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Molecular, cellular, and animal-based studies have recently
exposed circadian clocks as critical regulators of energy balance.
Invariably, mouse models of genetically manipulated circadian
clock components display features indicative of altered lipid/
fatty acid metabolism, including differential adiposity and cir-
culating lipids. The purpose of this minireview is to provide a
comprehensive summary of current knowledge regarding the
regulation of fatty acid metabolism by distinct cell autonomous
circadian clocks. The implications of these recent findings for
cardiometabolic disease and human health are discussed.

Ranging from the transcriptome to whole body energy bal-
ance, considerable evidence exists in support of the concept
that fatty acid (FA)® metabolism is regulated in a time of day-
dependent fashion in mammals, including humans. That whole
organism FA metabolism is influenced by daily fluctuations in
activity/nutritional status is widely recognized (e.g. increased
FA oxidation rates during periods of intermittent fasting).
Manipulation of dietary macronutrient quantity and quality, as
well as the timing of meals throughout the 24-h day, markedly
impacts whole body FA metabolism. Time of day-dependent
oscillations in whole body FA metabolism occur concomitantly
with daily changes in circulating metabolites (e.g. non-esterified
FAs, triglycerides) and various neurohumoral factors known to
influence triglyceride turnover in a significant manner (e.g
insulin, norepinephrine). Collectively, these observations have
led to suggestions that fluctuations in external/environmental
influences (e.g light and food availability) primarily drive daily
rhythms in FA metabolism via associated oscillations in circu-
lating nutrients and metabolically relevant neural and hormo-
nal inputs. However, recent molecular studies present compel-
ling evidence that cell autonomous circadian clocks act as
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molecular cornerstones in metabolic homeostasis and

energy balance.

Circadian Clocks Influence Whole Body Energy Balance

Within the last decade, a wealth of information has firmly
established the mammalian circadian clock as an important
regulator of energy homeostasis (1-4). In turn, metabolism has
emerged as an integral clock component, such that perturba-
tions in the metabolic milieu influence the clock mechanism
(5). The mammalian circadian clock is a cell autonomous, tran-
scriptionally based mechanism composed of an expanding list of
core proteins that generate a series of feedback loops, resulting in
rhythmic expression of clock components and downstream target
genes (6, 7). Great effort has been made to identify clock output
genes (8). Both hypothesis-generating and hypothesis-testing
methodologies have been utilized to investigate time of day-de-
pendent (diurnal and circadian) transcriptional oscillations in tis-
sues/cells from wild-type and genetically modified rodent models
(9-17). The reported observations unequivocally demonstrate
that a large proportion of transcripts oscillating in a 24-h manner
encode critical regulators of multiple energy metabolism path-
ways. These transcriptional oscillations likely translate to cell
autonomous circadian clock-mediated daily fluctuations in energy
metabolism/balance (5).

Multiple mouse models of genetically manipulated circadian
clock components display gross phenotypic alterations indica-
tive of changes in energy balance (e.g. body weight and adipos-
ity). Genetic manipulation of CLOCK and BMALI, two tran-
scription factors that reside within the core of the mammalian
mechanism, provides prime examples (18, 19). Turek and co-
workers (20) reported that ClockA19 mutant mice (harboring a
dominant-negative mutation in the clock gene) exhibit a meta-
bolic syndrome-like phenotype (including increased adiposity
and dyslipidemia) on a C57BL/6] background. In marked con-
trast, genetic ablation of BMALLI, the heterodimerization part-
ner of CLOCK, results in leanness (21). Somewhat surprisingly,
both ClockA19 and Bmall null mice exhibit increased insulin
tolerance (relative to wild-type controls) (22). However, glu-
cose intolerance is observed in both models, likely consequent
to impaired insulin secretion (23-25). Indeed, persistence of
circadian oscillations in insulin secretion by cultured BTC-3
insulinoma cells is indicative of direct clock control (26).
Underscoring the impact of circadian clocks on energy balance,
ClockA19 mutant mice show a modest increase in food intake
concomitant with decreased energy expenditure, resulting in
positive energy balance (consistent with the reported obesity
propensity) (20).

In terms of metabolic phenotyping, ClockA19 mutant and
Bmall null mice are among the most extensively characterized
models of genetic perturbation of the mammalian circadian
clock. It is noteworthy that several additional models of clock
disruption have also been characterized metabolically, albeit to
varying extents. These include genetic manipulation of the
cryptochrome, period, Rev-erbe, and retinoid-related orphan
receptor-a genes (27-31). Furthermore, putative clock-con-
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FIGURE 1. FA metabolism within metabolically relevant tissues. NEFA, non-esterified FA; MAG, monoacylglycerol; TAG, triacylglycerol; PL, phospholipid; CE,

cholesterol ester; LP, lipoprotein; VLDL, very low density lipoprotein.

trolled components hypothesized to act as key molecular links
between the circadian clock and energy balance have been
investigated (e.g. AMP-activated protein kinase, GSK38, noc-
turin, and PGCla/B) (32-36). In all cases, genetic manipulation
of clock components or putative clock outputs results in dis-
tinct perturbations in energy homeostasis. Despite this wealth
of recent molecular knowledge, the current understanding of
the mechanisms by which cell autonomous clocks directly
influence flux through discrete metabolic pathways is less clear.
Energy balance is the product of the complex interaction between
genes (affording predisposition toward leanness or obesity) and
environment (inclusive of nutrition, physical activity, and the neu-
rohumoral milieu). Circadian clocks may potentially impact, or be
impacted by, any of these factors. For example, diurnal rhythms in
food intake and physical activity are attenuated in ClockA19
mutant mice, which is associated with loss of rhythms in various
humoral factors (20). Because of the ubiquitous nature of the cir-
cadian clock (present within virtually all mammalian cells), the
host of processes that this timekeeper likely influences (estimated
to regulate >10% of the transcriptome) and the fact that distinct
clock components may exert differing effects, defining the
mechanism(s) by which a cell autonomous clock directly reg-
ulates distinct metabolic processes such as FA metabolism,
present a significant challenge.
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Direct Regulation of FA Metabolism by Cell Autonomous
Clocks?

FA metabolism encompasses multiple processes (including
dietary lipid digestion and absorption, lipoprotein metabolism,
de novo FA synthesis, triglyceride turnover, phospholipid
metabolism, and FA oxidation) orchestrated by distinct cell
types (including enterocytes, hepatocytes, adipocytes, and
myocytes) (Fig. 1). In each case, evidence exists supporting the
concept that circadian clocks influence these processes either
directly or indirectly. Classically, indirect evidence of regula-
tion by circadian clocks has included persistence of a 24-h
rhythmic pattern under constant environmental conditions, as
well as loss of this rhythmicity in models of genetic disruption
of circadian clock components (e.g ClockA19 mutant and
Bmall null mice) (6). To unveil metabolic processes directly
regulated by a cell autonomous clock, 24-h rhythmic patterns
must persist in cultured cells, and/or rhythmicity should be lost
in models of cell type-specific clock disruption. The most
robust conclusions related to metabolism are based on meas-
urement of metabolic fluxes as opposed to indirect markers (e.g.
gene and protein expression or activity of metabolic enzymes,
steady-state levels of metabolites in plasma or tissues). For the
sake of brevity, this minireview will focus on pathways unique
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to FA metabolism. As such, little attention will be given to de
novo FA synthesis due to unavoidable overlap with carbohy-
drate and amino acid metabolism.

Dietary Lipid Digestion/Absorption—Multiple aspects of
digestion/absorption exhibit a time-of-day dependence in
mammals, including food intake, gastric emptying, and intesti-
nal motility, as well as the expression and activity of critical
digestive enzymes and nutrient transport systems (37, 38). This
is exemplified by lipid digestive capacity and absorption. Vari-
ous enzymes/proteins involved in these processes exhibit diur-
nal variations at gene, protein, and activity levels, as well as flux
(39, 40). Lipid absorption has been shown to peak during the
beginning of the active/awake period, a time at which food
intake often increases (40). This peak in lipid absorption is asso-
ciated with greater activity of digestive lipases, as well as the
enzymes involved in chylomicron synthesis within intestinal
enterocytes (40, 41). Pan and Hussain (40) have shown that time
of day-dependent oscillations in these parameters are attenu-
ated in ClockA19 mutant mice on the C57BL/6] background,
resulting in increased capacity for lipid absorption. In contrast,
the ClockA19 mutation on the ICR background impairs lipid
digestion/absorption (42). In addition, disruption of nocturin, a
clock output gene encoding a deadenylase, confers resistance to
high fat feeding-induced obesity, a phenotype that has been
attributed to impaired lipid digestion/absorption (34).

An important question relates to whether cell autonomous
circadian clocks, perhaps within intestinal enterocytes, directly
regulate lipid digestion/absorption. Microsomal triglyceride
transfer protein (MTP) is a critical enzyme in lipoprotein (e.g.
chylomicron) synthesis, and levels of MTP correlate closely
with plasma lipids and lipoproteins (39). MTP activity oscillates
in a time of day-dependent manner in enterocytes, peaking at
the beginning of the active period (40). Importantly, oscillations
persist in cultured Huh-7 cells and are abolished when the cir-
cadian clock is genetically disrupted (43). Collectively, these
studies have led to the hypothesis that direct control of MTP
(and/or other relevant enzymes/proteins) by the enterocyte cir-
cadian clock may play an important role in time of day-depen-
dent oscillations in lipid digestion/absorption.

Lipoprotein Metabolism—Plasma total triglyceride and lipo-
proteins exhibit time of day-dependent oscillations, as do de
novo lipogenesis and cholesterol synthesis (43—46). Oscilla-
tions in circulating triglyceride/lipoproteins cannot be
accounted for solely by rhythms in food intake, as they persist
during prolonged fasting (47). Furthermore, these oscillations
are attenuated in ClockA19 mice, suggesting mediation by the
circadian clock in some manner (43). Similar to intestinal
enterocytes, MTP expression (gene and protein) oscillates in a
time of day-dependent manner in wild-type (but not ClockA19
mutant) livers (43). Rhythms in lipoprotein-associated triglyc-
eride hydrolysis could potentially contribute toward oscilla-
tions in circulating triglycerides. Lipoprotein lipase (LPL) activ-
ity demonstrates distinct time of day-dependent oscillations in
peripheral tissues, which are essentially antiphase in muscle
compared with adipose tissue (48). LPL activity appears to be
under direct circadian clock control (49). This has led Gimble
and Floyd (49) to hypothesize that cell autonomous circadian
clocks may channel lipoprotein-derived triglyceride utilization
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into adipose tissue and muscle at distinct times of the day. Col-
lectively, these observations suggest that cell autonomous cir-
cadian clocks may drive both lipoprotein synthesis (i.e. intesti-
nal enterocyte and hepatocyte clocks) and utilization (i.e.
myocyte and adipocyte clocks).

Triglyceride Turnover—Given that ubiquitous genetic
manipulation of clock components influences adiposity, several
laboratories have attempted to establish links between circa-
dian clocks with adipocyte function. Consistent with the lean
phenotype observed in Bmall null mice, studies by Shimba et
al. (50) defined a critical role for Bmall in adipogenesis.
Although direct measures of metabolic flux were not reported
in these studies (i.e. lipolysis/lipogenesis), the investigators
observed that Bmall directly influences the activity of tran-
scription factors known to modulate expression of numerous
triglyceride metabolism enzymes (e.g. peroxisome proliferator-
activated receptor-y (PPARvy), CCAAT /enhancer-binding pro-
tein-a/B, etc.) (50). Subsequently, BMAL1 has been shown to
associate directly with PPARy (51). Similar to Bmall null mice,
PER2-deficient mice exhibit a lean phenotype, and molecular
studies reveal a direct PER2-PPARY interaction (29). More
recently, we have generated a novel mouse model wherein the
circadian clock is disrupted in an adipocyte-specific manner in
vivo, through targeted expression of the CLOCKA19 mutant
protein in adipocytes (termed adipocyte-specific clock
mutant (ACM) mice) (52). Similar to the ubiquitous ClockA19
mutant mouse, ACM mice exhibit an obesity phenotype, sug-
gesting that the adipocyte clock directly influences adiposity
(20, 52). Microarray studies on white adipose tissue from wild-
type versus ACM mice revealed differential gene expression of
multiple triglyceride metabolism enzymes (e.g. FA transporter,
glycerol kinase) (52). However, to date, triglyceride turnover
rates have not been assessed in adipose tissue of this or other
genetic models of clock disruption.

A significant question remaining is whether cell autonomous
clocks directly regulate triglyceride turnover (at a metabolic
flux level). This question was recently addressed using the heart
as a model of an insulin-sensitive, metabolically active organ.
Like adipose tissue, the heart actively synthesizes and degrades
triglyceride in a time of day-dependent manner, and abnormal-
ities in myocardial triglyceride turnover have been linked to
cardiovascular disease progression (53-56). Adipose triglycer-
ide lipase expression in the heart is second only to that in adi-
pose tissue, and genetic ablation of this lipase results in severe
cardiac steatosis and sudden cardiac death (57). Studies using a
mouse model of cardiomyocyte-specific clock mutation (CCM)
revealed that this clock directly regulates triglyceride turnover,
independent of extrinsic influences (54). More specifically, this
cell autonomous clock promotes increased rates of lipolysis
during the less active/sleep phase (54). Clock-driven attenua-
tion of lipolysis during the active phase in turn augments tri-
glyceride accumulation at this time (54).

Phospholipid Metabolism—Phospholipids have essential
structural and signaling functions (58 —61). Steady-state levels
of phospholipids, rates of their synthesis, and activity of key
phospholipid metabolism enzymes have been shown to exhibit
diurnal variations in multiple tissues, which generally peak dur-
ing the inactive/sleep phase (53, 62, 63). Multiple lines of evi-
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dence exist in support of the concept that time of day-depen-
dent rhythms in phospholipid metabolism are driven by cell
autonomous circadian clocks. For example, rhythms in phos-
pholipid synthesis and the activity of phosphatidate phospho-
hydrolase persist in retinal cells during constant darkness (63).
Through the use of radiolabeled tracers, Marquez et al. (64)
reported that fibroblasts exhibit 24-h oscillations in phospho-
lipid biosynthesis in culture. Importantly, the investigators
reported that these circadian oscillations are absent in fibro-
blasts isolated from either Perl null or ClockA19 mutant mice
(64). Similar rhythmic patterns were reported for synthesis of
individual phospholipids, such as phosphatidylethanolamine
and phosphatidylcholine (64). Collectively, these observations
provide substantial evidence that cell autonomous clocks
directly regulate phospholipid synthesis in a time of day-depen-
dent manner. Additional studies are required to reveal the rel-
ative contribution of extrinsic (i.e. neurohumoral) versus cell
autonomous circadian clock influence on phospholipid synthe-
sis rhythms in the in vivo setting.

FA Oxidation—A important question, in terms of common
metabolic diseases (such as obesity, diabetes mellitus, and car-
diovascular disease), is whether peripheral circadian clocks
directly regulate FA B-oxidation. Whole body FA oxidative
metabolism can be determined relatively easily by indirect cal-
orimetry. If circadian clocks were to coordinately regulate FA
oxidation in metabolically active tissues, then time of day-de-
pendent oscillations in the respiratory exchange ratio (RER)
should persist under constant darkness (i.e. circadian condi-
tions) and should be absent in mouse models of clock disrup-
tion. Somewhat surprisingly, an exhaustive literature search
was unable to identify previously published studies reporting
RER during constant darkness (despite multiple studies report-
ing energy expenditure, body temperature, and physical activity
under circadian conditions). Thus, we housed wild-type mice
within calorimeters under constant environment-controlled
conditions. As anticipated, circadian oscillations in RER were
observed throughout the 4-week period of temperature-con-
trolled constant darkness.® A surprisingly similar lack of infor-
mation has been published regarding time of day-dependent
oscillations in RER for genetic mouse models of clock disrup-
tion. Again, despite multiple studies reporting energy expend-
iture, body temperature, and physical activity in these models,
only one published study has reported RER oscillations in mice
following disruption of a core circadian clock component.
Vollmers et al. (27) found that diurnal variations in RER are
absent in CRY1/CRY2 double knock-out mice. It is noteworthy
that RER has recently been reported in PER2 null mice,
although the data were presented as daily average values; no
difference was observed between wild-type and PER2 null mice
for 24-h averaged RER values (29).

Collectively, the aforementioned observations suggest that
circadian clocks potentially influence whole body FA oxidation
rates over the course of the day. The subsequent question
relates to whether this regulation is direct or indirect. A number
of factors influence FA oxidation, including substrate availabil-

3 M. S. Bray and M. E. Young, unpublished observations.
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ity and energetic demand. As such, both food intake and phys-
ical activity, processes known to be under clock control,
strongly impact whole body FA oxidation rates. Indeed, oscil-
lations in these behaviors persist under circadian conditions
and are altered (to differing extents) following genetic disrup-
tion of circadian clock components (6). This is exemplified in
CRY1/CRY2 double knock-out mice, for which both food
intake and RER oscillations are ablated (27). Importantly, rees-
tablishment of time of day-dependent food intake oscillations
in CRY1/CRY2 double knock-out mice through enforced
restricted feeding completely restores oscillations in RER, sug-
gesting that a significant proportion of the regulation of FA
oxidation dictated by circadian clocks is secondary to regula-
tion of pertinent behaviors (such as food intake) (27).

Similar to the rationale discussed for non-oxidative FA
metabolism pathways, to determine whether a cell autonomous
clock directly regulates FA oxidation rates requires measure-
ment of metabolic fluxes in an isolated cell-based system and/or
use of models in which the clock is disrupted in a cell type-
specific manner. Of the cell type-specific models reported thus
far, only one study has investigated rates of FA oxidation in a
time of day-dependent manner. Neither wild-type rat nor
mouse hearts exhibit diurnal variations in FA oxidation rates
(15, 53). Furthermore, only slight (10%) differences in FA oxi-
dation rates are observed between wild-type and CCM hearts,
which are independent of time of day (15). As such, these data
do not support the hypothesis that cell autonomous clocks
directly regulate FA oxidation over the course of the day. Inter-
estingly, expression of the CLOCKA19 mutant protein in skel-
etal muscle also results in a slight increase in FA oxidation rates
in soleus muscles (although time-of-day dependence was not
investigated) (52).

Does the Cell Autonomous Circadian Clock Directly
Regulate FA Oxidation?

As outlined above, considerable published evidence suggests
that cell autonomous circadian clocks directly regulate non-
oxidative FA metabolism. What is less convincing at this time is
whether the influence of clocks on FA oxidative metabolism is
direct or indirect (e.g. secondary to behavioral and/or neurohu-
moral changes). At a transcriptional level, multiple genes
known to encode key FA oxidation regulators oscillate in a time
of day-dependent manner in metabolically active tissues (23,
27, 65). However, no data are currently available that suggest
these transcriptional changes translate to significant oscil-
lations in FA oxidation rates within a specific metabolically active
tissue independent of feeding and/or activity status. Clearly,
this could be due to lack of experimental findings at this time, as
opposed to lack of phenomena. Indeed, in the heart, absence of
oscillations in FA oxidation rates is not unexpected, given that
rates are basally high, and increased energetic demands (during
periods of increased contractile function) are generally met by
alterations in carbohydrate metabolism, as opposed to FA oxi-
dation (66). Whether FA oxidation rates oscillate in other met-
abolically active tissues (e.g. liver, skeletal muscle, adipose
tissue) over the course of the day in a cell autonomous clock-
dependent manner remains to be determined.
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An additional possibility that should be considered relates
to the primary function of circadian clocks: to provide the
selective advantage of anticipation (7). Reliance on FAs as a
fuel is elevated during periods of prolonged fasting and fol-
lowing a high fat meal. For the animal in the wild, prolonga-
tion of the overnight fast would occur when foraging upon
waking was unsuccessful. Anticipating high circulating FAs
at the beginning of the active period would be a selective
advantage, allowing rapid activation of FA oxidation while
the animal continues its forage for food and/or avoids pre-
dation. Evidence exists in support of a role for cell autono-
mous clocks in anticipation of fasting. For example, prolon-
gation of the sleep phase fast in mice results in a rapid
induction of transcripts known to promote FA oxidation in
cardiac and skeletal muscles, a phenomenon that is markedly
attenuated in clock-ablated CCM hearts (65, 67). Therefore,
the potential role for cell autonomous clocks in the direct
regulation of FA oxidation may not be apparent in the ad
libitum fed laboratory rodent but can be exposed when time
of day-dependent dietary challenges are imposed.
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FIGURE 2. Time of day-dependent oscillations in FA metabolism that are
known to be influenced by circadian clocks either directly or indirectly.
FAO, FA oxidation; TAG, triacylglycerol; PL, phospholipid; CE, cholesterol ester.
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Implications for Dietary Intake and Energy Balance

Fig. 2 summarizes current knowledge regarding temporal
regulation of FA metabolism by cell autonomous circadian
clocks, as highlighted above. Armed with this knowledge, one
can formulate evidence-based hypotheses regarding metabolic
outcomes following time of day-dependent FA challenges. In
the intact animal, FA challenges are achieved easily through
dietary manipulation (e.g. fasting or high fat meal feeding).
Time of day-dependent high fat meal consumption may be
most relevant in terms of human health in Western society. As
food intake usually occurs during the active/awake phase, the
metabolic consequences following high fat meal consumption
at the beginning or end of this period (i.e. for breakfast or din-
ner, respectively) may differ dramatically. Through a series of
long-term, time of day-dependent, high fat meal feeding stud-
ies, we recently examined the metabolic response to high fat
feeding at different times of the day (68). Mice were provided a
high fat meal either at the beginning or end of the active period.
For these studies, mice consumed the same total number of
daily calories, as well as the same proportion of calories from
fat, carbohydrate, and protein. The only variable was the time of
day at which fat (and reciprocally carbohydrate) calories were
consumed. Mice fed a high fat diet during the end of the active
phase were not able to activate 3-oxidation and had increased
body weight, increased adiposity, increased cardiac steatosis,
and decreased glucose tolerance, as well as hypertriglyceri-
demia, hyperinsulinemia, and hyperleptinemia, compared with
mice fed the same high fat meal at the beginning of the active
phase (Fig. 3) (68). Thus, the time of day at which a high fat meal
is consumed influences multiple cardiometabolic syndrome
parameters independent of total daily caloric quantity and
quality.
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FIGURE 3. Distinct high fat meal feeding regimes (A) differentially influence RER (B), adiposity (C), and glucose tolerance (D). Data were published
previously in Ref. 68. *, p < 0.05 for early high fat feeding versus late high fat feeding.
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The observations made in our time-of-day feeding studies
are consistent with the information summarized in Fig. 2. Con-
sumption of a high fat meal upon awakening will result in rapid
digestion and absorption of dietary FAs, followed by elevation
in plasma chylomicron and non-esterified FA levels. Both act as
sources of FAs for metabolically active peripheral tissues (e.g.
skeletal muscle, heart). Increased LPL activity in muscle (cou-
pled with decreased activity in adipose tissue) at this time will
promote channeling of lipoprotein-derived FAs to muscle (48).
Transcriptional responsiveness of peripheral tissues to FAs
increases at the beginning of the active phase, resulting in rapid
induction of enzymes promoting FA B-oxidation, thereby
increasing the capacity to utilize this carbon source for ATP
generation (65). This would in turn minimize lipid accumula-
tion (i.e. net triglyceride synthesis) in adipose and other periph-
eral tissues, thereby promoting leanness and insulin sensitivity.
Conversely, when a high fat meal is consumed at the end of the
active period (i.e. dinner), lipid digestion and absorption are
likely slower at this time of the day, resulting in a prolonged
elevation of plasma lipids, even into the sleep phase. Respon-
siveness of metabolically active peripheral tissues to FAs is not
as great during the end of the active period, likely resulting in a
blunted oxidation of dietary FAs. At this time, capacity for tri-
glyceride synthesis is at a peak (54). Limited B-oxidation and
increased triglyceride synthesis capacity, coupled with
increased adipose tissue LPL activity, will promote adiposity.
Furthermore, elevation of both plasma and intracellular lip-
id/FA levels during the sleep phase would provide carbon for
channeling into phospholipid and cholesterol ester synthesis
(53). The latter may in turn contribute to imbalanced signaling
and/or lipotoxicity. Collectively, consumption of a high fat
meal at the end of the active period promotes obesity and insu-
lin resistance.

Summary

Research to date using global and tissue-specific models of
circadian clock disruption provide substantial evidence that
this molecular mechanism plays an important role in energy
balance and lipid metabolism. Processes from digestion/ab-
sorption to cellular metabolism all appear under clock control,
either direct or indirect. The knowledge gained by this research
points to the importance of timing of energy intake and expend-
iture as critical components of energy balance. Future studies
are needed to elucidate fully the roles that cell autonomous
clocks play in lipid metabolism and human health.
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