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Brain resident immune cells (microglia) have critical functions in neuro-homeostasis and
inflammation. In many neurodegenerative diseases, neuroinflammation is a common
pathological process that occurs as a result of the persistent activation of microglia by
stimuli. Microglia were once thought to be either "pro" or "anti" inflammatory, but more
recently, it has been recognized that immunometabolism is also important in the
phenotypical determination of microglia, and metabolic reprogramming is a key factor in
resting microglial homeostasis and the transition into a neuro-inflammatory cell state.
One of the key parameters that affect the metabolic profile of microglia is oxidative
signaling. Reactive oxygen species (ROS) that were previously believed to be side
products of metabolism that are toxic is now recognized as important signaling
molecules that can impact gene expression and activate innate immune responses. A
mitochondrial dysfunction, characterized by dysfunctional metabolism, ROS generation
and dynamics, in turn, exacerbates neuro-inflammation and causes microglial
homeostasis destabilization. Redox regulation and mitochondrial function are important
in the disease process of neuro-inflammation. Therapeutic strategies based on
nanotechnology with properties directly interacting with these synergic mechanisms can
be used for the treatment of neurodegenerative diseases. Nanotechnology nanocarrier
systems can be used to deliver targeted therapeutics and antioxidant nanomaterials as
well as mitochondria targeted drugs across the blood brain barrier. However, the
diversity of microglia and the safety of nanomaterials are issues that have to be taken
care of. In translational research, unifying models and combining more targeted
strategies for clinical application are the new promising in this field.

redox signaling
*Corresponding author
1. Introduction

beneficial or harmful, depending on the situation and
on how long this occurs (4). There is an ever-

Microglia, the endogenous immune cells of the CNS,
play an imperative role in neural homeostasis by
constant  environmental = monitoring, synaptic
elimination, and removal of apoptotic debris.(1-3) . In
physiological settings microglia play an essential
supportive role for neuronal function and tissue
repair but under pathological conditions, it can
become activated and these functions may be

increasing body of evidence to support the notion that
activated microglia are critical participants in chronic
neuroinflammation and the neurodegeneration that
may arise from it. The hallmark feature of major
neurodegenerative diseases such as AD and PD is now
accepted to be neuroinflammation. In the case of AD,
initial activation of microglia helps in removing of the
amyloid- aggregates, whereas activation over
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extended period results in release of pro-
inflammatory mediators and oxidative stress that
results in damage to neurons (4-6). Also in PD
activated microglia induce dopaminergic neuronal
degeneration via releasing excessive amount of
inflammatory cytokines and ROS that promote
disease progress (7,8). These results show that
microglial functions are complicated and context-
dependent in the pathology of CNS. While for a long
time microglial activation has been dichotomized into
the two polarized states of pro-inflammatory M1 and
anti-inflammatory M2 phenotypes, it is more and
more being viewed as an oversimplification to explain
microglial heterogeneity and response in vivo (9,10).
Advances in transcriptomic and functional profiling
have revealed that microglia exhibit a spectrum of
activation states influenced by environmental causes,
disease  stage, and intracellular  signaling
networks(10,11). This approach shift highlights the
need for more integrative models that better reflect
microglial functional diversity. In this regard, the
emerging field of immunometabolism has provided
new insights into how metabolic pathways regulate
immune cell function. Microglia display remarkable
metabolic flexibility, switching between oxidative
phosphorylation and glycolysis depending on their
activation state and functional requirements(12,13).
This metabolic reprogramming is not only due to the
activation but actively drives microglial behavior,
influencing cytokine production, phagocytosis, and
inflammatory signaling(13,14). Mitochondria play a
central role in this process, acting as central points
that integrate bioenergetic and immune signaling
pathways. Redox biology further adds complexity to
this regulatory network. ROS, generated from sources
such as NADPH oxidase and mitochondrial
respiration, function as signaling molecules under
physiological conditions but become detrimental
when produced in excess(14,15). Elevated ROS levels
disrupt mitochondrial integrity, activate pro-
inflammatory signaling pathways such as nuclear
factor-kB and mitogen-activated protein kinases, and
promote sustained neuroinflammation (15,16).
Importantly, recent studies indicate that redox
signaling is tightly coupled with metabolic
reprogramming, forming an interconnected axis that
governs microglial activation and function(17). In
parallel, mitochondrial dysfunction—characterized by
impaired oxidative phosphorylation, increased
mitochondrial ROS, and defective mitophagy—has
been identified as a key driver of chronic
inflammatory responses in microglia(18). Moreover,
while nanotechnology-based therapeutic approaches
have shown promise in targeting neuroinflammation
and improving drug delivery across the blood-brain
barrier, their potential to modulate microglial
immunometabolism has not been comprehensively
explored (19,20). This lack of integration limits the

development of targeted and effective therapeutic
strategies for neurodegenerative diseases. This
review aims to provide a comprehensive and
integrative overview of microglial
immunometabolism in neuroinflammation, focusing
on the interplay between metabolic reprogramming,
redox signaling, and mitochondrial dysfunction.
Furthermore, it highlights emerging nano-enabled
therapeutic strategies designed to modulate these
interconnected pathways, with the goal of identifying
novel and translational approaches for the treatment
of neurodegenerative disorders.

2. Microglial Inmunometabolism

Microglial metabolism is under the strict control of
innate metabolic pathways within the cell that
respond to stimuli and diseased environment. Rather
than being epiphenomena of microglial activation,
metabolic pathways are central to the regulation of
microglial cell phenotype, function and inflammatory
response. This has resulted in the conceptual shift
towards immunometabolism as a fundamental to our
understanding of microglial regulation during
neuroinflammation and neurodegeneration(21,22).

2.1 Metabolic States of Microglia

Microglia have unique metabolic states that are
matched to their functional needs. In fact, activated
microglia have a preference for aerobic glycolysis
(FG). This form of cellular respiration uses less
efficient pathways of energy production for ATP
manufacture but provides further biosynthesis and
produces the firepower for pro-inflammatory
signaling molecules - cytokines and ROS(22,23).Thus,
glycolytic reprogramming is apparent in a pro-
inflammatory state. On the other hand, homeostatic or
reparative microglia mainly depend on mitochondrial
oxidative phosphorylation (OXPHOS), which produces
ATP more efficiently. The OXPHOS pathway is
responsible for anti-inflammatory activities as well as
for tissue repair and protection of neurons(23,24).
Overall, glycolysis and OXPHOS serve as the primary
regulators of the microglial phenotype. By utilizing
FAO, the anti-inflammatory phenotype also benefits
from a reliable energy supply and increased
mitochondrial respiration. The involvement of FAO
has also been associated with improvements in
phagocytic function and resolution of inflammation,
both of which are necessary processes to return the
CNS to homeostasis after injury or stress(24,25).

2.2 Metabolic Reprogramming Triggers

Microglial metabolic states are dynamically regulated
by external stimuli. Pathogen-associated molecules
such as lipopolysaccharide (LPS) and disease-
associated factors including amyloid-f (AB) are
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potent inducers of glycolytic reprogramming, driving
microglia toward a pro-inflammatory
phenotype(25,26).In the same way, environmental
toxins and signals from cellular stress can interfere
with mitochondrial function, driving metabolic
reprogramming that underpins inflammation.
Metabolic regulation is also controlled by cytokine
signaling. A pro-inflammatory cytokine such as tumor
necrosis- a and interferon- y increases glycolytic flux
and promotes inflammation, while anti-inflammatory
cytokine responses (e.g., interleukin-4 and
interleukin-10) encourage oxidative metabolism and
tissue-repair responses(26,27).

2.3 Key Regulatory Pathways

Several intracellular signaling pathways orchestrate
metabolic reprogramming in microglia. Hypoxia-
inducible factor-1a (HIF-1a) is a central regulator of
glycolysis, promoting the expression of glycolytic
enzymes and facilitating the transition toward a pro-
inflammatory state under hypoxic or inflammatory
conditions (27,28).HIF-1a activation is also associated

with ROS generation and inflammation. The activity of
mTOR (mechanistic target of rapamycin) is an
important metabolic sensor for coordinating
nutrients and growth factors, which will also control
cellular metabolism. MTOR promotes glycolysis and
anabolic metabolism for inflammatory microglial
activation(28). On the other hand, AMP-activated
protein kinase (AMPK) functions as an energy sensor
to favor oxidative metabolism and mitochondrial
biogenesis. Microglia can induce the switch to
OXPHOS and fatty acid oxidation metabolism by
activating AMPK, which can have an anti-
inflammatory effect and bring it back to basal
level(29).Individually, these pathways comprise a
coordinated neuro-immune signalling network that
couples the metabolic state of the brain to microglial
phenotype.  Therapies  designed to  target
neuroinflammatory and neurodegenerative
conditions should focus on relevant pathways within
this signalling network.

Table 1 Metabolic Pathways and Functional Outcomes in Microglia

Metabolic . Regulatory Microglial .

Pathway Key Characteristics Factors Phenotype Functional Outcome
Glycolysis Rapid ATP produc.tlon; HIF-1o, mTOR  Pro-inflammatory Cytokln? release, ROS

lactate accumulation production

Oxidative Efficient mitochondrial AMPK PGC-1a Homeostatic / anti-  Tissue repair, reduced
Phosphorylation ATP generation ’ inflammatory inflammation
Fatty Acid Sustained energy via - Resolution of inflammation,
Oxidation lipid metabolism AMPK, PPAR-y ~ Anti-inflammatory enhanced phagocytosis
Pentose Phosphate NADPH production Nrf2 Activated microglia Improvgt.i cellular survival
Pathway and resilience

3. Redox Signaling in Microglial Activation

Redox signaling is a key factor in the control of
microglia activation, bridging metabolism with
neuroinflammation. Reactive oxygen species (ROS),
which were previously thought of as waste products
of the cellular respiratory chain, are now appreciated
as key signaling molecules that regulate immune cell
function. In microglia, ROS production must be
carefully regulated for physiological signaling, and
alterations in redox balance can lead to sustained
neuroinflammation and neuronal death Angelova PR,
Abramov AY. Role of mitochondrial ROS in
neurodegeneration(30,31).

3.1 Sources of ROS

ROS derived from microglia are enzymatic as well as
mitochondrial. One of the most significant enzymes
producing ROS in immune cells is NADPH oxidase 2
(NOX2), a ROS-producing enzyme activated upon
immune cell stimulation. NOX2 mediates the transfer
of electrons from NADPH to molecular oxygen,
resulting in the production of superoxide radicals that

will downstream trigger redox signaling(31,32).ROS
derived from NOX2 have been shown to be critical
mediators of responses to inflammatory stimulus
such as lipopolysaccharide and aggregated proteins.
Concurrently mitochondria are another major source
of ROS within cells. During oxidative phosphorylation
electrons can leak from complex [ and III of the
electron transport chain to generate mitochondrial
ROS (mtROS). MtROS generation can be tightly
controlled under normal conditions, but
mitochondrial dysfunction causes uncontrolled
accumulation of mtROS which can significantly
amplify inflammatory processes and result in cellular
stress.(32,33).

3.2 ROS as Signaling Molecules

In addition to their destructive ability, ROS also serve
as critical second messengers of various intracellular
signaling pathways. As second messengers, ROS can
regulate the activation of transcription factors and
kinases that induce the transcription of inflammatory
genes in microglia. Among the most prominent of
these pathways is the nuclear factor-B (NF-B)
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pathway, which can be activated by ROS-mediated
oxidation of signaling molecules upstream of the
pathway. This activates NF-B, which then induces the
transcription of pro-inflammatory cytokines, such as
tumor necrosis factor- and interleukin-1(33,34).ROS

control also mitogen-activated protein Kkinases
(MAPK), those being ERK, JNK and p38 signalling.
These kinases, once activated, stimulate the

inflammatory reaction via production of cytokines
and cellular stress responses(34,35).It's not that ROS-
driven signaling, at the appropriate levels, is bad - it
actually allows the microglia to scale their response to
the environment. But sustained production results in
hypersecretion of cytokines and continued
propagation of the neuroinflammatory cascade (35).

3.3 Oxidative Stress versus Redox Balance

At the cellular level, the tendency for either
homeostatic or inflammatory ROS production
depends on the tight balance to which antioxidant
mechanisms must keep ROS effects at bay. Microglia
have antioxidant defenses to prevent oxidative stress,
and these defenses are based on nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling, which,
when activated, promotes the expression of
antioxidant enzymes such as heme oxygenase-1 and
glutathione related factors(36).In pathological state,
excessive ROS generation in excess of antioxidant
defense will create oxidative stress. This oxidative
stress will cause damage of mitochondria,
inflammasome activation and loss of inflammatory
signals that might lead to neuronal damage and
neuronal cell death(37,38).

4. Mitochondrial Dysfunction and
Neuroinflammation

Mitochondria integration of cell metabolism with
innate immune signaling 37, 38). Mitochondria not
only produce ATP, they also serve as signaling hubs
that can modulate inflammatory signaling.
Dysfunction of mitochondria is not only a
consequence of neuroinflammation, it can also be a
major cause of neuroinflammation in
neurodegenerative diseases(39).

4.1 Mitochondrial Dynamics: Fission-Fusion
Imbalance

Mitochondria sustain their shape and working mode
through a dynamic balance between fission and fusion
processes, which are responsible for proper
distribution of mitochondrial proteins and DNA, and
elimination of defective mitochondrial fragments.
These processes are carried out by two different
groups of proteins: mitofusins and OPA1 for fusion,
and dynamin-related protein 1 (Drpl) for
fission(40).0veractive mitochondrial fission results in

mito-rich fragmentation, enhancing oxidative stress
and energy metabolic defects in activated
microglia(41). As a consequence, the cytokine
production induces a pro-inflammatory profile that
has been associated with dysregulated mitochondrial
behaviour in pathological states such as the
Alzheimer's pathology (42).

4.2 mtROS and Inflammation: Link to
Inflammasome Activation

Mitochondrial reactive oxygen species (mtROS) are
critical regulators of inflammatory signaling in
microglia. When wunder stress, increases in
mitochondrial ROS serve as the 'alarm’ to activate the
NLRP3 inflammasome, a caspase-dependent protein
complex that plays a role in the inflammatory
response(43).The complex activation causes caspase-
1-dependent catalysis of interleukin-1, potentiating a
cascade of inflammatory response. Another
consequence of mitochondrial damage is the release
of oxidized mitochondrial DNA into the cytoplasm,
which further potentiates the activation of the
inflammasome(44).

4.3 Bioenergetic Failure: ATP Depletion and
Metabolic Shift

Microglia energy production and mitochondrial
respiration Mitochondrial dysfunction causes an
inability to perform oxidative phosphorylation and
subsequent ATP generation that results in
bioenergetic stress. In response, the cells flip to
glycolysis, a quick but less efficient path for
generating ATP (45).The switch also has functional
consequences: By switching, immune cells generate
pro-inflammatory  cytokines and signals. In
neurodegenerative diseases, like Parkinson's disease,
the long-term  bioenergetic deficiency that
accompanies the increased autophagy is part of what
makes neurons more susceptible and leads to
continued cell loss(46).

4.4 Mitophagy Defects and Accumulation of
Damaged Mitochondria

Most of the quality control functions of mitochondria
occur through selective degradation of damaged
mitochondria, a process known as mitophagy.
Mitophagy is an essential process for maintaining
mitochondrial homeostasis and can be modulated by
pathways such as the PINK1-Parkin
pathway(47).Parkin and PINK1 Regulate the
Generation of Mitochondrial ROS One of the main
degradative pathways for mitochondrial damage is
Parkin and PINK1-mediated mitophagy, a specific
type of autophagy that targets damaged
mitochondria. Impairment of mitophagy leads to the
accumulation of dysfunctional mitochondria, resulting
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in the overproduction of ROS and prolonged
inflammatory activation. These defects are strongly
linked to pathogenic damage in Parkinson's disease
that is related to mutations of PINK1 or Parkin(48).

4.5 Integrated Disease Relevance

Together, defective mitochondrial dynamics, mtROS
overproduction, bioenergetic collapse and defective
mitophagy all contribute to the formation of a self-
sustaining  feedback loop of mitochondrial
dysfunction and inflammation. This pathogenic loop
has become an important hallmark of many
neurodegenerative disease states, where microglia-
mediated mitochondrial activation can lead to further
neuronal death(49). Targeting mitochondrial
pathways therefore represents a promising strategy
for modulating neuroinflammation and slowing
disease progression (50).

5. Crosstalk: Inmunometabolism-Redox-
Mitochondria Axis

The regulation of microglia activation involves a
complex interplay between cell metabolism, redox
signaling, and mitochondrial regulation. These areas
do not work as separate entities, but form a
regulatory axis in which the redox status is controlled
by the cell's state of metabolism, mitochondrial
regulation influences redox signaling, and
mitochondrial regulation feeds back onto the cell's
metabolism and inflammatory capacity(51).

5.1 Metabolic Control of ROS Generation

Cellular Metabolism controls ROS production in
microglia The type and extent of reactive oxygen
species produced by microglia depends on the cell's
metabolic state. Under a pro-inflammatory stimulus,
macrophage  metabolism  shifts away from
mitochondrial oxidative phosphorylation, but ROS
production is actually increased by redox cycling and
activation of NADPH oxidase pathways(52). By
comparison, the oxidative metabolism supports
controlled ROS generation with optimal ETC function,
thus normal redox state(53).Notably, some metabolic
intermediates, such as succinate, serve as signaling
molecules that can further stabilize hypoxia-inducible
factor-1 and enhance ROS-dependent inflammation
(54).

5.2 Redox Regulation of Mitochondrial Function

Once formed, ROS also have a downstream effect on
mitochondria which impair mitochondrial function
and morphology. The high concentrations of ROS
damage mitochondrial proteins, lipids and DNA and
impair electron transport chain (ETC) activity and
membrane potential(55).These alterations cause a
disturbance in ATP synthesis and lead to additional

leakage of electrons, thus enhancing the generation of
mtROS. ROS affect also the mitochondrial process of
fission by the activation of pathways involving
dynamin-related proteins and the formation of
fragmented, damaged mitochondria(56).

5.3 Mitochondria as Amplifiers of Inflammatory
Signaling

Mitochondrial dysfunction acts as a critical amplifier
of microglial inflammation. Damaged mitochondria
release mitochondrial DNA and other danger-
associated molecular patterns into the cytosol, which
activate innate immune sensors and inflammasome
pathways(57). Increased mtROS production further
drives activation of redox-sensitive transcription
factors, including nuclear factor-xB, thereby
enhancing cytokine expression(58).

5.4 Feedback Loops Linking Metabolism, ROS, and
Mitochondria

One characteristic of the immunometabolism-redox-
mitochondria axis is the existence of self-perpetuating

feedback loops. ROS resulting from metabolic
reprogramming damage mitochondria causing
subsequent mtROS generation(59).Mitochondrial

dysfunction also drives a switch to a glycolytic
metabolism which in turn maintains ROS production
and inflammatory signaling(60).This established
crosstalk in the face of dysfunctional mitochondria
provides for a chronic pro-inflammatory state, with
mitochondrial damage also fueling activation of the
inflammasomes and cytokine production which in
turn acts back to modify metabolic and redox
pathways(61).0n the other hand, -correcting
metabolic imbalance or boosting antioxidant
responses can break these feed-forward loops, thus
identifying  multiple  points of therapeutic
intervention. The crosstalk between these various
pathways strongly suggests that neuroinflammation
is not the consequence of independent, disconnected
events but rather the consequence of network
interconnectedness(62).

5.5 Implications for Neurodegenerative Diseases

Disrupted feedback loop in neurodegeneration The
axis presented above is further compromised in
neurodegenerative  diseases, where metabolic
reprogramming, increased oxidative stress and
mitochondrial dysfunction are centered on each other
to ensure the continual stimulation of microglia and
damage to neurons. The ongoing cycle accelerates
disease progression through endless iterations, and
therefore a combination approach addressing several
parts of the axis, rather than only one, is worth
exploring(63).
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6. Implications in Neurodegenerative Diseases

The impaired crosstalk of the immunometabolism-
redox-mitochondria axis is a key pathogenic driver of
neurodegenerative diseases, where malfunctioning
microglia play a critical role. Instead of being merely
reactive cells, microglia exhibit a variety of disease-
associated metabolic and redox abnormalities that
directly affect neuronal viability. These abnormalities
are mediated by a tight interconnected networks
involving changes in cell metabolism, oxidative stress,
and mitochondrial function that promote chronic
neuroinflammation (64).

6.1 Alzheimer’s Disease

In Alzheimer’s disease, amyloid-8 (A) accumulation
induces significant metabolic reprogramming in
microglia, shifting their energy utilization toward
glycolysis while impairing mitochondrial oxidative
phosphorylation (65).This change in metabolism is
not just an adaptive one, but a detrimental one, by
limiting phagocytosis efficiency and thus limiting A
clearance via decreased generation of ATP. Exposure
to A, simultaneously, increases mitochondrial
dysfunction as can be seen by the increased
generation of mitochondrial reactive oxygen species
(mtROS) which propagates the inflammation(66).0n a
mechanistic level, mtROS further activate redox-
sensitive transcription pathways to orchestrate the
persistent secretion of cytokines and maintain the
pro-inflammatory  microenvironment. Moreover,
abnormal mitochondrial dynamics and defective
mitophagy lead to the build-up of damaged
mitochondria, further aggravating oxidative stress
and metabolic dysregulation (67).

6.2 Parkinson’s Disease

Parkinson’s disease is characterized by pronounced
mitochondrial impairment, particularly involving
defects in electron transport chain activity and
mitochondrial quality control mechanisms(68).In
microglia, these dysfunctional mitochondria produce
more mitochondrial superoxide (MS) that cause
inflammatory  activation, and contribute to
neurotoxicity. While transient ROS signaling plays a
vital role in cell signaling, continuous oxidative stress
disturbs cellular homeostasis and triggers additional
production of pro-inflammatory cytokines(69).0ne of
the key mechanistic aspects of PD is the failure of
mitophagy and this is often linked to a dysfunction of
the major regulators of mitochondrial quality control.
The build-up of dysfunctional mitochondria
contributes to the generation of ROS while releasing
mitochondrial-derived stimuli to activate innate
immune pathways(70).So, it induces a
selfperpetuation loop in which mitochondrial damage
triggers inflammation, which in turn causes further

mitochondrial damage. In addition, the changed
metabolism to favor glycolysis contributes to the state
of inflammation, as glycolysis supplies energy quickly
that is needed for(71).

6.3 Other CNS Disorders

6.3.1 Stroke

In ischemic stroke, the abrupt energy failure not only
causes mitochondrial dysfunction, but also generates
an overproduction of ROS that induces microglia
activation((72).

6.3.2  Multiple Sclerosis

Multiple sclerosis Microglia and other glial cells have
been linked with a chronic neuroinflammatory
response that is accompanied by sustained
mitochondrial alterations and a change of metabolism
in these cells(73).

6.4 Integrated Mechanistic Perspective

A shared pathogenic model in all neurodegenerative
diseases: metabolic reprogramming, oxidative stress
and mitochondrial dysfunction are interdependent
processes along a vicious cycle of microglial
dysregulation.  Excess ROS  further impair
mitochondria, mitochondrial dysfunction perpetuates
metabolic reprogramming, metabolic reprogramming
is required to perpetuate and sustain mitochondrial
dysfunction(74).The combined network establishes a
continuous inflammatory signal that enhances
damage to neurons Addressing this activity is best
achieved with a multi-pronged approach that corrects
energy production, minimizes oxidative stress and
enhances mitochondrial health. Treatments that do
not account for this collaborative activity may not be
enough to stop neurodegeneration(75).

7. Nano-Enabled Therapeutic Targeting

Nanotechnology-based  strategies represent a
potential platform for precise regulation of microglia
via targeting of the crosstalk between the pathways of
metabolism, redox homeostasis, and mitochondrial
function. The specificity and versatility of
nanocarriers are impossible to achieve with
traditional therapeutic approaches, providing
functionalities for sustained release and spatial
control of drug action, improved blood-brain barrier
(BBB) penetration, and marker-dependent targeting
of activated microglia. These advantages are of
importance for neuroinflammation where the
regulation of timing and location of therapeutic action
are critical(76).
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7.1 Redox-Sensitive Nanocarriers

Redox-responsive nanocarriers are engineered to
exploit elevated intracellular ROS levels in activated
microglia. These systems incorporate oxidation-
sensitive linkers that undergo structural changes in
high ROS environments, enabling selective drug
release at sites of inflammation(77).This approach
not only minimizes the systemic effects but also
enhances the effectiveness of the treatment. Indeed,
in the mechanistic level this approach has the
advantage of delivering the antioxidants or the anti-
inflammatory agents inside the body, at the location
of highest oxidative stress, by releasing them.
Reduction of the level of intracellular ROS results in
lower activation of redox-sensitive signaling pathways
that promote cytokine synthesis and release.(78).

7.2 Mitochondria-Targeted Nanoparticles

Targeted delivery to mitochondria: A direct approach
to modulate the original source of oxidative stress and
bioenergetic impairments Usually targeted delivery to
mitochondria is provided by functionalization of
nanoparticles with lipophilic cations or peptide
ligands that tend to accumulate in the mitochondrial
matrix.(79).Upon targeting, therapeutics are released
from these nanocarriers that directly scavenge
mtROS, restore membrane potential and restore the
electron transport chain. This helps to stop additional
harm to the mitochondria, and to reduce the
production of pro-inflammatory signals. Importantly,
the nanocarriers bring about a normalization of the
cellular energy levels, thus avoiding the activation of
microglia to a pro-inflammatory state. (80).

7.3 Metabolic Reprogramming via Nanomedicine

The potential of using nanomedicine to directly
modulate microglial metabolism is emphasized
through recent advances.Nanoparticles can alter
microglial metabolic functioning by increasing the
proportion of energy devoted to oxidative
phosphorylation (OXPHOS) instead of glycolysis,
which can help induce an anti-inflammatory cell
state(81).This metabolic reprogramming reduces
lactate accumulation and limits the availability of

metabolic intermediates that drive inflammatory
signaling. At the same time, normalised mitochondrial
respiration increases ATP production and confer
protection. These strategies reveal that metabolic
optimization is underway and potent - rather than
supportive, transformative of fire and smoke of
microglial function(82).

7.4 Phytochemical-Based Nanoplatforms

The novel development is the use of bioactive natural
compounds with modern drug delivery systems in the
form of nanocarriers. Numerous plant-derived
molecules have natural antioxidant and anti-
inflammatory properties, but they have limited
application due to their low bioavailability and
stability. These challenges can be overcome by the use
of nanoformulation to enhance the solubility of the
bioactive compound, prevent degradation and
promote targeted delivery(83).The mechanisms of
action include ROS scavenging, activation of
endogenous antioxidant systems and regulation of
inflammatory signaling pathways, etc. with the use of
phytochemicals-based nanoplatforms. In addition,
some phytochemicals also regulate mitochondrial
function and metabolic processes, which are
particularly relevant for therapeutic strategies against
the immunometabolism-redox axis(84,85).

7.5 Integrated Therapeutic Viewpoint

The key benefits of a nano-enabled approach is its
ability to tackle multiple aspects of the pathological
network simultaneously. The ROS modulation,
restoration of mitochondrial function, and modulation
of cell metabolism, achieved with this strategy, can
effectively break these vicious cycles of the
pathological network and lead to nano-formulations.
These nanotherapies can also be selectively targeted
via surface modification of the nanotherapies to
activate microglia.(86).But, these advances are still
hampered by concerns of long-term safety, scalability
and clinical translation. These are still challenges to
be resolved to realize the complete therapeutic
potential of nanomedicine in neurodegenerative
disorders.(87).

Table 2 Nanoplatforms Targeting Microglial Immunometabolism

Nanoplatform type Target mechanism

Mode of action Therapeutic outcome

Redox-responsive Elevated ROS

ROS-triggered drug release

Reduction of oxidative stress and

nanoparticles inflammation
Mitochondria-targeted mtROS, mitochondrial Delivery to mitochondria; Improved bioenergetics; decreased
nanoparticles dysfunction restoration of function inflammation

Metabolic modulatory Glycolysis/OXPHOS Shift toward oxidative Anti-inflammatory microglial
nanoparticles imbalance metabolism phenotype

Lipid-based nanocarriers BBB transport

Enhanced CNS delivery

Increased drug bioavailability

Phytochemical-loaded
nanoparticles

ROS and inflammatory
pathways

Antioxidant and signaling
modulation

Neuroprotection and reduced cytokine
release

Ligand-functionalized

. Microglial receptors
nanoparticles & p

Targeted cellular uptake

Increased specificity; reduced oft-
target effects
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8. Challenges and Limitations

8.1 Translational Gap

One of the big challenges in the field is the translation
from preclinical to clinical. Comparisons of microglia
across the different genomes of rodents and humans
could be important for the translational relevance of
experiments. Human microglia have different
transcriptional and metabolic states which could
influence their response to inflammatory triggers and
treatment. (88).

8.2 Toxicity and Safety Concerns of Nanoparticles

Although nanocarriers offer targeted delivery
advantages, their safety profile remains a major
concern. Nanoparticles can induce unintended
cytotoxic effects, including oxidative stress,
membrane damage, and interference with cellular
homeostasis (89). In particular, prolonged exposure
to certain nanomaterials has been associated with
accumulation in neural tissue, raising concerns about
long-term neurotoxicity(90) . Another critical issue is
the potential for nanoparticles to disrupt
mitochondrial function, paradoxically exacerbating
the very pathways they are designed to target (91).
Additionally, variations in nanoparticle composition,
size, and surface chemistry can lead to unpredictable
biological interactions, complicating safety
assessment and regulatory approval (92).

8.3 Specificity in Targeting and Blood-Brain
Barrier Challenges

Delivery to CNS microglia The effective delivery of
therapeutics to microglial cells in the CNS can be
difficult given the extremely selective permeability of
the BBB. Nanocarriers have low and variable trans
BBB delivery, but can help(93). Even when
nanoparticles successfully enter the brain, achieving
selective targeting of microglia without affecting
other cell types remains difficult(94).Peripheral
immune cells or CNS-resident cells may be involved in
non-specific uptake and lead to side effects and/or
reduced efficacy. In addition, neuroinflammation (a
pathological condition) can also change the
permeability of the BBB which can limit or be used to
enhance delivery (95).

8.4 Lack of Standardized Experimental Models

Lack of standardized and biologically relevant model
The lack of standard and biologically relevant models
is yet another significant limitation in this field. There
are microglial cell lines available that can be
immortalised and used in vitro, but these may not
represent the primary microglial state in humans(96).
Critical Perspective

These barriers highlight the complexity of microglial
regulation and precision targeting that may be being
underestimated with the approaches that have been
undertaken so far. Targeting a single component of a
complex pathway, such as mitochondrial health,
metabolism, and redox signaling, may not be a viable
approach. Inadequacies in these areas could impede
the translation of the bench to bedside(97).

9. Future Perspectives

9.1 Specific targeting of microglia with precision

In the brain, microglia are highly heterogeneous in
brain regions and disease states and various
subpopulations exhibit distinct metabolic and
functional signatures. In recent years, transcriptomic
analyses have described the various microglial
populations associated with disease and they differ
significantly from microglial populations in the
healthy brain, suggesting that there are no single
approaches to target all microglial
populations(98).But with such specificity has been
tricky as markers are overlapping and transitional
phenotypes are constantly evolving. Therefore, the
temporal and spatial resolution have to be considered
when targeting and modulating responses of
microglials(99).

9.2 Nanomedicine with Al (Future Direction)

Cancer Nanotherapeutics: Artificial intelligence Al is
being studied to speed up the design of
nanomedicines, and to predict outcomes. Machine
learning can, for instance, be used for the analysis of
massive sets of data to help determine the most
effective size, surface chemistry, targeting ligands, etc.
for efficient delivery and reduced side effects of
nanoparticles(100).

9.3 Clinical Translation Strategies

A more systematic approach to the development of
therapy will be critical in order to more easily connect
the dots between the experimental findings and the
clinical context. Standardization of preclinical
paradigms and benchmarks for therapy assessment
will be one of the important measures(101).In
addition, scalable and reproducible strategies for NP
synthesis must be developed for consistent
therapeutic benefits in the clinical setting. Finally, a
delivery system that can cross the BBB without losing
targeting specificity is needed. Although ligand
engineering and carrier design could be used to
enhance the delivery of the NPs into the CNS, the
chronic safety and pharmacokinetic parameters of the
targeted NPs for CNS delivery should be studied(102).
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10. Conclusion

All the above together, make up microglial
immunometabolism, which emerged as more
intelligible and translatable scheme of understanding
neuroinflammation by taking metabolism as the
ultimate for microglial regulation. The strict linkage
between the metabolic shifting, redox state and
mitochondrial function seems to determine what the
microglium do in the brain is beneficial or harmful.
Compromised redox-metabolic axis leads to
generation of positive feedback loop between ROS
and mitochondrial dysfunction which results in true
inflammatory cascade with adverse effects on
neurons.In this new scheme, weaknesses with respect
to on target approach was only revealed and
preferred a multi-factorial approach.Accordingly,
nanotechnology is a potential technology which can
simultaneously and specifically target multiple
components of microglia. However, the transfer of
these studies to the clinic is not trivial and a number
of additional skills, including greater precision,
risk/benefit analysis and human-based model are
needed. In future studies, multiple levels of signaling
are being used in a single approach and may be
technology supported. It will enable us to make
treatments that not only will control the inflammation
but restore the balance of treatment between
microglial cells and neurons, thereby offering a better
condition for neurodegenerative diseases.
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