communications biology

Article

https://doi.org/10.1038/s42003-024-07215-0

Protective role of aconitate decarboxylase

1 in neuroinflammation-induced
dysfunctions of the paraventricular
thalamus and sleepiness
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Sleepiness is commonly associated with neuroinflammation; however, the underlying neuroregulatory
mechanisms remain unclear. Previous research suggests that the paraventricular thalamus (PVT)
plays a crucial role in regulating sleep-wake dynamics; thus, neurological abnormalities in the PVT may
contribute to neuroinflammation-induced sleepiness. To test this hypothesis, we performed
electroencephalography recordings in mice treated with lipopolysaccharide (LPS) and found that the
mice exhibited temporary sleepiness lasting for 7 days. Using the Fos-TRAP method, fiber photometry
recordings, and immunofluorescence staining, we detected temporary PVT neuron hypoactivation
and microglia activation from day 1 to day 7 post-LPS treatment. Combining the results of bulk and
single-cell RNA sequencing, we found upregulation of aconitate decarboxylase 1 (Acod1) in PVT
microglia post-LPS treatment. To investigate the role of Acod1, we manipulated Acod1 gene
expression in PVT microglia via stereotactic injection of short hairpin RNA adenovirus. Knockdown of
Acod1 exacerbated inflammation, neuronal hypoactivation, and sleepiness. ltaconate is a metabolite
synthesized by the enzyme encoded by Acod1. Finally, we confirmed that exogenous administration

of an itaconate derivative, 4-octyl itaconate, could inhibit microglia activation, alleviate neuronal
dysfunction, and relieve sleepiness. Our findings highlight PVT’s role in inflammation-induced
sleepiness and suggest Acod1 as a potential therapeutic target for neuroinflammation.

Sleep is a physiological and behavioral process that plays an important role
in metabolism and immune system homeostasis. During inflammation,
both animals and humans often exhibit sleepiness' ™. This is an adaptive
central nervous system (CNS) response to help the immune system fight
against infection’. Sleepiness preserves the energy needed to increase body
temperature (fever), which in turn increases the activity of white blood cells
and inhibits pathogen growth’. Upon recovery from inflammation, the
sleepiness disappears; however, the internal mechanism underlying
inflammation-induced sleepiness remains unclear.

Previous reports suggested that the sleep-wake rhythm is regulated by
multiple subcortical nuclei in the brain, including wake-promoting nuclei
such as the paraventricular thalamus (PVT)’, paraventricular hypothala-
mus (PVH)’, and basal forebrain (BF)'% and sleep-promoting nuclei such as
the ventrolateral preoptic nucleus (VLPO)"". Because the PVT is located on

the midline just ventral to the third ventricle, with an incomplete
blood-brain barrier'>", it is more vulnerable to inflammatory attacks. PVT
neurons are primarily glutamatergic” and receive multiple inputs from the
brainstem and hypothalamus, projecting to the prefrontal cortex (PFC),
nucleus accumbens, and amygdala®. PVT neurons display high activity
during wakefulness and low activity during sleep’. However, the role and
potential mechanisms of action of PVT in neuroinflammation-induced
sleepiness remain unclear.

PVT also contains some microglia, which are important immune
effector cells in the brain". Under systemic inflammatory conditions,
inflammatory molecules produced by peripheral immune cells traverse the
blood-brain barrier and activate microglia'®. Previous studies reported that
microglia were involved in sleepiness in a mouse model of traumatic brain
injury””. However, the mechanisms have not yet been fully elucidated. On
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the one hand, microglial activation can suppress neuronal activities by
releasing cytokines, including interleukin (IL)-1p, IL-6, and tumor necrosis
factor-a (TNF-a)'**, thereby promoting sleep. On the other hand, the anti-
inflammatory process in microglia is simultaneously initiated, limiting
release of cytokines, restoring neuronal activity, and ensuring timely ter-
mination of sleepiness. Therefore, how the interaction between microglia
and neurons contributes to the process of neuroinflammation-induced
sleepiness needs to be investigated.

For this purpose, we intraperitoneally injected lipopolysaccharide
(LPS) into mice to induce neuroinflammation, and evaluated their sleep-
wake states by recording electroencephalograms (EEGs), to reveal the
temporal characteristics of sleepiness. We used the immediate early gene
Fos-TRAP method and in vivo fiber photometry recording to confirm the
correlation between PVT neuronal activity and sleep-wake states. We also
performed transcriptome analysis and immunofluorescence staining of
brain tissue to explore the pathological changes in PVT, and found an
upregulation of aconitate decarboxylase 1 (Acodl) expression in microglia.
Itaconate is a metabolite synthesized by the enzyme encoded by Acodl. We
further revealed that Acodl and itaconate had an anti-neuroinflammatory
effect and could alleviate sleepiness. Our findings provide valuable insights
into the molecular mechanisms regulating the balance between pro- and

anti-inflammatory functions in microglia and neuroinflammation-
associated sleep-wake alterations.

Results

Acute administration of LPS increases the non-rapid eye move-
ment period during the active phase

To investigate the effects of neuroinflammation on sleep, we used a per-
ipherally induced neuroinflammation model by intraperitoneal injection of
1 mg/kg LPS. Control mice received an intraperitoneal injection of
phosphate-buffered saline (PBS). The EEG signals were recorded from
electrodes implanted in the PFC during the active phase [zeitgeber time (ZT)
12:00-24:00] of the day-night cycle. The EEG recording was conducted
1 day before and 1, 3, 5, and 7 days after PBS/LPS injection (Fig. 1A).
Figure 1B, C shows the spectrum of representative EEGs recorded 1 day
before and 1 day after LPS injection, respectively. Sleep-wake states were
automatically classified into wake, non-rapid eye movement (NREM), and
rapid eye movement (REM) sleep according to previously described
criteria’’. LPS injection decreased the wake period and increased the NREM
period. Consistent with a previous report”, normal mice spent a larger
proportion of time in the waking state (60.90 + 5.91%) than in NREM sleep
(37.02 £ 5.63%) during the active phase. In contrast, the duration of REM
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Fig. 2 | LPS-induced reduction in neuronal activity A
in the paraventricular thalamus. A Representative
micrographs of FOS expression (TdTomato, red)
and DAPI staining (blue) in the paraventricular
thalamus (PVT), basal forebrain (BF), para-
ventricular hypothalamus (PVH), and ventrolateral
preoptic nucleus (VLPO) on day 1 after PBS/LPS
injection, as well as day 7 after LPS injection.

B Quantitative analysis on TdTomato™ cells in dif-
ferent brain regions under different treatment
conditions. 'P<0.05, "P<0.01, ""P<0.001. n =10
mice. (Kruskal-Wallis ANOVA and One-Way
ANOVA). C Top: schematic diagram depicting
virus injection, fiber photometry recording of
population Ca’" activity of glutamatergic neurons,
recordings of EEG and EMG during the active phase
in moving mice. Bottom: Image showing the
expression of GCaMP6s-GFP (green) and DAPI
staining (blue) in the PVT. D The EEG spectrogram,
EMG, hypnogram, and fiber photometry trace of a
normal mouse. Dot marks a transient event higher
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sleep (2.07 £ 0.70%) was very short (Fig. 1D). Moreover, PBS injection had
no significant effect on the relative proportions of the sleep-wake states in
mice. LPS injection caused a large reduction of the wake period on day 1,
followed by a gradual rebound from day 3 and almost completely recovery
by day 7 (Fig. 1E). The NREM period was accordingly increased on day 1,
and gradually returned to the baseline level by day 7. In contrast, the REM
period did not significantly change. These results suggested that acute
administration of LPS induced temporary sleepiness lasting for approxi-
mately 7 days.

Neuronal activity in the PVT is reduced by LPS injection

We used double transgenic TRAP2;Ail4 mice, in which active neurons
express the fluorescent protein TdTomato, to examine the effect of LPS
injection on neuronal activities in sleep-wake regulating nuclei: PVT, BF,
PVH, and VLPO. A large number of TdTomato™ cells were observed in the
PVT of PBS-injected mice during the active phase, but they almost com-
pletely disappeared on day 1 after LPS injection, and reappeared on day 7
(Fig. 2A). A similar phenomenon occurred in the BF. PBS-injected mice
exhibited few TdTomato™ cells in the PVH or VLPO, and LPS injection had
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Fig. 3 | Bulk RNA sequencing analysis of PVT in response to PBS and LPS
treatment. A Principal component analysis based on overall gene expression across
all samples. Volcano plots displaying differentially expressed genes (DEGs) between
LPS 1d and PBS 1d groups (B), as well as LPS 7 d and LPS 1 d groups (C).

Downregulated

D Hierarchical clustering analysis of all DEGs. The top 5 Gene Ontology (GO)
biological processes (BPs) terms of upregulated and downregulated DEGs between
LPS 1d and PBS 1d groups (E), as well as LPS 7 d and LPS 1 d groups (F).

no significant effect. Quantitative statistics of TdTomato" cell counts con-
firmed the above observations (Fig. 2B). We next injected adenovirus-
associated virus (AAV)-CaMKII-GCaMP6 into the PVT and examined
neuronal activity of behaving mice through fiber photometry recording
(Fig. 2C). Consistent with previous reports’, the rate of Ca®* transient during
the wake period was higher than that during NREM sleep (Fig. 2D).
Therefore, the higher Ca®" transient rate is; the longer wake period is. In
contrast, the lower Ca’" transient rate is; the longer NREM period is. We
found that the mean rate of Ca*" transient during the active phase was
temporarily decreased by LPS injection but unaffected by PBS injection
(Fig. 2E, F). Thus, LPS injection-induced sleepiness may be associated with a
reduction of Ca’* transient rate in the PVT.

Transcriptome changes in the PVT induced by LPS injection

Next, we evaluated LPS-induced transcriptome changes in the PVT using
bulk RNA sequencing (RNA-seq) analysis of mice 1 day after PBS/LPS
injection or 7 days after LPS injection. Principal component analysis (PCA)
analysis based on overall gene expression separated the three groups into

distinct clusters (Fig. 3A). A total of 604 differentially expressed genes
(DEGs) were identified in the LPS 1 d group compared with the PBS 1d
group, with 491 upregulated and 113 downregulated genes (Fig. 3B). Fur-
thermore, in the LPS 7 d group, a total of 961 DEGs were identified compared
with the LPS 1 d group, with 420 upregulated and 541 downregulated genes
(Fig. 3C). Hierarchical clustering analysis of all DEGs also demonstrated
marked transcriptome differences among the three groups, consistent with
the results shown in Fig. 3A (Fig. 3D). Gene Ontology (GO) enrichment
analysis revealed that the upregulated DEGs between the LPS 1 dand PBS 1 d
groups were predominantly enriched in biological processes (BPs) associated
with inflammatory pathways. Conversely, the downregulated DEGs were
primarily enriched in BPs related to locomotion, rhythm, and neuron-related
processes (Fig. 3E). Furthermore, when analyzing the DEGs between the LPS
7 d and LPS 1 d groups, the GO enrichment analysis demonstrated that the
upregulated BPs were associated with neuron-related processes, locomotion,
and cognition, while the downregulated BPs were associated with inflam-
matory pathways (Fig. 3F). Thus, the transcriptome changes in the LPS 1 d
group were completely reversed in LPS 7 d group.
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Fig. 4 | LPS activates microglia in the PVT. A The overlapping between DEGs
identified through bulk RNA-seq and those detected in neurons, astrocytes, or
microglia from a published scRNA-seq dataset (GSE112436). B The number of
overlapping and non-overlapping DEGs between bulk RNA-seq and scRNA-seq
dataset. C Representative microphotographs showing NeuN, GFAP, and Ibal-
immunopositive cells in the PVT on day 1 after PBS/LPS injection and day 7 after

LPS injection. A white dotted line outlines the PVT region. D Quantitative analysis
of NeuN", GFAP*, and Ibal* cells. “P < 0.01, ""P < 0.001. n = 10 mice. (Kruskal-
Wallis ANOVA and One-Way ANOVA). (E-H) Relative mRNA expression of IL-
1B, IL-6, TNF-a and Hertr2 in the PVT under different treatment conditions.
"P<0.05, "P<0.01, "P<0.001. n=5-7 mice. (Kruskal-Wallis ANOVA and One-
Way ANOVA).

LPS injection induced microglial activation in the PVT

In addition to our own analysis, we examined a publicly available single-cell
RNA sequencing (scRNA-seq) dataset (GSE112436) of mouse brains sub-
jected to acute LPS treatment™. By specifically identifying LPS-induced
DEGs in neurons, astrocytes, and microglia, we observed that microglia
exhibited the highest number of DEGs. Moreover, there was the greatest
overlap between the DEGs identified in our bulk RNA-seq and those
identified specifically in microglia in the scRNA-seq dataset (Fig. 4A, B).
These findings indicated that the transcriptome changes induced by LPS
were pronounced in microglia.

To validate above findings, we performed immunofluorescence
staining of brain slices of the PVT and analyzed the density and morphology
of cells expressing specific neuronal (NeuN), astrocytic (GFAP), and
microglial (Ibal) markers (Fig. 4C). Remarkably, the densities and
morphologies of neurons were similar among all three experimental groups.
Astrocytes in the PVT were relatively scarce in all three groups. However,
microglia density exhibited a significant increase on day 1 after LPS injec-
tion, subsequently returned to baseline levels by day 7 (Fig. 4C, D).

We utilized quantitative polymerase chain reaction (QPCR) to detect
the expression levels of pro-inflammatory cytokines, including IL-1f, IL-6,
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Fig. 5 | LPS-induced DEGs in the microglia. Venn diagrams of upregulated (A) and
downregulated (B) DEGs from 3 published microglial scRNA-seq datasets. Venn
diagrams of upregulated (C) and downregulated (D) DEGs between bulk RNA-seq
and microglial scRNA-seq datasets. E Names of the overlapping DEGs. F Gene

expression heatmap conducted on bulk RNA-seq data showing the relative
expression levels of the overlapping DEGs. G Chord plot depicting the relationship
between the overlapping DEGs and GO BPs. The top 5 BPs are presented.

and TNF-a, in the PVT. Our results indicated a substantial increase in the
expression of these pro-inflammatory cytokines on day 1 after LPS injection,
followed by a gradual decline from day 3, eventually culminating in near-
complete recovery by day 5 (Fig. 4E-G). TNF-a has been documented to
suppress the expression of the orexin receptor 2 (OX2R)*, a specific target
for orexin ligands™”. Previous research has demonstrated that OX2R
knockout mice exhibit narcolepsy-like phenotypes, and the administration
of an OX2R agonist can enhance wakefulness”*’. We also found a pro-
nounced reduction in mRNA expression of the Hcrtr2 gene, encoding the
OX2R, in the PVT on day 1 after LPS injection. This decrease gradually
recovered from day 3, with near-complete restoration of expression levels by
day 7 (Fig. 4H).

LPS-induced DEGs in the microglia

We downloaded three scRNA-seq datasets (GSE115571, GSE157480, and
GSE112436) from the Gene Expression Omnibus repository”>*" and
identified LPS-induced DEGs in microglia within each dataset. Interest-
ingly, all three datasets shared a common set of 55 upregulated DEGs and 84

downregulated DEGs (Fig. 5A, B). There were 25 upregulated DEGs and 2
downregulated DEGs in our bulk RNA-seq data overlapping with the DEGs
shared across the scRNA-seq datasets (Fig. 5C, D). These overlapping
upregulated DEGs, including Acodl, Ccl12, Cd14, Cxcl10, and Cxcl16, are
primarily associated with inflammatory responses. Similarly, the down-
regulated DEGs Gpr34 and P2ry12, derived from the P2Y-related receptor
family, are also known to mediate inflammatory responses™” (Fig. 5E).
To visualize the expression patterns of the overlapping DEGs, a gene
expression heatmap was generated using our bulk RNA-seq data. The
expression levels of these DEGs exhibited significant changes 1 day after LPS
injection and largely returned to baseline levels by 7 days (Fig. 5F). Addi-
tionally, a chord plot was generated to illustrate the relationship between the
overlapping DEGs and GO terms associated with the top five BPs: response to
interferon-gamma, type I interferon production, cellular response to biotic
stimulus, pattern recognition receptor signaling pathway, and response to
LPS (Fig. 5G). These BPs were primarily involved in cytokine-mediated
inflammatory responses. Remarkably, Acodl participated in all five BPs,
suggesting that it plays a key role in LPS-induced inflammatory responses.
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Fig. 6 | LPS-induced expression of aconitate decarboxylase 1 in PVT microglia.
A Representative western blot images of aconitate decarboxylase 1 (Acod1) and B-
actin protein expression in the PVT on day 1 after PBS/LPS injection and day 7 after
LPS injection. B Quantitative analysis of Acodl protein expression normalized to {3
actin. "P<0.01, ""P<0.001. n = 5 mice. (One-Way ANOVA). C Representative
microphotographs showing Ibal and Acodl-immunopositive cells in the PVT

under different treatment conditions, with a white dotted line outlining the PVT
region. D Quantitative analysis of Ibal*-Acod1" cells in the PVT. "P < 0.05,
""P<0.001" = 10 mice. (Kruskal-Wallis ANOVA). E Gene expression heatmap
showing relative expression level of Acodl and its downstream genes in the bulk
RNA-seq.

Acod1 induction in PVT microglia of LPS-treated mice

Western blot analysis confirmed that the protein expression of Acodl
was upregulated on day 1 after LPS injection and returned to the
baseline level by 7 days (Fig. 6A, B). Immunofluorescence staining of
brain slices showed that the expression of Acodl was low in the PVT
microglia of PBS 1d mice, but significantly increased in activated
microglia of LPS 1d mice and largely disappeared in LPS 7 d mice
(Fig. 6C, D). In addition, we observed relative weak expression of
Acodl outside of the PVT. In this study, we administered a low
dose of LPS, which was insufficient to induce complete disruption of
the blood-brain barrier’**. The subsequent inflammatory response
within the brain was relatively localized, predominantly observed in
the PVT. In alignment with this spatially restricted inflammatory
response, the expression of Acodl exhibited a correspondingly cir-
cumscribed pattern. These results confirmed an association between
Acodl and the activation of microglia. Our bulk RNA-seq data also
showed that the mRNA levels of downstream genes of Acodl were
upregulated together with Acodl on day 1 after LPS injection and
returned to the baseline level by 7 days (Fig. 6E).

Knockdown of Acod1 in the PVT microglia exacerbates LPS-
induced abnormalities

We conducted a knockdown of Acodl in the PVT microglia of mice to
investigate the role of Acodl in the neuroinflammation and sleepiness
induced by LPS (Fig. 7A). To achieve this, we synthesized AAV-Cx3crl-

Acod1-short hairpin RNA (shRNA)-GFP (Cx3crl-shAcodl) and its con-
trol AAV-Cx3crl-shRNA-GFP (Cx3crl-shRNA). We then assessed the
transfection efficiency of Cx3cr1-shRNA and Cx3crl-shAcodl in neurons,
astrocytes and microglia within the PVT of mice. The transfection efficiency
of Cx3crl-shRNA and Cx3crl-shAcodl was 0% in neurons (Supplemen-
tary Fig. 1A, B) and astrocytes (Supplementary Fig. 1C, D), but about 60% in
microglia (Supplementary Fig. 1E, F).

Transfection with Cx3crl-shAcod1 effectively suppressed the expres-
sion of Acod1 in the PVT after LPS injection (Fig. 7B, C). The qPCR results of
the PVT brain tissues showed that both LPS injection and Acod1 knockdown
significantly elevated the levels of IL-1f (Fig. 7D). There was a significant
interaction between LPS injection and Acodl knockdown. On days 1 and 7
after LPS injection, the Acodl knockdown groups exhibited sustained
upregulation of IL-1f3 levels (Fig. 7D), which were significantly higher than
those in the virus control groups. Similar trends were observed in the levels of
IL-6 and TNF-« (Fig. 7E, F). It can be seen that Acod1 knockdown extended
the duration of the inflammatory response induced by LPS.

Using TRAP2;Ai14 mice, we assessed neuronal activities in the PVT. In
the virus control group, the number of TdTomato™ cells was significantly
decreased on day 1 after LPS injection and showed recovery on day 7;
however, the Acodl knockdown group displayed a continuous decline in
the number of TdTomato™ cells in the PVT after LPS injection, which was
not restored on day 7 (Fig. 7G). Concurrently, on both days 1 and 7 after LPS
injection, the experimental groups exhibited longer NREM periods com-
pared with the control groups (Fig. 7H). On the basis of these findings,
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Fig. 7 | Knockdown of Acod1 in the PVT microglia

aggravates abnormalities induced by LPS. (A) A AAV-Cx3cr1-shRNA-GFP (Cx3cr1-shRNA) PBS LPS
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Acod1 knockdown clearly led to a prolonged reduction in neuronal activity
in the PVT, which consequently exacerbated sleepiness.

Administration of 4-octyl itaconate ameliorates LPS-induced
PVT abnormalities and sleepiness

Itaconate is a metabolite synthesized by the enzyme encoded by Acodl
(Fig. 8A), and therefore we next investigated the potential impact of its
derivative, 4-octyl itaconate (4-OI), on neurological abnormalities and
sleepiness induced by LPS. Mice were intraperitoneally administered 25 mg/
kg of 4-OI, with doses given 2h before, 12h after, and 24 h after LPS
injection (Fig. 8B). Administration of 4-OI significantly ameliorated the

activation of PVT microglia (Fig. 8C, D). The administration of 4-OI
reduced the levels of the pro-inflammatory cytokines IL-1f3 (Fig. 8E), IL-6
(Fig. 8F) and TNF-« (Fig. 8G) in the PVT. Furthermore, 4-OI administra-
tion restored the rate of Ca** transient (Fig. 8H), and shortened the NREM
period (Fig. 8I). These findings indicate a potential therapeutic effect of 4-OI
on neuroinflammation-induced sleepiness.

Itaconate suppresses microglial activation via modulation of the
Keap1/Nrf2/HO-1/HIF-1a pathway

Previous studies on macrophages have found that Acodl catalyzes the
decarboxylation of cis-aconitate, leading to elevated itaconate levels.
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Fig. 8 | Administration of 4-octyl itaconate ame- f\
liorates LPS-induced PVT abnormalities and
sleepiness. A Itaconate synthesis process.

B Schematic diagram showing the timeline of the
administration of 4-octyl itaconate (4-OI).

C Representative microphotographs showing Ibal
expression in the PVT in vehicle or 4-Ol-treated
mice 1 day after PBS/LPS injection and 7 days after
LPS injection. D Quantitative analysis on Ibal™ cells.
""P<0.001. n = 8 mice. (Two-Way ANOVA).

E-G Relative mRNA expression of pro-
inflammatory cytokines in the PVT under different
treatment conditions. "P < 0.05, P <0.001. n = 6-8
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Itaconate subsequently modifies and inhibits Kelch-like ECH-associated
protein 1 (Keapl) through a specific cysteine modification termed
dicarboxypropylation®. This modification promotes the dissociation of
nuclear factor erythroid 2-related factor 2 (Nrf2) from the Keapl-Nrf2
complex, allowing Nrf2 to activate gene transcription such as Heme oxy-
genase 1 (HO-1)*. As an antioxidant enzyme, HO-1 mitigates reactive

oxygen species (ROS) accumulation, thereby inhibits the activity of HIF-1a
and the transcription of pro-inflammatory cytokine IL-1p*"*. Nrf2 can also
directly suppresses IL-1{ gene transcription (Fig. 9A).

To confirm a similar molecular mechanisms underlying Acodl’s
anti-inflammatory effects in microglia, we employed western blot ana-
lysis to assess protein expression levels across the Keap1/Nrf2/HO-1/
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HIF-1a signaling axis in BV2 microglia. As shown in Fig. 9B, C, LPS
treatment led to a significant decrease in Keapl protein levels and an
increase in Nrf2, HO-1, and HIF-1a expression at 12 hours (Fig. 9B, lane
2 vs lane 1). Treatment with 4-OI also resulted in decreased Keapl
expression and increased expression of Nrf2 and HO-1, but did not
significantly affect HIF-1a expression (Fig. 9B lane 3 vs lane 1 and

Fig. 9C). Pretreatment with 4-OI prior to LPS exposure further reduced
Keapl expression and enhanced Nrf2 and HO-1 expression, while also
significantly attenuating HIF-1a expression (Fig. 9B lane 4 vs lane 2 and
Fig. 9C). The HO-1 inhibitor zinc protoporphyria (ZnPP) partially
reversed the 4-OI-induced increase in HO-1 expression and restored
HIF-1a levels in LPS-stimulated BV2 cells, although it did not
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Fig. 9 | Itaconate suppresses microglial activation through the modulation of the
Keap1/Nrf2/HO-1/HIF-1a signaling pathway. A A schematic diagram illustrating
the mechanism by which Acodl modulates the Keap1/Nrf2/HO-1/HIF-1a pathway,
thereby inhibiting the transcription of the IL-10 gene. B Representative western blot
images displaying the protein expression levels of Keapl, Nrf2, HO-1, HIF-1a, and
B-actin in BV2 cells. C Quantitative analysis of protein expression levels normalized
to B-actin. "P < 0.001 vs vehicle group, “P < 0.001 vs LPS group, *P < 0.001 vs

LPS + 4-OI group. n = 8 samples. (One-Way ANOVA). D False color ratio images
of Hyper 7 fluorescence in BV2 cells, calculated from the fluorescence intensity at

488 and 405 nm excitation wavelengths, at 6, 12, and 24 hours following stimulation
with 1 ug/mL LPS. E Quantitative analysis of the Hyper 7 ratio in BV2 cells.

P <0.001 vs 0h group. n = 10 samples. (One-Way ANOVA). F False color ratio
images of Hyper 7 fluorescence in BV2 cells. G Quantitative analysis of the Hyper 7
ratio in BV2 cells. 'P < 0.001 vs vehicle group, “P < 0.001 vs LPS group, *P < 0.001 vs
LPS + 4-OI group. n = 8 samples. (One-Way ANOVA). H Measurement of IL-1f
levels in the supernatant of BV2 cell cultures. P < 0.001 vs vehicle group, P < 0.001
vs LPS group, *P < 0.001 vs LPS + 4-OI group. n = 7 samples. (One-Way ANOVA).

significantly alter the effects of 4-OI on the expression of Keap1 and Nrf2
in LPS-treated cells (Fig. 9B lane 5 vs lane 4 and Fig. 9C).

To monitor the changes in reactive oxygen species levels in microglia
following LPS stimulation and evaluate the antagonistic effects of 4-OI on
these changes, we transfected BV2 microglial cells with a mitochondria-
targeted Hyper7 construct, an ultrasensitive genetically encoded H,O,
biosensor”. The HyPer7 signal in the cells exposed to 1 ug/mL LPS was
quantified by the F,g5 to F45 fluorescence intensity ratio. The level of H,0,
exhibited a significant increase at the 6-hour time point post-LPS exposure,
peaking at 12 hours, and subsequently returning to baseline levels by
24 hours (Fig. 9D, E).

In BV2 cells expressing HyPer7 and treated with LPS for 12 hours, 4-OI
induced a significant decrease in the level of H,O,. Notably, ZnPP almost
completely blocked the therapeutic effect of 4-OI on the level of H,0,
(Fig. 9F, G). ELISA assay was utilized to quantify IL-1p levels in the culture
supernatant of BV2 cells. LPS treatment significantly increased IL-1 levels,
which was inhibited by 4-OI. Furthermore, ZnPP partially weakened the
inhibitory effect of 4-OI on IL-1p levels (Fig. 9H). These findings indicate
that itaconate suppresses microglial activation by modulating the Keap1/
Nrf2/HO-1/HIF-1a pathway, leading to decreased mitochondrial H,0O,
production, reduced level of pro-inflammatory cytokines.

Discussion

Inflammation often induces temporary sleepiness in both animals and
humans***'. The main objective of this study was to elucidate the neuror-
egulatory mechanisms underlying inflammation-induced sleepiness. We
first confirmed that LPS injection could induce temporary sleepiness lasting
for approximately 7 days in mice. Subsequently, using the Fos-TRAP
method and in vivo fiber photometry recordings, we found temporary
hypoactivation of the PVT neurons from day 1 to day 7 after LPS injection.
Transcriptome analysis revealed that LPS injection upregulated the
expression of genes associated with inflammatory pathways and down-
regulated the expression of genes related to locomotion, rhythm, and
neuron-related processes. The transcriptome changes were more pro-
nounced in the microglia, which were temporally activated by LPS injection.
Furthermore, we found that Acodl exerts an anti-inflammatory effect in
microglia to maintain homeostasis of neuronal activity and the sleep-wake
cycle. Finally, we confirmed that exogenous administration of an itaconate
derivative, 4-Ol, could also suppress the inflammatory response of micro-
glia, alleviate PVT hypoactivation, and mitigate sleepiness. Our findings
provide valuable insights into the mechanisms underlying inflammation-
induced sleepiness and the role of Acodl in balancing pro- and anti-
inflammatory processes in microglia.

During sepsis episodes, individuals often experience sickness behavior,
including reduced motor activity, shivering, temperature instability, and
sleepiness”’. LPS has been widely used to induce sepsis in laboratory
animals**’. A previous study demonstrated that mice treated with a stan-
dard intraperitoneal dose of LPS at 1 mg/kg survived a 3-day testing
period””. Moreover, similar doses of LPS have been found to significantly
upregulate CNS cytokines and induce evident sickness behavior in mice at
24 h*™*. Conversely, intraperitoneal administration of 5-10 mg/kg LPS
resulted in mortality rates of 75-90% within 3 days in mice’*”'. Thus, an LPS
dose of 1 mg/kg was deemed appropriate and safe for subsequent experi-
ments. According to previous reports, the dose of LPS used in this study is

not sufficient to cause complete damage to the BBB**”. However, LPS
treatment can increase the adhesion and rolling probabilities of inflam-
matory cells in peripheral blood, such as macrophages™*. This enhance-
ment in cellular dynamics promotes a vigorous interaction between
macrophages and vascular endothelial cells, thereby initiating a cascade of
inflammatory signaling pathways****. Consequently, this sequence of events
culminates in the microglial activation.

Previous studies have mainly focused on the onset of sleepiness
induced by LPS rather than its resolution. The present study revealed that
1 mg/kg LPS-induced sleepiness was most serious at 24h, gradually
recovered thereafter, and usually recovered fully after approximately 7 days.
During the acute phase of inflammation, sleepiness helps protect neurolo-
gical function by reducing the energy consumption of neurons. Although
neuroinflammation is initially a neuroprotective mechanism against inju-
ries or infection, sustained neuroinflammation and long-term suppression
of neuronal activity can induce neurotoxicity and permanent functional
impairment™. Hence, maintaining a dynamic balance between pro- and
anti-inflammatory processes is a crucial aspect of neural defense
mechanisms.

The PVT has been implicated in various functions, including stress
adaptation”*, addictive behaviors™*, reward processing”®, and mood
regulation”’. Dysfunctions of the PVT are associated with various neu-
rological abnormalities, such as anxiety™ and depression™. Recently, accu-
mulating evidence has suggested neural and functional associations between
the PVT and sleep-wake regulation”*”*. PVT neurons exhibit increased
and decreased cFos expression during wakefulness and sleeping,
respectively’. However, the role of the PVT in inflammation-induced slee-
piness remains unclear. The present study quantified cFos™ cells in multiple
sleep-wake regulating nuclei, i.e., the PVT, BF, PVH, and VLPO, and found
a significant reduction in the number of cFos" cells in the PVT after LPS
injection. In vivo fiber optic recordings further confirmed that neuronal
activity in the PVT was temporarily suppressed after LPS injection. Because
the PVT is located on the midline just ventral to the third ventricle, where
the blood-brain barrier is incomplete'***, PVT neurons are more vulnerable
to inflammatory attacks, making them a major cause of inflammation-
induced sleepiness.

Our analysis of bulk RNA-seq and scRNA-seq dataset revealed that the
mRNA expression of Hertr2 (encoding the OX2R) in neurons was reduced
following LPS administration, and this result was confirmed by qPCR
(Supplementary Fig. 2 and Fig. 4H). We hypothesize that inflammatory
factors released during the inflammatory response may decrease the
expression of OX2R in PVT neurons™®”’. Orexin, a neuropeptide that
regulates sleep/wakefulness”, is synthesized by neurons located in the lateral
hypothalamus’”. These orexinergic neurons project extensively through-
out the brain, particularly the PVT*”*. Two G protein-coupled receptors, the
orexin receptor 1 (OX1R) and OX2R, have been identified as specific targets
for orexin®. Previous research has demonstrated that OX2R are important
for maintaining wakefulness. For example, OX2R knockout mice exhibit
narcolepsy-like phenotypes””*, and the administration of an OX2R agonist
can enhance wakefulness in mice”. OX2R pathway may mediate the
reduction in neuronal activity in the PVT associated with neuroin-
flammation and the subsequent sleepiness.

Microglia express an array of toll-like receptors (TLRs), responsible for
recognizing both invading pathogens and endogenous harmful stimuli,

57,58
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thereby initiating innate and adaptive immune responses”*”". Among TLRs,
TLR4 is the major LPS receptor’®”. TLR4 forms a complex with the co-
receptor myeloid differentiation protein-2 (MD-2) on the cellular
membrane®*'. Upon binding to LPS, the TLR4-MD-2 complex undergoes
dimerization®, subsequently activating downstream mediators such as the
transcription factor nuclear factor-kB, increasing the production of various
pro-inflammatory molecules, including TNF-a, IL-1, IL-16, chemokines,
reactive oxygen and nitrogen species***. On one hand, these molecules
recruit additional cells and facilitate the clearance of pathological agents™*".
On the other hand, an excessive inflammatory response can have detri-
mental effects on neurons, which is a major cause of neurodegenerative
disorders”. Therefore, a balance between pro- and anti-inflammatory
processes needs to be maintained during neuroinflammation. Our results
revealed that, on day 1 after LPS injection, microglia in the PVT were
activated, accompanied by an upregulated expression of genes associated
with the response to biotic stimulus, inflammatory response, and cytokine-
mediated signaling pathways. In contrast, the expression of genes related to
locomotion, rhythm, and neuron-related processes was downregulated.
However, on day 7, microglial activation was reduced, and the tran-
scriptome changes in the PVT were reversed. The reason how the state of
microglia was restored and the pro-inflammatory response was suppressed
remains unclear. Among the genes in the microglia upregulated by LPS, we
found that Acodl might play an important role in inhibiting neuroin-
flammation and protecting neuronal functions. We first confirmed that the
level of Acodl protein expression in the PVT coincided with microglial
activation. Then, after knockdown of the expression of Acodl in PVT
microglia, we found that the inflammatory response, neuronal hypoacti-
vation, and sleepiness were exacerbated.

Acodl, also known as immune responsive gene 1, was originally
identified as a gene highly induced by LPS in mouse macrophages™. It
encodes a crucial mitochondrial enzyme in the tricarboxylic acid cycle,
which catalyzes cis-aconitate to produce itaconate®**. Itaconate has been
shown to limit inflammation by inhibiting succinate dehydrogenase, an
important pro-inflammatory regulator”. Additionally, endogenous itaco-
nate can activate the anti-inflammatory response mediated by nuclear factor
erythroid 2-related factor 2 through the alkylation of Kelch-like ECH-
associated protein 1*°. Furthermore, itaconate restricts the production of
pro-inflammatory cytokines by increasing the expression of activating
transcription factor 3, which acts as a negative regulator of nuclear factor-
kB**. In a recent study, global knockout of Acod1 significantly increased
the volume of lesions in a mouse model of cerebral ischemia-reperfusion
injury’’. Another study revealed that Acodl was induced in microglia fol-
lowing ischemic stroke, and Acodl knockout mice displayed reduced
expression of microglial HO-1 and exacerbated ischemic brain injury™. To
date, the role of Acodl in microglia has not been comprehensively inves-
tigated. In the present study, we specifically manipulated the expression of
Acodl gene in PVT microglia via stereotactic injection of adenovirus.
Consistent with previous reports™”, our results confirmed that Acodl
exerted anti-inflammatory effects in microglia.

Exogenous supplementation of synthesized itaconate derivatives
is another approach to investigate the immunomodulatory function
of itaconate”™. In comparison to endogenous itaconate, itaconate
derivatives, such as dimethyl itaconate (DI) and 4-OI, exhibit lower
polarity and better cell permeability, enabling them to cross the
blood-brain barrier as cellular permeates with greater ease™. A pre-
vious study has demonstrated that DI can ameliorate disease severity
in a chronic experimental autoimmune encephalomyelitis mouse
model by suppressing microglial activation and the CNS infiltration
of Thl and Th17 cells”. However, analysis of itaconate uptake and
metabolism indicated that DI was not metabolized into itaconate in
mouse macrophages™. In contrast, 4-OI poses thiol reactivity similar
to itaconate and can be hydrolyzed to itaconate by esterases in LPS-
activated macrophages®”. Moreover, a recent study showed that
4-01 significantly alleviated cognitive dysfunction and hippocampal
neurogenesis impairment in rats exposed to p2-microglobulin®. Our

study found that supplementation of 4-OI effectively reduced the
activation of PVT microglia and the levels of pro-inflammatory
cytokines in LPS-treated mice. Consequently, neuronal hypoactiva-
tion and sleepiness were improved. Therefore, 4-OI has therapeutic
potential as a neuroprotective agent against neuroinflammation.

We also examined the molecular mechanisms underlying the anti-
inflammatory effects of itaconate in BV2 microglia. Our findings corrobo-
rate previous research on macrophages’'**'"", where administration 4-O],
as a pretreatment prior to LPS exposure, effectively ameliorated the dysre-
gulation in the Keapl/Nrf2/HO-1/HIF-1a signaling axis. Moreover, the
HO-1 inhibitor ZnPP partially reversed the 4-OlI-indcued upregulation of
HO-1 expression and restored the levels of HIF-1a in BV2 cells challenged
with LPS. Additionally, ZnPP diminished the inhibitory effects of 4-OI on
mitochondrial H,O, generation and the expression of IL-1f in LPS-
stimulated BV2 cells. These findings collectively imply that 4-OI may exert
an inhibitory effect on microglial activation by modulating the Keap1/Nrf2/
HO-1/HIF-1a signaling cascade, thereby ameliorating neuronal activity
dysfunction and alleviate symptoms of sleepiness associated with
neuroinflammation.

However, it is imperative to recognize that itaconate’s role in
biological systems is not uniformly beneficial. For example,
itaconate is among the metabolites produced by pro-inflammatory
subtypes of tumor-associated macrophages, potentially contributing
to tumorigenesis'”. Additionally, itaconate has been shown to com-
petitively inhibit erythroid-specific 5-aminolevulinate synthase,
which is the initial and rate-limiting step in heme synthesis. This
inhibition can disrupt erythropoietic heme synthesis, leading to
anemia during inflammatory episodes within the erythroid lineage'”.
For the clinical translation of itaconate, these potential adverse effects
warrant vigilant attention and necessitate further investigation to
fully elucidate the safety profile and therapeutic index of this pro-
mising compound.

In the interpretation of our results, it is necessary fully consider the
limitations of our study. Sleepiness is a multifaceted phenomenon that is
intricately linked with neuroinflammation. While LPS administration has
been conventionally employed as a model to emulate neuroinflammation,
the model is a transient inflammatory response with a rapid onset and a
pronounced magnitude, which may not accurately reflect the chronic and
varied nature of neuroinflammation. Additionally, the LPS model pre-
dominantly targets the TLR4 pathway, potentially overlooking the diversity
of inflammatory pathways that contribute to the pathogenesis of sleepiness.
Future research endeavors should apply more comprehensive models to
verify the validity and generalizability of our findings in the context of
inflammation-induced sleep disorders.

In conclusion, we observed that LPS-treated mice, as a mouse
model of neuroinflammation, exhibited temporary sleepiness lasting
for 7 days, accompanied by microglial activation and neuronal
hypoactivation in the PVT. Moreover, Acodl in the microglia played
an anti-inflammatory and neuroprotective role during LPS-induced
neuroinflammation. Exogenous supplementation of 4-OI could
inhibit microglial activation and relieve neuronal dysfunction. Our
findings shed light on the role of PVT in inflammation-induced
sleepiness and suggest that Acodl might be a potential therapeutic
target for neuroinflammation.

Methods

Animals

Male and female C57BL/6 wild-type mice aged 8-12 weeks were obtained
from the Department of Laboratory Animal Science of China Medical
University. Fos**“** (TRAP2) mice (RRID: IMSR_JAX: 030323) and
B6.Cg-Gt(ROSA)26Sor ™ CAG-dTomatoltee 1 ( Aj14) mice (RRID: IMSR_JAX:
007914) were obtained from the Jackson Laboratory. The mice were housed
under standard conditions, which included a 12-h light and 12-h dark cycle,
and a temperature range of 18-22 °C. The mice were kept in conventional
laboratory cages with ad libitum access to food and water. All animal
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experimental protocols were approved by the Animal Ethics Committee of
China Medical University in accordance with Institutional Animal Care and
Use Committee guidelines for animal research. We have complied with all
relevant ethical regulations for animal use.

Endotoxin-induced model of neuroinflammation

Mice were intraperitoneally injected with a single dose of LPS (1 mg/kg,
Cat# 1L5024; Sigma, St. Louis, MO, USA) at ZT 12:00. Control mice received
an equivalent volume of PBS. For the administration of 4-OI, mice were
intraperitoneally injected with 4-OI (25 mg/kg, Cat# HY-112675, MCE,
Monmouth Junction, NJ, USA) dissolved in 40% cyclodextrin in PBS or
received the vehicle 2 h before, 12 h after, and 24 h after LPS injection.

Electrode implantation

The mice were anesthetized with 3% isoflurane in air for induction and
maintained with 1.5%. To reduce brain edema and the viscosity of bronchial
secretions, dexamethasone (0.25 mg/kg) and atropine sulfate (0.1 mg/kg)
were administered intraperitoneally at the beginning and end of surgery,
respectively. Stainless steel screw electrodes were implanted in the PFC of
the mice, following coordinates based on a mouse brain atlas (The Mouse
Brain in Stereotaxic Coordinates, 3rd Edition; anteroposterior = +1.8 mm,
mediolateral = +0.5 mm, dorsoventral = -2.5mm). A silver microwire
electrode (A-M Systems, Sequim, WA, USA) was used, with one end fixed to
the bone with the screws and the other end soldered to a pin connector
secured to the skull with dental cement. Additionally, two stainless steel
screw electrodes were placed over the cerebellum as the ground, and two
additional skull screws were implanted as anchors. The mice were allowed
1 week for recovery before further experimentation.

Electrophysiological recordings and analysis

At ZT 12:00, the mice underwent a 12-h acclimation period of head fixation
and familiarization with the environment. During this period, they were
allowed to move freely in place on a spinning disk. This procedure was
repeated for 3 days, and recording experiments bagan on day 4. EEG signals
were acquired using a flexible, low-noise cable connected to the implanted
skull connector. The microwire output was delivered to a multichannel
preamplifier (PBX Preamplifier; Plexon, Dallas, TX, USA) and then to a
digital multichannel acquisition processor (Plexon). The EEG waveforms
were amplified, low-pass filtered with a cutoff frequency of 300 Hz, and
analyzed in the MATLAB environment (MATLAB R2018a; MathWorks,
Natick, MA, USA).

The EEG data were categorized into wake, NREM, and REM episodes
using a heuristic automated approach combined with independent visual
classification™. First, spectrograms were computed using the recorded EEG
signals, and PCA was conducted on each spectrogram. The first principal
component (PC1) represented power in the low-frequency range, with the
weights of frequencies < 25 Hz being opposite in sign to those of frequencies
in the gamma range. By analyzing the bimodal distribution of PC1 mag-
nitude, a threshold was determined at the trough between the two peaks,
enabling the classification of each second as NREM (high PC1 power) or
“other” (low PC1 power). Subsequently, the “other” epochs were further
classified based on a narrow-band theta power ratio (5-10 Hz/2-16 Hz) and
electromyogram (EMG) measures. Epochs exhibiting high theta power and
low EMG activity were designated as REM. The remaining epochs were
categorized as wake episodes.

Tamoxifen induction

TRAP2 mice were crossed with Ail4 mice to generate the double hetero-
zygous (TRAP2;Ail4) mice. The preparation of 4-hydroxytamoxifen (4-
OHT, Cat# H6278; Sigma) solutions followed previously described
methods'”. Briefly, 4-OHT was dissolved in ethanol at a concentration of
20 mg/mL by shaking at 37 °C for 15 min and was then aliquoted and stored
at —20 °C. Prior to use, the 4-OHT was redissolved in ethanol by shaking at
37 °C for 15 min. A 1:4 mixture of castor oil:sunflower seed oil (Cat# 259853
and S$5007; Sigma) was added to achieve a final concentration of 10 mg/mL

4-OHT. The ethanol was evaporated by vacuum under centrifugation. The
final 10 mg/mL 4-OHT solutions were used on the day they were prepared.
All4-OHT injections (50 mg/kg) were delivered intraperitoneally 1 day after
PBS/LPS injection, and 7 days after LPS injection. Mice were sacrificed for
further experiments 4 days after the 4-OHT administration.

Immunofluorescence staining

Mice were anesthetized with isoflurane and transcardially perfused with
saline, followed by 4% paraformaldehyde. The entire brain was then
removed and immersed in 4% paraformaldehyde at 4 °C for 24 h and
subsequently transferred to 30% sucrose for another 72 h. Frozen sec-
tions with a thickness of 15 pum were obtained using a cryostat (CM 1950;
Leica, Wetzlar, Germany). For Fos imaging, TRAP2;Ail4 mice were
used. Sections from the PVT, BF, PVH, and VLPO were stained with
DAPI (Cat# D3571; Invitrogen, Waltham, MA, USA). To visualize
neurons, astrocytes, and microglia, sections were incubated overnight at
4 °C with primary antibodies against neuronal nuclear antigen (NeuN,
1:500, Cat# ab177487; Abcam, Cambridge, UK), glial fibrillary acidic
protein (GFAP, 1:500, Cat# ab7260; Abcam), or ionized calcium-
binding adapter molecule 1 (Ibal, 1:100, Cat# ab283319 and ab178846;
Abcam). For Acodl staining, sections were immunostained with a pri-
mary antibody against Acodl (1:50, Cat# TA372525S; OriGene, Wuxi,
China). Following primary antibody incubation, the sections were
incubated with a fluorescently tagged secondary antibody (1:200, Cat#
SA00013-1, SA00013-2, and SA00013-4; Proteintech, Rosemont, IL,
USA) at room temperature for 1 h. Subsequently, these sections were
examined under a fluorescence microscope (NE910; Nexcope, Ningbo,
China). Immunonegative regions were manually identified and quan-
tified using Image]J software (NIH, Bethesda, MD, USA).

Fiber photometry recording

AAV carrying the calcium indicator GCaMP6 under the control of cal-
modulin kinase IT promoter (AAV-CaMKII-GCaMP6, BrainVTA, Wuhan,
China) was used. And 0.3 ul AAV-CaMKII-GCaMP6 was stereotaxically
injected into the PVT (anteroposterior = —1.3 mm, mediolateral = 4+-0.05
mm, dorsoventral = —2.8 mm) using a glass pipette microinjector and a
microsyringe pump controller (RWD Life Science, San Diego, CA, USA).
After the injection, the glass pipette was left in place for 5 min to prevent
backflow. Subsequently, a fiber optic cannula with a ceramic ferrule
(Newdoon, Hangzhou, China) was mounted to a stereotaxic cannula holder
and implanted 0.2mm above the injection site. Dental cement was
employed to secure the fiber cannula to the skull. The fiber photometry
recordings were conducted 3 weeks after the implantation. For fiber pho-
tometry data processing, we derived the value of the photometry signal F as
F470/F410, calculating AF/F= (F - F0) / FO, where FO is the median of the
photometry signal. A calcium transient event was defined as a change at least
one standard deviation above the mean value of AF/F.

Bulk RNA sequencing analysis

On day 1 after PBS/LPS injection or day 7 after LPS injection, mice were
anesthetized and sacrificed, and fresh PVT tissues were collected. Total
RNA was extracted using the Trizol Reagent. The concentration, quality,
and integrity of the extracted RNA were evaluated using a NanoDrop
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Sub-
sequently, sequencing libraries were generated using the TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA, USA). The library
fragments were purified using the AMPure XP system (Beckman
Coulter, Beverly, MA, USA) to select cDNA fragments with a desired
length of 200 bp. The DNA fragments, which had adaptor molecules
ligated on both ends, were selectively enriched using the Illumina PCR
Primer Cocktail after 15 cycles of PCR reaction. Following purification,
the products were quantified using the Agilent high-sensitivity DNA
assay on a Bioanalyzer 2100 system (Agilent, Santa Clara, CA, USA). The
sequencing library was then subjected to sequencing on a Novaseq
PE150 System (Illumina) and performed by Shanghai Personal
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Biotechnology Cp. Ltd (Shanghai, China). The filtered Reads were
aligned to the reference genome using the upgrade version of TopHat2,
HISAT?2 software, with the objective of achieving a sequence mapping
rate exceeding 90%. The reads were uniformly distributed across all
expressed genes. HTSeq was used to statistically compare the read count
value of each gene, as the original expression amount of the gene.

PCA plots were generated with the variance-stabilizing transformation
normalization of the DESeq2 R package. DEGs were identified using the
DESeq2 package, with an adjusted P-value <0.01, log, (fold change) > 1
used as the criteria for differential expression. Volcano plots of the DEGs
were visualized using the ggplot2 R package. The gene expression heatmap
was generated using the pheatmap R package. GO enrichment analysis,
including BPs, was performed using the clusterProfiler R package.

qPCR

Total RNA was extracted from PVT tissues using TRIzol reagent (Invitro-
gen, Camarillo, CA, USA), and first-strand cDNAs were synthesized using
the PrimeScript RT reagent kit (Cat# RR047A; TaKaRa, Shiga, Japan). gPCR
was performed using SYBR Premix Ex Taq (Cat# RR390A; TaKaRa) and the
QuantStudio 6 RT-PCR system (ABI, Waltham, MA, USA). The 2744
formula was used to calculate the relative amounts of transcriptsmf’, which
were normalized to GAPDH as an internal control. The primers are pro-
vided in Supplementary Table 1.

scRNA-seq datasets analysis

We downloaded three scRNA-seq datasets (accession numbers:
GSE112436, GSE115571, and GSE157480) from the Gene Expression
Omnibus. These datasets contained single-cell transcriptomes derived from
the mouse brain after acute treatment with LPS. To identify the DEGs in
neurons, astrocytes, and microglia, we used the FindMarker function in the
Seurat R package and the Wilcoxon rank-sum test, taking an adjusted P-
value < 0.01 and log, (fold change) > 0.25 as the criteria for differential
expression. Venn diagrams were generated using the Venn Diagram
package in R.

Cell culture and treatments

Mouse microglial cell line BV2 were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Cat# PM150210, Pricella, Wuhan, China) supplemented
with 10% fetal bovine serum (FBS, Cat# FBS01, Sino Biological, Beijing,
China), 100 U/ml penicillin and 100 pg/ml streptomycin in a humidified
95% air-5% CO, incubator at 37°C. When reaching 60% to 70% confluence,
the BV2 cells were exposed to LPS (1.0 ug/ml) for a designed time point. To
examine the effect of 4-OI, 4-OI was added 2 hours before LPS treatment.
Then the cells were treated by LPS for 12 hours. To determine the effect of
the HO-1 inhibitor, ZnPP (10 uM, Cat# HY-101193, MCE) was added
together with 4-OI. Furthermore, cells were transfected with a rLV-CMV-
mito-HyPer7 (Cat# LV-0808, BrainVTA, Wuhan, China) using a Liposo-
mal Transfection Reagent (Cat# 40802ESO1, Yeasen, Shanghai, China)
according to the manufacturer’s instructions.

Western blot

Total protein lysates were extracted from the PVT tissue or BV2 cells. An
equal amount of proteins (30 pg per lane) were separated by electrophoresis
on 8% or 10% polyacrylamide gels and transferred onto polyvinylidene
difluoride membranes (EMD Millipore, Burlington, MA, USA). The
membranes were then incubated with primary antibodies against Acodl
(1:500, Cat# TA372525S; OriGene), Keapl(1:2000, Cat# 10503-2-AP;
Proteintech), Nrf2 (1:2000, Cat#16396-1-AP; Proteintech), HO-1 (1:1000,
Cat# HA721854; HuaAn, Hangzhou, China), HIF-la (1:1000, Cat#
ab179483, Abcam), and f-actin (1:1,000, Cat# sc-8432; Santa Cruz Bio-
technology, Dallas, TX, USA). Horseradish peroxidase-conjugated anti-IgG
secondary antibodies were applied (1:5,000, Cat# ZB-2301 and ZB-2305;
ZSGB-BIO, Beijing, China). The relative amount of proteins in each band
was quantified using Image] (NIH) and normalized to -actin as an internal
loading control.

Expression systems and stereotactic injection

Knockdown of Acodl in the PVT microglia was performed by stereotactic
injection of shRNA AAV. AAV-Cx3crl-Acodl-shRNA-EGFP, and its
control AAV-Cx3cr1-shRNA-EGFP were designed and constructed by
standard methods. The sequence of shRNA targeting Acodl was 5-GCA
CAGAAGTGTTCCATAAAG-3". Intracranial viral injections were per-
formed by targeting 0.3 pl of viral vectors to the PVT. Subsequent experi-
ments were conducted 3 weeks after the injections.

IL-1p3 assay

IL-1p in culture supernatant of BV2 cells were analyzed by ELISA kits (Cat#
EK201B, MULTT SCIENCES, Hangzhou, China) according to the manu-
facturer’s instructions.

Statistics and reproducibility

All experiments were designed to ensure robust statistical analysis and
reproducibility. Statistical analysis was performed using the Origin software
(OriginLab, Northampton, MA, USA), and the data are presented as
mean = standard error. To test for normality and homoscedasticity, the
Shapiro-Wilk and Levene tests were conducted, respectively. For compar-
isons between multiple groups on one factor in independent samples, one-
way analysis of variance (ANOVA) followed by Tukey’s test was performed
for parametric data, and the Kruskal-Wallis test followed by Dunn’s test was
performed for non-parametric data. In the case of repeated measures,
comparisons between multiple groups on one factor were conducted using
one-way repeated-measures ANOVA followed by Tukey’s test for para-
metric data, and Friedman’s ANOVA followed by Dunn’s test was
employed for non-parametric data. When comparing multiple groups
involving two factors, two-way ANOV A followed by Tukey’s test was used
for independent samples, and two-way repeated-measures ANOVA fol-
lowed by Tukey’s test were employed for repeated measures. Statistical
significance was defined as a P-value < 0.05.

To assess the reproducibility of our experiments, we paid close atten-
tion to sample sizes and the number of replicates. Each experiment was
repeated at least three times to confirm reproducibility, with the specific
number of replicates detailed in the figure legends. Replicates were defined
as independent experimental trials conducted under identical conditions.
For experiments involving animal models, we ensured that each replicate
was performed with a separate group of animals to avoid biases from
individual variability. For in vitro experiments, each replicate was derived
from a separate cell preparation or passage to ensure consistency and
reproducibility.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

RNA-seq data have been archived in the Gene Expression Omnibus repo-
sitory under the accession number GSE280081. Source data underlying
analyses for plots and graphs are detailed in Supplementary Data 1. Images
of uncropped and unedited western blots are provided in Supplementary
Fig. 3. Additionalinformation is available from the corresponding author
upon reasonable request.

Code availability
The custom codes used for analyzing data are available at https://github.
com/Jianjun1992/Jianjun
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