

[image: The emerging role of circadian rhythms in the development and function of thermogenic fat]
The emerging role of circadian rhythms in the development and function of thermogenic fat





REVIEW

published: 24 May 2023

doi: 10.3389/fendo.2023.1175845

[image: image2]


The emerging role of circadian rhythms in the development and function of thermogenic fat


Xuemin Peng 1,2 and Yong Chen 1,2,3*


1 Division of Endocrinology, Internal Medicine, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China, 2 Laboratory of Endocrinology, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, China, 3 Branch of National Clinical Research Center for Metabolic Diseases, Hubei, China




Edited by: 

Endre Károly Kristóf, University of Debrecen, Hungary

Reviewed by: 

Georgios Paschos, University of Pennsylvania, United States

Robin Van Eenige, Leiden University Medical Center (LUMC), Netherlands

*Correspondence: 

Yong Chen
 tj.y.chen@vip.163.com

Specialty section: 
 This article was submitted to Obesity, a section of the journal Frontiers in Endocrinology


Received: 28 February 2023

Accepted: 06 April 2023

Published: 24 May 2023

Citation:
Peng X and Chen Y (2023) The emerging role of circadian rhythms in the development and function of thermogenic fat. Front. Endocrinol. 14:1175845. doi: 10.3389/fendo.2023.1175845



Circadian rhythms regulate many biological processes in response to ambient influences. A disrupted circadian rhythm has been shown to be associated with obesity and obesity-related metabolic disorders. Thermogenic fat, including brown and beige fat, may play an important role in this process since it displays a high capacity to burn fat and release the stored energy as heat, contributing to the combat against obesity and its associated metabolic disorders. In this review, we summarize the relationship between the circadian clock and thermogenic fat and the prominent mechanisms which are involved in the regulation of the development and function of thermogenic fat by circadian rhythms, which may provide novel therapeutics for the prevention and treatment of metabolic diseases by targeting thermogenic fat in a circadian manner.
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Introduction

Almost every organism exhibits a circadian rhythm in adaptation to environmental changes. These circadian rhythms are self-sustained by an endogenous timekeeping system which is also called circadian clock. The circadian clocks consist of the central circadian clock in the suprachiasmatic nuclei (SCN) and the peripheral clocks in peripheral tissues (1). SCN receives photic information (light signals) from the retina and then regulates the peripheral clocks to coordinate circadian outputs. In addition, other nonphotic signals, such as food, exercise, sleep, and temperature, can also regulate circadian rhythms by central and peripheral clocks (2). Many biological processes such as sleep-wake cycles, blood pressure, core body temperature, hormone secretion, and energy metabolism are rhythmically fluctuate (3, 4). A disruption of circadian system, such as knockout of a circadian gene, altered light/dark cycle, shift work, and jet lag, contributes to obesity and its complications like hyperglycemia and insulin resistance, which brings a huge burden to health and economics (5–7).

Thermogenic fat, including brown adipose tissue (BAT) and beige adipose tissue, has a high capacity to burn fat and dissipate excess energy as heat to resist obesity and its related metabolic disorders (8). Adipose tissue containing a peripheral clock also shows a diurnal rhythm and is regulated by the circadian system. Brown fat exhibits thermogenic rhythms in nonshivering thermogenesis in C57BL/6J mice (9) despite the fact that such mouse strain is deficient in melatonin, which acts as an important effector of circadian clocks (10). Previous studies support that circadian disruption may lead to obesity by impeding BAT activity. For example, circadian disruption caused by prolonged daily light exposure leads to low activity in brown fat, which contributes to obesity (11). Mice fed on high-fat diet (HFD) gained more weight with the knockout of core clock gene brain and muscle arnt-like 1 (Bmal1) in BAT compared with the wild-type mice due to disrupted rhythms of fatty acid utilization and mildly reduced thermogenesis in BAT (12). Moreover, time-restricted feeding (TRF) can mitigate obesity by increasing rhythmic creatine-mediated thermogenesis (13). Hence, thermogenic fat may play an important role in obesity caused by circadian disruption, while the effect of circadian clock on thermogenic fat has not been fully elucidated. This review will focus on the role of circadian clock in the development and function of thermogenic fat, which might provide novel insights for the prevention and treatment of metabolic diseases by targeting thermogenic fat in a circadian manner.





Thermogenic fat

Adipocytes in mammals include white adipocytes and thermogenic adipocytes. The white adipocytes are characterized by a large unilocular lipid droplet and few mitochondria. Thermogenic adipocytes have multilocular lipid droplets and large numbers of mitochondria expressing the mitochondrial protein uncoupling protein 1 (UCP1). Thermogenic fat is heterogeneous and consists of BAT and beige adipose tissue. BAT develops in the embryonic period and originates from Myf5+ lineage akin to skeletal muscle, which is mainly distributed in the interscapular region in rodents (14). Unlike BAT, beige adipocytes are derived from Myf5- but PDGFRα+ non-dermomyotome cells postnatally and are recruited in white adipose tissue (WAT) depots, particularly in the inguinal region (also called browning process), in response to specific signals like cold and β3-adrenergic stimulants (15). Since beige adipocytes are recruited from white adipocytes, they are considered to be of an intermediate color between white and brown adipocytes. The main function of thermogenic fat is turning chemical fuel into physical heat, which is called non-shivering thermogenesis, to maintain the normal body temperature. Besides thermogenesis, thermogenic fat also participates in glucose, lipid, and amino acid metabolism, and thermogenic fat can resist adipose fibrosis (16). The PR domain containing 16 (PRDM16)-GTF2IRD1 complex in thermogenic fat can repress the transcription of TGF-β to inhibit pro-fibrosis genes and improve glucose homeostasis (17). Moreover, beige adipocytes have the ability to secrete β-hydroxybutyrate that acts on precursor cells to reduce fibrosis through the PRDM16-driven transcriptional signal (18). Activation of BAT and beige adipocytes can improve insulin sensitivity and combat obesity (8, 19–21). In recent years, non-shivering thermogenesis has become an attractive target for the therapy of obesity and associated metabolic disorders.





Circadian rhythms in thermogenic fat

Circadian rhythms are present in thermogenic fat. Circadian genes and circadian-controlled genes show diurnal rhythms in BAT and iWAT (inguinal WAT) (22). Since body temperature shows circadian oscillations and affects many biochemical reactions, the temperature might be the original and universal resetting cue for circadian oscillators in mammals (23, 24). Animal studies suggest that the Ucp1 gene expression in BAT is rhythmical over a period of 24 h and that thermogenesis exhibits a circadian rhythm, which lead to rhythmic body temperature (9). The 24-h rhythm in glucose uptake by BAT is observed by 18F-FDG uptake imaging in mice (25). In addition, the synthesis of fatty acid shows high-amplitude circadian rhythms in thermogenic BAT during chronic cold in mice, while such rhythms are absent in thermoneutrality (26). Besides those animal studies, human studies also confirm the circadian rhythms in thermogenic fat. Studies suggest that BAT in adult humans shares a number of common features to beige fat (15, 27). Insulin-stimulated glucose uptake was also found to display a circadian rhythm in human BAT (28). In both mice and humans, fatty acid uptake by BAT shows strong rhythms at the onset of wakening, which may explain the rhythmic plasma lipid concentrations at waking (29). Similarly, another study involving healthy humans also confirmed that nonshivering thermogenesis and fat oxidation in BAT are more obvious in the morning than in the evening (30). Collectively, these studies show that thermogenic fat exhibits circadian rhythms in aspects of both genes and functions.





Circadian disruption contributes to obesity

The central clock SCN and the peripheral clocks in peripheral tissues coordinate with each other in response to environmental cues, such as light, food, and sleep, to maintain circadian rhythms in almost all cells/tissues (1, 29). At the molecular level, the transcriptional–translational feedback loop (TTFL) is mainly involved in the cell-autonomous rhythms. The BMAL1 and Circadian Locomotor Output Cycles Kaput (CLOCK) comprise the key positive arm and bind to E-box sequences to promote the expression of Period (PER) and Cryptochrome (CRY), which then prevent the CLOCK : BMAL1 complexes from driving transcription further (1, 31). Additionally, the expression of nuclear receptors REV-ERB α/β and retinoic acid receptor-related orphan receptors RORs α/β are also driven by the CLOCK : BMAL1 complexes, and then the ROR, in turn, promotes the transcription of BMAL1, while REV-ERB suppresses transcription (32, 33). Thus, the TTFL is mainly composed of the positive arm including BMAL1, CLOCK, and ROR proteins and the negative arm containing PER, CRY, and REV-ERB proteins (31).

A number of biological processes, such as glucose and lipid homeostasis, energy expenditure, and hormone secretion, are regulated by the circadian clock (34, 35). The SCN is mainly entrained by light signals, and the peripheral clocks can be modulated by temperature, food, and sleep as well as hormonal cues (2). The abnormal expression of circadian genes, environmental misalignment like abnormal light/dark cycles, and behavioral misalignment, including feeding, sleep–wake cycles, and activity, can promote circadian disruption, which could contribute to obesity and obesity-related metabolic disorders (36, 37). For example, animals with a genetic circadian disruption, such as the mutation of CLOCK and the deletion of BMAL1, are prone to obesity and metabolic syndrome (38–40). Animals gained more weight under the altered light/dark cycle including shortened period and prolonged light as well as blue light (11, 41, 42). Behavioral misalignments, such as shift work, jet lag, and sleep disruption, can accelerate the occurrence and development of obesity and its associated metabolic disorders in both animal models and humans (7, 43–45), in which the inactivation of thermogenic fat may be involved (11, 13, 46, 47). The existence of circadian rhythms in thermogenic fat also suggested that it may participate in circadian disruption-associated obesity and relevant metabolic complications. The circadian rhythms in thermogenic fat and the related obesity under circadian disruption are shown in Figure 1. As thermogenic fat is becoming a promising target for treating obesity and metabolic disease, it is very important to figure out how thermogenic fat is regulated by the circadian clock to provide more accurate anti-obesity therapy.




Figure 1 | Circadian rhythms in thermogenic fat. SCN is mainly entrained by light signals and synchronizes the circadian rhythms of thermogenic fat and other peripheral tissues. SCN and other factors like time of food intake and peripheral tissues carefully regulate the thermogenic adipocyte clock. The molecular mechanism lies in TTFL including a positive arm such as CLOCK, BMAL1, and ROR and a negative arm like PER, CRY, and REV-ERB. Circadian rhythms including glucose uptake, fatty acid synthesis, lipid clearance, and thermogenesis are present in thermogenic fat. Circadian disruptions caused by abnormal light/dark cycle, clock gene mutation, and behavioral misalignments like shift work and jet lag cause circadian dysregulation of thermogenic fat, contributing to obesity and related metabolic disorders. SCN, suprachiasmatic nuclei; TTFL, transcriptional–translational feedback loop. Figures were created with BioRender (https://biorender.com/).







Circadian clock regulates the development of thermogenic fat

The development of brown and beige adipocytes is controlled by transcriptional regulation. Many clock genes encode transcription factors that impact adipogenesis and regulate the development of thermogenic fat. The deficiency of Bmal1 in both brown preadipocytes and mesenchymal precursors contributed to the formation of brown adipocytes by reducing TGF-β pathway activity and enhancing BMP signaling (48). The Bmal1-null mouse also had increased thermogenesis and adipogenesis in BAT (48).

Enhanced Ucp1 expression, more multilocular lipid droplets, and mitochondria were observed in the BAT and subcutaneous WAT in Rorα-deficient mice, and primary brown adipocytes with Rorα deficiency also showed a higher metabolic rate. Rorα deficiency promotes brown/beige adipogenesis by enhancing histone-lysine N-methyltransferase enzyme 1, which contributes to the development of thermogenic fat by stabilizing PRDM 16 transcriptional complex (49). Moreover, the RORα inverse-agonist SR3335 was confirmed to activate BAT and increase beige fat and adaptive thermogenesis in in vivo mice models and in vitro experiments. Human adipocytes also presented increasing beige characteristics after RORα inhibition, while the RORα agonist exerted an opposite effect (50). With respect to Rev-erbα, Gerhart-Hines et al. found that Rev-erbα could reduce thermogenic capacity by the transcriptional inhibition of Ucp1 in BAT so as to regulate circadian thermogenic plasticity in adult mice (9). However, Rev-erbα was found to promote BAT development in another study. The formation, structural integrity, and characteristics of BAT were impaired by the loss of Rev-erbα in neonatal mice. The Rev-erbα knockdown also diminished the brown fat-specific features in brown adipogenic differentiation, while its overexpression promoted brown adipogenesis by suppressing TGF-β signaling (51). The former study mainly focused on the role of Rev-erbα in Ucp1 expression levels in adult mice at thermoneutrality (9), while the latter study investigated its role in BAT development in neonatal mice at 22°C and in vitro experiments (51). The age of mice and ambient temperature may account for the differences in these two studies. The specific role of Rev-erbα in BAT development needs to be further explored by tissue-selective ablation models in future studies. Moreover, CRY1/2 was reported to increase brown fat-specific gene expressions and enhance brown adipocyte differentiation, in which the repression of BMAL1 and the interaction with PPARγ may be involved (52).





Circadian clock controls the function of thermogenic fat

Early studies showed that excitation of the SCN by glutamate leads to an increase in BAT temperature (53). The SCN promotes fatty acid uptake from triglyceride-rich lipoproteins in the skeletal muscle as well as BAT, which maintains the day–night variations in plasma triglycerides (54). The diurnal rhythms are present in both thermogenesis and lipid clearance in BAT (9, 29). As a result, the function of thermogenic fat may be closely related to the circadian clock. As components of the TTFL, many key clock genes play vital roles in the function of thermogenic fat. The peroxisome-proliferator-activated receptor α (PPARα), as a distinctive marker of BAT, is widely considered to enhance lipid catabolism, activate the thermogenic function in BAT, and promote a white-to-beige conversion in WAT (55, 56). The CLOCK protein was also found to regulate the circadian expression of PPARα by combining its E-box-rich region (34). These studies suggest a possible role of CLOCK in the regulation of thermogenic fat.

The role of BMAL1 in thermogenic fat seems to be inconsistent in BAT. Global Bmal1-null mice had higher Ucp1 expression levels and could maintain core body temperature upon cold exposure, although having large lipid droplets (57). Another study also confirmed the increased thermogenesis and adipogenesis in BAT when Bmal1 was globally absent (48). The deficiency of BMAL1 in adipocyte was shown to contribute to obesity, although increased Ucp1 expression levels were observed (5). Moreover, the specific deletion of Bmal1 in BAT was also used to explore the relationship between BAT and thermogenic fat. The core body temperature was lower in brown adipocyte-selective Bmal1-deficient mice at 22°C, and the locomotor activity was similar compared with the control mice, while higher levels of thermogenic genes, such as Ucp1, Cidea, and Elovl3, were observed in BAT when Bmal1 was deficient (58). A recent study also found increased Ucp1 mRNA and UCP1 protein levels in BAT, with Bmal1 specifically deleted. Although the mice with Bmal1 KO in BAT had decreased UCP1-independent futile creatine cycling and mildly impaired thermogenesis, the cold tolerance was comparable to the control mice with increased shivering thermogenesis (12). The paradoxical results of the role of Bmal1 in core body temperature may be explained by the different Bmal1-floxed alleles (12, 58). REV-ERBα’s role in repressing Ucp1 may be involved in the effect of Bmal1 on Ucp1 expression levels (9). Recently, Xiong et al. reported that the overexpression of Bmal1 in beige fat inhibited beige adipogenesis and thermogenesis by regulating MRTF/SRF signaling in in vivo mice model. Correspondingly, the selective ablation of Bmal1 enhanced iWAT browning and improved glucose homeostasis (59).

Rev-erbα regulates circadian thermogenic plasticity by repressing Ucp1 gene expression (9). Additionally, during chronic cold exposure, circadian lipid synthesis in BAT was mediated by the circadian regulation of SREBP by Rev-erbα. Similarly, the specific absence of REV-ERBα in BAT led to increased Ucp1 after de-repression (26). Furthermore, Rorα-deficient mice induced increased thermogenic genes in BAT and iWAT, which might contribute to the resistance to diet-induced obesity (7, 60). Another study also confirmed that the deletion of RORα induced iWAT browning process by increasing the PGC-1A and PRDM16 levels in staggerer mice (61). However, the Per2 mutant mice were cold-sensitive due to impaired adaptive thermogenesis. PER2 could act as a co-activator of PPARα and upregulated fatty acid binding protein 3, which thus led to increased and activated Ucp1 (62).

Moreover, the factors regulating circadian rhythms also have an impact on the function of thermogenic fat—for example, as light is an important zeitgeber for SCN, constant light caused abnormal rhythms and reduced the UCP1 expression levels in BAT (63). Both constant light and dark conditions led to the absence of diet-induced thermogenesis in humans (64). Prolonged light decreased the uptake of fatty acids and the transcription of Ucp1 of BAT in mice (11). A study also reported that advanced light phase shifts led to a brown-to-white transformation and reduced the Ucp1 levels in BAT (65). Thermogenic fat is also regulated by the photoperiod with a short 8:16 light/dark cycle, causing higher expression levels of Ucp1 in both BAT and retroperitoneal WAT compared with the long 16:8 light/dark cycle in Siberian hamsters (66). Consistent with this, another study also confirmed that short photoperiod stimulated lipid mobilization and the browning of WAT (67). Opsin 3, a blue-light-responsive opsin, was found to enhance adaptive thermogenesis in mice through adipocyte light sensing (68). A more recent study figured out the neuroregulatory mechanism of light-modulating glucose metabolism in BAT (69).

The SCN is mainly entrained by light signals, while many peripheral clocks could be entrained by food signals (70). Temporally restricted food access entrained phase shifts of the circadian gene of BAT in mice (71). The impact of TRF under HFD was also explored in another study. HFD in mice disrupted the normal metabolic cycle, and TRF considered to restore rhythms increased the rhythmic Ucp1 and PPARα expression, which enhanced thermogenesis and resisted obesity (72). Time-restricted feeding during the inactive (light) period also increased thermogenesis in BAT and iWAT by controlling the adipocyte creatine metabolism in a circadian manner in mice (13). In a word, the abovementioned studies suggest that the functions of thermogenic fat, including thermogenesis and improvement of glucose and lipid metabolism, are all regulated by a circadian clock.





Mechanism involving the circadian regulation of thermogenic fat

The factors regulating circadian rhythms also influence thermogenic fat function, while the exact mechanism remains to be illuminated. β3-adrenergic signaling is a classic beiging signal that induces adaptive thermogenesis in brown and beige adipocytes by promoting cAMP production in mice (73, 74). In addition, many hormones vary across the day and night and participate in the regulation of thermogenic fat (75, 76). Most clock genes, as transcription factors, directly regulate the transcription of thermogenic genes and genes involving glucose and lipid metabolism as mentioned above. Besides the direct effect of clock genes, circadian sympathetic innervation and hormones are also involved in the circadian regulation of thermogenic fat. The circadian regulation of thermogenic fat is shown in Figure 2.




Figure 2 | Circadian regulation of thermogenic fat. Clock proteins directly influence thermogenic fat function by regulating transcription. CLOCK, PER2, and CRY1/2 positively regulate thermogenesis, while RORα, BMAL1, and REV-ERBα inhibit thermogenesis. SNS activates thermogenic fat by releasing norepinephrine. FA released from lipid droplets can activate UCP1. The TG-rich lipoproteins promote FA uptake by LPL and replenish intracellular lipid stores. Melatonin, FGF21, and insulin bind to their receptors and contribute to thermogenesis, while glucocorticoids and ghrelin suppress thermogenesis. SNS, sympathetic nervous system; TG, triglyceride; FA, fatty acids; UCP1, uncoupling protein 1; LPL, lipoprotein lipase; FGF21; fibroblast growth factor 21. Figures were created with BioRender (https://biorender.com/).






Circadian regulation of thermogenic fat by the sympathetic nervous system

The activity of thermogenic fat is largely controlled by the sympathetic nervous system (SNS). There are neuroanatomical connections between SCN and BAT, and SCN neurons cooperate with other neurons in controlling sympathetic activity in BAT (77). Glutamate injection into the SCN enhanced BAT thermogenesis and increased the core temperature in rats, which was mediated by the ipsilateral ventromedial hypothalamic (VMH) nucleus (53). Light inputs entrain the circadian clocks via the light-sensitive ganglion cells in the retina, and disruption of the light–dark cycles causes the inactivation of thermogenic fat. The reduced β3-adrenergic intracellular signaling input accounts for the impaired BAT activity in mice under prolonged daily light (11). The uptake of fatty acid in BAT presents circadian rhythms, which were lost after the sympathetic denervation of BAT (29). A short photoperiod could resist obesity in Siberian hamsters by increasing SNS-stimulated lipid mobilization and inducing WAT browning (67). Interestingly, Meng et al. recently found that hypothalamic supraoptic nucleus (SON) collects light signals by intrinsically photosensitive retinal ganglion cells and then passes signals to paraventricular nucleus neurons, which caused the activated GABAergic neurons in the solitary tract nucleus. This process finally led to impaired adaptive thermogenesis in BAT and decreased glucose tolerance through β3-adrenergic signaling. This study revealed a novel neural circuit of SON modulating light-mediated glucose tolerance independent of SCN (69). These results indicate that light signals may modulate lipid metabolism and thermogenic activity in thermogenic fat by SNS.

Besides light signals, Orozco-Solis et al. investigated how nutrition signals regulate circadian energetics. As VMH is involved in nutrient sensing, the deletion of core-clock gene Bmal1 specifically in Sf1-neurons of the VMH resulted in increased energy expenditure and enhanced thermogenic capacity mainly in BAT via adrenergic signaling, which suggested that the VMH clock can regulate circadian thermogenesis independent of the SCN and the endogenous BAT clock by receiving inputs from environmental zeitgebers (78).

However, Razzoli et al. reported that mice lacking β-adrenergic receptors maintained the circadian rhythmicity of Ucp1 and clock genes of BAT despite the low Ucp1 expressions at room temperature and cold challenge. This indicates that β-adrenergic receptors modulated Ucp1 during cold challenge without influencing its circadian rhythmicity (79). Similarly, thermogenesis still exhibited circadian rhythms at thermoneutrality when the sympathetic outflow to BAT was minimal (9). These further confirm that other factors, like clock genes and the following hormones, also participate in the circadian regulation of thermogenic fat apart from circadian sympathetic innervation.





Circadian regulation of thermogenic fat by hormones

When referring to the circadian releases of hormones, melatonin is one of the most important circadian hormones as it rises as light fades and peaks during darkness (80). The circadian rhythms of melatonin are produced by the pineal gland under the control of SCN. Circadian disruptions like abnormal light, shift work, and jet lag could lead to impaired rhythms of melatonin (80). Even low-intensity light like LED in the evening can delay the phase and reduce melatonin secretion (81). Besides in the brain, melatonin receptors were also observed in adipocytes (82). Melatonin has been shown to promote circadian rhythm-mediated proliferation in WAT (83). The association between melatonin and thermogenic fat has also been reported. Ryu et al. reported that a short photoperiod increased the iWAT browning and BAT activity and thus reversed obesity compared with a long photoperiod, in which melatonin was involved in stimulating a sympathetic activity (67). In addition, pinealectomized rats with melatonin absence were overweight with reduced UCP1 levels in BAT and showed intolerance to cold, which was reversed by melatonin treatment (84). Melatonin is also reported to induce iWAT browning and promote BAT activity in other studies, while the exact mechanism remains to be investigated, and the increased sympathetic drive by SCN and the direct effects of its receptors in fat might be involved (85–88). In view of the role of melatonin in circadian rhythms and thermogenic fat, melatonin is considered to participate in the circadian regulation of thermogenic fat.

Glucocorticoids also show robust daily variation under the regulation of the hypothalamus–pituitary–adrenal gland. The rhythmic secretion of glucocorticoid is controlled by SCN as the diurnal rhythms were completely blunted after the destruction of the SCN (89). Many clock proteins can regulate the activity of glucocorticoids. CLOCK can directly repress the transcriptional activity of the glucocorticoid receptor (GR) (90). Another study showed that CRYs mediated the rhythmic repression of GRs (91). In turn, glucocorticoid signaling can also reset the phase of circadian time in peripheral tissues (92). Many clock genes like Per1 and Per2 that contain GR-responsive elements can be regulated by glucocorticoids (93). Blue light increased the expression of circadian genes in the WAT partly by increasing plasma corticosterone (42). The constant light causes blunted corticosterone rhythm in mice (94). These further confirm the close relationship between circadian rhythms and glucocorticoids. Genes associated with BAT function are also modulated by glucocorticoids in a GR-dependent fashion (95). Glucocorticoid signaling activation has been shown to inhibit BAT thermogenesis and induce the whitening of beige adipocytes (96, 97). The disruption of glucocorticoid diurnal rhythms could lead to the dysregulation of thermogenic fat—for example, the diurnal range of corticosterone concentration increases lipid storage and suppresses nonshivering thermogenesis in BAT (98). The flattening of circadian glucocorticoid oscillations similar to jet lag causes adipocyte hypertrophy and reduced UCP1 levels in BAT (99). Moreover, another study also reported that flattened corticosterone rhythm led to the loss of circadian rhythm in BAT-mediate triglyceride-derived fatty acid uptake possibly by reducing sympathetic innervation (100). As glucocorticoid is tightly regulated by circadian rhythms and its dysregulation can impair thermogenic fat function, the circadian regulation of thermogenic fat is at least partly mediated by glucocorticoid.

Apart from melatonin and glucocorticoid, some other hormones are also involved in the circadian regulation of thermogenic fat. Mistimed feeding was shown to disrupt the rhythms of serum melatonin, fibroblast growth factor 21 (FGF21), and ghrelin in growing pigs (101). FGF21, mainly secreted by the liver, exhibits a circadian oscillation, and its induction can activate thermogenesis in BAT and increase iWAT browning (102–104). The circadian expression levels of FGF21 can be regulated by clock genes such as REV-ERBα and RORα (105, 106). FGF21 signaling also feeds back SCN and regulates circadian behavior (107), which may indicate its circadian regulation in thermogenic fat. Furthermore, ghrelin, as a hunger-inducing hormone, also shows daily oscillations (108, 109). Circadian misalignment by a 12-h behavioral cycle inversion elevated the postprandial ghrelin levels (110). Ghrelin has been shown to inhibit BAT function by noradrenaline, and the suppression of ghrelin receptors activates BAT function (111, 112). Moreover, insulin and triiodothyronine are considered to enhance thermogenic fat activity (113, 114) and present circadian rhythms under the regulation of the circadian clock (115). Despite the fact that the studies about these abovementioned hormones and the circadian regulation of thermogenic fat are relatively scarce, they may be more or less involved in the regulation of thermogenic fat through circadian rhythmicity. Further investigations are needed to explore the exact associations and mechanisms.






Conclusion and perspective

Collectively, almost all organs and tissues are under the control of circadian clock to adapt to environmental changes. Lots of cases of obesity and its associated diseases are accelerated by circadian disruption such as clock deficiency, prolonged light, and other ways. Like most other tissues, thermogenic fat shows strong circadian oscillation by a complex interplay of local clocks and a central clock. Circadian factors like light, feeding, and clock genes have an impact on the thermogenic clock. The differentiation and development of thermogenic fat are well orchestrated by a circadian clock. Most aspects of thermogenic fat function, including thermogenesis and glucose and lipid metabolism, are all under circadian control to promote metabolic homeostasis. The adipocyte clock genes, SNS, and some rhythmic hormones appear to be involved in the circadian regulation of thermogenic fat.

Several questions involving the circadian clock and thermogenic fat still remain. Firstly, the association between BAT and circadian rhythms has been reported in many previous studies, while studies on beige fat are relatively few. The late discovery of beige fat may partly explain this, and more research need to be made. Secondly, despite the role of clock genes, SNS, and some hormones that have been found to participate in the circadian modulation of thermogenic fat, other unknown mechanisms also need to be explored as circadian regulation is coordinated by many molecules both in transcription and posttranslational modification levels. Moreover, emerging studies also show that human BAT exhibits circadian rhythms. Chronotherapy targeting thermogenic fat like TRF seems promising, while relevant studies are not enough, especially in humans. Further studies are needed to resist obesity and metabolic disorders by therapeutically targeting circadian rhythms in thermogenic fat. Lastly, the exact contribution of dysfunction in thermogenic fat to the obesity phenotype is unclear and difficult to explain. A deeper understanding of the extent and exact mechanisms may offer novel avenues for combating metabolic disease.





Author contributions

XP and YC wrote the manuscript. YC edited the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the National Natural Science Foundation of China (Grant No. 82270910 and 82070859 to YC) and a grant from Tongji Hospital in Huazhong University of Science and Technology (Grant No. 2201103295 to YC).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Schibler, U, and Sassone-Corsi, P. A web of circadian pacemakers. Cell (2002) 111(7):919–22. doi: 10.1016/s0092-8674(02)01225-4

2. Challet, E, and Pévet, P. Interactions between photic and nonphotic stimuli to synchronize the master circadian clock in mammals. Front Biosci (2003) 8:s246–57. doi: 10.2741/1039

3. Arendt, J. Biological rhythms during residence in polar regions. Chronobiol Int (2012) 29(4):379–94. doi: 10.3109/07420528.2012.668997

4. Hor, CN, Yeung, J, Jan, M, Emmenegger, Y, Hubbard, J, Xenarios, I, et al. Sleep-wake-driven and circadian contributions to daily rhythms in gene expression and chromatin accessibility in the murine cortex. Proc Natl Acad Sci U.S.A. (2019) 116(51):25773–83. doi: 10.1073/pnas.1910590116

5. Paschos, GK, Ibrahim, S, Song, WL, Kunieda, T, Grant, G, Reyes, TM, et al. Obesity in mice with adipocyte-specific deletion of clock component arntl. Nat Med (2012) 18(12):1768–77. doi: 10.1038/nm.2979

6. Poggiogalle, E, Jamshed, H, and Peterson, CM. Circadian regulation of glucose, lipid, and energy metabolism in humans. Metabolism (2018) 84:11–27. doi: 10.1016/j.metabol.2017.11.017

7. Parsons, MJ, Moffitt, TE, Gregory, AM, Goldman-Mellor, S, Nolan, PM, Poulton, R, et al. Social jetlag, obesity and metabolic disorder: investigation in a cohort study. Int J Obes (Lond) (2015) 39(5):842–8. doi: 10.1038/ijo.2014.201

8. Pan, R, Zhu, X, Maretich, P, and Chen, Y. Combating obesity with thermogenic fat: current challenges and advancements. Front Endocrinol (Lausanne) (2020) 11:185. doi: 10.3389/fendo.2020.00185

9. Gerhart-Hines, Z, Feng, D, Emmett, MJ, Everett, LJ, Loro, E, Briggs, ER, et al. The nuclear receptor rev-erbα controls circadian thermogenic plasticity. Nature (2013) 503(7476):410–3. doi: 10.1038/nature12642

10. Roseboom, PH, Namboodiri, MA, Zimonjic, DB, Popescu, NC, Rodriguez, IR, Gastel, JA, et al. Natural melatonin 'knockdown' in C57BL/6J mice: rare mechanism truncates serotonin n-acetyltransferase. Brain Res Mol Brain Res (1998) 63(1):189–97. doi: 10.1016/s0169-328x(98)00273-3

11. Kooijman, S, van den Berg, R, Ramkisoensing, A, Boon, MR, Kuipers, EN, Loef, M, et al. Prolonged daily light exposure increases body fat mass through attenuation of brown adipose tissue activity. Proc Natl Acad Sci U.S.A. (2015) 112(21):6748–53. doi: 10.1073/pnas.1504239112

12. Hasan, N, Nagata, N, Morishige, JI, Islam, MT, Jing, Z, Harada, KI, et al. Brown adipocyte-specific knockout of Bmal1 causes mild but significant thermogenesis impairment in mice. Mol Metab (2021) 49:101202. doi: 10.1016/j.molmet.2021.101202

13. Hepler, C, Weidemann, BJ, Waldeck, NJ, Marcheva, B, Cedernaes, J, Thorne, AK, et al. Time-restricted feeding mitigates obesity through adipocyte thermogenesis. Science (2022) 378(6617):276–84. doi: 10.1126/science.abl8007

14. Seale, P, Bjork, B, Yang, W, Kajimura, S, Chin, S, Kuang, S, et al. PRDM16 controls a brown fat/skeletal muscle switch. Nature (2008) 454(7207):961–7. doi: 10.1038/nature07182

15. Wu, J, Boström, P, Sparks, LM, Ye, L, Choi, JH, Giang, AH, et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell (2012) 150(2):366–76. doi: 10.1016/j.cell.2012.05.016

16. Cohen, P, and Kajimura, S. The cellular and functional complexity of thermogenic fat. Nat Rev Mol Cell Biol (2021) 22(6):393–409. doi: 10.1038/s41580-021-00350-0

17. Hasegawa, Y, Ikeda, K, Chen, Y, Alba, DL, Stifler, D, Shinoda, K, et al. Repression of adipose tissue fibrosis through a PRDM16-GTF2IRD1 complex improves systemic glucose homeostasis. Cell Metab (2018) 27(1):180–194.e6. doi: 10.1016/j.cmet.2017.12.005

18. Wang, W, Ishibashi, J, Trefely, S, Shao, M, Cowan, AJ, Sakers, A, et al. A PRDM16-driven metabolic signal from adipocytes regulates precursor cell fate. Cell Metab (2019) 30(1):174–189.e5. doi: 10.1016/j.cmet.2019.05.005

19. Jeong, MY, Park, J, Youn, DH, Jung, Y, Kang, J, Lim, S, et al. Albiflorin ameliorates obesity by inducing thermogenic genes via AMPK and PI3K/AKT in vivo and in vitro. Metabolism (2017) 73:85–99. doi: 10.1016/j.metabol.2017.05.009

20. Yoneshiro, T, Aita, S, Matsushita, M, Kayahara, T, Kameya, T, Kawai, Y, et al. Recruited brown adipose tissue as an antiobesity agent in humans. J Clin Invest (2013) 123(8):3404–8. doi: 10.1172/jci67803

21. Wu, T, Liu, Q, Li, Y, Li, H, Chen, L, Yang, X, et al. Feeding-induced hepatokine, manf, ameliorates diet-induced obesity by promoting adipose browning via p38 MAPK pathway. J Exp Med (2021) 218(6):e20201203. doi: 10.1084/jem.20201203

22. Zvonic, S, Ptitsyn, AA, Conrad, SA, Scott, LK, Floyd, ZE, Kilroy, G, et al. Characterization of peripheral circadian clocks in adipose tissues. Diabetes (2006) 55(4):962–70. doi: 10.2337/diabetes.55.04.06.db05-0873

23. Refinetti, R. The circadian rhythm of body temperature. Front Biosci (Landmark Ed) (2010) 15(2):564–94. doi: 10.2741/3634

24. Buhr, ED, Yoo, SH, and Takahashi, JS. Temperature as a universal resetting cue for mammalian circadian oscillators. Science (2010) 330(6002):379–85. doi: 10.1126/science.1195262

25. van der Veen, DR, Shao, J, Chapman, S, Leevy, WM, and Duffield, GE. A diurnal rhythm in glucose uptake in brown adipose tissue revealed by in vivo PET-FDG imaging. Obes (Silver Spring) (2012) 20(7):1527–9. doi: 10.1038/oby.2012.78

26. Adlanmerini, M, Carpenter, BJ, Remsberg, JR, Aubert, Y, Peed, LC, Richter, HJ, et al. Circadian lipid synthesis in brown fat maintains murine body temperature during chronic cold. Proc Natl Acad Sci U.S.A. (2019) 116(37):18691–9. doi: 10.1073/pnas.1909883116

27. Shinoda, K, Luijten, IH, Hasegawa, Y, Hong, H, Sonne, SB, Kim, M, et al. Genetic and functional characterization of clonally derived adult human brown adipocytes. Nat Med (2015) 21(4):389–94. doi: 10.1038/nm.3819

28. Lee, P, Bova, R, Schofield, L, Bryant, W, Dieckmann, W, Slattery, A, et al. Brown adipose tissue exhibits a glucose-responsive thermogenic biorhythm in humans. Cell Metab (2016) 23(4):602–9. doi: 10.1016/j.cmet.2016.02.007

29. van den Berg, R, Kooijman, S, Noordam, R, Ramkisoensing, A, Abreu-Vieira, G, Tambyrajah, LL, et al. A diurnal rhythm in brown adipose tissue causes rapid clearance and combustion of plasma lipids at wakening. Cell Rep (2018) 22(13):3521–33. doi: 10.1016/j.celrep.2018.03.004

30. Matsushita, M, Nirengi, S, Hibi, M, Wakabayashi, H, Lee, SI, Domichi, M, et al. Diurnal variations of brown fat thermogenesis and fat oxidation in humans. Int J Obes (Lond) (2021) 45(11):2499–505. doi: 10.1038/s41366-021-00927-x

31. Takahashi, JS. Transcriptional architecture of the mammalian circadian clock. Nat Rev Genet (2017) 18(3):164–79. doi: 10.1038/nrg.2016.150

32. Preitner, N, Damiola, F, Lopez-Molina, L, Zakany, J, Duboule, D, Albrecht, U, et al. The orphan nuclear receptor REV-ERBalpha controls circadian transcription within the positive limb of the mammalian circadian oscillator. Cell (2002) 110(2):251–60. doi: 10.1016/s0092-8674(02)00825-5

33. Guillaumond, F, Dardente, H, Giguère, V, and Cermakian, N. Differential control of Bmal1 circadian transcription by REV-ERB and ROR nuclear receptors. J Biol Rhythms (2005) 20(5):391–403. doi: 10.1177/0748730405277232

34. Oishi, K, Shirai, H, and Ishida, N. CLOCK is involved in the circadian transactivation of peroxisome-proliferator-activated receptor alpha (PPARalpha) in mice. Biochem J (2005) 386(Pt 3):575–81. doi: 10.1042/bj20041150

35. Bartness, TJ, Song, CK, and Demas, GE. SCN efferents to peripheral tissues: implications for biological rhythms. J Biol Rhythms (2001) 16(3):196–204. doi: 10.1177/074873040101600302

36. Li, Y, Ma, J, Yao, K, Su, W, Tan, B, Wu, X, et al. Circadian rhythms and obesity: timekeeping governs lipid metabolism. J Pineal Res (2020) 69(3):e12682. doi: 10.1111/jpi.12682

37. Fonken, LK, and Nelson, RJ. The effects of light at night on circadian clocks and metabolism. Endocr Rev (2014) 35(4):648–70. doi: 10.1210/er.2013-1051

38. Turek, FW, Joshu, C, Kohsaka, A, Lin, E, Ivanova, G, McDearmon, E, et al. Obesity and metabolic syndrome in circadian clock mutant mice. Science (2005) 308(5724):1043–5. doi: 10.1126/science.1108750

39. Marcheva, B, Ramsey, KM, Buhr, ED, Kobayashi, Y, Su, H, Ko, CH, et al. Disruption of the clock components CLOCK and BMAL1 leads to hypoinsulinaemia and diabetes. Nature (2010) 466(7306):627–31. doi: 10.1038/nature09253

40. Jouffe, C, Weger, BD, Martin, E, Atger, F, Weger, M, Gobet, C, et al. Disruption of the circadian clock component BMAL1 elicits an endocrine adaption impacting on insulin sensitivity and liver disease. Proc Natl Acad Sci U.S.A. (2022) 119(10):e2200083119. doi: 10.1073/pnas.2200083119

41. Karatsoreos, IN, Bhagat, S, Bloss, EB, Morrison, JH, and McEwen, BS. Disruption of circadian clocks has ramifications for metabolism, brain, and behavior. Proc Natl Acad Sci U.S.A. (2011) 108(4):1657–62. doi: 10.1073/pnas.1018375108

42. Guan, Q, Li, Y, Wang, Z, Cao, J, Dong, Y, Ren, F, et al. Monochromatic light pollution exacerbates high-fat diet-induced adipocytic hypertrophy in mice. Cells (2022) 11(23). doi: 10.3390/cells11233808

43. Christie, S, Vincent, AD, Li, H, Frisby, CL, Kentish, SJ, O'Rielly, R, et al. A rotating light cycle promotes weight gain and hepatic lipid storage in mice. Am J Physiol Gastrointest Liver Physiol (2018) 315(6):G932–g942. doi: 10.1152/ajpgi.00020.2018

44. Xiong, X, Lin, Y, Lee, J, Paul, A, Yechoor, V, Figueiro, M, et al. Chronic circadian shift leads to adipose tissue inflammation and fibrosis. Mol Cell Endocrinol (2021) 521:111110. doi: 10.1016/j.mce.2020.111110

45. Chaput, JP, McHill, AW, Cox, RC, Broussard, JL, Dutil, C, da Costa, BGG, et al. The role of insufficient sleep and circadian misalignment in obesity. Nat Rev Endocrinol (2023) 19(2):82–97. doi: 10.1038/s41574-022-00747-7

46. Heyde, I, Begemann, K, and Oster, H. Contributions of white and brown adipose tissues to the circadian regulation of energy metabolism. Endocrinology (2021) 162(3). doi: 10.1210/endocr/bqab009

47. Straat, ME, Hogenboom, R, Boon, MR, Rensen, PCN, and Kooijman, S. Circadian control of brown adipose tissue. Biochim Biophys Acta Mol Cell Biol Lipids (2021) 1866(8):158961. doi: 10.1016/j.bbalip.2021.158961

48. Nam, D, Guo, B, Chatterjee, S, Chen, MH, Nelson, D, Yechoor, VK, et al. The adipocyte clock controls brown adipogenesis through the TGF-β and BMP signaling pathways. J Cell Sci (2015) 128(9):1835–47. doi: 10.1242/jcs.167643

49. Lau, P, Tuong, ZK, Wang, SC, Fitzsimmons, RL, Goode, JM, Thomas, GP, et al. Rorα deficiency and decreased adiposity are associated with induction of thermogenic gene expression in subcutaneous white adipose and brown adipose tissue. Am J Physiol Endocrinol Metab (2015) 308(2):E159–71. doi: 10.1152/ajpendo.00056.2014

50. Auclair, M, Roblot, N, Capel, E, Fève, B, and Antoine, B. Pharmacological modulation of RORα controls fat browning, adaptive thermogenesis, and body weight in mice. Am J Physiol Endocrinol Metab (2021) 320(2):E219–e233. doi: 10.1152/ajpendo.00131.2020

51. Nam, D, Chatterjee, S, Yin, H, Liu, R, Lee, J, Yechoor, VK, et al. Novel function of rev-erbα in promoting brown adipogenesis. Sci Rep (2015) 5:11239. doi: 10.1038/srep11239

52. Miller, S, Son, YL, Aikawa, Y, Makino, E, Nagai, Y, Srivastava, A, et al. Isoform-selective regulation of mammalian cryptochromes. Nat Chem Biol (2020) 16(6):676–85. doi: 10.1038/s41589-020-0505-1

53. Amir, S, Shizgal, P, and Rompré, PP. Glutamate injection into the suprachiasmatic nucleus stimulates brown fat thermogenesis in the rat. Brain Res (1989) 498(1):140–4. doi: 10.1016/0006-8993(89)90409-5

54. Moran-Ramos, S, Guerrero-Vargas, NN, Mendez-Hernandez, R, Basualdo, MDC, Escobar, C, and Buijs, RM. The suprachiasmatic nucleus drives day-night variations in postprandial triglyceride uptake into skeletal muscle and brown adipose tissue. Exp Physiol (2017) 102(12):1584–95. doi: 10.1113/ep086026

55. Hondares, E, Rosell, M, Díaz-Delfín, J, Olmos, Y, Monsalve, M, Iglesias, R, et al. Peroxisome proliferator-activated receptor α (PPARα) induces PPARγ coactivator 1α (PGC-1α) gene expression and contributes to thermogenic activation of brown fat: involvement of PRDM16. J Biol Chem (2011) 286(50):43112–22. doi: 10.1074/jbc.M111.252775

56. Kroon, T, Harms, M, Maurer, S, Bonnet, L, Alexandersson, I, Lindblom, A, et al. PPARγ and PPARα synergize to induce robust browning of white fat in vivo. Mol Metab (2020) 36:100964. doi: 10.1016/j.molmet.2020.02.007

57. Li, S, Yu, Q, Wang, GX, and Lin, JD. The biological clock is regulated by adrenergic signaling in brown fat but is dispensable for cold-induced thermogenesis. PloS One (2013) 8(8):e70109. doi: 10.1371/journal.pone.0070109

58. Chang, L, Xiong, W, Zhao, X, Fan, Y, Guo, Y, Garcia-Barrio, M, et al. Bmal1 in perivascular adipose tissue regulates resting-phase blood pressure through transcriptional regulation of angiotensinogen. Circulation (2018) 138(1):67–79. doi: 10.1161/circulationaha.117.029972

59. Xiong, X, Li, W, Liu, R, Saha, P, Yechoor, V, and Ma, K. Circadian clock control of MRTF/SRF pathway suppresses beige adipocyte thermogenic recruitment. J Mol Cell Biol (2022). doi: 10.1093/jmcb/mjac079

60. Lau, P, Fitzsimmons, RL, Raichur, S, Wang, SC, Lechtken, A, and Muscat, GE. The orphan nuclear receptor, RORalpha, regulates gene expression that controls lipid metabolism: staggerer (SG/SG) mice are resistant to diet-induced obesity. J Biol Chem (2008) 283(26):18411–21. doi: 10.1074/jbc.M710526200

61. Monnier, C, Auclair, M, Le Cam, G, Garcia, MP, and Antoine, B. The nuclear retinoid-related orphan receptor RORα controls circadian thermogenic programming in white fat depots. Physiol Rep (2018) 6(8):e13678. doi: 10.14814/phy2.13678

62. Chappuis, S, Ripperger, JA, Schnell, A, Rando, G, Jud, C, Wahli, W, et al. Role of the circadian clock gene Per2 in adaptation to cold temperature. Mol Metab (2013) 2(3):184–93. doi: 10.1016/j.molmet.2013.05.002

63. Palanivel, R, Vinayachandran, V, Biswal, S, Deiuliis, JA, Padmanabhan, R, Park, B, et al. Exposure to air pollution disrupts circadian rhythm through alterations in chromatin dynamics. iScience (2020) 23(11):101728. doi: 10.1016/j.isci.2020.101728

64. Fukuda, Y, and Morita, T. Effects of the light-dark cycle on diurnal rhythms of diet-induced thermogenesis in humans. Chronobiol Int (2017) 34(10):1465–72. doi: 10.1080/07420528.2017.1362422

65. Herrero, L, Valcarcel, L, da Silva, CA, Albert, N, Diez-Noguera, A, Cambras, T, et al. Altered circadian rhythm and metabolic gene profile in rats subjected to advanced light phase shifts. PloS One (2015) 10(4):e0122570. doi: 10.1371/journal.pone.0122570

66. Demas, GE, Bowers, RR, Bartness, TJ, and Gettys, TW. Photoperiodic regulation of gene expression in brown and white adipose tissue of Siberian hamsters (Phodopus sungorus). Am J Physiol Regul Integr Comp Physiol (2002) 282(1):R114–21. doi: 10.1152/ajpregu.2002.282.1.R114

67. Ryu, V, Zarebidaki, E, Albers, HE, Xue, B, and Bartness, TJ. Short photoperiod reverses obesity in Siberian hamsters via sympathetically induced lipolysis and browning in adipose tissue. Physiol Behav (2018) 190:11–20. doi: 10.1016/j.physbeh.2017.07.011

68. Nayak, G, Zhang, KX, Vemaraju, S, Odaka, Y, Buhr, ED, Holt-Jones, A, et al. Adaptive thermogenesis in mice is enhanced by opsin 3-dependent adipocyte light sensing. Cell Rep (2020) 30(3):672–686.e8. doi: 10.1016/j.celrep.2019.12.043

69. Meng, JJ, Shen, JW, Li, G, Ouyang, CJ, Hu, JX, Li, ZS, et al. Light modulates glucose metabolism by a retina-hypothalamus-brown adipose tissue axis. Cell (2023) 186(2):398–412.e17. doi: 10.1016/j.cell.2022.12.024

70. Green, CB, Takahashi, JS, and Bass, J. The meter of metabolism. Cell (2008) 134(5):728–42. doi: 10.1016/j.cell.2008.08.022

71. Goh, BC, Wu, X, Evans, AE, Johnson, ML, Hill, MR, and Gimble, JM. Food entrainment of circadian gene expression altered in PPARalpha-/- brown fat and heart. Biochem Biophys Res Commun (2007) 360(4):828–33. doi: 10.1016/j.bbrc.2007.06.136

72. Hatori, M, Vollmers, C, Zarrinpar, A, DiTacchio, L, Bushong, EA, Gill, S, et al. Time-restricted feeding without reducing caloric intake prevents metabolic diseases in mice fed a high-fat diet. Cell Metab (2012) 15(6):848–60. doi: 10.1016/j.cmet.2012.04.019

73. Dallner, OS, Chernogubova, E, Brolinson, KA, and Bengtsson, T. Beta3-adrenergic receptors stimulate glucose uptake in brown adipocytes by two mechanisms independently of glucose transporter 4 translocation. Endocrinology (2006) 147(12):5730–9. doi: 10.1210/en.2006-0242

74. Jiang, Y, Berry, DC, and Graff, JM. Distinct cellular and molecular mechanisms for β3 adrenergic receptor-induced beige adipocyte formation. Elife (2017) 6. doi: 10.7554/eLife.30329

75. Morris, CJ, Aeschbach, D, and Scheer, FA. Circadian system, sleep and endocrinology. Mol Cell Endocrinol (2012) 349(1):91–104. doi: 10.1016/j.mce.2011.09.003

76. Emont, MP, Yu, H, and Wu, J. Transcriptional control and hormonal response of thermogenic fat. J Endocrinol (2015) 225(2):R35–47. doi: 10.1530/joe-15-0026

77. Bamshad, M, Song, CK, and Bartness, TJ. CNS origins of the sympathetic nervous system outflow to brown adipose tissue. Am J Physiol (1999) 276(6):R1569–78. doi: 10.1152/ajpregu.1999.276.6.R1569

78. Orozco-Solis, R, Aguilar-Arnal, L, Murakami, M, Peruquetti, R, Ramadori, G, Coppari, R, et al. The circadian clock in the ventromedial hypothalamus controls cyclic energy expenditure. Cell Metab (2016) 23(3):467–78. doi: 10.1016/j.cmet.2016.02.003

79. Razzoli, M, Emmett, MJ, Lazar, MA, and Bartolomucci, A. β-adrenergic receptors control brown adipose UCP-1 tone and cold response without affecting its circadian rhythmicity. FASEB J (2018) 32(10):5640–6. doi: 10.1096/fj.201800452R

80. Vasey, C, McBride, J, and Penta, K. Circadian rhythm dysregulation and restoration: the role of melatonin. Nutrients (2021) 13(10). doi: 10.3390/nu13103480

81. Chang, AM, Aeschbach, D, Duffy, JF, and Czeisler, CA. Evening use of light-emitting eReaders negatively affects sleep, circadian timing, and next-morning alertness. Proc Natl Acad Sci U.S.A. (2015) 112(4):1232–7. doi: 10.1073/pnas.1418490112

82. Brydon, L, Petit, L, Delagrange, P, Strosberg, AD, and Jockers, R. Functional expression of MT2 (Mel1b) melatonin receptors in human PAZ6 adipocytes. Endocrinology (2001) 142(10):4264–71. doi: 10.1210/endo.142.10.8423

83. Liu, Z, Gan, L, Luo, D, and Sun, C. Melatonin promotes circadian rhythm-induced proliferation through clock/histone deacetylase 3/c-myc interaction in mouse adipose tissue. J Pineal Res (2017) 62(4):e12383. doi: 10.1111/jpi.12383

84. Buonfiglio, D, Parthimos, R, Dantas, R, Cerqueira Silva, R, Gomes, G, Andrade-Silva, J, et al. Melatonin absence leads to long-term leptin resistance and overweight in rats. Front Endocrinol (Lausanne) (2018) 9:122. doi: 10.3389/fendo.2018.00122

85. Agil, A, Navarro-Alarcon, M, Ali, FAZ, Albrakati, A, Salagre, D, Campoy, C, et al. Melatonin enhances the mitochondrial functionality of brown adipose tissue in obese-diabetic rats. Antioxidants (Basel) (2021) 10(9):1482. doi: 10.3390/antiox10091482

86. Fernández Vázquez, G, Reiter, RJ, and Agil, A. Melatonin increases brown adipose tissue mass and function in zücker diabetic fatty rats: implications for obesity control. J Pineal Res (2018) 64(4):e12472. doi: 10.1111/jpi.12472

87. Jiménez-Aranda, A, Fernández-Vázquez, G, Campos, D, Tassi, M, Velasco-Perez, L, Tan, DX, et al. Melatonin induces browning of inguinal white adipose tissue in zucker diabetic fatty rats. J Pineal Res (2013) 55(4):416–23. doi: 10.1111/jpi.12089

88. Salagre, D, Chayah, M, Molina-Carballo, A, Oliveras-López, MJ, Munoz-Hoyos, A, Navarro-Alarcón, M, et al. Melatonin induces fat browning by transdifferentiation of white adipocytes and de novo differentiation of mesenchymal stem cells. Food Funct (2022) 13(6):3760–75. doi: 10.1039/d1fo04360a

89. Abe, K, Kroning, J, Greer, MA, and Critchlow, V. Effects of destruction of the suprachiasmatic nuclei on the circadian rhythms in plasma corticosterone, body temperature, feeding and plasma thyrotropin. Neuroendocrinology (1979) 29(2):119–31. doi: 10.1159/000122913

90. Nader, N, Chrousos, GP, and Kino, T. Circadian rhythm transcription factor CLOCK regulates the transcriptional activity of the glucocorticoid receptor by acetylating its hinge region lysine cluster: potential physiological implications. FASEB J (2009) 23(5):1572–83. doi: 10.1096/fj.08-117697

91. Lamia, KA, Papp, SJ, Yu, RT, Barish, GD, Uhlenhaut, NH, Jonker, JW, et al. Cryptochromes mediate rhythmic repression of the glucocorticoid receptor. Nature (2011) 480(7378):552–6. doi: 10.1038/nature10700

92. Balsalobre, A, Brown, SA, Marcacci, L, Tronche, F, Kellendonk, C, Reichardt, HM, et al. Resetting of circadian time in peripheral tissues by glucocorticoid signaling. Science (2000) 289(5488):2344–7. doi: 10.1126/science.289.5488.2344

93. Yamamoto, T, Nakahata, Y, Tanaka, M, Yoshida, M, Soma, H, Shinohara, K, et al. Acute physical stress elevates mouse period1 mRNA expression in mouse peripheral tissues via a glucocorticoid-responsive element. J Biol Chem (2005) 280(51):42036–43. doi: 10.1074/jbc.M509600200

94. Coomans, CP, van den Berg, SA, Houben, T, van Klinken, JB, van den Berg, R, Pronk, AC, et al. Detrimental effects of constant light exposure and high-fat diet on circadian energy metabolism and insulin sensitivity. FASEB J (2013) 27(4):1721–32. doi: 10.1096/fj.12-210898

95. Luijten, IHN, Cannon, B, and Nedergaard, J. Glucocorticoids and brown adipose tissue: do glucocorticoids really inhibit thermogenesis? Mol Aspects Med (2019) 68:42–59. doi: 10.1016/j.mam.2019.07.002

96. Zeng, X, Jedrychowski, MP, Chen, Y, Serag, S, Lavery, GG, Gygi, SP, et al. Lysine-specific demethylase 1 promotes brown adipose tissue thermogenesis via repressing glucocorticoid activation. Genes Dev (2016) 30(16):1822–36. doi: 10.1101/gad.285312.116

97. Roh, HC, Tsai, LTY, Shao, M, Tenen, D, Shen, Y, Kumari, M, et al. Warming induces significant reprogramming of beige, but not brown, adipocyte cellular identity. Cell Metab (2018) 27(5):1121–1137.e5. doi: 10.1016/j.cmet.2018.03.005

98. Strack, AM, Bradbury, MJ, and Dallman, MF. Corticosterone decreases nonshivering thermogenesis and increases lipid storage in brown adipose tissue. Am J Physiol (1995) 268(1 Pt 2):R183–91. doi: 10.1152/ajpregu.1995.268.1.R183

99. Tholen, S, Patel, R, Agas, A, Kovary, KM, Rabiee, A, Nicholls, HT, et al. Flattening of circadian glucocorticoid oscillations drives acute hyperinsulinemia and adipocyte hypertrophy. Cell Rep (2022) 39(13):111018. doi: 10.1016/j.celrep.2022.111018

100. Kroon, J, Schilperoort, M, In Het Panhuis, W, van den Berg, R, van Doeselaar, L, Verzijl, CRC, et al. A physiological glucocorticoid rhythm is an important regulator of brown adipose tissue function. Mol Metab (2021) 47:101179. doi: 10.1016/j.molmet.2021.101179

101. Wang, QJ, Guo, Y, Yao, CY, Zhang, KH, Li, Q, Shan, CH, et al. Loss of diurnal behavioral rhythms and impaired lipid metabolism in growing pigs with mistimed feeding. FASEB J (2021) 35(11):e21972. doi: 10.1096/fj.202100768R

102. Yu, H, Xia, F, Lam, KS, Wang, Y, Bao, Y, Zhang, J, et al. Circadian rhythm of circulating fibroblast growth factor 21 is related to diurnal changes in fatty acids in humans. Clin Chem (2011) 57(5):691–700. doi: 10.1373/clinchem.2010.155184

103. Chartoumpekis, DV, Habeos, IG, Ziros, PG, Psyrogiannis, AI, Kyriazopoulou, VE, and Papavassiliou, AG. Brown adipose tissue responds to cold and adrenergic stimulation by induction of FGF21. Mol Med (2011) 17(7-8):736–40. doi: 10.2119/molmed.2011.00075

104. Fisher, FM, Kleiner, S, Douris, N, Fox, EC, Mepani, RJ, Verdeguer, F, et al. FGF21 regulates PGC-1α and browning of white adipose tissues in adaptive thermogenesis. Genes Dev (2012) 26(3):271–81. doi: 10.1101/gad.177857.111

105. Chavan, R, Preitner, N, Okabe, T, Strittmatter, LM, Xu, C, Ripperger, JA, et al. REV-ERBα regulates Fgf21 expression in the liver via hepatic nuclear factor 6. Biol Open (2017) 6(1):1–7. doi: 10.1242/bio.021519

106. Hirai, T, Nomura, K, Ikai, R, Nakashima, KI, and Inoue, M. Baicalein stimulates fibroblast growth factor 21 expression by up-regulating retinoic acid receptor-related orphan receptor α in C2C12 myotubes. BioMed Pharmacother (2019) 109:503–10. doi: 10.1016/j.biopha.2018.10.154

107. Bookout, AL, de Groot, MH, Owen, BM, Lee, S, Gautron, L, Lawrence, HL, et al. FGF21 regulates metabolism and circadian behavior by acting on the nervous system. Nat Med (2013) 19(9):1147–52. doi: 10.1038/nm.3249

108. LeSauter, J, Hoque, N, Weintraub, M, Pfaff, DW, and Silver, R. Stomach ghrelin-secreting cells as food-entrainable circadian clocks. Proc Natl Acad Sci U.S.A. (2009) 106(32):13582–7. doi: 10.1073/pnas.0906426106

109. Natalucci, G, Riedl, S, Gleiss, A, Zidek, T, and Frisch, H. Spontaneous 24-h ghrelin secretion pattern in fasting subjects: maintenance of a meal-related pattern. Eur J Endocrinol (2005) 152(6):845–50. doi: 10.1530/eje.1.01919

110. Qian, J, Morris, CJ, Caputo, R, Garaulet, M, and Scheer, F. Ghrelin is impacted by the endogenous circadian system and by circadian misalignment in humans. Int J Obes (Lond) (2019) 43(8):1644–9. doi: 10.1038/s41366-018-0208-9

111. Mano-Otagiri, A, Ohata, H, Iwasaki-Sekino, A, Nemoto, T, and Shibasaki, T. Ghrelin suppresses noradrenaline release in the brown adipose tissue of rats. J Endocrinol (2009) 201(3):341–9. doi: 10.1677/joe-08-0374

112. Mano-Otagiri, A, Iwasaki-Sekino, A, Nemoto, T, Ohata, H, Shuto, Y, Nakabayashi, H, et al. Genetic suppression of ghrelin receptors activates brown adipocyte function and decreases fat storage in rats. Regul Pept (2010) 160(1-3):81–90. doi: 10.1016/j.regpep.2009.11.010

113. Mullur, R, Liu, YY, and Brent, GA. Thyroid hormone regulation of metabolism. Physiol Rev (2014) 94(2):355–82. doi: 10.1152/physrev.00030.2013

114. Golic, I, Kalezic, A, Jankovic, A, Jonic, S, Korac, B, and Korac, A. Insulin modulates the bioenergetic and thermogenic capacity of rat brown adipocytes In Vivo by modulating mitochondrial mosaicism. Int J Mol Sci (2020) 21(23):9204. doi: 10.3390/ijms21239204

115. Kim, BH, Joo, Y, Kim, MS, Choe, HK, Tong, Q, and Kwon, O. Effects of intermittent fasting on the circulating levels and circadian rhythms of hormones. Endocrinol Metab (Seoul) (2021) 36(4):745–56. doi: 10.3803/EnM.2021.405



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Peng and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The emerging role of circadian rhythms in the development and function of thermogenic fat

      

        		

          Introduction

        



        		

          Thermogenic fat

        



        		

          Circadian rhythms in thermogenic fat

        



        		

          Circadian disruption contributes to obesity

        



        		

          Circadian clock regulates the development of thermogenic fat

        



        		

          Circadian clock controls the function of thermogenic fat

        



        		

          Mechanism involving the circadian regulation of thermogenic fat

        

          		

            Circadian regulation of thermogenic fat by the sympathetic nervous system

          



          		

            Circadian regulation of thermogenic fat by hormones

          



        



        



        		

          Conclusion and perspective

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1175845-g001.jpg
?

Abnormal light/dark cycle

cLock > b
ROR

Nucleus

Cytoplasm

Clock genes mutation

A
51
Behavioural misalignment
(shift work, jet lag etc.)

Circadian dysregulation l
of thermogenic fat

W4y

=

Obesity and associated
metabolic disorders

A

/7 N

& .

~. .  Light exposure Molecular clock
v

e o

CLOCK --> “.

ROR

Nucleus

[T /
\H\ ; [ Cytoplasm
A S| —

U 0]
y v

Time of fddd intake

Other peripheral tissue

O g

Glucose uptake

Thermogenesis
Fatty acid synthesis

Beige adipocytes Brown adipocytes

Thermogenic adipocytes

Lipid clearance





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2023.1175845_cover.jpg
& frontiers | Frontiers in Endocrinology

The emerging role of circadian rhythms in
the development and function of
thermogenic fat





OEBPS/Images/fendo-14-1175845-g002.jpg
TG-rich

lipoprotein Norepinephrine

B-adrenergic receptor
Brown/beige adipocyte

Cytoplasm

m@“' »h@:»kv Nucleus

Glucocorticods  £GF21/Insulin Ghrelin
O O

l.T‘ LTJ
Glucocorticods /

O
Glucocorticod
receptor

Melatonin
¢

Melatonin Receptor

triiodothyronine

T 66
AN

Genes related to mitochondrial biogenesis,
FFA oxidation

Ucp1

Thermogenesis





