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The mammalian clock regulates major aspects of energy metabolism, including
glucose and lipid homoeostasis as well as mitochondrial oxidative metabolism. This
study is to identify specific patterns of circadian rhythms for lipid homoeostasis in
both female and male mouse livers, and to clarify gender disparity in coupling the
peripheral circadian clock to lipid metabolic outputs by nuclear receptors. To
achieve this, profiling the diurnal hepatic expression of genes encoding circadian
clocks, nuclear receptors and lipid metabolic enzymes was performed. Hepatic lipid
levels including cholesterol, triglyceride and non-esterified fatty acids (NEFAs) were
monitored over a 24-h period. The cosinor analysis revealed that several genes
encoding nuclear receptors and enzymes involved in the lipid metabolic pathway
were rhythmically expressed in liver in phase with the peripheral clocks, which were
correlated with the diurnal changes of hepatic lipid levels. Gender disparity was
observed for circadian characteristics including mesor and amplitude values,
accompanied with advances in acrophases in female mouse livers. Accordingly,
gender differences were also observed in diurnal lipid homoeostasis. The identifica-
tion of cycling patterns for lipid metabolic pathways in both female and male mouse
livers may shed light on the development of gender-based treatment for human
diseases related to the coordination of the cellular clock and control of lipid
homoeostasis.
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Abbreviations: Bmall, brain and muscle Arnt-like protein 1; Clock, circadian locomotor output cycles kaput;
Cry, cryptochrome; LXR, liver X receptor; Mesor, midline estimating statistic of rhythm; NEFA, non-
esterified fatty acids; Per, period; PGC1, PPARy coactivator 1; PPAR, peroxisome proliferator-activated

receptor; ROR, retinoid-related orphan receptor; RORE, ROR response element.

Circadian rhythms are daily cycles of multiple molecular,
biochemical, physiological and behavioural processes that
are driven by an endogenous clock with an approximate
24-h periodicity. Circadian rhythms in mammals are
governed substantially by the main time-keeping system,
called the central circadian clock, located in the supra-
chiasmatic nucleus (SCN) of the hypothalamus.
Circadian clocks also exist in most peripheral tissues
and even in cultured cells. It is believed that the master
circadian clock synchronizes the peripheral -clocks
through both neural and humoral factors, allowing
animals to adapt their feeding, activity and metabolism to
predictable rhythmic cycles. Environmental light is the
predominant Zeitgeber (time-giver) to reset the intrinsic
clocks. In addition, other cyclic inputs such as tempera-
ture, food, noise or social cues may also influence the
phase of clocks (1-3).

The central and peripheral clocks share common
molecular circuitry. The circadian clockwork consists
of two auto-regulatory feedback loops connected by
a central pair of basic-helix—loop-helix (bHLH)-PAS
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(PER-ARNT-SIM)-containing transcription factors (brain
and muscle Arnt-like protein 1-circadian locomotor
output cycles kaput heterodimer, Bmall-Clock) (4, 5).
The complex of Bmall-Clock drives the rhythmic tran-
scriptions of other clock genes including period genes
(Per1-3), cryptochrome genes (Cryl-2) and the nuclear
receptor Rev-erba gene through E-box (CACGTG) ele-
ments located in their promoters (6, 7). In the first
feedback loop, Per proteins and Cry proteins inhibit
the transcriptional activity of Bmall-Clock, while the
components of the second loop, retinoid-related orphan
receptor alpha (RORa) and Rev-erba, inversely
regulate Bmall, Cryl and Rev-erba transcriptions
through the functional ROR response elements (RORE)
1, 3, 7-9).

Lipids encompass molecules such as fatty acids and
their derivatives (including tri-, di- and monoglycerides
and phospholipids), as well as other sterol-containing
metabolites such as cholesterol, which are not only
nutritionally important, but also serve as precursors for
ligands of many nuclear receptors. Nuclear receptors, as
sensors for fat-soluble hormones, vitamins and dietary
lipids, direct a wide range of molecular genetic pro-
grammes that regulate lipid homoeostasis (3, 10-13). It is
well known that general metabolism is subjected to
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Table 1. Description of genes encoding circadian clocks and nuclear receptors.

Official symbol Gene ID Official full name

Circadian clock

Arntl 11865 Aryl hydrocarbon receptor nuclear translocator-like; brain and muscle
Arnt-like protein-1 (Bmall)

Clock 12753 Circadian locomotor output cycles kaput

Cryl 12952 Cryptochrome 1 (photolyase-like)

Cry2 12953 Cryptochrome 2 (photolyase-like)

Perl 18626 Period homologue 1 (Drosophila)

Per2 18627 Period homologue 2 (Drosophila)

Per3 18628 Period homologue 3 (Drosophila)

Nuclear receptor

Nrid1 217166 Nuclear receptor subfamily 1, group D, member 1 (Rev-erba)

Nrli2 18171 Nuclear receptor subfamily 1, group I, member 2; pregnane X receptor (Pxr)

Nrlh3 22259 Nuclear receptor subfamily 1, group H, member 3; liver X receptor (Lxr)

Ppara 19013 Peroxisome proliferator activated receptor alpha

Ppard 19015 Peroxisome proliferator activator receptor delta

Pparg 19016 Peroxisome proliferator activated receptor gamma

Ppargcla 19017 Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (Pgclw)

Ppargclb 170826 Peroxisome proliferative activated receptor, gamma, coactivator 1 beta (Pgc1p)

Rora 19883 RAR-related orphan receptor alpha

Raxra 20181 Retinoid X receptor alpha

rhythmic fluctuation in accordance with the light—dark
cycle (3, 14, 15). In addition, variations in the levels of
nuclear receptors per se have been noted in male mouse
livers (3, 16).

Although the core molecular clock has been defined,
the molecular outputs that ultimately regulate circadian
rhythms of cellular physiology, organ function and
system-level behaviour are poorly understood. Specifi-
cally, despite much evidence supporting the role of
nuclear receptors in lipid homoeostasis and the accumu-
lation of data connecting metabolism with circadian
biology, few studies have been performed to fully explore
the link between circadian transcriptional outputs and
lipid homoeostasis. In addition, although anatomical
profiling and function of nuclear receptors in various
types of tissues have been shown (17-19), little is known
about the gender difference in diurnal expression pattern
of nuclear receptors in the livers. Furthermore, the
gender disparity in coupling the peripheral circadian
clock to lipid metabolic outputs by nuclear receptors has
not been elucidated.

In the present study, the expression profiles of genes
encoding circadian clocks, nuclear receptors and enzymes
as well as transporters involved in lipid homoeostasis
with focus on fatty acid and cholesterol metabolism were
investigated in both female and male mouse livers at an
interval of 4h over a 24-h period (Tables 1 and 2). The
present data suggest that lipid homoeostasis requires a
member of clock-controlled genes that elicit daily changes
in metabolic physiology. Included are previously identi-
fied circadian-regulated genes in male-mouse livers, thus
validating our findings, along with many other genes
previously unknown to be regulated by the circadian
clocks. Analysis of expression patterns of these genes
further reveals that the dynamic but coordinated
changes in nuclear receptor expression play important
roles in coupling the peripheral circadian clock to lipid

metabolic outputs. Additionally, gender differences
observed in the rhythmic profiles of genes examined
might provide an explanation for gender disparity in
diurnal lipid homoeostasis.

MATERIALS AND METHODS

Animals—C57BL/6 female and male mice (7 weeks old)
were maintained at a controlled temperature (24°C) on a
12-h light/dark cycle (lights from 5:00a.m. to 5:00 p.m.).
Female mice, which were separated from male mice,
were housed together to ensure a synchronous oestrous
cycle (17). Water and standard rodent chow (Harlan
Teklad, Madison, WI, USA) were provided ad libitum.
Under such conditions, mice tended to feed at night
when the light was off (20). All procedures were con-
ducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory
Animals and were approved by University of Kansas
Medical Center Institutional Animal Care and Use
Committee. After being housed for 2 weeks in the
animal facility, the mice were euthanized at 4-h intervals
(6:00a.m., 10:00 a.m., 2:00 p.m., 6:00 p.m., 10:00 p.m. and
2:00 a.m.) over a 24-h period. Five mice were included for
each time-point. Livers were dissected immediately and
frozen in liquid nitrogen, and stored at —80°C for RNA
and lipid extraction.

Quantitative Real-Time Polymerase Chain Reaction
(PCR)—Liver samples were lysed using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and total RNA
was isolated according to the manufacturer’s protocol.
RNA purity was confirmed by a 260/280 nm absorbance
ratio >1.8. Agarose gel electrophoresis with ethidium
bromide staining was utilized to confirm integrity of 18S
and 28S ribosomal RNA bands. Reverse transcription
was carried out using M-MLV reverse transcriptase
(Invitrogen) according to the manufacturer’s protocol.
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Table 2. Description of genes encoding enzymes and transporters involved in lipid homoeostasis.

Official symbol Gene ID Official full name Function
Abcal 11303 ATP-binding cassette, subfamily A (ABC1), Efflux cholesterol from cell
member 1
Acaca 107476 Acetyl- co-enzyme A carboxylase alpha Control rate-limiting step in fatty acid synthesis
Acadl 11363 Acyl-co-enzyme A dehydrogenase, long-chain Control mitochondrial B-oxidation of long-chain
fatty acids
Acox1 11430 Acyl-co-enzyme A oxidase 1, palmitoyl Regulate peroxisomal B-oxidation of fatty acid
Acsl1 14081 Acyl-CoA synthetase long-chain family Regulate mitochondrial B-oxidation of fatty acid
member 1
Apob 238055 Apolipoprotein B Carry cholesterol to tissues
Apoc3 11814 Apolipoprotein C-II1 Inhibit hepatic uptake of triglyceride-rich lipo-
proteins and/or hydrolysis of triglyceride
Cd36 12491 CD36 antigen (fatty acid translocase) Facilitate long-chain fatty acids uptake
Cptl 12894 Carnitine palmitoyltransferase 1la, liver Control rate-limiting step in mitochondrial
B-oxidation of fatty acid
Clps 109791 Colipase, pancreatic Absorb fat in small intestine
Cyp4al0 13117 Cytochrome P450, family 4, subfamily Regulate w-oxidation of fatty acid
a, polypeptide 10
Cyp4al4d 13119 Cytochrome P450, family 4, subfamily a, Regulate w-oxidation of fatty acid
polypeptide 14
Cyp7al 13122 Cytochrome P450, family 7, subfamily a, Control rate-limiting step in bile acid synthesis
polypeptide 1 from cholesterol
Elovié 170439 ELOVL family member 6, elongation of long- Elongate fatty acid chains
chain fatty acids (yeast) (fatty acid elongase,
Fae)
Fabpl 14080 Fatty-acid-binding protein 1, liver Bind long-chain fatty acids in hepatocytes
Fasn 14104 Fatty acid synthase Synthesize fatty acid
Hmgel 15356 3-hydroxy-3-methylglutaryl co-enzyme A lyase Control ketosis and break down proteins and
fats from the diet
Hmgcer 15357 3-hydroxy-3-methylglutaryl co-enzyme A Control rate-limiting step in cholesterol
reductase synthesis
Hmgces1 208715 3-hydroxy-3-methylglutaryl co-enzyme A Regulate ketosis
synthase 1
Ldir 16835 Low-density lipoprotein receptor Transport low-density lipoproteins (cholesterol)
from bloodstream into cell
Lpinl 14245 Lipin 1 Synthesize triglyceride
Mixipl 58805 MLX interacting protein-like (carbohydrate Control lipogenesis through the transcriptional
responsive element-binding protein, ChREBP) regulation of lipogenic genes
Mttp 17777 Microsomal triglyceride transfer protein Transport lipid
Ntbe 23959 5" Nucleotidase, ecto (Cd73) Produce adenosine
Pnliprp2 18947 Pancreatic lipase-related protein 2 Digest intestinal fat
Scarbl 20778 Scavenger receptor class B, member 1 (Sr-b1) Sensor high-density lipoprotein (HDL, choles-
terol ester)
Scd1 20249 Stearoyl-co-enzyme A desaturase 1 Synthesize unsaturated fatty acids

Primers and probes for real-time PCR were designed
using Primer Express 2.0 according to the manufac-
turer’s instructions (Real-Time PCR Chemistry Guide,
Applied Biosystems, Foster City, CA, USA) (Table 3).
To eliminate the possibility of contaminating genomic
DNA amplification, both primer sequences were designed
to cross exon junctions in the corresponding cDNA
sequences. In addition, all primer and probe sets were
checked for specificity using the NCBI Basic Local
Alignment Search Tool (BLAST). Real-time PCR ampli-
fication of cDNA was carried out using total RNA (15 ng)
in a reaction mixture (12ul) containing TaqMan®
Universal Master Mix (1x), primers (900nM each) and
FAM-BHQ1 dual-labelled probe (250 nM). Amplification
and fluorescence detection were carried out using the
ABI Prism 7900 HT Real Time PCR System (Applied
Biosystems, Foster City, CA, USA). Cycling conditions
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were initial hold steps (50°C for 2min, followed by 95°C
for 10min) and 40 cycles of a two-step PCR (92°C for
15s, then 60°C for 1min). Relative mRNA levels in
comparison with the values obtained from male livers at
6:00 a.m. (as calibrators) were calculated by the compar-
ative delta-CT method, or relative standard curve
method according to the manufacturer’s instructions
(Applied Biosystems, Foster City, CA, USA).

Analysis for Transcript Rhythmicity—The model curve
for diurnal rhythmicity of gene expression was prepared
by applying the mean values of the relative mRNA levels
(mean +=SD; n=5 mice/time-point) on the Y-axis and
appropriate time-points of tissue collection on the X-axis
(Fig. 1). The cosinor program was used for rhythmicity
analysis (21-24). In brief, a fitted cosinor curve with
a 24-h rhythm from measured values was calculated. The
cosinor curve is represented as y=M +Acos (wt+o),
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Table 3. Nucleotide sequences of TagMan probes (with 5-FAM and 3'-BHQ1 modifications) and primers for the studied genes.

Official symbol Probe sequence 5'-3' Forward primer 5'-3' Reverse primer 5'-3' o

Circadian clock X

Arntl (Bmall) 5-TAGGTCGAATGATCGCGGAGGA 5-CAGAGCCGGAGCAGGAA A 5-AAGGCGATGACCCTCTTATCC

Clock 5'-CTGCCCTTGAGGCTGGCGTTAAACC 5-CCTTGCTCTGGACTGCTTCTGT 5-GTCTCTAAGGAAGGAAAGAGGACTTG

Cryl 5-CCGGCTCTTCCAACGTGGGCAT 5-GTCTATATCCTGGACCCCTGGTT 5-AAAAATCGCCACCTGTTGATG

Cry2 5-CAGAAACCACCCCTTACCTACAAGCGCT 5-CACCCTCTATGACCTAGACAGAATCAT 5-GTCCCATGCGGCTGATG

Perl 5-CACACTTCGAAACCAGGACACCTTCTCTGT 5-CTGGAGGAATTGGAGCATATCAC 5-AATATAGACAATCCGGCCTGTCA

Per2 5-ATGCCATCTCCACGTCAAGTGACCTG 5-AGGCACCTCCAACATGCAA 5-GGATGCCCCGCTTCTAGAC

Per3 5-ATTAAATGAAGATGTTTTTGCCACCA 5-GGTCGACATAAAGTCCGAACGA 5-TCGTTACTGGCTGCCTTTTTTATT

Nuclear receptor

Nrldl1 (Rev-erba) 5'-CCCATGGACGCAGCGGCC 5-GCAAGGCAACACCAAGAATGT 5-CTTCCCAGATCTCCTGCACAGT

Nri1i2 (Pxr) 5-TCGCACCCCTTTGCCACCCC 5-CAG TTG CTG CGC ATC CAA 5-TGC TGC TAA ATA ACT CTT GCA TGA G

Nri1h3 (Lxr) 5- CAGGCATGAGGGAGGAGTGTGTGCT 5-CCA TGA ATG AGC TGC AAC TCA 5-GGC CGG TCT GCA GAG AAG

Ppara 5-TCTGTCGGGATGTCACACAATGCAATTC 5-GAT TCA GAA GAA GAA CCG GAA CA 5-TGC TTT TTC AGA TCT TGG CAT TC

Pparb 5-TGGCACTCGGCATGTCGCACA 5-GAA CCG CAA CAA GTG TCA GTA CTG 5-CGG CAT CCG TCC AAA GC

Pparg 5'-CTGAAGCTCCAAGAATACCAAAGTGCGATC 5-CCC AAT GGT TGC TGA TTA CAA A 5-GAG GGA GTT AGA AGG TTC TTC ATG A

Ppargcla (Pgcla) 5-CAAACCCTGCCATTGTTAAGACCGAGAA 5-AAC CAC ACC CAC AGG ATC AGA 5-TCT TCG CTT TAT TGC TCC ATG A

Ppargelb (Pgelp) 5-CGAGCTCTTCCAGATTGACAGTGAGAATGA 5-TGA CTC AGC CAC GTG CTT TG 5-TCG TAA GCG CAG CCA AGA G

Rora 5-GGAATCCATTATGGTGTCATTACG 5'- GGAATCCATTATGGTGTCATTACG 5-GTGGCATTGCTCTGCTGACTT

Rxra 5-AAACATTTCCTGCCGCTCGACTTCTCTACC 5-CATGAGTTAGTCGCAGACATGGA 5-CGACCCGTTGGAGAGTTGAG

Lipid homoeostasis

Abcal 5-TGTTCTCAGACGCTCAGAGGCTTCTTCTGTA 5-CCC TGC TTC CGT TAT CCA ACT 5-GAC CTT GTG CAT GTC CTT AAT GC

Acaca 5-TCCTCAACTTTGTGCCCACGGTCA 5-ATG TCC GCA CTG ACT GTA ACC A 5-TGC TCC GCA CAG ATT CTT CA

Acadl 5-TTCCATGGCAAAATACTGGGCATCTGA 5-ACG TCT GGA CTC CGG TTC TG 5-CAC ACA TTC ATA AGC TAC ACT GTT TTG

Acox1 5-TGGGACCCACAAGCCTCTGCCA 5-TTT GTT GTC CCT ATC CGT GAG A 5-GCC GAT ATC CCC AAC AGT GA

Acsl1 5-CCTACAAAGAGGTGGCAGAACTGGCTGAG 5-AGC CAA ACC AGC CCT ATG AGT 5-CAG CCC GGA GCC TAT GC

Apob 5-TGCCA CCCCTGGAGTTGCCAGTT 5-TCC TAA CAT CAT GGT GCC TTC AT 5-TGA AAT CTG GGA GGA AAA ACT TGA

Apoc3 5-TTTACTGACAAGTTCACCGGCTTC 5-CCT GAA AGG CTA CTG GAG CAA 5-TTG GTC CTC AGG GTT AGA ATC C

Cd36 5-TCACCCCTCCAGAATCCAGACAACCA 5-TCC AGC CAA TGC CTT TGC 5-TGG AGA TTA CTT TTT CAG TGC AGA A

Cpt1 5-CTGAAGGTGCTGCTCTCCTACCATTCA 5-CGA TCA TCA TGA CTA TGC GCT ACT 5-GCC GTG CTC TGC AAA CAT C

Clps 5-AGAACAGCGAGTGCTCCCCAAAGACC 5-GCCCGTTGCACACACAAG 5-GGACACCGGTAGTAGATCCCATAG

Cyp4al0 5-CCCGACACAGCCACTCATTCCTGC 5-TCC AGG TTT GCA CCA GAC TCT 5-TCC TGG CTC CTC CTG AGA AG

Cyp4al4 5-TGCATGCCTTCCCACTGGCTTTG 5-CAA GAC CCT CCA GCA TTT CC 5-GAG CTC CTT GTC CTT CAG ATG GT

Cyp7al 5-TGTCATGAGACCTCCGGGCCTTCC 5-CCA TGA TGC AAA ACC TCC AAT 5-TGA CCC AGA CAG CGC TCT TT

Elov16 (Fae) 5-CCGTCATGTACTCTTACTACGCCTTGCG 5-TGA CTA TGA ACT ATG GCG TGC AT 5-CCG GGA GAC TCG GAA ACC

Fabp1 5-TCACCATCACCTATGGACCCAAAGTGG 5-TGC ATG AAG GGA AGA AAA TCA AA 5-CCC CCA GGG TGA ACT CAT T

Fasn 5-AGCCCATGGCACGGGCACC 5-CCC GGA GTC GCT TGA GTA TAT T 5-GGA CCG AGT AAT GCC ATT CAG

Hmgel 5-AGGTTGCCAAGAAGTTGTACTCGATGGGC 5-CTC CCC GGC TAA AGT TGC T 5-GGT GTC CCC AAG GGA GAT CT

Hmgcer 5-CCGACAAGAAGCCTGCTGCCATAAAC 5-GGC AGT CAG TGG GAA CTA TTG C 5-CAG TCT TTC CTC GTC CTT CGA

Hmges1 5-TGACCGAGGGCTCCGTGGGAC 5-GGG CCA AAC GCT CCT CTA AT 5-AGT CAT AGG CAT GCT GCA TGT G

Ldlr 5-CCTGCATTCACGGTAGCCGCCA 5-GCC GAC CTG ATG AAT TCC A 5-GCA GTC ATG TTC ACG GTC ACA

LpinI 5-AGACGGAAATGCAGTTTGTGAACGAGG 5-ACTGCTCATCCACCAGAGTAAGG 5-CCCCCAAGGACTCGAGATC

Milxipl (ChREBP) 5-CAAAAAGCGGCTCCGTAAGTCCAGC 5-TGA TGC GCG AAT ACC ACA A 5-CTG CTT GGG AGC CAG GAA A

MTP 5-CAAACCAGGTGCTGGGCGTCAGT 5-CCGCTGTGCTTGCAGAAGA 5-TTTGACACTATTTTTCCTGCTATGGT

Ntbe (Cd73) 5 CAACACCTTTCTCTACACAGGAAATCCACCTTC 5-CATCGTGGTGGGAGGACACT 5-GCGGTGACTATGAATGGGTACTT >

Pnliprp2 5-TAGGTTTCGGAATGAGCCAAAAGGTCG 5-GTGCCCCCATAATCCCCTAT 5-CGTTGGGAAAGAAATCCAGATG ;34

Scarbl 5-AGGGAGTTCAGACAAAAGGTCAACATCA 5-GGG AGC GTG GAC CCT ATG T 5-CAC GGT GTC GTT GTC ATT GAA =]

Scd1 5-CACCGCGCCCACCACAAGTTCT 5-CGT TCC AGA ATG ACG TGT ACG A 5-AGG GTC GGC GTG TGT TTC U:
o~

Control Q

Actb (B-actin)

5-CCA CAC CCG CCA CCA GTT CGC C

5'-CTT CTT TGC AGC TCC TTC GTIT G

5-CGA CCA GCG CAG CGA TAT C
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Fig. 1. A typical example of cosinor analysis. The hourly
sequential data were fitted to a cosinor curve by the cosinor
program. This panel also demonstrates the definition of Mesor
(midline estimating statistic of rhythm), amplitude (half of

where M =mesor (midline estimating statistic of rhythm,
that is the rhythm adjusted mean), A =amplitude (half
of the rhythmic variability in a cycle), w=2Pi/24 and
¢ =acrophase (peak time of the variable). According to
the cosinor analysis, three variables, namely, mesor,
amplitude and acrophase characterize the circadian
rhythm. Acrophase is given in degrees by this program
by converting 24h to 360°, i.e. 6:00a.m. to 90° and
12:00p.m. to 180°. The significance of the circadian
rhythm was tested by a zero-amplitude test. Gender
differences in mesors and amplitudes were analysed by
Student’s t-test. A 5% probability was regarded as
statistically significant (24). Delay for acrophase between
genders is considered to be different when more than
30 min.

Measurement of Hepatic and Serum Lipid Contents—
Hepatic and serum triglyceride, cholesterol and non-
esterified fatty acids (NEFAs) contents were quantified
using colorimetric assays from Wako Chemicals
(Richmond, VA) (25). Briefly, 50mg of liver tissue was
homogenized in 1ml of buffer containing 18 mM Tris
(pH 7.5), 300 mM mannitol, 50mM ethylene glycol
tetraacetic acid (EGTA) and 0.1mM phenylmethysul-
phonyl fluoride. The homogenate (500 pul) was mixed with
chloroform:methanol (2:1, 4ml) and incubated overnight
at room temperature with gentle shaking. After 1ml of
H,O was added, the homogenates were vortexed and
centrifuged for 5min at 3,000g. The lower lipid phase
was collected and concentrated by vacuum. The lipid
pellets were dissolved in a mixture of 270ul of iso-
propanol and 30pul of Triton X-100. Triglyceride and
cholesterol as well as NEFA levels were quantified by
colorimetric assays according to the manufacturer’s
instructions, using wavelengths of 505 nm for cholesterol,
550nm for NEFA and 600 nm for triglycerides.
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the rhythmic variability in a cycle) and acrophase (peak time of
the variable). The calculated values for these circadian param-
eters are also shown. The symbol X’ indicates experimental
values.

RESULTS

Gender Differences in the Oscillations of Circadian
Clock—Using the cosinor program, patterns of gene
expression were displayed as indicated in Fig 1, which
illustrates a typical result of single cosinor analysis,
including hourly sequential data, the fitted cosinor curve
and circadian parameters (mesor, amplitude and acro-
phase). The zero-amplitude test determines the signifi-
cance of the circadian rhythms.

Figure 2 shows the expression profiles of clock genes
including Clock, Bmall, Per 1-3, Cry 1-2 as well as
nuclear receptors Rev-erba and RORa. These genes,
except for RORw, exhibited cyclic patterns in both male
and female mouse livers, which is consistent with
previous reports, in which only male mice were studied
(3, 26, 27). An inverse correlation of the expression
patterns was observed between the expression of Pers
and Bmall. As shown in Fig 2, Bmall reached a nadir
around dusk at 6:00p.m., then gradually increased
during the night and decreased after daybreak, while
expression of Per 1-3 peaked around 6:00p.m., then
gradually decreased at night, and increased during the
daytime. This trend was observed in both genders.

The rhythmic patterns of hepatic clock genes were
compared between genders. Table 4 summarizes the
characteristics (mesor, amplitude and acrophase) of the
circadian patterns in each gender. Most hepatic clock
genes had their peak mRNA levels 30min earlier in
female than in male mice. However, the levels of Per3 and
Cry2 mRNA peaked earlier in male- than in female-mouse
livers, whereas Rev-erba was coordinately regulated to
the same phase in both genders. These findings suggest
that multiple gender-specific factors might be involved in
regulating these hepatic clock genes. The mesor value of
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Fig. 2. Daily expression profiles of
(A, Clock; B, Bmall; C, Perl; D, Per2; E, Per3; F, Cryl;
and G, Cry2) and nuclear receptors (H, Rev-erba and I,
RORg) in female (open circle) and male (closed circle)
mouse livers. Relative mRNA levels of genes were quantified by

the clock genes
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real-time PCR. Results were normalized by comparison with
the amount of B-actin and expressed as relative values to those
of male mice at 6:00a.m. for all genes. Data are means+SD of
five mice at each time-point. Open bar, lights on; closed bar,
lights off.

Table 4. Characteristics [mesor, amplitude and acrophase (¢)] of circadian patterns of clock genes as well as nuclear
receptor Rev-erba in male- and female-mouse livers (n =5).

Male Female
Mesor Amplitude Acrophase (¢) Mesor Amplitude Acrophase ()
Bmall 0.96 +0.16 0.71+0.13 07:42 0.95+0.07 0.50+0.00 06:587
Clock 0.57+0.10 0.38+0.03 06:34 0.754+0.07 0.40+0.00 05:10%
Perl 4.05+0.07 4.25+0.49 18:44 5.90+0.00* 6.05+0.07 16:54*
Per2 1.82+0.09 1.60+0.26 21:00 2.114+0.01 2.194+0.24 18:54?
Per3 2.95+0.07 2.50+0.42 17:04 4.40+0.15* 5.29+0.13* 20:58?
Cryl 0.90+0.00 0.95+0.07 01:36 1.65+0.21 1.45+0.07" 00:50%
Cry2 1.35+0.07 0.65+0.07 16:06 1.40+0.00 0.55+0.07 17:56%
Rev-erba 16.6+0.71 25.9+1.56 13:04 18.5+0.42 28.94+0.78 12:48

Statistically significant differences between female and male mice for mesor and amplitude values are indicated by an asterisk: *P < 0.05;
**P < 0.01. *Indicates the time difference between male and female mice for acrophase is longer than 30 min.

each gene represents a 1-day average mRNA value.
The mesors of Perl and Per3 were significantly higher
in female-mouse livers compared to those in male-
mouse livers with a 1.46- and 1.49-fold, respectively.

Meanwhile, significantly higher amplitudes were also
observed for Per3 (5.29 vs. 2.50) and Cry1 (1.45 vs. 0.95) in
female- than male-mouse livers. Although no significant
difference was observed for mesor or amplitude values of
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Table 5. Characteristics [mesor, amplitude and acrophase (¢)] of circadian patterns of nuclear receptors in livers

of male and female mice (n=5).

Male Female
Mesor Amplitude Acrophase (¢) Mesor Amplitude Acrophase (¢)
Ppara 1.514+0.06 0.82+0.02 15:08 2.114+0.02* 1.04+0.01** 14:16%
Pparp 0.50+0.14 0.35+0.07 05:54 0.70 +0.00 0.60+£0.14 01:08*
Ppary 1.13+0.25 0.43+0.13 12:24 0.80+0.14 0.55+£0.07 11:56
Lxra NC NC NC 1.16+0.01 0.22+0.05 20:46
Pgcla 0.80+0.14 0.25+0.07 05:02 1.72+0.03% 0.38+£0.11 04:54
Pgcip 1.97+0.18 1.64+0.37 14:52 3.25+0.07x 2.50 £0.28 12:30%

Statistically significant difference between male and female mice for mesor and amplitude values is indicated by an asterisk: *P < 0.05;
**P < 0.01. “Indicates the time difference for acrophase is longer than 30 min. NC, non-cyclic.

other clock genes in the liver between the genders, the
levels of mesors and amplitudes of many circadian genes
in the livers tended to be lower in male than in female
mice. In addition, RORa expression was also lower in
male- compared to that in female-mouse livers over the
24-h period, although no rhythmicity was observed
(Fig. 2). The relative higher 1-day average values and
earlier peak times in female-mouse livers may result in
relatively higher regulation and earlier response of the
downstream pathways.

Gender Differences in the Diurnal Profiles of Nuclear
Receptors—To investigate the potential role of nuclear
receptors on gender differences in peripheral circadian
circuits, rhythmicity of nuclear receptors expression
involved in lipid homoeostasis with focus on fatty acid
and cholesterol metabolism was determined (Table 5).
The cosinor program revealed that three nuclear recep-
tors (PPARq, B and y) and two co-regulators [PPARy
coactivator 1 (PGCla and PGCI1pB)] exhibited robust
diurnal rhythmicity in both male- and female-mouse
livers (Figs 3 and 4). Similar rhythmic expression
patterns for PPAR«, B and y as well as PGCla have
been reported in previous studies in which only male
mice were studied (3, 28). The expression of PXR and
RXRo did not demonstrate circadian patterns in either
gender using the cosinor program. Consistent with
published data, the COSOPT program also revealed
a non-rhythmic pattern for PXR in male-mouse livers
(3). However, the hepatic expression pattern of RXR« in
male-mouse livers was indicated to be cyclic in the
previous study (3). Both genders expressed similar levels
of hepatic LXRe mRNA, but only cycled in female-mouse
livers as analysed by the cosinor program (Fig. 4 and
Table 5), which again indicated a gender-difference in
hepatic transcriptional rhythmicity.

The peak times for expression of PPARs in male-mouse
livers (Table 5) in this study are similar to those reported
previously (3). The cycling of each nuclear receptor might
be regulated by different Zeitgebers, as indicated by
decoupling of peak times, which may result in distinct
temporal control of metabolic responses. Generally, the
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Fig. 3. Temporal expression profiles of genes encoding
nuclear receptors and directing lipid homoeostasis in
female- and male-mouse livers. (A) Distribution of genes is
categorized according to their expression and rhythmicity in
liver tissue. The symbol * indicates genes with rhythmicity
identified first in this study. (B) Distribution of genes with
rhythmicity is categorized according to their circadian
characteristics.

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

616 X. Yang et al.
(a) (b) (c)
Pparo. Pparp Ppary
c c c
° o °
n 4.0 n 2.0 n 2.5
2 2 2 0o
530 815 -
X > x 1.5
w 2.0 w 1.0 w
g g g 10
e 1.0 £ 0.5 £os
7]
nq:, o4 é 0.0-:* o 0.0-:*
: = £ £ g = z : = z & = : % = g & 3
© e o~ © e o © e o~ © '°_ o~ © e o~ © 9_ o~
(d) ’ (e) ®) Lxra
c gcla c Pgc1p c
o o o 2.0
g 4.0 3 8.0 Uw7 8
o o o
530 56.0 515
X X X ‘_M
wao Wao w1.0
g g g
=1.0 £ 20 2 0.5
K L Kot
£o.0 £ 00 2oo
E g = : % & £ 3
o~ © o~ © o~

10 AM

6 AM
10 AM|
2 PM|
6 PM|
10 PM
2 AM
6

Fig. 4. Daily expression profiles of genes encoding nuclear
receptors and co-factors (A, PPAR«; B, PPARp; C, PPARYy;
D, PGCleg; E, PGC1p; and F, LXRa) in female- (open circle)
and male- (closed circle)mouse livers. Relative mRNA levels
of genes were quantified by real-time PCR. Results were

mRNA levels of those nuclear receptors reached their
peaks earlier in livers of female than male mice. As
indicated in Table 5, the acrophase (time to reach peak
level) of PPAR«a, PPARB and PGCIB was earlier in
female- than in male-mouse livers by at least 30 min.

Similarly, gender differences were also observed for
the mesor and amplitude values for the PPARs. The
mesor values were consistently higher in livers of female
than in male mice for PPAR« (2.11 vs. 1.51), PGC1x (1.72
vs. 0.80) and PGCI1pB (3.25 vs. 1.97). PPAR« also had a
higher amplitude value in female than in male mouse
livers (1.04 vs. 0.82). Such differences might lead to a
higher transcriptional activation and greater fluctuation
of PPAR target genes in female- than in male-mouse
livers.

Gender Differences in the Diurnal Expression of
Genes Involved in Lipid Homoeostasis—Analyses of the
transcripts of genes involved in lipid homoeostasis over
a light-dark cycle by the cosinor program revealed
that many of these genes exhibited circadian patterns
of expression (Figs 3 and 5). Most of the genes encoding
lipid metabolism enzymes shared uniform circadian
patterns in both female- and male-mouse livers. Genes
encoding 5 nucleotidase, ecto (Ntse, Cd73); acetyl-
coenzyme A carboxylase o (Acaca); cytochrome P450,
family 4, subfamily a, polypeptide 10 (Cyp4al0);
Cyp4a14; ELOVL family member 6, elongation of long-
chain fatty acids (fatty acid elongase, Fae); fatty acid
synthase (Fasn); Cyp7al; 3-hydroxy-3-methylglutaryl
co-enzyme A synthase 1 (Hmgesl); and carnitine palmi-
toyltransferase 1la, liver (Cptl) were under circadian
control in the liver as analysed by the cosinor program.
Rhythmic expressions of Acaca, Fasn, Hmgcsl and
Cyp7al have been noted in previous studies (29-32).

10 P
2 AM
6

10 Al
10 P

normalized by comparison to the amount of B-actin and expressed
as relative values to those of male mice at 6:00 a.m. for all genes.
Data are means +SD of five mice at each time-point. Open bar,
lights on; closed bar, lights off.

However, to our knowledge, the rhythmic expression
patterns of CD73, Cyp4al0, Cyp4al4, Fae and Cptl are
novel findings. The peak expressions of these genes were
distributed throughout the circadian cycle (Table 6), with
the largest clusters of circadianly regulated transcripts
occurring in the morning. Notably, a unique rhythmic
pattern was observed for Fae and Fasn, in which their
transcripts remained at low levels through the daytime
yet rapidly increased at night (Fig. 5). The expression
levels spiked around 10p.m. and were followed by a
precipitous decline thereafter. Such an unusual rhythmic
pattern might be referred to as a single transient pulse
(STP) (3). Light might serve as an indirect environmen-
tal cue that inhibits the expression of Fae and Fasn in
the liver. The hepatic mRNA levels of some genes were
extremely low or undetectable in the liver: lipin 1
(Lpinl), microsomal triglyceride transfer protein (Mtip),
colipase, pancreatic (Clps) and pancreatic lipase-related
protein 2 (Pnliprp2).

Comparison of the temporal patterns for gene expres-
sion between livers of male and female mice revealed
gender differences. As shown in Fig. 5 and Table 6,
average mRNA levels of Cd73, Cyp4al0, Cyp4al4, Fae,
Fasn as well as Cyp7al were significantly higher in
female- than in male-mouse livers. In addition, the peak
times of Cd73, Cyp4al0, Cyp4al4, Fae, Fasn and Cptl
mRNA levels in male-mouse livers were at least half an
hour behind female-mouse livers (Table 6). However, the
hepatic mRNA levels of Acaca and Hmgcs1 reached their
peaks much earlier in male than in female mice.

Quantification of Hepatic and Serum Lipid Contents—
To relate circadian-regulated transcripts with hepatic
lipid homoeostasis, hepatic lipid content, including
triglyceride, cholesterol and NEFA concentrations were
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Fig. 5. Daily expression profiles of genes involved in lipid Results were normalized by comparison with amount of B-actin

homoeostasis (A, Cd73; B, Acaca; C, Cyp4al0; D, Cyp4al4;

and expressed as relative values to those of male mice at

E, FAE; F, Fasn; G, Cyp7al; H, Hmgcsl; and I, Cptl) in 6:00a.m. for all genes. Data are means +SD of five mice at each

female- (open circle) and male- (closed circle)mouse livers.
Relative mRNA levels of genes were quantified by real-time PCR.

time-point. Open bar, lights on; closed bar, lights off.

Table 6. Characteristics [mesor, amplitude and acrophase (¢)] of circadian patterns of genes involved in lipid

homoeostasis in livers of male and female mice (n=5).

Male Female
Mesor Amplitude Acrophase (¢) Mesor Amplitude Acrophase ()
Cd73 0.78 +0.01 0.39+0.08 6:46 5.90+0.57* 1.95+0.49 1:06*
Acaca 0.87+0.04 0.30+0.13 4:00 1.20+0.14 0.4040.00 7:26%
Cyp4al0 1.40+£0.00 0.904+0.00 11:42 7.65+0.35" 2.30+0.14* 5:28%
Cyp4al4 0.73+0.04 0.50+0.13 10:28 6.86 +0.37* 2.48+0.03" 9:10°
Fae 1.05+£0.07 0.40+0.00 0:02 2.65+£0.07* 1.50+£0.28 23:28?
Fasn 0.95+0.07 0.50+0.14 0:32 2.36 £0.04* 1.61+0.23 23:48%
Cyp7al 1.27+0.04 0.67+0.12 22:20 2.30+£0.14* 0.85+0.07 22:40
Hmges1 1.25+0.21 1.00+£0.28 6:36 1.71+£0.01 1.75+0.21 9:32%
Cptl 2.80+0.28 2.05+0.21 16:18 5.90+0.57* 1.95+0.49 1:06*

Statistically significant differences between male and female mice for mesor and amplitude values is indicated by an asterisk: *P < 0.05;
**P < 0.01. *Indicates the time difference for acrophase is longer than 30 min.

monitored over the 24-h cycle. Although no circadian
rhythm was found for hepatic lipid levels (including
triglyceride, NEFA and cholesterol) as analysed by the
cosinor program, changes were observed throughout the
light—-dark cycle in both genders.

Gender differences were observed in hepatic triglycer-
ide levels. As shown in Fig. 6A, hepatic triglyceride

Vol. 145, No. 5, 2009

concentrations in female-mouse livers peaked around
2:00a.m. From 6:00 to 10:00a.m., hepatic triglycerides
rapidly decreased and were maintained at relatively low
levels during the daytime, with a small increase around
2:00p.m. Hepatic triglyceride levels were significantly
higher in female mice at 2:00 a.m. compared to those at
10:00a.m., 6:00p.m. and 10:00 p.m. Though a similar
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Fig. 6. Hepatic lipid concentrations in female (open circle)
and male (closed circle) mice. Hepatic triglyceride (A), non-
esterified fatty acids (NEFAs) (B) and cholesterol (C) were
quantified using the livers harvested from each time-point.

pattern was observed for hepatic triglycerides in male
mice, lower levels were observed with minor fluctuations
over the 24h. Of note, female mice had higher hepatic
triglycerides than male mice. Significant gender differ-
ences of hepatic triglycerides were observed at 6:00a.m.,
10:00 a.m., 2:00 p.m. and 2:00 a.m. with a fold change of
2.20, 1.65, 1.59 and 2.05, respectively. Thus, female mice
have higher hepatic triglyceride levels than male mice,
accompanied with wider fluctuations over the 24-h cycle.

Hepatic NEFA concentrations were also monitored in
female and male mice. In female mice, hepatic NEFAs
(Fig. 6B) gradually increased during the daytime, peaked
around 6:00p.m., and decreased during the night.
However, such a pattern was not apparent in male
mice. A small gender difference was observed for hepatic
NEFA levels at 6:00a.m. and 10:00 p.m., with relatively
higher levels in male than in female mice. Daily

Data are means +SD of five mice at each time-point. Open bar,
lights on; closed bar, lights off. Gender difference in hepatic lipid
contents at different time-points was analysed by Student’s ¢-test.
*P<0.05; **P<0.001.

fluctuations and gender differences in hepatic NEFA
levels were not as apparent as those of hepatic
triglycerides.

Differences were also observed in daily changes in
hepatic cholesterol levels between male and female mice.
As shown in Fig. 6C, cholesterol in the livers of female
mice decreased at night and reached its nadir around
2:00a.m. Hepatic cholesterol at 2:00a.m. was signifi-
cantly lower than those at 10:00a.m., 2:00p.m. and
6:00p.m. In addition, a significant difference was also
observed between 2:00p.m. and 10:00 p.m.; however, in
male mice, diurnal fluctuation of hepatic cholesterol was
minor. Additionally, hepatic cholesterol concentrations
were significantly higher in male than in female mice at
10:00 p.m. and 2:00a.m. Female mice have relatively
lower hepatic cholesterol levels and greater diurnal
fluctuations within a day than male mice.
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Fig. 7. Serum lipid concentrations in female (open circle)
and male (closed circle) mice. Serum triglyceride (A), non-
esterified fatty acids (NEFAs) (B) and cholesterol (C) were
quantified using the serum harvested from each time-point.

In addition, serum lipid levels were determined. Serum
triglyceride levels gradually decreased during daytime
and reached nadir around 6:00 p.m., and then increased
again at night in both female and male mice (Fig. 7).
Significantly higher serum triglyceride levels were
observed in male than in female mice at 6:00 a.m. Daily
fluctuations in serum NEFA levels were not as apparent
as those of serum triglycerides although an increase
of serum NEFA was observed in female mice at 2:00 a.m.
compared to other time-points. Significant gender differ-
ences were observed in serum NEFA levels at 6:00 a.m.
and 2:00a.m. Serum cholesterol levels in male mice
decreased from 6:00 a.m. to 2:00 p.m., then increased and
reached peak levels at 6:00p.m. and then decreased
again. Such fluctuation was not observed in female mice.
In addition, significantly higher cholesterol levels were
observed in male mice than in female mice at 6:00 a.m.

Vol. 145, No. 5, 2009

Data are means + SD of five mice at each time-point. Open bar,
lights on; closed bar, lights off. Gender difference in serum lipid
contents at different time-points was analysed by Student’s ¢-test.
*P<0.05; “P<0.01.

and 6:00p.m. As such, serum triglyceride levels
increased following feeding at night and decreased
during daytime in both genders. Although not as appar-
ent, a similar pattern was found for hepatic triglyceride
levels, suggesting the delivery of triglycerides to the liver
after absorption. However, unlike triglycerides, serum
cholesterol levels did not increase after feeding standard
rodent chow, as did hepatic cholesterol levels in our
study.

DISCUSSION

The current study compiles a dynamic atlas of circadian
clocks and nuclear receptors as well as downstream
signalling pathways involved in lipid homoeostasis over a
light—-dark cycle in both male- and female-mouse livers.
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Gender differences that are regulated by the circadian
clock are identified in both lipid levels and lipid meta-
bolic pathway. The results demonstrate the importance
of nuclear receptors in coupling peripheral circadian
clocks to lipid metabolic outputs. Additional novel
findings are the hepatic rhythmic expression patterns
of PGC1B, Cd73, Cyp4al0, Cyp4al4, Fae and Cptl in
both genders, as well as Lxra in female mice.

The genes examined exhibit similar rhythmicity in
both genders, except that Lxra only cycled in female-
mouse livers, which indicates some gender-specific
hepatic transcriptional rhythmicity (Fig. 3). As shown
in this study, circadian-regulated nuclear receptors are
especially noted within the PPAR subfamily, including
PPAR«a, PPARB/S and PPARy. The three PPAR family
members are involved in lipid metabolism and energy
homoeostasis in adipose tissue, liver and muscle (10).
Specifically, PPARoa plays a key role in fatty-acid oxida-
tion and ketogenesis in the liver by regulation of many
genes involved in lipid homoeostasis (33). Consistently,
a subset of fatty-acid-oxidation genes (including Cptl,
Cyp4al0 and Cyp4al4), as well as Hmgesl, which are
involved in ketosis, all exhibited circadian-expression
patterns in the present study (Fig. 5 and Table 6), among
which Cptl fluctuated in phase with Ppara transcripts.
Ppara is a positive regulator of these genes upon
activation by fatty acids (34). It has also been shown
that the daily variation in lipogenic and cholesterogenic
gene expression is attenuated or abolished in Ppara-null
mice (30). Therefore, Ppara serves not only as a cellular
‘lipostat’, transducing changes in cellular lipid levels to
the transcriptional regulation of target genes involved in
fatty-acid utilization, but also as a regulator of temporal
lipid homoeostasis as the oscillation of Ppara may
directly determine the rhythmicity of certain target
genes.

Consistent in both genders, Ppara is induced in the
daytime with a peak phase of expression around
2:00 p.m. in the livers, which is 9h after lights come on
(5:00a.m.) (Fig. 4). This is similar to what has been
reported previously, in which the acrophase of Ppara was
at 08:00, and the lights were on from 00:00 to 12:00 (30,
35). This cycling pattern could be explained by the role of
Pparo in meeting energy demands through the regula-
tion of cellular fatty-acid uptake and utilization. Ppara
may serve as a metabolic stress-response factor by
increasing the expression of enzymes involved in several
fatty-acid utilization pathways in response to normal
physiological conditions (36). During the daytime, mice
are generally in a fasting state that requires ketone
bodies. The induction of Ppara is responsible for energy
production and ketosis. During the night, when mice
utilize hexose as a primary fuel source, the Ppara
pathway is decreased. The circadian clock in nocturnal
rodents integrates feeding and phases it to the night (26).
Recent studies have indicated that circadian-regulated
genes exhibit differences in their expression under
restricted and ad libitum feeding regimens, suggesting
that feeding is a component of rhythmicity in normal
conditions (26, 37).

The co-activators of Ppara, Pgela and PgclpB were also
rhythmically expressed in phase with Ppara in both
genders. Transcripts of Pgcle and Pgclp also

X. Yang et al.

accumulated in the morning and reached their peaks
around 2:00 p.m. The synchronization of the cycling of
PPARs and their co-factors is essential for the circadian
expression of certain targeted genes. Although Pgcla is
essential for the regulation of cold-induced thermo-
genesis (3, 38), the induction of Pgcla in the daytime
cannot be explained by cold temperature, as the mice
were maintained in a thermally stable environment. On
the contrary, it can be explained by regulation of the
intrinsic circadian clock.

Although male and female mice share similar rhyth-
micity of the genes studied, certain gender variations are
demonstrated in this study (Fig. 3B and Tables 4, 5 and
6). First, gender differences were observed in the
acrophases (time to reach peak level) of the genes
studied. Most nuclear receptors (including Ppara, Pparp
and Pgclp) had their peak mRNA levels at least 30 min
earlier in female than in male mice, which correlated
well with those of clock genes (except Per3, Cry2 and
Rev-erba). Consistently, the peak times of Ppara-target
genes, including Cyp4a10, Cyp4al4 and Cptl mRNA, in
male-mouse livers were at least half an hour behind
those in female-mouse livers. Second, gender differences
were noted in the mesors (median levels) for cycling
genes in liver. The nuclear receptor cycling genes (Ppara,
Pgclo and Pgclp) were more highly expressed in livers of
female than male mice, which is consistent with the
circadian clocks (Perl and Per3). Such trends were
also observed for expression of genes involved in lipid
homoeostasis, such as Cyp4al0 and Cyp4al4, which are
Ppara target genes. A similar trend was noted for the
expression of Cptl, although not statistically different.
Third, female mice exhibited higher amplitudes not only
of the circadian clock mRNAs (Per3 and Cryl), but also
Ppara and its target genes (Cyp4al0 and Cyp4al4). As a
major component of the negative-feedback loop of
the circadian clock, it has been shown that the Bmall-
Clock heterodimer governs the circadian transcription of
Ppara, by binding to the E-box-rich region located in the
second intron (35). Thus, Ppara may play a key role in
coupling the peripheral circadian clock to divergent
metabolic outputs. However, it has been shown that
Bmall-Clock can transactivate PPAR-target genes, via
the PPAR response elements (PPRE) (39). Thus, the
direct circadian regulation of these genes by Bmall-Clock
through transcriptional activation via E-box or PPRE is
possible.

The temporal fluctuations in nuclear receptors and
genes involved in lipid metabolism were paralleled by
changes in hepatic lipid levels over the daily light—-dark
cycle. Hepatic triglyceride levels in female mice basically
followed expression of Ppara, but in the opposite
direction. With the increased expression of Ppara trans-
cripts in the daytime, more fat may undergo oxidation,
thus resulting in decreased hepatic triglyceride levels.
At night, the levels of triglycerides increase gradually,
with a decrease in Ppara levels. The higher hepatic
triglyceride levels in female mice at 2:00 a.m. compared
to other times, might be attributed to the lower expres-
sion levels of enzymes involved in fat oxidation, including
Cptl and Cyp4al4, during the night. As the expression
levels of these enzymes were relatively stable in male
mice, no differences in hepatic triglyceride levels were
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observed at the various time-points. The higher mesors
and amplitudes noted for Ppara and its downstream
signalling pathways in female mice may result in greater
hepatic capacity for fatty-acid oxidation, thus requiring
lower catabolism of fats for energy production. This may
finally result in relatively higher triglyceride content in
livers of female than male mice, although other pathways
including fat absorption, synthesis and transport may
also be of importance.

NEFA concentrations in the liver correlate with diur-
nal changes of Cd73, Fasn and Fae mRNA levels. Cd73
is regarded as the key enzyme in the formation of
adenosine from 5-AMP, which is an inducer of procoli-
pase expression (40, 41). The increased mRNA levels of
Cd73 may downregulate 5-AMP levels, thus subse-
quently inhibiting pancreatic lipase/procolipase expres-
sion, and negatively regulating fat absorption by the
small intestine. In livers of female mice, Cd73 mRNA
levels reached their nadir at 6:00p.m., and peaked
around 2:00a.m. (Fig. 5). This might lead to the higher
NEFA concentration observed in livers of female mice
around dusk (Fig. 6). Such an association was not
apparent in livers of male mice. Fatty acids serve as
Ppara activating ligands (42). Thus, daily changes in
hepatic intra-cellular fatty acids may inversely contrib-
ute to the circadian expression of Ppara target genes,
although no significant connection between hepatic fatty
acids levels with gene expression was observed in this
study. Gender differences in the average levels of Cd73
were noted, as indicated by higher mRNA levels of Cd73
in female- than male-mouse livers (5.90 vs. 0.78). This
might result in higher fat absorption in male mice, which
correlates well with the gender difference observed in
hepatic NEFA levels at 6:00a.m. and 10:00 p.m. (Fig. 6).

With the increased expression levels of Fasn and Fae
at night, the time when most feeding occurs in nocturnal
rodents, hepatic NEFA content tended to be higher in
both genders than during the daytime (Fig. 6). The
upregulation of Fasn and Fae at night may facilitate fat
synthesis during feeding and the use of fat as a primary
energy source for several hours in the post-absorptive
period. Additionally, an earlier peak time of Fasn and
Fae was also noted in female-mouse livers, which is
consistent with the gender difference in phases of the
circadian clock. Relatively higher mRNA levels of Fasn
and Fae in livers of female mice might lead to higher
hepatic synthesis of fatty acids, and subsequently to the
increased synthesis of triglycerides, as shown in Fig. 6.

Cellular cholesterol homoeostasis is regulated by the
coordinated action of biosynthetic and degradative
enzymes, as well as transporters. De novo cholesterol
biosynthesis starts with the conversion of acetoacetyl
CoA to 3-hydroxy-3-methylglutaryl-CoA (HMGCoA), by
the enzyme Hmgesl. Subsequently, HMGCoA is con-
verted to mevalonate by Hmgcr, which is the rate-
limiting enzyme involved in cholesterol synthesis; as a
result, cholesterol is converted to bile acids by Cyp7al.
In the present study, rhythmic expression was observed
for Hmges1 and Cyp7al in both female- and male-mouse
livers, which is consistent with previous findings (26, 32).
Although Hmger has been shown to be clock regulated in
mammals (43), it exhibited non-rhythmic expression in
the present study by cosinor analysis. Hepatic cholesterol
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levels gradually decreased in female-mouse livers
between 10:00a.m. and 2:00a.m., which might be par-
tially explained by the decreased expression of Hmgcsl
from 10:00a.m. and thereafter. Increased conversion of
cholesterol to bile acids by the increased expression
levels of Cyp7al during the dark period may also
contribute to the decreased hepatic cholesterol levels.
Such trends in cholesterol levels were not apparent in
male mice. Additionally, Hmgcsl is the key enzyme
involved in the synthesis of ketone bodies. The higher
expression of Hmgesl will lead to higher synthesis of
ketone bodies during the daytime. This is consistent with
the fact that during daytime, mice are generally in a
fasting state that requires ketone bodies. Coordinately,
PPAR«a was also induced during the daytime, which is
responsible for energy production and ketosis. A gender
difference was observed for the mesor of Cyp7al, with
a higher mesor value in female than in male mice.
Consistent with this data, relatively lower hepatic con-
tent of cholesterol was observed in female than in male
mice, perhaps due to increased conversion of cholesterol
by Cyp7al to bile acids. Although Cyp7al showed a
robust rhythmic pattern in both female- and male-mouse
livers, Lxr, the direct regulator of Cyp7al, exhibited a
cyclic pattern only in female mice. Of note, Cyp7al cycled
in phase with Per2, which was reported previously (26).
The peak time of Per2 also preceded that of Cyp7al in
both male and female mice, suggesting that Per2 might
directly regulate the cycling of Cyp7al.

The coordinated cycling of several enzymes in a single
pathway, as observed in the present study, may ensure
a tighter circadian regulation of lipid homoeostasis. The
consistency in the circadian expression of cycling clocks,
nuclear receptors and genes involved in lipid homoeos-
tasis, as well as hepatic lipid levels, suggest that nuclear
receptors (including PPAR subfamilies) serve as periph-
eral signals that regulate circadian patterns of genes
involved in lipid homoeostasis by transforming timing
information from the clock network into metabolic
responses. Significant gender disparity in the circadian
expression patterns of these genes is noted in this study.
The average expression levels for the circadian clocks,
nuclear receptors and genes involved in lipid homoeos-
tasis in livers of female mice were consistently higher
and had earlier peak times of expression than in male
mice.

One limitation of the present study is that we primar-
ily provided the evidence linking circadian clocks and
lipid metabolism as well as gender disparity involved.
The mechanism by which the circadian clock is inte-
grated into metabolic system in a gender-specific manner
remains to be further explored. Post-menopausal or
ovariectomized mice should be used to explore the
mechanistic cause and physiological implication of
the gender differences in diurnal lipid homoeostasis.
In addition, in order to gain a better insight into the
regulation and gender disparity in the circadian patterns
of lipid homoeostasis, the rhythmicity of expression at
the protein level and the sub-cellular localization as well
as activity requires more investigation. The cosinor
program used in this study does not provide statistical
analysis to determine acrophase difference. An arbitrary
time-point of 30 min was used to describe the acrophase
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difference assuming this time difference will result
in a difference in protein level as well as biological
function.

There are several ways in which the results of this
study may find practical application if the findings are
confirmed in human. First, gender difference in diurnal
lipid levels should be taken into consideration when
establishing normal lipid ranges in male and female.
When enzyme activity needs to be assessed in clinical
setting, the timing of sampling might affect the outcome
in a gender specific manner. Second, previous studies
have indicated that circadian-rhythm disorders might be
associated with diabetes, obesity and cardiovascular
disease (44). As nuclear receptors, as well as genes
involved in lipid homoeostasis are targets of prescribed
drugs, understanding their circadian patterns may pro-
vide insights into the development of chronotherapy, and
lead to enhanced drug efficacy through delivery timed to
match peak levels. For example, as noted in this study,
Ppara reached its peak level around 2:00p.m. in both
male and female mice. Thus, administration of a PPARa
agonist at 2:00 p.m. may be an effective strategy for the
treatment of diseases associated with enzymatic defects
in the fatty-acid B-oxidation pathway, such as hypogly-
caemia, liver dysfunction and cardiomyopathy. Finally, it
has been indicated that tissue-specific circadian regula-
tion of transcription is a distinct feature of the circadian
clock in higher organisms (26). Although the core clock
resident in the SCN coordinates slave clocks resident in
different organs, the peripheral clocks will regulate the
specific function relevant to their tissue or organ function
separately, as shown in the present study. Thus, to fully
understand the circadian organization of lipid homoeos-
tasis in the entire organism, systematic analysis of
temporal gene expression involved in lipid homoeostasis
in multiple organs is of interest.

CONCLUSIONS

In summary, the present study identified that several
genes encoding nuclear receptors and enzymes involved
in the lipid metabolic pathway were rhythmically
expressed in liver in phase with the peripheral clocks,
which were correlated with the diurnal changes of
hepatic lipid levels. Furthermore, gender disparity was
observed for circadian characteristics, including mesor
and amplitude values, accompanied with advances in
acrophases in female-mouse livers. Accordingly, gender
differences were also observed in diurnal lipid
homoeostasis. The identification of cycling patterns for
lipid metabolic pathways in both female- and male-
mouse livers may shed light on the development of
gender-based treatment for human diseases related to
the coordination of the cellular clock and control of lipid
homoeostasis.
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