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Abstract

Little is known about the impact of metabolic stimuli on brain tissue at a molecular level. The ketone body beta-hydroxybu-
tyrate (BHB) can be a signaling molecule regulating gene transcription. Thus, we assessed lysine beta-hydroxybutyrylation
(K-bhb) levels in proteins extracted from the cerebral cortex of mice undergoing a ketogenic metabolic challenge (48 h
fasting). We found that fasting enhanced K-bhb in a variety of proteins including histone H3. ChIP-seq experiments showed
that K9 beta-hydroxybutyrylation of H3 (H3K9-bhb) was significantly enriched by fasting on more than 8000 DNA loci.
Transcriptomic analysis showed that H3K9-bhb on enhancers and promoters correlated with active gene expression. One of
the most enriched functional annotations both at the epigenetic and transcriptional level was “circadian rhythms". Indeed,
we found that the diurnal oscillation of specific transcripts was modulated by fasting at distinct zeitgeber times both in the
cortex and suprachiasmatic nucleus. Moreover, specific changes in locomotor activity daily features were observed during
re-feeding after 48-h fasting. Thus, our results suggest that fasting remarkably impinges on the cerebral cortex transcriptional
and epigenetic landscape, and BHB acts as a powerful epigenetic molecule in the brain through direct and specific histone
marks remodeling in neural tissue cells.

Keywords Fasting - Cerebral cortex - Beta-hydroxybutyrylation - Transcriptome - Epigenome

Introduction

Nutrition is a key regulator of whole-body physiology and
health. Nutrients impinge on tissue functions through modu-
lation of metabolism, which results in adaptive changes in
cellular biochemical/molecular processes, and ultimately
5 Paola Tognini tissue homeostasis. Notably, besides the well-documented
paola.tognini @unipi.it influence on peripheral organs’ physiology/pathology,
mounting evidence shows that the metabolic status can also
affect neuronal function and metabolism, and influence brain
Institute for Genomics and Bioinformatics, School physiology and ultimately cognitive processes, emotions and
of Information and Computer Sciences, University behavior [1-4]. Indeed, the high fat/high sugar western diet
of California, Irvine, CA, USA . . . . .
negatively affects brain health, leading to alterations in cog-
nitive functions, anxiety, depression, and in general a higher
incidence of emotional disorders [5, 6]. On the other hand,
caloric restriction has been shown to prevent age-related
brain damage and to be neuroprotective by influencing free
radical metabolism, and the cellular stress response system
[7, 8]. In 1920’s very low carbohydrate/high fat ketogenic
diets (KD) were introduced in the clinic to treat refractory
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epilepsy, mimicking the increase in the blood level of ketone
bodies [i.e., beta-hydroxybutyrate (BHB)], which were
thought to mediate the effect of fasting on seizure events [9].
Notably, epilepsy has high comorbidity with neurodevelop-
mental disorders such as autism spectrum disorders (ASD),
and KD is one of the therapeutic approaches proposed to
treat ASD patients [10, 11]. KD seems also to be benefi-
cial in the treatment of neurodegenerative and psychiatric
diseases [12—-14]. Finally, fasting and aerobic exercise may
improve cognitive performance and protect against depres-
sion and anxiety-like behavior through the enhancement
of hippocampal neurogenesis [15—-17]. Thus, in short, diet
robustly influences neurological outcomes, yet the molecular
and biochemical underpinnings of these effects are poorly
understood [18].

KD, fasting or starvation, and prolonged aerobic exercise,
all promote the depletion of liver glycogen stores, favor-
ing the decrease of blood glucose concentration. Due to its
scarcity, glucose cannot be used to respond to the energy
request of organismal tissues. Thus, to maintain metabolic
homeostasis, our body switches to an alternative fuel:
ketone bodies, produced via the activation of the so-called
ketogenic pathway. Mainly in the liver, the acetyl-CoA pro-
duced by fatty acid oxidation is converted into three ketone
bodies: acetoacetate, acetone, and BHB. The latter is the
most abundant circulating ketone body and, under ketogenic
conditions, the major energy source for metabolically active
tissues, such as the brain [19]. Intriguingly, BHB is not just
an energy carrier as it was believed in the past. Emerging
evidence suggests that BHB is also a signaling molecule,
capable of binding to the HCAR2 and FFAR3 receptors
[20-22], and acting as an endogenous epigenetic regulator.
Indeed, BHB selectively acts as a class 1 Histone deacety-
lase inhibitor, increasing histone acetylation and active gene
expression [23, 24]. Finally, BHB is the chemical donor for a
new epigenetic mark so far investigated in detail only in the
liver: lysine beta-hydroxy-butyrylation (K-bhb). Liver K-bhb
contributes to active gene expression and regulates genes
involved in the hepatic metabolic response to starvation [25].

Despite the high ketone bodies demand of the brain, the
impact of BHB on neural tissue epigenome and transcrip-
tome has never been explored. To address this important
issue, which could underline and shed light on the adapta-
tion capability of neuronal circuits to nutritional changes,
we analyzed in vivo neural tissue responses to a specific
metabolic challenge consisting of 48-h fasting. Specifically,
we discovered that fasting enhanced K-bhb in a variety of
proteins. Then, we explored the genome-wide distribution
of K9-bhb on histone H3 (H3K9-bhb) through chromatin
immunoprecipitation, followed by sequencing (ChIP-seq)
in the occipital cortex (an area corresponding to the visual
cortex) of fasted (F) mice, and parallel measurement of the
transcriptional response through RNA-seq. Dataset crossing
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pointed toward H3K9-bhb being an epigenetic mark related
to fasting-induced gene expression, therefore, suggesting
that fasting-driven increase in BHB could directly affect
brain cells through the remodeling of the chromatin land-
scape and transcriptional responses.

Results

Fasting-driven increase in BHB causes a burst
in protein lysine beta-hydroxybutyrylation
in the brain

To assess the molecular response of brain tissue to fasting-
induced ketosis, we adopted a protocol of prolonged fasting
(Fig. 1a) and we assessed the biochemical action of a major
metabolite produced upon fasting: BHB. Postnatal day (P)
33 mice were subjected to fasting (F) condition, correspond-
ing to a total absence of food for 48 h (48 h), but ad libi-
tum (AL) access to water. Their body weight and glycemia
were monitored before and after fasting. F mice displayed
a significant decrease in their body weight and blood glu-
cose concentration after 48 h, while AL control mice did
not show any significant difference (Figs. 1 b, ¢ and Sla).
Notably, BHB levels were strongly increased not only in F
mice plasma and liver (Fig. 1d, S1b), but also in the cerebral
cortex (Fig. 1e). Free fatty acids (FFA) were also quantified
in plasma, however only a trend to increase was observed in
F mice with respect to AL (Fig. S1c). On the contrary, total
triglycerides were significantly increased in the liver of F
mice (Fig. S1d), in line with previous literature reports [26].
Moreover, fat mass was analyzed by weighting subcutane-
ous, interscapular brown adipose tissue (BAT), epididymal
fat (in male mice), and lean mass by measuring gastroc-
nemius and soleus muscle. The fat mass was significantly
decreased in F mice (Fig. Sle) while the muscle mass was
not altered (Fig. Sle), suggesting that 48 h fasting did not
induce muscle degradation.

Finally, during the 48 h of food deprivation, F animals
displayed a significant increase in spontaneous locomotor
activity both during night and day time (Fig. 1f, g), show-
ing that our protocol did not cause lethargy in the subjects
and confirming behavioral changes reflecting the search for
food [27].

Since BHB has been demonstrated to be the chemical
moiety for a new post-translational modification (PTM) on
K residues [25, 28], we performed a western-blot analysis
of protein extract from the occipital cortex (correspond-
ing to the mouse visual cortex) of F and AL mice using
a pan-K-bhb antibody. Strikingly, K-bhb was significantly
increased in the occipital cortex of F mice with respect to
AL (Fig. 2a), suggesting that the increased cortical BHB
after fasting could be exploited, not only to produce energy,
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but also as a chemical donor for PTMs. As a control, we
analysed the pan-K-bhb in the liver of the same mice and
confirmed a significant upregulation in F mice with respect
to AL (Fig. S1f).

HPLC-MS analysis of K-bhb residues in protein extract
from the occipital cortex highlighted the presence of 234
beta-hydroxybutyrilated proteins. In total, 137 proteins
were beta-hydroxybutyrilated exclusively in F mice, 77
proteins exclusively in AL mice, and 20 proteins were
beta-hydroxybutyrilated in both groups (Fig. 2b). The 20
common beta-hydroxybutyrilated proteins were enriched
in annotations such as “NADP metabolic processes” and
“positive regulation of fibroblast proliferation”'(Fig. 2b
and Dataset S1). On the other hand, the F proteins dis-
playing K-bhb clustered in specific GO annotations mainly

—. 48h FASTING
P35

et
P33

(g)
N
o
S
J

I

200 +

150 4

100 4

O
o
Plasma bhb (mmol/L)
oo
Ao N W

Blood Glucose (mg/dL)

=)
O -
)

= AL

*kkk

Beam crossing/min
»
o
i

FASTING

related to “regulation of transcription, regulation of tran-
scription-dependent on RNA pol II and morphogenesis”
(Fig. 2b and Dataset S2). Also, the GO biological pro-
cesses analysis of the proteins beta-hydroxybutyrilated in
AL indicated an enrichment in “transcription, and chro-
matin modification” annotations (Fig. 2b, and Dataset S3).
Immunoprecipitation (IP) of F mice cerebral cortex pro-
tein extract using the pan-K-bhb antibody and western blot
confirmed HDAC?2 beta-hydroxybutyrylation (Fig. S1g), in
line with the MS data.

These findings suggest that BHB may have a more com-
plex function related to transcriptional regulation, not just
limited to HDAC inhibition or being a chemical moiety for
histone PTMs, but also associated with the modulation of
epigenetic (e.g. KDM1B, HDAC?2), transcription factors
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Fig.2 Fasting increases protein Lysine beta-hydroxybutyrylation and
modifies the beta-hydroxybutyrylation profile of the total proteome
in the cerebral cortex. a Western blot analysis of total lysine beta-
hydroxybutyrylation in the occipital cortex of F or AL mice using a
pan-K-bhb antibody (top panel), a control beta-tubulin antibody (mid-
dle panel) and the Ponceau staining (bottom panel). b Left: Venn dia-
gram of K-bhb proteins from the occipital cortex of AL (blue) and
F mice (red). In purple the K-bhb proteins found in both conditions.

(e.g. E2F4, HOXB3) or other chromatin-related proteins
(e.g. SKOR1, CHDS) functions.

BHB has been demonstrated to modify K-bhb on histones
with consequent alteration of the liver transcriptional pro-
gram [25]. Thus, we studied H3K9-bhb in the brain using a
specific antibody. H3K9-bhb was significantly more abun-
dant in the cortex of F mice (Figs. 2c and S2a) with respect
to the AL group. As expected, H3K9-bhb increased also in
the liver of F mice (Fig. S2b). In contrast, the acetylation on
K9-14 of histone H3 was not altered in the cortex of F mice
(Fig. S2c), suggesting that this epigenetic mark might be
less sensitive to the higher levels of BHB associated with
prolonged fasting in the cerebral cortex.

Overall, these data demonstrate that beta-hydroxybu-
tyrylation is conspicuously enhanced by fasting in neural
tissue.

@ Springer

Right: GO analysis (biological processes) of K-bhb proteins found in
AL, F and in both groups (N=3 AL, N=3 F). ¢ Western blot analysis
of histone lysine beta-hydroxybutyrylation in the occipital cortex of
F and AL mice using a specific H3K9-bhb antibody (top panel) or a
control H3 antibody (middle panel). Histograms representing the nor-
malized ratio of H3K9-bhb/H3 in F condition compared to AL (N=3
AL, N=4F, unpaired 2-tailed r-test, t5=4.973 p=0.0042). Error bars
represent SEM

BHB impacts the chromatin state of the cerebral
cortex through direct epigenetic action

To further explore the role of H3K9-bhb in the CNS, we
performed a ChIP-seq experiment and studied the genome-
wide distribution of H3K9-bhb in the occipital cortex of
mice subjected to 48 h fasting or fed AL. The ChIP-seq
analysis revealed a striking increase in H3K9-bhb enriched
loci in F with respect to AL. Indeed, the differential analy-
sis between the two experimental conditions detected about
8400 enriched peaks (p <0.05) in F vs AL (Dataset S4) dis-
tributed in intergenic (42%), promoter (17%), and enhancer
regions (18%, Fig. 3a). Importantly, only one peak was sig-
nificantly enriched in AL with respect to F (Dataset S4),
suggesting that the increase in BHB observed during fast-
ing is responsible for the dramatic increase in neural tissue
H3K9-bhb.
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Fig.3 Fasting induces robust changes in H3K9 beta-hydroxybu-
tyrylation in the mouse cerebral cortex. a Pie chart of genome-
wide distribution of H3K9-bhb enriched loci in F with respect to
AL (Cyber-T p<0.05). b GO Biological processes (left graph) and

To gain further insight into the specific epigenetic effects
of BHB in neural tissue, we crossed our H3K9-bhb ChIP-
seq data with the already published H3K9-bhb ChIP-seq
data in the liver [25]. The analysis of the data from Xie
et al., according to our pipeline (see materials and meth-
ods) revealed that the total number of H3K9-bhb peaks in
the brain was lower than in the liver (8404 brain loci vs
15,416 liver loci). Peak category distribution demonstrated
that H3K9-bhb was principally present in promoter and
enhancer regions in the mouse liver after 48 h fasting (Fig.
S2d), while enhancer, promoter, and especially intergenic
regions were the most prominent category in the brain
(Fig. 3a). In the cerebral cortex, the GO “biological pro-
cesses” analysis of the genes in proximity to promoter and
enhancer regions (Datasets S5 and S6) highlighted a specific
signature related to circadian rhythms, and pathways involv-
ing histone PTM and chromatin remodeling (Fig. 3b, c).

N
-Log10 pValue

KEGG pathway (right graph) analysis of the genes in proximity of
promoters. ¢ Same as b for enhancer regions. d Same as b for introns.
No significant KEGG pathway was found for gene introns

Also, synaptic transmission, dendrite morphogenesis, and
synapse assembly came up as enriched GO terms associ-
ated with the enhancer regions. Brain neurogenesis, brain
and dendrite morphogenesis, and axon guidance terms were
dominant among the genes associated with the promoter
regions (Dataset S5). The KEGG pathway analysis in the
enhancers confirmed the “circadian rhythms” and “synaptic
transmission” categories (Fig. 3c, Dataset S6). Finally, inter-
genic regions showed enriched annotations about synapse
regulation, transmission and plasticity (Fig. 3d, Dataset S7).

Data crossing revealed that H3K9-bhb was present in
547 promoter regions and 681 enhancers common to brain
and liver (Dataset S8). KEGG pathway analysis highlighted
several enriched annotations related to metabolism for
the common enhancers, among them “Insulin signaling”,
“mTOR signaling”, “FoxO signaling” pathway, and “cir-
cadian entrainment” and “circadian rhythms” (Dataset S9).

@ Springer
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“FoxO signaling” pathway was present also in the common
promoter list (Dataset S10).

Overall, these data demonstrate that 48 h fasting is able to
remodel the neural chromatin landscape, inducing a dynamic
and robust H3K9-bhb in the cerebral cortex, preferentially
targeting enhancers, promoters, and intergenic regions.

H3K9-bhb is linked to active gene expression
in neural tissue

To investigate the impact of H3K9-bhb on gene expression
in the visual cortex, we performed an RNA-seq experi-
ment using the same cortical samples used for the ChIP-seq
experiment. Fasting dramatically remodeled the transcrip-
tome of the cortex altering the expression of 955 transcripts
(Benjamini—Hochberg < 0.01. For the complete gene list see
Dataset S11).

Fig.4 Fasting-driven transcrip- a Color Key
tional changes in the cerebral o2 T R Y
cortex. a Left: Heat map of
RNA-seq analysis performed

in the occipital cortex of F and
AL mice (AL N=4,F N=4,
p<0.05). Right: Venn diagrams
representing the differential
expressed genes (DEGs)
between AL and F in the RNA-
seq dataset (n =4, Benjamini—
Hochberg <0.01). b KEGG
pathways analysis of DEGs in
the occipital cortex of F mice.
Upper panel: KEGG analysis of
DEGs downregulated in the F
condition. Lower panel: KEGG
analysis of DEGs upregulated
in the F condition. ¢ Reactome
pathway of DEG enriched in

In particular, 341 genes were upregulated and 614 genes
were downregulated in F mice (Fig. 4a). The effect was
highly consistent in the different samples, as shown by the
heatmap obtained from every biological replicate (Fig. 4a).
The most overrepresented KEGG pathways among the
downregulated genes in fasting were “‘steroid biosynthesis”,

<

“protein processing in endoplasmic reticulum”, “metabolic

CEINTS

pathway”, “purine metabolism” etc. (Fig. 4b, Dataset S12a);
categories mainly related to metabolism, thus suggesting the
existence of a brain adaptive response to conserve energy.
KEGG pathways characterizing the UP in fasting transcripts

9

were “‘serotonergic synapses”, “oxytocin signaling pathway”,
and “p53 signaling pathway” (Fig. 4b, Dataset S12b). Nota-
bly, in the neocortex the most significant KEGG pathway
in the fasting upregulated genes was “circadian rhythms"
(Fig. 4b); this is of interest since core-clock genes have been
involved in the control of critical period onset in the mouse
visual cortex [29]. Finally, the interaction network of the 955

b

FoxO signaling pathway
HIF-1 signaling pathway DOWN

Morphine addiction

Arginine and proline metabolism

Mucin type O-Glycan biosynthesis

Platelet activation

Neuroactive ligand-receptor interaction

Purine metabolism

Axon guidance

uUpP

Biosynthesis of antibiotics

Metabolic pathways

Protein processing in ER
Steroid biosynthesis

J T L A
Q N a4 )

DOWN - Log10 pValue

Cyanoamino acid metabolism U P
p53 signaling pathway
Oxytocin signaling pathway
alpha-Linolenic acid metabolism
Serotonergic synapse

“circadian rhythms” annotation.
Colors: Log2FC. Circle dimen- c
sions: Fasting means

KMT2A

@ Springer

Pathways in cancer
Transcriptional misregulation in cancer
Circadian rhythm

Q N
- Log10 pValue

WA e e I
NR1D1 ié'}'; A‘\,\?é"k’:"
I

CSNK1D CSNKIE
~ 7 pPPiCB




Brain histone beta-hydroxybutyrylation couples metabolism with gene expression

Page70f17 28

differentially expressed genes revealed a variety of interac-
tomes including “FoxO” “mTOR” “Insulin” and “PPAR”
signaling pathways which are well-known biochemical cas-
cades influenced by fasting; “Glycosaminoglycan metabo-
lism”, “Chondroitin sulfate metabolism and biosynthesis”
which are components of the perineuronal nets, important
for ocular dominance plasticity and critical period timing
[30]; and again “circadian rhythms” (Fig. S3; for a complete
list see Dataset S13).

Finally, gene set enrichment analysis on the whole RNA-
seq data set using CAMERA [31] confirmed that “circadian
rhythms” is significantly enriched in both GO and KEGG
pathways (Fig. S4a, b). Intriguingly, the reactome pathway
displayed a relationship between “circadian rhythms” terms
and a variety of proteins related to epigenetic remodeling
(Fig. 4c), suggesting that an interplay between circadian and
epigenetic mechanisms could be responsible for the brain
adaptive response to prolonged fasting.

To understand the role played by H3K9-bhb on the cer-
ebral cortex transcriptome, we crossed our RNA-seq and
ChIP-seq data. We found a significant positive correlation
between differential H3K9-bhb peaks (F vs AL) and the fold
change of the genes that are upregulated in F (Fig. 5a, all
the genes of the RNA-seq up in fasting, Spearman corre-
lation: p=0.13, p value=4.4E—16, only genes up in fast-
ing with p value <0.05, Spearman correlation: p=0.19, p
value =6.7E—09). Furthermore, the expression of genes
located in close proximity to loci that are enriched in
H3K9-bhb peaks was selectively upregulated by fasting with
respect to all expressed genes (Fig. Sb, Mann—Whitney test:
U=19,670,177, p <0.0001). It is worth noting that there was
no significant correlation between the differential H3K9-bhb
peaks and the genes upregulated in AL condition (Fig. Sc,
all the genes of the RNA-seq up in AL, Spearman correla-
tion: p=0.0008, p value=0.96. Figure 5c only genes up in
AL with p value <0.05, Spearman correlation: p=—0.02, p
value=0.41). To further validate our RNA-seq and ChIP-seq
datasets crossing, we performed qPCR analysis of selected
transcripts that are significantly upregulated in F condition
and whose genomic loci were associated with a significant
enrichment in H3K9-bhb (Fig. 5g, h). Finally, we validated
the expression of transcripts involved in the ketogenic
response, such as Hmgcs2, the rate limiting enzyme of the
ketogenic pathway, and Pdk4, a kinase which inhibits glu-
cose utilization and increases fat metabolism in response to
prolonged fasting and starvation (Fig. S4c). The qPCR data
confirmed the sequencing experiment results.

Altogether, these results suggest that H3K9-bhb could be
related to fasting-induced gene expression in the cerebral
cortex of mice.

To gain a better insight into the transcriptional regulatory
role of cortical K-bhb after 48 h fasting, we analyzed the list
of differential and significantly enriched H3K9-bhb DNA

loci (Dataset S4) separately considering promoters, enhanc-
ers and intergenic regions, and crossed them with the cor-
respondent transcript levels obtained through the RNA-seq.
H3K9-bhb was particularly abundant in intergenic regions
(Fig. 3a). Epigenetic marks present in intergenic regions of
brain chromatin have been shown to be sensitive to changes
in neuronal activity, such as DNA methylation [32]. Fasting-
driven changes in H3K9-bhb in intergenic regions positively
correlated with the expression of correspondent upregulated
transcripts in fasting (Fig. 5d, genes up in fasting with p
value <0.05, Spearman correlation: p=0.16, p value=0.02).
GO biological processes analysis revealed the association
with genes involved in regulation of transcription, chroma-
tin modifications, synaptic plasticity and neurodevelopment
(Fig. 5d). Promoters and enhancers are key elements for con-
trolling transcript levels, and they were especially influenced
by H3K9-bhb in F mice (Fig. 3a). We found a significant cor-
relation between promoter hits and transcripts that are upreg-
ulated in fasting (Fig. Se, all the genes of the RNA-seq up in
fasting, Spearman correlation: p=0.17, p value=5.4E—-08,
only genes up in fasting with p value < 0.05, Spearman cor-
relation: p=0.32, p value=1.2E—07). The genes clustered
in the “FoxO signaling pathway” (Fig. 5e). Moreover, GO
analysis of the term “Biological Process” showed a variety
of annotations principally related to transcriptional regula-
tion and PTMs (Dataset S14).

The correlation of RNA-seq genes with H3K9-bhb
enhancers gave again a positive value (Fig. 5f, all the
genes of the RNA-seq up in fasting, Spearman correla-
tion: p=0.09, p value =0.01). Interestingly, pathways and
terms concerning “circadian rhythms” came up both in the
KEGG (Fig. 5f and Dataset S15) analysis and GO annota-
tion (Fig. 5f and Dataset S15). Furthermore, GO biological
processes related to “chromatin remodeling and modifica-
tions” were significant terms. Again and in keeping with
the above analysis, we observed the presence of a signature
specifically related to circadian clock and epigenetic mecha-
nisms, strongly suggesting that those could be the molecular
underpinning of the cerebral cortex adaptation to a fasting
challenge.

Finally, to explore additional potential regulatory mech-
anisms in fasting-driven transcriptional reprogramming,
we performed a transcription factor binding site (TFBS)
analysis in the promoter, enhancer, intergenic regions of the
genes obtained from the crossing of RNA-seq and ChIP-seq
datasets (Complete list in Dataset S16). TFBS analysis in
promoters highlighted GATA-2 and GATA-1 binding motif,
transcription factors involved in depressive-like behavior,
regulation of hippocampal synapse-related genes and spine
density [33], and NRF-1 binding site as top hits (Fig. S4d).
Intriguingly, NRF-1 is a regulator of oxidative phosphoryla-
tion, mitochondrial biogenesis genes and also of GABA-A
receptor B1 subunit gene, suggesting a potential coupling
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between energy metabolism and neurotransmission [34]. In
intergenic regions, TFBS analysis revealed sites related to
several transcription factors (Fig. S4e). The top hits were
E2F and Ezh?2 sites, transcription factors whose roles are
particularly relevant in the developing brain [35, 36]. Nota-
bly, Ezh2 gene expression was significantly upregulated in
the cerebral cortex of F mice (Fig. S5h); and E2F4 was also
present in the pool of beta-hydroxybutyrilated protein in F
mice (Dataset S2), thus we could speculate a link between
H3K9-bhb and E2F4 beta-hydroxybutyrylation in transcrip-
tional regulation. Ultimately, Egrl motif, involved in brain
plasticity, learning and memory [37], was highly enriched
(Fig. S4f) in enhancers. Notably, the core-clock regulators
CLOCK:BMAL, and Bhlhe40 (also enriched in intergenic
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regions (Fig. S4e)) binding motifs were also significantly
present in enhancer regions (Fig. S4f), again pointing toward
the cortical clock involvement in neural adaptation mecha-
nisms to a fasting challenge.

Fasting influences diurnal gene expression
of core-clock genes and daily rhythms in locomotor
activity

Protein synthesis regulation and circadian rhythms are
important mechanisms in neural function and plasticity
[38, 39]. Since GO categories associated with these mecha-
nisms consistently emerged in our RNA-seq and ChIP-seq
data, we selected these two pathways for in depth analysis of
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«Fig.5 H3K9-bhb is linked to active gene expression in the cortex
of fasted mice. a Correlation between F-induced H3K9-bhb peak
enrichment and transcript fold change revealed by RNA-seq (F vs
AL, all the genes of the RNA-seq up in fasting, Spearman correla-
tion: p=0.13, p value=4.4E—16; only genes up in fasting with p
value <0.05, Spearman correlation: p=0.19, p value=6.7E-09).
b Fold change expression induced by fasting is significantly higher
for genes in proximity to H3K9-bhb peaks than for all genes. Hori-
zontal bar represents median, Mann—Whitney test: U=19,670,177,
p<0.0001. ¢ Lack of correlation between AL-induced H3K9-bhb
peak enrichment and transcript fold changes revealed by RNA-
seq (all the genes of the RNA-seq up in AL, Spearman correlation:
p=0.0008, p=0.96; only genes up in AL with p<0.05, Spearman
correlation: p=— 0.02, p=0.41). d Top: Correlation between H3K9-
bhb enriched intergenic regions and transcripts upregulated in fast-
ing (only genes up in fasting with p<0.05, Spearman correlation:
p=0.16, p=0.02). e Top: Correlation between H3K9-bhb enrich-
ment on promoters and transcript fold-change for genes upregulated
in fasting (all the genes of the RNA-seq up in fasting, Spearman
correlation: p=0.17, p=5.4E—08; only genes up in fasting with p
value <0.05, Spearman correlation: p=0.32, p=1.2E—-07). Bottom:
KEGG pathways analysis and GO analysis of the H3K9-bhb promot-
ers of genes upregulated in the fasting condition. f Top: Correlation
between H3K9-bhb enrichment on enhancers and transcript fold-
change for genes upregulated in fasting (all the genes of the RNA-
seq up in fasting, Spearman correlation: p=0.09, p=0.01). Bottom:
KEGG pathways analysis and GO analysis of the H3K9-bhb enhanc-
ers of genes upregulated in the fasting condition. g, h qPCR analysis
of genes upregulated in the occipital cortex of fasted mice and asso-
ciated with a significant enrichment in H3K9-bhb in (g) promoters
(Irs2, Hif3a, Sgkl) and h enhancers (RORa, Adcy9, 1dh2, Sultlal,
Ezh2) after 48 h fasting. Irs2 (insulin receptor substrate 2): N=4
AL, N=4 F unpaired 2-tailed t-test, 7,=3.832 p=0.0086; Hif3a:
N=4 AL, N=4 F unpaired 2-tailed t-test, t,=5.474 p=0.0016;
Sgkl (serum/glucocorticoid regulated kinase 1): N=4 AL, N=4 F
unpaired 2-tailed r-test, t,=4.275 p=0.0052; Rora (RAR-related
orphan receptor alpha): N=4 AL, N=4 F unpaired 2-tailed r-test,
te=1.277 p=0.2489; Adcy9 (adenylate cyclase 9): N=4 AL, N=4
F unpaired 2-tailed #-test, 1,=2.620 p=0.0396; Idh2 (isocitrate dehy-
drogenase 2): N=4 AL, N=4 F unpaired 2-tailed t-test, t,=3.206
p=0.0185; Sultlal (sulfotransferase family 1A): N=4 AL, N=4
F unpaired 2-tailed r-test, t,=4.754 p=0.0031; Ezh2 (Enhancer
of zeste homolog 2): N=4 AL, N=4 F unpaired 2-tailed r-test,
1,=2.088 p=0.0818. Error bars represent SEM

fasting regulation. First, we studied the “insulin and mTOR
pathways” by assessing two key biochemical steps: serine
235-236 phosphorylation of S6 (Fig. S5a) and Serine 473
phosphorylation of AKT (Fig. S5b). Confirming the hypoth-
esis indicated by the RNA- and ChIP-seq data, both PTMs
were significantly reduced in fasting mice, suggesting that
protein synthesis could be altered in the cerebral cortex of F
mice, in line with a condition of energy saving. Second, we
studied “circadian rhythms”, a process representing one of
the top hits in the RNA-seq data (Fig. 4b) and in the differ-
ential ChIP-seq enhancer analysis (Fig. 5f). We analyzed the
expression of core-clock genes in the visual cortex (Fig. 6a)
of F and AL mice at four different time points [Zeitgeber
time (ZT)] every 6 h throughout the daily cycle (Fig. 6b).
The results demonstrated that several clock genes related
to transcriptional inhibition—Per!, Cryl, Cry2, and Nrldl

(Rev-erb alpha) —displayed similar changes in their diur-
nal profile upon fasting, and were significantly upregulated
at ZT4 in F with respect to AL mice, validating the RNA-
seq result which was performed at this ZT (Fig. 6¢). On
the other hand, Bmall, Clock and Rora, belonging to the
transcriptional activation limb of the core-clock machinery,
were not significantly altered at any ZT in F mice (Fig. 6d),
suggesting a certain degree of specificity of fasting effects
on the inhibitory limb of the molecular clock. Prompted by
these findings obtained in the visual cortex, we investigated
whether circadian clock gene expression was also changed
by fasting in the key brain structure for circadian rhythms,
i.e., the suprachiasmatic nucleus (SCN) (Fig. S6a,b). We
found that, as in the cortex, transcripts belonging to the
negative limb of the core-clock were mainly impacted, with
a significant increase at ZT22 (Fig. S6¢). Moreover, Bmall
oscillation was strongly dampened (Fig. S6d).

All these findings, together with the possible body-wide
effect of fasting on circadian rhythmicity [40, 41], led us to
explore whether fasting could alter the daily rhythmicity in
spontaneous locomotor activity. Diurnal rhythmicity in loco-
motion was investigated by selecting three different epochs
of 5 days each: the 5 days before fasting (pre-fasting), the
5 days after refeeding (T1) and the subsequent 5 days (T2)
(Fig. 7a). Body weight was analyzed before, after fasting,
at T1 and T2 (Fig. 7b). For every epoch, we computed the
relative power spectrum at different oscillation frequencies
and we integrated the power between 0.9 and 1.1 cycles/day
as a measure of diurnal rhythmicity (Fig. 7c, see materials
and methods and Fig. S7a). The results demonstrated that
before fasting there were no differences between AL and F
groups (Fig. 7d). However, both at T1 and T2 (after fasting),
F mice displayed a decreased power at the diurnal frequency
(Fig. 7d), suggesting that acute fasting for 48 h affects the
normal development of rhythmicity in locomotion. Notably,
this effect was persistent for at least 10 days after refeeding,
suggesting a long-lasting trace of fasting effects on behav-
ioral rhythmicity. The mechanisms underlying this fasting
influence on behavior is not known, however, total locomo-
tor activity did not change at T1 and T2 (Fig. S7b), and the
body weight went back to AL level by T1, although a certain
difference was observed at T2 (Figs. 7b and S7c). Moreover,
the food intake was significantly increased 3, 4, and 5 days
(T1) after refeeding with respect to the AL controls (Fig.
S7c). Howeyver, in the subsequent days, it was comparable to
AL mice (Fig. S7c). Also, gastrocnemius and soleus muscle
mass did not change after refeeding (Fig. S7d, e), while sub-
cutaneous fat and BAT were increased in F mice at T1 (Fig.
S7d), and subcutaneous fat and epididymal fat were signifi-
cantly higher at T2 (Fig. S7e). Finally, cortical expression
changes in specific genes altered by 48 h fasting (Figs. 5g,
h, 6¢) were not observed at T1 and T2 (Fig. S8), indicating
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Fig.6 H3K9-bhb influences the expression of core-clock genes in
the cortex of mice. a Schematic coronal section of the visual cortex
showing the site of gene expression analysis. b Experimental time-
line. The expression of core-clock genes of F and AL mice was
analyzed at 4 different time points (ZT) every 6 h throughout the
daily cycle. Mice included in a specific ZT started the fasting time
specifically 2 days before (48 h before) at the corresponding ZT.
¢ Quantitative real-time PCR analysis of genes related to transcrip-
tional inhibition of the core- clock machinery (N=4 per condition,
per time-point. Perl:, two-way ANOVA time*treatment, interaction
F3,,=3.234 p=0.04, post-hoc Sidak, AL vs F (ZT4) 1,,=3.209
p=0.015; Cryl: two-way ANOVA time*treatment, interaction

that at least part of the fasting-induced brain transcriptional
reprogramming is not persistent after re-feeding.

Discussion

Metabolic influence on the brain has been observed for
years, however, little is known about the molecular mecha-
nisms activated by metabolic stimuli in brain tissue. In
particular caloric restriction or intermittent fasting have
been found to ameliorate brain resilience to aging pro-
cesses [42], but its biochemical and transcriptional con-
sequences on brain tissue in vivo are poorly understood.
BHB, a metabolic fuel for the brain mainly produced by
the liver during fasting, has been shown to be beneficial
in models of neurological diseases [43], epilepsy [44] and
stroke [45]. These effects have been attributed to BDNF
[46, 47], HCAR2 [48], and promotion of SIRT3 function
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F3,,=4.836 p=0.009, post-hoc Sidak, AL vs F (ZT4) t,,=3.317
p=0.0115; Cry2: F, two-way ANOVA time*treatment, interaction
F;3,4=3.717 p=0.0251, post-hoc Sidak, AL vs F (ZT4) t,,=2.999
p=0.0247, (ZT22) t,,=2.769 p=0.042; Rev-erb alpha, two-way
ANOVA time*treatment, interaction F3,,=4.162 p=0.0165, post-
hoc Sidak, AL vs F (ZT4) t,,=3.144 p=0.0175). d Quantitative real-
time PCR analysis of genes related to the transcriptional activation
limb of the core clock machinery (N=4 per condition, per time-point.
Bmall: F, two-way ANOVA time*treatment, interaction F; 5, =1.167
p=0.1804; Clock: two-way RM ANOVA time*treatment, interaction
F;3,,=0.94 p=0.436; Rora: F, two-way RM ANOVA time*treatment,
interaction F7 ,,=1.635 p=0.3869). Error bars represent SEM

[49]. However, our study shows that a surprisingly high
number of proteins can undergo K-bhb, raising the possi-
bility that multiple unknown pathways can mediate BHB
effects in the brain with potential therapeutic implica-
tions for brain disorders. To our knowledge, this is the
first proteome-wide report of beta-hydroxybutyrylation in
the cerebral cortex. A recent report investigated K-bhb in
the liver after 48 h fasting and found 267 beta-hydroxybu-
tyrylated proteins, involved in several metabolic networks,
energy and detoxification pathways [28]. In the brain, the
proteins displaying K-bhb belonged to specific GO cat-
egories which included regulation of transcription and
chromatin modifications, raising the possibility of a cross-
talk among beta-hydroxybutyrylation and other epigenetic
mechanisms. Further studies are needed to investigate the
BHB action on specific proteins and in the distinct cell
types present in the neural tissue.
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Fig.7 Fasting has long-lasting effects on the daily rhythmicity in
spontaneous locomotor activity. a Experimental timeline. b Weight
change (%) before (pre-fasting) and after 48 h fasting (post-fasting),
and during the refeeding phase at two different time points: 5 days
after the refeeding (refeeding T1), 10 days after the refeeding (refeed-
ing T2) (AL N=6, F N=6, two-way RM ANOVA time*treatment,
interaction Fj3,=78.35 p<0.0001, post-hoc Sidak, AL vs F (post-
fasting) t4,=12.7 p<0.0001. Gray square represents the fasting
period. ¢ Representative trace of the locomotor activity of a single

Our work also reveals transcriptomic changes induced
by fasting in the cerebral cortex, and demonstrates that
BHB is an epigenetic molecule capable of remodeling the
neural tissue chromatin landscape by post-translationally
modifying the histone H3. Fasting-induced transcriptional
changes and the enrichment of H3K9-bhb on a genome-
wide scale were significantly correlated suggesting a
regulatory role for H3K9-bhb in neural tissue. Previous
work studied H3K9-bhb response to the same fasting
period used here in the liver [25]. Our ChIP-seq analysis
in cerebrocortical tissue revealed a number of DNA loci
displaying differential H3K9-bhb after fasting summing
up to about half of the DNA loci regulated in the liver,
indicating that histone beta-hydroxybutyrylation may be
a more pervasive PTM in liver than in the brain. Impor-
tantly, the data crossing of liver and cortex H3K9-bhb
ChIP-seq results indicated several common promoters and
enhancers among the two tissues. The KEGG pathways of
the common enhancers were associated with “circadian
rhythms” terms. The effects of fasting on the liver clock
are well-known [40, 41], as well as the effects of H3K9-
bhb on core-clock gene expression [25]. However, how
food deprivation can impinge on the cerebral cortex clock
is still obscure. Our transcriptome and ChIP-seq data con-
verge into a possible involvement of circadian processes
in the brain response to a prolonged fasting (see below).

mouse in the time domain (top) and in the frequency domain (bot-
tom). ¢ Relative power of the circadian oscillation (total power
between 0.9 and 1.1 cycles per day) in AL and FAST mice in three
epochs: before fasting (Pre-fast), first 5 days of refeeding (T1) and
second 5 days of refeeding (T2). (N=6 per condition, two-way RM
ANOVA time*treatment, interaction F,,,=4.11 p=0.032, post-
hoc Holm Sidak, AL vs FAST (Pre-fast) T5,=0.598 p=0.555, AL
vs FAST (T1) T5,=3.768 p=0.002, AL vs FAST (T2) T;,=3.274
p=0.005). Error bars represent SEM

Based on genomic localization analysis, H3K9-bhb was
mainly enriched in the cerebral cortex intergenic, enhancer
and promoter regions of fasting mice. The genes neighbor-
ing those sites were positively correlated with the RNA-
seq results of genes UP in fasting, extending and confirm-
ing previous findings in the liver [25], and suggesting that
H3K9-bhb is a new PTM linked to active gene expression
also in the brain. Although our understanding of intergenic
regions function in the brain is still limited, H3K9-bhb in
these genomic loci might help regulate the expression of
associated transcribed regions, as already observed for DNA
methylation in the human brain [50].

The functional annotation analysis of transcriptome, beta-
hydroxybutyrylome and epigenome suggests that fasting
could impinge on specific pathways, which could cooperate
in setting up the best response of brain cells to a condition
of scarce access to food. In particular, “circadian rhythms”
is the most significantly enriched KEGG pathway among
the upregulated genes, and “circadian entrainment”, “cir-
cadian regulation of gene expression”, “rhythmic process”,
and again “circadian rhythms", come up in the ChIP-seq
functional annotation analysis of enhancer and promoter
regions. Thus, diurnal rhythms seem to represent biological
processes particularly impacted by fasting in the cerebral
cortex. The circadian clock is an inner oscillator system that
ensures appropriate physiology and fitness to a variety of
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organisms [51, 52]. Changes in core-clock gene expression
after 48-h fasting might help to optimize the energetic cycle
in neuronal cells, which consume large amount of energy
for electrical transmission and membrane potential mainte-
nance; and/or non-neuronal cells, which need adequate fuel
for surveillance/defense function (e.g., microglia), metabo-
lism, tropism, and secretion/absorption of neurotransmitters,
etc. (e.g., astrocytes). Intriguingly, our reactome analysis
of the cortical transcriptome displayed the existence of a
link between circadian rhythms related genes and epige-
netic related transcripts (Fig. 4c). Epigenetic mechanisms
participate in the formation of circadian oscillation of gene
expression, intricately regulating the core-clock machinery
[53]. The fasting challenge could directly control core-clock
gene expression through a complex network of epigenetic
proteins, possibly fine tuning H3K9-bhb and other histone
PTMs. Furthermore, the circadian clock controls the onset of
critical period plasticity in the visual cortex [29]. Thus, we
speculate that the molecular/epigenetic/metabolic changes
driven by fasting could contribute to altering the plasticity
potential of the neural circuits through modulation of the
endogenous 24-h oscillator. An effect of fasting on plastic-
ity is also in line with fasting modulation of protein syn-
thesis, a regulatory mechanism involved in plasticity [54],
and the impact of the gut-brain axis on adult ocular domi-
nance plasticity [55]. This hypothesis will be tested in future
experiments.

Core-clock genes were also modulated in a time-of-the-
day dependent manner in the SCN, suggesting the master
clock could be sensitive to changes in the metabolic status
[3]. As such, we found that fasting could interfere with nor-
mal rhythmicity in spontaneous locomotor activity (Fig. 7).
The changes in the rhythmicity of activity were observed
both 5 days and 10 days after refeeding suggesting a long-
lasting “memory trace” related to locomotion in F mice with
respect to AL.

“Oxytocin signaling” and “serotonergic synapses” are cat-
egories present in our transcriptome functional annotation,
and they seem particularly relevant for brain function. Oxy-
tocin and serotonin are neuromodulators involved in human
affects and socialization [56]. For instance they have been
shown to be implicated in ASD and depression [57, 58].
Prolonged fasting could promote social behavior to cooper-
ate and increase the probability to survive during periods
of food scarcity [59]. Based on our GO results, intermittent
fasting, caloric restriction, KD or ketone supplements might
be alternative strategies or adjuvant to traditional treatments
for ASD, depression or other neuropsychiatric diseases. This
is an intriguing hypothesis which needs further validation
in preclinical models to rationalize the use of nutrition to
improve brain disorders, and cognitive function in general.

An important future step would be to deeply investigate
the functional relevance of H3K9-bhb in the brain fasting
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response, and to causally link H3K9-bhb to fasting-induced
gene expression. At this time, these experiments are particu-
larly challenging since we have only little information about
the mechanisms underlying the beta-hydroxybutyrylation
chemical reaction. Recently, human SIRT3 was shown to
display class-selective histone de-betahydroxybutyrylase
activities on H3K9-bhb [60]. SIRT3 seems to be pref-
erentially a mitochondrial sirtuin [61], while its nuclear
localization is controversial [62—-64]. Thus, genetically or
pharmacologically modulating SIRT3 in the cortex to tar-
get H3K9-bhb during fasting would not be an appropriate
approach considering SIRT3 uncertain subcellular locali-
zation and the unspecific effects caused by its deacetylase
activity. Furthermore, Huang et al. discovered that the
acetyltransferase p300 can catalyze the enzymatic addition
of BHB to K, while histone deacetylase 1 (HDACI1) and
HDAC?2 enzymatically remove K-bhb in cells in vitro [65].
Intriguingly, as HDAC2 was a hit in our K betahydroxybu-
tyrilome analysis (Figs. 2b and S1g) in the cerebral cortex
of F mice, a deeper investigation to understand the role of
K-bhb on HDAC?2 enzymatic activity might reveal a novel
BHB-driven regulatory loop for PTMs levels during keto-
sis and beyond. Finally, since p300 is an acetyl-transferase,
blocking its activity would be highly unspecific. A desirable
approach could be to directly target H3K9-bhb in vivo for
example using an intrabody against this specific PTM [66],
however this type of tool is not available yet.

Before concluding, a reflection regarding the distinct
effects of fasting-driven metabolic changes and ketone
bodies should be made. The ability of BHB to substitute
for blood glucose in energy production is essential for sur-
vival during prolonged starvation, particularly regarding
brain function. Fasting is able to alter the subject metabolic
status by impacting lipid, glucose and protein metabolism
[67]. Fasting influences the levels of several metabolites,
among which glucose, BHB, acetoacetate; hormones, such
as insulin, leptin and FGF21. Some of these molecules have
been shown to affect brain function or plasticity [4, 68-70].
Although our specific analysis of K-bhb and H3K9-bhb
point toward a direct effect of BHB on neural tissue chroma-
tin remodeling, as BHB is the only chemical donor for K-bhb
identified so far, we cannot exclude the contribution of other
players in the observed transcriptional reprogramming. Even
more complicated to dissect is the mechanism underlying
behavioral alteration in daily locomotor rhythmicity. Fasting
can impinge on the endogenous clock in peripheral tissues
[40, 41], thus we cannot exclude a pure-metabolic depend-
ent effect on the SCN after a 48 h fasting challenge, or an
interplay between ketone bodies as signaling/epigenetic mol-
ecules and other metabolic signals.

In summary, our work shows that fasting is a power-
ful regulator of the transcriptional status of neural tissue
modifying the chromatin epigenetic landscape, potentially
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leaving a trace on circadian rhythms which could persist
at the behavioral level. The regulated genes are not only
involved in brain tissue metabolism, but they also include
pathways that are relevant for synaptic transmission and
plasticity, raising the hypothesis that the metabolic status
of the individual might exert an important regulation on
brain function.

Materials and methods
Animals and feeding

All experiments were carried out in accordance with the
European Directives (2010/63/EU) and were approved
by the Italian Ministry of Health (authorization number
354/2020-PR).

Male and female C57BL/6J mice were used in
this study. Mice were housed in conventional cages
(365x% 207 x 140 mm, 2-3 animals per cage) with nest-
ing material. Mice were kept under a 12-h dark: 12-h
light cycle, with food (standard diet mucedola 4RF25)
and water ad libitum.

Mice were weaned on postnatal day (P) 21. At P33
a group of mice was subjected to fasting (F group) for
2 days, until P35, through the removal of the food from
the cage and ad libitum access to water. Age-matched
control mice (AL group) continued to have ad libitum
access to food and water. After 2 days, mice were sacri-
ficed by decapitation. Liver and occipital cortices (cor-
responding to the visual cortex) were harvested, snapped
frozen in liquid nitrogen and stored at — 80 °C until use.
The visual cortex was chosen as this area represents a
gold standard to investigate plasticity processes in the
brain and neuronal adaptation to nutritional challenges
[4]. Subcutaneous fat, interscapular brown adipose tissue
(BAT), epididymal fat, gastrocnemius, and soleus muscle
were collected and weighted using a precision scale. For
the day vs night sample analysis, mice were sacrificed
every 6 h along the diurnal cycle (from ZTO to ZT24).
For every group of mice, the food was precisely removed
48 h before the ZT of the sacrifice.

For the refeeding experiments, mice were sacrificed
5 (T1, P40) or 10 days (T2, P45) after refeeding at ZT4.
The harvesting and lean and fat mass measurements were
performed as described above.

For the daily food intake analysis, mice were single
housed and starting from the day after fasting, food pel-
lets weight were measured using a precision scale every
24 h, until T2, corresponding to 10 days after refeeding.

Metabolomic analysis

About 20 mg of liver and cortex samples were homogenized
with 300 pl cold methanol on Precellys Evolution Homog-
enizer (Bertin Instruments, Frankfurt, Germany) at 4 °C: 3
cycles of 30 s at 5500 rpm, with 10 s pause between each
cycle for liver and 3 cycles of 30 s at 6800 rpm, with 10 s
pause between each cycle for cortex. Samples were then
centrifuged at 13,300 rpm for 20 min at 4 °C for proteins
precipitation and extracted with modified Folch’s method:
900 pl of chloroform:methanol (2:1, v:v) and 200 ul of
water and centrifuged at 13,300 rpm for 20 min at 4 °C
for two times. Down phase was dried under nitrogen flux,
reconstituted with chloroform:methanol (1:14, v:v) for tri-
glyceride (TGs) and analyzed by LC-MS-QTOF (UHPLC
1290 infinity coupled with 6545 QTOF, Agilent, Santa
Clara, CA) equipped ZORBAX Eclipse Plus C18 column
2.1x 100 mm 1.8 um (Agilent, Santa Clara, CA). Quanti-
fication was obtained using TG (15:0/15:0/15:0) (Larodan,
Solna, SE) as an internal standard. For the analysis of beta-
Hydroxybutyric acid (BHB) in tissue and plasma, polar
phase was extracted with modified Folch’s method described
above; the up-phase was dried under nitrogen flux, recon-
stituted with acetonitrile:water (8:2, v:v) and analyzed by
LC-MS-QTOF equipped with a Poroshell 120 HILIC-Z
column 2.1 X 150 mm 2.7 um (Agilent, Santa Clara, CA).
Quantification was performed using 13C-BHB (Cambridge
Isotope Laboratories, Tewksbury, MA) as an internal stand-
ard. Plasma FFA composition was evaluated by gas chroma-
tography-mass spectrometry (GC-MS, GC7890-MS5975,
Agilent Technology, Santa Clara, CA) equipped with a
capillary column (DB-5MS J&W, 1 30 m; i.d. 0.25 mm;
film thickness 0.25 um, J&W, Agilent, Santa Clara, CA).
After adding the internal standard, i.e., heptadecanoic acid
(Sigma-Aldrich), plasma samples (40 ul) were deproteinized
with 300 ul of cold methanol, centrifuged at 13,300 rpm
for 20 min at 4 °C and the extracted with modified Folch’s
method. Down phase was dried under nitrogen flux, recon-
stituted with 80 pL of acetonitrile, derivatized with 20 pL.
of N, O-Bis(trimethylsilyl) trifluoroacetamide with 1% tri-
methylchlorosilane (Sigma-Aldrich) for 40 min at 75 °C and
injected into the GC-MS. Quantification was performed
using heptadecanoic acid (Merck, Darmstadt, Germany), as
an internal standard.

Protein extraction and Western Blot

For total protein extracts, liver and cerebral cortex sam-
ples were homogenized in modified RIPA buffer (50 mM
Tris pHS, 150 mM NaCl, 5 mm EDTA, 15 mM MgCl2, 1%
NP40) plus protease inhibitors. The samples were sonicated
for 1 min on ice (10 s on/10 s off) and centrifuged for 15 min
at 14,000xg, at 4 °C. The supernatant was recovered and
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the protein concentration was determined by Bradford assay
(Biorad #5,000,006) using a Nanodrop Spectrophotometer
(Thermoscientific 2000 C).

8% SDS-PAGE was performed to check Lysine-bhb,
phospho(Ser235-236)S6, total S6, phospho(Ser473)AKT
and total AKT levels. 15% SDS-PAGE was performed to
analyze H3 and total H3K9-bhb. The samples were blot-
ted onto nitrocellulose membranes (Biorad) and blocked in
5% BSA in Tris-buffered saline (TBS) for 1 h at RT. The
nitrocellulose membrane was incubated at 4 °C overnight
with the following antibodies: anti-phospho(Ser235-236)S6
(Cell Signalling Technology #2211S) 1:1000, anti-S6 (Cell
Signalling Technology #2217) 1:1000, and anti-phospho
(Ser473) AKT 1:1000 (Cell signalling technology #9271),
AKT 1:1000 (Cell Signalling technology #9272), bhb-
Lysine 1:2000 (PTM Biolabs #1201), H3K9-bhb 1:2000
(PTM Biolabs #1250), H3 1:5000 (Abcam #1791), beta-
tubulin 1:3000 (Sigma #T4026) H3K9-K14ac 1:1000 (Mil-
lipore #06-599). Blots were then washed 3 times in TTBS
for 30 min, incubated in HRP conjugated anti-mouse or anti-
rabbit diluted (1:8000) in 2.5% BSA in TTBS for 1 h at RT.
The membranes were then rinsed three times in TTBS and
incubated in enhanced chemiluminescent substrate (Milli-
pore) and acquired through a Chemidoc XRS instrument.
Bands densitometry was analyzed through ImagelJ software.

RNA extraction

Occipital cortex samples were homogenized in phenol/guan-
idine-based QIAzol Lysis Reagent (Qiagen #79,306). Chlo-
roform was added and the samples were shaken for 15 s. The
samples were left at 20-24 °C for 3 min and then centrifuged
(12,000xg, 20 min, 4 °C). The upper phase aqueous solu-
tion, containing RNA, was collected in a fresh tube and the
RNA was precipitated by the addition of isopropanol. Sam-
ples were mixed by vortexing, left at RT for 10 min and then
centrifuged (12,000xg, 15 min, 4 °C). The supernatant was
discarded and the RNA pellet was washed in 75% ethanol
by centrifugation (7500Xg, 5 min, 4 °C). The supernatant
was discarded and the pellet was left to dry for a minimum
of 15 min before resuspending in RNAse free water.

Due to the small amounts of tissue, samples contain-
ing the suprachiasmatic nucleus of the hypothalamus were
homogenized in phenol/guanidine-based QIAzol Lysis Rea-
gent (Qiagen #79,306) and then processed using the miRNe-
asy Mini Kit (Qiagen # 217,004).

RNA concentration was determined by Nanodrop Spec-
trophotometer (Thermoscientific 2000 C). RNA quality was
analyzed via agarose gel electrophoresis (1% agarose). Total
RNA was reverse transcribed using QuantiTech Reverse
Transcription Kit (Qiagen # 205,311).Gene expression was
analyzed by real-time PCR (Step one, Applied Biosystems),
using PowerUp SYBR Green Master Mix (Thermo Fisher
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#A25742). The primers for gene expression were designed
by Primer 3 software (v. 0.4.0) and all the sequences
reported in Supplementary Materials.

Quantitative values for cDNA amplification were calcu-
lated from the threshold cycle number (Ct) obtained during
the exponential growth of the PCR products. Threshold was
set automatically by the Step one software. Data were ana-
lyzed by the AACt methods using 18S rRNA to normalize
the cDNA levels of the transcripts under investigation.

RNA sequencing and data analysis

N =4 biological replicates per experimental group were
used in the RNA-seq experiment. Total RNA was extracted
as described above, libraries were prepared and sequenced
on Illumina HiSeq2500 instrument during a pair-end read
125 bp sequencing, producing sequencing results in FastQ
format. The FastQ files were processed through the standard
Tuxedo protocol, using Tophat and Cufflinks. Tophat was
used to align the RNA-seq reads to the reference genome
assembly mm10 and Cufflinks was used to calculate gene
expression levels. This protocol outputs the FPKM values
for each gene of each replicate. The differential analysis of
the FPKM values across all experiments and control groups
was conducted with Cyber-T, a differential analysis program
using a Bayesian-regularized #-test [71, 72]. The p-value
threshold used for determining differential expression was
0.05 for all groups. The statistic was corrected using the
Benjamini—-Hochberg (BH) test for significance.

ChiIP-sequencing and analysis

N=4 biological replicates per experimental group were used
for the sequencing. IPs and controls were processed in paral-
lel, and libraries were prepared at the Institute of Applied
Genomics (Udine, Italy). The sequencing was performed
on Hiseq2500 in 125 bp paired-end mode. The sequencing
reads were aligned to the mouse genome assembly mm10
with Bowtie2. Enriched genome areas and peaks were iden-
tified with the MACS2 algorithm. Peak annotation was per-
formed with in-house annotating tools. Peaks whose start
to end position cover regions including promoter, enhancer,
utr3, utrS, exon, intron, 2000 base pair downstream of pro-
moter, or intergenic region were annotated and the percent-
ages of the peak’s coverage of those regions were calculated.
The closest gene and TSS to each peak were identified and
their distances to the peak were calculated.

Analysis of locomotor activity
Locomotor activity was measured using Opto M3 multi-

channel activity monitors (Columbus Instruments, OH,
USA). Monitors were placed in the colony area and testing
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was conducted in the same conditions of animal facility
housing with the exception of animals being individually
housed in (33 X 15X 13) cm (length X width X height) clear
plastic cages. Locomotor activity was measured by integrat-
ing the number of infrared beam breaks over 1-min epochs
for many days.

Total activity over an epoch was calculated as the sum
of all beam brakes in that epoch. Diurnal rhythmicity was
calculated by analyzing 5 days-long epochs in the frequency
domain. For each mouse, we removed the non-oscillatory
component of the activity trace by subtracting the mean
activity, then we computed the periodogram power spectral
density estimate at frequencies between 0.1 and 12 cycles/
day in increments of 0.1. For each mouse, we normalized
the power spectrum so that total power was equal to 1. The
power of the circadian oscillation was defined as the sum of
the normalized power between 0.9 and 1.1 cycles/day.

Statistical analysis

The majority of statistical analyses were performed using
GraphPad Prism version 7 (GraphPad Software, San Diego,
CA, USA).

Western blot: differences between groups were tested for
significance using unpaired z-tests.

gPCR: Differences between groups were tested for signifi-
cance using two-way ANOVA. Holm-Sidak's multiple com-
parisons post hoc tests were performed, when appropriate.

Correlation between RNA-seq and ChIP-seq datasets:
Spearman correlation was run on the datasets. The results
were considered significant when p was <0.05.

Locomotor activity: differences between total activity
and circadian rhythmicity were tested using a two-way RM
ANOVA.

The effect of sex was tested in all the analysis, when it
was absent, male and female mice were analyzed as one
group, otherwise a two-way ANOVA was performed, and
the male and female data were reported in distinct graphs.
All data are represented as the mean + SEM unless otherwise
stated. N refers to single animals unless otherwise stated. In
the figures *p <0.05; **p <0.001, ***p <0.0001.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04673-9.
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