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Abstract

The timing system in mammals is formed by a set of peripheral biological clocks coordinated by a light-entrainable pacemaker located in

the suprachiasmatic nucleus. Daytime restricted feeding (DRF) modifies the circadian control and uncouples the light-dependent physio-

logical rhythmicity, food access becoming the principal external time cue. In these conditions, an alternative biological clock is expressed,

the food-entrainable oscillator (FEO). Glucocorticoid hormones are an important part of the humoral mechanisms in the daily synchroni-

sation of the metabolic response of peripheral oscillators by the timing system. A peak of circulating corticosterone has been reported

before food access in DRF protocols. In the present study we explored in the liver the 24 h variations of: (1) the subcellular distribution

of glucocorticoid receptor (GCR), (2) the activities of the corticosterone-forming and NADPH-generating enzymes (11b-hydroxysteroid

dehydrogenase type 1 (11b-HSD-1) and hexose-6-phosphate dehydrogenase (H6PDH)), and, (3) parameters related with the urea cycle

(circulating urea and activities of carbamoyl phosphate synthetase and ornithine transcarbamylase) elicited by DRF. The results showed

that DRF promoted an increase of more than two times of the hepatic GCR, but exclusively in the cytosolic compartment, since the

GCR in the nuclear fraction showed a reduction. No changes were observed in the activities of 11b-HSD-1 and H6PDH, but the rhythmicity

of all of the urea cycle-related parameters was modified. It is concluded that liver glucocorticoid signalling and the urea cycle are respon-

sive to feeding-restricted schedules and could be part of the FEO.

Key words: Food-entrainable oscillator: Corticosterone: Peripheral oscillators: Carbamoyl phosphate synthetase: Ornithine

transcarbamylase

The timing system in mammals is assembled by a set of coor-

dinated oscillators: a pacemaker in the suprachiasmatic

nucleus (SCN) and a variety of clocks localised in several

brain areas and peripheral organs(1). Light entrains the SCN

via the retino-hypothalamic tract, and then its rhythmicity is

communicated to the rest of the organism by means of

neural and blood-borne signals(2). Hence, light coordinates

most of the physiological responses by sustaining the daily

cycles of rest–activity, fasting–feeding, and hormonal

secretion(3). In this context, daily glucocorticoid secretion in

most mammals occurs at the end of the resting period as meta-

bolic preparation for wakefulness, orchestrating the fasting

response and promoting the search for food(4).

Daytime restricted feeding (DRF) in nocturnal animals

uncouples the SCN from the peripheral oscillators, turning

feeding into the principal synchroniser. The daily expression

of molecular clock genes from peripheral organs (liver,

pancreas, kidney and lung) shifts their phases in response to

the imposed mealtime(5). This protocol does not affect the cir-

cadian rhythmicity of the SCN(6). Restricted feeding is

accompanied by metabolic and physiological adaptations in

the peripheral organs, including the onset of an arousal beha-

viour preceding food access known as food anticipatory

activity (FAA)(7). Because these changes remain even in the

absence of a functional SCN, the existence of an alternative

oscillator known as a food-entrainable oscillator (FEO) has

been postulated(8,9). The peak of serum glucocorticoid is

coincident with FAA during restricted feeding at daytime in

rats(10,11), and is independent of SCN activity(9).

Glucocorticoid secretion at the day–night transition in rats

fed ad libitum is under circadian modulation from the SCN,

and relies on an adrenocorticotropic hormone-dependent

process. However, an alternative pathway involving the auto-

nomic nervous system has also been reported(12). Cellular
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signalling of these hormones involves ubiquitous genomic

receptors (with the exception of the adult SCN) known as

NR3C1 (nuclear receptor subfamily 3, group 3, member 1),

as well as membrane-located receptors associated with

second messenger systems(13). Glucocorticoid action is associ-

ated with the induction of metabolic pathways characteristic of

fasting, such as gluconeogenesis and the urea cycle, and is

dependent on the combination of a variety of co-activators

and co-repressors(14).

Another point of regulation of glucocorticoid signalling is

the intracellular conversion between the active hormone corti-

costerone and the inactive metabolite cortisone by the activity

of the enzyme 11b-hydroxysteroid dehydrogenase (11b-HSD).

In the liver, 11b-HSD type 1 catalyses the NADPH-dependent

reduction of cortisone to form corticosterone. The NADPH is

supplied by the microsomal enzyme hexose-6-phosphate

dehydrogenase (H6PDH)(15).

Glucocorticoids are candidates to link the SCN signalling to

the rhythmicity of the peripheral oscillators, based on the abil-

ity of dexamethasone to induce circadian gene expression in

cultured rat-1 fibroblasts, and transiently change the phase

of gene expression in the liver, kidney and heart. It was also

postulated that the glucocorticoid response in peripheral oscil-

lators made the daytime food-induced phase shifting slower

in the liver and kidney(17). Reddy et al. reported that gluco-

corticoids entrain nearly 60 % of the liver circadian transcrip-

tome(18). This action is accomplished by acting directly in

the glucocorticoid response elements of target genes, or

indirectly by regulating elements of the molecular clock.

Thus, a positive glucocorticoid response element appears to

mediate per1 induction by glucocorticoids(19), whereas the

promoter of rev-erba has been proposed to contain a negative

glucocorticoid response element that mediates glucocorticoid-

induced repression(20).

Glucocorticoids are not the exclusive synchroniser of per-

ipheral tissues, since hepatocytes of mice lacking glucocorti-

coid receptor (GCR) showed no alteration in circadian gene

expression(17). However, it is highly plausible that glucocorti-

coids play a strategic role in the coordination between the

SCN and peripheral clocks, and in the interplay linking metab-

olism and circadian oscillators. Nevertheless, still to be deter-

mined are the adaptations elicited by DRF in the status of

the intracellular GCR, the equilibrium between corticosterone

and cortisone, and the activity of the urea cycle.

Hence, in order to gain more understanding regarding the

physiological adjustments in the liver of rats under restricted

feeding schedules and expressing the FEO, the aim of the pre-

sent study was to evaluate the 24 h rhythmicity of the cyto-

plasmic and nuclear localisation of the GCR, the enzymic

activity and presence of the 11b-HSD type 1 isoform, and

the production of urea, including the activity of two enzymes

of the urea cycle: carbamoyl phosphate synthetase-1 (CPS1)

and ornithine transcarbamylase (OTC) in the liver.

Experimental methods

Animals and housing

Adult male Wistar rats, weight 120–150 g at the beginning of

the experiment, were maintained in a 12 h light–12 h dark

cycle (lights on at 08.00 hours) and constant temperature

(22 ^ 1 8C). The light intensity at the surface of the cages aver-

aged 350 lux. Animals were kept in groups of five in transpar-

ent acrylic cages (40 £ 50 £ 20 cm) with free access to water

and food unless stated otherwise. All experimental procedures

were approved and conducted according to the institutional

guide for the care and use of animals under biomedical exper-

imentation (Universidad Nacional Autónoma de México).

Experimental design

Control and experimental groups were similar to those

reported by Luna-Moreno et al.(11). To determine daily and

food-entrained rhythmicity, rats were randomly assigned to

one of the following feeding conditions for 3 weeks: (1) con-

trol ad libitum feeding with free access to food and water

throughout the 24 h period; and (2) restricted feeding (exper-

imental condition), in which food availability was limited

manually to 2 h daily, from 12.00 to 14.00 hours.

At the end of the feeding protocol, different subgroups of

animals were killed at 3 h intervals over a 24 h period, starting

at 08.00 hours.

In addition, to establish a comparison of the fasting and

subsequent refeeding responses, two more control groups

were included: (1) animals fed ad libitum were maintained

with free food access for 3 weeks; on the last day, food was

removed at 14.00 hours, and they were killed (at 11.00

hours) after 21 and 45 h (about 1 and 2 d) of deprivation;

and (2) a second group of rats was similarly deprived of

food for 21 and 45 h, then refed for 2 h (from 12.00 to 14.00

hours), and killed at 14.00 hours before tissue sampling.

Blood and liver sampling

Rats were killed and then beheaded for trunk blood collec-

tion. Blood was collected and centrifuged at 5000 rpm for

5 min to obtain serum. A liver section (about 5 g) was pro-

cessed for homogenate and subcellular fractionation (nucleus,

mitochondria, microsomes and cytosol). The subcellular

fractionation was done according to the method of Aguilar-

Delfı́n et al.(21). Briefly, liver was homogenised in 10 mM-2-

amino-2-hydroxymethyl-propane-1,3-diol (Tris)–HCl (pH 7·4;

1:10; w/v), the homogenate was centrifuged at 1500 g for

15 min, and the pellet was kept for further isolation of the

nuclear fraction. The supernatant fraction was centrifuged at

10 000g for 20 min to sediment the mitochondrial fraction.

The new supernatant fraction was ultracentrifuged at

100 000g for 60 min, yielding the microsomal (pellet) and

the cytosolic fractions (supernatant fraction). The nuclear frac-

tion was prepared from the first pellet using the citric acid

method reported by Reiners & Busch(22).

Entrainment and glucocorticoid signalling 2003

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114512000268  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114512000268


Western blotting for glucocorticoid receptor and
11b-hydroxysteroid dehydrogenase type 1

GCR and 11b-HSD-1 were assayed by Western blotting

according to the procedure reported by Chilov et al.(23).

Total protein was measured using the Folin phenol reagent(24).

Equal amounts of proteins were mixed with 2 £ Laemmli

sample buffer (Bio-Rad) and incubated at 808C for 10 min.

The homogenate, the nuclear and the cytosolic samples

were separated on a 10 % polyacrylamide gel, electroblotted

onto a nitrocellulose membrane, and then incubated overnight

with primary rabbit polyclonal anti-GCR antibody (Sc-1004;

Santa Cruz Biotechnology) at 1:250 dilution. The microsomal

protein was separated on a 10 % polyacrylamide gel, electro-

blotted and incubated overnight with primary rabbit polyclo-

nal anti-11b-HSD type 1 antibody (Sc-20 175; Santa Cruz

Biotechnology) at 1:500 dilution. Membranes were washed

and incubated for 2 h with alkaline phosphatase-conjugated

secondary donkey anti-rabbit antibody at 1:5000 dilution

(Santa Cruz Biotechnology), and bands were visualised

using the alkaline phosphatase conjugate substrate kit (Bio-

Rad) according to the manufacturer’s instructions. b-Actin

and tubulin were used as loading controls, the first for cyto-

plasmic and microsomal fractions, and the second for the

nuclear fraction.

11b-Hydroxysteroid dehydrogenase type 1 activity

This enzymic activity was determined using the assay

described by Thurston et al.(25). Microsomal protein (30 mg)

was transferred to glass tubes, containing 700ml PBS. Blanks

contained 100ml bovine serum albumin solution (1 mg/ml

prepared in PBS). Each triplicate set of tubes was pre-incu-

bated for 30 min at 378C in a water-bath. To initiate the

assay, each tube received 4 mM-NADPH (Sigma) and 100ml

PBS containing 3700 Bq (0·1mCi) [1,2-3H]cortisone (Perkin

Elmer) and unlabelled cortisone (Sigma), each to a final

steroid concentration of 100 nM. The tubes were then

returned to the water-bath for 60 min, and the reactions

were terminated by the addition of 2 ml ice-cold chloroform

(J. T. Baker) to each tube. To partition the organic and

aqueous phases, these tubes were centrifuged at 1000g for

30 min. After aspirating the aqueous supernatant fraction, the

organic extracts were evaporated overnight at room tempera-

ture. The steroid residues were re-suspended in 20ml ethyl

acetate containing either 1 mM-corticosterone or -cortisone

(Sigma) and resolved by TLC, using Silica 60 TLC plates

(Merck) in an atmosphere of 92:8 (v/v) chloroform–95 %

(v/v) ethanol (Merck). The spots corresponding to

corticosterone were scraped off and the [3H]corticosterone

was quantified using a Bioscan 200 TLC radiochromatogram

scanner (LabLogic). Protein concentration was measured

using the Lowry method(24).

Hexose-6-phosphate dehydrogenase activity

H6PDH activity was measured after disrupting the

microsomal membranes by preincubation at 48C with

radioimmunoprecipitation assay (RIPA) buffer. The incubation

mixture contained 0·3mM-glucosamine-6-phosphate, 100mM-

glycine–NaOH buffer (pH 10), 1 mM-NADPþ, 1 % bovine

serum albumin, in a total volume of 1 ml. Reactions were started

by the addition of tissue homogenate or microsomes (about

10 and 3 mg protein, respectively) to 900ml of the reaction

mixture at room temperature. The increase in absorbance at

340 nm was monitored during the first 5 min of incubation

using a spectrophotometer (Ultrospec 3,300; Pharmacia Bio-

tech). The amount of NADPH produced was calculated using

6·22 as the extinction coefficient. Specific activities were

expressed as mmol NADPH formed/min per mg protein(26).

Urea cycle parameters

Urea was determined by a standard enzymic method

(ELITech) in which urea is first cleaved by urease into CO2

and NH3. In a second step, the NH3 reacts with phenol and

hypochlorite under alkaline conditions to produce a blue

compound that is determined colorimetrically at 340 nm.

CPS1 activity was determined according to the method

reported by Pierson(27). The reaction mixture consisted of

5 mM-NH4HCO3, 5 mM-ATP, 10 mM-magnesium acetate, 5 mM-

N-acetyl glutamate, 1 mM-dithiothreitol, 50 mM-triethanolamine

(pH 8·0) and 200mg mitochondrial protein in a final volume

of 0·6 ml. The reaction was run for 10 min at 378C and the

carbamoyl phosphate was converted to hydroxy-urea by

the addition of 2 M-hydroxylamine (30ml), and incubated

for 10 min at 958C. To quantify the hydroxy-urea, 2·4 ml of

chromogenic reagent was added followed by an incubation

of 15 min at 958C. After cooling the samples at room tempera-

ture, absorbance was measured at 458 nm in a spectropho-

tometer. OTC activity was measured following the technique

reported by Bagrel et al.(28). The reaction mixture consisted

of 20 mM-ornithine/urease solution (400ml) and 100mg mito-

chondrial protein. The mixture was incubated at 378C for

5 min and 50 mM-carbamoyl phosphate solution (400ml) was

added, and incubated for another 20 min. The reaction was

stopped with 1 ml TCA (100 g/l). Subsequently, the tubes

were centrifuged at 5000 rpm for 10 min, and 1 ml of the

supernatant fraction was added to diacetyl monoxime solution

(100 mM) and 4 ml of phosphoferric–antipyrine reagent (anti-

pyrine 65 mmol, FeCl3 12·5 mmol, 625 ml H3PO4 and 375 ml

distilled water) to detect the citrulline formed by the action

of the OTC. The mixture was incubated in a boiling water-

bath for 20 min followed by 10 min at room temperature.

Finally, the colour was read in a spectrophotometer at 460 nm.

Data analysis

Data were grouped for experimental condition and time, and

are presented as mean values with their standard errors. They

were compared with a two-way ANOVA for independent

measures with a factor for group (two levels) and a factor

for time (eight levels). In order to determine significant time

effects for each curve, a one-way ANOVA was performed

for individual groups. The one- and two-way ANOVA were

followed by a Tukey post hoc test with significant values set
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at P,0·05. Statistical analysis was performed with the program

GraphPad Prism (version 5.0 for Windows; GraphPad Software).

All graphs were drawn using the Sigmaplot curve-fitting

program (Jandel Scientific).

Results

24 h Rhythmicity of subcellular distribution of liver
glucocorticoid receptor

Fig. 1 shows the daily pattern of the liver a subunit of the GCR

in rats fed ad libitum and under DRF. The ad libitum group

showed a peak in GCR presence in nuclear and cytosolic frac-

tions in the transition between light and dark periods (Fig. 1(a)

and (b), respectively), as was expected in ad libitum-fed

conditions. This 24 h pattern is analogous to the pattern of

circulating corticosterone reported elsewhere(11). In contrast,

the GCR pattern in the DRF group showed significant differ-

ences in both fractions: no fluctuation in the nuclear fraction

was observed, and the values were lower than those of the

ad libitum group in the light and dark periods (Fig. 1(a)

and Table 1). In contrast, DRF promoted a marked increased

in the cytosolic presence of the GCR (about 159 %), with

two peaks, one at the times before and after food access

(11.00 and 14.00 hours), and the other in the transition

between light and dark periods (Fig. 1(b) and Table 1).

This 24 h pattern was similar to the one described for circu-

lating corticosterone in rats under the DRF protocol(11).
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Fig. 1. Daily variations of glucocorticoid receptor (GCR) in the liver during a protocol of daytime restricted feeding (DRF). Western blotting of the 24 h cycle for

GCR in rats fed ad libitum (AL; W) and under DRF (X) in nuclear (a) and cytosolic (b) fractions. Lights were on at 08.00 hours and off at 20.00 hours. The dark

red box indicates the mealtime period (12.00 to 14.00 hours). Tubulin and b-actin were used as loading controls for nuclear and cytosolic fractions, respectively.

Data are means of at least eight independent observations, with standard errors represented by vertical bars. Representative Western blot experiments are

shown. * Mean value was significantly different from that of the AL group (P,0·05; Tukey post hoc test).

Table 1. Liver glucocorticoid receptor in liver homogenate, nucleus and cytosol in rats under a protocol of daytime restricted
feeding (DRF)†

(Mean values of at least eight independent observations with their standard errors)

Glucocorticoid receptor:b-actin or tubulin (relative concentration)

Homogenate Nucleus Cytosol

AL DRF AL DRF AL DRF

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Average 0·61 0·12 1·49* 0·28 0·46 0·20 0·21 0·05 1·43 0·37 3·70* 0·89
Light 0·63 0·11 1·54* 0·21 0·39 0·17 0·20 0·04 1·21 0·29 3·90* 0·96
Dark 0·59 0·12 1·43* 0·35 0·54 0·24 0·22 0·06 1·65 0·45 3·48* 0·80

AL, ad libitum (control).
* Mean value was significantly different from that of the AL group (P,0·05; Tukey post hoc test).
† Comparison between groups fed AL and under DRF of average values of the 24 h cycle, the light period (08.00, 11.00, 14.00 and 17.00 hours) and the

dark period (20.00, 23.00, 02.00 and 05.00 hours). Values were calculated from data in Fig. 1.
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No differences were observed in the effect of DRF promoting

the higher levels of liver GCR when light and dark periods

were compared (Table 1).

As to the control of feeding conditions, the effect of fasting–

refeeding on the presence of liver GCR is shown in Fig. 2.

A period of 1 d of fasting followed by 2 h of food access did

not affect the presence of GCR in liver homogenate. However,

2 d of fasting promoted a significant increase that reverted

after mealtime. In comparison, DRF showed higher levels of

GCR than the groups of 1 d fasting–refeeding, but without

differences from the rats with fasting–refeeding of 2 d

(Fig. 2(a)). In the nuclear fraction an effect of refeeding

decreasing the levels of GCR after 1 d of fasting was evident,

an effect that was not observed in the groups of 2 d fasting–

refeeding. A significant reduction of GCR was shown in the

rats under DRF (about 85 %), in comparison with both controls

of feeding condition (Fig. 2(b)). In contrast, in the cytoplasmic

fraction the presence of GCR in the DRF groups was increased

about four times in comparison with both controls of feeding

condition. A discrete but significant diminution was observed

after 2 d of fasting that was partially reverted by meal access

(Fig. 2(c)).

The occurrence of corticosterone, the active glucocorticoid

in rodents, within the liver depends on the activity of a

system formed by two enzymes: the NADPH-dependent

11b-HSD-1 and the NADPH-regenerating H6PDH. Fig. 3

shows the effect of DRF on the presence and activity of

11b-HSD-1 (Fig. 3(a) and (b), respectively), as well as the

activity of H6PDH (Fig. 3(c)). In spite of some tendencies,

no significant changes were observed: None of these par-

ameters showed a rhythmic pattern, and neither was there

any significant difference between the temporal patterns of

the control ad libitum group and the DRF-treated rats. In con-

trast, acute fasting–refeeding of 1 and 2 d showed significant

changes in the presence and activity of 11b-HSD-1 in compari-

son with the DRF group (Fig. 4). It can be seen in Fig. 4(a) that

the presence of 11b-HSD-1 was responsive to the feeding con-

dition, since there was a discrete but significant reduction

caused by refeeding in the group of 1 d of acute treatment

as well as in the DRF rats. However, the most conspicuous

difference was in the higher levels of this enzyme promoted

by the DRF protocol: it increased about 95 % in fasting and

about 70 % in the fed state (including 1 and 2 d of acute treat-

ment). The activity of 11b-HSD-1 was also sensitive to the fast-

ing–refeeding protocol (Fig. 4(b)). This time the activity was

higher after refeeding in both acute treatments (1 and 2 d),

but not in the DRF groups. In accordance with the Western

blot results, the activity of 11b-HSD-1 was two to four times

significantly higher in the rats under the DRF protocol.

Hence, the data indicated an up-regulation of 11b-HSD-1

promoted by restricted food access. The fasting–refeeding

condition did not affect the activity of H6PDH in any of the

experimental groups (Fig. 4(c)).

Glucocorticoid hormones are some of the principal endo-

crine regulators of the induction and activity of the enzymes

underlying the urea cycle(29). Fig. 5 shows the effect of the

DRF protocol on the 24 h rhythmicity of circulating urea

(Fig. 5(a)) and the activities of the liver mitochondrial

enzymes of the urea cycle: CPS1 (Fig. 5(b)) and OTC

(Fig. 5(c)). In agreement with the temporal pattern of circulat-

ing corticosterone(11) and nuclear and cytoplasmic liver GCR

(Fig. 1), circulating urea in the ad libitum rats depicted a

peak in the transition between the light and the dark periods

(Fig. 5(a)). Differently, DRF promoted high levels of urea pre-

ceding food access (at 11.00 hours), which decreased to very

low levels in response to mealtime (14.00 hours). After 17.00

hours, the circulating urea was enhanced to reach a peak

(08.00 and 11.00 hours) just before feeding (Fig. 5(a)). In

spite of the dissimilar rhythmicity, there was no change in

the average values of blood urea between the ad libitum

and DRF groups, or in the values measured in the light and
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Fig. 2. Comparison between a daytime restricted feeding (DRF) protocol and

fasting and refeeding (about 1 and 2 d) on the levels of glucocorticoid recep-

tor (GCR) in the liver. Western blotting of GCR in groups of fasting and

refeeding (Re-f) for about 1 and 2 d, as well as rats under DRF. Experiments

were done in liver homogenate (a), nuclear fraction (b) and cytosol (c). ( ),

Fasting about 1 and 2 d; ( ), fasting about 1 and 2 d plus 2 h refeeding; ( ),

DRF before (at 11.00 hours) and after (14.00 hours) food access. Tubulin

(for nucleus) and b-actin (for homogenate and cytosol) were used as loading

controls. Data are means of at least eight independent observations, with

standard errors represented by vertical bars. * Mean value was significantly

different from that for fasting 1 d (P,0·05; Tukey post hoc test). † Mean

value was significantly different from that for Re-f 1 d (P,0·05; Tukey

post hoc test). ‡ Mean value was significantly different from that for fasting

2 d (P,0·05; Tukey post hoc test).
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in the dark periods (Table 2). CPS1 is the rate-limiting enzyme

of the urea cycle. It had a rhythm in the ad libitum group, with

higher values (about 44 %) in the darkness (Fig. 5(b) and

Table 2). CPS1 rhythm was lost in the DRF group, but food

restriction caused significant higher CPS1 activity during the

light period (about 72 %) (Fig. 5(b) and Table 2). Diurnal vari-

ation of OTC showed constant values in the ad libitum rats,

with the exception of a significant diminution at 05.00 hours

(Fig. 5(c)). In contrast, DRF promoted a very different rhythmi-

city in OTC activity, with low values in the light period and a

significant increment in the darkness (about 80 %) (Fig. 5(c)

and Table 2).

Fig. 6 shows the effects of fasting–refeeding on the levels of

circulating urea and the activities of CPS1 and OTC. Urea in

blood was responsive to the feeding condition, decreasing

by about 28 % and by about 44 % by refeeding after 1 and

2 d of fasting, respectively. The effect associated with food

access showed a more accentuated response in the groups

under the DRF protocol (reduction of about 62 %) (Fig. 6(a)).

The activity of CPS1 did not show any change comparing

the fasted and the fed states in all conditions (1 and 2 d of fast-

ing–refeeding, and DRF at 11.00 hours and 14.00 hours).

However, it was evident that the activity of CPS1 in the

groups under the DRF protocol decreased by more than

50 % in comparison with their control groups of feeding con-

dition (Fig. 6(b)). In contrast, OTC activity was sensitive to

fasting–refeeding in a complex way: after 1 d of fasting,

refeeding increased OTC activity by about 50 %, but after 2 d

of fasting, refeeding reduced OTC activity by about 40 %.

Under the protocol of DRF, OTC activity was more similar to
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the 2 d of fasting–refeeding response since it was decreased

after mealtime by about 29 % (Fig. 6(c)).

Discussion

Restricted feeding during daytime for nocturnal animals is an

efficient Zeitgeber capable of influencing most of the aspects

of the circadian rhythmicity(30). Glucocorticoids are endocrine

messengers that are secreted rhythmically and contribute to

the diurnal entrainment of peripheral oscillators(12), including

a diverse range of functionally important circadian genes(18).

Because the 24 h rhythmicity of circulating corticosterone

changes in association with DRF(11), and the metabolic activity

of the liver is notoriously modified(10,31), the aim of the pre-

sent study was to explore features of glucocorticoid signalling:

(1) the subcellular distribution of GCR; (2) the availability

of corticosterone within the liver; and (3) parameters related

to the urea cycle (considered as one of the liver metabolic

outputs of glucocorticoid action).

Glucocorticoid signalling and restricted feeding schedules

An accepted marker in the DRF protocol is the appearance of

a peak of circulating corticosterone during the time of

FAA(10,11). Additional information is obtained when the 24 h

rhythm is considered: rats with restricted food access show

an increase of about 23 % in the daily level of blood corticos-

terone, and a second peak is seen in the transition between

the light and dark periods(11). The second peak of circulating

glucocorticoid is similar to the acrophase shown by the con-

trol group fed ad libitum, in amplitude and in time(11). Inter-

estingly, the temporal pattern of GCR in Fig. 1 is analogous to

the diurnal variations of circulating glucocorticoids: two peaks

in the DRF group (only in the cytosolic fraction) and one peak

in the group fed ad libitum (in both the cytoplasmic and

nuclear fractions). These data indicate that the 24 h rhythmicity

of GCR under DRF is controlled by an oscillatory mechanism

different from the one regulating diurnal variations of GCR in

ad libitum conditions. One possibility is that this oscillator

could be the FEO, but more experiments are needed to test

the feasibility of this notion.

An outstanding result of the present study is the significant

increase (about 150 %) in the presence of liver GCR in the

DRF protocol, mainly in the cytoplasmic fraction (Fig. 1 and

Table 1). Dutta & Sharma(32) also reported an enhanced

level (about 41 %) of GCR in the hepatic cytosolic fraction of

Balb/c mice fed on alternate days for a period of 3 months.

The feeding protocol and the rodent species used by these

authors were different from the experimental conditions in

the present study, providing possible explanations of the

evident difference in the magnitude in the increment of GCR

observed in the two reports. It has been reported that GCR

are up-regulated by the presence of glucocorticoid ligands,

and in response to the transcriptional activity of factors such

as cellular myeloblastosis (c-myb), cellular-E twenty-six

(c-Ets) and hepatocyte nuclear factor (HNF)-1a(33,34). In our

experimental protocol, the first condition is accomplished:

corticosterone is increased about 23 % under DRF(11), but the

participation of the other factors remains to be explored.

Besides the increment of liver GCR, another aspect that

changed noticeably in the rats under DRF was their subcellular

distribution: most of the receptors were located in the cytosol,

and only a small proportion within the nucleus (Fig. 1). It is

unlikely that this finding is due to modifications in the sedi-

mentary properties of the hepatic cellular fractions, since we

have observed no changes in the yield and the characteristics
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Fig. 4. Comparison between a daytime restricted feeding (DRF) protocol and

fasting and refeeding (about 1 and 2 d) on the presence and activity of

11b-hydroxysteroid dehydrogenase type 1 (11b-HSD-1), and the activity of

hexose-6-phosphate dehydrogenase (H6PDH) in the liver. Western blotting

(a) and activity (b) of 11b-HSD-1 and activity of H6PDH (c) in groups of fasting

and refeeding (Re-f) for about 1 and 2 d, as well as rats under DRF. Exper-

iments were done in the liver microsomal fraction; for Western blot exper-

iments; b-actin was used as the loading control. ( ), Fasting about 1 and 2 d;

( ), fasting about 1 and 2 d plus 2 h refeeding; ( ), DRF before (at 11.00

hours) and after (14.00 hours) food access. Data are means of at least eight

independent observations, with standard errors represented by vertical bars.

* Mean value was significantly different from that for fasting 1 d (P,0·05;

Tukey post hoc test). † Mean value was significantly different from that for

Re-f 1 d (P,0·05; Tukey post hoc test). ‡ Mean value was significantly differ-

ent from that for fasting 2 d (P,0·05; Tukey post hoc test). § Mean value was

significantly different from that for DRF 11 h (P,0·05; Tukey post hoc test).
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of the mitochondrial(35) and microsomal (A Báez-Ruiz and

M Dı́az-Muñoz, unpublished results) fractions under the DRF

protocol. In the cytoplasm, the GCR interact with heat shock

proteins forming dynamic complexes that are subject to

circadian regulation(36). Upon ligand contact, the heat shock

proteins dissociate and the activated GCR is translocated into

the nucleus to exert a transcriptional role. However, recent

reports also indicate a signalling activity of the glucocorti-

coid–GCR complex in the cytosol, in complement to the

nuclear transcriptional activity. These actions may involve the

modulation of ligand- and voltage-dependent ion channels,

and the activation of G proteins and extracellular signal-

regulated kinase-1/2 (ERK1/2)-related pathways(13). The

possibility that these actions could take place in the liver of

rats under DRF is high because of the elevated ratio of cytosolic:

nuclear GCR, but additional experiments should be done.

Similarly to the 24 h fluctuations of blood corticosterone, the

rhythm shown by the cytoplasmic GCR in DRF rats also

showed a bimodal pattern. The existence of two peaks associ-

ated with DRF (one at a time of food access and the second in

the day–night transition) has been observed in other par-

ameters: in the liver, presence of Per1, PPARa and g(11,37),

phosphoenolpyruvate carboxykinase (PEPCK) and acylCoA

oxidase activities (data not shown) as well as in FAA(38). A ten-

tative explanation for this bimodal pattern is a dual control

exerted by different oscillatory mechanisms (i.e. the SCN

and FEO).

Within the liver of rodents, the active ligand corticosterone

is in redox equilibrium with the inactive metabolite cortisone.

The formation of corticosterone requires the activity of the

NADPH-dependent enzyme 11b-HSD. The NADPH is sup-

plied by the microsomal enzyme H6PDH. Both enzymes

have been considered as diabetogenic factors and are

involved in obesity as well as in the generation of the meta-

bolic syndrome(39). The present results did not show changes

in the rhythmicity of both enzymes, or an effect by feeding
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Fig. 5. Daily variations of circulating urea and activities of carbamoyl phosphate synthetase-1 (CPS1) and ornithine transcarbamylase (OTC) in the liver during a

protocol of daytime restricted feeding (DRF). Rats were fed ad libitum (AL; W) or were under DRF (X). (a) The 24 h cycle of circulating urea; (b) 24 h cycle of

CPS1 activity; (c) 24 h cycle of OTC activity. Enzymic activities were measured in the liver mitochondrial fraction. Lights were on at 08.00 hours and off at 20.00

hours. The dark red box indicates the mealtime period (12.00–14.00 hours). Data are means of at least eight independent observations, with standard errors

represented by vertical bars. * Mean value at a time point was significantly different from that of the AL group (P,0·05; Tukey post hoc test).
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condition. However, it should be considered that the enzymic

assays were done in in vitro conditions and possibly far from

the biochemical circumstances of the intracellular milieu.

Urea cycle parameters and restricted feeding schedules

GCR output varies according to the metabolic and physiologi-

cal condition of each tissue, depending on a complex set of

transcriptional co-activators and co-inhibitors. Not only the

presence but also covalent modifications can modulate the

activity of GCR(40). In addition, GCR can initiate a cascade of

gene activation and act through intermediate factors to finally

modulate the output of metabolic pathways. Reddy et al.(18)

reported that only about 24 % of the circadian genes regulated

by dexamethasone contain glucocorticoid response elements.

Glucocorticoids fulfill many different functions in body

homeostasis and stress responses(41). Among the principal tar-

gets of these hormones is the regulation of N metabolism,

which in ureotelic organisms is accomplished by the urea–

ornithine cycle, an enzymic system that converts ammonia

into urea in the periportal section of the liver(42). The urea

cycle is controlled by both nutritional (fasting and high-pro-

tein diet) and hormonal (glucagon and glucocorticoids) fac-

tors, whereas insulin acts as an inhibitory signal(43).

So far, no reports have been published exploring the rhyth-

micity of urea cycle-related parameters in the DRF protocols.

Our findings showed an evident change in the 24 h rhythmicity

of circulating urea and in two of the most important enzymes in

the urea cycle, CPS1 and OTC (Fig. 5). The temporal pattern of

urea and corticosterone in blood, as well as liver GCR, showed

a good coincidence in the control and experimental groups: in

the ad libitum rats a single peak in the transition between the

light and dark periods, and two peaks (during FAA and also

in the transition between light and dark) in the rats under the

DRF protocol. A distinctive feature is the marked decrease in

circulating urea and corticosterone after feeding(11), maybe a

response to an intense insulin signalling. Micro-array data indi-

cated a down-regulation of some genes related to the urea cycle

at this time: at 11.00 hours, CPS1 and argininosuccinate synthe-

tase-1; at 14.00 hours, arginosuccinate synthetase-1 and argino-

succinate lyase (data not shown). In spite of the significant

changes in the rhythmicity of plasma urea, the average value

in the ad libitum and DRF groups was very similar (Table 2),

suggesting that 2 h restricted feeding did not promote a nega-

tive energy balance. Transcriptional regulation of the urea

cycle involves a variety of factors such as CCAAT-enhancer-

binding proteins (C/EBP), specificity protein 1 (Sp1), neuro-

fibromin 1 (NF-1), nuclear factor Y (NF-Y) and HNF-4a. The

action exerted by glucocorticoid signalling on the urea cycle

is mediated mainly by HNF-4a(18,44). It remains to be explored

if HNF-4a is also modulated during DRF.

CPS1 is an abundant mitochondrial enzyme that initiates a

set of reactions in the urea cycle. Its activity is allosterically

dependent on N-acetylglutamate(45). The average of the 24 h

levels was higher in the DRF group, mainly because of an

increment in CPS1 activity during the light period (Fig. 5

and Table 2). This difference is most probably due to an

augmentation in the presence of the enzyme. It remains to

be explored if the availability of N-acetylglutamate is regulated

by food restriction. It has been reported that sirtuin 5,

a deacetylase mitochondrial enzyme, recognises CPS1 as a

substrate, resulting in an enhancement of its activity(46). This

fact relates CPS1 to the nutritional state of the organism,

since sirtuins are a family of NADþ-dependent proteins that

are responsive to the metabolic status of the cell(47).

OTC is the second enzyme of the urea cycle and also

located within the liver mitochondria. Its activity is only

slightly responsive to hormonal stimulation (glucagon and

glucocorticoids), but it shows a very clear diurnal rhythmi-

city(18,48). The DRF protocol promoted a substantial change

in the 24 h rhythmicity of OTC in comparison with the control

group fed ad libitum (Fig. 5(c)). OTC is not an allosteric

enzyme, but recently it was demonstrated that is also

regulated by acetylation–deacetylation, not by sirtuin 5, but

by sirtuin 3. As with CPS1, deacetylation of OTC increases

its activity(49).

Circadian adaptations of liver metabolism during restricted
feeding

After 3 weeks, daily rhythmicity is greatly modified by 2 h

of daytime restricted food access. The adaptations occur at

several levels: (1) a great hyperphagia after mealtime alters

the process of nutrient assimilation(50); in consequence, the

Table 2. Urea cycle-related parameters in rats under a protocol of daytime restricted feeding (DRF)‡

(Mean values of at least eight independent observations with their standard errors)

Urea (mg/l)
CPS1 (mmol hydroxy-urea/mg

protein per min)
OTC (mg citrulline/mg

protein per min)

AL DRF AL DRF AL DRF

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Mean 412·0 34·0 386·0 38·0 0·22 0·02 0·29* 0·03 0·68 0·05 0·50* 0·06
Light 431·0 39·0 400·0 37·0 0·18 0·02 0·31* 0·03 0·72 0·04 0·36* 0·03
Dark 393·0 30·3 371·0 38·0 0·26† 0·02 0·28 0·03 0·64 0·06 0·65† 0·09

CPS1, carbamoyl phosphate synthetase-1; OTC, ornithine transcarbamylase; AL, ad libitum (control).
* Mean value was significantly different from that of the AL group (P,0·05; Tukey post hoc test).
† Mean value was significantly different from that in the light period (P,0·05; Tukey post hoc test).
‡ Comparison between groups fed AL and under DRF of average values of the 24 h cycle, the light period (08.00, 11.00, 14.00 and 17.00 hours) and

the dark period (20.00, 23.00, 02.00 and 05.00 hours). Values were calculated from data in Fig. 5.
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content of food in the gastric chamber last about 20 h and pro-

motes changes in the rhythm of circulating ghrelin (data not

shown); (2) 24 h fluctuations of a number of endocrine signals

are largely modified, including thyroid hormones(51), growth

hormone and insulin-like growth factor-1 (data not shown),

and cytokines(11); (3) an enhancement in lipid mobilisation

from the adipose tissue and reduction of hepatic glycogen

degradation(31,52); and (4) change in the set point of regulatory

parameters in the metabolic control of the liver such as cyto-

plasmic and mitochondrial redox state as well as adenine

nucleotide-related energy charge(10). The modifications

include not only phase shifts of 24 h rhythmicity, for example,

expression of liver PER1(11), but also significant increment

(for example, liver peroxisomal markers(37)) or reduction

(for example, activity of liver phosphoenolpyruvate carboxy-

kinase (PEPCK), data not shown) in the amplitude of diurnal

rhythms. In addition, some parameters show a significant

increment (for example, mitochondrial proton-motive electro-

chemical force(35)), whereas others are reduced (for example,

leptin(50)). One possible interpretation of all these modi-

fications underlying circadian entrainment to food is the

emergence of an alternative distributed oscillator different

from the SCN, known as the FEO that integrates metabolic,

physiological and behavioural responses(53,54).

It is in this context in which the findings of the present

research should be considered: upon the DRF protocol or

expression of the FEO, glucocorticoid signalling adopts

a new category of rheostatic equilibrium in which there

is an up-regulation of GCR as well as a modification in the

rhythmicity of the urea cycle.
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35. Báez-Ruiz A, Escobar C, Aguilar-Roblero R, et al. (2005)
Metabolic adaptations of liver mitochondria during restricted
feeding schedules. Am J Physiol Gastrointest Liver Physiol
289, G1015–G1023.

36. Reinke H, Saini C, Fleury-Olela F, et al. (2008) Differential
display of DNA-binding proteins reveals heat-shock factor
1 as a circadian transcription factor. Genes Dev 22, 331–345.
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