Chapter 5
Obesity and Chronodisruption: An Imbalance
Between Energy Intake and Expenditure

Oren Froy

Abstract Obesity has become a serious public health problem and a major risk
factor for the development of illnesses, such as insulin resistance and hypertension.
Attempts to understand the causes of obesity and develop new therapeutic strategies
have mostly focused on caloric intake and energy expenditure. Recent studies have
shown that the circadian clock controls energy homeostasis by regulating circadian
expression and/or activity of enzymes, hormones, and transport systems involved in
metabolism. Moreover, disruption of circadian rhythms leads to obesity and meta-
bolic disorders. Therefore, it is plausible that resetting of the circadian clock can be
used as a new approach to attenuate obesity. Feeding regimens, such as restricted
feeding (RF), calorie restriction (CR) and intermittent fasting (IF), provide a time
cue and reset the circadian clock and lead to better health. In contrast, high-fat (HF)
diet leads to disrupted circadian expression of metabolic factors and obesity. This
chapter will focus on chronodisruption and feeding regimens with implications for
obesity.

Introduction: Obesity and Chronodisruption

Obesity has become a serious and growing public health problem [1]. Attempts to
understand the causes of obesity and develop new therapeutic strategies have mostly
focused on the imbalance between energy expenditure and caloric intake. Recent
studies link energy regulation to the circadian clock at the behavioral, physiological,
and molecular levels [2-5], emphasizing that the timing of food intake itself may
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play a significant role in weight gain [6]. The mammalian circadian clock influences
nearly all aspects of physiology and behavior, including sleep—wake cycles, cardio-
vascular activity, endocrine system, body temperature, renal activity, physiology of
the gastrointestinal tract, and hepatic metabolism [7]. Disruption of circadian coor-
dination (chronodisruption) may be manifested by hormone imbalance, psychologi-
cal and sleep disorders, cancer proneness, and reduced life span [7-11]. In contrast,
robust circadian rhythms lead to well-being and increased longevity [12, 13]. This
correlation reveals the prominent influence of the circadian clock on human physi-
ology and pathophysiology. This chapter will summarize recent findings concerning
the relationship between circadian rhythms, food intake, and energy expenditure
with implications for obesity.

Circadian Rhythms in Metabolism

The circadian clock regulates metabolism and energy homeostasis in peripheral
tissues [5, 14]. This is achieved by mediating the expression and/or activity of
certain metabolic enzymes and transport systems [15, 16] involved in cholesterol
metabolism, amino acid regulation, drug and toxin metabolism, the citric acid
cycle, and glycogen and glucose metabolism [5, 14, 17-20]. Moreover, lesion of
rat central clock in the brain suprachiasmatic nuclei (SCN) abolishes daily varia-
tions in whole body glucose homeostasis [21], altering not only rhythms in glu-
cose utilization rates but also endogenous hepatic glucose production. Indeed, the
SCN projects to the pre-autonomic paraventricular nucleus (PVN) neurons to
control hepatic glucose production [22]. Similarly, glucose uptake and the con-
centration of the primary cellular metabolic currency adenosine triphosphate
(ATP) in the brain and peripheral tissues have been found to fluctuate around the
circadian cycle [18, 22, 23].

Many hormones involved in metabolism, such as insulin [17], glucagon [24],
adiponectin [25], corticosterone [26], leptin, and ghrelin [27, 28], have been shown
to exhibit circadian oscillation. Leptin, an adipocyte-derived circulating hormone
that acts at specific receptors in the hypothalamus to suppress appetite and increase
metabolism, is extremely important in obesity. Plasma leptin levels are normally
pulsatile and circadian with leptin peaking early in the non-active phase, that is dur-
ing the early dark phase in diurnal animals, such as monkeys and humans [29, 30],
and during the early to mid-light phase in nocturnal animals, such as rats and mice
[31, 32]. Neither feeding time nor adrenalectomy affected the rhythmicity of leptin
release. However, ablation of the suprachiasmatic nuclei (SCN), the location of the
circadian clock in the hypothalamus, was shown to eliminate leptin circadian rhyth-
micity in rodents, suggesting that the central circadian clock regulates leptin expres-
sion [31]. In addition, SCN-lesioned rats, as opposed to intact animals, showed no
elevation in plasma free fatty acids after intraperitoneal administration of leptin,
suggesting a role for SCN in leptin function [33]. In obese subjects, leptin retains
diurnal variation in release, but with lower amplitude [34]. Leptin 24-h levels were
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lower in obese compared with non-obese adolescent girls, suggesting that blunted
circadian variation may play a role in leptin resistance and obesity [35].

Receptors for leptin are present on SCN cells [36-38], so it is possible that leptin
binds directly to SCN neurons. Thus, it seems that leptin may affect the SCN directly
and/or through its effect on the arcuate nucleus (ARC), an aggregation of neurons in
the mediobasal hypothalamus important in the regulation of appetite, which is then
relayed to the SCN. This regulation of leptin expression by the circadian clock as
well as the possible effect of leptin on the SCN places leptin as a possible bridge
between energy homeostasis and circadian control. Homozygous C57BL/6 J
Clock*" mice, with a truncated exon 18 and deleted exon 19 of the Clock gene, that
have a greatly attenuated diurnal feeding rhythm, are hyperphagic and obese, and
develop a metabolic syndrome of hyperleptinemia, hyperlipidemia, hepatic steato-
sis, and hyperglycemia [3]. Combination of the Clock*'® mutation with the leptin
knockout (0b/ob) resulted in significantly heavier mice than the ob/ob phenotype
[39], reiterating the interrelations between leptin and the circadian clock [5, 14, 40].

Circadian Rhythms and Body Weight

Fluctuations in body weight have been associated with changes in day length in
various species, suggesting a central role for the circadian clock in regulating body
weight. For example, in Siberian hamsters, modulation of body weight depends on
photoperiod acting via the temporal pattern of melatonin secretion from the pineal
gland, allowing the entrainment of the circadian rhythms of several biological func-
tions [41, 42]. In studies performed on sheep, adipose tissue leptin levels were mod-
ulated by day length independently of food intake, body fatness, and gonadal
activity. In addition, increasing the length of the photoperiod resulted in increased
activity of the lipogenesis-promoting proteins lipoprotein lipase and malic enzyme,
independent of the nutritional status [43, 44]. In humans, studies have demonstrated
an increased incidence of obesity among shift workers [45-47].

In obese subjects, leptin retains diurnal variation in release, but with lower ampli-
tude, the magnitude of change in the oscillation [34]. Leptin 24-h levels were lower
in obese compared with non-obese adolescent girls, suggesting that blunted circa-
dian variation may play a role in leptin resistance and obesity [35]. Circadian pat-
terns of leptin concentration were distinctly different between adult women with
upper-body or lower-body obesity, with a delay in peak values of leptin of approxi-
mately 3 h in women with upper-body obesity [48]. Indeed, leptin and the leptin
receptor knockouts in animals or mutations in humans have been demonstrated to
produce morbid, early onset obesity, hypoleptinemia, hyperphagia, hyperinsuline-
mia, and hyperglycemia [49, 50]. Similarly to leptin, the rhythmic expression of
resistin and adiponectin, two other cytokines secreted from adipose tissue, was
greatly blunted in obese (KK) and obese, diabetic (KK-A”) mice [25]. In humans,
circulating adiponectin levels exhibit both ultradian pulsatility and a diurnal varia-
tion. In the latter case, the pattern of adiponectin release is out of phase with leptin
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Fig. 5.1 Effect of feeding regimens on circadian rhythms and health. SCN suprachiasmatic nuclei

with a significant decline at night, reaching a nadir in the early morning [51]. In
obese subjects, adiponectin levels were significantly lower than lean controls,
although the obese group had significantly higher average peak of secretion [52]. In
rats, melatonin, a synchronizer of the SCN clock, decreased weight gain in response
to high-fat diet and decreased plasma leptin levels within 3 weeks. These effects
were independent of total food consumption [53]. Thus, it seems that the circadian
clock plays a major role in determining body weight probably by influencing the
expression and secretion of hormones. Similarly to the control of the circadian clock
on metabolism, feeding is a very potent synchronizer (zeitgeber) for peripheral
clocks (Fig. 5.1).

Effect of Restricted Feeding (RF) on Circadian Rhythms

Limiting the time and duration of food availability with no calorie reduction is
termed restricted feeding (RF) [15, 54-56]. Animals, which receive food ad libitum
everyday at the same time for only a few hours, adjust to the feeding period within
a few days and consume their daily food intake during that limited time [57-59].
Restricting food to a particular time of day has profound effects on the behavior and
physiology of animals. 2—4 h before the meal, the animals display food anticipatory
behavior, which is demonstrated by an increase in locomotor activity, body tem-
perature, corticosterone secretion, gastrointestinal motility, and activity of digestive
enzymes [54, 57, 60, 61], all are known output systems of the biological clock. RF
is dominant over the SCN and drives rhythms in arrhythmic and clock mutant mice
and animals with lesioned SCN, regardless of the lighting conditions [54, 62-66].
In most incidents, RF affects circadian oscillators in peripheral tissues, such as liver,
kidney, heart, and pancreas, with no effect on the central pacemaker in the SCN
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Fig. 5.2 Reduced levels of pro-inflammatory and increased levels of anti-inflammatory markers
under RF in the liver (a), serum (b) and small intestine (c). Nuclear NFxB nuclear protein fraction of
nuclear factor kB (pro-inflammatory), /-1 o interleukin 1oo mRNA (pro-inflammatory), /I-1f3 inter-
leukin 13 mRNA (pro-inflammatory), /I-10 interleukin 10 mRNA (anti-inflammatory), /L-6 interleu-
kin 6 protein (pro-inflammatory), TNF o tumor necrosis factor a protein (pro-inflammatory)

[15, 55, 56, 64, 65, 67, 68]. Thus, RF uncouples the SCN from the periphery,
suggesting that nutritional regulation of clock oscillators in peripheral tissues may
play a direct role in coordinating metabolic oscillations [69]. Many physiological
activities that are normally dictated by the SCN master clock, such as detoxification
by hepatic P450 activity, body temperature, locomotor activity, and heart rate, are
phase-shifted by RF to the time of food availability [63, 64, 70, 71]. As soon as food
availability returns to be ad libitum, the SCN clock, whose phase remains unaf-
fected, resets the peripheral oscillators [67]. It has recently been shown that long-
term day-time RF can increase the amplitude of clock gene expression, increase
expression of catabolic factors, and reduce the levels of disease markers leading to
better health [72] (Fig. 5.2).

Because timed feeding is dominant in resetting circadian rhythms even in ani-
mals with lesioned SCN, it has been suggested that there is a food-entrainable oscil-
lator. However, the location of this food-entrainable oscillator (FEO) has been
elusive. Lesions in brain regions involved in feeding, such as the dorsomedial hypo-
thalamic nucleus (DMH) [73-76], the brain stem parabrachial nuclei (PBN) [74,
77], and the core and shell regions of nucleus accumbens [78, 79], revealed that
these nuclei may be involved in FEO output, but they cannot fully account for the
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oscillation [80]. Neither vagal signals nor leptin are critical for the entrainment
[61, 81]. CLOCK [82] or BMALI [83] and other clock genes [84] have been shown
not to be necessary for food anticipatory activity. However, it has recently been
demonstrated that Per2 mutant mice did not exhibit wheel-running food anticipa-
tion [85, 86]. Thus, how RF entrains circadian rhythms remains an extremely impor-
tant topic for research.

Effect of Calorie Restriction (CR) on Circadian Rhythms

CR refers to a dietary regimen low in calories without malnutrition. CR restricts the
amount of calories derived from carbohydrates, fats, or proteins to 60-75% of ad
libitum-fed animals [87]. It has been documented that calorie restriction significantly
extends the life span of rodents by up to 50% [88, 89]. In addition to the increase in
life span, CR also delays the occurrence of age-associated pathophysiological
changes, such as cancer, diabetes, kidney disease, and cataracts [§9-92]. Theories
on how CR modulates aging and longevity abound, but the exact mechanism is still
unknown [89]. As opposed to RF, CR entrains the clock in the SCN [93-96], indi-
cating that calorie reduction could affect the central oscillator. CR during the day-
time affects the temporal organization of the SCN clockwork and circadian outputs
in mice under light/dark cycle. In addition, CR affects responses of the circadian
system to light, indicating that energy metabolism modulates gating of photic inputs
in mammals [97]. These findings suggest that synchronization of peripheral oscilla-
tors during CR could be achieved directly due to the temporal eating, as has been
reported for RF [64, 67, 68], or by synchronizing the SCN [93-95], which, in turn,
sends humoral or neuronal signals to synchronize the peripheral tissues [98, 99].

Effect of Intermittent Fasting (IF) on Circadian Rhythms

During IF, food is available ad libitum every other day. IF-treated mice eat on the
days they have access to food approximately twice as much as those having continu-
ous access to food [100, 101]. Similarly to calorically restricted animals, IF-fed
animals exhibit increased life span in comparison with the ad libitum-fed control
[102] as well as improved glucose metabolism, cardio-protection, neuro-protection
[100, 103—107], and increased resistance to cancer [101]. The IF-induced beneficial
effects are thought to occur independently of the overall caloric intake, but the
underlying mechanisms are still unknown. One suggested mechanism is stimulation
of cellular stress pathways induced by the IF regimen [100, 108, 109]. Recently it
has been shown that when food was introduced during the light period, mice exhib-
ited almost arrhythmicity in clock gene expression in the liver (Fig. 5.3). Unlike
daytime feeding, nighttime feeding yielded rhythms similar to those generated dur-
ing ad libitum feeding [110]. The fact that IF can affect circadian rhythms differently
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Fig. 5.3 Day-time IF abolishes circadian rhythms. mRNA expression levels of two mouse clock
genes mCryl and Bmall in the liver during ad libitum (AL) and day and night intermittent fasting
(IF). The gray and black bars designate the subjective day (formerly the light period) and dark
cycles, respectively. CTO and CT12 represent the circadian times at which the lights would have
been turned on and off, respectively, had the animals remained in light—dark. CT circadian time

depending on the timing of food availability suggests that this regimen affects the
SCN clock, similarly to CR. SCN resetting by IF and CR could be involved in the
health benefits conferred by these regimens [99].

Effect of High-Fat Diet on Circadian Rhythms

Few studies show that a high-fat diet leads to minimal effects on the rhythmic
expression of clock genes in visceral adipose tissue and liver [111]. However, recent
studies have shown that introduction of a high-fat diet to animals leads to rapid
changes in both the period of locomotor activity in constant darkness and to increased
food intake during the normal rest period under light—dark conditions [112]. These
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Fig. 5.4 Fasting induces phase advances while high-fat diet causes phase delays. mRNA expres-
sion levels of the clock gene Bmall in the liver after fasting or high-fat diet. The gray and black
bars designate the subjective day (formerly the light period) and dark cycles, respectively. CTO and
CT12 represent the circadian times at which the lights would have been turned on and off, respec-
tively, had the animals remained in light—dark. CT circadian time, LF low-fat diet, LF + F low-fat
diet+fasting, HF + F high-fat diet+fasting

changes in behavioral rhythmicity correlated with disrupted clock gene expression
within hypothalamus, liver, and adipose tissue, as well as with altered cycling of
hormones and nuclear hormone receptors involved in fuel utilization, such as leptin,
thyroid stimulating hormone (TSH), and testosterone in mice, rats, and humans [112—
117]. Furthermore, a high-fat diet modulates carbohydrate metabolism by amplifying
circadian variation in glucose tolerance and insulin sensitivity [118].

In addition to the disruption of clock gene expression, high-fat diet induced a
phase delay in clock and clock-controlled genes [116, 117] (Fig. 5.4). Recently,
AMPK has been found to phosphorylate Ser-389 of CKIe, resulting in increased
CKiIe activity and degradation of PER2. PER?2 degradation leads to a phase advance
in the circadian expression pattern of clock genes in wild-type mice [119]. As the
levels of AMPK decline under HF diet [116, 117], it is plausible that the changes
seen in the expression phase of genes under HF diet are mediated by changes in
AMPK levels. In addition to its effect on gene expression, high-fat feeding led to
impaired adjustment to local time by light resetting, including slower rate of re-
entrainment of behavioral and body temperature rhythms after “jet-lag” tests (6 h
advanced light-dark cycle) and reduced phase-advance responses to light. These
results correlated with reduction in c-FOS and phosphoERK expression in the SCN
in response to light-induced phase shifts [120].
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Summary Points

e Western lifestyle leads to high food consumption, inactivity during the active
period, enhanced activity in the rest period, and shortened sleep period.

* Disrupted biological rhythms might lead to attenuated circadian feeding rhythms,
disrupted metabolism, cancer proneness, and reduced life expectancy.

* Feeding time has the ability to reset bodily rhythms.

» Resetting the biological clock by food or feeding time may lead to better func-
tionality of physiological systems, preventing metabolic disorders, promoting
well-being, and extending life span.
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