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SUMMARY

The circadian clock orchestrates rhythms in physi-
ology and behavior, allowing organismal adaptation
to daily environmental changes. While food intake
profoundly influences diurnal rhythms in the liver,
how nutritional challenges are differentially inter-
preted by distinct tissue-specific clocks remains
poorly explored. Ketogenic diet (KD) is considered
to have metabolic and therapeutic value, though its
impact on circadian homeostasis is virtually un-
known. We show that KD has profound and differen-
tial effects on liver and intestine clocks. Specifically,
the amplitude of clock-controlled genes and BMALA1
chromatin recruitment are drastically altered by KD in
the liver, but not in the intestine. KD induces nuclear
accumulation of PPARa« in both tissues but with
different circadian phase. Also, gut and liver clocks
respond differently to carbohydrate supplementa-
tion to KD. Importantly, KD induces serum and intes-
tinal B-hydroxyl-butyrate levels to robustly oscillate
in a circadian manner, an event coupled to tissue-
specific cyclic histone deacetylase (HDAC) activity
and histone acetylation.

INTRODUCTION

The circadian clock is an endogenous timekeeper that provides
organisms with the ability to anticipate daily fluctuations in the
environment, thus allowing an appropriate physiological adapta-
tion (Bass and Takahashi, 2010; Eckel-Mahan and Sassone-
Corsi, 2013). The molecular clock is characterized by complex
transcriptional-translational feedback loops involving both tran-
scriptional activators and repressors. The positive limb of the
mammalian clock machinery comprises CLOCK and BMALT1,
which heterodimerize and induce the expression of clock-
controlled genes (CCGs) by binding E-boxes on target pro-
moters. Cryptochrome (Cry1 and Cry2) and Period (Per1, Per2,
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and Per3) genes encode proteins that form the negative limb, in-
hibiting CLOCK:BMAL1-mediated transcription (Asher and Sas-
sone-Corsi, 2015; Tamanini et al., 2007). Another important
diurnal loop involves the transcriptional activator retinoid-related
orphan receptors (RORs) and the repressor REV-ERBa/REV-
ERBB, which induces Bmal1 rhythmic expression and delays
Cry1 expression (Everett and Lazar, 2014; Partch et al., 2014).
A number of studies have shown that chromatin remodeling
plays a central role in the harmonic oscillation of circadian
gene expression (Koike et al., 2012). Among the chromatin re-
modelers linked to the molecular clock are the nuclear sirtuins,
specifically SIRT1 (Asher et al., 2008; Nakahata et al., 2008)
and SIRT6 (Masri et al., 2014). These are deacetylases that use
NAD* as a co-enzyme, thus linking cellular energy metabolism
with epigenetic control. Remarkably, SIRT1 activity and the
levels of NAD* oscillate in a 24 hr manner since the molecular
clock directly controls the circadian transcription of the gene en-
coding the enzyme nicotinamide phosphorybosiltransferase
(NAMPT) (Nakahata et al., 2009; Ramsey et al., 2009). NAMPT
operates as the rate-limiting step enzyme in the NAD-salvage
pathway. Notably, NAD* oscillation is abolished in the liver under
nutritional challenge by high-fat diet because of the lack of chro-
matin recruitment of the CLOCK:BMAL1 complex to the Nampt
gene promoter (Eckel-Mahan et al., 2013).

The mammalian circadian system is a hierarchical network in
which the central oscillator, located in the suprachiasmatic
nuclei (SCN) of the hypothalamus, acts in concert with peripheral
clocks (Mohawk et al., 2012; Okamura, 2004; Schibler and Sas-
sone-Corsi, 2002). Importantly, both organismal and cellular
metabolism are tightly interlocked with circadian rhythms and
food challenges, such as high-fat diet or restricted feeding,
that are able to profoundly remodel the liver circadian transcrip-
tome and metabolome (Eckel-Mahan et al., 2013; Hatori et al.,
2012; Kohsaka et al., 2007; Stokkan et al., 2001; Vollmers
et al., 2009). The gut has a powerful endogenous clock that is
thought to be implicated in time-specific food intake. The disrup-
tion of the clock causes higher risk of gut inflammation (Bellet
et al., 2013; Tognini et al., 2017) and increased intestinal perme-
ability (Summa et al., 2013). Interestingly, the crosstalk between
gut microbiota and intestinal epithelial cells is mediated by the
host clock, and clock impairment due to the absence of
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microbial signaling induces a pre-diabetic status (Mukheriji et al.,
2013). In addition, food challenge-driven remodeling in the gut
microbiota can transcriptionally rewire the liver clock (Leone
et al., 2015; Murakami et al., 2016).

Both liver and intestine clocks play a key role in sustaining
metabolic homeostasis. However, little is known about how the
gut and liver clocks can specifically interpret a nutritional chal-
lenge and how diet variations might uniquely affect the circadian
physiology of distinct peripheral organs. To address this
conceptually critical question, we reasoned that the ketogenic
diet (KD) would provide the unique opportunity to explore how
specific diet-generated metabolites would differentially impact
distinct peripheral clocks. Indeed, KD is a high-fat, adequate
protein, very-low-carbohydrate diet that induces a switch to fatty
acid oxidation as an energy source. The result is an overproduc-
tion of acetyl-CoA, which leads to the synthesis of ketone bodies
via the activation of the ketogenic pathway. Ketone bodies refer
to three distinct molecules, acetone, acetoacetic acid, and B- hy-
droxyl-butyrate (BOHB), that are produced principally in the
mitochondrial matrix in the liver, during fasting or prolonged ex-
ercise (Hawley et al., 2014; Newman and Verdin, 2014). Mice fed
a KD present a low level of glucose but increased blood level of
BOHB, which is used as an energy source by the brain and other
tissues (Douris et al., 2015; Kennedy et al., 2007). Interestingly, a
central role for rhythmic release of BOHB from the liver appears
to be implicated in driving food anticipation via feedback to the
hypothalamus (Chavan et al., 2016). Furthermore, BOHB seems
to function as a cofactor for a recently defined epigenetic mark,
histone B-hydroxyl-butyrylation, involved in the control of gene
expression under specific metabolic states (Xie et al., 2016).

Another relevant facet of KD is its use in therapeutics to treat
refractory epilepsy in children as well as obesity and metabolic
diseases. Moreover, KD has been under evaluation for alterna-
tive indications such as polycystic ovarian syndrome, cancer,
and neurodegenerative diseases (Paoli et al., 2013). Despite
this biomedical use, little is known about how KD impacts tis-
sue-specific gene expression and how it may influence circadian
homeostasis. Here we show that KD triggers distinct transcrip-
tional responses by activating unique tissue-specific pathways
involved in rewiring cyclic gene expression. Finally, we reveal
that serum and intestinal BOHB levels display diurnal rhythmicity,
which accompany a time-dependent HDAC activity and histone
acetylation primarily in the gut. Our findings support the view that
ketogenic-based nutrition contributes to diurnal transcriptional
rewiring via metabolite-driven chromatin remodeling.

RESULTS

KD Abolishes Rhythmicity in Respiratory Metabolism

To explore how KD influences circadian physiology, we submitted
8-week-old C57BL/6 mice to KD dietary regimen during 4 weeks
and compared them to control chow (CC)-fed mice. KD-fed mice
lost weight in the first 2 weeks of the new dietary regimen and then
stabilized to the same weight as CC-fed animals (Figure S1A), in
line with previous studies (Kennedy et al., 2007). As expected,
serum BOHB concentration significantly increased in KD-fed an-
imals (Figure S1B). KD induced a significant decrease in serum
glucose with respect to CC, although it remained in a physiolog-
ical range (Figure S1C). To further understand the metabolic state
induced by KD, animals were analyzed by indirect calorimetry for
CO, emission, O, consumption, and energy intake. Notably, while
the respiratory exchange ratio (RER) of normally fed mice oscil-
lated along the circadian cycle, RER rhythmicity was abolished
in KD-fed mice and remained flat throughout the circadian cycle
with an average value of 0.7 (Figures S1D and S1E). This indicated
that fat was the only fuel metabolized by KD-fed mice throughout
the circadian cycle. Caloric and water intake (Figures S1F and
S1G), as well as the feeding pattern (Figure S1F), were equivalent
in CC- and KD-fed mice, showing that rhythmicity in food intake
was not altered under KD.

Tissue-Specific Remodeling of Diurnal Transcription
by KD
To gain further insight into how KD influences diurnal metabolism,
we performed high-throughput profiling of hepatic tissue and ileal
intestinal epithelial cells (IECs) by transcriptome microarrays. The
analysis of rhythmic transcripts was performed using the non-
parametric test JTK_CYCLE (Hughes et al., 2010), incorporating
awindow of 20-28 hr for the determination of circadian periodicity.
A first notable finding is that, while the number of cyclic genes
in CC-fed mice was comparable between the liver and the gut,
this ratio was drastically different in KD-fed mice, with a much
larger number of genes oscillating in the liver (Figures 1A and
1E). Our analysis showed that 2,339 genes started to oscillate
de novo in the liver upon KD, while cyclic transcripts under CC
were 719. Genes displaying rhythmicity under both nutritional
conditions were 801 in the liver (Figures 1A and 1B). Gene anno-
tation analysis revealed specific categories for all groups (Fig-
ures 1C and S2A; Table S1). Remarkably, the effect of KD on
the number of cycling transcripts in IECs was the opposite,
with a decrease in oscillating genes (785, KD-only rhythmic

Figure 1. Heatmaps, KEGG Pathway, and Phase Lag Analyses of the Diurnal Transcriptome in Liver and Gut upon KD
(A) Venn diagram representing the number of genes rhythmic only in KD, only in CC, and in both conditions in the liver (n = 3 per time point, per group, p < 0.01,

false discovery rate [FDR] < 0.1).

(B) Heatmaps representing the genes diurnal in both conditions, KD only, and CC only in liver (n = 3 per time point, per group, p < 0.01, FDR < 0.1).
(C) KEGG pathway analysis in liver. The numbers in the pie charts and tables represent the number of genes enriched in the specific KEGG pathway.
(D) Radar plots representing the phase lag of genes exclusively diurnal in KD or CC in hepatic tissue (Anderson-Darling test; phase distributions significance,

p < 0.0001).

(E) Venn diagram representing the number of genes oscillating only in KD, only in CC, and in both conditions in the intestine (n = 3 per time point, per group, p <

0.01, FDR < 0.1).

(F) Heatmaps representing the genes diurnal in both conditions, KD only, and CC only in the gut (n = 3 per time point, per group, p < 0.01, FDR < 0.1).

(G) KEGG pathway analysis in the intestine. The numbers in the pie charts and tables represent the number of genes enriched in the specific KEGG pathway.
(H) Radar plots representing the phase lag of genes exclusively diurnal in KD or CC in ileal cells (Anderson-Darling test; phase distribution significance in IECs, KD
versus CC, p < 0.0001; comparisons not shown; phase distribution difference upon KD, liver versus IECs, p < 0.0001; phase distribution difference upon CC, liver
versus IECs, p < 0.0001).

Cell Metabolism 26, 523-538, September 5, 2017 525

CellPress




Cell’ress

transcripts) with respect to CC condition (996, CC-only rhythmic
transcripts). Cyclic genes in both CC and KD in IECs were 515
(Figures 1E and 1F), and the most overrepresented Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways among these
genes, such as “circadian rhythm” and “nicotinate and nicotin-
amide metabolism,” were the same of the liver “both” genes
(Figures 1C, 1G, S2A, and S2B; Tables S1 and S2). The heat-
maps of the oscillating transcripts showed the loss of rhythmicity
in CC (Figures 1B and 1F, second map) and in KD (Figures 1B
and 1F, third map). Disruption of diurnal oscillations in gene
expression was particularly evident with an increased p value
threshold (p < 0.05) in both liver (Figure S3A) and intestine (Fig-
ure S3B). For the complete list of genes oscillating in liver and
IECs, see Tables S3 and S4.

It is worth noting that the transcripts rhythmic under either KD
or CC (KD only and CC only) were enriched in a variety of
different pathways in a tissue-specific manner (Figures 1C, 1G,
S2A, and S2B; Tables S1 and S2), underscoring the unique
metabolic states induced by KD in the gut and liver clocks.

To explore the physiological relevance of the diurnal alterations
in the transcriptome under KD, we analyzed the levels of specific
metabolites in the liver and intestine of KD-fed mice. Our KEGG
pathway analysis indicated that “steroid biosynthesis” was a
metabolic pathway circadian in KD-only liver (Table S1, sheet 2)
and in CC-only IECs (Table S2, sheet 1). Indeed, we found a sig-
nificant increase in total cholesterol levels in KD liver with respect
to CC and a significant difference between zeitgeber time 0 (ZT0)
and ZT12 (Figure 2A). On the other hand, we could not monitor
convincing time-of-the-day-dependent changes in gut choles-
terol levels or a significant difference between CC and KD (Fig-
ure 2C). The KEGG pathway analysis also indicated “fatty acid
metabolism” as diurnal in both liver and IECs upon KD (Tables
S1and S2, sheet 2). In the liver, there was an increase in free fatty
acid concentration upon KD, although no rhythmic alterations be-
tween the ZTs tested (Figure 2B). Strikingly, we found a strong in-
crease in free fatty acid concentration in the gut at nighttime
(ZT20), while in CC the levels were unchanged during night and
day (Figure 2D). As fatty acids are ligands of the peroxisome pro-
liferator-activated (PPAR) family of nuclear receptors (Grygiel-
Gorniak, 2014), these data nicely match the rhythmic nuclear
accumulation of PPARa (Figure 4D) and its target gene expression
(Figure 4E) in the intestine of mice fed to KD. In keeping with
higher, but not diurnal, fatty acid levels, there was a non-circadian
increase in the expression of PPARa target genes in the liver (Fig-
ure 4B) (see Cyclic Activation of PPARa by KD).

Interestingly, the KD-induced diurnal genes oscillated in a co-
ordinated manner, in phase with a sharp peak at ZT6-ZT8 in the
liver and ZT8 in the intestine, as shown by time lag analysis (Fig-
ures 1D and 1H). The genes oscillating in CC only were still coor-
dinated in phase with an earlier peak around ZT2 in the liver and
ZT8inthe gut (Figures 1D and 1H). Moreover, the amplitude anal-
ysis in “both diets” condition underlined another tissue-specific
feature of the KD challenge: of all common oscillators, 54.7% of
the 801 transcripts displayed an increase in amplitude in the liver
upon KD feeding (Figure S2C). In contrast, in the gut 52% of the
genes showed a decrease in amplitude and only 43% an increase
(Figure S2D). Altogether, these data indicate that distinct diets
control the phase and amplitude of oscillation of the circadian
transcriptome via distinct mechanisms in different tissues.
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To further determine the diurnal transcriptional signature
induced by KD in the two distinct tissues, we analyzed the KD-
driven rhythmic transcripts in liver and gut (Figure 2E; Table
S5). The genes cycling exclusively upon KD in the liver were
2,724 and they clustered in the KEGG pathways “protein pro-
cessing in endoplasmic reticulum,” “TNF signaling pathway,”
and “glucagon signaling pathway” (see Table S6, sheet 1, for a
complete list). Only 884 genes were rhythmic exclusively in the
gut (Figure 2E) and they were prevalently enriched in “metabolic
pathways”; “valine, leucine, and isoleucine degradation”; and
“fatty acid degradation and elongation” (Table S6, sheet 2).
The shared rhythmic genes were 416 and, as expected,
comprised the core clock genes (Figure 2E; Table S6, sheet 3).
The heatmaps of the oscillating transcripts showed a total
disruption in diurnal rhythms of the exclusive cycling genes be-
tween the two tissues (Figure 2F), reinforcing the notion of tran-
scriptional reprogramming in response to a food challenge of
specific peripheral clocks (Eckel-Mahan et al., 2013).

Furthermore, to gain insight into the differential influence of KD
on the liver and gut clock, transcription factor binding site (TFBS)
enrichment analysis was performed based on MotifMap (Daily
et al., 2011; Xie et al., 2009) binding site results (Table S6, sheet
4), and a further meta-analysis was used to identify tissue-specific
rhythmic transcription factors (Figure 2G). Interestingly, Ppara, a
nuclear receptor involved in ketogenic responses, was a transcrip-
tion factor rhythmic in KD-only IECs (Figure 2G) and its binding
motif was highly significant in genes rhythmic exclusively under
this condition (Figure 2I). This suggested that the PPAR« pathway
could represent a specific diurnal signature in the KD-dependent
rhythmic transcriptional rewiring of the gut clock. Other transcrip-
tion factors displayed an oscillatory profile in the liver (Figure 2G)
and some of the motifs bound by the STAT protein family were en-
riched in KD-only liver (Figure 2H). Importantly, “CLOCK:BMAL1”
binding site was enriched in virtually all the conditions (Table S6,
sheet 4) except for KD-only IECs when compared to KD-only liver.
Moreover, “CLOCK:BMAL1” binding site was strongly significant
in KD-only liver (Table S6, sheet 4; Figure 2H), implying a possible
direct involvement of the core clock in interpreting a ketogenic
nutritional challenge on hepatic tissue physiology.

Limited Effect of KD on Core Clock Gene Oscillation

The significant influence of KD on cyclic gene expression promp-
ted us to determine whether it would directly affect the core clock
machinery. To do so, we analyzed the expression of Bmal1, Cry1,
Per2, and Rev-erba genes and found no significant alteration in
phase and amplitude when comparing CC- and KD-fed mice in
both liver (Figure S3C) and IECs (Figure S3D). Moreover, BMAL1
protein and phosphorylation levels were virtually unaltered by KD
as compared to CC in both liver (Figure S3E) and gut (Figure S3F)
along the entire circadian cycle. Thus, core clock gene expression
appears to beresistant to potential perturbations caused by a food
challenge in two distinct peripheral clock systems.

Tissue-Specific Effect of KD on BMAL1 Chromatin
Recruitment

Given the changes in gene cycling but subtle difference in core
clock gene expression, we investigated other possible molecular
mechanisms by which KD influences the diurnal transcriptional
landscape. Therefore, we analyzed the expression profiles of
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Figure 2. Metabolite Levels and Circadian Transcriptional Signature in Liver versus IECs upon KD

(A) Hepatic total cholesterol levels at ZT0 and ZT12 in CC- and KD-fed mice (n = 4 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons
for factor, diet within ZT, *p < 0.05; ZT within KD, #p < 0.05).

(B) Free fatty acid levels in the liver of CC- and KD-fed mice at ZT8 and ZT20 (n = 4 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons
for factor, diet within ZT, *p < 0.05).

(C) Intestinal total cholesterol levels at ZTO and ZT12 in CC- and KD-fed mice (n = 4 per time point, per group; two-way ANOVA, no significant difference).

(D) Free fatty acid levels in the ileum of CC- and KD-fed mice at ZT8 and ZT20 (n = 4 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; com-
parisons for factor, diet within ZT, *p < 0.05; ZT within KD, #p < 0.05). Error bars represent SEM.

(E) Venn diagram representing the transcripts oscillating in “liver only,” “both tissues,” and “IECs only” upon KD feeding (n = 3 per time point, per group, p < 0.01,
FDR < 0.1).

(F) Heatmaps representing the genes diurnal in both tissues, liver only, and intestine only upon KD (n = 3 per time point, per group, p < 0.01, FDR < 0.1).

(G) Analysis of the rhythmic transcription factors (p < 0.01) in animals fed KD, exclusively in the liver, in both tissues, or exclusively in the gut.

(H) Transcription factor binding site (TFBS) analysis in the liver of KD-fed mice. In the graph is reported the —log (pValue, 10). The first four sites are enriched
exclusively in the liver upon KD. CLOCK:BMAL1 binding site is not exclusive, although it is highly enriched in KD liver, as shown by the value of the —log (pValue).
(I) Transcription factor binding site (TFBS) analysis in the IECs of KD-fed mice. In the graph is reported the —log (pValue, 10).

CCGs other than the core clock that, as previously mentioned,
did not display any major alterations both in the liver and the
gut (Figures S3C and S3D).

In the liver, KD induced a significant increase in the amplitude of
CCG oscillation, such as Dbp (albumin D-box binding protein) and
Nampt (nicotinamide phosphoribosyl transferase) (Figure 3A). The
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Figure 3. Clock-Controlled Gene Expression and BMAL1 Chromatin Recruitment on Specific Target Promoters

(A) Expression of clock output genes Dbp, Nampt, and Pnpla2 measured by gPCR in the liver (n = 5 per time point, per group; two-way ANOVA, Holm-Sidak post
hoc; comparisons for factor, diet within ZT, *p < 0.05).

(B) gPCR- ChlIP results showing BMAL1 chromatin recruitment on the E-boxes of the Dbp, Nampt, and Pnpla2 gene promoters in the liver (n = 5 per time point, per
group; two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).

(C) Expression of clock output genes Dbp, Nampt, and Pnpla2 measured by gqPCRin IECs (n = 5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc;
comparisons for factor, diet within ZT, *p < 0.05).

(legend continued on next page)
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example of Nampt is notable since, in contrast to KD, its circadian
expression is completely abolished by high-fat diet in the liver
(Eckel-Mahan etal., 2013). The profile of Pnpla2 (patatin-like phos-
pholipase domain containing 2, also known as Atgl), a rhythmic
gene involved in lipid metabolism, was also altered (Figure 3A),
displaying a significant amplitude enhancement in the liver (Fig-
ure 3A). In the gut, the effect of KD on these genes was drastically
different. In fact, the expression of Dbp, Nampt, and Pnpla2 was
virtually identical to the profile under CC (Figure 3C). Importantly,
there was no increase of Nampt and Pnpla2 gene expression at
ZT12 upon KD in Clock-deficient mice, both in liver and intestine
(Figures S3G and S3H). This result indicates that a functional clock
is required to mediate the effect of KD on hepatic rhythmic tran-
scriptional changes.

To decipher the molecular mechanism responsible for the
enhancement in CCG amplitude, we performed chromatin
immunoprecipitation (ChIP) experiments using BMAL1 anti-
bodies. Strikingly, BMAL1 recruitment on the E-boxes within
Dbp and Nampt promoter regions was significantly increased
at ZT8 and ZT12, and at ZT4 and ZT12 on Pnpla2 E-box in the
liver of KD-fed animals (Figure 3B). In contrast, BMAL1 binding
to the E-boxes of the same genes showed no differences in the
IECs (Figure 3D). In line with these results, cross-analysis of our
diurnal transcriptome with BMAL1 ChIP sequencing (ChIP-seq)
data (Koike et al., 2012; Rey et al., 2011) indicated that the ma-
jority of cyclic BMAL1 targets in the liver of KD-fed mice had a
robust peak at ZT8 (Figure S4A) and an increase in their expres-
sion at the same ZT with respect to CC-fed mice (Figure S4E).
Similarly, other clock output genes, such as Nmnat3 and
Bhihe41, displayed a significant enhancement in their oscilla-
tion with a zenith at ZT8 (Figures S4G and S4H), accompanied
by a significant increase in BMAL1 chromatin recruitment on
their promoters upon KD feeding (Figures S4G and S4H). In
contrast, no changes in BMAL1 binding were observed at the
E-boxes on Per2 and Rev-erba promoters (Figure S4l), perfectly
correlating with no major alterations in core clock gene tran-
scription in KD liver (Figure S3C). On the other hand, BMAL1
target genes displayed no increase in their level under KD in
the gut (Figures S4B and S4F). Moreover, the phase-lag anal-
ysis of BMAL1 target cyclic genes showed a different pattern
in the peak and nadir between liver and gut both for CC- or
KD-fed animals (Figures S4C and S4D). Thus, while the global
levels of BMAL1 protein seem to be unaffected by KD feeding,
BMAL1 chromatin recruitment to specific targets appears to be
a critical control step in the liver of KD-fed mice. It is worth
noting that these results are in keeping with the TFBS analysis,
in which the “CLOCK:BMAL1” motif was highly enriched in the
rhythmic liver transcriptome of KD-fed mice (Figure 2H; Table
S6, sheet 4).

Taken together, these data show that KD modulates specific
CCG oscillation by influencing the chromatin recruitment of the
endogenous clock complex in the liver, but not in the gut.
Thus, our findings underlie a tissue-dependent effect on clock
protein functions upon a nutritional challenge.

Cyclic Activation of PPARa by KD

A central pathway highly enriched in our high-throughput
genomic analysis is “PPAR signaling,” clustered in the class of
genes oscillating in “KD-only” in both liver and intestine (Figures
1C and 1G). It is worth noting that this GO category was present
also in “CC-only” cycling genes in the gut, although the sig-
nificance of the cluster in “CC-only” is much lower than in
“KD-only” (Figure S2B). Moreover, the PPAR binding motif
was significantly enriched in KD-only IECs (Figure 2I). Impor-
tantly, PPARa-driven transcription is implicated in the metabolic
response to energy deprivation (Kersten et al., 1999). Further-
more, PPARa is a key regulator of lipid metabolic homeostasis
and a prime mediator of ketogenesis (Badman et al., 2007;
Leone et al.,, 1999). Thus, we examined the possible role of
PPARa in the KD-induced cyclic transcriptional reprogramming
in liver and gut. Importantly, PPAR« nuclear protein levels were
robustly upregulated upon KD in both liver and gut (Figures 4A
and 4D). Daily oscillations of nuclear PPARa. protein expression
in KD-fed animals were anti-phasic in the two tissues, with a
peak at around ZT8 in the liver and a trough at the same ZT in
the gut (Figures 4A and 4D). Remarkably, PPARa. target genes
in the liver (Figure 4B) had a distinct profile with respect to the cy-
clic profile of the corresponding genes in the gut (Figure 4E),
following the nuclear accumulation of PPARa in the two tissues
(Figures 4A and 4D). Notably, PPARa. targets Hmgcs2 (3-hy-
droxy-3-methylglutaryl-CoA synthase 2), the rate limiting
enzyme of the ketogenic pathway; Acot2 (acyl-CoA thioesterase
2); Angptl4 (angiopoietin-like 4); and Cptia (carnitine palmitoyl-
transferase 1A) robustly oscillate in IECs (Figure 4E) in phase
with PPARa nuclear protein abundance (Figure 4D) and following
the mouse feeding rhythm. It is worth noting that Hmgcs2 ex-
hibited a robust gain in oscillation in IECs, showing an increase
of more than 25-fold compared to CC at the peak time point
(Figure 4E). On the other hand, not all the liver PPAR« targets
displayed a clear rhythmic oscillation (Figure 4B). For example,
hepatic Hmgcs2 was only moderately increased during the daily
ZTs, despite the significant upregulation in BOHB in KD-fed mice
(Figure S1B). It is conceivable that HMGCS2 activity may be
mainly regulated by post-translational modifications, in keeping
with previously reported findings (Rardin et al., 2013; Shimazu
et al.,, 2010). Acot2 was significantly upregulated in KD-fed
mice at all times of the circadian cycle, although it did not present
a clear rhythmic behavior. Finally, hepatic Cpt71a and Angptl4 ex-
hibited a significant expression increase and gain in the ampli-
tude of oscillation (Figure 4B).

To gain further insight into the cyclic activation of the PPAR«
pathway upon KD, we analyzed the daily expression of known
PPARq. target genes (Rakhshandehroo et al., 2010). The major
biological pathways in which PPARa targets are involved are
presented as a pie chart (Figure S5A). Strikingly, in the gut
~20% of these genes oscillated in phase with PPARa nuclear
accumulation, as shown by the heatmap (Figure S5B, see the ar-
row). Thereby, it appears that the KD is imposing a stricter phase
of oscillation for a number of genes in the gut. The majority of

(D) ChIP results showing BMAL1 chromatin recruitment on the E-boxes of Dbp, Nampt, and Pnpla2 gene promoters in IECs (n = 5 per time point, per group; two-
way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, no significant difference).
IgG represents ChIP experiment performed with an isotype-matched control immunoglobulin (normal rabbit IgG) to BMAL1.

Error bars represent SEM.
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Figure 4. Tissue-Specific Circadian PPAR« Signature in Liver and Intestine upon KD

(A) Western blot analysis of PPARa in liver nuclear extract. On the left, representative blot; on the right, graph reporting the average of the blot band density (n =
per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).

(B) Expression of the PPARa target genes Hmgcs2, Acot2, Cpt1a, and Angptl4 in liver extract (n = 5 per time point, per group; two-way ANOVA, Holm-Sidak post
hoc; comparisons for factor, diet within ZT, *p < 0.05).

(C) Liver PPARq. target gene expression in mice fed CC or KD for 4 weeks and treated with the specific PPARa inhibitor GW6471 (n = 3—4 per time point, per group;
two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).

(legend continued on next page)
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these targets participated in specific metabolic pathways such
as “mitochondrial B-oxidation/oxidative phosphorylation” and
“peroxisomal B-oxidation.” In contrast, the same genes in the
liver were not rhythmic and their profile was completely different
with respect to the one in IECs (Figure S5C), as already indicated
by the gPCR data (Figure 4B). Importantly, treatment of CC- or
KD-fed mice with the specific PPARa inhibitor GW6471 influ-
enced PPARa target gene levels at ZT20, the peak time point
in KD-fed mice, in the ileum (Figure 4F), but not in the liver
(Figure 4C).

Therefore, our results show that KD activates a tissue-specific
rhythmic PPARo-dependent transcriptional reprogramming
characterized by a well-defined phase of oscillation exclusively
in the intestine, which differs from the liver.

KD Induces Circadian BOHB Levels and Rhythmic
Histone Acetylation in the Gut

To determine the molecular mechanisms contributing to the
different diurnal expression of PPAR«. targets in liver and intes-
tine, we monitored the abundance of acetyl-(Lys9/Lys14) on
histone H3 at PPRE (PPAR response element) sites on target
promoters. The levels of acetylated H3 followed the daily
transcriptional changes in IECs of KD-fed animals, with a higher
increase at ZT20 than at ZT8 for all tested promoters (Hmgcs2-
PPRE, Acot2-PPRE, Cptla-PPRE, and Angptl4-PPRE; Fig-
ure 5B). In keeping with PPAR« targets profile, no significant
changes in the rhythmicity of acetyl-(Lys9/Lys14) could be
observed in the liver (Figure 5A). Strikingly, there was a robust
oscillation of BOHB serum levels along the diurnal cycle in KD-
fed mice, peaking at ZT0-ZT20 and reaching nadir at ZT8 (Fig-
ure 5C), with a diurnal profile mirroring the one of PPARa nuclear
accumulation and PPARq target expression in the intestine (Fig-
ures 4D and 4E). Indeed, cyclic expression of ileal Hmgcs2 may
partially be responsible for the daily profile of BOHB levels. As
BOHB is an endogenous histone deacetylase inhibitor (Shimazu
et al.,, 2013), we reasoned that cyclic BOHB might generate
rhythmicity in HDAC activity contributing to de novo oscillation
of PPARq. target genes. To explore this possibility, we analyzed
HDAC activity in nuclear extract from intestine during daytime
(ZT8) and nighttime (ZT20). We found that HDAC activity dis-
played an opposite profile with respect to serum BOHB oscilla-
tion in KD gut, being higher at ZT8 and lower at ZT20 (Figure 5G).
Moreover, HDAC activity was significantly decreased in the gut
of KD-fed mice as compared to CC-fed mice at ZT20 (Figure 5G),
in line with the increase in histone H3 acetylation at specific pro-
moter regions (Figure 5B). HDAC activity in nuclear extracts from
CC-fed mice was virtually identical at ZT8 and ZT20, in keeping
with the lack of BOHB rhythmicity (Figure 5C) and H3 acetyl-
(Lys9/Lys14) in CC-fed mice (Figure 5B). Notably, the local con-
centration of BOHB in KD intestine remarkably mirrored the
diurnal profile of the same metabolite in the serum (Figure 5E),

strongly supporting the inhibitory effect on HDAC activity and
the time-of-the-day-dependent changes in histone acetylation
in this specific tissue. On the other hand, BOHB levels in the liver
of KD-fed animals were still increased, although displaying a
different oscillatory pattern with a peak at ZT12-2T16 (Figure 5D).
Furthermore, hepatic HDAC activity did not show any significant
difference between CC and KD and only a negligible day-night
difference (Figure 5F). To rule out the possibility that HDAC inhi-
bition may occur at a diverse ZT in the liver, we monitored the
abundance of acetyl-(Lys9/Lys14) on histone H3 on the same
promoter regions (Hmgcs2-PPRE, Acot2-PPRE, Cptia-PPRE,
and Angptl4-PPRE) at ZTO and ZT12, the nadir and zenith,
respectively, of the local hepatic BOHB. No changes were
observed on H3 acetylation between CC and KD conditions or
between the two ZTs analyzed (Figure S4J).

To demonstrate the direct link between BOHB, gene expres-
sion, and changes in histone acetylation in the gut, mice were
fed CC or a diet corresponding to CC containing 10% (w/w)
1,3-butanediol (1,3 butanediol diet, BD) for 4 weeks. This is a
strategy to increase the endogenous BOHB levels without
inducing the metabolic state characteristic of a KD (Hashim
and Vanltallie, 2014). 1,3-butanediol is an alcohol precursor of
BOHB and it is quickly converted to BOHB in the liver by the
alcohol dehydrogenase system (Veech, 2014). As expected,
BOHB serum concentration was significantly increased both at
ZT8 and ZT20 upon BD (Figure S6A). PPAR« target gene expres-
sion in the liver did not show any substantial difference after
4 weeks of BD (Figure S6B), as predicted because 1,3-butane-
diol does not involve any aspect of fatty acid metabolism. In
keeping with this observation, only marginal changes in H3
acetyl-(Lys9/Lys14) on the promoter of the same genes were de-
tected (Figure S6C). Notably, a significant upregulation in PPARa.
target genes was present in the intestine of BD-fed mice
(Figure S6D). Interestingly, H3 acetyl-(Lys9/Lys14) abundance
on the promoter region of Acot2, Cptla, and Angptli4 was
higher upon BD (Figure S6E), paralleling gene expression and re-
inforcing our hypothesis that BOHB specifically impacts this type
of histone post-translational modification in the gut. Taken
together, our results unveil a novel and tissue-specific epigenetic
role of BOHB in rewiring cyclic gene expression upon a nutritional
challenge.

Sucrose and Fructose Complementation of KD

As KD is devoid of carbohydrates, we questioned whether
complementation with either fructose or sucrose would influence
the metabolic effect of KD on the diurnal program. Carbohy-
drates have been shown to inhibit the induction of ketogenesis
(Fukao et al., 2004). To do so, KD- or CC-fed mice were sub-
jected to oral gavage with fructose (4 g/kg of body weight) for
7 days once a day, during the last week of their dietary regimen.
Tissues were collected at ZTO and ZT12, respectively the end

(D) Nuclear PPARw. protein accumulation in IECs. On the left, representative blot; on the right, graph reporting the average of the blot band density (n = 3 per time
point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).
(E) PPARq. target gene expression of Hmgcs2, Acot2, Cpt1a, and Angptl4 in IECs (n = 5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc;

comparisons for factor, diet within ZT, *p < 0.05).

(F) lleum PPARGu. target gene expression in mice fed CC or KD for 4 weeks and treated with the specific PPARa inhibitor GW6471 (n = 3—4 per time point, per group;
two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).

Error bars represent SEM.
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Figure 5. KD-Driven Oscillation in Serum BOHB and Daily Changes in Epigenetic Marks

(A) Liver ChIP of acetylated (Acetyl) lysine (K) 9-14 on histone H3. gPCR showing the relative abundance of H3 Acetyl(K9-K14) on the PPAR-responsive element
(PPRE) of specific promoter: Hmgcs2, Acot2, Cptia, and Angptl4 (n = 4-6 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for
factor, diet within ZT, *p < 0.05).

(B) H3 Acetyl(K9-K14) abundance on the PPRE of Hmgcs2, Acot2, Cpt1a, and Angptl4 promoter in the intestine (n = 4 per time point, per group; two-way ANOVA,
Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05; ZT within KD, #p < 0.05).

(C) Serum BOHB levels along the diurnal cycle in CC- and KD-fed mice (n = 5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for
factor, diet within ZT, *p < 0.05).

(legend continued on next page)
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and the beginning of the active phase. We focused our attention
on a set of genes involved in KD metabolic response both in he-
patic and ileal tissues. No significant effect of fructose was noted
in the liver of KD-fed mice on Hmgcs2, Acot2, and Angptl4 gene
expression (Figure 6A). In sharp contrast, fructose induced a sig-
nificant reduction in the expression of all these transcripts in the
intestine (Figure 6C). Moreover, core clock genes and CCGs
were only marginally influenced by fructose supplementation
both in the liver (Figure S7A) and in the gut (Figure S7C). Thus,
clock effects in the liver may be due to altered upstream
signaling pathways that are selectively recruited over time to
adapt to the change in fuel availability and drive downstream
circadian events in a tissue-specific manner.

To test the effect of sucrose administration on KD-induced
clock response, CC- or KD-fed mice were treated with 30%
sucrose in drinking water for all 4 weeks of diet. Concomitant
sucrose administration was insufficient to alter KD-specific clock
response in the liver as only the expression of Acot2 was moder-
ately affected (Figure 6B). In contrast, the intestinal clock was
robustly responsive to sucrose administration with an almost
complete reversal of KD-induced metabolic changes. Indeed,
gene expression of all the tested genes (Hmgcs2, Acot2, and
Angptl4) returned to the levels distinctive of CC-fed mice (Fig-
ure 6D). Interestingly, sucrose did not interfere with core clock
genes and CCGs in the liver of KD-fed mice, although it signifi-
cantly influenced gene expression in CC-fed mice (Figure S7B),
suggesting that KD could reinforce the core clock robustness in
the liver. Similarly, sucrose affected core clock gene expression
in the gut of CC-fed mice, although it also impacted CCG levels
upon KD (Figure S7D).

Thus, in contrast to the liver, the intestinal clock exhibits a
rapid response to carbohydrates that leads to increased plas-
ticity in transcriptional reprogramming, further underlying the
distinct and tissue-specific response of peripheral clocks upon
dietary perturbation.

DISCUSSION

Metabolic homeostasis is connected to circadian function and
both central and peripheral clocks contribute to its maintenance.
The liver clock has been extensively studied because of its role in
metabolic regulation. The intestinal clock, although obviously
of importance, has been less investigated despite its central
involvement in sustaining organismal metabolic responses (Mu-
kherji et al., 2013). For the first time, we have questioned how
two different tissues would operate their intrinsic, specialized
plasticity to respond to a distinct nutritional challenge. We reveal
a tissue-specific cyclic signature in response to a KD regimen
that leads to a dramatic increase in B-oxidation and consequent

ketosis (Paoli et al., 2015). While the impact of KD on the circadian
clock has been noted (Genzer et al., 2015; Oishi et al., 2009), the
molecular mechanisms underlying its action have not been satis-
factorily explored. Our study represents the first exhaustive anal-
ysis of how KD influences rhythmic genomic reprogramming. In
addition, as KD has been extensively used for the treatment of re-
fractory epilepsy in children and for many other applications in
adults such as obesity, diabetes, neurodegenerative disorders,
and cancer (Paoli et al., 2013), our findings may provide a frame-
work for future explorations of how circadian control could
contribute to these pathophysiological conditions.

One of the most interesting properties of KD is its ability to drive
metabolic pathways generally induced by fasting or caloric re-
striction. In fact, gluconeogenesis, fatty acid oxidation, and keto-
genesis are upregulated while glycolysis and de novo lipogenesis
are shut down (Kennedy et al., 2007; Paoli et al., 2015). Interest-
ingly, enzymes and transcription factors involved in these meta-
bolic cascades display circadian rhythmicity or start to oscillate
upon KD, underscoring the tight link with the circadian clock.
Our results show that KD is able to modulate the clock machinery
recruitment to chromatin, which led to gain in oscillation of CCGs
in the liver. Despite a very high fat content in KD, this effect was
the opposite of a high-fat diet, which hindered BMAL1 chromatin
recruitment to target genes (Eckel-Mahan et al., 2013), opening
new questions about how nutrient composition can modulate
the core clock-chromatin interaction. Here we report a significant
increase in BMAL1 binding on Nampt and Dbp promoters both at
ZT8 and ZT12, and at ZT4 and ZT12 on Pnpla2 promoter, that re-
sults in a robust increase in their amplitude. Intriguingly, crossing
our diurnal microarray data with BMAL1 ChIP-seq unveiled that
BMAL1 target genes cycling in KD liver displayed a robust peak
at ZT8. Taken together, these data suggest that KD-driven
BMAL1 chromatin recruitment participates in the regulation of
systemic adaptive responses to KD. On the other hand, the gut
core clock was not affected by KD, indicating that the core clock
machinery contributes to the physiological adaptation to a KD
challenge in a tissue-specific manner, crosstalking directly with
the metabolic clock exclusively in the liver.

The robust PPARa signaling activation induced in the gut of
KD-fed mice paralleled the mouse food intake, suggesting that
daily changes in PPARa signaling were primarily mediated by
local physiological responses to feeding behavior rather than al-
terations in the core clock machinery. Indeed, the intestinal local
levels of free fatty acids were remarkably increased at ZT20 with
respect to ZT8 upon KD, respectively the peak and trough of
PPARa nuclear concentration and its target gene expression
(Figures 4D and 4E). Intriguingly, although PPARa pathway
was induced both in liver and gut during ketogenesis, the two tis-
sues displayed different phase of oscillation in both PPARa

(D) Hepatic BOHB levels along the diurnal cycle in CC- and KD-fed mice (n = 3 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for

factor, diet within ZT, *p < 0.05).

(E) Intestinal BOHB levels along the diurnal cycle in CC- and KD-fed mice (n = 3 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for

factor, diet within ZT, *p < 0.05).

(F) HDAC activity from liver nuclear extract at ZT8 and ZT20 (n = 5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet

within ZT, no significant difference; ZT within KD, #p < 0.05).

(G) HDAC activity in intestinal nuclear extract at ZT8 and ZT20 (n = 3-5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for factor,

diet within ZT, *p < 0.05; ZT within KD, #p < 0.05).
Error bars represent SEM.
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Figure 6. Liver and Intestine Response to Perturbation in Diet Composition

(A) gPCR of genes involved in the ketogenic response, Hmgcs2, Acot2, and Angptl4, in the liver of mice fed 4-week KD or CC and administered with fructose oral
gavage (4 g/Kg) once a day, per 7 days during the last week of dietary regimen (n = 5-6 per time point, per group; two-way ANOVA, Holm-Sidak post hoc;
comparisons for factor, diet within ZT, *p < 0.05).

(B) Hmgcs2, Acot2, and Angptl4 gene expression in the liver of animals fed 4-week KD or CC and simultaneously treated with 30% sucrose in the drinking water
(n = 5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).

(C) Intestinal gene expression of Hmgcs2, Acot2, and Angptl4 in mice subjected to fructose oral gavage (n = 5-6 per time point, per group; two-way ANOVA,
Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).

(D) gPCR analysis of Hmgcs2, Acot2, and Angpti4 genes in the intestine of animals treated with 30% sucrose in the drinking water (n = 5 per time point, per group;
two-way ANOVA, Holm-Sidak post hoc; comparisons for factor, diet within ZT, *p < 0.05).

Error bars represent SEM.
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fashion. This results in the increase of histone H3
acetylation on metabolic gene promoters at specific

Clock- Metabolic
Controlled \/t Genes, ZTs, contributing to rhythmic gene expression.
genes VD ) 0 | N PPARa. Indeed, PPARo targets display a unique diurnal
- = ~ & ~ Giiof > targets profile that nicely parallels PPARo. nuclear accumu-
Increased Circadian Cyclic H3 Acetylation Osc?lllr;tlc')on lation and serum/intestinal BOHB daily changes.

Amplitude

nuclear accumulation and target gene expression. Finally, the
pharmacological inhibition of PPARa during KD significantly
influenced its target gene expression in the gut, but not in the
liver. This evidence points toward unique circadian properties
of metabolic clocks upon a food stress, even when the same mo-
lecular player, such as PPARa, is implicated. Furthermore the
liver and intestine clock exhibited different sensitivity to pertur-
bations in the diet macronutrient. Indeed, the hepatic clock
was refractory to carbohydrate supplementation under KD,
maintaining almost unvaried gene expression. This is in sharp
contrast to the intestinal clock that is highly plastic to either
sucrose or fructose complementation, as visualized by the
changes in gene expression as compared to KD (Figures 6C
and 6D). Thus, the sole KD complementation by either sucrose
or fructose appears to restore the metabolic clock in the gut to
the CC scenario, stressing the specificity in the response of
distinct peripheral clocks to food challenges.

An interesting facet of this study relates to the cyclic profile of
BOHB upon KD feeding. From a clinical point of view, this notion
could be relevant since KD has been broadly used for the treat-
ment of epilepsy (van der Louw et al., 2016). Indeed, circadian
control might contribute to the intricate and still poorly explored
relationship between seizure control and serum levels of ketone
bodies (Gilbert et al., 2000; McNally and Hartman, 2012). More-
over, KD seems to be beneficial as an adjuvant for cancer ther-
apy (Allen et al., 2014; Wright and Simone, 2016), and in obesity,
diabetes, and some inherited metabolic disorders (Mobbs et al.,
2013; Scholl-Burgi et al., 2015). Remarkably, BOHB has been
demonstrated to be protective in a variety of conditions, such
as neurodegenerative diseases (Kashiwaya et al., 2000; Lim
et al., 2011), in support of a view in which ketone bodies may
have multiple functions in addition to energy source (Puchalska
and Crawford, 2017). Our findings support a role of BOHB as
an epigenetic regulator in keeping with previous studies (Shi-
mazu et al., 2013; Sleiman et al., 2016). Intriguingly, the rhythmic
nature of BOHB in the serum and locally in the gut upon KD is

translated into a time-of-the-day-dependent modulation of
HDAC activity specifically in the intestine, resulting in differences
in the level of histone H3 acetylation and paralleled circadian
changes in gene expression. The oscillatory levels of BOHB
appear to drive effects on histone acetylation in a tissue-specific
manner, being robust in the gut and almost absent in the liver.
While the reasons for this intriguing difference are yet to be
explored, our data reveal new avenues of future directions to
better understand the impact of BOHB, and possibly other
metabolites, on the epigenetic landscape and gene expression
control of different peripheral clocks.

Finally, our study brings further evidence to the link between
chromatin remodeling, diurnal rhythms, and cell energy meta-
bolism. Additional experiments will determine whether KD and
the subsequent BOHB oscillation could influence the levels
and/or rhythmicity of histone B-hydroxyl-butyrylation, a recently
described epigenetic mark involved in metabolic regulation of
transcription (Xie et al., 2016).

Our work contributes to the concept that metabolic cues can
influence chromatin landscape and gene expression (Katada
et al., 2012; Martinez-Pastor et al., 2013) and points to the ability
of the clock system to interpret changes in the nutritional
regimen in a tissue-specific fashion, leading to distinct rhythmic
signatures that designate the physiology and function of the tis-
sue analyzed (Figure 7). It is noteworthy that while the genes and
enzymes studied here are expressed in both the ileum and the
liver, the clock has the unique ability to recruit them to carry
out precise temporal roles tailored for tissue-specific response.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and Feeding

Eight week-old male C57BL/6J mice (JAX, 00064), maintained at 24°C on a 12 hr light/ 12 hr dark cycle, were fed ad libitum to a keto-
genic diet (KD, Envigo, Teklad Custom diet TD.160153, 90.5% kcal from fat, 9.5% kcal from protein), to a control chow (CC, Envigo
Teklad Custom diet TD.150345, 12.6% kcal from fat, 9.8% kcal from protein, 77.7% from carbohydrate) or to 1,3-Butanediol diet
(10% 1,3-butanediol) (BD, Envigo, Teklad Custom diet TD. 160257) for 4 weeks.

At the end of the 4 weeks 5-7 mice per time-point, per group were sacrificed via CO, and cervical dislocation every four hours along
the diurnal cycle (from ZTO0 to ZT24). Clock-deficient animals were a gift from S. Reppert (Worcester, MA). Study animals were back-
crossed to the C57BL/6 background for four generations (Debruyne et al., 2006). Eight week-old male Clock-deficient mice and their
WT littermates were maintained in the same condition described for C57BL/6J. 4-5 Clock-deficient animals or WT littermates per
time-point were sacrificed via CO, and cervical dislocation at ZT12 (light off, starting of the active phase). Liver and intestine were
harvested from both C57BL/6J mice and Clock-deficient mice and immediately frozen in liquid nitrogen. A portion of the ileum
was processed for intestinal epithelial cells isolation as reported below.

A second cohort of animals was sacrificed at ZT0-8-12-20 (n = 5 per time-point) during an independent experiment. Animal care
and use was in accordance with guidelines of the institutional Animal Care and Use Committee at the University of California at Irvine.

METHOD DETAILS

Mouse Diets
All diets are matched on a per-calorie basis for micronutrient content, fiber, and preservatives.
The composition of the three experimental diets (CC = control chow, KD = Ketogenic diet, BD = 1,3-Butanediol diet) is as follows

(9/Kg):

CC TD.150345 KD TD.160153 BD TD.160257
Casein 100 180 106.44
DL-methionine 1.6 2.88 1.7
Corn starch 512.46 0 436.973
Sucrose 100 0 85
Maltodextrin 155 0 130.5
Crisco 25 440 0
Cocoa butter 0 150 0
Corn oil 25 85 26.6
Cellulose 35 59.19 37.17
1,3 Butanediol 0 0 100
Calories per gram 3.6 6.7 3.9

Vitamin supplements included AIN-93-VX vitamin mix (Envigo 110068), thiamin, phylloquinone, choline bitartate, mineral mix
(Envigo 98057), calcium phosphate, and calcium carbonate. Crisco is a proprietary blend of partially hydrogenated vegetable oil,
with minimal trans-fat content. Fatty acids in KD are, by weight, approximately 24% saturated, 39% monounsaturated, and 37%
polyunsaturated.

GW6471 Treatment

Eight week-old male C57BL/6J mice (JAX, 00064), maintained at 24°C on a 12 hr light/ 12 hr dark cycle, were fed ad libitum to a keto-
genic diet (KD, Envigo diet TD. 160153, 90.5% kcal from fat, 9.5% kcal from protein) or to a control chow (CC, Envigo diet TD.150345,
12.6% kcal from fat, 9.8% kcal from protein, 77.7% from carbohydrate) for 4 weeks. Twice per week the animals were intraperito-
neally injected once a day (ZT11) with the specific PPARa. inhibitor GW6471 (Cayman chemical, Cat. N. 11697), at a dose of 10mg per
Kg of body weight. GW6471 was dissolved in DMSO at a concentration of 10mg/ml and diluted in PBS before the injection. At the end
of the 4 weeks 3-4 mice per time-point, per group were sacrificed via CO2 and cervical dislocation at ZT8 and at ZT20. Animal care
and use was in accordance with guidelines of the institutional Animal Care and Use Committee at the University of California at Irvine.

Fructose and Sucrose Treatment

Eight week-old male C57BL/6J mice, maintained on a 12 hr light/ 12 hr dark cycle, were fed ad libitum to KD or CC for four weeks. The
last week of feeding regimen, Fructose (4g/Kg) dissolved in PBS was administered to the mice through oral gavage (Volume = 200ul),
once a day for seven days.
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For sucrose experiments, mice were supplemented with 30% sucrose in drinking water ad libitum during the four weeks of dietary
regimen. At the end of the 4th week animals were sacrificed via CO2 and cervical dislocation at ZTO (light on) and ZT12 (light off). Liver
and intestine were harvested and immediately frozen in liquid nitrogen.

Indirect Calorimetry

Calorimetry was performed as described in Eckel-Mahan et al. (2012), using negative-flow CLAMS hardware system cages (Colum-
bus Instruments, Columbus, Ohio). Briefly, animals were housed at a temperature of 24°C and subjected to individual indirect calo-
rimetry measurements for a period of 5 consecutive days under a 12 hr light/ 12 hr dark cycle. The first 48 hr of the experiment served
to allow acclimation of the mouse to the metabolic cage, and were not included in the analysis. Food and water were available ad
libitum during the whole experiment. VO2, VCO2, and food intake were measured every 10 min. RER (VCO2/V02) was calculated
with Oxymax software (Columbus Instruments).

Intestinal Epithelial Cells (IECs) Isolation

IECs was isolated as previously described (Mukherji et al., 2013) with slight modifications. Specifically, 12 cm of ileum (0-12 cm up-
stream of cecum) was taken, opened longitudinally and washed vigorously in Hanks Balanced Salt Solution (HBSS). The samples
were putin 10 mM EDTA in HBSS with 5% fetal bovine serum and shaken at 200 rpm for 20 min at 37°C. The supernatant containing
IECs was centrifuged (720 g, 5 min, 4°C) and the pellet was washed in PBS. Following centrifugation (720 g, 5 min, 4°C), the pellet was
frozen at —80°C for future analysis.

RNA Extraction
Liver samples were homogenized in Trizol Lysis Reagent (Ambion Cat. N. 155696-018). Chloroform was added and the samples were
shaken for 15 s. The samples were left at RT for 3 min and then centrifuged (12000 g, 15 min, 4°C). The aqueous solution, containing
RNA, was collected in a fresh tube and the RNA was precipitated by the addition of isopropanol. Samples were mixed, left at RT for
10 min and then centrifuged (12000 g, 10 min, 4°C). Supernatant was discarded and the RNA pellet was washed in 75% ethanol by
centrifugation (7500 g, 5 min, 4°C). Supernatant was discarded and the pellet was re-suspended in DEPC-treated water. To increase
RNA purity, RNA was purified using the RNeasy mini kit (Qiagen Cat. N. 74106). Total RNA concentrations were determined by Nano-
drop Spectrophotometer (Thermo Scientific). RNA quality was analyzed via agarose gel electrophoresis (1% agarose). Total RNA
was reverse transcribed using Iscript reverse transcription Super mix (Biorad Cat. N. 1708840).

Gene expression was analyzed by Real time PCR (Biorad CFX96 Real-Time System) using SsoAdvanced Universal SYBR Green
Supermix (Biorad Cat. N. 172-5270).

Microarray Analysis

All starting total RNA samples were quality assessed prior target preparation/processing steps by running out a small amount of each
sample (typically 25-250 ng/well) onto a RNA 6000 Nano LabChip that was evaluated on an Agilent Bioanalyzer 2100 (Agilent Tech-
nologies, Palo Alto, CA). Microarray analyses were performed at the Genomics High-Throughput Facility, University of California
Irvine.

Gene Ontology Analysis
Gene ontology analysis was performed using Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7, using
genomic background; and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was chosen for gene clustering.

Protein Extraction and Western Blot

For whole cell extracts, liver samples were homogenized in modified RIPA buffer (50 mM Tris pH8, 150mM NaCl, 5mm EDTA, 15mM
MgCI2, 1% NP40) plus protease inhibitors and centrifuge for 15 min at 14000 g 40C. The supernatant was recovered and the protein
concentration was determined by Bradford assay (Biorad Cat. N. 500-0006).

For liver nuclear fraction, approximately 250 mg of liver was homogenized in 4 mL buffer A (10 mM HEPES, pH 7.8, 25 mM
KCI, 0.5 mM spermidine, 1 mM EGTA, 1 mM EDTA, 0.32 M sucrose, 0.3% triton) with protease inhibitors. Samples were centrifuged
(1,000 g, 10 min, 4°C) and the pellets were resuspended in 4 mL buffer A. Following centrifugation (1,000 g, 10 min, 4°C), 4 mL low salt
buffer (10 MM HEPES, pH 7.8, 25 mM KCl, 0.5 mM spermidine, 1 mM EGTA, 1 mM EDTA, and 20% glycerol) was added to the pellets
and then centrifuged again (1,000 g, 10 min, 4°C). The pellets were resuspended in 1 mL low salt buffer, centrifuged, and resus-
pended in 1x volume low salt buffer and 2x high salt buffer (10 mM HEPES, pH 7.8, 25 mM KCI, 0.5 mM spermidine, 1 mM
EGTA, 1 mM EDTA, 20% glycerol, and 0.5 M KCI). Suspensions were nutated for 1 hr at 4°C and then centrifuged (12,000 g,
20 min, 4°C). The resulting supernatant was used as the nuclear fraction. For nuclear fraction of IECs, buffer B (10 mM HEPES-
KOH, pH 7.9, 1.5 mM MgClI2, 10 mM KCI) was added to wash the frozen aliquots of IECs and centrifuged (1,000 g, 5min, 4°C).
0.2% NP40 in buffer B was added to the pellets and left on ice for 10min before centrifugation (10,000 g, 5min, 4°C). The pellets
were washed with buffer B and centrifuged again (10,000 g, 5min, 4°C). The pellets were re-suspended in modified RIPA
(500 mM Tris-HCI, pH 7.4, 1% NP-40, 0.25% deoxycholic acid-Na, 150 mM NaCl, 1mM EDTA), sonicated and centrifuged
(12,000 g, 20min, 4°C). The supernatant was used as the nuclear fraction.
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8% SDS-PAGE was performed to check BMAL1 and PPARa expression. The samples were blotted onto nitrocellulose membranes
(Biorad) and blocked in 5% non-fat dry milk in Tris-buffered saline (TBS) for 2 hr at room temperature RT. The nitrocellulose mem-
brane was incubated at 4°C overnight with the following antibodies: anti-BMAL1 (Abcam ab93806) 1:2000, anti-PPARq. (Santa Cruz
Biotechnology Sc 9000) 1:1000 and anti-P84 1:3000 (GeneTex GTX70220). Blots were then washed 3 times in TTBS for thirty
minutes, incubated in HRP conjugated anti-mouse or anti-rabbit diluted (1:8000) in 2.5% milk in TTBS for one hour at RT. The mem-
branes were than rinsed three times in TTBS and incubated in enhanced chemiluminescent substrate (Millipore Cat. N. WBKLS0500)
and exposed to film. The films were scanned and densitometry was analyzed through Imaged software.

Chromatin Immunoprecipitation (ChIP)

Minced frozen liver or ileum tissue was double crosslinked with DSG for 40 min and 1% formaldehyde for 10 min followed by Glycine
(0.125M final concentration) at room temperature for 10 min. After homogenizing tissue pellet in PBS, 1 mL of lysis buffer was added.
Samples were sonicated by Bioruptor (20 cycles, every cycle: 30 s ON /30 s OFF, power high) to generate 200-500 base pairs frag-
ments and centrifuged at 14000 g at 4°C. Supernatants were diluted in dilution buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris-HCI, 167 mM NaCl), precleared with Protein-G beads, blocked with salmon sperm DNA and BSA for 2 hr. Precleared supernatant
was incubated with the following primary antibodies: 2 ng BMAL1 (Abcam Cat. N. ab93806) or 1 ng H3K9/14ac (Diagenode Cat. N.
C15410200) overnight at 4°C. To monitor the specificity of ChIP assays, samples were also immunoprecipitated with a specific-anti-
body isotype matched control immunoglobulin (IgG). Protein-G beads Sepharose, Fast Flow (Sigma-Aldrich Cat. N. P3296) were
added to the supernatant and incubated for 2 hr at 4°C and centrifuged. Beads were recovered, washed in low salt buffer, high
salt buffer, LiCl buffer, followed by washing in TE for three times. Elution buffer (300 mM NaCl, 0.5% SDS, 10 mM Tris-HCI, 5mM
EDTA) was added to the washed beads, treated with RNase at 37°C for 2 hr and Proteinase K at 65°C overnight. Equal amount
of Phenol-Chloroform-Isoamyl alcohol was added to the samples and the aqueous phase was recovered. DNA was precipitated
by adding 100% Ethanol, NaOAc and glycogen and kept at —20°C overnight. Samples were centrifuged at 14000 g for 30 min at
4°C and washed with 70% ethanol followed by centrifugation at 14000 g for 30 min at 4°C. Quantitative PCRs were performed using
SsoAdvanced Universal SYBR Green Supermix (Biorad), according to the manufacturer’s protocol.

qPCR Primers

The primers for gene expression and ChIP were designed by Primer 3 software (v. 0.4.0) or obtained from previous publications: Dbp
E-box ChlIP primers are based on Ripperger and Schibler (2006), and Nampt E-box chip primers are based on Nakahata et al. (2009).
All the primer sequences are reported in Table S7.

B-Hydroxyl-Butyrate Quantitation

Fresh blood was centrifuged at 1500 g for 15 min and serum isolated. p-Hydroxyl-butyrate level were quantified using p-Hydroxy-
butyrate LiquiColor Test (Endpoint) (StanBio Cat. N. 2440-058) according to the manufacturer’s instructions. For B-Hydroxybutyrate
levels in intestine and liver, we used Abcam BHB Assay kit (Cat. N. ab83390). The samples were prepared and deproteinated with
PCA according to the manufacturer’s instruction.

Fatty Acid and Cholesterol Quantitation

10-15 mg of liver or intestinal tissue were used to check free fatty acid and total cholesterol levels. Free fatty acid were quantified
using the “Free fatty acid quantitation kit” (Sigma-Aldrich Cat. N. MAKO044) according to manufacturer’s instructions. Total choles-
terol was quantified using the “Cholesterol quantitation kit” (Sigma-Aldrich Cat. N. MAKO043) according to manufacturer’s
instructions.

HDAC Activity Assay
15 ng of intestinal or liver nuclear extract was tested using HDAC assay kit (Active Motif Cat. N. 56200) according to manufacturer’s
instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microarray Data Analysis and Statistics

3 animals per time-point, per group were analyzed. Arrays were scanned using GeneChip Scanner 3000 7G and Command Console
Software v. 3.2.3 to produce .CEL intensity files. The intensity files were then analyzed in Affymetrix Expression Console software
v1.1.1 using the PLIER algorithm to generate probe level summarization files ((CHP), where signal levels were normalized between
KD and CC conditions within the same tissue. Expression levels time series were then used to determine circadian behaviors of tran-
scripts using JTK-CYCLE (Hughes et al., 2010) and the results were corroborated using BIO_CYCLE (Agostinelli et al., 2016), an
improved circadian rhythm analysis software. Circadian behaviors include whether or not a transcript is circadian as well as its phase
and amplitude. Both methods produced similar results and importantly, key transcripts such as the core clock genes and PPAR«.
targets showed the same behavior. In the rest of the analysis, we report the results obtained with JTK-CYCLE. For JTK-CYCLE, a
gene was considered circadian, if at least one of its transcripts passed a p value cutoff of 0.01. Data visualization was done in
Python using ‘matplotlib’ and R using ‘gplots’. The Database for Annotation, Visualization and Integrated Discovery (DAVID) pathway
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analysis tool was used to identify GO terms related to biological process and potentially enriched pathways (Huang et al., 2009). Path-
ways were ranked by the number of circadian genes they contained with a JTK-CYCLE p value < 0.01, and results were compared to
the genomic background for enrichment. For the background, we selected all the possible genes in the whole genome that can be
detected by the specific microarray (extracted from the microarray annotation). The total number of background genes is around
25,000. The lists of PPARa. and BMAL1 target genes used in focused analysis were generated using a combination of literature ev-
idence (Rakhshandehroo et al., 2010), MotifMap (Daily et al., 2011; Xie et al., 2009) and publically available ChIP Seq datasets from
GEO (GEO: GSE35262 and GSE39977). Differential analysis of transcript expression levels between KD and CC at certain ZTs was
done using CyberT (Baldi and Long, 2001; Kayala and Baldi, 2012), a differential analysis program using a Bayesian-regularized t test.
Variance Stabilizing Normalization was used process the data for input to CyberT using the R package ‘vsn’. Further statistical anal-
ysis including multiple hypothesis testing corrections was done in R using ‘fdrtool’.

Analysis was done using pipelines implemented for the Circadiomics (Patel et al., 2012, 2015) database and web portal (http://
circadiomics.ics.uci.edu/) where all the transcriptomic data associated with this work is publicly available.

Phase lag analysis was performed based on the “LAG” (predicted phase) obtained by JTK-CYCLE for every single gene (See also
Tables S3 and S4). The genes with the same “LAG” were grouped together and the data reported in the radar plot as percentage.
Anderson-Darling tests were performed using the R package ‘kSamples’ to determine whether or not the phase distributions of KD
and CC circadian transcripts were statistically different (p < 0.0001). Student’s t tests were conducted to determine if changes, in
terms of JTK amplitudes or specific expression at ZT8, were significant between KD and CC conditions for circadian transcripts.

Transcription Factor Enrichment Analysis

Transcription factors were analyzed in terms of enrichment for binding sites in the promoter regions (—10000~+2000 bps of TSS) of
rhythmic genes in each circadian group, where binding sites were extracted from high quality MotifMap results for the mouse genome
build mm9 (BBLS > 1, FDR < 0.25). A Fisher’s exact test was performed between the circadian genes and the whole genome to estab-
lish enrichment (odds > 1, p < 0.05). TFs with motifs that are too short or degenerate (more than 50000 binding sites under the filtering
criteria) were removed, as they tend to be unreliable.

Enrichment results for different conditions across circadian groups were then compared in a meta-analysis to identify tissue-spe-
cific TFs. As an example, a PPARa related motif was found to be uniquely enriched in IECs under ketogenic diet, when compared to
both IECs under normal chow diet or liver under ketogenic diet, which suggests that it may explain the tissue-specific response to
ketogenic diet treatment. In contrast, Clock:Bmal motif was found to be enriched in virtually all circadian groups except for ketogenic
IECs when compared to ketogenic liver, which suggests that there is a stronger tissue-specific effect of Clock:Bmal controlled genes
in ketogenic liver when compared to IECs, despite the fact that Clock:Bmal is virtually ubiquitously enriched as a core circadian TF.
Full details of the analysis are provided as Table S6 (sheet 4).

Other Statistical Analysis
Data are expressed as mean + SEM. The significance of differences was analyzed by Student’s t test or two-way ANOVA and post
hoc analysis for multiple group comparison. The test was considered significant with a P value < 0.05.

DATA AND SOFTWARE AVAILABILITY

The GEO accession number for the microarray dataset reported in this paper is GEO: GSE87425. All the transcriptomic data asso-
ciated with this work is publicly available on the resource http://circadiomics.ics.uci.edu/.
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Suppl. Fig. 5

A Pparo target genes organized in specific biological pathways
Adipor2
Traf2 Slc27a2 Acsl3

Acotl

Ifi47 Crat Hadhb
Slc22a5 Hadha
Etfb Etfdh
Acadl  Acadvl
Cptla  Acot2

Inflammation Cptlb  Cpt2

Hadhb  Slc25a20

Lipid transport

Acox1l Hsd17b4
Abcd3 Acaalb
Pex1la Acot8
Echl Acot4
Peci Ehhadh
Decr2 Acot3

Aldh3a2

Agpat2
Mlycd
Acacb
Elovle
Elovl7
Srebfl

Lipoprotein uptake/metabolism

Scarb2 Cidec
Lipa
Mgll

GUT ‘1’ LIVER

Mgll
Adipor2
Slc27a2
Agpat2
l\ﬁ\p/cd
Acach
Elovl6
Elovl7
Srebfl
Angptl4
Lpl
Lipc
ApoaS
Aldh3a2

Crat
Slc22a5
Etfb

Ehhadh
Acot3
Hmgcs2

04 8121620 0 4 8 12 16 20 04 8121620 0 4 8 12 16 20

Color key

-2 -1 0 1 2



Suppl. Fig. 6
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SUPPLEMENTAL FIGURE LEGEND

Figure S1. Metabolic phenotype of KD fed mice. Related to STAR methods section: “Indirect Calorimetry”.

(A) Percentage of body weight (n=35 animals per group).

(B) Serum BOHB concentration (n=5 animals per group; Student t-test, *p<0.05).

(C) Serum glucose concentration (n=15 animals per group, per time point; Student t-test, *p<0.05).

(D) Respiratory exchange ratio (RER) of CC and KD mice across a 24h period (n=10 mice per group; two-way
ANOVA: time p<0.0001, diet p<0.001, interaction p<0.001).

(E) Average of RER values during night and day-time (n=10 mice per group; Student t-test, *p<0.05).

(F) Calorie intake in CC and KD fed mice and feeding pattern along two daily cycles (n=10 mice per group; Student t-
test, no significant difference).

(G) Water intake in CC and KD fed mice (n=10 mice per group; Student t-test, no significant difference).
Error bars represent SEM.

Figure S2. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis. Related to Figure 1.

(A) Gene ontology (GO) analysis of genes circadian in “both diets”, “KD only” and “CC only” in the liver. The
negative log (base 10) of the p value [-logl0(pvalue)] was plotted on the x-axis, showing the significance of the
gene clusters.

(B) GO analysis of genes circadian in “both diets”, “KD only” and “CC only” in IECs. The negative log (base 10) of
the p value [-log10(pvalue)] was plotted on the x-axis, showing the significance of the gene clusters.

(C) Amplitude analysis of transcripts circadian in “both diets” in the liver. The percentage of the ratio between CC and
KD amplitude obtained through JTK CYCLE analysis has been used. In the graph the percentage of genes with
amplitude higher, lower or equal to CC condition is reported. (Student’s t-test: p<0.001 for KD>CC, p<0.001 for
KD<CC).

(D) Amplitude analysis of transcripts circadian in “both diets” in IECs. In the graph the percentage of genes with
amplitude higher, lower or equal to CC condition is reported. (Student’s t-test: p<0.001 for KD>CC, p<0.001 for
KD<CC).

Figure S3. Heat maps of circadian transcripts p<0.05. Related to Figure 1.
(A) Heat maps of rhythmic transcripts in “both diets”, “KD only” and “CC only” in the liver (p<0.05).
(B) Heat maps of rhythmic transcripts in “both diets”, “KD only” and “CC only” in IECs (p<0.05).

Gene expression of core clock genes and BMAL1 phosporylation. Related to section: “Limited Effect of KD on Core-
Clock Gene Oscillation”.

(C-D) qPCR of core clock genes Bmall, Cryl, Per2 and Rev-erba in liver (C) and ileum (D) of KD and CC fed mice
(n=5 per time-point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within ZT
*p<0.05).

(E-F) Whole cell extract western blot in liver (E) and ileum (F) of KD and CC fed mice, showing no difference in

BMALL protein expression and phosphorylation (Representative blot, n=3 per time-point, per group).
Error bars represent SEM.

Liver and IECs gene expression in Clock deficient mice upon KD. Related to Figure 3.
(G) Nampt and Pnpla2 gene expression at ZT12 in the liver of Clock deficient mice fed to CC or KD (n=4-5 per time-
point, per group; one-way ANOVA, All Pairwise Multiple Comparison (Student-Newman-Keuls) *p<0.05).
(H) Nampt and Pnpla2 gene expression at ZT12 in IECs of Clock deficient mice fed to CC or KD (n=4-5 per time-
point, per group; one-way ANO, All Pairwise Multiple Comparison (Student-Newman-Keuls), *p<0.05).

Figure S4. Analysis of BMALLI target genes in liver and gut circadian transcriptome. Related to Figure 3.
(A) Heat-map of BMALI target genes, circadian in both CC and KD in liver (n=3 per time-point, per group, p<0.01,
FDR<0.1).
(B) Heat-map of BMALI target genes, circadian in both CC and KD in IECs (n=3 per time-point, per group, p<0.01,
FDR<0.1).
(C) Phase lag analysis of BMALL target genes, circadian in both CC and KD in hepatic tissue (Anderson-Darling test,
phase distributions significance p<0.05).



(D) Phase lag analysis of BMALI target genes, circadian in both CC and KD in IECs (Anderson-Darling test, phase
distributions significance p<0.05. Comparisons not shown: phase distribution difference in BMALI target genes
upon KD: liver vs IECs p<0.05; phase distribution difference in BMALI1 target genes upon CC: liver vs IECs
p<0.05).

(E) Percentage of the number of genes with increase, decrease or same level of expression in KD with respect to CC at
ZT8 in liver. The gene expression mean value (n=3 animals per group) at ZT8 in CC or KD were used in this
analysis. (Student’s t-test: p=0.05 for KD>CC, p=0.01 for KD<CC).

(F) Percentage of the number of genes with increase, decrease or same level of expression in KD with respect to CC at
ZT8 in IEC. (Student’s t-test: p=0.01 for KD>CC, p<0.001 for KD<CC).

BMALI target gene expression and BMAL1 chromatin recruitment on target promoter regions. Related to Figure 3.
(G) Nmnat3 gene expression and BMALI1 chromatin binding on its promoter region in the liver of CC and KD fed
mice (n=5 per time-point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within

ZT *p<0.05).

(H) Bhlhe41 gene expression and BMAL1 chromatin binding on its promoter region in the liver of CC and KD fed
mice (n=5 per time-point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within
ZT *p<0.05).

(I) BMALI1 chromatin binding on the E-box in the promoter region of Per2 and Rev-erba genes (n=5 per time-point,
per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within ZT, no significant
difference).

IgG represents ChIP experiment performed with an isotype matched control immunoglobulin (Normal rabbit IgG)
to BMALL.
Error bars represent SEM.

Acetyl K9-14 on histone H3 abundance on specific promoter regions at ZT0 and ZT12, in the liver. Realted to Figure
5.

(J) Liver ChIP of Acetylated (Acetyl) lysine (K) 9-14 on histone H3. qPCR showing the relative abundance of H3
Acetyl(K9-14) on the PPAR responsive element (PPRE) of specific promoter: Hmgcs2, Acot2, Cptla and Angptl4
at ZT0 and ZT12 (n=3 per time point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor,
no significant difference).

Error bars represent SEM.

Figure SS. Major PPARa target genes circadian profile in IECs and liver. Related to Figure 4.

(A) Pie chart representing well-known PPARa targets belonging to specific biological pathway. The genes with a
circadian profile in phase with PPARa nuclear accumulation in IECs are written close to every slice of the pie
chart with the same color of the correspondent section. The circadian profile of these genes is represented in the
heat maps in (B) and (C).

(B-C) Heat map of the targets in phase with PPARa nuclear accumulation in IECs (B) and heat map profile of the same
genes in the liver (C) (Fisher’s exact test p < 0.01).

Figure S6. $ OHB levels influence histone acetylation specifically in the intestine. Related to Figure 5.

(A) Serum BOHB concentration levels at ZT8 and ZT20 in mice fed to CC or 1,3 butanediol diet (BD) for 4 weeks
(n=5-6 per time point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within ZT
*p<0.05).

(B) Expression levels of PPARa target genes (Hmgcs2, Acot2, Cptla and Angptl4) in the liver of mice fed to CC or
BD (n=5-6 per time point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within
ZT *p<0.05).

(C) H3 Acetyl(K9-14) abundance on the PPRE of Hmgcs2, Acot2, Cptla and Angptl4 promoters in the liver upon CC
or BD (n=5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within
ZT *p<0.05).

(D) Expression levels of Hmgcs2, Acot2, Cptla and Angptl4 genes in the ileum of CC or BD fed mice (n=5-6 per time
point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet within ZT *p<0.05).

(E) H3 Acetyl(K9-14) abundance on the PPRE of Hmgcs2, Acot2, Cptla and Angptl4 promoters in the intestine upon
CC or BD (n=5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet
within ZT *p<0.05).

Error bars represent SEM.



Figure S7. Gene expression of core clock and clock output genes in liver and intestine of fructose and sucrose treated
mice. Related to Figure 6.
(A) Bmall, cryl, Per2, Rev-erba, Dbp, Nampt and Pnpla2 gene expression in the liver of animals fed 4-week KD or
CC and administered with fructose oral gavage (4g/Kg) once a day, per 7 days during the last week of dietary
regimen (n=5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet
within ZT *p<0.05).

(B) Bmall, cryl, Per2, Rev-erba, Dbp, Nampt and Pnpla2 gene expression in the intestine of animals fed 4-week KD
or CC and administered with fructose oral gavage (4g/Kg) once a day, per 7 days during the last week of dietary
regimen (n=5 per time point, per group; two-way ANOVA, Holm-Sidak post hoc, comparisons for factor: diet
within ZT *p<0.05).

(C) Bmall, cryl, Per2, Rev-erba, Dbp, Nampt and Pnpla2 gene expression in the liver of animals fed 4-week KD or
CC and treated with 30% sucrose in drinking water (n=5 per time point, per group; two-way ANOVA, Holm-Sidak
post hoc, comparisons for factor: diet within ZT *p<0.05).

(D) Bmall, cryl, Per2, Rev-erba, Dbp, Nampt and Pnpla2 gene expression in the intestine of animals fed 4-week KD
or CC and treated with 30% sucrose in drinking water (n=5 per time point, per group; two-way ANOVA, Holm-
Sidak post hoc, comparisons for factor: diet within ZT *p<0.05).

Error bars represent SEM.
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