating cellular metabolic states via active 
organelles, advancing the field of mitochondrial metabolic regula-
tion. Despite its therapeutic potential, mitochondrial transplanta-
tion faces translational challenges in clinical research. Numerous 
studies have emphasized that the inherent fragility of isolated 
mitochondria necessitates rapid processing under strictly con-
trolled low-temperature conditions to preserve viability and can-
not be stored permanently. These biological limitations underscore 
the critical need to ensure sustained mitochondrial functionality, 
stability, and therapeutic efficacy for human applications.   

ROS scavenging: Limiting oxidative stress
   Mitochondrial bioenergetic activity constitutes the primary 
source of cellular ROS, with redox disequilibrium between pro-
oxidant generation and antioxidant buffering capacity posing 
a fundamental threat to organellar homeostasis. This delicate 
redox equilibrium is dynamically maintained by enzymatic and 
nonenzymatic antioxidant systems that not only neutralize ROS 
overaccumulation but also modulate oxidative signaling cas-
cades governing macrophage phenotypic transitions.

   Research has shown that various natural products, including 
polyphenols like TA, are widely used as anti-inflammatory 
agents and antioxidants due to their notable ROS-scavenging 
properties [  166 ].  Li  and his team [  167 ] reported the develop-
ment of a TA-based DDS that degrades in response to ROS due 
to its sensitivity to H2O2. Upon the breakdown of the DDS, TA 
is released, facilitating the removal of excess ROS. The com-
bined delivery of anti-inflammatory drugs and ROS elimina-
tion effectively promotes macrophage repolarization during 
inflammation. Building on previous reports of TA-based ROS-
responsive DDSs, Lei and Fan [  168 ] advanced this concept by 
developing PHTB (TA-siRNA) hydrogels, where TA serves dual 
roles as both a nanogel scaffold and bioactive agent (Fig.  6 A). 
The catechol-rich structure enables effective ROS neutraliza-
tion, disrupting oxidative stress cycles that sustain pro-inflam-
matory M1 macrophage dominance (Fig.  6 B). This antioxidant 
activity synergizes with small interfering RNA (siRNA)-medi-
ated matrix metalloproteinase-9 (MMP-9) silencing and elec-
trical stimulation (ES)-enhanced delivery to promote M2 
macrophage polarization, as evidenced by an increase in the 
M2/M1 ratio (Fig.  6 C). In this work, TA-siRNA nanogels were 
engineered to leverage TA’s ROS responsiveness for controlled 
therapeutic release, utilizing the hydrolysis of ester bonds 
within the TA structure to trigger degradation-dependent 
siRNA delivery (Fig.  6 D). This design not only ensures con-
trolled siRNA release but also minimizes off-target effects, 
enhancing the precision of siRNA-mediated gene silencing in 
macrophages. These findings establish TA as a versatile thera-
peutic component for engineering multifunctional platforms 
targeting redox-imbalanced chronic inflammation. In addition 
to polyphenols, compounds such as flavonoids [  169 ], spherical 
melanin nanoparticles (MNPs) extracted from cuttlefish ink 
[  170 ], and astaxanthin [ 141 ], a naturally occurring fat-soluble 
carotenoid, have been shown to exhibit free radical scavenging 
and antioxidant effects. These compounds have also been inves-
tigated for their delivery to key sites to modulate macrophage 
polarization phenotypes for disease treatment.        

   The ROS detoxification system is composed of natural 
enzymes such as superoxide dismutase (SOD) [  171 ], catalase 
(CAT) [  172 ], GSH peroxidase, and GSH reductase [ 172 ]. 
Oxygen radicals are converted into H2O2 by SOD, and H2O2 is 
converted into water by CAT or GSH peroxidase for the purpose 
of detoxification. In recent years, materials with catalytic ROS-
scavenging activity have also been found to be alternative or 
even more effective strategies for regulating macrophages’ fate, 
attributed to their enzyme-like behavior [  173 ]. A series of nano-
materials such as cerium oxide, MnO2-x, Fe3O4, Prussian blue, 
and their composites have good antioxidant-like enzyme activity 
with higher stability than natural enzymes [  174 ,  175 ]. Catalytic 
nanoparticles (NPs), such as manganese ferrite NPs, have 
recently been developed as biocompatible therapeutic agents 
capable of continuous oxygen generation in H₂O₂-rich hypoxic 
environments [  176 ]. However, excessive concentrations of man-
ganese ferrite NPs can lead to cytotoxicity and decreased oxygen 
production efficiency due to the generation of •OH as interme-
diates in the Fenton reaction. Kim’s group [  177 ] demonstrated 
that ceria NPs can convert •OH into O₂ molecules. They further 
developed manganese ferrite and ceria nanoparticle-anchored 
mesoporous silica nanoparticles (MSNs), which synergistically 
scavenge ROS and generate oxygen, thereby reducing M1 mac-
rophage levels and promoting M2 macrophage polarization for 
inflammation treatment. The redox-active surface of cerium 
oxide nanoparticles (CeO₂), characterized by abundant oxygen 
vacancies and dynamic Ce3+/Ce4+ transitions, underlies its dual 
enzyme-mimetic capacity to scavenge ROS. Nano-CeO₂ can 
mitigate local inflammatory responses by scavenging excessive 
ROS and suppressing M1 macrophage polarization. Nevertheless, 
the more important approach for treating inflammation is to 
activate macrophage polarization toward the M2 phenotype, 
and the M2 polarization function of CeO₂ is quite limited. Wang 
and his team [  178 ] addressed this limitation by bonding quer-
cetin, a natural antioxidant flavonoid, to CeO₂, resulting in 
superior antioxidant and anti-inflammatory properties. They 
further demonstrated that post-subgingival injection of this 
composite efficiently eliminated excessive ROS and reduced 
local periodontal inflammation in a rat model. Although 
CeO₂-mediated ROS scavenging has a limited direct impact 
on macrophage polarization itself, it can amplify the paracrine 
regulation of M2 polarization exerted by surrounding cells. 
Supporting this concept, Zheng et al. [  179 ] incorporated cerium 
oxide nanoparticles (COPs) into polycaprolactone porous 
nanoscaffolds to develop the NS@COP scaffold for the treat-
ment of traumatic spinal cord injury. Their findings demon-
strate that the ROS-scavenging capability of these nanoparticles 
restores the responsiveness of pro-inflammatory macrophages 
to paracrine calcitonin gene-related peptide (CGRP) signals, 
primarily released by surrounding sensory neurons. This resto-
ration occurs through the up-regulation of receptor activity 
modifying protein 1 (RAMP1), a vital component of the CGRP 
receptor. Consequently, the reinstated CGRP signaling pro-
motes macrophage commitment to an anti-inflammatory M2 
phenotype, thereby reducing glial scar formation. This approach 
pioneers a targeted strategy for modulating neuroimmune com-
munication in spinal cord injury. However, this ROS-scavenging 
approach lacks mitochondrial targeting, compromising its 
therapeutic precision. Concurrently, advanced CeO₂ delivery 
systems designed for nervous tissue now incorporate mitochon-
drial targeting, demonstrating enhanced spatial control of ROS 
modulation (Fig.  7 A) [  180 ]. The TPP@(CeO₂+ROF) platform, 
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functionalized with TPP, achieves selective accumulation in 
mitochondria as the primary site of ROS generation (Fig. 
 7 B). As expected, TPP@(CeO2+ROF) demonstrates potent 
ROS-scavenging capabilities, effectively modulating oxida-
tive stress levels within mitochondria through Ce3+/Ce4+ 
redox cycling (Fig.  7 D). This nanosystem synergizes catalytic 

ROS decomposition with roflumilast (ROF)-mediated PDE4 
inhibition, reducing neuronal apoptosis in vitro and cerebral 
infarct volume in vivo in stroke models. By directly quenching 
mtROS and restoring macrophage–neuron crosstalk, it amplifies 
M2 polarization, demonstrating spatially optimized immuno-
modulation (Fig.  7 C). While current evidence is limited to 

Fig. 6. (A) Schematic illustration of TA-siRNA nanogel synthesis and their dual therapeutic action. (B) TA in the PHTB(TA-siRNA) hydrogel effectively reduces ROS levels in 
diabetic chronic wounds, as compared to the control groups. (C) The M2/M1 macrophage ratio in the ES therapy–PHTB(TA-siRNA) hydrogel groups was significantly higher 
than in the other groups. (D) Mechanism of siRNA release from TA-siRNA nanogels [168]. Copyright 2022, Wiley-VCH GmbH.
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indirect macrophage effects, these developments establish criti-
cal engineering principles for future systems that directly modulate 
neuroimmune macrophages through precision ROS scavenging. 
These findings collectively establish CeO₂ as a versatile platform 
for inflammatory regulation, where material hybridization and 
targeted delivery strategies synergistically bridge ROS scavenging 
with immune-metabolic reprogramming.        

   In addition to scavenging mtROS, several researchers tried to 
inhibit the generation of mtROS. Fan et al. [  181 ] uncovered for 
the first time that down-regulated murine homolog of steatohep-
atitis-associated circRNA ATP5B regulator (circRNA mSCAR) 
promotes the development of sepsis, which correlates with the 
excessive M1 polarization. Similarly, they encapsulated exosomes 
with the therapeutic circRNA mSCAR followed by TPP–poly-
﻿d-Lysine (PDL) electroporation, achieving mitochondrial deliv-
ery of circRNA mSCAR. Precise delivery of circRNA mSCAR 
into mitochondrial could robustly reverse M1 polarization by 
reducing mtROS, and thus improve the outcome of septic condi-
tion, emerging as a promising intervening strategy of sepsis and 
other inflammatory diseases. Chen et al. [ 162 ] developed a zinc-
based MOSC, Zn-NH-pyr, which exhibited highly efficient ROS-
scavenging capacity and strong mitochondria-targeting ability. 
After encapsulating 4-OI, the resulting composite not only scav-
enged ROS exogenously but also reduced endogenous ROS pro-
duction by modulating mitochondrial respiration in inflammatory 
macrophages. The endogenous reduction of ROS was primarily 
attributed to 4-OI, which activated Nrf2 to up-regulate endoge-
nous antioxidant production and inhibited SDH to suppress 
mtROS production. Conse quently, 4-OI@Zn-NH-pyr demon-
strated marked efficacy in ameliorating joint inflammation by 
modulating macrophage activity. Additionally, increased mito-
chondrial permeability leads to the disassembly of respiratory 
supercomplexes and ETC dysfunction, resulting in a marked 
increase in ROS production. Chen et al. [ 182 ] identified that 
3-hydroxypropionaldehyde (3-HPA), encapsulated within mem-
brane vesicles secreted by Lactobacillus reuteri (RMVs), an 
endogenous human symbiont, inhibits LPS-induced macrophage 
polarization toward a pro-inflammatory phenotype (Fig.  7 E). 
This effect arises from RMV-mediated regulation of mitochon-
drial complexes I and II, which stabilizes the LPS-disrupted mito-
chondrial membrane potential and consequently reduces mtROS 
production (Fig.  7 F). Specifically, 3-HPA present in RMVs pre-
vents LPS-triggered opening of the mPTP, thereby modulating 
mitochondrial permeability (Fig.  7 G). As a result, RMVs attenu-
ate pro-inflammatory macrophage polarization, mitigate the 
inflammatory microenvironment in wound tissues, and signifi-
cantly enhance mucosal and skin wound healing (Fig.  7 H).

   While lowering mtROS promotes M2 macrophage polariza-
tion and tissue repair, in bacterial infections, a controlled increase 
of mtROS is crucial for activating macrophage antimicrobial 
functions. Controlled elevation of mtROS activates macrophages 
to kill pathogens like Staphylococcus aureus, which evade immu-
nity by suppressing macrophage function. Conventional meth-
ods to enhance ROS rely on catalytic nanoparticles requiring 
exogenous substrates like H2O2 and pose potential risks due to 
uncontrolled and persistent catalytic reactions. In contrast, Feng 
et al. [  183 ] developed piezocatalytic nanoparticles (piezoNPs) to 
generate ROS under US without chemical substrates, allowing 
precise temporal and spatial control. Upon US stimulation, 
piezoNPs convert mechanical energy into surface charge that 
reduces oxygen to superoxide, mimicking endogenous mtROS 
production. To ensure cytosolic activation, piezoNPs are coated 

with a metal-phenolic network (MPN), which prevents ROS 
generation in extracellular environments and enables lysosomal 
escape via proton buffering. Once in the cytoplasm, US triggers 
on-demand ROS production, reprogramming macrophages to 
an activated state with enhanced bactericidal capacity. Compared 
to traditional approaches, this method reduces systemic toxicity 
and avoids substrate dependence while enabling in situ immune 
modulation. Studies in vivo show that macrophage-targeting 
piezoNPs combined with local US can effectively enhance 
immune activation and clear infections. This mitochondria-
inspired, US-responsive nanoplatform offers a controllable, non-
invasive strategy to boost innate immunity and holds promise 
for treating drug-resistant bacterial infections.

   However, all the aforementioned ROS scavengers lack precise 
targeting of both macrophages and mitochondria, limiting their 
efficiency.  Zhang ’s group [  184 ] developed a precisely targeted 
delivery system named meta-Defensome for ROS scavengers by 
metabolically engineering macrophage membranes and designing 
dextran sulfate (DS) for targeting and internalizing into the cyto-
plasm of M1 macrophages (Fig.  8 A). Furthermore, the formula-
tions were modified with tetraphenylphosphonium to enable 
mitochondrion-targeting capabilities (Fig.  8 B). In this system, 
manganese dioxide nanoparticles (MnO2 NPs) were encapsulated 
to scavenge abnormal mtROS, while S-methylisothiourea (SMT), 
an iNOS inhibitor, was simultaneously incorporated to inhibit 
abnormal mitochondrial nitric oxide synthase (mtNOS) expres-
sion (Fig.  8 C). This composite was shown to successfully repro-
gram the mitochondrial metabolism of M1 macrophages by 
scavenging mtROS and inhibiting mtNOS, thereby increasing 
TFAM expression and restoring aerobic respiration. As a result, 
the M1 macrophages were efficiently reprogrammed to the M2 
phenotype in vitro, with high transformation efficiency (Fig.  8 D). 
They further demonstrated that meta-Defensomes effectively sup-
pressed OA progression in vivo via intravenous injection (Fig. 
 8 E). After meta-Defensomes treatment, mitochondrial morphol-
ogy improved with reduced swelling and more organized cristae, 
as well as increased area (Fig.  8 F). Meanwhile, the recovery of 
mitochondrial dysfunction in synovial tissue successfully sup-
pressed M1 polarization of synovial macrophages in mice, alle-
viating arthritis and cartilage destruction (Fig.  8 G).           

Ion homeostasis: Balancing ionic gradients
   Excessive mitochondrial Ca2+ accumulation, exacerbated by 
inflammatory signaling, induces persistent mitochondrial mPTP 
activation—a self-amplifying cycle where Ca2+ overload and 
mtROS reciprocally enhance each other, driving mitochondrial 
membrane depolarization and inflammatory escalation. To dis-
rupt this pathological cross-talk, He et al. [  185 ] engineered 
“nanogluttons” (PPTB NPs), mitochondrial-targeted nanopar-
ticles combining a polymer-based dendrimer framework with 
PEG-TPP for organelle-specific delivery. These pH-responsive 
carriers encapsulate BAPTA-AM, a Ca2+ chelator that releases 
selectively in acidic inflammatory microenvironments. Upon 
macrophage internalization, PPTB NPs accumulate at mito-
chondria, where BAPTA-AM blocks pathological Ca2+ influx 
while preserving physiological Ca2+ oscillations. Through the 
dual modulation of mitochondrial bioenergetics and inflamma-
tory cascades, PPTB NPs demonstrated therapeutic synergy by 
suppressing IL-1β/IL-6-driven inflammation while enhancing 
osteogenic repair in periodontitis models, exemplifying how 
precision mitochondrial engineering can resolve inflammation–
metabolism interdependencies.
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Fig. 7. (A) Schematic diagram of intravenous TPP@(CeO2+ROF) targeting mitochondria to release drugs, exerting protective effects against ischemic stroke. (B) Electron 
microscopy images of TPP@(CeO2+ROF) aggregation in mitochondria. (C) Mitosox Red fluorescent probe was used to assess mitochondrial ROS levels following treatment 
with each experimental group. (D) TPP@(CeO2+ROF) treatment modulated CD86 and CD206 expression in microglia [180]. Copyright 2024, American Chemical Society. 
(E) Schematic diagram demonstrating how RMVs modulate oxidative stress in activated macrophages to aid wound healing. (F) RMV normalizes mtROS levels in LPS-affected 
macrophages. (G) 3-HPA reverses the impact of LPS on mitochondrial permeability in macrophages. (H) RMV reverses the classical macrophage activation pathway promoted 
by LPS [182]. Copyright 2024, Wiley-VCH GmbH.
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   Lei et al. [  186 ] designed the MSN–ethylenebis (oxyethyl-
enenitrilo)tetraacetic acid (EGTA)/TPP-PEG nanoparticles 
termed METP NPs to regulate mitoCa2+ and phenotype in 
macrophages with the ability of METP NPs to target mitochon-
dria with TPP and consume excessive calcium ions with EGTA, 

a calcium ion-binding group. They demonstrated that METP NPs 
effectively and selectively inhibited the abnormal increase of mit-
oCa2+ in macrophages of OA mice or LPS-induced cells in vitro, 
thus inhibiting the proinflammatory phenotype of bone marrow-
derived macrophages by suppressing the proinflammatory-related 

Fig. 8. (A) Schematic of meta-Defensome composition and mitochondrial reprogramming in M1 synovial macrophages through mtROS scavenging and mtNOS inhibition. 
(B) Colocalization coefficient of C6-labeled multi-stage formulations with mitochondria in M1 macrophages. (C) mtROS levels of M1 macrophages decreased by 
meta-Defensomes treatment. (D) Ratio of M1 macrophages increased by meta-Defensomes treatment. (E) Schematics illustrating that meta-Defensomes treatment 
attenuates OA in model mice. (F) TEM images of the mitochondria of synovial macrophage from OA mice with different treatments. (G) Immunofluorescence of iNOS 
and CD206 in the synovium from OA mice with different treatments [184]. Copyright 2022, Wiley-VCH GmbH.
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metabolism. Those changes blocked the OA inflammatory 
cascades at an early stage and controlled the OA-induced struc-
ture destruction, thereby achieving a considerable therapeutic 
effect in alleviating OA in mice.

   Although these pioneering studies demonstrated innovative 
strategies to mitigate macrophage inflammation driven by 
mitochondrial Ca2+ overload, their nanomaterial designs exhib-
ited limited specificity in discriminating healthy versus dysfunc-
tional mitochondria, as well as in achieving macrophage-selective 
targeting. Consequently, future efforts should focus on develop-
ing next-generation platforms capable of precise spatiotemporal 
control over mitochondrial Ca2+ homeostasis in macrophages, 
with enhanced cellular and organelle-level specificity.   

mtDNA surveillance: Intercepting  
inflammatory cascades
   mtDNA has emerged as a central orchestrator of macrophage 
functional plasticity, bridging metabolic fidelity and inflamma-
tory signaling. Recent advances have unveiled diverse strategies 
to intercept mtDNA-driven inflammatory circuits. By target-
ing distinct nodes of mtDNA generation, release, or recog-
nition, these approaches recalibrate macrophage fate from 
pro-inflammatory to regulatory states, offering precision con-
trol over immune-metabolic diseases.

   Among these strategies, multi-component nanomedicine 
platforms exemplify precision engineering to intercept mtDNA-
driven inflammation at multiple levels, such as the multifunc-
tional hydrogel system (CsA-TT-ENPP1@PEGA) engineered 
to coordinately target inflammation-driven dysregulation of 
mtDNA and its impact on cell function by addressing mtDNA 
leakage and cGAS-STING pathway activation [  187 ]. This 
injectable platform incorporates cyclosporin A (CsA) to block 
mitochondrial mPTP, thereby preventing pathological mtDNA 
release into the cytosol. Concurrently, thiethylperazine (TT) 
enhances ABCC1-mediated cyclic GMP-AMP (cGAMP) efflux, 
while ENPP1 catalyzes cGAMP hydrolysis—synergistically 
resolving cytosolic nucleic acid accumulation. The localized 
delivery of CsA-TT-ENPP1@PEGA demonstrates a precise 
strategy to intervene in the mtDNA-cGAS-STING axis. While 
this approach was applied to stem cells, its ability to target dif-
ferent points of the mtDNA pathway highlights its potential 
for recalibrating macrophage polarization in the future.

   Complementing such multi-component systems, natural 
product-based strategies offer alternative routes to decouple 
mtDNA release from inflammatory cascades. Baicalin is an active 
flavonoid isolated from Scutellaria baicalensis Georgi that has 
long been used as heat-clearing and detoxifying traditional 
Chinese medicinal herbs. Mechanistic studies reveal that baicalin 
maintains mitochondrial integrity under inflammatory stress, 
preventing the release of mtDNA into the cytosol [  188 ]. This 
intervention prevents the formation of Z-DNA, a structure 
formed from oxidized mtDNA in the cytosol that activates ZBP1-
dependent PANoptosis by triggering pyroptosis, apoptosis, and 
necroptosis. By blocking ZBP1–PANoptosome assembly, baicalin 
suppresses caspase activation, gasdermin pore formation, and 
mixed lineage kinase domain-like pseudokinase (MLKL) phos-
phorylation, thereby uncoupling mitochondrial damage from 
inflammatory cell death amplification. These actions collectively 
reprogram macrophages toward an immunoregulatory pheno-
type, attenuating cytokine storms and tissue injury. This work 
positions baicalin as a mitochondrial-targeted agent that recali-
brates macrophage function through mtDNA-centric signaling, 

offering a therapeutic paradigm for inflammatory diseases driven 
by PANoptosis.

   In contrast to this natural product-based strategy targeting 
mtDNA leakage, doxycycline exemplifies pharmacological 
repurposing of antibiotics for mitochondrial genomic regulation. 
Mechanistic studies demonstrate that doxycycline inhibits mito-
chondrial translation, a process essential for mtDNA replication 
and stability [  189 ]. This disruption reduces both mtDNA abun-
dance and its oxidized form (Ox-mtDNA), critical ligands for 
NLRP3 inflammasome assembly. Genetic silencing of mitochon-
drial methionyl-tRNA formyltransferase (Mtfmt), a key enzyme 
in mitochondrial translation, reproduced these effects. This 
confirmed that mtDNA depletion leads to reduced cytosolic 
Ox-mtDNA levels, which in turn diminishes caspase-1 activation 
and IL-1β secretion. The antibiotic’s ability to attenuate NLRP3-
driven pathologies, such as LPS-induced systemic inflammation, 
underscores mtDNA synthesis as a pivotal checkpoint for mac-
rophage inflammatory fate determination. This work repositions 
ribosomal-targeted antibiotics as precision tools to modulate 
mtDNA–immune crosstalk, offering novel therapeutic avenues 
for inflammatory diseases.

   Expanding the toolkit, nucleic acid nanotechnologies offer 
gene-targeted control over mtDNA release mechanisms. Liu’s 
team [  190 ] designed a siRNA-based mitochondrial interven-
tion strategy to silence slc44a1, a critical transporter regulating 
choline uptake in macrophages. Delivered via a tetrahedral 
nucleic acid scaffold (“nano-windmill”), the siRNA down-
regulates CTL1 expression, thereby reducing mitochondrial 
choline accumulation and subsequent mtDNA leakage. This 
dual-action mechanism suppresses NLRP3 inflammasome acti-
vation and pro-inflammatory cytokine release by blocking both 
mitochondrial stress and cytosolic DNA sensing. Collectively, 
mtDNA-centric strategies exemplify the therapeutic potential 
of mitochondrial–immune crosstalk modulation. Although 
current tools show promise, future strategies must enhance 
mitochondrial targeting in inflamed tissues and integrate 
mechanistic precision with clinical applicability through the 
use of stimuli-responsive nanomaterials, thereby enabling tai-
lored regulation of macrophage fate via mtDNA modulation. 
Bridging mitochondrial biology with immunology and nano-
technology will unlock next-generation therapies to resolve 
inflammation at its metabolic source.    

Direct Strategies for Targeting of Mitochondria
   Contemporary approaches to subcellular drug delivery predomi-
nantly involve bioengineering strategies. Therapeutic agents rang-
ing from small molecules to nanocarriers are chemically or 
physically modified with organelle-directing groups [  191 ]. Within 
this paradigm, direct mitochondrial targeting achieves molecular 
precision through 2 distinct approaches. The first involves cova-
lent bonding of mitochondrial-homing ligands to drug molecules. 
The second utilizes intrinsically targeted compounds that natu-
rally localize to mitochondria.

   The operational superiority of direct strategies arises from 
their capitalizing on mitochondrial membrane biophysics. This 
strategy specifically relies on the synergistic exploitation of lipo-
philicity for bilayer penetration and cationic charge for Δψm-
driven electrophoretic accumulation to overcome concentration 
gradients [  192 ]. This physicochemical rationale underpins 4 
principal targeting modalities: small-molecule vectors typified 
by delocalized lipophilic cations (DLCs), redox-active transition 
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metal complexes with innate membrane permeability, bioactive 
peptides exhibiting mitochondrial membrane selectivity, and 
targeting material-based nanocarriers (Table  1 ). While organic 
small-molecule conjugates and metallodrugs constitute the 2 
primary branches of direct targeting, their functional divergence 
lies in pharmacokinetic behavior. Small-molecule conjugates 
depend on attached targeting units, while metallodrugs incor-
porate targeting capability directly into their metal coordination 
sphere. Crucially, these direct modalities complement drug-
mediated indirect strategies, particularly when dealing with 
chemically intractable therapeutics [  193 ]. The choice between 
these strategies depends on molecular complexity. Direct target-
ing works best for chemically modifiable molecules, enabling 
efficient intervention. Indirect approaches better suit structurally 
challenging compounds through adaptable mechanisms.   

Small molecules
   The mitochondrial transmembrane potential constitutes a cor-
nerstone for organelle-targeting strategies, as even subtle per-
turbations in this electrochemical gradient profoundly impact 
mitochondrial homeostasis. DLCs are a class of low-molecular 
weight compounds and accumulate in mitochondria by lever-
aging on the electrochemical gradient that exists across the 
cytoplasm and the IMM [  194 ]. Most of the existing mitochon-
dria-targeting small molecules including TPP, rhodamine, 
dequalinium, and guanidine/biguanide are DLCs [ 195 ]. The 
lipid solubility of these molecules enables them to cross the cell 
membrane and mitochondrial membrane, and the positive 
charge enables them to enter mitochondrial matrix (MM) 
under the action of the mitochondrial membrane potential, 
endowing them with mitochondrial targeting ability [  196 ]. The 
use of small molecules for mitochondrial targeting is relatively 
well established due to their long history of use in various bio-
logical applications. However, the use of DLCs may be limited 
by their toxicity at high concentrations as their accumulation 
in mitochondria may disrupt mitochondrial membrane poten-
tial, leading to cell toxicity [  197 ]. While being good carriers for 
lipophilic or small polar molecules, the effectiveness of each 

DLC at delivering larger cargoes may still be dependent on the 
overall size and charge of the conjugates [  198 ].

   TPP derivatives dominate current mitochondrial targeting 
approaches due to their unique pharmacochemical profile. 
Through covalent conjugation with bioactive molecules or 
functionalization of nanocarriers, these amphiphilic compounds 
achieve precise subcellular localization. Lei et al. [ 186 ] demon-
strated EGTA-loaded MSN prepared using TPP-modified PEG 
effectively targeting mitochondria in macrophages. The advan-
tages of TPP-based mitochondrial targeting over other approaches 
for mitochondrial delivery of small molecules include the stability 
of the TPP moiety in biological systems, a combination of lipo-
philic and hydrophilic property, the relatively simple synthesis 
and purification, the low chemical reactivity toward cellular com-
ponents, and their lack of light absorption or fluorescence in the 
visible or near-infrared (NIR) spectral region [ 199 ]. Emerging 
evidence further reveals the functional duality of mitochondrial-
targeted small molecules beyond mere localization. Pioneering 
work by Wang et al. [ 163 ] identified IR-61, an anti-inflammatory 
cyanine derivative that selectively accumulates in adipose tissue 
macrophages. This mitochondria-targeted compound exhibits 
dual therapeutic efficacy, simultaneously inhibiting proinflam-
matory activation and improving metabolic dysfunction. These 
effects illustrate how precision-designed small molecules can 
function as both organelle-specific regulators and disease-mod-
ifying therapeutics.   

Bioactive molecules
   Peptides have emerged as versatile biological tools owing to 
their molecular precision, high target affinity, and synthetic 
accessibility through advanced solid-phase methodologies 
[  200 ]. In mitochondrial pharmacology, engineered peptides 
offer distinct advantages over conventional lipophilic cations, 
with 3 principal classes demonstrating organelle-specific tro-
pism: Szeto–Schiller (SS) peptides, mitochondrial penetrating 
peptides (MPPs), and mitochondrial targeting sequence (MTS) 
peptides—each exploiting unique mechanisms for subcellular 
navigation.

Table 1. Targeting strategies: An inherent pillar of mitochondrial therapies

Classification
Targeting 
mechanism

Targeting 
site Advantages Disadvantages Material Refs.

 Small  
molecules

 Electrostatic 
interaction

 MM  Mature use  Toxic; large cargo 
limited

 TPP/Rhodamine/
Dequalinium/
Guanidine/Biguanide

[163,186,195,199]

 Bioactive 
molecules

 Electrostatic 
interaction; 
hydrophobic 
interaction

 OMM\IMM  Tunability; ease of 
synthesis; high 
specificity; low 
toxicity

 Large structure; 
low solubility; low 
permeability

 SS/MPPs/MTS [202–209]

 Transition 
metal 
complexes

 Electrostatic 
interaction; 
hydrophobic 
interaction

 Adjustable  Photophysical 
properties;  
photothermal 
properties

 Toxic; low 
efficiency

 Ru/Mn/Pt/Cu/Ni/Ir/Zn [195,210–213]

 Nanocarriers  Adjustable  Adjustable  Low toxicity; rich 
functions; higher 
efficiency

 High cost; 
difficult to 
synthesize

 CQD/BS-NPs [184,215–217]
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   SS peptides have the ability to permeate the plasma mem-
brane, selectively accumulate in the IMM of mitochondria, and 
scavenge ROS [  201 ]. SS peptides can freely penetrate cells at 
physiological pH as their cellular uptake is energy-independent, 
but the exact mechanism of targeting mitochondria remains 
unclear [ 202 ]. It has been postulated that SS peptides concentrate 
at greater levels in the IMM compared to the matrix due to the 
electrostatic attraction between the cationic peptide with the 
phosphate head groups on cardiolipin in the IMM [ 198 ]. Recent 
studies demonstrate that SS-31 in macrophages concurrently 
suppresses mtROS generation and down-regulates scavenger 
receptors CD36/LOX-1, thereby preventing oxidized low-den-
sity lipoprotein-induced foam cell formation [  203 ]. This dual-
action mechanism highlights SS-31’s therapeutic potential in 
mitigating both inflammatory cascades and cholesterol accu-
mulation, positioning it as a promising multifaceted interven-
tion strategy.

   MPPs are a type of widely utilized mitochondria-targeting 
molecules that have been discovered in 2008 [  204 ]. MPPs have 
excellent cell permeability and mitochondrial targeting because 
they have alternating cationic and hydrophobic residues [ 204 ]. 
At the same time, Horton et al. [  205 ] consider that the uptake of 
MPPs by cells seems to be independent of the endocytosis path-
way, bypassing endosomal or lysosomal sequestration, which 
also increases the chance of MPPs reaching mitochondria. Their 
modular design allows systematic optimization of pharmacoki-
netic profiles while maintaining synthetic simplicity, which is 
particularly valuable for in vivo applications [  206 ]. Building on 
this foundation, a recent mitochondria-targeting and mem-
brane-penetrating peptide amphiphile (MMPA)-based nanoplat-
form was engineered as a multifunctional derivative [  207 ]. This 
system leverages MMPA’s charge-mediated siRNA complexation 
to achieve mitochondrial delivery of therapeutic siRNA, specifi-
cally down-regulating mtDNA-encoded proteins like ATP6. 
Crucially, the induced mitochondrial damage activates innate 
immunity, leading to the repolarization of TAMs into the anti-
tumor M1 phenotype.

   The third paradigm, MTS peptides, mirrors endogenous 
mitochondrial protein import machinery. These N-terminal 
sequences form amphipathic α-helices where hydrophobic 
faces and cationic surfaces synergistically engage translocation 
complexes [ 206 ]. While their structural bulk and membrane 
impermeability pose delivery challenges, recent nanotechno-
logical innovations circumvent these limitations [ 194 ]. In this 
regard, the mitochondria-regulated information processing 
nanosystem developed by Che et al. [  208 ] incorporates a cys-
teine-containing peptide that directs the nanosystem into the 
MM. Remarkably, this nanosystem targets αvβ3-overexpressing 
hepatic stellate cells (HSCs), where it selectively binds to the 
integrin receptor αvβ3 and is internalized by HSCs. This strat-
egy overcomes the permeability limitations of MTS across the 
cell membrane, achieving dual-targeting at both the cellular 
and organellar levels. Parallel advancements by Zuo et al. [ 209 ] 
integrated MTS with liposomes, leveraging the enhanced endo-
cytic capacity of macrophages in the pro-inflammatory phe-
notype to achieve a similar dual-targeting effect at both the 
cellular and organellar levels.

   Collectively, these peptide-based strategies underscore a 
critical design paradigm: Integrating bioinspired molecular 
mimicry with programmable synthetic modifications tran-
scends conventional drug delivery limitations, permitting 
spatially precise interventions at the organelle level.   

Transition metal complexes
   Transition metal complexes demonstrate intrinsic mitochondrial 
tropism through synergistic physicochemical attributes—elevated 
cationic charge density facilitates Δψm-driven electrophoretic 
accumulation, while optimized lipophilicity enables bilayer pen-
etration [ 210 ]. Research has revealed that various transition metal 
complexes, such as those containing Ru, Mn, Pt, Cu, Ni, Ir, and 
Zn, exhibit the capability to specifically target mitochondria 
[ 195 ]. Notably, their tunable photophysical profiles render them 
superior photosensitizers for spatiotemporally controlled pho-
todynamic interventions, particularly in oncological applica-
tions where mitochondrial disruption synergizes with ROS 
generation [  211 ]. Nevertheless, the therapeutic promise of 
these transition metal complexes is counterbalanced by inher-
ent pharmacological challenges. Cationic amphiphilicity, while 
crucial for mitochondrial targeting, predisposes complexes to 
nonspecific interactions with anionic membrane components 
of other organelles—a phenomenon exacerbated in pathologi-
cal microenvironments with altered membrane potentials. 
Furthermore, excessive intramitochondrial accumulation dis-
rupts proton gradient homeostasis, triggering apoptotic cas-
cades that manifest as concentration-dependent cytotoxicity 
[  212 ]. Current research frontiers focus on engineering charge-
delocalized architectures and stimuli-responsive ligands to 
decouple therapeutic efficacy from off-target effects, aiming 
to transform these inherent liabilities into precision-controlled 
therapeutic modalities. In an exemplar engineering approach, the 
copper-depleting moiety (CDM) within the CDM@MUiO-DP@
MCHM platform capitalizes on transition metal redox properties 
while mitigating off-target risks [ 213 ]. This copper-targeting 
agent leverages mitochondrial tropism to induce localized copper 
depletion, triggering energy collapse via membrane potential 
dissipation and immunomodulation through tumor micro
environment remodeling. Macrophage-derived hybrid mem-
brane encapsulation restricts CDM’s activity to malignant 
mitochondria, reducing protumoral macrophage functions 
through tumor–stromal interactions.   

Nanocarriers
   Contemporary nanocarrier designs for mitochondrial delivery 
primarily employ bioorthogonal conjugation strategies, integrat-
ing cationic homing ligands or amphipathic peptides to achieve 
subcellular precision. This modular engineering approach 
synergistically enhances theranostic efficacy while mitigating 
ligand-induced cytotoxicity—particularly evident in redox-
sensitive systems where controlled payload release coincides 
with mitochondrial activation [  214 ]. Advanced platforms 
further incorporate microenvironment-responsive elements, 
enabling hierarchical targeting through pH- or enzyme-trig-
gered charge reversal mechanisms that sequentially address 
cellular, subcellular, and organellar barriers [ 215 ]. The strategic 
coupling of functional nanomaterials with mitochondrial thera-
peutics creates multifunctional synergies. TPP-functionalized 
biodegradable silica nanoparticles (BS-NPs) exemplify this 
approach, demonstrating enhanced protein packaging effi-
ciency, enzymatic protection, and spatiotemporal release kinet-
ics compared to conventional vector systems [  216 ]. Never theless, 
such sophistication escalates synthetic complexity, demanding 
meticulous optimization of ligand density, surface charge dis-
tribution, and biodegradation profiles to balance functionality 
with clinical translatability. Emerging paradigms challenge the 
necessity of exogenous targeting moieties. Pioneering work by 
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Li et al. [ 217 ] revealed that certain carbon quantum dots 
(CQDs) synthesized via single-step hydrothermal protocols 
exhibit intrinsic organelle tropism. These zero-dimensional 
nanomaterials achieve dual-mode mitochondrial localiza-
tion and real-time bioimaging without supplementary ligands, 
their inherent photophysical properties and surface charge 
distribution serendipitously mimicking endogenous trafficking 
patterns [  218 ]. Nanocarriers offer a distinct advantage over the 
previous 3 approaches by enabling multiplexed targeting, allow-
ing for hierarchical targeting of both macrophages and mito-
chondria [ 184 ]. This enables precise, cascade-like therapeutic 
interventions, enhancing the accuracy and efficacy of treatment 
strategies.    

Conclusion and Outlook

   The emergence of precision biomedicine has revolutionized cel-
lular engineering through unprecedented control over cellular 
fate determination. Within this paradigm, mitochondria have 
gained renewed research attention following the discovery of 
their dual functionality as both energy generators and signaling 
integrators, particularly in the context of macrophage fate dys-
regulation (Fig.  9 ). Here, we present a systematic classification 
of mitochondrial intervention strategies, distinguishing indirect 
systemic approaches from direct mitochondrial targeting 
methods. To establish therapeutic rationale, we first delineate 
the multifaceted components of mitochondrial homeostasis, 

Fig. 9. Perspectives on mitochondrial targeting strategies for macrophage fate modulation. Current “guide-executor” paradigms, leveraging mitochondria’s dual functionality, 
have advanced precision biomedicine. Looking to the future, the integration of theoretical depth and technological innovation will propel mitochondrial targeting strategies 
to the ultimate goal of health improving (created with BioRender.com).
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emphasizing their differential contributions to physiological 
maintenance versus pathological progression in macrophage 
populations. Current therapeutic development employs a post-
targeting modulation framework that combines organelle-
specific delivery systems with mitochondrial-normalizing agents. 
The most advanced form of this “guide-executor” paradigm 
occurs in the CRISPR-Cas9 system, which utilizes single-guide 
RNA (sgRNA) to recognize target DNA sequences for precise 
localization, and then performs the cutting function by Cas9 
nuclease [  219 ]. While existing mitochondrial targeting strategies 
implement a primitive version of this dual-component system, 
our analysis reveals opportunities for developing next-generation 
platforms that achieve spatiotemporal precision comparable to 
contemporary genome-editing technologies.        

   The evolving theoretical framework of mitochondrial homeo-
stasis has established a conceptual foundation that not only 
informs targeted therapeutic development but also directs 
strategic research priorities. Central to this advancement is 
the “guide-executor” regulatory paradigm, which operationalizes 
the translational potential of mitochondrial homeostasis research 
through mitochondria-mediated epigenetic reprogramming of 
macrophage fate. This paradigm shift, emerging from the recogni-
tion of mitochondria as information processing hubs, demon-
strates how fundamental discoveries in organelle biology can drive 
therapeutic innovation, exemplified by mitochondria-targeted 
interventions in inflammatory disorders. Converging evidence 
identifies 4 actionable frontiers in mitochondrial regulation: 
(a) The discovery of intercellular mitochondrial transfer mechanisms 
has necessitated reevaluation of conventional cell-autonomous per-
spectives on mitochondrial regulation [  220 ]. This intercellular 
trafficking system positions mitochondria as critical mediators of 
cellular crosstalk, thereby enabling novel therapeutic approaches 
that transcend single-cell targeting limitations [  221 ]. Donor cell-
derived mitochondrial modulation strategies now complement 
classical “guide-executor” interventions through their capac-
ity to reprogram recipient macrophage populations via horizontal 
organelle transfer. (b) The structural and functional compartmen-
talization of mitochondria (inner membrane, cristae, matrix) 
presents both challenges and opportunities for therapeutic target-
ing [  222 ]. Distinct biochemical microdomains within these sub-
compartments maintain specialized regulatory networks that 
govern mitochondrial metabolism and signaling. This architec-
tural complexity underscores the imperative to develop spatially 
resolved intervention strategies through advanced imaging tech-
niques and nanoscale biosensors, particularly for precision modu-
lation of cristae remodeling processes that dictate cellular survival 
decisions. (c) Emerging mitochondrial death pathways, particu-
larly cuproptosis mediated by copper ion flux, are expanding the 
therapeutic landscape beyond conventional M1/M2 polarization 
paradigms [  223 ]. The mitochondrial copper transporter SLC31A1 
has emerged as a critical regulator of this process through its 
modulation of lipoylated TCA cycle enzymes, revealing novel 
targets for macrophage fate manipulation in copper-associated 
pathologies [ 120 ]. Future research must deepen insights into 
mitochondrial regulatory mechanisms, such as how molecular 
pathways in mitochondria control macrophage behavior, and 
broaden exploration of uncharted mitochondrial processes, 
including interactions with understudied ions or organelles. 
(d) The advancement of AI has introduced powerful tools for 
analyzing mitochondrial dysfunction and its connection to mac-
rophage behavior and disease. AI can accurately identify distinct 
mitochondrial abnormalities such as oxidative stress, disrupted 

dynamics, and metabolic imbalance. It can also help reveal how 
these specific conditions shape macrophage polarization and 
function during disease progression [  224 ]. This capability could 
greatly accelerate the discovery of precise mitochondrial-targeted 
interventions.

   The translation of mitochondrial biology into clinically action-
able strategies demands the development of innovative therapeutic 
platforms that synergize precision targeting, biocompatibility, and 
scalable manufacturing. This paradigm shift requires transitioning 
from conventional empirical approaches to rational design frame-
works. This requires maximizing therapeutic efficacy while mini-
mizing off-target effects, adhering to the clinically pivotal 
“precision-over-redundancy” principle. Three pivotal directions 
are poised to reshape mitochondrial therapeutics: (a) AI has 
emerged as a transformative enabler in this domain. For instance, 
graph neural networks trained on mitochondrial proteomic data-
sets can predict nanocarrier–mitochondrial membrane interac-
tions with atomic-level precision, enabling de novo design of 
organelle-specific delivery systems [  225 ]. Similarly, AI-driven 
analysis of mitochondrial metabolic networks identifies drug com-
binations that simultaneously widen therapeutic windows and 
limit off-target impacts. This represents a key advance for manag-
ing inflammatory diseases. (b) A persistent translational challenge 
arises from interspecies disparities in preclinical models, particu-
larly in mitochondrial dynamics and drug metabolism. To over-
come this limitation, humanized organoid platforms are emerging 
as a transformative tool to replicate human-specific mitochon-
drial–immune crosstalk [  226 ]. These systems integrate patient-
derived cells with engineered microenvironments, enabling 
high-fidelity prediction of human responses through multi-scale 
analysis functional outcomes. (c) Simplifying synthesis processes 
for mitochondrial-targeted agents is equally critical. Advances in 
small-molecule drug design integrates computer simulation and 
machine learning. This approach creates stable, drug-like com-
pounds that emulate peptide targeting, significantly improving 
clinical translation potential [  227 ].

   The advancement of biomedicine fundamentally depends on 
the reciprocal reinforcement of theoretical discovery and transla-
tional innovation, a paradigm exemplified by recent breakthroughs 
in mitochondrial immunometabolism. Mitochondrial-targeted 
macrophage regulation exemplifies this synergy through 3 evi-
dence-based translational pathways: (a) identifying macrophage-
specific mitochondrial biology questions through expanded 
theoretical research, (b) addressing these challenges by integrating 
innovative technologies with strategic design, and (c) bridging 
molecular and physiological discoveries in mitochondrial biology 
with human health. By aligning theoretical depth with technologi-
cal innovation, mitochondrial-targeted therapies hold promise for 
revolutionizing precision medicine and restoring immune homeo-
stasis in disease.   

Acknowledgments
   We appreciate BioRender ( www.BioRender.com ) for their assis-
tance in drawing process.
   Funding: This work is supported by the National Natural Science 
Foundation of China (32071362, 82401115, and 82201075), the 
National Science Fund for Excellent Young Scholars (32322044), 
the Postdoctoral Innovation Talents Support program of 
Chongqing (CQBX202313), the Medical youth top talent pro-
gram of Chongqing (YXQN202454), the Postdoctoral Fellowship 
Program (Grade) of China Postdoctoral Science Foundation 

https://doi.org/10.34133/research.0883
http://www.BioRender.com


Li et al. 2025 | https://doi.org/10.34133/research.0883 25

(GZC20233344), the Special Grant for Chongqing Postdoctoral 
Research Project (2023CQBSHTB3004), and the Natural Science 
Foundation of Chongqing (CSTB2022NSCQ-MSX0791).
   Author contributions: J.L.: Resources, visualization, and writing 
original draft. M.H.: Review and editing. S. Wan: Review, editing, 
and funding acquisition. S. Wang: Review, editing, and funding 
acquisition. N.L: Review, editing, and funding acquisition. L.X.: 
Conceptualization, supervision, review, editing, and funding 
acquisition T.C.: Conceptualization, supervision, review, editing, 
and funding acquisition.
   Competing interests:﻿ The authors declare that they have no 
competing interests.  

References

	 1.	 Wynn TA, Vannella KM. Macrophages in tissue repair, 
regeneration, and fibrosis. Immunity. 2016;44(3):450–462.

	 2.	 Lazarov T, Juarez-Carreño S, Cox N, Geissmann F. Physiology 
and diseases of tissue-resident macrophages. Nature. 
2023;618(7966):698.

	 3.	 Locati M, Curtale G, Mantovani A. Diversity, mechanisms, 
and significance of macrophage plasticity. Annu Rev Pathol. 
2020;15(1):123–147.

	 4.	 Rodríguez-Morales P, Franklin RA. Macrophage phenotypes 
and functions: Resolving inflammation and restoring 
homeostasis. Trends Immunol. 2023;44(12):986–998.

	 5.	 Varol C, Mildner A, Jung S. Macrophages: Development and 
tissue specialization. Annu Rev Immunol. 2015;33(1): 
643–675.

	 6.	 Aegerter H, Lambrecht BN, Jakubzick CV. Biology of 
lung macrophages in health and disease. Immunity. 
2022;55(9):1564–1580.

	 7.	 Chen R, Zhang H, Tang B, Luo Y, Yang Y, Zhong X, Chen S,  
Xu X, Huang S, Liu C. Macrophages in cardiovascular 
diseases: Molecular mechanisms and therapeutic targets. 
Signal Transduct Target Ther. 2024;9(1):130.

	 8.	 Pan X, Zhu Q, Pan L-L, Sun J. Macrophage 
immunometabolism in inflammatory bowel diseases:  
From pathogenesis to therapy. Pharmacol Ther. 2022;238: 
Article 108176.

	 9.	 Cai S, Zhao M, Zhou B, Yoshii A, Bugg D, Villet O, Sahu A, 
Olson GS, Davis J, Tian R. Mitochondrial dysfunction in 
macrophages promotes inflammation and suppresses repair 
after myocardial infarction. J Clin Invest. 2023;133(4): 
Article e1694498.

	 10.	 Casey AM, Ryan DG, Prag HA, Chowdhury SR, Marques E,  
Turner K, Gruszczyk AV, Yang M, Wolf DM, Miljkovic JL. 
Pro-inflammatory macrophages produce mitochondria-
derived superoxide by reverse electron transport at complex 
I that regulates IL-1β release during NLRP3 inflammasome 
activation. Nat Metab. 2025;1:493–507.

	 11.	 Picard M, Shirihai OS. Mitochondrial signal transduction. 
Cell Metab. 2022;34(11):1620–1653.

	 12.	 Mills EL, Kelly B, Logan A, Costa AS, Varma M, Bryant CE,  
Tourlomousis P, Däbritz JHM, Gottlieb E, Latorre I. 
Succinate dehydrogenase supports metabolic repurposing 
of mitochondria to drive inflammatory macrophages. Cell. 
2016;167(2):457–470.e13.

	 13.	 Pålsson-McDermott EM, O’Neill LA. Gang of 3: How the 
Krebs cycle-linked metabolites itaconate, succinate, and 
fumarate regulate macrophages and inflammation. Cell 
Metab. 2025;37(5):1049–1059.

	 14.	 Pernas L, Scorrano L. Mito-morphosis: Mitochondrial fusion, 
fission, and cristae remodeling as key mediators of cellular 
function. Annu Rev Physiol. 2016;78(1):505–531.

	 15.	 O’Rourke B. Mitochondrial ion channels. Annu Rev Physiol. 
2007;69(1):19–49.

	 16.	 Nunnari J, Suomalainen A. Mitochondria: In sickness and in 
health. Cell. 2012;148(6):1145–1159.

	 17.	 Natarajan N, Florentin J, Johny E, Xiao H, O’Neil SP, 
Lei L, Shen J, Ohayon L, Johnson AR, Rao K. Aberrant 
mitochondrial DNA synthesis in macrophages exacerbates 
inflammation and atherosclerosis. Nat Commun. 
2024;15(1):7337.

	 18.	 Xian H, Watari K, Sanchez-Lopez E, Offenberger J, Onyuru J,  
Sampath H, Ying W, Hoffman HM, Shadel GS, Karin M. 
Oxidized DNA fragments exit mitochondria via mPTP-and 
VDAC-dependent channels to activate NLRP3 inflammasome 
and interferon signaling. Immunity. 2022;55(8):1370–1385.e8.

	 19.	 Shao X, Meng C, Song W, Zhang T, Chen Q. Subcellular 
visualization: Organelle-specific targeted drug delivery and 
discovery. Adv Drug Deliv Rev. 2023;199:Article 114977.

	 20.	 Blal N, Bardi G, Pompa PP, Guarnieri D. Nano-
biointeractions of functional nanomaterials: The emerging 
role of inter-organelle contact sites, targeting, and signaling. 
Adv Funct Mater. 2024;34(52):2408436.

	 21.	 Yamada Y, Hibino M, Sasaki D, Abe J, Harashima H. Power of 
mitochondrial drug delivery systems to produce innovative 
nanomedicines. Adv Drug Deliv Rev. 2020;154:187–209.

	 22.	 Roger AJ, Muñoz-Gómez SA, Kamikawa R. The 
origin and diversification of mitochondria. Curr Biol. 
2017;27(21):R1177–R1192.

	 23.	 Shoshan-Barmatz V, De Pinto V, Zweckstetter M, Raviv Z, 
Keinan N, Arbel N. VDAC, a multi-functional mitochondrial 
protein regulating cell life and death. Mol Asp Med. 
2010;31(3):227–285.

	 24.	 Garbincius JF, Elrod JW. Mitochondrial calcium exchange in 
physiology and disease. Physiol Rev. 2022;102(2):893–992.

	 25.	 Martínez-Reyes I, Chandel NS. Mitochondrial TCA cycle 
metabolites control physiology and disease. Nat Commun. 
2020;11(1):102.

	 26.	 Shen K, Pender CL, Bar-Ziv R, Zhang H, Wickham K,  
Willey E, Durieux J, Ahmad Q, Dillin A. Mitochondria as 
cellular and organismal signaling hubs. Annu Rev Cell Dev 
Biol. 2022;38(1):179–218.

	 27.	 Liu B-H, Xu C-Z, Liu Y, Lu Z-L, Fu T-L, Li G-R, Deng Y,  
Luo G-Q, Ding S, Li N. Mitochondrial quality control in 
human health and disease. Mil Med Res. 2024;11(1):32.

	 28.	 Larson-Casey JL, He C, Carter AB. Mitochondrial quality 
control in pulmonary fibrosis. Redox Biol. 2020;33: 
Article 101426.

	 29.	 Giacomello M, Pyakurel A, Glytsou C, Scorrano L. The cell 
biology of mitochondrial membrane dynamics. Nat Rev Mol 
Cell Biol. 2020;21(4):204–224.

	 30.	 Züchner S, Mersiyanova IV, Muglia M, Bissar-Tadmouri N,  
Rochelle J, Dadali EL, Zappia M, Nelis E, Patitucci A, 
Senderek J. Mutations in the mitochondrial GTPase mitofusin 
2 cause Charcot-Marie-tooth neuropathy type 2A. Nat Genet. 
2004;36(5):449–451.

	 31.	 Santel A, Fuller MT. Control of mitochondrial morphology 
by a human mitofusin. J Cell Sci. 2001;114(5):867–874.

	 32.	 Alexander C, Votruba M, Pesch UE, Thiselton DL, Mayer S, 
Moore A, Rodriguez M, Kellner U, Leo-Kottler B,  
Auburger G. OPA1, encoding a dynamin-related GTPase, 

https://doi.org/10.34133/research.0883


Li et al. 2025 | https://doi.org/10.34133/research.0883 26

is mutated in autosomal dominant optic atrophy linked to 
chromosome 3q28. Nat Genet. 2000;26(2):211–215.

	 33.	 Delettre C, Lenaers G, Griffoin J-M, Gigarel N, Lorenzo C, 
Belenguer P, Pelloquin L, Grosgeorge J, Turc-Carel C,  
Perret E. Nuclear gene OPA1, encoding a mitochondrial 
dynamin-related protein, is mutated in dominant optic 
atrophy. Nat Genet. 2000;26(2):207–210.

	 34.	 Korobova F, Ramabhadran V, Higgs HN. An actin-dependent 
step in mitochondrial fission mediated by the ER-associated 
formin INF2. Science. 2013;339(6118):464–467.

	 35.	 Kalia R, Wang RY-R, Yusuf A, Thomas PV, Agard DA, 
Shaw JM, Frost A. Structural basis of mitochondrial 
receptor binding and constriction by DRP1. Nature. 
2018;558(7710):401–405.

	 36.	 Cipolat S, de Brito OM, Dal Zilio B, Scorrano L. OPA1 
requires mitofusin 1 to promote mitochondrial fusion. Proc 
Natl Acad Sci USA. 2004;101(45):15927–15932.

	 37.	 Frezza C, Cipolat S, De Brito OM, Micaroni M, 
Beznoussenko GV, Rudka T, Bartoli D, Polishuck RS, 
Danial NN, De Strooper B. OPA1 controls apoptotic cristae 
remodeling independently from mitochondrial fusion. Cell. 
2006;126(1):177–189.

	 38.	 Rabl R, Soubannier V, Scholz R, Vogel F, Mendl N,  
Vasiljev-Neumeyer A, Körner C, Jagasia R, Keil T,  
Baumeister W. Formation of cristae and crista junctions in 
mitochondria depends on antagonism between Fcj1  
and Su e/g. J Cell Biol. 2009;185(6):1047–1063.

	 39.	 Friedman JR, Mourier A, Yamada J, McCaffery JM, Nunnari J. 
MICOS coordinates with respiratory complexes and lipids to 
establish mitochondrial inner membrane architecture. eLife. 
2015;4:Article e07739.

	 40.	 Scorrano L, Ashiya M, Buttle K, Weiler S, Oakes SA, 
Mannella CA, Korsmeyer SJ. A distinct pathway remodels 
mitochondrial cristae and mobilizes cytochrome c during 
apoptosis. Dev Cell. 2002;2(1):55–67.

	 41.	 Eydt K, Davies KM, Behrendt C, Wittig I, Reichert AS. 
Cristae architecture is determined by an interplay of the 
MICOS complex and the F1FO ATP synthase via Mic27 and 
Mic10. Microb Cell. 2017;4(8):259–272.

	 42.	 Kawano I, Bazila B, Ježek P, Dlasková A. Mitochondrial 
dynamics and cristae shape changes during metabolic 
reprogramming. Antioxid Redox Signal. 2023;39(10-12): 
684–707.

	 43.	 Wang S, Long H, Hou L, Feng B, Ma Z, Wu Y, Zeng Y, Cai J,  
Zhang D-w, Zhao G. The mitophagy pathway and its 
implications in human diseases. Signal Transduct Target Ther. 
2023;8(1):304.

	 44.	 Ashrafi G, Schwarz T. The pathways of mitophagy for quality 
control and clearance of mitochondria. Cell Death Differ. 
2013;20(1):31–42.

	 45.	 Gustafsson ÅB, Dorn GW. Evolving and expanding the roles 
of mitophagy as a homeostatic and pathogenic process. 
Physiol Rev. 2019;99(1):853–892.

	 46.	 Marinković M, Šprung M, Novak I. Dimerization of 
mitophagy receptor BNIP3L/NIX is essential for recruitment 
of autophagic machinery. Autophagy. 2021;17(5):1232–1243.

	 47.	 Chinnadurai G, Vijayalingam S, Gibson SB. BNIP3 
subfamily BH3-only proteins: Mitochondrial stress 
sensors in normal and pathological functions. Oncogene. 
2008;27(1):S114–S127.

	 48.	 Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, Ma Q, 
Zhu C, Wang R, Qi W. Mitochondrial outer-membrane 

protein FUNDC1 mediates hypoxia-induced mitophagy in 
mammalian cells. Nat Cell Biol. 2012;14(2):177–185.

	 49.	 Harper JW, Ordureau A, Heo J-M. Building and decoding 
ubiquitin chains for mitophagy. Nat Rev Mol Cell Biol. 
2018;19(2):93–108.

	 50.	 Shi Y-S, Yang T-N, Wang Y-X, Ma X-Y, Liu S, Zhao Y, Li J-L. 
Melatonin mitigates atrazine-induced renal tubular epithelial 
cell senescence by promoting parkin-mediated mitophagy. 
Research. 2024;7:0378.

	 51.	 Wang W, Chen X, Zhang L, Yi J, Ma Q, Yin J, Zhuo W, Gu J, 
Yang M. Atomic structure of human TOM core complex. Cell 
Discov. 2020;6(1):67.

	 52.	 Gan ZY, Callegari S, Cobbold SA, Cotton TR, Mlodzianoski MJ,  
Schubert AF, Geoghegan ND, Rogers KL, Leis A, Dewson G. 
Activation mechanism of PINK1. Nature. 2022;602(7896): 
328–335.

	 53.	 Terešak P, Lapao A, Subic N, Boya P, Elazar Z, Simonsen A. 
Regulation of PRKN-independent mitophagy. Autophagy. 
2022;18(1):24–39.

	 54.	 Esteban-Martínez L, Sierra-Filardi E, McGreal RS,  
Salazar-Roa M, Mariño G, Seco E, Durand S, Enot D,  
Graña O, Malumbres M. Programmed mitophagy is essential 
for the glycolytic switch during cell differentiation. EMBO J. 
2017;36(12):1688–1706.

	 55.	 Chen S, Saeed AF, Liu Q, Jiang Q, Xu H, Xiao GG, Rao L, 
Duo Y. Macrophages in immunoregulation and therapeutics. 
Signal Transduct Target Ther. 2023;8(1):207.

	 56.	 Sousa ES, Queiroz LA, Guimarães JP, Pantoja KC, Barros RS,  
Epiphanio S, Martins JO. The influence of high glucose 
conditions on macrophages and its effect on the autophagy 
pathway. Front Immunol. 2023;14:1130662.

	 57.	 Song M, Chen Y, Gong G, Murphy E, Rabinovitch PS, 
Dorn GW. Super-suppression of mitochondrial reactive 
oxygen species signaling impairs compensatory autophagy 
in primary mitophagic cardiomyopathy. Circ Res. 
2014;115(3):348–353.

	 58.	 Pfanner N, Warscheid B, Wiedemann N. Mitochondrial 
proteins: From biogenesis to functional networks. Nat Rev 
Mol Cell Biol. 2019;20(5):267–284.

	 59.	 Bhargava P, Schnellmann RG. Mitochondrial energetics in the 
kidney. Nat Rev Nephrol. 2017;13(10):629–646.

	 60.	 Jamwal S, Blackburn JK, Elsworth JD. PPARγ/PGC1α 
signaling as a potential therapeutic target for mitochondrial 
biogenesis in neurodegenerative disorders. Pharmacol Ther. 
2021;219:Article 107705.

	 61.	 Itoh Y, Khawaja A, Laptev I, Cipullo M, Atanassov I,  
Sergiev P, Rorbach J, Amunts A. Mechanism of 
mitoribosomal small subunit biogenesis and preinitiation. 
Nature. 2022;606(7914):603–608.

	 62.	 Giguére V. To ERR in the estrogen pathway. Trends 
Endocrinol Metab. 2002;13(5):220–225.

	 63.	 Cho Y, Hazen BC, Russell AP, Kralli A. Peroxisome 
proliferator-activated receptor γ coactivator 1 (PGC-1)-and 
estrogen-related receptor (ERR)-induced regulator in muscle 
1 (Perm1) is a tissue-specific regulator of oxidative capacity in 
skeletal muscle cells. J Biol Chem. 2013;288(35):25207–25218.

	 64.	 Qian X, Li X, Shi Z, Bai X, Xia Y, Zheng Y, Xu D, Chen F, 
You Y, Fang J. KDM3A senses oxygen availability to regulate 
PGC-1α-mediated mitochondrial biogenesis. Mol Cell. 
2019;76(6):885–895.e7.

	 65.	 Qian L, Zhu Y, Deng C, Liang Z, Chen J, Chen Y, Wang X,  
Liu Y, Tian Y, Yang Y. Peroxisome proliferator-activated 

https://doi.org/10.34133/research.0883


Li et al. 2025 | https://doi.org/10.34133/research.0883 27

receptor gamma coactivator-1 (PGC-1) family in 
physiological and pathophysiological process and diseases. 
Signal Transduct Target Ther. 2024;9(1):50.

	 66.	 Thirupathi A, De Souza CT. Multi-regulatory network of ROS: 
The interconnection of ROS, PGC-1 alpha, and AMPK-SIRT1 
during exercise. J Physiol Biochem. 2017;73(4):487–494.

	 67.	 Griffiths HR, Gao D, Pararasa C. Redox regulation in metabolic 
programming and inflammation. Redox Biol. 2017;12:50–57.

	 68.	 Vijayan V, Wagener FA, Immenschuh S. The macrophage 
heme-heme oxygenase-1 system and its role in inflammation. 
Biochem Pharmacol. 2018;153:159–167.

	 69.	 Cherry AD, Piantadosi CA. Regulation of mitochondrial 
biogenesis and its intersection with inflammatory responses. 
Antioxid Redox Signal. 2015;22(12):965–976.

	 70.	 Scarpulla RC, Vega RB, Kelly DP. Transcriptional integration 
of mitochondrial biogenesis. Trends Endocrinol Metab. 
2012;23(9):459–466.

	 71.	 Nakahira K, Haspel JA, Rathinam VA, Lee S-J, Dolinay T, 
Lam HC, Englert JA, Rabinovitch M, Cernadas M, Kim HP. 
Autophagy proteins regulate innate immune responses by 
inhibiting the release of mitochondrial DNA mediated by the 
NALP3 inflammasome. Nat Immunol. 2011;12(3):222–230.

	 72.	 Lauterbach MA, Hanke JE, Serefidou M, Mangan MS,  
Kolbe C-C, Hess T, Rothe M, Kaiser R, Hoss F, Gehlen J. Toll-
like receptor signaling rewires macrophage metabolism and 
promotes histone acetylation via ATP-citrate lyase. Immunity. 
2019;51(6):997–1011.e7.

	 73.	 Li M, Sun X, Zeng L, Sun A, Ge J. Metabolic homeostasis of 
immune cells modulates cardiovascular diseases. Research. 
2025;8:0679.

	 74.	 Wang Y, Stancliffe E, Fowle-Grider R, Wang R, Wang C, 
Schwaiger-Haber M, Shriver LP, Patti GJ. Saturation of the 
mitochondrial NADH shuttles drives aerobic glycolysis in 
proliferating cells. Mol Cell. 2022;82(17):3270–3283.e9.

	 75.	 Kim J-W, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-
mediated expression of pyruvate dehydrogenase kinase: A 
metabolic switch required for cellular adaptation to hypoxia. 
Cell Metab. 2006;3(3):177–185.

	 76.	 Zhao Y, Hu X, Liu Y, Dong S, Wen Z, He W, Zhang S, Huang Q,  
Shi M. ROS signaling under metabolic stress: Cross-talk 
between AMPK and AKT pathway. Mol Cancer. 2017;16:79.

	 77.	 Luengo A, Li Z, Gui DY, Sullivan LB, Zagorulya M, Do BT, 
Ferreira R, Naamati A, Ali A, Lewis CA. Increased demand 
for NAD+ relative to ATP drives aerobic glycolysis. Mol Cell. 
2021;81(4):691–707.e6.

	 78.	 Ruprecht JJ, King MS, Zögg T, Aleksandrova AA, Pardon E, 
Crichton PG, Steyaert J, Kunji ER. The molecular mechanism 
of transport by the mitochondrial ADP/ATP carrier. Cell. 
2019;176(3):435–447.e15.

	 79.	 O’Neill LA. A broken Krebs cycle in macrophages. Immunity. 
2015;42(3):393–394.

	 80.	 Semba H, Takeda N, Isagawa T, Sugiura Y, Honda K,  
Wake M, Miyazawa H, Yamaguchi Y, Miura M, Jenkins DM.  
HIF-1α-PDK1 axis-induced active glycolysis plays an 
essential role in macrophage migratory capacity. Nat 
Commun. 2016;7(1):11635.

	 81.	 O’Neill LA, Artyomov MN. Itaconate: The poster child of 
metabolic reprogramming in macrophage function. Nat Rev 
Immunol. 2019;19(5):273–281.

	 82.	 Liao S, Han C, Xu D, Fu X, Wang J, Kong L. 4-Octyl itaconate 
inhibits aerobic glycolysis by targeting GAPDH to exert anti-
inflammatory effects. Nat Commun. 2019;10(1):Article 5091.

	 83.	 Fuhrmann D, Brune B. Mitochondrial composition 
and function under the control of hypoxia. Redox Biol. 
2017;12:208–215.

	 84.	 Yeudall S, Upchurch CM, Seegren PV, Pavelec CM, 
Greulich J, Lemke MC, Harris TE, Desai BN, Hoehn KL, 
Leitinger N. Macrophage acetyl-CoA carboxylase regulates 
acute inflammation through control of glucose and lipid 
metabolism. Sci Adv. 2022;8(47):Article eabq1984.

	 85.	 Zhang K, Jagannath C. Crosstalk between metabolism and 
epigenetics during macrophage polarization. Epigenetics 
Chromatin. 2025;18(1):16.

	 86.	 Van den Bossche J, O’Neill LA, Menon D. Macrophage 
immunometabolism: Where are we (going)? Trends Immunol. 
2017;38(6):395–406.

	 87.	 Willems PH, Rossignol R, Dieteren CE, Murphy MP, 
Koopman WJ. Redox homeostasis and mitochondrial 
dynamics. Cell Metab. 2015;22(2):207–218.

	 88.	 D’Autréaux B, Toledano MB. ROS as signalling molecules: 
Mechanisms that generate specificity in ROS homeostasis. 
Nat Rev Mol Cell Biol. 2007;8(10):813–824.

	 89.	 Srinivas US, Tan BW, Vellayappan BA, Jeyasekharan AD. 
ROS and the DNA damage response in cancer. Redox Biol. 
2019;25:Article 101084.

	 90.	 Adam-Vizi V, Chinopoulos C. Bioenergetics and the 
formation of mitochondrial reactive oxygen species. Trends 
Pharmacol Sci. 2006;27(12):639–645.

	 91.	 Fukai T, Ushio-Fukai M. Superoxide dismutases: Role in 
redox signaling, vascular function, and diseases. Antioxid 
Redox Signal. 2011;15(6):1583–1606.

	 92.	 Xie Y, Kang R, Klionsky DJ, Tang D. GPX4 in cell death, 
autophagy, and disease. Autophagy. 2023;19(10):2621–2683.

	 93.	 Song I-S, Kim H-K, Jeong S-H, Lee S-R, Kim N, Rhee BD, 
Ko KS, Han J. Mitochondrial peroxiredoxin III is a potential 
target for cancer therapy. Int J Mol Sci. 2011;12(10): 
7163–7185.

	 94.	 Korshunov SS, Skulachev VP, Starkov AA. High protonic 
potential actuates a mechanism of production of reactive 
oxygen species in mitochondria. FEBS Lett. 1997;416(1): 
15–18.

	 95.	 Starkov AA, Fiskum G. Regulation of brain mitochondrial 
H2O2 production by membrane potential and NAD (P) H 
redox state. J Neurochem. 2003;86(5):1101–1107.

	 96.	 Cadenas S. Mitochondrial uncoupling, ROS generation 
and cardioprotection. Biochim Biophys Acta Bioenerg. 
2018;1859(9):940–950.

	 97.	 Xu Q, Choksi S, Qu J, Jang J, Choe M, Banfi B, Engelhardt JF,  
Liu Z-g. NADPH oxidases are essential for macrophage 
differentiation. J Biol Chem. 2016;291(38):20030–20041.

	 98.	 Hwang AB, Lee S-J. Regulation of life span by mitochondrial 
respiration: The HIF-1 and ROS connection. Aging. 
2011;3(3):304–310.

	 99.	 Reynolds MB, Hong HS, Michmerhuizen BC, Lawrence A-LE, 
Zhang L, Knight JS, Lyssiotis CA, Abuaita BH, O’Riordan MX.  
Cardiolipin coordinates inflammatory metabolic 
reprogramming through regulation of complex II assembly and 
stability. bioRxiv. 2022. doi.org/10.1101/2022.07.27.501734.

	100.	 Compan V, Martín-Sánchez F, Baroja-Mazo A,  
López-Castejón G, Gomez AI, Verkhratsky A, Brough D,  
Pelegrín P. Apoptosis-associated speck-like protein 
containing a CARD forms specks but does not activate 
caspase-1 in the absence of NLRP3 during macrophage 
swelling. J Immunol. 2015;194(3):1261–1273.

https://doi.org/10.34133/research.0883
https://doi.org/10.1101/2022.07.27.501734


Li et al. 2025 | https://doi.org/10.34133/research.0883 28

	101.	 Andrade B, Jara-Gutiérrez C, Paz-Araos M, Vázquez MC, 
Díaz P, Murgas P. The relationship between reactive oxygen 
species and the cGAS/STING signaling pathway in the 
inflammaging process. Int J Mol Sci. 2022;23(23):15182.

	102.	 Grootjans J, Kaser A, Kaufman RJ, Blumberg RS. The 
unfolded protein response in immunity and inflammation. 
Nat Rev Immunol. 2016;16(8):469–484.

	103.	 Xu S, Li S, Bjorklund M, Xu S. Mitochondrial fragmentation 
and ROS signaling in wound response and repair. Cell Regen. 
2022;11(1):38.

	104.	 Clapham DE. Calcium signaling. Cell. 2007;131(6): 
1047–1058.

	105.	 Denton R, Randle P, Martin B. Stimulation by calcium ions of 
pyruvate dehydrogenase phosphate phosphatase. Biochem J. 
1972;128(1):161–163.

	106.	 Denton RM, Richards DA, Chin JG. Calcium ions and the 
regulation of NAD+-linked isocitrate dehydrogenase from 
the mitochondria of rat heart and other tissues. Biochem J. 
1978;176(3):899–906.

	107.	 Feno S, Munari F, Reane DV, Gissi R, Hoang D-H, Castegna A,  
Chazaud B, Viola A, Rizzuto R, Raffaello A. The dominant-
negative mitochondrial calcium uniporter subunit MCUb 
drives macrophage polarization during skeletal muscle 
regeneration. Sci Signal. 2021;14(707):Article eabf3838.

	108.	 Rimessi A, Bezzerri V, Patergnani S, Marchi S, Cabrini G,  
Pinton P. Mitochondrial Ca2+-dependent NLRP3 
activation exacerbates the Pseudomonas aeruginosa-driven 
inflammatory response in cystic fibrosis. Nat Commun. 
2015;6(1):6201.

	109.	 Katoshevski T, Nissim TB-K, Sekler I. Recent studies on 
NCLX in health and diseases. Cell Calcium. 2021;94: 
Article 102345.

	110.	 Seegren PV, Downs TK, Stremska ME, Harper LR, Cao R, 
Olson RJ, Upchurch CM, Doyle CA, Kennedy J, Stipes EL. 
Mitochondrial Ca2+ signaling is an electrometabolic switch to 
fuel phagosome killing. Cell Rep. 2020;33(8):108411.

	111.	 Geisberger S, Bartolomaeus H, Neubert P, Willebrand R,  
Zasada C, Bartolomaeus T, McParland V, Swinnen D, 
Geuzens A, Maifeld A. Salt transiently inhibits mitochondrial 
energetics in mononuclear phagocytes. Circulation. 
2021;144(2):144–158.

	112.	 Goyal S, Cambronne XA. Layered mechanisms regulating 
the human mitochondrial NAD+ transporter SLC25A51. 
Biochem Soc Trans. 2023;51(6):1989–2004.

	113.	 Delatycki MB, Bidichandani SI. Friedreich ataxia-
pathogenesis and implications for therapies. Neurobiol Dis. 
2019;132:Article 104606.

	114.	 Tian Z, Jiang S, Zhou J, Zhang W. Copper homeostasis and 
cuproptosis in mitochondria. Life Sci. 2023;334:Article 122223.

	115.	 Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G,  
Buday K, Roveri A, Peng X, Freitas FP, Seibt T. Selenium 
utilization by GPX4 is required to prevent hydroperoxide-
induced ferroptosis. Cell. 2018;172(3):409–422.e21.

	116.	 Galaris D, Barbouti A, Pantopoulos K. Iron homeostasis and 
oxidative stress: An intimate relationship. Biochim Biophys 
Acta, Mol Cell Res. 2019;1866(12):Article 118535.

	117.	 Jiang X, Stockwell BR, Conrad M. Ferroptosis: Mechanisms, 
biology and role in disease. Nat Rev Mol Cell Biol. 
2021;22(4):266–282.

	118.	 Sheline CT, Choi DW. Cu2+ toxicity inhibition of 
mitochondrial dehydrogenases in vitro and in vivo. Ann 
Neurol. 2004;55(5):645–653.

	119.	 Solier S, Müller S, Cañeque T, Versini A, Mansart A, 
Sindikubwabo F, Baron L, Emam L, Gestraud P, Pantoș GD.  
A druggable copper-signalling pathway that drives 
inflammation. Nature. 2023;617(7960):386–394.

	120.	 Chen L, Min J, Wang F. Copper homeostasis and cuproptosis 
in health and disease. Signal Transduct Target Ther. 
2022;7(1):378.

	121.	 Shalbuyeva N, Brustovetsky T, Brustovetsky N. Lithium 
desensitizes brain mitochondria to calcium, antagonizes 
permeability transition, and diminishes cytochrome C 
release. J Biol Chem. 2007;282(25):18057–18068.

	122.	 Anderson S, Bankier AT, Barrell BG, de Bruijn MH,  
Coulson AR, Drouin J, Eperon IC, Nierlich DP, Roe BA,  
Sanger F. Sequence and organization of the human 
mitochondrial genome. Nature. 1981;290(5806):457–465.

	123.	 Fontana GA, Gahlon HL. Mechanisms of replication and 
repair in mitochondrial DNA deletion formation. Nucleic 
Acids Res. 2020;48(20):11244–12258.

	124.	 Taylor RW, Turnbull DM. Mitochondrial DNA mutations in 
human disease. Nat Rev Genet. 2005;6(5):389–402.

	125.	 Bua E, Johnson J, Herbst A, Delong B, McKenzie D, 
Salamat S, Aiken JM. Mitochondrial DNA–deletion 
mutations accumulate intracellularly to detrimental levels 
in aged human skeletal muscle fibers. Am J Hum Genet. 
2006;79(3):469–480.

	126.	 Taylor SD, Ericson NG, Burton JN, Prolla TA, Silber JR, 
Shendure J, Bielas JH. Targeted enrichment and high-
resolution digital profiling of mitochondrial DNA deletions 
in human brain. Aging Cell. 2014;13(1):29–38.

	127.	 Gustafsson CM, Falkenberg M, Larsson N-G. Maintenance 
and expression of mammalian mitochondrial DNA. Annu 
Rev Biochem. 2016;85(1):133–160.

	128.	 West P. Mitochondrial DNA stress primes the antiviral innate 
immune response. Biophys J. 2015;108(2):3A.

	129.	 Wu Z, Sainz AG, Shadel GS. Mitochondrial DNA: 
Cellular genotoxic stress sentinel. Trends Biochem Sci. 
2021;46(10):812–821.

	130.	 Hao S, Huang H, Ma R-Y, Zeng X, Duan C-Y. Multifaceted 
functions of Drp1 in hypoxia/ischemia-induced 
mitochondrial quality imbalance: From regulatory 
mechanism to targeted therapeutic strategy. Mil Med Res. 
2023;10(1):46.

	131.	 Smith G, Gallo G. To mdivi-1 or not to mdivi-1: Is that the 
question? Dev Neurobiol. 2017;77(11):1260–1268.

	132.	 Su Z, Li C-Q, Wang H-W, Zheng M-M, Chen Q-W. Inhibition 
of DRP1-dependent mitochondrial fission by Mdivi-1 
alleviates atherosclerosis through the modulation of M1 
polarization. J Transl Med. 2023;21(1):427.

	133.	 Jiang C, Zhang J, Xie H, Guan H, Li R, Chen C, Dong H, 
Zhou Y, Zhang W. Baicalein suppresses lipopolysaccharide-
induced acute lung injury by regulating Drp1-dependent 
mitochondrial fission of macrophages. Biomed Pharmacother. 
2022;145:Article 112408.

	134.	 Hong JY, Kim H, Jeon W-J, Baek S, Ha I-H. Antioxidative 
effects of Thymus quinquecostatus Celak through 
mitochondrial biogenesis improvement in RAW 264.7 
macrophages. Antioxidants. 2020;9(6):548.

	135.	 Zhang W, Wan Z, Qu D, Sun W, Zhang L, Liang Y, Pan L, 
Jiang H, Ye Z, Wei M. Profibrogenic macrophage-targeted 
delivery of mitochondrial protector via exosome formula for 
alleviating pulmonary fibrosis. Bioact. Mater. 2024;32: 
488–501.

https://doi.org/10.34133/research.0883


Li et al. 2025 | https://doi.org/10.34133/research.0883 29

	136.	 Shanley LC, Mahon OR, O’Rourke SA, Neto NG,  
Monaghan MG, Kelly DJ, Dunne A. Macrophage metabolic 
profile is altered by hydroxyapatite particle size. Acta 
Biomater. 2023;160:311–321.

	137.	 Chen X, He Q, Zhai Q, Tang H, Li D, Zhu X, Zheng X,  
Jian G, Cannon RD, Mei L. Adaptive nanoparticle-mediated 
modulation of mitochondrial homeostasis and inflammation 
to enhance infected bone defect healing. ACS Nano. 
2023;17(22):22960–22978.

	138.	 Ye L, Gao Y, Mok SWF, Liao W, Wang Y, Chen C, Yang L,  
Zhang J, Shi L. Modulation of alveolar macrophage and 
mitochondrial fitness by medicinal plant-derived nanovesicles 
to mitigate acute lung injury and viral pneumonia. J 
Nanobiotechnology. 2024;22(1):190.

	139.	 Yamazaki T, Yamada S, Ohshio K, Sugamata M, Morita Y. 
Lactobacillus paracasei KW3110 prevents inflammatory-
stress-induced mitochondrial dysfunction in mouse 
macrophages. Int J Mol Sci. 2022;23(3):1443.

	140.	 Pålsson-McDermott EM, O’Neill LA. Targeting 
immunometabolism as an anti-inflammatory strategy. Cell 
Res. 2020;30(4):300–314.

	141.	 Li H, Yuan Y, Zhang L, Xu C, Xu H, Chen Z. Reprogramming 
macrophage polarization, depleting ROS by astaxanthin 
and thioketal-containing polymers delivering rapamycin for 
osteoarthritis treatment. Adv Sci. 2024;11(9):e2305363.

	142.	 Tian P, Zhao L, Kim J, Li X, Liu C, Cui X, Liang T, Du Y, 
Chen X, Pan H. Dual stimulus responsive borosilicate glass 
(BSG) scaffolds promote diabetic alveolar bone defects 
repair by modulating macrophage phenotype. Bioact Mater. 
2023;26:231–248.

	143.	 Li T, Jiang S, Dai Y, Wu X, Guo H, Shi L, Sang X, Ren L,  
Wang J, Shi L. Total synthesis and target identification 
of marine cyclopiane diterpenes. Nat Commun. 
2024;15(1):10851.

	144.	 Liu M, Lu J, Yang S, Chen Y, Yu J, Guan S. Alliin alleviates 
LPS-induced pyroptosis via promoting mitophagy in THP-1 
macrophages and mice. Food Chem Toxicol. 2022;160: 
Article 112811.

	145.	 Meng L, Lu C, Wu B, Lan C, Mo L, Chen C, Wang X,  
Zhang N, Lan L, Wang Q. Taurine antagonizes macrophages 
M1 polarization by mitophagy-glycolysis switch blockage 
via dragging SAM-PP2Ac transmethylation. Front Immunol. 
2021;12:Article 648913.

	146.	 Wang S, Wang Z, Zang Z, Liang X, Jia B, Ye T, Lan Y, Shi X. 
A mitochondrion-targeting piezoelectric nanosystem for the 
treatment of erectile dysfunction via autophagy regulation. 
Adv Mater. 2025;37(5):e2413287.

	147.	 Zhang S, Xie F, Li K, Zhang H, Yin Y, Yu Y, Lu G, Zhang S,  
Wei Y, Xu K. Gold nanoparticle-directed autophagy 
intervention for antitumor immunotherapy via inhibiting 
tumor-associated macrophage M2 polarization. Acta Pharm 
Sin B. 2022;12(7):3124–3138.

	148.	 Zhang W, Xiong H, Pang J, Lai L, Su Z, Lin H, Jian B, Yang H, 
Zheng Y. PGC-1α overexpression promotes mitochondrial 
biogenesis to protect auditory cells against cisplatin-induced 
cytotoxicity. J Bio-X Res. 2019;2(02):81.

	149.	 Yang B, Xu J, Liu S, Wu C, Li Y, Lv M, Chen T, Zhao C, Pu D, 
Tang C. Applications of bioactive herbal extracts in dressing 
materials for skin wound repair: Ingredients, mechanisms 
and innovations. Interdiscip Med. 2025;3(4):Article e20240117.

	150.	 Zhang J, Liu L, Dong Z, Lu X, Hong W, Liu J, Zou X, Gao J, 
Jiang H, Sun X. An ischemic area-targeting, peroxynitrite-

responsive, biomimetic carbon monoxide nanogenerator for 
preventing myocardial ischemia-reperfusion injury. Bioact 
Mater. 2023;28:480–494.

	151.	 Shou X, Chen C, Ying H, Liu Z, Zeng L, Li Q, Lei L, 
Mao B, Zhang W, Cui S. Biomimetic MOF nanocarrier-
mediated synergistic delivery of mitochondria and anti-
inflammatory miRNA to alleviate acute lung injury. Adv Sci. 
2025;12(16):e2416594.

	152.	 Schwarz G, Mendel RR, Ribbe MW. Molybdenum cofactors, 
enzymes and pathways. Nature. 2009;460(7257):839–847.

	153.	 Huang X, Zheng L, Zhou Y, Hu S, Ning W, Li S, Lin Z, 
Huang S. Controllable adaptive molybdate-oligosaccharide 
nanoparticles regulate M2 macrophage mitochondrial 
function and promote angiogenesis via PI3K/HIF-1α/VEGF 
pathway to accelerate diabetic wound healing. Adv Healthc 
Mater. 2024;13(3):e2302256.

	154.	 He X-T, Li X, Zhang M, Tian B-M, Sun L-J, Bi C-S,  
Deng D-K, Zhou H, Qu H-L, Wu C. Role of molybdenum 
in material immunomodulation and periodontal wound 
healing: Targeting immunometabolism and mitochondrial 
function for macrophage modulation. Biomaterials. 2022;283: 
Article 121439.

	155.	 Chen D, Liang Z, Su Z, Huang J, Pi Y, Ouyang Y, Luo T,  
Guo L. Selenium-doped mesoporous bioactive glass regulates 
macrophage metabolism and polarization by scavenging ROS 
and promotes bone regeneration in vivo. ACS Appl Mater 
Interfaces. 2023;15(29):34378–34396.

	156.	 Ren M, Zhou C, Li X, Zhang Y, Li M, Song H, Liu F, Chen T,  
Xu X, Yang S. Mn-based artificial mitochondrial complex 
“VI” acts as an electron and free radical conversion factory 
to suppress macrophage inflammatory response. Adv Healthc 
Mater. 2024;13(13):e2304125.

	157.	 Vámos E, Kálmán N, Sturm EM, Nayak BB, Teppan J,  
Vántus VB, Kovács D, Makszin L, Loránd T, Gallyas F Jr. 
Highly selective MIF ketonase inhibitor KRP-6 diminishes 
M1 macrophage polarization and metabolic reprogramming. 
Antioxidants. 2023;12(10):1790.

	158.	 Zhong X, Gong S, Meng L, Yao W, Du K, Jiao L, Ma G, 
Liang J, Wei B, Jin X. Cordycepin modulates microglial 
M2 polarization coupled with mitochondrial metabolic 
reprogramming by targeting HKII and PDK2. Adv Sci. 
2024;11(31):Article e2304687.

	159.	 Huang D, Liao W, Li J, Chen T, Wang X, Zhao R, Zhang L, 
Yu X, Zheng D, Luan P. Alzheimer’s disease: Status of low-
dimensional nanotherapeutic materials. Adv Funct Mater. 
2024;34(4):2302015.

	160.	 Bahiraii S, Brenner M, Weckwerth W, Heiss EH. Sulforaphane 
impedes mitochondrial reprogramming and histone 
acetylation in polarizing M1 (LPS) macrophages. Free Radic 
Biol Med. 2024;213:443–456.

	161.	 Zhao W, Xu D, Hong W, Zhang L, Wu Q, Gao M, Wang J.  
Grossamide attenuates inflammation by balancing 
macrophage polarization through metabolic reprogramming 
of macrophages in mice. Int Immunopharmacol. 
2022;112:Article 109190.

	162.	 Chen X, Li C, Cao X, Jia X, Chen X, Wang Z, Xu W, 
Dai F, Zhang S. Mitochondria-targeted supramolecular 
coordination container encapsulated with exogenous 
itaconate for synergistic therapy of joint inflammation. 
Theranostics. 2022;12(7):3251–3272.

	163.	 Wang Y, Tang B, Long L, Luo P, Xiang W, Li X, Wang H,  
Jiang Q, Tan X, Luo S. Improvement of obesity-

https://doi.org/10.34133/research.0883


Li et al. 2025 | https://doi.org/10.34133/research.0883 30

associated disorders by a small-molecule drug targeting 
mitochondria of adipose tissue macrophages. Nat Commun. 
2021;12(1):102.

	164.	 Yan Z, Sun T, Zeng J, He T, He Y, Xu D, Liu R, Tan W,  
Zang X, Yan J. Enhanced immune modulation and bone 
tissue regeneration through an intelligent magnetic scaffold 
targeting macrophage mitochondria. Adv Healthc Mater. 
2025;14(11):2500163.

	165.	 Zhang CJ, Li JM, Xu D, Wang DD, Qi MH, Chen F, Wu B,  
Deng K, Huang SW. Surface molecularly engineered 
mitochondria conduct immunophenotype repolarization 
of tumor-associated macrophages to potentiate cancer 
immunotherapy. Adv Sci. 2024;11(38):2403044.

	166.	 Yahfoufi N, Alsadi N, Jambi M, Matar C. The 
immunomodulatory and anti-inflammatory role of 
polyphenols. Nutrients. 2018;10(11):1618.

	167.	 Li X, Wang X, Liu Q, Yan J, Pan D, Wang L, Xu Y, Wang F, 
Liu Y, Li X. ROS-responsive boronate-stabilized polyphenol–
poloxamer 188 assembled dexamethasone nanodrug for 
macrophage repolarization in osteoarthritis treatment. Adv 
Healthc Mater. 2021;10(20):Article e2100883.

	168.	 Lei H, Fan D. A combination therapy using electrical 
stimulation and adaptive, conductive hydrogels loaded with 
self-assembled nanogels incorporating short interfering RNA 
promotes the repair of diabetic chronic wounds. Adv Sci. 
2022;9(30):Article e2201425.

	169.	 Liu X, Diao N, Song S, Wang W, Cao M, Yang W, Guo C,  
Chen D. Inflammatory macrophage reprogramming strategy 
of fucoidan microneedles-mediated ROS-responsive 
polymers for rheumatoid arthritis. Int J Biol Macromol. 
2024;271:Article 132442.

	170.	 Zhou J, Liu W, Zhao X, Xian Y, Wu W, Zhang X, Zhao N, 
Xu FJ, Wang C. Natural melanin/alginate hydrogels achieve 
cardiac repair through ROS scavenging and macrophage 
polarization. Adv Sci. 2021;8(20):Article e2100505.

	171.	 Yasui K, Baba A. Therapeutic potential of superoxide 
dismutase (SOD) for resolution of inflammation. Inflamm 
Res. 2006;55(9):359–363.

	172.	 Goyal MM, Basak A. Human catalase: Looking for complete 
identity. Protein Cell. 2010;1(10):888–897.

	173.	 Wei H, Huang H, He H, Xiao Y, Chun L, Jin Z, Li H, Zheng L, 
Zhao J, Qin Z. Pt–Se hybrid nanozymes with potent catalytic 
activities to scavenge ROS/RONS and regulate macrophage 
polarization for osteoarthritis therapy. Research. 2024;7:0310.

	174.	 Liang M, Yan X. Nanozymes: From new concepts, 
mechanisms, and standards to applications. Acc Chem Res. 
2019;52(8):2190–2200.

	175.	 Wang M, Liu Y, Yang S, Wang X, Duan Q, Liu J, Tan X,  
Long L, Liu S, Xiao Y. Collaboration in contradiction: Self-
adaptive synergistic ROS generation and scavenge balancing 
strategies used for the infected wounds treatment. Adv 
Healthc Mater. 2025;14(4):Article e2402579.

	176.	 Mohapatra A, Park I-K. Recent advances in ROS-scavenging 
metallic nanozymes for anti-inflammatory diseases: A review. 
Chonnam Med J. 2023;59(1):13–23.

	177.	 Kim J, Kim HY, Song SY, Go S-h, Sohn HS, Baik S, Soh M, 
Kim K, Kim D, Kim H-C. Synergistic oxygen generation and 
reactive oxygen species scavenging by manganese ferrite/
ceria co-decorated nanoparticles for rheumatoid arthritis 
treatment. ACS Nano. 2019;13(3):3206–3217.

	178.	 Wang Y, Li C, Wan Y, Qi M, Chen Q, Sun Y, Sun X, Fang J,  
Fu L, Xu L. Quercetin-loaded ceria nanocomposite potentiate 

dual-directional immunoregulation via macrophage 
polarization against periodontal inflammation. Small. 
2021;17(41):Article e2101505.

	179.	 Zheng G, Yu W, Xu Z, Yang C, Wang Y, Yue Z, Xiao Q, 
Zhang W, Wu X, Zang F. Neuroimmune modulating and 
energy supporting nanozyme-mimic scaffold synergistically 
promotes axon regeneration after spinal cord injury.  
J. Nanobiotechnology. 2024;22(1):399.

	180.	 Liao J, Li Y, Fan L, Sun Y, Gu Z, Xu Q-Q, Wang Y,  
Xiong L, Xiao K, Chen Z-s. Bioactive ceria nanoenzymes 
target mitochondria in reperfusion injury to treat ischemic 
stroke. ACS Nano. 2024;18(7):5510.

	181.	 Fan L, Yao L, Li Z, Wan Z, Sun W, Qiu S, Zhang W,  
Xiao D, Song L, Yang G. Exosome-based mitochondrial 
delivery of circRNA mSCAR alleviates sepsis by 
orchestrating macrophage activation. Adv Sci. 
2023;10(14):Article e2205692.

	182.	 Chen Y, Huang X, Liu A, Fan S, Liu S, Li Z, Yang X, Guo H,  
Wu M, Liu M. Lactobacillus reuteri vesicles regulate 
mitochondrial function of macrophages to promote mucosal and 
cutaneous wound healing. Adv Sci. 2024;11(24):Article e2309725.

	183.	 Feng J, Liu X, Li K, Zhao W, Wang W, Ge S, Liu H, Li J. 
Intracellular delivery of piezotronic-dominated nanocatalysis 
to mimic mitochondrial ROS generation for powering 
macrophage immunotherapy. Nano Energy. 2024;122: 
Article 109287.

	184.	 Zhang L, Chen X, Cai P, Sun H, Shen S, Guo B, Jiang Q. 
Reprogramming mitochondrial metabolism in synovial 
macrophages of early osteoarthritis by a camouflaged meta-
Defensome. Adv Mater. 2022;34(30):Article e2202715.

	185.	 He P, Liu F, Li M, Ren M, Wang X, Deng Y, Wu X, Li Y,  
Yang S, Song J. Mitochondrial calcium ion nanogluttons 
alleviate periodontitis via controlling mPTPs. Adv Healthc 
Mater. 2023;12(15):Article e2203106.

	186.	 Lei X, Tan G, Wang Y, Chen L, Cao Y, Si B, Zhen Z, Li B, 
Jin Y, Wang W. Mitochondrial calcium nanoregulators 
reverse the macrophage proinflammatory phenotype 
through restoring mitochondrial calcium homeostasis 
for the treatment of osteoarthritis. Int J Nanomedicine. 
2023;18:1469–1489.

	187.	 Liu X, Zhang H, Xu L, Ye H, Huang J, Xiang J, He Y, Zhou H,  
Fang L, Zhang Y. cGAMP-targeting injectable hydrogel 
system promotes periodontal restoration by alleviating cGAS-
STING pathway activation. Bioact Mater. 2025;48:55–70.

	188.	 You Y-P, Yan L, Ke H-Y, Li Y-P, Shi Z-J, Zhou Z-Y, Yang H-Y,  
Yuan T, Gan Y-Q, Lu N. Baicalin inhibits PANoptosis by 
blocking mitochondrial Z-DNA formation and ZBP1-
PANoptosome assembly in macrophages. Acta Pharmacol Sin. 
2024;46(2):430–447.

	189.	 Liu S, Tan M, Cai J, Li C, Yang M, Sun X, He B. Ribosome-
targeting antibiotic control NLRP3-mediated inflammation 
by inhibiting mitochondrial DNA synthesis. Free Radic Biol 
Med. 2024;210:75–84.

	190.	 Liu N, Zhong Y, Pang X, Li M, Cannon RD, Mei L, Cai X, Ji P. 
The nano-windmill exerts superior anti-inflammatory effects 
via reducing choline uptake to inhibit macrophage activation. 
Cell Prolif. 2023;56(10):Article e13470.

	191.	 D’Souza GG, Weissig V. Subcellular targeting: A new frontier for 
drug-loaded pharmaceutical nanocarriers and the concept of the 
magic bullet. Expert Opin Drug Deliv. 2009;6(11):1135–1148.

	192.	 Horobin RW, Trapp S, Weissig V. Mitochondriotropics: A 
review of their mode of action, and their applications for drug 

https://doi.org/10.34133/research.0883


Li et al. 2025 | https://doi.org/10.34133/research.0883 31

and DNA delivery to mammalian mitochondria. J Control 
Release. 2007;121(3):125–136.

	193.	 Jhaveri A, Torchilin V. Intracellular delivery of nanocarriers 
and targeting to subcellular organelles. Expert Opin Drug 
Deliv. 2016;13(1):49–70.

	194.	 Yousif LF, Stewart KM, Kelley SO. Targeting mitochondria 
with organelle-specific compounds: Strategies and 
applications. Chembiochem. 2009;10(12):1939–1950.

	195.	 Wang H, Fang B, Peng B, Wang L, Xue Y, Bai H, Lu S,  
Voelcker NH, Li L, Fu L. Recent advances in chemical biology 
of mitochondria targeting. Front Chem. 2021;9:Article 683220.

	196.	 Murphy MP. Targeting lipophilic cations to mitochondria. 
Biochim Biophys Acta Bioenerg. 2008;1777(7–8):1028–1031.

	197.	 Khailova L, Nazarov P, Sumbatyan N, Korshunova G, 
Rokitskaya T, Dedukhova V, Antonenko YN, Skulachev V. 
Uncoupling and toxic action of alkyltriphenylphosphonium 
cations on mitochondria and the bacterium Bacillus 
subtilis as a function of alkyl chain length. Biochemistry. 
2015;80(12):1589–1597.

	198.	 Lu P, Bruno BJ, Rabenau M, Lim CS. Delivery of drugs and 
macromolecules to the mitochondria for cancer therapy.  
J Control Release. 2016;240:38–51.

	199.	 Zielonka J, Joseph J, Sikora A, Hardy M, Ouari O,  
Vasquez-Vivar J, Cheng G, Lopez M, Kalyanaraman B. 
Mitochondria-targeted triphenylphosphonium-based 
compounds: Syntheses, mechanisms of action, and 
therapeutic and diagnostic applications. Chem Rev. 
2017;117(15):10043–10120.

	200.	 Boyle AL, Woolfson DN. De novo designed peptides for 
biological applications. Chem Soc Rev. 2011;40(8):4295.

	201.	 Szeto HH. Mitochondria-targeted peptide antioxidants: Novel 
neuroprotective agents. AAPS J. 2006;8(3):E521–E531.

	202.	 Birk AV, Liu S, Soong Y, Mills W, Singh P, Warren JD,  
Seshan SV, Pardee JD, Szeto HH. The mitochondrial-targeted 
compound SS-31 re-energizes ischemic mitochondria 
by interacting with cardiolipin. J Am Soc Nephrol. 
2013;24(8):1250–1261.

	203.	 Hao S, Ji J, Zhao H, Shang L, Wu J, Li H, Qiao T, Li K. 
Mitochondrion-targeted peptide SS-31 inhibited oxidized 
low-density lipoproteins-induced foam cell formation 
through both ROS scavenging and inhibition of cholesterol 
influx in RAW264. 7 cells. Molecules. 2015;20(12): 
21287–12197.

	204.	 Yousif LF, Stewart KM, Horton KL, Kelley SO. 
Mitochondria-penetrating peptides: Sequence effects and 
model cargo transport. Chembiochem. 2009;10(12): 
2081–2088.

	205.	 Horton KL, Stewart KM, Fonseca SB, Guo Q, Kelley SO.  
Mitochondria-penetrating peptides. Chem Biol. 
2008;15(4):375–382.

	206.	 Jean SR, Ahmed M, Lei EK, Wisnovsky SP, Kelley SO.  
Peptide-mediated delivery of chemical probes 
and therapeutics to mitochondria. Acc Chem Res. 
2016;49(9):1893–1902.

	207.	 Xu R, Huang L, Liu J, Zhang Y, Xu Y, Li R, Su S, Xu X. 
Remodeling of mitochondrial metabolism by a mitochondria-
targeted RNAi nanoplatform for effective cancer therapy. 
Small. 2024;20(10):Article e2305923.

	208.	 Che T, Yang X, Zhang Y, Zheng Y, Zhang Y, Zhang X, Wu Z. 
Mitochondria-regulated information processing nanosystem 
promoting immune cell communication for liver fibrosis 
regression. Small. 2024;20(36):2400413.

	209.	 Zuo Q, Lyu J, Shen X, Wang F, Xing L, Zhou M, Zhou Z, Li L, 
Huang Y. A less-is-more strategy for mitochondria-targeted 
photodynamic therapy of rheumatoid arthritis. Small. 
2024;20(25):Article e2307261.

	210.	 Ma DL, He HZ, Leung KH, Chan DSH, Leung CH. 
Bioactive luminescent transition-metal complexes 
for biomedical applications. Angew Chem Int Ed. 
2013;52(30):7666–7682.

	211.	 Liu J, Chen Y, Li G, Zhang P, Jin C, Zeng L, Ji L, Chao H. 
Ruthenium (II) polypyridyl complexes as mitochondria-
targeted two-photon photodynamic anticancer agents. 
Biomaterials. 2015;56:140–153.

	212.	 Zhou W, Wang X, Hu M, Zhu C, Guo Z. A mitochondrion-
targeting copper complex exhibits potent cytotoxicity against 
cisplatin-resistant tumor cells through multiple mechanisms 
of action. Chem Sci. 2014;5(7):2761.

	213.	 Li W, Dong M, Li Y, Dong H. Macrophages-cancer 
membrane-encapsulated metal−organic frameworks 
with copper-depleting moiety for mitochondria-targeted 
therapeutics. Adv Healthc Mater. 2023;12(20): 
Article e2202986.

	214.	 Paleos CM, Tsiourvas D, Sideratou Z. Triphenylphosphonium 
decorated liposomes and dendritic polymers: Prospective 
second generation drug delivery systems for targeting 
mitochondria. Mol Pharm. 2016;13(7):2233–2341.

	215.	 Zheng S, Li X, Zhang Y, Xie Q, Wong Y-S, Zheng W, Chen T. 
PEG-nanolized ultrasmall selenium nanoparticles overcome 
drug resistance in hepatocellular carcinoma HepG2 cells 
through induction of mitochondria dysfunction. Int J 
Nanomedicine. 2012;7:3939–3949.

	216.	 Yuan P, Mao X, Wu X, Liew SS, Li L, Yao SQ. Mitochondria-
targeting, intracellular delivery of native proteins using 
biodegradable silica nanoparticles. Angew Chem Int Ed Engl. 
2019;131(23):7657–7661.

	217.	 Li W-Q, Wang Z, Hao S, Sun L, Nisic M, Cheng G, Zhu C, 
Wan Y, Ha L, Zheng S-Y. Mitochondria-based aircraft carrier 
enhances in vivo imaging of carbon quantum dots and 
delivery of anticancer drug. Nanoscale. 2018;10(8):3744.

	218.	 Chang L, Chen Y, Meng Z, Yang Z, Qin J, Zhou J, Dai C,  
Ji X, Qin T, Dou X. Zinc porphyrin mixed with metal organic 
framework nanocomposites and silver nanoclusters for the 
electrochemiluminescence detection of iodide. ACS Appl 
Nano Mater. 2024;7(8):9031, Article 9040.

	219.	 Wang S-W, Gao C, Zheng Y-M, Yi L, Lu J-C, Huang X-Y,  
Cai J-B, Zhang P-F, Cui Y-H, Ke A-W. Current applications 
and future perspective of CRISPR/Cas9 gene editing in 
cancer. Mol Cancer. 2022;21(1):57.

	220.	 Liu Y, Fu T, Li G, Li B, Luo G, Li N, Geng Q. Mitochondrial 
transfer between cell crosstalk–an emerging role in 
mitochondrial quality control. Ageing Res Rev. 2023;91: 
Article 102038.

	221.	 Liu Y, Wu M, Zhong C, Xu B, Kang L. M2-like macrophages 
transplantation protects against the doxorubicin-induced 
heart failure via mitochondrial transfer. Biomater Res. 
2022;26(1):14.

	222.	 Jenkins BC, Neikirk K, Katti P, Claypool SM, Kirabo A, 
McReynolds MR, Hinton A. Mitochondria in disease: 
Changes in shapes and dynamics. Trends Biochem Sci. 
2024;49(4):346–360.

	223.	 Luo Y, Luo X, Ru Y, Zhou X, Liu D, Huang Q, Linghu M, 
Wu Y, Lv Z, Chen M. Copper (II)-based nano-regulator 
correlates cuproptosis burst and sequential immunogenic cell 

https://doi.org/10.34133/research.0883


Li et al. 2025 | https://doi.org/10.34133/research.0883 32

death for synergistic cancer immunotherapy. Biomater Res. 
2024;28:0039.

	224.	 Chen H, Peng L, Wang Z, He Y, Zhang X. Integrated 
machine learning and bioinformatic analyses constructed 
a network between mitochondrial dysfunction and 
immune microenvironment of periodontitis. Inflammation. 
2023;46(5):1932–1951.

	225.	 Mazumdar H, Khondakar KR, Das S, Halder A, Kaushik A. 
Artificial intelligence for personalized nanomedicine; from 

material selection to patient outcomes. Expert Opin Drug 
Deliv. 2025;22(1):85–108.

	226.	 Bouffi C, Wikenheiser-Brokamp KA, Chaturvedi P,  
Sundaram N, Goddard GR, Wunderlich M, Brown NE,  
Staab JF, Latanich R, Zachos NC. In vivo development of 
immune tissue in human intestinal organoids transplanted 
into humanized mice. Nat Biotechnol. 2023;41(6):824.

	227.	 Cox J. Prediction of peptide mass spectral libraries with 
machine learning. Nat Biotechnol. 2023;41(1):33–43.

https://doi.org/10.34133/research.0883

	Engineering Macrophage via Biomaterial-Mediated Mitochondrial Regulation: Mechanisms and Strategies
	Introduction
	Mitochondria: The Regulators of Macrophage Fate
	Mitochondrial quality control
	Mitochondrial membrane dynamics
	Mitophagy
	Mitochondrial biogenesis

	Mitochondrial metabolism
	Mitochondrial ROS
	Mitochondrial ion homeostasis
	mtDNA

	Indirect Strategies for Regulation of Mitochondria
	Membrane dynamics control: Shaping morphology
	Mitophagy modulation: Enhancing clearance efficiency
	Biogenesis stimulation: Boosting organelle formation
	Metabolic reprogramming: Optimizing energy flow
	ROS scavenging: Limiting oxidative stress
	Ion homeostasis: Balancing ionic gradients
	mtDNA surveillance: Intercepting inflammatory cascades

	Direct Strategies for Targeting of Mitochondria
	Small molecules
	Bioactive molecules
	Transition metal complexes
	Nanocarriers

	Conclusion and Outlook
	Acknowledgments
	References


