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Mitochondrial Regulation of
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Neurobiology of Aging and Disease Laboratory, Lee Kong Chian School of Medicine, Nanyang Technological University
Singapore, Singapore, Singapore

Alzheimer’s disease (AD) is an age-associated terminal neurodegenerative disease with no
effective treatments. Dysfunction of innate immunity is implicated in the pathogenesis of
AD, with genetic studies supporting a causative role in the disease. Microglia, the effector
cells of innate immunity in the brain, are highly plastic and perform a diverse range of
specialist functions in AD, including phagocytosing and removing toxic aggregates of beta
amyloid and tau that drive neurodegeneration. These immune functions require high
energy demand, which is regulated by mitochondria. Reflecting this, microglia have been
shown to be highly metabolically flexible, reprogramming their mitochondrial function upon
inflammatory activation to meet their energy demands. However, AD-associated genetic
risk factors and pathology impair microglial metabolic programming, and metabolic
derailment has been shown to cause innate immune dysfunction in AD. These findings
suggest that immunity and metabolic function are intricately linked processes, and
targeting microglial metabolism offers a window of opportunity for therapeutic treatment
of AD. Here, we review evidence for the role of metabolic programming in inflammatory
functions in AD, and discuss mitochondrial-targeted immunotherapeutics for treatment of
the disease.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-associated terminal neurodegenerative disease characterized by
the presence of two hallmark proteinopathies: extracellular aggregates of toxic beta amyloid (Ab)
and intracellular neuronal accumulation of misfolded tau. Inflammation is also an early feature of
the neurodegenerative cascade (1, 2), identified as a key driver in pathogenesis and a promising
target for AD therapeutic development (3). Although once viewed as a downstream consequence of
AD pathogenesis, genome-wide association studies have implicated innate immunity as causative in
the disease process, with variants of microglial regulators identified as key AD risk factors such as
triggering receptor myeloid 2 (TREM2) and its downstream signaling molecule, Src homology 2
(SH2) domain containing inositol polyphosphate 5-phosphatase 1 (SHIP1) (4–8). Whether
microglial overactivation or insufficiency contributes to neurodegeneration in AD is still a matter
org February 2021 | Volume 12 | Article 6245381
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of controversy. However, in order to develop potential
immunotherapeutics for AD, identification of mechanisms
governing the switch between protective and dysfunctional
microglial states is critical.

Emerging evidence indicates that metabolic function plays a
critical role in the regulation of microglial immune function in
AD, with several genetic risk factors for AD identified as
important regulators of microglial metabolic fitness (3, 9, 10).
Microglia are highly metabolically flexible and metabolic
programming is a key regulator of functional plasticity, an
emerging field known as immunometabolism (11, 12). Here we
discuss the role of mitochondria as metabolic hubs and
intracellular signaling platforms coordinating microglial immune
functions in AD, and potential targets for the development of
immunometabolic therapies for disease treatment.
INNATE IMMUNITY AND METABOLISM
IN AD

Microglia perform a diverse range of specialist functions in the AD
brain. They can mitigate neurodegeneration through phagocytic
clearance of pathological Ab (2, 13) and tau (14), by removing
dying neurons thus preventing “bystander” neuronal death (15, 16)
and releasing neurotrophic factors promoting neuronal support
including nerve growth factor, brain-derived neurotrophic factor,
and insulin-like growth factor-I (17–20). On the other hand, they
can exacerbate neurodegeneration by mediating the spread of
misfolded forms of tau, phagocytosing healthy or functional
neurons, releasing neurotoxic cytokines and increasing oxidative
stress through the generation of reactive oxygen species (ROS)
(21–23).

Although activated microglia have previously been roughly
divided into two categories—classically activated M1 host defence
responses, with pro-inflammatory and cytotoxic properties, and
alternatively activated M2 regeneration and repair responses—
recent single cell transcriptomic analyses have revealed a high
degree of heterogeneity and complexity within microglial states
and populations that change with aging and disease (24–29). This
microglial diversity is distinguished not only by unique immune
signatures but also by altered metabolic phenotypes (3, 26, 29).

Diversity of mitochondrial structure, localization and
function within and between cells has been identified as an
important factor determining cell-to-cell heterogeneity, as well as
contributing to heterogeneous outcomes in aging (30). In
microglia, mitochondria coordinate energy supply, generation
of ROS, and production of substrates for membrane biosynthesis,
immune signaling molecules and growth factors (31). However,
mitochondrial quality and activity declines in aging and age-
related diseases, such as AD (32). Microglia have very low
mitochondrial turnover (33) and are severely affected by
mitochondrial impairment (34). Further, chronic exposure to
pathogens such as Ab and tau also induces mitochondrial
toxicity and metabolic dysfunction in microglia (35). It is
therefore important to understand the effect of aging and
disease on microglial metabolic programming in AD.
Frontiers in Immunology | www.frontiersin.org 2
MICROGLIAL METABOLISM IN AD

Microglial metabolism is tightly controlled in response to
environmental cues, including nutrient availability, cytokines,
and damage- or pathogen-associated molecular patterns
(DAMPs and PAMPs), including Ab and tauopathy. A recent
large-scale proteomics analysis of AD brain demonstrated early
metabolic changes associated with microglial activation (3).
Similarly, proteomics analysis of microglia isolated from AD
mice identified enrichment in proteins involved in energy
metabolism and mitochondrial processes (36). Here we will
examine how the AD microenvironment impacts microglial
metabolism and mitochondrial function.
Nutrient Availability and Metabolic Stress
The AD brain is under metabolic stress, with impairments in
nutrient availability including glucose occurring early in the
disease due to impaired blood-brain glucose transfer (34, 37).
Glucose is the primary substrate used by microglia for energy
production and is taken into the cell via various glucose
transporters (GLUTs) (38–40) where it can metabolise glucose
via glycolysis in the cytoplasm, enzymatically converting
glucose into pyruvate then lactate to generate energy in the form
of adenosine triphosphate (ATP). Alternatively, pyruvate can be
shuttled into the mitochondria where it is converted into acetyl
coenzyme A (Acetyl CoA) and consumed by the tricarboxylic acid
(TCA) cycle, generating substrates for oxidative phosphorylation
(OXPHOS). Glycolysis is less efficient than OXPHOS, requiring
nearly 20-fold more glucose to yield equivalent quantities of ATP,
but much faster, making it ideal under conditions in which rapid
energy production is required. Microglia express genes required
for both glycolytic and oxidative metabolism (41, 42) and can
switch between these metabolic programmes in response to
inflammatory stimuli (35, 43–46).

Glucose can also be metabolized by microglia via the pentose
phosphate pathway (PPP) to generate nicotinamide adenine
dinucleotide phosphate (NADPH), which fuels NADPH
oxidase to produce ROS as well as providing the building
blocks for nucleotide synthesis (47). However, long-term
reductions in glucose availability in aging and AD necessitate
the use of alternative energy sources in microglia, or they risk
metabolic derailment and dysfunction.

Microglia are also capable of using a range of non-glucose based
energy sources, a potentially important adaptive function in the
hypoglycemic AD brain. Fatty acids (FA), which are released
following the degradation of lipid droplets, are transported into
mitochondria and used to fuel mitochondrial OXPHOS, a process
knownas fatty acidb-oxidation (FAO).Anumberofgenes involved
inFAOare expressed inmicroglia (48), andFAshavebeenshown to
fuel macrophage functions under glucose deprivation (49, 50).
Microglia have also been shown to take up ketones and lactate,
through the monocarboxylic transporters MCT1 and MCT2 (51).
Glutamine is another alternative energy source consumed by
microglia via glutaminolysis under hyperglycemic conditions,
which feeds into the TCA cycle (52). Although the extent to
which these non-glucose substrates fuel microglial function
February 2021 | Volume 12 | Article 624538
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in vivo is largely unknown, a recent study usedfluorescence lifetime
imaging (FLIM) to indirectly measure glycolysis and OXPHOS in
the normal mouse brain under insulin-induced hypoglycaemia,
demonstrating microglia shift to glutaminolysis in the absence of
glucose (52). Positron emission tomography (PET) can also be used
to visualize glycolysis and OXPHOS in both animals and the
humans. Glycolysis can be measured using the glucose analogue,
18F-fluoro-2-deoxy-D-glucose-PET (FDG-PET) (53, 54) in
combination with cerebral oxygen consumption to measure
glycolysis (55, 56), while OXPHOS can be measured using
mitochondrial complex-I-PET (57). These metabolic imaging
approaches will enable investigation of microglial metabolism in
the living brain under both normal and AD conditions and may
provide biomarkers of microglial metabolism.

Ab and Tau Alter Microglial Metabolism
AD-associated proteinopathy, Ab and tau, induce mitochondrial
toxicity and metabolic dysfunction. Exposure to Ab alone or in
combination with other inflammatory stimuli has been shown to
induce a shift in metabolic programming from OXPHOS to
glycolysis, impairing ATP production, increasing the generation
of ROS, and inducing mitochondrial fission, fragmentation and
extracellular release (35, 45, 46, 58). Fragmented mitochondria
released from microglia have been shown to impair not only
microglia, but also nearby neurons and astrocytes (58). Likewise,
microglia isolated from AD mice are characterized by dependence
on glycolytic metabolism as well as impaired mitochondrial
quality control due to inhibition of mitophagy (59). Consistent
with this, PET studies have shown increased reliance on aerobic
glycolysis in areas spatially correlated with Ab deposition in the
AD brain (55, 56). Similarly, pathological forms of tau can bind
mitochondria and impair OXPHOS and ATP synthesis (60); and
Ab and tau act synergistically to induce defects in OXPHOS and
ATP synthesis, while increasing ROS production in ADmice (61).

Ab can influence mitochondrial metabolism through direct
binding and accumulation within mitochondria (62–64), inducing
toxicity (65–67) andmitochondrial bioenergetic impairments (68–
70). Mechanistically, Ab inhibits OXPHOS by targeting ATP
synthase, the enzyme that catalyses ATP production in the final
step of OXPHOS (71). Others have implicated the nutrient sensor,
mammalian target of rapamycin (mTOR), in Ab-induced
microglial metabolic reprogramming. Exposure to Ab increases
phosphorylation of mTOR via serine/threonine protein kinase B
(Akt), which increases the expression of HIF-1a, the master
transcriptional regulator of glycolysis (35).

Additionally, Ab and tau can indirectly affect metabolism
through upregulation of cytokines classically associated with M1,
proinflammatory responses, such as interleukin-1b (IL-1b) and
interferon-g (IFNg). Inflammatory cytokines induce glycolytic
programming accompanied by breaks in the TCA cycle and
uncoupling of OXPHOS (43, 45, 46). OXPHOS uncoupling
impairs ATP production from mitochondrial respiratory chain
activity, causing an increase in ROS generation (72). To support
glycolysis in response to pro-inflammatory cytokines, microglia
upregulate expression of GLUTs to facilitate increased glucose
(40). A metabolic break in citrate metabolism fragments the TCA
cycle, increases citrate availability for FA synthesis (FAS) and
Frontiers in Immunology | www.frontiersin.org 3
lipogenesis (73). Further, Ab has been implicated in the
suppression of mitochondrial succinate dehydrogenase (74),
which underlies a second TCA cycle break widely observed in
pro-inflammatory microglia, leading to accumulation of
succinate. These findings suggest that AD-associated stimuli
directly alter metabolic processes in microglia in a variety of
ways. However, the precise signaling mechanisms involved
remain to be fully elucidated.

AD Genetic Risk Factors and
Microglial Metabolism
A number of immune-related genetic risk factors for AD have
been shown to modulate microglial metabolism. The most
prevalent genetic risk factor for AD, apolipoprotein E4
(ApoE4), is primarily expressed by glia in the brain and has
been shown to play a role in mitochondrial energy production
(9). In human iPSC-derived microglia, the AD-associated E4
variant of ApoE severely impaired metabolism, inhibiting both
glycolysis and OXPHOS (75). Further, cognitively normal
ApoE4 carriers demonstrate abnormally low cerebral metabolic
rates for glucose (76). Additionally, ApoE binds and transports
lipoproteins, and ApoE knockdown has been shown to alter FA
levels and lipid metabolism in the brain (77). Interestingly, ApoE
is a ligand for TREM2, which is a microglial surface receptor
required for diverse microglial responses in neurodegeneration,
including proliferation, survival, clustering and phagocytosis (46,
78–80). Increased risk of developing AD is associated with loss-
of-function variants of TREM2, and TREM2 has been shown to
induce ApoE signaling in microglia (27, 81).

Recently, TREM2 has also been identified as a regulator of
mitochondrial metabolic fitness in microglia and macrophages
(10). TREM2-deficient microglia exhibit decreased expression of
genes encoding glucose transporters, glycolytic enzymes, as well as
decreased expression of the metabolic coordinator, mTOR (10).
Combined transcriptomic and metabolic analysis of TREM2
deficient macrophages revealed reduced ATP production and
defects in metabolites and enzymes involved in glycolysis, the TCA
cycle and PPP (10). Furthermore, TREM2 knockout mice exhibit
cerebral hypometabolism measured by FDG-PET (82, 83). TREM2
also plays an important role in lipid metabolism, with TREM2
deficiency causing pathogenic lipid accumulation in microglia (84).

The TREM2/ApoE axis has also been identified as a regulatory
checkpoint in the differentiation of specializedmicroglial phenotypes
associated with age and disease, coined disease-associated microglia
(DAMs) (26). DAMs express high levels of lipid metabolism genes,
includingAPOE,Cst7 and lipoprotein lipase (Lpl),which catalyse the
release of FAs for FAO(50).Other studies have identified disease and
injury associated microglial signatures that share overlap with some
key DAM-associated genes, including APOE and Lpl (24, 25, 27). A
recent study of microglial proteomic changes in AD mice
demonstrated upregulation of the TREM2/ApoE axis and
increased proteins involved in FA metabolism (85).

These findings indicate that AD-associated pathology and
genetic risk factors are intricately associated with mitochondrial
metabolic functions in microglia (summarized in Figure 1).
However, further research is needed to elucidate the mechanistic
pathways involved in metabolic regulation in microglia, which
February 2021 | Volume 12 | Article 624538
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may in turn aid the identification of druggable targets to modulate
immunometabolic impairment.

Aging and Microglial Metabolism
Aging is associated with a glycolytic metabolic shift in both
human and mouse microglia, coupled with increased expression
of markers of cellular senescence (86, 87). Aging also leads to
accumulation of lipid droplets in microglia in the mouse and
human brain, named lipid droplet accumulating microglia
(LDAM) (29). LDAMs are characterized by upregulation of
genes involved in lipogenesis, TCA cycle and FAO, and exhibit
increased ROS production. Meanwhile, key enzymes involved in
lipid degradation are downregulated. A recent study has
demonstrated that physical coupling between the mitochondria
and lipid droplets plays an important role in the regulation of
glycolytic metabolic reprogramming in immune cells (88).
Whether lipid droplet-mitochondrial interactions regulate
metabolic programming in microglia remains to be addressed,
but may provide important new insights into how microglial
metabolism is coordinated in aging and AD.
Frontiers in Immunology | www.frontiersin.org 4
MICROGLIAL METABOLISM AND THE
INNATE IMMUNE RESPONSE IN AD

Microglial metabolism and immune function are reciprocally
regulated. Microglia not only undergo adaptive metabolic
reprogramming in response to inflammatory stimuli, but
immune responses are dependent upon these metabolic shifts.
Changes in cell morphology, chemotaxis, and phagocytosis all
require reorganization of the actin cytoskeleton, which is
dependent on the coordinated supply of ATP (89). Phagocytic
degradation of engulfed materials, which plays an important role
in the clearance of Ab and tau, also relies upon the coordinated
production and delivery of mitochondrial ROS to the
phagolysosome (90). Similarly, the production of cytokines and
growth factors requires resources such as amino acids, nucleotides,
and fatty acids, which are supplied by metabolites generated during
energy production. Mitochondrial metabolites are also utilized for
lipogenesis to support membrane biogenesis for filopodia
formation, antigen presentation and organelle biogenesis during
proliferation and growth (73, 91). As such, changes in microglial
FIGURE 1 | Microglial metabolic programming and immune functions in AD. Alzheimer’s pathogenic stimuli Ab and tau induce microglial metabolic alterations.
Metabolic alterations are mediated by the mTOR-HIF1a pathway and characterized by decreased OXPHOS, increased glycolysis, impaired ATP production, a
“broken” TCA cycle, increased ROS, and lipid droplet accumulation. These alterations in turn effect microglial immune functions including phagocytosis, chemotaxis,
cytokine production, membrane biogenesis, and antigen presentation. GLUTs, glucose transporters; PPP, pentose phosphate pathway; TCA, tricarboxylic acid;
ROS, reactive oxygen species; OXPHOS, oxidative phosphorylation; TNF-a, tumor necrosis factor- a; IL-6, interleukin-6; IL-1b, interleukin-1b; HIF-1a, hypoxia
inducible factor-1a; mTOR, mammalian target of rapamycin.
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adaptive metabolic reprogramming underpins immune function.
Here we will discuss how age and disease associated changes in
microglial metabolic programming modulates critical microglial
functions in AD.

In microglia, initiation of the classic pro-inflammatory response
is dependent upon glycolytic metabolic reprogramming, with
immune responses including phagocytosis and pro-inflammatory
cytokine production blocked by inhibition of glycolysis (25, 40, 92–
94). In addition to rapidly generating ATP for energetically
demanding chemotaxis and phagocytosis, upregulation of
glycolysis and its branched pathway, the PPP, has been shown to
be essential for the production of ROS-dependent phagosome
degradation (95). In the AD brain, proteomics analysis has
demonstrated a strong association between microglia and
glycolytic metabolism (3). Upregulation of markers enriched in
the AD brain was observed in microglia undergoing active Ab
phagocytosis in ADmouse brain, suggesting a protective function of
hyperglycolytic microglia in AD (3). Markers identified in this study
overlapped with markers of the TREM2-dependent, protective,
phagocytic microglial subpopulation, DAMs (26). Knockout
studies have shown that TREM2 promotes a metabolic
programme fuelled by glycolysis, PPP and the TCA cycle to
support phagocytosis (10). TREM2 deletion impairs microglial
chemotaxis and phagocytosis in AD mice, resulting in inability of
microglia to cluster around and clear aggregates of Ab (10). These
microglial deficits were mitigated with dietary cyclocreatine, a
creatine analog that can supply ATP, indicating metabolic
impairments caused the immune function impairments following
TREM2 deletion (10).

Microglial hyperglycolysis is also observed in the aging brain
but, in contrast is associated with compromised chemotaxis,
phagocytosis and Ab engulfment, and elevated secretion of pro-
inflammatory cytokines (86, 87). Likewise, Ab-induced glycolysis
is associated with impaired chemotaxis and phagocytosis of Ab in
cultured microglia, a phenomena also observed in microglia
isolated from AD mice (59). Further, multiple studies have
shown that microglial Ab phagocytosis is enhanced by
promoting OXPHOS, rather than glycolysis (96, 97). One
potential explanation for these differences may come from the
chronic versus acute effects of Ab on microglial function. Because
glycolysis is metabolically inefficient, persistent reliance on
glycolysis in microglia may lead to impaired immune function
and reduced capacity to perform immune functions over time
(97). In line with this, acute exposure to Ab increased glycolysis
and enhanced immune functions in microglia, whereas chronic
exposure induced metabolic dysregulation and diminished
immune functions, including phagocytosis and cytokine
secretion (35). Further, Ab-induced mitochondrial toxicity may
disrupt coordinated immunometabolic programming. Consistent
with this, in AD mice pharmacological induction of mitophagy to
restore mitochondrial quality control enhanced microglial
phagocytosis of Ab and decreased the production of pro-
inflammatory cytokines TNF-a and IL-6 (98).

Lipid metabolism has also been identified as important in
microglial phagocytic functions in aging and AD. Lpl, the major
enzyme responsible for liberating FAs from lipid droplets, is
Frontiers in Immunology | www.frontiersin.org 5
upregulated by Ab in microglia, and silencing Lpl has been
shown to impair Ab phagocytosis (99). In macrophages,
phagocytosis has been shown to be dependent on the availability
of FAs following the degradation of lipid droplets, linking effective
lysis of lipid droplets with successful phagocytosis (49). Supporting
this, Lpl has been identified as a key marker of DAMs. In contrast,
LDAMs, which are characterized by lipid droplet accumulation,
lipogenesis and reduced FAO, also exhibit impaired phagocytosis
(29). Lipid accumulation is a key feature observed in immune
dysfunction, for example foamy macrophages observed in
atherosclerotic lesions and lipid droplets have been identified as
potential structural markers of inflammation (100). Interestingly,
inhibition of FA synthesis restored phagocytic function in these
microglia, again highlighting the potential to restore microglial
immune function by restoring metabolic function in aging and AD.
MICROGLIAL METABOLIC
REPROGRAMMING FOR THE
TREATMENT OF AD

AD is one of the leading causes of death worldwide with no
effective treatments available, leading to urgent calls for the
development of disease modifying-agents (101). Given the
pivotal role of inflammation in AD pathophysiology, here we
discuss potential therapeutic strategies that improve microglial
function through regulation of metabolism.

Ketone Body Therapeutics
Microglia can utilize ketone bodies as an alternative energy substrate
to glucose, and ketosis has been shown to modulate a range of
microglial inflammatory processes and reduce Ab and tau
accumulation in AD mice (101–106). Ketosis can be induced
through several methods, including dietary modification, ketone
body supplements, and pharmacological inhibitors of glycolysis.
High-fat, low-carbohydrate ketogenic diets are thought to trigger a
shift from glucose metabolism towards fatty acid metabolism, which
in turn yields increased ketone body concentrations. Ketogenic diet
decreased microglia activation and pro-inflammatory cytokine IL-6,
IL-1b and TNF-a levels (107). Similarly, oral administration of
ketone body metabolites such as b-hydroxybutyrate (b-OHB) have
been shown to reduce microglial inflammation (108), reduce
expression of pro-inflammatory cytokines IL-1b, IL-6, CCL2/
MCP-1 (109), and inhibit NLRP3 inflammasome activation (110).
Competitive inhibitors of glycolysis, such as 2-deoxy-D-glucose (2-
DG) have been shown to induce compensatory metabolic processes
and promote ketosis. Transgenic AD mice fed a diet supplemented
with 2-DG exhibited increased serum ketone body levels and brain
expression of enzymes required for ketone bodymetabolism, as well
as decreased oxidative stress and reduced levels of Ab oligomers
(111). Further, pharmacological treatment with 2-DG has been
shown to reduce markers of microglial activation following LPS
treatment (41), reduce expression of inducible nitric oxide synthase
(iNOS) (112), and decrease IL-6, IL-1b levels (113) in BV2 and
primary microglia. These findings suggest that treatments targeted
towards increasing microglial ketosis in AD may have therapeutic
February 2021 | Volume 12 | Article 624538
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benefits, however ketogenic diet, b-OHB, and 2-DG are all known
to exert non-microglial specific effects in a range of cell types in the
brain. Further research aimed at identifying microglia-specific
promoters of ketosis may be of benefit in the treatment of
neuroinflammatory diseases such as AD.

Exercise
Exercise is consistently associated with improvement in cognitive
and neuronal function in aged animals (114, 115) and reductions
in Ab and tau pathology in AD mice (116–118). The mechanism
underlying exercise-related benefits in the brain is not well
understood, however decreased pro-inflammatory cytokine
expression has been proposed as one potential mechanism (119,
120). Recently, metabolic reprogramming has been identified as a
mediator of exercise-relate changes in cognition and immune
functions, as exercise attenuated age-dependent inflammatory
cytokine expression and cognitive decline in mice, while
decreasing glycolytic enzymes and increasing phagocytosis in
isolated microglia (86). However, whether exercise exerts
beneficial effects by promoting OXPHOS or FAO, or alternative
substrate use, remains to be elucidated. Although no study to date
has investigated whether metabolic reprogramming underlies
exercise-related changes in inflammation and pathology in an
AD-specific context, these findings suggest that exercise is a
promising avenue for therapeutic investigation.

mTOR Targeted Therapeutics
The mTOR-HIF-1a pathway is a central mediator of
inflammation in the brain and has been implicated in the
regulation of microglial metabolic reprogramming in AD (10,
35). Two compounds that target the mTOR pathway and are
currently being trialled for clinical efficacy in AD are rapamycin
and metformin. Rapamycin directly inhibits mTOR via binding of
mTOR Complex 1 (mTORC1), whereas metformin acts upstream
of mTOR by targeting the glycolytic inhibitor AMP-activated
protein kinase (AMPK). Both compounds have been shown to
reduce glycolytic metabolism in favor of increased OXPHOS in
immune cells (121, 122) and decrease the production of
proinflammatory cytokines by microglia and macrophages (123,
124). As the mTOR pathway is found ubiquitously in all cell types,
targeting microglial-specific mTOR signaling is challenging and
both rapamycin and metformin are known to exert non-immune
related effects in neurons and astrocytes. TREM2 has recently been
identified as a microglial-specific target that regulates mTOR in
AD (10), however there is currently a paucity of druggable targets
identified in the TREM2-mTOR signaling pathway. SHIP1, which
is primarily expressed in microglia, is one of the only therapeutic
targets in the TREM2-specific mTOR signaling pathway that is
under investigation for the treatment of AD. SHIP1 is known to
inhibit TREM2 signaling (125) and pan-SHIP1/2 inhibitors have
been shown to increase microglial phagocytosis of Ab1-42 in vitro
via mTOR regulation (126). These findings suggest that
modulating TREM2-dependent mTOR signaling could provide
neuroprotective effects in AD, however further research is needed
to identify additional targets for therapeutic modulation in
this pathway.
Frontiers in Immunology | www.frontiersin.org 6
TSPO Targeted Therapeutics
The translocator protein (TSPO) is an outer mitochondrial
membrane protein that is predominantly expressed in microglia
in the brain and is upregulated in AD (127, 128). Consequently,
TSPO iswidely regarded as a biomarker of neuroinflammation, and
TSPO ligands have been shown to exert a range of protective effects
in mouse models of neurodegeneration (129, 130). In particular,
ligands targetingTSPOhave been shown to decrease Ab deposition
and reducemarkers of inflammation inmousemodels ofAD (131).
TSPO has also been implicated in microglial metabolic
programming, as TSPO deficiency suppressed both OXPHOS
and glycolysis, resulting in overall metabolic deficits in primary
microglia (132) and increased fatty acid oxidation in steroidogenic
cells (133). In contrast, treatment with TSPO ligands improved
mitochondrial respiration, decreased oxidative stress-induced cell
death by reducing ROS, and loweredAb levels inH1299 cells (134).
These findings suggest that TSPO may be a marker of beneficial
microglial phenotypes, and treatments aimed at increasing TSPO
expression may confer neuroprotective effects in AD. However,
further research investigating the metabolic modulatory effects of
TSPO ligands in microglia specifically is required.

DISCUSSION

Innate immunity plays a causative role in the pathogenesis of AD,
and coordinated microglial immune responses have the potential
to either ameliorate or exacerbate AD pathology, depending on
microglial phenotypes. However, efforts to elucidate the cellular
mechanisms and molecular signals mediating neuroinflammatory
responses in AD have been hampered by the large heterogeneity in
immune cell types and responses within the brain. Emerging
evidence indicates that metabolic function plays a critical role in
the regulation of microglial function in AD, with metabolic
programming underlying diverse microglial immune functions
and phenotypes. Further, therapeutic strategies modulating
microglial metabolic programming have shown neuroprotective
effects, by reducing amyloid and tau load, and improving cognitive
deficits. These findings suggest that microglial function and
metabolism are intricately associated processes in AD, however,
further research is needed to elucidate the mechanistic pathways
involved in metabolic regulation in microglia, which may in turn
aid in the identification of druggable targets to modulate
immunometabolic impairment.
AUTHOR CONTRIBUTIONS

LF, JW, and AB wrote and reviewed the manuscript. LF:
prepared the figure. All authors contributed to the article and
approved the submitted version.
FUNDING

AB acknowledges funding support from the Singapore Ministry
of Education under its Singapore Ministry of Education
February 2021 | Volume 12 | Article 624538

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fairley et al. Immunometabolic Programming in Alzheimer’s Disease
Academic Research Fund Tier 1 (RG42/18), Nanyang Assistant
Professorship from Nanyang Technological University
Singapore, and the Alzheimer’s Association (AARG-18-566427).
Frontiers in Immunology | www.frontiersin.org 7
ACKNOWLEDGMENTS

Figure created with BioRender.com.
REFERENCES

1. Frenkel D, Wilkinson K, Zhao L, Hickman SE, Means TK, Puckett L, et al.
Scara1 deficiency impairs clearance of soluble amyloid-beta by mononuclear
phagocytes and accelerates Alzheimer’s-like disease progression. Nat
Commun (2013) 4:2030. doi: 10.1038/ncomms3030

2. Hickman SE, Allison EK, El Khoury J. Microglial dysfunction and defective
beta-amyloid clearance pathways in aging Alzheimer’s disease mice.
J Neurosci (2008) 28(33):8354–60. doi: 10.1523/JNEUROSCI.0616-08.2008

3. Johnson ECB, Dammer EB, Duong DM, Ping L, Zhou M, Yin L, et al. Large-
scale proteomic analysis of Alzheimer’s disease brain and cerebrospinal fluid
reveals early changes in energy metabolism associated with microglia and
astrocyte activation. Nat Med (2020) 26(5):769–80. doi: 10.1038/s41591-
020-0815-6

4. Gratuze M, Leyns CEG, Holtzman DM. New insights into the role of
TREM2 in Alzheimer’s disease. Mol Neurodegener (2018) 13(1):66.
doi: 10.1186/s13024-018-0298-9

5. Guerreiro R, Hardy J. Genetics of Alzheimer’s disease. Neurotherapeutics
(2014) 11(4):732–7. doi: 10.1007/s13311-014-0295-9

6. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J,
et al. Variant of TREM2 associated with the risk of Alzheimer’s disease.
N Engl J Med (2013) 368(2):107–16. doi: 10.1056/NEJMoa1211103

7. Malik M, Parikh I, Vasquez JB, Smith C, Tai L, Bu G, et al. Genetics ignite
focus on microglial inflammation in Alzheimer’s disease.Mol Neurodegener
(2015) 10(1):52. doi: 10.1186/s13024-015-0048-1

8. Tanzi RE. The genetics of Alzheimer disease. Cold Spring Harb Perspect Med
(2012) 2(10):1–10. doi: 10.1101/cshperspect.a006296

9. Liao F, Yoon H, Kim J. Apolipoprotein E metabolism and functions in brain
and its role in Alzheimer’s disease. Curr Opin Lipidol (2017) 28(1):60.
doi: 10.1097/MOL.0000000000000383

10. Ulland TK, Song WM, Huang SC, Ulrich JD, Sergushichev A, Beatty WL,
et al. TREM2Maintains Microglial Metabolic Fitness in Alzheimer’s Disease.
Cell (2017) 170(4):649–63.e13. doi: 10.1016/j.cell.2017.07.023

11. Angajala A, Lim S, Phillips JB, Kim J-H, Yates C, You Z, et al. Diverse
Roles of Mitochondria in Immune Responses: Novel Insights Into
Immuno-Metabolism. Front Immunol (2018) 9:1605. doi: 10.3389/
fimmu.2018.01605

12. Lauro C, Limatola C. Metabolic Reprograming of Microglia in the
Regulation of the Innate Inflammatory Response. Front Immunol (2020)
11(493):1–8. doi: 10.3389/fimmu.2020.00493

13. Lee CD, Landreth GE. The role of microglia in amyloid clearance from the
AD brain. J Neural Transm (2010) 117(8):949–60. doi: 10.1007/s00702-010-
0433-4

14. Luo W, Liu W, Hu X, Hanna M, Caravaca A, Paul SM. Microglial
internalization and degradation of pathological tau is enhanced by an anti-
tau monoclonal antibody. Sci Rep (2015) 5(1):11161. doi: 10.1038/srep11161

15. Hsieh CL, Koike M, Spusta SC, Niemi EC, Yenari M, Nakamura MC, et al.
A role for TREM2 ligands in the phagocytosis of apoptotic neuronal cells by
microglia. J Neurochem (2009) 109(4):1144–56. doi: 10.1111/j.1471-
4159.2009.06042.x

16. Takahashi K, Rochford CD, Neumann H. Clearance of apoptotic neurons
without inflammation by microglial triggering receptor expressed on
myeloid cells-2. J Exp Med (2005) 201(4):647–57. doi: 10.1084/jem.
20041611

17. Sampaio TB, Savall AS, Gutierrez MEZ, Pinton S. Neurotrophic factors in
Alzheimer’s and Parkinson’s diseases: implications for pathogenesis and
therapy. Neural Regen Res (2017) 12(4):549. doi: 10.4103/1673-5374.
205084

18. Parkhurst CN, Yang G, Ninan I, Savas JN, Yates JRII, Lafaille JJ, et al.
Microglia promote learning-dependent synapse formation through brain-
derived neurotrophic factor. Cell (2013) 155(7):1596–609. doi: 10.1016/
j.cell.2013.11.030
19. Rajendran L, Paolicelli RC. Microglia-mediated synapse loss in Alzheimer’s
disease. J Neurosci (2018) 38(12):2911–9. doi: 10.1523/JNEUROSCI.1136-
17.2017

20. Suh H-S, Zhao M-L, Derico L, Choi N, Lee SC. Insulin-like growth factor 1
and 2 (IGF1, IGF2) expression in human microglia: differential regulation by
inflammatory mediators. J Neuroinflamm (2013) 10(1):805. doi: 10.1186/
1742-2094-10-37

21. Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. Depletion
of microglia and inhibition of exosome synthesis halt tau propagation. Nat
Neurosci (2015) 18(11):1584. doi: 10.1038/nn.413

22. Bhaskar K, Maphis N, Xu G, Varvel NH, Kokiko-Cochran ON, Weick JP,
et al. Microglial derived tumor necrosis factor-alpha drives Alzheimer’s
disease-related neuronal cell cycle events. Neurobiol Dis (2014) 62:273–85.
doi: 10.1016/j.nbd.2013.10.007

23. Wilkinson BL, Landreth GE. The microglial NADPH oxidase complex as a
source of oxidative stress in Alzheimer’s disease. J Neuroinflamm (2006)
3:30. doi: 10.1186/1742-2094-3-30

24. Frigerio CS, Wolfs L, Fattorelli N, Thrupp N, Voytyuk I, Schmidt I, et al. The
major risk factors for Alzheimer’s disease: age, sex, and genes modulate the
microglia response to Ab plaques. Cell Rep (2019) 27(4):1293–306. e6.
doi: 10.1016/j.celrep.2019.03.099

25. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A,
et al. Single-cell RNA sequencing of microglia throughout the mouse
lifespan and in the injured brain reveals complex cell-state changes.
Immunity (2019) 50(1):253–71.e6. doi: 10.1016/j.immuni.2018.11.004

26. Keren-Shaul H, Spinrad A,Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R,
Ulland TK, et al. A Unique Microglia Type Associated with Restricting
Development of Alzheimer’s Disease. Cell (2017) 169(7):1276–90.e17.
doi: 10.1016/j.cell.2017.05.018

27. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, et al.
The TREM2-APOE pathway drives the transcriptional phenotype of
dysfunctional microglia in neurodegenerative diseases. Immunity (2017)
47(3):566–81.e9. doi: 10.1016/j.immuni.2017.08.008

28. Li Q, Barres BA. Microglia and macrophages in brain homeostasis and
disease. Nat Rev Immunol (2018) 18(4):225–42. doi: 10.1038/nri.2017.125

29. Marschallinger J, Iram T, Zardeneta M, Lee SE, Lehallier B, Haney MS, et al.
Lipid-droplet-accumulating microglia represent a dysfunctional and
proinflammatory state in the aging brain. Nat Neurosci (2020) 23(2):194–
208. doi: 10.1038/s41593-019-0566-1

30. Aryaman J, Johnston IG, Jones NS. Mitochondrial Heterogeneity. Front
Genet (2019) 9:718. doi: 10.3389/fgene.2018.00718

31. West AP, Shadel GS, Ghosh S. Mitochondria in innate immune responses.
Nat Rev Immunol (2011) 11(6):389–402. doi: 10.1038/nri2975

32. Sun N, Youle RJ, Finkel T. The Mitochondrial Basis of Aging. Mol Cell
(2016) 61(5):654–66. doi: 10.1016/j.molcel.2016.01.028

33. Hayashi Y, Yoshida M, Yamato M, Ide T, Wu Z, Ochi-Shindou M, et al.
Reverse of age-dependent memory impairment and mitochondrial DNA
damage in microglia by an overexpression of human mitochondrial
transcription factor a in mice. J Neurosci (2008) 28(34):8624–34.
doi: 10.1523/jneurosci.1957-08.2008

34. Ryu JK, Nagai A, Kim J, Lee MC, McLarnon JG, Kim SU. Microglial
activation and cell death induced by the mitochondrial toxin 3-
nitropropionic acid: in vitro and in vivo studies. Neurobiol Dis (2003) 12
(2):121–32. doi: 10.1016/s0969-9961(03)00002-0

35. Baik SH, Kang S, Lee W, Choi H, Chung S, Kim J, et al. A breakdown in
metabolic reprogramming causes microglia dysfunction in Alzheimer’s
disease. Cell Metab (2019) 30(3):493–507.e6. doi: 10.1016/j.cmet.
2019.06.005

36. Rangaraju S, Dammer EB, Raza SA, Gao T, Xiao H, Betarbet R, et al.
Quantitative proteomics of acutely-isolated mouse microglia identifies novel
immune Alzheimer’s disease-related proteins. Mol Neurodegener (2018) 13
(1):34. doi: 10.1186/s13024-018-0266-4
February 2021 | Volume 12 | Article 624538

https://biorender.com/
https://doi.org/10.1038/ncomms3030
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1038/s41591-020-0815-6
https://doi.org/10.1038/s41591-020-0815-6
https://doi.org/10.1186/s13024-018-0298-9
https://doi.org/10.1007/s13311-014-0295-9
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1186/s13024-015-0048-1
https://doi.org/10.1101/cshperspect.a006296
https://doi.org/10.1097/MOL.0000000000000383
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.3389/fimmu.2018.01605
https://doi.org/10.3389/fimmu.2018.01605
https://doi.org/10.3389/fimmu.2020.00493
https://doi.org/10.1007/s00702-010-0433-4
https://doi.org/10.1007/s00702-010-0433-4
https://doi.org/10.1038/srep11161
https://doi.org/10.1111/j.1471-4159.2009.06042.x
https://doi.org/10.1111/j.1471-4159.2009.06042.x
https://doi.org/10.1084/jem.20041611
https://doi.org/10.1084/jem.20041611
https://doi.org/10.4103/1673-5374.205084
https://doi.org/10.4103/1673-5374.205084
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1523/JNEUROSCI.1136-17.2017
https://doi.org/10.1523/JNEUROSCI.1136-17.2017
https://doi.org/10.1186/1742-2094-10-37
https://doi.org/10.1186/1742-2094-10-37
https://doi.org/10.1038/nn.413
https://doi.org/10.1016/j.nbd.2013.10.007
https://doi.org/10.1186/1742-2094-3-30
https://doi.org/10.1016/j.celrep.2019.03.099
https://doi.org/10.1016/j.immuni.2018.11.004
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1038/nri.2017.125
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.3389/fgene.2018.00718
https://doi.org/10.1038/nri2975
https://doi.org/10.1016/j.molcel.2016.01.028
https://doi.org/10.1523/jneurosci.1957-08.2008
https://doi.org/10.1016/s0969-9961(03)00002-0
https://doi.org/10.1016/j.cmet.2019.06.005
https://doi.org/10.1016/j.cmet.2019.06.005
https://doi.org/10.1186/s13024-018-0266-4
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fairley et al. Immunometabolic Programming in Alzheimer’s Disease
37. Backes H, Walberer M, Ladwig A, Rueger MA, Neumaier B, Endepols H, et al.
Glucose consumption of inflammatory cells masks metabolic deficits in the
brain. NeuroImage (2016) 128:54–62. doi: 10.1016/j.neuroimage.2015.12.044

38. Kalsbeek MJ, Mulder L, Yi C-X. Microglia energy metabolism in metabolic
disorder. Mol Cell Endocrinol (2016) 438:27–35. doi: 10.1016/j.mce.2016.
09.028

39. Sasaki A, Yamaguchi H, Horikoshi Y, Tanaka G, Nakazato Y. Expression of
glucose transporter 5 by microglia in human gliomas. Neuropathol Appl
Neurobiol (2004) 30(5):447–55. doi: 10.1111/j.1365-2990.2004.00556.x

40. Wang L, Pavlou S, Du X, Bhuckory M, Xu H, Chen M. Glucose transporter 1
critically controls microglial activation through facilitating glycolysis. Mol
Neurodegener (2019) 14(1):2. doi: 10.1186/s13024-019-0305-9

41. Ghosh S, Castillo E, Frias ES, Swanson RA. Bioenergetic regulation of
microglia. Glia (2018) 66(6):1200–12. doi: 10.1002/glia.23271

42. Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, et al. An
RNA-sequencing transcriptome and splicing database of glia, neurons, and
vascular cells of the cerebral cortex. J Neurosci (2014) 34(36):11929–47.
doi: 10.1523/jneurosci.1860-14.2014

43. Holland R, McIntosh AL, Finucane OM, Mela V, Rubio-Araiz A, Timmons
G, et al. Inflammatory microglia are glycolytic and iron retentive and typify
the microglia in APP/PS1 mice. Brain Behav Immun (2018) 68:183–96.
doi: 10.1016/j.bbi.2017.10.017

44. Nair S, Sobotka KS, Joshi P, Gressens P, Fleiss B, Thornton C, et al.
Lipopolysaccharide-induced alteration of mitochondrial morphology
induces a metabolic shift in microglia modulating the inflammatory
response in vitro and in vivo. Glia (2019) 67(6):1047–61. doi: 10.1002/
glia.23587

45. Voloboueva LA, Emery JF, Sun X, Giffard RG. Inflammatory response of
microglial BV-2 cells includes a glycolytic shift and is modulated by
mitochondrial glucose-regulated protein 75/mortalin. FEBS Lett (2013)
587(6):756–62. doi: 10.1016/j.febslet.2013.01.067

46. Wang Y, Ulland TK, Ulrich JD, Song W, Tzaferis JA, Hole JT, et al. TREM2-
mediated early microglial response limits diffusion and toxicity of amyloid
plaques. J Exp Med (2016) 213(5):667–75. doi: 10.1084/jem.20151948
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