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Abstract

Brain aging is characterized by heterogeneous microglial states and altered mitochondrial,
metabolic, and lysosomal homeostasis. Mitophagy is central to mitochondrial quality
control, but its contribution to age-associated microglial dysfunction remains incompletely
understood. This review examines how microglial mitophagy interacts with mitochondrial
and lysosomal quality control, immunometabolic adaptation, and inflammatory signaling
during brain aging, while distinguishing direct microglial evidence from findings derived
from other experimental systems. Aging remodels microglial mitochondrial, metabolic,
and lysosomal functions in a state- and context-dependent manner, including reactive,
disease-associated, lipid-associated, and senescence-like states. Mitophagy may preserve
mitochondrial quality control by limiting the accumulation of damaged mitochondria and
associated oxidative and danger signals. However, static mitophagy-associated markers do
not establish completed mitophagic flux, which requires mitochondrial delivery to lyso-
somes and subsequent degradation within them. Human postmortem studies reveal age-
and disease-associated alterations in mitochondrial quality control and mitophagy-related
pathways, but direct measurements of mitophagic flux in defined human microglial popu-
lations remain limited. Age-related changes in lysosomal capacity, acidification, metabolic
stress, mitochondrial dynamics, and coordination between mitochondrial clearance and
biogenesis may collectively influence microglial resilience. Whether phagocytic and mi-
tophagic cargo directly compete for lysosomal capacity remains unproven. We therefore
propose a Microglial Mitophagy Threshold Model as a conceptual, testable framework in
which mitochondrial damage, mitophagic clearance, lysosomal capacity, mitochondrial re-
newal, and microglial state collectively determine mitochondrial homeostasis or persistent
inflammatory dysfunction. Microglial mitophagy should be viewed as part of an intercon-
nected mitochondrial-lysosomal quality control network. Direct assessment of mitophagic
flux alongside microglial state, mitochondrial dynamics and function, bioenergetics, and
lysosomal capacity will be essential to validate this framework.
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1. Introduction

Microglia are the resident immune cells of the central nervous system (CNS) and
are essential for maintaining tissue surveillance, synaptic homeostasis, debris clearance,
and immune regulation throughout life. Microglia were historically categorized as either
“resting” or “activated”; however, this binary framework is now recognized as insufficient
to capture their dynamic functional states. These states may overlap according to age,
brain region, disease, and the local microenvironment [1]. Advances in live-cell imaging,
transcriptomics, spatial profiling, and metabolic profiling have demonstrated the functional
heterogeneity of microglia [2-6]. Rather than existing in a dormant state, homeostatic
microglia actively patrol the neural parenchyma by constantly extending and retracting
their processes. Through this dynamic surveillance, they monitor their local environment
and respond to subtle changes, even minor alterations in neuronal activity, extracellular
metabolites, and tissue integrity. This active surveillance enables microglia to survey the
parenchyma, clear cellular material, and participate in synaptic remodeling and tissue
homeostasis [7,8].

An important function of homeostatic microglia is synaptic refinement. During devel-
opment and throughout adulthood, microglia help eliminate unnecessary or weak synaptic
connections, preserving efficient neuronal circuitry. This process requires a delicate balance
between phagocytic activity and immune restraint, ensuring that tissue remodeling occurs
without provoking excessive inflammatory responses [8]. Thus, the homeostatic state
reflects actively regulated immune competence rather than cellular inactivity.

Maintaining this homeostatic state depends heavily on mitochondrial fitness. Beyond
their classical role as bioenergetic organelles, mitochondria function as critical signaling
hubs. They regulate cellular metabolism, redox balance, calcium homeostasis, and innate
immune responses [9-12]. In microglia, mitochondrial integrity is increasingly recognized
as a prerequisite for immune quiescence. Healthy mitochondria support oxidative phos-
phorylation (OXPHOS), efficient adenosine triphosphate (ATP) generation, and controlled
reactive oxygen species (ROS) production [13]. These processes provide the energy required
to sustain the high demands of continuous surveillance and phagocytic activity. However,
mitochondrial dysfunction can disturb intracellular signaling, increase oxidative stress,
and lower the threshold for inflammatory activation [14].

The classical (M1-like) and alternative (M2-like) nomenclature remains useful for
explaining defined experimental responses, but primary human microglia can express
features of both states and can change their phenotype depending on the stimulus [15,16].
Human single-cell studies have also identified multiple homeostatic, inflammatory, lipid-
processing, phagocytic, and disease-associated states that cannot be reduced to an M1/M2
classification [3-6]. Mitochondrial quality control should therefore be considered state-
dependent rather than a uniform property of all microglia.

Aging introduces additional complexity to this relationship. Aged microglia dis-
play subtle molecular and functional alterations that separate them from their younger
counterparts. These changes include increased basal expression of inflammatory genes,
altered lysosomal activity, impaired phagocytic efficiency, and shifts in cellular metabolism.
Importantly, aged microglia often exhibit a “primed” phenotype, characterized by an exag-
gerated response to subsequent inflammatory stimuli despite appearing morphologically
quiescent under basal conditions [17]. Such cells are frequently described as being in a
“ready-to-react” state, requiring a smaller trigger to initiate robust inflammatory responses.
Age-associated mitochondrial dysfunction may contribute significantly to this primed
phenotype. Accumulation of damaged mitochondria, altered mitochondrial turnover, and
reduced metabolic flexibility can gradually reshape microglial behavior during aging and
may contribute to increased inflammatory responsiveness [18,19]. Thus, aging may not
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simply activate microglia; rather, it progressively modifies the metabolic landscape within
which microglia operate, lowering the threshold for inflammatory reprogramming.

In this review, inflammaging refers to the chronic, low-grade inflammatory state asso-
ciated with aging without an acute inflammatory trigger. This age-associated inflammatory
phenotype is distinct from acute neuroinflammation elicited by defined injury or infection
and from inflammation associated with established neurodegenerative disease [20-22].
Although these processes may share molecular pathways, inflammaging is used here pri-
marily to describe age-associated immune dysregulation rather than the inflammatory
response to a single acute pathological trigger.

Mitochondrial health is an important regulator of microglial function and contributes
to tissue homeostasis. Human studies have shown heterogeneity among microglial pop-
ulations during aging and Alzheimer’s disease (AD), with differences in inflammatory;,
lipid-processing, phagocytic, and disease-associated programs [4-6]. Recent analysis of
primary microglia isolated from 189 human postmortem brains further identified disease-
associated transcriptional changes across the clinical and pathological spectrum of AD [6].
Human postmortem studies have also demonstrated age-related changes in mitochondrial
quality control pathways, including increased phosphorylated ubiquitin at Ser65 (pS65-Ub),
a marker associated with PTEN-induced kinase 1 (PINK1)-Parkin-mediated mitophagy, in
several brain regions [23]. In AD, increased pS65-Ub was associated with mitochondria,
lysosomal structures, and early tau pathology, indicating altered mitochondrial quality
control signaling, although these findings do not establish completed mitophagic flux [24].
Human postmortem studies have also identified senescence-associated microglia with
increased p1l6-related signatures, reduced phagocytic pathways, and evidence of mitochon-
drial and cellular stress [25,26]. Thus, mitochondrial quality control, particularly mitophagy,
may help balance microglial homeostasis with inflammatory or senescence-associated states.
However, direct measurement of mitophagic flux in specific human microglial populations,
including disease-associated microglia (DAM) and senescence-associated microglia (SAM),
remains lacking.

Previous reviews have considered microglial autophagy, mitophagy, mitochondrial
dysfunction, or neuroinflammation primarily as individual components of aging and neu-
rodegeneration. The present review takes a more integrated approach by examining how
mitochondrial clearance, lysosomal capacity, mitochondrial biogenesis, immunometabolic
adaptation, and microglial state heterogeneity may interact during brain aging. A central
emphasis is the distinction between pathway activation and completed mitophagic flux,
particularly in human microglia, together with explicit separation of experimentally es-
tablished mechanisms from the proposed conceptual model. Three unresolved questions
motivate this framework: whether age-associated changes in mitophagy reflect increased
pathway initiation or impaired completion; whether lysosomal dysfunction can constrain
mitochondrial clearance under increased phagocytic burden; and whether these relation-
ships differ across reactive, disease-associated, lipid-processing, and senescence-associated
microglial states.

2. Mitochondria as Integrators of Metabolism and Innate Immunity

Mitochondria in microglia extend beyond ATP production. Mitochondria function as
integrated metabolic and signaling platforms that coordinate energy metabolism, redox bal-
ance, calcium homeostasis, and cellular stress responses, thereby influencing inflammatory
responsiveness and adaptation to changes in the tissue environment [27]. Mitochondria
function not only as bioenergetic organelles but also as signaling platforms that integrate
metabolic status, redox balance, calcium homeostasis, and cellular stress responses. In mi-
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croglia, these functions can influence inflammatory responsiveness and adaptation to
changes in the tissue environment [27-29].

When mitochondrial homeostasis is disrupted, mitochondrial-derived signals can
contribute to sterile inflammatory signaling. Increased mitochondrial reactive oxygen
species (mtROS) production, altered cardiolipin biology, and cytosolic release of mitochon-
drial nucleic acids can generate endogenous danger signals [30-32]. These signals engage
innate immune pathways that originally evolved to detect microbial infection, effectively
converting mitochondrial stress into inflammatory signaling [31].

Mitophagy is an important component of mitochondrial quality control that limits the
persistence of damaged mitochondria and may thereby constrain mitochondrial danger
signaling. By promoting the removal of damaged mitochondria, mitophagy has the poten-
tial to limit mitochondrial stress and thereby modulate inflammatory pathways, including
cyclic GMP-AMP synthase—stimulator of interferon genes (cGAS-STING) and NOD-like
receptor family pyrin domain containing 3 (NLRP3) signaling [32-34]. In healthy microglia,
this resilience system maintains immune quiescence despite continuous metabolic stress.
With aging, altered mitochondrial and lysosomal homeostasis may increase microglia’s
susceptibility to persistent inflammatory activation.

3. Aging-Associated Changes in Lysosomal Function and Microglial
Mitochondrial Quality Control

Microglia continuously process extracellular material, including myelin debris, apop-
totic cells, protein aggregates, and damaged synaptic material. This places a substantial
demand on the microglial lysosomal system during aging [35-37]. Age-related myelin
fragmentation has been shown to increase the accumulation of poorly degradable material
within microglial lysosomes, while aged microglia also show increased lysosomal storage
bodies and altered clearance function [35,36]. Age-related impairment of microglial phago-
cytosis has also been demonstrated, including reduced clearance of myelin debris and other
extracellular material [37].

The available evidence suggests that aging increases the burden on the lysosomal
system and may reduce its ability to process cellular material efficiently. However, no direct
evidence shows that phagocytic cargo competes with damaged mitochondria for lysosomal
processing. One possibility is that, when microglia face a sustained phagocytic burden,
limited lysosomal capacity could make it harder to fully degrade damaged mitochondria.
This remains a hypothesis that needs testing. Studies that combine measurements of ex-
tracellular cargo handling, mitochondrial delivery to lysosomes, lysosomal function, and
mitophagic flux within the same microglial population would help determine whether such
a relationship exists. Although mitophagy and phagocytosis are distinct pathways, both
ultimately depend on functional lysosomes for cargo degradation. Damaged mitochondria
are selectively targeted for autophagic removal and subsequently delivered to lysosomes,
whereas extracellular material is processed through phagolysosomal pathways [35-37].
Thus, age-related changes in lysosomal acidification or degradative capacity could poten-
tially affect both processes. However, whether these two cargo types directly compete
within lysosomes remains unknown.

Recent studies also indicate that mitochondria and lysosomes are functionally con-
nected, suggesting that changes in one system may influence the other. Studies in non-
microglial cellular and aging models indicate mitochondria-lysosome contact sites can
contribute to lysosomal acidification, and disruption of these contacts during cellular aging
can reduce lysosomal acidification and autophagic flux [38,39]. In a tauopathy model, exper-
imental disruption of transcription factor EB (TFEB)-vacuolar-ATPase signaling impaired
lysosomal acidification and activity and altered microglial responses, providing direct
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evidence that lysosomal functional capacity can influence microglial state [40]. These find-
ings provide a possible explanation for the close relationship between mitochondrial and
lysosomal dysfunction, but they were not established specifically in aged human microglia.

Thus, as illustrated in Figure 1, the present evidence supports a model in which
increased extracellular cargo, lysosomal storage, and reduced lysosomal efficiency could
contribute to incomplete mitochondrial degradation during aging. The concept of direct
competition for lysosomal processing capacity remains a testable hypothesis rather than an
established mechanism.
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Figure 1. Proposed relationship between lysosomal burden, mitochondrial clearance, and microglial
mitochondrial resilience during aging. Conceptual model illustrating a proposed relationship among
extracellular cargo burden, lysosomal function, mitochondrial clearance, and microglial mitochondrial
resilience during aging. Created in BioRender. Kumar, A. (2026) https://BioRender.com/e094hxq.

Experimental studies demonstrate age-associated increases in extracellular and phago-
cytic cargo, lysosomal storage, and impaired microglial clearance [35,36,41]. The interaction
shown between these processes therefore represents a testable hypothesis rather than an
experimentally demonstrated mechanism.

4. Mitophagy and Microglial Mitochondrial Resilience

Microglia remain under continuous metabolic and oxidative stress and maintain mito-
chondrial quality while responding to changes in the extracellular environment. Mitophagy
is a key pathway for selectively removing damaged mitochondria and may thereby limit
their persistence as sources of mitochondrial stress and danger signaling. In primary
microglia, mitochondrial dysfunction and defective mitophagy have been associated with
increased inflammatory cytokine production and altered mitochondrial homeostasis [42].
Inhibition of microglial autophagy has also been shown to increase NLRP3 inflammasome
activation in experimental neurodegeneration [43].

Commonly used terms “mitochondrial threshold” and “buffering capacity” represent
a conceptual framework. Rather than representing a defined biological threshold, they
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describe the proposed balance between the rate of mitochondrial damage and microglias’
capacity to remove and replace damaged mitochondria.

Mitochondrial danger signals can activate several inflammatory pathways. mtROS and
oxidized mitochondrial components can promote NLRP3 inflammasome activation, while
cytosolic mitochondrial DNA (mtDNA) can activate cGAS-STING signaling [32,44,45].
In non-microglial senescent-cell models, mitochondrial dsRNA can also activate retinoic
acid-inducible gene I (RIG-I), melanoma differentiation-associated protein 5 (MDAD5), and
mitochondrial antiviral signaling (MAVS) and contribute to the senescence-associated
secretory phenotype [46,47]. These pathways may contribute to sustained inflammatory
signaling and senescence-associated phenotypes. However, the complete sequence linking
impaired mitophagic flux to mtDNA or mtRNA release and then to inflammatory activation
has not been directly demonstrated in aging human microglia [45,47]. Thus, mitochondrial
nucleic acids should be viewed as candidate mediators within a bidirectional network rather
than as obligatory downstream consequences of impaired mitophagy. Therefore, as shown
in Figure 2, mitophagy is best considered an important regulator of microglial inflammatory
tone rather than a single switch. Persistent mitochondrial stress, defective mitochondrial
clearance, and inflammatory signaling may reinforce one another and contribute to chronic
microglial dysfunction during aging.

Proposed microglial mitophagy threshold model linking mitochondrial damage, clearance capacity, and inflammatory state
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Figure 2. Proposed microglial mitophagy threshold model linking mitochondrial damage, clear-
ance capacity, and inflammatory state. Conceptual framework illustrating a proposed relationship
among mitochondrial damage, mitochondrial clearance, lysosomal function, and microglial inflam-
matory state during aging. In this conceptual framework, inflammaging may become more likely
when cumulative mitochondrial stress exceeds the capacity of compensatory quality control and
renewal mechanisms. Whether such a functional threshold exists in microglia, and which variables
determine it, remain to be established experimentally. Created in BioRender. Kumar, A. (2026)
https:/ /BioRender.com/rbtkpql.
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5. Aging and the Breakdown of Microglial Homeostasis

Human microglial studies suggest that aging is accompanied by mitochondrial,
metabolic, and cellular stress. Primary human microglia isolated from aged postmortem
brains show changes in inflammatory and senescence-associated pathways [48], while
dystrophic microglia in human white matter exhibit lipid accumulation, oxidative stress,
lipid peroxidation, increased mitochondrial markers, and cellular damage [49]. These
findings support an association between aging-related mitochondrial stress and altered
microglial homeostasis but do not establish that impaired mitophagic flux drives these
changes. Human postmortem and ex vivo studies further demonstrate substantial molecu-
lar heterogeneity across microglial states during normal aging and AD [3,4,6]. Importantly,
longitudinal analysis of mitophagy in the mammalian brain has shown that mitophagic ac-
tivity can be sustained during healthy aging, with substantial cell-type and region-specific
variation, arguing against a uniform age-related collapse of mitophagy [50].

Senescence-associated microglia show changes in mitochondrial, lysosomal, oxidative-
stress, and cellular-stress pathways, along with reduced functional capacity, in several
human and experimental datasets. Experimental studies in microglial cells have shown
that quinolinic acid exposure impairs mitolysosome formation, reduces mitochondrial
turnover, and promotes senescence-associated phenotypes [51]. In the C. elegans model,
quinolinic acid-induced impairment of neuronal mitophagy was associated with reduced
health span [51]. The relevance of these findings to physiological human brain aging
remains to be established. Senescence-associated programs may arise within several mi-
croglial states, including DAM-like populations, emphasizing that these categories overlap
rather than being mutually exclusive. Consistent with this overlap, experimental stud-
ies on mice have identified a senescent triggering receptor expressed on myeloid cells 2
(TREM2)-expressing microglial population that can be distinguished from conventional
DAM-like populations, indicating that TREM2 expression alone does not define a single
functional microglial state [52]. Whether these distinct states differ systematically in mi-
tophagic flux remains unresolved. Lipid accumulation is another important feature of aged
microglia. Lipid-droplet-accumulating microglia (LDAM) have been described as a dys-
functional and pro-inflammatory population with impaired phagocytosis and altered lipid
metabolism [36,53]. Mitochondrial stress may contribute to these age-associated changes.
Recent work in human microglia has shown that mitochondrial stress responses can pro-
mote lipid accumulation, altered cellular communication, and a senescence-associated
phenotype [23]. However, these findings do not establish that impaired mitophagic flux is
the initial event.

The relationship between DAM and senescent microglia is also not identical. DAM
are characterized by changes in TREM2, apolipoprotein E (APOE), lipoprotein lipase
(LPL), glycoprotein NMB (GPNMB), and other genes associated with lipid metabolism,
phagocytosis, and lysosomal function [4,6,16]. In patients with AD who received amyloid-f3
immunization, spatial transcriptomic studies identified distinct microglial states associated
with amyloid clearance, showing that DAM can remain functionally active and participate
in phagocytic clearance [54]. In contrast, senescence-associated microglia show more
persistent changes in cellular homeostasis and may have reduced functional capacity.

Thus, aging should not be described simply as a progressive loss of mitochondrial
function. Instead, mitochondrial damage, lysosomal function, metabolic adaptation, mi-
tophagy, and inflammatory signaling change together, and their relative contribution may
differ between microglial populations.

Experiments using human microglia derived from induced pluripotent stem cells have
provided additional evidence that mitochondrial stress can influence microglial function.
Mitochondrial proteotoxic stress was associated with metabolic remodeling, lipid accumu-
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lation, and a senescence-associated phenotype, suggesting that persistent mitochondrial
stress may contribute to microglial dysfunction and senescence [55]. The available evidence
therefore supports state-dependent remodeling of mitochondrial quality control rather
than a uniform loss of mitophagy with age. An important unresolved question is whether
reactive, DAM-like, lipid-processing, and senescence-associated microglia differ primarily
in mitophagy initiation, mitochondrial delivery to lysosomes, lysosomal degradation, or
compensatory mitochondrial biogenesis.

6. Inmunometabolic Reprogramming of Aged Microglia

Aging changes the metabolic state of microglia, but these changes should be distin-
guished from mitophagy itself. Similarly, altered mitochondprial respiration, glycolytic
reliance, mitochondrial dynamics, and mitochondrial mass are not direct measurements
of mitophagic flux. Their relationship with mitophagy should therefore be inferred only
when the experimental design measures mitochondrial turnover or lysosomal delivery
directly [3-6]. Mitochondrial respiratory activity can directly influence inflammatory mi-
croglial activation. Peruzzotti-Jametti et al. demonstrated that mitochondrial complex I
activity in microglia sustains neuroinflammation, supporting a direct link between mito-
chondrial metabolism and inflammatory function [56].

Aging-associated microglial metabolic remodeling can include altered oxidative
metabolism, substrate utilization, and glycolytic reliance, although the magnitude and
direction of these changes vary across microglial states and experimental systems [53,57].
Microglia also exhibit substantial metabolic flexibility under changing energetic conditions;
experimental studies show that alternative substrate utilization can sustain surveillance
functions and involve mechanistic target of rapamycin (mTOR)-dependent signaling [58].

Persistent mitochondrial damage from insufficient mitochondrial quality control could
contribute to metabolic stress, while altered cellular metabolism may, in turn, influence
mitochondrial turnover. Thus, the relationship between mitophagy and immunometabolic
remodeling is likely bidirectional. TREM2-dependent pathways are important for adap-
tation to chronic lipid and phagocytic stress, and TREM2 loss alters microglial metabolic
fitness and cholesterol handling [59,60].

These findings support an interaction among lipid burden, lysosomal function, and
mitochondrial metabolism. However, the direct effect of lipid accumulation on mitophagic
flux in aged human microglia remains insufficiently defined.

7. Microglia—-Neuron—-Astrocyte Crosstalk

Microglial mitochondrial dysfunction can affect neighboring neural cells through
changes in cytokine production, extracellular metabolites, and phagocytic activity. Mi-
croglia with altered mitochondrial function can therefore influence neuronal and astrocytic
responses, but the extent of these effects depends on the experimental model and the
microglial state.

Activated microglia can induce inflammatory responses in astrocytes, and astrocyte-
derived mediators can in turn modify microglial function [44]. However, these findings do
not establish that impaired mitophagy in microglia is the sole cause of this crosstalk. The
available evidence is more consistent with a bidirectional network in which mitochondrial
stress, inflammatory signaling, and intercellular communication can influence one another.

In experimental microglial systems, rapamycin and trehalose have been shown to
induce autophagy and reduce inflammatory mediator production; however, these findings
demonstrate modulation of general autophagy rather than direct evidence of increased
mitophagic flux [61]. The direct contribution of mitophagic flux to these effects remains
less well-established than the effects of general mitochondrial or autophagic dysfunction.
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Accordingly, the role of microglial mitophagy in neuron—glia communication should be
viewed as a potential contributor rather than a demonstrated single upstream mechanism.

8. Disease and Experimental Contexts Informing Microglial
Mitochondrial Quality Control During Aging

Neurodegenerative and infectious disorders provide experimentally informative con-
texts for studying microglial mitochondrial quality control, but these conditions should not
be considered direct extensions of physiological brain aging. AD, PD, and viral neuroin-
flammatory disorders differ in their initiating mechanisms, tissue environments, disease
trajectories, and inflammatory stimuli [16,62,63]. Accordingly, evidence from these condi-
tions is considered here as complementary mechanistic context rather than direct evidence
of normal aging.

Recent experimental evidence further supports a close relationship between mitochon-
drial dynamics, mitochondrial quality control, and inflammatory microglial responses. In
a mouse model of Japanese encephalitis virus (JEV) infection, mitochondrial dysfunction
was associated with altered mitochondrial fusion-fission signaling and increased NADPH
oxidase 2 (NOX2)-mediated oxidative stress and neuronal injury [64]. Although this study
did not directly establish microglia-specific mitophagic dysfunction, it demonstrates that
infectious stress can substantially perturb mitochondrial homeostasis. In contrast, chronic
lipopolysaccharide (LPS) exposure in young and aged mice produced increased expression
of the fission-associated gene FIS1 and decreased expression of the fusion-associated genes
mitofusinl (MFN1) and mitofusin2 (MFN2), accompanied by enhanced proinflammatory
microglial responses, with more pronounced alterations in aged animals [31]. These find-
ings provide direct experimental evidence linking age-associated mitochondrial remodeling
to microglial inflammatory activation. Furthermore, JEV infection was associated with
impaired autophagic flux, characterized by increased microtubule-associated protein 1
light chain 3-1I/3-I (LC3-1I/I) and sequestosome 1 (SQSTM1)/p62 and reduced cathepsin-
D activity, together with increased microglial activation and proinflammatory cytokine
expression [65,66]. Importantly, these findings demonstrate impaired autophagy and lyso-
somal processing rather than defective mitophagic flux per se. Collectively, these studies
indicate that mitochondrial dynamics and intracellular quality control pathways are closely
associated with inflammatory microglial states and may influence mitochondrial energetic
resilience; however, whether these alterations culminate in defective mitophagic flux during
physiological brain aging remains unresolved.

Mitophagy-modulating compounds such as kaempferol and rhapontigenin have im-
proved disease-related phenotypes in experimental models, supporting the possibility
that mitochondrial quality control can influence pathological trajectories [67,68]. However,
these findings do not establish that defective microglial mitophagy is a conserved initiating
mechanism across neurological disorders, nor do they demonstrate that the observed ben-
efits are mediated specifically through microglia. In experimental PD models, impaired
microglial autophagy has been linked to NLRP3 activation and dopaminergic neurodegen-
eration [43]. These findings support a role for microglial degradative pathways, but they
should not be interpreted as direct evidence of impaired mitophagic flux. In human im-
munodeficiency virus type 1 (HIV-1) Tat-exposed microglia, mitochondrial dysfunction and
defective mitophagy have been associated with increased inflammatory activation [42]. In
a herpes simplex virus-1 (HSV-1) microglial infection model, pharmacological modulation
of mitophagy-related pathways improved inflammatory and phagocytic phenotypes [63].
This provides direct microglial evidence that mitochondrial quality control can influence
inflammatory responses under viral stress, but the finding may not be extrapolated directly
to physiological brain aging. Human studies further emphasize heterogeneity. Ex vivo
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human microglia from AD brains show disease-related transcriptional changes, and re-
cent studies of treated patients have identified distinct microglial states associated with
amyloid clearance [4,6,54]. Therefore, DAM changes should be interpreted in the context
of the specific microglial population, disease stage, and tissue environment. In AD, post-
mortem studies have also demonstrated alterations in mitophagy-associated pathways.
Increased pS65-Ub has been observed in AD brain and is associated with granulovacuolar
degeneration and early tau pathology [24]. Experimental studies have also shown that
enhancing mitophagy can improve microglial amyloid-f3 clearance and reduce Alzheimer’s
pathology [34]. However, these findings should be distinguished from direct measurements
of mitophagic flux in human microglia. Across these disease contexts, mitochondrial qual-
ity control repeatedly emerges as a relevant component of microglial adaptation to cellular
stress. The specific contribution of mitophagy, however, varies with disease context and
remains incompletely resolved.

Collectively, these experimental and disease-associated findings support an inter-
connected relationship among mitochondrial dynamics, autophagy /lysosomal function,
mitophagy, and microglial inflammatory adaptation. Nevertheless, altered mitochon-
drial dynamics or autophagy-associated markers should not be equated with defective
mitophagy without direct measurement of mitochondrial-specific flux. Defining how mi-
tophagic clearance interacts with mitochondrial dynamics, cellular bioenergetics, lysosomal
capacity, and microglial state will be critical to determining whether impaired mitochon-
drial quality control drives, follows, or reflects an adaptive response to age-associated
microglial dysfunction.

9. Evidence-Graded Therapeutic Strategies for Microglial
Mitochondrial Resilience

Therapeutic strategies targeting mitochondrial quality control differ substantially in
their level of evidence. To avoid equating experimental modulation of mitochondrial
metabolism with direct activation of microglial mitophagy, interventions are considered
according to three evidence categories: (i) direct evidence in microglia; (ii) evidence from
in vivo models of neurological disease; and (iii) evidence derived primarily from other cell
types or indirect mechanisms. Researchers have investigated potential therapeutic strate-
gies targeting mitochondprial resilience, autophagy, lysosomal function, immunometabolism,
and inflammatory signaling in experimental microglial and neurological disease models.
However, these approaches differ substantially in their biological targets and levels of
evidence, and most have not been demonstrated to directly alter mitophagic flux in aged
human microglia. To distinguish direct microglial evidence from disease-model and indirect
evidence, Table 1 summarizes the principal strategies and their current limitations.

Table 1. Therapeutic strategies targeting microglial mitochondrial resilience and quality control:
evidence level and limitations.

Principal Biological

Direct Evidence of

Intervention Evidence Category  Altered Microglial Main Limitation Reference
Target . .
Mitophagic Flux
Primarily
PGC-1x Mitochondrial . . . Not established as m%t.ochondrlal
. . . . Direct microglial . resilience rather [69]
modulation biogenesis/function direct flux .
than direct
mitophagy
Mitophagy/ Not established as Systemic/
Urolithin A phagy Disease-model . . e multicellular [70]
lysosomal pathways microglia-specific offects
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Table 1. Cont.
. Principal Biological . Direct Ev1$1ence'of s T
Intervention Tareet Evidence Category  Altered Microglial Main Limitation Reference
8 Mitophagic Flux
E;Fi)te(flr}r:;ntél Not validated in
MCL-1 targeting Mitophagy Disease-model . phasy; aged human [71]
microglia-specific icroglia
flux not established &
CD22 blockade Phagocytos%s/ Direct microglial Not established . Nota direct [37]
homeostasis mitophagy therapy
Evidence primarily
Microglial and concerns
. indirect/systemic . mitochondrial
NAD-related Redox/metabolic . . Not established for .
. . o evidence in . . function and [72-74]
interventions resilience . mitophagic flux .
inflammatory inflammatory /
model metabolic
remodeling
Microglial and
non-microglial )
. Energy sensing/ evidence in . Cell-type and
AMPK modulation autopha inflammator Not established context [72,75-77]
phasy . Y dependence
experimental
models
Not a direct
. . . mitophagy
mTOR modulation Energy Sensing / Mlc.rogh.al Not established intervention; [58,78]
metabolic adaptation =~ metabolic evidence
pathway effects are
context-dependent
. . . Limited evidence
Mitochondrial Direct microglial for direct
Sirtuin pathways 1. experimental Not established . . [72,79]
resilience evidence mitochondrial
turnover

Evidence categories distinguish direct microglial studies, neurological disease models,
and indirect/non-microglial evidence. Changes in mitophagy-associated markers, mi-
tochondrial morphology, mitochondrial mass, or general autophagy are not considered
evidence of altered mitophagic flux. “Not established” indicates that direct evidence in
aged human microglia is lacking. Most strategies remain preclinical.

Direct microglial evidence includes interventions that modify mitochondrial metabolism
or microglial mitochondrial quality control [45]. Peruzzotti-Jametti et al. showed that
mitochondrial complex I activity contributes to inflammatory activation in microglia, pro-
viding direct evidence that mitochondrial metabolism can be therapeutically targeted
in microglia [56]. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1«) has also been studied directly in microglia and was associated with improved
mitochondrial function and reduced inflammatory responses after cerebral ischemia [69].
Ubiquinone-10 (CoQ10) may mitigate mitochondrial oxidative stress and inflammatory
activation in an experimental microglial model [80].

Researchers have investigated other approaches mainly in animal models of neurolog-
ical disease. Urolithin A has been reported to improve mitophagy-related and lysosomal
phenotypes and reduce AD pathology in experimental models, but these effects have not
been established as microglia-specific or as evidence of increased mitophagic flux in aged
microglia [70]. Similarly, pharmacological enhancement of mitophagy improved amyloid-f3
and tau pathology in AD models, with evidence that improved microglial phagocytosis
contributed to the benefit [71]. These findings are promising but remain preclinical. Some
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interventions act indirectly on microglial function rather than directly on mitophagy. Clus-
ter of differentiation 22 (CD22) blockade restored phagocytic and homeostatic functions
of aged microglia, but it is not a direct mitophagy-targeting treatment [37]. Interventions
targeting NAD™ metabolism [73,74], AMPK [76,77], mTOR [78], or sirtuins [72,79] may
influence mitochondrial function, autophagy, or immune metabolism in experimental sys-
tems, but their specific effects on mitophagic flux in aged human microglia remain unclear.

Thus, therapeutic strategies should not be presented as equivalent mitophagy treat-
ments. Their effects should be described according to whether they directly alter mi-
tophagic flux in microglia, indirectly improve microglial mitochondrial function, or act
mainly through other cell types or systemic metabolic pathways.

Persistent mitochondrial degradation without adequate mitochondrial biogenesis
could reduce ATP availability, compromise metabolic flexibility, and impair essential mi-
croglial functions such as surveillance and phagocytosis [31,81]. As illustrated in Figure 3,
the therapeutic objective may therefore be to restore coordinated mitochondrial turnover
rather than indiscriminately enhance mitophagy. Increasing mitochondrial clearance with-
out adequate mitochondrial biogenesis or lysosomal degradation may be ineffective or
potentially disrupt cellular bioenergetic balance.

Therapeutic strategies to restore microglial mitochondrial resilience and limit inflammaging

o N
1. INITIATE MITOPHAGY R 2ok e
(B e G es) O e 5. BLOCK mtDAMP SIGNALLING &
dul IParki o Damaged INFLAMMATORY PATHWAYS
= ggoe:diftl:rllli\g;(}lf crH.giie mitochondria (D pathway modulati
. Ur%lithir} A phagy \ . g?;;ﬁﬁ; proinflammatory
§Speamicine @ 2\ o cGAS-STING inhibitors
{ e NLRP3 inhibitors
W V% * TLR antagonists
2. ENHANCE Autophagosome ° 38&"1‘:}%?“’“ inflammatory
AUTOPHAGOSOME BIOGENESIS MIT‘})%SE(())EEDRIAL J
(Indirectly related to mitophagy) /;2‘ QUALITY CONTROL
/4 )
* Promote autophagy ,"/;/’/}' .:. o Improved 6. MODULATE
Xi/([;ll;llr(lery ) \l‘\l[ Lo % mitochondrial turnover IMMUNOMETABOLISM &
. activators \- of damaged PHENOTYPE
e Trehalose N mitochondria Autophagosome- (Indifect mitochondrialth :
» Rapamycin (low dose) * Potential reductionin  Jysosome fusion
mitochondrial stress
. and danger signaling )
3. IMPROVE LYSOSOMAL FUNCTION & ety - > £ Lk
FUSION e Maintenance \pf Z A Pro-inflammatory Homeostatic
(Supports completion of mitochondrial-clearance) homeostasis phenotype phenotype
Recyclin R« ti-infl; t
e Facilitate clearance of zf E * mig;g%‘{inslé?el HOESEN
mitochondrial cargo metabolites e IL-4/IL-13 pathway enhancers

¢ Acidification enhancers
¢ TFEB activators

(S

-
4. REDUCE MITOCHONDRIAL STRESS
( Mitochondrial resilience approach)
¢ Limit oxidative damage
e Coenzyme Q10 ROS
e Nacetylcysteine

e NLRP3 inhibitors
e TLR antagonists

7. SUPPORT MITOCHONDRIAL BIOGENESIS & QUALITY CONTROL

NAD+ Boosters
SIRT?3 activators

Promote mitochondrial biogenesis & renewal

Gy — SE®

Restores balance between removal and replacement

o MitoQ

Evidence levels differ among interventions; most remain preclinical and have
not been validated as microglia-specific mitophagy therapies.

Figure 3. Conceptual therapeutic strategies to restore microglial mitochondrial resilience and limit
inflammaging during brain aging. The approaches shown include mitophagy-focused, lysosomal,
mitochondrial stress, inflammatory, immunometabolic, and mitochondrial biogenesis strategies.
Evidence levels vary among interventions, ranging from direct studies in microglia to preclinical
disease models and indirect evidence from other experimental systems. Most approaches remain
preclinical, and their ability to specifically modify mitophagic flux in aged human microglia remains
to be established. Created in BioRender. Kumar, A. (2026) https://BioRender.com/gilbfzo.
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10. Mitophagy-Associated Biomarkers and Experimental Gaps

Despite growing evidence that altered mitochondrial quality control signaling con-
tributes to inflammaging, a major obstacle to clinical translation is the limited ability to
measure this process accurately in living systems. Studies using human postmortem brain
tissue indicate that mitochondrial quality control pathways change during normal aging,
although these changes do not reflect a simple reduction in mitophagy. Hou et al. found
an age-related increase in p-S65-Ub in several brain regions of neurologically normal in-
dividuals [23]. The increase in p-565-Ub may reflect increased mitochondrial damage
and activation of the mitophagy pathway, but may also reflect incomplete downstream
clearance. Therefore, increased mitophagy-associated markers in aged human brain should
not be interpreted as direct evidence of increased completed mitophagic flux. Age-related
changes in Parkin solubility have also been reported in human postmortem brain, sug-
gesting that aging may alter Parkin availability and function in mitochondrial quality
control [82].

A major barrier to clinical translation is the lack of validated tools to quantify mi-
tophagic flux specifically in human microglia in vivo. PINK1, Parkin, BNIP3, FUNDC1,
LC3-II, mitochondrial mass, and lysosomal proteins can show that pathway components
have changed, but these are static measurements and do not indicate whether damaged
mitochondria are ultimately delivered to lysosomes and degraded.

This distinction is important because accumulation of PINK1, Parkin, LC3-positive
structures, or damaged mitochondria can result from either increased pathway activation
or impaired downstream degradation. Therefore, static markers should not be interpreted
as direct evidence of increased or decreased mitophagic flux.

Direct assessment of mitophagic flux requires measurement of mitochondrial deliv-
ery to the lysosomal compartment and, ideally, the kinetics of subsequent degradation.
The mitochondrial quality control (mito-QC) reporter uses a pH-sensitive mitochondrial
GFP/mCherry system to identify mitochondria that have reached acidic lysosomes [83].
Mitochondria-targeted Keima (mt-Keima) is another mitochondrial reporter that changes
its fluorescence according to lysosomal pH and can be used to quantify mitochondrial
delivery to lysosomes [84]. Comparison studies indicate that mt-Keima can detect PINK1-
Parkin-dependent mitophagy with greater sensitivity than the mito-QC reporter in some
experimental conditions [85]. Lysosomal inhibitors such as bafilomycin Al can also distin-
guish increased delivery to lysosomes from downstream degradation defects.

Human postmortem studies provide useful information but do not directly measure
flux. Hou et al. demonstrated an age- and disease-associated increase in pS65-Ub in human
postmortem brain, indicating increased activation or accumulation of the PINK1-Parkin
mitochondprial quality control pathway [23]. Because this marker is measured in fixed
tissue, it cannot determine whether mitochondrial degradation was completed. Therefore,
human postmortem evidence should be interpreted as evidence of altered mitochondrial
quality control signaling rather than direct evidence of mitophagic flux.

Recent human studies also show age- and disease-associated changes in microglial
states. Postmortem AD studies identified senescence-associated microglial signatures,
while large human cohorts showed that multiple microglial states can acquire senescence-
related changes [25,26]. These studies provide important cellular context, but direct
mitophagic flux measurements in phenotypically defined human DAM or SAM are
still lacking. As shown in Table 2, ATP/OXPHOS, mtROS, mitochondrial morphology,
PINK1/Parkin, LC3-II, TOM20/mitochondrial mass, and pS65-Ub indicate mitochondrial
function, stress, morphology, abundance, or pathway activity but do not independently
demonstrate mitophagic flux. Mito-QC reporter and mt-Keima provide more direct flux-
related evidence of mitochondrial delivery to acidic lysosomal compartments, although this
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does not necessarily confirm complete mitochondrial degradation. Interpretation should
consider the experimental context, particularly when evidence derives from disease or
injury models rather than physiological aging.

Table 2. Common mitochondrial and mitophagy-associated readouts and their interpretive limitations.

Does It Prove

Parameter What It Indicates Mitophagy References
ATP/OXPHOS Bioenergetic function No [56]
mtROS Redox stress No [14]
If\f;tg(iflti?:gioi Morphology/dynamics No [14,31]
PINK1/Parkin Mitophagy pathway components No [45,86]
LC3-II Autophagy-related activity No [87,88]
mi tocﬁgrijl[fig{ mass Mitochondrial abundance No [55]
pS65-Ub PINK1-Parkin pathway activity No [23,89]

itoch 1 deli - ’
Mitochondrial delivery to acidic More direct;

mito-QC reporter lysosomes; does not by itself ) [50]
establish complete degradation flux-related
Mitochondrial delivery to acidic More direct:
mt-Keima lysosomes; does not by itself ! [50,85]

establish complete degradation flux-related

Importantly, longitudinal reporter-based studies in the mammalian brain demonstrate
that mitophagy can remain active across healthy aging, emphasizing that aging should
not be equated with a uniform reduction in mitophagic activity [50]. Future studies
should combine microglial state identification with direct or surrogate measurements of
mitochondrial turnover, lysosomal function, mitochondrial respiration, and inflammatory
activity at single-cell or spatial resolution. Ideally, experimental designs should distinguish
mitochondrial delivery to lysosomes from lysosomal degradation itself and should compare
homeostatic, reactive, DAM-like, lipid-processing, and senescence-associated populations.
Such studies would directly test whether mitochondrial damage, lysosomal capacity, and
mitochondrial clearance interact as proposed by the conceptual framework.

11. Conclusions

Mitophagy represents an important component of mitochondrial quality control in
microglia, but current evidence does not support a simple model in which aging uniformly
suppresses mitophagy or in which mitophagy acts as a single molecular switch controlling
inflammaging. Instead, aging is associated with heterogeneous changes in mitochondrial
stress, lysosomal function, metabolism, and microglial state. Human postmortem studies
and experimental mouse models provide evidence of altered mitophagy-associated sig-
naling, whereas longitudinal reporter-based studies in the mammalian brain indicate that
mitophagy can remain sustained during healthy aging [23,24,50]. Taken together, these
findings suggest that aging does not necessarily lead to a uniform decline in mitophagy;,
although it remains unclear whether the same pattern occurs in defined populations of
human microglia.

We propose the Microglial Mitophagy Threshold Model as a conceptual framework in
which mitochondrial damage, mitochondrial clearance, lysosomal capacity, mitochondrial
biogenesis, and microglial state interact to influence cellular function. Similarly, the possibil-
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ity that increased phagocytic burden affects lysosomal processing of damaged mitochondria
should be considered a testable hypothesis rather than an established mechanism.

An important unanswered question is whether incomplete mitochondrial clearance
is an early driver of age-related microglial dysfunction, a consequence of it, or both. Ad-
dressing this will require direct measurements of mitophagic flux alongside spatial and
single-cell analyses of microglial states in human-relevant models. From a translational
perspective, therapeutic approaches may be more effective if they aim to restore the overall
balance between mitochondrial turnover, lysosomal function, and mitochondrial renewal
rather than simply increasing mitophagy.
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AD Alzheimer’s disease

AMPK AMP-activated protein kinase

APOE Apolipoprotein E

ATP Adenosine triphosphate

BNIP3 BCL2 interacting protein 3

Clq Complement component 1q

CD22 Cluster of differentiation 22

c¢GAS-STING  cyclic GMP-AMP synthase-stimulator of interferon genes
CNS Central nervous system

CoQ10 Ubiquinone-10

DAM Disease-associated microglia

DAMPs Damage-associated molecular patterns

FIS1 Fission 1

FUNDC1 FUN14 domain-containing protein 1

GPNMB Glycoprotein NMB (non-metastatic melanoma protein B)
HIV-1 Human immunodeficiency virus type 1

HSV-1 Herpes simplex virus 1

IL-13 Interleukin-1f3

IL-18 Interleukin-18

JEV Japanese encephalitis virus

LC3-1I/1 Microtubule-associated protein 1 light chain 3-1I/3-1
LDAM Lipid-droplet-accumulating microglia
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LPL Lipoprotein lipase

LPS Lipopolysaccharide

MAVS Mitochondrial antiviral signaling protein

MCL-1 Myeloid cell leukemia 1

MDAS5 Melanoma differentiation-associated protein 5

MEFN1 Mitofusin 1

MFN2 Mitofusin 2

mito-QC Mitochondrial quality control

mt-Keima Mitochondria-targeted Keima

mTOR Mechanistic target of rapamycin

mtDNA Mitochondrial DNA

mtROS Mitochondrial reactive oxygen species

NAD* Nicotinamide adenine dinucleotide (oxidized form)

NF-«B Nuclear factor kappa B

NLRP3 NOD-like receptor family pyrin domain containing 3

NOX2 NADPH oxidase 2

OXPHOS Oxidative phosphorylation

PD Parkinson’s disease

PGC-1a Peroxisome proliferator-activated receptor gamma coactivator 1-alpha

PINK1 PTEN-induced kinase 1

pS65-Ub Phosphorylated ubiquitin at serine 65

RIG-I Retinoic acid-inducible gene I

ROS Reactive oxygen species

SAM Senescence-associated microglia

SIRT3 NAD-dependent deacetylase sirtuin-3

SQSTM1/p62  Sequestosome 1 (SQSTM1)/p62

TFEB Transcription factor EB

TNF-o Tumor necrosis factor-o

TREM2 Triggering receptor expressed on myeloid cells 2
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