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Running head: Interrelationship of obesity and sleep disorders 

Abstract: Accumulation of extra fats in the body results in disturbance in homeostasis causing 

obesity. The pathophysiology of obesity has been associated with various genetic, epigenetic factors 

and the disturbed lifestyles of an individual. One of the outcomes is disturbance in the sleep cycle 

which leads to sleep disorders. The evolutionary significance of sleep lies in the fact that it saves 

energy and is crucial for adjustment of an individual to ecological and environmental factors, and 

thus maintains homeostasis. Sleep has an anabolic function and replenishes the wakefulness-

associated loss of glycogen stores. However, the modern lifestyle is well known to disrupt sleep 

behavior and patterns affecting human health negatively. Alteration in homeostasis leads to several 

acute and chronic pathophysiological conditions like obesity and related metabolic morbidities 

being one amongst them. Shorter sleep duration and poor sleep quality are important risk factors 

associated with the development of obesity and have more adverse effects on energy homeostasis. 

Consequently, it is crucial to comprehend the obesity and sleep relationship and its therapeutic 

strategies, given that strong crosstalk exists between energy balance that favors obesity and sleep 

apnea. It is therefore highly recommended to the people with a high risk of obesity to maintain sleep 

discipline and good sleep hygiene in our daily life. Interventions are required to improve both sleep 

quality and quantity, and associated obesity. More focused research is needed for uncovering the 

pieces of evidence that determine whether such interventions can improve obesity-related health 

consequences. The present review discusses the important findings on the therapeutic and 

neuroendocrine mechanisms regulating sleep and obesity. 

Keywords: anti-obesity drugs; BMI; glucose tolerance; homeostasis; obesity; sleep disturbances 

 

1. Introduction  

Balance in diet, sleep and physical activity are so crucial to maintain homeostasis. But, continued 

overeating and prolonged sleep deprivation may change the metabolism of the body and finally it 

may lead to obesity as both sleep and eating are partly regulated by common neural mechanisms.1 

Energy homeostasis is the balance between food intake and the energy expenditure, but when it gets 

disrupted it results as an altered homeostatic response which leads to abnormal metabolism (Figure 
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1). Some of the other comorbid conditions such as genetic, endocrine and nutritional deficiencies may 

further induce obesity.2 Environmental and lifestyle processes including diet, exercise, light, 

temperature, etc. regulates energy homeostasis and modulates the decision of energy consumption 

or storage.3 Although exercise and regular physical activity promotes sleep quality, excess sleep in 

absence of physical activity leads to less energy expenditure causing metabolic disorders including 

obesity.  

 

Figure 1. Mechanisms underlying A) obesity and B) sleep that collectively modulate metabolic 

homeostasis. Obesity develops due to an imbalance in food intake and energy expenditure: energy 

expenditure is less than energy consumption. Leptin and ghrelin are hormones secreted by the 

adipose tissue and the stomach, respectively, that have an antagonistic effect on each other’s activity. 

Leptin binds to its receptors (Ob-R) in the hypothalamus and mediates satiety; whereas Ghrelin binds 

to its receptors (GHS-R) in the hypothalamus and increases appetite. Adipocytes in obese individuals 

are characterized by attenuated adiponectin levels that increase insulin resistance forming a vicious 

cycle, as insulin resistance is believed to induce obesity. Sleep modulates energy expenditure via the 

circadian rhythm. During the night, sunlight (a zeitgeber) does not reach the retina; consequently, the 

suprachiasmatic nucleus (SCN) present in the hypothalamus remains inactive. The pineal gland is 

free to secrete melatonin and peripheral clocks/oscillators in the gastrointestinal tract and the adipose 

tissue, for instance, are switched to night mode that is the energy conservation mode. 

Sleep is an essential physiological phenomenon that is intricately related and crucial to the 

normal functioning of all the metabolic and physiologic processes. The ability to fall asleep, the 

quality and quantity of sleep for an adequate period of time daily carries utmost importance to ensure 

optimal health and overall wellbeing. Loss of sleep is among the common symptoms seen in several 

neurological, cardiovascular, respiratory, and metabolic dysfunctions which includes hypertension, 

diabetes, obesity, Alzheimer’s disease (AD), Parkinson’s disease (PD), mood disorders, depression, 

narcolepsy, epilepsy, cognitive impairment, infections, immune dysfunction and other associated 

disorders, .4-6 The deprivation or fragmentation of sleep reduces sleep quality and duration which in 

turn can enhance the risk of mental stress.7 This stress thereby directly or indirectly influences several 

processes including eating behavior and other metabolic processes which may cause weight gain, 

increase in adiposity and its related anomalies.7 Thus, sleep discipline corroborates healthy living, 

ensures disease-free living and strikes a balance between sleep and wakefulness that is crucial for the 

maintenance of homeostasis. Many sleep disorders such as obstructive sleep apnea (OSA), restless 
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legs syndrome (RLS) insomnia, and narcolepsy are induced by the modern lifestyle which influences 

the sleep quality and duration.8  

A strong correlation exists between the sleep disorders and obesity which needs immediate 

consideration. In the present review, we will elaborate upon the phenomenon of homeostasis and its 

importance. Obesity as a result of disturbance in homeostasis, sleep loss causing perturbed 

homeostasis, the crosstalk between sleep and obesity and finally the pharmacological interventions 

that would benefit sleep or its loss mediated metabolic disorders including obesity (Figure 2).  

 

Figure 2. The crosstalk between obesity and different sleep disorders. There is a significant 

relationship between obesity and sleep disorders such as insomnia, obstructive sleep apnea, restless 

leg syndrome and narcolepsy. Several anti-obesity drugs, for example, phentermine/topiramate 

extended-release, phentermine, orlistat, lorcaserin, naltrexone sustained-release/bupropion and 

liraglutide, are depicted. These drugs may serve as a prospective treatment for different sleep 

disorders after due research. 

2. Maintenance of homeostasis 

Every living cell tries to maintain stability and constancy to function properly. The balance 

between acidity and alkalinity and regulation of body temperature are few examples of homeostasis. 

It works in maintaining the stability of the organism’s internal environment in response to 

fluctuations in external environmental conditions. There are three key components required to 

maintenance the homeostasis, a sensor to detect changes in the condition to be regulated, an effector 

mechanism that can vary that condition, and a negative feedback connection between the two.9 

Irrespective to the unicellular organism to the multicellular plants and animals, an intricate metabolic 

system is regulated by chemical reactions that maintains its internal process independent of the 

external environment and this mechanism is called homeostasis.10 Homeostatic processes are 

practiced across a wide range that includes the cell, the tissue, the organ, as well as at the organism. 

At least three interdependent components are essential for the homeostatic control mechanism for 

any variable being regulated. The receptor is the sensing component that detects and responds to any 

change in the environment. When a stimulus is senses by the receptor, it sends information to the 

nucleus, which sets the range at which the variable is maintained.11, 12 The stimulus specific response 

is determines at the level of nucleus. The nucleus then sends signals to an effector site, which can be 

other cells, tissues, organs, or any distinct structures that receive signals for homeostasis.13 After 
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receiving the signal, a corrective change occurs to counter the deviation by depressing or damping it 

by utilizing negative feedback. The classical view of homeostasis is that it is maintained by signals 

from the endocrine and autonomic nervous systems. Kotas et al. used the recent approach of ‘stock 

and flow model’ to explain homeostasis in humans.11, 14 They studied homeostasis primarily 

concerning systemically regulated variables for instance plasma glucose level and core body 

temperature at the cellular level within tissues. Therefore, while blood glucose level is maintained by 

insulin, glucagon, and catecholamines, level of glucose in skeletal muscle is simultaneously 

monitored by intracellular sensors and its homeostasis is maintained through regulated expression 

of glucose transporters and activity of metabolic pathways of glucose utilization.15, 16  

Another example for homeostasis is the drive to sleep in response to the duration of wakefulness. 

It is seen that when there is more sleep deprivation happening then as an outcome, periods of deeper 

sleep are observed. This is because sleep deprivation requires compensatory rebound sleep. 

Prolonged sleep deprivation would exhaust energy and interfere with the alertness and ability of 

physical performance ultimately leading to disturbance in the energy homeostasis.17 Amongst the 

several brain centers and theories proposed to explain the sleep and energy balance, the most widely 

accepted is the circadian rhythm.18-20 The suprachiasmatic nucleus (SCN) of the hypothalamus is the 

dominant loci of the mammalian circadian cycle. The SCN is the recipient of dense retino-

hypothalamic innervation and functions as part of the larger visual system.21 The SCN, consequently, 

provides inputs to the hypocretin-producing neurons in the hypothalamus that are primarily relayed 

via the subparaventricular area and the dorsomedial nucleus.22 These neural innervations are 

important to the regulation of sleep-wakefulness balance and metabolism as well because the 

hypocretin-producing neurons target many wake-promoting regions. SIRT1, a member of the sirtuin 

family, released by the pre-opiomelanocortin (POMC) neurons of the hypothalamus is involved in 

fine-tuning the balance between the dietary intake and the expenditure of energy especially when a 

high calorie-diet is administered. It works in close association with the satiety hormone leptin, to 

prevent obesity development.23 SIRT1 also fortifies neurons and their synaptic functions, thereby 

playing a neuroprotective role against neurodegenerative disorders, such as PD and AD. In PD it aids 

in alpha-synuclein clearance and in AD it impedes tau degradation and consequently prevents the 

formation of neurofibrillary tangles. SIRT1 promotes neurogenesis and increases cellular lifespan by 

inhibiting inflammatory mechanisms and abating oxidative stress.24, 25 In case of chronic sleep 

restriction, plenty of food intake occurs due to altered pattern of appetite regulatory hormones which 

contributes to weight gain.17 Thus, sleep homeostasis is essential to the maintenance of metabolic 

homeostasis and therefore loss of sleep may lead to dysregulation of myriad pathways. 

2.1. Disturbance in homeostasis and obesity 

The fundamental reason of obesity is abnormality in the mechanism of energy balance. In other 

words, obesity basically develops when energy intake is more than energy expenditure and 

differences in input and output are buffered primarily by changes in the fat stores.26 Understanding 

the fundamental of dynamic monitoring of balance between intake and expenditure is a longstanding 

challenge in elementary biology. Inadequacy of the intake and the expenditure of food is insufficient 

to explain obesity; however, a robust, holistic and integrative approach is needed to address this 

emerging, global issue. 

There are two key rules of occurrence of obesity: (1) the intake must be more than the 

expenditure; (2) higher energy expenditure then the lean subjects which in turn leads to higher 

average energy intake..27 The higher energy expenditure induces additional energy intake which 

leads to greater body mass. The difficulty in manipulating body mass for longitudinal energy balance 

studies in humans with precision has been a key reason for the extensive focus on animal models, 

and specifically on laboratory rodents. Several such models are available, including those in which 

obesity is induced by dietary manipulation (e.g., high-fat diet, severe vitamin B12 deficient diet), 

endocrinological administration (e.g., corticosteroid or neuropeptide Y administration), surgery (e.g., 

lesions of the ventromedial hypothalamus), chemical manipulation (e.g., gold thioglucose 

administration) or through transgenics (e.g., uncoupling protein 1, 11b-hydroxysteroid 
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dehydrogenase-1 and melanocortin-4 receptor knockouts).28, 29 Several studies have demonstrated the 

irrefutable association between the dietary intake and obesity. Ghosh et al. showed that severe 

vitamin B12 deficiency is positively correlated with body fat % and visceral adiposity in the vitamin 

B12 deficient C57BL/6 mice model.28, 29 They also showed that vitamin B12 deficiency increases 

oxidative stress and alters epigenetic factors.30 Sucrose consumption, on the other hand, did not show 

such a correlation with epigenetic changes (DNA methylation) in neurogenesis-inducing genes.31, 32 

A calorie-restricted diet increases longevity by decreasing DNA damage and indirectly, helps us 

understand the crosstalk between obesity and ageing.2, 33 The WNIN/Ob is a novel rodent model that 

was developed recently to elucidate the role of oxidative stress in hastening senescence in obese 

rats.34-38 

The adipose tissue produces biologically active molecules known as adipocytokines, which are 

the protein hormones actively involved in the regulation of energy metabolism, hunger, insulin 

sensitivity, and so on. During obesity, accumulation of fat causes dysregulation of adipokine 

production, which becomes the major contributing factor for the onset of obesity and its related 

diseases. Adiponectin was identified by Scherer et al. as 30-kDa adipocyte complement-related 

protein (Acrp30) and it is produced by the adipocytes.39 According to adiponectin hypothesis, high 

intake of fat diet can cause reduced adiponectin levels, which, can further lead to decreased 

adiponectin signaling or disruption of adiponectin receptors may serve as an upstream pathway of 

increased inflammation in white adipose tissue.40 Insulin regulates the secretion of adiponectin by 

enhancing its level. Obesity can lead to hypertrophic adipocytes which can cause obesity-linked 

insulin resistance and metabolic syndrome. The decrease in expression of the adiponectin receptors 

(AdipoR1/R2) mRNA reduces adiponectin binding capacity, and this leads to an attenuation of the 

adiponectin effects. Thus, adiponectin resistancealong with insulin resistance forms a vicious cycle 

which triggers weight gain. Reduced Adiponectin level exerts anti-inflammatory and anti-

atherogenic properties by inducing the vascular endothelial nitric oxide production which in turn 

disturbs thehomeostasis.41  

A common neural network regulates the feeding as well as the quantity and quality of sleep, 

which facilitates adequate adjustment as per the varying environmental conditions. The interaction 

of genetic, environmental and behavioral factors decides body adiposity and thus energy balance is 

established and maintained. Human sleep is oppositely altered if the energy balance and the 

metabolic fuel availability are changed.42 Inadequate sleep can influence the energy homeostasis 

leading to impaired regulation of energy intake and expenditure. Disturbances in sleep modifies 

metabolic patterns of an individual leading to countering behavioral response by overeating and food 

storage. Sleep ensures 20–30% reduction in metabolic rate as during sleep less energy is consumed to 

sustain vital functions of the body and it helps in maintaining energy homeostasis. The homeostasis 

system gets activated when energy expenditure exceeds the food intake, which may threaten body-

stored food. The neuroendocrine, metabolic and behavioral changes in synergy with the lower leptin 

and higher ghrelin level increases hunger anticipating the loss of body weight. 43, 44 Sleep deprivation 

changes the regulation pattern of the energy homeostasis, thus creating a negative energy balance. 

Furthermore, the signs of negative energy balance with reduced sleep condition and increased 

appetite is responded by reducing the insulin of anorexigenic and increasing the ghrelin of higher 

orexigenic level, as well as slowing the sympathetic and metabolic rate to conserve energy.45 Thus, 

sleep homeostasis is essentially linked with metabolic homeostasis to avoid obesity and its related 

disorders. 

Sleep disturbance and obesity are two crucial conditions which may significantly influence 

homeostasis. The disturbance in sleep-wake behavior and energy homeostasis are reciprocally 

associated.42 In humans, ATP sensitive potassium channel (SUR2), a human gene encoding subunit 

has been identified which reciprocally links the cellular energy balance and the sleep variability.46 As 

evident in animal models, sufficient food in rodents promotes sleep while food deprivation leads to 

increased phase of arousal, probably to search for food and reach to the energy balanced state. The 

hypocretin/orexin neurons are primarily active to facilitate such energy homeostasis states in sleep 

deprived conditions.47 Sleep loss is compensated by high metabolic expenditure as it induces 
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neuroendocrine, metabolic and behavioral equilibrium by enhancing food intake and energy 

conservation. Spiegel et al. documented that two nights of insufficient sleep and reduced caloric 

intake of 1500kcal/day for control participants of body weight of 75kg, can lead to reduced plasma 

leptin and increased ghrelin concentration along with increased appetite.48 Thus, sleep deprivation 

signals for excessive food intake, reduced resting energy expenditure, and limited physical activity, 

leading to weight gain or obesity.42 However, majority of the studies associating sleep disturbance 

and homeostasis are based on short duration of sleep loss ranging from few hours to few days, which 

need to be further tested for longer duration of sleep disturbances.  

2.2. Lack of exercise leads to disturbed homeostasis and obesity  

Maintenance of a stable and constant internal environment by opposing the changes happening 

outside is called homeostasis. Changes in temperature of the body and concentration of ions, pH and 

glucose in the blood streams kept in check through homeostasis regulations.49 This process happens 

at many levels, from maintaining acidic pH by the stomach to maintaining ion concentration by each 

cell of our body. Homeostasis is very crucial for maintaining overall body functions. Homeostasis is 

maintained through negative feedback loops which resist any cue or stimulus that activates them. 

During exercise, when muscles produce heat which increases the body temperature, then the 

negative feedback loop will start functioning and it will bring back the body temperature to the 

normal set point.50 Hence, temperature which is a stimulus perceived by body sensors basically 

having nerve endings in the skin or the brain which sends the signal to the hypothalamus which is a 

center of temperature regulation in the brain, as a result effector which is a sweat gland counter the 

stimulus by decreasing the body temperature. Like these, there are two types of negative feedback 

loops present in our body to maintain homeostasis, one which activates when the body temperature 

rises above the set point and other switch on when the body temperature drops below the set point 

to bring them to the normal. For example, when body temperature falls during winter, blood vessels 

constrict and shiver, which is an involuntary contraction of muscles that produces heat to warm the 

body and brings back to the normal body temperature (original set point). Similarly, during excessive 

exercise, when the body temperature increases, blood vessels dilates and heat loss occurs in the 

environment and the sweat glands secrete fluids to cool down back to the normal body temperature 

(original set point) 50. Although, body set point is not always fixed, for example, during 24 hours, 

the body temperature will be highest during afternoon whereas, lowest during night.  

In total, homeostasis mechanisms depend heavily on proper functioning of the negative 

feedback loop. Slight disturbance in the negative feedback mechanism leads to disruption of the 

homeostasis. In metabolic disease like Diabetes, hormone insulin causes breaking of this negative 

feedback loop involved in maintaining homeostasis.51 As a result, it is impossible to bring back the 

high blood sugar level to normal in the Diabetes. Similarly, obesity also leads to imbalance in the 

negative feedback loop. Insulin and leptin resistance in the central nervous system is also an 

indication of homeostasis dysregulation in obesity.52 One of the reasons for being overweight is lack 

of exercise. In obesity, due to no activity, unused energy gained through food we eat generally stores 

as fat. Hence, regular exercise keeps high energy outflow and which assists in maintaining energy 

balance and finally weight loss. Hence, exercise not only activates the sympathetic nervous system, 

but also helps in homeostasis regulation and due to which high physical activity leads to increased 

cardiovascular, respiratory and metabolic requirements.  

3. Obesity as a disturbance in the physiology  

The fundamental mechanism for regulation of obesity is based on appetite, energy expenditure, 

gene regulation and endocrine factors, which explain the biological basis of obesity. Gower et al. 

reported the physiologic basis of obesity in African-American (AA) women by stating that insulin 

sensitivity and glycemic load are the primary cause of obesity.53 They further explained that the AA 

women have high beta-cell responsiveness, low hepatic insulin extraction, and relatively high insulin 

sensitivity, which lead to high exposure of insulin to tissues and organs. High glycemic diet induces 

increased insulin secretion which diverts energy production to storage.54 Disproportionate insulin 
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secretion to insulin sensitivity was noted in all cases of AA. When the acute insulin response to 

glucose (AIRG) was plotted across insulin sensitivity, higher AIRG in AA was observed then 

European American (EA) women at any given level of insulin sensitivity.55 Thus, higher insulin 

secretion among AA women is not simply a compensatory response for insulin resistance, but it also 

results in a higher tonic level of “insulin action.” Insulin is a highly lipogenic hormone and therefore, 

hypothesis of ‘higher insulin action could promote fat deposition’ appears reasonable.56 Hence, fat 

cells are beneficial which stores lipid inside. However, if fat cells become insulin resistant, then lipid 

come out of fat cells and rise in the circulations. Regular exercise and proper sleep can help to stay 

lipid inside the cells and helps in improvement of physiology in obese patients.  

The endocrine control of obesity is also richly documented in the obesity literature.57 Eikilis et 

al. identified a direct correlation between plasma leptin concentration and adiposity in humans.58 The 

function of leptin is to maintain energy balance by regulating food intake and caloric burn rate. An 

increase in leptin synthesis or decrease in leptin clearance or both could be the reason for the increase 

in plasma leptin concentration in obesity. Studies are documented which precisely determined the 

leptin plasma kinetics.59 It is commonly agreed that endogenous leptin production rate increases with 

increase in adiposity. An increase in size of Adipocytes is reported due to the accumulation of 

triglyceride which leads to increased synthesis of leptin.58, 60 Leptin's impact on body weight are 

regulated via hypothalamic centers that control eating behavior and energy expenditure. In the year 

1994, the gene responsible for obesity in human (OB Gene) and its product leptin were identified and 

characterized by Zhang et al.61 Primarily, leptin is secreted from the adipose tissue and it binds 

through leptin receptors which are expressed at the hypothalamus and the cerebellum.62, 63 The 

adipose tissue releases Leptin into the circulatory system as it crosses through the blood-brain barrier 

and the cerebral spinal fluid (CSF) and reaches the brain and binds to the hypothalamic leptin 

receptors and signals about the storage of body energy.64 This lead to reduced food intake and 

enhanced energy expenditure to maintain the size of the body fat stores.65-69 Similarly, in humans 

ghrelin, the other hormone, which is actively involved in the regulation of obesity, was primarily 

obtained from the stomach, however, ghrelin-releasing neurons have also been identified in the 

pituitary and the hypothalamic regions.70-72 Ghrelin binds through growth hormone receptors which 

are found in the pituitary and the hypothalamus.73 The production of ghrelin by the stomach depends 

on the increase in the level before food intake and its subsequent decrease.74, 75 Indeed, impact of 

Leptin and Ghrelin on energy homeostasis is contrasting in nature. Leptin enhances weight loss by 

suppressing the diatery intake while ghrelin acts as an appetite stimulator.76, 77 Leptin and ghrelin 

have varying effects on the hypothalamic neurons, producing an opposite effect on the energy 

balance.78 Thus, obesity as a physiological imbalance can be caused due to the disparity between these 

essential metabolic hormones. Obesity is linked with lack of sleep. Insufficient sleep enhances 

overeating and unhealthy food choices which leads to abnormal hormone production. Sleep is 

important in regulation of hormone levels which include leptin and ghrelin hormone levels.  

Furthermore, to explain the sympathetic activation during obesity, many mechanisms have been 

proposed. It has been suggested that increases in sympathetic tone are due to the state of insulin 

resistance, as it has been documented that high levels of insulin may increase sympathetic nerve 

traffic in man. Eikelis et al. and others found that renal norepinephrine spillover, indicative of renal 

sympathetic activity, is approximately doubled, while cardiac sympathetic activity is reduced.58, 60, 79 

This renal sympathetic activation appears to be a primary pathophysiological mechanism of obesity-

related hypertension; that is, the hypertension is ‘neurogenic’ in this case. Even when unaccompanied 

by elevated blood pressure, human obesity is characterized by sympathetic nervous activation.80 The 

higher renal and lower cardiac sympathetic nerve activity in overweight individuals represents a 

differentiation of CNS sympathetic outflow, with increased traffic in the renal sympathetic nerves 

and reduced cardiac sympathetic nerve firing. The hyperleptinemia accompanying human obesity is 

another candidate for activation of the renal sympathetic outflow, given that administration of leptin 

in experimental animals increases renal sympathetic activity.81 Therefore, a complex interaction 

occurs amongst neuro-endocrine mechanisms to regulate the physiology and conditions like obesity. 
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Weight gain and obesity is the outcome of insulin resistance due to increased sympathetic output 

which leads to different sleep disorders.  

4. Physiology of sleep 

Sleep is an essential physiological phenomenon characterized in evolutionary higher species. 

Although we are yet to uncover the question as to why we sleep, we know for a fact that sleep 

conserves energy and adjusts the organism to environmental factors to maintain homeostasis.82 

Directly or indirectly Sleep directly or indirectly impacts or gets influenced by several physiological 

processes that are controlled by the brain. Also, sleep is imperative for the maintenance of several 

other functions like neuroplasticity, memory formation, energy maintenance, neuro-protection, etc. 

Sleep is not a homogenous phenomenon. Electrophysiologically, sleep has been classified into rapid-

eye-movement (REM) sleep and non-REM (NREM) sleep. Rapid movements of the eye, increased 

brain activity and loss of muscle tone characterize REM sleep. It is known to perform as the 

housekeeping functions of the brain and thus maintains brain excitability.83 It is highest in newborn 

babies which signifies its importance in brain development, however, the quantity of REM sleep 

reduces with age but it is never absent in life.84, 85 In the context of function, REM sleep is extremely 

important for brain development. REM sleep facilitates the formation and consolidation of different 

types of memory through the regulation of neuronal synapses by selective elimination. In addition, 

REM sleep facilitates cortical plasticity and restoration of aminergic cell/receptor function. Loss of 

REM sleep is associated with several pathophysiological conditions which include Alzheimer’s 

disease, Parkinson’s disease, memory loss, schizophrenia, epilepsy, narcolepsy, psychiatric 

disorders, etc.4-6 

There are many chemicals involved in the regulation of REM sleep and one of the key molecules 

is the neurotransmitter noradrenaline (NA), a catecholamine in chemical nature. The locus coeruleus 

(LC)-NAergic neurons are mainly responsible for supplying NA throughout the brain.86 The NA-

ergic neurons in the brainstem are active during wake and inactive during REM sleep. A continuous 

firing of these neurons is observed during REM sleep loss.87 The levels of NA levels are known to 

increase upon REM sleep loss, which induces several REM sleep loss related sign and symptoms.88 

Since the discovery of REM sleep in 1953, by Aserinsky and Kleitman89, first time observed the 

periods of ‘active’ sleep were marked by rapid eye movements in human infants, there have been 

several attempts to understand the molecular mechanisms, genesis, regulation and functional 

significance of REM sleep. Methods like sleep deprivation or REM sleep deprivation (REMSD), 

lesions, brain microinjections, electrical stimulation have been done to gain insights into the 

significance and regulation of this physiological phenomenon. It was shown that these active REM 

sleep periods alternate with latent sleep intervals. Kleitman and Dement reported that the rapid eye 

movements in human adults were associated with specific neural activation patterns of brain and 

dreams that occurred during rapid eye movements phase of sleep.90, 91 Later, Jouvet discovered REM 

sleep in cats and showed that like humans, cats also experience rapid eye movements which occur in 

conjunction with lack of muscle tone, muscle twitches and awake-like cortical activity.92 In humans, 

REM sleep constitutes a smaller portion of our sleep and the amounts of daily REM sleep vary across 

species. It varies due to several external factors like temperature, light and also gets affected by 

lifestyle, diet, age and changes with environmental and ecological pressure.93 

In addition to NA-ergic neurons, it has been observed that cholinergic neurons in LC-alpha, peri-

LC-alpha, laterodorsal and pedunculopontine tegmental nuclei help in REM sleep generation.94 

Among these nuclei, the nucleus pontis oralis is primarily responsible for the generation of active 

sleep. The ventral nucleus pontis oralis receives cholinergic afferent fibers from rostral peri-LC-alpha, 

laterodorsal tegmental nuclei, pedunculopontine tegmental nuclei, parabrachial nuclei and gamma-

amino butyric acid-ergic fibers from the posterolateral hypothalamus.95 These interactions are crucial 

for the modulation of REM sleep. The ventral portion of the sublaterodorsal nucleus of pons contains 

spinally projecting neurons that produces motor atonia (natural loss of muscle tone that accompanies 

REM) during REM sleep.  
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Sleep centers in the brain also regulate hunger and feeding behavior, which in turn are 

wakefulness dependent behaviors. The paraventricular nucleus, arcuate nucleus, and dorso- and 

ventromedial hypothalamus are known to regulate feeding, but the lateral hypothalamus regulates 

both feeding and sleep-wakefulness cycle.96 Furthermore, orexin-ergic neurons synthesize the 

neurotransmitter orexin located in the perifornical area, in the lateral region of the -posterior 

hypothalamus, which is active during wakefulness97 and essentially regulates appetite98. Vidafar et 

al. observed that more than half of their subjects that were shift workers reported weight gain after 

commencing shift work. Higher hedonic appetite correlated with suboptimal sleep quality and 

duration, propelling the individual towards obesity.99 Thus, crucial crosstalk exists between sleep 

and appetite, which is regulated by the same set of neurons in the brain.  

5. Pharmacological tools for the management of sleeping disorders associated with Obesity 

Obesity has emerged as one of the major causal factors for sleep disorder that affects middle-

aged men, with a prevalence rate of up to 10-17%.100 Several studies have been documented that self-

reported sleep of less than 6-7 hours per night can increase the risk of obesity. Most common sleep 

disorders are insomnia, obstructive sleep apnea (OSA), narcolepsy, and restless leg syndrome (RLS). 

These sleep disorders will be described here briefly and their relationship with obesity along with 

their pharmacological interventions will be understood. 

5.1. Anti-obesity Pharmacotherapy 

Anti-obesity pharmacotherapy is one of the robust strategies to counter the adaptive metabolic 

changes in response to the lifestyle-based interventions by manipulating the appetite and energy 

expenditure homeostasis.101, 102 The candidacy of pharmacotherapy for obesity is recommended that 

the body mass index (BMI) be a minimum of 30 kg/m2 or a minimum BMI of 27 kg/m2 for obesity 

with comorbid conditions such as hypertension, dyslipidemia, type 2 diabetes, or various sleep 

disorders.103, 104 The pharmacotherapy for obesity is recommended for a longer duration to optimize 

its outcomes.105 Phentermine and orlistat were the two drugs that had longer usage history, while 

recently in 2012, phentermine/topiramate extended-release (ER) and lorcaserin and in 2014, 

naltrexone sustained-release (SR)/bupropion SR and liraglutide 3.0 mg were approved by the Food 

and Drug Administration (FDA). In this review, the anti-obesity drugs which are in use since 2010 

and approved by the FDA are reviewed.106 

5.1.1. Phentermine/Topiramate Extended-Release 

Phentermine and topiramate (PHEN/TPM) is a combination drug that contains a catecholamine 

release (phentermine) and an anticonvulsant (topiramate). Topiramate is currently recommended by 

the FDA as an anticonvulsant specially for the treatment of epilepsy and the migraine headaches. 

During clinical trial of Topiramate on Epilepsy, its impact on weight loss was also observed as an 

unintended side effect. The underlying pharmacotherapeutic mechanism responsible for weight loss 

in case of PHEN/TPM usage is not clear however, modulation of gamma-aminobutyric acid 

receptors, inhibition of carbonic anhydrase, and antagonism of glutamate to reduce food intake is 

widely accepted.107 It is developed to minimize the adverse impacts of both agents by constituting 

acceptable doses in a specified combination formulation. A caution was put forward while approving 

PHEN/TPM by the FDA, specially during pregnancy as topiramate increases the risk of congenital 

oral cleft .108 

5.1.2. Lorcaserin 

This is a well-known selective 5HT-2C receptor agonist, which was approved in 2012 by FDA as 

a obesity long-term treatment.106 It increases satiety and reduces appetite by binding to the 5HT-2C 

receptors on the anorexigenic POMC neurons of hypothalamus.109, 110 The serotonin 2C receptor has 

selective agonism with lorcaserin and hence it avoids cardiac valvular effects mediated through the 

5HT-2B receptors. Research studies show that activation of the serotonin receptor 5-HT2C declines 
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food consumption through the proopiomelanocortin neural system.111, 112 Studies involving the 

nonselective serotonergic agonists fenfluramine and dexfenfluramine (that are known to enhance 

presynaptic serotonin release and further block its reuptake), validated serotonin receptors to be the 

pharmacologic targets for significant weight loss.113 Nevertheless, usage of such agents enhances the 

serotonin-associated valvulopathy risk114, which is thought to occur through agonism of the 5-HT2b 

receptors found on cardiac valvular interstitial cells.115 It is also known that lorcaserin was devised to 

selectively activate 5-HT2c receptors in CNS.116 Another clinical trial comprising obese individuals, 

the use of lorcaserin was found to be associated with weight loss in a dose-dependent manner 

without apparent effects on the heart valves.109 

5.1.3. Naltrexone sustained release or Bupropion 

In 2014, naltrexone/bupropion had been approved by the FDA for the treatment of obesity.106 

The two drugs were pre-approved, bupropion is a dopamine and norepinephrine reuptake inhibitor 

and it was initially recommended as an antidepressant in 1989 and as a smoking cessation aide in 

1997. Naltrexone is an opioid antagonist and it was approved to control opioid dependence in 1984 

and alcohol use disorder in 1994. The combination of naltrexone/bupropion influences two different 

areas of the brain that regulate intake of food.108 The arcuate nucleus of the hypothalamus is the 

primary region, which regulates appetite. The mesolimbic dopamine reward circuit is the secondary 

region, by increasing the firing rate of hypothalamic POMC neurons and modulating the dopamine 

reward circuit, the appetite is reduced.117 The POMC neurons in the arcuate nucleus of the 

hypothalamus (ARH; also called the infundibular nucleus) integrate central and peripheral signals 

related to energy balance and produce a net anorexigenic output118 The well-publicized anorectic 

effect of the hormone leptin is primarily due to the stimulation of POMC cells. POMC cells can 

become leptin resistant in obesity which may lead to decreased basal activity and a lower 

anorexigenic drive despite increased adiposity.119 Therefore, agents that stimulate POMC signaling 

are of interest in obesity pharmacotherapy, however efforts employing direct melanocortin agonists 

are associated with side effects and current clinical experience with monotherapeutic drug 

approaches has been only modest weight loss which appears to be limited by a therapeutic plateau 

e.g., bupropion (BUP).120 

One of the most important pitfalls of clinical trials investigating pharmacological therapy for 

sleep disorders is the lack of a consensus on the best variable to use for the classification of OSA 

severity which can be suitable across age121 The apnea/hypopnea index and the oxygen desaturation 

index (ODI) that are the most common measures for OSA still have limitations to describe its severity. 

5.2. Treatment for Sleep disorders 

5.2.1. Insomnia and Obesity 

Sleep disruption, difficulty in initiation and maintenance of sleep and early rising are the key 

characteristics of insomnia.122 The most acceptable theoretical framework of insomnia on a 

pathophysiological basis states that hyperarousal and hyperactivity of corticotropin-releasing factor 

(CRF) are the main reasons.123 Various psychosocially stressful conditions are assumed to be 

responsible for the initiation of insomnia and it is induced by increased arousal of the hypothalamic–

pituitary–adrenal axis.124 The mean secretions of adrenocorticotropic hormone and cortisol are higher 

during insomnia. Such findings are also supported by positron emission tomography scans in which 

the cortical regions responsible for awakening utilized more glucose metabolism during the awake 

period than during night in insomnia patients.125, 126 

The literature on obesity suggests that individuals with obesity and insomnia or difficulty of 

sleep are significantly related.127 In obese individuals, history of prolonged emotional stress further 

influences sleep disturbances, subsequently, the chances of sleep disorders especially insomnia 

increases. The underlying pathophysiology of insomnia suggests that it induces the overconsumption 

of energy, which leads to weight gain. Thus, the significance of early identification and intervention 

of sleep disturbances as a potential approach for obesity management has been identified. Taheri et 
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al. compared compromised sleep duration of 5 hours per night with 8 hours per night and observed 

that after sleep the leptin level lowered by 15.5% and ghrelin level increased by 14.9%, and based on 

these observations, concluded that shorter sleep duration could increase appetite which may lead to 

overeating.128 Furthermore, Dallman et al. identified an increased level of glucocorticoids specially 

cortisol in insomnia that may play a vital role in enhancing the desire of a person to consume a high 

energy diet.129 Therefore, Dallman et al. stated that enhanced levels of glucocorticoid hormones 

elevate the CRF activity in the central nucleus of the amygdala as it increases stimulus salience, which 

induces obesity. It also facilitates the metabolic inhibitory feedback that inhibits the catecholamines 

in the brain and CRF expression. These findings suggest that the hyperactivity occurring in the 

common pathway of the brain promotes both insomnia as well as the overconsumption of high 

energy foods which induces abdominal fat deposition leading to obesity.129 

5.2.2. Obstructive sleep apnea and Obesity 

Obstructive sleep apnea (OSA) is a common disorder which is caused by periodic partial or 

complete obstruction of the pharynx during sleep. The prevalence rate of OSA is 2-4% in middle-

aged adults and nearly 50% of the obese population. OSA is often associated with several co-morbid 

conditions such as excessive daytime sleepiness, hypertension, cardiovascular disease, metabolic 

disorders, and obesity.130 The pathogenesis of OSA is multifactorial and complex, thus it is a 

compelling area of research. One of the major pathophysiological reason of OSA is the upper body 

obesity, which causes both decreased lung volumes and thus a reduced stabilizing effect on 

pharyngeal walls as well as lateral fat deposits in the neck. The hypertrophied pharyngeal walls and 

pharyngeal mucosal edema which narrows the lumen of the pharynx, predispose to OSA.131 The 

collapse of the pharynx leads to recurring hypopnea and apnea associated with arterial oxygen 

desaturation and arousal from sleep with consequent sleep fragmentation. Till date, there is no 

clinically established effective pharmacotherapy for OSA. Decoding of the pathogenesis of the 

disease is essential for successful development of a drug. There are four key pathophysiological 

mechanisms of OSA: narrowed upper airway, inadequate upper respiratory dilator muscles specially 

during sleep, lower arousal threshold, and oversensitive ventilatory control. Anatomic 

predisposition is a crucial pathophysiological factor which triggers OSA and it is accompanied with 

poor or faulty neuromuscular regulation to compensate adequately for compromised pharyngeal 

patency during sleep.132  

Epidemiological studies suggest OSA and obesity are strongly associated, and based on the BMI 

status, Malhotra et al. found that more than 70% of people with OSA had co-morbidity of clinically 

defined obesity.133 An association between OSA and obesity has been noted with change impacting 

the Apnea-Hypopnea Index, a measure of OSA severity.130 The explanations of underpinning the 

connection between obesity and OSA are ever evolving and crosstalk between obesity and OSA exists 

as both influences each other. Obesity influences the neuromuscular control of the upper respiratory 

pathway and adipokine production which enhances the development and severity of OSA.134 Various 

vital cytokines related to obesity, especially leptin, restrict the neuromuscular regulation of upper 

airways leading to compromised respiratory drive.135 Accumulation of fat in the thoracic and neck 

region, can also induce the occurrence of OSA.135 Finally, OSA can disrupt the energy intake and 

expenditure balance thus, leading to an increase in overall body weight.134 

5.2.3. Restless leg syndrome (RLS) and obesity 

RLS is a sensorimotor disorder with uncontrollable movement of legs triggered by the persistent 

sensation in the legs, which can interrupt sleep patterns .136, 137 The severity of RLS can vary from mild 

sensation in the legs to severe pain and restriction of movement. RLS at a severe level can impact 

several activities of daily living.138, 139 Besides these, the comorbid conditions along with RLS are 

delayed sleep onset, interrupted sleep, reduced total sleep time, and compromised slow-wave sleep. 

The underlying pathophysiology of RLS is not clear. The primary causes of RLS are believed to be 

dopaminergic and iron metabolism dysfunction as treatment based on these two agents have shown 

variable success in RLS treatment.139 
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Several cross-sectional studies have examined the relationship between RLS and obesity.140, 141 

Thus, establishing a cause-effect relationship between the two is difficult however, a small yet 

significant relationship between RLS and obesity exists.141, 142 Furthermore, a significantly greater BMI 

in persons with RLS and obesity versus those individuals who were non-obese and have no history 

of RLS has been observed.143 Dopaminergic hypofunction in the central nervous system (CNS) is 

believed to have a crucial role in disease pathophysiology. Thus, environmental factors, which affect 

CNS dopaminergic status, may have a role in RLS. Exploring potential associations between these 

dopamine-related factors and RLS risk could not only improve our understanding of RLS 

pathogenesis but also provide a practical method for RLS prevention. Obese persons have decreased 

dopamine D2 receptor availability in the brain and could thus be at increased risk of RLS.144 Besides 

this, those suffering from cardiovascular diseases are at higher risk of both obesity and RLS, based 

on this it has been suggested that vascular pathology may contribute to RLS.127 However, the 

relationship between obesity and RLS remains uncertain and valid data to assess this hypothesis are 

limited.  

5.2.4. Narcolepsy and Obesity 

Narcolepsy refers to an acquired syndrome impacting approximately 1 in 2500 people. It is 

characterized by excessive daytime sleepiness, disturbed sleep at night, and REM sleep associated 

with cataplexy, sleep paralysis, and hallucinations.145, 146 Furthermore, , instability of wake-sleep state, 

impacted onset of REM periods and and disrupted nocturnal sleep are documented.147 The 

neuropeptide hypocretin which is also known as orexin, is critical in promoting wakefulness. 

Hypocretin-1 is a key modulator of wakefulness, REM sleep and locomotor activity through its 

actions on aminergic cells including dopamine, norepinephrine, histamine, serotonin, and other 

neurons.148 In humans, low or undetectable levels of hypocretin have been reported in 95% of patients 

with narcolepsy and cataplexy.149 Narcolepsy has been categorized into narcolepsy type I (previously 

called narcolepsy with cataplexy) and narcolepsy type II (narcolepsy without cataplexy), to 

incorporate the evolving understanding that the absence of a functional hypocretin system is a 

fundamental piece of the type I disorder.150 Patients with narcolepsy have an increased risk of 

associated sleep disorders including REM sleep behavior disorder, periodic limb movements, vivid 

dreams, and nightmares.151 

Research work done on narcolepsy infers that insufficient sleep is often linked with obesity. The 

role of the neuropeptide hypocretin which is also known as orexin, is crucial in inducing 

wakefulness.152 Observational studies,150, 151 further suggests the idea that sleep disruption enforces 

hormonal signals which induce excessive food intake resulting in obesity. Gleadhill et al. observed 

that a period as short as two weeks of sleep disturbance along with abnormal feeding behavior is 

sufficient to elicit the ghrelin levels.153 The early morning measurement of ghrelin level is associated 

to be higher in response to even acute sleep disturbance,154 however, there are few contrasting 

findings.155 These experimental findings suggest that sleep disruption can induce lower leptin and 

higher ghrelin level,152 as the neuroendocrine response to the restricted energy consumption.156 

Weight loss is an effective treatment for sleep disorders; however, there is a high degree of 

variability in improvements in the nature of sleep disorders.106, 157 Apart from diet therapy, physical 

exercise, and lifestyle modifications, pharmacotherapy to obesity management is an effective tool.101 

The sustainability of weight loss achieved through lifestyle modifications alone is often minimal and 

inconsistent.103 Furthermore, restricted caloric intake by modifying the diet and increased energy 

expenditure through strict physical exercises are countered by metabolic adaptations which increase 

appetite rather than consuming the stored energy by slowing down the resting metabolism leading 

to weight gain.43, 158 

5.3. Regular exercise and healthy sleep hygiene 

Regular exercise not only increases the sleep quality but also leads to the decrease in total body 

fat, ultimately helping in obesity. Elevated cortisol level and low growth hormones are hallmarks of 

sleep deprivation which has a relation with obesity. Improper sleep hygiene is also associated with 
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altered metabolism of food which results in gain of weight. New research findings from John Hopkins 

group proved that change in diet plan alone or proper diet with regular exercise results in better sleep 

quality and helps in weight loss too. Studies also indicated that 30 minutes of daily exercise aids in 

significant reduction in weight and also improves sleep hygiene. Sleep hygiene means practicing the 

habits which help in good sleep. The combination of regular exercise, proper diet plan and good sleep 

practices (healthy sleep-wake cycle) can be a key for the weight loss in the obese individuals. Hence, 

in addition to the different pharmacological interventions, these are some organic ways to treat 

obesity.  

6. Conclusion and future perspectives  

The cross-sectional nature of the published research makes it difficult to conclude whether it is 

the sleep disorders contributing to obesity, or obesity contributing to sleep disorders. Further 

research, with large sample sizes and precise controls for confounding factors are needed. Most 

concessed explanation isa combination of worsening sleep habits and body adiposity. Reduction in 

sleep induces energy expenditure, weight regulation and neuroendocrinal and metabolic control. 

Reduction in sleep quality and duration are observed in healthy individuals across varying age and 

gender and in patients with medical conditions such as type 1 diabetes. Sleep disturbances and sleep 

deprivation does appear to have a relationship with the development of or exacerbation of body 

adiposity or vice versa. There is evidence suggesting regular exercise and modified lifestyle can 

improve sleep disorders. Maintaining energy homeostasis through a physically active lifestyle can be 

a long-term and an efficient option for the intervention of obesity and sleep disorders. The 

randomized controlled trials using longitudinal research will further explore the relationship 

between obesity and sleep disorders. Co-occurrence of overall and abdominal adiposity can increase 

the risk of RLS. Further prospective studies are warranted to clarify the causative association between 

obesity and the risk of developing RLS like sleep disorders. The development, maintenance, and 

severity of various sleep disorders are induced by obesity. The understanding of the theoretical 

framework underlying the relationship between obesity and sleep disorders is necessitated to 

formulate and design the effective interventional options. The weight reductions using various 

means are considered as a rationalized strategy to control sleep and other related symptoms. Anti-

obesity pharmacotherapy is one of the vital strategies to counter the adaptive changes in appetite and 

energy expenditure in response to the environmental change and there is sufficient evidence for it. 

However, the plateau in outcome after some interval and undesired side effects are two major 

challenges. Conclusively, current anti-obesity pharmacotherapies are often underutilized, 

cumbersome, costly, or associated with residual symptoms. 

Combination drugs are one of the recent approaches in anti-obesity pharmacotherapy, which 

has significant success. In this approach multiple pathways are targeted simultaneously, to have an 

additive or synergistic effect on body weight. Based on the initial success of phentermine/topiramate 

ER and naltrexone SR/bupropion SR, other combinations are under investigation for clinical usage, 

including phentermine/lorcaserin and phentermine/canagliflozin. Stepwise approach is another 

strategy in which rather than initiating two or more drugs at the same time, another drug is 

introduced when weight reduction curve reaches to the plateau. Pharmacotherapy along with 

bariatric surgery has got momentum in recent times; it may also be effective in maintaining body 

weight post bariatric surgery. It is also assumed that the optimal time for imitation of anti-obesity 

pharmacotherapy is the time when a person has low weight rather than peak weight. Moreover, the 

combination of anti-obesity pharmacotherapy along with endoscopic procedures and devices is 

another area that has withdrawn attention of the researchers and it needs further investigation. 

Combination therapies has shown encouraging outcomes in the management of chronic diseases159, 

including common conditions such as diabetes and hypertension, and are especially effective for 

pathologic states where multiple regulatory mechanisms may contribute to the development or 

maintenance of disease. Moreover, recent advancements in technology based intervention is 

benefiting comorbid issues along with sleep disturbances.160, 161 
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The overall efficacy of the pharmacotherapy approaches needs further investigation to ensure 

long-term and stable success. There is an evident need for more work from animal models, which 

specifically aims to describe the pathogenesis of sleep disorders in more detail to define a target for 

a drug. Drugs need to be developed that specifically address the defined targets e.g., increase the 

activity of the pharyngeal dilator muscles without disrupting sleep and/or increase inhibitory action 

of the pharyngeal constrictor mechanism.162,163 The development of such specific drugs is necessary 

to produce a solid basis for clinical trials in humans with high chances of success.  
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