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2-Deoxy-D-Glucose restores glial
cell mitochondrial function and
attenuates neuroinflammation

Payam Gharibani?, Yu Guo?, Shruthi Shanmukha?3, Judy J. Lee?, Katherine Kopp*,
Paul M. Kim? & Michael D. Kornberg***

Neuroinflammation plays a central role in a wide spectrum of neurological diseases, driven generally
by reactive microglia and astrocytes. Inflammatory stimulation of microglia and astrocytes leads

to a metabolic shift from oxidative phosphorylation (OXPHOS) to glycolysis, which is required to
support pro-inflammatory effector functions. This metabolic reprogramming is associated with
impaired mitochondrial dynamics, including reduced biogenesis, increased fragmentation, and loss
of membrane potential. Targeting microglia and astrocyte metabolism may offer a novel therapeutic
approach for modulating neuroinflammation and restoring homeostatic immune functions. Here,

we examined the potential of 2-Deoxy-D-Glucose (2DG), a glycolysis inhibitor, to attenuate
neuroinflammation by restoring mitochondrial dynamics. In BV2 and primary glial cultures, low-dose
2DG reversed LPS-induced metabolic reprogramming, restoring OXPHOS, reducing mitochondrial
fragmentation, and enhancing biogenesis. In vivo, it preserved spare respiratory capacity and
increased complex-V activity in brain mitochondria from LPS-treated mice without affecting
oxidative stress. At a mechanistic level, 2DG restored activation of AMP-activated protein kinase,

a master regulator of mitochondrial dynamics. In conjunction with these metabolic effects, 2DG
suppressed LPS-induced pro-inflammatory gene expression while enhancing markers associated
with the resolution of inflammation and tissue repair. Critically, systemic low-dose 2DG reduced
neuroinflammation and restored immune homeostasis in two LPS-induced mouse models, highlighting
its therapeutic potential in neurological disorders.
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Neuroinflammation is a hallmark of numerous neurological disorders, including Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis!, and traumatic brain injuryz. In these conditions, chronic inflammation, primarily
driven by activated microglia (MG) and astrocytes, leads to neuroaxonal loss and disease progression®. As the
primary immune cells in the central nervous system (CNS), MG and astrocytes play key roles in this process by
shifting to pro-inflammatory states upon activation, releasing cytokines, chemokines, and other inflammatory
mediators*®. Although neuroinflammation acts as a protective response to injury or infection, its prolonged and
dysregulated presence drives neural network dysfunction and neurodegenerative processes®.

Recent studies have emphasized the vital role of metabolic reprogramming in neuroinflammation
Upon pro-inflammatory activation, glial cells (particularly MG and astrocytes) experience a metabolic shift
from oxidative phosphorylation (OXPHOS) to glycolysis to support effector functions and to meet increased
energy and biomass demands’. While glycolysis is less efficient in ATP production than OXPHOS, it rapidly
supplies energy and biosynthetic intermediates needed for immune responses'’. However, this shift also leads to
the accumulation of reactive oxygen species (ROS) and metabolic by-products that drive further inflammation
and oxidative stress, creating a vicious cycle that aggravates neuroinflammation and neurodegeneration'®. A
key contributor to this cycle is mitochondrial dysfunction, as dysfunctional mitochondria generate excessive
ROS and activate inflammasomes, further propagating the inflammatory response'!. A promising therapeutic
approach for modulating neuroinflammation could therefore be targeting the metabolic pathways involved in
glial activation, as this modulation could break the cycle between mitochondrial dysfunction and inflammatory
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signaling, shifting glial cells from a pro-inflammatory state to a more anti-inflammatory or regenerative state.
Restoring mitochondrial function is particularly imperative, as mitochondria are critical for regulating both
energy production and cellular stress responses!'!.

In this context, 2-Deoxy-D-glucose (2DG) has emerged as a potential therapeutic agent, known to inhibit
glycolysis by acting as a competitive inhibitor of glucose metabolism'>!®. 2DG enters cells through glucose
transporters and disrupts glycolysis by being phosphorylated by hexokinase-2 (HK2) to form 2-deoxy-D-
glucose-6-phosphate (2DG-6-P)!*. Unlike glucose, 2DG-6-P cannot proceed through the glycolytic pathway,
leading to an accumulation that effectively inhibits HK2 activity'®. This accumulation reduces glycolytic ATP
production, limiting the energy and metabolites required for the inflammatory response'>. 2DG has been
widely used to explore the role of glycolysis in various diseases'2. In cancer cell lines, 2DG has been shown to
slow cell proliferation and induce apoptosis'®. Similarly, blocking T-cell glycolysis has been found to prevent
graft rejection!” and reduce excessive IEN-y production in autoreactive CD4" T cells!®. In addition, 2DG has
demonstrated the ability to modulate macrophage functions, including cytokine production and phagocytosis'®,
and has been implicated in the modulation of several infectious diseases'®. Moreover, prior studies have
shown that high concentrations of 2DG (1 mM) can specifically reduce microglial activity?, while even higher
concentrations (10 mM) can eliminate MG in co-culture models with astrocytes and neurons?""22.

In this study, we hypothesized that 2DG treatment at lower doses (less than 500 uM) would not only
reduce glycolysis but also enhance mitochondrial function and dynamics, promoting a shift from glycolysis
to OXPHOS in glial cells (MG and astrocytes). We further posited that this metabolic reprogramming would
reduce neuroinflammation. Specifically, we aimed to determine whether 2DG treatment restores mitochondrial
activity and bioenergetic profiles in MG and astrocytes and if this restoration decreases pro-inflammatory
markers and shifts glial cells toward an anti-inflammatory or regenerative phenotype. We also explored the
effects of 2DG on key signaling pathways, such as AMP-activated protein kinase (AMPK), that regulate metabolic
and inflammatory responses. Additionally, we evaluated the therapeutic potential of 2DG in mouse models of
neuroinflammation, focusing on changes in glial activation, mitochondrial function, and neuroinflammatory
markers. Our study revealed that 2DG enhanced OXPHOS, improving mitochondrial membrane potential
and restoring mitochondrial morphology. Moreover, we demonstrate that 2DG enhanced spare respiratory
capacity, supporting metabolic functions under inflammatory stress. Advanced imaging techniques revealed
the protective effects of 2DG on mitochondrial dynamics, adding a novel dimension to its role in combating
neuroinflammation. These findings suggest that 2DG represents a promising therapeutic strategy for targeting
metabolic dysfunction in neuroinflammatory and neurodegenerative diseases, providing a new avenue for
restoring mitochondrial health and mitigating glial-driven neuroinflammation.

Results

Cell polarization and metabolic reprogramming

LPS induces microglia (MG) to polarize into a pro-inflammatory state’> and astrocytes into a reactive
state?*?%, both contributing to heightened neuroinflammation®®?’. This polarization is coupled with metabolic
reprogramming in both cell types, shifting from OXPHOS to glycolysis?®. Mitochondrial dysfunction
ensues, marked by decreased oxygen consumption, impaired mitochondrial membrane potential, disrupted

mitochondrial dynamics (fission/fusion imbalance), and reduced mitochondrial biogenesis®’.

LPS-induced changes in glial cell mitochondrial function

We first investigated dose-dependent metabolic alterations induced by various doses of LPS and 2DG in mixed
glial cells (MxG) and MG isolated from the mouse brain, with a focus on mitochondrial oxygen consumption
rate (OCR) to measure mitochondrial OXPHOS activity. The real-time measurement of OCR was used to
assess basal respiration (BR) and spare respiratory capacity (SC) via Seahorse XFe96 Analyzer (Agilent). SCis a
measurement of a cell’s ability to respond to increased energy demands or stress, which is calculated by subtracting
the OCR of BR from the maximal OCR induced by the decoupling agent Carbonyl cyanide 4-trifluoromethoxy-
phenylhydrazone (FCCP). A decrease in SC indicates mitochondrial dysfunction or impairment. In MxG, LPS
led to a reduction of OCR in BR (at 1 pg/mL) and SC (at 100 ng/mL to 1 pug/mL) after 24 h (Fig. la—c). A slight
increase in BR and SC was observed when MxG was incubated with 2DG alone at 500 uM and 200 uM for 24 h,
respectively (Fig. 1d-f). We repeated the same experiment in purified MG cultures to validate whether this
phenomenon can be observed in MG. LPS led to a reduction of OCR in BR (at 500 ng/mL) and in SC (at 100
ng/mL to 500 ng/mL) after 24 h (Fig. 1g-i). However, 2DG alone altered neither BR nor SC in MG (Fig. 1j-1).

2DG mitigated LPS-induced changes in MxG, MG, and BV2 cell metabolism

We tested whether 2DG could reverse the metabolic changes induced by LPS in MxG, MG, and BV2 cells. We
incubated the cells for 24 h with LPS (100 ng/mL or 200 ng/mL, which decreased SC in MxG and MG), then we
replaced the media with the addition of various doses of 2DG or vehicle for another 24 h prior to extracellular
flux analysis by Seahorse assay. 2DG at 200 uM and 500 uM increased SC in LPS-stimulated MxG by almost
2-fold compared to cells treated with LPS (200 ng/mL) + vehicle (Fig. 2a—c) and LPS (100 ng/mL) + vehicle (Fig.
Sla-c). In MG, 2DG at 50, 100, and 200 uM ameliorated the metabolic effects of 200 ng/mL LPS and increased
both BR and SC after 24 h (Fig. 2f-h). Similar findings were observed in BV2 cells (Fig. S1d-f), as 2DG at 100
pM and 500 uM could reverse the effects of LPS in cells pre-incubated with 100 ng/mL LPS for 24 h.

2DG treatment attenuated the LPS-induced decrease in mitochondrial membrane potential

Mitochondrial membrane potential (MMP) is a vital indicator of mitochondrial health and function, driving
ATP production through OXPHOS by maintaining the electrochemical gradient necessary for efficient electron
transport and energy generation. A stable MMP is crucial for several mitochondrial functions, including ATP
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Fig. 1. LPS downregulates OXPHOS in mixed glial cells (MxG) and microglia (MG). A dose-dependent
metabolic shift in MxG and MG induced by LPS (a-c and g-i, respectively) and 2DG alone (d-f and j-1,
respectively), measured as oxygen consumption rate (OCR) via Seahorse extracellular flux assay. LPS,
lipopolysaccharide; 2DG, 2-Deoxy-D-glucose; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone;
Olig, oligomycin; AA, antimycin a; R, rotenone; NT, no treatment. Seahorse data are derived from 3
independent experiments, each including 3 to 5 biological replicates. Bar graphs are presented as fold change
relative to the NT group and are expressed as mean + SEM. *p<0.05, **p<0.01, ***p <0.001, One-way
ANOVA with Tukey multiple comparison testing.

synthesis, calcium regulation, and control of reactive oxygen species production. JC-1 dye is commonly used
to assess MMP, as it accumulates in mitochondria in a potential-dependent manner. In healthy mitochondria
with high membrane potential, JC-1 forms an aggregate that emits red fluorescence, whereas in depolarized
mitochondria with reduced MMP, it remains in its monomeric form, emitting green fluorescence. A decreased
red/green fluorescence ratio reflects mitochondrial depolarization and dysfunction. Our study demonstrated that
200 ng/mL LPS exposure for 24 h in both MxG and MG disrupted MMP, as evidenced by a reduced red/green
fluorescence ratio, indicating mitochondrial depolarization. However, 2DG treatment effectively attenuated this
depolarization by increasing the JC-1 red/green fluorescence ratio in both MxG (Fig. 2d,e) and MG (Fig. 2i,j).

Cell polarization and mitochondrial dynamics

Cell polarization in MG and astrocytes involves mitochondrial dynamics, including fission and fusion, that
regulate mitochondrial shape, size, and function which is crucial for energy balance?®. Disruptions in these
processes can lead to mitochondrial dysfunction and contribute to disease states®.

2DG treatment attenuated LPS-induced mitochondrial fragmentation

MitoTracker is a fluorescent dye that selectively labels mitochondria, making it an effective tool for studying
mitochondrial morphology and dynamics, as it allows visualization of mitochondrial structure, network
connectivity, and spatial distribution within cells®!. For OXPHOS, cells need healthy mitochondria which are
generally tubular and exist in complex networks, whereas cells undergoing profound stress often display swollen
and fragmented mitochondria, marked by concurrent disruption of metabolism, membrane potential, and Ca**
signaling®2. Therefore, quantitative imaging-based assessment of mitochondrial morphology and dynamics can
provide valuable insights into cellular physiology and pathophysiology. By tracking changes in mitochondrial
shape, such as fragmentation or elongation, and assessing dynamic processes like fission and fusion, MitoTracker
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Fig. 2. LPS-induced changes in OXPHOS are reversed by 2DG in mixed glial cells (MxG) and microglia
(MG). Cells were stimulated for 24 h with vehicle or LPS (200 ng/mL) followed by treatment with vehicle or
2DG for up to an additional 24 h. Treatment with 2DG at 200 uM and 500 uM for 24 h partially reversed the
metabolic shift induced by LPS in MxG (a—c). Treatment with 2DG at a concentration of 200 uM for 6, 12,
and 24 h mitigated the LPS-induced reduction in mitochondrial membrane potential, as assessed by JC-1 dye
staining (d,e). Treatment with 2DG at 100 uM and 200 uM for 24 h effectively reversed the metabolic shift
induced by LPS exposure in MG (f-h). Treatment with 2DG at 200 uM for 24 h improved mitochondrial
membrane potential in MG, as evidenced by the increased JC-1 red/green fluorescence ratio (525/565) in both
untreated cells and LPS-treated (24 h) cells (i,j). LPS, lipopolysaccharide; 2DG, 2-Deoxy-D-glucose; OCR,
oxygen consumption rate; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; Olig, oligomycin;
AA, antimycin a; R, rotenone; NT, no treatment. Seahorse data are derived from 3 independent experiments,
each including 3 to 5 biological replicates. Quantification of JC-1 staining is derived from a minimum of 5
independent experiments, each including at least six fields per condition. Bar graphs are presented as fold
change relative to the NT group and are expressed as mean = SEM. *p<0.05, **p<0.01, **p<0.001, One-
way ANOVA with Tukey multiple comparison testing.

provides insights into mitochondrial health and function. We showed that 200 ng/mL LPS exposure for 24 h
in MG disrupted this balance by increasing mitochondrial fragmentation and reducing network connectivity,
indicating mitochondrial dysfunction. LPS induced more fragmented mitochondria, as indicated by an increase
in their circularity and a reduction in mean area and mean perimeter; however, 2DG could restore these effects
(Figs. 3 and S2). In mitochondrial morphology analysis, mean aspect ratio (AR) and mean form factor (FF)
are key metrics used to quantify mitochondrial shape®. The AR measures the elongation of mitochondria,
calculated as the ratio of their length to width, where higher values indicate more elongated mitochondria
and lower values suggest rounded or fragmented shapes. The FF assesses the complexity and connectivity of
mitochondrial networks, with higher values indicating more elongated and interconnected mitochondria, while
lower values reflect fragmentation®. Our data showed that the mean of both AR and FF decreased significantly
by 200 ng/mL LPS exposure for 24 h in MG, whereas 2DG increased the mean FF, indicating elongated and more
highly connected mitochondria. Similarly, 2DG restored LPS-induced changes in mitochondrial branching and
mean branch length (Figs. 3 and S2).

2DG treatment upregulated nuclear-encoded mitochondrial biogenesis markers

The data presented above demonstrate that 2DG can prevent LPS-induced mitochondrial fragmentation,
increase MMP, and enhance mitochondrial OCR to support OXPHOS in both MxG and MG. These findings
prompted us to explore whether 2DG affects the expression of genes and proteins that regulate mitochondrial
dynamics, both in vitro and in vivo. Specifically, we investigated how 2DG influences key nuclear-encoded
markers involved in mitochondrial biogenesis, fission, and fusion under inflammatory conditions in MxG and
LPS-induced neuroinflammation in mice. MxG were incubated with LPS (200 ng/mL) for 24 h, followed by
replacement with fresh media containing 2DG (200 uM) or vehicle for an additional 24 h. Our qPCR analysis
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Fig. 3. Treatment with 2DG restores mitochondrial morphology in LPS-stimulated MG. MG were
stimulated for 24 h with vehicle or LPS (200 ng/mL) followed by treatment with vehicle or 2DG (200 pM)
for an additional 24 h. MitoTracker was used to assess mitochondrial structure and network connectivity
(a). LPS induced mitochondrial fragmentation with an increase in circularity, decrease in mean aspect ratio
and form factor as well as in area and mean perimeter. Moreover, LPS reduced the overall connectivity

and morphological complexity of the mitochondrial network quantified by the number of branches per
mitochondria, the number of branch junctions, and the mean length of branches. 2DG reversed the LPS-
induced morphological and structural changes and restored the filamentous structure of mitochondria (b).
Data are derived from at least six fields per condition normalized to the NT group (magnification 630x) in 3
independent experiments. LPS, lipopolysaccharide; 2DG, 2-Deoxy-D-glucose; NT, no treatment. Bar graphs
expressed as mean + SEM. *p<0.05, **p <0.01, One-way ANOVA with Tukey multiple comparison testing.

showed that in the absence of 2DG, LPS-treated MxG exhibited increased expression of Tfam and Mgme2, with a
reduction in Nrf2 expression. However, 2DG treatment following LPS stimulation led to significant upregulation
of Tfam, Mgme2, Nrfl, Ppargcla, Peol, Polg2, and Polrmt compared to LPS stimulation plus vehicle (Fig. 4a).
LPS also elevated the expression of mitofission markers Drpl and Mid51 while downregulating the mitofusion
marker Opal. In contrast, 2DG treatment reduced the expression of mitofission markers Drpl, Mff, Mid41,
and Mid51, while increasing Opal expression as a mitofusion marker (Fig. 4b,c). These findings were further
validated by Western blot (InCell Western assay) analysis, showing increased protein levels of TFAM, PGCla
(protein of Ppargcla), and OPA1, and decreased DRP1 expression (Fig. 4d-h).

LPS administration is commonly used to model neuroinflammation in vivo**. To investigate the effects of
2DG on metabolism and the inflammatory response within the CNS, we utilized two complementary models
of LPS-induced neuroinflammation, delivering LPS either systemically through intraperitoneal (ip) injection or
directly into the CNS via intracerebroventricular (icv) administration. Brain tissue was then analyzed using qRT-
PCR and immunoblotting. In the ip injection model, mice received daily LPS or saline (sham) + 2DG or vehicle
by ip administration for 1 week. LPS treatment led to a downregulation of mitochondrial biogenesis markers
such as Nrf1/2, Ppargcla, Peol, and Polg2, as well as most mitofission markers, compared to the sham control
group (Fig. 4i,j). Similar findings were observed following icv administration of LPS; in this case, mice were
injected once with LPS via icv administration, followed by daily, systemic (ip) treatment with 2DG or vehicle
for 1 week. In this model, LPS downregulated all biogenesis, mitofission, and mitofusion markers compared to
the sham group (Fig. 41-n). In both in vivo model systems, 2DG treatment upregulated key biogenesis markers
compared to the LPS + vehicle group, including Mgme2, Nrfl/2, Ppargcla, Peol, and Polg2 (for ip model) and
Tfam, Nrfl, Ppargcla, and Polg2 (for icv model). Additionally, 2DG increased the expression of mitofusion
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Fig. 4. 2DG upregulates nuclear-encoded mitochondrial biogenesis genes and mitigates the effects of LPS

on mitochondrial fission/fusion gene expression, both in vitro and in vivo. Shown are the results of qRT-

PCR from MxG (a-c) and mouse brain following LPS-induced neuroinflammation [intraperitoneal (ip) LPS
treatment (i-k); intracerebroventricular (icv) LPS treatment (1-n)], with and without 2DG treatment. Protein
expression was also analyzed via InCell Western assay in MxG (d-h) and Western blot from brain tissue in
the icv LPS model (o-r). LPS, lipopolysaccharide; 2DG, 2-Deoxy-D-glucose; NT, no treatment; MxG, mixed
glial cells; ip, intraperitoneal; icv, intracerebroventricular; WB, Western blot; ns, not significant. qRT-PCR data
are derived from 3 independent experiments, each including a minimum of 3 biological replicates (for MxG)
or from 3 independent animals, each including a minimum of 3 technical replicates. Quantification of InCell
Western assay is derived from at least 3 independent experiments per group. The quantification of WB is from
3 independent animals. Bar graphs are presented as fold change relative to the NT group and are expressed

as mean + SEM. *p<0.05, **p<0.01, ***p<0.001 (for qRT-PCR, solid asterisks refer to LPS vs. N'T; hollow
asterisks refer to LPS+2DG vs. LPS), One-way ANOVA with Tukey multiple comparison testing.

genes Opal and Mfnl1/2 (ip) and Opal and Mfnl (icv) in both models (Fig. 4k,n). Immunoblotting confirmed
that 2DG enhanced the protein expression of OPA1, TFAM, and PGCla while reducing DRP1 expression (Fig.

40-1).

2DG treatment upregulated nuclear- and mitochondrial-encoded bioenergetic markers

Our results suggested that 2DG stimulates mitochondrial biogenesis, prompting us to explore whether 2DG also
modulates bioenergetic markers linked to mitochondrial energy production (particularly OXPHOS) in MxG
and LPS-induced neuroinflammation in mice. In MxG, LPS treatment reduced the expression of mitochondrial-
encoded genes related to electron transport chain complexes, including complex-1 (Nd2-Nd5), complex-IV
(Cox1&+2, Mt-Co2 and Mt-Co3), and complex-V (Atp6 and Atp8), compared to untreated cells as measured by
qRT-PCR. However, 2DG treatment rescued this effect, significantly upregulating these genes compared to the
LPS + vehicle group (Fig. 5a). Furthermore, 2DG induced the overexpression of the nuclear-encoded complex-I
gene, Ndufb8, compared to the LPS + vehicle group (Fig. 5b). These findings were validated by InCell Western
analysis, which showed increased protein levels of Cytochrome-C (CytC; complex-IIT) and MTCO2 (complex-
IV) (Fig. 5c-e).

In our in vivo studies, mice treated with LPS (ip or icv) plus saline for one week showed downregulation of
both nuclear- and mitochondrial-encoded bioenergetic markers compared to sham-treated mice. Interestingly,
2DG treatment upregulated these markers in both in vivo models (Fig. 5f-1). WB from the samples of the mice
treated with LPS (icv) further confirmed that 2DG increased the protein expression of the nuclear-encoded
bioenergetic marker NDUFB8 (complex-I or CI) as well as SDHB, ATP5A, and UQCRC2, proteins involved in
complexes-II, -V, and -1V, respectively (Fig. 5j-n).
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Fig. 5. 2DG mitigates the downregulation of nuclear- and mitochondrial-encoded bioenergetic gene
expression induced by LPS, both in vitro and in vivo. Shown are results from MxG (a,b: qRT-PCR; c-e:
InCell Western assay) and mouse brain following intraperitoneal (f,g: QRT-PCR) and intracerebroventricular
(h,i: qRT-PCR; j—n: Western blot) LPS injection. LPS, lipopolysaccharide; 2DG, 2-Deoxy-D-glucose; NT, no
treatment; MxG, mixed glial cells; ip, intraperitoneal; icv, intracerebroventricular; WB, western blot; ns: not
significant; CytC, cytochrome-c; CI, IL, III, IV, mitochondrial complex I, IT, III, IV. qRT-PCR data are derived
from 3 independent experiments, each including a minimum of 3 biological replicates (for MxG) or from 3
independent animals, each including a minimum of 3 technical replicates. Quantification of InCell Western
assay is derived from 3 independent experiments, each including a minimum of 3 biological replicates.
Quantification of WB is from 3 or more independent animals per group. Bar graphs are presented as fold
change relative to the NT group and are expressed as mean+ SEM. *p<0.05, **p<0.01, ****p<0.001, ns: not
significant (for qRT-PCR, solid asterisks refer to LPS vs. NT; hollow asterisks refer to LPS+2DG vs. LPS), One-
way ANOVA with Tukey multiple comparison testing.

Cell polarization and inflammatory response

LPS drives MG into a pro-inflammatory state and astrocytes into a reactive state, both contributing to increased
neuroinflammation®. Metabolic reprogramming from an OXPHOS-dominant to a glycolytic state has been
associated with the downstream inflammatory effects of LPS*’. Since we found that 2DG rescues LPS-induced
effects on OXPHOS and mitochondrial dynamics in MxG and MG, we next explored whether 2DG can modulate
inflammatory signaling both in vitro and in vivo.

LPS-induced polarization did not alter cell viability in MxG

Before investigating the effects of 2DG on inflammatory markers in vitro, we first assessed the impact of LPS
(200 ng/mL), 2DG (200 uM), and LPS +2DG, doses selected based on the Seahorse assay (Figs. 1 and 2), on cell
viability. InCell Western analysis using Sapphire-700 staining showed that 24-h incubation with LPS, 2DG, or
LPS+2DG did not affect cell viability (Fig. S3).

2DG treatment modulated inflammatory markers in vitro

Gene expression analysis by qRT-PCR showed that LPS (200 ng/mL) treatment of MxG for 24 h induced the
expression of inflammatory markers such as Aifl, Nos2, Tnf, and IlI6 while downregulating the alternative
activation markers 114, 1110, and ArglI (Fig. 6a). However, an additional 24-hour treatment with 2DG (200 uM)
reversed these effects, downregulating Aifl, Nos2, Tnf, and 1I6, and upregulating Il4, 1110, and Argl. InCell
Western analysis confirmed that 2DG reduced the protein levels of Ibal, iNOS, and TNFa while increasing Argl
expression in MxG. Notably, 2DG alone also decreased the protein expression of Ibal and TNFa and increased
Argl, even without prior LPS treatment (Fig. 6b-f).

Immunocytochemistry (ICC) of isolated MG also revealed that LPS increased the number of Ibal and iNOS-
positive cells after 24 h, compared to untreated cells. However, 2DG treatment for an additional 12 h reduced
the number of Ibal and iNOS-positive cells in LPS-treated MG compared to cells not treated with 2DG. While
Argl-positive cells showed no change after 12 h, 2DG incubation for 24 h increased the number of Argl-positive
cells without affecting Ibal levels (Fig. 6g-1).
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Fig. 6. 2DG reverses the effect of LPS on inflammatory gene expression in MxG and MG. MxG were treated
with LPS (200 ng/mL) for 24 h followed by vehicle or 2DG (200 uM) for 24 h (a: QRT-PCR and b-f: InCell
Western assay). In other experiments, MG were treated with LPS (200 ng/mL) for 24 h then vehicle or 2DG
(200 pM) was added for 12 and 24 h followed by staining for inflammatory markers by immunocytochemistry
(g-1). LPS, lipopolysaccharide; 2DG, 2-Deoxy-D-glucose; NT, no treatment; MxG, mixed glial cells; MG,
microglia; ns, not significant; Argl, arginase-1. qRT-PCR data are derived from 3 independent experiments,
each including a minimum of 3 biological replicates. Quantification of InCell Western assay and THC is derived
from a minimum of 3 independent experiments, each including at least 3 biological replicates. Bar graphs are
presented as fold change relative to the NT group in InCell Western assay and are expressed as mean + SEM.
For immunocytochemistry, bar graphs are the number of the cells per field or percentage of double positive
cells. *p<0.05, *p<0.01, **p<0.001 (for qRT-PCR, solid asterisks refer to LPS vs. NT; hollow asterisks refer
to LPS+2DG vs. LPS), One way ANOVA with Tukey multiple comparison testing.
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One major component of MxG is astrocytes. LPS activates astrocytes, triggering a reactive response
characterized by the release of pro-inflammatory cytokines (e.g., TNFa, IL-1B, IL-6) and inducing a
metabolic shift from OXPHOS to glycolysis to meet the energy demands of inflammation, thereby amplifying
neuroinflammation. Al and A2 astrocytes represent two distinct reactive states in vitro, with Al astrocytes
shown to play pro-inflammatory and neurotoxic roles*. Our qRT-PCR results showed that LPS (200 ng/mL)
for 24 h followed by vehicle for additional 24 h increased A1 astrocytic markers (Gbp2, Psmb8, C3, Iigp2, Lcn2,
Amigo, H2-T23) and downregulated A2 markers (Clcf1, Tm4sf1, Cd109, Ptgs2) in MxG. However, 2DG treatment
for an additional 24 h mitigated these effects, downregulating A1 markers (Lcn2, amigo) and upregulating A2
markers (Clcf1, Cd109, Ptgs2) compared to LPS followed by vehicle treatment (Fig. S4).

2DG treatment modulated inflammatory markers in vivo

In our in vivo studies, mice treated with LPS + saline (ip) for one week showed increased Tnf and decreased 16,
114, 1110, and ArgI levels in their brains, as measured by qRT-PCR. Conversely, mice treated with LPS+2DG (ip)
exhibited reduced Nos2 and Tnf expression and increased levels of Aifl, 116, Il4, 1110, and Argl compared to those
not treated with 2DG (Fig. 7a). In a separate experiment, mice administered LPS (icv) followed by saline (ip) for
one week had elevated Nos2 and Tnf and reduced Aifl, 1I6, 114, 1110, and Argl. However, mice treated with 2DG
(ip) for one week showed lower Nos2 and higher Aifl, I16, Il4, and Argl levels compared to those not treated with
2DG (Fig. 7b). WB analysis of brains confirmed that 2DG treatment decreased the protein expression of Ibal,
TNFa, and COX2 while increasing Argl in mice with neuroinflammation induced by LPS (icv) (Fig. 7c-g).

2DG treatment modulated scavenging phenotypes and phagocytosis

Regenerative or anti-inflammatory microglia are marked by increased phagocytic activity that supports tissue
repair and inflammation resolution®. Our findings indicate that 2DG can shift the inflammatory response
induced by LPS from a pro-inflammatory to an anti-inflammatory state in MxG (MG and astrocytes). We
investigated whether 2DG also influences scavenging phenotypes and functional phagocytosis in MxG and MG,
respectively. QPCR revealed that LPS (200 ng/mL) downregulated key scavenger genes such as Cd36, Marco,
Ferls, Cxcl16, Cd163, and Axl, while 2DG (200 uM) mitigated this effect, upregulating these genes and others like
Ch25h, Clec7a, P2y6r, Scrabl, Stab1, and Trem2 compared to LPS + vehicle (Fig. 8a). InCell Western assay further
confirmed increased expression of CD206 and Galectin-3 in 2DG-treated MxG, indicating enhanced scavenging
activity (Fig. 8b-d). Additionally, functional phagocytosis assays showed that 2DG increased phagocytic uptake
of fluorescently tagged myelin in LPS-stimulated MG (Fig. 8e,f).
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Fig. 7. 2DG modulates inflammatory gene expression in LPS-induced neuroinflammation in the brain.
Expression of inflammatory markers was evaluated from the mouse brain following intraperitoneal (a: qRT-
PCR) and intracerebroventricular (b: qRT-PCR and c-g: Western blot) LPS injection * treatment with 2DG.
LPS, lipopolysaccharide; 2DG, 2-Deoxy-D-glucose; NT, no treatment; ns, not significant; Arg, arginase; ip,
intraperitoneal; icv, intracerebroventricular. qRT-PCR data are derived from 3 animals, each including a
minimum of 3 technical replicates. Quantification of WB is derived from at least 3 animals per group. Bar
graphs are presented as fold change relative to the NT group and are expressed as mean + SEM. *p <0.05,
**p<0.01, **p<0.001 (for qRT-PCR, solid asterisks refer to LPS vs. NT; hollow asterisks refer to LPS+2DG
vs. LPS), One-way ANOVA with Tukey multiple comparison testing.
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Fig. 8. 2DG modulates scavenging markers and phagocytosis following LPS treatment, both in vitro and in
vivo. LPS downregulated scavenging markers in MxG (a: qQRT-PCR and b-d: InCell Western assay). 2DG
mitigated the effect of LPS on these scavenging markers and led to increased expression of CD206 and
Galectin-3 proteins (b-d). In MG, 2DG increased functional phagocytosis of fluorescent-tagged myelin
(e,f). 2DG increased phosphorylation of AMPK in the brains of animal models of intraperitoneally (g:
Western blot) and intracerebroventricularly (h: Western blot) injected LPS-induced neuroinflammation. LPS,
lipopolysaccharide; MxG, mixed glial cells; MG, microglia; 2DG, 2-Deoxy-D-glucose; NT, no treatment; ns,
not significant; ip, intraperitoneal; icv, intracerebroventricular; WB, western blot; FTM, fluorescent tagged
myelin; L+2, LPS+2DG. qRT-PCR data are derived from 3 independent experiments, each including a
minimum of 3 biological replicates. Quantification of InCell Western assay, phagocytosis assay and WB are
derived from at least 3 independent experiments or animals. Bar graphs are presented as fold change relative to
the NT group and are expressed as mean + SEM. *p<0.05, **p<0.01, **p<0.001 (for qRT-PCR, solid asterisks
refer to LPS vs. NT; hollow asterisks refer to LPS+2DG vs. LPS), One way ANOVA with Tukey multiple
comparison testing.
2DG and mitochondrial bioenergetics in LPS-induced inflammation in vivo
Measuring mitochondrial function in vivo after 2DG treatment is essential to determine whether observed
increases in mitochondrial markers translate into enhanced bioenergetic performance in the living brain to
explore whether 2DG’s effects are not solely due to mitochondrial biogenesis or protein expression changes but
reflect genuine improvements in metabolic capacity under physiological conditions.
2DG restores LPS-induced mitochondrial dysfunction by enhancing spare respiratory capacity and complex-V
activity in isolated brain mitochondria
To determine whether systemic 2DG treatment can preserve or improve mitochondrial function under
neuroinflammatory conditions, we examined the bioenergetic profile of brain mitochondria isolated from mice
subjected to repeated LPS injections with or without co-administration of 2DG. Isolated mitochondria were
analyzed using Seahorse XF extracellular flux analysis to assess OCR across sequential inhibitor/uncoupler
additions (Fig. S5). LPS treatment did not significantly alter basal respiration (Fig. S5a,b) but caused a marked
reduction in spare respiratory capacity compared with sham controls (Fig. S5¢). Co-treatment with 2DG
significantly restored spare respiratory capacity close to sham levels, suggesting improved mitochondrial
resilience under stress conditions. Consistent with these findings, biochemical assessment of complex-V (ATP
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synthase) activity revealed that LPS exposure reduced enzymatic activity relative to sham controls, with a strong
trend toward significance (p=0.08; Fig. S5d). Administration of 2DG significantly enhanced complex-V activity
compared with LPS alone, indicating that 2DG may support ATP-generating capacity under inflammatory
challenge.

2DG showed no effects on mitochondrial oxidative stress

To determine whether these bioenergetic changes were linked to alterations in mitochondrial oxidative stress,
we measured ROS/RNS production using a fluorescence-based assay. Neither LPS nor 2DG significantly altered
ROS/RNS levels in brain mitochondria isolated from mice (Fig. S5e), suggesting that the observed 2DG-mediated
improvements in respiration and ATP synthase activity were not secondary to changes in bulk oxidative stress.

2DG and the activity of AMPK

Our results demonstrated that 2DG modulated MG and MxG cellular metabolism (restoring mitochondrial
dynamics and enhancing OXPHOS) and reduced the inflammatory response while shifting cells from a pro-
inflammatory to a regenerative state. A potential downstream mechanism of glycolytic inhibition with 2DG
could be reduced ATP synthesis leading to activation of the AMPK pathway®’. Activated AMPK, through
phosphorylation, regulates mitochondrial dynamics via the master regulator PGCla*' and suppresses
inflammation by inhibiting nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)*2. WB
analysis of mouse brains from our in vivo experiments confirmed that 2DG induced the pAMPK pathway by
increasing phosphorylated AMPK in comparison to mice treated with LPS (ip or icv) + vehicle (Fig. 8g,h).

2DG and autophagy

Neuroinflammation and autophagy are interconnected processes that manage the increased burden of damaged
cellular components, such as impaired mitochondria®’. Autophagy helps maintain cellular homeostasis
and counteracts inflammation-induced damage. However, when autophagy is impaired, it can worsen
neuroinflammation and contribute to neurodegenerative disease. Using qPCR, our in vivo data revealed that
LPS administration reduced the expression of key autophagy-related factors, including Pink1, Park2, Map1lc3b,
and Mapk8 (Jnkl), in models of neuroinflammation induced by either ip or icv administration of LPS. Notably,
treatment with 2DG reversed these effects, indicating an increase in autophagy (Fig. S6).

Discussion

Neuroinflammation is a key feature of many neurodegenerative diseases, driven by activated MG and
astrocytes*!. With altered metabolic states, these cells play a critical role in shaping the inflammatory response,
often exacerbating neuroinflammatory cascades®. Our study explored the metabolic reprogramming and
mitochondrial dysfunction in neuroinflammation induced by LPS and assessed the potential for 2DG to mitigate
these alterations. Higher doses of 2DG potently inhibit glycolysis and can cause broad metabolic suppression
and cytotoxicity in certain contexts. These effects are particularly pronounced in highly metabolically active
cells, such as cancer cells, which rely heavily on glycolysis for energy production and survival (Warburg effect)*.
To balance efficacy and safety in neuroinflammation, we selected a low dose (100 mg/kg) guided by literature
showing that 100-200 mg/kg modulates metabolism without overt toxicity*’*°. Higher doses (= 500 mg/kg)
have been associated with systemic toxicity, including hypoglycemia and weight loss*’, which could confound
outcomes in neuroinflammatory models. This strategy aimed to modulate glial glycolysis while preserving
homeostatic and reparative functions and minimizing off-target stress. Additionally, lower doses minimize
off-target effects and allow for a more nuanced investigation of 2DG’s impact on specific pathways, such as
the AMPK and autophagy-related pathways, which are critical in modulating inflammation and cellular stress
responses. This balance is essential for exploring 2DG’s therapeutic potential in neuroinflammatory conditions
without compromising the viability or functional integrity of neural and glial cells.

While previous studies have explored the anti-inflammatory effects of modulating glycolysis>'—%, our study
provides new insights by directly linking 2DG-induced glycolytic inhibition to improvements in mitochondrial
dynamics, including enhanced membrane potential, upregulated fusion and biogenesis markers, and suppression
of mitophagy-associated proteins. Additionally, we show that 2DG improves phagocytic function and reprograms
glial metabolism toward OXPHOS, which are key components in resolving inflammation and promoting tissue
repair. Importantly, our findings were validated both in vitro and in two in vivo models of neuroinflammation,
providing translational relevance. Thus, our work extends beyond prior studies by highlighting mitochondrial
resilience and phagocytosis as functional outcomes of glycolytic modulation in glia. One of the key findings of
this study was that LPS-induced inflammation in MxG and MG was associated with a shift to glycolysis, a well-
documented hallmark of activated immune cells?’. This metabolic shift is known to support rapid cell proliferation
and cytokine production at the cost of mitochondrial function. Our data showed that LPS reduces mitochondrial
oxygen consumption rate, particularly basal respiration and spare respiratory capacity, indicating an impaired
mitochondrial function in both MxG and MG. These findings align with prior research demonstrating that
inflammatory stimuli, such as LPS, induce mitochondrial dysfunction by disrupting mitochondrial dynamics,
reducing mitochondrial membrane potential and altering mitochondrial morphology?*>>¢. One of the most
compelling results from our study is the ability of 2DG to mitigate these metabolic changes and mitochondrial
disruptions. The glycolytic inhibitor 2DG, which mimics glucose deprivation, appears to rescue mitochondrial
function by preventing or reversing the LPS-induced metabolic shift.

While 2DG inhibits glycolysis at the level of hexokinase, this can impact cellular ATP production, particularly
in highly glycolytic cells'®. In our study, we observed that mitochondrial respiration and membrane potential
were preserved or improved with 2DG treatment, suggesting that energy homeostasis was at least partially
maintained through enhanced OXPHOS. However, the inhibition of glycolysis may also influence the pentose
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phosphate pathway, which branches from glycolysis and is essential for producing NADPH and maintaining
redox balance via glutathione (GSH). A reduction in NADPH could theoretically impair antioxidant capacity
and biosynthesis pathways. That said, low-to-moderate doses of 2DG do not deplete ATP significantly and may
even increase mitochondrial ATP production due to metabolic reprogramming toward OXPHOS®”. Although
we did not directly measure ATP, NADPH, or GSH levels in this study, future work should assess how 2DG
impacts these metabolic intermediates in glial cells under neuroinflammatory conditions to ensure metabolic
safety and redox balance are preserved.

Notably, 2DG alone (without pre-exposure of cells to LPS) could enhance mitochondrial respiration in MxG;
still, it did not significantly affect the OCR of purified MG alone, suggesting a major role of astrocytes in mixed
glia in the resting state. The fact that 2DG reversed the mitochondrial dysfunction induced by LPS in MxG
and MG supports the notion that targeting metabolic pathways might offer a therapeutic strategy for diseases
marked by glial activation, such as Alzheimer’s and multiple sclerosis.

Another significant observation was the restoration of mitochondrial dynamics in LPS-treated MG following
2DG treatment. While LPS induced mitochondrial fragmentation, a hallmark of cellular stress, 2DG reversed
this phenomenon by promoting mitochondrial elongation and improving network connectivity. This result
is important since mitochondrial fragmentation has been linked to inflammation in neuroinflammatory
diseases!!?%, The upregulation of mitochondrial fusion markers such as Opal and Mfnl, alongside a
downregulation of fission markers like Drpl, suggests that 2DG might enhance mitochondrial fusion and
stability, further supporting its potential as a therapeutic agent. In addition to its effects on mitochondrial
dynamics, 2DG treatment also upregulated key markers of mitochondrial biogenesis, including TFAM, Ppargcla
(PGCla), and Polg2, in both in vitro and in vivo models of LPS-induced neuroinflammation. This finding is
significant because mitochondrial biogenesis plays a central role in maintaining cellular energy homeostasis,
and the failure of mitochondrial biogenesis is often observed in neurodegenerative diseases. To directly address
whether the increase in mitochondrial bioenergetic markers following low-dose 2DG administration reflects
a true enhancement of mitochondrial functional capacity rather than solely an increase in mitochondrial
biogenesis, we conducted additional experiments assessing mitochondrial respiration and complex-V activity
in isolated brain mitochondria from treated mice. Using Seahorse analysis, we observed a significant elevation
in spare respiratory capacity, confirming that 2DG treatment enhances mitochondrial bioenergetic function in
vivo. Furthermore, an enzymatic activity assay of mitochondrial complex-V demonstrated increased activity,
supporting the notion that 2DG augments intrinsic mitochondrial function in addition to promoting biogenesis.
These findings strengthen our conclusion that the bioenergetic improvements induced by low-dose 2DG are
attributable to both an increased number of mitochondria and enhanced efficiency of individual mitochondria,
highlighting its potential as a metabolic modulator in the CNS.

While our study shows that 2DG improves mitochondrial bioenergetics and reduces inflammatory markers in
glial cells, we also begin to uncover the underlying signaling mechanisms. Our data indicates that 2DG activates
the AMPK pathway, as shown by increased phosphorylation of AMPK, and upregulates PGC-1a expression, a
known co-activator of mitochondrial biogenesis and regulator of anti-inflammatory gene expression. AMPK
activation is known to inhibit NF-«B signaling*?, thereby reducing transcription of pro-inflammatory cytokines.
Because NF-kB can antagonize NRF2 activity by upregulating KEAP1 or competing for transcriptional
coactivators®, suppression of NF-kB by 2DG may secondarily stabilize and activate NRF2. NRF2 is a master
regulator of antioxidant responses, controlling the expression of genes involved in glutathione synthesis,
NADPH production, and redox homeostasis®. Thus, the observed bioenergetic improvements and reduced
inflammatory tone in 2DG-treated glia may be explained, at least in part, by an AMPK-NF-kB-NRF2 signaling
axis. This integrated mechanism suggests that 2DG not only reprograms cellular metabolism toward oxidative
phosphorylation but also promotes a redox-protective, anti-inflammatory phenotype. Future studies employing
specific pathway inhibitors and genetic knockdowns will be needed to confirm the relative contributions of
AMPK, NF-kB, and NRF2 to these beneficial effects. An important limitation of this study is the absence of
cytosolic and mitochondrial calcium measurements. Calcium uptake into mitochondria is a critical regulator of
several dehydrogenases in the TCA cycle and thus directly influences ATP production. In neuroinflammatory
settings, dysregulated calcium handling may impair mitochondrial function and exacerbate glial activation.
Although we observed improvements in mitochondrial respiration and membrane potential following 2DG
treatment, it remains unclear whether these effects are accompanied by alterations in calcium dynamics.
Future studies incorporating calcium-sensitive dyes (e.g., Rhod-2 AM for mitochondrial Ca?*) or genetically
encoded calcium indicators will be useful to further define the impact of 2DG on mitochondrial bioenergetics
in the context of inflammation. While our findings demonstrate that 2DG modulates mitochondrial dynamics,
restores bioenergetic function, and attenuates the inflammatory phenotype in glial cells, we recognize that the
molecular mechanisms underlying these effects remain complex and multifactorial. The observed upregulation
of mitofusion markers, increase in mitochondrial membrane potential, and suppression of pro-inflammatory
gene expression suggest a metabolic reprogramming favoring oxidative phosphorylation. However, we caution
that these results, while compelling, do not provide conclusive mechanistic evidence. Further studies are required
to delineate the upstream signaling pathways, such as AMPK-PGCla and ROS-mediated pathways.

At the cellular level, our study also found that 2DG treatment shifted the polarization of MxG from a
pro-inflammatory to an anti-inflammatory state. In MxG, LPS exposure increased the expression of pro-
inflammatory markers such as Aif1, Nos2, Tnf, and 116, while decreasing alternative activation markers like I/4 and
I110. However, 2DG reversed these effects, downregulating pro-inflammatory cytokines and upregulating anti-
inflammatory markers such as Argl. In astrocytes, LPS generates a shift towards an A1 neurotoxic phenotype,
characterized by increased expression of markers such as Lcn2 and Amigo, at the expense of the alternative A2
phenotype. However, 2DG reduced Al markers while promoting A2 markers such as Clcf4, Cd109 and Ptgs2,
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underscoring its capacity to restore a homeostatic glial state. This shift in polarization is consistent with previous
studies showing that metabolic changes in glial cells can influence their inflammatory profiles.

Furthermore, the increase in scavenger gene expression and the enhanced phagocytic activity of 2DG-treated
MG point to a shift toward a more regenerative phenotype. For example, 2DG mediated an increase in Galectin-3
and CD206 which are known to play distinct but complementary roles in phagocytosis, and in immune regulation
and tissue homeostasis®®2. Galectin-3, a B-galactoside-binding lectin, enhances phagocytosis by binding
glycosylated surface molecules, promoting receptor clustering, and facilitating actin cytoskeleton remodeling
for effective engulfment of apoptotic cells, debris, and pathogens®. In contrast, CD206, a mannose receptor
predominantly expressed on anti-inflammatory macrophages (M2-like phenotype), specializes in recognizing
and internalizing mannose-rich glycoproteins, pathogens, and apoptotic cells®. Its role in efferocytosis and non-
inflammatory clearance helps maintain tissue homeostasis and promote resolution of inflammation. Together,
Galectin-3 and CD206 highlight the dual nature of phagocytosis, balancing immune activation and resolution
to adapt to diverse physiological and pathological conditions. This supports the reparative functions of
inflammation, emphasizing the therapeutic potential of 2DG for diseases where dysregulated neuroinflammation
plays a pivotal role.

Our in vivo studies corroborated these in vitro findings, showing that 2DG treatment in LPS-induced models
of neuroinflammation led to reduced levels of pro-inflammatory cytokines such as TNFa and iNOS, while
increasing anti-inflammatory markers like Il4, 1110, and Argl. This suggests that 2DG’s ability to modulate glial
cell metabolism could have a broad impact on reducing neuroinflammation in the CNS. Notably, 2DG also
modulated mitochondrial dynamics and biogenesis markers in vivo, further reinforcing the idea that 2DG acts
through multiple cellular pathways to support mitochondrial function and reduce neuroinflammation. Another
intriguing finding in our study was the relationship between autophagy and neuroinflammation in the context
of 2DG treatment. Autophagy is essential for maintaining cellular homeostasis, particularly under inflammatory
conditions. Our data indicate that LPS exposure impaired autophagy-related markers, which were reversed by
2DG treatment. Given that autophagy plays a crucial role in clearing damaged mitochondria and resolving
inflammation, these results highlight another mechanism through which 2DG may exert its anti-inflammatory
effects. Moreover, our results suggest that 2DG could stimulate mitochondrial biogenesis to compensate for the
energy deficits caused by LPS-induced inflammation, ultimately promoting glial cell function and reducing the
inflammatory burden.

Our results also showed that a key mediator in the effects of 2DG might be the AMPK pathway, a central
regulator of cellular energy homeostasis®. Activation of AMPK by 2DG induces a metabolic shift from glycolysis
to oxidative phosphorylation, which can profoundly influence glial function. In MG, AMPK activation has
been associated with reduced pro-inflammatory cytokine production® and enhanced autophagy®’, promoting
a phenotype aligned with repair and recovery®®. Similarly, in MxG, AMPK activation may facilitate adaptive
responses to metabolic stress®®, supporting glial survival and function under inflammatory conditions. Our in
vivo studies indicated that 2DG could enhance the AMPK activity by phosphorylation of AMPK. This interplay
between 2DG and the AMPK pathway may have broader implications for neuroprotection. For instance, pAMPK
has been shown to play a critical role in regulating the inflammatory response by modulating the activity of
the NF-kB signaling pathway*2. pAMPK inhibits NF-kB activation through multiple mechanisms, including
reducing the degradation of IkBa, an inhibitory protein that sequesters NF-kB in the cytoplasm, thereby
preventing its translocation to the nucleus. Interestingly, PGCla, a master regulator of mitochondrial biogenesis,
exerts anti-inflammatory effects by inhibiting NF-xB, as well®*”?. PGCla can interact with transcription factors
to enhance antioxidant gene expression, reducing ROS levels that otherwise activate NF-xB”°. Collectively,
PAMPK and PGC-1a converge to dampen NF-kB-driven inflammation, promoting cellular homeostasis and
repair. By modulating cellular metabolism, 2DG can potentially enhance the resilience of glial cells to oxidative
stress, a common feature of neuroinflammatory environments. This mechanism underscores the therapeutic
promise of targeting metabolic pathways to regulate glial behavior and mitigate neuroinflammation. In
conclusion, as summarized in Fig. S8 (summary Figure) and Fig. S9, our study provides compelling evidence
that 2DG modulates metabolic reprogramming, mitochondrial dynamics, and the inflammatory phenotype of
MG and astrocytes, offering a potential therapeutic strategy for neuroinflammatory diseases. By shifting glial
metabolism back toward OXPHOS and enhancing mitochondrial function, 2DG may not only reduce the
neuroinflammatory response but also promote tissue repair and regeneration. However, several limitations
need to be considered. The reliance on BV2 cells, MG and MxG may not fully capture the complexity of the
broader CNS environment, potentially limiting translational relevance. While we focused on lower doses of
2DG to avoid cytotoxicity, the effects of these doses and their influence on glucose metabolism of other cells
necessary for CNS homeostasis remain unexplored. Although many pathways we found to be modulated by
2DG have been implicated in inflammatory and metabolic functions, such as AMPK, NF-kB, and autophagy,
our studies do not definitively establish the causal role of these pathways in mediating downstream effects of
2DG in our models. Furthermore, the use of LPS as a neuroinflammation model does not fully replicate disease-
specific conditions seen in neurodegenerative disease or trauma. Additionally, the study emphasizes short-term
outcomes without addressing long-term effects on repair mechanisms like remyelination or functional recovery.
Future studies should address these limitations, including evaluating long-term effects and validating findings
in animal models of neurodegenerative diseases, to enhance the translational application of 2DG in managing
neuroinflammatory conditions.

Materials and methods

Animals

Pregnant female C57BL/6] mice and seven-week-old male wild-type C57BL/6] mice (strain #: 000664) were
purchased from The Jackson Laboratory and acclimated for 7 days. All animal care followed the Guide for the
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Care and Use of Laboratory Animals, and experimental protocols were approved by the IACUC (M0O24M348)
and complied with the ARRIVE guidelines. Mice were housed in a temperature-controlled room (21-25 °C)
with 45-65% humidity and a 12-h light/dark cycle, with free access to food and water. They were fed a standard
diet low in fiber (5%), protein (20%), and fat (5-10%), and all feed was irradiated or autoclavable. Mice were
handled in biosafety cabinets using aseptic techniques, protective clothing, high-level disinfectants (MB-10),
and procedures to prevent cross-contamination between cages. Mice were euthanized by high-concentration
isoflurane exposure or, in some cases, by overdose of ketamine/xylazine, in accordance with IACUC guidelines.

Cell culture

Primary cell cultures

Mixed glial culture Mixed glial cells (MxG) were prepared from P0-P2 C57BL/6 mouse pups of both sexes, as
we previously reported®7!. Briefly, brains were isolated and while maintained in cold DMEM/F12 (cat. No.
11330, Invitrogen, Carlsbad, CA, USA), cortices were separated, and meninges were stripped under a dissection
microscope. Cortices were placed in a 15 mL centrifuge tube and a serological pipet was used to remove the
excess buffer before adding 1 mL of 0.05% Trypsin (Gibco Cat #25300) per brain. Before incubating the cortices
for 15 min at 37 °C in an incubator, they were dissociated in trypsin with a 10 mL serological pipet. After 15
min, trypsin was neutralized with an equal volume of DMEM/F12 containing 1% penicillin-streptomycin and
10% FBS. Brains were then homogenized with 6 mL DMEM/F12 with a 5 mL serological pipet fixed to a 1 mL
sterile pipet tip by pipetting several times. The cell suspension was filtered twice through a 100 pum cell strainer
into a 50 mL conical tube and centrifuged at 1000 rpm for 10 min. The cell suspension was seeded into poly-
D-lysine-coated (PDL; Sigma-Aldrich, cat # 27964-99-4) T150 tissue culture flasks pre-coated with 100 mg/mL
PDL at 37 °C overnight. Media was replaced every three days and maintained in DMEM/F12 with 10% FBS and
1% penicillin-streptomycin for 10-14 days to grow a confluent MxG containing astrocytes and microglia. Upon
confluency (80-90%), they were sub-cultured with trypsin 0.05% for further experiments.

Microglia culture We obtained our microglia (MG) with two different methods. For the Seahorse and JC-1
assay, we enriched MG from MxG using a shaker. MxG were cultured in a 175 cm? culture flask for two weeks.
Flasks were then stacked on a flat platform shaker and shaken at 180 rpm for 30 min. After shaking, the media
was collected in a 50 mL conical tube and centrifuged at 500 x g for 6 min at 4 °C. The cell pellet was resuspended
in DMEM/F12 containing 1% penicillin-streptomycin and 10% FBS. After determining the cell number, we
seeded 2 x 10* enriched MG per well in a 96-well plate. For mitochondrial fragmentation studies using Mito
Tracker, immunocytochemical (ICC) staining, as well as phagocytosis assay, MG were isolated from 4-week-old
C57BL/6] mice of both sexes following a previously described protocol®. Briefly, cortices were finely minced in
cold enzyme digestion buffer containing HBSS (without calcium/magnesium), 5% FBS, 10 uM HEPES, 2 mg/
mL collagenase D, and 28 U/mL DNase I. The tissue was triturated to obtain a single-cell suspension, filtered
through a 70-um filter, and centrifuged at 300 g for 10 min at 4 °C. Debris was removed, and cells were incubated
with CD11b magnetic microbeads (Miltenyi Biotec) for 15 min on ice with gentle mixing every 5 min. CD11b*
cells were isolated using a MACS LS column (Miltenyi Biotec), centrifuged, and resuspended in DMEM/F12
supplemented with 1% penicillin-streptomycin, 2 mM glutamine, 5 pg/mL N-acetyl-L-cysteine, 1x SATO, 10%
FBS, and 20 ng/mL M-CSE. Microglia were cultured in a PDL-coated plate for 7 days in vitro before being used
in assays. The purity of MG was evaluated by immunocytochemical (ICC) staining using antibodies against
ionized calcium binding adapter molecule 1 (ibal; 1:1000; Wako Pure Chemical Industries, Ltd., Richmond,
VA) and 40,6-diamidino- 2-phenylindole (DAPI) (1:1000; Sigma-Aldrich) and was routinely greater than 90%,
while glial fibrillary acidic protein (GFAP) (1:3000; Sigma-Aldrich) staining was negligible (data not shown).

BV2 microglial cell culture

BV2 cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 10% fetal bovine
serum (FBS), 1% penicillin-streptomycin, and 2 mM glutamine. The cells were maintained at 37 °C in a humidified
incubator with 5% CO,. BV2 cells were sub-cultured once they reached approximately 70-80% confluency. For
experiments, cells were seeded at a density of 2 x 10* cells per well in a 96-well plate or 30 x 10 cells per well in
a 6-well plate, depending on the assay requirements. Media was replaced every 2-3 days to ensure optimal cell
growth and viability throughout the experiment.

Drugs and reagents

Lipopolysaccharide (LPS, #L6529 from Escherichia coli, 055:B5) and 2-Deoxy-D-Glucose (2DG, D8375) were
both purchased from Sigma-Aldrich (St. Louis, MO, USA) and diluted in sterile endotoxin free water as a stock
solution to be used for in vitro and in vivo studies. They were further diluted in saline as a working solution
for in vivo studies. Mito Stress test kit containing Oligomycin (Olig), Carbonyl cyanide 4-trifluoromethoxy-
phenylhydrazone (FCCP), Rotenone (R), and Antimycin A (A) purchased from Agilent (103015-100,
Agilent Technologies) and used following the manufacturer’s instructions for preparation and dilution.
5,5’,6,6'-tetrachlorol,1’,3,3’-tetramethylbenzimidazolylcarbocyanine iodide (JC-1) dye was purchased from
Invitrogen (#65-0851-38). Mito Tracker' Red CMXRos was obtained from Cell Signaling (9082). Sapphire-700
for cell viability assay was obtained from LI-COR (928-40022) and we used SYBR Green PowerUP from Applied
Biosystems (A25741) for performing reverse transcriptase quantitative real-time Polymerase Chain Reaction
(RT-gPCR).

Measurement of oxygen consumption rate

Real-time measurements of oxygen consumption rates (OCR) from mitochondrial respiration were executed on
an XFe96 Seahorse extracellular flux analyzer (Agilent Technologies). Briefly, 2 x 10* cells per well in a Seahorse
PDL-coated 96-well plate (Agilent) were seeded 3 days before the experiment and incubated at 37 °C. Before
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performing the Seahorse assay, the medium was removed and replaced with assay medium containing XF Base
medium minimal DMEM (Agilent) complemented with 2 mM glucose, 2 mM glutamax, and ImM pyruvate. The
cells were incubated for 30 min in a 37 °C non-CO? incubator immediately prior to the assay. Mito Stress assay
was then performed using Seahorse XF Cell Mito Stress Test Kit (103015-100, Agilent Technologies) strictly
following the manufacturer’s protocol (Mito_Stress_Test_Kit_Guide). With this system, OCR was measured at
baseline (basal respiration or BR) before drug injection and then quantified in real-time after sequential addition
of 2 mM Oligo, 1 mM FCCP, and 5 mM R and A (RA). Spare respiratory capacity (SC) was calculated by
subtracting the OCR of BR from the maximal OCR induced by FCCP. All data presented as BR and SC in Figs. 1,
2 and 3 are shown as fold change, as they were normalized to untreated cells.

Measurement of OCR in isolated mitochondria: OCR was additionally measured in isolated mitochondria
from whole mouse brain homogenates to study LPS- and 2-DG-related changes in mitochondrial OCR in an in
vivo system. Mice were euthanized, and brains were extracted and homogenized using a mitochondrial isolation
buffer (MIB; pH 7.2-7.4) containing 75 mM sucrose, 215 mM mannitol, 0.1% BSA, 20 mM HEPES, and 1
mM EGTA. Cellular debris and myelin were removed via two centrifugation steps (1300 g, 3 min) followed by
filtration through a cheesecloth?2. This solution of isolated mitochondria was centrifuged at high speed (13,000 g,
10 min), and the pellet was resuspended in a KCl-based medium compatible with the Seahorse assay, containing
125 mM KCl, 2 mM MgCl,, 2.5 mM KH,PO,, 20 mM HEPES, and 0.1% BSA (pH 7.2-7.4). BCA was used to
determine sample protein concentration, and 10 pg of protein was loaded per well in Seahorse assay plates. The
Seahorse assay was performed as indicated above by the manufacturer’s protocol.

Measurement of mitochondrial membrane potential

The JC-1 dye was used to monitor mitochondrial membrane potential (MMP). The monomeric form has
an emission maximum of ~529 nm. The dye at higher concentrations or potentials forms red fluorescent
aggregation with an emission maximum of ~ 590 nm. The ratio of this green/red fluorescence is independent
of mitochondrial shape, density, or size, but depends only on membrane potential. In healthy mitochondria
with high membrane potential, JC-1 forms an aggregate that emits red fluorescence, whereas in depolarized
mitochondria with reduced MMP, it remains in its monomeric form, emitting green fluorescence. A decreased
red/green fluorescence ratio reflects mitochondrial depolarization and dysfunction. For this study, MxG and
MG were grown on PDL-coated 96-well plates prior to JC-1 staining. MxG and MG were stimulated with LPS
(200 ng/mL) for 24 h, then the media were replaced with fresh media containing vehicle or 2DG (200 puM)
for an additional 24 h. According to the manufacturer’s protocol, we prepared a fresh 200 uM JC-1 dye stock
solution immediately before use by reconstructing the lyophilized JC-1 dye with DMSO to obtain a 100x stock
solution. The cell culture medium was aspirated, and 100 pl of media containing 2uM JC-1 was applied to the
cells. Following incubation at 37 °C for 10 min in a light-proof cell incubator, the media was aspirated, and the
cells were rinsed 3 times using media with no JC-1. Then the cells were immediately scanned using a confocal
microscope in Hanks’ balanced salt solution (HBSS) with Ca2 +and Mg2 + but no phenol red (Invitrogen 14025-
092). FITC and PE fluorescence readings were used to measure MMP, while FITC fluorescence was detected at
488 nm and 530 nm and the PE fluorescence signal was excited at 530 nm and detected at 630 nm. Acquired
images were processed using Image] to measure the fluorescence intensity.

Measurement of complex-V activity

Complex-V/ATP synthase is the terminal enzyme of the mitochondrial electron transport chain responsible
for ATP synthesis, and thus complex-V activity is a useful quantitative indicator of mitochondrial oxidative
phosphorylation. For this purpose, the Mitochondrial Complex-V Activity Assay Kit (NBP3-25842, Novus
Biologicals) was employed to measure complex-V activity from whole mouse brain tissue, homogenized in MIB.
This colorimetric assay operates on the principle that complex-V mediates a reversible reaction between ATP
synthesis and hydrolysis: ATP hydrolysis to ADP allows ADP-mediated conversion of NADH to NAD" after the
enzyme conversion reaction. Complex-V activity is quantified using the change in absorption at 340 nm. The
manufacturer’s protocol was closely followed for tissue preparation, mitochondrial isolation, and complex-V
activity measurement.

Measurement of reactive oxygen species generation

Inflammatory processes are known to stimulate the generation of reactive oxygen species (ROS), which further
propagate inflammation and free radical-mediated cellular injury. To determine whether 2DG may mitigate
LPS-induced ROS generation in vivo, we utilized the OxiSelect™ In Vitro ROS/RNS Assay Kit (STA-347, Cell
Biolabs) to quantify ROS generation in whole mouse brain tissue, homogenized in MIB. This fluorescence assay
uses a quenched fluorogenic probe that reacts with ROS in samples, resulting in oxidation of the probe into a
fluorescent form. Fluorescence was measured using a fluorescence plate reader at 485 nm excitation/530 nm
emission. The manufacturer’s protocol was closely followed for tissue preparation and ROS quantification.

Measurement of mitochondrial fragmentation

MG isolated with CD11b* magnetic beads were cultured on PDL-coated coverslips 7 days before performing the
experiment. The cells were incubated with MG media containing LPS (200 ng/mL) for 24 h, then switched to
fresh MG media containing vehicle or 2DG (200 pM) for an additional 24 h. To track mitochondrial morphology,
cells were incubated in an MG media containing 100 nM Mito Tracker for 30 min following the user’s manual for
preparation and dilution. After incubation, cells were fixed in ice-cold methanol for 15 min at — 20 °C and then
rinsed 3 times with PBS for 5 min. Following DAPI staining, coverslips were mounted on the slides for confocal
imaging using a 96x oil immersion lens. Acquired images were processed using the open-source Image]J/Fiji ->
Mitochondria analyzer plugin to assess the two-dimensional (2D) analysis of mitochondrial morphology and
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network connectivity. For 2D analysis, using the Chaudhry et al. method** we characterized mitochondrial size
by area and perimeter, whereas mitochondrial shape was defined by form factor (FF) and aspect ratio (AR).
We evaluated the mitochondrial network’s overall connectivity and morphological complexity based on the
skeletonized network. We quantified this by the number of branches and branch junctions, as well as the length
of branches in the skeleton. Supplemental Fig. S3 summarizes the mitochondrial labeling and indicates how they
change with various morphologies.

In vivo LPS models of neuroinflammation

LPS induces activation of MG into a pro-inflammatory state and astrocytes into a reactive state, both mediated
via toll-like receptor 4 (TLR4), contributing to neuroinflammation. LPS administration is commonly used to
model neuroinflammation in mice that is accompanied by metabolic reprogramming in both cell types. In this
study, neuroinflammation was induced by intraperitoneal (ip) or intracerebroventricular (icv) injections of LPS
to explore metabolic changes, and the potential modulatory effects of 2DG (ip) were assessed. Mice were divided
into treatment groups for ip injection as follows: (I) ip saline: no treatment (NT), (II) ip LPS (500 pg/kg) plus
vehicle (saline): LPS group, and (III) ip LPS (500 pg/kg) with 2DG (100 mg/kg): LPS+2DG group. For icv
injection, the groups were (IV) icv saline: sham, (V) icv LPS (12 ug in 3 pl) with ip saline: LPS icv group, and
(VI) icv LPS (12 pg in 3 pul) with ip 2DG (100 mg/kg): LPS icv 2DG ip group. Each group included five male
mice. Intraperitoneal LPS was administered daily for seven consecutive days, with saline as the control. The icv
injection was performed bilaterally using stereotactic surgery (ketamine;100 mg/kg and xylazine;10 mg/kg) at
the coordinates 0.5 mm posterior and + 1.5 mm lateral to the bregma, with 3 pl of saline or LPS (12 pg) delivered
into each lateral ventricle at a depth of 2.6 mm (at the rate of 1 pl/min). After injection, the needle remained in
place for 2 min to prevent backflow. For both ip and icv LPS treatment paradigms, mice received 2DG or saline
(ip) daily for seven days and were euthanized on day 7, with brains harvested for qPCR and WB analysis. The left
cerebrum was used for qPCR, and the right cerebrum was used for immunoblotting. In one cohort (treatment
groups I, II, and IIT; n=5), whole brains were collected, homogenized in MIB, and used for Seahorse analysis,
complex-V activity measurement, and ROS assays. Mitochondria were further purified for use in the Seahorse
assay as indicated in “Measurement of oxygen consumption rate”

RT-gPCR

Total RNA from MxG or mouse brain (following in vivo LPS treatment) was extracted using RNeasy kit
(QIAGEN), and reverse transcribed into cDNA with High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems).
RT-qPCR was performed in triplicate for each sample using PowerUp SYBR Green Master Mix (Applied
Biosystems) with a CFX384 Real-Time System (Bio-Rad). For each reaction, 10 ng of cDNA was used. Primers
are listed in Table S1. Relative expression values were calculated using the 2 24CT method and normalized against
peptidylprolyl isomerase-A (ppia) or f-2-microglobulin (B2m) for MxG and brain samples.

Western immunoblotting (WB)

Mouse brains were homogenized and lysed on ice in RIPA buffer supplemented with protease and phosphatase
inhibitors. The protein concentration was determined by BCA assay, and samples were prepared in NuPAGE
LDS Sample Buffer (Invitrogen). The samples were then run on a NuPAGE 4-12% Bis-Tris gel (Thermo Fisher
Scientific) and transferred to a PVDF Immobilon-P membrane (Millipore). The membrane was blocked in
Intercept© Blocking buffer (LI-COR, 927-60001) for 1 h at room temperature (RT) and incubated overnight
at 4 °C with antibodies against primary antibodies listed in Table S2. This was followed by incubation with
IRDye 800CW and 680RD anti-rabbit, -mouse or -goat secondary antibodies (1:15,000) for 2 h at RT. The blot
was visualized with the LI-COR imaging system. GAPDH or B-tubulin was used to verify sample loading. The
blot quantification was performed using Image] software. In some cases, lanes were spliced together in the
main figures in order to show different conditions next to one another while conserving space; however, any
adjustments were applied to the entire blot equally before splicing. Full scans of key Western blot data are shown
in Fig. §7.

InCell western immunoblotting (InCell WB)

To perform an InCell Western blot, we used the LI-COR Odyssey system. MxG (3 x 10* cells per well) were
seeded in a pre-coated PDL 96-well plate 24 h before beginning the experiments. After completing experiments,
the culture media were removed, and the cells were washed with PBS. Cells were then fixed by adding 4%
paraformaldehyde (PFA) and incubating at 4 °C for 15 min, followed by 2-3 PBS washes. To permeabilize the
cells, 0.1% Triton X-100 in PBS was added and incubated for 10 min. The permeabilization buffer was removed
with additional PBS washes. To block non-specific binding, cells were incubated with LI-COR Odyssey blocking
buffer for 1 h at room temperature. Primary antibodies (listed in Table S2) were diluted in blocking buffer and
added to the wells, with overnight incubation at 4 °C. p-tubulin was used as a housekeeping protein. After
incubation, cells were washed 3 times with PBS containing 0.1% Tween-20 for 5 min per wash. IRDye-conjugated
secondary antibodies (listed in Table S2) diluted in blocking buffer were then added and incubated for 1 h at
room temperature in the dark. The cells were washed again with PBS containing 0.1% Tween-20, protecting
them from light to maintain fluorescence. The plate was scanned using the LI-COR Odyssey Imaging System,
and data were analyzed for fluorescence intensity using Image]. Appropriate controls, including the absence of
primary antibodies, were used to account for background fluorescence.

Viability assay
Sapphire-700 is a non-permeable dye that does not fluoresce when added to intact cells but becomes fluorescent
upon binding to intracellular proteins when the cell membrane is compromised. This fluorescence can be
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detected using near-infrared imaging in the 700 nm channel with the LI-COR system and is directly proportional
to the number of dead cells with damaged membranes. The assay measures total fluorescence in each well but
does not quantify individual cells. For this assay, MxG (3 x 10* cells per well) were seeded into pre-coated PDL
96-well plates 24 h before treatment. After the experimental treatments, the media was removed, and the cells
were washed with PBS. DMEM containing Sapphire-700 (1:50 v/v) was then added to each well, and the plate
was incubated at 37 °C in a humidified CO2 incubator for 30 min. The plate was scanned using the LI-COR
Odyssey system with detection in the 700 nm channel. After scanning, the cells were washed three times with
PBS and fixed with 4% PFA for 10 min at 4 °C. To normalize the data, the cells were stained with p-tubulin as a
housekeeping protein, and the intensity of each well was normalized to the untreated group.

Immunocytochemistry

CD11b* MG were plated on PDL-coated glass coverslips in a 24-well cell culture plate in DMEM/F12
supplemented with 1% penicillin-streptomycin, 2 mM glutamine, 5 ug/mL N-acetyl-L-cysteine, 1x SATO, 10%
FBS, and 20 ng/mL M-CSF for 7 days prior to beginning the experiments. Following experimental treatments,
MG was washed three times with PBS and fixed with 4% PFA for 10 min at 4 °C. The cells were then washed
twice in TBS and permeabilized with 1% Triton X-100 in TBS (TBS-T) for 5 min, followed by incubation in
blocking solution (5% donkey serum, 5% goat serum in TBS) for 45 min at RT. The cells were then incubated
with primary antibodies (listed in Table S2) diluted in (20% blocking buffer in TBS) overnight at 4 °C. The cells
were then washed three times with the TBS buffer for 5 min. Appropriate Alexa Fluor conjugated secondary
antibodies (listed in Table S2) in 20% blocking buffer in TBS were added for 2 h at RT and then stained with
DAPI. Images were taken on Zeiss LSM 700 Confocal. Double-positive cells were counted in a blinded fashion.

Myelin isolation, labeling, and phagocytosis assay

Mpyelin isolation and labeling

Myelin was isolated and labeled with carboxyfluorescein succinimidyl ester (CFSE, Thermo Fisher Scientific) as
previously described* to obtain fluorescent-tagged myelin particles (FTMP). Briefly, brains from ten 8-10-week-
old C57BL/6] mice were dissected and placed in ice-cold 0.32 M sucrose solution. The brains were cut into
small pieces (~ 5 mm?) and transferred to 30 mL of the same solution. The tissue was homogenized using a
sterile hand-held rotary homogenizer. The brain homogenate was layered on top of ice-cold 0.83 M sucrose
in a 50-mL centrifuge tube and centrifuged at 100,000 g for 45 min at 4 °C in an ultracentrifuge. The myelin
debris, seen as a white band at the interface between the two sucrose layers, was collected, re-homogenized, and
centrifuged again at 100,000 g for 45 min. The resulting myelin pellet was resuspended in Tris-Cl buffer (pH
7.4) and centrifuged again. The pellet was then suspended in sterile PBS and centrifuged at 22,000 g for 10 min
at 4 °C. The final myelin pellet (100 mg/mL) was resuspended in PBS. For myelin labeling, 100 ul of the isolated
myelin was resuspended in 200 pl of 50 uM CFSE, incubated for 30 min at room temperature in the dark, and
centrifuged at 14,800 g for 10 min at 4 °C. Labeled myelin was washed three times with 100 mM glycine in PBS
and resuspended in sterile PBS (final concentration 100 mg/mL).

Phagocytosis assay

CD11b* MG were cultured in pre-coated PDL 96-well plates at 2 x 10* cells per well. Cells were treated for 24 h
with LPS (200 ng/mL) or vehicle, then the media was replaced with fresh media containing 2DG (200 pM) or
vehicle for an additional 24 h. The cells were washed 2x with PBS and incubated with CFSE-labeled myelin
(FTMP) (1 mg/mL) for 2 h at 37 °C and washed three times with PBS to remove non-engulfed myelin. MG were
fixed with 4% PFA, blocked in 10% mouse serum, and incubated overnight at 4 °C with p-tubulin antibody,
followed by washing and incubation with a secondary antibody conjugated with IRDye 680RD for 1 h at RT. The
images were scanned with the LI-COR Odyssey system, and each well’s fluorescence intensity was calculated
using Image] software and normalized first to the housekeeping protein p-tubulin and then to the vehicle group.

Data availability

All data supporting the findings of this study are presented and/or tabulated within the article or supplementary
figures. The datasets generated and analyzed during the current study are available from the corresponding au-
thor upon reasonable request.
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