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Chapter 1

Obesity Complications and 
Challenges

1. Introduction

	 Once upon a time there was a girl whose food intake and energy expenditure was in 
absolute balance, so she had an ideal body mass index. The girl lived in a country where food 
was taken only for its homeostatic properties. Everyone in the country was fit and some kind 
of incomplete.

	 Food sounds very exciting to us. It is consumed not only for homeostatic properties but 
for its hedonic properties as well. The calorie dense, palatable food is consumed even if the 
state of the satiety is reached. Palatable food looks attractive for its hedonic properties.

	 An ordinary cycle to maintain energy homeostasis looks like feeling of a hunger - eating 
– satiation and the same cycle repeats multiple times. Some organisms request less repetition 
of the cycle and some request more. The simple mechanism of hunger and satiety includes 
several levels of regulation and multiple active compounds in it. The simplified hunger and 
satiety cycle looks like hypothalamus senses the decrease of nutrients in the blood, sends 
signals to higher brain centers and to digestive tract, thus forming the sense of hunger and 
motivation to eat, the eating follows, digestive tract sends signals to release insulin and to 
form a feeling of satiety, insulin induces fat synthesis in adipose tissue and simultaneously 
activating leptin production, which is the main hormone to inform higher brain centers that 
satiation is reached and it is time to stop eating. 
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So two mechanisms are involved in regulation of hunger and satiety: a direct one, including 
generally hypothalamus and periphery, and indirect one, including brain reward system. The 
first mediates homeostatic feeding, and the second one is responsible for motivational and 
hedonic eating. Generally both systems are mutually interconnected and affect each other in 
various ways, but one thing still remains unclear: what is cue to eat more when a homeostatic 
amount of energy is taken. 

	 Sometimes hunger-satiety cycle may repeat much more times, than organism really 
requires. Satiation is reached but you still eat, you feel full, another portion of food makes you 
to feel uncomfortable but you still eat. Afterwards it is difficult to understand what is driving 
you. The solution is hidden in brain reward system: a set of interconnected brain structures 
responsible for feeling of pleasure from daily activity. If simplified, every action we do is an 
anticipation for reward. We worked hard all the day, so it is a good idea to reward ourselves 
with a good film or some beer, or you carefully kept a diet and lost some weight, so it is time 
for compensation with a piece of tasty chocolate cake etc. 

	 Disturbances in various levels of homeostatic and hedonic feeding regulation systems 
may cause two critical opposite states-anorexia and obesity. Nowadays obesity is one of the 
most frequent pathological states in the world. Recent research indicates that the cause of 
obesity is hidden in neural circuits and caused by abnormal regulation of hunger-satiety cycle 
and/or disturbances in reward system. 

	 In the upcoming chapter the various levels of hunger-satiety regulation, involvement 
of brain reward circuits in food-oriented behavior and disturbances of the abovementioned 
mechanisms causing obesity are discussed.

2. Homeostatic Regulation of Hunger and Satiety

	 Hunger and satiety are the two important aspects of feeding to maintain homeostasis and 
to provide energy and structural blocks for normal metabolic processes in organism. The key 
structure for hunger and satiety regulation is hypothalamus, particularly, arcuate nucleus of 
hypothalamus [1]. It contains two distinct populations of neurons exerting orexigenic (induce 
food intake) and anorexigenic (stop feeding and induce satiety) effects. The anorexigenic region 
of arcuate nucleus involves proopiomelanocortin (POMC)/and cocaine- and amphetamine 
regulated transcript (CART). Orexigenic region neurons coexpress Agouti-related peptide 
(AgRP) and neuropeptide Y (NPY) [2]. Since multiple hormones and functional and anatomical 
interconnections are involved in hunger and satiety cycles, two hormones are the key: ghrelin-
the hunger and appetite stimulator and leptin – satiety signal, corresponding to the level of 
energy stores in organism [3]. 
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	 The primary structure sensing glucose and nutrient fluctuations in the blood is the arcuate 
nucleus of hypothalamus. It is surrounded by semipermeable blood-brain barrier, so even the 
slight changes of blood components are immediately sensed by hypothalamic neurons and 
response is formed [4]. Glucose, insulin, leptin, a number of gut-derived factors including 
glucagon-like peptide-1 (GLP-1), peptide YY (PYY), oxyntomodulin and ghrelin peripheral 
signals indicating energy balance, directly interact with hypothalamic neurons, regulating 
feeding behavior. There is a rich neuronal net between hypothalamus and various regions of 
the brain, as well as digestive tract [5].  

	 When blood glucose level decreases, hypothalamus informs stomach that organism needs 
nutrients. In response to the neural signal, ghrelin is synthesized in the stomach X/A cells. The 
synthesized ghrelin has two ways to exert its effects- via vagus nerve, initiated in digestive 
tract and sending afferents to the nucleus of solitary tract in brainstem and as hormone by blood 
[6,7]. Ghrelin receptors (Growth hormone secretagogue receptor-GHSR) are widely expressed 
in orexigenic regions of arcuate nucleus and ventromedial nucleus (VMN) of hypothalamus. 
Binding to the receptor, it exerts orexigenic effects and induces feeding behavior [8]. Among 
important effects in NTS is transfer of noradrenaline information via direct noradrenergic 
projections to hypothalamus [9]. The resulting effect of two ghrelin signals from the brainstem 
and as hormone by blood the feeding is stimulated. 

	 Interestingly ghrelin has a key role in both homeostatic and hedonic feeding. Besides food 
intake stimulation, ghrelin has role of appetite maintenance while eating. Hedonic component 
of eating mediated by ghrelin includes motivational behavior and incentive salience applied to 
food rewards, as well as inherent palatability of eating [10]. This considers transfer of ghrelin 
information to higher brain centers, particularly to reward circuits. On this context ghrelin 
is responsible for the motivation to eat palatable food even if the homeostatic level of food 
consumption is met [11]. 

	 Circulating levels of ghrelin in fasting periods contribute to appetite and hunger, as 
well as increase in “liking” and “wanting” of food [12]. Ghrelin levels appear to be associated 
with increased dopamine output in neural circuits. Moreover, ghrelin administration increases 
reward circuits activity in response to palatable food exposure [13,14]. 

	 Another important hormone responsible for regulation of feeding behavior is leptin [15]. 
It informs hypothalamus about the level of long-term energy stores of organism. Leptin levels 
are in direct relationship with the body mass index: so people with lower body mass index 
correspondingly have lower leptin levels and higher body mass index considers higher leptin 
levels [16]. 
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	 There is a long way from food intake until leptin signal reaches hypothalamus. Following 
food intake various cells of digestive tract synthesize multiple hormones, i.e. glucagon-like 
peptide (GLP), gastrointestinal peptide (GIP), vasointestinal peptide (VIP), cholecystokininie 
(CCK), etc [17]. All the hormones mostly exert anorexigenic properties sending signals via 
vagal afferents to brainstem. Among abovementioned hormones, the GLP-1 responsible 
for glucose dependent release of insulin from pancreas [18]. Insulin exerts multiple effects 
on carbohydrate and fat metabolism, stimulating synthesis of glycogen and fat in adipose 
tissue. When the fat synthesis rather took place, insulin stimulates leptin production [19]. The 
newly synthesized leptin stops insulin effects, is released from adipose tissue and moves to 
hypothalamus [20]. In hypothalamus it exerts its effects by binding to Ob receptors expressed 
in various regions of hypothalamus, exerting anorexigenic effect [21]. Formation of hormone-
receptor complex activates signaling pathways with subsequent Stat3 protein activation. In 
arcuate nucleus it decreases NPY synthesis and release, thus increasing corticotropin-releasing 
hormone synthesis in arcuate nucleus and paraventricular nucleus [22]. Leptin also suppresses 
ghrelin effects via SOCS3 stimulation pathway [23].

3. Reward Circuits in Brain

	 Human organism is not just a biological machinery with energy input and output. We 
eat not only to maintain the energy balance in organism. A caloric dense, palatable food is 
consumed even if the state of satiety is already reached. Palatability of food can be described as 
the hedonic evaluation of oro-sensory food cues under standardized conditions” [24]. Multiple 
characteristics of food, including taste, odor, appearance, texture, temperature, trigeminal 
senses constitute palatability. The palatability of a food, especially its taste pleasantness, is the 
most important factor that determines food selection or preference. Another important marker 
of palatability is macronutrient composition: it is considered that higher fat and sugar content 
food has higher palatability as it is a better source of energy [25].

	 One of the key systems of the brain responsible for the wide variety of functions is 
the limbic system. It is responsible for maintenance of homeostasis, mediates learning and 
memory, emotional aspects of cognitions. In the heart of limbic system the brain pleasure 
center-mesolimbic dopaminergic system is located. It interconnects various structures involved 
in pleasure and motivation, particularly, ventral tegmental area and Nucleus accumbens of 
ventral striatum (Figure 1). Mesocortical pathway is another important dopaminergic pathway, 
interconnecting ventral tegmental area with prefrontal cortex [26]. 

	 Multiple brain structures are involved in reward processing, including ventral tegmental 
area (VTA), ventral striatum (Nucleus Accumbens (NAc), bulbus olfactorius), dorsal striatum 
(caudate nucleus and putamen), Substantia nigra, prefrontal cortex, anterior cingulate cortex, 
insular cortex, hippocampus, lateral hypothalamic area, multiple nuclei of thalamus, subthalamic 
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nucleus, globus pallidus, ventral pallidum, parabrachial nucleus, amygdala etc [27]. 

	 The listed structures have multiple functions in reward processing, including the 
evaluation of reward and hedonic value of food, motivational and incentive properties of food, 
food-seeking behaviors. All these functions are mediated and regulated through a complex 
neuroendocrine axis with hypothalamus as a central hub.  

	 Here it is very important to understand how organism defines what produces pleasure 
and what is not. We can observe that mostly similar things produce pleasure and addiction in 
most of people, so it is cigarettes, alcohol, drugs, palatable food etc. Let’s compare a piece of 
chocolate cake and a punch of greens. From nutritional aspect both have vitamins, structural 
blocks and fresh greens is also very good for digestion as provides dietary fiber. But just a 
simple pronunciation of chocolate cake already has a mouthwatering effects to anyone who 
has tried it just once. The same effect is not applicable for a fresh greens. So what is there in 
chocolate cake that greens lack.   

	 Excluding the hedonic aspects of food it maintains the energetic balance in our organism 
and provides structural blocks for the renewal of the cells. Food intake and energy expenditure 
systems are carefully regulated by multiple systems of the organism, including digestive tract, 
endocrine system, adipose tissue. 

Figure 1: Schematic representation of structural organization of brain reward system.

	 A primary center regulating food intake and energy expenditure is hypothalamus. It has 
multiple anorexigenic and orexigenic neurons, regulating hunger and satiety. Hypothalamus 
cares primarily about homeostatic aspect of the food. The area surrounding arcuate nucleus has 
defective blood brain barrier, so even slight changes of glucose and nutrients are immediately 
sensed by the hypothalamus with a corresponding response. At the same time, hypothalamus 
receives vagal afferents from digestive tract via brainstem, so is informed about the real time 
situation in digestive tract. Simultaneously hypothalamic neurons are in direct association 
with higher brain centers, particularly reward circuits of the brain [28].

	 The neurons that connect the brain regions involved in reward behavior are related to 
many neurotransmitter systems. In this context hypothalamus is in mutual interconnection 
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with dopaminergic, opioidergic and serotoninergic signaling from various brain regions. 
Moreover, studies have shown that dopamine, endogenous opioids, and serotonin are highly 
related to drug and food addiction [29]. Known as hormone of happiness serotonin is involved 
in modulation of feeding behavior and satiety, regulation of the amount as well as the motor 
processes associated with eating, rewarding and aversive processing, hedonic experience, mood 
and higher cognitive functions,. In the brain, 5HT is synthesized in neurons of the brainstem 
Raphe nuclei, where most of the forebrain serotoninergic innervation originates and released 
into synapse to act as a neuromodulator of many brain circuits [30]. Serotonin may modulate 
incentive motivation through interactions with the mesolimbic dopamine (DA) system, 
originating in the ventral tegmental area (VTA) and predominantly terminating in the Nucleus 
accumbens [31]. Overall, serotonin decreases food consumption, thus exerting anorexigenic 
effect via three receptor subtypes: 5-HT1B, 5-HT2C and 5-HT6. Posttranslational processing 
of POMC produces α-melanocyte-stimulating hormone (α-MSH), an endogenous ligand that 
acts at melanocortin receptor (MC4) level. Recent data indicate the first two receptor subtypes 
exert anorexigenic properties via MC4 receptors. In the hypothalamic arcuate nucleus serotonin 
inhibits the activity of neurons expressing NPY and AgRP and activates POMC/a-MSH 
producing neurons, thus exerting anorexigenic effect and reducing food intake. [32]. In the 
periphery, serotonin is produced mostly by intestinal mucosa and released into circulation. 

	 Referred to reward system serotonin plays important role in self-administration 
process. Also it defines the number of actions to obtain the rewarding stimulus. Additionally it 
modulates dopamine levels. Based on the receptors involved serotonin appears to be inhibitory 
or excitatory on dopamine production. Basically serotoninergic neurons project to Nucleus 
accumbens and ventral tegmental area and regulate dopamine release [33].     

	 The role of the “main player” in reward circuits belongs to dopamine-neurotransmitter 
responsible for goal-directed behavior, pleasure, addiction and memory consolidation. 

	 Dopaminergic neurons are widely expressed along all the reward system. The mesolimbic 
dopaminergic system originates in VTA and sends projections to ventral striatum, particularly 
to Nucleus accumbens, olfactory tubercle, amygdala and hippocampus. The mesocortical 
dopaminergic system also originates in VTA, hence sends projections to prefrontal, cingulate 
and perirhinal cortex [34]. Dopamine acts through D1 and D2 receptors. The distribution of 
the receptor vary among dopaminergic pathways with a high density of D1 in prefrontal cortex 
[35].

	 Motivational stimulus induces dopamine release, which in turn, affects the behavioral 
response. At homeostatic level dopamine acts as a stimulus to seek food and water. At first 
stimulus will make dopamine to release as a motivational signal for homeostatic feeding, 
hence [36], if repeated several times, the same stimulus may gain rewarding properties. Once 
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the stimulus is evaluated as rewarding, it becomes selectively preferable even if there is no 
drive for it [37]. A habit is established which gains unconditioned autonomous properties. 
This mechanism underlies the addiction, including drugs of abuse, food and other types of 
addiction. Interestingly, drugs that are not abused or the food that is not considered palatable 
have no significant effect on dopamine concentrations [38].

	 The point in abovementioned mechanism is how motivational stimulus is turned into 
rewarding. First, a theory is proposed that dopaminergic systems are involved in human cognition 
[39]. On behalf of this theory subjects are able to influence the environment and determine 
their rate of reward. Upon determination a consolidation and maintenance of information is 
required. 

	 Memory is an essential element to adaptive behavior since it allows consolidation of 
past experience guiding the subject to consider them in future. Dopamine has a key role in 
the consolidation of memory, including the drug-seeking reward, considered as a form of 
learning. The dopaminergic projections into striatum and prefrontal cortex are of importance 
[40]. Moreover, dopamine modulates the activity of brain regions such as Nucleus accumbens, 
putamen, ventral tegmental area (VTA), and synchronizes the activity of these nuclei to 
establish the neurobiological mechanism to set the hedonic element of learning [41].

	 On this context the interconnection between hypothalamic regions and mesolimbic 
dopaminergic system plays an essential role. Such a link brings together both homeostatic 
and hedonic aspects of eating. On homeostatic level, when blood glucose level is decreased 
stomach cells synthesize ghrelin, which has receptors in various regions of hypothalamus. 
Ghrelin directly activates orexin expressing neurons in lateral hypothalamic area. This neurons 
send projections to ventral tegmental area and activate dopaminergic neurons. [42]. In this 
context, dopamine is associated with the food intake to survive, so for homeostatic aspect 
of feeding. Studies indicate that dopamine-deficient animals with inactivation of tyrosine 
hydroxylase gene in dopaminergic system neurons develop fatal hypophagia. If dopamine 
replacement therapy is applied to NAc or caudate nucleus and putamen, animals show interest 
only for sweet and palatable foods [43]. A similar pattern is observed in Parkinson’s disease 
patients with midbrain dopaminergic neurons degeneration. If treated with dopamine receptor 
agonists, patients exhibit compulsive consumption of palatable food [44]. 

	 At the same time hypothalamus is interconnected with some decision-making centers 
involved in reward system, including prefrontal cortex, which creates emotional associations 
with rewards, amygdala, which is involved in processing of the emotions, memories, and 
motivation, hippocampus, responsible for reinforcement learning, reward-guided motivation, 
and value-based decision making. In These context the integration of homeostatic and hedonic 
feeding signals from hypothalamus and brain reward system form a complete, reasonable 
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response [45]. 

	 Dopaminergic reward system is mediated through gamma-aminobutyric acid (GABA). 
GABA mostly mediates the reward properties of drugs of abuse. Various drugs of abuse 
affect the GABAergic receptors and induce hyperpolarization of neurons. The hyperpolarized 
neuron is unable to release GABA [46]. Thus the inhibitory effect on dopaminergic neurons is 
disappeared and high concentrations of dopamine will be released into the reward system. This 
induces a strong sense of pleasure, well-being and euphoria. GABAergic neurotransmission 
has a very wide distribution in central nervous system and most structures of the limbic system 
linked with reward processing, are GABA mediated [47]. 

	 Another important neurotransmitter system with central role in reward, addiction, and 
eating behavior is expressed by endogenous opiates, such as β-endorphin, enkephalins and 
dynorphins [48].

	 Opioid receptors are widely distributed within central nervous system, comprising areas 
responsible for energy homeostasis and reward processing. Three different types of G protein 
coupled receptors-kappa (KOR), mu (MOR) and delta- (DOR) are involved in opioidergic 
neurotransmission. Generally, opiates increase food intake, thus exerting orexigenic properties 
[49]. The most widespread endogenous opiate-beta endorphin exerting orexigenic properties 
is derived from anorexigenic POMC in hypothalamic arcuate nucleus and acts via MOR. The 
arcuate nucleus is a hub for multiple interconnections between opiates and various orexigenic 
and anorexigenic peptides. The NPY and AgRP orexigenic effect is shown to be mediated 
by opioid system via MOR. Blockade of MOR and KOR suppresses anorexogenic effect of 
NPY and AgRP [50]. A link between opioid and melanocortin system is reported as well, with 
melanocortin suppressing beta-endorphin orexigenic effect via MC3 and MC4 receptors [51]. 

	 Opiates exert excitatory effect on dopaminergic neurons, thus inducing pleasure. 
Morphin, acting via MOR, enhances mesolimbic dopaminergic neurons firing frequency [52]. 
Opioids have found to be associated with states of pleasure, which are derived by laughter, 
love, sex and appetizing food.

	 The information above shows opioids to be involved in both homeostatic and hedonic 
feeding. Opioids are implicated in the modulation of highly palatable foods, and opioid 
antagonists attenuate both addictive drug taking and appetite for palatable food. Thus, craving 
for palatable food could be considered as a form of opioid-related addiction [53].

	 Another set of compounds acting through G protein coupled receptors and having impact 
in homeostatic and hedonic feeding, are endocannabinoids. 



9

Obesity Complications and Challenges

The endocannabinoid system (ECS) comprises neuromodulators expressed by endogenously 
produced lipid cannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG), enzymes 
responsible for their production and metabolism as well as specific receptors CB1 and CB2 
[54].  

	 The role of the endocannabinoid system is crucial in regulating the rewarding properties 
of food, in controlling energy balance by acting at the hypothalamic circuitries involved in food 
intake, The ECS controls energy balance and lipid metabolism centrally (in the hypothalamus 
and mesolimbic pathways) and peripherally (in adipocytes, liver, skeletal muscle and pancreatic 
islet cells), acting through numerous anorexigenic and orexigenic pathways [55].

	 Endocannabinoids are associated with the same reward circuits for both drugs of abuse 
and hedonic food intake. They exert modulatory, both inhibitory and excitatory effects on 
dopaminergic neurons in VTA. Several works report marijuana and other cannabinoids act 
upon the central drug reward circuitry in the mammalian brain [56].

	 CB1 receptors are found in multiple brain structures related to reward pathways, 
such as amygdala, hippocampus, hypothalamus, cingular cortex, showing the importance of 
endocannabinoid system in reward circuits. Endocannabinoids also have modulatory effect on 
GABAergic and glutamatergic neurons in various areas of brain reward system [57].

	 Leptin reduces endocannabinoid levels in the hypothalamus, which suggests that 
hypothalamic endocannabinoids might act via CB1 to increase food intake through a leptin-
regulated mechanism [58].

4. Brain Reward System and Obesity

	 Obesity is considered the body mass index more than 30. It may be resulted on overeating, 
as a symptom of various diseases due to low metabolic rate or other specific changes. Obesity 
is a serious challenge for today’s society and is associated with various medical conditions such 
as type 2 diabetes, cardiovascular diseases, stroke [59]. Freely available, calorie dense palatable 
food, low physical activity motivates people to overeat, thus to become overweight [60]. A new 
picture of obesity is being developed representing it not as just a simple overeating or metabolic 
problem, but a nervous system disorder [61]. Two basic systems are involved in pathogenesis 
of obesity: hypothalamus as homeostatic feeding center and reward circuit as hedonic eating 
center. Hence, these two systems are anatomically and functionally interconnected, a single 
disorder in one of the systems leads to disruptions in whole well-coordinated machinery [62]. 

	 Let’s consider the factors responsible for overeating. As it is already mentioned in most 
areas of the Earth where obesity rate is high, the calorie dense, palatable food is freely available. 
Marketing and design of public places to eat predisposes to stay longer. This is just a very small 
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part of overeating problem. The next “culprit” is synthesized in the stomach. It is ghrelin. As 
it was mentioned above ghrelin is synthesized in response to low blood sugar. The hormone 
decreasing blood sugar level, is insulin. The food is considered palatable, when it is rich with 
sugar and fats. Insulin is released in response to high sugar and fatty acids. If sugar and fat rich 
food is consumed, more insulin is released and as a result blood sugar level drops. At this point 
a new cycle with participation of ghrelin originates, which again produces feeling of hunger. 
One this kind of cycle requires short period of time, as sugars and fats will reach blood quite 
more soon, than proteins. Hence, the main reason of overeating is hidden in reward circuits 
with dopamine and serotonin involvement. Once eating palatable food dopamine and serotonin 
are released. Serotonin produces feeling of happiness, dopamine produces satisfaction. These 
two neurotransmitters are involved in various circuits. Serotonin is involved in descending 
pain transmission systems with analgesic effect, dopamine is involved in memory processes 
and participates in memory consolidation. Once eating palatable food organism feels good 
and remembers the feeling, which will be stored in long-term memory. Next time if there is 
a choice organism will remember that specific food makes us happy and we will choose that 
food. As much we use the food making us happy as much it is required to evoke the same 
feeling of happiness.   

	 Overweight patients are found to have higher demand for serotoninergic and dopaminergic 
signaling, so to get serotonin and dopamine to release more, they eat more [63]. This vicious 
cycle impairs the efforts to lose weight. A similar pattern is observed in substance abuse, which 
makes obesity and addiction to share common mechanisms [64].  

	 Obese individuals show higher activity of brain regions responsible for reward processing 
while exposed to palatable food. However, obese patients are found to have anhedonia – 
inability to fell pleasure. Weight gain first increases then significantly decreases activity of 
reward circuits. That is as much you eat palatable food, as much you need it to provide the 
same level of pleasure [65].

	 To reveal specific distortions in reward circuits multiple animal studies were performed  
showing that rats are ready to expose themselves to extreme cold, heat or aversive stimuli to 
get access to palatable food such as peanut butter, shortcake, yogurt, chocolate, Coca Cola 
etc., even if standard chow is freely available [66]. Rapid weight gain shows progressively 
worsening brain reward deficit, which considers diminished responsiveness of lateral 
hypothalamus to rewarding stimulation [67]. A similar pattern is observed in human studies 
where human subjects gained weight over a six months period demonstrate decreased striatal 
activation when exposed to food reward [68]. Low responsiveness of various brain circuits has 
been observed in rats overconsuming cocaine or heroin [69].
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Obesity and drug addiction share common mechanisms. The experiments presented above 
prove the neural character of obesity associated with loss of sensitivity of different components 
of brain reward circuits. 

	 Multiple endogenous systems and peptides are involved in the pathogenesis of obesity.

	 In obese people reward deficits may develop while being exposed to palatable food. 
This pattern is greatly associated with dopaminergic signaling, as obese individuals show 
lower reaction ability of D2 receptor in striatum. When losing weight, obese individuals exert 
increased D2 receptor density. This findings highlight essential role of dopamine signaling in 
regulation of responsiveness to palatable food [70]. 

	 Obesity is closely related to alterations in opioidergic neurotransmission, thus, correlating 
with the changes in the number of opioid receptors in the brain. An opposite correlation has been 
shown regarding body mass index and density of opiate receptors in striatum and thalamus. 
As the body mass index is high, the opiate receptors number is low and vice versa. Elevated 
plasma levels of beta-endorphins appear to be high in obesity patients [71]. 

	 The deficiency or failure of opioid receptors appears to be a reason of overeating as an 
attempt to compensate the lack of positive emotions. In this regard, there is enough evidence, 
indicating the involvement of opioidergic neurotransmission in the regulation of nutritional 
practices and obesity. 

	 Obesity has also an association with pathological over activation of the endocannabinoid 
system [72].

	 Consumption of rewards (e.g., palatable food, mating, cocaine) produces hedonic 
consequences which initiate learning processes that consolidate liking the rewarding goal. 
Motivational states such as hunger, sexual arousal, and perhaps early symptoms of drug 
withdrawal increase the incentive salience of reward-related cues and the reward itself. The 
greater the hunger, the greater the likelihood that behavioral sequences aimed at obtaining 
food will be initiated and carried to conclusion despite distractions and obstacles that may 
arise. Positive reinforcement involves an increase over time in the frequency of behaviors that 
lead to a reward [73].

	 Alterations in brain reward circuits prepare a background to understand neurochemical 
mechanisms underlying obesity, to develop effective methods for weight control. No doubt 
that brain reward system has essential and primary role in overeating and, hence, obesity. To 
overcome obesity pandemic multilevel research of neural circuits of homeostatic and hedonic 
eating are of greatest importance.



12

Obesity Complications and Challenges

5. Acknowledgements

	 This work was supported by the RA MESCS State Committee of Science, in the frames 
of the research project № 18T-1F095.

6. References

1. Ahima R.S., Antwi D.A. Brain regulation of appetite and satiety. Endocrinol Metab Clin North Am. 2008;37(4):811-
823. 

2. Lanfray D, Richard D. Emerging Signaling Pathway in Arcuate Feeding-Related Neurons: Role of the Acbd7. Front 
Neurosci. 2017;11:328. 

3. Klok MD, Jakobsdottir S, Drent ML. The role of leptin and ghrelin in the regulation of food intake and body weight 
in humans: a review. Obes Rev. 2007;8(1):21-34. 

4. Haddad-Tóvolli R, Dragano NRV, Ramalho AFS, Velloso LA. Development and Function of the Blood-Brain Barrier 
in the Context of Metabolic Control. Front Neurosci. 2017;11:224.

5. Perry B, Wang Y. Appetite regulation and weight control: the role of gut hormones. Nutr Diabetes. 2012;2(1):e26. 

6. Stengel A, Taché Y. Regulation of food intake: the gastric X/A-like endocrine cell in the spotlight. Curr Gastroenterol 
Rep. 2009;11(6):448-454.

7. Date Y, Murakami N, Toshinai K, et al. The role of the gastric afferent vagal nerve in ghrelin-induced feeding and 
growth hormone secretion in rats. Gastroenterology. 2002;123(4):1120-1128.

8. Howick K, Griffin BT, Cryan JF, Schellekens H. From Belly to Brain: Targeting the Ghrelin Receptor in Appetite and 
Food Intake Regulation. Int J Mol Sci. 2017;18(2):273. 

9. Bundzikova-Osacka J, Ghosal S, Packard BA, Ulrich-Lai YM, Herman JP. Role of Nucleus of the solitary tract 
noradrenergic neurons in post-stress cardiovascular and hormonal control in male rats. Stress. 2015;18(2):221-232.

10. Perello M, Zigman JM. The role of ghrelin in reward-based eating. Biol Psychiatry. 2012;72(5):347-353. 

11. Benso A, Casanueva FF, Ghigo E, Granata A. The Ghrelin System. Endocr Dev. Basel, Karger. 2013; 25: 101-111. 

12. Perello M., Dickson S.L. Ghrelin signaling on food reward: A salient link between the gut and the mesolimbic 
system. J. Neuroendocrinol. 2015.

13. Goldstone AP, Prechtl CG, Scholtz S, Miras AD, Chhina N, Durighel G, Deliran SS, Beckmann C, Ghatei MA, 
Ashby DR, et al. Ghrelin mimics fasting to enhance human hedonic, orbitofrontal cortex, and hippocampal responses to 
food. Am. J. Clin. Nutr. 2014;99:1319–1330. 

14. Malik S., McGlone F., Bedrossian D., Dagher A. Ghrelin modulates brain activity in areas that control appetitive 
behavior. Cell Metab. 2008;7:400–409. 

15. Pénicaud L, Meillon S, Brondel L. Leptin and the central control of feeding behavior. Biochimie. 2012;94(10):2069-
2074. 

16. Paul RF, Hassan M, Nazar HS, Gillani S, Afzal N, Qayyum I. Effect of body mass index on serum leptin levels. J 
Ayub Med Coll Abbottabad. 2011;23(3):40-43.

17. Suzuki K, Jayasena CN, Bloom SR. The gut hormones in appetite regulation. J Obes. 2011;2011:528401. 

18. Meloni AR, DeYoung MB, Lowe C, Parkes DG. GLP-1 receptor activated insulin secretion from pancreatic β-cells: 



13

Obesity Complications and Challenges

mechanism and glucose dependence. Diabetes Obes Metab. 2013;15(1):15-27.

19. Tsai M, Asakawa A, Amitani H, Inui A. Stimulation of leptin secretion by insulin. Indian J Endocrinol Metab. 
2012;16(Suppl 3):S543-S548. 

20. Amitani M, Asakawa A, Amitani H, Inui A. The role of leptin in the control of insulin-glucose axis. Front Neurosci. 
2013;7:51. 

21. Yu Y, Park S, Beyak MJ, A311 leptin’s anorexigenic effects are switched in diet induced obesity , Journal of the 
Canadian Association of Gastroenterology, Volume 1, Issue suppl_2, 2018, 446.

22. Baver SB, Hope K,  Guyot S, Bjørbaek C,  Kaczorowski C, O’Connell KMS. Leptin Modulates the Intrinsic 
Excitability of AgRP/NPY Neurons in the Arcuate Nucleus of the Hypothalamus. Journal of Neuroscience 16 April 
2014; 34(16):5486-5496.

23. Tong J, D’Alessio D. Ghrelin and hypothalamic development: too little and too much of a good thing. J Clin Invest. 
2015; 125(2):490–492.

24. Yeomans MR. Taste, palatability and the control of appetite. Proc. Nutr. Soc. 1998; 57:609–615.

25. Anguah KO, Lovejoy JC, Craig BA, et al. Can the Palatability of Healthy, Satiety-Promoting Foods Increase with 
Repeated Exposure during Weight Loss?. Foods. 2017; 6(2):16.

26. Luo SX, Huang EJ. Dopaminergic Neurons and Brain Reward Pathways: From Neurogenesis to Circuit Assembly. 
Am J Pathol. 2016; 186(3):478-488. 

27. Camara E, Rodriguez-Fornells A, Münte TF. Functional connectivity of reward processing in the brain. Front Hum 
Neurosci. 2009;2:19. 

28. Timper K, Brüning JC. Hypothalamic circuits regulating appetite and energy homeostasis: pathways to obesity. Dis 
Model Mech. 2017;10(6):679-689.

29. Domecq JP, Prutsky G, Leppin A, Sonbol MB, Altayar O, Undavalli C, et al. Drugs commonly associated with 
weight change: a systematic review and meta-analysis. J Clin Endocrinol Metab. 2015;100(2):363–370.

30. Kesić M, Baković P, Horvatiček M, Proust BLJ, Štefulj J, Čičin-Šain L. Constitutionally High Serotonin Tone 
Favors Obesity: Study on Rat Sublines With Altered Serotonin Homeostasis. Front Neurosci. 2020;14:219. 

31. Browne CJ, Abela AR, Chu D et al. Dorsal raphe serotonin neurons inhibit operant responding for reward via inputs 
to the ventral tegmental area but not the Nucleus accumbens: evidence from studies combining optogenetic stimulation 
and serotonin reuptake inhibition. Neuropsychopharmacol 2019; 44:793–804.

32. Macedo IC, Freitas JS, Silva Torres IL. The Influence of Palatable Diets in Reward System Activation: A Mini 
Review. Adv Pharmacol Sci. 2016;2016:7238679.

33. Fischer AG, Ullsperger M. An Update on the Role of Serotonin and its Interplay with Dopamine for Reward. Front 
Hum Neurosci. 2017;11:484. 

34. Arias-Carrión O, Stamelou M, Murillo-Rodríguez E, Menéndez-González M, Pöppel E. Dopaminergic reward 
system: a short integrative review. Int Arch Med. 2010;3:24. 

35. Keeler J.F., Pretsell D.O., Robbins T.W.. Functional implications of dopamine D1 vs. D2 receptors: A ‘prepare and 
select’ model of the striatal direct vs. indirect pathways, Neuroscience, 2014; 282:156-175.

36. Best JA, Nijhout HF, Reed MC. Homeostatic mechanisms in dopamine synthesis and release: a mathematical model. 
Theor Biol Med Model 2009; 6:21. 



14

Obesity Complications and Challenges

37. Flagel SB, Clark JJ, Robinson TE, et al. A selective role for dopamine in stimulus-reward learning. Nature. 
2011;469(7328):53-57. 

38. Willuhn I, Wanat MJ, Clark JJ, Phillips PE. Dopamine signaling in the Nucleus accumbens of animals self-
administering drugs of abuse. Curr Top Behav Neurosci. 2010;3:29-71. 

39. Previc FH. Dopamine and the origins of human intelligence. Brain and cognition. 1999;41(3):299–350.

40. Schultz W. Behavioral dopamine signals. Trends in neurosciences. 2007;30(5):203–210.

41. Berridge KC, Robinson TE. What is the role of dopamine in reward: hedonic impact, reward learning, or incentive 
salience?. Brain Res Brain Res Rev. 1998;28(3):309-369.

42. Sheng Z., Santiago A. M., Thomas M. P. and Routh V. H. (2014). Metabolic regulation of lateral hypothalamic 
glucose-inhibited orexin neurons may influence midbrain reward neurocircuitry. Mol. Cell. Neurosci. 62, 30-41.

43. Szczypka MS, Kwok K, Brot MD et al., “Dopamine production in the caudate putamen restores feeding in dopamine-
deficient mice,” Neuron. 2001; 30(3):819–828.

44. Kenny PJ, “Common cellular and molecular mechanisms in obesity and drug addiction,” Nature Reviews 
Neuroscience. 2011; 12(11): 638–651.

45. Rushworth MF, Noonan MP, Boorman ED, Walton ME, Behrens TE. Frontal cortex and reward-guided learning and 
decision-making. Neuron. 2011;70(6):1054-1069.

46. Jiao D, Liu Y, Li X, Liu J, Zhao M. The role of the GABA system in amphetamine-type stimulant use disorders. 
Front Cell Neurosci. 2015;9:162.

47. Lüscher C, Ungless MA. The mechanistic classification of addictive drugs. PLoS Med. 2006;3(11):e437. 

48. Jauch-Chara K, Oltmanns KM, “Obesity—a neuropsychological disease? Systematic review and neuropsychological 
model,” Progress in Neurobiology. 2014; 114:4–101.

49. Valentino RJ, Volkow N. Untangling the complexity of opioid receptor function. Neuropsychopharmacol 2018; 
43:2514–2520. 

50. Brugman S, Clegg DJ, Woods SC, Seeley RJ. Combined blockade of both micro - and kappa-opioid receptors 
prevents the acute orexigenic action of Agouti-related protein. Endocrinology. 2002;143(11):4265-4270. 

51. Navarro M, Cubero I, Chen AS, et al. Effects of melanocortin receptor activation and blockade on ethanol intake: a 
possible role for the melanocortin-4 receptor. Alcohol Clin Exp Res. 2005;29(6):949-957.

52. Cota D, Steiner MA, Marsicano G, et al., “Requirement of cannabinoid receptor type 1 for the basal modulation of 
hypothalamic-pituitary-adrenal axis function,” Endocrinology. 2007; 148(4):1574–1581.

53. Rossi MA, Stuber GD. Overlapping Brain Circuits for Homeostatic and Hedonic Feeding. Cell Metab. 2018;27(1):42-
56.

54. Silvestri C, Di Marzo V. The endocannabinoid system in energy homeostasis and the etiopathology of metabolic 
disorders. Cell Metab. 2013; 17:475–90. 

55. Lu HC, Mackie K. An Introduction to the Endogenous Cannabinoid System. Biol Psychiatry. 2016;79(7):516-525. 

56. Wenzel, J., Cheer, J. Endocannabinoid Regulation of Reward and Reinforcement through Interaction with Dopamine 
and Endogenous Opioid signaling.  Neuropsychopharmacol. 2018; 43:103–115.

57. Covey DP, Mateo Y, Sulzer D, Cheer JF, Lovinger DM. Endocannabinoid modulation of dopamine neurotransmission. 
Neuropharmacology. 2017;124:52-61. 



15

Obesity Complications and Challenges

58. Macedo IC, Medeiros LF, Oliveira C, et al., “Cafeteria diet-induced obesity plus chronic stress alter serum leptin 
levels,” Peptides, 2012; 38(1):189–196.

59. Hurt RT, Kulisek C, Buchanan LA, McClave SA. The obesity epidemic: challenges, health initiatives, and implications 
for gastroenterologists. Gastroenterol Hepatol (N Y). 2010;6(12):780-792.

60. Ziauddeen H, Alonso-Alonso M, Hill JO, Kelley M, Khan NA. Obesity and the neurocognitive basis of food reward 
and the control of intake. Adv Nutr. 2015;6(4):474-486. 

61. O’Brien PD, Hinder LM, Callaghan BC, Feldman EL. Neurological consequences of obesity. Lancet Neurol. 
2017;16(6):465-477. 

62. Lutter M, Nestler EJ. Homeostatic and hedonic signals interact in the regulation of food intake. J Nutr. 2009;139(3):629-
632. 

63. Singh M. Mood, food, and obesity. Front Psychol. 2014;5:925.

64. Markianos M., Evangelopoulos ME, Koutsis G, and Sfagos C, “Elevated CSF serotonin and dopamine metabolite 
levels in overweight subjects,” Obesity. 2013; 21(6):1139–1142.  

65. Grillo CA, Mulder P, Macht VA, et al. Dietary restriction reverses obesity-induced anhedonia. Physiol Behav. 
2014;128:126-132. 

66. Oswald KD, Murdaugh DL, King VL, Boggiano MM. Motivation for palatable food despite consequences in an 
animal model of binge eating. Int J Eat Disord. 2010. 

67. Kenny PJ. Reward mechanisms in obesity: new insights and future directions. Neuron. 2011;69(4):664-679. 

68. Stice E, Yokum S, Blum K, Bohon C. Weight gain is associated with reduced striatal response to palatable food. J 
Neurosci. 2010a;30:13105–13109.

69. Ahmed SH, Kenny PJ, Koob GF, Markou A. Neurobiological evidence for hedonic allostasis associated with 
escalating cocaine use. Nat Neurosci. 2002;5:625–626.

70. Small DM, Jones-Gotman M, Dagher A. Feeding-induced dopamine release in dorsal striatum correlates with meal 
pleasantness ratings in healthy human volunteers. Neuroimage. 2003;19:1709–1715.  

71. Karlsson HK, Tuominen L, Tuulari JJ, et al. Obesity is associated with decreased μ-opioid but unaltered dopamine 
D2 receptor availability in the brain. J Neurosci. 2015;35(9):3959-3965. 

72. Di Marzo, V. The endocannabinoid system in obesity and type 2 diabetes. Diabetologia. 2008; 51:1356.

73. Patil A, Murty VP, Dunsmoor JE, Phelps EA, Davachi L. Reward retroactively enhances memory consolidation for 
related items. Learn Mem. 2016;24(1):65-69.


