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Abstract

Astrocytes provide key neuronal support, and their phenotypic transformation is implicated

in neurodegenerative diseases. Metabolically, astrocytes possess low mitochondrial oxidative
phosphorylation (OxPhos) activity, but its pathophysiological role in neurodegeneration remains
unclear. Here, we show that the brain critically depends on astrocytic OxPhos to degrade

fatty acids (FAs) and maintain lipid homeostasis. Aberrant astrocytic OxPhos induces lipid
droplet (LD) accumulation followed by neurodegeneration that recapitulates key features of
Alzheimer’s disease (AD) including synaptic loss, neuroinflammation, demyelination, and
cognitive impairment. Mechanistically, when FA load overwhelms astrocytic OxPhos capacity,
elevated acetyl-CoA levels induce astrocyte reactivity by enhancing STAT3 acetylation and
activation. Intercellularly, lipid-laden reactive astrocytes stimulate neuronal FA oxidation and
oxidative stress, activate microglia via IL-3 signaling, and inhibit the biosynthesis of FAs

and phospholipids required for myelin replenishment. Along with LD accumulation and
impaired FA degradation manifested in an AD mouse model, we reveal a lipid-centric, AD-
resembling mechanism by which astrocytic mitochondrial dysfunction progressively induces
neuroinflammation and neurodegeneration.
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INTRODUCTION

Mitochondria are the major cellular sources of ATP via the oxidative metabolism of
glucose or other fuels. A bioenergetic deficit, encompassing the decline in mitochondrial
bioenergetic function and glucose hypometabolism, is associated with brain aging and
emerges in early stages of neurodegenerative diseases such as Alzheimer’s disease (AD)?.
However, brain metabolic profile is highly diverse with different cell types manifesting
differential fuel preference and susceptibility to bioenergetic deficit2. Across cell types,
mitochondrial dysfunction in neurodegeneration has been best documented in neurons?, and
more recently in microglia*®, yet the pathological role of mitochondria in astrocyte, the
most abundant cell type in the brain, remains to be defined.

Astrocytes regulate essential processes including synaptic development and transmission,
blood flow, and inflammatory response by interacting with all cell types in the brain6.7.
Upon brain injury or pathological insults, astrocytes undergo a transformation from
homeostatic state towards reactive state (reactive astrocyte), which is not only a prominent
hallmark, but also a mechanistic contributor, of AD pathogenesis and progression®.

The energy demand of astrocytes is predominantly met by glycolysis that generates

lactate®. Accordingly, compared to their neuronal counterparts, astrocytic mitochondria

are less abundant with less efficient electron transport chain (ETC) and lower oxidative
phosphorylation (OxPhos) capacityl®. Mitochondrial OxPhos has been found dispensable
for the bioenergetics, proliferation, and survival of astrocytes!!. Nevertheless, astrocytic
mitochondria express all tricarboxylic acid (TCA) cycle enzymes and maintain a modest
level of OxPhos activity2, which indicates their metabolic role other than glucose oxidation
and ATP production.

The brain is a highly lipidated organ, and fatty acids (FASs) are the essential building blocks
for nearly all lipid classes. Thus, the fine regulation of FAs is vital for the homeostasis

and functionality of all brain lipids. In metabolic organs, mitochondria are the main cellular
site for the enzymatic and oxidative degradation of FAs via p-oxidation (FAO, generating
acetyl-CoA), TCA cycle, and ultimately OxPhos. In the brain, cell type-specific analysis has
revealed that the enrichment of FAO enzymes is a key feature that distinguishes astrocytic
mitochondrial proteome from that of neuronal mitochondrial3, which indicates a unique
role of astrocytic mitochondria in FA metabolism. However, the exact role of astrocytic
mitochondria in regulating brain lipid homeostasis is unknown.

Clinically, abundant evidence has demonstrated disrupted lipid homeostasis —including the
accumulation of lipid droplets (LDs)- in early stages of AD4. A variety of lipid metabolism
genes have also been identified as top risk factors of the disease!®. Nevertheless, how

lipid dyshomeostasis and LD accumulation emerge in the degenerating brain and how

they modify disease progression, remain elusive. We reported previously that APOE-e4
(APOE4), the greatest genetic risk factor for AD, induces a metabolic shift in astrocytes
towards diminished FA catabolism8, which indicates a role of astrocytic FA degradation

in the initiation of lipid accumulation, and potentially, in promoting neurodegeneration and
AD.
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Here, by using a mouse model of astrocyte specific OxPhos deficit, we report that astrocytic
OxPhos is indispensable in maintaining brain lipid homeostasis by degrading FAs. Loss of
astrocytic OxPhos induces: 1) pathological, structural, functional, and behavioral hallmarks
that resemble human AD, and 2) metabolic and transcriptional signatures that highly overlap
with that of an AD mouse model. We reveal that deficient astrocytic FA degradation triggers
lipid accumulation and reactive astrogliosis, which subsequently suppress the biosynthesis
of lipids required for oligodendrocyte-mediated myelin turnover. Moreover, we identify

cell non-autonomous mechanisms by which lipid-laden reactive astrocytes promote synaptic
dysfunction and neuroinflammation by triggering neuronal metabolic reprogramming and
microglial activation, respectively.

Astrocytic OxPhos Deficit Causes Cognitive Impairment

Tfam (transcription factor A, mitochondrial) is a key regulator of mitochondrial DNA
(mtDNA) that encodes essential subunits of OxPhos, and its deletion results in mtDNA
depletion and OxPhos deficiencyl’. To model astrocyte-specific deficit in mitochondrial
OxPhos, we crossed mice with loxP-flanked 77am ( Tfamf1oX/flox)18 \yith the GFAP-Cre 77.6
micel® to generate the GFAP-Cre: TfamoX/floX mice (hereinafter referred to as TfamAKO,
Extended Data Fig. 1a). Their Cre-negative littermates were used as controls ( 77am?ox/flox;
hereinafter referred to as WT). Consistent with the original report that GFAP-Cre mice do
not exhibit Cre activity during embryonic development!®, Tfam expression was reduced

in the hippocampus and cortex of Tfam”XO mice at 3- and 6-month-of-age, but not in

those at 1.5-month-of-age (Fig. 1a; Extended Data Fig. 1b). In forebrain cells isolated

by magnetic-activated cell sorting, we confirmed that the depletion of Tfam mRNA was
specific to astrocytes, but not neurons or microglia (Extended Data Fig. 1c). Upon Tfam
depletion, mtDNA copy numbers and mtDNA-encoded transcripts of complexes I, 11, IV
and V were significantly reduced in 6-month-old mouse brains (Fig. 1b,c). Functionally,
astrocytes isolated from Tfam”KO brains showed reduced basal and maximal respiration but
unaffected proton leak-linked respiration (Extended Data Fig. 1d,e), confirming the OxPhos
deficit.

Having established Tfam”XO mouse as a model for astrocytic OxPhos deficit, we
characterized the cognitive function of these mice. Strikingly, Tfam”KC mice developed
severe cognitive impairment at 6-month-of-age with unchanged brain weight (Extended
Data Fig. 1f). Compared to WT mice, they exhibited deficits in recognition memory and
exploratory behavior, as revealed by novel object recognition (NOR) test and open field
test, respectively (Fig. 1d,e; Extended Data Fig. 1g). No cognitive deficit was observed
in 1.5-month Tfam”KC mice (Extended Data Fig. 1h—j). Tfam”KO did not affect motor
function at 6-month (Extended Data Fig. 1k). Of note, Tfam expression was not affected
in the cerebellum or the brainstem (Extended Data Fig. 11), which could be relevant to
the lower astrocyte-neuron ratio in the cerebellum?2® and the lower GFAP positive rate
in the brainstem?. The lack of significant impact on motor function could also indicate
differential susceptibility to astrocytic OxPhos deficit across brain regions, which warrants
further investigations.
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In parallel to the cognitive impairment, astrocytic OxPhos deficit resulted in a decline

in hippocampal long-term potentiation (LTP), the principal mechanism underlying long-
term memory and learning. Compared to WT controls, hippocampal slices of 6-month
Tfam”KO mice failed to sustain synaptic activity following high frequency stimulation (Fig.
1f). Tfam”KO-induced cognitive and synaptic deficits were accompanied by compromised
dendrite complexity as indicated by MAP-2 immunostaining (Fig. 1g), reduced synaptic
density as indicated by the immunostaining of post-synaptic marker PSD-95 (Fig. 1h)

and the levels of PSD-95 and pre-synaptic protein SNAP25 in the hippocampus (Fig.

1i; Extended Data Fig. 2a). These synaptic parameters were undistinguishable between
3-month-old WT and Tfam”KO mice (Extended Data Fig. 2b,c). Further, hippocampal
transcriptomic analysis confirmed synaptic deficits in Tfam”KO brains. Heatmap of

the top differentially expressed genes (DEGs) and principal component analysis (PCA)
revealed a dramatic distinction between the transcriptomes of 6-month WT and TfamAKO
hippocampus (Fig. 1j,k), with 3,438 gene upregulated and 3,016 genes downregulated in
the Tfam” KO group (FDR-corrected p < 0.05). Key synaptic genes were downregulated

in the Tfam”KC group (Extended Data Fig. 2d), and the top 10 Gene Ontology (GO)
Biological Processes underrepresented in Tfam”KO hippocampi were all related to synaptic
function or neurotransmission (Fig. 11). We further ruled out the possibility that TfamAKO-
induced cognitive decline at 6-month was caused by impaired neurogenesis or neuronal loss.
Immunostaining of Tfam”KO brains for mature neurons (NeuN) and neuronal progenitor
cells (doublecortin; DCX) showed no differences in the counts of NeuN*, DCX™, or
NeuN*DCX* cells from WT brains (Extended Data Fig. 2e,f). Likewise, bromodeoxyuridine
(BrdU) tracing did not detect a difference in the counts of BrdU*NeuN™* cells (newly
generated mature neurons) in the dentate gyrus of 6-month-old WT versus Tfam”KO mice
(Extended Data Fig. 2g), confirming unaffected adult neurogenesis. Further, TUNEL assay
did not detect apoptosis in any cell type in Tfam”KO brains (Extended Data Fig. 2h).

Together, these data suggest that a functional mitochondrial OxPhos machinery in astrocytes
is required for brain function, and its loss induces neurodegeneration characterized by
memory impairment and disrupted synaptic transmission that recapitulate clinical and
pathological features of AD.

Astrocytic OxPhos Maintains Brain Lipid Homeostasis

We next sought to explore the metabolic changes underlying the Tfam”KO-initiated
neurodegeneration. As astrocytic OxPhos is dispensable for brain ATP production!! and

the loss of Tfam did not affect their proliferation /n vivo or survival /n vitro (Extended Data
Fig. 3a), we explored for other mitochondrial pathways responsible for Tfam”KO-induced
phenotype. 1,140 genes encoding the mitochondrial proteome from the transcriptomes of
WT and Tfam”KO hippocampi were subjected to GeneSet Enrichment Analysis (GSEA)

of defined mitochondrial pathways (MitoCarta 3.022). Besides the suppression of OxPhos
and mitochondrial complexes I, 111, IV and V (Fig. 2a,b; Extended Data Fig. 3b—f), lipid
metabolism and FAO were the only pathways that were significantly altered in the Tfam”AKO
brains (Fig. 2a,c). At transcript level, genes involved in both mitochondrial and peroxisomal
[B-oxidation were significantly upregulated (Fig. 2d). Moreover, the protein levels of PPARa,
a key FAOQ regulator primarily expressed by astrocytes in the brain, was upregulated in
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TfamA”KO hippocampi (Fig. 2e; Extended Data Fig. 3g). These data strongly support a
unique role of astrocytic mitochondria in regulating brain FA metabolism.

Since the complete degradation of FA requires OxPhos to accept electrons from reducing
equivalents (NADH and FADHS>) generated from FAQO and the TCA cycle, we speculated
that the upregulated FAO pathway in the Tfam”KO brain could be an adaptive response to
the defective astrocytic OxPhos and indicative of lipid accumulation. Indeed, the levels of
lipid classes including free FAs (FFA), triacylglycerol (TAG), monoacylglycerol (MAG),
free cholesterol, and cholesteryl esters (CEs) were increased in the hippocampus and

cortex of 6-month Tfam”KO mice by thin layer chromatography (TLC) and/or quantitative
fluorometric assays (Fig. 2f,g; Extended Data Fig. 3h—n). Notably, an accumulation of TAG,
but not FFA, was observed in 3-month Tfam”KO prains (Extended Data Fig. 30,p).

To determine the changes in polar lipids in Tfam”KO brains, a targeted lipidomic panel was
applied with cortices from 6-month-old mice. Tfam”KO led to a substantially distinctive
lipid profile (Fig. 2h), with 101 of the 153 detected species differentially expressed
(Extended Data Fig. 3q). Specifically, most ceramide and cardiolipin species were increased
in Tfam”KO prains (Fig. 2i,j), whereas phosphatidylserine (PS) and phosphatidylinositol
(PI) species were predominantly decreased (Fig. 2k,I). The levels of phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) species showed mixed changes with the majority
of PC and lysoPC species increased in Tfam”KO cortices (Fig. 2m,n). In contrast to the
elevation in TAG, the levels of diacylglycerol (DAG), especially those with saturated or
monounsaturated FA chains were decreased in Tfam”KO brains (Fig. 20). Together, our
lipid profiling suggests that loss of OxPhos in astrocytes dramatically perturbs brain lipid
homeostasis, characterized by accumulations of FFAs and neutral lipids (TAG and CE) and
an extensive shift in the composition of phospholipids.

Tfam”KO |nduces LD Accumulation and Reactive Astrogliosis

LDs are organelles that store and sequester excess FFAs in TAGs and CEs. In peripheral
organs, LD formation serves as a protective mechanism against FFA-induced lipotoxicity23.
In agreement with the elevated TAG and CE levels, brain immunostaining identified a
progressive accumulation of perilinpin-2 (Plin2, LD surface marker)-positive LDs in the
hippocampus and cortex of Tfam”KO mice; these LDs initially emerged at 3-month and
peaked at 6-month (Fig. 3a,b; Extended Data Fig. 4a—d). Importantly, these LDs were
exclusively localized to astrocytes, but not neurons or microglia (Fig. 3c; Extended Data
Fig. 4e). Moreover, reactive astrogliosis was prominent in LD-accumulating regions, as
suggested by increased GFAP™* area and morphological features of reactive astrocytes (Fig.
3c,d; Extended Data Fig. 4f). This was accompanied by upregulation of reactive astrocyte
marker genes in the hippocampus (Fig. 3e) and elevated 7nfaand //6 mRNA in acutely
isolated astrocytes (Fig. 3f). Temporally, reactive astrocytes first appeared in TfamAKO
brains at 3-month (Extended Data Fig. 4c,d), which coincided with 7fam depletion and LD
accumulation but was prior to any synaptic deficit. The reactive phenotype of TfamAKO
astrocytes was further confirmed /n vitro, where they exhibited higher GFAP intensity (Fig.
3g; Extended Data Fig. 4g). Notably, astrocyte phenotype upon Tfam”KO resembles that
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seen in AD patients and animal models, in which astrocyte reactivity, but not proliferation, is
increased??,

We next investigated whether LD accumulation in Tfam”KO brains is triggered by
compromised astrocytic FA degradation. Acute hippocampal slices from 6-month TfamAKO
mice showed a reduced oxygen consumption rate (OCR) on exogenous FAs (Fig. 3h). In
addition, blocking carnitine palmitoyltransferase |1 (CPT1)-mediated long-chain FA transport
into the mitochondria using etomoxir induced a lesser OCR drop in Tfam”KO brain slices
(Fig. 3i), suggesting lower endogenous FA catabolism. /n vitro analysis also confirmed

that Tfam”KO astrocytes exhibited decreased endogenous FA catabolism (etomoxir-sensitive
OCR), decreased FA-induced OCR, and increased intracellular LD volume (Fig. 3j-I;
Extended Data Fig. 4h). Moreover, by tracing a fluorescent FA analog (BODIPY-C12),

we found strong colocalization of the probe with mitochondria in Tfam”KO but not

WT astrocytes, suggesting arrested mitochondrial FA degradation upon 77am deletion

(Fig. 3m,n). Pulse-chase of BODIPY-C12 by TLC confirmed that Tfam”KO astrocytes
accumulated more BODIPY-C12 as free FAs and esterified FAs (Extended Data Fig.

4i,j). Further, an isotope tracing assay suggested significantly reduced carbon flux from
U-13C-oleate into TCA cycle metabolites citrate, isocitrate, and oxaloacetate in TfamAKO
astrocytes (Fig. 30). Consistent with the notion that fused mitochondria are more capable

of performing FAO2®, the mitochondria of TfamAKO astrocytes are more fragmented than
that of WT astrocytes (Fig. 3p). In addition, multiple acylcarnitines (C6, C8, C10, C16,
C18), intermediates generated during FA transport into mitochondria before entering FAO,
accumulated in Tfam”KO brains (Extended Data Fig. 4k,l). Overall, these data strongly
suggest that compromised FA degradation due to astrocytic OxPhos deficit is responsible for
the LD accumulation and aberrant lipid profile in TfamAKO brains.

FA Overload Promotes Astrocyte Reactivity

The temporospatial concurrence of lipid accumulation and reactive astrogliosis in TfamAKO
brains indicates a mechanistic link between FA metabolism and astrocyte reactivity.

To test this, we incubated WT astrocytes with exogenous oleate. Oleate not only

promoted LD accumulation (Fig. 3q), but also substantially increased GFAP and S1008
intensities indicative of higher reactivity (Fig. 3r; Extended Data Fig. 4m). Moreover,
STAT3, a canonical mediator of astrocyte reactivity?5, was activated by oleate (Fig. 3s,
p-STAT3™705) which was accompanied by increased secretion of inflammation mediators
including IL-6, TNFa and prostaglandin E2 (PGE2) but unchanged ROS levels (Fig. 3t;
Extended Data Fig. 4n).

The high metabolic dependence of astrocytes on glycolysis over OxPhos is augmented when
they become reactive?’. In parallel with reactive astrogliosis, the hippocampus of TfamAKO
mice showed a higher glycolysis rate ex vivo (Fig. 3u,v, before FA injection), which

was accompanied by higher levels of lactate and upregulation of key glycolytic enzymes
including hexokinase 2 (HK2) and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3
(PFKFB3) at both mRNA- and protein levels (Extended Data Fig. 40—q). Increased
glycolysis was confirmed in astrocytes: HK2 and GLUT1 (astrocytic glucose transporter)
expression and lactate levels were increased in acutely isolated and cultured TfamAKO
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astrocytes, respectively (Extended Data Fig. 4r,s). Further, while oleate treatment only
modestly elevated glycolysis in WT brain slices, the response was drastically enhanced

for Tfam”KO slices (Fig. 3u,v). This suggests that astrocytic OxPhos protects the brain

from FA overload-induced metabolic reprogramming towards glycolysis that is coupled with
astrocyte reactivity. Together, our data suggest that FA metabolic stress, caused by excess
supply or impaired degradation, is sufficient to induce astrocyte reactivity and shift the
metabolic flux further towards glycolysis, and that astrocytes with defective OxPhos are
much more susceptible to such a phenotypic shift.

STAT3 Acetylation Mediates FA-Induced Astrocyte Reactivity

We next sought to determine the mechanism by which OxPhos deficit and FA overload
induce astrocyte reactivity. We first tested whether elevated LD levels are involved in the
process. Intriguingly, while the inhibition of adipose triglyceride lipase (ATGL, enzyme
that breaks down TAG in LDs) substantially increased LD volume in astrocytes, it

had no effect on GFAP intensity or p-STAT3 levels (Extended Data Fig. 5a—c). Given

that increased LDs are not sufficient to trigger astrocyte reactivity, we speculated that
elevated cytosolic FFAs may play a role. We thus blocked long-chain FA transport into

the mitochondria with etomoxir (CPT1i). Surprisingly, while etomoxir exaggerated oleate-
induced LD accumulation as expected (Fig. 4a), it abrogated the increase in p-STAT3 and
the release of 1L-6, TNFa, and PGE2 (Fig. 4b,c). This suggests that the entry of FAs into the
mitochondria are required for FA-induced reactivity, and that the metabolites generated by
FAQ could be involved.

Because mitochondrial FAO produces acetyl-CoA and the acetylation of STAT3 is known to
promote its phosphorylation and activation28, we reasoned that increased acetyl-CoA may
increase upon FA overload and promote STAT3 activation. Consistent with this hypothesis,
the levels of acetylated STAT3 (acetyl-STAT3LYS685) were increased by oleate, and more
importantly, the effect was abolished by CPT1i pretreatment (Fig. 4d). Mitochondrial acetyl-
CoA is exported by first being converted to citrate, which then exits the organelle and
regenerate acetyl-CoA by ATP-citrate lyase (ACLY) in the cytosol or the nucleus, before
being used for Lysine acetylation?®. Pretreatments with either ACLY inhibitor BMS-303141
(ACLYi) or STAT3 inhibitor S31-201 (STAT3i; inhibits STAT3 DNA binding) nullified
oleate-induced STAT3 acetylation and phosphorylation (Fig. 4e) as well as the release of
IL-6, TNFa and PGE2 (Fig. 4f). These data demonstrate that STAT3 acetylation is required
for FA overload-induced astrocyte reactivity.

We next investigated whether the mechanism is involved in Tfam”KO-induced reactive
astrogliosis /n vivo. Consistent with our /n vitro findings, the levels of acetyl-STAT3 and
p-STAT3 were significantly higher in the hippocampus of Tfam”KO mice (Fig. 4g), which
was accompanied by elevated acetyl-CoA (Fig. 4h) and PGE2 (Extended Data Fig. 5d)
levels. We confirmed that increased acetyl-STAT3 levels in Tfam”KO hippocampus was
primarily contributed by astrocytes as suggested by the predominant localization of STAT3
to astrocytes (Extended Data Fig. 5e). Collectively, these results show that in astrocytes
with either FA overload or OxPhos deficit, elevated acetyl-CoA levels —caused by an
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imbalance between FA load and acetyl-CoA metabolism in the mitochondria— induces
astrocyte reactivity by promoting STAT3 acetylation (Fig. 4i).

Disrupted FAO Diminishes Astrocytic Support to Neurons

We next determined how astrocytes with OxPhos deficit affect neuronal function and

elicit synaptic dysfunction. Primary neurons and astrocytes were cocultured in shared
medium without physical contact (Transwell system) to allow subsequent separation

for cellular analyses. We found that astrocytes with defective OxPhos negatively affect
neurite outgrowth and neuronal metabolic function. Compared to WT astrocytes, TfamAKO
astrocytes exhibited a substantially diminished capability to promote neurite outgrowth in
terms of both length (Fig. 5a) and volume (Extended Data Fig. 6a). Glucose metabolism

in neurons, including both glycolysis and mitochondrial oxidation, was suppressed when
they were cocultured with TfamAKO astrocytes (Fig. 5b,c; Extended Data Fig. 6b,c). When
WT astrocytes were overloaded with exogenous FA, they also showed diminished neuronal
metabolic support (Extended Data Fig. 6h,i). Further, reduced synaptic and metabolic
support by TfamAKO astrocytes was accompanied by their reduced capacity to eliminate
and accept neuronal lipids, as suggested by a lesser reduction of LDs in neurons (Fig. 5d)
and a lesser increase of LDs in astrocytes after coculture (Extended Data Fig. 6d). These
data suggest that a functional FA catabolism machinery is required for astrocyte to provide
critical neuronal support and highlight the essential role of astrocyte as the major recipient
and degrader of excess neuronal lipids.

Glia-generated lactate can be transferred to neurons for FA synthesis, which can be
transported back to glia for storage in LDs30. To determine if this mechanism contributes
to the higher LD volume in Tfam”KO astrocytes, we pretreated WT neurons with an
inhibitor of lactate update (monocarboxylate transporter inhibitor AR-C155858; MCTi)
or an inhibitor of FA synthesis (ACC inhibitor ND630; ACCi) before coculturing them
with WT or TfamKO astrocytes (Extended Data Fig. 6€). Interestingly, while either MCTi
or ACCi pretreatment of neurons reduced LD volume in cocultured astrocytes relative

to astrocytes cocultured with vehicle treated neurons, such reductions were not different
between WT and Tfam”KO astrocytes (Extended Data Fig. 6f). In addition, there was

no difference in the expression of key FA synthesis genes (Acacaand Fasn) in neurons
cocultured with WT or TfamAKO astrocytes (Extended Data Fig. 6g). Together, these data
support the notion that lactate-derived neuronal lipids contribute to astrocytic LDs, but the
higher LD volume in TfamAKO astrocytes is unlikely a result of increased neuronal FA
synthesis from lactate and the subsequent transport to astrocytes.

Impaired Lipid Clearance Induces Neuronal Oxidative Stress

Neurons maintain low FA degrading capacity and low FAO gene expression than
astrocytes!3. The impaired lipid-clearing capacity of Tfam”KO astrocytes prompted us to
ask whether the reduction in neuronal glucose metabolism represents an adaptive response
to elevated intraneuronal lipid burden. Strikingly, we discovered a global upregulation of key
FA degradation genes in neurons acutely isolated from 6-month Tfam”KC brains, including
the upstream regulator Ppara and genes controlling mitochondrial FA import and FAO
(Fig. 5e,f). Conversely, these genes were significantly lower in acutely isolated TfamAKO
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astrocytes (Extended Data Fig. 6j), which suggests that the upregulation in FAO genes in
Tfam”KO hippocampus (Fig. 2c,d) was primarily contributed by neurons. To determine
whether FAQ activation in these neurons was a direct effect of impaired FA degradation in
astrocytes, we cultured WT neurons with Tfam”KO or WT astrocytes. Consistent with the in
vivo results, neurons cultured with TfamAKO astrocytes had higher expression of FAO genes
(Ppara, Cpt2, Acadvl) (Fig. 59) and PPARa protein (Extended Data Fig. 6k) than those
cultured with WT astrocytes.

The low FAO capacity of neuron is related to 1) its low antioxidative capacity and 2) the
higher reactive oxygen species (ROS) production by FAO than glucose oxidation3!. We thus
reasoned that the activation of neuronal FAO may provoke oxidative stress, another early
pathological feature of AD. Indeed, neurons cultured with Tfam”KO astrocytes produced
more ROS than those cultured with WT astrocytes (Fig. 5h). Evidence in TfamAKO

brains also supported the link between FAO and ROS production in neurons, where
oxidative stress makers including 4-hydroxynonenal (4-HNE, for lipid peroxidation) and
8-0x0-2’-deoxyguanosine (8-OHdG, for DNA oxidative damage) were prominent in neurons
(NeuN™), but not astrocytes (GFAP™), in the hippocampus of 6-month Tfam”KO mice (Fig.
5i,j; Extended Data Fig. 61,m). ROS levels were lower in both cultured and acutely isolated
TfamAKO astrocytes (6-month) (Extended Data Fig. 6n,0). Temporally, neither 4-HNE or
8-OHdG signal was detected in 3-month Tfam”KO brains (Extended Data Fig. 6p,q),
suggesting that neuronal oxidative stress occurs after brain lipid accumulation. Together,
these data demonstrate that loss of astrocytic OxPhos induces an adaptive activation of FAO
and oxidative stress in neurons, which could underlie the compromised synaptic function.

Astrocytic OxPhos Deficit Triggers Neuroinflammation

Neuroinflammation and microglial activation are common features of neurodegenerative
diseases including AD32. Consistent with the upregulation of microglial activation genes
and immune response genes and the enrichment of immune response pathways in TfamAKO
hippocampi (Fig. 6a; Extended Data Fig. 7a), IBA-1 expression was substantially higher in
the hippocampus and cortex of 6-month Tfam”KO mice (Fig. 6b,c; Extended Data Fig. 7b).
Further analyses by immunostaining and flow cytometry confirmed that Tfam”KO increased
the number of activated microglia (CD74* and MHCII*CD11b™) (Fig. 6d,e). Temporally,
microglial activation initially appeared in 3-month Tfam”KO brains (Extended Data Fig.
7c,d), prior to any synaptic impairment.

Concomitant with strong microglial activation, Tfam”KO brains showed increased mRNA
and protein levels of proinflammatory cytokines including TNFa and IL-1p, and the
upstream regulator NFxB (Fig. 6f,g; Extended Data Fig. 7e,f). Analysis of acutely

isolated microglia confirmed increased 7nfaand //1bexpression by these cells (Fig. 6h).
Interestingly, 7remZ2and Apoe, both being AD risk genes and upregulated in the microglia
of human AD brains, were elevated in microglia isolated from Tfam”KO mice (Fig. 6i).
Using the Transwell coculture system, we found that primary WT microglia cocultured
with Tfam”KO astrocytes had higher activation rate than those cultured with WT astrocytes
(Fig. 6j; Extended Data Fig. 7g-i), suggesting that microglia can be directly activated by
OxPhos-deficient astrocytes.
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IL-3 Mediates Tfam”KO Astrocyte-Induced Microglia Activation

We next determined the mechanism by which TfamAKO astrocytes activate microglia.
Interleukin-3 (IL-3) was recently revealed as a pivotal mediator of astrocyte-derived signal
triggering microglial response v7a IL-3Ra.33. In the hippocampus and cortex of TfamAKO
mice, //3expression was strongly stimulated specifically in reactive astrocytes at 6-month,
and to a lesser extent, at 3-month (Fig. 6k,l; Extended Data Fig. 7j—I). Correspondingly,
//3ra expression was dramatically elevated in microglia acutely isolated from TfamAKO
mice and in primary microglia cultured with Tfam”KO astrocytes, when compared to
acute microglia from WT mice and microglia cultured with WT astrocytes, respectively
(Fig. 6m,n). Moreover, IL-3Ra blockade by a neutralizing antibody abrogated microglial
activation induced by TfamAKO astrocytes (Fig. 60; Extended Data Fig. 7m). These results
reveal that IL-3 is upregulated and released by OxPhos deficit-induced reactive astrocytes
and subsequently promotes microglial activation by binding to microglial IL-3Ra..

Astrocytic OxPhos Deficit Compromises White Matter Integrity

Brain is the second most lipidated organ with the white matter areas being highly enriched
with lipids (up to 80% of the dry weight). It is thus not surprising that myelinated axonal
tracts within white matter are particularly vulnerable to perturbed lipid metabolism, and

that white matter loss and demyelination are established features of AD brains34. As lipid
homeostasis is severely disrupted in Tfam”KO brains, we investigated its impact on myelin
integrity. Magnetic resonance imaging (MRI) and diffusion weighted analysis suggested
significantly decreased indices of white matter microstructural integrity, including fractional
anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity in Tfam”K© prains (Fig.
7a; Extended Data Fig. 8a), but no volumetric difference was detected (Extended Data

Fig. 8b). Connectometry analysis further revealed lower quantitative anisotropy in TfamAKO
brains (0.0313 + 0.0047) relative to WT brains (0.0456 + 0.0027) across all fibers (Fig.

7b), suggesting reduced myelin compactness and restricted connectivity. Consistent with
MRI outcomes, the density and thickness of white matter tracts were substantially reduced
in Tfam”KO versus WT brains, with the most affected corpus callosum exhibiting a ~40%
reduction in fiber tract area (Fig. 7c; Extended Data Fig. 8c). Demyelination in the TfamAKO
brain was further supported by a global decline in the expression of myelin-basic protein
(MBP) (Fig. 7d; Extended Data Fig. 8d). None of these myelin changes was observed

in 3-month Tfam”KC mice (Extended Data Fig. 8e,f), thus ruling out the possibility of a
developmental defect in myelination.

Oligodendrocytes are the myelinating cells in the brain, and impairments in their
differentiation (from oligodendrocyte progenitor cells) and survival are implicated in
demyelination diseases. Surprisingly, there was no significant differences in the count

of matured oligodendrocytes (CC1*Olig2*) in the hippocampus or white matter regions
between WT and Tfam”KO mice (Extended Data Fig. 8g,h), and we found no evidence of
oligodendrocyte death or myelin debris in the corpus callosum of either strain (Extended
Data Fig. 8i,j), Furthermore, a set of positive regulators of myelination were upregulated,
whereas multiple negative regulators of myelination were downregulated, in Tfam”KO
brains (Extended Data Fig. 8k). These data suggest that the global demyelination in
Tfam”KO prains is unlikely to be caused by deficits in oligodendrocyte differentiation or
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survival, or a suppressed myelinating machinery. Instead, the myelination machinery is
adaptively activated upon Tfam”KO, as seen in an AD mouse model3°.

FA- and Phospholipid Synthesis Is Inhibited in TfamAKO Brain

The lipid contents of myelin, in particular phospholipids, have a much higher turnover

rate than oligodendrocytes themselves36. We reasoned that Tfam”KO-induced disruption to
lipid homeostasis may affect lipid synthesis and hence myelin turnover. As speculated, a
decreased expression of FA synthase (FAS) and an increased inhibitory phosphorylation

of acetyl-CoA carboxylase (p-ACCSe79) suggested suppressed de novo FA synthesis in
6-month Tfam”KO brains (Fig. 7e; Extended Data Fig. 81,m), which, like the demyelination,
was not seen at 3-month (Extended Data Fig. 8n,0). Accordingly, AMP-activated protein
kinase (AMPK), which suppresses FA synthesis by phosphorylating ACC at Ser79, was
activated (p-AMPKT172) in TfamAKO brains (Fig. 7e; Extended Data Fig. 8p).

Both astrocytic and oligodendrocyte lipid synthesis is required for myelination37-38.
Consistent with tissue-levels changes, mRNA levels of key FA synthesis genes were
decreased in astrocytes (Fasnand Acaca) and oligodendrocytes (Fasn) acutely isolated

from Tfam”KO brains (Fig. 7f,g). In addition, key genes catalyzing phospholipid synthesis
from FA (ChptI and CeptI) were downregulated in both astrocytes and oligodendrocytes

of TfamAKO brains (Fig. 7f,g), whereas genes controlling cholesterol synthesis (Hmgcrand
HmagcsI) were decreased in astrocytes only (Fig. 7f). Combined, these findings suggest that
impaired FA degradation and lipid accumulation adaptively suppress FA-, cholesterol-, and
phospholipid synthesis, which could lead to demyelination by limiting the lipids available to
oligodendrocytes for myelin replenishment.

Impaired Astrocytic FAO and LD Accumulation in AD Mice

Given the strong AD-like phenotype of Tfam”KO mice and the substantial activation of AD-
related genes, disease associated astrocyte (DAA) genes and disease associated microglia
(DAM) genes in the hippocampus of Tfam”KO mice (Fig. 8a; Extended Data Fig. 9a,b), we
explored whether a deficit in FA degradation could be involved in AD. In a mouse model

of familial AD carrying five mutations to APPand PSENI (5XFAD), LDs were detected in
the subiculum, but not other brain regions at 6-month (Fig. 8b), and Plin2 protein was also
upregulated in the cortex (Fig. 8c). These lipid markers were not observed in 5xFAD mice
at 4-month (Extended Data Fig. 9¢ and unshown negative LD detection). Of note, subiculum
is also where AB deposition first appears in 5XFAD mice3®. Importantly, a subset of LDs

in 5XFAD brains were localized to astrocytes (GFAP™*), but none of the detected LDs were
localized to neurons (NeuN™*) or microglia (IBA-1*) (Fig. 8b; Extended Data Fig. 9d,e).
Moreover, compared to WT brains or LD-negative areas, LD-containing areas in 5xFAD
brains showed substantially higher GFAP immunoreactivity (Fig. 8b), corroborating the link
between lipid accumulation and astrocyte reactivity as observed in the Tfam”AKO mice.

To investigate whether FA degradation is impaired in 5XFAD mouse brain, FA-induced
respiration was measured with acute hippocampal slices. Compared to WT slices, 6-month
5xFAD slices showed lower respiration on exogenous FA and lower etomoxir-sensitive
respiration (Fig. 8d,e). Interestingly, cultured astrocytes from 4-month-old 5xFAD mice
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already accumulated substantially more LDs and exhibited reduced FA catabolism than
WT astrocytes without altering mitochondrial dynamics (Fig. 8f-h; Extended Data Fig.
9f,g). In parallel with impaired FA degradation, 4-month 5xXFAD astrocytes also had lower
expression of PPARa (Fig. 8i). Importantly, by tracing BODIPY-C12, we found markedly
higher mitochondrial localization of the fluorescent FA in astrocytes from 4- or 6-month
5xFAD mice than those from age-matched WT mice, confirming a deficit in mitochondrial
FA degradation (Fig. 8j,k; Extended Data Fig. 9h,i) that resembles Tfam”KO astrocytes.
These data collectively reveal that signs of lipid accumulation in 5XFAD brains are
spatially coupled with Ap pathology while temporally preceded by astrocytic mitochondrial
dysfunction and astrocyte reactivity.

Tfam”KO and 5xFAD Hippocampi Share Transcriptomic Signatures

To systematically assess to what extent Tfam”KC-induced, AD-like features resemble that of
5xFAD, we compared their hippocampal transcriptomes for overlapped genes, pathways,
and mechanisms by leveraging a 5xFAD RNA-sequencing dataset*C. By comparing
transcriptomic signatures of these two models at their advanced stages (6-month for
TfamAKO and 12-month for 5XFAD, each compared to their respective age-matched
controls), 1,127 overlapping DEGs were identified (Fig. 8l, hypergeometric test p<0.001).
94% of these common DEGs changed in the same direction (853 upregulated and 206
downregulated), and the fold changes of all common DEGs highly correlated between

the two models (r = 0.64; p < 0.00001; Fig. 8m). Pathway enrichment analysis of these
shared DEGs followed by removing redundant GO terms#142 identified lipid metabolism,
inflammatory response, cytokine production, and synaptic function as common mechanisms
perturbed by both Tfam”KO and 5xFAD transgenes (Fig. 8n). Together, outcomes of these
transcriptomic level comparisons corroborate the phenotypic similarities between these
models and underscore a mechanistic role of astrocytic mitochondria in AD-associated lipid
dysregulation and neurodegeneration.

DISCUSSION

While the brain depends on glucose as their primary fuel source, lipids are structurally
and functionally vital for brain function. As excess FFAs —the essential building blocks
of lipids— are associated with lipotoxicity, their levels need to be finely regulated.
Although peroxisomes metabolize very-long-chain FAs, the complete oxidation of the
resultant medium-chain FAs and the more abundant long-chain FAs are performed by the
mitochondria. Our findings suggest that in the brain, astrocytic OxPhos is required for
the degradation of FAs and thereby the homeostasis of all lipid classes. Upon astrocytic
OxPhos deficit, brain lipid profile is severely disrupted, and a profound program of
pathological mechanisms are activated, including synaptic loss and dysfunction, reactive
astrogliosis, microglial activation, oxidative stress, and demyelination, which collectively
lead to neuroinflammation, neurodegeneration, and cognitive impairment.

Astrocytes are highly glycolytic, and OxPhos has been found largely dispensable for the
proliferation and viability of these cells. Our study reveals that while astrocytic mitochondria
are functionally less active (lower OxPhos activity) and bioenergetically less significant
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(less ATP production) than their neuronal counterparts, a modest level of OxPhos activity
is indispensable for the clearance of lipid waste and the protection of the brain against
lipotoxicity and degeneration. These findings are consistent with the inhibition of pyruvate
dehydrogenase (PDH; generates acetyl-CoA from glucose-derived pyruvate) in astrocytes*3
and highlight the metabolic specialty of astrocytic mitochondria in performing FAO.
Notably, the effect of 7fam deletion on cellular metabolic function is tissue specific, which
could be relevant to the distinct mitochondria abundance and basal OxPhos activity across
cell types. In contrast to our findings in astrocytes, 7fam deletion in adipocytes reduces

fat content while increases FA degradation and ROS production by elevating mitochondrial
uncoupling®*.

Astrocyte mtDNA depletion has been shown to induce reactive astrogliosis*®, but the
mechanism was unclear. Due to the suppression of PDH, mitochondrial metabolic profile
in astrocytes is more affected by FA load than glucose levels. Indeed, our data show

that FA overload is sufficient to trigger astrocyte reactivity, and astrocytes with OxPhos
deficit are more susceptible to FA-induced metabolic stress and phenotypic transformation.
Mechanistically, when FA load overwhelms astrocytic OxPhos capacity, acetyl-CoA is
accumulated and exported from mitochondria and then promotes the acetylation and
activation of STAT3, which ultimately leads to astrocyte reactivity and the release of
proinflammatory factors. From a cell autonomous perspective, we reveal a mechanism of
astrocyte reactivity and neuroinflammation mediated by lipid metabolic stress, which can be
triggered by increased FA load and/or disrupted metabolism of acetyl-CoA (/.e., TCA and
OxPhos).

Besides FA degradation, another mechanism adopted by the cell to mitigate lipotoxicity is
the sequestration of FAs in LDs. Increased brain LD levels have been reported in aging and
AD brains#647. However, it remains to be determined as to the origin of these LDs and
whether they serve as a protective mechanism or rather a driver of pathologies. Our study
identified disrupted astrocytic FA degradation as a potential mechanism of LD production in
degenerating brains. Further, our findings provide two aspects of new evidence supporting
astrocytic LD formation as a first-line protective mechanism to avert brain lipotoxicity rather
than an inducer of reactivity and neuroinflammation: 1) the accumulation of LD and TAG in
TfamAKO prains (at 3-month) precedes the elevation of FFAs (at 6-month when intracellular
LDs are at their capacity), and 2) increasing intracellular LDs —either by blocking TAG
breakdown or by inhibiting FA entry into mitochondria— has no effect on astrocyte reactivity.

As a metabolic-inflammatory hub in the brain, astrocytes communicate with other cell types
by releasing neurotrophic factors, cytokines, ROS, lipids, and miRNAs*849. In the present
study, we reveal cell non-autonomous mechanisms activated by astrocytic OxPhos deficit
and lipid accumulation, which jointly promote neurodegeneration.

Elevated intraneuronal FFAs lead to impaired metabolic function and neurite outgrowth,
and astrocyte-mediated lipid clearance is essential for neuronal health1®. Here we
mechanistically connect these events and discover that a deficit in astrocytic clearance of
neuronal lipids maladaptively triggers neuronal FAO, which, due to the limited antioxidant
capacity of neurons, is associated with oxidative stress and accumulation of peroxidized
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lipids. In contrast, oxidative stress is absent in the 77am-deleted astrocytes, which is
consistent with their greater antioxidative capacity and lower ROS production by the
diminished FAO and collapsed ETC. These results strongly support the notion that
suppressed FAO in neurons protects them from oxidative damage, whereas increased
neuronal FAO is an important source of oxidative stress in the brain3L.

As the resident innate immune cells in the brain, microglia are highly implicated in AD.
While previous findings primarily focus on microglia-induced neurotoxic responses in
disease-state astrocytes®, we show that astrocyte-initiated metabolic abnormalities could
activate microglia, in part viathe IL-3/IL-3Ra pathway. Notably, microglial activation

and increased IL-3 expression in Tfam”KO prains occur before FFA accumulation and
synaptic and myelin abnormalities, suggesting that microglial activation, as an early event, is
triggered by reactive astrocytes rather than a consequence of altered lipid signaling.

Saturated FAs released from reactive astrocytes induce oligodendrocyte death 7n vitro®L.
Interestingly, oligodendrocyte differentiation and survival are not affected by TfamAKO-
induced reactive astrogliosis and FFA accumulation /in vivo. Instead, upon OxPhos deficit
and lipid accumulation, AMPK, which can be directly or indirectly activated by FFAs52:53,
is activated and inhibits FA synthesis to mitigate the elevation of FFAs and lipotoxicity.
Since phospholipids in myelin have a high turnover rate, insufficient supply of newly
synthesized FAs and phospholipids by astrocytes and oligodendrocytes could compromise
the structural and functional integrity of myelin. Given that the synthesis and secretion of
lipids by astrocytes are also critical for synaptogenesis and synaptic plasticity®*, suppressed
lipid synthesis could also contribute to the synaptic loss in Tfam”XO brains.

Brain lipid dyshomeostasis is an early and persistent hallmark of AD, and a variety of AD
risk factors are involved in lipid trafficking and metabolism4. However, despite abundant
correlational evidence, the mechanisms by which disrupted lipid metabolism is triggered
and how it subsequently contributes to AD pathologies, remain elusive. The present study
provides evidence from two directions that links disrupted FA degradation with AD-related
neurodegenerative mechanisms.

First, the phenotypic and transcriptional signatures of the Tfam”KO mice resemble key

AD features in the absence of amyloid or tau pathologies. Metabolically, astrocyte OxPhos
deficit results in a shift towards glycolysis, which agrees with the findings in postmortem
AD brains that proteins involved in glucose metabolism and glial activation are enriched®®.
Beyond the accumulation of LDs, multiple lipid species show similar changes in TfamAKO
mice as in human AD brains. For example, the levels of ceramide, CEs, and selected
glycerolipids are higher in AD versus control brains (reviewed in14). Additionally, oxidative
stress, manifested as lipid peroxidation, is also an early pathological marker of AD%5.

In parallel, findings from the 5XFAD mice suggest that disrupted astrocytic FA degradation
emerges early in the brain shortly after amyloid aggregation and is followed by LD
appearance in astrocytes. Spatially, the subiculum, where LDs first appear in 5XFAD

brain, is also where A deposition is initially detected. The deficit in FA degradation by
5xFAD astrocytes also agrees with previous findings in astrocytes derived from iPSCs of
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familial AD patients carrying PSEN.I mutations®’. These lines of evidence indicates that
amyloidosis may play a role in initiating astrocytic metabolic deficits, which warrants
further investigation. Intriguingly, we previously reported a negative effect of APOE4 on
neuron-to-astrocyte FA transport and astrocytic FA degradation!®. Based on these findings,
we propose lipid metabolism as a central mechanism implicated in AD where the amyloid
cascade®®, the mitochondrial cascade®® and the ApoE cascade®? converge at astrocytic

FA catabolism. Broadly, altered lipid metabolism and lipid accumulation also pertain to
Parkinson’s disease81, amyotrophic lateral sclerosis®2, Huntington’s disease®3, and multiple
sclerosis®4. Since mitochondrial dysfunction is also implicated in these diseases, it is
tempting to determine whether defects in astrocytic FAO and OxPhos are involved in,

and can be therapeutically targeted for, these lipid-involving neurodegenerative disorders.
Specifically, our findings suggest that strategies that sustain or restore an equilibrium
between FA load and mitochondrial catabolic capacity hold therapeutic promises to contain
the detrimental reactive astrogliosis.

METHODS

Animals

All animal procedures were approved by the University of Arizona Institutional Animal
Care and use Committee (IACUC) and in accordance with the National Institutes of

Health Guidelines for the Care and Use of Laboratory Animals. Mice were housed in a
temperature and humidity-controlled room with a 12-hour light and 12-hour dark cycle with
ad libitum access to water and standard laboratory diet. B6.Cg-Tg(Gfap-cre)77.6Mvs/2]
mice (Jackson Lab, 024098) were bred with B6.Cg-Tfam!™2-1Ncdl/j mice (Jackson Lab,
026123) to generate GFAP-Cre: Tfam"0X/flox (TfamAKO) mice. TfamAKO mice were born at
the expected Mendelian ratio. 1.5-, 3-, and 6-month-old, male and female mice were used
for experiments. The 5XxFAD mouse strain on a congenic C57BL/6J background (B6.Cg-
Tg(APPSwFILon, PSEN1*M146L*L.286V)6799Vas/Mmjax) was obtained from the Jackson
Lab (008730). Hemizygous, 4- and 6-month-old, male and female transgenic mice and their
non-transgenic littermates were used.

Novel Object Recognition Test

Mice were transferred to the behavior analysis room 1 week prior to testing for habituation
to the environment. Habituation session was performed on Day 1 when mice were placed
into the box measuring 30 cm x 30 cm (L x W) without objects for 5 min. On the training
day (Day 2), mice were placed in the box for 5 min with two identical objects. On the testing
day (Day 3), one of the training objects was replaced with a novel object and mice were
allowed to explore the two objects for 5 min. Mice were scored by interacting with an object
when its nose was in contact with the object or was directed toward the object within 2 cm.
Discrimination index of novel object was calculated as the ratio of the interaction time with
novel object to total interaction time with both objects.

Open Field Test

Open field test was conducted using a 30 cm x 30 cm x 40 cm (L x W x H) box. The
area within 7.5 cm from the wall was considered as peripheral, the remaining area was
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considered as the central area. Each mouse was allowed to move freely and explore the
environment for 5 min with its behavior videotaped and its trace recorded. The time spent
in the central area and the ratio between ambulatory distance in central area and total
ambulatory distance was analyzed with AnyMaze 7.0.

Test

Locomotor functions of mice were measured using the Catwalk XT system (Noldus,
Netherlands). Mice were allowed 1 h of acclimation to the system before being placed in the
corridor of the Catwalk apparatus and allowed an interrupted crossing of the recording field
of the runway repeatedly at a 60% variation threshold until three consecutive uninterrupted
runs were recorded. Run duration longer than 5 seconds and shorter than 0.5 seconds

were automatically excluded. After footprint classification in the CatWalk XT software, gait
analysis was performed for step cycle, speed, and swing.

Isolation and culture of primary adult astrocytes

Primary adult astrocytes were isolated from mouse brains as described previously6. Fresh
brain tissues (excluding cerebellum and brainstem) were processed with the gentleMACS
Dissociator with Heaters. After dissociation, cell debris and red blood cell were removed.
After 2 weeks of culture in DMEM/F12 with 10% FBS and 0.2% penicillin/streptomycin,
astrocytes were shaken on an orbital shaker to remove microglia and oligodendrocytes. The
purity of isolated astrocytes was > 95% as determined by GFAP positive rate. For treatment
studies, astrocytes seeded in 6-well plate (1x108/well) or 12-well plate (300,000/well) were
pretreated with 10 pM etomoxir, 50 uM S31-201, 50 pM BMS-303141, or 10 uM atglistatin
for 24 h and were then incubated with 150 uM oleate-BSA or BSA (vehicle) for another 24
h before sample collection.

Isolation and culture of primary embryonic hippocampal neurons

Primary embryonic hippocampal neurons were prepared as described!®. Hippocampi of E17
fetuses were dissociated followed by repeated passages through fire-polished constricted
Pasteur pipettes. Experiments were performed after 7 days of culture. The purity of neurons
was > 94% while GFAP-positive cells are < 1% as determined by NeuN and GFAP
immunostaining.

Isolation and culture of primary microglia

Primary microglia were isolated from the cerebral cortices and hippocampi of postnatal day
4-7 mice. Dissociated cells were filtered with 40 pm cell strainer and grown in DMEM/F12
with 10% FBS and 0.2% penicillin/streptomycin as mixed glial culture. After 8-10 days,
microglia were collected from the mixed glia by shaking and tapping the flask and were
confirmed with >95% purity.

Neuron-astrocyte coculture

As described previously8, primary astrocytes were seeded in poly-D-lysine coated 6-well or
24-well 0.4 um cell culture inserts at a density of 1x108 or 50,000 cells/well, respectively,
for 24 h. Primary neurons were seeded in poly-D-lysine coated 6-well plates or 24-well
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Seahorse plates at a density of 1x10° or 50,000 cells/well respectively. Inserts with
astrocytes were then placed into the Seahorse plate with neuronal cultures in neuronal
medium. Co-cultures were maintained for 7 days, after which neurons were subject to

Mito Stress Test. For neuronal LD and MAP-2 immunostaining experiment, astrocytes were
seeded in 6-well 0.4 um cell culture inserts for 24 h and primary neurons were seeded in 22
mm glass coverslips placed in 6-well plate and cultured for 12 h. The inserts were placed
into the 6-well plate with neuronal culture coverslips. After 7 days, the coverslips with
neurons were immunostained for imaging analyses. For MCTi (AR-C155858) and ACCi
(ND-630) treatment experiments, primary neurons were seeded in 6-well plates at a density
of 1x106/well. Primary astrocytes were seeded in 22 mm glass coverslips at a density of
20,000 cells/coverslip. After pretreatment with MCTi (200 nM) or ACCi (20 nM) for 12 h,
coverslips with astrocyte cultures (with paraffin dots underneath to support the coverslips)
were placed into the 6-well plates with neuron cultures. After 24 h of coculture, coverslips
with astrocytes were immunostained for LDs.

Microglia-astrocyte coculture

Primary astrocytes were seeded in 6-well or 24-well 0.4 um inserts at a density of 1x106
or 200,000 cells/well for 48 h. Primary microglia were plated in coverslip (for imaging
analyses) or 24-well plate (for RT-qPCR analyses) at a density of 30,000 cells/coverslip or
200,000 cells/well, respectively. Microglia were allowed to adhere overnight, and astrocyte
inserts were then placed into the plates with microglia for 24 h or 48 h.

Acute Cell isolation

Acute isolation of major brain cell types, including neuron, astrocytes, microglia, and
oligodendrocytes were conducted using Adult Brain Dissociation Kit (Miltenyi Biotech)
and specific magnetic microbeads as described previously16-4°, Different cell types were
isolated with astrocyte-specific anti-ACSA-2 microbeads, microglia-specific anti-CD11b
microbeads, oligodendrocyte-specific anti-O4 microbeads, and the Adult Neuron Isolation
Kit.

Flow cytometry of astrocytic and microglial markers

Brain cell suspensions were stained with GLAST (ACSA-1)-APC antibody for analysis
of astrocytes. For microglia analysis, dissociated cells were incubated with anti-CD11b
microbeads, and isolated microglia were stained with anti-MHCII-PE-Vio770. Flow
cytometry was conducted using MACSQuant Analyzer 10 Flow Cytometer and data were
analyzed by FlowLogic 8.6. Gating strategies are exemplified in Supplementary Figure 1.

Cell Mito Stress Test

Seahorse XF Mito Stress Test was performed as described!®. Primary neurons or astrocytes
were cultured in Seahorse 24- or 96-well plates. Baseline OCR (oxygen consumption rate)
and ECAR (extracellular acidification rate) were measured prior to sequential injection of
oligomycin A at 4 UM, FCCP at 1 uM, and rotenone / antimycin Aat 1 uM / 1 uM. OCR
and ECAR were normalized to protein concentrations. Basal respiration was calculated as
the differences between OCRs before oligomycin injection and after rotenone/antimycin A.
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Maximal respiration was calculated as the difference between OCRs after FCCP injection
and after rotenone/antimycin A injection. Experiments from cells isolated from at least three
animals were performed in these assays. For each animal or cell batch, there were 6-8
wells/group. Data were analyzed with Seahorse Wave 2.4.2.

Mitochondrial fatty acid metabolic assay

Mitochondrial FA metabolic test was conducted using the Seahorse XF FA Oxidation Test
Kit. Astrocytes were incubated for 12 h in substrate-limited medium (DMEM base medium
supplemented with 0.5 mM glucose, 1.0 mM GlutaMAX, 0.5 mM carnitine, and 1% FBS,
pH 7.4). On the assay day, the medium was replaced with FAQO assay buffer and incubated
at 37 °C in a CO,-free incubator for 1 h. BSA or palmitate-BSA were added to each well
prior to the initiation of XF assay. To determine CPT1-mediated FA catabolism, astrocytes
were incubated for 1 h in unbuffered DMEM (DMEM base medium supplemented with

25 mM glucose, 1 mM sodium pyruvate, 31 mM NaCl, 2 mM glutamine; pH 7.4) before
Seahorse XF assay using etomoxir (10 uM) in port A, followed by sequential injections of
oligomycin, FCCP, and rotenone/antimycin A.

Ex vivo brain metabolic assessment

Metabolic assessment of acute brain slices was performed as described®®. 250 um coronal
acute brain sections were prepared using a vibratome. Slices containing hippocampal regions
were transferred to a biopsy chamber and 1-mm stainless steel biopsy punches were used to
excise punches. Punches were then ejected into the XF Islet Capture Microplate. Baseline
OCR and ECAR were measured prior to the injection of oleate-BSA (150 pM), followed
by sequential injections of oligomycin (20 ug/mL), FCCP (10 uM), and antimycin A (20
UM). To determine CPT1-mediated FA catabolism ex vivo, slice punches were incubated in
CO»-free incubator for 1 h. After adding 150 uM oleate-BSA, plate was then analyzed by
Seahorse XFe24 Analyzer. Baseline OCRs were recorded prior to the injection of etomoxir
(200 pM) in Port A, followed by sequential injections of oligomycin, FCCP, and antimycin
A.

Long-term potentiation (LTP)

LTP recordings with hippocampal slices were performed as previously described®8,
Horizontal 350-pm-thick brain slices were prepared using a vibratome and transferred to

a recovery chamber with oxygenated aCSF. After 1.5 h of recovery, each brain slice was
placed in MED64 (Alpha MED Sciences) probe. The field excitatory postsynaptic potentials
(FEPSPs) in CAL region were recorded by stimulating the CA3 region of the hippocampus.
Baseline responses were first recorded until the variation was <5% for at least 10 min. LTP
was then induced by Theta Burst Stimulation (four pulses with 200 ps width and 10000

Hz frequency) which was given at the stimulation intensity that was adjusted to elicit 30%
of the maximal response. The amplitudes of fEPSPs were normalized and presented as a
percentage of the average values of the last 5 min of baseline period.
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Immunoblotting and quantification

Proteins were extract from brain homogenates or cultured cells with T-Per or M-Per
reagents, respectively. Equal amounts of proteins were loaded and separated on a 4%-15%
Criterion Precast Midi Protein Gel (Bio-Rad) and then transferred to a 0.22 mm pore size
PVDF membrane. After blocking with 5% non-fat milk in TBST and washing for 3 times,
the membrane was immunoblotted with the primary antibody overnight at 4 °C and with
HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (Vector Laboratories). The
bands were visualized by Pierce SuperSignal Substrate or Femto Maximum Sensitivity
Substrate, and the images were captured by ChemiDoc Imaging System. Band intensities
were quantified using Image Lab 6.0.1.

Immunostaining

For brain immunostaining, mice were deeply anesthetized with isoflurane and intracardially
perfused with PBS for 5 min and subsequently with 4 % PFA in phosphate-buffered saline
for 5 min. Fixed brains were transferred into 30% sucrose in PBS overnight at 4 °C. Brain
embedded in O.C.T. Tissue Tek (Sakura) were cut into 10 um sections using a cryostat.
Sections were rinsed with PBS and blocked with 5% normal goat serum and 0.2% Triton
X-100 in PBS for 1 h. For cultured cells on coverslips, they were fixed with 4% PFA for

15 min and rinsed and incubated in blocking buffer for 1 h. Sections or coverslips were

then incubated with primary antibody overnight and with fluorescent secondary antibodies
for 1 h. After 3 times of washing, sections or coverslips were co-stained with other primary
antibodies or mounted with mounting medium containing DAPI. Images were then captured
with Zeiss Laser-Scanning Microscopy (LSM) 880 with Airyscan detector or Cytation 5 Cell
Imaging Multi-Mode Reader. Fluorescent intensities were analyzed by BioTek Genb.

BrdU incorporation assay

5-month mice were injected with BrdU (100 mg/kg) on day 1, 7, 14, 21, and 27 and tissues
were collected on day 28. After blocking, frozen sections were co-stained for BrdU and
NeuN before image capturing. BrdU*NeuN™* cells in the dentate gyrus were counted.

Morphological analysis of astrocytes

Sholl analysis was used to assess the complexity of astrocyte. Single astrocyte images were
transformed to 8-bit binary images, which were analyzed by the Image J Sholl analysis
plugin. Intersects were defined as points where the astrocytic processes crossed a concentric
ring. Approximately 30-40 cells from 3 mice per group were analyzed and data were present
as sum of intersects, ramification index, and ending radius.

Primary and secondary antibodies for Immunoblotting and immunostaining

Immunoblotting or immunostaining was performed with: 4-Hydroxynonenal Monoclonal
(12F7) antibody (Invitrogen, MA527570, 1:50), acetyl-CoA carboxylase antibody (Cell
Signaling Technology, 3662, 1:1000), AMPKa (D63G4) antibody (Cell Signaling
Technology, 5832, 1:1000), 8-OHdG monoclonal antibody (N45.1) (JalCA, MOG-100P, 10
pg/mL), APC (Ab-7) antibody (Milipore, OP80, 1:50), CD74 antibody (Novus Biologicals,
NBP229465, 1:50), dMBP antibody (Millipore, AB5864, 1:2000), Glial fibrillary acidic
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protein antibody (Millipore, MAB360, 1:500), NeuN antibody (Sigma, MAB377, 1:100),
Olig2 antibody (Millipore, MABN50, 1:300), PPAR alpha (phospho S12) antibody
(Abcam, ab3484, 1:1000), Tfam (mtTFA) antibody (Abcam, ab131607, 1:1000), B-Actin
(8H10D10) antibody (Cell Signaling Technology, 3700, 1:1000), cPLA2 antibody (Cell
Signaling Technology, 2832, 1:1000), doublecortin antibody (Cell Signaling Technology,
4604s, 1:1000), fatty acid synthase (C20G5) antibody (Cell Signaling Technology, 3180,
1:1000), GLAST (ACSA-1) antibody (Miltenyi Biotec, 130-123-641, 1:50), Hexokinase

I1 (C64G5) antibody (Cell Signaling Technology, 2867, 1:1000), Ibal/AlF-1 (E404W)
antibody (Cell Signaling Technology, 17198, 1:100), MHC Class Il Antibody (Miltenyi
Biotec, 130-112-232, 1:50), MAP2 antibody (Sigma, M4403, 1:1000), Myelin Basic
Protein (D8X4Q) antibody (Cell Signaling Technology, 78896, 1:50), NF-xB antibody
(Cell Signaling Technology, 8242, 1:1000), perilipin-2/ADFP antibody (Novus Biologicals,
NB110-40877, 1:200), PFKFB3 (D7H4Q) antibody (Cell Signaling Technology, 13123s,
1:1000), Phospho-AMPKa. (Thr172) (40H9) antibody (Cell Signaling Technology, 2535,
1:1000), Phospho-CoA Carboxylase (Ser79) antibody (Cell Signaling Technology, 3661,
1:1000), PSD95 (D74D3) antibody (Cell Signaling Technology, 3409, 1:1000), IL-3
antibody (Biolegend, 503902. 1:5), SNAP25 (D7B4) antibody (Cell Signaling Technology,
5308, 1:1000), Acetyl-STAT3 (Lys685) antibody (Cell Signaling Technology, 2523, 1:500),
Phospho-STAT3 (Tyr705) antibody (Cell Signaling Technology, 9145, 1:1000), STAT3
antibody (Cell Signaling Technology, 12640, 1:1000), S100p antibody (Abcam, ab215989,
1:100), Horse anti-mouse secondary antibody (Vector Laboratories, P1-2000, 1:5000), Goat
anti-rabbit secondary antibody (Vector Laboratories, PI-1000, 1:5000), Alexa Fluor 488
goat anti-mouse secondary antibody (Invitrogen, A11001, 1:500), Alexa Fluor 488 goat anti-
rabbit secondary antibody (Invitrogen, A11008, 1:500), Alexa Fluor 555 goat anti-mouse
secondary antibody (Invitrogen, A21422, 1:500), Alexa Fluor 555 goat anti-rabbit secondary
antibody (Invitrogen, A21429, 1:500).

Cellular oxidative stress

Cells were incubated with 5 pM CellROX Green Reagent for 30 min and lysed in 400
pL M-Per buffer and centrifuged for 10 min at 4 °C. Fluorescence intensity of the
supernatants was measured using Cytation 5 at EX/Em = 485/520 nm and normalized to
protein concentrations.

Lipid droplets staining and quantification

Lipid droplets in cells or brain sections were detected with HCS LipidTOX Red Neutral
Lipid Stain or Lipid Droplet Screen-Certified Kit. For cells, Z stack images were captured
to generate three-dimensional volumetric data. The number and volume of intracellular lipid
droplets were quantified using the surface module of Imaris 9.8.0. For brain sections, they
were mounted with the probe before image capturing. Quantification of positive areas was
performed with Imaris 9.8.0.

TUNEL staining

TUNEL staining was performed using TUNEL Assay Apoptosis Detection Kit . Brain
sections permeabilized with Triton X-100 were incubated with equilibration buffer, followed
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by incubation with TUNEL Reaction Buffer at 37 °C. Sections were then co-stained with
primary antibodies of interest or mounted with mounting medium with DAPI for imaging.

Myelin staining
Myelin staining was performed using the FluoroMyelin Green fluorescent stain. Brain
section were incubated with 1 x FluoroMyelin stain for 20 min and washed with PBS for 3 x
10 min before image capturing.

Fluorescent fatty acid tracing

Coverslips with primary astrocytes were incubated with 20 nM BODIPY FL C12 probe,
followed by incubation with 100 nM MitoTracker Green FM. After 3 x 5 min washes with
PBS, astrocytes were fixed in 4% PFA for imaging. The quantification of MitoTracker* area
and Red C12 overlay with MitoTracker were performed with Imaris 9.8.0.

IL-6 and TNFa levels

IL-6 and TNFa levels in cell culture medium were determined by V-PLEX Proinflammatory
Panel 1 Mouse Kit (MSD). Plates were analyzed with MSD instrument.

Lactate levels

Lactate levels in brain tissue homogenates were measured by the Lactate Assay Kit (Sigma).
After removing lactate dehydrogenase, the lysate was incubated with reaction mix for

30 min in the dark and the fluorescence was determined at Ex/Em = 535/587 nm and
normalized to protein concentrations.

Total FFA levels

Total FFA levels in the cortex were determined using Free Fatty Acid Assay Kit (Abcam)
with EX/Em = 535/587 nm and normalized to protein concentrations.

Cholesterol levels

Total cholesterol, cholesteryl ester, and free cholesterol levels were measured by the
Cholesterol Quantitation Kit (Sigma). Cholesterol levels were fluorescently measured

at Ex/Em = 535/587 nm with or without cholesterol esterase and adjusted to protein
concentrations. Cholesterol ester levels were calculated as the difference of total and free
cholesterol.

Total triacylglycerol (TAG) levels

Total TAG levels were determined using Triglyceride Colorimetric Assay Kit (Cayman) by
measuring 540 nm absorbance and adjusted to protein concentrations.

Acetyl-CoA levels

Acetyl-CoA levels in the cortex were determined using the Acetyl-CoA Assay Kit (Sigma)
with EX/Em = 535/587 and adjusted to protein concentrations.
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Prostaglandin E2 levels

PGE2 levels in cell culture medium or brain tissues were measured by the Prostaglandin
E2 ELISA Kit (Cayman Chemical). Culture medium or tissue homogenates were incubated
with PGE2 AChE Tracer and PGE2 antibody and then with Ellman’s reagent. 410 nm
absorbance was measured and normalized to protein concentrations.

Cell viability Assay

The viability of cultured astrocytes was assessed with the Cell Counting Kit-8 by measuring
absorbance at 450 nm.

Thin Layer Chromatography (TLC)

Brain homogenates were extracted with lipid extraction solvent [chloroform: heptane:
methanol (4:3:2 v/v)]. After centrifugation at 2,000 g for 5 min, the organic phase was
collected and dried with N5 gas. Dried extracted lipids were redissolved in chloroform:
methanol (2:1 v/v). TLC was performed on Silica gel 60 plates (Merck Millipore).
Extracted lipids and the lipid standard mix [equal weights (2 ug/uL) of phospholipid

(PL), monoacylglycerol (MAG), cholesterol, diacylglycerol (DAG), FFA, and TAG] were
developed in heptane: diethyl ether: acetic acid (55:45:1 v/v). After separation, TLC plates
were dried and soaked in copper sulfate-phosphoric acid solution [10% CuS0Q4-5H,0 (w/v)
and 8% H3PO,4 (v/v) in water]. For visualization of cholesterol and other lipid classes, plates
were heated for 10 min at 60 °C and an additional 5 min at 150 °C. Images of TLC plates
were captured and band intensities were quantified by qTLC (www.qtlc.app).

Fluorescent BODIPY-C12 pulse-chase assay

Assay was performed as described?® with minor modifications. Astrocytes were incubated
with 2 yM BODIPY-C12 for 16 h and then in substrate-limited medium for 24 h. Astrocytes
were trypsinized and centrifuged, and the pellets were homogenized in 300 pL chloroform.
After centrifuge at 15,000 x g for 5 min, the lower organic phase was collected for TLC
separation of lipids and fluorescent lipids were visualized and quantified.

Metabolite and lipid extraction

For aqueous metabolites, pulverized cortices were mixed with 8:2 (v:v) methanol:H,0 and
incubated on dry ice for 30 min. The mixture was homogenized at 4 °C and centrifuged

at 18,400 x g for 5 min. Soluble extracts were collected and dried using the Speedvac
(Eppendorf Vacufuge) at 30 °C.

For lipid extraction, cortices were mixed with MeOH:PBS (1:3, v:v, 4 °C) and internal
standard solution (100 uM PC (17:0/17:0) and 100 uM PG (17:0/17:0) in MeOH) . After
adding 3 mL MTBE (Methyl tert-butyl ether) into each sample, the tube was vortexed for
30 s and incubated at —20 °C for 30 min and then sonicated in ice bath for 10 min. After
centrifugation (840 x g, 10 min), 2 mL upper MTBE layer was collected and dried. Samples
were reconstituted in 100 puL 1:1 CHCI3:MeOH. 80 pL of each sample was transferred to a
LC-MS vial, and the remaining 20 uL was pooled every 10 study samples to create a quality
control (QC) sample to ensure consistent LC-MS/MS outputs.
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LC-MS/MS analysis of acylcarnitines

LC-MS/MS analysis of acylcarnitines was performed on an Agilent 1290 LC-6490 QQQ-
MS system. 5 UL sample was injected for analysis using positive ionization mode.
Chromatographic separation was performed using a Waters XSelect HSS T3 column with
flow rate of 0.3 mL/min. The mobile phase was composed of solvent A (100% H,0 with
0.1% formic acid) and B (100% ACN with 0.1% formic acid). After the initial 0.5 min
isocratic elution with 100% A, the percentage of A gradually decreased to 5% at t=10 min
and maintained at 5% for 5 min (t=15 min). The extracted MRM peaks were integrated
using Agilent Masshunter software.

LC-MS/MS targeted lipidomics

LC-MS/MS targeted lipidomics were performed as described previously®”. Each sample
was run for both positive and negative ion mode with injection volume of 4 uL and 6 pL,
respectively. Both modes used reverse phase chromatography with a Waters XSelect HSS
T3 column. Flow rate was set at 0.3 mL/min. The mobile phase was composed of solvent
A (10 mM ammonium acetate in 60% H,0/40% CAN) and B (10 mM ammonium acetate
in 90% IPA/10% CAN). After isocratic elution with 50% B for 3 min, the percentage of
B was gradually increased to 100% in 12 min. Following 10 min of continued 100% B,

at 25 min time point, the percent of B was gradually decreased to 50% to prepare for

the next sample. MS experiment parameters were integrated using Agilent’s MassHunter
Quantitative Analysis.

GC-MS-based metabolic flux analysis

Metabolic flux analysis was performed as described®8 with minor modifications. Astrocytes
were incubated with 150 pM U-13C18-labled oleate-BSA in substrate-limited medium

for 24 h. Cells were collected with 1.2 mL 8:2 (v:v) methanol:H,0 and centrifuged

18,400 x g at 4 °C for 10 min, and the supernatant were dried using SpeedVac. Dried
samples were incubated with a solution of 40 L of 20 mg/mL O-methylhydroxylamine
hydrochloride in pyridine at 60 °C for 90 min. Next, 70 uL of N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA) was added followed by 30 min incubation at 60 °C.
An Agilent 8860 GC-5977 MSD system was used for spectral acquisition. Chromatographic
separation was obtained by a Zorbax DB5-MS + 10 m Duragard Capillary Column. The
temperature of the column was held at 60 °C for 1 min before being increased at a rate of
10 °C / min until 325 °C. The column was then kept at this temperature for 10 min. Mass
spectral signals were recorded in full scan mode utilizing electron ionization (El, 70 eV),
and the mass range was 50-600 Da. Agilent MassHunter software was applied to process
the raw GC-MS data. Mass isotopomer distributions (MIDs) were calculated by integrating
metabolite ion fragments, and the IsoCor software was used for the correction of natural
abundance of isotopes and the calculation of enrichment values.

mtDNA copy humber

Total cortical DNA was isolated with PureLink Genomic DNA Mini Kit and analyzed
by gPCR. mtDNA/nDNA ratios were calculated as the relative ratios of mt-ndZ (mtDNA)
to Hk2 (nDNA\) using primers: mt-nal forward: 5'-CTAGCAGAAACAAACCGGGC-3’;
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mt-nd1 reverse: 5'-CCGGCTGCGTATTCTACGTT-3"; Hk2forward:
5 -GCCAGCCTCTCCTGATTTTAGTGT-3": and Hk2reverse: 5'-
GGGAACACAAAAGACCTCTTCTGG-3'.

RNA extraction and RT-gPCR

Total RNA was isolated from acutely isolated cells, cultured cells, or brain tissues

using PureLink RNA Mini Kit. Extracted RNAs were reverse transcribed to cDNA

using the SuperScript IV VILO Master Mix with ezDNase Enzyme kit. TagMan probes
(MmO00607939_s1 for Acth, Mm00434273_m1 for //3ra, and Mm00447485_m1 for 7fam)
were used for gPCR using a QuantStudio 6 Real-Time PCR System. mMRNA levels of other
genes were assessed by SYBR Green real-time PCR assays, with the primer sequences listed
in Supplementary Table 1. Relative gene expression to the reference group was calculated
by the comparative Ct (AACt) method, with Ct denoting threshold cycle and ACt being
calculated as the difference in average Ct of the target genes and Actb.

RNA Sequencing

RNA sequencing was performed using NovaSeq 6000 (3M reads per sample). Transcripts
were mapped to mouse cDNA (ensembl release 95) using Salmon. Tximport V1.15.0 was
used to generate a counts table and DESeq2 V1.26.0 was used to calculate normalized read
counts. Fold changes were determined by dividing the average normalized read counts of
one group over the control group. P-values were corrected using the Benjamini-Hochberg
False Discovery Rate (FDR), and genes with adjusted p-values < 0.05 were identified as
differentially expressed genes (DEGS).

Principal component analysis (PCA)

Principal components were calculated based on VST transformed expression of top 500
variant genes across all samples in RNA-Sequencing. The PCA plot was prepared using R
package: factoextra. To show sample clustering, heatmap of the same top variant genes as in
PCA analysis was presented using R:pheatmap package.

Gene set enrichment analysis (GSEA)

The ranked gene list was used to identify pathways that were significantly enriched or
underrepresented using R:clusterprofile package.

Gene ontology (GO) enrichment and REVIGO analyses

Overlap analysis of DEG lists and shared pathways between Tfam”KO and 5xFAD models
was performed using hypergeometric test. GO term enrichment analysis was performed
using Enrichr with DEGs shared between 6-month-old Tfam”KO (versus 6-month-old WT)
and 12-month 5xFAD (versus 12-month-old WT) hippocampal RNAseq datasets. GO-BP
enrichment was further refined to exclude redundant and similar GO-BP terms using

Python package GOATOOLS. Significant GO terms were visualized based on their semantic
similarity by REVIGO*, using Resnik as the clustering algorithm and 0.5 as allowed
similarity measure.
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Magnetic resonance imaging

Imaging data acquisition—Magnetic resonance imaging (MRI) data were acquired for
mouse on a Bruker Biospec 70/20 7.0T scanner. High resolution structural images were
acquired with T,-weighted rapid acquisition with relaxation enhancement sequence (TE: 30
ms; TR: 1800 ms; flip angle 180°; RARE factor: 8; number of averages: 2; FOV: 2.4 x 1.44
x 0.96; acquisition matrix 320 x 192 x 120; reconstructed voxel size 75 um; total acquisition
time: 3 h 4 min). Diffusion weighted imaging included separate 2D EPI diffusion weighted
sequences (TE: 45 ms; TR: 1000 ms; flip angle: 90°; FOV: 2.56 x 1.28 x 1.28; acquisition
matrix 128 x 64 x 64; slice thickness 12.8 pm; reconstructed voxel size: 200 ym, 8 6=0
images) for b values = 1000 s/mm2, 2000 s/mm2, and 3000 s/mm?2. Data were converted to
NIFTI format using brkraw (v. 0.3.7).

Anatomical pre-processing and volumetric analyses—\Volumetric structural
analyses were conducted using ANTS 2.3.5. Preprocessing steps included denoising,
warping of an initial mask using the DSURQE template brain and mask. Final image
intensities were truncated and rescaled to the image range of the DSURQE template image.
Using these minimally preprocessed images, a study-specific template was created. Relative
log-Jacobian maps were used for deformation-based volumetric analyses. Using the relative
Jacobians controls for differences in brain size and therefore was not included as a covariate.
Voxelwise analyses were conducted using a two-sample t-test in FSL’s randomize®® on these
images. Groupwise differences were assessed across atlas regions of interest using a total
brain volume adjusted ANCOVA with R:rstatix. For both deformation-based and atlas-based
analyses, results are reported for FDR-corrected p < 0.05.

Diffusion analyses—Initial preprocessing the diffusion weighted data including gradient
checking, denoising, Gibbs unringing, motion and eddy current correction, and bias
correction using a combination of DIPY and MRtrix’?. A study-specific DWI template

was generated from the mean 60 images of the pre-processed DWI data and the DSURQE
template mask was inverse warped to the individual brain images. Two complementary
analytic pipelines were run on these pre-processed diffusion weighted images.

Tract-based spatial statistics (TBSS)—Using the pre-processed diffusion weighted
images, diffusion tensor and kurtosis scalars were estimated using RESTORE . Resulting
maps included fractional anisotropy and kurtosis fractional anisotropy maps as well as scalar
maps for axial, radial, and mean diffusivity, and kurtosis. Scalar maps were then warped to
the study-specific DWI template space for analysis. These scalar maps were analyzed using
a modified version of TBSS implemented using FSL’2. The individual fractional anisotropy
maps were projected onto the skeleton, which was also used for each of the other scalar
maps. For the TBSS data, all scalars were analyzed using two-sample t-tests performed
using FSL’s randomise (maximum permutations = 70).

Connectometry analyses—The pre-processed diffusion weighted images were analyzed
using DSI Studio in a Singularity image. Prior to analyses, the data were linearly

upsampled and regridded to the same voxel resolution as the anatomical T2-weighted
images. The diffusion data were reconstructed in the MNI space (CIVM mouse template)
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using g-space diffeomorphic reconstruction to obtain the spin distribution function. A
diffusion sampling length ratio of 0.6 was used. Diffusion MRI connectometry was used

to derive the correlational tractography that has quantitative anisotropy (QA) correlated

with group membership. A nonparametric Spearman correlation was used to derive the
correlation. A T-score threshold of 2.5 was assigned and tracked using a deterministic fiber
tracking algorithm to obtain correlational tractography. The tracks were filtered by topology-
informed pruning’3. A length threshold of 20 voxel distance was used to select tracks. To
estimate the FDR, a total of 4000 randomized permutations were applied to the group label
to obtain the null distribution of the track length. Results are reported at FDR-corrected p <
0.05.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 except for RNAseq and MRI
analyses. Statistical significance was determined by two-tailed student t-test for pairwise
comparisons and one-way ANOVA with post-hoc Tukey test for multiple comparisons. Data
were presented as means £ SEM. The exact number of biological replicates for each assay
and the p-values for each comparison are provided in figure legends. Primary cell cultures or
co-cultures of the same group were randomly assigned to different experimental conditions.

Extended Data
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Extended Data Fig. 1. Astrocytic Tfam deletion-induced neurodegener ation in 6- but not 1.5-
month-old mice.

(a) Schematic diagram of the generating of astrocyte specific 77am knockout allele. (b)
Western blots and quantification showing protein levels of Tfam in 3-month and 1.5-month
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WT and Tfam”KO mouse hippocampi. (¢) 77am mRNA levels in neurons, astrocytes,

and microglia acutely isolated from 6-month WT and Tfam”KC mouse brains. (d and

€) Representative mitochondrial stress test performed with primary astrocytes isolated

from 6-month WT or Tfam”KO mouse brains with sequential injections of mitochondrial
inhibitors including oligomycin A, FCCP and rotenone + antimycin A (d); basal, maximal,
and uncoupling-linked respiration were shown in e. (f) Brain weight of 6-month WT and
Tfam”KO mice. (g) The ratio between distance travelled in the center area and total distance
travelled for 6-month mice. (h) Discrimination index of 1.5-month WT and Tfam”KO mice
in NOR test. (i and j) Representative tracks (i) and time spent in the center area (marked

by orange squares) and the ratio between distance travelled in the center and total distance
travelled (j) for 1.5-month WT and Tfam”KO mice. (k) Speed, LF swing, and LF step

cycle of 6-month WT and Tfam”KO mice in CatWalk tests. () 7/2m mRNA levels in the
cerebellum and brainstem of 6-month mice. n =5 (3-mon) or 4 (1.5-mon) mice (b); n =5
(astrocyte and neuron) or 6 (microglia) mice (c); n = 14 (WT) or 16 (AKO) wells (d,e); n =
5 mice (f, j, 1); n =13 (WT) or 9 (AKO) mice (g); n =5 (WT) or 4 (AKO) mice (h); n=14
(WT) or 17 (AKO) mice (k). Bar graphs are presented as mean + SEM. Two-sided unpaired
t-test was used for all comparisons.
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Extended Data Fig. 2. Tfam™KO has no effect on neurogenesis or neuronal death, and synaptic
deficits occur after 3-month-of-age.
(a) Densitometric analyses of MAP-2, PSD95, and SNAP25 protein expression in the

hippocampus of 6-month mice (Fig. 1i). (b) Representative images and quantification of
MAP-2-positive area in hippocampal sections of 3-month mice. (c) Western blots and
quantifications showing protein expression of MAP-2 and PSD-95 in 3-month mouse
hippocampi. (d) Heatmap showing DEGs (FDR-corrected p < 0.05) related to synaptic
function from RNAseq data of 6-month mouse hippocampi. (€) Representative images
showing the hippocampal area of brain sections of 6-month mice co-stained for NeuN
and Doublecortin. (f) Representative images and quantification for NeuN* areas of

the hippocampus and cortex of 6-month mouse brains. (g) Representative images and
quantification of BrdU*NeuN™ cells in dentate gyrus of 6-month mouse brains. n =5 (a,
c), 4 (b, f), or 3 (g) mice. Bar graphs are presented as mean + SEM. Two-sided unpaired
ttest was used for all comparisons. Scale bars, 100 um (b, g, f, g, h).
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Extended Data Fig. 3. Lipid dyshomeostasisin Tfam”KO mouse brains.
(a) Glast-1 positive rate of isolated brain cells by flow cytometry (left) and cell viability

of primary astrocytes from 6-month WT and Tfam”KO mice. (b-f) Heatmaps of DEGs
(FDR-corrected p < 0.05) of mitochondrial complexes I (b), 11 (c), 11 (d), IV () and V (f)
that are encoded by either mtDNA or nuclear DNA (nDNA) in 6-month mouse hippocampi.
(9) Densitometric analyses of PPARa protein in 6-month WT and Tfam”KO hippocampus
(Fig. 2e). (hand i) TLC assay showing altered levels of major classes of lipid species in
6-month mouse cortices (h), which are quantified by normalizing to protein concentrations
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(i). Std., standard mix. (j and k) Total TAG (j) and FFA (k) levels in 6-month mouse cortices
measured by fluorometric assays. (I-n) Cortical levels of total cholesterol, cholesteryl ester,
and free cholesterol of 6-month mice. (o and p) Total TAG (0) and FFA (p) levels in
3-month mouse cortices measured by fluorometric assays. (q) Heatmap of all 153 lipid
species detected by the targeted lipidomic panel in 6-month mouse cortices. n = 3 (a-left, i),
5 (g), or 7 (I-n) mice; n =11 (WT) or 14 (AKO) independent samples (a-right); n =5 (WT)
or 4 (AKO) mice (j); n=5 (WT) or 6 (AKO) mice (k); n =7 (WT) or 4 (AKO) mice (0); n =
6 (WT) or 4 (AKO) mice (p). Bar graphs are presented as mean = SEM. Two-sided unpaired
t-test was used for all analyses.
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Extended Data Fig. 4. Lipid accumulation and metabolic shift in astrocytic FA degradation-
deficient brains.
(a) Western blots and quantification showing Plin2 expression in 6-month WT and Tfam”KO

mouse hippocampi. (b) Representative Montage images of Plin2 staining of coronal brain
sections of 6-month mice. (c) Representative images of hippocampal sections of 3-month
mice stained for LD and GFAP. (d) Representative images of hippocampal sections of 1.5-
month mice stained for LD and GFAP. (e) Representative images of hippocampal sections of
6-month mice stained for LD and IBA-1 (left) or LD and NeuN (right). (f) Sholl analysis,
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including ending radius, sum of intersects, and ramification index, of astrocytes (GFAP
stained) in the hippocampus of 6-month mouse brains. (g) Representative GFAP staining
images of cultured astrocytes from 6-month WT or Tfam”KO mice. (h) Representative
images of LD staining of 6-month primary astrocytes. (i and j) Quantification (i) and
fluorescent TLC image (j) of esterified and free BODIPY-C12 from pulse-chase assay

with 6-month primary astrocytes. Std., BODIPY-C12 standard. (k) PCA plot of cortical
acylcarnitine profiles of 6-month WT and Tfam”XO mice. (1) Heatmap of significantly
changed acylcarnitines in 6-month WT vs. Tfam”KO cortices. (m) Representative images
and quantification of S100p3 immunostaining of vehicle- or oleate-treated 6-month WT
astrocytes. (n) Relative CellROX intensity in oleate treated WT astrocytes. (0) Lactate
levels in 6-month mouse cortices. (p) Heatmap of DEGs involved in glycolysis in 6-month
mouse hippocampi. (q) Western blots and quantification of HK2 and PFKFB3 expression
in 6-month mouse hippocampi. (r) mMRNA levels of Hk2and G/ut1 in astrocytes acutely
isolated from 6-month mice. (s) Lactate levels in cultured astrocytes from 6-month WT and
Tfam”KO mice.n=5 (a, m, o, q), 3 (f, i), or 4 (S) mice; n = 12 independent samples (n); n
=7 (Hk2), 4 (Glutl-WT), or 3 (Glutl-AKO) mice (r). Bar graphs are presented as mean +
SEM. Two-sided unpaired t-test was used for all comparisons. Scale bars, 1000 um (b), 500
pum (g, m); 100 pm (d, €); 20 pm (c); 15 pm (h).
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Extended Data Fig. 5. LD accumulation isinsufficient to induce astrocyte reactivity.
(a) Representative images and qualification of LD volumes in 6-month WT astrocytes

treated with 10 uM atglistatin for 24 h. (b) Representative GFAP staining images and
intensity (normalized to cell counts) of 6-month WT astrocytes treated with 10 uM
atglistatin for 24 h. (c) Representative western blots and quantification of p-STAT3T705
in 6-month WT astrocytes treated with 10 pM atglistatin for 24 h. (d) PGE2 levels in

the cortex of 6-month WT and Tfam”KO mice. (€) Representative images of hippocampal
section of 6-month Tfam”KO mouse showing that STAT3 is predominantly localized to
GFAP™ astrocytes. n = 4 mice (a, b, ¢); n =6 (WT) or 5 (AKO) mice (d). Bar graphs are
presented as mean + SEM. Two-sided unpaired t-test was used for all comparisons. Scale
bars, 1000 um (b); 100 pm (€); 15 pm (a).
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Extended Data Fig. 6. L oss of OxPhos diminishes astrocytic support to neurons and induces
neuronal oxidative stress.

(a) Neurite volume of WT neurons cultured alone or with 6-month astrocytes. (b) Basal
OCR of WT neurons cultured with 6-month astrocytes. (c) ECAR of WT neurons cocultured
with 6-month astrocytes. (d) Increases in LD volume for WT or Tfam”KO astrocytes
cocultured with WT neurons relative to these astrocytes cultured alone. (€) Design for data
in (f). WT neurons pretreated with vehicle, MCTi (AR-C155858) or ACCi (ND630) were
cultured with WT or Tfam”KO astrocytes. Astrocytes were stained for LD (image created
with BioRender.com). (f) Reductions in LD volume in WT or Tfam”KO astrocytes induced
by neuronal MCTi (left) or neuronal ACCi (right). Presented values were calculated as: LD
volume in astrocytes cocultured with vehicle-pretreated neurons — LD volume in genotype-
matched astrocytes cocultured with ACCi- or MCTi-pretreated neurons. (g) mRNA levels
of Acacaand Fasnin WT neurons cocultured with 6-month astrocytes. (h and i) OCR of
WT neurons cocultured with 6-month oleate-BSA-treated WT astrocytes. (j) MRNA levels
of genes involved in FA transport and p-oxidation in acute 6-month astrocytes. (k) Protein
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levels of PPARa in WT neurons cultured with 6-month astrocytes. (I and m) Representative
images of hippocampal sections of 6-month mice co-stained for 4-HNE and GFAP or
8-OHdG and GFAP. (n) Relative CellROX intensity in cultured 6-month astrocytes. (0)
CellROX positive rate of Glast1* astrocytes in 6-month brains by flow cytometry analysis.
(p and g) Representative images of hippocampal sections of 3-month mice stained for
4-HNE (p) or 8-OHdG (q). n = 3 (no-astrocyte) or 5 (+WT and +AKO) independent samples
(a); n=6 (WT) or 5 (AKO) independent samples (b, ¢); n=4(d, f), 5(g), 6 (j), 3 (k, 0), or
4 (n) independent samples; n =5 (+WT) or 4 (+Oleate) independent samples (h, i). Bars are
presented as mean £ SEM. Two-sided unpaired £test was used except for a, where one-way
ANOVA with post-hoc Tukey test was used. Scale bars, 100 pm (m, p, q); 25 um (1).
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Extended Data Fig. 7. Microglial activation and neuroinflammation are induced by astrocytes
with OxPhos deficit via | L-3 signaling.

(a) Top 10 GO Biological Processes enriched in 6-month Tfam”KO hippocampi compared to
WT mice. (b) IBA-1 positive area in cortical sections of 6-month WT and Tfam”KO mouse
brains. (c) Representative images of hippocampal sections of 3-month WT and TfamAKO
mice stained for CD-74 and IBA-1. (d) Representative images of hippocampal and cortical
sections of 1.5-month mice stained for IBA-1. (€) Densitometric analysis of NFxB protein
levels in 6-month mouse hippocampi (Fig. 6g). (f) Heatmap showing DEGs (FDR-corrected
p < 0.05) encoding cytokines in 6-month mouse hippocampi. (g) Representative images

of IBA-1 staining of WT primary microglia (on coverslips in 6-well plates) cocultured

with WT or TfamAKO astrocytes (in 6-well inserts) for 24 h. (h and i) Quantification (h)
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and representative images (i) of IBA-1 intensity (normalized to cell count) in WT primary
microglia cultured with WT or Tfam”KO astrocytes for 48 h. (j) Representative images

of cortical sections of 6-month WT and Tfam”KO mice stained for I1L-3 and GFAP. (k

and 1) Representative images of hippocampal (k) and cortical (I) sections of 3-month WT
and Tfam”KO mice stained for I1L-3 and GFAP. (m) Representative images of WT primary
microglia (on coverslips in 6-well plates) pretreated with vehicle or IL-3Ra neutralizing
antibody, cocultured with Tfam”KO astrocytes (in 6-well inserts) for 24 h and then stained
for IBA-1. n =4 (b, h) or 5 (€) mice or independent samples. Bar graphs are presented as
mean + SEM. Two-sided unpaired t-test was used for all comparisons. Scale bars, 1000 pm
(g,i, m); 100 um (c, d, j, k, ).
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Extended Data Fig. 8. Loss of myelin integrity and suppressed lipid synthesisin TfamAKO

brains.
(a) Voxel-wise analyses of fractional anisotropy, mean-, axial-, and radial diffusivity of

coronal slices on the study specific template. Blue voxels identify statistically significant
TfamAKO < WT voxels (family-wise error corrected p < 0.05) for each index. (b) Total brain
volume of 6-month WT and Tfam”KO mice. (c and d) Representative Montage images of
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6-month WT and Tfam”KO mouse coronal sections stained for FluoroMyelin and MBP. (€)
Representative images and quantification of FluoroMyelin staining of the corpus callosum
area of 3-month brain sections. (f) Representative images and quantification of 3-month
cortical sections stained for MBP. (g and h) Representative images of the hippocampus

(g) or white matter (h) areas of 6-month brain sections stained for CC1 and Olig2. (i and

j) Representative images of corpus callosum (CC) of 6-month brain sections stained for
TUNEL and Olig2 and dMBP. (k) Heatmap showing DEGs (FDR-corrected p < 0.05) that
are positive (Mag, Myrf, Sox10, Nkx6-2, Ckap5) and negative (Omg, Chrm1, and /d4)
regulators of myelination in 6-month mouse hippocampi. (I and m) Densitometric analysis
of FAS and p-ACC/ACC levels in 6-month mouse hippocampi (Fig. 7e). (n and o) Western
blots and quantification showing protein expression of FAS, p-ACC, and ACC in 3-month
mouse hippocampi. (p) Densitometric analysis of p-AMPK/AMPK ratio in 6-month mouse
hippocampi (Fig. 7e). n =4 (b, f), 3 (), or 5 (I, m, o, p) mice. Bar graphs are presented as
mean + SEM. Two-sided unpaired t-test was used for all comparisons. Scale bars, 1000 pm
(cand d); 100 um (e, f, g, h, i, j).
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Extended Data Fig. 9. Impaired FA degradation, LD accumulation, and Tfam”KO-induced
transcriptional signatures are resembled in a mouse model of AD.

(aand b) Heatmaps showing AD-related (a) and DAM (b) DEGs (FDR-corrected p < 0.05)
in 6-month mouse hippocampi. (c) Western blot and quantification showing protein levels of
Plin2 in 4-month WT and 5xFAD mouse cortices. (d and €) Representative images showing
the subiculum area of 6-month WT or 5xFAD mouse brain sections stained for LD and
IBA-1 (d) or LD and NeuN (e) suggest no localization of LD to neuron or microglia. (f)
Representative images of LDs in primary astrocytes isolated from 4-month WT or 5xFAD
mouse brains (quantified in Fig. 8f). (g) The ratio of fission to fusion products in cultured
astrocytes from 4-month WT or 5xFAD mice by subtype analysis of mitochondria reticulum
images. (h and i) Quantification and representative images of BODIPY-C12 localized to
mitochondria (MitoTracker*) in primary astrocytes from 6-month WT or 5XFAD mice. n = 4
(c, g) or 3 (h) mice. Bar graphs are presented as mean + SEM. Two-sided unpaired t-test was
used for all comparisons. Scale bars, 100 um (d, €); 20 um (f, i).
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Fig. 1. Astrocyte-specific Tfam deletion induces cognitive impair ment and neur odegener ation.
(a) Protein levels of Tfam in the hippocampus and cortex of 6-month-old WT and TfamAKO

mice. (b) mtDNA copy numbers in the hippocampus of 6-month-old mice. (c) Levels of
mtDNA-encoded transcripts of complexes I, 111, IV and V in the cortex of 6-month-old mice.
(d) Discrimination index of 6-month-old mice by the novel object recognition (NOR) test.
(e) Representative 5-minute tracks and the time spent in the center area (marked by the
orange squares) from the open field test of 6-month-old mice. (f) Recorded fEPSP slopes of
hippocampal slices from 6-month-old mice normalized to the pre-tetanus baseline (left) and
LTP quantified using %fEPSP for the last 5 min of the response to TBS stimulation (right).

n = 10-15 slices from 4 mice per group. (g and h) Representative images and quantifications
(positive area %) of 6-month-old mouse hippocampus sections stained for MAP-2 (g) and
PSD95 (h). (i) Western blots showing protein expression of MAP-2, PSD95, and SNAP25

in 6-month-old mouse hippocampi (quantified in Extended Data Fig. 2a). (j and k) Heatmap
(j) and PCA plot (k) showing the expression of top 500 variant genes in the hippocampus of
6-month WT and Tfam”KO mice. (I) Top 10 GO Biological Processes enriched in 6-month
WT hippocampus compared to that of Tfam”KO mice. n =5 (a, k) or 4 (g and h) mice; n = 6
(WT) or 5 (AKO) mice (b); n =9 (WT) or 6 (AKO) mice (c); n =13 (WT) or 9 (AKO) mice
(d, €); n =10 (WT) or 15 (AKO) slices from 4 mice (f). Bar graphs are presented as mean *
SEM. Two-sided unpaired t-test was used for all comparisons. Scale bars, 100 um (g and h).
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Fig. 2. Aberrant astrocytic OxPhos disrupts brain lipid homeostasis
(a) GSEA identified significantly enriched (enrichment score > 0) or underrepresented

(enrichment score < 0) mitochondrial pathways in 6-month Tfam”KO mouse hippocampi
relative to WT. (b and c) GSEA plots showing enrichment profiles of OXPHOS genes

(b) and FAO genes (c). (d) Heatmap showing DEGs (FDR-corrected p < 0.05) related

to mitochondrial and peroxisomal B-oxidation in 6-month mouse hippocampi. (€) Western
blots showing increased levels of PPARa in 6-month Tfam”KO hippocampi (quantified

in Extended Data Fig. 3g). (f and g) TLC assay showing altered levels of major lipid
classes in 6-month mouse hippocampi (f), which are quantified by normalizing to protein
concentrations (g). Std., standard mix. (h) PCA plot of hippocampal lipidomic profile of
6-month WT and Tfam”KO mice. (i-0) Heatmaps of the levels of different classes of lipid
species that are significantly changed in 6-month Tfam”KO vs. WT cortices, including
ceramide (i), cardiolipin (j), PS (k), PI (1), PC (m), PE (n), and DAG (0). n = 3 mice (g);
n =10 (WT) or 9 (AKO) mice (h). Bar graphs are presented as mean + SEM. Two-sided
unpaired t-test was used for all comparisons.
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Fig. 3. Loss of astrocytic FA degradation leadsto L D accumulation and reactive astrogliosis.
(a) Representative images of 6-month hippocampal or cortical staining for Plin2 and LD.

(b) Quantification of LD™ area in hippocampal sections. (c) Representative images of
hippocampal and cortical sections of 6-month mice. (d) Quantification of GFAP* area in
hippocampal sections. (€) Heatmap of reactive astrocyte DEGs in 6-month hippocampi. (f)
Tnfaand //6 mRNA levels in acute 6-month astrocytes. (g) GFAP intensity of cultured
6-month astrocytes. (h) Relative OCR of 6-month acute hippocampal slices on oleate-BSA.
(i) Etomoxir-induced OCR decreases of 6-month acute hippocampal slices. (j) Etomoxir-
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induced OCR decreases of cultured 6-month astrocytes. (k) FA-induced basal and maximal
OCRs in 6-month astrocytes presented as differences in the presence and absence of
exogenous FA. (1) LD volume in cultured 6-month astrocytes. (m and n) Quantification
and representative images of BODIPY-C12 localized to mitochondria in 6-month astrocytes.
(0) 13C enrichment of TCA metabolites in astrocytes incubated with U-13C-oleate. (p)
Ratio of mitochondrial fission to fusion products in 6-month astrocytes. (q) Representative
images and quantification of LDs in 6-month WT astrocytes treated with oleate-BSA.

(r) Representative images and quantification of GFAP intensity of WT astrocytes after
oleate-BSA treatment. (s) Levels of p-STAT3™705 in oleate-BSA-treated WT astrocytes.
(t) Medium IL-6, TNFa, and PGE2 levels of oleate-BSA-treated WT astrocytes. (u and

V) Representative ECAR curves and quantification of acute hippocampal slices before and
after FA addition under glycemic or aglycemic conditions. n=4 (b, d, p, s, t), 7 (f), 3
(9,1),5(l, m), 6 (0-WT), 7 (0-AKO), 3 (g-WT), or 4 (g-AKO) mice; n =13 (h), 28
(i-WT), 22 (i-AKO) slices; n = 8 (j) or 11 (k) independent samples; n = 14 (WT-glucose),
13 (AKO-glucose), 14 (WT-sucrose), 15 (AKO-sucrose) slices (u,v). Bars and plots are
presented as mean + SEM. Two-sided unpaired #test was used for all comparisons except
for the comparisons before and after FA injections in v, where two-sided paired #test was
used. Scale bars, 500 pm (r); 100 um (a and c); 25 um (q); 20 um (n).
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Fig. 4. Acetylation of STAT3 mediates FA- and TfamKC-induced astrocyte reactivity
(a) Representative images and qualification of LD volumes in WT astrocytes treated with

BSA (vehicle) or 150 uM oleate-BSA for 24 h with or without pretreatment of 10 uM
etomoxir (CPT1i). (b) Representative western blots and quantification of p-STAT3TY705
in BSA- or oleate-BSA-treated astrocytes with or without CPT1i pretreatment. (c) IL-6,
TNFa, and PGE2 levels in culture medium of BSA- or oleate-BSA-treated astrocytes
with or without CPT1i pretreatment. (d) Representative western blots and quantification
of acetyl-STAT3LYs685 jn BSA- or oleate-BSA-treated astrocytes with or without CPT1i
pretreatment. (€) Representative western blots and quantification of acetyl-STAT3LYs685
and p-STAT3™"705 in astrocytes treated with BSA or 150 UM oleate-BSA for 24 h with
or without pretreatment of 50 uM BMS-303141(ACLY:i) or 50 uM S31-201 (STAT3i). (f)
IL-6, TNFa, and PGE2 levels in culture medium of BSA- or oleate-BSA-treated astrocytes
with or without ACLYi or STATS3i pretreatment. (g) Western blots and quantifications of
acetyl-STAT3LYs685 and p-STAT3 V705 Jevels in the hippocampus of 6-month WT and
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TfamAKO mice. (h) Acetyl-CoA levels in the cortex of 6-month WT and TfamAKO mice.

(i) Schematic representation of the mechanism by which Tfam deletion or exogenous FA
induce astrocyte reactivity; key components and inhibitors involved are shown (image
created with BioRender.com). n =4 (a, €, g) or 5 (b and d) mice; n = 6 (IL6 and TNFa.) or
3 (PGE2) mice (c); n =8 (IL6 and TNFa) or 6 (PGE2) mice (f); n=6 (WT) or 5 (AKO)
mice (h). Bar graphs are presented as mean + SEM. Two-sided unpaired #test (g and h) and
one-way ANOVA with post-hoc Tukey test (a-f) was used. Scale bar, 15 pm (a).
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Fig. 5. Impaired astrocytic FA degradation diminishes neurotrophic support and triggers
neuronal FAO and oxidative stress.

(a) Representative images of WT hippocampal neurons cultured alone (on coverslips in
6-well plates) or cocultured with WT or TfamAKO astrocytes (in 6-well inserts) for 7 days
and immunostained for MAP-2 with neurite length quantified. (b) Mito Stress Test of WT
neurons (in 24-well Seahorse plate) cultured with WT or TfamAKO astrocytes (in 24-well
insert) for 7 days with quantifications of maximal respiration (after FCCP injection) shown.
(c) Lactate levels in WT neurons (in 6-well plates) cultured with WT or TfamAKO astrocytes
(in 6-well inserts) for 7 days. (d) Representative images and qualification of LD volumes

in WT neurons cultured alone or with WT or Tfam”KO astrocytes for 7 days. (€) mRNA
levels of Pparain neurons acutely isolated from 6-month mouse brains. (f) MRNA levels of
genes involved in FA transport and FAO in neurons acutely isolated from 6-month mouse
brains. (g) mRNA levels of Cpt2, Acaadvl, and Pparain WT neurons cultured with WT or
TfamAKO astrocytes for 7 days. (h) Relative ROS levels (CellROX intensity) in WT neurons
(in 6-well plates) cultured with WT or Tfam”KO astrocytes (in 6-well inserts) for 7 days. (i
and j) Representative images of hippocampal sections of 6-month WT and Tfam”KO mice
stained for NeuN and 4-HNE (i) or NeuN and 8-0x0-2’-deoxyguanosine (8-OHdG) (j). n =
3 (no-astrocyte) or 5 (+WT and +AKO) independent samples (a,d); n =6 (WT) or 5 (AKO)
independent samples (b); n =3 (c), 5 (g), or 6 (h) independent samples; n =4 (WT) or
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3 (AKO) mice (€); n = 6 mice (f). Bar graphs are presented as mean + SEM. Two-sided
unpaired Student’s #test (b,c,e-h) or one-way ANOVA with post-hoc Tukey test (a,d) was
used. Scale bars, 100 um (i, j); 50 um (a); 20 pm (d).
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Fig. 6. Astrocyteswith OxPhos deficit promote microglial activation and neuroinflammation via
IL-3.

(a) Heatmap showing DEGs (FDR-corrected p < 0.05) related to microglial activation and
immune response in 6-month mouse hippocampi. (b) Representative images of hippocampal
or cortical sections of 6-month mice stained for IBA-1. (c) IBA-1* area % in hippocampal
sections of 1.5-, 3-, and 6-month WT and Tfam”KO mice. (d) MHCII-positive rate in
microglia acutely isolated from 6-month mouse brains with anti-CD11b microbeads. (€)
Representative images of hippocampal or cortical sections of 6-month mice stained for
CD74. (f) TNFa and IL-1p levels in the cortex of 6-month mice. (g) Western blots of
NFxB in 6-month mouse hippocampi (quantified in Extended Data Fig. 7e). (h and i)
mRNA level of 7nfa, 1116, TremZ2, and Apoe in microglia acutely isolated from 6-month
mouse brains. (j) IBA-1 intensity (normalized to cell count) in WT primary microglia (on
coverslips in 6-well plates) cocultured with WT or Tfam”KO astrocytes (in 6-well inserts)
for 24 h. (k) Representative images of hippocampal sections of 6-month mice stained for
IL-3 and GFAP. (I) IL-3" area in the hippocampus of 3- and 6-month mice. (m) //3ra
MRNA levels in microglia acutely isolated from 6-month mouse brains. (n) //3ramRNA
levels in WT microglia (in 24-well plates) cultured with WT or TfamAKO astrocytes (in
24-well inserts) for 24 h. (o) IBA-1 intensity (normalized to cell count) in WT microglia (on
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coverslips in 6-well plates) pretreated with vehicle or IL-3Ra neutralizing antibody before
being cocultured with TfamAKO astrocytes (in 6-well inserts) for 24 h. n =4 (c, h), 5 (j), 3
(d, I, n, 0), or 8 (m) mice or independent samples; n =6 (WT) or 5 (AKO) mice (f); n=7
(7rem2-WT), 8 (Trem2-AKO), or 4 (Apoe) mice (i). Bar graphs and dot plots are presented
as mean + SEM. Two-sided unpaired t-test was used for all comparisons. Scale bars, 100 pm
(b, e and k).
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Fig. 7. Loss of astrocytic FA degradation suppresses lipid synthesis and induces demyelination.
(a) Voxel-wise analyses of fractional anisotropy and mean-, axial-, and radial diffusivity.
Colors reflect voxels with statistically significant TfamAKO < WT family-wise error
corrected 1-pvalues. (b) Connectometry analysis comparing Tfam”KO to WT brains

using quantitative anisotropy. Fiber color indicates principal fiber direction (left) and local
T-value (right). (c) Representative images and quantification of the corpus callosum area
of brain sections of 6-month mice stained for FluoroMyelin. (d) Representative images
and quantification of cortical area of 6-month mouse brains stained for MBP. (€) Western
blots showing the levels of FAS, p-ACC, ACC, p-AMPK and AMPK in 6-month mouse
hippocampi (quantified in Extended Data Fig. 8, m, p). (f) mRNA levels of genes
involved in FA synthesis (Fasnand Acaca), phospholipid synthesis (Chpt and Ceptl), and
cholesterol synthesis (Hmgcrand HmgcsI) in astrocytes acutely isolated from 6-month
mouse brains. (g) mMRNA levels of genes involved in FA synthesis (Fasnand Acaca)

and phospholipid synthesis (C/ptl and Ceptl) in oligodendrocytes acutely isolated from
6-month mouse brains. n = 3 (c), 4 (d), or 8 (g) mice; n =8 (Fasn, Acaca, Chptl and Ceptl)
or 4 (Hmgcrand HmgcsI) mice (f). Bar graphs are presented as mean £ SEM. Two-sided
unpaired #test was used for all comparisons. Scale bars, 100 pm (c and d).
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Fig. 8. Impaired FA degradation, LD accumulation, and Tfam

signatures areresembled in a mouse model of AD.
(a) Heatmap showing disease associated astrocyte (DAA)-related DEGs in 6-month WT

and Tfam”KO mouse hippocampi. (b) Representative images showing subiculum of 6-
month WT and 5xFAD brain sections stained for LD and GFAP. (c) Western blots and
quantification of Plin2 expression in 6-month WT and 5xFAD mouse cortices. (d) Relative
OCR of hippocampal slices from 6-month mice on oleate-BSA. (e) Etomoxir-induced
decreases in OCR of acute hippocampal slices from 6-month mice. (f) Quantification of
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LDs in cultured astrocytes from 4-month mouse brains. (g) FA-induced basal and maximal
OCRs in cultured astrocytes from 4-month brains presented as OCR differences in the
presence or absence of exogenous FA. (h) Etomoxir-induced decreases in OCR in cultured
astrocytes from 4-month WT or 5XFAD mice. (i) AparamRNA levels in cultured astrocytes
from 4-month WT or 5xFAD brains. (j and k) Quantifications (j) and representative images
(k) of BODIPY-C12 localized to mitochondria in primary astrocytes from 4-month WT or
5xFAD mice. (1) Left: Venn diagram of unique and shared DEG counts in 6-month TfamAKO
mouse hippocampi (relative to 6-month WT) and in 12-month 5XFAD mouse hippocampi
(relative to 12-month WT) with upregulated DEG counts in red and downregulated DEG
counts in blue; right: percentage of DEGs that are co-upregulated, co-downregulated, or
showing different directions across the two models. (m) Correlation of overlapped DEGs
described in panel j plotted by their signed log,(fold change) across the two models. (n)
Hierarchical networks of GO BP terms (p < 0.05) enriched in the shared DEG across models
using REVIGO with Resnik measurement and 0.5 distance. n =4 (c, f), 5 (j), or 6 (i) mice;

n = 11 slices (d); n = 23 (WT) or 25 (5XFAD) slices (€); n =7 (g) or 8 (h) independent
samples. Bar graphs are presented as mean + SEM. Two-sided unpaired #test was used for
all comparisons. Scale bars, 50 pm (b); 20 um (k).
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