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Glucocorticoids and Circadian Clock Control of Cell Proliferation:  

At the Interface between Three Dynamic Systems 

 

Thomas Dickmeis and Nicholas S. Foulkes 

ITG - Institute of Toxicology and Genetics, Karlsruhe Institute of Technology 

(KIT), Campus Nord, Postfach 3640, D-76021 Karlsruhe, Germany 

 

The circadian clock, an endogenous timekeeper that regulates daily rhythms of 

physiology, also influences the dynamic release of glucocorticoids. The release of 

glucocorticoids is characteristically pulsatile and is further modulated in a circadian 

fashion. A circadian pacemaker in the brain regulates daily rhythms of hypothalamic-

pituitary-adrenal axis and autonomic nervous system activity that both influence 

glucocorticoid release from the adrenal gland. This systemic regulation interacts with 

rhythms in the adrenal gland itself that are driven by its own circadian clock. One 

function of glucocorticoids is the regulation of cell proliferation. Depending on the 

tissue, this can involve both negative and positive regulation of a variety of processes, 

including cell differentiation and cell death. Cell proliferation is also under circadian 

control, and recent evidence suggests that this regulation may involve glucocorticoid 

signalling. Here, we review the dynamic processes participating in the interplay 

between the circadian clock, glucocorticoids and cell proliferation, and we discuss the 

potential implications for therapy. 
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Introduction – the circadian clock 

Among the many challenges that organisms face are the daily environmental 

changes brought about by the rotation of our planet on its axis. Endogenous timing 

mechanisms have evolved which allow organisms to anticipate these regular changes 

in the environment and so adapt to the specific needs of certain times of day in a 

timely manner. These mechanisms drive periodic changes in physiology even in the 

absence of environmental timing cues, such as under constant darkness and 

temperature. Under such conditions, physiological rhythms e.g. in locomotor 

behaviour run with an endogenous period that is slightly different from 24 hours. The 

biological clocks driving these rhythms are therefore termed “circadian”, from Latin 

“circa” – “around” and “dies” – “day”. Under constant conditions circadian clocks are 

said to “free-run”, as they are not longer restrained by the environmental cues which 

serve to regularly reset or “entrain” them under natural conditions. Such cues, also 

called “Zeitgeber” (German for “time-givers”), include for example light and 

temperature, but also certain chemical compounds and social behaviour can entrain 

the clock [1]. 

The central clock in the brain 

In mammals, a small hypothalamic nucleus has been demonstrated to play a 

crucial role for the generation of circadian rhythms: The suprachiasmatic nucleus, or 

SCN [2]. Ablation of this nucleus leads to arrhythmicity of behaviour and of 

hormonal secretion. Furthermore, elegant transplantation experiments in hamsters 

showed that this structure was indeed sufficient to drive behavioural rhythms: animals 

in which the SCN was ablated and that then received a SCN transplant showed 

restored rhythms [3]. When the transplant was derived from a mutant hamster strain 

that had a shorter endogenous period [4], the transplanted animals showed locomotor 
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activity with the mutant period [3]. The SCN sends projections to a number of brain 

targets where its rhythmical electrical activity interacts with neural networks 

governing various outputs. However, also paracrine factors are involved in SCN 

output, since even encapsulated transplants, which do not allow neural connections, 

are able to restore locomotor rhythms in SCN ablated animals [5]. Interestingly, 

endocrine rhythms such as rhythmical melatonin and corticosteroid secretion are not 

restored by SCN transplants, suggesting a specific requirement for neural connections 

in their circadian control [6].  

Information about the environmental lighting conditions reaches the SCN via 

the retinohypothalamic tract of the optic nerve (reviewed in [7]). Only a specific 

subset of retinal ganglion cells projects to the SCN. These cells are intrinsically 

photosensitive, as they express a photopigment, melanopsin (reviewed in [8, 9]). 

Their function is crucial for entrainment of the SCN, since transgenic animals in 

which these cells are genetically ablated show free-running rhythms when exposed to 

light-dark cycles, just as normal animals do under constant darkness [10]. The 

photopigments of the rods and cones of the retina and melanopsin are highly 

redundant in this process, because only animals that lack both functional rods and 

cones and melanopsin show this “circadian blindness”, whereas the presence of one of 

the two systems is sufficient to maintain circadian entrainment [11]. These findings 

may also explain why only certain blind people suffer from free-running circadian 

rhythms: If only their photoreceptor layer is affected, leaving the photosensitive 

retinal ganglion cells intact, they retain some light input into the circadian system in 

spite of visual blindness [12]. 
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The cogs of the clock 

Brain slice cultures of the SCN exhibit circadian rhythms of electrical activity, 

demonstrating that this structure is able to generate rhythms autonomously ([13] and 

references therein). However, this property is not due to a “neural oscillator circuit”, 

since even single dissociated SCN neurons show circadian patterns of activity [14]! 

The circadian oscillator mechanism must therefore reside at the single cell level, a 

concept consistent with the observation of circadian rhythms in many unicellular 

organisms [15-17]. A wealth of genetic and biochemical studies has revealed the 

nature of the cellular oscillator mechanism in vertebrates [18]: An autoregulatory 

transcriptional-translational feedback loop leads to circadian oscillations of transcripts 

and proteins of a set of so-called clock genes (Fig.1, B). The feedback loop starts 

when transcription of the period and cryptochrome genes is activated by the binding 

of a heterodimer of the bHLH-PAS domain transcription factors CLOCK and 

BMAL1 to so-called E-box enhancer elements in their promoters. PER and CRY 

proteins then accumulate in the cytoplasm, where they are modified by 

posttranslational mechanisms that modulate their entry into the nucleus. Once in the 

nucleus, they inhibit the activity of the CLOCK-BMAL1 dimer and thereby inhibit 

the transcription of their own genes. Consequently, per and cry transcript and protein 

levels decline, and the repression of CLOCK-BMAL1 activity is released, allowing 

the cycle to start again. The various delays in this process, notably those brought 

about by posttranslational modifications [19], confer a cycle duration of roughly 24 

hours. Such modifications include phosphorylation of core clock factors, e.g. of 

PER2, which is phosphorylated on several residues by the kinases CK1, CK1 and 

CK2, [20-23] or of CRY1 by AMPK [24]. Other modifications include the 

ubiquitination of CRYs by F-box type ubiquitin ligases that targets them for 
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degradation by the proteasome [25-27]. Furthermore, acetylation of BMAL1 and 

PER2 has been reported [28, 29].  

The transcriptional-translational feedback loop described above defines the so-

called “core loop” of the clock. Other feedback loops are thought to interact with this 

loop and to contribute to its robustness and fine tuning. The “accessory loop” consists 

of nuclear receptor transcription factors of the ROR and RevERB type, the 

transcription of which are again under control of the CLOCK-BMAL1 dimer [30]. 

RORs activate transcription of the bmal1 gene via a RORE (retinoic acid related 

orphan receptor response element) in its promoter, while the RevERBs, which bind 

this element after a certain delay, repress its transcription. The resulting oscillatory 

expression of BMAL1 is believed to reinforce the core loop oscillations.  

Clocks are everywhere 

Clock genes are not only expressed in the neurons of the SCN or in the other 

central pacemaker structures found in non-mammalian vertebrates (the retina and the 

pineal gland). Instead, they are expressed in nearly all tissues of the body and also 

show oscillating expression there [31]. Indeed, organ explants show circadian 

oscillations in some of their functions and in gene expression, demonstrating that they 

contain autonomous pacemakers [32-36]. Even the individual cells in fibroblast cell 

lines exhibit circadian rhythms in gene expression [37-39]. Thus, circadian clocks are 

not an exclusive property of SCN neurons. The “peripheral” oscillators appear to be 

coordinated by the “central” oscillator, the SCN, since they drift out of phase with 

respect to each other in animals in which the SCN has been ablated [35]. How exactly 

this coordination is achieved is still a field of active research, and cues proposed to 

mediate the synchronisation include body temperature changes [40], food derived 

signals [41-43] and also glucocorticoids ([44, 45], see below). The importance of the 
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peripheral oscillators for circadian organisation in vivo becomes apparent when the 

clock is stopped only in specific tissues by tissue-specific gene knock-out or knock-

down techniques. For example, in mice that carry a liver specific deletion of the 

bmal1 gene which stops the clock in this tissue, one observes a deregulation of the 

circadian gene expression of many metabolic genes as well as a fasting glycemia [46]. 

However, circadian expression of certain genes in the liver is driven by systemic 

mechanisms, as they continue to cycle when the liver clock is stopped [47]. Systemic 

circadian changes more directly controlled by the SCN, e.g. in autonomic nervous 

system activity, also contribute to the daily regulation of glucose levels by the liver 

[48]. 

The circadian timing of metabolism 

As shown by the example above, circadian clocks are involved in various 

aspects of metabolic regulation, both systemically and locally. Many rate-limiting 

enzymes of metabolic pathways show circadian expression [49], and disturbance of 

the circadian clock can lead to phenotypes resembling human metabolic diseases [50]. 

It becomes increasingly apparent that metabolism in turn can also feed back on the 

clock: as already mentioned above, the nutrient sensing kinase AMPK phosphorylates 

CRY1 and thereby destabilizes it [24]. The histone deacetylase SIRT1 deacetylates 

not only histones, but also the core clock components BMAL1 and PER2 (most likely 

previously acetylated by CLOCK itself, which has HAT activity [28]), and it requires 

NAD+ as a cofactor [29, 51-53]. NAD+ levels show circadian oscillation, partially 

mediated by clock control of the rate limiting enzyme in NAD+ biosynthesis, 

nicotinamide phosphoribosyltransferase. This complicated interplay of central and 

peripheral clocks, of cell autonomous and systemic regulation and of feedback from 

clock outputs to the clocks themselves is still poorly understood.  
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Clock control of cell proliferation 

Another highly temporally regulated event is cell proliferation, and it is perhaps 

not too surprising that the timing of cell proliferation and the circadian clock may be 

coupled (Fig. 1, C). Indeed, circadian rhythms in cell proliferation are observed across 

a wide range of organisms, from cyanobacteria and unicellular algae to humans, 

suggesting an early evolutionary origin and strong adaptive value for this cell cycle 

control [54-57]. Since the circadian timing of the cell cycle shows a tendency to place 

S phase and mitosis in the night period, it has been suggested that the main adaptive 

pressure for circadian cell cycle control might stem from environmental UV light and 

its harmful effects on DNA replication and mitosis [58, 59]. 

Cell cycle and circadian cycle  

Various genes involved in cell proliferation are under transcriptional control of 

the core clock loop, including cell cycle components (cyclin D1, cdc2), regulators of 

the cell cycle and components of cell cycle checkpoints (wee1, mdm2, p21) as well as 

growth factors (vegf, kitlg) (reviewed in [57, 60]). When circadian gene expression 

control is disturbed, e.g. in animals carrying clock gene mutations, defects in cell 

proliferation are observed. For example, in wild type mice, liver cell proliferation in 

response to partial removal of the liver (partial hepatectomy) is gated to certain times 

of day. This gating is absent in cry1/2 double mutant animals, leading to reduced 

efficiency of liver regeneration [61]. Most interestingly, per2 mutants show an 

increased sensitivity to radiation induced cancer [62]. Furthermore, per1 has been 

implicated in the regulation of the DNA damage checkpoint of the cell cycle and 

shown to be deregulated in human cancers [63]. In contrast, clock mutant animals do 

not have any cancer-related phenotype [64], and also cry1/2 double mutant mice do 

not exhibit a higher tendency to develop cancer [65]. On the contrary, they even show 
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reduced cancer incidence in a p53 mutant background [66]. Cells derived from these 

triple knock-out (cry1/cry2/p53
-/-

) mice are more sensitive to radiation induced 

apoptosis and thus die before the induced mutations can lead to oncogenic 

transformation. Since previous work had shown that DNA damage repair may also be 

under circadian clock control [67], it was hypothesized that the increased sensitivity 

to irradiation induced apoptosis was dependent on impaired DNA damage repair. 

However, the triple mutant cells showed no significant reduction of DNA repair 

capacity. All these diverse findings indicate that the circadian clock intervenes at 

various levels in cancer prevention, and that different clock genes might target 

different aspects of cell proliferation control. In addition, cell proliferation and 

metabolism are closely intertwined, with proliferating cells and cancer cells showing 

characteristic changes in metabolic pathways, such as a switch from oxidative 

phosphorylation to glycolysis (the Warburg effect [68, 69]). One might therefore also 

expect a contribution of clock regulation of metabolism to the circadian control of cell 

proliferation [60].  

Treating in time: chronotherapy 

The discovery of a clock control of cell proliferation and metabolism has 

already led to improvements in cancer therapy. So-called “chronotherapeutical” 

approaches increase the efficiency and reduce side effects of anti-cancer drugs. Cell 

proliferation rhythms are deregulated in many cancer types [70-72], and so delivering 

drugs that kill proliferating cells at a time when fewer normal cells divide will 

preferentially target the cancer cells that have escaped clock control. Another 

rationale for chronotherapy is linked to the metabolism of xenobiotics (such as cancer 

drugs): Degradation and modification of these substances is subject to circadian 

control. Thus, giving a drug at the trough point of degradation activity will allow the 
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use of overall lower doses, thereby reducing the potential side effects [72-74]. The 

beneficial effects of chronotherapeutics have now been demonstrated in various 

clinical trials (reviewed in [72]). 

Central rhythms and cell proliferation: a role for hormones? 

As discussed above, there is good evidence that the circadian clock can regulate 

circadian rhythms of cell proliferation at least partially in a cell-autonomous manner. 

Nevertheless, a wealth of non-cell-autonomous signals, such as growth factors, 

nutrients or hormones, also contribute to controlling cell proliferation (see e.g. [75-

79]), and many of these signals are under circadian clock control [80, 81]. An 

influence of systemic circadian signals is also indicated by experiments in which 

tumors were transplanted into animals with SCN ablations: the tumors grew faster in 

the SCN ablated animals than in normal controls [82]. These systemic signals might 

interact with peripheral clocks or function independently. 

Rhythms of glucocorticoids 

One such systemic signal might be the glucocorticoids, steroid hormones 

produced by the adrenal gland. They constitute an important part of the stress 

response and affect numerous physiological processes, such as carbohydrate and lipid 

metabolism as well as immune system function [83]. They exert their effects on the 

target tissues via glucocorticoid receptors (GRs). These receptors of the nuclear 

receptor type reside in the cytoplasm as a complex with heat shock proteins, and 

translocate to the nucleus when glucocorticoids bind to their ligand binding domain. 

In the nucleus, they act either by binding to specific DNA sequences, the 

Glucocorticoid Response Elements (GREs), or via interactions with other 

transcription factors that do not involve direct DNA binding of the GRs (reviewed in 

[84]). In both cases they can function as activators or repressors. A second nuclear 
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receptor, the mineralocorticoid receptor (MR), binds the endogenous glucocorticoids 

cortisol and corticosterone with even greater affinity than the glucocorticoid receptor 

itself (and with a similar affinity as its other natural ligand, the mineralocorticoid 

aldosterone). It is therefore already activated by the low baseline levels of these 

glucocorticoids. Aldosterone, which circulates at even lower levels than the 

glucocorticoids, only becomes its prominent ligand in cells that express the enzyme 

11-hydoxysteroid dehydrogenase 2, which converts glucocorticoids to an inactive 

form (reviewed in [85]). Finally, glucocorticoids may also act via mechanisms that do 

not involve transcriptional regulation. These so-called non-genomic effects are still 

poorly understood (reviewed in [86]). 

Glucocorticoids have long been recognised to show diurnal rhythms of release 

(reviewed in [81, 87-89]). In diurnal animals, peak levels of glucocorticoids are 

encountered in the early morning, whereas nocturnal animals show a peak in the early 

night. This diurnal rhythm is superimposed on a pulsatile (“ultradian” = shorter than a 

day) rhythm of release, which consists of 1-2 pulses per hour (Fig 1, A). Similar less 

robust rhythms, of lower amplitude, are also observed for the adrenocorticotropic 

hormone ACTH. This peptide hormone, which is produced by the corticotrope cells of 

the pituitary gland, stimulates adrenal corticosteroid synthesis. Its release in turn is 

controlled by hypothalamus-derived peptides, the “secretagogues” CRH, AVP and 

oxytocin, produced by neurons of the paraventricular nucleus (PVN). They are 

released into the portal blood stream of the median eminence of the pituitary, which 

transports them to the corticotrope cells in the anterior part of the pituitary. The entire 

system, linking the hypothalamus with the adrenal gland via the pituitary gland, is 

referred to as the hypothalamic-pituitary-adrenal (HPA) axis. 
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Glucocorticoids also feed back on the HPA axis and their own release, acting 

through GRs and MRs in the brain (e.g. the hippocampus and the PVN) and the 

pituitary (reviewed in [90, 91]). Data from mutant mouse models indicate a major role 

for the GR in this feedback, whereas pharmacological analysis also support an 

important role for the MR. Feedback sensitivity of the system varies diurnally and 

appears to involve MR mediated effects at the trough point of the cycle, whereas both 

MR and GR would mediate feedback at the peak point (see e.g. [92-94]). Based on 

computer simulations, it has been proposed recently that the glucocorticoid-ACTH 

feedback loop alone could explain the ultradian pulsatility of glucocorticoid release 

[95]. According to this model, the delays generated by the transport of ACTH via the 

blood stream to the adrenal gland and the subsequent inhibition of ACTH release 

from the pituitary by the rising blood glucocorticoid levels would be sufficient to 

generate the hourly ultradian pulses. This would exclude the need for an ultradian 

pacemaker in the brain. This interesting hypothesis awaits testing in vivo.  

 

Central pacemaker control of glucocorticoid rhythms 

Circadian aspects of HPA activity are under control of the SCN (Fig. 2, 

reviewed in [89]). Thus, lesions of the SCN abolish both glucocorticoid and ACTH 

rhythms. Only very few projections from the SCN contact the secretagogue-producing 

neurons of the PVN directly, therefore most of the SCN influence involves indirect 

connections. These are mediated via interneurons in the PVN itself, but also through 

relay stations in the subparaventricular zone (subPVZ) and the dorsomedial nucleus of 

the hypothalamus (DMH) [96, 97]. 

Interestingly, changes in glucocorticoid release do not always appear to be 

dependent on changes in ACTH levels (reviewed in [98]). Thus, rhythms of 
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corticosteroid secretion can still be observed in animals in which the pituitary gland 

has been removed and which do not show any changing ACTH levels [99, 100]. 

Furthermore, it was shown that nocturnal light exposure can lead to changes in 

corticosterone release from the adrenal gland without accompanying changes in 

ACTH [101, 102]. This effect of light upon corticosterone release was dependent on 

the SCN, since ablation of the SCN abolished it. Apparently, in addition to the HPA 

axis pathway, an alternative neural pathway exists from the SCN to the adrenal gland 

(Fig.2). Transneural retrograde virus tracing showed that this pathway runs via the 

autonomic nervous system [97, 101, 103]. SCN neurons contact neurons of the pre-

autonomic PVN, which project to the sympathetic preganglionic neurons of the spinal 

cord. These neurons in turn innervate the adrenal gland via the splanchnic nerve. 

Consistent with the functionality of this pathway, denervation of the adrenal gland 

blocks the light induced corticosterone changes [102]. The splanchnic nerve also 

seems to mediate changes in the sensitivity of the adrenal gland to ACTH, which 

modulate corticosterone production and release in a circadian fashion even when 

ACTH levels do not change (reviewed in [89, 97, 104]). 

A clock in the adrenal gland 

Circadian glucocorticoid rhythms are not only controlled by systemic 

mechanisms. Recent experiments have also revealed a role for the circadian clock 

present in the adrenal gland in the circadian gating of ACTH sensitivity. Adrenal slice 

cultures from mice show a stronger response to ACTH stimulation in the evening, at 

the time of the natural glucocorticoid peak, than in the morning. Furthermore, 

wildtype adrenal glands transplanted into a host with a non-functional clock are still 

able to secrete corticosterone in a rhythmic fashion [105]. Finally, tissue specific 

antisense mediated knock-down of the Bmal1 protein in the adrenal gland abolishes 
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circadian glucocorticoid production under constant conditions (however, under a light 

dark cycle rhythmic production continues, potentially owing to the neural 

mechanisms mentioned above)[106]. Another facet of circadian regulation of 

glucocorticoid production seems to involve clock control of gene transcription in the 

glucocorticoid synthesis pathway, in addition to that of genes participating in the 

ACTH signalling pathway [105-107].  

In summary, a view emerges in which circadian regulation of the HPA axis is 

not alone in directing circadian glucocorticoid rhythms. Autonomic nervous control 

mechanisms and the peripheral clock of the adrenal gland itself also appear to 

contribute substantially to these rhythms. However, ACTH-dependent regulation of 

glucocorticoid release might be more prominent in acute stress responses [108, 109].  

Glucocorticoids talk back to the clock? 

Not only does the circadian clock regulate production and release of 

glucocorticoids, but these also influence the circadian clock itself. Furthermore, 

glucocorticoids interact with other circadian outputs, one of which is the cell cycle 

[89].  

Glucocorticoids have been implicated in the entrainment of peripheral clocks. 

This conclusion is based on the observation that injection of the glucocorticoid 

receptor agonist dexamethasone can phase shift rhythmic gene expression in the liver 

in vivo. Furthermore, glucocorticoid pulses are able to synchronise clocks in 

mammalian cell culture cells [44, 110]. However, mice lacking the glucocorticoid 

receptor in the liver still exhibit phases of clock gene expression identical to those of 

their wild type siblings, arguing against a strict requirement for glucocorticoids in 

liver clock entrainment [44]. Nevertheless, glucocorticoids do appear to be required 

for normal circadian expression of per2 in some areas of the brain, since cycling 
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expression of this gene is abolished in adrenalectomised animals (animals in which 

the adrenal gland has been removed) [111, 112]. Interestingly, the per2 rhythms can 

resume when diurnal changes in corticosterone are restored in adrenalectomised 

animals by delivering corticosterone with the drinking water. This is not the case 

when the animals are supplemented with constant release pellets, indicating that 

rhythmic glucocorticoid signalling might contribute to rhythm generation [113]. An 

attenuation of the amplitude (but no effect on the phase) of circadian per1 expression 

has also been reported in livers of the animals with a clock-less adrenal gland 

mentioned above, whereas rhythmic per2 expression was unaffected [106]. Together, 

these findings point to the possibility that tissue specific mechanisms might operate in 

clock gene regulation via glucocorticoids.  

While a potential direct contribution of glucocorticoids to peripheral clock 

entrainment in the liver still remains unclear, glucocorticoids have been shown to 

modulate another pathway for peripheral clocks: food entrainment. Under daytime 

restricted feeding, which inverts the feeding habits of nocturnal rodents, peripheral 

pacemakers become decoupled from the SCN pacemaker. The timing of rhythmic 

clock gene expression in the periphery adjusts to that of the feeding regime, while the 

phase of the SCN clock still matches that of the light-dark cycle [41-43]. 

Glucocorticoids appear to retard the food induced phase shift of peripheral clocks, 

since phase shifts induced by daytime feeding occur faster in adrenalectomised or GR 

mutant animals [45]. Precisely how this interaction of food entrainment and 

glucocorticoids is mediated remains to be established. 

Glucocorticoids also interact with transcriptional clock outputs in peripheral 

tissues. Thus, part of the cycling liver transcriptome is dependent on the adrenal gland 

[114]. SCN lesions also result in desynchronisation of the circadian liver 
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transcriptome, and a single dexamethasone treatment can synchronise about 60% of 

this desynchronised gene transcription [115]. The glucocorticoid-sensitive circadian 

gene HNF4A may in part mediate this synchronisation: The promoter analysis of a 

subset of the synchronised genes reveals an enrichment of binding sites for HNF4A, 

together with glucocorticoid response elements (GREs) and E-boxes [115]. This 

suggests that glucocorticoids may affect circadian transcription at various levels. They 

may act directly via GREs in target gene promoters, indirectly via glucocorticoid 

target genes such as HNF4A, via direct effects on clock gene expression and by 

combinations of these mechanisms. Recent work also implicates clock-glucocorticoid 

interactions at the protein level: The HAT activity of CLOCK also targets the 

glucocorticoid receptor, potentially affecting its DNA binding capacity [116].  

Glucocorticoids and cell proliferation 

Among the many effects of glucocorticoids on physiology is the regulation of 

cell proliferation. Glucocorticoids have been described to act both as stimulators and 

inhibitors of cell proliferation, depending on the cell type and the concentrations used 

(reviewed in [117]). In general, it appears that a lower concentration of 

dexamethasone can stimulate cell growth, whereas higher doses inhibit proliferation. 

In many cell lines, the antiproliferative effects of glucocorticoids seem to stem from a 

reversible block at the G1 phase of the cell cycle. Some of the mechanisms proposed 

for this cell cycle arrest are glucocorticoid mediated repression of cyclin D3 and c-

myc, negative crosstalk of the GR with p53, and glucocorticoid mediated induction of 

the cyclin dependent kinase inhibitors p21 WAF1/CIP1 and p27 kip (reviewed in 

[117, 118]). As mentioned above, both p21 and c-myc are also targets of circadian 

clock control, thus providing potential candidates for a direct cross talk of circadian 

clock regulation with glucocorticoid signalling.  
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The effects of glucocorticoids upon cell proliferation are also revealed in 

animals that are deficient for glucocorticoids or glucocorticoid signalling. 

Interestingly, cell proliferation appears disturbed only in a rather limited set of tissues 

(Table 1). Adrenalectomy has been reported to result in reduced cell proliferation, for 

example in the small intestine [119-121], and in increased proliferation in regions of 

the brain ([122, 123] and see the section on neurogenesis below). Also lung cell 

proliferation is influenced by glucocorticoids, as revealed by studies of mice lacking 

the CRH peptide [124, 125]. These mice show glucocorticoid deficiency, but develop 

normally and are fertile. However, homozygous mutant pups which are the offspring 

of homozygous mutant mothers die from pulmonary insufficiency. This mortality is at 

least partially caused by continued lung cell proliferation during gestation and an 

overall delay in pulmonary maturation. 

 

 

Cell proliferation defects in glucocorticoid receptor mutants 

Interestingly, mice in which the glucocorticoid receptor has been disrupted die 

due to defects in lung function (atelactasis = collapse of lung tissue) shortly after 

birth. Other defects seen in these mice include impaired maturation of the skin, 

reduced gluconeogenic gene expression in the liver, a lack of in vitro T cell apoptosis 

and upregulation of POMC expression [126, 127]. However, no major tissue defects 

due to impaired cell proliferation are observed, suggesting that the GR is not strictly 

required for the regulation of cell proliferation during development in many tissues. 

Nevertheless, certain tissues are significantly affected. Thus, the lack of 

glucocorticoid receptor function abolishes stress induced (but not normal) 

erythropoiesis in vivo, as shown by transplantation studies using erythroid progenitor 
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cells derived from GR
-/-

 fetal livers [128]. Stress erythropoiesis appears to require 

binding of the receptor to DNA, since stress induced proliferation is also severely 

impaired in mice carrying a receptor dimerisation mutant (GR
dim/dim

). In these 

mutants, the GR gene has been engineered to disrupt a residue required for 

dimerisation and hence the binding to GRE elements, but which still allows the GR to 

interact with other transcription factors [129].  

Interestingly, the impaired maturation of the skin observed in GR
-/-

 mice, 

resulting in compromised skin barrier competence, can be linked to a defective switch 

between differentiation and proliferation. Although overall proliferation in the 

epidermis is not increased, abnormally proliferating suprabasal keratinocytes are 

observed in these fetuses. Additionally, primary keratinocytes from GR
-/-

 animals 

show an increased proliferation rate in culture compared to wild type cells. This 

indicates that the GR participates in the decision between proliferation and 

differentiation in a cell autonomous manner [130].  In contrast to what was seen in the 

case of stress erythropoiesis, this role seems to be independent of the DNA binding of 

the GR [130, 131].  

Glucocorticoids and neurogenesis 

Another proliferative process affected by loss of glucocorticoids is neurogenesis 

(Table 2). Adrenalectomy leads to an increase in proliferation of the granule cells of 

the dentate gyrus in the hippocampus, one of the regions of adult neurogenesis [132, 

133]. Conversely, treatment with exogenous corticosterone inhibits granule cell 

proliferation [133]. Therefore, it has been proposed that glucocorticoids might at least 

in part mediate the decrease of neurogenesis observed in the dentate gyrus under 

stress conditions, during which glucocorticoids are elevated (reviewed in [134], see 
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also [135] for a review of recent studies supporting mechanisms independent of 

glucocorticoids).  

Adrenalectomy also leads to an increase in granule cell death, suggesting that 

while proliferation increases, survival of the cells decreases [136, 137]. The cell death 

can be rescued by adding corticosterone to the drinking water [137]. Importantly, 

treatment with aldosterone, which activates the MR but not the GR, can also prevent 

adrenalectomy induced cell death, implicating a protective role for this receptor [138]. 

Conversely, activation of the GR using its specific agonist dexamethasone does not 

rescue this cell death [139, 140]. Interestingly, in intact animals, glucocorticoid 

receptor agonists can induce apoptosis in granule cells, and mineralocorticoid receptor 

activation can protect against this effect [141, 142]. It thus appears that a balance 

between MR and GR activation, affecting both cell proliferation and survival, is 

required for normal neurogenesis in the dentate gyrus.  

Examination of mutant mice lacking MRs or GRs in the brain has brought 

additional insight into the role of these two receptors in neurogenesis. Mice 

completely lacking the MR can be rescued from death by renal salt and water loss via 

exogenous NaCl administration and thereby can be studied as adults. These mice 

show granule cell degeneration similar to that observed with adrenalectomy. 

Apparently paradoxically however, the number of proliferating granule cells is 

reduced in MR knock-out mice, in contrast to the increase observed upon 

adrenalectomy. One potential explanation for this comes from the increased plasma 

levels of corticosterone in the MR knock-out mice, which might potentially inhibit 

proliferation via the GR. Importantly, no degeneration is observed in mice with a 

nervous system specific GR knock-out (driven by nestin regulatory elements [143]), 

reinforcing the notion of a MR dependent cell death protection mechanism [144]. 
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Interestingly however, mice with a brain specific MR knock-out (driven by 

CAMKII regulatory elements) do not exhibit the increased glucocorticoid levels 

observed in the mice completely lacking the MR, and also they do not show 

conspicuous changes in cell number and density in the dentate gyrus of the 

hippocampus [145]. Thus, the emerging picture of how glucocorticoids regulate 

neurogenesis is complex and may involve mechanisms combining the direct and 

indirect effects of both GR and MR.  

Neurogenesis and circadian rhythms – are glucocorticoids involved?  

Interestingly, some recent studies implicate a role for the circadian changes of 

glucocorticoid levels in hippocampal neurogenesis. Thus, artificially dampening the 

circadian corticosterone rhythm prevents fluoxetine, a serotonin uptake inhibitor, 

from stimulating neurogenesis. Restoring the corticosterone rhythm also restores the 

action of fluoxetine [146]. Similar results were obtained with L-NAME, a nitric oxide 

synthase (NOS) inhibitor that also stimulates hippocampal neurogenesis [147, 148]. 

Thus, it appears that the circadian rhythm of glucocorticoids interacts with other 

signalling pathways in regulating neurogenesis. It remains to be seen to what extent 

these interactions contribute to normal neurogenesis.  

Do the highly dynamic changes in glucocorticoid levels, together with the 

associated differential GR and MR signalling activity, contribute to the timing of 

proliferation and apoptosis? It appears that the lower glucocorticoid affinity of the 

GR, together with the rapid clearance of the activated receptor by a proteasome-

dependent mechanism, leads to a signalling activity that closely follows changes in 

glucocorticoid levels. In contrast, the high affinity MR already responds to low 

glucocorticoid levels and its signalling activity appears to be more sustained  

(reviewed in [88]). These dynamics have consequences for gene expression: For the 
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GR, it has been shown that pulsatile glucocorticoid signals can lead to different 

induction levels and expression dynamics of GR target genes compared with those 

observed under continuous stimulation [149].  It will be interesting to examine links 

between the circadian and ultradian changes in glucocorticoid levels, the different 

dynamic signalling properties of GR and MR, as well as the regulation of cell 

proliferation and survival. 

If the daily dynamics of glucocorticoids are important in the regulation of 

proliferation, they might at least in part exert their effect by regulating circadian 

rhythms of cell proliferation. However, in the case of hippocampal neurogenesis, 

while some studies did observe diurnal rhythms of granule cell layer proliferation in 

the dentate gyrus, several other studies failed to detect such rhythms ([150-153], 

reviewed in [135]). Thus, the effects of glucocorticoids on neurogenesis might not 

involve changes in rhythmic cell proliferation per se. Interestingly, expression of the 

clock gene per2 does not show circadian regulation in the adult dentate gyrus [154]. 

Furthermore, per2 mutant animals show a higher number of neural progenitor cells 

and newborn neurons, but also increased apoptosis. These observations may in part be 

related to the dampened glucocorticoid rhythms also observed in these animals [155]. 

However, in vitro studies also suggest that per2 exerts more direct effects on neural 

progenitors [154], which seem to be independent of its role in circadian clock 

regulation. Thus, the precise links between the circadian clock mechanism, 

glucocorticoid dynamics and neurogenesis remain unclear.  

Glucocorticoids and rhythms of cell proliferation 

In contrast to the hippocampus, cell proliferation rhythms have been described 

in other tissues in which proliferation is also affected by glucocorticoids, (e. g. blood 

and bone marrow [156], gastrointestinal mucosa [157], and skin [157, 158]). Some 
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early reports also suggested changes in these rhythms upon manipulation of 

glucocorticoids, e.g. in the cornea epithelium [159] or during liver regeneration [160]. 

However, much of the data presented has limitations, and so for example, the effects 

of the treatments upon the circadian clock itself were frequently not examined.  

Our own studies have revealed a role for glucocorticoids in the regulation of 

circadian rhythms of cell proliferation in zebrafish larvae [161]. Circadian cell cycle 

rhythms can be observed both in larvae and in zebrafish-derived cell lines, implying 

that cell-autonomous clock regulation also exists in this species [162]. However, in 

vivo, systemic input is also required: in mutants lacking a pituitary gland, cell cycle 

rhythms are severely attenuated [161]. Subsequent analysis of mutants that lack 

subsets of the pituitary cell types identified the corticotrope lineage as the source for 

the required signal. Thus, larvae homozygous for a truncated allele of the homeobox 

transcription factor rx3 [163], which possess reduced numbers of corticotrope cells, 

have severely attenuated cell cycle rhythms. In contrast, pit1 mutants [164], which 

lack the somatotrope, thyrotrope and lactotrope lineages but still possess gonadotrope, 

melanotrope and corticotrope cells, show rhythms indistinguishable from their 

wildtype siblings. As a consequence of their strongly reduced corticotrope cell 

number, rx3 mutants contain lower cortisol levels than wildtype larvae, and also the 

diurnal cortisol changes observed in the wildtype siblings are not present. 

Interestingly, overall clock gene rhythms in these animals are unchanged, excluding a 

dominant role for glucocorticoids in peripheral clock synchronisation. Importantly, 

normal cell cycle rhythms can be rescued in the rx3 mutants by tonic treatment with 

dexamethasone. Hence, glucocorticoids cooperate with the peripheral circadian clock 

in the regulation of circadian cell cycle rhythms. They might act as permissive signals 

that enable the peripheral clocks to control the cell cycle, or alternatively the 
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peripheral clocks might gate glucocorticoid input into the cell cycle machinery. The 

dexamethasone rescue experiments indicate that circadian changes of glucocorticoid 

levels are not required for their action on the circadian cell cycle rhythms.  However, 

cycling glucocorticoid levels may still contribute by ensuring correct signalling input 

to the cell cycle machinery. It will be of great interest to determine whether similar 

interactions between peripheral clocks and systemic signals regulate circadian 

rhythms of cell proliferation in the mammalian system, e.g. those observed in liver 

regeneration after partial hepatectomy [61].  

The interaction of glucocorticoid and circadian clock control of cell 

proliferation may not be limited to one single mechanism, given the diverse effects of 

glucocorticoids on cell proliferation in different tissues. As mentioned above, a 

similar situation exists for the contribution of glucocorticoids to circadian clock gene 

cycling in different tissues: While circadian per2 expression in some regions of the 

brain depends on glucocorticoids [111, 112], this is not the case in other brain regions 

[112] or the liver [44, 114]. Clearly, similar tissue specific differences might also be 

at work in the control of circadian cell cycle rhythms by glucocorticoids, with 

rhythmic glucocorticoid presence required in some tissues and tonic levels being 

sufficient in others. 

Timing of glucocorticoids – potential in cancer therapy? 

Glucocorticoid mediated induction of apoptosis and cell cycle arrest have long 

been exploited for therapy (reviewed in [117, 165, 166]). Thus, the glucocorticoid 

mediated induction of apoptosis in the blood cell lineage is exploited for the treatment 

of leukaemia. On the other hand, glucocorticoids can also confer resistance to 

apoptosis induced by various other stimuli. This is the case for example in cells of 

epithelial origin (e.g. cells of the mammary gland or lung epithelial cells, see [167]) 
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and in solid malignant tumours [168, 169]. Interestingly, the anti-proliferative effect 

of glucocorticoids mentioned above might also negatively influence cancer therapy. 

The pretreatment of patients with glucocorticoids to alleviate nausea or to treat 

tumour-associated oedema and inflammatory responses can lead to cell cycle arrest in 

the G1 phase. Thus, in glucocorticoid sensitive tumours, therapy can be negatively 

affected, because non-proliferating cells are less vulnerable to chemotherapy. Also 

radiotherapy can be impaired by the G1 arrest, since the sensitivity of cells to 

radiotherapy is highest at M phase [117]. In this scenario a chronotherapeutic 

approach might prove particulary useful: One could administer glucocorticoids and 

chemo- or radiotherapy with a distinct time profile that would retain at least some of 

the beneficial effects of glucocorticoids while avoiding their effects on the cell cycle 

at the time of therapy. Conversely, arresting normal cell proliferation via 

glucocorticoids might allow chemo- or radiotherapy of glucocorticoid resistant tumors 

with less toxic side effects. Glucocorticoid chronotherapy has already been employed 

successfully to treat rheumatoid arthritis and asthma [170, 171]. Importantly, 

glucocorticoid rhythms are deregulated in many cancer patients [172] and have been 

correlated with survival [173]. Thus, a better understanding of the molecular 

mechanisms underlying the involvement of glucocorticoids in the control of cell cycle 

timing should also ultimately help to design more efficient treatment schemes in 

cancer therapy. 

 Where are we heading? 

This survey illustrates the impressive diversity of effects that glucocorticoid hormones 

have upon cell proliferation. Depending on the cell type and tissue, they can either 

promote or inhibit cell proliferation, and they do this by targeting different aspects of 

tissue homeostasis. Thus, they influence proliferation itself, but are also involved in 
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switches between differentiation and proliferation, and they can regulate cell death 

and survival. Their effects can be systemic or local, direct or indirect, and involve 

cross talk with other signalling pathways. Glucocorticoid signalling can require DNA 

binding of the glucocorticoid receptors, or involve DNA-binding independent 

interactions with other transcription factors. Importantly, the signalling outcome can 

also depend on the balanced activation of the two main types of glucocorticoid 

receptors, GR and MR. Clearly, one major goal for future research will be to better 

understand the precise mechanisms underlying the glucocorticoid control of cell 

proliferation in various tissues and to convert this knowledge into more efficient 

therapies. 

One major unexplored area is how the dynamic changes of glucocorticoid ligand 

concentrations translate into signalling activity and how this affects the temporal 

regulation of gene expression. This fundamental question is of direct relevance for all 

cell signalling pathways. The glucocorticoid pathway promises to be a particularly 

attractive model system to study such temporal aspects of signal transduction in both 

the cellular and systemic context, given the characteristic circadian and ultradian 

rhythms of glucocorticoid release. The circadian clock represents probably the best 

understood biological timing system from the physiological to the molecular level. 

One of its regulatory targets is the cell cycle, which constitutes yet another cellular 

timing system. Thus, links between the circadian clock and glucocorticoid control of 

cell proliferation form an ideal framework in which to examine the temporal 

integration of signalling pathways and of their physiological output. Future research 

in this field will need to develop experimental tools to specifically manipulate the 

dynamics of glucocorticoid signalling. In the long term, knowledge gained from such 
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studies should pave the way towards novel, more specific therapeutic strategies 

entailing fewer harmful side effects. 
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Figure legends 

 

Table 1 

Overview of glucocorticoid signalling deficiency effects on various tissue types 

observed in the studies cited in the text. ADX, adrenalectomy; CRH, corticotropin 

releasing hormone; CORT, corticosteroids; GR, glucocorticoid receptor; dim/dim, 

dimerisation mutant; -/-, knock out mutant; ↓ downregulation; ↑, upregulation. 

 

Table 2 

Overview of the effects of glucocorticoid manipulation on adult hippocampal 

neurogenesis observed in the studies cited in the text. For details see text. ADX, 

adrenalectomy; CORT, corticosteroid; CRH, corticotropin releasing hormone; GC, 

glucocorticoid receptor agonist; GR, glucocorticoid receptor; GR dim/dim, 

dimerisation mutant of the GR; MC, mineralocorticoid receptor agonist; MR, 

mineralocorticoid receptor; -/-, knock out mutant; n.e., not examined; ↓ 

downregulation; ↑, upregulation; ↔, no change. 

 

Fig. 1 

Three dynamic systems interact in glucocorticoid regulated circadian cell 

proliferation: The circadian clock, the dynamic plasma glucocorticoid levels and the 

cell cycle. A) Glucocorticoids are released by the adrenal gland in a pulsatile fashion 

(blue). Superimposed on this rhythm is a circadian rhythm that mainly regulates the 



Page 35 of 39

Acc
ep

te
d 

M
an

us
cr

ip
t

amplitude of the pulses (red). B) The circadian clock consists of an autoregulatory 

transcription-translation feedback loop. The clock genes CLOCK (C, blue) and 

BMAL1 (B, green) activate transcription of the period (per, red) and cryptochrome 

(cry, orange) genes via E-box enhancer elements (E, white). The PER (P) and CRY 

(Y) proteins heterodimerise, locate to the nucleus and repress the activity of the 

CLOCK-BMAL1 heterodimer, thereby downregulating their own expression. Delays 

in the feedback loop result in oscillating gene expression. C) The cell cycle consists of 

a dynamic progression of proliferating cells through the gap 1 (G1), DNA synthesis 

(S), gap 2 (G2) and mitosis (M) phases. Information on the nature of the interfaces 

between the three systems is currently limited. Some examples are: Interface A-B: 

Hamsters carrying a mutation which shortens their circadian period also present a 

reduced ultradian corticosterone pulse frequency [174]. Conversely, steady state 

transcription levels of the glucocorticoid inducible clock gene per1 are different under 

constant versus pulsatile GC treatments [149]. These examples suggest that, at least in 

some cases, the circadian clock and the circadian-ultradian GC rhythms may be 

interdependent. Interface B-C: The circadian clock can directly regulate a number of 

cell cycle genes [57]. Interface A-C: Depending on the cell type, glucocorticoids can 

both inhibit and enhance cell proliferation in a variety of systems. They are required 

for circadian cell cycle progression in zebrafish larvae, thereby connecting all three 

systems [161]. For details see text. 

 

Fig. 2 

Model of the central and peripheral control of glucocorticoid dynamics. A central 

clock in the SCN drives circadian rhythms of neural activity in projections to various 

brain targets, including the PVN. A humoral pathway from the SCN to the adrenal 
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gland involves release of CRH by neurons of the PVN into the portal system of the 

pituitary gland (PIT), where CRH stimulates ACTH secretion. Circadian CRH release 

is controlled mainly via indirect pathways from the SCN. ACTH in turn stimulates 

glucocorticoid production and release in the adrenal gland. A second, neural pathway 

connects the SCN with the adrenal gland via the autonomic nervous system. Light 

input into the adrenal gland is mediated by this pathway, and it may also influence the 

sensitivity of the gland to ACTH stimulation. A third player in the dynamic regulation 

of glucocorticoid release is the autonomous circadian clock of the adrenal gland itself, 

which appears to regulate both the expression of genes of the glucocorticoid synthesis 

pathway and the sensitivity of the adrenal gland to ACTH. The origin of pulsatile 

rhythms within this system is less well understood. In peripheral organs (including 

non-SCN areas of the brain), glucocorticoids bind to glucocorticoid (G, blue) and 

mineralocorticoid (M, white) receptors, with each receptor type mediating a different 

dynamic signalling response. The resulting glucocorticoid signalling activity then 

interacts with the circadian clock and with cell proliferation. ACTH, 

adrenocorticotropic hormone; ANS, autonomic nervous system; CRH, Corticotropin-

releasing hormone; GC, glucocorticoid; G, glucocorticoid receptor; M, 

mineralocorticoid receptor; PIT, pituitary; PVN, paraventricular nucleus; SCN, 

suprachiasmatic nucleus. 
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Table 1 

 

Table 2 

 

 

 

 

 

Type of deficiency Tissue affected Effect of 

deficiency on 

proliferation 

References 

ADX small intestine ↓ [119-121] 

ADX brain (mainly glia cells) ↑ [122, 123] 

ADX hippocampal neurogenesis (granule 

cells) 

↑ [132, 133] and see 

Table 2 

CRH -/- (=> CORT ↓) lung ↑ [124, 125] 

GR -/-, GR dim/dim erythrocytes (stress erythropoiesis) ↓ [128] 

GR -/-  skin (suprabasal keratinocytes) ↑ [130, 131] 

Experimental 

manipulation 

CORT 

levels 

Proliferation Apoptosis References 

ADX ↓ ↑  ↑  [132, 133, 136, 137] 

+ CORT ↑ ↓  n.e. [133] 

+ GC ↓ n.e. ↑  [141, 142]  

+ MC n.e. n.e. rescue of GC induced 

apoptosis   

[141, 142] 

ADX + CORT ↔↑? no rescue of ADX effect rescue of ADX effect   [133, 137] 

ADX + GC ↓ n.e. no rescue of ADX effect  [139, 140] 

ADX + MC ↓ n.e. rescue of ADX effect  [138] 

Brain GR -/- ↑  ↔  ↔?  [143, 144] 

Rescued MR -/- ↑  ↓  ↔  [144] 

Brain MR -/- ↔  ↔?  ↔?  [145] 
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