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Food is a powerful entrainment cue for circadian clocks in periph-
eral tissues, and changes in the composition of nutrients have
been demonstrated to metabolically reprogram peripheral clocks.
However, how food challenges may influence circadian metabo-
lism of the master clock in the suprachiasmatic nucleus (SCN) or in
other brain areas is poorly understood. Using high-throughput
metabolomics, we studied the circadian metabolome profiles of
the SCN and medial prefrontal cortex (mPFC) in lean mice com-
pared with mice challenged with a high-fat diet (HFD). Both the
mPFC and the SCN displayed a robust cyclic metabolism, with a
strikingly high sensitivity to HFD perturbation in an area-specific
manner. The phase and amplitude of oscillations were drastically
different between the SCN and mPFC, and the metabolic pathways
impacted by HFD were remarkably region-dependent. Further-
more, HFD induced a significant increase in the number of cycling
metabolites exclusively in the SCN, revealing an unsuspected sus-
ceptibility of the master clock to food stress.

circadian clock | suprachiasmatic nucleus | prefrontal cortex | high-fat
diet | metabolome reorganization

Circadian cycles are controlled by an endogenous clock that
contributes to the maintenance of tissue physiology and

homeostasis (1). A variety of environmental cues, termed zeit-
gebers, entrain circadian clocks to the 24-h day–night cycle,
allowing organisms to maximize fitness (2). Light is the principal
zeitgeber for the suprachiasmatic nucleus (SCN) master clock,
whereas entrainment of peripheral clocks is driven in large part
by food (3), underscoring the intimate relationship among sys-
temic metabolism, homeostasis, and circadian rhythms (4–9).
The time of feeding and composition of food deeply influence

the cyclic functions of peripheral clocks (10–12). Modifications
in dietary nutrients, such as in a high-fat diet (HFD), can re-
program the liver clock both transcriptionally and metabolically
(13, 14), highlighting the intrinsic plasticity of the clock system.
Although light is the dominant entrainment signal for the master
clock, some reports suggest that specific feeding regimens could
affect the SCN, leading to altered response to light and changes
in circadian behavior (12, 15, 16).
The impact of diets on brain functions is intriguing, but its

biochemical nature remains obscure (17–20). For example, a HFD
influences brain health, leading to impaired cognitive function,
anxiety, anhedonic behavior, and a higher incidence of emotional
disorders, such as posttraumatic stress disorder (21–25). Further-
more, a ketogenic diet, which significantly rewires circadian rhythms
(14), has beneficial effects on epilepsy, Alzheimer’s disease, and
memory processes during aging (26–28). Despite these important
discoveries, however, how a nutritional challenge affects metabolism
in the SCN and in other brain regions has been virtually unexplored.
We sought to investigate the circadian metabolic profile in the

brain of mice fed either an HFD or a balanced diet (normal

chow [NC]) by high-throughput mass spectrometry (MS)
metabolomics. This approach has previously led to the circadian
metabolite profiling of nutritional challenges in the liver, serum,
and a variety of other tissues to create what we call a circadian
metabolome atlas (13, 29, 30).
In this study, we further analyzed the data of our circadian

atlas (30) in depth and integrated the metabolite data directly
with corresponding gene expression profiles, focusing on the
central clock within the SCN (1, 31, 32) and the medial prefrontal
cortex (mPFC), a brain region implicated in higher cognitive
functions and neuropsychiatric disorders (33). Both the SCN and
mPFC displayed remarkable oscillations in a variety of metabolites
under NC. Importantly, HFD feeding had a profound influence on
cyclic metabolic profiles of the SCN and mPFC, inducing de novo
cycling metabolites and impacting their phase and amplitude of
oscillation. The effect of HFD was brain region-specific, affecting
different numbers and classes of metabolites and metabolic
pathways in the SCN or mPFC, indicating that distinct brain areas
have a diverse, intrinsic susceptibility to food stress. Furthermore,
the circadian reorganization of metabolic pathways in the SCN
was accompanied by corresponding changes in gene expression,
suggesting a certain degree of coherence between transcriptome
and metabolome oscillations in the master clock.

Significance

Nutrition and the body clock are deeply intertwined, both im-
pinging on our physiological health. Food composition can
dramatically rewire peripheral clock metabolism; however,
whether food challenges can impact circadian metabolism of
the master clock in the suprachiasmatic nucleus (SCN) or other
brain areas has not been fully explored. Here we analyzed the
complete diurnal metabolome of the SCN and medial pre-
frontal cortex (mPFC) in mice fed a balanced diet or a high-fat
diet (HFD). Strikingly, our data reveal unexpected daily rhyth-
micity in both SCN and mPFC metabolites that is significantly
impacted by HFD in a region-specific manner. Our findings
unveil an unsuspected sensitivity of brain clocks to nutrition.
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Our results unveil that nutritional challenges have a previously
unsuspected impact on circadian brain metabolism, providing a
framework for the interpretation of how food may influence
neuronal function and ultimately, behavior.

Results
Reorganization of the Brain Metabolome on HFD Feeding. To explore
whether food stress may alter circadian metabolism in the brain,
adult male C57BL/6J mice were fed an HFD for 10 wk. The
metabolome profile was obtained by reverse phase ultra-high
performance liquid chromatography-tandem mass spectrometry
as described previously (13, 29, 30). The SCN and mPFC were

isolated by punches from fresh brains every 4 h throughout the
circadian cycle.
Two-way ANOVA showed that out of 423 total metabolites

detected in the SCN, 224 (52.9%) displayed a diet main effect and
134 (31.7%) had a time point main effect (P < 0.05; Dataset S1).
In the mPFC, out of 535 total metabolites detected, 175 (32.7%)
displayed a diet main effect and 188 (35.1%) had a time point
main effect (P < 0.05; Dataset S2). Analysis of rhythmic metab-
olites was performed using the nonparametric test JTK_CYCLE
(34), incorporating a window of 20 to 28 h for the determination
of circadian periodicity. A complete list of oscillating metabolites
and JTK_CYCLE analysis is provided in Dataset S3 for the SCN
and in Dataset S4 for the mPFC; see also circadiomics.ics.uci.edu

Fig. 1. An HFD remodels the circadian metabolome in the SCN and mPFC. (A) Total number of metabolites and number and percentage of oscillatory
metabolites in the SCN and mPFC (JTK_CYCLE, P < 0.05). (B) Venn diagram showing the number and percentage of rhythmic metabolites in the SCN in NC-
only, both diets, and HFD-only groups (JTK_CYCLE, P < 0.05). This Venn diagram is also shown in fig. 2 of ref. 30. (C) Venn diagram showing the number and
percentage of rhythmic metabolites in the mPFC in the NC-only, both diets, and HFD-only groups (JTK_CYCLE, P < 0.05). This Venn diagram is also shown in
fig. 2 of ref. 30. (B and C) Venn diagrams reprinted with permission from ref. 30. (D) Heat maps representing the circadian metabolites in the SCN in the NC-
only, both diets, and HFD-only groups (n = 5 per time point per group; JTK_CYCLE, P < 0.05). (E) Heat maps representing the circadian metabolites in the mPFC
in the NC-only, both conditions, and HFD-only groups (n = 5 per time point per group; JTK_CYCLE, P < 0.05). (F) Venn diagram for the NC-only group
representing the circadian metabolites exclusively in the SCN (SCN NC only), in both the SCN and the mPFC, and exclusively in the mPFC (mPFC NC only). (G)
Venn diagram for the both diets group showing the circadian metabolites exclusively in the SCN (SCN both), in both the SCN and the mPFC, and exclusively in
the mPFC (mPFC both). (H) Venn diagram for the HFD-only group representing the circadian metabolites exclusively in the SCN (SCN HFD only), in both the
SCN and mPFC, and exclusively in the mPFC (mPFC HFD only).

Tognini et al. PNAS | November 24, 2020 | vol. 117 | no. 47 | 29905

N
EU

RO
SC

IE
N
CE

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016589117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016589117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016589117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016589117/-/DCSupplemental
http://circadiomics.ics.uci.edu/


(35). A high percentage of metabolites were rhythmic in both the
SCN and mPFC—42% and 33.5%, respectively, of the total cyclic
metabolites (P < 0.05, JTK_CYCLE; Fig. 1A).
An unexpected finding was the unique impact of nutrition on

the diurnal metabolic profiles of the SCN and mPFC. First, in
the NC condition, only 29 out of 178 oscillating metabolites
(16.3%) were circadian in the SCN (Fig. 1 B and D), while 86
metabolites out of 179 (48%) were cycling in the mPFC (Fig. 1 C
and E). Notably, the HFD induced a large number of de novo
rhythmic metabolites exclusively in the SCN (129 [72.5%];
Fig. 1 B and D), while driving only 69 de novo cycling metabolites
in the mPFC (38.6%; Fig. 1 C and E). The number of circadian
metabolites in both feeding conditions was 20 in the SCN and 24
in the mPFC (Fig. 1 B–E).

To gain further insight into how food stress reshapes the di-
urnal metabolome in a brain region-specific fashion, we crossed
the metabolic profiles of the SCN and mPFC. Notably, only a
small number of metabolites were commonly rhythmic in both
the SCN and the mPFC for each condition analyzed (Fig. 1 F–H
and SI Appendix, Tables S1–S3), underscoring the unique daily
metabolic signature driven by the nutritional status in distinct
brain areas.

HFD Affects Phase and Amplitude of Circadian Metabolites in a Brain
Region-Specific Manner. We next analyzed the phase and ampli-
tude of the oscillations of brain metabolites. Rhythmic metabolites
in the SCN under both NC and HFD regimens did not show pro-
found differences in the phase of oscillation (Fig. 2A); however,

Fig. 2. The HFD influences the phase, amplitude, and class of oscillatory metabolites in a brain region-specific manner. (A) Radar plots representing the phase
distribution of metabolites circadian in both NC and HFD (first plot) and exclusively circadian in NC and HFD (second plot) in the SCN (exclusive plot:
Anderson–Darling test, phase distribution significance P < 0.0001). (B) Amplitude analysis of metabolites circadian in both diets in the SCN showing the
percentages of metabolites with amplitude lower, higher, or equal with respect to NC condition. (C) Radar plots representing the phase of metabolites
circadian in both NC and HFD (first plot) and exclusively circadian in the NC and HFD (second plot) in the mPFC. (D) Amplitude analysis of metabolites circadian
in both diets in the mPFC, showing the percentages of metabolites with amplitude lower, equal, or higher with respect to the NC diet. (E) Superpathway
analysis of oscillatory metabolites in the NC-only, both diets, and HFD-only groups in the SCN, showing the percentages of the different classes out of the total
number of circadian metabolites for each specific condition. (F) Superpathway analysis of oscillatory metabolites in the mPFC in the NC-only, both diets, and
HFD-only groups. The pie chart represents the % of the different classes out of the total number of circadian metabolites for each specific condition.
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metabolites circadian only with the NC or the HFD displayed a
unique partitioning in their phase distribution throughout the daily
cycle (Fig. 2A). The HFD-only metabolites tended to peak late
during the night or early during the day, while the phase distribution
of NC-only metabolites was mainly between zeitgeber time 12
(ZT12) and ZT20 (Fig. 2A). In contrast, there was only a marginal
effect of HFD on the phase of mPFC rhythmic metabolites in the
both diets group, the NC-only group, and the HFD-only groups
(Fig. 2C). Notably, the amplitude of oscillation of rhythmic me-
tabolites in the both diets group was uniquely affected by the HFD
in the two brain regions. Of all common SCN oscillating metabo-
lites, 55% exhibited an increase in the amplitude on the HFD,
whereas 40% showed a decrease (Fig. 2B). In contrast, the HFD
induced an overall decrease in the amplitude of the common cyclic
metabolites in the mPFC, with only 33% displaying an increase and
54% showing a decrease (Fig. 2D).
There are important differences in the specific classes of

metabolites oscillating differentially in the SCN and mPFC. In
the NC-only group, the most abundant class of metabolites
rhythmic in the SCN was amino acids, accounting for 72.4% of
the oscillators, followed by lipids (13.8%) and nucleotides
(6.9%) (Fig. 2E). Strikingly, the HFD extensively modified the
SCN circadian metabolome profile. Indeed, the lipid class be-
came predominant (74.4%), while amino acids were reduced to
only 9.3% of the cycling metabolites. Moreover, new classes of
metabolites became oscillatory, including energy, xenobiotics,
and cofactors and vitamins (Fig. 2E).
Remarkably, the mPFC metabolome profile was significantly

different from that of the SCN. Indeed, in the NC-only condi-
tion, lipids were the prominent oscillators (75.6%; Fig. 2F), and
the HFD shifted the composition toward amino acids (34.8%)
and carbohydrates (20.3%) (Fig. 2F). Interestingly, not only the
composition, but also the phase of oscillations displayed a unique
circadian signature in the mPFC and SCN (SI Appendix, Fig. S1).
Indeed, the peaks of the various classes were remarkably dif-
ferent between the NC and the HFD and also between the SNC
and the mPFC (SI Appendix, Fig. S1 A and B), further empha-
sizing the profound effect of nutrition on the rhythmicity of
unique metabolic pathways in these two distinct brain areas.
The metabolites cycling in the both diets group in the SCN and

mPFC were more similar in composition, with high percentages
of amino acids and lipids (Fig. 2 E and F); however, carbohy-
drates were present only in the mPFC (Fig. 2F), again empha-
sizing the area-specific diurnal signature driven by the nutritional
status in the central nervous system.

HFD Impacts Unique Metabolic Pathways in the SCN and mPFC. Our
analysis of specific metabolic pathways led us to examine how an
HFD influences the oscillatory metabolome in the SCN and
mPFC. Our subpathway analysis revealed unique features of the
two brain subregions under both NC and HFD. The most
prominent pathways in the SCN were leucine, isoleucine, and
valine metabolism; methionine, cysteine, S-adenosylmethionine,
and taurine metabolism; and glycine, serine, and threonine me-
tabolism in mice fed NC (SI Appendix, Fig. S2A), as predicted by
the high enrichment in the amino acid class (Fig. 2E). The sub-
pathways enriched in the SCN in the HFD-only group were mainly
lipid-related: sphingolipid metabolism, phospholipid metabolism,
diacylglycerol, and fatty acid metabolism (acyl carnitine) (SI Ap-
pendix, Fig. S2C). Notably, the mPFC exhibited almost an inverted
trend with respect to the SCN. Indeed, phospholipid, sphingolipid
and fatty acid metabolism, diacylglycerol, and lysolipid were highly
enriched in the NC-only group (SI Appendix, Fig. S3A). On the
other hand, amino acid pathways were mainly oscillating in the
HFD-only group, specifically lysine metabolism; glycine, serine,
and threonine metabolism; and histidine metabolism (SI Appendix,
Fig. S3C). Moreover, as shown by the increase in carbohydrate
diurnal fluctuation in the mPFC of HFD-fed mice (Fig. 2F), the

nucleotide sugar; fructose, mannose, and galactose metabolism;
and glycolysis, gluconeogenesis, and pyruvate metabolism path-
ways gained oscillation (SI Appendix, Fig. S3C). In the circadian in
both diets group, a variety of pathways belonging mainly to amino
acid and lipid classes were enriched in the SCN (SI Appendix, Fig.
S2B), while the metabolites oscillating in the mPFC were clustered
mainly in the amino acid, carbohydrate, and lipid categories (SI
Appendix, Fig. S3B).
We next sought to identify the metabolites whose diurnal

fluctuations and levels are impacted by an HFD in both the SCN
and mPFC or exclusively in the SCN or the mPFC. To identify
these cyclic metabolites, we crossed the SCN and mPFC circa-
dian metabolome datasets (Fig. 1 F–H). In the NC-only crossing,
among the common metabolites (SI Appendix, Table S1), urea
caught our attention because of the importance of the urea cycle
for the disposal of excess nitrogen and ammonia detoxification.
Excessive ammonia levels result in neurologic disorders caused
mainly by dysfunction in glutamate neurotransmission (36). Urea
lost circadian rhythmicity and was decreased in both the SCN and
the mPFC of HFD fed mice (Fig. 3 A and B). Interestingly, many
metabolites belonging to the urea cycle and arginine metabolism
pathway followed the same pattern. In particular, in the mPFC,
citrulline, ornithine, arginine, argininosuccinate, and N-acetylarginine
were all down-regulated under the HFD (Fig. 3B). Similar behavior
was observed for the metabolites of the same pathway in the SCN
(Fig. 3A). Ornithine was not detected in the SCN metabolome, al-
though other related metabolites, such as homocitrulline (Fig. 3B),
were significantly decreased. Similar data were obtained for the
mPFC (SI Appendix, Fig. S4A). Related to the urea cycle, polyamine
metabolism was also altered by the HFD with a tendency toward
reduced levels in both the mPFC and the SCN (SI Appendix, Fig.
S4A). The biological relevance of these losses of diurnal oscillation
and down-regulation of urea and arginine metabolism in the brain
with an HFD remains unclear. As the urea cycle takes place princi-
pally in the liver, where all of the relevant enzymes are located (37),
we speculate that urea is reaching the brain through the circulation.
Interestingly, and in keeping with our hypothesis, the urea diurnal
rhythm was disrupted in the liver (13), as well as in the serum (29), of
the HFD-fed mice, becoming low and flat. Moreover, changes in
arginine metabolism may be important, considering that arginine is
the precursor of synthesis of nitric oxide, a neurotransmitter and/or
neuromodulator in the central nervous system (38) involved in neu-
rodevelopment, synaptic plasticity, ischemic brain injury, and neuro-
degenerative diseases (39). Thus, alterations in this metabolic
pathway might contribute to changes in the unique circuits of neu-
rophysiology and behavior as a consequence of HFD feeding.
The comparisons of HFD-only rhythmic metabolites between

the SCN and mPFC revealed a specific feature linked to lysine
metabolism (SI Appendix, Table S3). Indeed, lysine, saccharopine,
aminoadipate, and glutarate were increased, and all started to os-
cillate with a specific phase on an HFD (Fig. 3 C andD). This effect
was particularly evident in the mPFC, in which all of the metabolites
displayed a prominent nadir at ZT16 (Fig. 3D). Lysine catabolism
can follow two different pathways: the saccharopine pathway, pre-
dominant in extracerebral tissues and in the developing brain, and
the pipecolate pathway, previously thought to be more common in
the adult brain. Both pathways converge in the synthesis of
2-aminoadipate semialdehyde (40) (SI Appendix, Fig. S4B). How-
ever, recent findings have challenged this notion, showing that the
saccharopine pathway is highly active in the adult brain as well (41).
Indeed, the HFD mainly modulated saccharopine concentration
and rhythmicity in both the SCN and the mPFC. Pipecolate, a
neuroactive compound that becomes neurotoxic at high levels (42),
was detected only in the mPFC metabolome and did not show
significant changes related to the NC diet (SI Appendix, Fig. S4B).
In addition to these pathways whose modulation by an HFD is

similar in both the SCN and the mPFC, we identified specific
pathways impacted uniquely in each of the brain areas analyzed.
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Methionine metabolism was exclusively diurnal under NC in the SCN
(Fig. 4A). Methionine, N-acetylmethionine, and N-acetylmethionine
sulfoxide showed significant dampening of their rhythmic behavior in
the SCN with the HFD, an effect significantly less prominent in the
mPFC (SI Appendix, Fig. S5A). The methionine cycle, together with
the folate cycle and one-carbon metabolism, integrate the cellular
metabolic status by cycling carbon units from amino acid donors into
different cellular processes. These processes include biosynthesis of
macronutrients, regulation of the redox state, regulation of the nu-
cleotide pools, and ultimately control of the epigenetic status of the
cell through methylation of histones and nucleic acids (43–46). Other
components of the methionine cycle or connected metabolites did
not show circadian oscillation, although some (e.g., SAH, cysteine)
were down-regulated by the HFD in the SCN; see circadiomics.ics.
uci.edu (35).
Among the de novo rhythmic metabolites on the HFD, sphin-

golipid metabolism was uniquely present in the SCN (Fig. 4B).

Sphingolipids are highly enriched in the central nervous system,
where in addition to contributing structural roles in membranes
forming the so-called “lipid rafts” (47), they also may operate as
second messengers in response to various stimuli (48). They are
also involved in memory formation (49), extinction (50), and a
variety of neurologic disorders, including depression and Alz-
heimer’s disease (51, 52). Notably, sphingomyelin and sphingosine
1-phosphate started to oscillate in the SCN with the HFD, all
following the same profile, with a nadir at ZT8 and a zenith at
ZT20 (Fig. 4B). In contrast, these metabolites did not gain diurnal
oscillation in the mPFC on HFD feeding (SI Appendix, Fig. S5B).
Plasmalogen is a specific class of membrane glycerophospholipids

that has essential roles in brain functioning, including regulation of
ion transport, fusion of synaptic vesicles for neurotransmitter re-
lease, and serving as a reservoir for second messengers (53). They
are also important antioxidant factors (54), working as scavengers
for free radical species, thereby protecting neuronal cells. Our

Fig. 3. Diurnal metabolic pathways impacted by HFD in both the SCN and the mPFC. (A) SCN: representative oscillatory metabolites from the urea and
arginine metabolism pathways. (B) mPFC: representative oscillatory metabolites from the urea and arginine metabolism pathways. Metabolites belonging to
the same pathways and intersecting with the urea cycle are also represented (n = 3 to 5 per time point per group; CyberT test, *P < 0.05). (C) SCN: repre-
sentative oscillatory metabolites from the lysine catabolic pathway. (D) mPFC: representative oscillatory metabolites from the lysine catabolic pathway.
Metabolites belonging to the same pathway are also represented (n = 3 to 5 per time point per group; CyberT test, *P < 0.05). Error bars represent SD.
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analysis revealed plasmalogen as exclusively circadian in the mPFC
in the NC condition (Fig. 4C). All of these oscillatory metabolites
showed a specific peak at ZT4 with the NC diet that was completely
lost with the HFD. The flat profile for plasmalogen in the mPFC
induced by the HFD suggests a greater susceptibility of the mPFC
to oxidative stress at specific times of the day, in line with recent
findings (55). This drastic difference between the NC diet and the
HFD was not seen in the SCN (SI Appendix, Fig. S5C), although
some plasmalogens acquired a diurnal expression on the HFD (SI
Appendix, Fig. S5C; second and third graphs).
Finally, glucose, glucose 6-phosphate, and lactate gained daily

rhythmicity only in the mPFC (Fig. 4D), and not in the SCN (SI
Appendix, Fig. S5D), of HFD-fed animals. This finding is of par-
ticular interest in the context of the so-called “astrocyte-neuron
lactate shuttle” and the metabolic coupling between these two
different cell types (56). Specifically, the astrocytes produce lactate
through glycolysis for the neurons to use as an energy source (57).
Indeed, we speculate that HFD may induce circadian rhythmicity
in the glycolytic pathway, which is active predominantly in astro-
cytes (57), and in the production of lactate, which is subsequently

shuttled to neurons and used as a fuel. Why this occurs exclusively
in the mPFC and not in the SCN is not clear, and the underlying
biological mechanisms and significance of this HFD-mediated
effect remain to be clarified. Nevertheless, this finding reinforces
our hypothesis of an area-specific rewiring of the circadian
metabolome in the brain.

Connection between the Circadian Metabolome and Transcriptome in
the SCN. To further investigate the HFD-driven rewiring of cir-
cadian physiology in brain clocks, we performed a diurnal tran-
scriptome analysis of the SCN master clock via RNA sequencing
(JTK_CYCLE details in Datasets S5 and S6). Out of 2,816 os-
cillating transcripts, 1,635 (58%) were diurnal on NC feeding, and
only 220 (7.8%) were circadian in both diets. Notably, the HFD
decreased the number of cycling genes to 961 out of 2,816 (34.2%)
(Fig. 5A), highlighting a different effect of the HFD on the number
of oscillators in the transcriptome (Fig. 5A) compared with the
metabolome (Fig. 1B). Our phase analysis showed a specific parti-
tioning of NC and HFD exclusively cycling transcripts, with HFD
genes prevalently peaking in the daytime (around ZT6) and NC

Fig. 4. Circadian metabolites affected by HFD feeding exclusively in the SCN or the mPFC. (A) Metabolites exclusively circadian in the SCN with the NC diet
(n = 5 per time point per group; CyberT test, *P < 0.05). (B) Metabolites exclusively circadian in the SCN with the HFD (n = 5 per time point per group; CyberT
test, *P < 0.05). (C) Metabolites exclusively circadian in the mPFC with the NC diet (n = 3 to 5 per time point per group; CyberT test, *P < 0.05). (D) Metabolites
exclusively circadian in the mPFC with the HFD (n = 3 to 5 per time point per group; CyberT test, *P < 0.05). Error bars represent SD.
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genes peaking at night (around ZT18) (Fig. 5 B and E). The os-
cillating transcripts in both diets did not exhibit a clear separation in
their peaks between light and dark phases with the NC diet, while
they still peaked preferentially in the light phase with the HFD
(Fig. 5 B and E). Furthermore, HFD significantly phase-advanced
(53%) the transcripts cycling in both dietary regimens, whereas only
20% were phase-delayed by HFD feeding in the SCN (Fig. 5C).
Remarkably, the HFD resulted mainly in a decreased amplitude of
rhythmic genes oscillating in both diets (Fig. 5D), in contrast to an
increased amplitude of cyclic metabolites by the HFD in the SCN
metabolome (Fig. 2B).
To study the classes of SCN circadian genes impinged on by a

nutritional challenge, we performed a Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis (Fig. 5F and
Dataset S7). As expected, circadian rhythm was enriched in both
diets together with endocytosis, FoxO signaling pathway, and spli-
ceosome. NC-only rhythmic transcripts clustered in various cate-
gories, while HFD diurnal genes clustered in multiple pathways
related to metabolism, including metabolic pathways, the pentose
phosphate pathway, 2-oxocarboxylic acid metabolism, biosynthesis

of amino acids, and sphingolipid metabolism. Notably, the most
highly enriched pathway, sphingolipid metabolism, was consistent
with the de novo rhythmic metabolites driven by the HFD in the
SCN (Fig. 4B), indicating a certain degree of coherence between
the SCN diurnal transcriptome and metabolome on an HFD-
induced lipid overload.
Transcription factor binding site analysis demonstrated that

distinct transcription factor binding motifs are enriched in the
SCN rhythmic genes (SI Appendix, Fig. S6). Specifically, KID3
(ZNF354c) and FOXO1A motifs were enriched in genes cycling
only in the NC diet, while the NMYC and ZFP206 motifs were
overrepresented in genes oscillating only in the HFD (SI Ap-
pendix, Fig. S6). Interestingly, NFAT1 was highly enriched in
genes oscillating in both diets, indicative of a possible important
role for NFAT1 in circadian gene expression in SCN.
Recent evidence demonstrates coherence between the circa-

dian transcriptome and metabolome in the liver with an HFD
(13). To assess for the presence of similar cohesiveness in the
SCN clock, we crossed our rhythmic transcriptome and metab-
olome data and then classified and grouped metabolite-enzyme

Fig. 5. Impact of HFD feeding on the SCN circadian transcriptome. (A) Venn diagram showing the number and percentage of rhythmic transcripts in the SCN in the
NC-only, both diets, and HFD-only groups (JTK_CYCLE, P < 0.05). (B) Radar plots representing the phase of transcripts exclusively circadian in NC and HFD (first plot) and
in both NC and HFD (second plot) in the SCN. (C) Analysis of transcripts circadian in both conditions and phase advanced or delayed in HFD feeding with respect to NC
feeding. (D) Amplitude analysis of genes circadian in both diets in the SCN, showing the percentage of genes with amplitude lower or higher with the HFD with
respect to the NC diet. (E) Heat maps representing the transcripts circadian in the SCN in the NC-only, both diets, and HFD-only groups (n = 3 per time point per group;
JTK_CYCLE, P < 0.05). (F) KEEG pathway analysis of rhythmic transcripts in the NC-only, both diets, and HFD-only groups. The x-axis reports the –log of the P value.
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gene edges based on the presence or absence of oscillation along
with its amplitude and phase (Fig. 6A). The heat map resulting
from this analysis showed that the most common edges were
related to the oscillation of metabolites and related enzymes and
to increases in the amplitude of the corresponding metabolites
on HFD feeding. An additional observation was the phase-
advancement of enzymes in the SCN on HFD feeding. All of
the top edges belonged to the HFD condition, although consis-
tency in oscillating metabolites and enzymes was also observed in
the NC condition (Fig. 6A). Specifically, cholesterol and sphin-
gosine were enriched in both the rhythmic metabolite levels and
cyclic expression of genes encoding for enzymes involved in their
metabolic pathway under HFD, while sphinganine and betaine
were overrepresented under the NC diet (Fig. 6B). Our results
highlight a clear link between the diurnal transcriptome and
metabolome in the SCN driven by nutritional state.
To gain insight into HFD-dependent transcriptional changes

in the mPFC, we investigated diurnal gene expression. mPFC
core clock genes were minimally affected by the HFD (SI Ap-
pendix, Fig. S7), in agreement with observations in the liver (13,
58), and hypothalamus (12, 59). Since diets rich in fat have been
linked to emotional disorders (22, 24), we analyzed the diurnal
profile of transcripts involved in stress responses. Glucocorticoid
receptor gained oscillation with a peak at nighttime on HFD
feeding, indicating a possible stress response of mPFC neuronal
circuits to the dietary change. Notably, mineralocorticoid receptor,
which is also involved in the stress response (60), lost oscillation
and showed increased expression during the active phase, similar
to glucocorticoid receptor. However, genes implicated in signaling
during brain stress (e.g., Fkbp1a, Sgk, Bdnf) were not significantly
impacted in the mPFC by HFD feeding. Our analysis suggests a
certain effect of HFD feeding on specific rhythmic gene expres-
sion in the mPFC. Further investigations are needed to provide a
deeper understanding of how a diet rich in fat could affect tran-
scription in the mPFC and ultimately behavior.

Discussion
Our brain consumes a high amount of energy despite repre-
senting only 2% of the total body mass. To maintain metabolic
homeostasis, it is essential to ensure appropriate brain functions.
Important advances have been made in understanding the

metabolic coupling between neurons and astrocytes and how the
lactate shuttle works (61); however, how brain metabolism is
influenced by nutritional challenges remains somewhat obscure.
We have demonstrated that a high fat nutritional stress uniquely
impacts the circadian rhythmicity of distinct brain areas. A 10-wk
HFD regimen deeply reshaped the diurnal metabolic profiles of
the SCN and mPFC, influencing the number, phase, and am-
plitude of rhythmicity of oscillatory metabolites. Surprisingly,
there was minimal overlap between the pathways rewired in both
the SCN and the mPFC, suggesting high specificity in how a food
stress is integrated by brain areas dedicated to different func-
tions. Furthermore, diurnal transcriptional rewiring of the SCN
transcriptome with the HFD was accompanied by a certain de-
gree of temporal coherence between the oscillation of enzymes
and their related metabolites. These data demonstrate a diet-
dependent coordination between the daily transcriptome and
metabolome in the SCN, indicating food as prominent regulator
of the master clock, both metabolically and transcriptionally.
Finally, future experiments will shed light on the persistence of the

effect of an HFD on the daily metabolome in the SCN and mPFC
after the dietary regimen is changed to a balanced diet. These ex-
periments may provide important insights into brain plasticity from a
novel metabolic perspective, hopefully finding missing links between
metabolism and neural function, which may lead to improved un-
derstanding of and treatment for neuropsychiatric disorders.
In conclusion, our study reveals an unexpected nutrition-driven

plasticity of the brain circadian metabolome and a unique diurnal
signature induced by the same food stress in specific areas. Our
results open future avenues to explore how daily oscillations of
specific metabolites may cause detrimental effects (e.g., cognitive,
emotional) of diet-induced obesity on brain physiology and behavior.

Materials and Methods
Animals and Feeding. Here 6-wk-old male C57BL/6J mice (JAX 00064; The
Jackson Laboratory), maintained at 24 °C on a 12-h light/12-h dark cycle, were
fed an HFD (60% kcal from fat; Research Diets, D12492) or an NC diet (Prolab,
RMH 2500) ad libitum for 10 wk. Animals were sacrificed every 4 h throughout
the circadian cycle. The mPFC- and SCN-enriched regions were dissected from
the fresh brains and immediately snap-frozen in liquid nitrogen. The rest of
the brain was frozen in dry ice, sliced, stained with cresyl-violet, and analyzed
under a microscope, to verify proper dissection of the SCN and mPFC.

Fig. 6. Coherence between the circadian transcriptome and metabolome in the SCN. (A) Heat map representing the relationship between oscillating me-
tabolites and corresponding enzymes (transcripts), obtained by crossing transcriptome and metabolome data in the SCN. (B) Graphs representing the number
of oscillating enzymes for each reported circadian metabolite in the NC and HFD groups.
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Animal care and use were in accordance with guidelines of the Institu-
tional Animal Care and Use Committee at the University of California Irvine.

Metabolomics Profile. The metabolome analysis was performed by Metab-
olon. In brief, the samples were prepared using the automated MicroLab STAR
system (Hamilton) and analyzed by reverse-phase ultra-high performance liquid
chromatography-tandem mass spectrometry (SI Appendix). Normalized levels of
metabolites were scanned for outliers among the replicates at each ZT/condition
using Dixon’s test, with a percentile threshold of 95. At most, 2 out of 5 replicates
were removed before downstream analysis. Data were further divided into two
circadian groups (NC and HFD) per tissue, and pairwise analysis between the
groups was performed using pipelines for CircadiOmics (35, 62).

All of the metabolomics data associated with this work are available at
circadiomics.ics.uci.edu.

RNA-seq Analysis. RNA-seq analysis was performed using the Tuxedo Suite
tools Tophat and Cufflinks. Tophat was used to align the RNA-seq reads to the
reference genome assembly mm10 and corresponding transcriptome, and
Cufflinks was used to assemble the aligned reads and calculate gene expres-
sion levels. Expression levels output by Cufflinks are reported as fragments per
kilobase per million mapped reads. The transcriptome data associated with
this work are available at circadiomics.ics.uci.edu, and the RNA-seq data have
been deposited in the Gene Expression Omnibus database.

Statistical Analysis. The data are presented as mean ± SD. The analysis of
circadian rhythmicity was performed using the nonparametric JTK_CYCLE
test (34). Two-way ANOVA was performed to analyze the effect of diet or
time point (ZT) on the levels of single metabolites. Differences among the
different levels of metabolites between the two diets at specific time points
were identified using the CyberT test (SI Appendix).

Data Availability. The metabolome data discussed in this study can be found
either in the main text, SI Appendix, or Datasets S1–S4. RNA-seq data have
been deposited in the Gene Expression Omnibus database, https://www.
ncbi.nlm.nih.gov/geo (accession no. GSE157077), and can be also found in
Datasets S5–S7.
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