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Abstract 

Beta-hydroxybutyrate (BHB) is a ketone body synthesized during fasting or strenuous exercise. 

Our previous study demonstrated that a cyclic ketogenic diet (KD), which induces BHB levels 

similar to fasting every other week, reduces midlife mortality and improves memory in aging mice. 

BHB actively regulates gene expression and inflammatory activation through non-energetic sig-

naling pathways. Neither of these activities has been well-characterized in the brain and they may 

represent mechanisms by which BHB affects brain function during aging. First, we analyzed he-

patic gene expression in an aging KD-treated mouse cohort using bulk RNA-seq. In addition to 

the downregulation of TOR pathway activity, cyclic KD reduces inflammatory gene expression in 

the liver. We observed via flow cytometry that KD also modulates age-related systemic T cell 

functions. Next, we investigated whether BHB affects brain cells transcriptionally in vitro. Gene 

expression analysis in primary human brain cells (microglia, astrocytes, neurons) using RNA-seq 

shows that BHB causes a mild level of inflammation in all three cell types. However, BHB inhibits 

the more pronounced LPS-induced inflammatory gene activation in microglia. Furthermore, we 

confirmed that BHB similarly reduces LPS-induced inflammation in primary mouse microglia and 

bone marrow-derived macrophages (BMDMs). BHB is recognized as an inhibitor of histone 

deacetylase (HDAC), an inhibitor of NLRP3 inflammasome, and an agonist of the GPCR Hcar2. 

Nevertheless, in microglia, BHB's anti-inflammatory effects are independent of these known 

mechanisms. Finally, we examined the brain gene expression of 12-month-old male mice fed with 

one-week and one-year cyclic KD. While a one-week KD increases inflammatory signaling, a one-

year cyclic KD reduces neuroinflammation induced by aging. In summary, our findings demon-

strate that BHB mitigates the microglial response to inflammatory stimuli, like LPS, possibly lead-

ing to decreased chronic inflammation in the brain after long-term KD treatment in aging mice. 
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Introduction 

The ketone body beta-hydroxybutyrate (BHB) is a small metabolite primarily synthesized in the 

liver that functions as a glucose-sparing energy source in extrahepatic organs, including the brain 

and heart133. In healthy adults, the non-fasting blood concentration ranges from 0.05-0.25 mM, 

while with prolonged exercise, fasting, or the absence of dietary carbohydrates, it can reach 0.5-

8 mM2. In addition to its role as an energy source, BHB is increasingly recognized as a signaling 

metabolite. For instance, it acts as an inhibitor of NLRP3 inflammasome4,5, an inhibitor of class I 

histone deacetylases (HDACs)6, and also a modifier of protein lysine beta-hydroxybutyrylation 

(Kbhb)7. Moreover, BHB serves as a ligand for the G-protein-coupled receptor hydroxycarboxylic 

acid receptor 2 (Hcar2, HCA2, GPR109A)8. A recent study suggests that BHB can prevent vas-

cular senescence by binding with hnRNP A1, a member of the hnRNP family responsible for RNA 

processing, and enhancing the expression of Oct49. BHB, a chiral molecule, has two enantiomers: 

R-BHB and S-BHB. The former is the dominant endogenous product and can be readily catabo-

lized into acetyl-CoA and ATP, while the latter cannot2. 

A ketogenic diet (KD) contains high fat, moderate amounts of protein, and little to no car-

bohydrate to stimulate endogenous ketone body production, particularly BHB. We previously 

demonstrated that a non-obesogenic "cyclic" KD, alternated with a typical diet every other week, 

reduces mortality and enhances memory in aging mice10. During the study, the peak plasma levels 

of R-BHB in the cyclic KD-fed mice were 1.5-2.5 mM upon consuming the KD10. Independently, 

Roberts et al. showed that a non-obesogenic, isocaloric KD enhances longevity and health span, 

including brain function, in aging mice11. Recently, Tomita et al. demonstrated that feeding aging 

mice with the exogenous BHB precursor 1,3-butanediol increases lifespan12. Their findings sug-

gest that promoting BHB production might directly enhance longevity and health in aging mice. 

The mechanisms by which KD and/or BHB enhance longevity are incompletely understood. One 

possibility is via regulation of the target of rapamycin (TOR) signaling, a pathway known to broadly 

regulate longevity, most profoundly by caloric restriction13. The network responds to nutrients (e.g., 
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glucose, amino acids), and regulates cell metabolism, such as autophagy, protein synthesis, and 

lipid metabolism14. Rapamycin, a TOR inhibitor, extends the lifespan of various strains of mice15. 

In our study, we conducted RNA sequencing (RNA-seq) and RT-qPCR analyses and found that 

both a one-week KD and a one-year cyclic KD reduced TOR activation and upregulated PPAR³ 

target genes in the liver and kidney10. Roberts et al. also suggest an isocaloric KD inhibits hepatic 

TOR signaling11. While both studies indicate that the KD focuses on improving memory in the 

aging brain, the transcriptional changes in the brain after KD treatments and the cell-specific ef-

fects in the brain following BHB activation were not explored. 

In this study, we first use RNA-seq from the liver of a one-year cyclic KD-fed cohort10, to 

show that a long-term non-obesogenic KD strongly inhibits hepatic chronic inflammation. Using 

in vitro models, we demonstrate that the acid form of R- and S-BHB significantly reduces the 

lipopolysaccharide (LPS)-induced inflammatory response in human and mouse primary microglia 

and bone marrow-derived macrophages (BMDMs). In contrast, R-BHB modestly activates inflam-

matory pathways in LPS-untreated primary human astrocytes and neurons. Examining the brain 

gene expression of our KD cohorts10, we found that one-year KD feeding reduces age-induced 

neuroinflammation, a distinct pattern from the one-week KD feeding. In summary, BHB decreases 

LPS-induced inflammation in microglia and reduces brain inflammation in aging in vivo, supporting 

a key role for inflammatory modulation in the effect of KD on ameliorating brain aging phenotypes 

in mice.  
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Materials and Methods 

Mouse strains, housing, and husbandry 

The mouse experiments involved mice housed either at Buck Institute for primary cell isolation or 

previously housed as described at Gladstone Institutes for long-term cyclic KD studies10. All mice 

were maintained according to the National Institutes of Health guidelines, and all experimental 

protocols were approved by the Buck Institute Institutional Animal Care and Use Committee 

(IACUC) or the UCSF IACUC (for mice previously housed at Gladstone). All mice were maintained 

in a specific pathogen-free barrier facility on a 7:00 am to 7:00 pm light cycle (6:00 am to 6:00 pm 

at Gladstone). To prepare primary microglia, astrocytes, and bone marrow-derived macrophages 

(BMDMs), we initially acquired C57BL/6 mice from the National Institute on Aging9s Aged Rodent 

Colony. The mice were kept in an animal facility and maintained under a light cycle from 6:00 a.m. 

to 6:00 p.m. We ensured that all mice were managed following the National Institutes of Health 

guidelines, and every procedure and protocol was approved by the Buck Institutional Animal Care 

and Use Committee (IACUC). The details of all mice using the in vivo RNAseq experiments and 

immunophenotyping in blood are described previously10. Briefly, C57BL/6 male mice were ob-

tained from the National Institute on Aging9s Aged Rodent Colony at 11 months of age and started 

on experimental diets at 12 months of age. Aging mice were monitored with increasing frequency 

based on a protocol developed in collaboration with UCSF LARC veterinarians. The groups of 

mice designated for tissue collection after 1 week and 12 months on the experimental diets were 

separate from the other lifespan and behavioral testing cohorts. 

 

Mouse diets and feeding 

The mouse diet specifics have been previously described10. Upon arrival, until switched to exper-

imental diets, mice were fed the Gladstone Institutes standard vivarium chow (chow) with 24 % 

protein, 13 % fat, and 62 % carbohydrates. The customized diets from Envigo contained the fol-

lowing macronutrient content per calorie: Control (CD) with 10% protein, 13% fat, and 77% 
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carbohydrate (TD.150345); KD with 10% protein and 90% fat (TD.160153). Both diets had similar 

micronutrient content, fiber, and preservatives on a per-calorie basis, had similar fat sources, and 

were always provided ad libitum. All food was changed once per week; for the cyclic KD condition, 

this involved switching diets. 

 

RNA-Seq 

The dataset of one-week KD liver RNA-seq has been already published10. For in vivo sequencing, 

RNA was isolated using the Direct-zol RNA MiniPrep kit (Zymo Research) following the manufac-

turer's protocol. Subsequent RNA sample processing was conducted by UC Davis DNA Technol-

ogies & Expression Analysis Core. RNA integrity and concentrations were assessed using an 

Agilent Bioanalyzer. The library was prepared using the KAPA RNA HyperPrep Kit (Roche) and 

QIAseq FastSelect RNA Removal Kit (QIAGEN), and sequencing was performed on a NovaSeq 

6000 (Illumina). For in vitro (39 Tag-Seq) sequencing, RNA was isolated using the Quick-RNA 

MicroPrep Kit (Zymo Research) according to the manufacturer's protocol. Downstream pro-

cessing of the RNA samples was carried out by the UC Davis DNA Technologies & Expression 

Analysis Core. RNA integrity and concentrations were confirmed using an Agilent Bioanalyzer. 

The library was prepared with the KAPA RNA HyperPrep Kit (Roche) and sequenced on a HiSeq 

4000 (Illumina). Quality reports were assessed before and after trimming reads using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC (https://multiqc.info). 

For the analysis, low-quality bases and adapters were removed using trimmomatic and reads 

were mapped to the reference genome (GRCm38, http://nov2020.archive.en-

sembl.org/Mus_musculus/Info/Index) with STAR16,17. The count matrixes were generated with 

RSEM18. For differential expression analysis, DEseq2 was used19, and p-values were corrected 

using False Discovery Rate (FDR). For the differentially expressed genes (DEGs), we considered 

adjusted p-value < 0.05 and |log fold change| > 1.0. Panther database was used for transcripts 

annotation20. Enrichment analyses to find significant pathways/signatures associated with the 
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DEGs were done using clusterprofiler21,22, DOSE23, org.Hs.eg.db24, and org.Mm.eg.db25. Data 

were visualized using packages ggplot226 and gridExtra. Gene lists were prepared for gene set 

enrichment analysis (GSEA)27 by ranking by t-statistic and duplicate or missing gene identifiers 

were removed. We used the Molecular Signatures Database (MSigDB) hallmark gene set, gene 

ontology (GO)28, and Kyoto Encyclopedia of Genes and Genome (KEGG)29 analyses. GSEA for 

the gene ontology (GO) biological process was executed for genes with a p-value cutoff of 0.01 

and GSEA for the KEGG pathway was executed for genes with a p-value cutoff of 0.05. To visu-

alize concordant and discordant gene overlap, the Rank-Rank Hypergeometric Overlap (RRHO) 

package was used30. We selected the lists of common genes between the pairs of comparisons 

and listed by down- and up-regulated. We ordered all the genes by log-foldchange and generated 

the gene lists that provided the most significant overlap. 

 

Flow cytometry 

For the blood samples, red blood cells were lysed using an ammonium-chloride-potassium (ACK) 

buffer. Lymphocytes from the blood were stained with the LIVE/DEAD Fixable Green Dead Cell 

Stain Kit (L34970; Invitrogen) and antibodies against the surface antigens: TCR³ (H57-597, Bio-

Legend), CD4 (RM4-5, BioLegend), CD8 (53-6.7, BioLegend), PD-1 (J43; BD Biosciences), and 

then fixed with 1% PFA. For the Foxp3 staining, the cells underwent an additional staining process 

using anti-Foxp3 (MF23; BD Biosciences) following the manufacturer's protocol. Stained cells 

were acquired on an LSRII (BD), and the FlowJo program was used for data analysis.  

 

Cell culture 

Primary human microglia (#1900), astrocytes (#1800), and neurons (#1520) were purchased from 

ScienCell. No identification information such as sex, age, or origin of the cells was provided. The 

culture media were Microglia Medium (#1901), Astrocytes Medium (#1801), and Neuron Medium 

(#1521), respectively (all include 10 % FBS, penicillin-streptomycin, and growth supplement). For 
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the preparation of primary mouse microglia and astrocytes, postnatal 0-2 pups (C57BL/6 back-

ground) were euthanized by decapitation. The brains were collected and triturated in PBS using 

a serological pipette. After centrifugation, cells were resuspended and plated in poly-L-lysine-

coated flasks. The cells were cultured in DMEM (10-013-CV; Corning) with 10 % FBS (35-011-

CV; Corning) and penicillin-streptomycin (30-002-CI; Corning) and the media were replaced at 

two to three days a week. After ten days, microglia were removed and collected by tapping and 

shaking the flasks. The remaining cells in the flasks were used as astrocytes. Both IMG and BV-

2 cells were kindly provided by the Andersen Lab at the Buck Institute and cultured in DMEM with 

10 % FBS and penicillin-streptomycin. For the preparation of bone marrow-derived macrophages, 

adult C57BL/6 mice were euthanized, and the leg bones were cleaned. The bone marrow was 

flushed from the bones using PBS. The cells were then centrifuged, resuspended, and plated on 

Petri dishes. The cells were cultured in DMEM with 10% FBS, penicillin-streptomycin, and 10ng/ml 

of M-CSF (576404; BioLegend). New media were added three days later, and after seven days, 

macrophages were collected for subculturing. Cells were treated with 10 mM (several concentra-

tions were used in Supplemental Figure 7B) R-BHB (54920; Sigma), 10 mM S-BHB (54925; 

Sigma), 10 mM Na-R-BHB (298360; Sigma), 10 mM Na-S-BHB (sc-236887; Santa Cruz), 5 mM 

Bu (L13189; Alfa Aesar), 5 mM Na-Bu (B5887; Sigma), 100 ng/ml LPS (sc-3535; Santa Cruz), 10 

mM NaCl (BDH9286; VWR), 5 mM ATP (tlrl-atpl; InvivoGen), 10 ¿M nigericin (tlrl-nig; InvivoGen), 

1 ¿M MCC950 (17510; Cayman) following the described time course.  

  

Small interfering RNA (siRNA) transfection 

Three synthetic siRNAs, siGENOME Non-Targeting siRNA Control Pool #1 (siCtrl; D-001206-14-

05), siGENOME Mouse Hcar2 siRNA (siHcar2; M-040890-00-0005), and siGENOME Mouse 

Hnrnpa1 siRNA (siHnrnpa1; M-040887-01-0005), were purchased from Horizon Discovery. The 

oligos were transfected into primary mouse microglia using INTERFERin (101000028; Polyplus) 

following the manufacturer's protocol. The cells were used for further experiments after 24 hours. 
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Quantitative PCR 

RNA was isolated by Quick-RNA MicroPrep Kit (R1051; Zymo Research) and cDNA synthesis 

was carried out with Superscript cDNA Synthesis Kit (1708891; BioRad) and real-time quantitative 

PCR was performed using iTaq Universal SYBR Green Supermix (1725121; BioRad) in a BioRad 

CFX96 Real-Time System. Gene expression analyses were normalized to the B2m housekeeping 

gene. Primers; B2m: Fw_ACAGTTCCACCCGCCTCACATT, Rv_TAGAAAGACCAGTCCTT-

GCTGAAG; Il1b: Fw_TGGACCTTCCAGGATGAGGACA, Rv_GTTCATCTCGGAGCCTG-

TAGTG; Il6: Fw_TACCACTTCACAAGTCGGAGGC, Rv_CTGCAAGTGCATCATCGTTGTTC; 

Ccl2: Fw_GCTACAAGAGGATCACCAGCAG, Rv_GTCTGGACCCATTCCTTCTTGG; Hcar2: 

Fw_ CTGTTTCCACCTCAAGTCCTGG, Rv_ CATAGTTGTCCGTCAGGAACGG; Hnrnpa1: Fw_ 

CGAAACAACCGACGAGAGTCTG, Rv_ CATGGCAGCATCCACTTCTTCC. 

 

Western blotting 

Cells and tissues were lysed by a RIPA buffer (1% NP-40, 1% sodium deoxycholate, 0.1% 

SDS,150mM NaCl, and 25mM Tris-HCl, pH 7.6) with protease inhibitor cocktail (11836170001; 

Roche). The proteins of the supernatant for the IL-1³ secretion inflammasome assay were pre-

cipitated by chloroform and methanol. These lysates were prepared by a sample buffer (NP0007; 

Invitrogen) with 10 % 2-Mercaptoethanol and loaded onto 4-20% precast polyacrylamide gels 

(4561096, 5671095; Bio-Rad). Imaging was performed with enhanced chemiluminescent detec-

tion (34096; Thermo Scientific) on an Azure Biosystems c600 imager. Antibodies; anti-H3K9bhb: 

PTM-1250, PTM Biolabs; anti-H3K9ac: #9496, Cell Signaling; anti-H3: 07-690, Millipore; anti-

Gapdh: 60004-1-lg, Proteintech; anti-HSP90: 610419, BD Biosciences; anti-Kac: #9441, Cell Sig-

naling; anti-Kbhb: PTM-1201, PTM-Biolabs; anti-IL-1³: GTX74034, GeneTex; anti-mouse IgG: 

#7076, Cell Signaling; anti-rabbit IgG: #7074, Cell Signaling. 
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IL-1³ ELISA 

IL-1³ secretion was detected by IL-1 beta Mouse Uncoated ELISA Kit (88-7013-88; Invitrogen) 

following the manufacturer9s protocol. 

 

Quantification and statistical analysis 

Figures are presented as mean ± SD, and P values are calculated by one-way ANOVA with addi-

tional post-hoc testing for group comparisons. In the figures, P values are denoted by real values 

or asterisks (*P)<)0.05, **P)<)0.01, ***P)<)0.001, ****P)<)0.0001). Statistical calculations are carried 

out in Prism 10 (GraphPad). In Supplemental Figure 2B, one value was identified as an outlier by 

both the ROUT and Grubb's test and removed. 
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Results 

One-year KD reduces hepatic chronic inflammation 

Previously, we demonstrated that an alternate-week cyclic KD, which is non-obesogenic, can en-

hance the lifespan and healthspan in aging mice10. We and Roberts et al. also showed that non-

obesogenic KDs suppress TOR activity in the liver10. Goldberg et al. found that a one-week KD 

activates ³´ T cells in adipose tissue and restricts inflammation, whereas a four-month ad libitum 

KD promotes obesity and adipose chronic inflammation in mice31, which suggests the effects of a 

KD in chronic inflammation depend on the feeding regimens (e.g., durations, obesogenic / non-

obesogenic). Chronic inflammation is a hallmark of aging and is associated with morbidity and 

mortality in aging14,32,33. We hypothesized a KD inhibits chronic inflammation during aging (<in-

flammaging=) if the KD does not cause obesity. To examine changes in the liver transcription after 

a long-term (one-year) cyclic KD treatment, we conducted bulk RNA-seq and Gene Set Enrich-

ment Analysis (GSEA) (Figure 1A). The tissue samples were collected during a control diet (CD) 

feeding period to focus on persistent long-term effects related to aging rather than transient acute 

effects of the KD. We found many KD-regulated genes (Supplemental Figure 1A), and the KD led 

to the suppression of "mTORC1 signaling" and "PI3K AKT mTOR signaling", as expected (Figure 

1B). The cyclic KD also led to the suppression of several hallmark pathways, including "TNFA 

Signaling via NFkB," "Interferon Alpha Response," "Inflammatory Response," and "Interferon 

Gamma Response", which are generally related to chronic inflammation (Figure 1B). Gene On-

tology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses revealed that the 

KD suppresses immune response-related pathways such as the "immune system process" (GO), 

and "Phagosome" (KEGG) (Supplemental Figure 1B, C). However, a one-week KD did not 

change the inflammatory pathways (via reanalysis of a data set reported previously10) (Supple-

mental Figure 1D). These findings suggest that, contrary to short-term feeding, a non-obesogenic 

KD can mitigate chronic inflammation in the liver over an extended period. 
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 Recent studies suggest that KDs and BHB can improve T cell immune functions in both 

humans and mice34336. To examine the impact of a cyclic KD on age-related immunophenotyping 

systemically, blood samples were collected and analyzed after a one-year KD intervention at 24 

months of age (Supplemental Figure 2A). As with the liver, these samples were collected during 

a period of feeding on a CD. We compared aging effects by using 3-month and 12-month-old 

mice. The KD did not significantly alter the overall proportion of either CD4+ or CD8+ cells; however, 

it significantly reversed the CD8+/CD4+ ratio that was increased by the aging process (Supple-

mental Figure 2B). The diet did not affect the populations of Foxp3+/CD4+ (regulatory T cells), PD-

1+/CD4+, and PD-1+/CD8+ (Supplemental Figure 2C, D). These findings indicate that a non-obe-

sogenic KD could partially reverse systemic immune functions affected by aging. 

 

R-BHB reduces LPS-induced inflammation in human primary microglia 

In mice, KD induces hepatic R-BHB production and increases plasma and brain levels by more 

than tenfold37. We hypothesize that R-BHB directly modulates brain functions, including chronic 

neuroinflammation. To examine the transcriptional effects of R-BHB on brain cells, we initially 

employed in vitro culture models for primary human microglia, astrocytes, and neurons. Chronic 

inflammation is also a hallmark of brain aging and neurodegenerative diseases38,39. There are no 

established in vitro models that precisely represent age-induced inflammation, but to simulate 

systemic inflammation in vitro, we used LPS, which causes brain inflammation in in vivo models40. 

Our preliminary experiment demonstrated that a six-hour LPS incubation most strongly induces 

inflammatory cytokine levels in the microglia (Supplemental Figure 3A). The total incubation time 

for 10 mM R-BHB acid, the endogenous form of BHB induced by ketosis, was 24 hours, with 

activation by LPS for the final six hours. Gene expression was analyzed by RNA-seq (Figure 2A). 

Volcano plots indicate that R-BHB substantially altered gene expression in all three cell types, 

regardless of LPS stimulation. Meanwhile, LPS had the strongest effect on gene expression in 

microglia, but only demonstrated a weak effect on astrocytes and little effect on neurons 
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(Supplemental Figure 3B-D). Hallmark analysis and gene expression patterns indicate that, in the 

absence of LPS stimulation, R-BHB upregulates inflammatory signaling through "TNFA Signaling 

via NFkB" and "Inflammatory Response," while inhibiting cell cycle regulation pathways via "Mi-

totic Spindle" and "G2-M Checkpoint" in all three types of cells (Figure 2B and Supplemental 

Figure 4A-C). LPS stimulation activates inflammatory signaling in microglia and astrocytes, but 

not in neurons (Supplemental Figure 3E). With LPS co-treatment, R-BHB still activates inflamma-

tion pathways in neurons and astrocytes, but it suppresses signaling that includes the "Interferon 

Alpha Response" and "Interferon Gamma Response" in microglia (Figure 2C, Supplemental Fig-

ure 4B-D). Indeed, BHB substantially blunted the overall inflammatory gene response of LPS in 

microglia (Figure 2C and Supplemental Figure 4C). LPS stimulation reduced the expression of 

genes involved in ketogenesis, specifically CPT1A, HMGCL, and BDH1 in microglia and R-BHB 

induced certain monocarboxylate transporters (MCTs) in a cell-dependent manner. For instance, 

SLC16A7 expression was increased in neurons, and SLC16A6/10/14 was increased in microglia 

(Supplemental Figure 4E), which suggests a cell-specific ketogenic capacity in the brain. Based 

on GO and KEGG analyses, R-BHB appears to suppress several key pathways, including the 

"innate immune response" (GO) and "Chemokine signaling pathway" (KEGG) following LPS stim-

ulation in microglia but not neurons and astrocytes (Supplemental Figures 5A-C and 6A-C). In 

summary, R-BHB alters the transcriptome in a brain cell-dependent manner, with specific anti-

inflammatory effects on microglia. 

 

BHB acids reduce LPS-induced inflammation in mouse primary microglia 

Next, we investigated the dose-dependent anti-inflammatory effects of R-BHB in primary mouse 

microglia, following the same time course as described in Figure 2A (Figure 3A). R-BHB (5 and 

10 mM) effectively suppressed LPS-induced inflammatory cytokines, including IL-1³ (Il1b), IL-6 

(Il6), and TNF³ (Tnf), in the cells, whereas the chemokine (C-C motif) ligand 2 (Ccl2) was unaf-

fected. No effect was observed with a concentration of 1 mM (Supplemental Figure 7B). There 
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are various possible ways in which R-BHB may regulate inflammation in microglia, such as inhib-

iting energy supply41, HDAC inhibition42, regulation of Kbhb7, the NLRP3 inflammasome4,43, Hcar2 

(also known as HCA2 and GPR109A) activation44,45, and interaction with hnRNA A19. 

To examine the mechanisms, we used acid and sodium forms of both BHB enantiomers 

(R-BHB and S-BHB), each at a concentration of 10 mM, along with the related structures to BHB, 

such as sodium butyrate and butyric acid, which are also HDAC inhibitors46, at a concentration of 

5 mM. We administered acid forms (R-BHB, S-BHB, and butyric acid (Bu)) and sodium salt forms 

(Na-R-BHB, Na-S-BHB, sodium butyrate (Na-Bu)) (Supplementary Figure 7A). Upon adding 

these compounds to the culture media, all acid forms caused a small decrease in the media pH, 

while the salt forms did not (Supplementary Figure 7A). R-BHB, S-BHB, Bu, and Na-Bu, but not 

Na-R-BHB and Na-S-BHB, decreased the expression of inflammatory cytokines (Il1b, Il6, and 

Tnf) when treated with LPS (Figure 3B). In primary microglia, the inclusion of sodium chloride (10 

mM NaCl) does not alter the anti-inflammatory responses by R-BHB acid (Supplementary Figure 

7C), suggesting sodium salt by itself does not affect inflammatory regulation. These findings indi-

cate the mechanism(s) by which BHB reduces inflammation may be highly structurally specific or 

be modulated by small changes in the local cellular environment. 

Since R-BHB serves as an endogenous HDAC inhibitor6 and a regulator of Kbhb7, we 

identified protein lysine acetylation (Kac) and Kbhb by western blotting (Figure 3C). Subsequently, 

we analyzed how these compounds induce epigenetic modifications. Without LPS, R-BHB and 

Na-R-BHB significantly stimulated the expression of protein Kbhb (the antibody is R form specific). 

Additionally, both compounds showed a mild increase in histone 3 lysine 9 beta-hydroxybutyration 

(H3K9bhb) while not influencing Kac or histone 3 lysine 9 acetylation (H3K9ac). On the other 

hand, both Bu and Na-Bu substantially increased the levels of H3K9bhb, H3K9ac, and Kac but 

not Kbhb. The same trend was observed in the presence of LPS as well (Figure 3C). The findings 

imply that BHB does not have a direct effect on HDAC inhibition to impede inflammation in micro-

glia. BHB activates the GPCR Hcar2, which is reported to be necessary for BHB9s neuroprotective 
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effect44,45. BHB also directly binds to heterogeneous nuclear ribonucleoprotein A1 (hnRNA A1) 

and upregulates Oct4, a regulator of pluripotency, in both vascular smooth muscle and endothelial 

cells9. We utilized small interfering RNA (siRNA) targeting Hcar2 and Hnrnpa1 to examine the 

respective functions of these genes in primary microglia (Supplemental Figure 7D), Both siRNAs 

decreased each expression by approximately 50% and LPS incubation led to a 100-fold rise in 

Hcar2 expression. Knockdown of either Hcar2 or Hnrnpa1 did not affect the anti-inflammatory 

effects of R-BHB. (Supplementary Figure 7D). These findings suggest that BHB's anti-inflamma-

tory effects are not directly attributable to Hcar2 activation or Hnrnpa1 binding in (at least) mouse 

primary microglia. Furthermore, we investigated whether BHBs inhibit the NLRP3 inflammasome 

in primary microglia (Supplemental Figure 8A). In the experiments, we used MCC950, an NLRP3 

inflammasome inhibitor, as a positive control. All BHB compounds had no effect on IL-1³ secretion 

after ATP-induced NLRP3 inflammasome activation (Supplemental Figure 8B, C). Surprisingly, 

the acid forms of R- and S-BHB, along with Bu and Na-Bu, increased nigericin-induced NLRP3 

inflammasome activation (Supplemental Figure 8B, C). The modulation of the NLRP3 inflam-

masome by BHB probably depends on the cell types and activators present. These results sug-

gest the mechanisms of how R-BHB acid inhibits inflammation in primary microglia are still elusive. 

Next, we investigated the cell-specific effects of different forms of BHBs in mouse primary 

astrocytes (Supplemental Figure 9A, B), two microglia cell lines (IMG47 (Supplemental Figure 

10A-C) and BV-248 cells (Supplemental Figure 11A-C)), and bone marrow-derived macrophages 

(BMDMs) (Supplemental Figure 12A-C). In primary astrocytes, R-BHB and S-BHB demonstrated 

a reduction solely in Tnf expression (Supplemental Figure 9A), and their Kac and Kbhb expression 

patterns were equivalent to those observed in primary microglia (Supplemental Figure 9B). In IMG 

cells, the acid forms of BHB were observed to increase inflammation (Supplemental Figure 10A) 

and activate the NLRP3 inflammasome (Supplemental Figure 10B). BHBs increase the levels of 

both H3K9bhb and H3K9ac (Supplemental Figure 10C). In BV-2 cells, BHBs did not alter inflam-

matory expressions and did not activate NLRP3 inflammasome induced by ATP and nigericin 
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(Supplemental Figure 11A, B). The acid forms of BHB induced H3K9bhb activation, but not 

H3K9ac (Supplemental Figure 11C). In BMDMs, the acid forms of BHB reduced inflammation 

(Supplemental Figure 12A). These forms induced nigericin-induced NLRP3 inflammasome (Sup-

plemental Figure 12B). In the cells, both acid and salt forms of R-BHB induced H3K9bhb levels 

but not H3K9ac (Supplemental Figure 12C). In summary, these results indicate that BHB acids 

consistently decrease LPS-induced inflammation in primary microglia but that the effects on in-

flammation vary in other cell types. 

 

One-year KD reduces neuroinflammation distinct from one-week KD 

Because a KD induces brain BHB levels more than 10-fold37, we hypothesize KDs may mitigate 

neuroinflammation in mouse in vivo models possibly through microglial functions. To explore the 

impact of a one-week and a one-year cyclic KD on transcriptional expression in the brain, we 

conducted an RNA-seq analysis on whole brain samples from our published cohorts10 (Figure 4A). 

As Figure 1A, the tissue samples were collected during a CD feeding. We found that the one-

week KD, aging process, and one-year KD each altered the expression of numerous genes (Sup-

plemental Figure 13A). The one-week KD induces several hallmark pathways such as "Hedgehog 

Signaling", "Notch Signaling", and "Inflammatory Signaling" in the brain (Supplementary Figure 

13B). We observed an induction of genes related to ketone metabolism during the one-week KD 

(Supplemental Figure 13E), yet Kac and Kbhb levels were not detected in the brain after the one-

week KD (Supplemental Figure 13C). The brains of 26-month-old mice fed a CD exhibited age-

induced inflammation compared to 12-month-old mice on a CD (Supplemental Figure 13D, E). 

The one-year cyclic KD decreases inflammation-related pathways induced by aging, such as 

"TNFA Signaling via NFkB," "Inflammatory Response," and "Interferon Gamma Response," in the 

brain (Figure 4B, C, and Supplemental Figure 13E). A GO analysis shows that the one-week KD 

activates angiogenesis-related functions (<angiogenesis=, <blood vessel morphogenesis=), which 

are inhibited by the one-year cyclic KD (Supplemental Figure 14A-C). A KEGG analysis shows 
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that the one-year KD suppresses <Coronavirus disease 3 COVID-19=, which is activated by aging 

(Supplemental Figure 14D-F). These results demonstrate that the one-year KD lowers age-in-

duced neuroinflammation, which differs from the impact of an acute (one-week) KD treatment. 

 We employed a Rank-Rank Hypergeometric Overlap (RRHO) analysis to identify overlap-

ping genes that were altered in the same or opposite direction in two datasets30. In the brain, 

aging and the cyclic KD exhibit gene expression patterns that are almost entirely discordant (Sup-

plemental Figure 15A), while the expression patterns of cyclic KD across tissues in the brain and 

liver are highly concordant, although they do not overlap completely (Supplemental Figure 15B). 

We next carried out a comparison between in vitro cell datasets (Figure 2) and in vivo brain da-

tasets (Figure 4). In the absence of LPS, R-BHB (in vitro) and the one-week KD (in vivo) demon-

strate discordant patterns in astrocytes and neurons, but concordant patterns in microglia (Sup-

plemental Figure 15C). Recent in vivo analysis in mouse brains suggests that many of the genes 

implicated in the immune response, which were upregulated with age, were also upregulated by 

LPS40. While there is little concordance/discordance between LPS (in vitro) and aging (in vivo) 

patterns across all cells (Supplemental Figure 15D), R-BHB with a LPS treatment in vitro and 

cyclic KD in vivo yield concordant gene expression signatures in microglia but exhibit discordant 

expression in astrocytes and neurons (Supplemental Figure 15E). These findings suggest that 

microglial gene expression patterns detected in vitro align more closely with in vivo brain expres-

sion signatures than those of astrocytes and neurons.  
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Discussion 

Here we show that a cyclic KD inhibits chronic inflammation in mouse liver (Figure 1). R-BHB 

reduces inflammatory signaling in LPS-activated human primary microglia (Figure 2). We also 

confirmed that the acid forms of R-and S-BHB inhibit the inflammatory response in mouse primary 

microglia, by a mechanism yet to be identified (Figure 3). Finally, a cyclic KD reduced age-induced 

chronic inflammation in the mouse brain (Figure 4). A summary of this study is shown in Figure 

4D. 

In our RNA-seq experiments on human primary brain cells (Figure 2), we used 10 mM R-

BHB acid. The acid form of R-BHB is a natural endogenous form of BHB2. Our research showed 

that the average plasma R-BHB levels for mice (3-, 12-, 22- months old, both sexes) fed either a 

one-week CD or a KD are roughly 0.2-0.4 mM and 2-4 mM, respectively. The average concentra-

tion of R-BHB in the brain is roughly 75 pmol/mg tissue (CD-fed) and 1,250 pmol/mg tissue (KD-

fed)37. This suggests that during ketosis, such as with a KD diet, the brain may be exposed to 

higher concentrations of R-BHB compared to plasma R-BHB levels (15-20 times higher, com-

pared to a standard diet), and a physiological range of 10 mM R-BHB is present in the brain under 

ketosis conditions. 

In primary human microglia, R-BHB upregulates certain inflammatory genes both with and 

without LPS (Supplemental Figure 4B and C, "Up by R-BHB"). However, when exposed to LPS 

stimulation, R-BHB had a downregulating effect on numerous genes linked to inflammation, in-

cluding "TNFA Signaling via NFkB," "Inflammatory Response," and "Interferon Gamma Re-

sponse" (Supplemental Figure 4B and C, "Down by R-BHB"). These pathways suggest that R-

BHB has a modest pro-inflammatory effect without LPS while having a potent anti-inflammatory 

impact when microglia is activated by LPS. 

In Figure 3, our in vitro experiments used both acid (endogenous product) and salt forms 

of BHB. However, only the acid forms were effective in reducing inflammatory molecules (Figure 

3B). The introduction of acid forms of R- and S-BHB led to a small reduction in pH in the culture 
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media to the low end of the normal range of plasma pH (7.35-7.45) (Supplemental Figure 7A). 

Physiologically, the production of ketone bodies (primarily acid form of R-BHB) by a KD induces 

metabolic acidosis that is regulated under normal conditions (but not in, for example, dysregulated 

diabetic ketoacidosis)49. However, a recent study shows a KD induces intracerebral acidosis (from 

pH 7.2 to 6.9) which has anticonvulsant effects in a rat model of infantile spasms50. R-BHB at 5 

mM (but not 1 mM) reduces inflammation in primary microglia and the 5 mM slightly decreases 

the pH in the culture medium (Supplemental Figure 7A and B). In contrast, salt forms of R- and 

S-BHB do not alter the pH (Supplemental Figure 7A) or impact expressions of inflammatory mol-

ecules (Figure 3B). Minor variations in the culture media's pH may potentially affect inflammation 

modulation. In a study on microbiota, Ang et al. propose that the acidic form of BHB inhibits the 

growth of Bifidobacterium in vitro by a pH-dependent mechanism51. Further investigations are 

necessary to clarify the pH-dependent roles of BHB acids in the transcriptome, specifically re-

garding inflammation. 

The primary role of BHB is to provide energy to cells and tissues2. Macrophages do not 

oxidize BHB52. However, neurons53,54, CD4+ T cells34,35, CD8+ T cells34,36, and microglia41 do, re-

sults in the formation of ATP and intermediate metabolites, such as acetyl-CoA and succinate. 

Although S-BHB is oxidized much more slowly than R-BHB2, both forms of BHB acid reduced 

inflammation to a similar degree (Figure 3B), suggesting both R- and S-BHB appear to function 

as signaling molecules rather than energy metabolites for achieving anti-inflammatory effects. 

BHB is a known inhibitor of class I HDACs6, and BHB regulates the activities of neuronal 

and stem cells via inhibiting HDACs55357. HDAC inhibitors have been shown to possess anti-neu-

roinflammatory functions58. Our study found that the HDAC inhibitor butyrate (Bu and Na-Bu) sig-

nificantly decreased inflammation in primary microglia (Figure 3B). Additionally, the RNA-seq 

analysis presented in Figures 2B and C indicates that R-BHB inhibits "G2-M Checkpoint" genes 

in all cells, which is consistent with the overall effect of HDAC inhibitors, which induce cell cycle 

arrest and have anti-cancer properties59. It indicates that BHBs could act as an HDAC inhibitor in 
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microglia. Huang et al. support this hypothesis by illustrating that BHB causes ramification of 

microglia through HDAC inhibition42. However, we are not able to validate the hypothesis in either 

mouse primary microglia or other cell types utilized during this study. In contrast to butyrate (Bu 

and Na-Bu), BHBs did not induce histone acetylation (H3K9ac and total Kac around 17kD (mo-

lecular weight of histone H3)) in microglia (Figure 3C). Other studies have similarly shown that 

BHBs may not elevate H3K9ac levels in certain cell types7,60, supporting the notion that overall 

BHB effects on histone acetylation could be cell-specific, perhaps due to compensation of HDAC 

inhibition by other competing mechanisms. One possibility is that BHB may impact the equilibrium 

of cytoplasmic and mitochondrial nicotinamide adenine dinucleotide (NAD+) while activating 

sirtuins, NAD+-dependent histone deacetylases, and promoting histone deacetylation2,61, Further 

investigations may be required to understand the relationship between BHB and NAD+ metabo-

lism in the brain. 

 The induction of H3K9bhb levels by BHB is critical for CD8+ T cell cells62 and small intes-

tinal epithelial63 functions. We noted slight induction of H3K9bhb levels by BHBs in microglia, but 

butyrate (Bu and Na-Bu) is a more potent inducer (Figure 3C), which was already reported in 

other cell types60. We observed a significant increase in the expression of total protein Kbhb with 

R-BHB and Na-R-BHB treatments (this antibody specifically detects the R form of Kbhb) but not 

with Bu or Na-Bu treatments (Figure 3C). Contrary to IMG cells (Supplemental Figure 10C), BV-

2 cells (Supplemental Figure 11C), and BMDMs (Supplemental Figure 12C), we were unable to 

detect Kbhb bands at approximately 17 kD in primary mouse microglia (Figure 3C) and astrocytes 

(Supplemental Figure 9B) by R-BHB and Na-R-BHB. As reported recently, the H3K9bhb antibody 

can potentially recognize non-specific modifications of histones64. Koronowski et al. showed that 

after four weeks of a KD, there is an induction of total protein Kbhb in the liver, but not in the 

brain65. While a one-week KD leads to a 15-20-fold increase in R-BHB levels in the brain37, there 

were no noted changes in total protein Kac or Kbhb levels after one week of the diet (Supple-

mental Figure 12C). The findings suggest that a KD could have unique effects on metabolic 
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pathways within specific tissues, with Kbhb potentially regulated in a dissimilar manner between 

the brain and other tissues, such as the liver.  

We did not observe a decrease in NLRP3 inflammasome activation by BHBs across all 

cell types, despite the control inhibitor MCC950 performing consistently. Interestingly, acid forms 

of BHBs even amplified nigericin-induced inflammasome activation in primary microglia (Supple-

mental Figure 7B, C). Following the previous experiments4, we administered these compounds 

with secondary activators ATP/nigericin (Supplemental Figure 7A). A study utilizing mouse primary 

microglia indicated that BHB impedes the activation of NLRP3 inflammasome by ATP or mono-

sodium urate (MSU), but not by synuclein66. A recent report showed BHB reduces amyloid beta 

oligomer (A³O)-induced NLRP3 inflammasome in human induced pluripotent stem cell (iPSC)-

derived microglia67. In an in vivo model, BHB administration inhibits the activation of NLRP3 in-

flammasome in the cortices of 5XFAD AD mice43. Investigating the mechanisms by which BHB 

regulates NLRP3 inflammasome in the brain is necessary. 

BHB is known to be a GPCR Hcar2 agonist, and in an ischemic stroke model, Rahman et 

al. demonstrated that the activation of Hcar2 by BHBs in brain-infiltrated monocytes/macrophages 

is neuroprotective44. Activation of Hcar2 in microglia appears to be neuroprotective in Alzheimer's 

disease68. Furthermore, a recent study suggested BHB suppresses the growth of intestinal epi-

thelium and colorectal cancer via this receptor69. The receptor's role in neuroinflammation, how-

ever, is unclear. In primary microglia, LPS induced an over 100-fold increase in Hcar2 expression. 

Reducing the gene expression by 50% did not affect inflammation in primary microglia. (Supple-

mental Figure 7D). In vascular cells (smooth muscle cells and endothelial cells), BHB binds di-

rectly to hnRNP A1, upregulating Oct4, an Octamer-binding transcriptional factor, and preventing 

senescence. Although Oct4 is not expressed in microglia (not shown), BHB could decrease in-

flammation in a Hnrnpa1-dependent manner. However, a 50% decrease in Hnrnpa1 expression 

in microglia did not alter the effects of BHB on inflammation (Supplemental Figure 7D). In future 

studies, it may be necessary to explore more rigorous methods to investigate the anti-
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inflammatory mechanism of BHB acid, such as utilizing knockout mouse models and screening 

for BHB binding proteins in microglia. 

To our knowledge, no publications have investigated the in vitro transcriptomic effects of 

BHB on both neuronal and glial brain cells. Using RNA-seq, Ruppert et al. analyzed the transcrip-

tional changes induced by BHB and butyrate in various primary cell types, such as BMDMs70. 

During the experiments, a 5 mM salt form of R-BHB (Na-R-BHB) was used for six hours without 

any stimulation, such as LPS. From their findings, the authors concluded that Na-R-BHB had 

minimal impact on gene expression in macrophages. The transcriptional effects of BHB depend 

on various factors, including cell type, incubation time, concentration, and formulation. In our study, 

we observed the anti-inflammatory effects of R-BHB (acid) in BMDMs (Supplemental Figure 11A), 

suggesting that the acid form of R- and S-BHB may exhibit anti-inflammatory effects not only in 

microglia but also in other immune cell types, particularly macrophages. 

In Figure 4, we utilized bulk RNA-seq to analyze the brains of mice fed either a CD or a 

KD. For the one-week cohort, we employed a one-week ad libitum KD feeding regimen in 12-

month-old mice. As previously noted, high levels of R-BHB is expected in the brains of KD-fed 

mice during this feeding regimen37. During the one-year cohort study, we implemented a cyclic 

KD feeding plan every other week from 12 to 26 months of age. Samples were collected during 

the CD-fed period. It should be noted that blood R-BHB levels of cyclic KD-fed mice at the CD-

fed period were identical to those of ad libitum CD-fed mice10. The levels of R-BHB in brain (and 

liver) tissue from mice on a cyclic KD diet should be equivalent to those of mice on a standard CD 

diet. 

The results demonstrate that a one-week KD increased various signaling pathways, in-

cluding "Hedgehog Signaling", "Notch Signaling", and "Inflammatory Response" (Supplemental 

Figure 12B). In vitro experiments indicated that R-BHB (without LPS) increased "Inflammatory 

Response" but did not affect "Hedgehog Signaling" and "Notch Signaling" in all cell types (Figure 

2B). However, BHB enhances Notch signaling in intestinal stem cells57 and the "G2-M Checkpoint" 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 23 

signature observed in vitro (Figure 2B and C), did not change in vivo after the one-week KD 

treatment. These findings suggest that the effects of the KD on the brain are not solely due to the 

induction of R-BHB, but may also involve other mechanisms, such as the absence of carbohy-

drates. Because the effects of one-year cyclic KD should not depend on the direct effects of R-

BHB on brain cells, the mechanisms by which the feeding regimen reduces age-induced chronic 

inflammation are not simple. For instance, there may be cell type specificity and dependency on 

R-BHB. One possibility is that chronic exposure to R-BHB in the brain leads to epigenetic changes 

in the protein Kbhb in a cell-specific manner, but we did not observe any induction of Kbhb in the 

brain after a one-week KD (Supplemental Figure 13C). 

One potential factor to consider is the link between KD and systemic inflammatory effects. 

Goldberg et al. utilized a single-cell RNA-seq to demonstrate that a one-week KD can modify the 

immune population in the adipose tissues31. The one-week KD was shown to reduce the popula-

tion of pro-inflammatory macrophages and increase metabolically protective ³´ T cells in the ad-

ipose tissues. Conversely, a 2-3-month ad libitum KD causes adipose inflammation by increasing 

macrophages and decreasing ³´ T cells. In our study, a one-week KD did not result in any notable 

changes in inflammation in the liver and brain. However, a one-year cyclic KD significantly de-

creased chronic inflammation in both tissues (Figures 1B and 4B). These findings suggest that 

extended KD therapy with sufficient breaks (every other week) may decrease persistent inflam-

mation via ³´ T cell stimulation. In a separate study, Goldberg and colleagues indicate that met-

abolic adaptation through KD, rather than induction of BHB, is necessary for the expansion of ³´ 

T cells71. We demonstrate that a cyclic KD can reverse the age-related phenotype of blood T cells 

(Supplemental Figure 2B). This indicates that the systemic anti-inflammatory effects of KD may 

have a role to play in the brain. 

The changes in gene expression triggered by R-BHB in microglia are mostly in line with 

those caused by KD treatments in the brain (Supplemental Figure 15C-E). This indicates that the 

anti-inflammatory effects of KDs are probably rooted primarily in microglia. At a single-cell 
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resolution analysis of the mouse brain, the upregulated genes with age are generally associated 

with inflammatory and immune responses in glia, particularly microglia and astrocytes40. However, 

our study does not explore the cell- and region-specific functions of KDs in the brain in vivo, and 

there have been no investigations into the cell-specific transcriptional changes in the brain follow-

ing KD treatments in aging mammal models. To achieve this, a single-cell RNA-seq should be 

employed in precise brain regions, such as the cortex, hippocampus, and hypothalamus. 

Using only young mice, two studies have investigated the cell-specific role of KD using 

transcriptional or proteomic approaches72,73. Koppel et al. utilized bulk RNA-seq to analyze neu-

ron- or astrocyte-enriched fractions treated with a KD. The study utilized 16-week-old mice on a 

three-month ad libitum KD and found differential effects on neurons and astrocytes72. The study 

indicates activation of inflammation-associated signaling in astrocytes, but not in neurons. It ap-

pears that a 3-month ad libitum KD is sufficient to induce inflammation in both the brain and adi-

pose tissue31. Düking et al. employed cell type-specific proteomics to analyze KD-treated brain 

cells, encompassing neurons, astrocytes, and microglia73. The study utilized 14-day-old pups and 

a 4-week ad libitum KD, demonstrating that the KD increased proteins relating to ketolysis (such 

as OXCT1/SCOT), the TCA cycle, and OXPHOS in astrocytes and neurons but not microglia. In 

our study, we did not observe the induction of Oxct1 by KDs in the brain. However, after a one-

week KD, genes related to fatty acid oxidation (Cpt1a) and ketogenesis (Hmgcs2 and Hmgcl) 

were induced in the brain (Supplemental Figure 13E) as well as the liver (Supplemental Figure 

1D). As we were unable to detect the ketogenic gene HMGCS2 in all brain cells in vitro (Supple-

mental Figure 4E), a clear understanding of the role of fatty acid oxidation and ketogenesis in the 

KD-fed brain remains elusive. Recent research has demonstrated that fatty acid oxidation in adult 

mouse astrocytes is crucial for cognitive function74. In Drosophila, glial cells provide energy to 

neurons through ketogenesis, which is necessary for memory and survival during periods of star-

vation or when glial glycolysis is absent75,76. Further studies are necessary to investigate the role 

of ketogenesis in the mammalian brain. 
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In summary, our study demonstrates that the endogenous metabolite R-BHB reduces 

LPS-induced inflammation in microglia (Figure 2). This function is likely independent of energy 

supply, HDAC inhibition, or Hcar2 activation (Figure 3). Additionally, we observe that a cyclic KD 

reduces age-induced chronic inflammation in the brain (Figure 4), as well as in the liver (Figure 

1). As previously noted, our research demonstrated an improvement in lifespan and memory func-

tion in aging mice with a cyclic KD10. When conducting translational studies on KD feeding, it may 

be important to prevent obesity and metabolic maladaptation, and to take sufficient breaks during 

a long-term dietary intervention. Our study shows that sporadic KD feeding could serve as a fea-

sible dietary intervention for human aging by preventing chronic inflammation, a hallmark of ag-

ing33,77. 
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Figure Legends 

Figure 1. One-year KD reduces hepatic chronic inflammation 

(A) Diet composition and experimental timeline with mouse numbers. An analysis of RNA-seq 

after the one-week KD was published before10. (B) GSEA (hallmark) analysis (KD vs. CD) of 26-

month liver on diets for 14 months, collected at a dark cycle during CD-fed week (n=8 mice per 

group). (C) Heatmap of gene expressions in the liver. 

 

Figure 2. R-BHB reduces LPS-induced inflammation in human primary microglia 

(A) Experimental timeline. (B, C) GSEA (hallmark) analysis (R-BHB vs. Ctrl) without (B) or with 

(C) LPS treatment in human primary neurons/astrocytes/microglia (n=3 per group). Gray squares: 

not significant. 

 

Figure 3. BHB acids reduce LPS-induced inflammation in mouse primary microglia 

(A) Experimental timeline. (B) mRNA expression in mouse primary microglia (n=3 per group). All 

data are presented as mean ± SD. One-way ANOVA with Dunnet9s correction for multiple com-

parisons. Compare the mean of each sample with the mean of Ctrl. (C) Protein expression in 

mouse primary microglia (n=2 per group). All data are representative of two independent experi-

ments. Abbreviations: R-BHB, R-BHB acid; S-BHB, S-BHB acid; Na-R-BHB, R-BHB salt; Na-S-

BHB, S-BHB salt; Bu, butyric acid; Na-Bu, butyrate (salt). 

 

Figure 4. One-year KD reduces neuroinflammation distinct from one-week KD 

(A) Experimental timeline with mouse numbers. (B) GSEA (hallmark) analysis (KD vs. CD) of 26-

month brain on diets for 14 months, collected at night during CD-fed week (n=8 mice per group). 

(C) Heatmap of gene expressions in the brain. (D) Graphical abstract of the study. 

 
  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 28 

References 

1.  Cahill GF. Fuel metabolism in starvation. Annu Rev Nutr. 2006;26:1322. PMID: 16848698 

2.  Newman JC, Verdin E. ³-Hydroxybutyrate: A Signaling Metabolite. Annu Rev Nutr. 2017 Aug 
21;37:51376. PMCID: PMC6640868 

3.  Puchalska P, Crawford PA. Metabolic and Signaling Roles of Ketone Bodies in Health and 
Disease. Annu Rev Nutr. 2021 Oct 11;41:49377. PMCID: PMC8922216 

4.  Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, D9Agostino D, Planav-
sky N, Lupfer C, Kanneganti TD, Kang S, Horvath TL, Fahmy TM, Crawford PA, Biragyn A, 
Alnemri E, Dixit VD. The ketone metabolite ³-hydroxybutyrate blocks NLRP3 inflam-
masome-mediated inflammatory disease. Nat Med. 2015 Mar;21(3):2633269. PMCID: 
PMC4352123 

5.  Goldberg EL, Asher JL, Molony RD, Shaw AC, Zeiss CJ, Wang C, Morozova-Roche LA, 
Herzog RI, Iwasaki A, Dixit VD. ³-Hydroxybutyrate Deactivates Neutrophil NLRP3 Inflam-
masome to Relieve Gout Flares. Cell Rep. 2017 Feb 28;18(9):207732087. PMCID: 
PMC5527297 

6.  Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan N, Grueter CA, Lim H, 
Saunders LR, Stevens RD, Newgard CB, Farese RV, de Cabo R, Ulrich S, Akassoglou K, 
Verdin E. Suppression of oxidative stress by ³-hydroxybutyrate, an endogenous histone 
deacetylase inhibitor. Science. 2013 Jan 11;339(6116):2113214. PMCID: PMC3735349 

7.  Xie Z, Zhang D, Chung D, Tang Z, Huang H, Dai L, Qi S, Li J, Colak G, Chen Y, Xia C, Peng 
C, Ruan H, Kirkey M, Wang D, Jensen LM, Kwon OK, Lee S, Pletcher SD, Tan M, Lombard 
DB, White KP, Zhao H, Li J, Roeder RG, Yang X, Zhao Y. Metabolic Regulation of Gene Ex-
pression by Histone Lysine ³-Hydroxybutyrylation. Mol Cell. 2016 Apr 21;62(2):1943206. 
PMCID: PMC5540445 

8.  Taggart AKP, Kero J, Gan X, Cai TQ, Cheng K, Ippolito M, Ren N, Kaplan R, Wu K, Wu TJ, 
Jin L, Liaw C, Chen R, Richman J, Connolly D, Offermanns S, Wright SD, Waters MG. (D)-
beta-Hydroxybutyrate inhibits adipocyte lipolysis via the nicotinic acid receptor PUMA-G. J 
Biol Chem. 2005 Jul 22;280(29):26649326652. PMID: 15929991 

9.  Han YM, Bedarida T, Ding Y, Somba BK, Lu Q, Wang Q, Song P, Zou MH. ³-Hydroxybutyr-
ate Prevents Vascular Senescence through hnRNP A1-Mediated Upregulation of Oct4. Mol 
Cell. 2018 Sep 20;71(6):1064-1078.e5. PMCID: PMC6230553 

10.  Newman JC, Covarrubias AJ, Zhao M, Yu X, Gut P, Ng CP, Huang Y, Haldar S, Verdin E. 
Ketogenic Diet Reduces Midlife Mortality and Improves Memory in Aging Mice. Cell Metab. 
2017 Sep 5;26(3):547-557.e8. PMCID: PMC5605815 

11.  Roberts MN, Wallace MA, Tomilov AA, Zhou Z, Marcotte GR, Tran D, Perez G, Gutierrez-
Casado E, Koike S, Knotts TA, Imai DM, Griffey SM, Kim K, Hagopian K, McMackin MZ, Haj 
FG, Baar K, Cortopassi GA, Ramsey JJ, Lopez-Dominguez JA. A Ketogenic Diet Extends 
Longevity and Healthspan in Adult Mice. Cell Metab. 2017 Sep 5;26(3):539-546.e5. PMCID: 
PMC5609489 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 29 

12.  Tomita I, Tsuruta H, Yasuda-Yamahara M, Yamahara K, Kuwagata S, Tanaka-Sasaki Y, 
Chin-Kanasaki M, Fujita Y, Nishi E, Katagiri H, Maegawa H, Kume S. Ketone bodies: A dou-
ble-edged sword for mammalian life span. Aging Cell. 2023 Apr 14;e13833. PMID: 
37060184 

13.  Papadopoli D, Boulay K, Kazak L, Pollak M, Mallette F, Topisirovic I, Hulea L. mTOR as a 
central regulator of lifespan and aging. F1000Res. 2019;8:F1000 Faculty Rev-998. PMCID: 
PMC6611156 

14.  López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of aging: An ex-
panding universe. Cell. 2023 Jan 19;186(2):2433278. PMID: 36599349 

15.  Selvarani R, Mohammed S, Richardson A. Effect of rapamycin on aging and age-related 
diseases-past and future. Geroscience. 2021 Jun;43(3):113531158. PMCID: PMC8190242 

16.  Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gin-
geras TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013 Jan 1;29(1):153
21. PMCID: PMC3530905 

17.  Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. 
Bioinformatics. 2014 Aug 1;30(15):211432120. PMCID: PMC4103590 

18.  Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or with-
out a reference genome. BMC Bioinformatics. 2011 Aug 4;12:323. PMCID: PMC3163565 

19.  Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-
seq data with DESeq2. Genome Biol. 2014;15(12):550. PMCID: PMC4302049 

20.  Mi H, Muruganujan A, Casagrande JT, Thomas PD. Large-scale gene function analysis with 
the PANTHER classification system. Nat Protoc. 2013 Aug;8(8):155131566. PMCID: 
PMC6519453 

21.  Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological 
themes among gene clusters. OMICS. 2012 May;16(5):2843287. PMCID: PMC3339379 

22.  Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, Feng T, Zhou L, Tang W, Zhan L, Fu X, Liu S, Bo 
X, Yu G. clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. Innova-
tion (Camb). 2021 Aug 28;2(3):100141. PMCID: PMC8454663 

23.  Yu G, Wang LG, Yan GR, He QY. DOSE: an R/Bioconductor package for disease ontology 
semantic and enrichment analysis. Bioinformatics. 2015 Feb 15;31(4):6083609. PMID: 
25677125 

24.  Carlson M. org.Hs.eg.db [Internet]. Bioconductor; 2017 [cited 2023 Oct 24]. Available from: 
https://bioconductor.org/packages/org.Hs.eg.db 

25.  Carlson M. org.Mm.eg.db [Internet]. Bioconductor; 2017 [cited 2023 Oct 24]. Available from: 
https://bioconductor.org/packages/org.Mm.eg.db 

26.  Wickham H. ggplot2: Elegant Graphics for Data Analysis. 2nd ed. 2016. Cham: Springer In-
ternational Publishing): Imprint: Springer; 2016.  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 30 

27.  Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, 
Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene set enrichment analysis: a 
knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl 
Acad Sci U S A. 2005 Oct 25;102(43):15545315550. PMCID: PMC1239896 

28.  Harris MA, Clark J, Ireland A, Lomax J, Ashburner M, Foulger R, Eilbeck K, Lewis S, Mar-
shall B, Mungall C, Richter J, Rubin GM, Blake JA, Bult C, Dolan M, Drabkin H, Eppig JT, 
Hill DP, Ni L, Ringwald M, Balakrishnan R, Cherry JM, Christie KR, Costanzo MC, Dwight 
SS, Engel S, Fisk DG, Hirschman JE, Hong EL, Nash RS, Sethuraman A, Theesfeld CL, 
Botstein D, Dolinski K, Feierbach B, Berardini T, Mundodi S, Rhee SY, Apweiler R, Barrell D, 
Camon E, Dimmer E, Lee V, Chisholm R, Gaudet P, Kibbe W, Kishore R, Schwarz EM, 
Sternberg P, Gwinn M, Hannick L, Wortman J, Berriman M, Wood V, de la Cruz N, Tonellato 
P, Jaiswal P, Seigfried T, White R, Gene Ontology Consortium. The Gene Ontology (GO) da-
tabase and informatics resource. Nucleic Acids Res. 2004 Jan 1;32(Database issue):D258-
261. PMCID: PMC308770 

29.  Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives on ge-
nomes, pathways, diseases and drugs. Nucleic Acids Res. 2017 Jan 4;45(D1):D3533D361. 
PMCID: PMC5210567 

30.  Cahill KM, Huo Z, Tseng GC, Logan RW, Seney ML. Improved identification of concordant 
and discordant gene expression signatures using an updated rank-rank hypergeometric 
overlap approach. Sci Rep. 2018 Jun 25;8(1):9588. PMCID: PMC6018631 

31.  Goldberg EL, Shchukina I, Asher JL, Sidorov S, Artyomov MN, Dixit VD. Ketogenesis acti-
vates metabolically protective ³´ T cells in visceral adipose tissue. Nat Metab. 2020 
Jan;2(1):50361. PMCID: PMC10150608 

32.  López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 
2013 Jun 6;153(6):119431217. PMCID: PMC3836174 

33.  Baechle JJ, Chen N, Makhijani P, Winer S, Furman D, Winer DA. Chronic inflammation and 
the hallmarks of aging. Mol Metab. 2023 Aug;74:101755. PMCID: PMC10359950 

34.  Hirschberger S, Strauß G, Effinger D, Marstaller X, Ferstl A, Müller MB, Wu T, Hübner M, 
Rahmel T, Mascolo H, Exner N, Heß J, Kreth FW, Unger K, Kreth S. Very-low-carbohydrate 
diet enhances human T-cell immunity through immunometabolic reprogramming. EMBO Mol 
Med. 2021 Aug 9;13(8):e14323. PMCID: PMC8350890 

35.  Karagiannis F, Peukert K, Surace L, Michla M, Nikolka F, Fox M, Weiss P, Feuerborn C, 
Maier P, Schulz S, Al B, Seeliger B, Welte T, David S, Grondman I, de Nooijer AH, Pickkers 
P, Kleiner JL, Berger MM, Brenner T, Putensen C, Bonn COVIMMUNE Consortium, Kato H, 
Garbi N, Netea MG, Hiller K, Placek K, Bode C, Wilhelm C. Impaired ketogenesis ties me-
tabolism to T cell dysfunction in COVID-19. Nature. 2022 Sep;609(7928):8013807. PMCID: 
PMC9428867 

36.  Luda KM, Longo J, Kitchen-Goosen SM, Duimstra LR, Ma EH, Watson MJ, Oswald BM, Fu 
Z, Madaj Z, Kupai A, Dickson BM, DeCamp LM, Dahabieh MS, Compton SE, Teis R, Kay-
mak I, Lau KH, Kelly DP, Puchalska P, Williams KS, Krawczyk CM, Lévesque D, Boisvert 
FM, Sheldon RD, Rothbart SB, Crawford PA, Jones RG. Ketolysis drives CD8+ T cell 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 31 

effector function through effects on histone acetylation. Immunity. 2023 Sep 12;56(9):2021-
2035.e8. PMID: 37516105 

37.  Eap B, Nomura M, Panda O, Garcia TY, King CD, Rose JP, Leone TC, Kelly DP, Schilling B, 
Newman JC. Ketone body metabolism declines with age in mice in a sex-dependent man-
ner [Internet]. Physiology; 2022 Oct. Available from: http://bio-
rxiv.org/lookup/doi/10.1101/2022.10.05.511032 

38.  Mattson MP, Arumugam TV. Hallmarks of Brain Aging: Adaptive and Pathological Modifica-
tion by Metabolic States. Cell Metab. 2018 Jun 5;27(6):117631199. PMCID: PMC6039826 

39.  Wilson DM, Cookson MR, Van Den Bosch L, Zetterberg H, Holtzman DM, Dewachter I. Hall-
marks of neurodegenerative diseases. Cell. 2023 Feb 16;186(4):6933714. PMID: 36803602 

40.  Allen WE, Blosser TR, Sullivan ZA, Dulac C, Zhuang X. Molecular and spatial signatures of 
mouse brain aging at single-cell resolution. Cell. 2023 Jan 5;186(1):194-208.e18. PMCID: 
PMC10024607 

41.  Benito A, Hajji N, O9Neill K, Keun HC, Syed N. ³-Hydroxybutyrate Oxidation Promotes the 
Accumulation of Immunometabolites in Activated Microglia Cells. Metabolites. 2020 Aug 
26;10(9):346. PMCID: PMC7570092 

42.  Huang C, Wang P, Xu X, Zhang Y, Gong Y, Hu W, Gao M, Wu Y, Ling Y, Zhao X, Qin Y, Yang 
R, Zhang W. The ketone body metabolite ³-hydroxybutyrate induces an antidepression-as-
sociated ramification of microglia via HDACs inhibition-triggered Akt-small RhoGTPase acti-
vation. Glia. 2018 Feb;66(2):2563278. PMID: 29058362 

43.  Shippy DC, Wilhelm C, Viharkumar PA, Raife TJ, Ulland TK. ³-Hydroxybutyrate inhibits in-
flammasome activation to attenuate Alzheimer9s disease pathology. J Neuroinflammation. 
2020 Sep 21;17(1):280. PMCID: PMC7507727 

44.  Rahman M, Muhammad S, Khan MA, Chen H, Ridder DA, Müller-Fielitz H, Pokorná B, Voll-
brandt T, Stölting I, Nadrowitz R, Okun JG, Offermanns S, Schwaninger M. The ³-hydroxy-
butyrate receptor HCA2 activates a neuroprotective subset of macrophages. Nat Commun. 
2014 May 21;5:3944. PMID: 24845831 

45.  Fu SP, Wang JF, Xue WJ, Liu HM, Liu B run, Zeng YL, Li SN, Huang BX, Lv QK, Wang W, 
Liu JX. Anti-inflammatory effects of BHBA in both in vivo and in vitro Parkinson9s disease 
models are mediated by GPR109A-dependent mechanisms. J Neuroinflammation. 2015 Jan 
17;12:9. PMCID: PMC4310035 

46.  Candido EP, Reeves R, Davie JR. Sodium butyrate inhibits histone deacetylation in cultured 
cells. Cell. 1978 May;14(1):1053113. PMID: 667927 

47.  McCarthy RC, Lu DY, Alkhateeb A, Gardeck AM, Lee CH, Wessling-Resnick M. Characteri-
zation of a novel adult murine immortalized microglial cell line and its activation by amyloid-
beta. J Neuroinflammation. 2016 Jan 27;13:21. PMCID: PMC4730646 

48.  Blasi E, Barluzzi R, Bocchini V, Mazzolla R, Bistoni F. Immortalization of murine microglial 
cells by a v-raf/v-myc carrying retrovirus. J Neuroimmunol. 1990 May;27(233):2293237. 
PMID: 2110186 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 32 

49.  Arsyad A, Idris I, Rasyid AA, Usman RA, Faradillah KR, Latif WOU, Lubis ZI, Aminuddin A, 
Yustisia I, Djabir YY. Long-Term Ketogenic Diet Induces Metabolic Acidosis, Anemia, and 
Oxidative Stress in Healthy Wistar Rats. J Nutr Metab. 2020;2020:3642035. PMCID: 
PMC7341377 

50.  Choudhary A, Mu C, Barrett KT, Charkhand B, Williams-Dyjur C, Marks WN, Shearer J, Rho 
JM, Scantlebury MH. The link between brain acidosis, breathing and seizures: a novel 
mechanism of action for the ketogenic diet in a model of infantile spasms. Brain Commun. 
2021;3(4):fcab189. PMCID: PMC8557655 

51.  Ang QY, Alexander M, Newman JC, Tian Y, Cai J, Upadhyay V, Turnbaugh JA, Verdin E, 
Hall KD, Leibel RL, Ravussin E, Rosenbaum M, Patterson AD, Turnbaugh PJ. Ketogenic Di-
ets Alter the Gut Microbiome Resulting in Decreased Intestinal Th17 Cells. Cell. 2020 Jun 
11;181(6):1263-1275.e16. PMCID: PMC7293577 

52.  Puchalska P, Martin SE, Huang X, Lengfeld JE, Daniel B, Graham MJ, Han X, Nagy L, Patti 
GJ, Crawford PA. Hepatocyte-Macrophage Acetoacetate Shuttle Protects against Tissue Fi-
brosis. Cell Metab. 2019 Feb 5;29(2):383-398.e7. PMCID: PMC6559243 

53.  Enders J, Jack J, Thomas S, Lynch P, Lasnier S, Cao X, Swanson MT, Ryals JM, Thyfault 
JP, Puchalska P, Crawford PA, Wright DE. Ketolysis is required for the proper development 
and function of the somatosensory nervous system. Exp Neurol. 2023 Apr 24;114428. 
PMID: 37100111 

54.  Marosi K, Kim SW, Moehl K, Scheibye-Knudsen M, Cheng A, Cutler R, Camandola S, 
Mattson MP. 3-Hydroxybutyrate regulates energy metabolism and induces BDNF expres-
sion in cerebral cortical neurons. J Neurochem. 2016 Dec;139(5):7693781. PMCID: 
PMC5123937 

55.  Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Abou Haidar E, Stringer T, Ulja D, Karuppa-
gounder SS, Holson EB, Ratan RR, Ninan I, Chao MV. Exercise promotes the expression of 
brain derived neurotrophic factor (BDNF) through the action of the ketone body ³-hydroxy-
butyrate. Elife. 2016 Jun 2;5:e15092. PMCID: PMC4915811 

56.  Benjamin DI, Both P, Benjamin JS, Nutter CW, Tan JH, Kang J, Machado LA, Klein JDD, de 
Morree A, Kim S, Liu L, Dulay H, Feraboli L, Louie SM, Nomura DK, Rando TA. Fasting in-
duces a highly resilient deep quiescent state in muscle stem cells via ketone body signaling. 
Cell Metab. 2022 Jun 7;34(6):902-918.e6. PMCID: PMC9177797 

57.  Cheng CW, Biton M, Haber AL, Gunduz N, Eng G, Gaynor LT, Tripathi S, Calibasi-Kocal G, 
Rickelt S, Butty VL, Moreno-Serrano M, Iqbal AM, Bauer-Rowe KE, Imada S, Ulutas MS, 
Mylonas C, Whary MT, Levine SS, Basbinar Y, Hynes RO, Mino-Kenudson M, Deshpande 
V, Boyer LA, Fox JG, Terranova C, Rai K, Piwnica-Worms H, Mihaylova MM, Regev A, Yil-
maz ÖH. Ketone Body Signaling Mediates Intestinal Stem Cell Homeostasis and Adaptation 
to Diet. Cell. 2019 Aug 22;178(5):1115-1131.e15. PMCID: PMC6732196 

58.  Dai Y, Wei T, Shen Z, Bei Y, Lin H, Dai H. Classical HDACs in the regulation of neuroinflam-
mation. Neurochem Int. 2021 Nov;150:105182. PMID: 34509559 

59.  Eckschlager T, Plch J, Stiborova M, Hrabeta J. Histone Deacetylase Inhibitors as Anticancer 
Drugs. Int J Mol Sci. 2017 Jul 1;18(7):1414. PMCID: PMC5535906 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 33 

60.  Chriett S, D�bek A, Wojtala M, Vidal H, Balcerczyk A, Pirola L. Prominent action of butyrate 
over ³-hydroxybutyrate as histone deacetylase inhibitor, transcriptional modulator and anti-
inflammatory molecule. Sci Rep. 2019 Jan 24;9(1):742. PMCID: PMC6346118 

61.  Verdin E. NAD+ in aging, metabolism, and neurodegeneration. Science. 2015 Dec 
4;350(6265):120831213. PMID: 26785480 

62.  Zhang H, Tang K, Ma J, Zhou L, Liu J, Zeng L, Zhu L, Xu P, Chen J, Wei K, Liang X, Lv J, 
Xie J, Liu Y, Wan Y, Huang B. Ketogenesis-generated ³-hydroxybutyrate is an epigenetic 
regulator of CD8+ T-cell memory development. Nat Cell Biol. 2020 Jan;22(1):18325. PMID: 
31871320 

63.  Terranova CJ, Stemler KM, Barrodia P, Jeter-Jones SL, Ge Z, de la Cruz Bonilla M, Raman 
A, Cheng CW, Allton KL, Arslan E, Yilmaz ÖH, Barton MC, Rai K, Piwnica-Worms H. Repro-
gramming of H3K9bhb at regulatory elements is a key feature of fasting in the small intes-
tine. Cell Rep. 2021 Nov 23;37(8):110044. PMCID: PMC8668154 

64.  Tsusaka T, Oses-Prieto JA, Lee C, DeFelice BC, Burlingame AL, Goldberg EL. Non-specific 
recognition of histone modifications by H3K9bhb antibody. iScience. 2023 Jul 
21;26(7):107235. PMCID: PMC10362303 

65.  Koronowski KB, Greco CM, Huang H, Kim JK, Fribourgh JL, Crosby P, Mathur L, Ren X, 
Partch CL, Jang C, Qiao F, Zhao Y, Sassone-Corsi P. Ketogenesis impact on liver metabo-
lism revealed by proteomics of lysine ³-hydroxybutyrylation. Cell Rep. 2021 Aug 
3;36(5):109487. PMCID: PMC8372761 

66.  Deora V, Albornoz EA, Zhu K, Woodruff TM, Gordon R. The Ketone Body ³-Hydroxybutyrate 
Does Not Inhibit Synuclein Mediated Inflammasome Activation in Microglia. J Neuroimmune 
Pharmacol. 2017 Dec;12(4):5683574. PMID: 28836226 

67.  Jin LW, Di Lucente J, Ruiz Mendiola U, Suthprasertporn N, Tomilov A, Cortopassi G, Kim K, 
Ramsey JJ, Maezawa I. The ketone body ³-hydroxybutyrate shifts microglial metabolism 
and suppresses amyloid-³ oligomer-induced inflammation in human microglia. FASEB J. 
2023 Nov;37(11):e23261. PMID: 37878335 

68.  Moutinho M, Puntambekar SS, Tsai AP, Coronel I, Lin PB, Casali BT, Martinez P, Oblak AL, 
Lasagna-Reeves CA, Lamb BT, Landreth GE. The niacin receptor HCAR2 modulates micro-
glial response and limits disease progression in a mouse model of Alzheimer9s disease. Sci 
Transl Med. 2022 Mar 23;14(637):eabl7634. PMCID: PMC10161396 

69.  Dmitrieva-Posocco O, Wong AC, Lundgren P, Golos AM, Descamps HC, Dohnalová L, 
Cramer Z, Tian Y, Yueh B, Eskiocak O, Egervari G, Lan Y, Liu J, Fan J, Kim J, Madhu B, 
Schneider KM, Khoziainova S, Andreeva N, Wang Q, Li N, Furth EE, Bailis W, Kelsen JR, 
Hamilton KE, Kaestner KH, Berger SL, Epstein JA, Jain R, Li M, Beyaz S, Lengner CJ, 
Katona BW, Grivennikov SI, Thaiss CA, Levy M. ³-Hydroxybutyrate suppresses colorectal 
cancer. Nature. 2022 May;605(7908):1603165. PMCID: PMC9448510 

70.  Ruppert PM, Deng L, Hooiveld GJ, Hangelbroek RW, Zeigerer A, Kersten S. RNA sequenc-
ing reveals niche gene expression effects of beta-hydroxybutyrate in primary myotubes. Life 
Sci Alliance. 2021 Oct;4(10):e202101037. PMCID: PMC8380668 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


 34 

71.  Goldberg EL, Molony RD, Kudo E, Sidorov S, Kong Y, Dixit VD, Iwasaki A. Ketogenic diet 
activates protective ³´ T cell responses against influenza virus infection. Sci Immunol. 2019 
Nov 15;4(41):eaav2026. PMCID: PMC7189564 

72.  Koppel SJ, Pei D, Wilkins HM, Weidling IW, Wang X, Menta BW, Perez-Ortiz J, Kalani A, 
Manley S, Novikova L, Koestler DC, Swerdlow RH. A ketogenic diet differentially affects 
neuron and astrocyte transcription. J Neurochem. 2021 Jun;157(6):193031945. PMCID: 
PMC8222170 

73.  Düking T, Spieth L, Berghoff SA, Piepkorn L, Schmidke AM, Mitkovski M, Kannaiyan N, 
Hosang L, Scholz P, Shaib AH, Schneider LV, Hesse D, Ruhwedel T, Sun T, Linhoff L, Trevi-
siol A, Köhler S, Pastor AM, Misgeld T, Sereda M, Hassouna I, Rossner MJ, Odoardi F, Is-
chebeck T, de Hoz L, Hirrlinger J, Jahn O, Saher G. Ketogenic diet uncovers differential 
metabolic plasticity of brain cells. Sci Adv. 2022 Sep 16;8(37):eabo7639. PMCID: 
PMC9481126 

74.  Morant-Ferrando B, Jimenez-Blasco D, Alonso-Batan P, Agulla J, Lapresa R, Garcia-Rodri-
guez D, Yunta-Sanchez S, Lopez-Fabuel I, Fernandez E, Carmeliet P, Almeida A, Garcia-
Macia M, Bolaños JP. Fatty acid oxidation organizes mitochondrial supercomplexes to sus-
tain astrocytic ROS and cognition. Nat Metab. 2023 Jul 17; PMID: 37460843 

75.  Silva B, Mantha OL, Schor J, Pascual A, Plaçais PY, Pavlowsky A, Preat T. Glia fuel neurons 
with locally synthesized ketone bodies to sustain memory under starvation. Nat Metab. 2022 
Feb;4(2):2133224. PMCID: PMC8885408 

76.  McMullen E, Hertenstein H, Strassburger K, Deharde L, Brankatschk M, Schirmeier S. Gly-
colytically impaired Drosophila glial cells fuel neural metabolism via ³-oxidation. Nat Com-
mun. 2023 May 24;14(1):2996. PMCID: PMC10209077 

77.  Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, Ferrucci L, Gilroy 
DW, Fasano A, Miller GW, Miller AH, Mantovani A, Weyand CM, Barzilai N, Goronzy JJ, 
Rando TA, Effros RB, Lucia A, Kleinstreuer N, Slavich GM. Chronic inflammation in the etiol-
ogy of disease across the life span. Nat Med. 2019 Dec;25(12):182231832. PMCID: 
PMC7147972 

 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2023. ; https://doi.org/10.1101/2023.12.01.569598doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.01.569598
http://creativecommons.org/licenses/by/4.0/


Figure 1
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Figure 2
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Figure 3
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