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Abstract Menopausal women exhibit a loss of circa-
dian coordination, a process that runs parallel with a
redistribution of adipose tissue. However, the specific
genetic mechanisms underlying these alterations have

not been studied. Thus, the aim of the present study was
to determine whether the development of menopause
induces an alteration of the genes that control biological
rhythms in human subcutaneous (SAT) and visceral
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(VAT) adipose tissue, and whether changes in clock
gene expression are involved in the increased risk of
developing metabolic syndrome (MetS), which is
frequently associated with menopause. To this end,
VAT and SAT biopsies were taken in pre- (n=7) and
postmenopausal (n=7) women at similar hours in the
morning. RNA was extracted, and a microarray
analysis was made. Data were confirmed by quantita-
tive real-time polymerase chain reaction. Western blot
and immunohistochemical analysis were also per-
formed. When clock gene expression was compared
between both groups of women, data in SAT showed
that expression of the core clock gene period3 was
significantly higher in postmenopausal women, while
casein kinase-1δ, E1A-binding protein and cAMP-
responsive element were preferentially expressed in
the premenopausal group. In VAT, period2 (PER2) and
v-myc myelocytomatosis viral oncogene expressions
were significantly higher in the postmenopausal group.
Western blot analysis indicated that PER2 and PER3
protein expression was also increased in postmeno-
pausal women. In addition, several genes, including
PER2, were differentially expressed depending on
whether or not the patient met the MetS criteria. We
conclude that menopause transition induces several
changes in the genotype of the adipose tissue chrono-
biological machinery related to an increased risk of
developing MetS.
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Introduction

Multiple aspects of behaviour and physiology show
circadian rhythmicity (Green et al. 2008). Although
these rhythms are mainly controlled by the supra-
chiasmatic nucleus of the hypothalamus, other periph-
eral tissues, such as muscle or liver, regulate their
functions through the expression of their own clock
genes (Cermakian and Boivin 2009). Indeed, the
transcriptional program regulated by these genes
appears to be highly tissue specific (Reilly et al.
2008). In this respect, we have demonstrated that
human adipose tissue (AT) expresses clock genes in
both visceral (VAT) and subcutaneous (SAT) adipose
tissues (Garaulet and Madrid 2009). The rhythmic

diurnal expression of these clock genes in human AT
has been also demonstrated from individuals who are
lean, overweight and have type 2 diabetes (Otway et al.
2011). Moreover, we have established the presence of
peripheral circadian oscillators in AT culture, indepen-
dently of the central circadian control mechanism
(Garaulet et al. 2010a). This knowledge should
contribute to providing a more complete picture of
the circadian contribution to conditions such as obesity
and metabolic syndrome (MetS) since both the
expression of clock genes and their genetic variants
have been widely associated with different components
of MetS in humans (Garaulet et al. 2009, 2010b).

However, defining the precise clock gene expression
pattern is not an easy task, since this family of genes is
comprised by three main components: the core-clock
genes, which are mainly represented by period, aryl
hydrocarbon receptor nuclear translocator-like clock
and cryptochrome (PER, CLOCK, BMAL1 AND CRY)
genes; the clock-regulating genes, such as nuclear
receptor subfamily 1 (REV-ERBα) or casein kinase
1-delta (CSNK1D), which act upstream of the core
genes; and the group of clock-controlled genes
which cover many different physiological functions
(Garaulet et al. 2010a).

With increasing age, the genes regulating circadian
functions lose some their precise orchestration (Gibson et
al. 2009) leading to impaired homeostasis, a situation
particularly aggravated in women as they moved
towards menopause (Chedraui et al. 2010). The
physiological alterations associated with menopause
are mainly a consequence of modifications in the
hormonal milieu, especially with regard to sex hor-
mones, which dramatically modifies women’s hormonal
background (Toth et al. 2000). However, in spite of
endocrine changes, a cluster of not fully defined genes
might also be involved in these menopause-related
alterations (Gomez-Santos et al. 2011). Another factor
that could be implied in the menopause-related health
impairment is the major morphological change under-
gone by these women, especially with regard to body
fat distribution, characterised by an increase in intra-
abdominal visceral fat (Toth et al. 2000).

Consequently, it is tempting to hypothesise that the
expression of genes that govern the circadian rhythms
in AT might also be modified as a consequence of
menopause, predisposing women to the development
of MetS. To test this hypothesis, the objectives of the
present study were (a) to carry out a comprehensive
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analysis of clock-related gene expression in two
adipose depots, subcutaneous and visceral, in order
to determine the relation between menopausal status
and clock genes expression pattern, and, if so, (b) to
assess to what extent changes in clock gene expres-
sion are associated with MetS alterations.

Subjects and methods

Design and subjects

This study was designed to ascertain whether the
genotype of biological rhythms is affected by the
menopausal status of women. To this end, seven
premenopausal (aged 36±6 years) and seven
postmenopausal (aged 51±5 years) women, with
a mean body mass index (BMI) of 45.5 kg/m2,
who had all undergone laparoscopic gastric bypass
surgery due to their morbid obesity, were selected
from the General Surgery Service of “Virgen de la
Arrixaca” Hospital.

Premenopausal subjects were defined as those
having experienced regular menstrual cycles during
the last 12 months. Menopause was defined as the
date of the last menses followed by 12 months of no
menses, and FSH>30 UI/L (Tchernof et al. 2000).
Subjects were excluded from the study if they were
following a special diet or taking steroids, thyroid
medication or hormonal replacement therapy or any
other hormonal treatment. Patients diagnosed with
diabetes mellitus, chronic renal failure, hepatic dis-
ease or cancer were also excluded.

The protocols were approved by the ethics com-
mittee of the “Virgen de la Arrixaca” University
Hospital, and the subjects signed a written informed
consent before the procedures were carried out.

Anthropometric and other clinical characteristics

Anthropometric measurements

Body weight was measured to the nearest 0.1 kg
while subjects were dressed in their underwear, and
height was determined to the nearest centimetre.
From these data, the BMI was calculated. Total
body fat (percent) was measured by bioimpedance
with a TANITA Model TBF-300 (TANITA Corpo-
ration of America, Arlington Heights, IL; Ritchie et

al. 2005). Body fat distribution was assessed using
the waist circumference midway between the lower
rib margin and the iliac crest.

Metabolic syndrome and other clinical characteristics

To determine the presence or absence of metabolic
syndrome the definition proposed by the Interna-
tional Diabetes Federation (Alberti et al. 2006) was
followed. Plasma concentrations of glucose, triacyl-
glycerides, total cholesterol and high-density lipo-
protein (HDL) and low-density lipoprotein cholesterol
were determined with commercial kits (Roche
Diagnostics GmbH, Mannheim, Germany), follow-
ing the manufacturer’s guidelines. Arterial pressure
was also measured. To be able to compare the
MetS alteration as a whole and the expression of
different genes, a MetS score was developed by
adding one unit for each of the MetS components
(waist, fasting glucose, triacylglycerides, HDL-c,
and systolic or diastolic blood pressure) with a
maximum value of five points.

Adipose tissue biopsies and total RNA extraction

Visceral and subcutaneous abdominal AT biopsies were
obtained from morbid obese women undergoing lapa-
roscopic gastric bypass surgery due to obesity. After an
overnight fast, the AT biopsies were taken as paired
samples from the two AT depots (visceral and subcuta-
neous) at the beginning of the surgical procedure
(estimated time of biopsy sampling from 10.00 to
14.00 h) and immediately stored at −80°C until gene
expression analysis.

Total RNA was extracted from both subcutane-
ous and visceral adipose tissues by the Trizol
reagent method (Invitrogen, Carlsbad, CA) and a
subsequent isolation step using RNeasy Kit (QIAGEN,
Courtabeouf, France) according to the instructions
of the company, except that the fat cake was
removed by centrifugation before loading the
purifying columns.

Quantification and the purity of the RNA obtained
were assessed by UV spectrophotometry (Multiskan
Spectrum, Thermo Electron Corp., Finland). RNA
integrity was assessed using a 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA). Additionally,
RNA quality was also checked by 1% agarose gel
electrophoresis.
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Microarray hybridisation and image acquisition

Fluorescently labelled cDNA was synthesised from
10 μg of each total RNA sample. Anchored oligo(dT)
20 and amino–allyl adducts (Sigma-Aldrich, St.
Louis, MO) were used in the first-strand cDNA
synthesis reaction. The resulting amino modified
cDNA was divided into two tubes, and each replicate
was labelled using either Cy3 or Cy5 fluorescent dye
(Amersham Biosciences, Piscataway, NJ), according
to manufacturer’s protocols for appropriate dye-swap
hybridisations.

Samples were hybridised to the Whole Human
Genome Microarray Kit (V2) as described by the
supplier (Agilent Technologies, Santa Clara, CA).
Each single oligo microarray comprises over 44,000
probes and spans conserved exons across the targeted
human full-length gene transcripts. More specifically,
this array represents about 20,000 well-characterised,
full-length human genes. This probe set was sourced
from the Incyte Foundation Database, RefSeq and
GenBank databases.

RNA samples from adipose tissue samples that
were taken during the intervention were differentially
labelled and cohybridised on microarray slides.
Appropriate dye-swap hybridisations (dye reversal)
were also carried out to minimise potential biases
arising from differences in the dyes. Microarrays were
hybridised overnight at 60°C in hybridisation cham-
bers (Genetix, Boston, MA). After hybridisations,
slides were washed and dried prior to scanning.

Microarray images were obtained by scanning each
slide in a Gene Pix 4100A scanner (Axon Instru-
ments, Union City, CA). Image quantisation was
performed using associated software GenePiX Pro 6.0
and median intensity background.

Normalisation and data analysis

Scanned microarray images were examined for visible
defects and then checked for the fitness of the
gridding before analysing the image file to generate
composite data files. From this point on, analyses
were carried out using the GeneSpring GX software v
7.3.1 (Agilent Technologies).

To normalise data, intensity-dependent (LOWESS)
normalisation was used to eliminate dye-related
artifacts. Once the data were normalised, consecutive
filtering steps were performed to remove noise

derived from absent genes, background and nonspe-
cific hybridisations.

We compared the expression profile derived
from all the groups studied (subcutaneous adipose
tissue from premenopausal, subcutaneous adipose
tissue from postmenopausal, visceral adipose tissue
from premenopausal and visceral adipose tissue
from postmenopausal women), paying particular
attention to the significant differences between
pre- and postmenopausal in each adipose depot
studied. In this context, the most effective and
easiest design after hybridisation was the “reference
normalisation design”. Following this method, all
the samples were co-hybridised with a reference
sample. This sample was built through the produc-
tion of an RNA “pool” derived from all the
samples. This design has the advantage of allowing
any comparison among all the samples, thus
facilitating statistical analysis and interpretation of
the results.

A Student’s t test was applied to select differen-
tially expressed genes between both conditions
(before and after nutritional intervention). Compar-
isons were performed for each gene, and genes with
the most significant differential expression (p value
cutoff <0.05) were selected.

Selection of the different clock-related genes analysed

To choose the different clock-related genes analysed
in the present study two main tools were used. On the
one hand, we selected those genes that were included
in the gene ontology category called Circadian
Rhythm (GO: 0007623). The GO ontologies provide
a systematic language for the consistent description of
attributes of genes, and gene products in three key
biological domains that are shared by all organisms:
molecular function, biological process and cellular
component (The Gene Ontology Consortium 2008).
Additionally, we used the gene database from the
National Centre for Biotechnology Information
(NCBI), using the search terms “clock genes” and
limiting the search to Homo sapiens. This information
is available at: http://www.ncbi.nlm.nih.gov/gene?
term=circadian%20rhythm%20homo%20sapiens (last
accession: May 17, 2010). Furthermore, we con-
ducted a thorough literature review in the PubMed
database. Finally, a set of 74 clock-related genes were
selected.
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Quantitative real-time polymerase chain reaction

Quantisation of mRNA was performed using quantita-
tive real-time polymerase chain reaction (qRT-PCR) to
confirm microarray data. Extracted total RNA from all
the subjects was purified by DNase treatment using a
DNA-free kit (Ambion, Austin TX), and was used as a
template to generate first-strand cDNA synthesis using
M-MLY reverse transcriptase as described by the
manufacturer (Invitrogen). qRT-PCR was performed
using an ABI PRISM 7000 HT Sequence Detection
System as described by the provider (Applied Biosys-
tems, Foster City, CA). Taqman probes for genes were
supplied by Applied Biosystems, and gene expression
levels were normalised using 18S rRNA as internal
control.

PER2 and PER3 genes were the clock genes
selected for PCR quantification. Moreover, to confirm
our global microarray data, qPCR was used to verify
the expression degree of the CCL2, ESR1, IRS2,
KRT7 and NRXN3 genes. These genes were selected
because of their importance in the respective meta-
bolic pathways. Data were obtained as Ct values
according to the manufacturer’s guidelines and used to
determine ΔCt values (ΔCt=Ct of the target gene−Ct
of the housekeeping gene (18S)) of each sample. Fold
changes of gene expression were calculated by the
2−ΔΔCt method (Marrades et al. 2006) (Supplementary
Table 3).

Western blot

In order to confirm data obtained from gene expression,
PER2 and PER3 genes were selected for Western blot
because both were the core clock genes which showed
the most relevant differences with the menopausal
status in previous gene expression experiments. For
this purpose, the samples were homogenised in ice-
cold buffer consisting of 0.1% sodium dodecyl sulfate,
0.1% sodium deoxycholate, 1% Triton X-100 in
phosphate-buffered saline (PBS) with freshly added
protease inhibitors (phenylmethylsulfonyl fluoride,
aprotinin, pepstatin A, 1,10-phenanthroline).

The protein content was measured by the bicin-
choninic acid assay, using bovine serum albumin as
standard. Samples were boiled for 4 min in Laemmli
buffer, separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, electroblotted
onto nitrocellulose or PVDF membranes, and blocked

with 5% (w/v) nonfat dry milk in Tris-buffered saline.
After incubation with PER2, PER3 or α-actin anti-
bodies (Abcam, Madrid, Spain), the bands were
detected by enhanced chemiluminescence (NEN,
Zaventem, Belgium).

Immunocytochemical data

In order to establish the presence in situ of T
lymphocyte and macrophage infiltrates within adipo-
cytes, an ABC immunocytochemical procedure was
carried out in 8-μm-thick frozen sections of both
subcutaneous and visceral AT samples from three
premenopausal and three postmenopausal women.
After defreezing, sections were fixed for 10 min in
acetone (Panreac Química, Barcelona, Spain) and
incubated with 1.5% hydrogen peroxide in PBS
(Dako, Carpinteria, USA) for 5 min at room temper-
ature to block endogenous peroxidase activity. After
three washes in PBS, sections were then incubated in
3% bovine-serum albumin (BSA) (Sigma, Madrid,
Spain) and PBS to block non-specific binding, and
incubated overnight with the primary antibody (poly-
clonal rabbit anti-human-CD3 antigen, Dako, dilution
1:50 in 1.5% BSA-PBS for T lymphocytes and
monoclonal mouse anti-human-CD14 antigen, Dako,
dilution 1:40 in 1.5% BSA-PBS for macrophages) at
4°C. After three washes in PBS, samples were
incubated with a secondary biotinylated labelled
polymer (Dako EnVision system, Carpinteria, USA)
for 30 min at room temperature. The immunolabelling
was revealed for 5 min at room temperature with 3-3′
diaminobencidine solution (Dako), which stains dark-
brown positive immunolabelling. Sections were finally
counterstained with Harry's haematoxylin (Thermo,
CA, USA) and mounted in aqueous medium (Vector,
Burlingame, USA). Sections from frozen human
thymus were used as positive control for CD3.
Immunostaining was performed three times to assess
the repeatability of the results.

Statistical analysis

Clinical and anthropometric data are presented as
means ± SD. Data concerning gene expression in the
subcutaneous and visceral depots were analysed as
ΔCt to exclude potential bias because of averaging
data that had been transformed through equation
2−ΔΔCt (Marrades et al. 2006). Student’s t test was
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used to analyse possible differences between pre- and
postmenopausal women. A two-way analysis of
variance (ANOVA) was also performed to estimate
the effect and the interaction between menopausal
status and metabolic syndrome. To exclude the effect
of age in our results, age was used as a covariate in
this analysis. Moreover, to further analyse the
interaction between the expression of clock-related
genes and metabolic syndrome, a bivariate Pearson’s
correlation analysis was performed. All statistical
analyses were carried out using SPSS for windows
(release 15.0; SPSS Inc, Chicago, IL, USA). The level
of significance for all statistical tests and hypotheses
was set at P<0.05.

Results

Clinical characteristics of the subjects

Table 1 shows the clinical characteristics of the
subjects studied in this experiment. Clinical parame-
ters were similar in both groups studied, except age
due to the experimental design. With respect to sleep
duration, premenopausal women tended to sleep
longer than postmenopausal women, although differ-
ences were not statistically significant.

Differences in gene expression and protein
between pre- and postmenopausal women
in subcutaneous adipose tissue

In SAT, the expression level of period3 (PER3) was
significantly higher (42% higher) in postmenopausal
women than in premenopausal (Fig. 1a), while the
relative expression of casein kinase-1δ (CSNK1D), E1A
binding protein p300 (EP300) and cAMP-responsive
element modulator (CREM) were significantly higher in
the premenopausal group (Fig. 1b) (also see, Supple-
mentary Table 1). Moreover, PER3 was the gene
showing the highest expression within postmenopausal
women, while carbon catabolite repression 4-like
(CCRN4L) and early growth response 3 (EGR3) were
mostly expressed in premenopausal women.

To further study the expression of PER3, a Western
blot analysis was carried out (Fig. 2a). Our results
showed that in postmenopausal woman PER3 protein

expression was increased (86%) when compared with
premenopausal women.

Differences in gene expression and protein
between pre- and postmenopausal women
in visceral adipose tissue

Our analysis of VAT gene expression indicated that
PER2 and MYC expression was significantly higher in
the postmenopausal group (21% higher for both
genes) (Fig. 3a, b). In contrast, KCNMA1 and JUN
expression was greater in the premenopausal women.
PER2 expression was also analysed by Western blot,
and an increased expression in the protein was
observed in postmenopausal women (55% higher;
Fig. 2b).

Moreover, in postmenopausal women, crypto-
chrome 2 (CRY2) and CCRN4L showed the highest
relative mRNA expression. In contrast, in premeno-
pausal women, aryl hydrocarbon receptor nuclear
translocator-like 1 (BMAL1) and KCNMA1 showed
the highest expression.

The aralkylamine N-acetyltransferase (AANAT),
defensin-β1 (DEFB1) and nuclear receptor subfamily
1, member 1 (REV-ERBα), among others (Supple-
mentary Table 2) were expressed only in SAT.

Relation between adipose tissue clock gene
expression, menopausal status and metabolic
syndrome

Table 2 represents interaction between menopausal
status and MetS among those genes differentially
expressed depending on the presence or absence of
MetS. Results indicate that the expression was
significantly different between pre- and postmeno-
pausal women only in those women without MetS
(P<0.001 for PER1 and P=0.012 for PER2 and P=
0.023 for MAT2A). However, there were no signif-
icant differences between those women with MetS
(P>0.05 for all genes). To exclude the influence of
age in our data, we repeated the two-way ANOVA
analysis after adjusting for age, and significance was
maintained.

Next, we investigated the relation between the
expression levels of those genes differentially
expressed depending on the presence or absence of
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the MetS and the components of the syndrome, using
a MetS score. In this regard, PER gene and its kinase
were correlated with waist (r=0.547, P=0.015 for
PER1; r=0.469, P=0.043 for CSNK1D) and with
MetS Score (r=0.539, P=0.017 for PER2).

Other genes showing significant correlations with
MetS components were MAT2A, which correlated with
waist (r=0.583, P=0.009), and OPN3, which correlated
with triglycerides (r=0.492), HDLc (r=−0.557) and
MetS score (r=0.514) for all cases (P<0.05).

Inmunocytochemical analysis

In order to elucidate if differences in gene expression
were due to differences in adipose tissue cells or
whether immune cells could also be contributing to
some of the differences described, we performed an
immunocytochemical analysis that pointed to the total
absence of T lymphocyte infiltrate in SAT and VAT
samples of both pre- and postmenopausal women (see
images on Supplementary Fig. 1). Sections from
frozen human thymus were used as positive control
(Supplementary Fig. 2). Additionally, immunohisto-
chemical analysis revealed low number of CD14-
positive cells within adipose tissue (five to seven cells

per 10 high power fields (×400)). Of notice, no
differences in CD14-positive cell numbers were
observed either between pre- and postmenopausal
women or between adipose localisation.

Discussion

The objective of the present study was to carry out an
analysis of the gene expression of key components of
the clock system in pre- and postmenopausal women, to
test the hypothesis that menopausal status affects their
regulation and thus, women's biological rhythms. Our
findings supports the presence of such menopause-
related differences, as shown by the results of the core
clock genes PER2 and PER3, and other related genes,
which were differentially expressed in both groups.
Moreover, our data show that these differences are
dependent on the MetS status.

Taking into account that the most obvious mor-
phological change that occurs as a result of the
transition to menopause is a redistribution of body
fat, with preferential accumulation of fat in the
visceral region (Toth et al. 2000), we analysed
whether the expression of genes that control biolog-

Table 1 Anthropometric and other clinical characteristics of the subjects selected for clock-related gene expression analysis

Premenopausal women (n=7) Postmenopausal women (n=7) P values

Age, years 36±3 51±2 0.002

BMI, kg/m2 48.2±2.4 42.8±1.0 0.081

Body fat, % 48.8±2.0 46.2±2.3 0.419

Waist, cm 132±7 125±3 0.442

DBP, mmHg 85±6 70±6 0.178

SBP, mmHg 150±17 147±12 0.922

Glucose, mmol/l 5.0±1.7 4.8±0.4 0.851

Total cholesterol, mmol/l 4.2±1.4 5.2±1.5 0.336

Triglycerides, mmol/l 2.1±1.1 2.2±1.0 0.874

LDL-c, mmol/l 2.5±1.1 3.0±1.2 0.478

HDLc, mmol/l 0.8±0.1 1.1±0.4 0.148

Duration of sleep, h 7.2±1.1 6.2±2.5 0.247

Data are presented as means ± SD. Significant differences (P<0.05) are shown in italic (Student’s t test). Anthropometrical
measurements were performed according to the SEEDO guidelines. Biochemical parameters were analysed following the
manufacturer’s guidelines

BMI body mass index, DBP diastolic blood pressure, SBP systolic blood pressure, LDL-c low density level-cholesterol, HDL high-
density-level cholesterol
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ical rhythms in AT were also affected as a conse-
quence of menopause. To do this, a comprehensive
analysis was made of subcutaneous and visceral
adipose expression of clock genes and clock-related
genes using microarray analysis.

Regarding SAT, several differences were identified
in the expression of core-clock genes between pre-
and postmenopausal women, with those found for
PER3 being the most significant, a result that has
been further confirmed by Western blot analysis,
obtaining similar results with the protein levels. This
gene is a member of the period family of genes, and
some of its polymorphisms have been associated with
circadian disruption and alterations in sleep timing
(Dijk and Archer 2010). Our data showed that
postmenopausal women tended to sleep fewer hours
that premenopausal women, and so, we can speculate
that the relatively higher expression of PER3 observed
in menopausal women with respect to their premeno-
pausal counterparts could be related with the sleep

disturbance associated with menopause. Additional
studies will be necessary to determine if an alteration
on PER3 expression in AT affects the sleep pattern or
vice versa.

In terms of VAT, the major menopause-related
differences were seen for PER2 with postmenopausal
women showing a higher expression of PER2; these
results have been further confirmed by Western blot
analysis, obtaining similar results with the protein
levels. The relevance of PER2 in VAT has been
reported previously, and we were able to confirm that
PER2 expression in the visceral depot was correlated
with waist circumference (Gomez-Abellan et al.
2008). Moreover, a genetic variant in human PER2
has been linked to abdominal obesity and to alter-
ations in eating behaviors highly associated with
obesity (Garaulet et al. 2010c). It has been shown
that mper2 −/− mice display feeding abnormalities
involving features of circadian rhythm and eating
disorders. Other psycho-behavioural factors related to
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Fig. 1 Normalised mRNA
expression in subcutaneous
adipose tissue of the core
clock genes (a) and other
selected clock-related genes
in the (b). The white bars
represent gene expression in
the premenopausal women
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sent the postmenopausal
group. Results are expressed
as the mean ± SEM. Statis-
tical significance was calcu-
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1376 AGE (2012) 34:1369–1380



menopause, such as diurnal preferences (Carpen et al.
2005), advanced sleep phase syndrome (Hamet and

Tremblay 2006), seasonal variation in mood and
behavior, and winter depression (Partonen et al.
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clock-related genes in the
visceral adipose tissue (b).
The white bars represent
gene expression in the pre-
menopausal women, while
the black bars represent the
postmenopausal group.
Results are expressed as the
mean ± SEM. Statistical
significance was calculated
using a Student’s t test.
*P<0.05

Fig. 2 PER3 and PER2
protein expression in pre-
and postmenopausal wom-
en. PER3 expression was
assayed in subcutaneous
adipose tissue (a), while
PER2 was assayed in vis-
ceral adipose tissue is
shown (b) tissue. α-Actin
was used as a loading con-
trol. Western blots and α-
actin-normalised quantifica-
tion are shown
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2007), have also been related to PER2 variants. Taken
together, these characteristics highlight the potential
relevance of PER2 in aspects related with the
circadian impairment associated with menopause.

In the current study, genes other than those of the
PER family were seen to be more highly expressed in
postmenopausal women. This was the case with MYC
that has been previously described as being overex-
pressed in the monocytes of obese women at high
cardiovascular risk. Conversely, weight loss has been
associated with a concomitant decrease of its expres-
sion (Holvoet 2008). Therefore, it has been suggested
that the transcription factor MYC has an atherogenic
effect, inducing pro-inflammatory genes (Holvoet
2008). Moreover, MYC plays a vital role in cell
proliferation and differentiation via chromosomal
modification (Bhandari et al. 2011). CREM, a gene
associated with fertility and obesity (Ghanayem et al.
2010), was also differentially expressed with meno-
pause. However, the knowledge of this gene is scarce,
and its potential impact on menopause and MetS is
unknown.

When assessing the relative expression of different
genes within each group of women with regard to
menopausal status, PER2, PER3 and CRY were
preferentially expressed in postmenopausal women
while BMAL1 was the gene with the highest relative
expression in premenopausal women. Kept in mind
was the fact that the circadian clock consists of

negative elements such as PER and CRY and positive
elements such as BMAL1 and CLOCK. The predom-
inance of negative elements in postmenopausal
women and positive elements in premenopausal
women at the time of AT extraction may indicate a
phase shift between both groups of women. Since
gene expression was measured only at one point, we
cannot infer from our results whether the observed
differences are due to a phase shift, or differences in
gene expression degree between pre- and postmeno-
pausal women. Nevertheless, our data do show that
the circadian system does change with menopausal
status.

Several studies have previously shown a differen-
tial circadian rhythmicity between pre- and postmen-
opausal women and supported the notion that
endogenous rhythms are attenuated among postmen-
opausal women (Walters et al. 2006). In addition, it
has been described how the menopausal status affects
the melatonin rhythm, since postmenopausal women
showed an advanced phase of melatonin secretion,
which is probably implicated in the early alertness of
these women in the morning (Walters et al. 2005). All
these data, together with our observations, allow us to
hypothesise that the establishment of menopause
leads to a change in women’s biological rhythms.

The metabolic implications of circadian oscillator
gene expression in adipose tissue were first reported by
Zvonic et al. (2006) in rodents and by Loboda et al

Table 2 Normalised gene expression levels of clock genes differentially expressed according to the metabolic syndrome and its
interaction with the menopausal status

Gene name No metabolic syndrome (n=5) Metabolic syndrome (n=9) Pinteraction

(ANOVA)
Pcorrected*
(ANOVA)

Pre-menopausal Post-menopausal P values Pre-menopausal Post-menopausal P values

Bmal1 1.95±0.47 1.22±0.21 0.186 1.10±0.16 0.76±0.12 0.115 0.700 0.642

Csnk1d 0.81±0.05 0.85±0.09 0.888 1.12 ±0.08 1.03±0.07 0.493 0.614 0.555

Mat2a 0.48±0.01 0.87±0.09 0.012 1.21±0.17 0.87±0.06 0.164 0.012 0.026

Opn3 0.91±0.12 0.70±0.06 0.143 1.63±0.37 1.36±0.29 0.613 0.775 0.993

Per1 0.33±0.01 1.27±0.06 <0.001 1.04±0.15 0.98±0.10 0.983 0.002 0.009

Per2 0.60±0.05 0.97±0.06 0.011 0.97±0.09 1.21±0.15 0.147 0.013 0.007

Rara 0.82±0.03 0.94±0.04 0.086 1.05±0.03 1.00±0.05 0.430 0.095 0.159

Data are mean ± SD. Pcorrected was calculated using age as a covariate in the ANOVA test to exclude possible bias due to this variable.
Significant differences (P<0.05) are shown in italic (Student’s t test)

Bmal1 aryl hydrocarbon receptor nuclear translocator-like, Csnk1d casein kinase 1δ, Mat2a methionine adenosyltransferase II, Myc v-
myc myelocytomatosis viral oncogene homolog (avian), Opn3 Opsin 3, Per2 period 2, Per3 period 3, Rara retinoic acid receptor-α

*P value was calculated by a two-way ANOVA analysis
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2009 in humans; both works, combined with other
available data (Turek et al. 2005; Englund et al. 2009;
Garaulet et al. 2010a), suggest a significant relation
between the circadian system and MetS. In this regard,
our data reflect a significant interaction between MetS
and menopausal status in the expression of PER1 and
PER2, among other genes. For both genes, the
menopause-related differences were expressed only in
the absence of MetS. However, when women suffered
from MetS, these significant differences were lost,
suggesting that the presence of the MetS mimics some
of the menopause-driven effects. Nevertheless, PER2
expression was significantly correlated with the MetS
score, and this relationship between PER2 and meta-
bolic alterations is attracting increasing attention. Um
et al. (2007) found that the response to a glucose
tolerance test in postmenopausal women was much
slower than in premenopausal women, probably due to
the higher degradation of PER2 and to a phase advance
in the circadian gene expression. Similarly, Englund et
al. (2009) found a positive association between PER2
expression and fasting blood glucose levels. Our own
group has previously demonstrated a relationship
between visceral adipose tissue PER2 expression and
waist circumference (Gomez-Abellan et al. 2008). In
our opinion, all these data support the relevance of
clock genes, and particularly of PER2, in MetS and
aging.

The present study has several limitations. Firstly,
this study is based on human adipose explants, and
so, there was the possibility that immune cells could
also be contributing to some of the differences
described. However, we did not find T lymphocyte
infiltrate in our samples, and macrophage infiltration
was mild, suggesting that major changes in gene
expression were exclusively a consequence of a
differential transcription pattern in adipocytes.

Another limitation is that gene expression was
determined in a standardised fashion but only at a
particular time of the day. This initial approach has
allowed us to delimit the genes of interest. However,
further studies should assess AT expression at
different times of the day in order to more precisely
define circadian rhythmicity differences in these core
clock genes between pre- and postmenopausal women.
Finally, these samples were obtained from morbidly
obese women, and we cannot generalise our findings to
the general population, since this condition might be
masking the influence of other factors.

In conclusion, in morbid obese women, menopause
transition is associated with changes in the transcrip-
tional control of biological rhythms, as evidenced
primarily by our results for PER2 and PER3 gene
expression. These differences could partially account
for the increased risk of MetS with menopause.
Therefore, strategies focusing on regulating the
circadian system could be a promising therapeutic
approach to improve or prevent the metabolic alter-
ations experienced by postmenopausal women.
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