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ABSTRACT

Microglia, the specialized macrophages of the brain, can adopt different
shapes and functions, some of which may be detrimental for nervous
tissue. Similar to other immune cells, the metabolic program may
determine the phenotypic features of microglia, and could constitute a
therapeutic target in neurological diseases. Because the knowledge on
microglial metabolism was sparse we here employed mouse primary
microglia cells polarized into a pro- or anti-inflammatory state to define
their metabolic features. After stimulation with either IL1B/IFNy or IL4,
the activity of glycolysis, glucose oxidation, glutamine oxidation,
mitochondrial and peroxisomal fatty acid B-oxidation, and fatty acid
synthesis, was assessed by using radiolabeled substrates. We
complemented these data with transcriptome analysis of key enzymes
orchestrating these metabolic pathways. Pro-inflammatory microglia
exhibit increased glucose and glutamine metabolism and suppress both
fatty acid oxidation and to a lesser extent fatty acid synthesis. On the
other hand, anti-inflammatory microglia display changes only in fatty
acid metabolism upregulating both fatty acid oxidation and fatty acid
synthesis. Importantly, also human microglia-like cells differentiated
from pluripotent stem cells upregulate glycolysis in pro-inflammatory
conditions. Finally, we show that glycolytic enzymes are induced in a
pro-inflammatory brain environment in vivo in mice. Taken together, the
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distinct metabolism in pro- and anti-inflammatory microglia can
constitute a target to direct the microglial phenotype.
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ABBREVIATIONS

ACOX1, acyl-CoA oxidase 1; AD, Alzheimer’s disease; BCFA, branched
chain fatty acids; CNS, central nervous system; CPT, carnitine
palmitoyltransferase; FAO, fatty acid oxidation; FASN, fatty acid synthase;
G6PD,  glucose-6-phosphate  dehydrogenase;  GLUD, glutamate
dehydrogenase; GOT, glutamate-oxaloacetate transaminase; GS,
glutamine synthase; HK, hexokinase; hPSC, human pluripotent stem cells;
IFN, interferon; IL, interleukin; oKG, o-ketoglutarate; LDH, lactate
dehydrogenase; LPL, lipoprotein lipase; LPS, lipopolysaccharide; MCAD,
medium-chain acyl-CoA dehydrogenase; MFP, multifunctional protein; NO,
nitric oxide; OXPHOS, oxidative phosphorylation; PDH, pyruvate
dehydrogenase;  PDK, pyruvate dehydrogenase  kinase;  PFK,
phosphofructokinase; PFKFB, phosphofructokinase-fructose biphosphatase;
PGC, peroxisome proliferator-activated receptor gamma coactivator; PPP,
pentose phosphate pathway; PUFA, polyunsaturated fatty acids; ROS,
reactive oxygen species; SHPK, sedoheptulokinase; TAG, triacylglycerides;
TCA, tricarboxylic acid; VLCFA, very long chain fatty acids

INTRODUCTION

Microglia, mostly referred to as resident macrophages of the central
nervous system (CNS), are responsible for maintaining brain homeostasis
through their function that is both glial and immune related [1]. However,
unlike most tissue macrophages, they exclusively originate from
embryonic progenitors in the yolk sac and are maintained locally
throughout development and adulthood [2,3]. Furthermore, microglia
possess a unique homeostatic signature distinguishing them clearly from
other tissue resident macrophages, but also from the surrounding brain
cells, i.e., neurons, astrocytes and oligodendrocytes [4,5]. In a healthy
brain, microglia have a ramified morphology, with constantly moving
protrusions, surveying the brain tissue [6]. In response to a variety of
stimuli or events, microglia can adopt other phenotypes accompanied
with specific morphology and function. For example, it has already been
shown that treatment of microglia with interleukin (IL)1B or interferon
(IFN)y can provoke a pro-inflammatory or so called M1 microglia
phenotype, while IL4 can provoke an anti-inflammatory or M2
phenotype [7]. Pro-inflammatory microglia, characterized by an
amoeboid shape and production and secretion of inflammatory cytokines
and chemokines, were shown to be detrimental and harmful for
neuronal tissue [8]. Moreover, the pro-inflammatory cytokine IL1B has
been implicated in acute neuroinflammatory conditions and in several
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neurodegenerative diseases [9-11]. In contrast, in an anti-inflammatory
state, microglia have protective and beneficial roles with IL4 mediating
neuroprotection [8,12-14]. According to current insights, microglia may
play a decisive role in the outcome of neurological diseases including
ischemia, neurodegeneration and traumatic events. Importantly, chronic
activation of immune cells, microglia in particular, presents a common
link between these diseases [15].

Manipulating the microglial phenotype has therefore become a
promising approach for therapeutic intervention in neurological diseases
[16,17]. Because the metabolic program of immune cells is not only
associated with, but also determinant for their phenotype, this
constitutes a potential target. For murine macrophages it was indeed
shown that the pro-inflammatory or M1 state is glycolytic while fatty acid
oxidation (FAO) and oxidative phosphorylation (OXPHOS) are a hallmark
of the anti-inflammatory or M2 state [18,19]. Importantly, glycolysis is
indispensable for pro-inflammatory activation of macrophages, since
blocking this pathway abrogated the stimulation and secretion of
pro-inflammatory cytokines [20]. In a similar manner it was shown that
FAO and mitochondrial function are necessary for anti-inflammatory
functions [19]. Moreover, approaches to shape the macrophage
phenotype via targeting metabolism in chronic inflammatory diseases
have already yielded positive results [21]. However, in contrast to the
extensive knowledge on metabolism of immune cells in the periphery,
not much is known about microglial metabolism. So far, some studies
provided evidence indicative of increased glycolysis in pro-inflammatory
M1 microglia [22-25]. Furthermore, it has been shown that
lipopolysaccharide (LPS)-activated microglia exhibit increased glutamate
to glutamine conversion via glutamine synthase (GS) [26,27]. In parallel,
LPS-activated microglia exhibit decreased mitochondrial function
evidenced by the reduction in the activity of respiratory chain enzymes
and the reduction in mitochondrial OXPHOS [22,23,28,29]. However,
despite the fact that metabolic alterations in microglia have been
implicated in several disease models and in aging [25,30-33], it remains
largely unknown how most pathways are regulated. Moreover, metabolic
approaches have already been applied in several CNS pathologies and had
positive effects, although the cellular target was not defined [31,34-37].

In order to define the metabolism of microglia in various states, we
used mouse primary microglia cells polarized into a clear-cut pro- or
anti-inflammatory state, through stimulation with IL1B/IFNy or IL4,
respectively. We investigated several metabolic pathways, including
glycolysis, glucose oxidation, glutamine oxidation, fatty acid B-oxidation
and fatty acid synthesis, by using radiolabeled substrates which allow
specific and sensitive measurement of metabolism in the cell
Furthermore, we complemented these data with transcriptome analysis
of key enzymes orchestrating these metabolic pathways. Finally,
glycolysis was assessed in human microglia-like cells, differentiated from
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pluripotent stem cells. The data indicate dynamic changes in microglial
metabolism during polarization.

MATERIALS AND METHODS
Mice

Mice were bred in the animal housing facility of the KU Leuven, had
ad libitum access to water and standard rodent food, and were kept on a
12 h light and dark cycle. All animal experiments were performed in
accordance with the "Guidelines for Care and Use of Experimental
Animals" and fully approved by the Research Ethical Committee of the
KU Leuven (#065/2015, 2015-11-03).

Primary Microglia Cultures

Microglia cells were isolated from the brains of postnatal day 0-1
control C57BL/6] mice, as previously described [7]. Briefly, brains of mice
were dissected and meninges were removed under the microscope in
sterile conditions. Subsequently, cortices were dissociated and pieces
were allowed to sediment for 1 min, after which the supernatant was
collected. The supernatant was then centrifuged and pellets were
resuspended in DMEM medium supplemented with 10% fetal bovine
serum and 0.01% penicillin/streptomycin (all from ThermoFisher,
Waltham, MA, USA) and divided between T75 culture flasks. Ten T75
flasks were used for plating the cells isolated from 6 brains. After 2 weeks
in culture, microglia were separated from astrocytes and collected by
reciprocal shaking (30 min) and by repeated rinsing of the flasks,
respectively. Cells were plated in 48-, 12- or 6-well plates according to the
metabolic assay in Macrophage Serum Free Medium (ThermoFisher,
Waltham, MA, USA) and stimulated for 24 h with 50 ng/mL IL1p and 20
ng/mL IFNy or 50 ng/mL IL4 (all from R&D, Minneapolis, MN, USA) to
induce an M1 or M2 phenotype, respectively [7]. The efficiency of the
polarization was confirmed by measuring the gene expression of typical
M1 (iNOS, Tnfa, 116) and M2 (Argl, Retnla, Mrc1) markers after the
treatment with IL1B/IFNy and IL4 (Figure S1).

hPSC-Derived Microglia-Like Cells

Human pluripotent stem cells (hPSC) were differentiated into
monocytes and subsequently transdifferentiated into microglia-like cells
[38]. Briefly, non-adherent cells were harvested on day 17, 21, 25, 28 and
32, and monocytes were selected by using CD14-labelled magnetic beads
(Miltenyi, Bergisch Gladbach, Germany), following the manufacturer’s
instructions. For transdifferentiation of monocytes to microglia, 500,000
freshly isolated monocytes were plated in one well of a 6-well plate in
microglia differentiation medium (Neurobasal medium, N2, B27, lactic
acid, sodium pyruvate, glutamax, biotin, ascorbic acid, NaCl, Albumax I
and penicillin/streptomycin) containing 10 ng/mL IL34 and M-CSF.
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Medium was changed every day and the number of adherent microglia
per well was between 0.5-1 x 10° cells. After obtaining microglia-like cells,
they were replated in 24-well plates at a density of 150,000 cells/well, and
stimulated for 24 h with 100 ng/mL LPS (Sigma Aldrich, St. Louis, MO,
USA). Approval for the use of human embryonic stem cells was obtained
from the ethics committee of UZ Leuven (AMV/22042013 and
SBB219.2012/1000).

In vivo LPS Challenge

Twelve-week old control mice were injected intraperitoneally with
100 pL LPS (1 mg/kg, Sigma Aldrich, St. Louis, MO, USA or sterile saline as
previously reported [39,40]. After 4 h, mice were sacrificed and brains
were snap frozen in liquid nitrogen and stored at -80 °C. Tissue was
further processed for qRT-PCR as described below.

RNA Isolation and qRT-PCR

RNA isolation was performed by Trizol extraction for tissue samples,
and by using the PureLink RNA Mini Kit for microglia, both according to
the manufacturer’s protocol (ThermoFisher, Waltham, MA, USA).
Subsequently, RNA was converted to cDNA by using the QuantiTect
reverse transcription Kit (Qiagen, Hilden, Germany). Quantitative real-
time transcription PCR was performed on samples in triplicate with the
PowerUp SYBR Green Master Mix (Thermo Fisher, Waltham, MA, USA)
using the ABI PRISM 7500 Real Time PCR system (Applied Biosystems,
Foster City, CA, USA). Data obtained were quantified using the 27
method [41]. The expression of selected genes was normalized to the
expression of the house keeping gene, S-actin. All primers were
purchased from IDT or Eurogentec. The list of primers used can be found
in Supplementary Table 1.

Western Blot

Primary microglia were seeded in a 6-well plate at a density of
1 x 10° cells/well and exposed to IL1B/IFNy or IL4 as described above.
After the stimulation, cells were lysed in RIPA buffer (ThermoFisher,
Waltham, MA, USA) containing protease inhibitors (Roche, Basel,
Switzerland) and collected by scraping. Total protein content was
determined using the Pierce™ BCA Protein Assay Kit (ThermoFisher,
Waltham, MA, USA) following the manufacturer’s instructions.
Subsequently, 10-30 pg of protein was subjected to SDS-polyacrylamide
gel electrophoresis (10% gels). After the separation, proteins were blotted
onto a polyvinylidene fluoride membrane and immunostaining was
performed. The following primary antibodies were used, ACOX1 (against
51 kDa subunit; 1/5000 [42]), MFP2 (1/400, ProteinTech, Manchester, UK)
and vinculin (1/2000, Sigma Aldrich, St. Louis, MO, USA) together with
HRP-conjugated secondary antibodies (1/5000, Agilent, Santa Clara, CA,
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USA). Detection was performed using an ECL detection reagent (GE
Healthcare Life Science, Marlborough, MA, USA) and the ChemiDoc MP
System (BioRad, Hercules, CA, USA). Image Lab software (BioRad,
Hercules, CA, USA) was used for image processing and quantification of
western blot bands.

Metabolic Assays

Glycolysis and mitochondrial p-oxidation were determined by
measuring the production of *H,0 after incubating the cells with labeled
glucose or palmitic acid, respectively [43,44]. Briefly, cells were seeded in
a 48-well plate at a density of 75,000 cells/well and polarized as described
above. For glycolysis, cells were incubated with 0.4 pCi/mL [5-*H]-D-
glucose (Perkin Elmer, Waltham, MA, USA) and for mitochondrial B-
oxidation with 2 pCi/mL [9,10—3H]palmitate (Perkin Elmer, Waltham, MA,
USA). After 3 h of incubation, the medium was transferred into glass vials
and sealed with rubber stoppers containing hanging wells with
Whatman paper soaked with water. After 48 h of incubation radioactivity
in the paper was determined by liquid scintillation counting.

Glutamine oxidation was determined by measuring production of
C0, after incubating the cells with labeled glutamine [43,44]. Briefly,
cells were seeded in a 12-well plate at a density of 300,000 cells/well and
polarized as described previously. Cells were incubated with 0.5 pCi/mL
[U-"*C]glutamine (Perkin Elmer, Waltham, MA, USA) for 6 h after which
250 pL of 12% perchloric acid was added to stop the reaction and release
14c0, from the medium, which was captured on Hyamine soaked filter
papers overnight. The radioactivity was measured as mentioned above.

Glucose oxidation was determined in the same manner as glutamine
oxidation [43,44]. Briefly, cells where incubated with 0.55 uCi/mL [1-'*C]-
D-glucose (Perkin Elmer) or [6—14C]—D—glucose (Perkin Elmer, Waltham, MA,
USA) and the production of '*CO, was determined by liquid scintillation
counting. Oxidation of 1-'*C-glucose represents oxidation through both
the pentose phosphate pathway (PPP) and tricarboxylic acid (TCA) cycle
while oxidation of 6-'“C glucose represents oxidation through the TCA
cycle alone. The activity of the PPP was calculated as the difference
between 1-'*C and 6-'*C glucose oxidation [44,45].

Peroxisomal B-oxidation was determined similar to glutamine and
glucose oxidation. Briefly, cells were incubated with 0.03 pCi/mL 1-'*C-
labeled 2-methylhexadecanoic acid (synthetic BCFA) (5 uM) [46] bound to
defatted albumin (molar ratio 2) for 24 h, followed by 1c0, collection
and liquid scintillation counting [47].

Fatty acid synthesis was measured by determining the incorporation
of [1,2-"*C]-acetate into triacylglycerides (TAG) as described [48]. Briefly,
cells were seeded in a 6-well plate at a density of 1 x 10° cells/well and
polarized as described above. Cells were incubated with 0.5 pCi/mL [1,2-
“Cl-acetate (Perkin Elmer, Waltham, MA, USA for 24 h after which they
were washed with phosphate-buffered saline and collected by scraping.
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Lipids were extracted by methanol/chloroform extraction as described
[49] and spotted together with appropriate standards onto silica gel
plates. The plates were developed in hexane/diethylether/acetic acid
(70/30/1, v/v/v) and lipids were visualized with iodine vapor. The amount
of radioactive label incorporated in the TAG was quantified by scraping
the silica gel of the corresponding area and scintillation counting.

All measurements were normalized to cell number or phospholipid
content, which was determined as described [50]. Data were corrected
for the total concentration of the substrate (non-labeled and radiolabeled)
present in the medium at the beginning of the incubation with the
radiolabeled substrate.

Statistical Analysis

For statistical analysis, GraphPad Prism software (version 7.0) was used
and the following tests were performed: unpaired two-sided Student’s t-test
or one-way ANOVA repeated measures followed by Tukey post-test. Data are
shown as mean + SEM and statistical significance was set at p < 0.05.

RESULTS
Glucose Metabolism Is Increased in M1 Microglia

Primary microglial cultures from newborn mice were polarized into a
pro-inflammatory M1 and into an anti-inflammatory M2 state, by
exposing them to IL1B/IFNy and IL4, respectively [7]. In view of the well-
known activation of glycolysis in pro-inflammatory macrophages, we
first determined the activity of this pathway by estimating the gene
expression of several key glycolytic enzymes (Pfkfb3, Pfkfb1 and Hk3) and
we measured the rate of *H,0 production after incubating the cells with
radiolabeled glucose. Gene expression analysis revealed an upregulation
of both Pfkfb3 and Hk3 and downregulation of Pfkfb1 in M1 microglia,
which did not reach statistical significance (Figure 1A-C). However, the
ratio Pfkfb3/Pfkfb1 was significantly higher, indicative of increased
glycolysis in pro-inflammatory microglia (Figure 1D). Indeed, both Pfkfb1
and Pfkfb3 encode 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase,
however, Pfkfb3 encodes the enzyme with higher catalytic activity of the
kinase versus the phosphatase leading to higher concentrations of
fructose-2,6-biphosphate, an allosteric activator of phosphofructokinase
(PFK)1 (Figure 1F). Consequently, activation of PFK1, the enzyme
catalyzing the third step of glycolysis, enhances glycolysis even if enough
ATP is available [51]. This was confirmed by measuring pathway activity
using radiolabeled glucose, which showed a 2-fold increase in glycolytic
flux in M1 microglia (Figure 1E). These data are in line with other studies
performed in BV-2 and primary microglia [23,25]. Moreover, similar data
were obtained for microglia stimulated with another M1 stimulus, LPS
(data not shown). Strikingly, in contrast to M2 macrophages [52], we
observed no changes regarding glycolysis in M2 microglia (Figure 1).
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Figure 1. Increased glycolysis in pro-inflammatory microglia. (A-D) Gene expression of glycolytic
enzymes Pfkfb3 (A), Pfkfb1 (B) and Hk3 (C) and the ratio of Pfkfb3/Pfkfb1 (D) in pro- and anti-inflammatory
microglia (n = 7-9/group); (E) Glycolytic activity in pro- and anti-inflammatory microglia compared to
basal conditions expressed as % of basal activity (1230 nmol glucose/h/million cells) (n = 7/group); (F)
Simplified scheme of glycolysis; green arrow represents positive regulation. Bars represent mean + SEM.
Note: Red color represents pro-inflammatory M1 state while blue color represents anti-inflammatory M2
state. Statistical differences based on One-way ANOVA test: *p < 0.05, **p < 0.01 (pro- or anti-inflammatory
state compared to the basal state), #p < 0.05 (pro-inflammatory state versus anti-inflammatory state).

The end product of glycolysis is pyruvate, which can give rise to either
lactate or to acetyl-CoA. The latter subsequently enters the tricarboxylic
acid (TCA) cycle generating energy laden NADH and FADH2, which can
subsequently fuel the electron transport chain (Figure 2E). Interestingly,
contrast to BV-2 microglia, which show increased lactate
dehydrogenase (LDH) activity and lactate production [24], we did not
observe any change in Ldha expression in primary M1 microglia (Figure
2A). We therefore hypothesized that the increased glycolysis in M1
microglia might provide pyruvate for acetyl-CoA synthesis, fueling the
TCA cycle and enabling full glucose oxidation. To test this, we estimated
gene expression of Pdhal, crucial for pyruvate to acetyl-CoA conversion,
in M1 microglia. The expression of Pdhal was unaltered in M1 microglia
(Figure 2B). However, gene expression of Pdk1, which regulates pyruvate
dehydrogenase (PDH) activity was downregulated (Figure 2C). Notably,
PDK1 phosphorylates PDH, which leads to its inactivation, subsequently
blocking conversion of pyruvate into acetyl-CoA and its entrance into the

in
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TCA cycle (Figure 2E) [53]. Thus, as we observed decreased Pdk1 expression
in M1 microglia (Figure 2C), we speculated that these cells have higher rates
of pyruvate to acetyl-CoA conversion. To examine this, we assessed 6-'*C-
glucose oxidation, which is a measure of glucose oxidation through the TCA
cycle [54]. We observed higher rates of 6-'*C-glucose oxidation in M1
microglia (Figure 2D), proving that M1 microglia increase glucose utilization
not only through glycolysis, but also through the TCA cycle. Additionally, we
examined whether M2 microglia exhibit any alterations, but we observed no
changes in the gene expression of Ldha, Pdhal and Pdk1, nor in glucose
oxidation through the TCA cycle (Figure 2).
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Figure 2. Increased glucose oxidation through the TCA cycle in pro-inflammatory microglia. (A-C)
Gene expression of enzymes Ldha (A), Pdhal (B) and Pdk1 (C) in pro- and anti-inflammatory microglia (n =
7-9/group); (D) Glucose oxidation through the TCA cycle in pro- and anti-inflammatory microglia
compared to basal conditions expressed as the % of basal activity (0.68 nmol glucose/h/million cells) (n =
5/group); (E) Simplified scheme of glucose fate after the production of pyruvate through glycolysis. Note:
red arrow represents negative regulation. Bars represent mean + SEM. Red color represents pro-
inflammatory M1 state while blue color represents anti-inflammatory M2 state. Statistical differences
based on One-way ANOVA test: *p < 0.05, **p < 0.01 (pro- or anti-inflammatory state compared to the basal
state) #p < 0.05 (pro-inflammatory state versus anti-inflammatory state).

Glucose can also be metabolized via the pentose phosphate
pathway (PPP), in which NADPH and pentoses are generated. NADPH
fuels the activities of NADPH oxidase and iNOS, which produce reactive
oxygen species (ROS) and nitric oxide (NO), respectively, while pentoses serve
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as building blocks for nucleotide synthesis. Interestingly, a study performed
in BV-2 microglia indicated increased PPP in the M1 state based on a higher
glucose-6-phosphate dehydrogenase (G6PD) activity [24]. Here, we first
determined the gene expression of G6pd as well as the expression of the PPP
regulator, sedoheptulokinase (Shpk). Particularly, Shpk regulates the PPP
through the production of seduheptulose-7-phosphate, and its
downregulation leads to the stimulation of PPP and vice versa (Figure 3D)
[55]. We observed a slight decrease in G6pd expression in primary M1
microglia (p = 0.06) and no significant changes in Shpk expression (Figure
3A,B). At the level of pathway activity in M1 microglia, there was a trend for
an increased PPP, but this did not reach statistical significance (Figure 3C).
Additionally, we examined whether M2 microglia exhibit any alterations, but
we observed no changes in the gene expression of G6pd and Shpk, nor in the
PPP activity (Figure 3).

Altogether our data demonstrate increased glucose turnover in pro-
inflammatory microglia with most pronounced effects on glycolysis.
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Figure 3. No significant changes in the PPP during microglia polarization. (A-B) Gene expression of G6pd (A)
and Shpk (B) in pro- and anti-inflammatory microglia (n = 7-9/group); (C) Glucose oxidation through the PPP
(calculated as difference between 1-*C and 6-*C glucose oxidation) in pro- and anti-inflammatory microglia
compared to basal conditions expressed as the % of basal activity (0.53 nmol glucose/h/million cells) (n = 4/group);
(D) Schematic representation of glucose usage through PPP. Note: red arrow represents negative regulation. Bars

represent mean

+ SEM. Red color represents pro-inflammatory M1 state while blue color represents anti-
inflammatory M2 state. Statistical differences based on One-way ANOVA test.
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Increased Glutamine Oxidation in M1 Microglia

Next to glucose oxidation, we also investigated glutamine oxidation in
differentially activated microglia. More precisely, we measured oxidation of
radiolabeled glutamine together with estimating the gene expression of
Gludl and Gotl, involved in the entrance of glutamine into the TCA cycle.
Glud1l and Gotl, encode glutamate dehydrogenase (GLUD) and glutamate-
oxaloacetate transaminase (GOT), respectively, both catalyzing the
conversion of glutamate to a-ketoglutarate (aKG) (Figure 4D). In M1 microglia,
we observed a reduction in Gludl expression, while the expression of Got1
was increased (Figure 4A,B). Since these enzymes catalyze the same reaction,
and as we saw their opposite regulation in M1 microglia, we estimated
glutamine oxidation by using radiolabeled glutamine. The data demonstrated
increased glutamine oxidation in M1 microglia (Figure 4C), supported by
increased Gotl expression. In contrast to M1 microglia, no evident
adaptations were observed in M2 microglia (Figure 4).
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Figure 4. Glutamine oxidation is increased in pro-inflammatory microglia. (A-B) Gene expression of
Glud1 (A) and Got1 (B) in pro- and anti-inflammatory microglia (n = 8-9/group); (C) Glutamine oxidation in
pro- and anti-inflammatory microglia compared to basal conditions expressed as the % of basal activity
(0.36 pmol glutamine/h/million cells) (n = 4-5/group); (D) Schematic representation of glutamine entrance
into the TCA cycle. Note: Bars represent mean + SEM. Red color represents pro-inflammatory M1 state
while blue color represents anti-inflammatory M2 state. Statistical differences based on One-way ANOVA
test: *p < 0.05, **p < 0.01 (pro- or anti-inflammatory state compared to the basal state) #p < 0.05, ##p < 0.01
(pro-inflammatory state versus anti-inflammatory state).
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Fatty Acid Oxidation and Fatty acid Synthesis Are Oppositely
Regulated in M1 and M2 Microglia

In order to get insight into fatty acid metabolism in differentially
activated microglia, we investigated both fatty acid degradation and fatty
acid synthesis. Thereby, we did not only focus on the degradation of long
and medium chain fatty acids via mitochondrial B-oxidation, but also
assessed peroxisomal B-oxidation, which is essential for the degradation
of specific fatty acids such as very long chain fatty acids (VLCFA) and
branched chain fatty acids (BCFA) as well as the synthesis and
degradation of polyunsaturated fatty acids (PUFA) [56,57].
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Figure 5. Regulation of fatty acid oxidation in polarized microglia. (A-E) Gene expression of enzymes
involved in mitochondrial (A-B) and peroxisomal B-oxidation (C-E) in pro- and anti-inflammatory
microglia (n = 8-9/group); (F-G) Mitochondrial (F) and peroxisomal (G) B-oxidation in pro- and anti-
inflammatory microglia compared to basal conditions expressed as the % of basal activity (47 nmol
palmitate/h/million cells and 24 pmol 2-Me-C16:0/h/million cells) (n = 3-4/group) (H) Schematic
representation of mitochondrial and peroxisomal B-oxidation; ETC—electron transport chain. Note: Bars
represent mean + SEM. Red color represents pro-inflammatory M1 state while blue color represents anti-
inflammatory M2 state. Statistical differences based on One-way ANOVA test: *p < 0.05, ***p < 0.001, ****p <
0.0001 (pro- or anti-inflammatory state compared to the basal state) #p < 0.05, ##p < 0.01, ####p < 0.0001
(pro-inflammatory state versus anti-inflammatory state).

First, we estimated the gene expression of enzymes involved in both
mitochondrial (Cptia and Acadm (encoding MCAD) and peroxisomal
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B-oxidation (Acox1, Ehhadh (encoding MFP1) and Hsd17b4 (encoding MFP2)
which revealed strong and robust suppression of both mitochondrial and
peroxisomal B-oxidation transcripts in M1 microglia (Figure 5A-E). On the
other hand, no changes were observed in M2 microglia with the exception of
Ehhadh, which was downregulated (Figure 5D).

To further strengthen the gene expression data, we measured the activity of
both mitochondrial and peroxisomal [B-oxidation by using radiolabeled
palmitate and 2- methylhexadecanoic acid (2-Me-C16:0) [46], respectively
(Figure 5H). In line with the gene expression data, we observed suppression of
palmitate oxidation in M1 microglia (Figure 5F). In contrast, M2 microglia
showed a slight increase in mitochondrial p-oxidation (Figure 5F). Surprisingly,
even though we observed a strong and consistent suppression of peroxisomal
B-oxidation enzymes in M1 microglia at the level of gene expression, the
breakdown of 2-methylhexadecanoic acid was similar in all microglial states
(Figure 5G).

To further investigate this discrepancy, we also determined the
protein levels of the peroxisomal enzymes, ACOX1 and MFP2, in
polarized microglia. Interestingly, we observed no changes in these
proteins based on western blot analysis. This explains the unchanged
pathway activity despite the strong suppression of enzymes at the level
of gene expression (Figure 6).
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Figure 6. Unchanged protein levels of peroxisomal enzymes in polarized microglia. (A,B) Western
blot analysis of ACOX1 and MFP2 protein levels in pro- and anti-inflammatory microglia compared to
basal conditions (n = 2/group). A representative blot (A) and quantification (B) are shown. Note: Bars
represent mean + SEM. Red color represents pro-inflammatory M1 state while blue color represents anti-
inflammatory M2 state.
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Beside the fatty acid degradation, we were also interested whether
microglia show differences in fatty acid synthesis during polarization.
We measured both the gene expression of fatty acid synthase (Fasn) as
well as incorporation of radiolabeled acetate into triacylglycerides (TAG),
a measure of fatty acid synthesis. Gene expression analysis showed a
decreased Fasn expression, accompanied by a decrease in the pathway
activity in M1 microglia (Figure 7A,B). In contrast, in M2 microglia, we
observed a strong increase in the pathway activity, even though no
changes were observed in the expression of Fasn (Figure 7A,B).

Altogether our data demonstrate opposite regulation of FAO and fatty
acid synthesis in M1 and M2 microglia, as M1 microglia suppress these
pathways, while M2 microglia boost them. The exception was
peroxisomal FAO, which was unaltered between the microglia states.
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Figure 7. Fatty acid synthesis is suppressed in pro-inflammatory microglia and boosted in anti-
inflammatory microglia. (A) Gene expression of Fasn enzyme involved in fatty acid synthesis in pro- and
anti-inflammatory microglia (n = 9/group); (B) Fatty acid synthesis in pro- and anti-inflammatory microglia
compared to basal conditions expressed as the % of basal activity (77 dpm/24 h/million cells) (n = 4/group).
Note: Bars represent mean + SEM. Red color represents pro-inflammatory M1 state while blue color
represents anti-inflammatory M2 state. Statistical differences based on One-way ANOVA test: *p < 0.05,
***p < 0.001 (pro- or anti-inflammatory state compared to the basal state) #p < 0.05, ####p < 0.0001 (pro-
inflammatory state versus anti-inflammatory state).

Human Microglia-Like Cells Also Exhibit Increased Glycolysis in the
M1 State

We clearly demonstrated that the most pronounced metabolic
adaptation in pro-inflammatory microglia is the increase in glycolysis.
Interestingly, several studies in rodents highlighted beneficial effects of
suppressing glycolysis on the outcome of events such as stroke [31]. In
order to potentially translate this to patients, an outstanding question is
whether pro-inflammatory human microglia display similar metabolic
adaptations. To try to answer this question we employed microglia-like
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cells derived from human pluripotent stem cells (hPSC) and exposed
them to the potent inflammation inducer LPS. Gene expression analysis
revealed an increased Pfkfb3/Pfkfb1 ratio, primarily due to increased
expression of Pfkfb3 (Figure 8A-C). This was indicative of increased
glycolysis, which was confirmed by flux analysis experiments (Figure 8D).
Thus, pro-inflammatory hPSC-derived microglia-like cells upregulate
glycolysis similar as murine microglia.
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Figure 8. Increased glycolysis in LPS treated hPSC-derived microglia. (A-C) Gene expression of
glycolytic enzymes Pfkfb3 (A) and Pfkfb1 (B) and the ratio of Pfkfb3/Pfkfb1 (C) in LPS-treated hPSC-derived
microglia-like cells compared to basal conditions (n = 6/group); (D) Glycolytic activity in LPS-treated hPSC-
derived microglia-like cells compared to basal conditions (n = 8/group). Note: Bars represent mean + SEM.
Statistical differences based on unpaired t-test: **p < 0.01, ***p < 0.001, ****p < 0.0001.

Indication of Increased Glycolysis in the Brain after Systemic LPS
Administration

Lastly, in order to assess whether a similar trend of increased
glycolysis in pro-inflammatory microglia could be recapitulated in an in
vivo setting, we administered LPS intraperitoneally to control mice and
estimated gene expression of glycolytic enzymes in the brain. As expected,
LPS treatment led to increased expression of pro-inflammatory markers in
the brain 4 hours post-injection (Figure 9A-D). Interestingly, this was
accompanied by increased expression of the glycolytic enzyme, Pfkfb3, but
not Hk3 (Figure 9E,G). The gene expression of Pfkfb1 was unaltered (Figure
9F), but the ratio Pfkfb3/Pfkfb1 was elevated in LPS-treated mice (Figure 9H).
Furthermore, it is likely that microglia are the main cells responsible for the
observed changes in the LPS-treated group. It has indeed been shown that
microglia, not astrocytes, exhibit activated cytokine expression 4 hours post-
injection [58]. These results suggest that pro-inflammatory microglia
upregulate glycolytic activity, not only in vitro, but also in vivo, and that this
might be mediated through increased Pfkfb3 expression.
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Figure 9. Increased expression of the glycolytic enzyme Pfkfb3 in the brain of LPS-treated mice. (A-H) Gene
expression of pro-inflammatory markers (A-D) and glycolytic enzymes (E-H) in the brain of control mice treated
with LPS (n = 4-10/group). Note: Bars represent mean + SEM. Statistical differences based on unpaired t-test: **p <
0.01.

DISCUSSION

In this study, we report that, similar to macrophages, microglia undergo
metabolic adaptations during polarization (all data are summarized in Figure
10). We provide a thorough insight into microglia metabolism and point out
that glycolysis is a major hallmark of pro-inflammatory microglia. In addition,
we revealed FAO and fatty acid synthesis as key features of anti-
inflammatory microglia.

The increased flux through the glycolytic pathway in primary murine
pro-inflammatory, M1 microglia is in line with previous studies using cell
lines and indirect approaches. Few studies performed on the BV-2
microglia cell line report an increase in glycolysis in LPS-stimulated
microglia [22,23]. This was concluded mainly based on the increase in
acidification rate, measured by the XF24 extracellular flux analyzer.
Furthermore, a recent study on primary microglia showed increased
glycolysis in IFNy-stimulated cells, which was accompanied with an
increased Pfkfb3/Pfkfb1 ratio [25]. Additionally, in our study, for the first
time, we demonstrated that not only murine, but also human microglia-
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like cells exhibit increased glycolysis in a pro-inflammatory setting,
implying glycolysis as an M1 microglia feature. Importantly, several
studies have already demonstrated that inhibition of glycolysis in
microglia can prevent pro-inflammatory microglia activation both in
vitro and in vivo, further supporting this notion [31,59,60]. For example,
treatment of microglia with 2-deoxyglucose, a glycolytic inhibitor, is able
to diminish the NO production in LPS-treated microglia, which could be
useful for inhibiting neurotoxic microglia properties [59]. Moreover,
several studies have reported beneficial effects of 2-deoxyglucose in
Alzheimer’s disease (AD) [34], Parkinson’s disease [35], epilepsy [36] and
ischemic stroke [31]. However, all these studies involved systemic, non-
microglia specific treatments, so the effect of such approaches could not
be assigned directly or solely to microglia. Thus, further research is
necessary to determine whether selective targeting of glycolysis in
microglia would affect neurodegenerative processes. Interestingly,
increased glycolysis has been observed in microglia isolated from mouse
models of AD [25,30], highlighting glycolysis as plausible pathway to
shape microglia in AD. Based on our data, we propose PFKFB3 as a target
to inhibit glycolysis in microglia, as we observed its increased expression
in pro-inflammatory settings both in vitro and in vivo. Of note, the
PFKFB3 inhibitor, 3P0, was already shown to inhibit glycolysis in several
cell types, including macrophages [61,62]. Moreover, as PFKFB3 only
drives exaggerated glycolysis [51], we speculate that PFKFB3 inhibition
might be a good strategy to inhibit glycolysis selectively in M1 microglia.
In particular, it was shown that in macrophages silencing PFKFB3 or 3PO
treatment does not affect glycolysis in the resting state, but only in the
pro-inflammatory state [62]. However, it will be of importance to further
define if inhibition of PFKFB3 reduces glycolysis in microglia and if such
approach affects microglia polarization.

In parallel to increased glycolysis in LPS-stimulated BV-2 and primary
microglia, few studies report a suppression of OXPHOS [22,23].
Interestingly, this observation was not recapitulated in IFNy-stimulated
primary microglia [25]. Furthermore, this was concluded based on the
oxygen consumption rate, which does not specify the pathway of the
oxygen utilization. Indeed, several metabolic reactions will require
oxygen, such as glucose oxidation (through the PPP or TCA cycle) as well
as glutamine and FAO. In our study, we made a distinction between these
pathways and measured fluxes through each individual pathway. We
showed here that M1 microglia exhibit increased glucose and glutamine
oxidation, while suppressing mitochondrial FAO. On the other hand, M2
microglia showed increased mitochondrial FAO. Interestingly, in
macrophages different trends have been reported with regard to glucose
oxidation. In particular, in M1 macrophages glucose is shifted towards
lactate production and away from the TCA cycle [63], while the glucose
flux through the PPP increases [55]. In contrast to M1 macrophages, M1
microglia utilize glucose through the TCA cycle and do not show any
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changes in the PPP. This highlights the fact that although macrophages
and microglia share many characteristics, they also differ profoundly. In
our study, we also report that similarly to macrophages [64], M1
microglia show increased glutamine oxidation. Based on the higher
expression of Gotl in these cells, we speculate that the entrance of
glutamine into the TCA cycle is catalyzed by GOT enzyme rather than
GLUD. Interestingly, the reaction catalyzed by GOT could be highly
important for M1 microglia as it also converts oxaloacetate, via the aspartate-
argininosuccinate shunt, to arginine [63]. Arginine can then be used for NO
synthesis, which is a hallmark of the M1 state. Furthermore, a recent study in
primary microglia highlights the role of glutamine in microglia polarization
as it reported higher expression and activity of GS as well as an increased
glutamine concentration in LPS-stimulated microglia [26]. Moreover,
according to a recent study examining the metabolic plasticity of microglia,
microglia seem to prefer glutamine as the most effective fuel, further
favoring glutamine as a key nutrient for microglia [65]. Furthermore,
manipulating glutamine metabolism has been shown to affect microglia
polarization, as inhibition of GS led to enhanced inflammatory responses in
microglia [26]. Considering the decreased expression of GS in the spinal cords
of EAE mice [26], a model of inflammatory autoimmune disease,
manipulating microglial glutamine metabolism might be able to dampen the
inflammatory pathology in these mice. Taken together, we can propose that
suppressing glutamine oxidation could constitute an alternative approach to
reduce or abolish pro-inflammatory microglia polarization.

However, another goal would be not only to inhibit microglia from
acquiring a pro-inflammatory phenotype, but also to shift them towards
an anti-inflammatory phenotype in parallel. As we saw opposing
regulation of both mitochondrial FAO and fatty acid synthesis in M1 and
M2 microglia, we could speculate that targeting these pathways would
yield such an effect. Moreover, fatty acid and lipid metabolism has been
gaining more attention in the context of microglia polarization and
function [66-71]. For example, lipoprotein lipase (LPL), an enzyme
important for the release of fatty acids from TAG, has recently been
identified as a feature of anti-inflammatory microglia [72] and was also
found to be upregulated in disease-associated microglia [71]. Moreover,
LPL inhibition has been linked to reduced expression of anti-
inflammatory and increased expression of pro-inflammatory markers,
strengthening the idea of dependence of the microglia phenotype on lipid
metabolism [72]. In our study, we proved increased FAO and fatty acid
synthesis in the M2 microglia state, further strengthening the notion of the
importance of fatty acid metabolism for an anti-inflammatory microglia
phenotype. We could speculate that lipid metabolism, fatty acid synthesis and
degradation in particular, might support a protective microglia phenotype,
which could drive neuroprotection in neurodegenerative diseases.
Furthermore, as we previously showed that peroxisomal FAO is a hallmark
of M2 macrophages [73], and considering the novel roles of peroxisomes in
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immune cell functioning [74-77], it is of importance to also highlight this
aspect of metabolism in microglia. In our study, we observed, in contrast to
macrophages, no changes in peroxisomal FAO in polarized microglia.
Nevertheless, genes encoding enzymes involved in peroxisomal FAO, but also
mitochondrial FAO, were strongly suppressed in M1 microglia, indicating
that a common transcriptional regulator might be involved. We hypothesize
that peroxisome proliferator-activated receptor gamma coactivator (PGC)1la
could be such regulator, as it has already been proven that PGCla controls
the expression of enzymes of both mitochondrial and peroxisomal p-
oxidation [78]. Moreover, it has also been shown that BV-2 microglia
downregulate PGCla expression upon LPS stimulation and that its
overexpression leads to reduced inflammatory responses of microglia upon
LPS stimulation, favoring PGCla as a potential regulator of M1 polarization
[79]. Interestingly, another related coactivator, PGC1pB has been assigned as a
driver of increased mitochondrial biogenesis and FAO in M2 macrophages
[19], and PCGla might mirror such effects in the M1 state.
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Figure 10. Metabolic features of pro- and anti-inflammatory microglia. Pro-inflammatory microglia are
characterized by increased glucose and glutamine metabolism (glycolysis, glucose oxidation through the TCA
cycle and glutamine oxidation), while anti-inflammatory microglia upregulate fatty acid metabolism
(mitochondrial fatty acid oxidation and fatty acid synthesis). Metabolic pathways upregulated in pro-
inflammatory, M1 microglia or anti-inflammatory, M2 microglia are represented by red and blue color,
respectively. Enzymes and starting substrates are marked in bold. ABCD-ATP-binding cassette transporters of
subfamily D; ACOX1, acyl-CoA oxidase 1; CPT1, carnitine palmitoyltransferase 1; FASN, fatty acid synthase; G6PD,
glucose-6-phosphate dehydrogenase; GLUD, glutamate dehydrogenase; GOT, glutamate-oxaloacetate transaminase;
HK, hexokinase; LDH, lactate dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; MFP,
multifunctional protein; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; PFKFB,
phosphofructokinase/fructose biphosphatase; TAG, triacylglycerides; TCA, tricarboxylic acid cycle; VLCFA, very
long chain fatty acids.
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Lastly, it should be emphasized that our experimental approach has
limitations for several reasons. First, cultured microglia lose their
specific signature when taken out of the brain environment [5,80]. In
addition, pushing these cells to extreme states in vitro might not reflect
the in vivo phenotypes that microglia adopt in pathological conditions
[81]. Nevertheless, since studying microglia metabolism in the
heterogeneous cellular environment of the brain is not possible, it was
useful to reveal that cultured pro- and anti-inflammatory microglia
display robust differences in fuel usage.

CONCLUSIONS

We thoroughly defined the different metabolic pathways employed by
microglia polarized into a clear-cut pro- and anti-inflammatory state.
Pro-inflammatory microglia exhibit increased glucose and glutamine
metabolism and suppress both fatty acid oxidation and to a lesser extent
fatty acid synthesis. On the other hand, anti-inflammatory microglia
display changes only in fatty acid metabolism upregulating both fatty
acid oxidation and fatty acid synthesis. We propose future research on
the causal link between metabolism and microglia phenotype in health
and disease, to eventually allow us to manipulate microglial metabolism
in order to protect the brain.
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