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Abstract
Many aspects of metabolism exhibit daily rhythmicity under the control of endogenous circadian
clocks, and disruptions in circadian timing result in dysfunctions associated with the metabolic
syndrome. Nocturnin (Noc) is a robustly rhythmic gene that encodes a deadenylase thought to be
involved in the removal of polyA tails from mRNAs. Mice lacking the Noc gene display
resistance to diet-induced obesity and hepatic steatosis, due in part to reduced lipid trafficking in
the small intestine. In addition, Noc appears to play important roles in other tissues and has been
implicated in lipid metabolism, adipogenesis, glucose homeostasis, inflammation and
osteogenesis. Therefore, Noc is a potential key post-transcriptional mediator in the circadian
control of many metabolic processes.
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The circadian clock exerts central and peripheral effects that are vital for
proper metabolic homeostasis
Obesity and the metabolic syndrome

A variety of conditions collectively grouped and diagnosed as the metabolic syndrome are
on the rise world-wide and causing serious health concerns. Nearly 40% of men and women
in the United States qualified for such diagnosis as of 2005 [1]. Among the conditions
associated with the metabolic syndrome are obesity and dysregulation of glucose levels [1].
Indeed, excess weight is the leading cause of poor health and is associated with development
of cardiovascular disease and diabetes [2]. Interestingly, alterations in biological timing
occurring through shift work and jet lag, result in major disruptions in physiology that
manifest as symptoms of the metabolic syndrome [reviewed in 3]. Examining the regulation
of rhythmic metabolic processes is therefore vital to our understanding and treatment of this
disorder.

Research investigating the intimate relationship between daily “circadian” cycles and
metabolic rhythms has benefitted from examining metabolic phenotypes in mutant mice
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with targeted disruptions to genes involved in both rhythm generation and rhythmic output.
One such rhythmic output gene is Nocturnin (Noc), which codes for a circadian deadenylase
and is the focus of this review. Deadenylases participate in post-transcriptional mRNA
regulation through destabilization of target transcripts, and circadian control of deadenylase
activity is one mechanism whereby the clock regulates rhythmic gene expression. Noc has
been implicated in many aspects of lipid metabolism presumably through the post-
transcriptional circadian regulation of genes involved in metabolizing fat [4]. More recently,
its roles in metabolism have expanded to include lipogenesis, adipogenesis and osteogenesis
[4–7]. Here we highlight the recent advances that place Nocturnin at a unique intersection
between both circadian clocks and metabolism, and we emphasize how these two important
processes interact to maintain proper balance in the face of metabolic challenges.

The circadian clock and metabolism
The circadian clock drives rhythmic processes in both physiology and behavior and
synchronizes them to the environment. In mammals, clocks are found within cells
throughout the body and are coordinated by a “master” pacemaker located within the
hypothalamic suprachiasmatic nucleus(SCN) [reviewed in 8]. The circadian clock
mechanism consists of auto-regulatory transcription/translation feedback loops resulting in
rhythmic production and degradation of core “clock” genes/proteins (Figure 1A). In one
loop, the proteins CLOCK and BMAL1 form a heterodimer that binds to E-box enhancer
elements of target genes, including other core clock genes such as Period and Cryptochrome.
The protein products PERIOD (PER) and CRYPTOCHROME (CRY) accumulate in the
cytoplasm and form a complex with Casein Kinase 1 (CK1), followed by translocation back
into the nucleus where they repress the CLOCK/BMAL1 activity and thus turn off their own
transcription. In an interlocking loop of the clock, the nuclear receptors RORα and REV-
ERBα direct alternating activation and repression, respectively, of Bmal1 expression
(Figure 1A). Together, these loops drive a 24 h oscillation that coordinates the timing of
processes, e.g. metabolic reactions, centrally in the brain and peripherally throughout the
body. In turn, the core clock genes receive inputs from the periphery to ensure proper
between-function synchronization. For example, NAD+, a major contributor of cell
metabolism, shows 24-hour oscillations [9] and has been shown to modulate the circadian
activity of different key metabolites such as SIRT1 [10], AMPK [11] or PGC1-α [12].
Overall, there is growing evidence that circadian rhythms and metabolic processes maintain
intricate interactions in order to ensure energy homeostasis [13–16].

Peripheral tissues can respond directly to clock output, or local oscillators within the tissues
can be entrained by systemic cues and affect tissue-specific gene expression [14]. Likewise,
metabolic perturbations such as high fat diet (HFD) feeding produce nutrient signals that can
feedback and influence clock gene expression [17]. This intimate relationship between
clocks and metabolism was notably exhibited in mice harboring a mutation in the Clock
gene sequence (ClockΔ19). These mice display many physiological disruptions associated
with the metabolic syndrome including hyperlipidemia, hyperglycemia and hypoinsulinemia
[18]. Disruptions in other core clock genes such as Bmal1 or Per2 lead to disruptions in
metabolism as well [reviewed in 3, 19]. While the autoregulatory feedback loops comprising
the core oscillator affect gene transcription, there is increasing evidence for circadian control
over post-transcriptional modifications [20, 21]. Examples of these modifications include
mRNA splicing, silencing and deadenylation [21] which allow for the precise temporal
control of gene expression at times that are most beneficial to the energetics, and thus
survival, of an organism. Study of the circadian deadenylase Nocturnin is therefore vital to
understanding this link between the circadian clock and metabolism.
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Nocturnin Discovery and Function
Nocturnin is a circadian deadenylase

At a time when little was known of the components comprising the vertebrate circadian
clock, Noc was discovered using a differential display screen in a search for cycling
transcripts in retinal photoreceptors of Xenopus laevis [22, 23]. Noc mRNA displays high
amplitude, rhythmic expression in isolated Xenopus eye cups in cyclic light (light:dark) and
constant (light:light or dark:dark) conditions [23]. Significant sequence similarity is found
between Noc and the yeast transcription factor Carbon catabolite repressor 4 (yCCR4) and
thus its official gene name is carbon-catabolite repressor 4-like (Ccrn4l) [23, 24]. yCCR4 is
a multifunctional protein that is part of large transcriptional complexes in yeast, and has
deadenylase activity confined to its C-terminal domain. Nocturnin lacks the N-terminal
activation domains and leucine-rich repeat region necessary for yCCR4’s interaction with
transcription complexes [23]. However, conserved in the Noc sequence is a C-terminal
Mg2+-dependent endonuclease-like domain, which was found in yCCR4 to be required for
proper polyA-specific mRNA degradation, implicating it as a functional deadenylase [25].
Deadenylation is one type of post-transcriptional modification occurring with mRNA
transcripts whereby their 3’ polyA tails are removed, thus destabilizing the transcript and
leading to its degradation or silencing (Figure 1B). The ability of Nocturnin to function as a
deadenylase and remove 3’ adenosine residues from mRNA transcripts was confirmed in
cell-based assays both with Xenopus (xNOC) and mouse (mNOC) Nocturnin protein [24,
26].

While first discovered in Xenopus, Noc homologues were found in other species with a high
degree of similarity in coding sequence [27]. Noc mRNA levels are highly rhythmic with
peak amplitude occurring in the early evening, both in Xenopus and mouse [23, 27]. In
mouse, Noc is expressed rhythmically in almost every tissue but with a particularly high
amplitude rhythm in the liver [27]. In Huh7 cells, a human hepatoma cell line, luciferase
assays demonstrated that Noc is transcriptionally regulated by the CLOCK/BMAL1
heterodimer [28]. Li and colleagues also found that Noc has E-boxes upstream of its
transcription start site and chromatin immunoprecipitation (ChIP) revealed direct binding of
the CLOCK/BMAL1 heterodimer to these sequences [28]. The rhythmic profile of Noc is
regulated by additional mechanisms beyond CLOCK/BMAL1 transcription. For example,
recent evidence has demonstrated an important role for the liver-specific microRNA
(miRNA) miR-122 in the proper shaping of rhythmic Noc expression [29].

Noc is not critical for rhythm generation by the core clock, as mice deficient for Nocturnin
(Noc−/−) do not have overt circadian phenotypes [30]. More importantly, Nocturnin's
circadian profile remains rhythmic in ClockΔ19 animals, though with damped amplitude,
suggesting that other signals or factors also exert control over Noc's expression [31].
Similarly, Kornmann and colleagues utilized transgenic mice in which the liver clock could
be conditionally inactivated while the remainder of the clocks throughout the body remained
unaffected. In these animals lacking a local liver clock, Nocturnin was among a small group
of genes that remained rhythmic in the liver [32]. This further supports a role for systemic
cues, potentially those arising from feeding and nutrient metabolism, in effecting Noc
expression. Although NOC is not directly involved in regulating core clock gene expression,
it does have functions in mediating its rhythmic output. Because many of the rate-limiting
enzymes in metabolic reactions are under circadian control, gene expression must be tightly
controlled and post-transcriptional mechanisms such as deadenylation play an important part
in this process [20, 33]. Nocturnin, as a circadian deadenylase, is poised to play an important
role in post-transcriptional regulation of metabolic genes under circadian control [20].
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Metabolic challenges reveal a role for Nocturnin in lipid metabolism
Noc−/− mice are resistant to diet-induced obesity (DIO) and hepatic steatosis

Noc is expressed rhythmically throughout the body, including many tissues vital for
metabolism, such as intestine and liver [27, 34] (Figure 2). Noc−/− mice exhibit several
metabolic phenotypes when challenged with a HFD [30], with the pronounced phenotype
being that Noc−/− mice remain lean compared to their wildtype (WT) littermates. This
“leanness” manifests itself peripherally, and a reduction in epididymal fat pad weight and
hepatic lipid accumulation is observed [30]. However, these mice are not more active and do
not consume less food than WT littermates. Additionally, their oxygen and carbon dioxide
production/consumption is not altered and the Noc−/− mice exhibit a lower body
temperature. Interestingly, their respiratory exchange ratio is slightly elevated, indicative of
an altered utilization of lipid as an energy source. Hepatic expression levels of several genes
associated with lipid metabolism is significantly lower in Noc−/− mice, including Srebp-1c,
Scd1 and L-Fabp. If NOC acts on these lipid-associated transcripts directly, one expectation
would be that these transcripts are more stable in the absence of deadenylation, potentially
leading to higher levels. However, the opposite is observed suggesting that NOC may be
acting indirectly on other targets that in turn mediate the expression of these genes, or that it
may have deadenylase-independent functions. This is a major mechanistic question that
when answered will help in understanding the lean phenotype of Noc−/− mice and the role
NOC plays in lipid metabolism. The ubiquitous expression of Nocturnin also confounds the
interpretation of where NOC is acting and whether it has tissue-specific functions. Recent
work has elucidated the role of NOC in several tissues responsible for the processing of fat
and that will be the focus of the rest of this review.

Noc responds acutely to external stimuli
Noc is unique among deadenylases in that it is an immediate early gene and responds to
various stimuli such as the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) and
serum in cell culture [24]. Given that TPA and serum are known factors capable of
synchronizing clocks in cultured fibroblasts [35, 36], these results show that Nocturnin can
be acutely regulated by physiological cues, thus suggesting that it plays a role in regulating
responses to external signals in addition to its circadian role. In normal ad libitum (ad lib)
feeding conditions, Noc expression peaks in the early evening in the small intestine [4],
consistent with other tissues examined. This peak occurs concomitantly with peak food
intake by mice. However, a daytime bolus of lipid given at a time when Noc expression is
normally low and only modest quantities of food are consumed, acutely induces Noc in the
small intestine [4]. This may reflect a role for NOC in the processing of lipid at this
abnormal time of consumption. Alignment of Noc expression with food intake, as well as its
acute responsiveness to various stimuli including lipid, supports the idea that NOC might
function to regulate nutrient metabolism, i.e. ingestion, trafficking and distribution of
nutrients, with possible specificity for lipids.

Nutrient excess is linked with obesity through the development of increasing intracellular
and systemic lipid products such as free fatty acids (FFA) and diacylglycerol (DAG) [37].
This results in a need to process and store these extra metabolites, and expansion of adipose
tissue is one mechanism facilitating lipid storage. Kawai and colleagues found that Noc is
highly upregulated in 3T3-L1 cells undergoing adipogenesis [38, 39], and similarly, mice
chronically exposed to a HFD exhibit increased expression of Noc in epididymal white
adipose tissue (eWAT) [40]. Under ad lib feeding conditions on a standard chow diet, Noc
expression is not rhythmic in eWAT [5]. However, when access to food is restricted to a
narrow window during the daytime, Noc expression in eWAT becomes rhythmic, and
fasting animals following this restricted feeding paradigm significantly induced Noc
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expression in eWAT [5]. Coordination of Noc expression with the time of food intake
implies a critical role for NOC in the regulation of metabolism.

Animals maintain metabolic homeostasis when fasted, in part, through upregulation of
gluconeogenesis and mobilization of glucose, both of which help preserve proper blood
glucose levels and prevent hypoglycemia. One of the key players involved in activation of
gluconeogenic genes during fasting is the forkhead box (FoxO) family of transcription
factors [41]. Paik et al. found that Nocturnin is one of the most highly downregulated genes
in liver endothelial cells from a FoxO 1/3/4 conditional knockout mouse model [42]. The
Noc gene sequence was found to have conserved FoxO binding elements and FoxO binding
to these sites has been confirmed by ChIP [42]. When animals end their fast, they must
likewise shut down gluconeogenesis and peripheral tissues such as liver and muscle take up
glucose for utilization and storage [43]. Kubota and colleagues found that impairment of
insulin signaling in endothelial cells is associated with reduced glucose uptake in skeletal
muscle of mice [44]. With loss of FoxO in hepatic endothelial cells affecting Noc expression
levels, NOC may play a role in regulating the metabolic response to the fed/fasting states.
Furthermore, it is not known whether regulation of Noc by FoxO also occurs in other cell
types, such as the hepatocytes, where FoxO’s regulation of gluconeogenesis is best known.
Regardless, Noc−/− mice given a bolus of glucose following an overnight fast, show
significantly higher blood glucose values compared to WT littermates and they take longer
to return to baseline levels [30]. This suggests a deficit in the regulation of glucose levels in
Noc−/− mice. Taken together, these findings imply a role for NOC in glucose/insulin
signaling, an area that needs further study.

A role for Nocturnin in lipid metabolism in the small intestine
The small intestine functions to break down and absorb dietary nutrients from food with the
proximal region acting as the main site of lipid uptake [45]. Enterocytes, specialized
epithelial cells lining the lumen of the intestine, take up lipid as fatty acids (FA) and convert
it to neutral triglyceride (TG) stored as cytoplasmic lipid droplets (CLDs) or packaged into
chylomicrons (CMs) for subsequent release into the blood [45]. Noc−/− mice might have a
deficit in CM synthesis or release because they show greater sequestration of TG in CLDs in
enterocytes after olive oil gavage, compared with WT animals [4]. This phenotype is
accompanied by decreased expression levels of Adipophilin (Adrp/Plin2), adipocyte
triglyceride lipase (Atgl/Pnpla2) and diacylglycerol acetyltransferase 2 (Dgat2), genes
essential for regulating the flux of TG between storage in CLDs and packaging into CMs
[reviewed in 46, 47, 48] (Figure 3). Disrupted lipid trafficking is also observed in isolated
enterocytes from Noc−/− animals exposed to radio-labeled FA, and Noc−/− enterocytes show
higher intracellular accumulation and decreased release of lipoprotein particles into the
medium [4]. Surprisingly, Noc−/− enterocytes display increased activity of microsomal
triglyceride transfer protein (MTP), a protein responsible for the formation of CM particles
[4], most likely a compensatory response to the increased accumulation of TG within the
enterocyte. Although a precise mechanism of action for NOC in intestinal lipid trafficking
has not yet been elucidated, these findings suggest that at least part of the lean phenotype
observed in Noc−/− mice exposed to HFD is due to decreased release of intestinal lipid into
the circulation. In addition to the importance of timing in chylomicron dynamics [49, 50],
the observed sequestration of lipids in Noc−/− enterocytes emphasizes the fact that
enterocytes, although not intuitively considered as a lipid storage organ, undergo active lipid
dynamics [51]. Interestingly, Dgat1 KO mice exhibit similar intestinal lipid sequestration,
thus manifesting a major defect in TG synthesis in enterocytes [48]. Given the absence of
alteration of Dgat1 expression levels in the Noc−/− model [4], it is likely that NOC’s effect
on intestinal lipid processing is through an independent mechanism and not the result of a
direct effect on Dgat1 mRNA levels. [50, 52].
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While trapped lipid in the enterocytes of Noc−/− mice may be beneficial to preventing DIO,
intestinal lipid accumulation might have several detrimental consequences. Lipid
metabolites can interfere directly with insulin signaling or produce an inflammatory
response that likewise disrupts proper responses to insulin [43, 53–59]. Interestingly,
Nocturnin has recently been implicated in the inflammatory response and its maintenance
[60]. NOC is acutely induced by LPS in mouse embryonic fibroblasts (MEFs) [60] and
MEFs harvested from Noc−/− mice showed drastically decreased levels of the pro-
inflammatory transcript iNOS 24 hr after LPS treatment. This effect is not observed with
another pro-inflammatory gene, TNFα. Data on mRNA stability also demonstrated that Noc
deficiency decreased the half-life of iNOS, but not of TNFα mRNA. In addition, Noc−/−

mice show increased survivability to LPS. The stabilization, rather than destabilization, of
the iNOS message by NOC is surprising since NOC’s known activity is to deadenylate
targets. Perhaps iNOS is an indirect target of NOC, or perhaps NOC has other deadenylase-
independent functions. Regardless, these data indicate that NOC may be playing a role in the
link between clocks and the inflammatory response [61, 62]. It has been proposed that
type-2 diabetes might also be an inflammatory disease, as many immunological changes at
the cytokine and chemokine levels occur along with the development of insulin-resistance
phenotypes [63]. Since Noc function might be linked to glucose and insulin signaling [30],
studies examining the existence or extent of gut inflammation in Noc−/− mice on a HFD will
help assess if these animals are insulin resistant.

Another potential consequence of the increased intestinal lipid accumulation in Noc−/− mice
could be disruption of the gut/brain axis, i.e. the central homeostatic regulation that is
mediated through nutrient-sensing. There is increasing evidence to support hypothalamic
control of energy and glucose homeostasis via nutrient-sensing mechanisms and disruption
of these processes might contribute to metabolic diseases [64, 65]. Therefore, the observed
lipid sequestration in Noc−/− enterocytes could trigger inappropriate sympathetic signaling
to the brain in order to regulate energy metabolism and lipid trafficking. Further experiments
are needed to determine whether NOC disruption impairs the intestine-to-brain
communication and therefore alters the nutrient-sensing properties of the hypothalamus.

Nocturnin is a key regulator of the adipogenesis / osteogenesis balance
As discussed above, Noc expression is induced in fasted animals and after lipid
administration [4, 5]. Nuclear receptors that bind ligands, which include steroid hormones
and dietary lipids, also play critical role in nutrient sensing [reviewed in 66]. One such
receptor is Peroxisome proliferator-activated receptor γ (PPARγ), a master regulator of
adipogenesis. PPARγ is also involved in other metabolic processes such as fatty acid
storage, glucose metabolism and osteogenesis [reviewed in 6]. Recent evidence from Noc−/−

mice suggested a mechanistic link between NOC and PPARγ, as these mice exhibit altered
hepatic Pparg rhythms [30]. Noc is also significantly induced in mesenchymal stromal cells
(MSCs) transfected with Pparg2 (one of two major forms of the PPARγ protein expressed
mainly in adipogenic cells) and treated with the PPARγ agonist rosiglitazone [4]. Together,
these data suggest that Nocturnin is a transcriptional target of PPARγ [38]. As previously
mentioned, a pro-adipogenic function has been associated with Noc as its expression is
highly upregulated in cells undergoing adipogenesis and Noc expression is gradually
increased in eWAT of mice fed a HFD over 4 generations [39, 40]. Expansion of adipose
tissue occurs through development of preadipocyte progenitors both locally from the adipose
tissue itself, and remotely through recruitment of progenitors from tissues such as bone
[reviewed in 67]. Lineage determination in these cells is therefore important as they can
differentiate into multiple cell types including adipocytes or osteoblasts. NOC has a vital
role in promoting adipogenesis rather than osteoblastogenesis and this could occur through
its interactions with PPARγ [39]. Cellular studies in HEK293 cells revealed that Noc and
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Pparg overexpression results in PPARγ nuclear, rather than cytoplasmic accumulation [39].
The mechanism behind this finding is not known, but is likely to be distinct from a
deadenylase function, since this effect was observed using either NOC constructs with
functional deadenylase activity or catalytically-dead mutant NOC. The ability of NOC to
influence adipogenesis vs. osteogenesis could therefore occur through its mediation of
PPARγ nuclear translocation.

Supporting this, Noc−/− mice exhibit an increased bone mass phenotype and decreased
marrow adiposity [39]. Bone mass and structure correlates with Igf1 expression levels,
themselves depending on PPARγ activity. Igf1 displays rhythmic expression in the murine
femur antiphase to Noc [68]. Indeed, immunoprecipitation experiments revealed that a
protein-RNA complex exists between NOC and Igf1 [68]. These findings reveal a unique
place for NOC in the adipocyte program of both adipose and bone tissue. Profound changes
in bone mass and body composition are associated not only with metabolic disturbances, but
also with aging and Noc is proposed to play a role in both of these processes [7]. Evidence
demonstrating that NOC’s effects on PPARγ occur independently of its deadenylase
function lends further evidence for a new mechanism whereby NOC can contribute to the
regulation of gene expression.

Concluding remarks and perspectives
There is increasing evidence supporting a pivotal role for NOC in lipid metabolism but
many questions remain (Box 1). Rhythmic expression of Noc is seen in virtually all tissues
and phenotypes have emerged implicating involvement of Nocturnin in lipogenesis,
adipogenesis and osteogenesis. Noc expression is also responsive to a variety of metabolic
signals including FoxO, PPARγ and dietary lipid. Expression levels and rhythms of several
key genes necessary for maintaining proper lipid metabolism are altered in both intestine
and liver of Noc−/− mice. Nocturnin may be regulating these transcripts directly or indirectly
through its deadenylase activity and perhaps by deadenylase-independent functions as well.
Future research will focus on using Noc conditional knockout mice to determine the tissue-
specific functions of Nocturnin and how these contribute to lipid processing in the whole
body. Furthermore, since Noc is widely expressed, it is likely that additional tissue-specific
phenotypes in the Noc−/− mice will emerge with further study. Already, the observation that
the Noc−/− mouse is resistant to DIO, yet has altered glucose/insulin signaling suggests that
a number of different tissues and cell types may contribute to this phenotype. This will be an
exciting area of study as Nocturnin may provide a point of dissociation between “beneficial”
lipid processing deficits and detrimental effects of the metabolic syndrome such as obesity
and diabetes.

Box 1. Outstanding Questions

• Does NOC contribute to the regulation of gene expression via mechanisms
independent of its mRNA deadenylase activity?

• Is the altered gene expression of lipid processing genes in Noc−/− mice due to a
direct or indirect regulation by NOC?

• What is the fate of excess lipid in Noc−/− intestines?

• Does the increased sequestration of lipid in enterocytes of Noc−/− mice cause
gut inflammation?

• Are Noc−/− mice insulin resistant on a standard or HFD?

• What role does NOC play in glucose/insulin signaling in muscle and liver?
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Figure 1. The molecular circadian clock is responsive to environmental and metabolic cues while
maintaining tight control over gene expression
(A) Cells from the suprachiasmatic nucleus (SCN) within the brain receive external
environmental (e.g. light) and internal (e.g. nutrients and hormones) cues that influence gene
expression of core “clock” genes. The CLOCK/BMAL1 heterodimer binds to E-box
enhancer elements in the promoter of core clock genes, such as Period (Per) and
Cryptochrome (Cry), and other clock-controlled genes (Ccg) responsible for clock output.
PER and CRY proteins accumulate in the cytoplasm where they complex with Casein
Kinase 1 (CK1) and translocate back into the nucleus inhibiting their own transcription.
Clock output is responsible for synchronizing rhythms in peripheral clocks and influencing
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processes such as rhythmic nutrient metabolism and uptake, and the sleep/wake and body
temperature cycles. Nutrient signals (e.g. NAD+, AMPK) participate in crosstalk with the
core clock by feeding back and influencing nuclear receptors such as Rev-erbα and the
retinoic acid-related orphan receptor α (RORα), thus contributing to molecular rhythm
generation. Positive and negative regulatory mechanisms are represented with green and red
broken lines, respectively. (B) The circadian clock generates rhythms in gene expression,
but post-transcriptional mechanisms such as deadenylation can also alter rhythmic mRNA
processing. mRNA stability is maintained in part through polyadenylation, a process
involving the addition of 3’ adenosine residues creating a polyA tail on messenger
transcripts. Conversely, polyA tail removal through deadenylation leads to transcript
degradation or silencing. The clock and metabolic cues influence rhythmic expression of the
gene Nocturnin (Noc), encoding a circadian deadenylase. This could be one mechanism
whereby the clock exerts tight control over expression of genes involved in nutrient
metabolism through regulating post-transcriptional modifications.
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Figure 2. Nocturnin is rhythmically expressed throughout the body and is intimately linked with
metabolism
The master pacemaker in the hypothalamic suprachiasmatic nucleus (SCN) of the
mammalian brain drives rhythms in gene/protein expression that synchronizes rhythmic
behaviors and processes such as feeding and nutrient uptake and metabolism to the
environment (1). Nutrients, especially lipid, are taken up by the body primarily in the small
intestine. The deadenylase Nocturnin (Noc) is rhythmically expressed in the proximal small
intestine and is involved in lipid processing into chylomicrons and the formation of
cytoplasmic lipid droplets (CLD) (2). The highest amplitude expression of Noc is seen in the
liver and it is here that NOC participates in lipogenesis (3). Noc expression in muscle has
not been studied to date, but muscle is a key tissue in glucose metabolism and Noc−/− mice
show altered glucose/insulin processing, suggesting a role for NOC in this tissue (4).
Adipose tissue does not exhibit rhythmic Noc expression under basal conditions. However,
placing mice under a restricted feeding paradigm induces Noc rhythms. NOC is involved in
adipogenesis through its interactions with PPARγ (5). Noc is also rhythmic in bone and it
participates in lineage determination of mesenchymal stromal cells towards osteogenesis or
adipogenesis (6). Crosstalk exists between the core clock in the brain and the periphery
through metabolic signals resulting from nutrient metabolism.
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Figure 3. Proposed working hypothesis for the development of resistance to DIO in Noc−/−

under high-fat diet feeding
In Noc+/+ mice, fatty acids (FA) are processed from the lumen of the intestine to the
peripheral blood circulation after undergoing chylomicron formation. This step requires the
activity of diacylglycerol O-acyltransferase 2 (DGAT2) to transform FA into triglycerides
(TG), adipose differentiation-related protein (ADRP) to transiently constitute a poolof TG,
and adipose triglyceride lipase (ATGL) to release TG to the blood. In Noc−/− mice, Dgat2,
Adrp and Atgl mRNA levels are decreased, thus reducing chylomicron formation in the
enterocytes. Lipid sequestration results in decreased TG release and distribution to the
periphery. These alterations contribute to the development of resistance to DIO in Noc−/−
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mice but could also lead to the development of insulin resistance via inflammatory
mechanisms or disrupted nutrient sensing.
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