Cite this article as: Nomura M., et al. (2024). Ketogenic Diet Reduces Age-Induced Chronic Neuroinflammation in Mice, AgingBio, 2, €20240038.
doi: 10.59368/agingbio.20240038.

Aging S Biology

Ketogenic Diet Reduces Age-Induced Chronic
Neuroinflammation in Mice

Mitsunori Nomura,! Natalia Faraj Murad Sidharth S. Madhavan, 2 Wei-Chieh Mu,! Brenda Eap,1 2Thelma Y. Garcia,!
Carlos Galicia Aguirre,':? Eric Verdin,' Lisa Ellerby,"* David Furman®>* and John C. Newman>>"

'Buck Institute for Research on Aging, Novato, CA, USA

2Leonard Davis School of Gerontology, University of Southern California, Los Angeles, CA, USA

3Stanford 1000 Immunomes Project, Stanford University School of Medicine, Stanford, CA, USA

“Instituto de Investigaciones en Medicina Traslacional, Universidad Austral, Consejo Nacional de Investigaciones Cientificas y Técnicas, 1629,
Pilar, Argentina

SDivision of Geriatrics, University of California, San Francisco, CA, USA

“Corresponding author: jnewman@buckinstitute.org

https://doi.org/10.59368/agingbio.20240038

Received: 12/4/2023, Revised: 8/28/2024, Accepted: 11/16/2024, Published: 12/16/2024

The ketone body beta-hydroxybutyrate (BHB) is an acidic energy metabolite that is synthesized during
periods of fasting or exercise. Our previous study demonstrated that an every other week cyclic ketogenic
diet (Cyclic KD), which induces blood BHB levels similar to those observed during fasting, reduces midlife
mortality and improves memory in aging mice. In addition to its canonical role as an energy metabolite,
BHB regulates gene expression and inflammatory activation through non-energetic signaling pathways.
The precise mechanisms by which BHB or KD affects brain function during aging remain incompletely
understood. Using bulk RNA-sequencing (RNA-Seq), we examined whole brain gene expression of
12-month-old C57BL/6JN male mice fed KD for either one week or 14 months. While one-week KD
increases some inflammatory gene expression, the 14-month Cyclic KD largely reduces age-induced neuro-
inflammatory gene expression. Next, a gene expression analysis of human primary brain cells (microglia,
astrocytes, and neurons) using RNA-Seq revealed that BHB alone induces a mild level of inflammation in
all three cell types. However, BHB inhibits the more pronounced inflammatory gene expression induced
by lipopolysaccharide (LPS) in microglia. BHB exhibits a comparable inhibitory effect on LPS-induced
inflammation in mouse primary microglia, which we used as an in vitro model to test and exclude known
mechanisms by which BHB regulates inflammation and gene expression as responsible for this modulation
of LPS-induced inflammatory gene expression. An acidic milieu resulting from BHB may be required for or
contribute to the effect. Overall, we observe that BHB has the potential to attenuate the microglial
response to inflammatory stimuli, such as LPS. This may contribute to an observed reduction in chronic
inflammation in the brain following long-term Cyclic KD treatment in aging mice.

Introduction

The ketone body beta-hydroxybutyrate (BHB) is a small acidic
metabolite primarily synthesized in the liver that functions as a
glucose-sparing energy source for extrahepatic organs, includ-
ing the brain and heart'=. In healthy adults, the non-fasting
blood concentration ranges from 0.05 to 0.25 mM, while
with prolonged exercise or fasting, or the absence of dietary
carbohydrates, it can reach 0.5-8 mM?>. In addition to its role as
an energy metabolite, BHB is increasingly recognized as a
signaling molecule®. For instance, it acts as an inhibitor of the
NLRP3 inflammasome™>, an inhibitor of class I histone deacety-
lases (HDACs)®, and also a substrate for the protein posttransla-
tional modification lysine beta-hydroxybutyrylation (Kbhb)”.
Moreover, BHB serves as a ligand for the G protein-coupled
receptor (GPCR) hydroxycarboxylic acid receptor 2 (HCAR2,
HCA2, GPR109A)®. A recent study found that BHB can prevent

vascular senescence by binding to heterogeneous nuclear ribonu-
cleoprotein A1 (hnRNP Al), a member of the hnRNP family
responsible for RNA processing, and thereby enhancing the expres-
sion of Oct4°. The two enantiomers of BHB are designated as R-
BHB and S-BHB. The former is the endogenous ketone body and
can be readily catabolized into acetyl-CoA and adenosine triphos-
phate (ATP), whereas the latter is a by-product of fatty acid
metabolism that cannot be metabolized through the ketone body
oxidation pathway?. A ketogenic diet (KD) is a macronutrient diet
pattern that consists primarily of fats with moderate amounts of
protein and little to no carbohydrate in order to promote endog-
enous ketone body production. High-fat diets that are not keto-
genic result in obesity and a range of associated deleterious
phenotypes in mice'?, so dissociating the effects of diet-induced
obesity from KD is important for interpreting the effects of KD in
aging. In the short term, ad libitum KD feeding largely does not
result in obesity in mice. One study showed that two distinct
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three-week ad libitum KD regimens did not result in body weight
gain''. Another study demonstrated that ad libitum KD can result
in a reduction in body weight within a two-week period'?.
However, the long-term effects of KD on body weight in mice have
been observed to vary considerably across different studies.

One recent report found that a seven-week ad libitum KD resulted
in a 40% reduction in body weight and demonstrated metabolic
benefits'®. In contrast, Goldberg et al. demonstrated that a four-
month ad libitum KD resulted in a significant increase in body
weight and metabolic dysfunction'®. Our group and Ang et al. also
reported a significant body weight gain by continuously fed, ad libi-
tum KD'>'®, The composition of KD varies across studies, making it
challenging to draw generalizable conclusions about the effects of
KD on mice. For example, some studies use a KD formulated with a
protein ratio significantly lower than that of a standard control diet
(CD), which may confound the effects of KD given the pivotal role of
protein restriction in weight loss'” and aging'®. As is the case with
humans'®, the composition, duration, periodicity, and feeding pat-
tern of a KD regimen can all alter its effect on obesity.

Two recent studies used different techniques to provide long-
term exposure to KD without obesity in order to test the effect
of KD on mouse lifespan and healthspan. Roberts et al. showed
that daily fixed-calorie feeding of KD enhances longevity and
healthspan, including improved memory, in aging mice®°. In
our study, long-term continuous ad libitum KD (with a protein
ratio equivalent to that of CD) resulted in a significant increase
in both mortality and body weight, whereas every other week
“Cyclic” KD, where KD is alternated with CD, prevented obesity
and resulted in reduced mortality and improvements in memory
in aging mice'”. Recently, Tomita et al. demonstrated that feeding
aging mice with the exogenous BHB precursor 1,3-butanediol
(1,3-BD) increases lifespan®', and the National Institute of
Aging (NIA)-supported Interventions Testing Program (ITP)
found that 1,3-BD increased lifespan in both male®* and female®*
mice, though with nonuniform effects across the lifespan.
Although the physiological effects of KD are pleiotropic** and
1,3-BD has an antiaging role that is independent of BHB>*, the
findings of these studies suggest that the direct promotion of
BHB production by KD may have the potential to enhance lifespan
and healthspan in aging mice. Nevertheless, the precise mecha-
nisms by which this occurs remain unclear. One possibility is
via regulation of target of rapamycin (TOR) signaling, a pathway
known to broadly regulate longevity, both in the setting of
pharmacological inhibition and when inhibited via caloric
restriction®. The TOR pathway responds to nutrients (e.g., glu-
cose, amino acids) and, in turn, regulates protein synthesis,
autophagy, and lipid metabolism®’. Rapamycin, a TOR inhibitor,
extends the lifespan of various strains of mice®®. In our previous
study, we conducted RNA-sequencing (RNA-Seq) and quantita-
tive PCR (qPCR) analyses of liver and kidney tissue and found that
both one-week KD and 14-month Cyclic KD reduced TOR activa-
tion and upregulated peroxisome proliferator-activated receptor
alpha (PPARa) target genes'>. Roberts et al. also found that long-
term KD inhibits hepatic TOR signaling®. Although both studies
indicate that long-term KD improves memory in the aging brain,
neither explored the transcriptional changes induced by KD in the
brain or any cell-specific effects of BHB in the brain. In this study,
we first examined whole brain gene expression in our long-term
KD cohort'® and found that the 14-month Cyclic KD intervention
reduces age-induced neuroinflammatory gene expression in 26-
month-old mice. Then, using in vitro models, we show that
R-BHB modestly activates inflammatory pathways in human
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primary astrocytes and neurons but suppresses the potent pro-
inflammatory gene expression patterns induced by LPS in primary
human and mouse microglia.

In summary, long-term Cyclic KD reduces age-induced neuro-
inflammation in vivo and BHB decreases LPS-induced inflamma-
tion in microglia in vitro, supporting a key role for inflammatory
modulation in the effect of KD on ameliorating brain aging phe-
notypes in mice.

Materials and Methods

Mouse strains, housing, and husbandry

The mouse experiments involved mice housed either at Buck
Institute for primary cell isolation or, for long-term Cyclic KD
studies, mice formerly housed at Gladstone Institutes (as previ-
ously described'®). All mice were maintained according to the
National Institutes of Health guidelines, and all experimental pro-
tocols were approved by the Buck Institute Institutional Animal
Care and Use Committee (IACUC) or the University of
California, San Francisco (UCSF) IACUC (for mice previously
housed at Gladstone). All mice were maintained in a specific
pathogen-free barrier facility on a 6:00 a.m. to 6:00 p.m. light
cycle (7:00 a.m. to 7:00 p.m. at Gladstone). Specific information
on the sex, age, diet, and time course of all mice used in the in vivo
RNA-Seq and immunophenotyping experiments has been
described previously'®. Briefly, C57BL/6JN male mice were
obtained from the NIA Aged Rodent Colonies 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 Laboratory
Animal Resource Center veterinarians. The groups of mice desig-
nated for tissue collection after one week and 14 months on the
experimental diets were separate from the other lifespan and
behavioral testing cohorts'®. Mice that had been fed Cyclic KD
were switched to CD five days prior to the time of their euthanasia
and tissue collection. To prepare primary microglia, astrocytes,
and bone marrow-derived macrophages (BMDMs), we initially
acquired C57BL/6JN mice from the NIA Aged Rodent Colonies.

Mouse diets and feeding

Details of the mouse experimental diets have been previously
described'®. Upon arrival, until switched to experimental diets,
mice were fed the Gladstone Institute’s standard vivarium chow
with 24% protein, 13% fat, and 62% carbohydrates. The custom-
ized diets from Envigo contained the following macronutrient
content per calorie: CD with 10% protein, 13% fat, and 77% carbo-
hydrate (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 liver RNA-Seq dataset from the one-week KD cohort has
already been published'®. For the new in vivo RNA-Seq, RNA
was isolated using the Direct-zol RNA MiniPrep kit (R2052;
Zymo Research) following the manufacturer’s protocol. Sub-
sequent RNA sample processing was conducted by the University
of California, Davis (UC Davis) DNA Technologies & Expression
Analysis Core. RNA integrity and concentrations were assessed
using an Agilent Bioanalyzer. The library was prepared using



the KAPA RNA HyperPrep Kit (KK8541; Roche) and QIAseq
FastSelect Custom RNA Removal Kit (333390; QIAGEN), and
sequencing was performed on a NovaSeq 6000 (Illumina). For the
in vitro (3’ Tag-Seq) RNA-Seq experiments, RNA was isolated using
the Quick-RNA MicroPrep Kit (R1051; Zymo Research) according to
the manufacturer’s protocol. Downstream processing 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 and sequenced on a HiSeq
4000 (Illumina). Quality reports were assessed before and after trim-
ming reads using FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) and MultiQC (https://multigc.info).
During data processing, low-quality bases and adapters were
removed using Trimmomatic, and reads were mapped to the refer-
ence genome (GRCm38; http://nov2020.archive.ensembl.org/
Mus_musculus/Info/Index) with STAR?>®°. The count matrices
were generated with RSEM>'. For differential expression analysis,
DEseq2 was used>?, and p-values were corrected using the false dis-
covery rate (FDR) method. We defined differentially expressed
genes (DEGs) as those with FDR-adjusted p-value < 0.05 and |log»
fold change| > 1.0. The panther database was used for transcript
annotation®*, Enrichment analyses to find significant pathways/sig-
natures associated with the DEGs were done using clusterpro-
filer>**°, DOSE®®, org.Hs.eg.db*’, and org.Mm.eg.db>®, Data were
visualized using packages ggplot2>° and gridExtra. Gene lists were
prepared for gene set enrichment analysis (GSEA)*® 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)*?, and Kyoto Encyclopedia of
Genes and Genomes (KEGG)* for additional enrichment analyses.
To perform the correlation analyses, gene ranks were calculated via
the following equation: corr * (—1) * log10(p-value). Subsequently,
the ranked list was used for the MSigDB hallmark gene set. GSEA for
the GO biological process was executed for genes with an adjusted
p-value cutoff of 0.01 and GSEA for the KEGG pathway was executed
for genes with an adjusted p-value cutoff of 0.05. To visualize
concordant and discordant gene overlap, the Rank-Rank Hyper-
geometric Overlap (RRHO) package was used**. We selected the
lists of common genes between the pairs of comparisons and gener-
ated separate lists of down- and upregulated genes. We ordered all
the genes by log, fold change and generated the gene lists that pro-
vided the most significant overlap. Cell fractions of bulk RNA-Seq
were imputed by CIBERSORTx as described*®. The single-cell refer-
ence was the normalized count matrix derived from the young sam-
ples of the single-nucleus RNA-Seq data from Ogrodnik et al.*® To
generate the normalized count matrix, the cell ranger output was
downloaded from GSE161340, and data preprocessing, dimension-
ality reduction, and clustering were performed via Scanpy
(v.1.9.5)". Cluster identities were assigned by the following marker
genes: Plp1 and Mbp for oligodendrocytes; Syt1 for neurons; Syt1,
Egfr, and Igf1 for interneurons; Slc6al3 for vascular and leptome-
ningeal cells; Gjal and Aldoc for astrocytes; C1qa, C1gb, and Hexb
for microglia; and Pdgfra for oligodendrocyte precursor cells.
Imputation of cell fractions was done by the default settings of
the CIBERSORTx program with 100 permutations for p-value
calculation.

Flow cytometry
Following blood collection, red blood cells were lyzed using an
ammonium-chloride-potassium buffer. Lymphocytes from the
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blood were stained with the LIVE/DEAD Fixable Green Dead
Cell Stain Kit (L34970; Invitrogen) and antibodies against the fol-
lowing surface antigens: TCRf (H57-597, BioLegend), CD4 (RM4-
5, BioLegend), CD8 (53-6.7, BioLegend), and PD-1 (J43; BD
Biosciences), then fixed with 1% PFA. For 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 a BD LSR II Flow
Cytometer (BD Biosciences), and FlowJo software (BD
Biosciences) was used for data analysis.

Cell culture

Human primary microglia (Cat. No. 1900), astrocytes (Cat. No.
1800), and neurons (Cat. No. 1520) were purchased from
ScienCell. No identifying information such as sex, age, or origin
of the cells was provided. The culture media were Microglia
Medium (Cat. No. 1901), Astrocyte Medium (Cat. No. 1801),
and Neuron Medium (Cat. No. 1521), respectively (all include
10% fetal bovine serum (FBS), penicillin-streptomycin, and growth
supplement). For preparation of mouse primary microglia and
astrocytes, we followed a standard protocol with modifications*®,
C57BL/6JN newborn pups (postnatal days 0-2) were euthanized
by decapitation. The brains were collected and triturated in PBS
using a 5 ml 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 medium was replaced at least two to three times
per 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 pro-
vided by the Andersen Lab at the Buck Institute and cultured in
DMEM with 10% FBS and penicillin-streptomycin. For the prepa-
ration of BMDMs, we followed a standard protocol with modifica-
tions*°. Adult C57BL/6JN 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, pen-
icillin-streptomycin, and 10 ng/ml of M-CSF (576404; BioLegend).
New medium was added three days later, and after seven days,
macrophages were collected for subculturing. Cells were treated
with 10 mM (or 1 or 5 mM in Supplemental Fig. 16B) 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 sodium
chloride (NaCl; BDH9286; VWR), 6.75 mM (or 3.75 mM in
Supplemental Fig. 18D) sodium hydroxide (NaOH; BDH7247-
1; VWR), 15 mM hydrochloric acid (HCl; BDH7418-1; VWR),
5 mM ATP (tlrl-atpl; InvivoGen), 10 pM nigericin (tlrl-nig;
InvivoGen), 1 pM MCC950 (17510; Cayman), 150 uM hydrogen
peroxide (H,0,; 868170; Carolina), or 300 pM arachidonic acid
(AA; A3611; Sigma), following the schemes and time course
described in the figures and text. A standard protocol is employed
for the induction of senescence via ionizing radiation (IR)*°, in
which cells were irradiated with 15 gray (Gy) one hour after pre-
incubation with R-BHB, and the medium was changed daily.

Measurement of oxygen consumption
The oxygen consumption of the cells was quantified using a
Seahorse XF96 Analyzer (Agilent Technologies). Mouse primary
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microglia were cultured in 96-well Seahorse plates in the culture
medium. The assay was then performed in unbuffered DMEM (pH
7.4) containing 1.8 mM CaCl,, 139 mM NaCl, 20 mM HEPES,
1 mM NaHCO3, 25 mM glucose, 1 mM pyruvate, and 4 mM glu-
tamine. The respiratory rate was quantified in eight five-minute
intervals. Initially, 2.5 pM (final concentration) oligomycin
(04876; Sigma) was added to assess the coupling efficiency.
Maximal respiration was quantified with the addition of
1.5 pM (final concentration) carbonyl cyanide 4-(trifluorome-
thoxy)phenylhydrazone (C2920; Sigma). Subsequently, 2.5 pM
(final concentration) antimycin A (A8674; Sigma) was added.

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 Hnrnpal siRNA (siHnrnpal; M-040887-01-0005), were
purchased from Horizon Discovery. The oligos were transfected
into mouse primary microglia using INTERFERin (101000028;
Polyplus), following the manufacturer’s protocol. Cells were
transfected 24 hours before other experimental interventions,
such as the application of LPS.

qPCR

RNA was isolated by Quick-RNA MicroPrep Kit (R1051; Zymo
Research), cDNA synthesis was carried out with Superscript
cDNA Synthesis Kit (1708891; BioRad), and qPCR 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. The following
primers were used: B2m: Fw_ACAGTTCCACCCGCCTCACATT,
Rv_TAGAAAGACCAGTCCTTGCTGAAG; Il1b: Fw_TGGACCTTCC
AGGATGAGGACA, Rv_GTTCATCTCGGAGCCTGTAGTG; Il6: Fw_
TACCACTTCACAAGTCGGAGGC, Rv_CTGCAAGTGCATCATCGT
TGTTC; Ccl2: Fw_GCTACAAGAGGATCACCAGCAG, Rv_GTCT
GGACCCATTCCTTCTTGG; Hcar2: Fw_CTGTTTCCACCTCAAGT
CCTGG, Rv_CATAGTTGTCCGTCAGGAACGG; Hnrnpal: Fw_CG
AAACAACCGACGAGAGTCTG, Rv_CATGGCAGCATCCACTTCTT
CC; Cdknla: Fw_TTGTCGCTGTCTTGCACTCT, Rv_TCTCTTGCA
GAAGACCAATC.

Western blotting

Cells and tissues were lyzed by a RIPA buffer (1% NP-40, 1%
sodium deoxycholate, 0.1% SDS, 150 mM NacCl, and 25 mM Tris-
HCl, pH 7.6) with protease inhibitor cocktail (11836170001;
Roche).

For the IL-1p secretion inflammasome assay, proteins in the
supernatant were precipitated by chloroform and methanol.
These lysates were prepared in sample buffer (NP0007;
Invitrogen) with 10% 2-Mercaptoethanol (M6250; Sigma) and
loaded onto 4%-20% precast polyacrylamide gels (4561096 or
5671095; Bio-Rad). Imaging was performed with SuperSignal
West Femto Maximum Sensitivity Substrate (34096; Thermo
Scientific) on an Azure Biosystems c¢600 imager.

The following antibodies were used: 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
Signaling; anti-Kbhb: PTM-1201, PTM-Biolabs; anti-IL-1p:
GTX74034, GeneTex; anti-mouse IgG: #7076, Cell Signaling;
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anti-rabbit IgG: #7074, Cell Signaling. The bands were quantified
using Fiji software (https://fiji.sc).

IL-1$ enzyme-linked immunosorbent assay (ELISA)

IL-1p secretion was detected using an IL-1 beta Mouse Uncoated
ELISA Kit (88-7013-88; Invitrogen), following the manufacturer’s
protocol.

Quantification and statistical analysis

Figures are presented as mean + standard deviation, and p-val-
ues are calculated by unpaired two-tailed t-test with the
assumption of Gaussian distributions or one-way ANOVA with
additional 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). Correlations are calculated
using Pearson correlation or simple linear regression. Statistical
analyses were conducted using GraphPad Prism 10 (GraphPad
Software). In Supplemental Figure 2B, one value was identified
as an outlier by both the ROUT and Grubb’s tests and removed.

Results

Fourteen-month Cyclic KD reduces age-induced
neuroinflammation

In a previous study, we demonstrated that C57BL/6JN male
mice started on alternate-week Cyclic KD at 12 months old exhib-
ited enhanced survival and healthspan, particularly memory
function'®. During the KD-fed weeks, peak plasma levels of R-
BHB in Cyclic KD-fed mice were 1.5-2.5 mM'°, and we later
found that one-week KD increases brain R-BHB levels more than
10-fold>'. The mechanism by which exposure to KD and ketone
bodies, including R-BHB, affected memory and aging phenotypes
was not known. We hypothesized that long-term Cyclic KD may
mitigate age-induced chronic neuroinflammation, based on sev-
eral known mechanisms by which BHB regulates inflamma-
tion**>? and recent studies showing that short-term or
alternating KD has a more favorable effect on inflammation than
long-term continuous KD. Goldberg et al. found that four-month
continuous ad libitum KD promotes obesity and adipose chronic
inflammation in mice, while one-week KD activates y3 T cells
in adipose tissue and restricts inflammation'“. Wei et al. showed
that continuous KD induces cellular senescence in multiple
organs, including the brain and liver, while intermittent KD
(alternating four-day KD and seven-day CD for three cycles)
was observed to not induce senescence'’. To explore the impact
on transcriptional expression in the brain of one-week KD for 12-
month-old mice and 14-month Cyclic KD for 26-month-old mice
(12-month-old mice maintained on Cyclic KD for 14 months), we
carried out bulk RNA-Seq followed by GSEA on whole brain sam-
ples from our published cohorts*® (Fig. 1A). The tissue samples
had been collected during a CD feeding period in order to best
identify persistent long-term effects related to aging rather than
transient acute effects of KD. We found that one-week KD, aging
from 12 to 26 months (CD), and 14-month Cyclic KD each altered
the expression of numerous genes (Supplemental Fig. 1A-C).
One-week KD induces several MSigDB hallmark pathways such
as “Hedgehog Signaling,” “Notch Signaling,” and “Inflam-
matory Signaling” in the brain (Supplemental Fig. 1D and
Supplemental Table 1). We observed an induction of genes
related to ketone metabolism during one-week KD (Supple-
mental Fig. 2B). However, lysine acetylation (Kac) and Kbhb


https://fiji.sc

O Protein
75 O Fat
B Carbohydrate

% Calories
(&)
o

0 CD KD

1 wk on diets
CD(5) % 26 mo old
14 mo on diets
12 mo old KD (7)
C57BL/6JN |CD (8) . =

cyclickD (8) [IEORED

fie

D

(B) Brain: Cyclic KD (26 mo) vs CD (26 mo) (MSigDB)

CHOLESTEROL_HOMEOSTASIS
G2M_CHECKPOINT
P53_PATHWAY
KRAS_SIGNALING_DN
SPERMATOGENESIS
HEME_METABOLISM
IL6_JAK_STAT3_SIGNALING
GLYCOLYSIS
TNFA_SIGNALING_VIA_NFKB
COMPLEMENT

APOPTOSIS

HYPOXIA

(C) Brain: CD/KD (12 mo) and CD/Cyclic KD (26 mo) (RNA-seq)  EPITHELIAL_MESENCHYMAL_TRANSITION

12 mo 26 mo

MONNOORR DN
ann'aadaddaaadaaaaa
OOOOOXYYYIZXOO00O0

[ ]
Cholesterol COAGULATION
. homeostasis
‘ L G2-M checkpoint -2 2
-y

TNFa signaling

ALLOGRAFT_REJECTION
ANGIOGENESIS
INFLAMMATORY_RESPONSE
XENOBIOTIC_METABOLISM
INTERFERON_GAMMA_RESPONSE
INTERFERON_ALPHA_RESPONSE

Suppressed I:I Activated

in KD in KD

NES
(D) Brain (aging vs Cyclic KD) (RRHO)

via NFKB Brain Brain
CD (26 mo) vs CD (12 mo) KD (26 mo) vs CD (26 mo)
u Down Down Up Up

ik

H Inflammatory
response 98 0 98 306 1 306

discordant
Interferon gamma

(IFNy) response Down Up Up Down

4448 4830 2974 | 4440 8147 3579

Interferon alpha
(IFNa) response

Coagulation

Figure 1. Fourteen-month Cyclic ketogenic diet (Cyclic KD) reduces age-induced neuroinflammation. (A) Diet composition and experimental
timeline. Brains were harvested at 12 months old (12-month-old mice maintained on control diet [CD] [CD (12 months), n = 5] or KD [KD (12 months),
n =7] for one week) and at 26 months old (12-month-old mice maintained on CD [CD (26 months), n = 8] or Cyclic KD [Cyclic KD (26 months), n = 8] for
14 months), collected at a dark cycle during a CD-fed week. (B) Gene set enrichment analysis (GSEA) (Molecular Signatures Database [MSigDB]) in the
brain (Cyclic KD [26 months] vs. CD [26 months]). (C) Heatmap of gene expressions in the brain. (D) Rank-Rank Hypergeometric Overlap analysis
comparing aging (CD [26 months] vs. CD [12 months]) with Cyclic KD (Cyclic KD [26 months] vs. CD [26 months]) in the brain. Abbreviation:

NES, normalized enrich score.

were not detected in the brain via Western blot after one-week KD
(Supplemental Fig. 1E). The brains of 26-month-old CD-fed mice
exhibited age-induced chronic inflammatory gene expression
profiles compared to 12-month-old CD-fed mice (Supple-
mental Fig. 2A,B and Supplemental Table 1). However,

26-month-old mice fed Cyclic KD for 14 months showed
decreased expression of inflammation-related pathways induced
by aging compared to 26-month-old CD-fed mice, such as “TNFa
Signaling via NFkB,” “Inflammatory Response,” and “Interferon
Gamma Response,” in the brain (Fig. 1B,C and Supplemental
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Table 1). Other pathways show similar divergent results between
short-term and long-term KD exposure. A GO analysis shows that
one-week KD in 12-month-old mice activates angiogenesis-
related functions (“angiogenesis,” “blood vessel morphogene-
sis”), which are instead inhibited by 14-month Cyclic KD in 26-
month-old mice compared to 26-month-old CD-fed mice
(Supplemental Fig. 3A-C). A KEGG analysis also found age-
induced inflammatory patterns suppressed by long-term KD, spe-
cifically “Coronavirus disease—COVID-19” (Supplemental Fig.
3D-F). The initial cohorts involved short-term (one week) and
long-term (14 months) KD treatment, all starting at 12 months
of age. In order to better characterize the effect of short-term
KD on aging phenotypes in older mice, we treated a new cohort
of 22-month-old mice with one week of KD followed by analysis of
selected genes via qPCR (Supplemental Fig. 2C). At 22 months of
age, one-week KD appears to reduce the expression of several age-
induced inflammatory genes, including Nirp3, Icam1, and Mmp9
(Supplemental Fig. 2C). Thus, while short-term KD may increase
expression of certain inflammatory pathways in younger mice
(Supplemental Fig. 1D), its effects may diverge by age and
reduce certain age-related chronic inflammatory changes in older
mice. We employed an RRHO analysis to identify overlapping
genes that were altered in the same or opposite direction across
paired datasets**. In the brain, aging (26-month-old CD vs. 12-
month-old CD) and 14-month Cyclic KD (26-month-old KD vs.
26-month-old CD) exhibit gene expression patterns that are
almost entirely discordant (Fig. 1D), suggesting that 14-month
Cyclic KD may partially counteract aging-induced gene expres-
sion changes in the brain.

These bulk RNA-Seq datasets were derived from whole brains,
which precludes the direct demonstration of cell-type-specific gene
expressions. A deconvolution method (CIBERSORTx)*® was
employed to estimate the relative contributions of each cell type
in each sample’s expression dataset (Supplemental Fig. 4A).
The algorithm predicted that approximately 70% of detected gene
expression originated from neurons, with approximately
15%-20% from astrocytes and the remainder largely from oligo-
dendrocytes (Supplemental Fig. 4A). This suggests that the bulk
RNA-Seq datasets largely reflect the transcriptional profile of neu-
rons, as expected. We previously reported that the 14-month Cyclic
KD regimen suppresses TOR activity and activates a PPARa-driven
gene expression pattern in the liver via qPCR analysis'”. To more
systematically examine the changes in liver transcription that
occur after 14-month Cyclic KD treatment, we conducted bulk
RNA-Seq of liver samples from 12-month-old mice fed CD or KD
for one week as well as 26-month-old mice fed CD or Cyclic KD
for 14 months (Supplemental Fig. 5A-C). We found a significant
number of 14-month Cyclic KD-regulated genes (Supplemental
Fig. 5B). On GSEA analysis, 14-month Cyclic KD suppressed
“mTORCI signaling” and “PI3K AKT mTOR signaling,” consistent
with the prior qPCR data (Supplemental Fig. 5C). 14-month
Cyclic KD also led to the suppression of several MSigDB hallmark
pathways, including “TNFa Signaling via NFkB,” “Interferon Alpha
Response,” “Inflammatory Response,” and “Interferon Gamma
Response,” which are generally related to chronic inflammation
(Supplemental Fig. 5C,D and Supplemental Table 1). GO and
KEGG analyses also revealed that 14-month Cyclic KD suppresses
immune response-related pathways such as the “immune system
process” (GO) and “Phagosome” (KEGG) (Supplemental Fig.
6A,B). One-week KD at 12 months old increased ketone metabo-
lism gene expression but did not obviously alter inflammatory
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pathways (via reanalysis of a dataset reported previously'®)

(Supplemental Fig. 6C).

We noted that hyperinflammatory gene expression patterns in
both liver and brain of 26-month-old mice were concentrated in
specific animals, all in the CD-fed group (Fig. 1C and
Supplemental Fig. 5D). We investigated the source of this
heterogeneity by examining organ weights that were recorded
at necropsy. Statistically, 14-month Cyclic KD does not result in
a reduction in liver weight compared to the 14-month CD-fed
group (p =0.07) (Supplemental Fig. 7A). However, four of the
14-month CD-fed mice (CD_3, CD_5, CD_6, and CD_7) had liver
weights notably heavier than all other animals in either the CD
or KD groups (Supplemental Fig. 7A). The four mice with mark-
edly enlarged livers all demonstrated elevated levels of inflamma-
tory signaling (Supplemental Fig. 5D). In CD-fed mice,
thousands of genes in the liver exhibited either positive or nega-
tive correlations with liver weight (Supplemental Fig. 7B). In
contrast, the number of genes exhibiting such correlations was
considerably smaller in 14-month Cyclic KD-fed mice, which
had much less variation in liver weight (Supplemental Fig.
7B). A pathway analysis conducted using MSigDB revealed a
robust positive correlation between liver weight and inflamma-
tory-related gene expression in the livers of mice fed both CD
and Cyclic KD. In CD-fed mice, genes associated with fatty acid
metabolism and oxidative phosphorylation MSigDB pathways
are negatively correlated with liver weight (Supplemental Fig.
7C). When we examined specific genes of interest, we observed
positive correlations between inflammatory genes (Cd38,
Nirp3, Txnip, and Icam1) and liver weight and between cellular
senescence genes (Trp53, Cdknla, H2ax, Glb1, and Serpinel)
and liver weight (Supplemental Fig. 7D). In contrast, a negative
correlation was observed between the expression of ketogenic
genes (Cptla, Acatl, Hmgcs2, Hmgcl, and Bdh1) and liver weight
(Supplemental Fig. 7D). These findings suggest that hepatome-
galy associated with chronic inflammatory gene expression was
common among aged CD-fed mice, but this phenotype appeared
to be ameliorated by long-term Cyclic KD, despite the intermittent
exposure of these mice to the very high-fat KD.

Our RRHO analysis showed that 14-month Cyclic KD generat-
ing highly concordant expression patterns across tissues
(brain and liver), although they do not overlap completely
(Supplemental Fig. 8A). Furthermore, we identified a number
of genes whose expression levels exhibited a positive correlation
between the liver and the brain (Supplemental Fig. 8B). MSigDB
pathway analysis showed that inflammation-related pathways
are highly involved in the observed positive correlations, espe-
cially in aged CD-fed mice (Supplemental Fig. 8C). For instance,
expression levels of both inflammatory genes (Txnip, Gbp4,
Nfkbia, and Icaml) and genes involved in cellular senescence
(Cdknla and Serpinel) both show high degrees of correlation
between liver and brain of 26-month-old mice fed CD for
14 months (Supplemental Fig. 8D). These correlations were
attenuated or absent in 26-month-old mice fed Cyclic KD for
14 months and in 12-month-old mice fed either CD or KD for
one week (Supplemental Fig. 8D,E). Interestingly, we observed
strong correlations between liver weight and brain gene expres-
sion in aged mice, including inflammatory-related pathways and
cellular senescence genes, particularly in the CD-fed group
(Supplemental Fig. 9A-C). These findings indicate that exces-
sive liver weight was associated with not only chronic inflamma-
tion and cellular senescence in the liver, as expected, but also in
the brain. Long-term Cyclic KD may have the potential to



interrupt such inter-organ effects of aging. Recent studies suggest
that KD and BHB can improve T cell function in both humans and
mice®>™>, To examine the impact of Cyclic KD on age-related
changes to immune cell subsets, blood samples were collected
and analyzed from a different subset of mice in the previously
published cohorts’® at 24 months of age after 12 months of
Cyclic KD or CD feeding (Supplemental Fig. 10A). As with the
cohort that contributed brain and liver specimens, these samples
were collected during a CD feeding period. Additional groups of
strain-matched 3-month-old and 12-month-old mice provided
younger age norms. As expected, CD8" cells increased as a pro-
portion of all T cells with age, while CD4* cells decreased.
Cyclic KD did not significantly alter the individual proportions
of either CD4" or CD8" cells; however, it significantly reversed
the CD8*/CD4" ratio that is a hallmark of pro-inflammatory
immune aging®® (Supplemental Fig. 10B). Cyclic KD did not
alter the populations of key regulatory subsets, including Foxp3*/
CD4*, PD-1*/CD4", and PD-1"/CD8* T cells (Supplemental
Fig. 10C,D). Direct or indirect modulation of age-related immune
inflammation could be a mechanism by which Cyclic KD alters
inter-organ inflammatory effects.

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

We next focused on mechanisms of directly regulating brain
inflammation. In mice, one-week KD induces hepatic R-BHB pro-
duction and increases plasma and brain levels by more than ten-
fold®'. We hypothesize that R-BHB can directly modulate acute
and chronic neuroinflammation. To examine the transcriptional
effects of R-BHB on brain cells, we employed in vitro culture mod-
els for human primary microglia, astrocytes, and neurons. Chronic
inflammation is a hallmark of both brain aging and neurodegener-
ative diseases®”->%, There are no established in vitro systems that
precisely model age-induced chronic inflammation, but to simulate
inflammation in vitro, we used LPS, which is widely used to induce
acute brain inflammation in in vivo models, including in aging™°.
As individuals age, the microglia, which are the immune cells of
the brain, become more active and induce the production of pro-
inflammatory cytokines®®. Our preliminary experiment varying
the exposure time to LPS demonstrated that a six-hour LPS incuba-
tion most strongly induces inflammatory cytokine production in
human primary microglia (Supplemental Fig. 11A). We then
incubated cells for 24 hours with 10 mM R-BHB (acid), the endog-
enous form of BHB induced by ketosis, adding LPS during the final
six hours. Gene expression was analyzed by RNA-Seq (Fig. 2A).
Volcano plots show that 10 mM R-BHB substantially altered gene
expression in all three cell types, both with and without LPS stimu-
lation (Supplemental Fig. 11B-D). LPS had the most pronounced
effect on microglial gene expression, with only a modest impact on
astrocytes and even less on neurons (Supplemental Fig. 11B-D).
MSigDB analysis indicates that in the absence of LPS stimulation,
R-BHB upregulates inflammatory signaling through “TNFa
Signaling via NFkB” and “Inflammatory Response,” while inhib-
iting cell cycle regulation pathways via “Mitotic Spindle” and
“G2-M Checkpoint” in all three types of cells (Fig. 2B, Supple-
mental Fig. 12B-D, and Supplemental Table 2). LPS stimulation
markedly activates a wide range of inflammatory signaling path-
ways in microglia, and, to a lesser extent, in astrocytes but not in
neurons (Supplemental Fig. 12A and Supplemental Table 2).
Combined with LPS stimulation, R-BHB treatment resulted in the
further activation of a limited number of inflammatory-related
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genes (such as HIFIA and CDKNIA) in all three cell types
(Supplemental Fig. 12C,D). However, the dominant effect
in microglia was a profound overall reduction in expression of other
inflammation-related genes and pathways, including “TNFa
Signaling via NFxB,” “Inflammatory Response,” “Interferon
Alpha Response,” and “Interferon Gamma Response” (Fig. 2C,
Supplemental Fig. 12C-E, and Supplemental Table 2).
In microglia, LPS stimulation also reduced the expression of genes
involved in ketogenesis, specifically CPT1A, HMGCL, and BDH1.
R-BHB induced certain monocarboxylate transporters (MCTs) in
a cell-dependent manner. For instance, SLC16A7 expression was
increased in neurons, and SLC16A6, SLC16A10, and SLC16A14
were increased in microglia (Supplemental Fig. 12F), which sug-
gests cell-specific regulation of ketone transport in the brain. GO
and KEGG analyses generated concordant results, with R-BHB sup-
pressing LPS stimulation of several inflammatory pathways in
microglia but not neurons and astrocytes, including the “innate
immune response” (GO) and “Chemokine signaling pathway”
(KEGG) (Supplemental Figs. 13A-C and 14A-C). In summary,
R-BHB modifies the brain transcriptome in a cell-specific manner,
potentially inducing inflammation in astrocytes and neurons while
exhibiting anti-inflammatory effects on microglia, especially in the
context of inflammatory stimulation by LPS.

To test the relevance of this in vitro model, we next carried out a
comparison between the in vivo mouse brain datasets (Fig. 1) and
in vitro human primary cell datasets (Fig. 2). Comparing the effect
of one-week KD in 12-month-old mice (in vivo) versus R-BHB on
cells (in vitro, without LPS) generates discordant patterns for astro-
cytes and neurons but a concordant pattern for microglia
(Supplemental Fig. 15A). There is little concordance or discord-
ance between mice aging 12 to 26 months old on CD (in vivo) and
LPS (in vitro) across any of the three cell types (Supplemental
Fig. 15B). However, the effects of 14-month Cyclic KD on the
brains of aged mice (in vivo) and of the combination of R-BHB with
LPS (invitro) yield concordant gene expression signatures in micro-
glia (but not astrocytes or neurons), similar to what we observed
above between one-week KD in younger mice and R-BHB in micro-
glia (Supplemental Fig. 15C). Our deconvolution analysis indi-
cated that most of the gene expression captured by RNA-Seq
in the brain originates from neurons and not microglia
(Supplemental Fig. 4A). Nevertheless, these findings indicate that
microglial gene expression changes identified in vitro are more
closely aligned with overall in vivo brain expression changes caused
by BHB, whether in alone or in the context of age/LPS-related
inflammation, than changes induced in astrocytes or neurons.

BHB acids reduce LPS-induced inflammation in
mouse primary microglia

Next, in order to establish a system for carrying out more
systematic mechanistic experiments than possible with human pri
mary cells, we investigated the dose-dependent anti-inflamma-
tory effects of R-BHB in mouse primary microglia. We followed
the same time course as described in the in vitro RNA-seq study
in Figure 2A (Fig. 3A). R-BHB at both 5 and 10 mM effectively
suppressed LPS-induced inflammatory cytokine expression from
primary mouse microglia, including IL-1p (Il1b), IL-6 (I16), and
TNFa (Tnf), whereas the chemokine (C-C motif) ligand 2
(Ccl2) remained unaffected. At 1 mM concentration, R-BHB
had no effect (Supplemental Fig. 16B). Altering the timing of
exposure to R-BHB showed that R-BHB can inhibit LPS-induced
inflammatory activation either when added simultaneously with
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Figure 2. R-beta-hydroxybutyrate (R-BHB) reduces lipopolysaccharide (LPS)-induced inflammation in human primary microglia. (A)
Experimental timeline. (B,C) GSEA (MSigDB) analysis (R-BHB vs. Ctrl) (B) without or (C) with LPS treatment in human primary neurons, astrocytes,

and microglia (n = 3 per group). Gray squares: not significant.

LPS without any preincubation period or when preincubated and
removed prior to adding LPS (Supplemental Fig. 16C,D), sug-
gesting that the anti-inflammatory effects of R-BHB are both acute
and prolonged for several hours in this in vitro culture model.
Published literature suggests a variety of possible mechanisms
by which R-BHB may regulate inflammation in microglia, such as
energy supply®!, HDAG inhibition®?, regulation of Kbhb”, NLRP3
inflammasome inhibition*®3, HCAR2 activation®*>®*, and
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interaction with hnRNP A1°. To test these mechanisms, we used
both free acid and sodium salt forms of both BHB enantiomers (R-
BHB, S-BHB, Na-R-BHB, and Na-S-BHB), each at a concentration
of 10 mM. We also tested the structurally related non-ketone body
short-chain fatty acid butyrate, which is a more potent HDAC
inhibitor®®, in both free acid (Bu) and sodium salt (Na-Bu) forms
at a concentration of 5 mM (Supplemental Fig. 16A). The addi-
tion of R-BHB, S-BHB, or butyrate-free acids at or above 5 mM to
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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 + standard deviation (SD). One-way ANOVA with Dunnet’s correction for multiple
comparisons. Compare the mean of each sample with the mean of “Ctrl.” (C) Protein expression and the quantification in mouse primary microglia (n =2
per group). All data are representative of two independent experiments. Compare the mean of each sample with the mean of “Ctrl.” Abbreviations: R-
BHB, R-BHB acid; S-BHB, S-BHB acid; Na-R-BHB, R-BHB sodium salt; Na-S-BHB, S-BHB sodium salt; Bu, butyric acid; and Na-Bu, butyrate sodium salt.

the buffered culture medium resulted in a slight reduction in pH  Fig. 16A). A Seahorse assay was employed to ascertain whether
(Supplemental Fig. 16A). In contrast, the addition of the sodium  R-BHB or S-BHB increases oxygen consumption rate (OCR) in

salts did not result in a change in pH (see Sup

plemental mouse primary microglia as a proxy for oxidative metabolism

AgingBio, 2, e20240038, December 16, 2024 9



Aging S Biology

(Supplemental Fig. 16E). OCR was higher in cells treated with
R-BHB than S-BHB, though the increase with R-BHB over control
did not reach statistical significance (Supplemental Fig. 16E).
These data suggest that R-BHB but not S-BHB can be modestly
metabolized as an energy source by microglia over a period of
minutes, as expected given that S-BHB cannot be metabolized
by the enzyme BDH1 in the canonical ketone body oxidation path-
way®® and is oxidized only incompletely via alternative indirect
metabolic pathways®”. The administration of R-BHB, S-BHB,
Bu, and Na-Bu, but not Na-R-BHB and Na-S-BHB, resulted in a
reduction in the expression of inflammatory cytokines in the pres-
ence of LPS (Fig. 3B). Therefore, BHB chirality and energy
metabolism of R- versus S-BHB do not appear to determine the
anti-inflammatory effect observed in microglia, and the effect
is shared by butyrate.

Since both R-BHB and butyrate function as HDAC inhibi-
tors®®°, and HDACs regulate transcriptional activation, we
hypothesized that HDAC inhibition might be the underlying
mechanism inhibiting inflammatory gene activation in microglia.
R-BHB also regulates Kbhb posttranslational modification, which
may also have a role in regulating transcriptional activation’. We
therefore assessed protein lysine acetylation (Kac) and Kbhb by
western blotting to analyze how these compounds affect epige-
netic modifications in microglia (Fig. 3C). Without LPS, R-BHB
and Na-R-BHB both significantly increased protein Kbhb (the
antibody is R-enantiomer-specific).

Additionally, both compounds showed a mild increase in his-
tone 3 lysine 9 beta-hydroxybutyration (H3K9bhb) while not
affecting Kac or histone 3 lysine 9 acetylation (H3K9ac). On
the other hand, both Bu and Na-Bu substantially increased the lev-
els of H3K9bhb, H3K9ac, and Kac but not global Kbhb. These
effects were all similar in the presence of LPS (Fig. 3C). As we
did not observe Kac or H3K9ac changes with R-BHB (but did with
Bu and Na-Bu), HDAC inhibition appears unnecessary for the
microglial anti-inflammatory effect. We then investigated other
reported mechanisms by which BHB regulates inflammation in
various cell types. BHB activates HCAR2, which has been reported
to be necessary for BHB’s neuroprotective effect°>%*. BHB also
directly binds to hnRNP A1l and upregulates Oct4, a regulator
of quiescence and senescence, in both vascular smooth muscle
and endothelial cells”. We utilized siRNAs targeting HCAR2
(Hcar2) and hnRNP A1l (Hnrnpal) to examine the respective func-
tions of these genes in primary mouse microglia (Supplemental
Fig. 17A). Both siRNAs decreased gene expression by approxi-
mately 50%. LPS-induced Hcar2 expression 100-fold over base-
line but did not affect Hnrnpal expression. Knockdown of
either Hcar2 or Hnrnpal did not affect R-BHB suppression
of inflammatory gene expression after LPS (Supplemental
Fig. 17A), indicating that BHB’s anti-inflammatory effects in
mouse primary microglia are independent of HCAR2 activation
or hnRNP A1 binding. Next, we investigated NLRP3 inflamma-
some activation, which is inhibited by BHB in mouse primary
macrophages®, in our mouse primary microglia model
(Supplemental Fig. 18A). We used MCC950, a pharmacological
NLRP3 inflammasome inhibitor, as a positive control. All BHB
compounds had no effect on IL-1§ secretion after ATP-induced
NLRP3 inflammasome activation (Supplemental Fig. 18B,C).
In fact, the acid forms of R- and S-BHB, along with Bu and Na-
Bu, actually increased nigericin-induced NLRP3 inflammasome
activation (Supplemental Fig. 18B,C). Therefore, modulation
of NLRP3 inflammasome activation by BHB appears to be specific
to the cell type and the activation signals involved, and NLRP3
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inflammasome inhibition does not explain the microglia anti-
inflammatory effect.

Recently, KDs were found to promote cellular senescence,
though brief alternating periods of KD (similar to our Cyclic
KD) prevented senescence''. The aspect of KD responsible for
these effects was not identified, although prior work showed that
BHB can prevent vascular senescence’. We sought to test if BHB
might reduce chronic neuroinflammation in vivo via reducing sen-
escence in the brain, using mouse primary microglia with three
different cellular senescence inducers: IR, H,0,, and AA.
Recent studies suggest IR accelerates cellular brain aging, includ-
ing in microglia®®. BHB has been reported to prevent H,0,-
induced cellular senescence in human umbilical vein endothelial
cells? and AA-induced cellular senescence in NIH-3T3 fibroblast
cells'’. In primary microglia, all three senescence inducers were
capable of increasing Cdknla expression, a key gene associated
with cellular senescence®® (Supplemental Fig. 19A-C). BHB
reduced Cdknla expression in IR- or H>O,-stimulated microglia
(Supplemental Fig. 19A,B), consistent with a role in reducing
senescent transformation. Other inflammatory genes, such as
those induced by LPS (I11b, 116, Tnf ), were not generally increased
upon senescence induction. Prevention of senescence in the brain
could be a mechanism by which BHB modulates chronic age-
related neuroinflammation, though this will depend on the extent
to which neuroinflammation is driven by senescent cells. We fur-
ther investigated the cell-specific effects of different forms of BHB
in mouse primary astrocytes (Supplemental Fig. 20A,B), two
microglia cell lines (IMG’° [Supplemental Fig. 21A-C]
and BV-27' cells [Supplemental Fig. 22A-C]), and BMDMs
(Supplemental Fig. 23A-C). In primary astrocytes, R-BHB and
S-BHB free acids demonstrated a reduction solely in Tnf expres-
sion (Supplemental Fig. 20A), while the effects of various
BHB forms on Kac and Kbhb expression patterns were similar
to those observed in primary microglia (Supplemental Fig.
20B). In IMG cells, R-BHB and S-BHB free acids modestly poten-
tiated LPS-induced inflammation (Supplemental Fig. 21A) and
also potentiated activation of the NLRP3 inflammasome with
both ATP and nigericin (Supplemental Fig. 21B). All forms of
BHB increased the levels of both H3K9bhb and H3K9ac
(Supplemental Fig. 21C). In BV-2 cells, all forms of BHB had
little impact on either LPS-induced inflammation or NLRP3
inflammasome activation (Supplemental Fig. 22A,B). All forms
of BHB-induced H3K9bhb, but not H3K9ac (Supplemental
Fig. 22C). In BMDMs, the acid forms of BHB reduced inflamma-
tory gene expression (Supplemental Fig. 23A) but potentiated
nigericin-induced activation of the NLRP3 inflammasome
(Supplemental Fig. 23B). Both acid and salt forms of R-BHB-
induced H3K9bhb levels but not H3K9ac in BMDMs
(Supplemental Fig. 23C). In summary, these results indicate that
BHB acids consistently decrease LPS-induced inflammatory gene
expression in primary microglia but that the effects on inflamma-
tion and inflammatory mechanisms vary in other brain cell types
as well as other innate immune cell types.

BHB acids reduce LPS-induced inflammation
potentially through minor pH fluctuations

Not yet having identified a specific mechanism for microglia
inflammatory modulation, we next turned to the potential bio-
chemical adjuvants of BHB activity. In vivo, release of R-BHB into
the blood creates an acidosis that, when unregulated, overcomes
endogenous buffering to cause an acidemia. Movement of BHB



across cell membranes and through intracellular compartments
might similarly alter the acid-base environment locally; the
MCTs of BHB are proton-anion cotransporters. Above, we found
that in vitro only the free acids, but not the sodium salts, of BHB
generated an anti-inflammatory effect in primary mouse micro-
glia despite buffering. We therefore tested whether the sodium
present in Na-R-BHB or Na-S-BHB and/or the slightly acidic envi-
ronment resulting from R-BHB or S-BHB incubation might modu-
late inflammatory signaling. In mouse primary microglia, the
addition of 10 mM NaCl does not alter the anti-inflammatory
responses by R-BHB (Supplemental Fig. 24A), suggesting
sodium salt by itself does not affect inflammatory regulation.
Next, we modulated the pH in the culture medium using either
6.75 mM NaOH, which reverses the change in medium pH by
10 mM R-BHB, or 15 mM HCI, which reduces the medium pH
of 10 mM Na-R-BHB-added medium to a degree comparable to
that of 10 mM R-BHB-free acid (Supplemental Fig. 16A). The
addition of NaOH partially attenuates the anti-inflammatory
effect of R-BHB (Fig. 4A). The addition of HCl to Na-R-BHB-
supplemented medium, as well as HCI alone, appears sufficient
to reduce inflammatory gene expression activation (Fig. 4A).
These small pH changes do not affect ATP-induced NLRP3 inflam-
masome activation (Supplemental Fig. 24B). For nigericin-
induced NLRP3 inflammasome activation, HCIl enhances activa-
tion similar to R-BHB, while NaOH strongly inhibits activation
and may attenuate the increased activation by R-BHB free acid

Aging S Biology

(Fig. 4B). Altogether, these findings show that the pathways by
which BHB regulates inflammation and the NLRP3 inflamma-
some may be influenced by small pH fluctuations and/or the
availability of free anions in the local cellular milieu.

Discussion

Here, we show that 14-month Cyclic KD started at 12 months
of age reduced age-induced chronic inflammation in the mouse
brain (Fig. 1). R-BHB substantially modifies the transcriptional
response to LPS in human and mouse primary microglia,
largely reducing inflammatory transcriptional activation while
having modest pro-inflammatory effects under basal conditions
in microglia, neurons, and astrocytes (Fig. 2). In mechanistic
experiments with mouse primary microglia, we found that
inhibition of the inflammatory response by the acid forms of
R- and S-BHB requires a change in pH or anion availability
but does not work through energetic supply or any of the previ-
ously known mechanisms of BHB inflammatory modulation
(Figs. 3 and 4). Importantly, we found both pro- and anti-inflam-
matory effects of BHB depending on cell type and context.
Overall, R-BHB in vitro exerts a modest pro-inflammatory effect
in the absence of LPS while exhibiting an overall potent anti-
inflammatory impact when microglia are activated by LPS.
Similarly, one-week KD feeding in middle-aged (12-month-old)
mice generates a modest pro-inflammatory gene expression

(A) Mouse primary microglia + R-BHB or Na-R-BHB (10 mM) + NaOH (6.75 mM) or HCI (15 mM) (qPCR)
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Figure 4. BHB acids reduce LPS-induced inflammation potentially through minor pH fluctuations. (A) mRNA expression in mouse primary micro-
glia (n = 3 per group). All data are presented as mean + SD. One-way ANOVA with Dunnet’s correction for multiple comparisons. Compare the mean of
each sample with the mean of “Ctrl + LPS.” (B) IL-1p enzyme-linked immunosorbent assay analysis of IL-1p secretion after NLRP3 inflammasome acti-
vation in mouse primary microglia (n = 2 per group). All data are presented as mean + SD. One-way ANOVA with Dunnet’s correction for multiple com-
parisons. Compare the mean of each sample with the mean of “Ctrl + nigericin.” All data are representative of two independent experiments.
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signature compared to age-matched controls, while both one-
week KD (at 26 months old) and long-term Cyclic KD (from
12 to 26 months old) suppress inflammatory gene expression
in the pro-inflammatory context of aging. Continuous versus
intermittent KD in mice also have distinct effects on obesity,
metabolic maladaptation, and cellular senescence'!'*15,
These context-dependent effects may help explain apparently
discrepant results in the literature in human and mouse studies
of ketone bodies and global inflammation and suggest careful
attention to context in human studies.

We and another group previously showed that long-term feed-
ing of KD while preventing obesity improved both survival and
memory function in aging mice'>?°. There are likely multiple
overlying mechanisms, with differing cell specificity contribut-
ing to this memory phenotype. BHB has been reported to regu-
late inflammation via energetics, the NLRP3 inflammasome,
histone modifications, and cell surface receptors. We also
recently reported that R-BHB activates protein kinase A and
stimulates brain-derived neurotrophic factor in neurons, con-
tributing to remodeling the aging cortical synaptic proteome”?.
Using chemical and genetic tools, we carefully tested the role of
a number of known BHB mechanisms in the suppression of
inflammatory transcriptional activation that we observed
in vitro.

The primary role of BHB is to provide energy to cells and
tissues®. Neurons’>’4, CD4* T cells®>>*, CD8* T cells®>°,
and microglia®® (though not macrophages’®) all oxidize BHB
to generate ATP and intermediate metabolites. The (S) enan-
tiomer of BHB is a useful tool for interrogating mechanisms
of BHB action, and it is not produced by ketogenesis (endoge-
nously it is a by-product of fatty acid oxidation) and is oxidized
indirectly and more slowly than R-BHB*®® while retaining
most protein-interacting signaling functions of R-BHB. Both
enantiomers demonstrated a comparable reduction in in-
flammatory gene expression (Fig. 3B), while our OCR analysis
in microglia confirmed that S-BHB is not substantially oxidized
within a timeframe relevant to this effect (Supplemental
Fig. 16E).

BHB is a known inhibitor of class I HDACs®, and HDAC inhib-
itors have anti-neuroinflammatory properties’®. But while we
found that the HDAC inhibitor butyrate (in both acid and sodium
salt forms) significantly decreased inflammation in mouse pri-
mary microglia in vitro (Fig. 3B), BHB did not induce histone
acetylation (H3K9ac and total Kac around 17 kD [molecular
weight of histone H3]) in primary microglia (Fig. 3C) under con-
ditions in which BHB demonstrated an anti-inflammatory effect.
Similarly, the effect of BHB on histone Kbhb across various
cell types was inconsistent with its anti-inflammatory effect.
Furthermore, the H3K9bhb antibody may nonspecifically recog-
nize non-Kbhb modifications of histones””, and the presence of
Kbhb in the brain is controversial”®5°. We found no obvious asso-
ciated changes in brain total protein Kac or Kbhb levels on KD
(Supplemental Fig. 1E). It is unlikely that these epigenetic
effects of BHB control the anti-inflammatory response we
observed. We did not observe a consistent relationship across cell
types between reduced inflammatory transcription and decrease
in NLRP3 inflammasome activation by BHB* across cell types,
using both ATP and nigericin as secondary inflammasome activa-
tors. Instead, our data suggest that BHB regulation of inflamma-
some activity in the central nervous system may be complex
and context-dependent. Acid forms of BHB in fact amplified
nigericin-induced NLRP3 inflammasome activation in primary
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microglia (Supplemental Fig. 18B,C). BHB inhibits the NLRP3
inflammasome by preventing potassium (K*) efflux®, while in
human primary macrophages, an acidic environment stimulates
the NLRP3 inflammasome by enhancing K" efflux®'. And while
in macrophages BHB inhibits K* efflux, the opposite has been
reported in endothelial cells as a mechanism of BHB-induced vas-
odilation®?. A comprehensive investigation of the mechanisms by
which BHB regulates the NLRP3 inflammasome in the brain, spe-
cific to activator and cell type, is imperative. BHB is also an endog-
enous agonist of the GPCR HCAR2, with neuroprotective®*® and
peripheral anti-inflammatory effects®**°, and binds directly to
hnRNP A1, which stabilizes the mRNA and increases expression
of the Yamanaka factor Oct4, thereby preventing endothelial cel-
lular senescence. However, knockdown of neither Hcar2 nor
Hnrnpal abrogates the effect of BHB on inflammatory transcrip-
tion. Altogether, none of the tested known mechanisms of BHB
that modulate inflammation were primarily responsible for our
observed anti-inflammatory effect.

While our data do not identify the specific binding target of BHB
responsible for this anti-inflammatory effect, they do show that an
excess of a small anion (BHB anion or chloride anion) and a small
pH change (or sufficient anion excess to be reflected in pH) both
appear to be required. Physiologically, the endogenous production
of ketones induces a metabolic acidosis that is well compensated in
blood under normal conditions®®. However, there may be mean-
ingful changes in pH in specific compartments: KD induces intra-
cerebral acidosis (from pH 7.2 to 6.9), which has anticonvulsant
effects in a rat model of infantile spasms®’, and the acid form of
BHB inhibits the growth of Bifidobacterium in vitro by a pH-depen-
dent mechanism'®. Furthermore, there are examples of small
anions having overlapping biochemical effects, such as acetoace-
tate competing with the chloride anion for binding to an allosteric
regulation site on the vesicular glutamate transporter %, or acetoa-
cetate, BHB, and butyrate all inhibiting class I HDACs in increasing
order of potency®. Along these lines, it is of potential therapeutic
interest that we found S-BHB to provide similar effects as the nor-
mal endogenous ketone body R-BHB. S-BHB is not a ketone body
and is thought to be largely a low-abundance by-product of fatty
acid oxidation. Due to the absolute specificity of BDH1 for R-
BHB®®, S-BHB is oxidized only slowly and indirectly compared
to R-BHB. However, as S-BHB shares most of the non-oxidative sig-
naling properties ascribed to R-BHB?, its slower oxidation trans-
lates to potentially more favorable pharmacokinetics than R-BHB
as an exogenous signaling intervention. Many of the protein-bind-
ing effects of BHB may be relatively nonspecific, shared at varying
potency by other small metabolic acids or anions. Understanding
the systems biology effects of overlapping binding patterns of small
metabolites, as well as the requirements for changes to the local or
compartmental biochemical environment, are important areas for
future investigation.

Both local and systemic factors may contribute to chronic neu-
roinflammation. We found positive correlations between liver
weight, liver inflammatory gene expression, and brain inflamma-
tory gene expression. These could represent parallel effects of
Cyclic KD on liver and brain inflammation, that the inhibition
of liver inflammation by long-term Cyclic KD modifies the sys-
temic inflammatory environment, or both—that Cyclic KD both
mitigates this source of systemic inflammation and modulates
the response of microglia to systemic inflammatory cues. The rel-
ative importance of systemic versus local effects on chronic neu-
roinflammation is an important area for future studies to guide
therapeutic development.



Strengths of our approach include leveraging a long-term KD
mouse cohort run in parallel with lifespan and healthspan studies,
combining in vivo and in vitro experiments to ensure physiological
relevance and enable mechanistic inquiry, using multiple species
and cell types for in vitro experiments, using a variety of com-
pounds, and carefully attending to biochemical conditions. The
experiments did use specific diet formulations, feeding durations
and patterns, mouse strains, and in vitro inflammation models
that inform constraints on the interpretation of our results.

Limitations of these data include the use of a single strain and
sex in the long-term in vivo studies, limits of LPS as an in vitro
model for age-related chronic inflammation, and the only partial
overlap of BHB biology with KD biology. C57BL/6JN male mice
from the NIA Aged Rodent Colony were used in the original life-
span study; this work is an extension of, for reasons previously
described'®. However, phenotypic differences between mouse
sexes, strains, and substrains are well described®>°°, and these
results should be validated in other mouse strains, such as the
genetically heterogeneous UM-HET3 mice®'. There is no estab-
lished in vitro model for age-related chronic inflammation. LPS
stimulation does not fully replicate the physiological changes
associated with aging in our data, though microglia of varying
ages do exhibit differential responses to LPS in mice®2. Cellular
senescence is tightly associated with age-induced chronic inflam-
mation’>, so we employed this an alternative in vitro model.
Further development and validation of in vitro models of age-
related chronic inflammation will help advance research in this
area. There is similarly no comprehensive, validated in vitro
model for KD (or, e.g., fasting), and BHB is but one of multiple
mechanisms involved in the inherently pleiotropic KD alongside
the absence of carbohydrates and abundance of fatty acids. For
example, an increase in y8 T cells and a p53-dependent form of
cellular senescence by KD can occur independently of BHB and
may involve changes in lipids or lipoproteins'!:**°¢. Feeding
KD to animals, treating animals with BHB via exogenous ketones
like 1,3-BD or ketone esters, and treating cells in culture with BHB
are not synonymous. Even 1,3-BD has been reported to have BHB-
independent effects®®. The in vivo effects of exogenous ketones
have been less well studied than KD, although 1,3-BD does
increase lifespan in genetically heterogenous mice in the
ITP?%23, A clearer understanding of the long-term effects on neu-
roinflammation of 1,3-BD, ketone esters, and other forms of exog-
enously administered subcomponents of KD biology will aid in
developing the deeper mechanistic understanding that is required
for successful translation of effects of KD into specific therapies
for neuroinflammation.

In summary, our study demonstrates that 14-month Cyclic KD
attenuates age-induced chronic inflammation in the brains of 26-
month-old mice (Fig. 1), and the endogenous ketone metabolite
R-BHB predominately attenuates LPS-induced inflammation in
microglia in vitro (Fig. 2). This anti-inflammatory function is
not dependent on the supply of energy, inhibition of HDACs,
inhibition of the NLRP3 inflammasome, activation of HCAR2,
or hnRNP A1 (Fig. 3).

An acidic environment induced by R-BHB may play a role
(Fig. 4). These findings on neuroinflammatory modulation may
help explain our prior results showing improvement in lifespan
and memory function in aging mice fed Cyclic KD'®. The results
of our study indicate that intermittent exposure to KD or exog-
enous BHB may represent a promising dietary intervention for
ameliorating chronic inflammation, a process that is widely
regarded as a hallmark of the aging process®>°,
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