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18 kDa Translocator Protein TSPO Is a Mediator of Astrocyte
Reactivity
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ABSTRACT: An increase in astrocyte reactivity has been described in Alzheimer’s disease and seems to be related to the presence
of a pro-inflammatory environment. Reactive astrocytes show an increase in the density of the 18 kDa translocator protein (TSPO),
but TSPO involvement in astrocyte functions remains poorly understood. The goal of this study was to better characterize the
mechanisms leading to the increase in TSPO under inflammatory conditions and the associated consequences. For this purpose, the
C6 astrocytic cell line was used in the presence of lipopolysaccharide (LPS) or TSPO overexpression mediated by the transfection of
a plasmid encoding TSPO. The results show that nonlethal doses of LPS induced TSPO expression at mRNA and protein levels
through a STAT3-dependent mechanism and increased the number of mitochondria per cell. LPS stimulated reactive oxygen species
(ROS) production and decreased glucose consumption (quantified by the ['*F]JFDG uptake), and these effects were diminished by
FEPPA, a TSPO antagonist. The transfection-mediated overexpression of TSPO induced ROS production, and this effect was
blocked by FEPPA. In addition, a synergistic effect of overexpression of TSPO and LPS on ROS production was observed. These
data show that the increase of TSPO in astrocytic cells is involved in the regulation of glucose metabolism and in the pro-
inflammatory response. These data suggest that the overexpression of TSPO by astrocytes in Alzheimer’s disease would have rather
deleterious effects by promoting the pro-inflammatory response.

1. INTRODUCTION
The 18 kDa translocator protein (TSPO) is a mitochondrial

TSPO,”'° its role in glial cells is largely unexplored. In
addition, the cell source of TSPO overexpression depends on

membrane protein implicated in many essential mitochondria-
based physiological processes, including steroidogenesis,
cholesterol transport, cellular bioenergetics, mitochondrial
respiration, and apoptosis."”” In the brain, TSPO is used as
an inflammation marker as it is upregulated in pathological
conditions such as Alzheimer’s disease or amyotrophic lateral
sclerosis.”* Previous studies have shown that TSPO ligands
showed a decrease in lipopolysaccharide (LPS)-induced
inflammation™® and a decrease in pathological marks and cell
death in a mouse model of Parkinson’s disease.” The TSPO
knockout in a mouse model of Alzheimer’s disease induced a
decrease in astrocyte reactivity and in pathological markers.®
These observations suggest the use of TSPO at a therapeutic
level. However, in the central nervous system, even if microglia
and astrocytes are now recognized as the main source of
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the pathology and the phase of the disease. In fact, in an
experimental autoimmune encephalomyelitis model of multiple
sclerosis, the dynamics of TSPO overexpression indicated an
involvement of microglia and then of astrocytes, during the
remyelination phase.'” In Alzheimer’s disease, the over-
expression of TSPO in astrocytes occurs before the one in
microglia.11 Thus, understanding the role of TSPO according
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to its cellular origin would allow better targeting of TSPO-
based therapies.

Microglia have long been viewed as the sole source of TSPO
and imaging studies attributed variations in TSPO expression
to microglia. In mouse microglial cells, TSPO knockout
reduced glycolysis, ATP production, and mitochondrial
membrane potential,'” suggesting a role of microglial TSPO
in glucose metabolism and cell energy. LPS induced TSPO
overexpression in microglia, and the inhibition of TSPO leads
to a decrease in the LPS-induced inflammatory reaction,'>"?
that suggests a pro-inflammatory role of microglial TSPO. In
contrast to rodents, the increase in microglial TSPO signal in
human microglia may better reflect the cell proliferation than
an increase in TSPO protein per cell, as observed in the cortex
of Alzheimer’s disease subjects.'"”'*'" It can be hypothesized
that increases in TSPO are partly due to STAT3 since an
increase in STAT3 has been described in AD and stimulation
of TSPO by STAT3 has been observed in nonbrain cells.'”"”

In contrast, no astrocytic cell proliferation accompanied the
TSPO overexpression in the cortex of subjects with
Alzheimer’s disease,"""® which could suggest different roles
of TSPO depending on the brain region as well as the cell type.
Astrocytes are involved in maintaining the homeostasis of the
brain parenchyma. However, under many conditions, they
become reactive. This state reflects a change in function
accompanied by transcriptomic and morphological alterations.
This response, which can be protective or harmful for the
surrounding tissue, depends on the nature and duration of the
stimulation.” In Alzheimer’s disease, astrocytes participate in
the elimination of extracellular debris by phagocytosing the
amyloid,”” which can be modeled in vitro in cell culture.”® In
rat C6 astrocyte cultures, it was shown that nanomolar doses of
TSPO antagonists stimulated cell proliferation while micro-
molar doses induced cell death by apoptosis.”* In glioma, the
TSPO knockout induced an increase in fragmented mitochon-
dria and stimulated a glucose uptake.25 However, the roles of
the astrocytic TSPO in the reactivity of astrocytes are not yet
well understood. As an example, the role of TSPO in LPS-
induced reactive oxygen species (ROS) release by astrocytes is
still unresolved.

In contrast to brain cells, it was previously shown in steroid
hormone-producing cells that the TSPO expression is under
the control of signal transducers and activators of transcription
3 (STAT3) and mitogen-activated protein kinase (MEK/ERK)
pathways. As astrocytes are shown as one of the central 2pivots
of different pathologies, including Alzheimer’s disease, 021 4
better understanding of intracellular mechanisms in reactive
astrocytes could be useful for the development of therapeutic
strategies. Thus, we sought to clarify the role of TSPO in
astrocytes during an acute exposure to a pro-inflammatory
environment. We investigated the role of TSPO in the cellular
mechanistic response mediated by LPS and TSPO over-
expression in the C6 astrocytic cell line and the implication of
TSPO in their ability to phagocytose amyloid.

2. MATERIALS AND METHODS

2.1. C6 Cell Cultures. The astrocytic C6 cell line was
cultured in a T75 flask in a complete medium, including RPMI
1640 (Thermo Fisher, 31870025) with 10% FBS (Thermo
Fisher, 16000044), 3% penicillin/streptomycin (Thermo
Fisher, 15070063), 2 mM Lr-glutamine (Thermo Fisher,
25030024), 1% sodium pyruvate (Thermo Fisher,
11360039), and 2% HEPES (Thermo Fisher, 15630056) at

37 °C, 5% CO2. The cells were subcultured after reaching 70—
80% confluence and seeded into 6- to 96-well tissue culture
plates depending on the experiments.

2.2. Radioligand Binding Assay. The radioligand binding
assay was performed using ['"*IJCLINDE as the radioactive
TSPO ligand for evaluation of the density in TSPO.
['"I]CLINDE synthesis protocol can be found here,” but
briefly, the CLINDE tributyltin precursor was incubated in
acetic acid with Na'*’T (PerkinElmer) and peracetic acid before
purification using a reversed-phase column.

C6 cells were seeded at 1.0 X 10° cells/well density in 24-
well plates. After 8 h of incubation at 37 °C, 5% CO, medium
was replaced with fresh medium containing ['">TJCLINDE (at
10 different concentrations from 0.005 to 1 uCi/well). The
medium was supplemented with LPS from Escherichia coli (10
ug/mL, Sigma-Aldrich, L2630) for the treated group and with
FEPPA (N-(2-(2-fluoroethoxy)benzyl)-N-(4-phenoxypyridin-
3-yl)acetamide, 10 uM, ABX advanced biochemical com-
pounds, Germany) for the determination of the nonspecific
binding. After overnight incubation at 37 °C, 5% CO, cells
were washed three times with 50 mM Tris HCI and 50 mM
MgCl, buffer. The cells were detached using 300 uL/well of
triple detergent buffer (Tris 1 M pH 8, NaCl, azide sodium
10%, SDS20%, NP40 (IGEPAL CA-630), deoxycholate
sodium (D6750-10G), supplemented with inhibitors of
proteases and phosphatases) and immediately counted using
a y counter (Wizard 3, PerkinElmer).

2.3. qPCR. C6 cells were seeded at a 1 X 10° cells/mL
density in T25 flasks. After 24 h of incubation at 37 °C, 5%
CO, medium was replaced with fresh medium supplemented
with LPS (10 ug/mL) for the treated group. After another 24 h
incubation at 37 °C, 5% CO,, the cells were detached using
trypsin-EDTA (Thermo Fisher, 25300054) and centrifuged for
S min at 3000g. Total RNA was extracted using the RNeasy
mini kit (Qiagen), and cDNA synthesis was performed using
the SuperScript VILO cDNA synthesis kit (Invitrogen)
according to manufacturer instructions. Quantitative PCRs
were performed using SYBR Green detection and PCR cycles
as follows: initial denaturation 95 °C, 30 s, followed by 40
cycles of 95 °C, 15 s; 60 °C, 1 min and a final step 65 °C, 30 s
and then S s to 95 °C (0.5 °C/sec), 15 s. The following
primers were used to detect Tspo (fd:
GCTGCCCGCTTGCTGTATCCT; rev:CCCTCGCCGAC-
CAGAGTTATCA) and the housekeeping Ppia gene (fd:
ATGGCAAATGCTGGACCAAA, re-
v:GCCTTCTTTCACCTTCCCAAA). The Tspo mRNA
level was expressed relative to that of the Ppia gene expression.

2.4, Mitochondrial Organization. Cé6 cells were seeded
at 1.5 X 10° cells/well density in a two-chamber slide (Nunc
Lab-Tek Chamber Slide System, Thermo Fisher), one
chamber was used for CTL, and the other one was treated
with LPS 10 pg/mL. The cells were then incubated overnight
at 37 °C, 5% CO,. The medium was removed and replaced
with preheated (37 °C) medium containing the mitochondrial
staining MitoTracker solution (Thermo Fisher, M7510, a
referenced method for measuring mitochondrial density”” %)
at 150 nM and then incubated for 30 min at 37 °C, 5% CO,.
The cells were then rinsed 2X with PBS 0.1 M and fixed using
preheated (37 °C) PFA 4% for 15 min at 37 °C. After rinsing
again 2X with PBS, permeabilization of the cells was done by
adding a 0.1% Triton X-100/1% BSA/PBS solution for 30 s at
RT before rinsing 2X with PBS. A cytoskeleton staining
solution (CellMask, Thermo Fisher, A57245) was added at 1X
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concentration for 15 min at RT for cytoskeleton staining, and
then the cells were rinsed 2X with PBS. Finally, DAPI solution
was added for 10 min at RT for nucleus staining and the cells
were rinsed 2X with PBS. After the last washing with PBS, the
supernatant was removed, the slide was allowed to dry at RT,
the boxes were removed, and a coverslip was put on top of the
slide using FluorSave (Millipore). The fluorescent stains were
observed with an epifluorescence Eclipse Ti2-E Nikon inverted
microscope and further analyzed with Image].

2.5. MTT Assay. To measure cell proliferation/survival, an
MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) reduction assay was performed. The cells were
seeded at a density of 1 X 10° cells/mL in a 96-well plate. After
24 h of incubation at 37 °C, 5% CO,, the medium was
replaced by fresh medium containing LPS at different
concentrations, ranging from 50 to 830 ug/mL. After 24 h
of incubation at 37 °C, 5% CO,, MTT (S mg/mL) was
directly added to the medium for 4 h. Medium was replaced by
100 L of DMSO and incubated under agitation at RT for 10
min, protected from light, before the measuring of the
absorbance at 570 nm.

2.6. Pro-caspase 3/7 Activation. The cells were plated at
a density of 1.0 X 10° cells/mL in a two-well chamber slides
(Nunc Lab-Tek Chamber Slide System, Thermo Fisher). After
8 h of incubation at 37 °C, 5% CO,, the medium was replaced
with fresh medium, supplemented with LPS (10 pg/mL) for
the treated group. After 24 h of incubation at 37 °C, 5% CO,,
the medium was replaced by CellEvent caspase 3 and 7 Green
Detection Reagent (S M in 0.1 M PBS, Thermo Fisher,
C10427). After 30 min of incubation at 37 °C, 5% CO,,
images were immediately taken using the epifluorescence
Eclipse Ti2-E Nikon inverted microscope. The percentage of
positive cells/area (x20 magnification fields of view, around 30
cells/field) was measured as an indicator of caspase 3/7
activation and hence apoptosis.

2.7. MEK and STAT3 Inhibitors. C6 cells were seeded at
1.0 X 10° cells/well density in 24-well plates. After 8 h of
incubation at 37 °C, 5% CO,, MEK inhibitor (U0126, 20 uM,
Sigma), STAT3 inhibitor (5,15-DPP, 20 uM, Sigma),
['*I]CLINDE (0,5 uCi/well), and FEPPA (10 uM) were
directly added to the corresponding wells. As the stock
solutions of MEK and STAT3 inhibitors were diluted in
DMSO, control cells were incubated with the same amount of
DMSO/well. After overnight incubation at 37 °C, 5% CO,, the
cells were washed three times with 50 mM Tris HCI, 50 mM
MgCl, buffer, detached using 300 yL/well of triple detergent
buffer (Tris 1 M pH 8, NaCl, azide sodium 10%, SDS20%,
NP40 (IGEPAL CA-630), deoxycholate sodium (D6750-
10G), supplemented with inhibitors of proteases and
phosphatases), and immediately counted using a y counter.
In a different set of experiments, the same procedure was
reproduced with the addition of LPS (10 pg/mL) when the
inhibitors were added.

2.8. Nuclear Translocation of STAT3. C6 cells were
seeded at 1.0 X 10° cells/mL in two-well chamber slides (Nunc
Lab-Tek Chamber Slide System, Thermo Fisher). After 24 h of
incubation at 37 °C, 5% CO,, the medium was replaced by
medium supplemented with LPS (10 ug/mL) for treated
groups and C6 medium for control. The cells were fixed with
PFA 4% for 10 min at 4 °C, washed 3x in PBS 0.1 M, and then
permeabilized using ice-cold 100% methanol for 15 min at —20
°C. Blocking buffer (Triton X-100 0.1%, PBS 0.1 M, BSA 5%)
was then applied for 1 h following three washes with PBS 0.1

M. Then, the cells were incubated overnight at 4 °C with
primary mouse anti-STAT3 antibody (1:200, Cell Signaling)
diluted in Triton X-100 0.3%, PBS 0.1 M, BSA 1%. After three
times washing, the cells were incubated for 1 h with secondary
antibody antimouse 488 Alexa Fluor (1:500, Thermo Fisher)
diluted in Triton X-100 0.3%, PBS 0.1 M, BSA 1%. The slides
were then washed 3x in PBS 0.1 M and incubated at room
temperature for 10 min with DAPIL Finally, the slides were
washed 3x in PBS 0.1 M and a coverslip was fixed using
FluorSave mounting medium.

2.9. ROS Production Estimation with Dihydroethi-
dium Assay (DHE). Cells were plated on glass coverslips at a
density of 1.0 X 10° cells/mL in a 12-well plate. After overnight
incubation at 37 °C, 5% CO,, the medium was replaced by
fresh C6 medium alone or supplemented with FEPPA (10
uM). After 1 h incubation, LPS (10 ug/mL) was directly
added into the treated wells. After overnight incubation at 37
°C, 5% CO,, the glass coverslips were rapidly rinsed with 1X
PBS and dropped in a 24-well plate. 300 uL of DHE (5 uM,
Thermo Fisher, D23107) was added and time lapses were
directly recorded with an epifluorescence Eclipse Ti2-E Nikon
inverted microscope. For the first 10 min, images were
acquired every S s, then once every 15 s for the following 10
min. Analyses were performed using the Time Series Analyzer
V3 plugin (Image]), and the first raw intensity of each
condition was subtracted to eliminate the background. Slope
values of the kinetic curves are expressed as the rate of DHE
oxidation per second and representative of ROS amount.

2.10. ATP and Mitochondrial Membrane Potential
Determination. C6 cells were seeded at 1.0 X 10° cells/well
density in 24-well plates for the mitochondrial membrane
potential determination and at 1 X 10* cells/well density in 96-
well plates for the ATP quantification. After 8 h of incubation
at 37 °C, the 5% CO, medium was replaced with fresh
medium containing LPS (10 ug/mL) or LPS and FEPPA (10
uM). After overnight incubation at 37 °C, 5% CO,, ATP or
mitochondrial membrane potential were measured. The ATP
quantification was carried out according to the recommenda-
tions of the supplier (Luminescent ATP detection assay kit,
Abcam). The mitochondrial membrane potential was
determined by the ratio of aggregate/monomer forms of the
JC-1 dye following the manufactured protocol (JC-1 dye,
Invitrogen).

2.11. ['®FIFDG Uptake. C6 cells were seeded at 1 X 10°
cells/well density in 24-well plates. After 8 h of incubation at
37 °C, 5% CO,, the medium was replaced by fresh C6 medium
alone or supplemented with FEPPA (10 uM) or PBR28 (10
uM) and/or LPS (10 ug/mL). After overnight incubation at
37 °C, 5% CO,, ["*F]FDG (0.5 uCi/well) was added for 15
min at 37 °C, 5% CO,, and the cells were washed two times in
PBS 0.1 M. The cells were detached using 500 uL/well of
trypsin-EDTA, and the radioactivity was measured using a y
counter.

2.12. TSPO Vector. The human translocator protein TSPO
cDNA sequence (NM_009775.4) was fused to the 14 amino
acids V5 tag® at the 5’ end, separated from the TSPO coding
sequence by a linker sequence (CGTGATCCTCCAGTCGC-
GACA) and flanked by Agel and Notl restriction sites. The
DNA sequence was synthesized by GeneArt Gene synthesis
(Thermo Fisher) and cloned in pHpal-EGFP AAV vector, a
kind gift from McCarty and Samulski,** in place of eGFP using
Agel and Notl sites. The sequence was as follows:
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Figure 1. Nonlethal dose of LPS stimulates TSPO expression and density, decreases its ligand binding affinity, and increases the number of
mitochondria. C6 cells were treated with LPS (10 pg/mL) and ["**TJCLINDE (A—C) for 24 h before radioactivity measurement. (A) Mean
saturation binding curve and Scatchard plot. (B, C) Indexes calculated from the Scatchard curve: total binding sites, Bmax (B), and equilibrium
dissociation constant, K4 (C). Two-tailed paired Student ¢ test, *p < 0.0S, **p < 0.01 (n = S independent experiments with 24 replicates/group).
(D) qPCR analysis of the Tspo gene expression. Two-tailed unpaired Student ¢ test, **p < 0.01 (n = 3 independent experiments with 2 replicates/
group). (E, F) Analysis of mitochondrial distribution in C6 cells. (E) Representative cell (untreated cell) with the nucleus (DAPI, blue),
mitochondria (green, MitoTracker), cytosol (red, CellMask), the merge image, and the merge image with the regions of interest (ROIs, yellow:
concentric circles starting around the nucleus; blue: cell boundary). Scale bar: S0 ym. (F) Quantification of the mitochondrial density (mean
intensity per annulus) as a function of the distance to the nucleus. Two-way ANOVA, main effect of LPS (****p < 0.0001) and distance from the
nucleus (****p < 0.0001) (n = 31—3$ cells per condition). (G) Survival of cells (MTT assay) in response to 24 h LPS treatments. One-way
ANOVA with the post hoc Dunnett’s multiple comparisons test, *p < 0.0, ***p < 0.001 (n = 3 independent experiments with 10—16 replicates/
group). (H) % of apoptotic cells (caspase 3/7 staining). Two-tailed unpaired Student ¢ test, p > 0.05 (n = 3 independent experiments with 10—11
replicates/group).

ACCGGTTCTAGAATGGGGAAGCCTATCCC-
TAACCCTCTCCTCGGTCTCGATTCTACGCGT-
GATCCTCCAGTCGCGA-
CAGCCCCGCCCTGGGTGCCCGCCATGGGCTT-
CACGCTGGCGCC-
CAGCCTGGGGTGCTTCGTGGGCTCCCGCTTTGTC-
CACGGCGAGGGTCTCCGCTGGTACGCCGGCCTGCA-
GAAGCCCTCGTGGCACCCGCCC-
CACTGGGTGCTGGGCCCTGTCTGGGGCACGCTC-
TACTCAGCCATGGGGTACGGCTCCTACCTGGTCTG-
GAAAGAGCTGGGAGGCTTCACAGA-
GAAGGCTGTGGTTCCCCTGGGCCTCTACACTGGG-
CAGCTGGCCCTGAACTGGGCATGGCCCCC-
CATCTTCTTTGGTGCCCGA-
CAAATGGGCTGGGCCTTGGTGGATCTCCTGCTGGT-

CAGTGGGGCGGCGGCAGCCACTACCGTGGCCTGG-
TACCAGGTGAGCCCGCTGGCCGCCCGCCTGCTC-
TACCCCTACCTGGCCTGGCTGGCCTTCACGACCA-
CACTCAACTACTGCGTATGGCGGGACAAC-
CATGGCTGGCGTGGGGGACGGCGGCTGCCAGAGT-
GAGCGGCCGC.

2.13. TSPO Overexpression. Cells were grown at a
density of 1.0 X 10° cells/well on a coverslip in 12-well plates.
After 24 h of incubation at 37 °C, 5% CO,, the cells were
transfected with the vector caring TSPO gene (125 ng/well)
supplemented with sonicated salmon sperm DNA (375 ng/
well). Total DNA in serum-free RPMI was mixed with
polyethylenimine (PEI, 1 mg/mL, Polysciences, PEI/DNA
ratio 5:1) for 15 min at RT before being added to the cell
culture medium (250 pL/mL). In all experiments using the
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['*T]CLINDE. One-way ANOVA with the post hoc Dunnett’s multiple comparisons test, ***p < 0.001 (n = S independent experiments with 3
replicates/group). (B) Specific binding of ["**IJCLINDE in C6 cells treated with LPS in response to 5,15-DPP (STAT3 inhibitor, 20 M) or
U0126 (MEK inhibitor, 20 4M). Student ¢ test, *p < 0.05 (n = 4 independent experiments with 3 replicates/group). (C) Representative example of
C6 cells stained with STAT3 (green) and DAPI (blue) in control and LPS conditions. Scale bar: SO ym. (D) Measure of the nuclear STAT3
intensity signal at baseline and in response to LPS. Two-tailed Student ¢ test, *p < 0.05 (n = 3 independent experiments with 20 cells analyzed/

experiment).

vector-induced TSPO overexpression, a plasmid caring eGFP
gene (a gift from McCarty and Samulski®*) was used as
control. After 4 days, the cells underwent ROS detection
analysis (as previously described). For the FEPPA (10 uM)
treated group, it was directly added to the medium after 4 days
of incubation, and ROS were analyzed following overnight
incubation.

2.14. Amyloid Phagocytosis. Treated cells were trans-
fected with the TSPO gene as described above and incubated
for 48 h at 37 °C, 5% CO,. The cells were then detached using
Trypsin-EDTA (Thermo Fisher, 25300054 ), centrifuged S min
at 3000g, and resuspended in complete C6 medium before
being seeded at 2.5 X 10° cells/well density in a 96-well plate
(Greiner uClear 655090) and incubated overnight at 37 °C,
5% CO,. The medium was then removed and replaced with
phenol red-free medium containing an amyloid-$ solution
(HiLyte Fluor 555, AS-60480-01, AnaSpec) at 0.25 uM.
Amyloid intensity was measured after 6 and 24 h using a plate
reader fluorescence microscope (ImageXpress, Molecular
Devices).

2.15. Statistical Analysis. Data are presented as individual
values and mean + SD. Two-tailed unpaired Student ¢ test was
performed to compare the two groups. ANOVA tests were
performed with Dunnett’s (when comparing with a single
control group) or Tukey's post hoc test using Prism
(GraphPad, San Diego, CA). The number of replicates per
experiment is indicated in the figure legends.

3. RESULTS

3.1. TSPO Is Modulated by LPS and STAT3. To
investigate if the density of TSPO is increased in C6 astrocyte
cells in response to LPS (10 M, 24 h), and if this treatment
induces an alteration of its ligand binding affinity, a saturation
curve, using ['**I]JCLINDE, was carried out (Figure 1A). This
allows the expression of the Scatchard plot and the calculation
of the associated values. The total density in TSPO (Bmax)
was increased in response to LPS (two-tailed paired Student ¢
test, **p = 0.0049, Figure 1B). Conversely, the affinity (1/kd)
of TSPO for its binding to ['"**T]JCLINDE was decreased (two-
tailed paired Student t test, *p = 0.040, Figure 1C). Tspo
mRNA levels are also stimulated by LPS (two-tailed unpaired
Student ¢ test, **p = 0.0017, Figure 1D). In addition, the LPS
treatment increased the density in mitochondria regardless of
the distance from the nucleus (Figure 1E,F and Supplemental
Figure 1, two-way ANOVA: main effect of LPS, F, ;344 = 152.1;
#H#%p < 0.0001; main effect of the distance from the nucleus,
Fyo1344 = 5822; **#¥p < 0.0001). Importantly, the LPS
treatment did not alter the cell proliferation up to a dose of
250 uM (one-way ANOVA, LPS dose effect: Fg, = 1422,
#kky = 0,0001, with the Dunnett’s post hoc test, Figure 1G)
and did not induce apoptosis (% of cells with caspase 3/7
activation, two-tailed unpaired Student ¢ test, p > 0.05, Figure
1H).

To identify the underlying mechanisms of TSPO increase,
C6 cells were first pretreated with two potential TSPO
regulators. As shown in Figure 2A, inhibition of both STAT3
and ERK pathways induced a reduction in TSPO density (one-
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Figure 3. TSPO antagonist controls LPS-induced ROS production. (A) Representative example of oxidized DHE staining (red) in C6 cells using
bright-field (gray) and DAPI (blue) as landmarks. Scale bar: 10 ym. (B) Representative example of time-lapse measurement of DHE loading
(fluorescence per region of interest, ROI) in CTL, LPS-treated and LPS+FEPPA-cotreated C6 cells. A.U.: arbitrary unit. (C) Corresponding
oxidation rates. Each individual value corresponds to one recording of 10 min. A.U.: arbitrary unit. One-way ANOVA with the post hoc Tukey’s
multiple comparisons test, **p < 0.01 (n = S independent experiments with 1 ROI/experiment). (D) ATP production (expressed as % of control)
in CTL, LPS-treated, and LPS+FEPPA-cotreated C6 cells. One-way ANOVA, p > 0.05 (n = 9 independent experiments with 3 replicates/
experiment). (E) ["*F]JFDG uptake (expressed as % of control) in CTL, LPS-treated and LPS+FEPPA-cotreated C6 cells. One-way ANOVA with
the post hoc Tukey’s multiple comparisons test, *p < 0.05 (n = 8 independent experiments with 3 replicates/experiment). (F) ["*F]JFDG uptake
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comparisons test, *p < 0.05 (n = 3 independent experiments with 3 replicates/experiment).

way ANOVA, treatment effect: F,,, = 19.42, ***p = 0.0002,
with the Dunnett’s post hoc test). Then, to determine if STAT3
and ERK pathways play a role in LPS-induced TSPO, C6 cells
were cotreated with LPS and either 5,15-DPP (STAT3
inhibitor) or U0126 (MEK inhibitor). The one-way ANOVA
did not reach significance (main effect of the treatment: F, § =
2.390, p = 0.14), but the two-by-two comparison showed that
the blockage of STAT3, but not that of ERK, induced a
reduction in TSPO density (Student ¢ test, *p = 0.013, Figure
2B). Importantly, the addition of LPS induced the nuclear
translocation of STAT3, demonstrating the activation of the
pathway (unpaired two-tailed Student f test, *p = 0.046, Figure
2C,D).

3.2. TSPO Plays a Role in LPS-Induced ROS and LPS-
Induced Reduction in ['®FIFDG Cell Uptake. To further
identify the role of TSPO in the cell response to LPS, we next
investigated its impact on ROS production using the cytosolic
superoxide indicator dihydroethidium (DHE). Although the
DHE fluorescence was almost undetectable in untreated cells,
it is significantly increased in cells treated with LPS (Figure
3A).

The time-lapse measurement of the DHE loading (Figure
3B) is used to calculate the slope of the curve, corresponding
to the oxidation rate that reveals the production of ROS
(Figure 3C). LPS induced a significant ROS overproduction
that is reversed by the presence of FEPPA, a TSPO antagonist
(one-way ANOVA, treatment effect: F,), = 13.1, **¥%p =
0.001, with the Tukey’s post hoc test).

The ATP production was not modified by LPS (Figure 3D,
one-way ANOVA, treatment effect: F,,, = 0.45, p > 0.05). In
contrast, the ['"*F]FDG uptake was significantly decreased by
LPS, and the TSPO antagonism using FEPPA partially
reversed this effect (Figure 3E, one-way ANOVA, treatment
effect: F,,, = 4.01, *p = 0.033, with the Tukey’s post hoc test
indicating a significant difference between control- and LPS-
treated cells, p = 0.026, and the absence of difference between

LPS+FEPPA and either control- or LPS-treated cells, p >
0.05). The same observation was made using PBR28 instead of
FEPPA as a TSPO antagonist (Figure 3F, one-way ANOVA,
treatment effect: F, 4 = 6.46, *p = 0.031, the Tukey’s post hoc
test indicated a significant difference between control- and
LPS-treated cells, p = 0.027, and the absence of difference
between LPS+FEPPA and either control- or LPS-treated cells,
p > 0.05).

3.3. TSPO Overexpression Induces ROS Production.
As the blockage of TSPO reduced the LPS-induced ROS
production, we speculated that TSPO may be directly
associated with ROS production. To verify our hypothesis,
we transfected C6 cells with a human TSPO plasmid
overexpressing TSPO (independent of the presence of LPS).

Immunofluorescence experiment confirmed the presence of
human TSPO in transfected cells as well as the significant
increase in ['*IJCLINDE binding (unpaired two-tailed
Student f test, ***p = 0.0008, Figure 4A,B). The ROS
production is increased in C6 cells overexpressing TSPO as
compared to the control group, and this effect was fully
reversed by the TSPO antagonist FEPPA (one-way ANOVA,
treatment effect: F, ;3 = 5.24, *p = 0.021, with the Tukey’s post
hoc test, Figure 4C). Then, to determine the impact of TSPO
overexpression on LPS-induced ROS production, a new set of
experiments was performed in C6 cells overexpressing TSPO
at baseline and in response to LPS (Figure 4D). LPS and
TSPO overexpression in C6 cells produced a significantly
higher rate of ROS than untreated cells when a two-by-two
comparison was used (unpaired two-tailed Student t test, **p
= 0.0015 and ***p = 0.0003), confirming our previous
observation. However, when ANOVA was used, ROS was
highly increased in LPS-treated TSPO transfected cells
compared to the other groups (i, control, LPS, and TSPO
transfected cells, two-way ANOVA, TSPO overexpression
effect: F) 1, = 11.9, ¥¥p = 0.0048; LPS effect: F, |, = 14.74, **p
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= 0.0024; interaction effect: F, ;, = 4.77, *p = 0.0496, with the
Tukey’s post hoc test, Figure 4E).

3.4. TSPO Overexpression Did Not Change the
Mitochondrial Membrane Potential or the Phagocyto-
sis Capacity. In response to the TSPO overexpression, we did
not observe alterations in the mitochondrial membrane
potential and cell phagocytosis ability. In fact, the mitochon-
drial membrane potential (aggregated JC-1/monomeric JC-1
signal) was unmodified (Figure 4F, one-way ANOVA, F;,; =
0.078, p = 0.97) as well as the phagocytosis of amyloid
peptides (Figure 4G, two-way ANOVA, TSPO overexpression
effect: F) 4, = 1.18, p = 0.28; time effect: F, 4 = 17.17, p =
0.0002; interaction effect: F, 4, = 0.7, p = 0.40).

4. DISCUSSION

The study presented here aimed to highlight the role of
astrocytic TSPO in acute LPS-mediated inflammatory
response. Our study shows that TSPO is overexpressed in
response to LPS by a STAT3-dependent mechanism and that
its function is to participate in the control of ROS production
by astrocytes at baseline and in response to LPS. Overall, these
data show a facilitating role of TSPO in the pro-inflammatory
response.

The realization of the Scatchard effect on living cells made it
possible to show two effects of LPS: an overproduction of
TSPO and a reduction in the affinity of TSPO for its ligand

['*I]CLINDE. The reduced affinity could originate from an
adaptation of the complexity of the TSPO polymers. Indeed, in
connection with the surrounding environment, the multi-
merization of the TSPO evolves, in a dynamic way.”"*>~*’
However, as the activity of TSPO seems to be dependent on its
multimeric state, a modification of the affinity could suggest a
modification of the dimerization states and therefore of the
functional efficiency. Thus, the presence of LPS could induce
an alteration of the TSPO polymers, leading to a modification
of TSPO-related transmission. However, further studies are
still needed to confirm this idea. The increase in TSPO density
is at least partly related to the increase in transcription of the
Tspo gene, as shown by the upregulation of mRNA levels. This
stimulation appears under the control of nuclear translocation
of STAT3, a transcription factor whose target sequence is
present in the Tspo promoter.'” This synthetic stimulation
corroborates previous studies carried out on microglial cell
cultures®®*” and non-brain-type cells.'”**" Conversely, the
ERK pathway which participates in the basal expression of
TSPO' is not involved in the response to LPS, at least under
our stimulation conditions. The ERK pathway was involved in
the upregulation of TSPO in response to Parkinson’s disease-
linked neurotoxins in SH-SYSY cells,*” thus indicating the
multiple pathways of TSPO activation and/or the cell-type
effects in the cellular response to external aggressions. LPS also
induces an increase in the number of mitochondria without
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having any impact on their spatial organization within cells or
on cell proliferation. This observation corroborates the
mitochondrial fission observed in myotubes, bone-marrow-
derived macrophages, and monocyte-derived macrophages in
response to LPS."»** The increase in the number of
mitochondria could mechanically induce an increase in the
number of TSPO proteins. However, the presence of a
stimulation of the nuclear translocation of STAT3 suggests
that the increase in the density in TSPO is not only the
reflection of mitochondrial fission but the consequence of both
an increase in the number of TSPO sites by mitochondria and
the number of mitochondria. These data corroborate those
obtained in the TgF344-AD rat model, a model of Alzheimer’s
disease, in which a TSPO increase was shown in the astrocyte
population with an increase in the number of targets per cell, in
the absence of cell proliferation.'’

The simultaneous effect of increasing the TSPO density and
decreasing its affinity for its ligand could also have
consequences on the interpretation of in vivo imaging. The
analysis of TSPO images by PET or SPECT is essentially
carried out by measuring the binding potential (BP), which
reflects the receptor density. An increase in BP is mainly
interpreted as an increase in B,,,, due to the following formula:
BP = B,,..,/K4 However, we showed herein that not only B,,.,
but also Ky increases. If this is the case in certain pathologies,
an underestimation of the real increase in the density of the
TSPO could be made when considering BP. A previous study
observing the variation in ligand binding (i.e., an alteration in
BP) without alteration in the quantity of TSPO proteins (as
measured by Western blot) supports the idea of variation in
the binding capacity of ligands depending on the state of
multimerization of the TSPO.* In this same idea, treatment by
irradiation of proteoliposomes made it possible to show that
the polymerization of TSPO induces an increase in the binding
of PK11195, another TSPO antagonist.

One of the functional consequences of TSPO modifications
in the cellular response to LPS is an increase of mitochondrial
ROS production. This observation makes it possible to clarify
one of the roles of the astrocytic TSPO, as a mediator of the
response to an inflammatory environment. Our observations
also showed that the increase in ROS is blocked by the
pharmacological inhibition of TSPO, confirming the studies in
mammary carcinoma and cardiomyocyte cell lines using
genetic inhibition of TSPO.*”* This ROS stimulation effect
is also obtained by the overexpression of TSPO, apart from the
presence of pro-inflammatory stimulation. In addition, the
presence of a high density of TSPO has a synergistic effect on
the production of ROS in response to LPS. These observations
demonstrate the active role of TSPO in ROS production, and
its extent in the cellular response to LPS. The LPS-induced
ROS production in astrocyte had already been observed*”~>°
as LPS-induced astrocyte alterations in vivo.”' However,
astrocytes do not appear to produce ROS in response to
LPS.>* It is possible that the single-injection protocol of LPS,
the dose, or the timing of ROS measurement failed to confirm
what was observed in culture. Indeed, numerous peripheral
LPS injection protocols have produced a variety of neuro-
inflammation results.”® Further studies are needed to clarify
this point.

This facilitating effect of TSPO in increasing the
inflammatory response that we demonstrated is corroborated
in vivo by the presence of a decrease in the ability of LPS to
induce inflammation in animals previously treated with a

TSPO antagonist.s’6 Microglia also shows an ameliorating
effect of pharmacological TSPO inhibition upon LPS
exposure.”® Such a protective effect of TSPO inhibition has
also been hypothesized in various other pathologies (multiple
sclerosis, Alzheimer’s disease, and Parkinson’s disease7’8’55)
and could therefore indicate a pro-inflammatory function of
the TSPO.

The increase in TSPO by LPS did not induce a variation in
ATP production, although the induction of TSPO in a
naturally lacking cell model stimulates the production of
ATP*® and the inhibition of TSPO decreases ATP.'” This
observation could reflect a dose- or cell-type effect, as the
exogenous increase in TSPO was performed in the Jurkat cell
line’® and the TSPO inhibition in BV2 cells."”” The glucose
uptake, another marker of astrocyte function, is decreased in
the presence of LPS, which corroborates observations made
previously on nonbrain cells.””*® In the brain, LPS can increase
or decrease glucose uptake, depending on the dose.””*
Moreover, we showed that the decrease in glucose
consumption is partly reversed by TSPO inhibition using
FEPPA, suggesting a role for TSPO in the control of astrocyte
function. This idea is reinforced using another TSPO
antagonist, PBR28, which leads to the same conclusion: the
involvement of TSPO in LPS-induced glucose uptake
depletion. As bimodal effects of TSPO ligands have been
observed in terms of cell survival,**** it will be interesting to
highlight whether different dosages of LPS can lead to TSPO
transmission-induced opposite effects. Thus, our data suggest
that LPS induced TSPO overexpression, which led to a
decrease in glucose uptake. This hypothesis is supported by a
previous study showing that the TSPO knockout leads to an
increase in glucose consumption.”> Supporting the idea of a
role for TSPO in glucose metabolism, PK11195 was shown to
regulate glucose pathways in mice and zebrafish.”"** It could
therefore be hypothesized that the increase in TPSO is related
to hypometabolism observed in AD patients.

To further analyze whether TSPO also plays a role in the
phagocytosis capability of astrocytes, we measured the amyloid
B internalization. We showed that the overexpression of TSPO
has no effect on the ability of astrocytes to phagocytose
amyloid. Thus, even if in Alzheimer’s disease brain, astrocytes
are reactive, overexpressed TSPO and performed amyloid
phagocytosis to eliminate amyloid,> our data suggest that
TSPO does not seem to control such function. Interestingly,
TSPO is required for the induction of apoptosis because of
glutamate exposure,”* and our data demonstrated that TSPO is
required for the LPS-induced ROS production and LPS-
induced decrease in glucose uptake. Taken together, these
observations tend to prove a global mechanism of TSPO on
cellular metabolism in response to pro-inflammatory exposure.
TSPO could appear as a mediator of astrocyte function,
granting a pro- or anti-inflammatory profile and regulating
cellular activity until inducing apoptosis.

Interestingly, the presence of LPS, an increase in the
activated form of STAT3, an increase in TSPO density, and an
increase in ROS production were described in AD
brain.'***~”" More importantly, the inhibition of STAT3 by
systemic treatment in an AD mouse model induced a reduction
in inflammation and accumulation of pathological markers.*®
By a cell-type-specific approach, it has been shown that
inhibition of STAT3 in the astrocytes induced the same effect,
thus clarifying the role of astrocytic STAT3.”” In this same
idea, the knockout of TSPO in an AD mouse model induces a
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decrease in astrocytosis and accumulation of abnormal forms
of Tau and amyloid.® Thus, the environmental deleterious
conditions in AD with LPS and A among others may
represent the origin of the TSPO upregulation via STAT3.
This body of evidence suggests a pro-inflammatory role of the
TSPO from astrocytes.

Some limitations must be made. In this study, only cultures
of the C6 immortal cell line were used. These cells do not
display all of the phenotypic and genetic characteristics of
astrocytes,”> which is a limitation to the interpretation of the
results. Interpretation of the results obtained must therefore
take this bias into account, and further in situ studies will be
required to confirm the roles of TSPO. It remains possible that
the effects we observed are partly due to a modification of the
cellular environment induced by LPS (i.e., modification of
cytokine production, etc.) which would intervene in
combination with TSPO. However, as the use of FEPPA
induced a return to normal in most of our measurements, these
interaction effects (which we cannot formally exclude) appear
to be negligible. Phagocytosis was measured with TPSO
overexpression to demonstrate its direct role in this process.
Future analyses under various conditions of astrocyte reactivity
(stimulation with LPS) will be required to validate this
observation. In the present report, we have classified FEPPA as
an antagonist, as it blocked the responses induced by either
LPS or TSPO overexpression. However, it is known that the
simple antagonist/agonist definition is insufficient to under-
stand the effects of TSPO ligands especially since these
functions can be modulated by different factors.”””*

B CONCLUSIONS

All our observations converge to conclude that LPS induces an
upregulation of TSPO density in addition to a change in its
functions, which would lead to an overproduction of ROS and
a reorganization of cellular functions. Our study therefore
suggests that TSPO from astrocytes plays roles in glucose
metabolism and pro-inflammatory pathways. As ROS
production is a well-known inducer of pro-inflammatory
cytokines,””~"® it may be suggested that TSPO-induced ROS
would have rather deleterious effects in AD.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c03368.

Example of MitoTracker staining in control and LPS-
treated cells (PDF)

B AUTHOR INFORMATION

Corresponding Author
Philippe Millet — Department of Psychiatry, University
Hospitals of Geneva, Geneva 1206, Switzerland; Department
of Psychiatry, University of Geneva, Geneva 1211,
Switzerland; Phone: +41795536376;
Email: philippe.millet@hcuge.ch

Authors
Benjamin B. Tournier — Department of Psychiatry, University
Hospitals of Geneva, Geneva 1206, Switzerland; Department
of Psychiatry, University of Geneva, Geneva 1211,
Switzerland; ® orcid.org/0000-0002-8027-7530

Farha Bouteldja — Department of Psychiatry, University of
Geneva, Geneva 1211, Switzerland

Quentin Amossé — Department of Psychiatry, University of
Geneva, Geneva 1211, Switzerland

Alekos Nicolaides — Department of Psychiatry, University of
Geneva, Geneva 1211, Switzerland

Marcelo Duarte Azevedo — Laboratory of Cellular and
Molecular Neurotherapies, Center for Neuroscience Research,
Clinical Neuroscience Department, Lausanne University
Hospital, Lausanne 1011, Switzerland

Liliane Tenenbaum — Laboratory of Cellular and Molecular
Neurotherapies, Center for Neuroscience Research, Clinical
Neuroscience Department, Lausanne University Hospital,
Lausanne 1011, Switzerland; © orcid.org/0000-0003-
4619-9660

Valentina Garibotto — Division of Nuclear Medicine,
Diagnostic Department, University Hospitals of Geneva,
Geneva 1206, Switzerland; CIBM Center for BioMedical
Imaging; NIMTLab, Faculty of Medicine, University of
Geneva, Geneva 1211, Switzerland

Kelly Ceyzériat — Department of Psychiatry, University
Hospitals of Geneva, Geneva 1206, Switzerland; Department
of Psychiatry, University of Geneva, Geneva 1211,
Switzerland; Division of Nuclear Medicine, Diagnostic
Department, University Hospitals of Geneva, Geneva 1206,
Switzerland; CIBM Center for BioMedical Imaging;
NIMTLab, Faculty of Medicine, University of Geneva,
Geneva 1211, Switzerland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c03368

Funding

This work was supported by the Swiss National Science
Foundation (nos. 320030-184713, 31003A-179527, and
310030 212322). V.G. was supported by the Swiss National
Science Foundation (projects 320030 169876,
320030 185028, and IZSEZ0_188355), the Velux Foundation
(project 1123), the Schmidheiny Foundation, and the Aetas
Foundation.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are grateful to Maria Surini and Lou Miinger for
the technical assistance.

B REFERENCES

(1) Papadopoulos, V.; Fan, J.; Zirkin, B. Translocator protein (18
kDa): an update on its function in steroidogenesis. J. Neuroendocrinol
2018, 30 (2), No. e12500.

(2) El Chemali, L; Akwa, Y.; Massaad-Massade, L. The
mitochondrial translocator protein (TSPO): a key multifunctional
molecule in the nervous system. Biochem. J. 2022, 479 (13), 1455—
1466.

(3) Bradburn, S.; Murgatroyd, C.; Ray, N. Neuroinflammation in
mild cognitive impairment and Alzheimer’s disease: A meta-analysis.
Ageing Res. Rev. 2019, S0, 1-8.

(4) Corcia, P.; Tauber, C.; Vercoullie, J.; Arlicot, N.; Prunier, C.;
Praline, J.; Nicolas, G.; Venel, Y.; Hommet, C.; Bauliey, J. L.; Cottier,
J. P; Roussel, C; Kassiou, M.; Guilloteau, D.; Ribeiro, M. ]J.
Molecular imaging of microglial activation in amyotrophic lateral
sclerosis. PLoS One 2012, 7 (12), No. e52941.

(5) Giga, H; Ji, B; Kikutani, K; Fukuda, S; Kitajima, T.;
Katsumata, S.; Matsumata, M.; Suhara, T.; Yamawaki, S.; Shime,

https://doi.org/10.1021/acsomega.3c03368
ACS Omega 2023, 8, 31225-31236


https://pubs.acs.org/doi/10.1021/acsomega.3c03368?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03368/suppl_file/ao3c03368_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philippe+Millet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:philippe.millet@hcuge.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+B.+Tournier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8027-7530
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farha+Bouteldja"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quentin+Amosse%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alekos+Nicolaides"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcelo+Duarte+Azevedo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liliane+Tenenbaum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4619-9660
https://orcid.org/0000-0003-4619-9660
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentina+Garibotto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kelly+Ceyze%CC%81riat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03368?ref=pdf
https://doi.org/10.1111/jne.12500
https://doi.org/10.1111/jne.12500
https://doi.org/10.1042/BCJ20220050
https://doi.org/10.1042/BCJ20220050
https://doi.org/10.1042/BCJ20220050
https://doi.org/10.1016/j.arr.2019.01.002
https://doi.org/10.1016/j.arr.2019.01.002
https://doi.org/10.1371/journal.pone.0052941
https://doi.org/10.1371/journal.pone.0052941
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

N.; Hosokawa, K.; Aizawa, H. Pharmacological and Genetic
Inhibition of Translocator Protein 18 kDa Ameliorated Neuro-
inflammation in Murine Endotoxemia Model. Shock 2021, 56 (1),
142—149.

(6) Ma, L; Zhang, H; Liu, N,; Wang, P. Q; Guo, W. Z,; Fu, Q;
Jiao, L. B.; Ma, Y. Q; Mi, W. D. TSPO ligand PK11195 alleviates
neuroinflammation and beta-amyloid generation induced by systemic
LPS administration. Brain Res. Bull. 2016, 121, 192—200.

(7) Gong, J; Szego, E. M.; Leonov, A.; Benito, E.; Becker, S,;
Fischer, A.; Zweckstetter, M.; Outeiro, T.; Schneider, A. Translocator
Protein Ligand Protects against Neurodegeneration in the MPTP
Mouse Model of Parkinsonism. J. Neurosci. 2019, 39 (19), 3752—
3769.

(8) Ceyzériat, K.; Meyer, L.; Bouteldja, F.; Tsartsalis, S.; Amossé, Q.;
Middleton, R. J; Liu, G.-J; Banati, R. B.; Zilli, T.; Garibotto, V.;
Millet, P.; Tournier, B. B. Knockout of TSPO delays and reduces
amyloid, Tau, astrocytosis and behavioral dysfunctions in Alzheimer’s
disease. bioRxiv 2022, 1-26, DOI: 10.1101/2022.03.26.485919.

(9) Gui, Y,; Marks, J. D.; Das, S.; Hyman, B. T.; Serrano-Pozo, A.
Characterization of the 18 kDa translocator protein (TSPO)
expression in post-mortem normal and Alzheimer’s disease brains.
Brain Pathol. 2020, 30 (1), 151—164.

(10) Nutma, E; Ceyzeriat, K; Amor, S.; Tsartsalis, S.; Millet, P.;
Owen, D. R.; Papadopoulos, V.; Tournier, B. B. Cellular sources of
TSPO expression in healthy and diseased brain. Eur. J. Nucl. Med. Mol.
Imaging 2021, 49 (1), 146—163.

(11) Tournier, B. B,; Tsartsalis, S.; Ceyzeriat, K.; Fraser, B. H.;
Gregoire, M. C.; Kovari, E.; Millet, P. Astrocytic TSPO Upregulation
Appears Before Microglial TSPO in Alzheimer’s Disease. ]. Alzheimers
Dis. 2020, 77 (3), 1043—1056.

(12) Yao, R; Pan, R; Shang, C.; Li, X; Cheng, J; Xu, J; Li, Y.
Translocator Protein 18 kDa (TSPO) Deficiency Inhibits Microglial
Activation and Impairs Mitochondrial Function. Front. Pharmacol.
2020, 11, No. 986.

(13) Monga, S.; Denora, N.; Laquintana, V.; Franco, M.; Marek, L;
Singh, S.; Nagler, R.; Weizman, A.; Gavish, M. The protective effect of
the TSPO ligands 2,4-Di-CI-MGV-1, CB86, and CB204 against LPS-
induced M1 pro-inflammatory activation of microglia. Brain, Behav.,
Immun.: Health 2020, 5, No. 100083.

(14) Owen, D. R,; Narayan, N.; Wells, L.; Healy, L.; Smyth, E.;
Rabiner, E. A,; Galloway, D.; Williams, J. B.; Lehr, J.; Mandhair, H,;
Peferoen, L. A; Taylor, P. C.; Amor, S.; Antel, J. P.; Matthews, P. M;
Moore, C. S. Pro-inflammatory activation of primary microglia and
macrophages increases 18 kDa translocator protein expression in
rodents but not humans. J. Cereb. Blood Flow Metab. 2017, 37 (8),
2679—-2690.

(15) Tournier, B. B,; Tsartsalis, S.; Ceyzeriat, K,; Medina, Z.; Fraser,
B. H.; Gregoire, M. C.; Kovari, E.; Millet, P. Fluorescence-activated
cell sorting to reveal the cell origin of radioligand binding. J. Cereb.
Blood Flow Metab. 2020, 40 (6), 1242—1255.

(16) Wan, J; Fu, A. K; Ip, F. C; Ng, H. K; Hugon, J; Page, G;
Wang, J. H; Lai, K. O.; Wu, Z,; Ip, N. Y. Tyk2/STAT3 signaling
mediates beta-amyloid-induced neuronal cell death: implications in
Alzheimer’s disease. J. Neurosci. 2010, 30 (20), 6873—6881.

(17) Batarseh, A.; Li, J.; Papadopoulos, V. Protein kinase C epsilon
regulation of translocator protein (18 kDa) Tspo gene expression is
mediated through a MAPK pathway targeting STAT3 and c-Jun
transcription factors. Biochemistry 2010, 49 (23), 4766—4778.

(18) Chun, H.; Lee, C. J. Reactive astrocytes in Alzheimer’s disease:
A double-edged sword. Neurosci Res. 2018, 126, 44—52.

(19) Bozic, L; Savic, D.; Lavrnja, L. Astrocyte phenotypes: Emphasis
on potential markers in neuroinflammation. Histol. Histopathol. 2021,
36, No. 18284.

(20) Capani, F.; Quarracino, C.; Caccuri, R.; Sica, R. E. Astrocytes
As the Main Players in Primary Degenerative Disorders of the Human
Central Nervous System. Front. Aging Neurosci. 2016, 8, No. 4S.

(21) Guttenplan, K. A,; Weigel, M. K; Adler, D. I; Couthouis, J;
Liddelow, S. A.; Gitler, A. D.; Barres, B. A. Knockout of reactive

astrocyte activating factors slows disease progression in an ALS mouse
model. Nat. Commun. 2020, 11 (1), No. 3753.

(22) Lee, S. Y.; Chung, W. S. The roles of astrocytic phagocytosis in
maintaining homeostasis of brains. J. Pharmacol. Sci. 2021, 145 (3),
223-227.

(23) Prakash, P.; Jethava, K. P.; Korte, N.; Izquierdo, P.; Favuzzi, E.;
Rose, I. V. L,; Guttenplan, K. A.; Manchanda, P.; Dutta, S.; Rochet, J.
C.; Fishell, G.; Liddelow, S. A.; Attwell, D.; Chopra, G. Monitoring
phagocytic uptake of amyloid beta into glial cell lysosomes in real
time. Chem. Sci. 2021, 12 (32), 10901—10918.

(24) Tournier, B. B,; Ceyzeriat, K; Bouteldja, F. N.; Millet, P.
Amyloid and Tau Induce Cell Death Independently of TSPO
Polymerization and Density Changes. ACS Omega 2021, 6 (29),
18719—18727.

(25) Py, Y.; Wang, D.; Wang, H.; Cai, M.; Li, C.; Zhang, X.; Chen,
H.; Hu, Y,; Zhang, X; Ying, M.; He, W.; Zhang, J. TSPO deficiency
induces mitochondrial dysfunction, leading to hypoxia, angiogenesis,
and a growth-promoting metabolic shift toward glycolysis in
glioblastoma. Neuro-Oncology 2020, 22 (2), 240—252.

(26) Tournier, B. B.; Tsartsalis, S.; Rigaud, D.; Fossey, C.; Cailly, T.;
Fabis, F.; Pham, T.; Gregoire, M. C.; Kovari, E.; Moulin-Sallanon, M.;
Savioz, A.; Millet, P. TSPO and amyloid deposits in sub-regions of the
hippocampus in the 3xTgAD mouse model of Alzheimer’s disease.
Neurobiol. Dis. 2019, 121, 95—105.

(27) Cataldo, A. M.; McPhie, D. L; Lange, N. T.; Punzell, S;
Elmiligy, S.; Ye, N. Z.; Froimowitz, M. P.; Hassinger, L. C.; Menesale,
E. B.; Sargent, L. W.; Logan, D. J.; Carpenter, A. E; Cohen, B. M.
Abnormalities in mitochondrial structure in cells from patients with
bipolar disorder. Am. J. Pathol. 2010, 177 (2), 575—58S.

(28) Han, M.; Bushong, E. A.; Segawa, M.; Tiard, A; Wong, A;
Brady, M. R,; Momcilovic, M.; Wolf, D. M.; Zhang, R.; Petcherski, A.;
Madany, M,; Xu, S.; Lee, J. T.; Poyurovsky, M. V.; Olszewski, K;
Holloway, T.; Gomez, A.; John, M. S.; Dubinett, S. M.; Koehler, C.
M.; Shirihai, O. S.; Stiles, L.; Lisberg, A,; Soatto, S.; Sadeghi, S,;
Ellisman, M. H.; Shackelford, D. B. Spatial mapping of mitochondrial
networks and bioenergetics in lung cancer. Nature 2023, 615 (7953),
712—719.

(29) Joo, H. K;; Lee, Y. R;; Lim, S. Y.; Lee, E. J.; Choi, S.; Cho, E. J.;
Park, M. S.; Ryoo, S.; Park, J. B, Jeon, B. H. Peripheral
benzodiazepine receptor regulates vascular endothelial activations
via suppression of the voltage-dependent anion channel-1. FEBS Lett.
2012, 586 (9), 1349—1355.

(30) Fogarty, M. J; Rana, S; Mantilla, C. B; Sieck, G. C.
Quantifying mitochondrial volume density in phrenic motor neurons.
J. Neurosci Methods 2021, 353, No. 109093.

(31) Dasgupta, D.; Mahadev Bhat, S; Price, A. L.; Delmotte, P.;
Sieck, G. C. Molecular Mechanisms Underlying TNFalpha-Induced
Mitochondrial Biogenesis in Human Airway Smooth Muscle. Int. J.
Mol. Sci. 2023, 24 (6), No. 5788, DOI: 10.3390/ijms24065788.

(32) Brown, A. D,; Fogarty, M. ]J.; Davis, L. A,; Dasgupta, D.;
Mantilla, C. B.; Sieck, G. C. Mitochondrial adaptations to inactivity in
diaphragm muscle fibers. J. Appl. Physiol. 2022, 133 (1), 191—204.

(33) Lobbestael, E.; Reumers, V.; Ibrahimi, A.; Paesen, K; Thiry, 1;
Gijsbers, R; Van den Haute, C.; Debyser, Z.; Baekelandt, V;
Taymans, J. M. Immunohistochemical detection of transgene
expression in the brain using small epitope tags. BMC Biotechnol.
2010, 10, No. 16.

(34) McCarty, D. M,; Fu, H.; Monahan, P. E.; Toulson, C. E.; Naik,
P.; Samulski, R. J. Adeno-associated virus terminal repeat (TR)
mutant generates self-complementary vectors to overcome the rate-
limiting step to transduction in vivo. Gene Ther. 2003, 10 (26), 2112—
2118.

(35) Issop, L.; Ostuni, M. A,; Lee, S.; Laforge, M,; Peranzi, G.;
Rustin, P.; Benoist, J. F.; Estaquier, J.; Papadopoulos, V.; Lacapere, J.
J. Translocator Protein-Mediated Stabilization of Mitochondrial
Architecture during Inflammation Stress in Colonic Cells. PLoS One
2016, 11 (4), No. e0152919.

(36) Klubo-Gwiezdzinska, J.; Jensen, K.; Bauer, A,; Patel, A,
Costello, J., Jr.; Burman, K. D.; Wartofsky, L.; Hardwick, M. J.; Vasko,

https://doi.org/10.1021/acsomega.3c03368
ACS Omega 2023, 8, 31225-31236


https://doi.org/10.1097/SHK.0000000000001703
https://doi.org/10.1097/SHK.0000000000001703
https://doi.org/10.1097/SHK.0000000000001703
https://doi.org/10.1016/j.brainresbull.2016.02.001
https://doi.org/10.1016/j.brainresbull.2016.02.001
https://doi.org/10.1016/j.brainresbull.2016.02.001
https://doi.org/10.1523/JNEUROSCI.2070-18.2019
https://doi.org/10.1523/JNEUROSCI.2070-18.2019
https://doi.org/10.1523/JNEUROSCI.2070-18.2019
https://doi.org/10.1101/2022.03.26.485919
https://doi.org/10.1101/2022.03.26.485919
https://doi.org/10.1101/2022.03.26.485919
https://doi.org/10.1101/2022.03.26.485919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/bpa.12763
https://doi.org/10.1111/bpa.12763
https://doi.org/10.1007/s00259-020-05166-2
https://doi.org/10.1007/s00259-020-05166-2
https://doi.org/10.3233/JAD-200136
https://doi.org/10.3233/JAD-200136
https://doi.org/10.3389/fphar.2020.00986
https://doi.org/10.3389/fphar.2020.00986
https://doi.org/10.1016/j.bbih.2020.100083
https://doi.org/10.1016/j.bbih.2020.100083
https://doi.org/10.1016/j.bbih.2020.100083
https://doi.org/10.1177/0271678X17710182
https://doi.org/10.1177/0271678X17710182
https://doi.org/10.1177/0271678X17710182
https://doi.org/10.1177/0271678X19860408
https://doi.org/10.1177/0271678X19860408
https://doi.org/10.1523/JNEUROSCI.0519-10.2010
https://doi.org/10.1523/JNEUROSCI.0519-10.2010
https://doi.org/10.1523/JNEUROSCI.0519-10.2010
https://doi.org/10.1021/bi100020e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi100020e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi100020e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi100020e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.neures.2017.11.012
https://doi.org/10.1016/j.neures.2017.11.012
https://doi.org/10.14670/HH-18-284
https://doi.org/10.14670/HH-18-284
https://doi.org/10.3389/fnagi.2016.00045
https://doi.org/10.3389/fnagi.2016.00045
https://doi.org/10.3389/fnagi.2016.00045
https://doi.org/10.1038/s41467-020-17514-9
https://doi.org/10.1038/s41467-020-17514-9
https://doi.org/10.1038/s41467-020-17514-9
https://doi.org/10.1016/j.jphs.2020.12.007
https://doi.org/10.1016/j.jphs.2020.12.007
https://doi.org/10.1039/D1SC03486C
https://doi.org/10.1039/D1SC03486C
https://doi.org/10.1039/D1SC03486C
https://doi.org/10.1021/acsomega.1c01678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/neuonc/noz183
https://doi.org/10.1093/neuonc/noz183
https://doi.org/10.1093/neuonc/noz183
https://doi.org/10.1093/neuonc/noz183
https://doi.org/10.1016/j.nbd.2018.09.022
https://doi.org/10.1016/j.nbd.2018.09.022
https://doi.org/10.2353/ajpath.2010.081068
https://doi.org/10.2353/ajpath.2010.081068
https://doi.org/10.1038/s41586-023-05793-3
https://doi.org/10.1038/s41586-023-05793-3
https://doi.org/10.1016/j.febslet.2012.03.049
https://doi.org/10.1016/j.febslet.2012.03.049
https://doi.org/10.1016/j.febslet.2012.03.049
https://doi.org/10.1016/j.jneumeth.2021.109093
https://doi.org/10.3390/ijms24065788
https://doi.org/10.3390/ijms24065788
https://doi.org/10.3390/ijms24065788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1152/japplphysiol.00090.2022
https://doi.org/10.1152/japplphysiol.00090.2022
https://doi.org/10.1186/1472-6750-10-16
https://doi.org/10.1186/1472-6750-10-16
https://doi.org/10.1038/sj.gt.3302134
https://doi.org/10.1038/sj.gt.3302134
https://doi.org/10.1038/sj.gt.3302134
https://doi.org/10.1371/journal.pone.0152919
https://doi.org/10.1371/journal.pone.0152919
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

V. V. The expression of translocator protein in human thyroid cancer
and its role in the response of thyroid cancer cells to oxidative stress. J.
Endocrinol. 2012, 214 (2), 207—-216.

(37) Jaipuria, G.; Leonov, A; Giller, K; Vasa, S. K; Jaremko, L.;
Jaremko, M.; Linser, R.; Becker, S.; Zweckstetter, M. Cholesterol-
mediated allosteric regulation of the mitochondrial translocator
protein structure. Nat. Commun. 2017, 8, No. 14893.

(38) Shimoyama, S.; Furukawa, T.; Ogata, Y.; Nikaido, Y.; Koga, K ;
Sakamoto, Y.; Ueno, S.; Nakamura, K. Lipopolysaccharide induces
mouse translocator protein (18 kDa) expression via the AP-1 complex
in the microglial cell line, BV-2. PLoS One 2019, 14 (9),
No. e0222861.

(39) Beckers, L.; Ory, D.; Geric, L; Declercq, L.; Koole, M.; Kassiou,
M,; Bormans, G.; Baes, M. Increased Expression of Translocator
Protein (TSPO) Marks Pro-inflammatory Microglia but Does Not
Predict Neurodegeneration. Mol. Imaging Biol. 2018, 20 (1), 94—102.

(40) Gatliff, J.; East, D.; Crosby, J.; Abeti, R;; Harvey, R.; Craigen,
W.; Parker, P.; Campanella, M. TSPO interacts with VDACI and
triggers a ROS-mediated inhibition of mitochondrial quality control.
Autophagy 2014, 10 (12), 2279—2296.

(41) Batarseh, A.; Papadopoulos, V. Regulation of translocator
protein 18 kDa (TSPO) expression in health and disease states. Mol.
Cell. Endocrinol. 2010, 327 (1-2), 1-12.

(42) Frison, M.; Faccenda, D.; Abeti, R;; Rigon, M.; Strobbe, D.;
England-Rendon, B. S.; Cash, D.; Barnes, K.; Sadeghian, M.; Sajic, M.;
Wells, L. A; Xia, D,; Giunti, P,; Smith, K; Mortiboys, H;
Turkheimer, F. E.; Campanella, M. The translocator protein
(TSPO) is prodromal to mitophagy loss in neurotoxicity. Mol.
Psychiatry 2021, 26, 2721-2739, DOI: 10.1038/541380-021-01050-z.

(43) Kapetanovic, R; Afroz, S. F.; Ramnath, D.; Lawrence, G. M.;
Okada, T.; Curson, J. E.; de Bruin, J.; Fairlie, D. P.; Schroder, K; St
John, J. C.; Blumenthal, A.; Sweet, M. J. Lipopolysaccharide promotes
Drpl-dependent mitochondrial fission and associated inflammatory
responses in macrophages. Immunol. Cell Biol. 2020, 98 (7), 528—539.

(44) Hansen, M. E,; Simmons, K. J.; Tippetts, T. S.; Thatcher, M.
O.; Saito, R. R.; Hubbard, S. T.; Trumbull, A. M,; Parker, B. A,;
Taylor, O. J.; Bikman, B. T. Lipopolysaccharide Disrupts Mitochon-
drial Physiology in Skeletal Muscle via Disparate Effects on
Sphingolipid Metabolism. Shock 2015, 44 (6), 585—592.

(45) Caballero, B.; Veenman, L.; Bode, J.; Leschiner, S.; Gavish, M.
Concentration-dependent bimodal effect of specific 18 kDa trans-
locator protein (TSPO) ligands on cell death processes induced by
ammonium chloride: potential implications for neuropathological
effects due to hyperammonemia. CNS Neurol. Disord.: Drug Targets
2014, 13 (4), 574—592.

(46) Meng, Y.; Tian, M; Yin, S.; Lai, S.; Zhou, Y.; Chen, J.; He, M,;
Liao, Z. Downregulation of TSPO expression inhibits oxidative stress
and maintains mitochondrial homeostasis in cardiomyocytes sub-
jected to anoxia/reoxygenation injury. Biomed Pharmacother 2020,
121, No. 109588.

(47) Motori, E.; Puyal, J; Toni, N.; Ghanem, A.; Angeloni, C;
Malaguti, M.; Cantelli-Forti, G.; Berninger, B.; Conzelmann, K. K;
Gotz, M.; Winklhofer, K. F.; Hrelia, S.; Bergami, M. Inflammation-
induced alteration of astrocyte mitochondrial dynamics requires
autophagy for mitochondrial network maintenance. Cell Metab. 2013,
18 (6), 844—859.

(48) Wang, Y.; Zhao, C. S. Sigma-1 receptor activation ameliorates
LPS-induced NO production and ROS formation through the Nrf2/
HO-1 signaling pathway in cultured astrocytes. Neurosci. Lett. 2019,
711, No. 134387.

(49) Alfonso-Loeches, S.; Urena-Peralta, J. R.; Morillo-Bargues, M.
J.; Oliver-De La Cruz, J.; Guerr, C. Role of mitochondria ROS
generation in ethanol-induced NLRP3 inflammasome activation and
cell death in astroglial cells. Front. Cell. Neurosci. 2014, 8, No. 216.

(50) Moriyama, M.; Kurebayashi, R;; Kawabe, K; Takano, K;
Nakamura, Y. Acetate Attenuates Lipopolysaccharide-Induced Nitric
Oxide Production Through an Anti-Oxidative Mechanism in Cultured
Primary Rat Astrocytes. Neurochem. Res. 2016, 41 (11), 3138—3146.

(51) Vizuete, A. F. K; Froes, F; Seady, M.; Zanotto, C.; Bobermin,
L. D.; Roginski, A. C.; Wajner, M.; Quincozes-Santos, A.; Goncalves,
C. A. Early effects of LPS-induced neuroinflammation on the rat
hippocampal glycolytic pathway. J. Neuroinflammation 2022, 19 (1),
No. 255.

(52) Weng, C. C.; Carlin, S.; Hou, C.; Metz, T.; Li, S.; Lee, H.; Xu,
K; Makvandi, M,; Mach, R. H. Correlation analysis of [(18)F]-
ROStrace using ex vivo autoradiography and dihydroethidium
fluorescent imaging in lipopolysaccharide-treated animals. Biochem.
Biophys. Res. Commun. 2019, §16 (2), 397—401.

(53) Nava Catorce, M.; Gevorkian, G. LPS-induced Murine
Neuroinflammation Model: Main Features and Suitability for Pre-
clinical Assessment of Nutraceuticals. Curr. Neuropharmacol. 2016, 14
(2), 155—164.

(54) Ma, B; Liu, Y.; Zhang, X,; Zhang, R.; Zhang, Z.; Zhang, Z.; Liu,
J.; Juan, Z.; Sun, X,; Sun, L.; Huang, J.; Feng, J. TSPO Ligands Protect
against Neuronal Damage Mediated by LPS-Induced BV-2 Microglia
Activation. Oxid. Med. Cell. Longevity 2022, 2022, No. 5896699.

(55) Daugherty, D. J.; Chechneva, O.; Mayrhofer, F.; Deng, W. The
hGFAP-driven conditional TSPO knockout is protective in a mouse
model of multiple sclerosis. Sci. Rep. 2016, 6, No. 22556.

(56) Liu, G. J.; Middleton, R. J.; Kam, W. W.; Chin, D. Y.; Hatty, C.
R,; Chan, R. H; Banati, R. B. Functional gains in energy and cell
metabolism after TSPO gene insertion. Cell Cycle 2017, 16 (5), 436—
447.

(57) Mulligan, K. X.; Morris, R. T.; Otero, Y. F.; Wasserman, D. H,;
McGuinness, O. P. Disassociation of muscle insulin signaling and
insulin-stimulated glucose uptake during endotoxemia. PLoS One
2012, 7 (1), No. e30160.

(58) Fan, J; Li, Y. H; Wojnar, M. M; Lang, C. H. Endotoxin-
induced alterations in insulin-stimulated phosphorylation of insulin
receptor, IRS-1, and MAP kinase in skeletal muscle. Shock 1996, 6
(3), 164—170.

(59) Wang, A.; Huen, S. C.; Luan, H. H.; Yu, S.; Zhang, C.; Gallezot,
J. D,; Booth, C. J; Medzhitov, R. Opposing Effects of Fasting
Metabolism on Tissue Tolerance in Bacterial and Viral Inflammation.
Cell 2016, 166 (6), 1512—1525 el2.

(60) Semmler, A; Hermann, S; Mormann, F.; Weberpals, M,;
Paxian, S. A.; Okulla, T.; Schafers, M.; Kummer, M. P.; Klockgether,
T.; Heneka, M. T. Sepsis causes neuroinflammation and concomitant
decrease of cerebral metabolism. J. Neuroinflammation 2008, S,
No. 38.

(61) Banerji, R.;; Huynh, C.; Figueroa, F.; Dinday, M. T.; Baraban, S.
C.; Patel, M. Enhancing glucose metabolism via gluconeogenesis is
therapeutic in a zebrafish model of Dravet syndrome. Brain Commun.
2021, 3 (1), No. fcab004.

(62) Gut, P.; Baeza-Raja, B.; Andersson, O.; Hasenkamp, L.; Hsiao,
J; Hesselson, D.; Akassoglou, K; Verdin, E.; Hirschey, M. D,;
Stainier, D. Y. Whole-organism screening for gluconeogenesis
identifies activators of fasting metabolism. Nat. Chem. Biol. 2013, 9
(2), 97—104.

(63) Nauen, D. W.; Troncoso, J. C. Amyloid-beta is present in
human lymph nodes and greatly enriched in those of the cervical
region. Alzheimer’s Dementia 2022, 18 (2), 205—210.

(64) Veenman, L.; Bode, J.; Gaitner, M.; Caballero, B.; Pe’er, Y.;
Zeno, S.; Kietz, S.; Kugler, W.; Lakomek, M.; Gavish, M. Effects of 18-
kDa translocator protein knockdown on gene expression of glutamate
receptors, transporters, and metabolism, and on cell viability affected
by glutamate. Pharmacogenet. Genomics 2012, 22 (8), 606—619.

(65) Zhao, Y.; Jaber, V.; Lukiw, W. J. Secretory Products of the
Human GI Tract Microbiome and Their Potential Impact on
Alzheimer’s Disease (AD): Detection of Lipopolysaccharide (LPS)
in AD Hippocampus. Front. Cell. Infect. Microbiol. 2017, 7, No. 318.

(66) Zhao, Y.; Cong, L.; Jaber, V.; Lukiw, W. J. Microbiome-Derived
Lipopolysaccharide Enriched in the Perinuclear Region of Alzheimer’s
Disease Brain. Front. Immunol. 2017, 8, No. 1064.

(67) Tournier, B. B,; Tsartsalis, S.; Ceyzeriat, K.; Garibotto, V.;
Millet, P. In Vivo TSPO Signal and Neuroinflammation in

https://doi.org/10.1021/acsomega.3c03368
ACS Omega 2023, 8, 31225-31236


https://doi.org/10.1530/JOE-12-0081
https://doi.org/10.1530/JOE-12-0081
https://doi.org/10.1038/ncomms14893
https://doi.org/10.1038/ncomms14893
https://doi.org/10.1038/ncomms14893
https://doi.org/10.1371/journal.pone.0222861
https://doi.org/10.1371/journal.pone.0222861
https://doi.org/10.1371/journal.pone.0222861
https://doi.org/10.1007/s11307-017-1099-1
https://doi.org/10.1007/s11307-017-1099-1
https://doi.org/10.1007/s11307-017-1099-1
https://doi.org/10.4161/15548627.2014.991665
https://doi.org/10.4161/15548627.2014.991665
https://doi.org/10.1016/j.mce.2010.06.013
https://doi.org/10.1016/j.mce.2010.06.013
https://doi.org/10.1038/s41380-021-01050-z
https://doi.org/10.1038/s41380-021-01050-z
https://doi.org/10.1038/s41380-021-01050-z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/imcb.12363
https://doi.org/10.1111/imcb.12363
https://doi.org/10.1111/imcb.12363
https://doi.org/10.1097/SHK.0000000000000468
https://doi.org/10.1097/SHK.0000000000000468
https://doi.org/10.1097/SHK.0000000000000468
https://doi.org/10.2174/18715273113126660194
https://doi.org/10.2174/18715273113126660194
https://doi.org/10.2174/18715273113126660194
https://doi.org/10.2174/18715273113126660194
https://doi.org/10.1016/j.biopha.2019.109588
https://doi.org/10.1016/j.biopha.2019.109588
https://doi.org/10.1016/j.biopha.2019.109588
https://doi.org/10.1016/j.cmet.2013.11.005
https://doi.org/10.1016/j.cmet.2013.11.005
https://doi.org/10.1016/j.cmet.2013.11.005
https://doi.org/10.1016/j.neulet.2019.134387
https://doi.org/10.1016/j.neulet.2019.134387
https://doi.org/10.1016/j.neulet.2019.134387
https://doi.org/10.3389/fncel.2014.00216
https://doi.org/10.3389/fncel.2014.00216
https://doi.org/10.3389/fncel.2014.00216
https://doi.org/10.1007/s11064-016-2038-2
https://doi.org/10.1007/s11064-016-2038-2
https://doi.org/10.1007/s11064-016-2038-2
https://doi.org/10.1186/s12974-022-02612-w
https://doi.org/10.1186/s12974-022-02612-w
https://doi.org/10.1016/j.bbrc.2019.06.062
https://doi.org/10.1016/j.bbrc.2019.06.062
https://doi.org/10.1016/j.bbrc.2019.06.062
https://doi.org/10.2174/1570159X14666151204122017
https://doi.org/10.2174/1570159X14666151204122017
https://doi.org/10.2174/1570159X14666151204122017
https://doi.org/10.1155/2022/5896699
https://doi.org/10.1155/2022/5896699
https://doi.org/10.1155/2022/5896699
https://doi.org/10.1038/srep22556
https://doi.org/10.1038/srep22556
https://doi.org/10.1038/srep22556
https://doi.org/10.1080/15384101.2017.1281477
https://doi.org/10.1080/15384101.2017.1281477
https://doi.org/10.1371/journal.pone.0030160
https://doi.org/10.1371/journal.pone.0030160
https://doi.org/10.1097/00024382-199609010-00002
https://doi.org/10.1097/00024382-199609010-00002
https://doi.org/10.1097/00024382-199609010-00002
https://doi.org/10.1016/j.cell.2016.07.026
https://doi.org/10.1016/j.cell.2016.07.026
https://doi.org/10.1186/1742-2094-5-38
https://doi.org/10.1186/1742-2094-5-38
https://doi.org/10.1093/braincomms/fcab004
https://doi.org/10.1093/braincomms/fcab004
https://doi.org/10.1038/nchembio.1136
https://doi.org/10.1038/nchembio.1136
https://doi.org/10.1002/alz.12385
https://doi.org/10.1002/alz.12385
https://doi.org/10.1002/alz.12385
https://doi.org/10.1097/FPC.0b013e3283544531
https://doi.org/10.1097/FPC.0b013e3283544531
https://doi.org/10.1097/FPC.0b013e3283544531
https://doi.org/10.1097/FPC.0b013e3283544531
https://doi.org/10.3389/fcimb.2017.00318
https://doi.org/10.3389/fcimb.2017.00318
https://doi.org/10.3389/fcimb.2017.00318
https://doi.org/10.3389/fcimb.2017.00318
https://doi.org/10.3389/fimmu.2017.01064
https://doi.org/10.3389/fimmu.2017.01064
https://doi.org/10.3389/fimmu.2017.01064
https://doi.org/10.3390/cells9091941
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Alzheimer’s Disease. Cells 2020, 9 (9), No. 1941, DOI: 10.3390/
cells9091941.

(68) Mehla, J.; Singh, I; Diwan, D.; Nelson, ]J. W.; Lawrence, M.;
Lee, E.; Bauer, A. Q.; Holtzman, D. M.; Zipfel, G. J. STAT3 inhibitor
mitigates cerebral amyloid angiopathy and parenchymal amyloid
plaques while improving cognitive functions and brain networks. Acta
Neuropathol. Commun. 2021, 9 (1), No. 193.

(69) Ionescu-Tucker, A.; Cotman, C. W. Emerging roles of oxidative
stress in brain aging and Alzheimer’s disease. Neurobiol. Aging 2021,
107, 86—95.

(70) Zhan, X; Stamova, B; Jin, L. W.; DeCarli, C.; Phinney, B,;
Sharp, F. R. Gram-negative bacterial molecules associate with
Alzheimer disease pathology. Neurology 2016, 87 (22), 2324—2332.

(71) Poole, S.; Singhrao, S. K; Kesavaly, L.; Curtis, M. A; Crean, S.
Determining the presence of periodontopathic virulence factors in
short-term postmortem Alzheimer’s disease brain tissue. J. Alzheimer’s
Dis. 2013, 36 (4), 665—677.

(72) Ceyzériat, K.; Ben Haim, L.; Denizot, A.; Pommier, D.; Matos,
M,; Guillemaud, O.; Palomares, M. A.; Abjean, L.; Petit, F;
Gipchtein, P.; Gaillard, M. C.; Guillermier, M.; Bernier, S.; Gaudin,
M.; Auregan, G.; Josephine, C.; Dechamps, N.; Veran, J.; Langlais, V;
Cambon, K.; Bemelmans, A. P.; Baijer, J.; Bonvento, G.; Dhenain, M.;
Deleuze, J. E,; Oliet, S. H. R.; Brouillet, E.; Hantraye, P.; Carrillo-de
Sauvage, M. A,; Olaso, R.; Panatier, A.; Escartin, C. Modulation of
astrocyte reactivity improves functional deficits in mouse models of
Alzheimer’s disease. Acta Neuropathol. Commun. 2018, 6 (1), No. 104.

(73) Galland, F.; Seady, M.; Taday, J.; Smaili, S. S.; Goncalves, C. A.;
Leite, M. C. Astrocyte culture models: Molecular and function
characterization of primary culture, immortalized astrocytes and C6
glioma cells. Neurochem. Int. 2019, 131, No. 104538.

(74) Bader, S.; Wolf, L.; Milenkovic, V. M.; Gruber, M.;
Nothdurfter, C.; Rupprecht, R.; Wetzel, C. H. Differential effects of
TSPO ligands on mitochondrial function in mouse microglia cells.
Psychoneuroendocrinology 2019, 106, 65—76.

(75) Naik, E.; Dixit, V. M. Mitochondrial reactive oxygen species
drive proinflammatory cytokine production. J. Exp. Med. 2011, 208
(3), 417—420.

(76) Bulua, A. C; Simon, A.; Maddipati, R.; Pelletier, M.; Park, H,;
Kim, K. Y,; Sack, M. N,; Kastner, D. L.; Siegel, R. M. Mitochondrial
reactive oxygen species promote production of proinflammatory
cytokines and are elevated in TNFR1-associated periodic syndrome
(TRAPS). J. Exp. Med. 2011, 208 (3), 519—533.

(77) Herb, M.; Gluschko, A.; Wiegmann, K.; Farid, A.; Wolf, A;
Utermohlen, O.; Krut, O.; Kronke, M.; Schramm, M. Mitochondrial
reactive oxygen species enable proinflammatory signaling through
disulfide linkage of NEMO. Sci. Signal. 2019, 12 (568), No. eaar5926,
DOI: 10.1126/scisignal.aar5926.

(78) Forrester, S. J.; Kikuchi, D. S.; Hernandes, M. S.; Xu, Q.
Griendling, K. K. Reactive Oxygen Species in Metabolic and
Inflammatory Signaling. Circ. Res. 2018, 122 (6), 877—902.

31236

https://doi.org/10.1021/acsomega.3c03368
ACS Omega 2023, 8, 31225-31236


https://doi.org/10.3390/cells9091941
https://doi.org/10.3390/cells9091941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/cells9091941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40478-021-01293-5
https://doi.org/10.1186/s40478-021-01293-5
https://doi.org/10.1186/s40478-021-01293-5
https://doi.org/10.1016/j.neurobiolaging.2021.07.014
https://doi.org/10.1016/j.neurobiolaging.2021.07.014
https://doi.org/10.1212/WNL.0000000000003391
https://doi.org/10.1212/WNL.0000000000003391
https://doi.org/10.3233/JAD-121918
https://doi.org/10.3233/JAD-121918
https://doi.org/10.1186/s40478-018-0606-1
https://doi.org/10.1186/s40478-018-0606-1
https://doi.org/10.1186/s40478-018-0606-1
https://doi.org/10.1016/j.neuint.2019.104538
https://doi.org/10.1016/j.neuint.2019.104538
https://doi.org/10.1016/j.neuint.2019.104538
https://doi.org/10.1016/j.psyneuen.2019.03.029
https://doi.org/10.1016/j.psyneuen.2019.03.029
https://doi.org/10.1084/jem.20110367
https://doi.org/10.1084/jem.20110367
https://doi.org/10.1084/jem.20102049
https://doi.org/10.1084/jem.20102049
https://doi.org/10.1084/jem.20102049
https://doi.org/10.1084/jem.20102049
https://doi.org/10.1126/scisignal.aar5926
https://doi.org/10.1126/scisignal.aar5926
https://doi.org/10.1126/scisignal.aar5926
https://doi.org/10.1126/scisignal.aar5926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1161/CIRCRESAHA.117.311401
https://doi.org/10.1161/CIRCRESAHA.117.311401
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

