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Abstract

Although it is well established that human adipose tissue (AT) shows circadian rhythmicity, 

published studies have been discussed as if tissues or systems showed only one or few circadian 

rhythms at a time. To provide an overall view of the internal temporal order of circadian rhythms 

in human AT including genes implicated in metabolic processes such as energy intake and 

expenditure, insulin resistance, adipocyte differentiation, dyslipidemia, and body fat distribution. 

Visceral and subcutaneous abdominal AT biopsies (n = 6) were obtained from morbid obese 

women (BMI ≥ 40 kg/m2). To investigate rhythmic expression pattern, AT explants were cultured 

during 24-h and gene expression was analyzed at the following times: 08:00, 14:00, 20:00, 02:00 h 

using quantitative real-time PCR. Clock genes, glucocorticoid metabolism-related genes, leptin, 

adiponectin and their receptors were studied. Significant differences were found both in 

achrophases and relative-amplitude among genes (P <0.05). Amplitude of most genes rhythms 

was high (>30%). When interpreting the phase map of gene expression in both depots, data 

indicated that circadian rhythmicity of the genes studied followed a predictable physiological 

pattern, particularly for subcutaneous AT. Interesting are the relationships between adiponectin, 

leptin, and glucocorticoid metabolism-related genes circadian profiles. Their metabolic 

significance is discussed. Visceral AT behaved in a different way than subcutaneous for most of 

the genes studied. For every gene, protein mRNA levels fluctuated during the day in synchrony 

with its receptors. We have provided an overall view of the internal temporal order of circadian 

rhythms in human adipose tissue.
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The survival of any organism exposed to a strictly periodic environment, relies on the 

appropriate timing of its responses (Grodins, 1963). Therefore, the optimal synchronization 

of behavioral and physiological events is a crucial mechanism performed in humans and 

other species by the circadian system.

Within an individual subject, there is a highly specific temporal order of the circadian 

system (Moore-Ede and Sulzman, 1981) manifested by various rhythms playing an intricate 

counterpoint, reaching their peaks and troughs at different phases of the day. These rhythms 

provide a glimpse of the elaborate timekeeping that underlies physiological processes.

The adipose tissue is a metabolically active organ presenting a highly rhythmic behavior 

(Garaulet and Madrid, 2009). Each cytokine has to be secreted at the right time and order in 

order to achieve a concerted function. The relevance of this orchestration is supported by the 

finding of a peripheral clock in murine adipose tissue. Moreover, in humans, we 

demonstrated the expression of clock genes in adipose tissue, and that their expression was 

correlated with the metabolic syndrome (MetS) (Zvonic et al., 2006). It is estimated that 

about 20% of the genes expressed in adipose tissue, show circadian rhythmicity in murine 

species (Gómez-Santos et al., 2009; Loboda et al., 2009). This is the case for PPARγ 

(Teboul et al., 2009), and adiponectin (Garaulet et al., 2007; Gómez-Abellán et al., 2010). 

Glucocorticoide metabolites, highly implicated in food intake and central accumulation of 

fat, also show circadian rhythm (Hernandez-Morante et al., 2009). To date, most published 

studies have been discussed as if organisms showed only one or few circadian rhythms at a 

time, however, circadian rhythmcity is exhibited by many variables simultaneously, raising 

the issue of how do the multiple rhythms relate to each other to generate a precise internal 

temporal order which is relevant to metabolic homeostasis.

Circadian phase maps have been compiled for many species, demonstrating the extent and 

potential physiological relevance of an internal temporal order in the circadian rhythms 

(Szabó et al., 1978; Benavides et al., 1998). However, to our knowledge such a phase map 

has not been developed in human adipose tissue. Thus, the purpose of the present work was 

to compile a phase map with achrophases and relative amplitudes of various genes involved 

in adipose tissue metabolism, with the aim of providing an overall view of the internal 

temporal order of circadian rhythms in human adipose tissue.

Subjects and Methods

Subjects

Visceral and subcutaneous abdominal adipose tissue (AT) biopsies were obtained from 

morbid obese women (n = 6), aged 51 ± 9 years and BMI: 44.1 ± 5.5 kg/m2, undergoing 

laparoscopic gastric bypass surgery due to obesity at the General Surgery Service of “Virgen 

de la Arrixaca” Hospital (Murcia, Spain). According to the International Diabetes Federation 

(IDF), subjects met the criteria to be defined as metabolic syndrome patients. Average 

values of waist, triglycerides, HDL cholesterol, glucose, and systolic pressure exceeded the 

cut off points proposed by the IDF (Alberti et al., 2006).
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The day before surgery, all patients were synchronized having lunch at 14:30 and dinner at 

21:00 h. The AT biopsies were taken as paired samples from the two AT depots (visceral 

and subcutaneous) at the beginning of the surgical procedure (estimated time of biopsies 

sampling at 13:00 h).

The protocols were approved by the Ethics Committee of the “Virgen de la Arrixaca” 

University Hospital, and the subjects signed a written informed consent before the biopsies 

were obtained.

Clinical characteristics

Arterial pressure, BMI, waist and hip circumference were assessed by standard procedures, 

while skinfolds (biceps, triceps, suprailiac, and subscapular) were measured with a 

Harpenden caliper (Holtain Ltd., Bryberian, Crymmych, Pembrokeshire, UK). Total body 

fat (%) was evaluated by bioimpedance with a TANITA TBF-300 (TANITA Corporation of 

America, Arlington Heights, IL). Sagittal diameter and coronal diameter were measured at 

the level of the iliac crest (L4-5) using a Holtain Kahn Abdominal Caliper. Women were 

classified in visceral and subcutaneous obesity calculating the index VA/SA after applying 

the following equation (Garaulet et al., 2006): VA/SA predicted = 0.868 + 0.064 × Sagittal 

diameter—0.036 × coronal diameter—0.022 × triceps skinfold. Those patients with VA/SA 

>0.42 were classified as having visceral obesity. Fasting plasma concentrations of glucose, 

triacylglycerols, total cholesterol, low-density lipoprotein (LDL) and high-density 

lipoprotein (HDL) cholesterol were determined with commercial kits (Roche Diagnostics 

GmbH, Mannheim, Germany). Basal metabolic rate (BMR) was calculated from the Harris 

and Benedict equation (Harris and Benedict, 1918).

Adipose tissue culture

Immediately after the surgery, an aliquot of the AT biopsies were frozen at −80 °C and used 

for analyzing the basal gene expression, and the remaining aliquot was used for culture. 

Thus, 800–1,000 mg AT explants (1–2 mm3 pieces to maximize contact with the medium) 

were transferred to cell culture bottles with membrane filter screw cap to safeguard the 

viability of the culture, and placed in 5 ml of Dulbecco’s Modified Eagles Medium 

(DMEM) supplemented with 10% fetal bovine serum, and kept at 37 °C for 24 h in a 

humidified atmosphere containing 7% CO2.

We take the sample from surgery during the morning (around 11 h AM) and we culture it in 

the adequate conditions till the next day in order to allow the explants to adapt to the new 

environmental conditions. It is next day on which we start to study the different cycles in 

gene expression. To determine this circadian cycle, adipose explants were collected to 

perform gene expression analysis at the following times (time at 0, 6, 12, and 18 h), T0 

being arbitrarily defined as 08:00 h, because this was the usual waking time for patients, T6 

as 14:00 h, T12 as 20:00 h, and T18 as 02:00 h. All cultures were performed in duplicates.

Analysis of gene expression

Total RNA was extracted from AT explants using RNeasy Kit (QIAGEN, Courtabeouf, 

France). Reverse transcription was performed using random hexamers as primers and 
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Thermoscript® reverse transcriptase (Invitrogen, Cergy Pontoise, France) with 1 μg total 

RNA for each sample. Quantitative real-time PCR was performed using an ABI PRISM 

7000 HT Sequence Detection System (Applied Biosystems, Foster City, CA), using 

TaqMan® Universal PCR Master Mix and specific TaqMan probes (Applied Biosystems). 

We used 18S rRNA as internal control because of its lower variance across time compared 

with the GAPDH gene. In addition, we carried out a one-way (Zeitgeber time, ZT) analysis 

of variance (ANOVA) for 18S and observed no significant difference in any of the adipose 

depots studied (P >0.05). In addition, there was no significant difference in 18S Ct between 

subcutaneous (mean Ct = 23.3 ± 3.3) and visceral depots (mean Ct = 23.2 ± 3.3). mRNA 

expression levels were normalized to 18S using the 2−ΔΔCt method (Livak and Schmittgen, 

2001).

Rhythm calculation and statistical analysis

The single cosinor method was used to analyze for circadian rhythm individually 

(Balsalobre et al., 2000). This inferential method involves fitting a curve of a predefined 

period by the least squares method. The rhythm characteristics and their 95% confidence 

intervals estimated by this method include the mesor (middle value of the fitted cosine 

representing a rhythm-adjusted mean), the amplitude (half the difference between the 

minimum and maximum of the fitted cosine function), and the temporal location of 

maximum value or acrophase (the time at which the peak of a rhythm occurs, expressed in 

hours) and the percent rhythm (PR) percentage of variability accounted for by cosine curve). 

Relative amplitude was expressed as a percentage of mesor values (relative amplitude = 

(amplitude/mesor) × 100). The significance of the rhythms was determined by rejection of 

the zero amplitude hypotheses with a threshold of 60%.

Differences in acrophase between subcutaneous and visceral depots were analyzed by 

Mann–Whitney non-parametric test for the genes studied. All statistical analyses were 

carried out using SPSS for windows (release 15.0; SPSS Inc., Chicago, IL). The level of 

significance for all statistical tests and hypotheses was set at P <0.05.

Results

Table 1 contains basal characteristics of the women studied. Body mass index (BMI) was 

higher than 40 kg/m2 in these patients and VA/SA higher than 0.4, indicating that women 

suffered from visceral and morbid obesity. All subjects were defined as metabolic syndrome 

patients, according to the International Diabetes Federation (IDF) criteria (Alberti et al., 

2006).

Figure 1 shows the phase map of gene expression in subcutaneous (Fig. 1A) and in visceral 

AT (Fig. 1B) for the following genes: adipokines, i.e., LEPTIN and adiponectin (ADIPOQ) 

and their receptors (LEPR, ADIPOR1, and ADIPOR2); clock genes such as PER2, BMAL1, 

CRY1; PPARγ and glucocorticoid metabolism-related genes such as GR, HSD1, HSD2, 5αR, 

and STAR. Average acrophases (the time at which the peak of a rhythm occurs, expressed in 

hours) imputed from cosinor analysis of every gene were plotted against 24h-time scale. 

Relative amplitude (%) was represented in bars. Significant differences were found both in 

achrophases and relative amplitude among genes (P <0.05).
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In subcutaneous AT, leptin showed its achrophase (maximum expression) during the night 

(at 02:00 h) while for adiponectin the maximum expression was during the morning time (at 

10:00 h).

PPARγ, corticosteroid receptors (GR), and the isoenzime 11β-hydroxysteroid dehydrogenase 

type 1 (HSD1) showed their achrophase in the morning (around 08:00 h). However, 

isoenzime HSD2 and STAR, and 5-alfa reductase type 1 (5αR) presented the achrophase 

earlier.

As expected, visceral AT behaved in a different way than subcutaneous for most of the 

genes studied (Fig. 1B). Considering adipokines, leptin anticipated in its expression towards 

afternoon and evening hours, while adiponectin and its receptors were significantly delayed 

in visceral AT as compared with subcutaneous. Interestingly, PPARγ, and GR both 

presented their achrophases at night (23:00 h) in visceral AT, while in subcutaneous reached 

a peak near the time of waking.

Figure 2 shows mean circadian rhythms for the examined group in subcutaneous and 

visceral adipose tissues. When comparing both AT depots, different circadian patterns were 

observed. Thus, while the subcutaneous tissue displayed a strong oscillatory trend, for 

adiponectin, PER2 and PPARγ, in visceral fat adiponectin was dampened, data which was 

confirmed with the relative amplitude values represented in Figure 1. By contrary, circadian 

rhythmicity of cortisol metabolism-related genes, was more robust in visceral than in 

subcutaneous depot. Most of these cortisol-related genes ranged in anti-phase in visceral and 

in subcutaneous AT (P = 0.002). Interestingly, for every gene studied protein mRNA levels 

fluctuated during the day in synchrony with its receptors.

Discussion

Most mammalian display a circadian oscillation in their baseline expression; consequently, 

the phase and amplitude of each component of a signal transduction cascade has 

downstream consequences. In the current study, we represent the phase map for human 

adipose tissue of different proteins which regulate a number of processes that contribute to 

the development of obesity and MetS. These processes include energy intake and 

expenditure, insulin resistance, adipocyte differentiation, dyslipidemia, and body fat 

distribution.

When interpreting the phase map, data indicated that circadian rhythmicity of the genes 

studied followed a predictable physiological pattern, particularly for subcutaneous AT. 

Feeding is subject to circadian regulation (Garaulet and Madrid, 2010). Indeed, food intake 

is a major physiological function in animals and must be entrained to the circadian 

oscillations in food availability (Dietrich and Horvath, 2009). As expected, leptin, a 

peripherally synthesized hormone which acts as an anorexigenic hormone in the brain, 

showed its achrophase (maximum expression) during the night (at 02:00 h). Leptin and other 

humoral signals produced in the peripherical tissues are capable of communicating the 

nutritional state of the organism to the hypothalamic centers that control hunger and satiety, 

in a circadian-dependent manner (Kalra et al., 2003). It has been that plasma leptin levels 
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were high during the night, when appetite decreases, and low during the day, when hunger 

increases (Langendonk et al., 1998). The nocturnal increase in leptin levels indicates its role 

as a satiety hormone, favoring fasting and nocturnal rest.

Adiponectin, the adipose tissue most abundant secreted protein, is highly implicated in 

glucose metabolism (Garaulet et al., 2007). It has been called the fat-burning molecule 

because it is able to redirect fatty acids to the muscle for their oxidation. In the present 

study, the expression of adiponectin (ADIPOQ) achieved its zenith (maximum) during the 

morning (at 10:00 h) which could be implicated in the maximal withdrawal of fatty acids, 

and the improvement in glucose tolerance and that time (Gómez-Abellán et al., 2010).

Of note are the relationships between ADIPOQ, LEPTIN, and glucocorticoid-related genes 

circadian profiles. Our current data in adipose tissue are consistent with previous findings in 

serum adiponectin and leptin variations showing out-of-phase 24-h profiles (Gavrila et al., 

2003). With respect to cortisol receptor (GR), ADIPOQ followed similar 24-h rhythmicity. 

However, although ADIPOQ and GR reached peak levels around the same time, ADIPOQ 

reached its achrophase 2 h after GR. These results are consistent with previous data obtained 

in plasma from healthy men, and highlight the tightly interactions between AT proteins 

(Gavrila et al., 2003).

PPARγ could be also related to ADIPOQ circadian pattern. In fact, the high expression of 

PPARγ during the morning (08:00 h), located at the beginning of the of the daily activity, is 

consistent with results obtained in nocturnal mammals (Yang et al., 2006) and could be 

influencing the further increase in ADIPOQ expression and the increase in insulin sensitivity 

during this time of the day. It has been demonstrated that PPARγ ligands stimulate adipocyte 

differentiation, which is associated with mitigation of insulin resistance, presumably because 

of decreases in free fatty acids and upregulation of adiponectin. They also improve glucose 

uptake in insulin-resistant tissues via an increase in the glucose transporter GLUT-4 

(Verreth et al., 2004).

Among the women studied, glucocorticoides related genes such as GR, and the isoenzime 

HSD1, showed their acrophase in the morning (around 08:00 h). It has been described that in 

all species the maximum of corticosteroid rhythms occurs just before or at the onset of 

activity (Peterson, 1957). In plasma, similarly to what happened in the current study 

performed in adipose tissue, glucocorticoides start to climb from baseline levels about 4–5 h 

prior to the time of waking, reaching a peak near the time of waking (García-Prieto et al., 

2007). Over the course of the day they fall, reaching low or undetectable levels an hour or 

two before bedtime.

It is well-known that the corticosteroid rhythm is normally tightly synchronized to the day–

night and sleep–wake cycles. The antiphase relationship between leptin and glucocorticoids 

shown in the current study is reasonable considering that both hormones are strongly 

interrelated (Henry and Clarke, 2008) and they exert opposite functions in food intake 

regulation. While leptin displays an anorexigenic role, glucocorticoids increase appetite 

(orexigenic function). In previous works performed in plasma, leptin ultradian pulses were 

also inversely correlated with those of ACTH and cortisol (Gavrila et al., 2003).
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Regarding the existence of an internal temporal order, an interesting issue concerns 

causation. Currently, circadian physiologists try to elucidate which genes can be drived by 

the circadian molecular clock and therefore, can be considered as clock controlled genes 

(CCGs). This is a very difficult question to answer in the present study. However, if we 

observe the clock genes circadian rhythms in the phase map, the advance of phases that 

suffered BMAL1 and CRY1 in visceral with respect to subcutaneous AT, was accompanied 

with a phase advance in most of the genes studied, this situation is particularly relevant for 

PPARγ and glucocorticoides-related-genes. Moreover, the phase-relationship of BMAL1, 

and PPARγ is maintained in both AT depots. Previously, it has been described that PPARγ is 

a CCG, which is activated by the positive limb, the hetero-dimmer CLOCK-BMAL1. 

Moreover, in a study performed in mPer2−/− mice the glucocorticoid rhythms disappeared 

suggesting that corticosteroids could be considered as CCGs (Yang et al., 2009).

Visceral AT behaved in a different way than subcutaneous for most of the genes studied. 

Differences were more evident for leptin and glucocorticoids-related genes, both highly 

related to food intake. The unexpected lower values of leptin and higher values of 

glucocorticoid-related genes during night hours in visceral AT could be accounting for food 

intake behavioral alterations already described in subjects with a predominance of visceral 

fat (García-Prieto et al., 2007). Night eaters are typically abdominal obese, show anorexia in 

the morning, hyperphagia in the evening and insomnia at night with frequent awakenings 

accompanied by food intake (Qin et al., 2003).

In subcutaneous fat, from the total genes analyzed adiponectin showed the highest circadian 

rhythmicity, followed by PPARγ and PER2. For instance, in visceral fat, glucocorticoids-

related genes were the genes with the highest amplitude. These data reinforce the particular 

relevance of adiponectin in subcutaneous and glucocorticoids in visceral fat, already 

described in previous researches (Björntorp, 1991; Mårin et al., 1992; Garaulet et al., 2007). 

Of note, dispersion in achrophases among subjects were higher in subcutaneous than in 

visceral AT which suggests that the synchronizer mechanisms are more potent in visceral 

AT, driving to a higher homogenicity. The different circadian behavior of both AT locations 

could be related to the fact that the suprachiasmatic nucleus uses the autonomic nervous 

system (ANS) to implement internal rhythmicity. The high specialization of ANS neurons 

allows them to project either to intra-abdominal or subcutaneous body compartment, and 

this depot-specific effect could also vary depending on the time of the day (Perez-Tilve et 

al., 2006).

In general the relative amplitude of the genes studied was high in this study, as compared 

previous work carried out in different organs or tissues (Hermida et al., 2003a, b).

From all the genes studied leptin was the one with the lowest amplitude, the obesity degree 

and the insulin resistance status of the women studied could be accounting for these results. 

Previous studies have demonstrated that MetS is characterized, not only by high absolute 

leptin levels but also by blunted relative diurnal excursions and dampened pulsatility 

(Anubhuti and Arora, 2008). Interestingly, for every gene studied protein mRNA levels 

fluctuated during the day in synchrony with its receptors, which demonstrates the efficacy of 

this circadian system in human AT.
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In conclusion, “Time is of the Essence” in adipose tissue. Energy metabolism and circadian 

systems have evolved together over millions of years to optimize internal coordination 

among multiple physiological and molecular processes. An adequate temporal order in the 

daily pattern of the different cytokines and proteins implicated in adipose tissue metabolism 

could have important consequences not only in body fat distribution but also in the 

metabolic alterations associated to obesity.
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Fig. 1. 
A phase map of circadian rhythms of several genes (leptin and its receptor (LEPR), 

adiponectin and its receptors (ADIPOR1 and ADIPOR2), clock genes (PER2, BMAL1, and 

CRY1)and glucocorticoid metabolism-related genes(PPARγ, GR, HSD1, HSD2, STAR, 

and5αR))implicated in human adipose tissue metabolism subcutaneous adipose tissue (A), 

visceral adipose tissue (B). This figure shows the acrophase (time of occurrence of the best-

fit maximum value) of numerous rhythms. The mean values of achrophases are plotted ± 

SEM.
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Fig. 2. 
Rhythmic expression of genes studied (leptin and its receptor (LEPR), adiponectin and its 

receptors (ADIPOR1 and ADIPOR2), clock genes (PER2, BMAL1, and CRY1) and 

glucocorticoid metabolism-related genes (PPARγ, GR, HSD1, HSD2, and 5αR)) in human 

subcutaneous (A) and visceral adipose tissue (B). Adipose depots were isolated at 6-h 

intervals over the course of the day from adipose tissue cultures (time at 0, 6, 12, and 18 h). 

Results are presented relative to the lowest basal relative expression for each gene. Data of 

relative expression are represented as arbitrary units (AU). Data are reported as means ± 

SEM (SEM of ΔCt are represented in parenthesis).
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TABLE 1

General characteristics of the population studied

Patients (n = 6)

Age (years) 51 ± 9

Weight (kg) 107.9 ± 11.2

Height (cm) 156 ± 5.0

Body mass index (kg/m2) 44.1 ± 5.5

Body fat (%) 43 ± 6

Waist circumference (cm) 126 ± 8

Hip circumference (cm) 139 ± 9

Waist to hip ratio 0.91 ± 0.03

Sagittal diameter (cm) 22 ± 4

Coronal diameter (cm) 31 ± 4

Bicipital skinfold (mm) 28 ± 3

Tricipital skinfold (mm) 28 ± 4

Subscapular skinfold (mm) 33 ± 4

Suprailliac skinfold (mm) 31 ± 3

Basal metabolic rate (kcal) 1,721.5 ± 119.6

Visceral area/subcutaneous areapredicted 0.54 ± 0.28

Glucose (mmol/L) 6.13 ± 0.82

Cholesterol (mmol/L) 4.53 ± 1.02

Triglycerides (mmol/L) 1.02 ± 0.42

High-density lipoprotein cholesterol (mmol/L) 1.34 ± 0.22

Low-density lipoprotein cholesterol (mmol/L) 3.14 ± 0.68

Systolic pressure (mmHg) 148.33 ± 23.17

Diastolic pressure (mmHg) 73.33 ± 13.66

Data are presented as means ± standard deviation.
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