B%a nutrients MBPY

Review

Neural and Molecular Mechanisms Involved
in Controlling the Quality of Feeding Behavior:
Diet Selection and Feeding Patterns

Tsutomu Sasaki

Laboratory for Metabolic Signaling, Institute for Molecular and Cellular Regulation, Gunma University,
3-39-15 Showa-machi, Maebashi, Gunma 371-8512, Japan; tsutomus@gunma-u.ac.jp; Tel.: +81-27-220-8846

Received: 28 August 2017; Accepted: 13 October 2017; Published: 20 October 2017

Abstract: We are what we eat. There are three aspects of feeding: what, when, and how
much. These aspects represent the quantity (how much) and quality (what and when) of feeding.
The quantitative aspect of feeding has been studied extensively, because weight is primarily
determined by the balance between caloric intake and expenditure. In contrast, less is known
about the mechanisms that regulate the qualitative aspects of feeding, although they also significantly
impact the control of weight and health. However, two aspects of feeding quality relevant to weight
loss and weight regain are discussed in this review: macronutrient-based diet selection (what) and
feeding pattern (when). This review covers the importance of these two factors in controlling weight
and health, and the central mechanisms that regulate them. The relatively limited and fragmented
knowledge on these topics indicates that we lack an integrated understanding of the qualitative
aspects of feeding behavior. To promote better understanding of weight control, research efforts
must focus more on the mechanisms that control the quality and quantity of feeding behavior.
This understanding will contribute to improving dietary interventions for achieving weight control
and for preventing weight regain following weight loss.
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1. Introduction

The numbers of overweight and obese individuals have been increasing worldwide [1]. In 2015,
diabetes and obesity were ranked the third and fourth leading health risk factors, respectively, in the
world [2]. Both type 2 diabetes and obesity have significant negative impacts on the human lifespan [3].
Diabetes and obesity are treated through lifestyle interventions (dieting and exercise) and medical
interventions (pharmacotherapy and surgery) [4]. Although lifestyle interventions cost less than
medical interventions, low patient compliance hinders efficacy. To reduce the cost of health care, it is
necessary to improve the efficacy of lifestyle interventions. To that end, it is useful to gain a better
understanding of the mechanisms that regulate feeding behavior.

Doctors have been instructing patients in healthful eating since the medieval era, by emphasizing
“what, when, and how much” people should eat. The content, the timing, and the quantity of
meals are important factors to take into consideration. These factors are important determinants of
obesity, though the ideal macronutrient composition for maintaining a healthy weight remains unclear.
Feeding behavior modifications, such as altering meal timing and macronutrient composition, have
been considered as novel approaches for achieving weight loss and preventing weight regain [5].
Following a healthy dietary pattern has been associated with less weight regain [6]. Moreover, eating
patterns and food choices were important determinants of weight loss after Roux-en-Y gastric bypass
surgery [7]. Conversely, weight cycling was associated with an elevated fat preference in obese women
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and female rats [8,9]. Therefore, for successful weight loss and weight maintenance, what and when
we eat, in addition to how much we eat, needs to be taken into account.

The neural and molecular bases of individual differences in the selection, ingestion pattern, and
proportioning of specific macronutrients are not fully understood. Current research on the central
regulation of body weight is mainly conducted from the perspective of energy balance (energy intake
vs. expenditure). This approach has unveiled many molecular mechanisms and the neural circuitry
that contributes to weight control [10]. However, this research approach considers caloric intake
(quantity), the default parameter to be measured. Thus, attention has been diverted from deciphering
the neural and molecular mechanisms involved in controlling the qualitative aspects of feeding,
namely, macronutrient selection and feeding patterns. Consequently, the mechanisms that regulate
macronutrient selection and feeding patterns remain poorly understood.

The purpose of this review was to identify the knowledge gaps currently in the literature that
hinder a full understanding of the central mechanisms that regulate macronutrient selection and
feeding patterns. To that end, I summarized the current knowledge of these processes involved in
controlling weight and health. I included evidence obtained from both human and animal models.
I focused on summarizing current knowledge about the central regulation of feeding behavior, which
is mostly based on animal studies. This review is expected to promote research on these knowledge
gaps, which can lead to determining the precise mechanisms that regulate these processes.

2. Basic Concepts in the Regulation of Feeding Behavior

Feeding behavior is a complex process. It incorporates homeostatic need, hedonic pleasure, and
higher cognitive processes, such as contextual and learned information. Animals eat, at least to satisfy
their homeostatic need for calories, and they select food to address their needs for nutrients that cannot
be biosynthesized. In the central nervous system (CNS), homeostatic and hedonic systems process
information transmitted from the periphery, which reflects peripheral needs and the nature of food
(either food already ingested or food to be ingested), and they use this information to control feeding
behavior [11]. Animals determine their feeding behaviors, based on the integration of external cues
(such as smell and taste), internal cues, that reflect internal metabolic status and homeostatic needs
(such as nutrients and hormones), motivation, and experience [10,12] (Figure 1).
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Figure 1. Basic concepts in feeding regulation: (a) The types of informational cues conveyed to the
central nervous system; (b) Two systems in the brain integrate information to regulate feeding behavior.

Before discussing the mechanisms that regulate macronutrient selection and feeding patterns,
the basic concepts of feeding behavior regulation are summarized below to provide a general
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understanding of feeding behavior research. For more details on appetite control circuits, please
refer to an excellent review, recently published by [13].

2.1. Information Conveyed to the Central Nervous System

Before food is ingested, both smell and taste cues are sent to the CNS, and these influence
feeding behavior. Once food enters the gastrointestinal tract, the post-ingestive effects of food are
mediated by nutrient and humoral factors that respond to the digested nutrients. Post-ingestive
nutrient information is conveyed from the gut to the brain, via two pathways: the neural pathway and
the humoral pathway [10].

The neural pathway is mediated by the vagal afferents that innervate the gastrointestinal tract
and hepatic portal vein [13,14]. The vagal afferents are stimulated by nutrients, hormones, and the
food-induced mechanical stretch of the intestines; then, vagal neural transmission activates the nucleus
of the solitary tract (NTS) in the brainstem. NTS activation is important for satiation. Information
conveyed to the NTS is relayed to other CNS nuclei, which are important for feeding regulation, such
as the parabrachial nucleus (PBN), the paraventricular nucleus (PVN), and the arcuate nucleus (ARC)
of the hypothalamus.

The humoral pathway is mediated by nutrients and hormones [1]. The basic components of
macronutrients, such as glucose, amino acids, and fatty acids, can serve directly as nutrient signals to
the brain. Nutrients also affect the release of several hormones that are important for feeding regulation,
such as leptin, insulin, and ghrelin. Leptin is an adipokine, crucial for regulating feeding behavior and
body weight [15]. The long isoform of the leptin receptor is expressed in several brain nuclei, including
the ARC, the PVN, the dorsomedial nucleus of the hypothalamus (DMH), the lateral hypothalamic
area (LH), and ventromedial nucleus of the hypothalamus (VMH) [16]. In rodents, a homozygous
loss-of-function mutation in the leptin receptor causes hyperphagia, obesity, and diabetes [17,18].
Insulin is a hormone secreted from pancreatic beta cells, which acts to lower blood glucose levels.
Insulin acts on peripheral tissues, such as the liver, skeletal muscle, and adipose tissue, to cause
anabolic effects. In addition, the insulin receptor is expressed widely in the CNS [19], and central
insulin receptors mediate the catabolic effects of insulin (which suppresses feeding) [20]. Both leptin
and insulin regulate pro-opiomelanocortin (POMC) and agouti-related peptide (AgRP) neurons,
located in the ARC, at multiple levels; in these neurons, leptin and insulin regulate transcription,
peptide processing, and synaptic transmission. These hormones serve as satiety signals to regulate
feeding behavior [1]. Ghrelin is a peptide hormone, secreted from the stomach; it functions as a hunger
signal [21]. Circulating ghrelin levels are highest before a meal, and they fall with feeding [22].
Ghrelin stimulates the vagal afferent nerves, to send information to the hypothalamus through the
brainstem [23-25]. Ghrelin was also proposed to stimulate AgRP neurons directly in the ARC to
promote feeding [26-28].

2.2. Homeostatic System

The center for the homeostatic control of appetite is located in the hypothalamus, which integrates
energy information conveyed from the periphery [1,13] and neural information transmitted from the
NTS. The humoral information related to feeding is directly sensed by the primary feeding center,
the ARC. The ARC is located close to the median eminence, which permits entry of circulating humoral
factors into the brain [29].

There are two major neuronal subtypes in the ARC: anorexigenic POMC neurons and orexigenic
AgRP neurons [30]. Both these neurons receive nutritional information from the periphery—satiety
signals stimulate POMC neurons and inhibit AgRP neurons. Conversely, hunger signals stimulate
AgRP neurons [31], and AgRP neurons transmit inhibitory gamma-aminobutyric acid (GABA)-ergic
signals to POMC neurons. POMC neurons and AgRP neurons generally project to the same targets in
secondary centers for satiety (PVN, VMH, and PBN) and for hunger (LH) [30]. Target neurons
express melanocortin type 4 receptors (MC4Rs), which are influenced by the POMC product,



Nutrients 2017, 9, 1151 4 of 36

alpha-melanocyte-stimulating hormone («-MSH), and by AgRP (an inverse agonist). The MC4R
is a Gs-type G protein-coupled receptor (GPCR); thus, MC4R activation raises intracellular cyclic AMP
(cAMP) levels. The balance between the activities of anorexigenic POMC neurons and orexigenic
AgRP neurons dictates the activity of the secondary CNS satiety center. POMC, AgRP, and MC4R
comprise the central melanocortin system, and mutations in this system are most frequent among
patients with the monogenic form of human obesity [32].

Orexigenic AgRP neurons also produce neuropeptide Y (NPY), an orexigenic neurotransmitter.
Two forms of NPY receptors (Y1R and Y5R) are expressed in target NPY/AgRP/GABA neurons in the
secondary satiety center [33]. Activation of Y1R or Y5R, both Gi-type GPCRs, reduces the intracellular
cAMP levels. Therefore, both AgRP and NPY induce consistent changes in intracellular secondary
messengers that inhibit target neuron activity.

In general, orexigenic neurons are stimulated by hunger signals, and anorexigenic neurons are
stimulated by satiety signals.

2.3. Hedonic System

The hedonic regulation of appetite comprises several components, including appetitive desire
(motivation, incentive salience, “wanting”) and consummatory enjoyment (pleasure, reward value,
“liking”), and learning [34,35]. Some of these concepts can be attributed to particular biological systems.
For example, motivation arises from the dopamine system, pleasure arises from the opioid system
and learning arises from the hippocampus (Table 1). Although these assignments are somewhat
oversimplified, they are instructive for grasping the concepts of feeding control.

Table 1. Simplified comparison of “wanting” vs. “liking”.

“Wanting” Appetltlve. “Want to Eat!” Motlvatlo.n Incentive Dopamine System
(Before Ingestion) Salience
“Liking” Consummatory “Delicious!” Pleasure Hedonic impact Opioid system

(after ingestion)

2.3.1. Dopamine System

The hedonic drive to eat is regulated by the activity of the mesolimbic dopamine system [10].
Dopamine neurons, located in the ventral tegmental area (VTA), project to the nucleus accumbens
(NAc). Dopamine released in the NAc plays an important role in motivated behavior [36].
The mesolimbic dopamine system also promotes learning associations between natural reward and
the environment [37,38]. Consumption of palatable food increases the firing of VTA dopamine
neurons, which leads to increased dopamine release in the NAc [39]. Thus, behavior involved
in approaching food is primed by rapidly increasing the excitatory input to the VTA dopamine
neurons [40]. The ingestion of palatable food also causes dopamine release in the striatum and
activates reward circuitry in humans, in proportion to the rating of meal pleasantness [41,42].

Dopamine signaling is modulated by brain areas involved in food selection and decision-making,
such as the medial prefrontal cortex and the orbitofrontal cortex. These areas process information
about our external environment, assign reward values to food cues, and inform us on the availability
and attractiveness of food.

The dopamine system is also regulated by internal homeostatic signals that are conveyed by
hormones and nutrients. Humoral factors can directly influence neurons in the dopamine system,
or indirectly influence them, by signaling through hypothalamic or brainstem neurons [43]. Neurons
in the VTA and/or NAc, express receptors for leptin [44,45], insulin [44], glucagon-like peptide-1
(GLP-1) [46], ghrelin [47,48], and orexin [49]. Hormones that convey satiety signals, such as leptin [50],
insulin [51,52], and GLP-1 [46], inhibit the activity of dopamine neurons and/or reduce dopamine
release in the NAc. In contrast, hormones that convey hunger signals, such as ghrelin [47,53],
orexin [54,55], and NPY [56], have the opposite effects on the dopamine system. A human magnetic
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resonance imaging study reported that fasting was associated with sensitization of the striatal reward
system to the anticipation of food reward, irrespective of reward magnitude, and ghrelin signaling
increased neural reactivity during the expectation of food-related reward [57].

2.3.2. Opioid System

Endogenous opioids also modulate some aspects of food reward. Endogenous opioid peptides
include endorphins, enkephalins, dynorphins, and nociceptins, which act through four opioid
receptors, known as mu (MOR), delta (DOR) and kappa (KOR) opioid receptors, and nociception
receptors [58,59]. Beta-endorphin and enkephalins are particularly important for food-related reward,
but these two ligands have markedly different distributions and expression levels within the nervous
system [60]. Enkephalins are distributed widely throughout the brain, including the NAc, the ventral
pallidum (VP), the amygdala, and the PBN. In contrast, the central source of 3-endorphin is mostly
POMC neurons in the ARC, and these neurons project to very limited sites, including the PVN and
NAc [61,62]. Enkephalins act through MORs and DORs, but 3-endorphin acts only through MORs.
Dynorphins act through KORs, and nociceptin acts through the nociception receptor.

Systemic opioid antagonist administration prevents the formation and expression of taste
preference [63-66]. Opioid receptor blockade reduces the perceived pleasantness of palatable foods,
without significantly altering feelings of hunger, basic taste perception, or taste intensity [67-69].
Thus, MOR stimulation in the NAc induces a strong hyperphagic drive for palatable foods [70-73],
but infusion of MOR antagonists into the NAc decreases palatable food intake [74].

Although opioids modulate the palatability of food [75], enkephalins can impact the motivational
properties of food [76,77]. One study compared feeding behaviors between mice with a genetic
knockout of the proenkephalin gene and mice with a -endorphin deficiency. They revealed
that endogenous enkephalins primarily set a background motivational tone for feeding behavior,
but 3-endorphin signaling was specifically involved in feeding driven by palatability, as opposed to
incentive-driven motivation [78]. MOR hotspots in the NAc and the VP contribute to both the hedonic
impact of food reward (“liking”) and the incentive motivation (“wanting”) for seeking food and other
rewards [79]. Therefore, the opioid system influences feeding behavior by affecting both the hedonic
impact and the motivational aspects of food.

2.4. Concluding Remarks on the Regulation of Feeding Behavior

The neural and molecular mechanisms that control feeding behavior integrate sensory cues
(smell, taste, interoception, etc.) and humoral cues (nutrients, metabolites, and hormones) through
homeostatic and hedonic mechanisms. However, how these systems process information gathered
from the various modalities and the extent of the neural circuits that constitute each system are not fully
understood. Furthermore, although it is evident that the two systems interact reciprocally, the extent
of reciprocal interactions and the exact mechanisms involved in these interactions remain elusive.

In this section, I did not cover the importance of the visual cues, partly because rodent models
are not optimal for studying this feature of feeding behavior. Visual information, such as what the
food looks like and the feeding environment (where you eat), can evoke past memories of feeding and
influence feeding behavior. Further study is needed to investigate how visual information fits into the
multimodal regulation of feeding behavior.

3. Macronutrient-Based Diet Selection (What We Eat)

Food preferences are prominent determinants of food intake in humans. Food preference was
positively correlated with reported food intakes [80,81], and it is the first factor to influence the
choice of food in developed countries [82]. Food preferences are influenced by personal experiences
(e.g., food exposure during childhood) [83], economics [84], and genetic factors, particularly related
to taste perception [85,86]. One study that analyzed a UK twin cohort reported a strong genetic
influence on preferences for meat and distinctive-tasting foods [87]. Therefore, diet selection is
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influenced by both innate genetic mechanisms, which are conserved among humans (and possibly
across multiple species), and experience-based acquired mechanisms, which are different among
individuals. This review focuses on the conserved mechanisms, i.e., macronutrient selection effects on
health, and macronutrient selection regulation at the molecular and neurocircuitry levels.

3.1. Importance of Macronutrient Selection for Controlling Weight and Health

“Eating healthy” often means ingesting well-balanced macronutrients (and also micronutrients),
in addition to eating proper amounts. Macronutrient composition is known to modify endocrine
signals [88-90] and modulate brain neurotransmitter dynamics [91-94]. In addition, meal sequences
have a significant impact on post-prandial glycemic control through endocrine signaling. For example,
eating meat or fish (protein) before eating rice (carbohydrate) enhances GLP-1 secretion, delays gastric
emptying, and ameliorates post-prandial glucose excursions in healthy humans and individuals with
type-2 diabetes [95].

Excessive intake of a fat-rich or sugar-rich diet is detrimental to health. However, there have been
long-standing debates on the health benefits of fat restriction versus carbohydrate restriction [96-98].
Fat restriction was reported to reduce adiposity over the long term, but not body weight, compared
to carbohydrate restriction [96]. Meta-analyses of controlled isocaloric feeding studies also indicated
that, to increase energy expenditure and reduce adiposity, fat restriction is favored over carbohydrate
restriction [97]. Mixed results have been reported on the effects of carbohydrate restriction, presumably
because the type of fat consumed to sustain caloric intake affects health. When more unsaturated fatty
acids were used to replace carbohydrates, carbohydrate restriction achieved better glycemic control
and lipid profiles compared to isocaloric fat restriction, but both diets achieved the same degree of
weight loss [98]. Systemic meta-analyses of randomized control trials also showed that replacing
carbohydrates with unsaturated fatty acids improves glycemic control [99]. A recent prospective
cohort study on dietary intake indicated that high carbohydrate intake is associated with a higher
risk of total mortality; indeed, isocaloric replacement of carbohydrate with poly-unsaturated fatty
acids was associated with an 11% lower risk of mortality [100]. Based on that evidence, the most
recent dietary guidelines no longer restrict the percentage of calories to be derived from fat in the diet
(2015-2020 Dietary Guidelines for Americans) [101].

3.2. Mechanisms That Regulate Macronutrient Preference

Among the macronutrients, both fat and carbohydrates (particularly simple sugars) are deemed
highly rewarding. However, macronutrient selection behavior cannot be fully understood by studying
only hedonic feeding, because sometimes a person must select between a diet rich in fat and a diet rich
in simple sugars. This quandary leads to the questions: how do we choose what we eat and what is
known about the mechanisms that regulate macronutrient-based diet selection?

3.2.1. Humoral Factors that Influence Macronutrient Preference

Fibroblast growth factor 21 (FGF21) is the only known hormone to date that regulates
macronutrient-specific preference. FGF21 regulates carbohydrate preference [102,103]. FGF21 is
secreted in response to various metabolic stresses [104]. Although FGF21 is secreted from various
tissues, secretion from the liver determines the circulating FGF21 level. Ingesting simple sugars
activates the hepatic carbohydrate-responsive element-binding protein (ChREBP), which increases
production of FGF21 from the liver [102]. Circulating FGF21 peaked 2 h after an oral sucrose challenge
in humans [105], and a 3-day carbohydrate-rich feeding protocol caused an 8-fold increase in plasma
FGF21 levels, compared to a eucaloric control diet, in healthy men [106]. Circulating FGF21 activated
hypothalamic PVN neurons and decreased sweet preference [102,103]. Therefore, FGF21 serves as
a negative feedback signal to the CNS and regulates carbohydrate preference.

Ghrelin is another peptide hormone that may modulate feeding behavior in
a macronutrient-specific manner. Ghrelin is secreted from the stomach, and it promotes food
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intake [21]. Central administration of ghrelin by intracerebroventricular (icv) injection was reported to
preferentially enhance fat intake over carbohydrate intake under a paradigm of two food choices,
in both high carbohydrate-preferring rats and high fat-preferring rats [107]. However, in another study
that used a three food choice paradigm (chow, sucrose, and lard), icv-injected ghrelin increased both
chow and lard intakes; moreover, an injection of ghrelin into the VTA increased chow intake without
affecting sucrose or lard intake [108]. Although ghrelin has been shown to target reward areas and to
increase motivated behaviors for fat [109] and sucrose [53,110], its effect on macronutrient preference
may be context-dependent. Therefore, the role of ghrelin in regulating macronutrient preference
is controversial.

3.2.2. Homeostatic Feeding Mechanisms that Influence Macronutrient Preference

The central melanocortin system is the most important system for the homeostatic control of
energy balance, and it regulates the quantity of feeding. However, genetic studies have pointed out
that it is also important for controlling macronutrient preferences (Table 2). Individuals with null
mutations of MC4R showed a high fat preference, high intake of a high-fat diet (HFD), a reduced
carbohydrate preference, and reduced intake of a high-sucrose diet [111]. These individuals found the
high-sucrose diet less palatable than the HFD, but they rated the palatability of a HFD similar to ratings
from a control group [111]. Pomc-null mice, which lack the agonist for MC4R, showed an elevated
fat preference [112]. Yellow agouti (Ay/a) mice, which overexpress the inverse agonist for MC4R,
also showed an elevated fat preference, and in addition, a reduced carbohydrate preference [113].
Therefore, loss-of-function mutations in the central melanocortin system consistently increased fat
preference and reduced carbohydrate preference, in rodents and humans.

Table 2. Central melanocortin system mutants and macronutrient preference.

MC4R Mutation (Human) Pomc-Null (Mice) Ayla Mice)
Fat preference Increase Increase Increase
Carbohydrate preference Decrease N.D.! Decrease

1 Not determined.

Several other neuropeptides have been reported to regulate preference in a macronutrient-specific
manner. Fat preference was increased by galanin and reduced by neuromedin U (NMU); sucrose preference
was increased by neuropeptide Y (NPY) and reduced by oxytocin (Oxt). However, conflicting results
were reported from studies on the roles of melanocyte concentrating hormone (MCH) and corticotropin
releasing hormone (CRH) on macronutrient preference.

Galanin injections into the PVN of rats caused a preferential increase in the consumption of
a fat diet, when single-macronutrient diets (protein, carbohydrate, or fat) were presented [114].
In a macronutrient choice scenario, galanin knockout mice consumed significantly less fat [115],
and conversely, transgenic mice that overexpressed galanin consumed significantly more of a fat-rich
diet, without any change in sucrose preference [116]. In the hypothalamus, galanin stimulates release
of the opioid, enkephalin, throughout the brain, which promotes fat preference [117]. Ingestion of
a HFD caused an increase in the expression, production, and release of galanin in the anterior PVN of
the hypothalamus [118]. Conversely, high-carbohydrate meal ingestion caused a reduction in galanin
expression in the PVN [119]. Those findings indicated that fat ingestion promoted galanin release and
fat preference through a positive feedback mechanism.

A few reports suggested that NMU decreased fat preference. Peripheral administration of NMU
in rats reduced operant responding for high-fat food [120]. Conversely, a genetic knock-down of the
high-affinity receptor for NMU (NMU receptor 2) in the rat PVN increased preference for high-fat
foods without affecting standard chow intake [121].
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NPY was shown to be orexigenic, because it promoted caloric intake. In addition, NPY promoted
carbohydrate preference. Ingestion of carbohydrate and sucrose were preferentially increased with
NPY administration, either with injections into the PVN [122] or with icv injections [123]. Variants in
NPY receptors 1 and 5 were associated with a lower carbohydrate intake, characterized by a lower
consumption of mono- and disaccharides [124]. High-carbohydrate meal consumption increased NPY
expression and NPY immunoreactivity in the ARC and PVN of the hypothalamus, but not in other
hypothalamic areas [119]. However, when rats were allowed free choice among foods composed of
saturated fat, 30% sucrose solution, and standard chow, bilateral administration of NPY in the NAc
increased fat intake, but not sugar or chow intake. This response was mediated by Y1R [125]. Therefore,
although NPY predominantly promoted carbohydrate intake by acting on the PVN, it also promoted
preferential intake of fat in the NAc.

Oxt is a well-known pituitary peptide hormone produced in the PVN and supraoptic nucleus
of the hypothalamus. Oxt is secreted into the hypophyseal portal vein from the posterior pituitary
(neurohypophysis), and it exerts systemic effects [126]. Oxt is also secreted within the CNS, where it
functions as a neurotransmitter and affects social memory [126]. Moreover, Oxt suppresses sucrose
and carbohydrate intake and preference [127]. Oxt knockout mice showed an enhanced sucrose
preference, but no change in fat preference [128-131]. The Oxt receptor inhibitor, L-368,899, stimulated
carbohydrate intake [132]. Fluctuations in sugar intake over the menstrual cycle in humans inversely
correlated with blood Oxt levels; sugar intake was low during ovulation, when Oxt was high, and
high during the luteal phase, when Oxt was low [133,134]. The Oxt receptor, a Gg-type GPCR,
is widely distributed in the CNS; it is detected in the hypothalamus, VTA, NAc, amygdala, and spinal
cord [135]. Thus, Oxt could regulate food preference at several locations in the brain. Intranasal Oxt
administration suppressed hypothalamic activation in response to visual food cues [136]; Oxt action
in the VTA affected sucrose intake [137]; and Oxt infusion into the NAc reduced palatable sucrose
consumption [138]. Peripheral Oxt may modulate sweet taste sensitivity, because the Oxt receptor is
also expressed in tastebud cells [139]. In addition, an intraperitoneal injection of Oxt, which elevated
plasma Oxt levels, was sufficient to reduce sweet taste sensitivity in mice [140]. Sucrose or carbohydrate
intake also stimulated Oxt neuronal activity—sucrose-fed mice exhibited two-fold higher c-Fos (+)
activity in PVN Oxt neurons than intralipid-fed mice [131]. Moreover, Oxt expression increased after
the ingestion of sucrose and cornstarch, but not saccharin [131,132]. Therefore, Oxt regulates sucrose
and carbohydrate intake through a negative feedback system.

MCH was proposed to mediate the post-ingestive reward effect of sugars, because MCH-treated
rats showed significant increases in the ingestion of sucrose and glucose solutions, but not
saccharin [141]. Hypothalamic MCH neuronal activity was proposed to transmit the nutrient value
of sugar. Optogenetic activation of MCH neurons was sufficient to invert the normal preference
of sucrose over sucralose (an artificial sweetener lacking the post-ingestive effect of sugar) by
increasing striatal dopamine levels. Ablation of MCH neurons reduced striatal dopamine release upon
sucrose ingestion and abolished the preference for sucrose over sucralose [142]. However, mice with
a genetic knockout of MCH receptor 1, the only MCH receptor in rodents, showed no impairment
in glucose-conditioned flavor preferences [143]. Thus, the role of MCH in regulating carbohydrate
preference remains controversial.

It is not clear what roles CRH and the hypothalamic-pituitary-adrenal (HPA) axis play in
macronutrient preference regulation, because studies have reported inconsistent results. Although
these pathways may modulate food preference, the effect may depend on the degree of activation.
For instance, an icv injection of CRH (0.5 ng) significantly increased the consumption of a saccharin
solution in rats, but a ten-fold larger dose abolished saccharin intake [144]. Administration of
exogenous glucocorticoids had differential effects on food preferences. One group reported that
an adrenalectomy (ADX) in rats significantly attenuated the ingestion of all three macronutrients over
24 h, but during the early dark cycle, when circulating corticosterone (CORT) levels normally peaked,
ADX had the strongest suppressive impact on carbohydrate ingestion [145]. They further showed
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that a CORT injection in ADX-treated rats preferentially stimulated carbohydrate ingestion [146].
Another group reported that an ADX in rats did not affect carbohydrate or fat intake, but when rats
self-administered CORT in a drinking solution (40 pg/mL), fat intake increased [147]. These data
suggested that a large dose of CORT promoted a fat preference and a relatively lower dose of CORT
promoted carbohydrate consumption. Chronic mild stress, which increased the activity of the HPA
axis, was reported to increase fat preference in mice [148] and decrease sucrose preference in rats [149].
Injections (icv) of CRH (0.05 and 0.5 pg) were reported to attenuate the consumption of a novel food
choice, without affecting the intake of familiar foods [150]. Thus, the roles of CRH and the HPA
axis in regulating food preferences may depend on the degree of activation, and not on a specific
macronutrient. Controlling the stress level may be required in experiments that specifically address
macronutrient-specific effects of CRH on food preference.
The relationships between neuropeptides and macronutrients are summarized in Table 3.

Table 3. The relationships between neuropeptides and macronutrients.

Macronutrient Galanin NMU NPY Oxt MCH CRH
Neuropeptide effect on Increase Decrease Increase 1
fat preference (PVN) (PVN) (NAc) ) N.D. Increase (-)
Effect of fat ingestion on Increase 1 1 1 1 1
peptidergic function (PVN) N-D. N-D. N-D. N-D. N-D.
Neuropeptide effect on © A Increase Decrease Increase vs. Increase vs.
carbohydrate preference (PVN, ICV) ) decrease
Effect of carbohydrate ingestion on Decrease ND.! Increase Increase ND. ! ND.!
peptidergic function (PVN) o (ARC, PVN) (PVN) o o

! Not determined; (-): no effect. Abbreviations: CRH, corticotropin releasing hormone; ICV: intracerebroventricular
injection; MCH, melanocyte concentrating hormone; NAc, nucleus accumbens; NMU, neuromedin U;
NPY, neuropeptide Y; Oxt, oxytocin; PVN, paraventricular nucleus of the hypothalamus.

3.2.3. The Hedonic System and Macronutrient Preference

Nutrient sensing by the hedonic system is important for regulating food preference. Nutrients,
particularly glucose-containing sugars and fat, have potent reward values, and they promote dopamine
release in the NAc [43,151]. Both the orosensory sweet taste stimulus and the post-ingestive effect
of sugar stimulate the NAc. Sweet taste information sensed in the taste papillae is conveyed to the
NTS, then to the PBN, the insular cortex, and the NAc [152,153]. The importance of the post-ingestive
effect of glucose on dopamine release in the NAc was determined with the direct administration
of glucose into the stomach [154]. A sweet taste preference or flavor-nutrient conditioning can be
induced, even in the absence of sweet taste perception, when the post-ingestive sensing mechanisms
were allowed sufficient time to take effect [155]. Glucose sensing in the hepatic portal vein triggered
dopamine release in the NAc [156,157], thus vagal afferents transmitted the post-ingestive effect of
glucose to the dopamine system. Multiple hypothalamic circuits also sense glucose [158], and glucose
can also regulate the dopamine system through hypothalamic MCH neurons in the LH [142]. Therefore,
peripheral and central glucose monitoring systems influence the dopamine system and modulate
food preference. Fat sensing also influences the dopamine system. Delivery of small amounts of
triglycerides to the brain through the carotid artery abolished the preference for palatable food and
reduced the motivation to engage in food-seeking behavior. In contrast, targeted disruption of the
triglyceride-hydrolyzing enzyme, lipoprotein lipase, specifically in the NAc, increased the palatable
food preference and food-seeking behavior [159].

The role of the dopamine system in reward is evident, but its role in the macronutrient-specific
regulation of food preference is not clear. Different groups have reported mixed results.
Systemic antagonists of dopamine D1 and D2 receptors blocked the acquisition and expression of
sugar-conditioned flavor preference, but not fat-conditioned flavor preference [160]. That finding
indicated that the dopamine system was not the sole regulator of fat preference. However, in obese
rats, gastric bypass surgery activated the gut peroxisome proliferator activated receptor alpha
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(PPARw)-striatal D1 receptor pathway, which reduced fat intake and preference [161]. In Drosphila,
protein hunger was encoded by the branch-specific plasticity of a bifunctional dopamine circuit [162].
Collectively, these findings suggested that the dopamine system may contribute to the reward effects
of nutrients in each context, but it may not encode the preference toward a particular macronutrient.

The MOR was implicated in promoting the intake of a HFD. Genome-wide association studies
(GWAS,) identified a locus of fat intake; the gene that encodes the MOR (OPRM1) was associated with
fat intake in an independent sample of 490 young adults [163]. In rats, an intraperitoneal injection of
morphine (a MOR agonist) was given under a self-selection feeding paradigm, with carbohydrate,
protein, and fat simultaneously available. That study showed that MOR was associated with an
increase in total caloric intake and increased preferences for fat and protein [164]. When rats were
given a choice between fat and carbohydrate diets, MOR stimulation within the NAc preferentially
stimulated fat ingestion without any effect on carbohydrate ingestion [165]. MOR stimulation in
the NAc activated various hypothalamic areas, the VTA, the substantia nigra, and the NTS [70].
In mice, administration of non-selective and mu-selective opioid receptor antagonists inhibited the
preference for fat over sucrose [166]. Subcutaneous administration of the non-selective opioid receptor
antagonist, naltrexone, reduced the acquisition of fat reinforcement, but not the expression of learned
reinforcement [167]. In rats, a roux-en-Y gastric bypass markedly suppressed fat intake and preference,
and downregulated MOR protein levels in the striatal and prefrontal areas [168]. Overall, the current
literature has suggested that the opioid system plays a major role in fat preference.

3.2.4. Other Mechanisms that Potentially Influence Macronutrient Preference

Several studies have reported a link between genetics and macronutrient preferences.
An investigation into the interactions between obesity-related copy number variants and dietary
behaviors in childhood obesity revealed a prominent multiplicative interaction between genetic
10q11.22 deletions and the preference for a meat-based diet [169]. This chromosomal region contains
14 genes, including the PPYR1 gene, which encodes the NPY4 receptor. The NPY4 receptor binds both
orexigenic NPY and anorexigenic pancreatic polypeptide [170].

Other GWAS have linked FGF21 and the fat mass and obesity-associated gene, FTO,
to macronutrient-specific preferences [171-173]. Genetic variations in the FTO locus are associated
with obesity [174]. The rs9939609 obesity-risk allele of the FTO gene was reported to be associated
with sucrose and protein preferences [175], high-fat and low fiber intakes [176], and carbohydrate
and protein intakes [177]. FTO is highly expressed in brain regions that control feeding and
energy expenditure, including the hypothalamus [178]. FTO encodes a nucleic acid demethylase,
which demethylates N®-methyladenosine (m®A) and N°,2’-O-dimethyladenosine (m®Am) on RNA.
This demethylation activity controls mRNA stability [178-180]. One study in mice identified neurons
that expressed both FTO and Oxt, and FTO overexpression in a murine hypothalamic cell line increased
Oxt mRNA levels [181]. Another study reported that FTO overexpression reduced m®A methylation
on ghrelin mRNA and increased the levels of ghrelin mRNA and peptide in cell culture models [182].
The FTO genotype was reported to modulate neural responses to food images in homeostatic and
brain reward regions [182]. Therefore, FTO may modulate macronutrient preference by acting on
multiple targets.

The gut microbiome was reported to affect multiple aspects of health, including obesity [183].
Recently, a reduced abundance of Bacteroides thetaiotaomicron was observed in obese individuals.
In mice, a gavage of the B. thetaiotaomicron was reported to alleviate diet-induced obesity [184].
In another study, a maternal HFD was reported to cause dysbiosis and to alter the gut microbiome
of offspring. In particular, Lactobacillus reuteri was reduced, and the social behavior of offspring
was affected, due to reduced PVN Oxt levels [185]. Importantly, reconstituting the offspring’s gut
microbiota by supplementing the gut with L. reuteri restored social behavior and Oxt levels [185].
These data suggested that gut microbiota, such as L. reuteri, may modulate carbohydrate preference
through Oxt expression; however, this hypothesis requires testing.
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3.3. Concluding Remarks on Macronutrient Preference

It is evident that macronutrient-based diet selection is important for maintaining weight and
health. Several molecules and systems are implicated in the regulation of macronutrient preference;
however, they comprise fragmented knowledge on the neural and molecular mechanisms that control
macronutrient preference. We currently lack an integrated understanding that connects all the
fragmented information. Some molecular systems may imply the participation of a particular signaling
pathway, but the possibilities must be tested. Further research would contribute to a more complete
picture of the mechanisms that regulate macronutrient preference.

Once we attain an integrated view of the physiological mechanisms that control macronutrient
preference, we can begin to apply that knowledge to investigate hidden pathologies that drive
altered feeding behaviors in patients affected by obesity and diabetes. A better understanding of the
physiology and pathophysiology of macronutrient-based diet selection behaviors is likely to lead to
the development of better measures to facilitate implementation of macronutrient-balanced diets.

4. Feeding Pattern (When We Eat)

Feeding patterns in humans are influenced by internal appetite and the external environment.
We eat when we are hungry, we eat three meals a day by custom, and we eat additional amounts
at social occasions. We may also skip a meal, due to, for example, time constraints or work shifts.
Observations in animals under ad libitum experimental conditions have shed light on the rhythmic
nature of the internal appetite and mechanisms that generate the feeding pattern. The results have
generated additional questions, like how important is the synchronization between the internal appetite
and the actual ingestion of food, and how is the feeding pattern generated?

4.1. Importance of Feeding Patterns for Controlling Weight and Health

When we eat is another factor that influences health. “Chrono-nutrition” refers to coordinating the
time of food ingestion with the body’s daily rhythm [186]. Ingesting the same food at different times
of the day has different consequences on health, because systemic metabolic efficiency fluctuates over
the course of the day [187]. In humans, de-synchronization between feeding time and the circadian
clock was imposed by simulating night-shift work. This condition reduced energy expenditure [188]
and led to hyperglycemia and insulin resistance [189]. The duration of a night-shift work rotation was
associated with greater risks of obesity and type 2 diabetes [190]. A five-year prospective, longitudinal
study identified that, among adolescents, breakfast consumption was inversely associated with weight
gain [191]. Within a cohort of patients that participated in a behavioral weight-loss program, those who
ingested more calories earlier in the day were more likely to lose weight [192]. During an isocaloric
weight-loss program, better improvements in metabolic markers were achieved in the group that had
a bigger breakfast and a smaller dinner, compared to those that ate later [193]. Scheduling three meals
earlier, significantly improved serum lipid levels [194], and conversely, night-eating syndrome,
characterized by a delayed meal pattern, was positively associated with body mass index (BMI) [195].
Snacking independent of meals contributed to hepatic steatosis and obesity in humans [196]. Therefore,
meal timing clearly affects health in humans.

Disruptions in biological rhythms are linked to obesity and associated metabolic
consequences [197]. In mice, a genetic disruption of the circadian clock promoted obesity and leptin
resistance and disturbed glucose and lipid homeostasis [197-199]. In Zucker rats, obesity progression
was associated with disturbances in the feeding rhythm [200], and improper timing of food intake was
linked to weight gain in both rodents [201] and humans [202]. Correcting the feeding schedule was
sufficient to prevent HFD-induced obesity in mice, even when the amount of calories ingested was
unaltered [203-205]. Food intake during the normal activity phase prevented obesity and circadian
desynchrony in a rat model of night work [206]. In nocturnal mice, early nocturnal fasting increased
body weight, because it promoted compensatory feeding during other times of the day, and late
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nocturnal fasting reduced weight gain [207,208]. Ingesting food during an early dark cycle is important
for rodents, presumably because mice can use fat more efficiently during the earlier phase of the dark
cycle than during the later dark phase and the light phase [187]. Collectively, evidence has emphasized
the importance of feeding rhythms in maintaining energy balance and health across multiple species.

The next issue is how ad libitum feeding patterns are regulated. To tackle this issue, one must first
understand the circadian regulation of rhythmic behaviors.

4.2. Molecular and Neural Bases for Circadian Regulation of Various Rhythms

To understand how the feeding pattern is generated, one must first understand the circadian
clock system that regulates biological rhythms. Various biological rhythms are regulated by a master
clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus [197]. Although the SCN
is considered the main biological clock, several brain areas and organs are also known as brain
clocks and peripheral clocks, respectively [209]. Both the master clock and the peripheral clocks use
a molecular clock mechanism driven by a transcription-translation feedback loop [210]. The main
feedback loop consists of the Bmall/Clock transcription factor complex, which induces the expression
of the Per (Period) and Cry (Cryptochrome) genes. The Per/Cry protein complex then inhibits the
activity of the Bmall/Clock complex [211].

The SCN is primarily entrained by the light/dark cycle, via a monosynaptic pathway called
the retinohypothalamic tract. This tract projects from photosensitive melanopsin-containing retinal
ganglion cells in the inner retina to the SCN [212-218]. The SCN also receives neural afferents
from the median raphe serotonergic pathway and from the NPY-containing thalamic intergeniculate
leaflet (geniculohypothalamic tract) [219]. The SCN sends direct and indirect projections to the VTA,
through the lateral habenula, through the medial preoptic nucleus of the hypothalamus, and through
orexin neurons located in the LH via the DMH [220-224]. The SCN also sends monosynaptic and
polysynaptic projections to the ARC [225], PVN [226], LH [227], and DMH [225]. Efferent projections
from the SCN are principally GABAergic, and they serve to repress neuronal activity outside the
SCN [225].

In contrast, some peripheral clocks are primarily influenced by feeding [228]. Among the
peripheral tissues, liver and adipose tissues are entrained by nutrients, food intake, and meal
timing [228-230]. Because the primary zeitgebers (environmental timing signal that modulates the
internal clock) of the SCN are different from those of the peripheral clocks, the rhythms generated by
oscillators in peripheral tissues must be synchronized by the central SCN clock to ensure that systemic
physiologies are in synchrony.

The SCN generates a near 24-h rhythmic output, and regulates slave clocks located within
the brain and the periphery, to coordinate various rhythms systemically. The SCN synchronizes
subordinate organ and tissue clocks with electrical, endocrine, and metabolic signaling pathways,
namely, neural outputs and humoral mediators [209]. The SCN also controls the balance of
sympathetic and parasympathetic activity transmitted to peripheral organs [231]. Several humoral
mediators have been postulated to mediate the synchronization of peripheral clocks by the SCN
and the synchronization of different neurons within the SCN, such as prokineticin 2 [232-234],
arginine vasopressin [235,236], cardiolipin-like cytokine [237], vasoactive intestinal polypeptide [238],
orexin [239-241], pituitary adenylate cyclase-activating peptide [242-244], transforming growth
factor-alpha [245], melatonin [246,247], and corticosterone [248,249]. However, the complete array of
mechanisms that the SCN master clock uses to control internal synchronization of slave clocks remains
to be elucidated [211].

4.3. Possible Mechanisms that Regulate Feeding Patterns

It has been proposed that individual brain clocks exist for controlling the rhythms of feeding,
activity, metabolism, and the sleep /wake cycle. However, the precise location of the “feeding-specific
clock” in the brain remains an issue of debate.
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4.3.1. Food Anticipatory Activity (FAA) and the Food-Entrained Oscillator (FEO)

Food anticipatory activity (FAA) is a food-seeking behavior that operates when the chance of
obtaining food is high. FAA is likely to be an adaptive strategy to enhance foraging success [250].
Restricted daily feeding induces oscillations from the SCN-independent food-entrained oscillator (FEO).
The FEO operates even in the brains of SCN-lesioned rats [251,252]. FEO control of FAA has been
studied extensively with time-restricted feeding paradigms, but its precise molecular and circuit-level
identities have remained elusive. Candidate locations of brain structures that might harbor the FEO are
the cerebellum [253], the DMH [254-256], the dorsal striatal circuits [257], the mesocorticolimbic
circuits [258,259], and the VMH [260]. Dopamine [257], orexin [240], and melanocortin type 3
receptors [261] have been proposed to participate in FEO. The DMH has been proposed to participate
in FAA, but its role remains controversial [262]. The VMH was reported to relay nutritional inputs
and regulate activity behavior and energy expenditure [263,264]. Circadian behavior in the VMH is
connected to food intake through SIRT1 [263], a metabolic sensor important for body weight regulation
in the ARC [1,265,266]. Sirt1 knockout mice exhibited a marked reduction in FAA [267,268].

When mice were placed under constant darkness conditions, timed delivery of palatable
food, in addition to ad libitum regular chow feeding, entrained a behavioral rhythm [269].
This finding suggested that the reward system was involved in this entrainment. However,
studies have reported conflicting findings, which suggested that either dopamine D1 [257] or D2
receptors [270] were important for FAA. The importance of molecular clock machinery in FAA is
also controversial. CNS-specific Bmall knockout mice showed delayed and attenuated FAA [271];
moreover, Perl/Per2/Per3 triple knockout mice showed unstable, imprecise FAA [272]. However,
FAA persisted in mice with a mutated clock gene [273] and in mice with null expression of Npas2 [274],
Cry1/Cry2 [275,276], Bmall [277,278], Per1, Per2, and Per1/Per2 [278].

The FEO may be driven by multiple oscillators. The experimental approach of eliminating the
function of one oscillator may not effectively reveal the entire mechanism, due to compensation by
other oscillators within the system.

Concepts regarding biological clocks and feeding signals are summarized in Figure 2.
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Figure 2. Biological clock systems and feeding behavior. Multiple layers of biological clocks regulate
biological outputs. Red arrows indicate how feeding behavior can send feedback to the feeding
clock, by affecting multiple levels within the system. Abbreviations: FEO, food-entrained oscillator;
SCN, suprachiasmatic nucleus of the hypothalamus.

4.3.2. Are the FEO and the Ad Libitum Feeding Pattern Generator Identical

Conceptually, the FEO and the endogenous ad libitum feeding pattern generator (feeding clock) are
not identical. Studies that investigate the FEO are focused on how the internal clock is modulated by
feeding. Feeding is considered an external zeitgeber, and most studies address how feeding regulates
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the FEO, not vice versa. In contrast, investigations on the mechanisms that regulate the ad libitum
feeding pattern focus on identifying the feeding clock that generates the feeding pattern. Those studies
consider feeding an output that reflects the rhythm of the feeding clock. Although feeding/fasting
cycles are mainly driven by the SCN, through rest-active cycles, feeding patterns can be influenced by
other factors. Therefore, the ad libitum feeding pattern generator and FEO are not likely to be identical.

The time scales observed in studies that investigate these two phenomena are also different.
FAA, induced by time-restricted feeding, takes several days to develop [279]; moreover, FAA induced
by palatable food access is relatively weak, and it tends to develop slowly over the course of several
weeks [280]. In contrast, a disruption of the endogenous ad libitum feeding pattern occurs within a day
of initiating HFD feeding [281].

These data indicate that the time scales of observed phenotypes and the causal directionality
toward feeding are different between the FEO and the endogenous ad libitum feeding pattern.
Consequently, to elucidate the mechanisms that regulate the endogenous ad libitum feeding pattern,
it is necessary to find a different approach from those used to study the FEO.

4.3.3. Neurotransmitter Systems That Show Diurnal Rhythms

Several neurotransmitter systems show diurnal variations. This information may provide clues
for identifying the feeding clock that generates the ad libitum feeding pattern.

The dopaminergic system shows diurnal variations [282]. The expression and protein
levels of tyrosine hydroxylase (TH) in the VTA show diurnal rhythms [282-284]. In addition,
extracellular dopamine concentrations in the striatum vary in a 24-h cycle [285-288]. In rats,
extracellular concentrations of dopamine in the NAc, mPFC, and dorsal striatum showed diurnal
rhythmicity; concentrations were high during the active period, when rats were housed under
constant dark conditions [286,288-291]. Dopamine removal from the synapse also showed a diurnal
rhythm—in rodents, the expression and activity of a dopamine degrading enzyme, monoamine
oxidase A, and dopamine clearance, showed peaks in the mid-to-late day, in the NAc and dorsal
striatum [288,292-294]. In addition, the influence of orexinergic inputs on VTA dopamine activity
fluctuated diurnally, with greater activation during the dark phase [221].

Potential links have been proposed between the SCN and the dopamine system [295]. Electrolytic
lesions of the SCN clock altered the diurnal changes in TH and dopamine transporter protein levels,
in the NAc and the striatum. Those findings suggested that dopamine activity in the forebrain and
midbrain depend on the SCN [294]. Therefore, ample evidence has indicated that the activity of the
dopamine system shows diurnal rhythms, and the SCN may influence the rhythmicity. Conversely,
the dopamine system may also influence the SCN. In rats, a knock-down of the circadian gene, Clock,
in the VTA shortened the free-running period of the wheel-running rhythm. This result indicated
that the VTA rhythm affected SCN function [296]. Dopamine receptors are expressed in the SCN in
rodents [297] and macaques [298]. D1-receptor-positive neurons in the SCN are important, because
they are the dominant pace-making elements in the SCN circuit [211,299]. Methamphetamine, a strong
stimulant of the dopaminergic and noradrenergic systems, affected daily rhythms in animals exposed
to light-dark cycles or constant darkness [300]. The methamphetamine-sensitive circadian oscillator
(MASCO) could restore circadian rhythms of behavior and other parameters, when methamphetamine
was given ad libitum in drinking water [252]. Those results indicated that an SCN-independent
circadian oscillator was present. Methamphetamine can change the resetting responses to brief light
stimulation and the entrainment to a light-dark cycle [252,301]. These findings suggested that the
dopamine system and MASCO may modulate the rhythmicity of the SCN.

In rats, the expression levels of NPY and its receptor, Y1R, in the ARC and PVN are higher during
the active period [302]. NPY synthesis and release in the rat hypothalamus showed diurnal rhythmicity;
they peaked prior to the nocturnal feeding period, under ad libitum feeding conditions, and prior to
the scheduled daily meal-time, under time-restricted feeding conditions [303-305]. The ablation of
NPY signaling in the mediobasal hypothalamus (MBH) of rats increased feeding during the light
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period [306]. However, Npy-knockout mice showed FAA by day 14, although FAA was reduced
on day 7 of time-restricted daytime feeding [307]. Ghrelin-responsive ventromedial ARC neurons,
which are likely to express both NPY and AgRP, communicate peripheral metabolic information to
the SCN [308]. The SCN can also sense NPY input from the thalamic intergeniculate leaflet [309,310].
Ablation of leptin-sensitive neurons in the ARC did not disrupt the nocturnal feeding pattern under
a proper light-dark cycle, but the feeding pattern became arrhythmic under continuous light and
constant darkness conditions. These results suggested that ARC neurons are important for maintaining
a circadian ad libitum feeding pattern, independent of light entrainment [311]. The overexpression of
NPY in the LH, but not in the PVN, reduced the amplitude of locomotor activity and disrupted the
diurnal eating pattern [312].

The neuronal histamine system showed diurnal variations: histaminergic neurons were active
during the wake cycle (night-time in rodents, day-time in monkeys and humans) and depressed
during the sleep cycle [313]. Histaminergic fibers from the tuberomamillary nucleus in the posterior
hypothalamus project to the SCN and several other regions known to be linked to the SCN [313].
Selective deletion of Bmall in histaminergic neurons of the posterior hypothalamus affected behavioral
activity rhythms and caused fragmented sleep [314]. Hypothalamic neuronal histamine regulated
feeding through histamine H1 receptors, and mice with a genetic knockout of the H1 receptor showed
impaired diurnal feeding rhythms [315]. However, the precise location of the neurons that express the
H1 receptor responsible for this regulation, remains unknown.

4.4. HFD and Feeding Patterns

HFDs have a significant impact on feeding behavior. HFDs affect both the intake volume and the
feeding pattern, and they disrupt various rhythms. Here, we describe the effects of HFDs on various
rhythms, on the hypothalamus, and on feeding patterns.

4.4.1. Impact of HFDs on Various Rhythms

HFDs promote obesity by causing excessive energy intake and by disturbing various rhythms,
such as feeding, locomotor activity, and metabolism [281,316,317]. Nevertheless, the main behavioral
output most influenced by HFD is feeding behavior. In rodents, HFDs alter feeding patterns;
they change from eating consolidated large meals, under normal chow feeding conditions, to small,
but frequent meals, which increase in number and may extend into the resting period, under HFD
conditions [281,316,318,319]. These changes in feeding patterns result in the desynchronization of
energy intake and expenditure [320].

In nocturnal rodents fed normal chow, locomotor activity is highest during the early dark cycle, but
some bouts of activity are also observed during the light cycle. However, HFD feeding disrupts this activity
pattern in rodents. HFD decreases the amount of activity observed during the dark cycle [203,281,317],
and disrupts activity bouts during the light cycle. The result is arrhythmic activity [281,318]. HFD feeding
also disrupts sleep-wake physiology in rodents; it reduces waking times, it causes wake fragmentation,
and it alters rapid-eye-movement (REM) and non-REM sleep patterns [321-323].

4.4.2. Impact of HFD on Feeding Regulatory Mechanisms

HFDs induce hyperphagia, partly by causing hypothalamic inflammation. Hypothalamic
inflammation was induced within 1 to 3 days of the onset of HFD feeding, prior to substantial weight
gain [324]. HFD feeding caused hypothalamic inflammation restricted to the ARC; no inflammation
was observed in the adjacent VMH or other hypothalamic areas [324]. HFD feeding caused
hypothalamic accumulation of proinflammatory lipids, such as long-chain saturated fatty acids
(SFAs) [325,326]. Among the SFAs, palmitic acid (C16:0) and stearic acid (C18:0) in particular, caused
significant inflammation-induced activation of microglia [327]. These long-chain SFAs predominantly
activated toll-like receptor 4 (TLR4) signaling in the hypothalamus [328], which triggered nuclear
factor kappa B (NF-«B) activation and led to the expression of proinflammatory genes in the
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hypothalamus [325,328,329]. Although microglia and astrocytes accumulated in the MBH of
mice fed HFDs, only the microglia underwent inflammatory activation when hypothalamic SFAs
accumulated [327]. Pharmacological depletion of microglia or selective inhibition of microglial NF-«B
signaling, sharply reduced hypothalamic microgliosis caused by HFD feeding [330]. Forcing microglial
activation by cell-specific NF-«B signaling activation induced spontaneous MBH microgliosis and
enhanced myeloid cell recruitment into the MBH [330]. Peripheral myeloid cells, in conjunction
with astrocyte inflammatory signaling, enhanced established diet-induced obesity and hypothalamic
inflammation [330,331]. The resulting hypothalamic inflammation caused resistance to signaling
by-hormones, such as leptin and insulin, and disrupted energy homeostasis [1,332,333].

HFD feeding also affected the reward system. HFD feeding ad libitum reduced the reward value of
food (and cocaine) in conditioned place preference paradigms [334]. Reorganizing the feeding pattern
alleviated the reward deficit evoked by an HFD [334]. That finding suggested that disturbing the
feeding pattern could affect the reward system. Therefore, HFD feeding can affect homeostatic feeding
and hedonic feeding, in addition to changing the circulating humoral factors that reach these centers.

4.4.3. HFD Disruption of Feeding Patterns

HFDs can affect feeding patterns through several potential targets. Here, we describe four
potential targets:

1. The SCN

One hypothesis is that the HFD affects the master clock in the SCN and disturbs various biological
rhythms, including feeding, activity, and sleep/wake patterns. HFDs can raise the level of SFAs in
the hypothalamus [326], which might also affect the molecular clock, because the components of
the clock are responsive to circulating nutrients, feeding-related hormones, and cellular redox and
energy states [260]. In diet-induced obese mice, the expression of Bmall (brain and muscle ARNT-like
1), one of the clock genes, was reduced in the SCN under constant dark conditions [335]; in those
conditions, light could not serve as an external zeitgeber to the SCN to adjust its circadian rhythmicity.
HFD feeding increased the period of the circadian pacemaker, and it advanced the phase of the liver
clock [230,318]; therefore, HFD feeding can promote a dissociation between the circadian rhythmicities
of the central pacemaker and peripheral clocks, such as the liver,.

However, a previous study showed that a 12-week HFD feeding period had no effect on the
molecular oscillations in the SCN, ARC, or DMH [336]. Therefore, it is unlikely that the instant
disturbance in feeding rhythms, induced by a HFD, results from a direct effect on the molecular clock
within the SCN.

2. The Dopamine System

Because the HFD is rewarding, switching from normal chow to a HFD at the beginning of the
light cycle promptly increases the intake of the HFD within the first light cycle and disrupts the feeding
pattern. One could argue that, for nocturnal rodents, eating during the dark cycle is homeostatic, but
not eating during the light cycle. Non-homeostatic light cycle feeding might be driven by the hedonic
value of a HFD, which would suggest that the mesolimbic dopamine system might be involved. It has
been proposed that potential reciprocal links exist between the SCN and the dopamine system [295].
However, it remains to be explained, both molecularly and histologically, how HFD feeding affects the
mesolimbic dopamine system acutely within the first several hours after a diet switch.

3. ARC NPY/AgRP Neurons

Within a day of initiation, HFD feeding causes acute microglia-mediated ARC inflammation [324].
The ARC is the primary center of feeding control. ARC neurons communicate with the SCN, and the
SCN can sense NPY [308-310]. ARC neurons are important for maintaining a circadian ad libitum
feeding pattern, independent of light entrainment [311]. Thus, an inflammation-perturbed ARC may
be responsible for the aberrant feeding pattern evoked by HFD feeding.
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4. Nutrient Information Entering the Brain

Another hypothesis is that SFAs affect the peripheral clocks that feed back to the central clock
and/or the communication between two clocks [337,338], and thus, they indirectly disturb the central
clock. For instance, HFD feeding disturbs circadian gene expression profiles in the liver [230]. HFDs
also ablate the gastric vagal afferent circadian rhythm. HFD feeding for 12 weeks resulted in the loss
of circadian fluctuations in stomach content, consistent with a disrupted feeding pattern in mice [338].
Mice fed HFDs exhibited a loss of circadian fluctuations in gastric vagal afferent mechanosensitivity,
which are observed in mice fed regular chow [338].

HFD feeding can also affect humoral signaling. In addition to altering circulating humoral
profiles, HFD feeding also blunts the access of humoral factors to target neurons by inducing signaling
resistance at multiple levels [1]. The combined effects on input signals to the brain and the sensitivity
of the brain to the input signals could induce both the feeding system and the circadian system to
adjust to the new environment with different outputs, which could lead to altered feeding behavior.

Therefore, it remains to be determined how the feeding rhythm is regulated physiologically and
how it is disturbed by HFDs. The HFD may disturb feeding patterns by affecting multiple layers of
clock and feeding machineries (Figure 3).
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Figure 3. The high fat diet (HFD) affects neuronal nodes that are important for feeding and for the
circadian system. Nodes and pathways shown in red have been reported to be affected by HFD
feeding. Abbreviations: ARC, arcuate nucleus of the hypothalamus; DMH, dorsomedial nucleus of the
hypothalamus; NTS, nucleus of the solitary tract; SCN, suprachiasmatic nucleus of the hypothalamus;
VMH, ventromedial nucleus of the hypothalamus; VTA, ventral tegmental area.

4.5. Concluding Remarks on Feeding Patterns

Compared to the mechanisms underlying macronutrient preferences, the mechanisms that
regulate endogenous ad libitum feeding patterns remain mostly unidentified. Consequently; it is difficult
to speculate about the interactions and relationships that might occur among known components.
More clues are required. Research that focuses on endogenous ad libitum feeding rather than feeding
as a zeitgeber, could facilitate the identification of novel molecules and neural nodes that contribute to
the neural circuits that generate and regulate endogenous ad libitum feeding patterns.

Feeding patterns observed in experimental animals represent endogenous rhythms in appetite.
Although eating patterns in humans are influenced by both the endogenous appetite and external
environmental cues, a dissociation between these two influences could cause psychological stress and
promote unnecessary snacking. Therefore, research on endogenous feeding patterns may reveal ways
to alleviate this stressful dissociation and lead to healthier eating patterns.

5. Conclusions

Feeding affects biology through three parameters: what, when, and how much. Studies that focus
on “how much” we eat have paved the way to a better understanding of neural and molecular
mechanisms that control feeding behavior. The remaining factors, “what” and “when” we eat,
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are equally important for health, but the central mechanisms that regulate these processes are less well
understood. What we eat influences when we eat and affects how much we eat. The presence of food
choices influences meal patterns and total caloric intake, even in mice [339,340].

However, many open questions remain unaddressed in the field. Here, I provide a list of open
questions for each topic to stimulate future investigations.

Open questions regarding the regulatory mechanisms that regulate macronutrient preference:

(1-1) How is macronutrient intake sensed by the neural circuitry?

(1-1-1) Could dietary components (like glucose) and intermediate metabolites directly affect
neural nodes that regulated feeding behavior?

(1-1-2) Are there unidentified bioactive molecules/hormones that mediate the transmission of
nutrient information from the peripheral tissues to the central nervous system?

(1-1-3) Does a mechanism exist that can sense the lengths of fatty acid chains (e.g., short-chain
vs. long-chain), and thus, regulate preferences for specific fatty acids? For example, FGF21
assumes this role in the context of carbohydrates, and it regulates simple sugar-specific
preferences (as discussed in the Section 3.2.1).

(1-2) Where and how is feeding-related multimodal sensory information integrated within the brain?
We may need better model organisms to study such processes, because rodent models cannnot
recapitulate all the features of sensory processing observed in humans.

(1-3) How do homeostatic, hedonic, and possibly multimodal integration system(s) interact with each
other? The homeostatic and hedonic systems are known to interact at multiple neural nodes,
but our current knowleadge is likely to be incomplete.

Open questions regarding the feeding patterns:

(2-1) What is the identity of the feeding pattern generator?

(2-1-1) Is it located in the brain or in the peripheral tissues?
(2-1-2) Is it a single master regulator, or is it influenced by multiple oscillators?

(2-2) Despite the fact that molecular clock system that generates circadian rhythms is conserved among
multiple species, nocturnal and diurnal organisms eat at different times of the day. Therefore,
are the mechanisms that regulate feeding patterns conserved among multiple species, particularly
nocturnal and diurnal organisms?

(2-2-1) If the mechanisms are conserved, do different species have different way(s) of coordinating
the molecular clock with the feeding pattern generator(s)?

(2-2-2) If the mechanisms are not conserved, what animal models might be best for investigating
the neural mechanisms responsible for generating different feeding patterns?

(2-3) To what extent does the ad libitum feeding pattern generator dictate the feeding behavior
in humans?

Open questions regarding the importance of these processes in the context of obesity and weight
control:

(3-1) How are the mechanisms that regulate macronutrient selection and feeding patterns regulated or
altered in obesity?

(3-2) If some of the mechanisms are altered, are these changes reversible upon weight loss?

(3-3) If reversible, are they always reversible, or is there a point of no return?
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This review has shown that it is important to study the mechanisms that regulate the quality of
feeding. Addressing the above questions and understanding the underlying mechanisms can lead
to identifying what goes wrong in pathology. Identifying the pathological mechanisms involved in
both the quantity and quality of feeding will eventually lead to the development of better dietary
interventions for preventing weight gain, promoting weight loss, and resisting weight regain.
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