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The circadian clock governs a large array of physiological functions
through the transcriptional control of a significant fraction of the
genome. Disruption of the clock leads to metabolic disorders, includ-
ing obesity and diabetes. As food is a potent zeitgeber (ZT) for pe-
ripheral clocks, metabolites are implicated as cellular transducers of
circadian time for tissues such as the liver. From a comprehensive
dataset of over 500 metabolites identified by mass spectrometry,
we reveal the coordinate clock-controlled oscillation of many me-
tabolites, including those within the amino acid and carbohydrate
metabolic pathways as well as the lipid, nucleotide, and xenobiotic
metabolic pathways. Using computational modeling, we present
evidence of synergistic nodes between the circadian transcriptome
and specific metabolic pathways. Validation of these nodes reveals
that diverse metabolic pathways, including the uracil salvage path-
way, oscillate in a circadian fashion and in a CLOCK-dependent man-
ner. This integrated map illustrates the coherence within the cir-
cadian metabolome, transcriptome, and proteome and how these
are connected through specific nodes that operate in concert to
achieve metabolic homeostasis.
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Circadian rhythms exist within a wide range of biological pro-
cesses and control numerous aspects of physiology, including
the sleep/wake cycle, eating, hormone and neurotransmitter se-
cretion, and even cognitive function (1-4). Integral to the modern
lifestyle is the ability to eat, sleep, work, exercise, and socialize
around the clock and yet these allowances may serve as a pre-
amble to obesity and other metabolic disorders. Recent studies
reveal that a distorted circadian cycle can lead to aberrations in
metabolism, producing symptoms such as obesity, insulin re-
sistance, and others consistent with the metabolic syndrome (5—
9). Whereas studies focused on night-shift and rotating shift
workers emphasize the link between circadian rhythmicity and
metabolism, rodent models of circadian arrhythmia also support
this link (10-13). As an essential modulator of metabolism in vivo,
the liver provides a cardinal domain in which to study interactions
between the clock and metabolism as much of the liver tran-
scriptome and proteome oscillates in expression or activity. These
circadian characteristics of the liver are dependent largely on the
zeitgeber (ZT), food (14-21).

Precision within the circadian clock depends on nuclear tran-
scriptional and translational feedback loops, but recent evidence
that circadian, nontranscriptional, and nontranslational cytosolic
rhythms crosstalk with nuclear rhythms to maintain circadian
timing provides support for the idea that metabolites may affect
the transcriptional-translational canonical clock system and vice
versa (22, 23). Some biochemical oscillations have been shown to
cycle in a circadian fashion, such as calcium, 3'-5’-cyclic adenosine
monophosphate (CAMP) and nicotinamide (NAD™) (24-27).
These oscillations feed into the clock system and can modulate
circadian dynamics in vivo. Several blood metabolites have also
been observed to oscillate, the oscillation of which depends on an
intact endogenous clock (28). A comprehensive diurnal liver
metabolome has never been deciphered, however. As an organ
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involved in glycogen storage, the production of bile acids, and the
storage and provider of numerous amino acids and vitamins for
the rest of the body, the circadian oscillation of metabolic function
within the liver is seminal to understanding circadian physiology.

To determine whether liver metabolites oscillate in a diurnal
fashion and to determine the extent to which their presence is
Clock controlled, liver samples from wild-type and Clock-de-
ficient (Clock™~) mice were prepared for GC/MS and LC/MS/
MS analysis. We present a computational platform that encom-
passes this metabolite data, validated data concerning oscillating
metabolic enzymes, and data covering interactions between os-
cillating metabolites from different metabolic pathways. To
convey this information, we created a database entitled “Circa-
diOmics,” which forms a consolidated model of how the daily
metabolome, transcriptome, and proteome might work together
to achieve metabolic homeostasis. Validation of these nodes
experimentally reveals the remarkable interconnectedness of the
liver metabolome and the hepatic circadian clock system.

Results

Liver Metabolome Undergoes Daily Oscillations. To determine
whether liver metabolites oscillate in a 24-h fashion in vivo, livers
from WT and Clock™~ mice were analyzed by liquid and gas
chromatography and tandem mass spectrometry (n = 5 per time
point per genotype). Animals were maintained in a 12-h light/dark
(LD) cycle for the duration of the experiment and tissues were
collected every 6 h throughout the day. For each sample, meta-
bolic analyses were performed using ultrahigh performance liquid
chromatography/tandem mass spectrometry (UHPLC/MS/MS)
and GC/MS. MS/MS data were searched against a standard li-
brary (Methods) (29). (For a full list of metabolites, see Dataset S1
and http://circadiomics.igb.uci.edu/). Spectra for 538 metabolites
were obtained. Metabolites that showed time or genotype main
effects were grouped on the basis of their major pathway (Fig. 1
and Fig. S1). A majority of amino acid and xenobiotic metabolites
peaked at night (ZT15-ZT21), whereas peak abundance of nu-
cleotide, carbohydrate, and lipid metabolites occurred at ZT9
(Fig. 2). Of the 538 total metabolites measured, 172 showed a time
main effect (P < 0.05, ANOVA) and 132 showed a genotype main
effect (P < 0.05, ANOVA) (SI Methods). Of 309 named metab-
olites (detectable compounds of known identity), 100 showed
a time main effect and 73 showed a genotype main effect. A
nonparametric algorithm, JTK_CYCLE, was used to detect
metabolites that displayed 24-h rhythmicity (Datasets S2, S3, and
S4) (30). By JTK_CYCLE, 60 metabolites were detected as
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Fig. 1. Metabolic pathways of the liver containing diurnally regulated
metabolites. Major metabolic pathways are represented in the liver by nu-
merous metabolites that change in abundance throughout the 24-h cycle
(orange lines, Clock™~ metabolites; blue lines, WT metabolites). Metabolites
that vary in abundance over time are shown. Pie charts depict the per-
centage of metabolites that changed over time (red) vs. those that did not
(green). (N = 5 per genotype per time point.)

oscillating in a diurnal fashion in WT livers (P < 0.05). (In Clock-
deficient livers, 21 metabolites were detected as oscillatory when
P < 0.05, but only 7 were oscillatory when P < 0.01.) Of those 7, 6
also oscillated in WT livers (Fig. S2).

Clock-Driven Metabolome. It has been reported that Clock-de-
ficient mice are rhythmic in the brain due to the presence of the
CLOCK paralog, NPAS2 (31). However, peripheral clocks are
arrhythmic in the absence of systemic cues. In vivo, the patterns
of liver gene expression are altered in a gene-specific manner
(31-33). Comparisons between metabolite abundance in the
livers of WT and Clock-deficient mice revealed multiple devia-
tions at all zeitgeber times compared (Fig. S3).

Metabolic pathways were broken down into general subpath-
ways to determine whether some specificity is attained within the
diurnal metabolome in vivo. As many metabolites are involved in
multiple different metabolic pathways, subpathways convey the
pathways to which a given metabolite is most closely associated,
not exclusively associated. Variations in the percentage of sub-
pathway metabolites were noted within each metabolic pathway.
For example, within lysine metabolism all six metabolites showed
either a time or genotype main effect, whereas only one of five
metabolites in the tryptophan metabolic pathway demonstrated
a time or genotype main effect (Fig. 3 and Fig. S2). All three
metabolites associated with nicotinate metabolism demonstrated
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Fig. 2. Metabolic pathway metabolites show disparate temporal peaks. Nu-
cleotide and carbohydrate metabolites generally peaked at ZT9, whereas
amino acid and xenobiotic metabolism-related biochemicals peaked at night
(ZT15-ZT121).

a time main effect (NAD*, P < 0.001; NAM, P = 0.008; and
N'-methylnicotinate, P = 0.03). NAD™ levels also demonstrated
a genotype:time interaction. NAD™ levels were depressed in
Clock™~ mice at ZT9 (Clock”~/WT = 0.71, P = 0.038). These
findings are important because rhythmicity of NAD™ and its
contribution to clock maintenance has previously been demon-
strated (26, 27), and NAD™ occupies a central position con-
necting most circadian metabolic pathways.

Some subpathways showed cohesiveness among metabolites in
terms of peak time expression. Specifically, the long chain fatty
acids that changed over time [margarate (17:0), 10-heptadece-
noate (17:1n7), and oleate (18:1n9)] all peaked at ZT9. All five
of the fatty acids identified that are predominantly acquired from
the diet or are essential [linoleate (18:2n6), dihomolinolenate
(20:3n3 or n6), eicosapentaecnoate (EPA; 20:5n3), docosa-
pentaenoate (n3 DPA; 22:5n3), and docosahexaenoate (DHA;
22:6n3)] also changed cohesively over time. Of these, 18:2n6 and
20:5n3 demonstrated 24-h rhythmicity in WT but not Clock-de-
ficient livers (Datasets S1, S2, S3, and S4). Furthermore, all four
of the food component/plant subpathway metabolites (daidzein,
genistein, equol, and stachydrine) peaked during the night, with
three of the four peaking at ZT21. Bile acids also showed
a preference for peak time expression, which occurred at ZT3 for
five of the six bile acids having a time main effect.

Prediction of Diurnal Phenotypes by Metabolome Analysis. Several
food-derived biochemicals were altered in Clock-deficient livers
and bile acids generally failed to oscillate (Fig. S4). As food
functions as a strong zeitgeber for the liver (18, 19, 34), these
data suggested that Clock™~ mice may have a yet unappreciated
metabolic phenotype. Metabolic attributes of Clock-deficient
animals have been less studied compared with the Clock (c/c)
mutant animal (but see ref. 35), which is arrhythmic in constant
darkness, obese, and shows attributes consistent with the meta-
bolic syndrome (11, 13). WT and Clock™~ mice were analyzed by
indirect calorimetry for CO, emission, O, consumption, and
energy intake. The respiratory exchange ratio (RER) and heat
were also calculated (Fig. 4 and Fig. S4). Whereas Clock™~
animals showed a slight elevation in body weight (WT (*/*) =
23.62 g + 0.4475 g; Clock™= (77) = 26.07 g + 0.5789 g; P =
0.0152, Mann-Whitney u test), the 24-h energy intake was un-
changed (Fig. 4 A4, Left and B). However, when normalized to
body weight, Clock™~ mice appear to consume less food during
the night (Fig. 44, Right) (ZT12-ZT24, WT (*/*) = 3.658 g;
Clock™ (%) = 2.394 g, P < 0.05, Bonferroni posttest). In-
terestingly, Clock™~ animals woke several hours before lights off
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glutathione 30 Mult.
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pantothenate and CoA [N 25 3
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Fig. 3. Rhythmicity in metabolic subpathways. Metabolic pathway repre-
sentation by subpathways and the percent of metabolites altered within
each relative to genotype or time (only subpathways with >3 metabolites are
graphed). The observed peak time (ZT hour) of metabolites within specific
subpathways is shown on the right. ZT hour is denoted if all or the majority
of metabolites identified within the category peak at one ZT. “Mult.” stands
for “multiple” and refers to metabolite peaks within the subpathway that
were distributed across multiple zeitgeber times. Dashes indicate that no
metabolite within the subfamily showed altered abundance over time. Such
subpathways include metabolites that were only altered in the Clock™" liv-
ers, and were not changed over time or oscillatory in expression patterns
(where % greater than 0 is indicated) (*, glycolysis; **, gluconeogenesis).

and began consuming food (Fig. 4C, red; arrow ~ZT8). This
premature activity is in keeping with previously reported data
showing an early onset of nightly bout activity (32). Energy in-
take during the period ZT8-ZT12 in Clock™~ animals corre-
sponded with an increase in RER, indicating that Clock™~ mice
burned more carbohydrates during this late-phase resting period
(Fig. 4D). However, RER was generally lower during the night in
Clock™ animals (Fig. 4E), (main effect of genotype, P < 0.001;
main effect of time, P < 0.001; two-way ANOVA, day and night
values an average of two 24-h periods) and oxygen consumption
was also dampened throughout the daily cycle, revealing de-
creased energy demands (Fig. 4F). Interestingly, metabolic anal-
ysis revealed that, whereas hepatic food-derived biochemicals in-
creased in WT animals at ZT15 and ZT21, these metabolites did
not oscillate in Clock™~ mice and generally showed increased
concentrations at ZT9. Thus, the liver metabolome provided
valuable information regarding the metabolic and physiological
functions of the clock in vivo.

Constructing a Map of the Diurnal Metabolome. To better un-
derstand how the diurnal metabolome might function on the
backdrop of already known oscillating and metabolic events in the
liver, we developed a computational platform called CircadiOmics
to integrate and visualize circadian rhythm and omic data from
multiple sources. Specifically, CircadiOmics integrates data en-
compassing the following: (i) metabolic pathways and reactions
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Fig. 4. Energy intake in clock knockout mice precedes the dark cycle. (A)
Energy intake in 8-wk-old Clock-deficient (—/—=) mice and WT littermate
controls (+/+) (error + SEM, *P < 0.05, Bonferroni posttest compared with
WT). (B) Body weight in grams (g) of WT (+/+) and Clock-deficient (—/-)
animals (error + SEM, *P < 0.05, Mann-Whitney test compared with WT
ZT12-24). (C) Average energy intake patterns in WT (+/+) and Clock-deficient
(—/-) animals. (D and E) Respiratory exchange ratios (VCO,/VO,) of WT (+/+)
and Clock-deficient (—/=) animals across a 24-h period (***P < 0.001, geno-
type; ***P < 0.001, time; two-way ANOVA) as well as during the hours of
ZT8-12 and ZT12-24 (error + SEM, ***P < 0.001 compared with WT). (F)
Oxygen consumption in WT and Clock-deficient (—/-) animals during the
resting (ZT0-ZT12) and active (ZT12-ZT24) periods. N = 7-8 animals per ge-
notype (error + SEM, ***P < 0.001, unpaired t test compared with WT).

from Kyoto Encyclopedia of Genes and Genomes (KEGG) (36—
38), (ii) oscillating gene expression patterns from previously
reported high-resolution DNA microarrays (39, 40), (iii) protein—
protein interactions from multiple protein—protein interaction
databases (41-43), (iv) binding data from hepatic Bmall ChIP-seq
experiments (44), (v) putative transcription factor-enzyme regu-
latory relationships from MotifMap (45, 46), and (vi) the metab-
olomic profile from wild-type and Clock™'~ liver samples. Whereas
each of these datasets comes with its own noise and limitations, it
is through their integration that different lines of evidence can be
combined to achieve a more global and robust view of 24-h
rhythms. This integrated platform enabled us to derive a unique
comprehensive map of the in vivo daily metabolome in liver cells
(SI Methods and Figs. S5-S8). The 3 nodes in the map are com-
posed of the following: (i) named metabolites, (ii) enzymes di-
rectly related to the named metabolites, and (i) transcription
factors that may regulate the enzymes, adding up to over 2,700
nodes. The four edges in the map correspond to the following: (i)
enzyme—metabolite edges extracted from KEGG, (ii ) metabolite—
metabolite edges drawn between any pair of metabolites that
participate in a common reaction, (iif ) protein—protein interaction
edges from protein—protein interaction databases, and (iv) tran-
scription factor—enzyme edges extracted from MotifMap or ChIP-
seq data. Over 9,500 edges are depicted. The mapping process is
summarized as a flowchart (Fig. S6). To manage the complexity of
this map, we have provided metabolite centric views of the sub-
networks that surround each named metabolite (Figs. S5 and S7).
These views are freely accessible through the CircadiOmics
Website (http://circadiomics.igb.uci.edu). The Website allows
users to search for any of the named metabolites and view ex-
perimental metabolite levels and statistics for WT vs. Clock™~
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livers, as well as the subnetwork associated with each metabolite.
The subnetwork includes all of the enzymes that catalyze a re-
action in which the metabolite participates, other metabolites that
coreact with the metabolite of interest, transcription factors with
putative binding sites in the promoter regions (up to 8 kbp up-
stream) of the genes encoding the enzymes, and protein—protein
interactors of these enzymes. The corresponding edges are dis-
played together with the Bmall ChIP-seq mouse liver binding data
edges. The gene node graphics show the circadian mouse liver
gene expression, and the metabolite node graphics show the me-
tabolite levels in WT and Clock™" livers. The network and its
subnetworks can be explored and rearranged interactively, pro-
viding a comprehensive system-level view of the circadian mo-
lecular pathways.

Connections Between Metabolic Nodes and Transcription Nodes. The
validity of our created metabolite nodes was tested experimen-
tally. Fig. 5 provides an example of a node that typifies the
prominent interfaces found in this study between the diurnal liver

A OIAAERACIIAKINE B

-:“‘J’- Pap2 (deoxy) Uridine
1 | =" B + orthophosphate

? < 1 : T ’
e G |
itk \ \ /,, 5
h b il =
: \urg:‘, o= - Upp2
ey S-.monaphosphate (o o

Dpyd

Uracil
[ L] s rempnate + (deoxy)ribose 1-
phosphate

NADPH Barbuturate
efanicotinamide

Diphosphate

D-ibose

C Uridine v Uracil

18

BWT Seaiod tntensy 1.2 W wr
aiod inonty ivensty
baaiaall \/ ciocxKa SLockio
06 ¥ ]

0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Time (h) Time (h)

WT Clock-I-
ZT 3 915213 9 1521
Upp2

Relative
expression

LR w——

359 awt

WT Clock-I- E»— 5 3 Ko
ZT 3 915213 9 1521 :%gzg
upr: I S
ACHN e e e e e e s E 5—‘5‘0;
0

ZT3  ZIT9  ZT15 ZT21  IgG

Fig. 5. Cohesiveness between computational networks and in vivo uracil
metabolism. (A) The uracil network predicts an interaction with uridine
phosphorylase 2 (UPP2). (B) UPP2 participates in the reversible reaction
whereby uridine and orthophosphate are converted to uracil and ribose 1-
phosphate. (C) Uridine and uracil oscillate in an antiphase pattern in WT
livers but are nonoscillatory in Clock™" livers. (D and E) Semiquantitative PCR
of Upp2 and quantification of Upp2 mRNA in WT (+/+) and Clock™~ (—/-)
livers (error + SEM, *P < 0.05, genotype main effect; ***P < 0.001, time main
effect; two-way ANOVA,; *, P < 0.05 Bonferroni posttest). (F) UPP2 and Actin
protein expression in WT and Clock™~ livers (each band represents five
pooled livers) (G) Diurnal binding of CLOCK to the Upp2 promoter. Immu-
noprecipitation of CLOCK from liver homogenates and quantification of
CLOCK-bound target DNA by gPCR normalized to Upp2 input DNA. (For
binding of CLOCK to the Dbp promoter in the same livers, see Fig. S9. N =
3-10 livers per data point.).
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metabolome and transcriptome. Within the uracil-containing py-
rimidine metabolic pathway, uridine oscillated in WT livers,
whereas a remarkable absence in oscillation was observed in
Clock™" mice (Fig. 54 and C). Uracil showed an oscillation in WT
mice that was antiphase to uridine and like uridine, it did not
oscillate in Clock™~ livers (Fig. 5C). Uridine levels were elevated
in the mutant livers (ZT9 Clock™= /WT = 1.550, g =0.054,P <
0.001; ZT15 Clock™ /WT, P < 0.001). Values of uracil showed
time and genotype main effects (P = 0.012 and P < 0.001, re-
spectively, two-way ANOVA), and uridine values showed time
and genotype main effects (P = 0.008 and P = 0.001, respectively,
two-way ANOVA) as well as a genotype:time interaction. Within
the metabolic node, a number of regulatory enzymes, including
uridine phosphorylase 2 (UPP2), were implicated (Fig. 54). UPP2
is essential for pyrimidine salvage and catalyzes the cleavage of
uridine to uracil and ribose-1-phosphate (Fig. 5SB) (47, 48). To
assess the expression of Upp2 in vivo, mnRNA was analyzed in WT
and Clock™~ livers. Upp2 was found to oscillate in a diurnal
fashion (n = 5-8 livers per zeitgeber time, per genotype) with
a peak at ZT15. Upp2 oscillation was considerably reduced in
Clock™" mice (Fig. SE) (main effect of genotype, P = 0.020, two-
way ANOVA), correlating with the increased uridine but de-
pressed uracil levels. UPP2 protein also showed an oscillation
throughout the diurnal cycle (Fig. 5F). Analysis of the Upp2 pro-
moter by MotifMap showed numerous E boxes upstream of the
transcriptional start site. Chromatin immunoprecipitation analysis
revealed that CLOCK binds to this region of the Upp2 promoter in
a diurnal fashion, with a peak at ZT15 (Fig. 5G). To verify that
CLOCK binding followed the expected profile of binding on other
target sites in the same livers, CLOCK binding to the Dbp pro-
moter was analyzed in the same WT and Clock™~ livers. As
expected, CLOCK binding to upstream Dbp regulatory elements
showed the expected circadian profile, with a peak at ZT9 (Fig.
S9) and Dbp and Per2 expression profiles matched those pre-
viously reported (32). Whereas Upp2 appears to be directly reg-
ulated by the circadian clock machinery, the elevated levels of
uridine at ZT21 may reflect further circadian regulation of this
metabolite, as UPP2 protein remains high at this time point. El-
evated levels of ribose-1-phosphate can drive the reaction in the
opposite direction; therefore, one possibility is that the reaction
begins to reverse between ZT15 and ZT21 (49). Another possi-
bility is that the rapid increase in uridine levels at ZT21 reflects the
rate of uridine taken up by the liver from the portal drainage (50).

Some metabolite nodes, such as the urea node, contained
several metabolites having a time main effect. Urea, ornithine,
and citrulline all showed diurnal variation (http://circadiomics.
igb.uci.edu). Exploration of other nodes revealed that some
metabolites were not rhythmic in WT livers yet were altered in
Clock™" livers. The citrate and arachidate (C20:0) nodes fit this
description (Figs. S74 and S84). Within these networks, citrate
synthase and several acyl-CoA-thioesterases (ACOTs) were
identified, the expressions of which were found to be severely
abnormal in Clock™~ livers (Figs. S7 and S8).

Circadian Clock Connects the Hepatic Metabolome and Transcrip-
tome. Circadian physiology reveals that strong connections be-
tween the circadian clock and cellular metabolism exist (1, 51—
56), but the extent to which these occur and the nature of these
interactions have been largely unappreciated. This study reveals
a comprehensive and integrative map of the diurnal metabolome
in the liver and provides a detailed depiction of the dynamic in-
terfaces between the metabolome, proteome, and transcriptome.
In addition to revealing scores of oscillating metabolites in the
liver, this study demonstrates that the liver metabolome is de-
pendent in part on local effects of the circadian clock transcrip-
tional machinery, as exemplified by CLOCK binding to the Upp2
promoter. As evidenced by metabolites that oscillate in WT and
Clock™= mouse livers but whose normalized expression differs,
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however, it is likely that some metabolic pathways depend more
on zeitgebers (such as food or light) or an interaction of zeitgeber
and CLOCK-driven mechanisms. For example, NAD™ has been
shown to increase in the liver during fasting but decrease after
refeeding (57). Consistent with this finding, our data show levels of
NAD" rising in the liver of WT mice during the late phase of the
resting period but failing to do so in Clock™~ mice. Whereas this
reduction of NAD™ may reflect the diurnal consumption of food
in Clock™~ mice, our work has previously demonstrated the role
of CLOCK in the regulation of the NAD* salvage pathway (27).

Interestingly, the aberrant pattern of food-related biochemicals
and bile acids in the Clock™~ livers strongly suggests that the
suprachiasmatic nucleus and hypothalamic cues associated with
rhythmic food intake are disrupted in these animals. The molec-
ular events responsible for this advanced daily food consumption
may be related to the causes underlying human diseases such as
night eating syndrome (NES) where individuals wake during the
night to consume food (58-60). The molecular events responsible
for this diurnal eating pattern are not yet clear.

Discussion

The growing evidence that circadian disruption impinges on
metabolic homeostasis has created the need for a deeper un-
derstanding of the interplay between circadian and metabolic
processes. From the context of the liver’s role in energy ho-
meostasis and drug metabolism, the integration of the circadian
transcriptome and metabolome should provide valuable insights
into circadian physiology and disease treatment. For example,
uridine homeostasis is important for spermatogenesis, vascular
resistance, and neuronal function, and uridine levels are critically
important in preventing the toxicity normally associated with 5-
fluorouracil-based drug regimens (49). Furthermore, our study
shows the urea cycle to be controlled in a 24-h manner. Because
the deamination of amino acids produces levels of ammonia that
could be life threatening, its elimination via conversion to urea is
essential for survival. Proteomic analysis reveals that members of
the urea cycle oscillate in the liver (14, 28), and urea has been
reported to oscillate in the blood of several species (28, 61-65).
As blood flow into the liver is a circadian event, it is possible that
some metabolites represent physiological oscillations that are
independent of hepatocyte production; however, these still re-
flect the changing diurnal landscape of hepatic metabolism.

Node validation studies reveal a striking number of enzymes
implicated in deregulation of metabolites in the Clock™ livers.
Enzymes contributing to pyrimidine salvage (UPP2), lipid me-
tabolism (ACOTs), and the Krebs cycle (citrate synthase, CS)
pathways are deregulated in Clock™~ livers. Importantly, aberrant
regulation of these enzymes was predicted by metabolite nodes,
expressly demonstrating the interconnectedness of the hepatic
circadian clock with the hepatic metabolome and transcriptome
as well as the utility of the CircadiOmics dataset. Whereas this
interconnectedness is clearly demonstrated in the nodes in-
vestigated thus far, the presence of a few rhythmic metabolites
in the Clock™~ livers underscores the complexity of circadian
rhythmicity at the systems level. For example, catechol sulfate
abundance is rhythmic in Clock™~ livers. Catechol is found nat-
urally in fruits and vegetables; however, its sulfation occurs in the
intestine. As energy intake is primarily (although not exclusively)
centrally controlled, substances such as catechol sulfate are either
a reflection that some aspects of both central rhythmicity (energy
intake) and peripheral rhythmicity (i.e., sulfation) are maintained
or that the lack of precision centrally can be compensated by an
intact peripheral pathway.

1. Froy O (2010) Metabolism and circadian rhythms—implications for obesity. Endocr
Rev 31:1-24.
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In summary, a diurnal metabolome exists in the liver, where it
is controlled by zeitgebers and the transcriptional machinery of
the circadian clock itself. CircadiOmics promises to advance our
understanding of the global networks that exist within the liver
and allow a deeper comprehension of the many and inseparable
links between metabolism and circadian rhythmicity.

Methods

Mice. Clock-deficient (Clock™") animals were a gift from S. Reppert (Worcester,
MA) (32). Experiments were performed in conformity with the institutional
animal care and use committee guidelines at the University of California
at Irvine. Mice were fed ad libitum. Heterozygous mating pairs were used
for breeding so that WT and Clock™" littermates could be generated for
experiments.

Global Metabolic Profiling. Adult, age-matched, male WT and Clock™~ mice
were used for liver metabolic profiling. ZTO corresponded to lights on and
ZT12 to lights off in the animal facility. Livers were harvested, rinsed in PBS,
and rapidly frozen in liquid nitrogen. The metabolic profiling platform used
by Metabolon combines three independent platforms: UHPLC/MS/MS opti-
mized for basic species, UHPLC/MS/MS optimized for acidic species, and GC/
MS (66). Details of sample preparation and data analysis are described in
SI Methods.

Indirect Calorimetry. Indirect calorimetry was performed using negative-flow
CLAMS hardware system cages (Columbus Instruments). VO,, VCO,, and food
intake were measured. RER (VCO,/VO,) was calculated with Oxymax soft-
ware (Columbus Instruments).

Preparation of ¢cDNA and Quantitative Real-Time Reverse Transcription. RNA
was isolated and cDNA prepared as previously described (67). The primers for
ChlIP, semiquantitative PCR, and real-time qPCR were obtained from refs. 67—
71 or designed by Primer 3 (v. 0.4.0) and are listed in S/ Methods.

Chromatin Immunoprecipitation. Chromatin immunoprecipitation was per-
formed as described in ref. 72 with some modifications (S/ Methods).

CircadiOmics. We developed a computational framework that integrates the
above-described liver metabolome data with the following sources of in-
formation: KEGG, Circa and GEO, BioGRID, IntAct and MINT, Bmal1 ChIP-seq,
and MotifMap. This integration is described in detail in S/ Methods. Data
integration was carried out using code written in Python and charts were
created using Google Chart API and visualized using Cytoscape (version 2.8)
(73). All data are freely available at the CircadiOmics Website (http://circa-
diomics.igb.uci.edu).

Statistics. Data represent mean + SEM. In circadian experiments with two
variables, statistical significance was calculated by two-way ANOVA using
Bonferroni posttests to compare replicate means (Prism 3.0). A P value of
<0.05 was considered statistically significant. Mann-Whitney u tests were
used to determine significance between two independent samples. For
analysis of rhythmic metabolites, the nonparametric test, JTK_CYCLE, was
used incorporating a window of 20-28 h for the determination of circadian
periodicity (30). Venn diagrams were made with Venny (http:/bioinfogp.
cnb.csic.es/tools/venny/index.html).

Statistical Analysis for Metabolite Profiling. Statistical Analysis for Metabolite
Profiling appears in SI Methods.
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