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Abstract Biological aging alters the metabolism and
volume of adipose tissue depots. Recent evidence
suggests that circadian mechanisms play a role in
promoting adipogenesis, obesity, and lipodystrophy.

The current study compared cohorts of younger (5–
9 months) and older (24–28 months) C57BL/6 mice as
a function of biological age and circadian time. Ad-
vanced age significantly reduced the weight of the
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brown, epididymal, inguinal, and retroperitoneal adi-
pose depots but not total body weight. The older mice
reduced their physical activity by >50% and delayed
their activity initiation after light offset. The expressed
transcriptome in brown and white adipose depots and
liver of both cohorts displayed evidence of circadian
rhythmicity; however, the oscillating mRNAs differed
significantly between age groups and across tissues.
The amplitude of Cry1, a component of the negative
arm of the circadian apparatus, and downstream regu-
lators such as Rev-erbα were elevated in the older
relative to the younger cohorts as a function of circa-
dian time. Overall, transcript levels differed signifi-
cantly for 557 (inguinal adipose), 1,016 (liver), and
1,021 (brown adipose) expressed sequences between
the cohorts as a function of age. These included tran-
scripts encoding proteins within the canonical and
non-canonical Wnt pathways. Since the Wnt pathway
regulates adipose stem cell differentiation and shares a
critical enzyme, glycogen synthase kinase 3β, with the
circadian mechanism, the intersection between these
two fundamental regulatory mechanisms merits fur-
ther investigation with respect to biological aging of
adipose tissues.

Keywords Brown adipose . Circadian . Liver .

Oscillation . Transcriptomics .White adipose

Introduction

Biological aging has profound effects in every major
adipose tissue depot (Cartwright et al. 2007; Huffman
and Barzilai 2009; Tchkonia et al. 2010). The loss of

subcutaneous white adipose tissue (WAT) or lipodys-
trophy in the elderly leads to thinning of the skin,
impairing its mechanical resilience, and increasing
the risk for bed-sores or decubitus ulcers during pro-
longed periods of bed rest (Davies 1994). Visceral
WAT accumulates with advancing age in men and
women (Weisberg et al. 2003; Ortega et al. 2008; Gavi
et al. 2007), and inflammatory processes within vis-
ceral WAT place the elderly at increased risk for met-
abolic syndrome, diabetes, and cardiovascular disease
(Trayhurn and Beattie 2001; Trayhurn 2005; Cartwright
et al. 2007; Huffman and Barzilai 2009). Recent
evidence indicates that thermogenic brown fat
decreases with age and this change contributes to
obesity (Nedergaard et al. 2007; Cypess et al. 2009;
van Marken Lichtenbelt et al. 2009; Virtanen et al.
2009). Furthermore, biological aging is associated
with increased bone marrow adipogenesis, an etiologic
factor underlying osteopenia and osteoporosis (Meunier
et al. 1971; Gimble et al. 2006).

Circadian regulation is mediated by transcriptional
and post-translational modification of a discrete group
of genes/proteins (Hirota and Fukada 2004; Lowrey
and Takahashi 2004). Transcriptional regulatory pro-
teins belonging to the basic helix-loop-helix/Per–
ARNT–single-minded domain family interact with
each other and downstream target proteins to create a
self-perpetuating, rhythmic pattern of gene transcrip-
tion. The proteins BMAL1 and CLOCK (or its ortho-
log, NPAS2) form a transcriptional regulatory
heterodimer that acts as a “positive arm” of the circa-
dian pathway. The BMAL1/CLOCK heterodimer
drives transcription of multiple downstream targets.
These include the “negative arm” of the circadian
pathway, formed by heterodimers of the PERIOD
(Per1, Per2, Per3) and CRYPTOCHROME (Cry1,
Cry2) family members. The PER/CRY heterodimer
provides a feedback loop that suppresses the
BMAL1/CLOCK complex. Additional BMAL1/
CLOCK downstream targets include the leucine zip-
per transcriptional regulatory proteins albumin D box
binding protein (DBP), E4BP4 (also known as nuclear
factor IL-3), hepatocyte leukemia factor, nocturnin,
and thyrotroph embryonic factor, as well as Rev-Erb
α, a member of the nuclear hormone receptor family
(Fonjallaz et al. 1996; Green and Besharse 1996;
Mitsui et al. 2001; Yin et al. 2007). The serine/threo-
nine kinases, casein kinase Iε and glycogen synthase
kinase 3β (GSK3 β), serve as post-translational
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regulators of BMAL1, PER, and other proteins. Once
phosphorylated, these proteins are targeted to the ubiq-
uitin/proteasomal pathway for degradation. Together,
this core circadian regulatory complex constitutes a
self-contained feedback loop whose rate-limiting pro-
tein levels oscillate in a ∼24-h manner. It is notewor-
thy that BMAL1, nocturnin, and Rev-erb α have all
been implicated as transcriptional regulators of adipo-
genesis in pre-adipocyte cell models (Shimba et al.
2004, 2005; Kawai et al. 2010; Kumar et al. 2010).

Additional evidence links circadian mechanisms to
adipose biology, obesity, and their related metabolic
co-morbidities (Green et al. 2008; Bray and Young
2009; Gimble and Floyd 2009; Marcheva et al.
2009). Outside of the central nervous system, adipose
tissue physiology exhibits some of the most robust
associations with seasonal, diurnal, and circadian
rhythms. The serum levels of glucocorticoids and mel-
atonin, factors with potent adipogenic properties, ex-
hibit circadian oscillations (Hirota and Fukada 2004;
Lowrey and Takahashi 2004). Eating during periods of
darkness (Holmback et al. 2002, 2003; Spiegel et al.
2004) and antipsychotic drugs influencing circadian
rhythms such as lithium chloride and valproic acid
(Baptista et al. 1995; Elmslie et al. 2001; Atmaca et
al. 2002; Chengappa et al. 2002; Fagiolini et al. 2002,
2003; Iwahana et al. 2004) have been associated with
an increased incidence of obesity. The serum levels of
multiple adipose-derived proteins, including adipo-
nectin, interleukin-6, leptin, lipoprotein lipase, PAI-1,
and tumor necrosis factor-α, display a diurnal profile
characterized by a distinct amplitude, zenith (peak),
and nadir (trough) (Kotlar and Borensztajn 1977;
Goubern and Portet 1981; Saad et al. 1998; Ahmad et al.
2001; Arasaradnam et al. 2002; Mastronardi et al. 2002;
Gavrila et al. 2003; Calvani et al. 2004; Ruge et al. 2004;
Yildiz et al. 2004). Moreover, transcription factors reg-
ulating adipocyte gene markers (PPARα, Rev-Erbα,
SREBP) display a circadian expression profile
(Lemberger et al. 1996; Torra et al. 2000; Patel
et al. 2001). Global transcriptomic approaches by
ourselves and others have demonstrated the diur-
nal/circadian oscillation of up to 20% of expressed
genes in adipose tissue as well as the suprachiasmatic
nuclei, liver, and heart (Akhtar et al. 2002; Duffield et al.
2002; Panda et al. 2002a, b; Ueda et al. 2002;
Hogenesch et al. 2003; Oishi et al. 2003; Sato et
al. 2003, 2004). Oscillating genes in adipose tissue
included those encoding proteins related to glycolysis,

lipolysis, steroidogenesis, redox potential, and iron/
heme metabolism (Ptitysn et al. 2006; Zvonic et al.
2006). While “conventional wisdom” (Monk 2005)
assumes that biological age impacts circadian biology,
this relationship in adipose tissue remains poorly de-
fined. To explore the relation between circadian rhythms
and adipose tissue biology, the current study has com-
pared young and old C57BL/6 mice with respect to their
physical activity profiles, body composition, and circa-
dian gene expression in brown and white adipose tissue
depots and liver. The results confirm the effects of
biological aging on the adipose tissue depots; moreover,
the data demonstrate that biological aging results in
pronounced alteration of the circadian mechanisms in
metabolically active organs.

Methods

Materials All reagents were purchased from Fisher Sci-
entific (Dallas, TX, USA) or Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise noted.

Animal and wheel-running experiments All studies
were approved by the Pennington Biomedical Re-
search Center’s Institutional Animal Care and Use
Committee. Male 5 (n09) or 24 months (n09) old
C57BL/6J mice purchased from the National Institute
of Aging rodent colony run by Charles River Labora-
tory were maintained on a 12-h LD period (lights on
0600–1800 hours or circadian time CT0 and CT12).
Wheel-running activity data (MiniMitter, Bend, OR,
USA) was recorded as previously described (Sutton et
al. 2008). Mice were allowed 14 days of acclimation
in the wheel cages, and data were collected over the
following 14 day period. For subsequent experiments
under constant dark conditions, lights were turned off
at 0800 hours on day 1, and mice were allowed to free
run for 3 weeks before data were collected and ana-
lyzed (over a total of two additional weeks). By the
conclusion of all aspects of the activity/behavioral
study including quarantine, acclimatization, and study
analyses, the ages of the mice in the younger and older
cohorts had increased to ∼8–9 and ∼28–29 months,
respectively.

Body composition Fat mass and fat free mass were
measured using nuclear magnetic resonance (NMR;
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Bruker Mice Minispec NMR Analyzer, Bruker Optics
Inc., Billerica, MA, USA).

Circadian analysis A total of 18 young (5 months)
and old (24 months) C57BL/6 mice were acclimated
to a set 12:12-h light/dark cycle and fed ad lib on
standard lab chow for 2 weeks in the PBRC Compar-
ative Biology Core Facility. Five days prior to the
study, the mice were converted to constant darkness
(red light) regimen. On the day of the study, mice were
euthanized by CO2 asphyxiation after ad lib feeding
overnight in groups of three animals per young or old
cohort at 4-h intervals beginning at 0700 hours and
ending at 0300 hours on a single day (July 2009). The
body weight of each animal was recorded prior to
dissection of the following tissues: brown adipose
tissue (BAT), epididymal white adipose tissue
(eWAT), inguinal WAT (iWAT), and liver. Individual
tissues were weighed prior to freezing in liquid nitrogen.
Samples were stored at −80°C until use.

RNA isolation and qRT-PCR Total RNA was isolated
from the BAT, eWAT, iWAT, and liver tissues using
TriReagent (MRC, Cincinnati, OH, USA) in accor-
dance with the manufacturer’s recommendations as
previously published (Ptitysn et al. 2006; Zvonic et
al. 2006, 2007). A Nanodrop ND-1000 Spectropho-
tometer (Wilmington, DE, USA) was used to deter-
mine total RNA concentrations, and 2 μg of total RNA
was reverse-transcribed using Moloney Murine Leu-
kemia Virus Reverse Transcriptase (MMLV-RT;
Promega, Madison, WI, USA), with Oligo dT at 42°
C for 1 h in a 20-μL reaction. Primers for genes of
interest were identified using Primer Express software
(Applied Biosystems, Foster City, CA, USA). A com-
plete list of primers used in these studies is listed in
Supplemental Table 1. qRT-PCR was performed on
diluted cDNA samples with SYBR® Green PCR Mas-
ter Mix (Applied Biosystems) using the 7900 Real
Time PCR system (Applied Biosystems) under univer-
sal cycling conditions (95°C for 10 min; 40 cycles of
95°C for 15 s; then 60°C for 1 min). All results were
normalized relative to a Cyclophilin B expression
control.

Illumina microarray The Illumina TotalPrep RNA
Amplification Kit (Applied Biosystems Inc., Foster
City, CA, USA; Catalog #AMIL1791) was used to
create labeled cRNA from 750 ng of input total RNA

according to the manufacturer’s protocol. The labeled
cRNA samples were then assessed for quality and
quantity using a NanoDrop and an Agilent Bioana-
lyzer. The MouseWG-6 v2 Beadchip (Illumina Sentrix
Beadchip Array #11278593) contains 45,200 tran-
scripts and allows six samples to be interrogated in
parallel; 1.5 μg of each labeled cRNA was hybridized
to each array according to the manufacturer’s protocol.
Experimental group samples were distributed random-
ly across all beadchips. After an 18-h hybridization at
58°C, the beadchips were processed according to man-
ufacturer’s protocol and scanned using an Illumina
BeadArray Reader (Illumina, Inc., San Diego, CA,
USA). The data discussed in this publication were
deposited in NCBI’s Gene Expression Omnibus
(GEO). Data are accessible through GEO Series ac-
cession number GSE25325 (linked to subseries
GSE25323 and GSE25324).

Statistics and data analysis strategy for Illumina bead-
chips Metrics files from the bead scanner were
checked to ensure that all samples fluoresced at com-
parable levels before importing samples into BeadStu-
dio (Framework version 3.1.1.0) Gene Expression
module v.3.2. Reference, hybridization control, strin-
gency, and negative control genes were checked for
proper chip detection. Two datasets were created
and exported for downstream analysis. Each
contained the average signal for each transcript
and the detection p value. Both data sets had
background subtracted from the transcript signals.
One data set was quantile-normalized and the other
was not normalized.

Inference of differentially expressed genes Values are
presented as the mean ± SD. Pair-wise Student t test
was used to evaluate significance (p<0.05) of mean
expression levels between young and old mice. The
difference in amplitude between the young and old
cohorts was estimated by Fisher’s test.

Analysis of periodicity Expression profiles were
smoothed using a third degree polynomial procedure
and median-subtracted using the seven-point
Savitzky–Golay algorithm (Savitzky 1964). To take
advantage of all points in the time series, a single-
pass smoothing was applied in a circular manner, with
the last points contributing to smoothing of the starting
points. The same smoothing and median subtraction
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procedure was applied to all data sets. The signifi-
cance of the observed periodicity can be estimated
by Fisher’s g statistic, as recommended by Wichert
et al. (2004). This algorithm closely follows the guide-
lines recommended for analysis of periodicities in
time-series microarray data except that we applied C++
code (written by and available from AP) instead of R
scripts. Fisher’s g test has low power on short time series
under 50 samples (Liew et al. 2009). The problem can be
mitigated by application of g test in phase continuum
setting with digital filters (Ptitsyn et al. 2007). We have
also applied alternative tests for periodicity such as
autocorrelation (as described in Zvonic et al. 2006)
and Pt test (Ptitsyn et al. 2006a).

False discovery rate adjustment We have applied
false discovery rate (FDR) selectively at different
levels of the analysis. Tests for periodicity in
microarray expression time series have been delib-
erately left without adjustment for the lack of
multiple hypothesis testing settings and violation
of basic assumptions required to FDR analysis.
These reasons are explained in greater in previous
publications (Ptitsyn 2008; Ptitsyn et al. 2008). We
have applied Benjamini–Hochberg procedure (Ben-
jamini and Hochberg 1995) (p<0.05) for FDR
control in analysis of differential expression be-
tween age cohorts. Since we interpret and discuss dif-
ferential genes in the context of their molecular
function and gene interaction neighborhood, we apply
FDR to adjust the discovery of statistically significant
biological pathways.

Biological pathway analysis We have conducted two
types of pathway analysis: the analysis of over-
represented canonical pathway maps and analysis of
groups (pathways) interlinked by gene interaction
within the list of identified genes of interest. The
analysis of biological pathways as well as graphic
representation of gene interaction maps have been
produced using GeneGo Metacore software (GeneGo
Inc., A Thomson Reuters Business St. Josef, MI,
USA). Significance of pathway enrichment was esti-
mated by Metacore software with p00.05 cutoff and
FDR adjustment.

Statistical methods Values are presented as the mean ±

Results

Biological aging impacts activity profiles Physical ac-
tivity is a recognized marker of circadian biological
rhythms. As an initial evaluation of the circadian be-
havior of the younger and older mice, their wheel-
running activity was compared under conditions of a
constant 12:12-h light/dark cycle (Fig. 1). These stud-
ies extended over several months such that the youn-
ger and older cohorts had reached the ages of 8–9 and
28–29 months, respectively, upon completion of the
evaluation. Consistent with published observations
(Valentinuzzi et al. 1997), the nocturnally active older
animals initiated wheel-running activity significantly
later than their younger controls following the onset of
the lights out period. Furthermore, in contrast to the
younger cohort, the older animals continued their
wheel running after the lights were turned on. Addi-
tional studies evaluated the same cohorts under an
extended period of constant darkness (free running
condition) (Fig. 2). While the older animals main-
tained an oscillatory physical activity pattern under
these conditions (Fig. 2b), the timing of their peak
level of activity drifted as compared to the younger cohort
(Fig. 2a) based on periodogram analysis. Additionally,
while the younger cohort maintained a period length of

Fig. 1 Younger and older mice display differential wheel rev-
olutions and peak wheel-running activity at light offset and
onset. Younger (open columns) and older (black columns) male
mice (n09/10 per group) were housed in wheel cages individ-
ually under a constant 12:12-h light/darkness cycle and 24-
h wheel-running activity monitored. The average wheel turn
activity (± SD) is displayed for the following periods: left panel
the final hour of “lights on” (1800 hours) and the initial hour of
“lights off/darkness” (1900 hours); middle panel the hour of
peak activity level during the “lights off” period (1900 to
0700 hours); right panel the final hour of “lights off/darkness”
(0600 hours) and “lights on” (0700 hours). *p<0.01 indicates
significant differences between younger and older cohorts at the
indicated time points
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∼24 h under constant darkness, period length in the older
cohort changes of drifted by ±2.4 to 4.8 h (Fig. 2).

Biological aging impacts body composition Biologi-
cal aging has been correlated with alterations in adi-
pose depots in rodent models (Kirkland et al. 1990).
Consistent with these findings, the size of the BAT,
subcutaneous inguinal, and visceral epididymal and
retroperitoneal WAT depots were reduced significantly
in the older relative to the younger cohorts of male
mice (Table 1). Nevertheless, total body weights were
nearly identical between the two cohorts (Table 1), and
consistent with this, their relative percentage body fat
and lean muscle mass were equivalent based on NMR-

derived body composition (Table 2). It should be
noted that body composition data were collected
on a subpopulation of each age cohort at the
completion of the activity/behavioral analyses. Conse-
quently, the animal ages were 8–9 and 28–29 months,
respectively, in the younger and older cohorts.
Thus, the animals in the younger cohort had
approached a more mature status by the time this infor-
mation was obtained.

Biological aging alters circadian gene expression Ex-
pression of circadian regulatory genes has been found
to oscillate in both the adipose tissue and liver of
young mice (Ando et al. 2005; Zvonic et al. 2006).

Fig. 2 Biological aging and regularity of peak physical activity.
Fourier analysis was performed on the wheel-running activity of
cohorts (n06–7) young adult (a) and old (b) mice collected over
4 weeks under constant darkness conditions. The resulting
periodogram shows discrete harmonic components (number of
complete cycles over the period of observation) on the X-axis vs.
intensity of exercise on the Y-axis. Integral values on the X-axis
correspond to the number of periods completed over a 10-day
cycle. Thus, an X value of 1 corresponds to a single period of

10 days length, a value of 10:10 periods of 24-h length, and a
value of 20:20 periods of 12-h length. Integral values on the Y-
axis correspond to wheel turns per 5 min bins. While the cohort
of younger animals retained a tightly regulated peak activity
period (resulting in consistent 10 peaks over 10 days and thus
dominating peak in the center of periodograms a), there was
significantly greater drift in the older cohort (less regular exer-
cise pattern resulting in “erosion” of a single dominating peak of
periodograms b)
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Using qRT-PCR, the impact of biological aging on the
expression of circadian rhythm associated genes was
evaluated (Fig. 3 and Supplement Figures 1–4). Young
(5 months) and old (24 months) male C57BL/6 mice
were purchased from the NIA aging colony. Upon
arrival, the animals were acclimated for 2 weeks to a
constant 12:12-h light/dark cycle with ad libitum ac-
cess to food and then converted to constant darkness
(red light) for 5 days to remove any photic stimuli.
Groups of mice (n03) from each age group were then
euthanized at 4 h intervals over a 24-h period. Isolated
total RNA from BAT, eWAT, and liver were used in
RT-PCR assays to determine circadian regulatory gene
mRNA levels normalized to cyclophilin B (Fig. 3). In
both adipose depots, the Bmal1 profile, reflecting the
“positive arm” of the CCRP feedback pathway,
showed a similar acrophase (i.e., point of peak expres-
sion or zenith) and amplitude in both the young (blue)
and old (red) cohorts. In contrast, the Cry1 profile,
reflecting the “negative” CCRP arm, displayed greater
amplitude and, in the case of eWAT, a phase advanced
acrophase, in the older relative to the younger cohort.
Likewise, the related “negative arm” mRNA Per1
showed a similar age-dependent profile. The Rev-erbα
profile, reflecting an immediate “downstream” circadian
target, displayed a similar acrophase in both cohorts and

tissues; however, the aged cohort amplitude was greater
in the eWAT. Other downstream targets, including DBP
and E4BP4, showed similar age-dependent expression
patterns to Rev-erbα; the temporal-dependent expres-
sion profile of these and related adipogenic mRNAs in
BAT, epididymal and inguinalWAT, and liver are shown
in Supplement Figures 1–4.

Analyses of the RNA samples collected from the
younger and older cohorts were extended using dupli-
cate transcriptomic microarrays covering the 24-
h period (Fig. 4). The oscillatory gene expression profile
determined using published algorithms (Ptitsyn et al.
2006b) was compared between the younger and older
cohorts and determined that a total of 616, 717, and
1,812 expressed transcripts differed significantly in
BAT, WAT, and liver, respectively. Table 3 summarizes
the major biochemical pathways most significantly im-
pacted in each tissue site. While cell signaling related
pathways account for >25% of the top 50 pathways
detected in all tissues, those related to the adrenergic
receptor are detected readily in BAT and WAT but not
liver (Table 3). This is consistent with the large body of
evidence supporting a role for adrenergic signaling in
regulating lipolysis and/or differentiation in adipose
depots (Lafontan et al. 1985; Houstek et al. 1990;
Rehnmark et al. 1990; Elabd et al. 2009).

Table 2 Effect of age on murine body composition as determined by NMR

Age group % Fat mass % Lean mass % Free fluid Body Wt (g)

8–9 months 13.5±2.8 83.7±2.3 2.8±0.6 30.7±1.9

28–29 months 12.0±2.0 84.2±2.4 3.8±0.7 31.4±3.8

p value 0.329 0.752 0.037 0.730

Total body NMR was conducted on n05 or 6 animals per age cohort at the completion of the activity/behavioral aspects of the study
immediately prior to euthanasia. Values reflect the mean ± SD as either percentile of total body weight or body weight in grams. p
values were determined by two-tailed Student’s t test

Table 1 Effect of age on murine adipose depot, liver, and total body weights

Age group iWAT eWAT rWAT BAT Liver Body Wt

8–9 months 0.35±0.14 0.55±0.16 0.19±0.10 0.19±0.04 2.08±0.39 32.24±2.63

28–29 months 0.21±0.08 0.34±0.14 0.09±0.05 0.11±0.02 3.01±1.62 32.21±3.21

p value 0.0265 0.0126 0.0141 0.0003 0.1553 0.9860

Body composition data were collected after the completion of all activity/behavioral analyses in a subset of the murine cohorts. Values
reflect the mean weight in grams ± SD of organs or adipose depots collected from n08–9 mice per cohort. A single mouse in the older
age group displayed a liver tumor (removed from mean liver weight). p values were determined by two-tailed Student’s t test

BAT brown adipose tissue, eWAT epididymal white adipose tissue, iWAT inguinal WAT, rWAT retroperitoneal WAT
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Biological aging differentially modulates a subset of
expressed genes in BAT, iWAT, and liver Biological
aging has been reported to modulate adipose and cardiac
gene expression between young and old rats fed ad
libitum (Linford et al. 2007). While the majority of
genes were induced 2-fold in young vs. older cardiac
tissue (82%), only a minority of genes displayed this
pattern in adipose tissue (47%) (Linford et al. 2007). Of
these expressed transcripts, only 10% (WAT) or 21%
(cardiac) of the total were common to both tissues
(Linford et al. 2007). Using a similar analytical method,
the relative expression was compared between micro-
arrays collected at multiple time points from BAT,
iWAT, and liver of younger and older mice. This infor-
mation is summarized in a Venn diagram (Fig. 5). With-
in these subsets, which ranged from 557 (iWAT) to
1,021 (BAT) expressed sequences, the majority were
induced in the younger relative to the older cohort in

BAT (94%) and liver (88%). In contrast, only a minority
of the transcripts were increased in the younger relative
to the older cohort in iWAT (39%). Furthermore, circa-
dian expressed transcripts shared in common by two
tissues ranged from 23 to 59 (2% to 6%), and only
two transcripts encoding a solute carrier anion exchang-
er and a Golgi protein were modulated consistently in all
three tissues as a function of age (Supplemental Table 2).
It should be noted that current study monitored all
changes in gene expression, not just those at or above
a 2-fold threshold.

Discussion

The current study has extended the literature linking
circadian biology, metabolism, and obesity (Gimble et
al. 2009) by evaluating circadian mechanisms in

Fig. 3 Analysis of circadian gene oscillation by qRT-PCR.
Total RNA isolated from brown adipose tissue (BAT) and epi-
didymal white adipose tissue (eWAT) of younger (blue) and
older (red) mice (n03) harvested at serial 4-h time points over
a 24-h period were analyzed by qRT-PCR for expression of
representative “positive arm” (BMAL1), “negative arm”

(CRY1), and a downstream target (Rev-erb α). The RT-PCR
data is expressed on the “Y”-axis normalized relative to cyclo-
philin B as a control and double-plotted relative to time (“X”-
axis) over 24-h periods. Additional qRT-PCR data from multiple
tissues and genes are presented in Supplement Figures 1–4

540 AGE (2013) 35:533–547



adipose tissue and liver of younger and older murine
cohorts. At the morphological level, all adipose depots
decreased significantly in total weight as a function of
advanced age. These alterations are consistent with

patterns reported in rat models (Kirkland et al. 1990,
1993, 1994; Tchkonia et al. 2010). The body compo-
sition of the younger and older cohorts was similar
with respect to total fat and lean masses, suggesting
that lipid content re-distributed to other depots such as
the liver or skeletal muscle; while liver weights wereTable 3 Top 50 GeneGo canonic pathways significantly im-

pacted by biological aging in BAT, WAT, and liver of young
(5 months) vs. old (24 months) C57BL/6 mice

Pathway family BAT WAT Liver

Cell adhesion/cytoskeleton 13 3 7

Immune 4 7 18

Signaling/development
(adrenergic/G protein)

19 (8) 13 (9) 11 (0)

Cell cycle/proliferation 3 2 7

Metabolism 2 7 2

Apoptosis 4 8 0

Other 5 10 5

The number of biochemical pathways specific to a particular
general category is reported for each tissue type (numbers
reflected in each column). These were detected by Gene Ontol-
ogy Functional Ontology Enrichment analyses (using Metacore
software, Tompson Reuters) of the transcriptome data from all
circadian times as a function of cohort age. Under the signaling/
development pathways, the parenthetical number refers to sig-
naling pathways that involve adrenergic receptors and/or G
coupled protein signal transduction

Fig. 4 Biological aging and the circadian oscillation of the
transcriptome in BAT, iWAT, and Liver. The heat map of genes
in BAT, iWAT, and liver is organized into genes oscillating in
phase with peak (zenith) expression levels at circadian time CT
0 (light onset), CT 4 (4 h after light onset), CT 8 (8 h after light

onset), and CT 16 (4 h after light offset). The number of
expressed oscillating genes detected by the three algorithms
(permutation (Pt), Fishers g test, or autocorrelation) are indicat-
ed along with the percentage and number of genes maintaining
the same phase or different phase between age groups

Fig. 5 Biological age-dependent mRNA expression levels in
the transcriptome of BAT, iWAT, and liver. A Venn diagram
depicts the number of independent transcripts differentially
expressed between young and old cohorts within each tissue;
the areas of overlap depict the number of genes with a shared
differential expression profile between two or more tissues
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increased with age, this did not achieve statistical
significance. Physical activity, as monitored by wheel
running, decreased overall and displayed an altered
profile with advanced age. While younger mice be-
came more active at light offset (beginning of dark-
ness), the older mice exhibited a delayed onset in
activity. Likewise, the peak activity of the younger
mice was ∼2-fold greater than that of the older cohort.
In contrast, the older mice showed increased activity
following lights on relative to the younger cohort. This
activity pattern is consistent with that reported in the
literature where older mice displayed up to a 50%
reduction in total wheel revolutions relative to youn-
ger controls (Valentinuzzi et al. 1997; Weinert and
Waterhouse 1999).

The amplitude of the mRNAs encoding the “nega-
tive arm” circadian apparatus was greater in the older
mice relative to the younger cohort (Fig. 3), and sim-
ilar features were displayed in downstream targets
such as DBP and E4BP4 (Supplement Figures 1–4).
These features are similar to those displayed by the
alpha MUPA transgenic mice which overexpress a
serine protease involved in brain development (Froy
et al. 2006). These mice have increased the amplitude
of Cry1, Per1, and Per2, but not Bmal1, mRNAs in
the liver relative to wild-type controls (Froy et al.
2006). Furthermore, the alpha MUPA transgenic mice
eat less than their wild-type controls and exhibit an
increased life span in a manner similar to that dis-
played by caloric restricted mice (Froy and Miskin
2007; Froy et al. 2008). The dynamic amplification
of the expression of Cry, Per, and repressive transcrip-
tion factors such as DBP may be a protective adapta-
tion to biological aging. In the Bmal1−/− strain, where
maintenance of a homeostatic balance between the
negative elements Cry and Per and the positive arm
of the circadian apparatus is disrupted, the mice
display evidence of accelerated aging (Kondratov
et al. 2006; Kondratov 2007). The Bmal1−/− die at
an earlier age, have accelerated loss of fat and
muscle mass during their lifetime, and show evidence
of elevated levels of reactive oxygen species (Kondratov
et al. 2006). Thus, the circadian transcriptional
mechanisms can directly impact biological aging,
and further studies investigating this relationship are
warranted.

Transcriptomic analyses of pre-adipocytes isolated
from young (3 months) and old (30 months) rats have
revealed similar outcomes (Cartwright et al. 2010).

Pre-adipocytes obtained from the epididymal and ret-
roperitoneal fat pads exhibited an 8.4% depot-
dependent difference in gene expression profiles;
however, aging accounted for only a 0.02% difference
in gene expression within each depot (Cartwright et al.
2010). It is possible that the collagenase isolation and
subsequent culture expansion of the pre-adipocytes
from the young and old rats masked differences in
their gene expression profiles. Alternatively, other cell
components within the intact adipose tissue could be
responsible for the age-dependent difference in gene
expression profiles.

Similar studies have evaluated the transcriptome in
adipose tissue as a function of aging and/or caloric
restriction in rodent models (Higami et al. 2004; Fu et
al. 2006; Linford et al. 2007; Swindell 2008). Studies
have examined 10–11-month-old male C57BL/6 mice
maintained under control or long-term (9-month) ca-
loric restriction (Higami et al. 2004). Caloric restric-
tion altered expression of 345 expressed genes (5.5%)
by 1.5-fold relative to ad libitum fed controls (Higami
et al. 2004). The modulated pathways included those
relating to amino acid, carbohydrate, and lipid metab-
olism, mitochondrial function, insulin signaling, and
inflammation (Higami et al. 2004). Independent stud-
ies compared the effect of aging on gene expression in
heart, liver, and hypothalamus from young (4–
6 months) and old (26–28 months) C57BL/6 mice
(Fu et al. 2006). Age-dependent significant differences
were determined in 309 (heart), 1,819 (liver), and
1,085 (hypothalamus) gene expression profiles (Fu et
al. 2006). Furthermore, similar to the current study,
only 32% (100, heart), 13% (240, liver), and 20%
(215, hypothalamus) of these genes were coordinately
expressed as a function of aging in two tissues and
only nine genes total in all three tissues (Fu et al.
2006). Comparisons between visceral adipose tissue
transcriptomes of ad libitum fed 4-month and 28-
month rats determined that a total of 910 genes dis-
played a 2-fold age-dependent variation (Linford et al.
2007). Parallel analyses of the heart transcriptome
identified 415 genes with age-dependent 2-fold varia-
tion and a subset of 88 genes showed equivalent
variation in both tissues (Linford et al. 2007). This
subset included genes related to immune, mitochon-
drial, proteasomal, and ribosomal function (Linford et
al. 2007). Caloric restriction returned many of the
alterations in the aged rat WAT transcriptome to youn-
ger levels (Linford et al. 2007), and caloric restriction
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led to consistent changes in Per1 and Per2 expression
in heart, liver, and other organs (Swindell 2008); how-
ever, analysis of multiple experiments indicates that
caloric restriction does not reverse biological aging as-
sociated expression profiles universally (Swindell
2009).

While the general patterns of age-dependent gene
modulation in the current study was similar to that
reported in the literature (Linford et al. 2007; Swindell
2009), the absolute number of transcripts increased by
2-fold or reduced by 1.66-fold in younger vs. older
cohorts was limited to 57 (BAT), 29 (iWAT), and 65
(liver), respectively. This lower value may reflect the
fact that circadian oscillation was taken into account
due to the use of multiple microarray time points.
Alternatively, but not exclusively, differences in tissue
depots and specie may be contributory factors. Never-
theless, several transcripts displaying the most dynam-
ic modulation in younger vs. older cohorts merit
further consideration as potential biomarkers in the
context of circadian biology. For example, in the liver,
genes within the circadian pathway were reduced by
2–3-fold (RORγ) or induced by 10.5-fold (NR1D1,
Rev-erbα). Furthermore, the Wnt pathway gene,
Wnt5B, was reduced by 1.7-fold. The Wnt pathway
is of significance since its mechanism, like that of the
circadian regulatory apparatus, is dependent on
GSK3β post-translational phosphorylation events. In
BAT, the hydroquinone (NADH) oxidase ENOX1 was
reduced by 1.7-fold in younger vs. older cohorts. The
ENOX1 protein has been found to display a robust
time-dependent enzymatic oscillation (Klein and
Melton 1996; Jiang et al. 2008; Kromkowski et al.
2008). While the oscillations of ENOX1 are ultradian
with a period length of 24 min, unlike the circadian
clock, its periodicity can be modulated by lithium chlo-
ride, an inhibitor of GSK3β and known modifier of
circadian activity (Klein and Melton 1996; Padiath et
al. 2004; Kromkowski et al. 2008). In iWAT, the ho-
meobox transcripts, Hoxd4, was increased 2-fold in
younger vs. older cohorts. Overexpression of Hoxd4 in
the cartilage of transgenic mice has been found to reduce
expression of Wnt3a, a canonical Wnt pathway ligand,
suggesting a functional role for this homeobox tran-
scription factor in multipotential stem cells capable of
undergoing adipogenesis or chondrogenesis and a
potential relationship to Wnt-related mechanisms
(Kruger and Kappen 2010). This interpretation
would be consistent with earlier studies determining that

Wnt10b, another canonical Wnt pathway ligand,
suppressed adipogenesis and promoted osteogenesis in
multipotential stem cell models (Ross et al. 2000;
Bennett et al. 2002, 2005).

Studies of human subjects have determined that
insulin sensitivity modulates canonical Wnt pathway
mRNAs in adipose tissue and cells (Yang et al. 2003,
2004). In adipose tissues biopsied from non-diabetic,
non-obese males related to diabetic subjects, the ex-
pression levels of mRNAs encoding β-catenin, di-
sheveled 1, frizzled 1, GSK3β, and Wnt-1 correlated
significantly with that of FoxC2, a transcription factor
responsible for brown adipogenesis (Yang et al. 2003).
With increased insulin resistance, expression of each
of these mRNAs was reduced (Yang et al. 2003).
Consistent with this, further analyses determined that
Wnt mRNA expression levels declined in correlation
with adipose cell size (Yang et al. 2004). Since adipo-
cyte hypertrophy is an indicator of insulin resistance, it
can be used to predict risk of type 2 diabetes mellitus
(Yang et al. 2004). Recent studies have determined
that the nuclear membrane protein, lamin, mediates the
canonical Wnt signal transduction pathway via β-
catenin and the Tcf/Lef transcription factor (Hernandez
et al. 2010). This work used a lamin mutant murine
model which displays age-dependent subcutaneous
adipose fat loss as well as the cranial and skeletal
pathologies and the reduced longevity characteristic of
Hutchinson–Gifford progeria syndrome (Hernandez
et al. 2010). It is noteworthy that lamin gene
mutations have been identified as causative in
some patients with familial partial lipodystrophy
(Garg and Agarwal 2009). Together, these obser-
vations highlight the importance of the Wnt path-
way in adipose development and biological aging.
Since GSK3β stands out as a critical intersection
between the circadian and Wnt pathways, our future
studies will focus on the impact of biological aging
and circadian mechanisms on Wnt pathway elements
in adipose depots.
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