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Abstract

Metabolic disturbances in the brain and peripheral tissues after ischemic stroke exacerbate secondary
brain injury and impede neurological recovery; however, effective targets and practical strategies for
correcting these disturbances remain lacking. By integrating Bulk RNA sequencing, single-nucleus RNA
sequencing (snRNA-seq), and Mendelian randomisation analysis, we found that glycolipid metabolism in
the nervous system is severely disrupted after stroke, with substantial differences across cell types. We
subsequently investigated whether Time-Restricted Fasting (TRF), a dietary regimen known to improve
metabolic health, could restore metabolic homeostasis after stroke. TRF significantly alleviated post-
stroke metabolic dysregulation and, unexpectedly, increased the production of endogenous ketone
bodies and their utilisation in neural tissues. In this response, BDH1, a key enzyme involved in ketone-
body utilisation in astrocytes, was linked to post-stroke metabolic imbalance and oxidative stress injury:
silencing BDH1 in astrocytes markedly exacerbated post-stroke oxidative stress and mitochondria-
dependent apoptosis. We also observed that semaglutide prevented cerebral ischemia-reperfusion
injury, an effect that may be attributable to its improvement of glucose homeostasis and enhancement
of ketone metabolism.

Introduction

Acute ischemic stroke (AIS) remains a life-threatening cerebrovascular disease. When cerebral blood
vessels become occluded, local ischemia and hypoxia ensue, constituting the core events that trigger
neuronal injury. As oxygen and glucose can no longer be effectively utilised, mitochondrial aerobic
respiration fails, and adenosine triphosphate (ATP) is rapidly depleted; anaerobic glycolysis increases as
a compensatory response but leads to the accumulation of large amounts of lactate and reactive oxygen
species [1, 2]. Meanwhile, ischemia drives abnormally increased fatty acid oxidation. At the same time,
excessive lipid peroxides and reactive oxygen species generated through peroxidation further
exacerbate oxidative stress and mitochondrial dysfunction, ultimately leading to neuronal death. This
dual dysregulation of glucose and lipid metabolism is a key driver of post-stroke neuronal injury and
worsens patient outcomes [3—5]. Mechanical thrombectomy and intra-arterial thrombolysis remain the
main treatments for AIS; however, the narrow therapeutic window and severe postoperative
complications mean that fewer than half of patients can benefit from these interventions. Therefore,
improving stroke outcomes remains an urgent clinical challenge, underscoring the pressing need for new
strategies to restore metabolic homeostasis.

Time-restricted feeding (TRF) is a dietary intervention that rhythmically regulates systemic metabolic
homeostasis by controlling the timing of food intake. Once the fasting period exceeds 12 hours, hepatic
glycogen stores become completely depleted, forcing the body to shift from reliance on glucose to fatty
acid oxidation and ketone body production[6]. This metabolic switch between glucose and lipid
utilisation not only provides an alternative fuel source but is also accompanied by regulatory
adjustments in cellular adaptive stress pathways. It has been reported that time-restricted feeding can
improve systemic insulin sensitivity, promote fat oxidation, and activate autophagy pathways by
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reshaping metabolic rhythms, thereby optimising energy metabolism at the systemic level[7, 8]. In the
brain, time-restricted feeding can alleviate lipopolysaccharide-induced oxidative stress and upregulate
neurotrophic factors (BDNF and FGF2) and antioxidant enzymes (HO-1), thereby exerting protective
effects against various neurological disorders[9-11]. However, the neuroprotective effects of time-
restricted feeding in ischemic stroke remain unclear.

Astrocytes are the most abundant glial cells in the brain and possess a powerful capacity to regulate
fatty acid metabolism. They are considered the primary cells responsible for ketone body synthesis and
utilisation in the brain [12]. Following TRF-mediated glucose-lipid switching, ketone bodies become an
important fuel for the brain and are essential for maintaining neuronal function [13, 14]. BDH1 (B-
hydroxybutyrate dehydrogenase 1) catalyses the interconversion of ketone bodies in mammals. It is
highly expressed in the mitochondrial matrix of the liver, heart, skeletal muscle, and brain, where it plays
a central role in fatty acid oxidation and ketone body metabolism [15, 16]. Studies of breast cancer and
melanoma have shown that dietary restriction can increase B-hydroxybutyrate levels among ketone
bodies, thereby enhancing antitumor immune responses, because BDH1-mediated ketolysis can
reprogram CD8 + T-cell metabolism and promote mitochondrial oxidative phosphorylation and effector
functions [17, 18]. BDH1 activity also depends strongly on the mitochondrial NAD+/NADH ratio, placing
BDH1 at the intersection of energy metabolism and redox homeostasis [19]. In models of diabetic kidney
disease and heart failure, BDH1-mediated ketone body metabolism has been shown to alleviate
oxidative stress, inflammation, and apoptosis by activating the NRF2 pathway [20]; in models of
ischemic stroke, exogenous BOHB administration can reduce infarct volume and improve neurological
function. However, whether BDH1 in astrocytes is a key target of TRF-mediated neuroprotection remains
unclear.

This study aimed to investigate the role of BDH1 as a regulatory target of TRF in ischemic stroke. By
selectively modulating BDH1 expression in astrocytes, we found that BDH1 serves as a central hub
through which TRF suppresses oxidative stress and mitochondrial apoptosis following
ischemia/reperfusion. We further identified a cytoplasmic protein, Schlafen 2 (SLFN2), as a key
downstream signalling effector of BDH1 in the oxidative stress response. These findings reveal a
previously unrecognised mechanism whereby TRF exerts neuroprotective effects by activating the
BDH1/ketone body metabolism pathway in astrocytes, and provide a noninvasive, highly compliant
therapeutic strategy for acute ischemic stroke (AIS).

Methods

1. Animals

Male C57BL/6JWT mice aged 8 to 10 weeks were obtained from Liaoning Changsheng Company
(Liaoning, China) and housed in an SPF-grade animal facility at 22-24°C with 50-60% relative humidity
under a 12-hour light-dark cycle, with free access to food and water. Adeno-associated virus (AAV9-GFP-
shBdh1) and the corresponding control virus (AAV9-GFP-shNC) were purchased from Vigen
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Biotechnology (Jinan, China). Three weeks before eTRF, 1.5 pL of virus was stereotactically injected into
the lateral ventricle of C57BL/6JWT mice (coordinates: X =1.5 mm, Y=-1.1 mm, Z=-2.0 mm). The Ethics
Committee of Harbin Medical University approved all animal experiments.

2. Time Restricted Fasting Treatment

Male mice weighing 15-17 g were randomly allocated to two groups: ad libitum (A/L) feeding and early
Time-Restricted Fasting (eTRF, ZT10-ZT18). eTRF was scheduled according to the circadian rhythm of
the mice; the animals could obtain food only within the designated window, with no restriction on food
amount, and water was available at all times. After this regimen had been maintained for 4 weeks, the
mice were allowed to feed adequately for two hours, and a cerebral I/R injury model was then
established using the filament occlusion method. Food access was no longer restricted after modeling,
and samples were collected at the indicated time points.

3. Establishment of the I/R Injury Model by Filament Occlusion

Mice were anesthetized with 4% tribromoethanol (1.5 ml/kg). A midline neck incision was made under a
stereomicroscope to expose and ligate the common carotid artery, internal carotid artery, and external
carotid artery. An embolus was advanced into the internal carotid artery to occlude the middle cerebral
artery (MCA). The filament was withdrawn after one hour of occlusion to allow reperfusion of the
common carotid artery, and all incisions were then sutured[21].

4. Behavioral Experiments

The mNSS scoring, cylinder test, and open field test were performed 24 hours after the mouse cerebral
I/R model was established. The mNSS is a widely used tool for grading neurological deficits in
experimental animals and mainly covers motor function, sensory function, and reflexes. The detailed
procedures were as follows:

Motor function assessment: the mouse was placed on the floor. Normal walking was scored 0; inability
to walk in a straight line, 1; circling toward the paralyzed side, 2; and falling toward the paralyzed side, 3.

Tail suspension test: abnormal flexion or rigidity of the forelimbs or hindlimbs was scored 1 point, and
deviation of the head from the vertical axis by more than 10 degrees was scored 1 additional point.

Balance beam test: the posture of the mouse on the balance beam was observed. A stable posture with
straight walking was scored 0; gripping the edges of the beam, limbs slipping off, nearly falling, and
actual falling were scored 1 to 6 points, respectively.

Reflex function test: the auricular reflex (avoidance behavior when the outer ear canal is touched) and
the corneal reflex (blinking when the cornea is touched) were examined; a present reflex was scored 0
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and an absent reflex 1 point.

Cylinder test:

Each mouse was placed in a transparent resin glass cylinder for 3—10 minutes and recorded on video,
and the number of times the mouse touched the cylinder wall with its forelimbs within three minutes
after rearing was documented. Contacts made by the left, right, and affected forelimbs were counted
separately, and the percentage of sole ipsilateral forelimb wall contacts was compared with that of sole
contralateral contacts to obtain the asymmetry index.

Field experiment

Each mouse was placed in the center of the open field apparatus, and its behavior was recorded with a
camera for 5 minutes. The measurements included the total distance traveled, average speed, and the
time spent in the center and at the edges of the field. Movement trajectories and dwelling areas were
then analyzed from the video footage together with the data from motion tracking software.

5. TTC (Triphenyl Tetrazolium Chloride)

Mice were euthanized by cervical dislocation, and the brain was rapidly removed after decapitation and
placed in a pre-cooled stereotaxic mold (RWD, China). Continuous coronal sections of fixed thickness
were cut starting from the origin of the olfactory bulb. The sliced brain sections were immediately
immersed in 2% TTC staining solution (Sigma-Aldrich, USA) along the same direction; once the color
contrast was most prominent, the dye solution was discarded and the slices were fixed with 4%
paraformaldehyde. The infarct area was calculated with ImageJ.

6. Primary Cell Isolation and Culture

Primary astrocytes were isolated from newborn C57BL/6 pups younger than three days. The cerebral
cortex was dissected aseptically after surface sterilization with 75% ethanol and transferred into F12
culture medium. The tissue was mechanically dissociated into a single-cell suspension, filtered through
a 40-micron cell strainer, and centrifuged at 1600 rpm for 5 minutes; the resulting pellet was
resuspended and seeded into poly-D-lysine-coated culture flasks. Following overnight incubation and 7-
8 days of further culture, the cells were passaged and purified until confluent and then randomly
assigned to control and experimental groups. The low-glucose group received a serum-free medium in
which glucose-free culture solution and F12 were mixed at a 10:1 ratio to yield a final glucose
concentration of 1.75 mM; after penicillin-streptomycin supplementation, the cells were cultured for 12
hours to mimic in vivo fasting conditions.
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7. Oxygen-Glucose Deprivation (OGD) Experiment

To simulate ischemic conditions in vitro, oxygen-glucose deprivation (OGD) experiments were
conducted. The original culture medium was replaced with glucose-free medium, and the cells were
incubated at 37°C in a hypoxic chamber containing 95% nitrogen (N2) and 5% carbon dioxide (C02).

8. Plasmid Transfection

SiRNAs targeting Bdh1, SIfn2, and the negative control (NC) (GenePharma, China) were transfected into
cells with Lipofectamine 3000 (Invitrogen, USA).

siRNA sequence

mouse-Bdh1 sense(5'-3"): GCCAUCGCCAAGAAGAUGUTT
mouse-Bdh1 antisense(5-3"): ACAUCUUCUUGGCGAUGGCTTH
mouse-SIfn2 sense(5-3"): CCCUUUACCAGAUCCAGAUTT.

mouse-SIfn2 antisense(5-3"): AUCUGGAUCUGGUAAAGGGTT

9. Cell Viability Assay

Primary astrocytes were seeded into 96-well plates and allowed to adhere fully, after which 10 pL of Cell
Counting Kit-8 (CCK-8, TargetMol, USA) reagent was added to each well. Following incubation at 37°C for
2 hours, the absorbance at 450 nm was measured on a microplate reader, and cell viability was
expressed as a percentage relative to the control wells.

10. Quantitative real-time PCR

Total RNA was extracted from cells and tissues with Trizol reagent (Invitrogen, 15596026). RNA
concentration and purity were determined on a Nano-300 instrument (Everest, China), and RNA integrity
was checked by agarose gel electrophoresis. cDNA was synthesized from 2 pg of RNA using the
Revertaid First Strand cDNA Synthesis Kit (Thermo, USA), and gene expression was quantified by gPCR
with ChamQ SYBR gPCR Master Mix (Vazyme, China). The gPCR primers used here are provided in
Supplementary Table 1.

11. Western blot

Mitochondrial and nuclear proteins were extracted according to the kit instructions (Beyotime, China).

The supernatant was mixed with loading buffer and boiled at 95°C for 15 minutes, and the protein
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concentration was determined with the BCA Protein Assay Kit (Beyotime, China) by measuring
absorbance at 562 nm. The protein samples were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked with 5% skim milk powder for 30 minutes at room
temperature, incubated overnight at 4°C with the primary antibody, and then incubated with the
corresponding secondary antibody. Protein signals were detected on a ChemiScope 6000 series
instrument (Clinx, China), and protein levels were quantified with the ChemiScope image analysis
software. All antibodies used in this study are listed in Supplementary Table 2.

12. Immunofluorescent staining

Mouse brain tissue was rapidly frozen in liquid nitrogen, and 10 pm frozen sections were prepared on a
cryostat. Cells were cultured on glass-bottom dishes or coverslips. Fixation was performed with 4%
paraformaldehyde for 5 minutes, and blocking and staining were carried out at room temperature with
0.5% Triton X-100 and 5% BSA. Primary antibody, secondary antibody, and DAPI staining were performed
according to the target protein. The CM-H2DCF-DA probe and JC-1 probe (Beyotime, China) were
incubated at 37°C for 30 minutes to assess intracellular ROS levels and changes in mitochondrial
membrane potential, and apoptosis in tissue was analyzed with a fluorescent TUNEL assay kit
(Beyotime, China). Images were acquired with an Olympus FV3000 laser scanning confocal microscope
and processed using FV31S-SW software. The antibodies used here are provided in Supplementary
Table 2.

13. Metabolomics

Metabolomic analysis was conducted by Shanghai Baiqu Biotechnology Co., Ltd. Briefly, cortical tissue
samples from the cerebral infarction area of mice in the ad libitum feeding and TRF groups were
collected. A 25 mg portion of each sample was accurately weighed into an EP tube at low temperature,
two homogenizing beads were added, followed by 500 pL of extraction solvent
(methanol:acetonitrile:water = 2:2:1 [v/v]) containing isotope-labeled internal standards. The samples
were vortexed for 30 seconds, homogenized in a tissue grinder (35 Hz, 4 minutes), and sonicated in an
ice-water bath for 5 minutes; this step was repeated three times. After incubation at -40°C for one hour,
the samples were centrifuged at 4°C for 15 minutes at 12,000 rpm (~ 13,800 x g; rotor radius 8.6 cm),
and the supernatant was transferred to vials for analysis on a Vanquish Ultra-High Performance Liquid
Chromatography system (Thermo Fisher Scientific, USA). Equal volumes from all supernatants were
pooled as QC samples and analyzed under the same conditions. The raw data were converted to mzXML
format with ProteoWizard software, metabolites were identified using a collaboratively developed R
package together with the BiotreeDB (V3.0) database, and visualization was performed with a self-
developed R package.
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14. Transcriptomics

Transcriptomic sequencing was conducted by Shanghai Baiqu Biotechnology Co., Ltd. In brief, total RNA
was extracted with Trizol (Thermo Fisher Scientific, USA) from astrocytes after OGD and from siBdh1 +
OGD astrocytes. RNA quantity and purity were assessed on a NanoDrop ND-1000 (NanoDrop,
Wilmington, DE, USA), and RNA integrity was evaluated with a Bioanalyzer 2100 (Agilent, CA, USA).
Paired-end sequencing was carried out on the lllumina Novaseqg™ 6000 in PE150 mode following
standard protocols. The sequencing data were filtered to retain high-quality reads, which were then
aligned to the reference genome of the species used in this project; gene expression quantification,
differential gene analysis, enrichment analysis, and related analyses were subsequently performed.

15. Data Analysis

All experiments were independently repeated at least three times. Statistical analyses were performed
with GraphPad Prism 9.0 software, and the data are presented as mean % standard deviation. The
Shapiro-Wilk test was used to assess the normality of data distributions. For comparisons among
multiple groups, one-way analysis of variance (ANOVA) was performed, followed by Tukey's multiple
comparison test to determine significant differences between groups. When the data did not meet the
assumption of normality, non-parametric tests (such as the Kruskal-Wallis test) were applied, followed
by Dunn's post hoc test. A p-value below 0.05 was considered statistically significant, and significance

levels are denoted by P < 0.05, “P<0.01, and “"P < 0.001, respectively.

Result

1. Bulk Transcriptomics Combined with Mendelian Randomization Reveals the Metabolic Signature
of Cerebral Ischemia

To characterize how metabolic pathways change over time after cerebral ischemia, we examined three
core metabolic pathways, namely glycolysis, oxidative phosphorylation, and fatty acid metabolism, using
bulk transcriptomic sequencing data (GSE233811). Principal component analysis separated the samples
clearly by time point (Figure s1A). Using gene sets extracted from the MSigDB database, we mapped the
expression changes at five post-stroke time points (3 h, 12 h, 24 h, 3 d, and 7 d) with heatmaps and line
plots (Fig. 1TA-C). Glycolysis began to rise at 24 h and peaked at 3 d; oxidative phosphorylation fell
significantly at 12 h and then recovered at 24 h; fatty acid metabolism tracked oxidative phosphorylation
closely, decreasing at 12 h before climbing continuously from 24 h to 7 d. GSEA at the key time points
corroborated these patterns: glycolysis was significantly enriched at 24 h and 3 d, oxidative
phosphorylation showed negative enrichment at 12 h with recovery after 24 h, and fatty acid metabolism
became significantly enriched from 24 h onward (Figure s1B-E). Together, these data indicate a
temporal metabolic reprogramming after stroke.
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To relate these metabolic changes to post-stroke pathological processes, we computed Pearson
correlations between each metabolic pathway and the inflammation, apoptosis, and reactive oxygen
species (ROS) pathways (Fig. 1D-F). Glycolysis showed a significant positive correlation with all three
pathological pathways, most strongly with inflammation. Fatty acid metabolism likewise showed
significant positive correlations, with the most pronounced effect on ROS. In contrast, higher oxidative
phosphorylation was significantly associated with lower apoptosis. These observations suggest that
post-stroke metabolic reprogramming, particularly the upregulation of glycolysis and fatty acid
metabolism, may aggravate tissue injury by fueling inflammation and oxidative stress.

In contrast, restoration of oxidative phosphorylation may be protective. To test whether glycolipid
metabolism disorders exert independent causal effects on cerebral ischemia, we performed two-sample
Mendelian randomisation (MR) analyses, using diabetes (approximately 38 SNPs) and
hyperlipidemia/lipoprotein metabolism disorders (20 SNPs) as exposures and cerebral ischemia as the
outcome. In leave-one-out sensitivity analysis, the pooled effect estimates under both exposures
remained stable when any single SNP was removed, with all estimates pointing in the same direction; in
the lipoprotein metabolism disorder analysis, every P-value was < 0.05, indicating high robustness that
was not driven by any individual SNP (Figure s2A, Figure s2E). In the forest plots, the MR-Egger pooled
point estimates were all positive. However, they had confidence intervals containing 1 (lipoprotein
metabolism disorder: OR=1.15,95% Cl: 0.99-1.33, P = 0.093), whereas the IVW pooled point estimates
were positive (approximately + 0.10 for diabetes and 0.115 for hyperlipidemia/lipoprotein metabolism
disorder; OR = 1.12), with confidence intervals excluding 1 and reaching statistical significance (P =
0.001), consistent with a positive causal association of both exposures with stroke risk (Figure s2B,
Figure s2F). Funnel plots were approximately symmetric around the reference line;. However, the
lipoprotein metabolism disorder analysis showed some heterogeneity (Cochran's Q test P < 0.001), there
was no indication of systematic bias or publication bias (Figure s2C, Figure s2G). In the scatter plots, the
IVW and MR-Egger regression lines had positive slopes in highly consistent directions, and the MR-Egger
intercepts in the diabetes and lipoprotein metabolism disorder analyses were close to zero, arguing
against horizontal pleiotropy and further supporting the robustness of the causal effects (Figure s2D,
Figure s2H). Overall, the IVW results support that both glycolipid metabolism disorders are risk factors
for cerebral ischemia..

2. Single-Nucleus Transcriptomics Reveals Cell Type—Specific
Metabolic Reprogramming After Cerebral Ischemia

To resolve the metabolic dynamics after cerebral ischemia at single-cell resolution, we performed a
secondary analysis of single-nucleus RNA sequencing data from the public dataset GSE279666. After
quality control, principal component analysis (PCA) of highly variable genes clearly separated the
samples along PC1, with Cl_Day3 and Cl_Day14 forming distinct clusters, indicating temporal
transcriptomic dynamics after ischemic injury (Figure s2I). UMAP dimensionality reduction and
visualisation identified seven major cell types; excitatory neurons accounted for the largest proportion,
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followed by astrocytes, inhibitory neurons, and microglia (Figure s2J). The expression of canonical
marker genes in each cell type confirmed the accuracy of the annotation (Figure s2K).

To gauge global metabolic activity, 1,595 metabolism-related genes were extracted from the MSigDB
database; their mean expression per cell served as a metabolic activity score, which was projected onto
the UMAP space (Fig. 2A). The distribution of metabolic activity across the entire cell population was
highly heterogeneous: high-activity cells clustered mainly in regions enriched for astrocytes and
microglia, whereas low-activity cells were scattered across neuron-rich areas. Screening each cell type
for differentially expressed metabolic genes revealed a unique metabolic gene expression profile for
every cell type (Fig. 2B). Integration of 28 MSigDB metabolic pathways in a horizontal dot plot (Fig. 2C)
showed significant activation of core energy metabolism pathways, including glycolysis, oxidative
phosphorylation, and lipid metabolism, in astrocytes. In contrast, microglia were enriched for amino acid
and nucleotide metabolism, suggesting a functional division of metabolic labour among the major cell
types in brain tissue.

We next focused on astrocytes and microglia, the cell types that responded most strongly after
ischemia. We used the AUCell algorithm to track their pathway activity scores from the healthy and sham
conditions through the acute and recovery phases. In astrocytes, glycolysis was mildly upregulated
during the acute phase relative to controls and then fell by nearly 50% during the recovery phase; TCA
cycle activity declined continuously; and fatty acid B-oxidation activity decreased gradually, ending
approximately 25% below control levels after ischemia (Fig. 2D). These data indicate that astrocytes
undergo metabolic reprogramming after cerebral ischemia, with compensatory enhancement of
glycolysis in the acute phase, sustained suppression of aerobic metabolism, and a return of glycolysis
toward baseline during recovery. However, overall energy metabolism remained lower than normal.
Microglia behaved differently, displaying a characteristic immune-metabolic activation profile in which
glycolysis and fatty acid oxidation were significantly enhanced during the acute phase while TCA cycle
activity remained relatively stable; this pattern reflects a metabolic shift toward a pro-inflammatory
phenotype that supports inflammatory responses and phagocytic function. Such cell-type—specific
metabolic dynamics provide a basis for targeted metabolic interventions (Fig. 2E).

3. Time-Restricted Fasting Attenuates Cerebral Ischemia-
Reperfusion Injury and Restores Neural Metabolic Homeostasis

C57BL/6 mice were first randomly assigned to an ad libitum (A/L) feeding group or an early Time-
Restricted Fasting (eTRF) group. eTRF mice could obtain food only between ZT10 and ZT18, whereas
the A/L group faced no feeding time restriction; all animals had free access to water. After four weeks of
intervention, a cerebral ischemia (1 h)-reperfusion (2 d) injury (I/R) model was established, and on the
day before modelling, all groups were allowed unrestricted food intake. The experimental design is
illustrated in Fig. 3A. To determine whether TRF mice differed from A/L mice in total food intake or
feeding rhythm, we monitored food consumption and feeding time over 24 hours. Although eTRF mice
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could eat for only eight hours per day, total food consumption did not differ significantly between the two
groups (Figure s3A). Feeding rhythm, assessed by hourly weighing of the remaining food, showed that
eTRF mice ate mainly at one hour and six hours after food access was resumed, whereas A/L mice
exhibited no distinct feeding peaks (Fig. 3B). Body weight was monitored after two and four weeks of
fasting intervention and decreased significantly in the eTRF group at both time points (Fig. 3C).

To test whether Time-Restricted Fasting ameliorates cerebral I/R injury, we established an I/R (2 d)
model in each group. We comprehensively evaluated functional recovery using TTC staining, the
modified Neurological Severity Score (mMNSS), the cylinder test, and the open field test. TTC staining
showed a significantly smaller cerebral infarct volume in the eTRF group than in the A/L group (Fig. 3D).
The cylinder test and mNSS scores indicated that motor function, sensory function, and reflexes were
significantly better in eTRF mice than in A/L mice (Fig. 3E-F). The open field test supported the same
conclusion: compared with the A/L group, eTRF mice showed significantly greater total movement time
and average speed, together with significantly reduced resting time (Fig. 3G-J). These results indicate
that early Time-Restricted Fasting outperforms ad libitum feeding in ameliorating I/R injury.

After I/R injury, transient blood reperfusion severely disrupts glycolipid metabolic homeostasis in the
core lesion and penumbra, provoking oxidative stress and neuroinflammation that further aggravate
brain injury[1]. We therefore examined how Time-Restricted Fasting affects glycolipid metabolism after
I/R. Serum biochemical assays in sham and I/R (2 d) mice (Fig. 3K-M) showed significantly lower blood
glucose in the eTRF group than in the A/L group. In the non-ischemic state, eTRF decreased free fatty
acid levels; after I/R injury, eTRF significantly normalised free fatty acids, while triglycerides remained
comparable between the A/L and eTRF groups. These findings suggest that Time-Restricted Fasting
markedly regulates glycolipid metabolic homeostasis after I/R injury. Having confirmed the metabolic
regulatory effects of fasting in the peripheral circulation, we next turned to the central nervous system.
Carnitine palmitoyltransferase (CPT), peroxisome proliferator-activated receptor-y coactivator-1a (Pgc-
1a), and glucose transporter (Glut) mediate the transmembrane transport of fatty acids and glucose.
Under physiological conditions, gPCR analysis (Figure s3B) showed that, relative to the A/L group, the
eTRF group had significantly upregulated Cpt1, Cpt2, and Pgc-1a and significantly downregulated Glut3,
with Glut1 unchanged. We next established the I/R model in each group to evaluate how fasting shapes
neural glycolipid metabolism after I/R. The qPCR results under pathological conditions were strikingly
different: Cpt1 and Cpt2 expression levels in the eTRF group were significantly lower than those in the
A/L group, whereas Glut3 expression was significantly upregulated (Fig. 3N). In light of changes in free
fatty acids and glucose detected in serum biochemical assays, we hypothesise that alterations in CptT,
Cpt2, and Glut3 after I/R represent compensatory adjustments to altered substrate availability, helping
cells adapt their energy substrate supply. Taken together, these results indicate that Time-Restricted
Fasting downregulates glucose metabolism in the nervous system and ameliorates post-I/R lipid
metabolism disturbances.

To further validate these findings, untargeted metabolomic profiling was performed on the ipsilateral
cerebral cortex of A/L and eTRF mice after I/R injury. Principal component analysis (PCA) clearly
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separated the two groups, with tight intragroup clustering (Figure s3C), indicating that the eTRF
intervention substantially remodelled the brain metabolomic profile of I/R mice. Volcano plot analysis
identified 125 differential metabolites (Fig. 30). With respect to glucose metabolism, eTRF reduced
several phosphorylated monosaccharides, curbed aberrant glycolysis and the pentose phosphate
pathway, and significantly enriched fructose and mannose metabolism, as well as
glycolysis/gluconeogenesis, thereby alleviating glucose metabolic disturbances. With respect to lipid
metabolism, acyl-carnitines, the intermediates of fatty acid B-oxidation that accumulate when
mitochondrial fatty acid oxidation is impaired, were downregulated by eTRF, suggesting improved
mitochondrial function and more complete fatty acid oxidation after I/R injury. eTRF also raised specific
hydroxy fatty acids, including 2-hydroxypalmitic acid and 16-hydroxypalmitic acid, which may act as
alternative energy substrates that support ischemic brain tissue while reducing reactive oxygen species
(ROS) production, thereby exerting neuroprotective effects (Fig. 3P, Figure s3D-H). Pathway enrichment
analysis showed significant modulation of lipid metabolism pathways, including arachidonic acid
metabolism and glycerophospholipid metabolism. For bile acids, eTRF downregulated glycolithocholic
acid 3-sulfate and tauroursodeoxycholic acid, which may contribute to neuroprotection through the gut-
brain axis. Collectively, these results demonstrate that eTRF ameliorates glycolipid metabolic
disturbances in a multidimensional manner (Fig. 3Q).

4. Astrocytic BDH1 Mediates the Ameliorating Effect of Time-
Restricted Fasting on Cerebral Ischemia-Reperfusion Injury

During cerebral ischemia, vascular occlusion deprives the corresponding region of the blood supply of
oxygen and glucose. Mechanical reperfusion can partially restore blood flow, but the ischemic core and
penumbra remain in a low-oxygen, low-glucose state due to tissue no-reflow and other factors, leading to
energy depletion [22]. We therefore asked whether Time-Restricted Fasting could improve energy supply
in the injured region. Lactate, a key product of anaerobic oxidation, was measured first. As shown in
Figure s3I, Time-Restricted Fasting did not affect lactate accumulation under physiological conditions; in
the I/R group, lactate rose significantly, and eTRF intervention significantly reversed this increase. We
next measured acetyl-CoA, a key substrate of aerobic oxidation, together with ATP production. Aerobic
energy production centres on the tricarboxylic acid (TCA) cycle and oxidative phosphorylation; because
acetyl-CoA initiates the TCA cycle, it critically determines aerobic oxidation and energy supply. Acetyl-
CoA synthetase activity was therefore measured to determine the effect of eTRF on acetyl-CoA
expression. The activity was comparable between the eTRF and A/L groups under physiological
conditions (Fig. 4A) but rose significantly in the eTRF group after I/R injury. ATP production, however,
remained comparable between the two groups after I/R injury (Fig. 4B). Metabolomic data further
showed that eTRF significantly lowered the TCA cycle intermediates citrate and isocitrate in the mouse
cerebral cortex, even though pathway analysis detected no significant change in the TCA cycle itself
(Figure s3J-K). Thus, despite increasing acetyl-CoA expression, eTRF does not elevate ATP levels after
I/R injury, most likely because the TCA cycle is not effectively activated (Figure s3L). Having found that
eTRF does not alter ATP production after I/R injury, we next explored whether the elevated acetyl-CoA
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might be directed toward other pathways. Ketone bodies are downstream products of lipid metabolism,
largely derived from the oxidative breakdown of fatty acids, and acetyl-CoA also serves as a key
substrate for their synthesis and utilisation [23]. Serum B-hydroxybutyrate was therefore measured: as
expected, it was comparable between the eTRF and A/L groups under physiological conditions but rose
significantly in the eTRF group after I/R injury (Fig. 4C). qPCR was then used to assess expression of
cortical ketogenesis and ketolysis genes, including acetyl-CoA acetyltransferase 1 (ACAT1), succinyl-
CoA transferase (SCOT), and B-hydroxybutyrate dehydrogenase 1 (BDH1). Acat1 and Scot were
comparable between the A/L and eTRF groups under physiological conditions (Figure s4A), whereas
after I/R injury eTRF transcriptionally activated both ACAT1 and SCOT. Notably, BDH1 was significantly
upregulated by eTRF under both physiological and post-I/R conditions (Fig. 4D). These findings suggest
an important role of Time-Restricted Fasting in promoting ketone body utilization in the nervous system.
We next tracked BDH1 expression after I/R injury in mouse models at 1d, 2 d, 4 d, and 7 d post-I/R by
western blot. BDH1 was lowest on days 1 and 2 post-I/R and gradually returned to normal levels by days
3-7 (Figure s4B), indicating marked suppression of BDH1 during the acute phase of stroke injury. At 2
days post-I/R, BDH1 protein was significantly higher in the eTRF group than in the A/L group (Fig. 4E). In
addition to the liver's robust ketogenic capacity, astrocytes possess a complete fatty acid oxidation
system and are regarded as key cells for cerebral ketone body breakdown and energy supply [13, 24]. We
therefore explored whether eTRF enhances astrocytic BDH1. Immunofluorescence analysis showed
significantly stronger BDH1 fluorescence colocalized with GFAP in the I/R+eTRF group than in the I/R +
A/L group (Fig. 4F). Together, these results demonstrate that BDH1 expression falls and then recovers
after I/R injury, and that eTRF intervention reverses this decline at its nadir (I/R 2 d).

Through the experiments described above, we comprehensively delineate how the glycolipid metabolic
shift triggered by Time-Restricted Fasting leads to neural metabolic reprogramming after I/R injury. In
brief, eTRF ameliorates post-stroke disturbances in glucose and fatty acid metabolism and promotes the
activation of ketone metabolism, thereby achieving a switch in substrate utilization and neural metabolic
reprogramming.

Having established the critical metabolic regulatory role of astrocytic BDH1 in eTRF, we next asked
whether astrocytic BDH1 is the key target underlying the neuroprotective effect of Time-Restricted
Fasting after I/R injury. We constructed an AAV9-GFabc9d-shBdh1-GFP adeno-associated virus and
injected it stereotaxically into the lateral ventricle on the ischemic side to knock down BDH1 expression
specifically in astrocytes. Three weeks after AAV injection, the mice underwent four weeks of eTRF
intervention; the experimental timeline appears in Fig. 4G. Three weeks after AAV injection, we examined
frozen sections for colocalization of intrinsic GFP fluorescence with GFAP, which verified the cell-type
specificity of the knockdown (Fig. 4H-1): nearly all GFP signal overlapped with GFAP. We also examined
GFP colocalization with BDH1 to assess whether the AAV successfully suppressed BDH1 expression. In
the AAV-BDH1 group, the BDH1 signal colocalized with GFP was markedly suppressed, whereas the AAV-
NC group showed clear colocalization of GFP with BDH1. These results confirm successful AAV-
mediated knockdown of BDH1 in astrocytes. TTC staining was then used to determine changes in
cerebral infarct volume after astrocytic BDH1 knockdown. As shown in Fig. 4J-K, Time-Restricted Fasting
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significantly reduced cerebral infarct volume compared with the I/R group, whereas knockdown of
astrocytic BDH1 significantly increased infarct volume. Motor function was subsequently assessed with
the open field test. Under physiological conditions, motor activity did not differ significantly between the
A/L and eTRF groups (Fig. 4L-M), but mice with astrocytic BDH1 knockdown showed a significant
reduction in movement distance. After I/R injury, the eTRF group showed significant improvements in
movement distance, average speed, and resting time, all of which were significantly reversed by
astrocytic BDH1 knockdown. TUNEL staining supported the same conclusion: TUNEL-positive cells were
significantly fewer in the eTRF group than in the I/R group and were significantly increased after
astrocytic BDH1 knockdown (Fig. 4N-0). Neurological function was further assessed with the mNSS, and
forelimb motor asymmetry with the cylinder test. As shown in Fig. 4P-Q, the eTRF group showed
significantly improved mNSS scores relative to the I/R group.

In contrast, astrocytic BDH1 knockdown restored scores to levels comparable to those of the I/R group.
The cylinder test confirmed that forelimb wall contacts on both sides improved significantly in eTRF
mice compared with I/R mice, an effect not observed after astrocytic BDH1 knockdown. Collectively,
these results demonstrate that AAV-mediated knockdown of astrocytic BDH1 partially abolishes the
neuroprotective effects of Time-Restricted Fasting.

5. Transcriptomic Analysis Identifies Astrocytic BDH1 as a Key
Regulator of Redox Homeostasis and Mitochondrial Function

After defining the principal biological functions of BDH1, we sought to reproduce the metabolic state
induced by Time-Restricted Fasting in vitro. The results described above indicated that lowering blood
glucose levels is a key initiating factor that triggers the glycolipid metabolic switch. According to the
literature, culturing cells at glucose concentrations below 5 mM triggers a metabolic shift from glucose
to glutamine metabolism[25]. We therefore investigated whether low-glucose stimulation could
recapitulate the glycolipid metabolic switch induced by Time-Restricted Fasting. We first established
serum-free, low-glucose culture conditions at glucose concentrations of 5.25, 3.5, and 1.75 mM and
assessed astrocyte viability by CCK-8 assay at 12 h, 24 h, and 48 h to identify suitable conditions. As
shown in Figure s4C, none of the three concentrations affected cell viability after 12 h of low-glucose
culture. At 1.75 mM glucose, viability remained intact at 12 h but was significantly reduced at 24 h and
declined further by 48 h. We therefore selected 1.75 mM glucose for 12 h as the low-glucose (LG)
stimulation condition for subsequent experiments.

To determine whether a low-glucose state reproduces glycolipid metabolic changes in astrocytes, we
compared glycolipid transport-related genes between the control (Ctrl) and LG groups by gPCR. Whether
or not oxygen-glucose deprivation (OGD) was applied, LG stimulation significantly upregulated the fatty
acid transport-related genes CPT1, CPT2, and PGC-1a and significantly downregulated the glucose
transporter gene GLUT3 (Fig. 5A, Figure s4D). Ketone body-related genes behaved consistently with the
in vivo results: their expression rose significantly after LG stimulation, and BDH1 showed the greatest
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change (Fig. 5B, Figure s4E). Thus, culturing cells in low-glucose, serum-free medium successfully
mimicked the post-fasting metabolic switch observed after in vivo Time-Restricted Fasting, and qPCR
confirmed significant changes in glycolipid- and ketone body metabolism-related genes. We next asked
whether LG stimulation alters astrocytic BDH1 expression. BDH1 rose progressively as the glucose
concentration fell, and the fluorescence intensity of BDH1 colocalised with GFAP increased accordingly
(Figure s4F-G). In astrocytes subjected to OGD for different durations, BDH1 increased gradually and
peaked at 4 h, a pattern contrasting with the in vivo findings (Figure s5A). Extending this analysis to other
resident brain cell types showed that microglia and neurons responded to OGD with BDH1 changes
similar to those of astrocytes. In contrast, endothelial BDH1 decreased significantly after OGD (Figure
s5B-D), implying that BDH1 may exert complex cell type-specific functions after stroke. Under OGD
conditions, LG stimulation again upregulated BDH1 in a concentration-dependent manner, peaking at
1.75 mM (Fig. 5C), and immunofluorescence confirmed that BDH1 colocalised significantly with
astrocytes (Fig. 5D). LG stimulation, therefore, significantly upregulates astrocytic BDH1 expression
regardless of OGD injury. To test whether LG protects astrocytes, Ctrl and LG-pretreated cells underwent
OGD for 4 h, and Bax, Bcl2, and caspase-3 were examined by western blot. OGD injury significantly
upregulated caspase-3 and Bax, and these changes were significantly restored in the OGD + LG group
(Figure s6A), indicating that the low-glucose state ameliorates astrocyte apoptosis after OGD injury.

Having established that low glucose markedly upregulates astrocytic BDH1, we used transcriptomics to
probe the biological functions of astrocytic BDH1. siRNA was applied to silence BDH1 in vitro, and
western blot confirmed that BDH1 was almost completely silenced at the 1022 position (Figure s6B),
indicating successful knockdown in astrocytes. PCA of all transcribed genes clearly separated the two
groups along the first principal component, with minimal overlap, reflecting inter-group differences and
intra-group similarity (Fig. 5E). Volcano plot differential expression analysis (fold change >1 or<-1,P <
0.05) identified 6,643 upregulated genes and 4,124 significantly downregulated genes in siBDH1 cells
relative to siNC (Fig. 5F). A heatmap of key differentially expressed genes revealed marked
downregulation of antioxidant genes such as cybb, slfn2, Ncf1, Hmox1, and sgstm1, along with induction
of pro-apoptotic genes, including members of the caspase family and PRKDC (Fig. 5G). GO enrichment
analysis indicated significant changes in mitochondrial outer membrane integrity and in intracellular
oxidative stress homeostasis (Fig. 5H). In contrast, KEGG analysis highlighted significant alterations in
glutathione homeostasis and apoptotic pathways (Fig. 51). Silencing astrocytic BDH1 therefore produces
a pronounced imbalance in oxidative stress, indicating that BDH1 plays a critical role in maintaining
redox homeostasis in astrocytes.

To further validate these findings, siNC and siBDH1 cells were subjected to low-glucose stimulation
followed by 4 h of OGD, after which ROS, MDA, and SOD levels were measured. ROS levels rose
significantly after OGD injury (Fig. 5J); OGD + LG markedly suppressed this rise, and OGD + LG+siBDH1
abolished the protection afforded by low glucose. MDA levels followed a nearly identical pattern
(Fig. 5K). SOD activity increased significantly with low-glucose stimulation compared with OGD alone but
was significantly inhibited upon BDH1 knockdown (Fig. 5L). Together, these results demonstrate that, in
the OGD model, low-glucose stimulation exerts antioxidant protection by activating BDH1.
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Transcriptomic GO enrichment also highlighted significant changes in mitochondrial outer membrane
and apoptotic pathways, prompting us to test whether altered BDH1 expression in astrocytes further
worsens mitochondrial structural damage and apoptosis. Mitochondrial proteins were isolated
successfully from astrocytes (Figure s6C), and a western blot of the mitochondrial fractions for the key
apoptotic proteins caspase-3, Bax, and Bcl2 (Figure s6D) showed that the OGD + LG group had markedly
reduced caspase-3 and Bax levels relative to the OGD group, an effect significantly reversed in the
siBDH1 group. Immunofluorescence gave concordant results: the fluorescence intensity of Bax and
caspase-3 colocalised with GFAP+TOM20 was significantly weaker in the OGD + LG group than in the
OGD group but markedly stronger in the OGD + LG+siBDH1 group (Fig. 5M-N, Fig. 6E). These findings
confirm that BDH1 knockdown profoundly disrupts redox homeostasis in astrocytes and, in turn,
exacerbates mitochondria-mediated apoptosis.

To further evaluate the impact of BDH1 on mitochondrial function, we assessed mitochondrial
membrane potential (AWm) by JC-1 staining. Under normal conditions, JC-1 forms aggregates that emit
red fluorescence; when mitochondrial structure and function are impaired, AWm decreases, and JC-1
dissociates into monomers that emit green fluorescence. As shown in Fig. 50-P, the OGD group exhibited
a markedly increased proportion of monomeric JC-1 compared with the control group. Low-glucose
stimulation significantly restored AWm, as evidenced by an increased proportion of JC-1 aggregates,
whereas the OGD + LG+siBDH1 group showed a further increase in the monomeric form. We next used
transmission electron microscopy (TEM) to examine mitochondrial structural damage in neurons from
mice subjected to I/R injury with eTRF and/or astrocytic BDH1 knockdown. As shown in Fig. 5Q,
mitochondrial morphology in the eTRF + AAV-NC group was comparable to that in the A/L + AAV-NC
group, although the eTRF + AAV-NC group contained a significantly higher number of mitochondria. In
the eTRF + AAV-BDH1 group, mitochondria displayed prominent vacuolization and marked outer
membrane damage. After I/R injury, the eTRF + AAV-NC group showed substantially less mitochondrial
vacuolization and restored outer membrane integrity relative to the A/L + AAV-NC group, indicating that
eTRF preconditioning strengthens the tolerance of neuronal mitochondria to I/R injury. This protection
was, however, partially reversed in the eTRF + AAV-BDH1 group, in which mitochondria exhibited reduced
matrix density and disorganised or disrupted cristae. These TEM data further confirm that eTRF
significantly enhances neural mitochondrial tolerance to ischemia-reperfusion injury, an effect partially
abolished by astrocytic BDH1 knockdown. Overall, our experiments provide robust evidence that, after
OGD injury, BDH1 regulates both oxidative stress and mitochondrial dysfunction.

6. The SIfn2/Nrf2 Axis Mediates the Anti-Oxidative Stress and Anti-
Mitochondrial Apoptosis Effects of BDH1

We next investigated the molecular mechanism by which BDH1 mediates anti-oxidative stress and
mitochondrial apoptosis. Transcriptomic analysis revealed that BDH1 knockdown significantly reduced
slfn2 expression. Recent work has shown that, in T cells, sIfn2 binds transfer RNA (tRNA) directly and
protects it from cleavage by the ribonuclease angiogenin, thereby attenuating ROS and oxidative stress

Page 17/38



responses and sustaining the robust protein synthesis required for T cell expansion and immunity[26].
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a well-established key transcription factor that
regulates cellular anti-oxidative stress responses, and multiple studies have demonstrated that BDH1
plays an important role in activating NRF2[27]. To test whether BDH1 acts on oxidative stress through
the sIfn2/NRF2 pathway, we first asked whether manipulating BDH1 expression alters slfn2/NRF2
activation. As shown in Fig. 6A-B, the low-glucose stimulation group exhibited significantly increased
slfn2 protein expression compared with the OGD group, whereas slfn2 expression was markedly
suppressed after BDH1 knockdown. Western blot analysis of Nrf2 nuclear translocation showed that
low-glucose stimulation promoted nuclear Nrf2 expression, and this effect was significantly inhibited by
BDH1 knockdown. gPCR further confirmed these findings: low-glucose stimulation significantly
increased slfn2 and Nrf2 mRNA levels, whereas BDH1 knockdown significantly suppressed their mRNA
expression (Fig. 6C-D). We next examined the expression of the common antioxidant genes HO-1 and
GCLC by gPCR. As shown in Fig. 6E-F, HO-1 and GCLC expression were significantly upregulated under
low-glucose stimulation, and this upregulation was markedly inhibited by BDH1 knockdown. These
results demonstrate that BDH1 is a key upstream molecule governing the antioxidant function of the
slfn2/NRF2 axis.

To further determine whether slfn2 serves as the critical bridge mediating BDH1-dependent regulation of
NRF2, we silenced sIfn2 expression by siRNA (Figure s6F). As shown in Fig. 6G, western blot analysis
demonstrated that, compared with the low-glucose stimulation group, slfn2 knockdown significantly
reduced nuclear NRF2 expression and increased the levels of the mitochondrial apoptotic proteins Bax
and caspase-3. In the double knockdown group (slfn2 and BDH1), nuclear NRF2 expression fell further,
and the levels of mitochondrial apoptotic proteins rose further. These findings confirm that BDH1
regulates mitochondrial apoptosis through the slfn2/NRF2 pathway.

7. Semaglutide Partially Recapitulates the Neuroprotection of Time-
Restricted Fasting After Cerebral Ischemia-Reperfusion Injury
Through Glycemic Regulation

Our results identify the regulation of blood glucose levels as a key trigger of the neuroprotective
mechanisms induced by Time-Restricted Fasting. This raised the question of whether drugs that act
mainly on glucose control could reproduce such neuroprotection without dietary intervention.
Semaglutide, a glucagon-like peptide-1 (GLP-1) receptor agonist expressed in multiple organs, including
the brain, lowers blood glucose by upregulating glucagon levels[28]. It has also been reported to drive
preferential utilisation of fat burning in neurons of the dorsal vagal complex (DVC) and to raise blood
ketone levels[29], a mechanism closely resembling that of Time-Restricted Fasting. We therefore tested
whether semaglutide administration confers neuroprotection after cerebral ischemia. Following
published protocols, semaglutide was given for ten consecutive days (day 1: 15 ug/kg; day 2: 30 pg/kg;
days 3-10: 60 pg/kg), as outlined in Fig. 7A. Body weight was monitored first (Fig. 7B): semaglutide
alone produced no significant weight change relative to the control group, whereas combining
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semaglutide with fasting resulted in a marked additional weight reduction compared with fasting alone,
suggesting an additive effect on weight regulation. Random blood glucose monitoring (Fig. 7C) showed
that eTRF mice had significantly lower and more stable glucose values than ad libitum-fed mice,
confirming that eTRF effectively stabilises glucose homeostasis. Semaglutide alone also lowered blood
glucose to some extent, with a clear decrease after each dose. Notably, mice receiving both eTRF and
semaglutide exhibited pronounced glycemic fluctuations, with peaks following feeding and drug
administration.

After these interventions, an I/R model was established in each group, and ischemic injury was assessed
by TTC staining and neurobehavioral tests. TTC staining showed that eTRF alone and semaglutide alone
each significantly reduced cerebral infarct size relative to the I/R group; surprisingly, infarct volume in the
eTRF+semaglutide combination group was significantly larger than in either monotherapy group

(Fig. 7D). In the open field test (Fig. 7E-H), each monotherapy significantly improved motor function
relative to the I/R group, whereas the combination group travelled a significantly shorter total distance
than either monotherapy group. The mNSS results (Figure s6G) were consistent with these findings. Both
monotherapies significantly reduced mNSS scores relative to the I/R group, whereas the combination
group had significantly higher mNSS scores than either monotherapy group. Finally, TUNEL staining co-
localised with GFAP and MAP2 was used to evaluate neuronal and astrocytic apoptosis (Fig. 7I-J). eTRF
alone significantly reduced post-I/R apoptosis in both neurons and astrocytes compared with the I/R
group, whereas semaglutide alone or the combination resulted in higher apoptosis levels than eTRF
monotherapy.

To clarify how semaglutide affects I/R injury, we measured serum B-hydroxybutyrate. We confirmed that
semaglutide enhanced its synthesis in vivo, whereas combining semaglutide with intermittent fasting
suppressed endogenous B-hydroxybutyrate production (Fig. 7K). The effects of semaglutide on astrocyte
apoptosis and NRF2 signalling were then assessed in vitro. As shown in Fig. 7L-0, LG and semaglutide
each significantly alleviated apoptosis relative to the OGD group, with LG being the most effective; when
LG and semaglutide were combined, apoptosis returned to levels comparable to those in the OGD group.
Mechanistically, semaglutide alone activated the NRF2 pathway, but no significant change occurred in
the LG+semaglutide combination group. These results indicate that semaglutide alone is
neuroprotective after stroke, whereas its combination with Time-Restricted Fasting largely diminishes
the benefits of fasting alone.

Discussion

Although dietary interventions have been recommended in recent years as a primary measure for
preventing cerebral ischemia, how time-restricted feeding (TRF) promotes post-stroke neural repair
remains poorly understood. Using a mouse model of cerebral ischemia-reperfusion (I/R) injury, this study
systematically demonstrated for the first time that early time-restricted feeding (eTRF) can significantly
alleviate brain injury and improve neurological function by inducing glycolipid metabolic reprogramming
in the nervous system. We further identified BDH1, a key enzyme involved in ketone body metabolism in
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astrocytes, as a core molecular target mediating the protective effects of eTRF: BDH1 acts through the
slfn2/NRF2 antioxidant axis to alleviate oxidative stress and mitochondrial apoptosis. These findings
reveal a novel mechanism by which circadian dietary intervention confers neuroprotection through
metabolic reprogramming and provide a non-invasive, highly compliant adjunctive therapeutic strategy
for cerebral ischemia.

Following cerebral ischemia-reperfusion injury, disruption of metabolic homeostasis in the nervous
system is a core pathophysiological basis underlying neurological dysfunction and brain tissue damage
[30]. During ischemia, hypoxia and glucose deprivation rapidly deplete ATP in neural cells and impair
mitochondrial oxidative phosphorylation, thereby triggering a burst of oxidative stress and mitochondrial
apoptosis upon reperfusion [31, 32]. Therefore, restoring metabolic homeostasis after cerebral ischemia-
reperfusion injury is crucial. However, previous studies have mostly examined individual metabolic
pathways in isolation, lacking a systematic analysis of dynamic, cell-type-specific changes. By
integrating bulk and single-cell transcriptomic data, we reveal for the first time the temporal changes in
metabolic pathways after stroke: glycolysis undergoes compensatory upregulation during the acute
phase, while oxidative phosphorylation and fatty acid oxidation gradually recover during the recovery
phase. Notably, astrocytes and microglia exhibit markedly distinct patterns of metabolic adaptation: the
former are characterised by sustained suppression of aerobic metabolism, whereas the latter display
classical immunometabolic activation.

Clinical trials in patients with type 2 diabetes have shown that early time-restricted feeding (eTRF)—20-
hour fasting on three nonconsecutive days per week—can significantly improve glucose tolerance [33].
Intermittent fasting may also enhance lipolysis, insulin sensitivity, and adipose tissue remodelling, while
restoring gut microbiota diversity [34]. The benefits of eTRF in central nervous system disorders have
likewise attracted increasing attention [35, 36]. In this study, we systematically investigated how eTRF
affects neuronal glucose and lipid metabolic homeostasis following cerebral ischemia by measuring the
expression of genes involved in glucose and lipid metabolism in eTRF-treated mice and by performing
metabolomic sequencing. We found that eTRF altered the utilisation of energy substrates in the nervous
system. Although the upregulation of fatty acids did not directly increase ATP production, changes in
acetyl-CoA (Acetyl-CoA) levels drew our particular attention. Acetyl-CoA, which is known to be generated
through fatty acid breakdown, can either enter the tricarboxylic acid cycle to supply ATP or enter the
ketone body metabolic pathway. By measuring serum B-hydroxybutyrate and the ketogenesis-related
genes Scot, Acat1, and Bdh1, we confirmed that the upregulation of acetyl-CoA increased the level of
ketone body production. In conclusion, we demonstrated for the first time that eTRF can induce
alterations in glucose and lipid metabolic homeostasis after cerebral ischemia and reprogram these
metabolic pathways toward ketone body metabolism.

Astrocytes are the most abundant glial cells in the central nervous system and are core regulators of
brain metabolic homeostasis. Their endfoot structures form the neurovascular unit, linking blood vessels
to neurons and delivering blood-derived glucose to sustain neuronal activity[37, 38]. When neuronal
activity surges or blood glucose levels decline, astrocytes rapidly break down glycogen into lactate,
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providing neurons with an efficient energy substrate through the well-known “lactate shuttle”. We found
that eTRF, a dietary intervention, significantly alleviated lactate accumulation following cerebral
ischemia/reperfusion (I/R) injury, most likely by markedly stabilising blood glucose homeostasis. It has
been reported that astrocytes are the only cells in the nervous system with a complete lipid oxidation
system, enabling them to support neural energy supply through ketone body production. This prompted
us to investigate whether BDH1, a key enzyme involved in ketone body synthesis in astrocytes, is a
critical target through which eTRF triggers metabolic regulation following cerebral I/R injury. In vivo
experiments showed that AAV (adeno-associated virus)-mediated targeted knockdown of BDH1 in
astrocytes significantly reversed the neuroprotective effects mediated by eTRF following cerebral I/R
injury. This key role of astrocytic BDH1 in eTRF was subsequently validated in vitro. Because blood
glucose levels were significantly reduced under the eTRF diet, we simulated the fasting metabolic state
of astrocytes by lowering the glucose concentration under serum-free conditions; measurements of
glucose and lipid transporters, as well as BDH1, confirmed that this model was metabolically
synchronised with eTRF in vivo. Transcriptomic analysis identified BDH1 as a key mediator regulated by
oxidative stress: low-glucose treatment significantly increased reactive oxygen species (ROS) and
malondialdehyde (MDA) levels, as well as superoxide dismutase (SOD) activity, while BDH1 knockdown
further exacerbated oxidative stress-induced damage. GO enrichment analysis revealed significant
changes in the mitochondrial outer membrane following BDH1 inhibition, a finding also confirmed by our
experiments: knocking down BDH1 in astrocytes aggravated mitochondrial outer membrane damage,
and silencing BDH1 further exacerbated mitochondrial apoptosis. Therefore, in addition to serving as a
key ketogenic enzyme, BDH1 also contributes to eTRF-mediated protection against cerebral
ischemia/reperfusion (I/R) injury by regulating oxidative stress and mitochondrial damage.

Post-stroke oxidative stress is one of the core pathological mechanisms triggering secondary brain
injury. Excessive production of reactive oxygen species (ROS), coupled with insufficient clearance,
disrupts the oxidant-antioxidant balance and causes extensive damage to brain cells and blood vessels.
Consistent with previous reports, we confirmed that numerous antioxidant genes were significantly
downregulated following BDH1 knockdown. At the same time, GO enrichment analysis revealed marked
alterations in oxidative stress responses and intracellular oxygen homeostasis pathways. Among these
genes, slfn2 exhibited the most pronounced change and serves as a key regulator of antioxidant activity.
slfn2 is essential for protecting T cells from oxidative stress-induced damage and maintaining their
immune function; moreover, mice carrying slfn2 mutations are more susceptible to bacterial and viral
infections, and exhibit increased endogenous T-cell apoptosis following T-cell receptor (TCR) stimulation
and interleukin-7 (IL-7) signalling [39]. Therefore, we further investigated whether slfn2, a key
cytoplasmic protein that regulates oxidative stress homeostasis, mediates the nuclear translocation of
the transcription factor NRF2, which is activated by the mitochondria-associated protein BDH1. Our data
show that the combination of low-sugar stimulation and siRNA-mediated regulation of BDH1 expression
significantly altered the nuclear translocation of SLFN2 and NRF2. At the same time, the transcriptional
activation of antioxidant genes, including heme oxygenase-1 (HO-1) and glutathione peroxidase-like
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protein (GCLC), was also tightly controlled by BDH1. These data indicate that the SLFN2/NRF2 signalling
pathway is a key mechanism by which BDH1 regulates oxidative stress and mitochondrial apoptosis.

The circadian rhythm-regulated form of Time-Restricted Fasting (TRF)—early Time-Restricted Feeding
(eTRF)—is widely recognised for its significant benefits in diabetes prevention and treatment, as well as
weight management [40, 41]. In addition to affecting ketone metabolism, eTRF can activate glucagon-
like peptide-1 (GLP-1) in the gastrointestinal tract, thereby alleviating high-fat diet-induced intestinal
inflammation[42]. The novel GLP-1 agonist, semaglutide, has been shown to regulate glucose
homeostasis by increasing glucagon secretion and has demonstrated significant efficacy in diabetes
treatment and weight management [43, 44]. Previous studies have reported that semaglutide plays an
important role in regulating fatty acid and ketone body metabolism in neurons [29], a finding that
appears closely associated with the metabolic changes induced by eTRF stimulation. Therefore, we
investigated whether semaglutide could exert protective effects similar to those of eTRF through a
pharmacological alternative pathway following cerebral ischemia/reperfusion (I/R) injury, as well as the
effects of combining semaglutide with eTRF on cerebral I/R injury. In measurements of body weight and
random blood glucose, mice administered semaglutide continuously for 10 days did not show a
significant decrease in body weight; however, their random blood glucose levels were generally lower
than those of the A/L+NaCl group, with levels reaching a low point after each semaglutide
administration. Mice receiving eTRF alone showed a slight decrease in body weight, a significant
reduction in blood glucose, and generally stable fluctuations in blood glucose levels. Concurrent
measurement of serum B-hydroxybutyrate levels further confirmed that semaglutide significantly
promoted ketogenesis in vivo. These results indicate that long-term regulation of blood glucose through
eTRF can achieve a healthier metabolic state. Subsequently, we evaluated I/R injury in mice from
different groups using behavioural tests, triphenyltetrazolium chloride (TTC) staining, and the terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) assay. Our results confirmed
that both eTRF and semaglutide significantly ameliorated I/R injury in mice. Interestingly, in the group
receiving combined semaglutide + eTRF treatment, body weight decreased significantly during
semaglutide administration; more importantly, random blood glucose measurements revealed
pronounced fluctuations in glycemic control, indicating a substantial impact on glucose regulation.
Moreover, the recovery of I/R injury in these mice was markedly weaker than that observed in the groups
treated with eTRF or semaglutide alone. Our findings further support the existing view that dysregulated
glucose metabolism is a key factor exacerbating cerebral ischemic injury, possibly because the
combined use of semaglutide and eTRF leads to a severe imbalance in the regulation of oxidative stress
and mitochondrial apoptosis. Overall, our data indicate that combined eTRF and semaglutide treatment
can accelerate weight loss, but long-term use may disrupt glucose homeostasis and aggravate cerebral
[/R injury.

It should be acknowledged that this study has several limitations. First, because of the difficulty in

obtaining human samples, all experiments relied on animal models. Second, although our study clearly

demonstrated significant alterations in glycolipid metabolism in the nervous system, we did not

investigate in depth the specific metabolic changes in glucose or fatty acids, partly because the marked
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alterations in ketone body signalling pathways attracted our primary attention. Third, our results clearly
indicate that SLFN2 is a key regulator mediating BDH1-mediated regulation of NRF2; however, the
precise mode of interaction among these proteins has not yet been directly validated. Further studies will
help to fully elucidate the regulatory role of the SLFN2/NRF2 axis in oxidative stress.

Conclusion

In summary, this study clarifies the protective role of eTRF in cerebral I/R injury. eTRF activates
astrocytic BDH1 by regulating metabolic reprogramming processes in the nervous system and
ameliorates oxidative stress and mitochondrial apoptosis through the slfn2/NRF2 pathway. In addition,
we confirmed that semaglutide also exerts a neuroprotective effect in cerebral I/R injury.
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Figure 1

Bulk transcriptomic profiling reveals temporal metabolic reprogramming and its pathological correlates
after ischemic stroke. (A—C) Heatmaps and line plots depicting the expression dynamics of glycolysis
(A), oxidative phosphorylation (B), and fatty acid metabolism (C) pathway genes at 3 h,12h,24 h, 3 d,
and 7 d post-stroke, based on MSigDB gene sets. (D—F) Pearson correlation heatmaps showing the

relationships between the activity scores of glycolysis (D), oxidative phosphorylation (E), and fatty acid
metabolism (F) and the pathway scores for inflammation, apoptosis, and reactive oxygen species (ROS).
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Figure 2

Single-nucleus RNA-seq uncovers cell-type-specific metabolic reprogramming after cerebral ischemia.
(A) UMAP visualization of a global metabolic activity score, calculated as the mean expression of 1,595
MSigDB metabolic genes per cell. (B) Scatter plot of differentially expressed metabolic genes across
seven identified cell types, illustrating distinct metabolic transcriptional profiles. (C) Dot plot integrating
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the enrichment of 28 MSigDB metabolic pathways across cell types. (D-E) AUCell-based pathway activity
scores for glycolysis, the TCA cycle, and fatty acid B-oxidationin astrocyte and microglia.
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Figure 3

Early Time-Restricted Fasting alleviates cerebral ischemia-reperfusion injury and remodels systemic and
neural metabolic homeostasis.
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(A) Experimental design and treatment flowchart for C57BL/6 mice subjected to ad libitum (A/L) or early
time-restricted fasting (eTRF) and I/R surgery. (B) Feeding rhythm of mice over 24 h, showing the
temporal distribution of food intake. (n = 8). (C) Body weight changes after 2 and 4 weeks of dietary
intervention. (n = 8). (D) Representative TTC-stained brain sections and quantification of cerebral infarct
volume in A/L and eTRF mice after I/R. (n = 5). (E) Cylinder test assessing forelimb use asymmetry. (n =
4). (F) Modified neurological severity score (mMNSS) evaluating neurological deficits. (n = 6). (G)
Representative locomotor trajectories in the open field test. (H-J) Quantification of total distance
traveled (H), mean speed (1), and immobility time (J) during the open field test.(n = 8). (K-M) Serum levels
of glucose (K), non-esterified fatty acids (NEFA) (L), and triglycerides (TG) (M) in sham and I/R mice
under A/L or eTRF conditions.(n = 3-6). (N) Relative mRNA expression of Cpt1, Cpt2, and Glut3 in the
ischemic brain of A/L and eTRF mice after I/R, determined by gPCR. (n = 5). (O) Volcano plot of
metabolomic profiling from the ipsilateral cortex of I/R mice treated with eTRF versus A/L, identifying
125 differential metabolites. (P) Heatmap illustrating changes in glucose and lipid metabolism-related
metabolites following eTRF intervention. (Q) KEGG pathway enrichment analysis of significantly altered
metabolic pathways, including fructose and mannose metabolism, glycolysis/gluconeogenesis,
arachidonic acid metabolism, and glycerophospholipid metabolism. “P<0.07; **P<0.007;*#P<0.01;

###p<0.007 Mean+SEM, T-test,0ne-way ANOWA, Two-way ANOWA.
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Figure 4

Astrocytic BDHT1 is a critical metabolic target of eTRF in ameliorating cerebral ischemia—-reperfusion
injury.

(A) Acetyl-CoA synthetase activity in the brain of A/L and eTRF mice under physiological conditions and
after I/R injury. (n = 4). (B) ATP levels in the ischemic brain of A/L and eTRF mice after I/R. (n = 4). (C)
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Serum B-hydroxybutyrate levels in sham and I/R mice under A/L or eTRF treatment. (n = 3). (D) Relative
mMRNA expression of BDH1 in the brain of A/L and eTRF mice under physiological and post-I/R
conditions. (n = 5). (E) Representative western blot and quantification of BDH1 protein levels in the
ischemic brain of A/L and eTRF mice at 2 days post-I/R. (n = 4). (F) Immunofluorescence co-staining for
BDH1 (red) and GFAP (green) in the peri-infarct cortex, with quantification of BDH1 fluorescence
intensity in GFAP* astrocytes. Scale bar:50 pm. (n = 5). (G) Schematic timeline of AAV9-GFAP-shBDH1-
GFP stereotaxic injection, eTRF intervention, and I/R surgery. (H) Representative immunofluorescence
images showing co-localization of AAV-encoded GFP with GFAP in the injected hemisphere. bar: 200 pm.
() Quantification of GFP+*GFAP+ cells confirming astrocyte-specific transduction .bar: 20 pm. (J)
Representative TTC-stained brain sections . (K) Quantification of infarct volume. (n = 5) (L-M) Open field
test performance: total distance ;mean speed and immobility (n = 8). (N) TUNEL staining of peri-infarct
cortical sections. (0O) Quantification of TUNEL-positive cells. (n = 5). (P) mNSS evaluation of neurological
function.(n = 8) (Q) Cylinder test for forelimb use asymmetry. (n = 8) #P<0.05; *P<0.05; P<0.01;
P<0.007;*#P<0.01; ##P<0.001 Mean+SEM, T-test,0ne-way ANOWA, Two-way ANOWA.
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Figure 5

Transcriptomic profiling reveals astrocytic BDH1 as a critical regulator of redox homeostasis and
mitochondrial function.

(A) gPCR analysis of glucose and lipid transport-related genes (Cpt1, Cpt2, Pgc-1q, Glut3) in astrocytes .
(n = 4). (B) Relative mRNA expression of ketone body-related genes (Acat1, Scot, Bdh1) in astrocytes
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under LG stimulation. (n = 5). (C) BDH1 protein expression in astrocytes exposed to decreasing glucose
concentrations combined with OGD, assessed by western blot. (n =5) (D) Immunofluorescence co-
staining of BDH1 (red) and GFAP (green) in astrocytes under Ctrl and LG conditions, with quantification
of BDH1 fluorescence intensity. Scale bar, 50 um(n =5). (E) Principal component analysis (PCA) of
transcriptomic profiles from si-NC and si-BDH1 astrocytes, showing clear separation along PC1. (F)
Volcano plot of differentially expressed genes (DEGs) between si-BDH1 and si-NC groups (fold change >
1 or <-1, P < 0.05). (G) Heatmap of key DEGs, highlighting downregulation of antioxidant genes and
upregulation of pro-apoptotic genes. (H) GO enrichment analysis of DEGs. (I) KEGG pathway enrichment
analysis. (J) Reactive oxygen species (ROS) levels in astrocytes. (n =5) (K) Malondialdehyde (MDA)
levels in astrocytes across the indicated groups. (n =4) (L) Superoxide dismutase (SOD) activity in
astrocytes across the indicated groups. (n =4) (M-N) Immunofluorescence co-localization of GFAP,
TOM20, and Bax with quantification.Scale bar, 20 um (n =5) (O-P) representative fluorescence images
and quantification of JC-1 aggregate/monomer ratio. Scale bar, 50um(n =5) (Q) Transmission electron
microscopy (TEM) images of neuronal mitochondria in the peri-infarct cortex of sham and I/R mice. Red
arrows indicate mitochondria with vacuolation, outer membrane damage, or cristae disruption. Scale bar,
5um. #P<0.05; "P<0.05; "P<0.01; ""P<0.001;##P<0.01; ###P<0.007 Mean+SEM, T-test,0ne-way ANOWA,
Two-way ANOWA.
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Figure 6

BDH1 activates the SIfn2/Nrf2 axis to mediate antioxidant stress and suppress mitochondrial apoptosis.

Representative western blot and quantification of SIfn2 protein levels in astrocytes (n =5); (B) Western
blot analysis of nuclear NRF2 protein expression across the indicated groups, with Lamin B1 as the
nuclear loading control. (n =4); (C-D) gPCR analysis of SIfn2 (C) and Nrf2 (D) mRNA levels in astrocytes
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across the indicated groups. (n = 5); (E, F) gPCR analysis of the NRF2 downstream antioxidant genes Ho-
1 (E) and Gclc (F). (n = 5); (G) Western blot analysis of nuclear NRF2, Bax, and cleaved Caspase-3 protein
expression in astrocytes. (n =4). #P<0.05; "P<0.05; *P<0.01; ""P<0.007;##P<0.01; ###P<0.001 Mean+SEM,
T-test,One-way ANOWA, Two-way ANOWA.
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Figure 7
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Semaglutide partially recapitulates eTRF-mediated neuroprotection against cerebral ischemia—
reperfusion injury through glycemic regulation.

(A) Experimental design and treatment schedule for semaglutide administration and eTRF intervention.
(B) Body weight.(n=5). (C) Random blood glucose monitoring profiles across the indicated groups.(n=5)
(D) Representative TTC-stained brain sections and quantification (n =5). (E) Representative locomotor
trajectories in the open field test. (F-H) Quantification of total distance traveled (F), mean speed (G), and
immobility time (H) (n = 8). (I) Representative immunofluorescence images of TUNEL (green) co-stained
with GFAP (red) or MAP2 (red) in the peri-infarct cortex. Scale bar, 50 pm. (J) Quantification of
TUNEL*GFAP+*astrocytes and TUNEL*MAP2*neurons. (n =5). (K) Serum B-hydroxybutyrate levels. (n =4).
(L) Western blot analysis of cleaved Caspase-3 and Bax protein levels in astrocytes. (M-0) Western blot
and quantification of BDH1, SIfn2, and nuclear NRF2 protein expression in astrocytes (n = 4). Data are
presented as mean + SEM. Statistical comparisons were performed using one-way or two-way ANOVA
with appropriate post-hoc corrections. #P<0.05; "P<0.05; "P<0.01; *"P<0.007;*#P<0.01; ###P<0.001
MeanzSEM, T-test,One-way ANOWA, Two-way ANOWA.
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