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Abstract. 
Many physiological processes and most endocrine functions show fluctuations over the course of the day. These so-called circadian rhythms are governed by an endogenous network of cellular clocks and serve as an adaptation to daily and, thus, predictable changes in the organism’s environment. Circadian clocks have been described in several tissues of the stress axis and in adipose cells where they regulate the rhythmic and stimulated release of stress hormones, such as glucocorticoids, and various adipokine factors. Recent work suggests that both adipose and stress axis clock systems reciprocally influence each other and adrenal-adipose rhythms may be key players in the development and therapy of metabolic disorders. In this review, we summarize our current understanding of adrenal and adipose tissue rhythms and clocks and how they might interact to regulate energy homoeostasis and stress responses under physiological conditions. Potential chronotherapeutic strategies for the treatment of metabolic and stress disorders are discussed.



1. Introduction
In order to optimise survival in a temporally variable environment, many behavioural and physiological processes have evolved to have an optimally timed expression. These rhythmic processes may oscillate over the course of a year, a month, or a day and synchronise to the external environment in order to save energy at times when these processes would be inappropriate. Circadian clocks (from Latin circa diem, about a day) influence almost all biological processes from sleep-wake rhythms, food intake, energy metabolism, body temperature, immune function, and cardiovascular function to cell proliferation [1] and allow for accurate coordination of these processes with a period of approximately 24 h in the absence of external timing signals. Synchronisation of the circadian clock to the external environment occurs via stimuli such as light and food intake, the so-called zeitgebers (from German, time giver). It is currently accepted that the circadian regulation of physiology and behaviour occurs in a hierarchical manner, with a master clock residing in the paired structure of the suprachiasmatic nuclei (SCN) in the anterior hypothalamus, which receives light input via the retinohypothalamic tract, and downstream subordinate clocks that occur in various tissues. In mammals at least, it is considered that most tissues and cells contain functional molecular clockwork similar to that of the SCN [2], and within the hierarchical organisation of circadian timekeeping the adrenal gland plays a key role, since adrenocortical glucocorticoid rhythms are thought to synchronise clocks in various peripheral and central tissues [3–5].
According to the current model, the molecular circadian clock consists of interlocked transcriptional-translational feedback loops (TTLs), with the positive arm being composed of the transcription factors circadian locomotor output cycles kaput (CLOCK) or neuronal PAS domain-containing protein 2 (NPAS2) and brain and muscle aryl hydrocarbon receptor nuclear translocator-like 1 (BMAL1; also called ARNTL or MOP3). These form heterodimers via PAS domains to activate transcription of genes containing circadian transcription factor binding E-box elements including Period (Per 1–3) and Cryptochrome (Cry1/2), expressed in subjective daytime and comprising the negative arm of the core TTL. PER/CRY complexes translocate to the nucleus where they accumulate over time and inhibit CLOCK-BMAL1 or NPAS2-BMAL1 activity. In this way Per and Cry transcription is suppressed during subjective night-time, and the cycle completes as Per/Cry complexes are degraded towards the morning when CLOCK/NPAS-BMAL1 inhibition is released. Further, stabilizing TTLs include the nuclear hormone receptors REV–ERB and REV–ERBβ and ROR which regulate Bmal1 expression and the basic helix-loop-helix transcription factors DEC1 and DEC2 [6, 7].
The hypothalamic-pituitary-adrenal (HPA) axis and glucocorticoids in particular have wide ranging effects on physiology and behaviour. Glucocorticoids are involved in the stress response, being secreted rapidly along with epinephrine under acute stress, and exert influence on metabolic functions such as glucose homeostasis, as well as immune and cognitive processes [8–11]. Therefore, the disruption of glucocorticoid rhythmicity is implicated in several pathologies. An interaction between the HPA axis and adipose physiology has long been proposed, and the effect of adipokines, adipose derived cytokines, on physiology, particularly with regard to metabolic disorders, is an area of active research.
In modern industrial societies, life-style and work demands increasingly interfere with endogenously determined circadian rhythms. Off-shift workers suffer from disrupted sleep-wake and eating rhythms. Frequent intertime zone travel leads to a misalignment between internal and external time. Moreover, work- or leisure-associated early or late wake times have led to the wide-spread phenomenon of social jet lag, where internal rhythms are overrun by artificial zeitgebers resulting in accumulation of sleep debt, for example, during the working week. Together this has led to an increased interest in the interaction of circadian rhythms and health parameters. Several metabolic disorders are associated with circadian disruption [12–14], and obesity in particular is often accompanied by altered HPA axis rhythmicity [15–18]. This review will discuss the circadian aspects of HPA axis regulation and adipokine secretion, their known interactions, and the potential consequences for human physiology.
2. Regulation of the HPA Axis Circadian Rhythm
Glucocorticoids are key components of the hypothalamic-pituitary-adrenal (HPA) axis and act as the final effectors of this axis on other systems. The HPA axis is regulated in a classical endocrine negative feedback loop. Briefly, the production of the neuropeptides corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) occurs at the paraventricular nucleus of the hypothalamus (PVN) under the circadian influence of the SCN and stress-induced signals from the brainstem and the limbic forebrain [19, 20]. Both reach the pituitary via the hypophyseal blood portal system and stimulate corticotrophin (adrenocorticotropic hormone (ACTH)) secretion into the circulation. ACTH in turn stimulates the production of glucocorticoids at the adrenal cortex, and glucocorticoids provide negative feedback by inhibiting the production of CRH at the PVN and ACTH at the pituitary. Steroidogenesis occurs at the adrenal cortex where ACTH binds to the melanocortin 2 receptor (MC2R) leading via cAMP-PKA signalling pathways to the transcription of steroidogenic genes such as cholesterol side chain cleavage enzyme (CYP11A1) and steroidogenic acute regulatory protein (StAR). In turn the key rate limiting stage of glucocorticoid production occurs with the transportation of cholesterol into adrenocortical cells via scavenger receptor class B member 1 (SR-B1) and low-density lipoprotein (LDL) receptors, and into the mitochondria by StAR.
The rhythmic release of glucocorticoids into the circulation occurs in a robust circadian fashion under nonstressed conditions [21]. Such is the robustness of the circadian cortisol rhythm in humans, that it has been used as a marker for the general circadian health of an individual [22–24]. Circadian glucocorticoid rhythms peak slightly before the onset of the active phase in the late light phase for nocturnal species (e.g., rats and mice) and in the late dark phase for diurnal species including humans [25]. A true circadian rhythm, this glucocorticoid secretion pattern persists in a constant environment and relies on an intact SCN, first demonstrated in rats [26, 27]. The circadian pattern is overlaid by an ultradian rhythm consisting of pulses averaging between 80 and 110 minutes in humans and 50 and 60 minutes in rats. This ultradian rhythm has been demonstrated in vivo to be independent of the SCN or any connection between the hypothalamus and pituitary [28, 29] and is controlled by negative feedback whereby glucocorticoids signal at pituitary glucocorticoid receptors (GRs) to suppress ACTH secretion [30]. The GR (also called NR3C1) is expressed throughout the body but is absent in the SCN [3] and mediates the acute effects of glucocorticoids which bind only during ultradian pulse peaks and rapidly dissociate from this receptor [31]. In addition, glucocorticoids also bind to the mineralocorticoid receptor (MR, sometimes called the corticosterone receptor) with high affinity, which has a more specific tissue distribution [32], allowing for a permissive or long-term activation during the peak of circadian glucocorticoid concentration. There is evidence for the involvement of the MR in adipose tissue function, and glucocorticoids in particular are thought to act via this receptor to modulate adipogenesis [33]. In addition to glucocorticoids, the mineralocorticoid aldosterone, important in the regulation of blood pressure, is known to have a circadian rhythm and act via the MR [34, 35]. Mice lacking Bmal1 are hypotensive [36] and in mice lacking both Cry1 and Cry2 the aldosterone rhythm is lost, being constantly high, and under a high salt diet these mice become hypertensive [34].
The circadian regulation of glucocorticoid release is not only controlled by the HPA axis but is under the influence of several factors. Aside from influencing the hypothalamic component of the HPA axis, the SCN also exerts its effects on the adrenal via the autonomic nervous system (ANS), and furthermore, the adrenal gland is in possession of its own circadian clock. Within the HPA axis, circadian rhythms exist in the concentration of circulating ACTH [37] and CRH expression in the PVN [38], but these rhythms do not synchronise well enough to explain the regulation of rhythmic glucocorticoid concentration [38, 39]. Moreover, glucocorticoid rhythms persist in the absence of rhythmic ACTH [40] or CRH [41]. The importance of ACTH for circadian glucocorticoid secretion should not be completely discounted, however, since ACTH can cause a phase dependent phase delay in adrenal glucocorticoid rhythms in vitro, indicated in tissue from mPER::Luciferase knockin mice [42], and ACTH can directly stimulate BMAL1 and PER1 expression in human explant adrenals [43]. In their 2014 study, Yoder and colleagues were able to stimulate a phase delay only, and so any effect of ACTH is independent of entrainment to the light cycle. Furthermore, the phase delay only occurred when stimulated at circadian time (CT) 18 in their experiments, and so although unlikely to be the main entrainment factor, ACTH may play a role in resetting the adrenal rhythm under certain conditions; that is, a stress response occurring at this vulnerable time may stimulate a phase delay of adrenal clocks.
The SCN exerts autonomic control over glucocorticoid rhythms via preautonomic PVN neurons projecting to sympathetic preganglionic intermediolateral neurons of the spinal cord and splanchnic nerve innervation of the adrenal [44]. The importance of the autonomic influence on glucocorticoid rhythms has been demonstrated in hypophysectomised rats [45, 46] and by splanchnic nerve transections [47, 48]. The mechanism of ANS stimulation of glucocorticoid rhythms remains to be elucidated and is reviewed in greater detail elsewhere [49].
Preceding the description of the molecular circadian clock, a robust circadian rhythm of steroid secretion was first demonstrated in isolated adrenal glands of the Syrian hamster [50], and more recently, rhythmic expression of clock genes has been well demonstrated in the adrenal cortex of both rodents and primates [51–56]. Approximately, 10% of the murine adrenal transcriptome shows circadian variation, including genes involved in cholesterol transport, steroidogenesis, and ACTH signalling [54]. Mice lacking genes from the negative arm of the TTL are hypercortisolic [5, 57] and in contrast, those lacking genes encoding BMAL1 or CLOCK are hypocortisolic [58, 59]. Clock deficient mice lack the rhythmic expression of StAR, being constantly high in Per1/2 −/− and Cry1/2 −/− mice [60], while Star shows reduced expression in Bmal1 −/− mice [58]. The relative importance of the central and local adrenal circadian clock in the regulation of glucocorticoid rhythm is an area of active research. The adrenal clock appears to have an important role to play in the regulation of adrenal ACTH sensitivity, being rhythmically regulated by a gating mechanism via the local circadian clock. In consequence, adrenals from clock-deficient mice without functioning Per2 or Cry1 have defective corticosterone synthesis when transplanted to wild-type adrenalectomized hosts [61]. The importance of StAR as a link between the molecular clock and steroidogenesis has been demonstrated by the overexpression of Clock and Bmal1 in the mouse adrenocortical Y1 cell line, which led to increased StAR expression and steroid production, and which was then inhibited upon application of antisense StAR oligodeoxynucleotides [60]. In the same study, Son and colleagues were able to demonstrate that an adrenal conditional knockdown of Bmal1 led to loss of StAR and intra-adrenal corticosterone rhythmicity in the absence of a light cue. Ex vivo cultured adrenals from mice lacking Bmal1 have blunted corticosterone secretion in response to ACTH [58]. Similarly, in explant studies on primate adrenal tissue, the knockdown of Cry2 and subsequent loss of Bmal1 expression were accompanied by blunting of ACTH stimulated increases in cortisol secretion as well as StAR and 3ß-hydroxysteroid dehydrogenase protein expression [62].
3. Glucocorticoid Synchronisation of Peripheral Clocks
The HPA axis, through glucocorticoids, exerts influence on many important biological processes, and glucocorticoids are proposed to have an important synchronizing role on peripheral circadian rhythms [3, 63]. Glucocorticoids have been found to broadly influence gene expression through GR [64]. When activated, the cytoplasmic GR, previously in an inactive complexed state, undergoes conformational changes and, after dimerization, translocates into the nucleus. In the nucleus GR activates transcription of glucocorticoid target genes by binding to glucocorticoid response elements (GREs) [65]. These GREs regulate expression of several genes including some core clock genes such as Per1, Per2, Npas2, and Rev-erbß [3, 4, 66, 67]. The capability of glucocorticoids to shift the rhythm of peripheral clocks has been demonstrated in vitro and in vivo with dexamethasone, a synthetic glucocorticoid analogue, inducing clock gene and clock dependent gene expression in rat fibroblasts. Furthermore, on administration to live mice dexamethasone was able to delay or advance the phase of clock gene expression in the liver, kidney, and heart depending on the time of injection [3]. More recently, evidence for the effect of glucocorticoids to influence circadian rhythms of human adipose tissue has also been provided [68].
In addition, in vitro studies indicate that molecular clock components are able to negatively regulate the action of GR to influence gene expression. CLOCK/BMAL1 is able to physically interact with GR to inhibit binding to GRE sites in order to suppress glucocorticoid stimulated gene expression in human colon cancer HCT116, and human cervical cancer HeLa cells [69]. Similarly in vitro and in vivo murine studies demonstrate the importance of Cry1 and Cry2 for suppression of glucocorticoid stimulated gene expression since both CRY1 and CRY2 are able to interact with the GR in order to oppose activation of this receptor [5].
4. HPA Axis Rhythmicity and Energy Homeostasis
Desynchrony between the central SCN clock and peripheral oscillators can be brought about by inappropriately timed food intake. Under normal conditions in mice, feeding is largely restricted to the dark phase. By restricting food access to the light phase, core clock genes such as Per1, Per2, Per3, Reverb , and Cry1 and clock output genes such as Dbp and Cyp2a5 are phase shifted by 8–12 h in the liver independent of SCN Per1/2 expression. In the same study, phase shifts were additionally observed for Dpb expression in the kidney, heart, and pancreas, while mice fed exclusively in the night had peripheral rhythms similar to those fed ad libitum [70]. These shifted peripheral clock rhythms correlate with changes in glucocorticoid signalling, with daytime feeding in mice causing an additional peak in circulating corticosterone in advance of the peak observed at 12 h following lights on (zeitgeber time; ZT 12) for ad libitum fed animals, and the phase shift in the liver was absent in mice lacking GR in this organ [71]. Outside the experimental context, timing of food intake can be influenced by social or environmental factors such as shift work, sleep curtailment, or inter-time-zone travel (jetlag). Interestingly, disruption of diurnal feeding rhythms can also be induced by high-fat diet, with mice roughly doubling the proportion of nutrient intake during the light phase after only one week. This alteration of diet is accompanied by dampening of clock gene expression rhythms in liver and fat tissue and altered rhythms of several circulating metabolic factors including corticosterone and leptin [72]. Thus, the timing of food intake, whether caused by environmental factors or influenced by diet composition, is likely important for the maintenance of peripheral and central clock synchrony.
Obesity is associated with a dampened circadian glucocorticoid rhythm in wild type and in genetically obese rodents [73–75] and humans [15–18]. A correlation between the abdominal fat distribution, elevated dietary lipid (and in particular higher saturated fatty acid) content, and disturbance of the HPA axis has been found in women, who have a low variability between morning and evening salivary cortisol. In the same study, women with less difference between morning and evening cortisol samples, as well as preferring food containing more saturated fatty acids, also had higher postprandial cortisol secretion [76].
On the other hand, mice with a genetically disrupted circadian clock display disrupted feeding rhythms and high propensity to metabolic disease [59, 77, 78]. Per1 mutant mice have constantly high corticosterone levels and fail to gain weight as efficiently as wild type animals despite the high body weight-adjusted food intake, suggestive of increased metabolic rate, along with increased glucose metabolism that the authors attribute to the lack of a robust glucocorticoid rhythm [78]. In Clock mutant mice, several genes important for appetite regulation lose rhythmic expression in the hypothalamus. This is associated with a strongly attenuated diurnal feeding rhythm as well as increased weight gain on both standard and high fat diet, going along with measurable detrimental effects on circulating metabolic parameters including glucose, cholesterol, triglyceride, and leptin levels [59]. In the Cry1/Cry2 double-deficient mouse, enhanced vulnerability to diet-induced obesity and metabolic syndrome has been demonstrated. As previously discussed, these mice are hypercortisolic and have impaired glucose metabolism [5]. When kept on a high fat diet, besides gaining more weight, these mice also show increased weight gain relative to food intake, associated with a loss of rhythmicity in metabolic rate, increased fat mass, and insulin secretion [57]. This is in contrast to mice lacking only Cry1, however, that are more resistant to diet-induced obesity and show decreased overall fat mass compared to wild type controls [79]. In the same study, Griebel and colleagues found no difference between Cry2 knockout mice and wild type controls in terms of the response to high fat diet [79]. Interestingly, glucocorticoids may play a role in adipocyte differentiation via the MR, with knockdown of this receptor, but not GR, inhibiting adipogenesis in the murine 3T3-L1 cell line [33].
5. Circadian Rhythms in White Adipose Tissue
Quantitatively, most white adipose tissue (WAT) is of either subcutaneous or visceral origin in humans. While subcutaneous depots mainly store energy and provide thermal insulation, internal WAT depots have a higher endocrine activity [80]. White adipocytes are long-term energy stores and accumulate energy in the form of triglycerides (TGs), which are either absorbed directly from the bloodstream or generated within the adipocyte by de novo lipogenesis [81]. In the converse process of lipolysis, white adipocytes break down TGs and release the resulting free fatty acids (FFAs) and glycerol into the circulation in order to support other organs during times of energy shortage or acute stress situations [82]. In order to prevent metabolic disorders, lipogenesis and lipolysis in white adipocytes are both tightly regulated since high concentrations of circulating FFAs and TGs can cause lipotoxicity and promote cardiovascular complications, and hyper-uptake of TGs can result in undue increase of adipose tissue mass. Therefore, these processes have evolved to be regulated not solely in response to food intake, but are under control of clock-mediated circadian rhythms [83, 84].
Local adipose transcription rhythms and a number of genes encoding key lipogenesis and lipolysis enzymes have promoters that harbour E-box elements, and thus are direct targets of the circadian clock [65]. Of more than 2,000 genomic loci in mouse liver that have been identified to be directly rhythmically regulated by BMAL1 and CLOCK using chromatin immunoprecipitation with parallel DNA sequencing (ChIP-seq), many encode genes which are involved in carbohydrate metabolism (e.g., Glut2, Pck1, and Gys2) and lipid metabolism (e.g., Dgat2, Lipe, and Pnpla2) [85]. It is still to be determined whether a similar extent of these BMAL1/CLOCK targets can be found in adipose tissue; however, it is known that BMAL1 directly and rhythmically controls the transcription of Lipe and Pnpla2 in WAT. In addition, robust and coordinated expression of circadian oscillator genes (Npas2, Bmal1, Per1–3, and Cry1-2) and clock-controlled downstream genes (Rev-erb , Rev-erbβ, Dbp, E4bp4, Stra13, and Id2) has been described for several murine adipose tissues [86]. Furthermore, the molecular clock can be linked to lipid metabolism since PER2 directly and specifically represses the activity of peroxisome proliferator-activated receptor gamma (PPARγ), a nuclear receptor critical for adipogenesis, the regulation of insulin sensitivity, and inflammatory responses. Thus, PER2 is proposed to have an important role to play in the regulation of PPARγ-mediated adipogenesis [87]. The circadian timing system regulates the rate of lipid storage and mobilisation over the course of the day to ensure optimal energy supply and metabolism. The action of adipose tissue is dictated by the active and rest phases of the daily cycle. In humans this means that storage and lipogenesis both occur during the daytime when active food intake allocates energy demands, and reciprocally, the release of glycerol and FFAs is predominantly restricted to the night [84]. In nocturnal mammals, as with most rodents, this process is accordingly reversed [83].
Adipokines are peptide hormones that are produced in and secreted from adult adipocytes, regulating diverse biological processes and underlying the key role of adipose tissue in the regulation of energy homeostasis [88–90]. As with lipid mobilisation, the secretion of numerous adipokines is under circadian control (reviewed in [91]), with leptin and adiponectin being the most prominent adipocyte derived peptide hormones with a distinct diurnal rhythm. These adipokines have diverse actions; they are involved in metabolic regulation and control important aspects of lipid metabolism, glucose disposal, and adipose endocrine function [92–94]. The rhythmicity of adipokine secretion appears to rely on intrinsic circadian oscillators, a combined control via the master pacemaker in the SCN and local control at the level of adipocyte clocks [83].
Leptin can act directly at the hypothalamus, the main region of energy homeostasis regulation in the brain, to increase energy turnover and inhibit appetite [95]. Irrespective of diurnality or nocturnality, for mice, rats, and humans, leptin concentration peaks at night. In humans this is during the normal rest phase, when hunger is suppressed and metabolic turnover in adipose tissue sustains energy supplies. Disrupted leptin secretion is associated with night eating syndrome, an eating disorder where the patient’s sleep cycle is disrupted and significant quantities of food are consumed during the night [96, 97]. Altered leptin concentrations can be also observed in shift workers and this is associated with diminished satiety and obesity [98]. A large part of the metabolic activity of adipose tissue relies on the interaction of leptin, adiponectin, and insulin. Adiponectin is considered important for the modulation of cellular glucose uptake, adipocyte insulin sensitivity, and fatty acid break down [99, 100]. While in lean patients the blood content of adiponectin and leptin oscillates inversely, the adiponectin concentration in obese patients is decreased while leptin is elevated [100].
The expression of GR in white adipose tissue also oscillates with a diurnal rhythm. Under unstressed conditions the mRNA expression of GR in rat WAT peaks at the transition from the light/inactive to the dark/active period [101] just as in humans the highest concentration of circulating cortisol is reached in the early active phase [102]. Cortisone reductase (also known as 11β-hydroxysteroid dehydrogenase type 1; 11βHSD-1) is the key enzyme that locally regenerates the inactive form of 5-tetrahydrocortisol (humans) or 11-dehydrocorticosterone (rodents) [103–105]. While its expression in rat hippocampus oscillates in a circadian manner, rhythms of 11βHSD-1 in peripheral tissues could not be determined [105]. The expression of 11βHSD-1 is locally controlled and is important for amplifying glucocorticoid feedback to the HPA axis, in addition to influencing glucocorticoid action. Under obese conditions hippocampal oscillation is dampened in rats, and with a disturbed HPA axis function the local 11βHSD-1 activity and GC action are also altered [104, 105].
6. Interactions between the HPA Axis and Adipose Rhythms
As with the majority of peripheral rhythms investigated, the intrinsic adipocyte clock is synchronised by the SCN via neuronal and endocrine pathways. These SCN pathways to the periphery overlap closely with that of the HPA axis and enable potential interactions. Disrupted HPA axis rhythms are associated with the obese state and, in humans, obesity is correlated with increased glucocorticoid production and degradation, resulting in an overall higher cortisol turnover rate [106]. Furthermore, under stressed or hypocortisolaemic conditions, modulation of adipocyte and adipokine circadian rhythm is likely to occur. Indeed, GRE regions have been found in the promoter regions of several genes involved in adipocyte function, including triglyceride accumulation [107] and adipogenesis [108]. Moreover, human explant visceral and subcutaneous adipose tissue clock gene expression rhythms can be altered by dexamethasone administration [68]. In light of this, an interaction pathway with the HPA axis to mediate food intake and body weight via the circadian output of adipocytes is postulated [91]. Since chronic stress is correlated with disrupted or dampened rhythmicity in adipose function [109], this may increase the propensity of weight gain and adiposity further, promoting the development of metabolic disorders such as diabetes under long-term stress exposure[110]. In contrast, the stress response is altered in different metabolic states and in particular is hyperresponsive under obese conditions [111].
Leptin is the best studied of all adipokines to date, and although this is an area of active research, the majority of evidence for adipokine interaction with the HPA axis exists for this peptide. In the healthy state, glucocorticoids are generally considered catabolic and are known to strongly affect leptin expression. In vitro glucocorticoid application to isolated adipocytes stimulates the synthesis and secretion of leptin [112–115]. In rats, the peripheral infusion of glucocorticoids induces Ob (leptin) gene expression in adipose tissue and overall hyperleptinaemia, resulting in decreased food intake and a reduction in body weight [116, 117]. This is also true for humans, with peripheral administration of glucocorticoids increasing leptin secretion. Therefore, it can be suggested that an impaired adrenal function and resulting hypocortisolemia leads to lower leptin expression in humans and rodents [118–124]. Direct hypothalamic leptin application generates a similar effect on food consumption as reviewed by Friedman and Halaas [125], suggesting that peripheral glucocorticoids may drive leptin mediated appetite effects. In contrast, constant (and therefore arrhythmic) central infusion of glucocorticoids has been demonstrated to increase food intake and body weight, with concurrent hyperleptinaemia, hyperinsulinaemia, and hypertriglyceridaemia that occur in obesity, possibly mediated by altered hypothalamic expression of neuropeptide Y and CRH as proposed for rats [117]. Therefore, a central stimulatory effect of glucocorticoids on food intake can be hypothesised and counter-regulated by elevated leptin levels, while central actions of leptin might be inhibited under glucocorticoid influence. It should be noted that the effect of glucocorticoid action on other factors such as insulin secretion might also play a role in mediating HPA axis effects on energy balance. However in patients with Cushing’s disease, characterised by pituitary or adrenal adenoma, hypercortisolemia, and disrupted cortisol rhythms, leptin levels are highly independent of adiposity, and removal of the tumour usually results in lowered levels of both cortisol and leptin [126, 127]. In contrast, adrenalectomized rats experience potent effects on food intake and body weight when leptin is administered, and this effect is inhibited by dexamethasone administration [128]. Taken together this suggests that high levels or disrupted blood rhythms of glucocorticoids may contribute to the leptin resistance observed in obesity. Of note, patients with Cushing’s disease develop increased visceral adiposity, while abdominal subcutaneous fat depots are depleted. This suggests that the impact of glucocorticoids on different kinds of adipose tissue varies enormously [129].
Interestingly, leptin deficient ob/ob mice show an intact circadian glucocorticoid rhythm despite an overall raised circulating concentration [130] in contrast to the db/db mouse, which lacks a functional leptin receptor and along with being hypercortisolaemic it also displays disrupted glucocorticoid rhythms [73]. A fasting induced increase in circulating glucocorticoid and ACTH concentration is accompanied by lowered circulating leptin and suppressed by administration of exogenous leptin [131]. Similarly, the high levels of glucocorticoids observed in ob/ob mice can be rescued by leptin substitution [73, 132].
A direct adipo-adrenal feedback loop has been postulated [133–135], with leptin being the suppressive arm and the HPA axis, specifically glucocorticoids, being the positive arm. The mechanism of action for leptin suppression of glucocorticoid concentration may be located at the level of the hypothalamus, since CRH secretion from isolated hypothalamic neurons is inhibited by leptin, but this is not true for ACTH secretion from isolated pituicytes [134]. Leptin is also capable of interacting directly with the adrenal gland, with functional leptin receptors being present in the adrenal cortex and to a lesser extent in the catecholamine-producing adrenal medulla [136, 137]. Furthermore, the leptin response is absent in adrenal cells from db/db mice [138]. Leptin has been found to inhibit basal and ACTH stimulated secretion of glucocorticoids in rodent and human adrenal tissue [136, 138, 139], with additional effects on the secretion of aldosterone in human adrenals being reported [136] (Figure 1).




	
	
		
			
			
			
			
			
			
			
			
			
				
				
			
			
			
			
			
			
				
				
			
			
			
				
				
			
			
			
				
				
			
			
			
				
				
			
			
			
				
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
				
			
			
		
		
			
			
				
				
					
					
				
				
				
					
					
				
				
				
					
					
				
				
				
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
					
				
				
			
			
				
				
				
				
			
			
			
				
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
					
					
				
				
				
					
					
					
				
				
			
			
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
			
			
				
				
				
				
			
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
		
		
			
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
				
				
				
			
			
			
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
				
					
					
					
				
				
			
		
		
			
		
		
		
		
		
		
			
				
					
						
					
						
					
				
			
		
		
			
				
					
						
					
						
					
				
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
		
		
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
		
		
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
		
		
			
				
					
						
					
						
					
				
			
			
				
					
						
					
						
					
				
			
		
	


Figure 1: Interaction of stress axis and adipose circadian rhythms. Rhythmic adrenal glucocorticoid (GC) release negatively feeds back on the HPA axis and stimulates lipid mobilization in adipose tissue and release of insulin from the pancreas. Insulin supports lipogenesis in adipocytes, while the adipokine leptin inhibits insulin secretion from the pancreas and glucocorticoid release from the adrenal. Adiponectin increases insulin sensitivity in cells. External factors like stress and food intake affect the peripheral rhythms, while light exposure entrains the system via the SCN. For more details see text (autonomic nervous system (ANS)).


Taken together, these data suggest a regulatory role of leptin on the HPA axis, and although this interaction is unlikely to directly drive the circadian rhythm of glucocorticoids in circulation, leptin may modulate this rhythm at the level of the hypothalamus or the pituitary. This is of particular interest in the context of metabolic disease, since altered leptin profiles (such as leptin resistance, insufficient or dysfunctional leptin production or signalling) accompanying obesity may interact with the HPA axis in order to contribute to metabolic disorder.
Interactions between the HPA axis and adiponectin have also been described, although the effects appear contradictory and therefore a clear relationship is controversial. Glucocorticoids and ACTH both suppress adiponectin secretion from WAT in human and murine cell culture experiments [140, 141]. Reciprocally, adiponectin receptors have been observed throughout the rodent and human adrenal gland [142, 143]. Unlike leptin [136], adiponectin (ADIPOQ) mRNA has further been detected in the adrenal gland, in the zona glomerulosa of the adrenal cortex in rats [144], although this is in contrast to studies in mice and the murine adrenocortical Y-1 cell line [143]. In vivo administration of excess glucocorticoids to rats reduces circulating adiponectin concentrations, and adrenalectomy leads to a reduction of adiponectin gene expression in epididymal WAT [145]. The reported effects of adiponectin on glucocorticoid secretion are also contradictory. For example, in vitro administration of adiponectin to adrenocortical Y-1 cells suppresses basal and ACTH stimulated glucocorticoid secretion and concordant alteration of steroidogenic gene expression, including that of StAR and CYP11A1 [143]. However, in a different study, adiponectin administration to a primary culture of rat adenocytes led to dose-dependent enhancement of corticosterone secretion [144].
Several inflammatory cytokines are produced and secreted as part of the adipokine function of adipose tissue. Interleukin-6 (IL-6), tumour necrosis factor  (TNF-), and chemerin secretion from adipose tissue fluctuate diurnally, with rhythms peaking during the rest phase, which is daytime for rodents [146–148] and during the late night or early morning for humans [149]. Glucocorticoids, in line with their immunosuppressive function, counteract on this release to minimise damage of host tissue [150, 151].
7. Clinical Implications
Research of the last decades has uncovered a tight interaction of the circadian rhythms of the HPA axis, adipocyte function, and adipokine secretion (Figure 1). The integration of these systems is essential in the maintenance of health, and the deregulation or alteration of one rhythm, in the context of disease or by lifestyle interventions, is likely to be reciprocated in the other systems. For example, obesity is correlated with hypercortisolemia and altered HPA axis rhythmicity and we have described the reciprocal effects of alterations in these rhythms above, thus increasing the vulnerability for HPA axis disorders and vice versa. Thus, stabilising circadian glucocorticoid rhythms may be an important approach to counteract metabolic disorders.
Under acute stress, glucocorticoid release feeds back to the hypothalamus to initiate the return to homeostatic conditions, and at the same time, mobilizes energy from body stores. Irregular sleep/wake cycles, jetlag, or shift work can lead to a constant disruption of circadian processes very much resembling the effects of chronic stress exposure [152]. A persistently activated HPA axis results in elevated blood glucose, hyperinsulinaemia, and insulin [153] and leptin resistance [154]. Obesity is accompanied by an adipose induced systemic inflammatory state which may contribute to the development of rheumatoid arthritis [155]. Obesity-associated dampened physiological and behavioural rhythms can further affect sleep quality, food intake, and immune function [156–158]. In rheumatoid arthritis patients, long-term administration of high doses of hydrocortisone can lead to Cushing’s disease-like phenotypes [159] including diabetes mellitus, osteoporosis, hypertension, dyslipidemia, and sleep disorders [160].
To restore disrupted endocrine glucocorticoid rhythms, timed substitution or inhibition of steroid levels is required. In hypocortisolaemic disorders exogenous hydrocortisone administration is the mainstay of treatment, primarily serving to restore adequate stress responses and bypass the symptoms of chronic adrenal insufficiency such as weight loss, fatigue, and nausea [161]. On the other hand, hydrocortisone doses should be minimised to avoid adverse side effects of glucocorticoid surplus such as weight gain [162], osteoporosis [163], or impaired glucose tolerance [164]. In an attempt to mimic physiological glucocorticoid patterns the total dose (between 15 and 25 mg per day) is distributed into two or three quantities with the highest dose applied during the morning. Timing the last hydrocortisone dose at least 5-6 h before bedtime prevents sleep disruption due to supra-physiological cortisol concentrations [161]. An alternative approach is a dual-release hydrocortisone preparation, which is currently tested in patients with adrenal insufficiency [165–167]. A profiled hydrocortisone infusion controlled by a subcutaneous pump has been tested in a small cohort of Addison patients [165], and another approach used a delayed release formulation of prednisone which, when taken in the evening, leads to an increasing availability of the drug starting at approximately 2 a.m. to counteract morning stiffness in rheumatoid arthritis patients [168]. The effect of such chronotherapeutic approaches on adipose function, however, remains to be shown. Another yet unexplored route, that would rather target hypercortisolaemic conditions, as seen in Cushing’s disease or stress disorder patients, involves timed suppression of glucocorticoid levels, for example, by the antisteroidogenic drug metyrapone. In mice, this has been shown to alleviate jetlag-induced disruption of the rest-activity cycle [169].
8. Concluding Remarks
While the circadian rhythm of glucocorticoid secretion was among the first described, adipose rhythmicity and adipose clocks have raised more recent interest because of their pivotal role in energy homeostasis. By release of endocrine factors (glucocorticoids and adipokines) both systems communicate with each other and regulate stress responses and energy metabolism. Chronotherapeutic approaches targeting this crosstalk may be fruitful in treating metabolic diseases and stress disorders. It is tempting to speculate that this may not be restricted to targets in peripheral tissues but may extend to central aspects of appetite regulation and stress- and obesity-associated neuropsychiatric alterations.
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