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Abstract 

Sleep disturbances and circadian rhythm disruption in children and adolescents represent a 

growing public health concern and are increasingly linked to the development of metabolic 

disorders. Adolescence is characterized by a physiological delay in chronotype which, when 

combined with social pressures and increasing evening exposure to blue light, promotes 
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desynchronization of the biological clock and the phenomenon of social jetlag. The aim of this 

paper was to discuss the mechanisms through which circadian rhythm disturbances and sleep 

deprivation affect glucose metabolism and the risk of insulin resistance in adolescents. 

Particular attention is given to the role of melatonin and its receptors, activation of the 

hypothalamic-pituitary-adrenal axis, chronic low-grade inflammation, dysregulation of clock 

gene expression, alterations in the gut-brain axis, reduced adiponectin levels, and decreased 

non-exercise activity thermogenesis (NEAT). The significance of chrononutrition and 

peripheral clock misalignment in the pathogenesis of metabolic jetlag is also addressed. The 

available evidence indicates that sleep and circadian rhythm disturbances, exacerbated by 

exposure to blue light, constitute an important and potentially modifiable risk factor for the 

development of insulin resistance, overweight and obesity during childhood and adolescence. 

 

 

 

 

Introduction 

The circadian rhythm is an endogenous biological cycle lasting approximately 24 hours that 

regulates most physiological and behavioral processes of the organism, including the sleep-

wake cycle, body temperature, hormone secretion and metabolism. The central biological clock 

is located in the suprachiasmatic nucleus (SCN) of the hypothalamus and its proper functioning 

requires continuous synchronization with the external environment [1, 2]. Environmental cues 

that set the phase of the biological clock are referred to as zeitgebers [3], the most powerful of 

which is light, acting through the retinohypothalamic pathway [3]. Light signals reaching the 

SCN regulate the timing of melatonin secretion in the pineal gland, thereby synchronizing the 

sleep-wake cycle with the day-night cycle [3]. 

Keywords: circadian rhythm, blue light, sleep deprivation, circadian misalignment, insulin 

resistance 
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Light with a short wavelength in the blue spectrum (approximately 460-480 nm) is particularly 

important for the circadian system, as it most strongly suppresses nocturnal melatonin secretion 

[4-6]. Experimental studies have demonstrated that, at the same light intensity, blue light 

induces stronger suppression of melatonin secretion and greater phase shifts of the circadian 

rhythm than light of longer wavelengths [1, 6]. At the retinal level, a key role in this process is 

played by intrinsically photosensitive retinal ganglion cells (ipRGCs) containing melanopsin, 

which primarily mediate non-visual functions, including circadian rhythm regulation and 

melatonin secretion [1, 4]. 

Modern electronic devices such as smartphones, tablets, and laptops, emit substantial amounts 

of light within this wavelength range. Studies have shown that even several hours of evening 

exposure to blue light leads to a delay in circadian phase, a reduction in melatonin levels and a 

shift toward later sleep onset [1, 7]. Under conditions typical of electronic device use, as little 

as 2-3 hours of evening exposure to screen light can result in a significant delay in melatonin 

secretion and a shift of the circadian rhythm toward a later phase [4, 7]. The sensitivity of the 

circadian system to blue light also depends on prior exposure to daytime light - insufficient light 

exposure during the day may increase vulnerability to evening screen light and amplify its 

circadian-disrupting effects [6]. At the same time, recent years have seen a marked increase in 

screen time among children and adolescents. Most studies confirm an association between the 

use of electronic devices (smartphones, tablets, laptops), particularly in the evening, and later 

bedtimes as well as a reduction in total sleep duration [8]. Importantly, high levels of screen 

exposure are also often associated with a limitation of other health-promoting behaviors, such 

as physical activity and regular sleep hygiene practices [(9)].  

Adolescence represents a particularly sensitive period from a chronobiological perspective. 

During puberty, a physiological delay of the circadian rhythm occurs, with a shift of melatonin 

secretion to later evening hours, which promotes later sleep onset and wake times [10]. This 

phenomenon is described as a ,,delayed adolescent chronotype” and is associated with a higher 

prevalence of disorders from the delayed sleep-wake phase disorder (DSWPD) spectrum among 

adolescents [10, 11]. Studies indicate that, in adolescents, the same dose of blue light induces 

stronger melatonin suppression and a greater phase shift of the circadian rhythm than in adults, 

further exacerbating the physiological circadian delay observed during pubertal development 

[6, 12, 13]. At the same time, modern school systems impose early start times, leading to a 

mismatch between adolescents’ physiological sleep rhythms and actual daily schedules. This 
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discrepancy is referred to as ,,social jetlag,” defined as the difference between sleep and wake 

times on school days versus free days. It is estimated that approximately half of adolescents 

experience clinically significant social jetlag, with differences of several hours between 

weekday and weekend sleep timing [14]. Evening exposure to blue light further intensifies 

circadian delay and exacerbates social jetlag. Evidence indicates that a later chronotype and 

greater social jetlag are associated with an unfavorable metabolic profile and weight gain [11, 

15]. 

The COVID-19 pandemic further aggravated this problem. The introduction of remote learning, 

restrictions on out-of-home activities, and the shift of much of social life to the digital 

environment led to a significant increase in screen time, often extending into late night hours, 

resulting in reduced sleep duration and poorer sleep quality among adolescents [17]. 

Aim of the work  

Circadian rhythm disturbances in adolescents have consequences that extend beyond sleep itself. 

An increasing body of evidence links these disturbances to adverse metabolic changes, 

including insulin resistance, obesity and metabolic syndrome [10]. In the context of growing 

exposure to blue light, understanding the mechanisms linking circadian rhythm disruption with 

metabolism becomes particularly important. The aim of this paper is to discuss these 

relationships, with special emphasis on the role of blue light in modulating circadian rhythms 

in adolescents. 

Methods 

The literature search strategy was conducted using the PubMed database based on a 

combination of keywords: circadian rhythm, blue light, sleep deprivation, circadian 

misalignment, insulin resistance.  Additionally, references from selected publications were 

reviewed to identify related studies. After analyzing titles and abstracts, incomplete articles and 

those not directly related to the impact of circadian rhythm disturbances on metabolism in 

adolescents were excluded. The final analysis included 42 publications that met the inclusion 

criteria. 

Literature review results 
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The impact of sleep and circadian rhythm disturbances on glucose homeostasis and 

metabolism 

Desynchronization of the circadian rhythm resulting from evening exposure to blue light, 

irregular sleep schedules and so-called social jet lag leads in adolescents to a reduction in total 

sleep duration, deterioration of sleep quality, increased sleep fragmentation, and a decreased 

proportion of deep and rapid eye movement (REM) sleep [18]. Experimental models of 

circadian misalignment indicate that a shift of the biological rhythm relative to the day-night 

cycle, in itself, even when sleep duration is preserved, increases daytime sleepiness and impairs 

the restorative function of sleep [19, 20]. In adolescents, who physiologically exhibit a delayed 

chronotype, blue light further shifts melatonin secretion to later hours, promoting even later 

sleep onset and chronic sleep deprivation on school days [1, 12]. Numerous randomized 

controlled trials (RCTs) conducted both in adult populations [21, 22] and in children and 

adolescents [23] have demonstrated that experimental sleep restriction, even by only a few 

hours per day, leads to impaired insulin sensitivity, reflected by an increase in HOMA-IR 

(homeostatic model assessment for insulin resistance), a decrease in the Matsuda index or 

worsened results of the euglycemic clamp [21, 22, 23] and also promotes weight gain and 

obesity [24, 25]. Conversely, sleep extension in RCTs has been associated with improvement 

in these parameters [26]. As demonstrated in the study by Dutil et al., even modest but 

systematic sleep extension (+1 hour per night for one week) may reverse insulin resistance in 

high-risk adolescents [23].  

Sleep and circadian rhythm disturbances lead to the development of insulin resistance through 

several coexisting mechanisms. Sleep restriction acts as a chronic stressor, resulting in 

activation of the hypothalamic-pituitary-adrenal axis and the sympathetic nervous system. This 

leads to increased levels of cortisol and catecholamines, enhanced hepatic gluconeogenesis and 

increased lipolysis in adipose tissue, resulting in greater release of free fatty acids (FFAs) [19]. 

Elevated FFA levels impair insulin signaling in skeletal muscle and the liver, thereby promoting 

the development of insulin resistance [19]. Concurrently, sleep deprivation and circadian 

rhythm desynchronization promote the development of chronic low-grade inflammation. These 

processes lead to increased concentrations of pro-inflammatory cytokines (IL-6, TNF-α) and 

C-reactive protein (CRP) [25, 27]. These cytokines disrupt insulin signaling, among others, 

through serine phosphorylation of IRS-1 (insulin receptor substrate 1) and activation of the JNK 
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(c-Jun N-terminal kinases)/NF-κB (nuclear factor kappa-light-chain-enhancer of activated B 

cells) pathways in adipose tissue, skeletal muscle and the liver. Study results indicate that 

circadian rhythm shifts exacerbate increases in inflammatory markers to a greater extent than 

sleep restriction alone [25, 27]. Sleep restriction also impairs the hormonal regulation of 

appetite, resulting in decreased leptin levels (the satiety hormone) and increased ghrelin levels 

(the hunger hormone), which translates into increased appetite, particularly for high-calorie 

foods rich in fat and simple sugars [28]. These changes promote a positive energy balance and 

increase the risk of obesity and insulin resistance [18, 27]. In recent years, the concept of 

chrononutrition has emerged, proposing that metabolic health depends not only on what we eat, 

but also on when we eat. The central clock in the SCN is primarily synchronized by light, 

whereas peripheral clocks in metabolic organs (the liver, pancreas, adipose tissue, and skeletal 

muscle) are largely synchronized by the timing of food intake [29]. Available studies show that 

consuming most daily calories in the morning and early part of the day, when insulin sensitivity 

and glucose tolerance are physiologically higher, is associated with a more favorable metabolic 

profile. In contrast, late eating and nighttime snacking, intensified by prolonged wakefulness 

due to evening blue light exposure, lead to so-called metabolic jet lag, a condition in which 

metabolic clocks are forced to process nutrients outside the physiologically optimal ,,window” 

of activity [29, 30]. This results in impaired glucose tolerance and higher postprandial 

insulinemia [29, 30]. Studies in pediatric populations have shown that a late distribution of 

energy intake correlates with a higher risk of insulin resistance (higher HOMA-IR) and an 

unfavorable lipid profile [31].  

Melatonin has traditionally been associated with the regulation of sleep and circadian rhythms, 

however, an increasing body of evidence indicates that it also plays key metabolic and 

cytoprotective roles [32]. Melatonin receptors MT1 and MT2 are located not only in the central 

nervous system but also in numerous peripheral tissues, including the pancreas, liver, heart, 

adipose tissue and vascular walls [32, 33]. Through MT1 and MT2 receptors expressed on 

pancreatic β-cells, melatonin modulates the circadian pattern of insulin secretion. At night, it 

exerts an inhibitory effect on insulin release, which is consistent with the physiological 

reduction of food intake during darkness and constitutes a protective mechanism against 

nocturnal hypoglycemia [33]. Disturbances in the melatonin rhythm may lead to an 

inappropriate alignment of peak insulin secretion with meal timing [33]. Evening exposure to 

blue light shortens and flattens the nocturnal melatonin profile, resulting in desynchronization 
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of the pancreatic clock from the central SCN, impaired postprandial insulin responses and 

promotion of insulin resistance [33, 34]. Experimental studies also suggest that melatonin 

influences the expression of clock genes in pancreatic islets and the liver and, through its 

antioxidant and anti-inflammatory properties, may protect β-cells from damage in the course of 

diabetes [32].  

At the molecular level, the circadian rhythm is generated by the cyclic expression of clock genes 

CLOCK, BMAL1, PER1-3, and CRY1-2 in SCN and in peripheral tissues [34]. Sleep 

deprivation and chronic circadian desynchronization lead to disruption of clock gene expression 

both in the SCN and in peripheral tissues, resulting in dysregulation of the transcription of 

numerous downstream genes involved in glucose and lipid metabolism as well as inflammatory 

processes [20, 35]. Because many enzymes critical for carbohydrate metabolism (e.g., hepatic 

kinases and glucose transporters) are under circadian control, alterations in clock gene 

expression may further exacerbate sleep-loss-induced insulin resistance [34].  

The literature also highlights the involvement of the gut-brain axis as a potential intermediary 

mechanism linking sleep disturbances with the development of insulin resistance. Animal 

models have shown that chronic sleep fragmentation leads to alterations in gut microbiota 

composition, increased intestinal barrier permeability, endotoxemia and adipose tissue 

inflammation, thereby promoting insulin resistance [36]. In human studies, short-term sleep 

restriction has likewise been associated with changes in the gut microbiota profile and 

deterioration of insulin sensitivity indices [36].  

Another potential mechanism linking sleep disturbances with insulin resistance involves 

adiponectin [37]. Adiponectin is an adipokine produced mainly by adipocytes, characterized by 

strong anti-inflammatory and insulin-sensitizing effects. Low adiponectin levels are 

consistently associated with insulin resistance, type 2 diabetes and metabolic syndrome in both 

cross-sectional and prospective studies [37]. Pediatric studies have demonstrated that sleep 

restriction and circadian rhythm disturbances reduce adiponectin levels and lead to increased 

insulin concentrations and higher HOMA-IR values [38]. Data from adult populations confirm 

that sleep restriction can lower adiponectin levels independently of body weight, suggesting 

that sleep is an independent modulator of this adipokine [39]. Mechanistically, reduced 

adiponectin levels following sleep restriction and circadian desynchronization may promote 

insulin resistance through:  

- decreased activation of AMPK (5'AMP-activated protein kinase) and PPAR-α (peroxisome 
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proliferator-activated receptor alpha) in skeletal muscle and the liver, leading to reduced fatty 

acid oxidation, intracellular lipid accumulation and impaired insulin signaling [40] 

- weaker inhibition of hepatic gluconeogenesis, resulting in increased hepatic glucose 

production and elevated fasting glycemia [40] 

- loss of the anti-inflammatory effects of adiponectin, which enhances low-grade inflammation 

in adipose tissue and the endothelium and further worsens insulin sensitivity [40]. 

Sleep deficiency in children and adolescents leads to increased daytime sleepiness, fatigue, and 

reduced spontaneous physical activity, resulting in a decrease in non-exercise activity 

thermogenesis (NEAT), which encompasses all activity not related to sleep, eating or planned 

exercise [41]. Observational and experimental studies have shown that individuals with short 

sleep duration exhibit lower levels of spontaneous daytime activity and spend more time in 

sedentary behaviors, promoting a positive energy balance even without changes in caloric 

intake [42]. In adolescents, sleep deficiency is additionally associated with increased screen 

time and further reductions in NEAT. Decreased spontaneous physical activity promotes weight 

gain, increased visceral adipose tissue accumulation and secondary exacerbation of insulin 

resistance [42]. 

Sleep disturbances and circadian rhythm desynchronization, exacerbated by evening exposure 

to blue light, affect carbohydrate metabolism through multiple pathways: activation of the stress 

axis, chronic inflammation, disruption of hormonal appetite regulation, dysregulation of the 

pancreatic clock and clock genes, modification of the gut microbiota, reduction in adiponectin 

levels and decreased spontaneous physical activity (NEAT). The combined action of these 

mechanisms promotes the development of insulin resistance, overweight, and obesity in 

children and adolescents (Figure 1).  
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Figure 1. 

Illustration of the bidirectional relationship between the circadian system and metabolic 

regulation. It emphasizes how feeding behavior and light exposure interact with the master 

clock in the SCN and peripheral clocks in metabolic tissues [32]. 

Figure reproduced under the Creative Commons CC BY license. 
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Conclusions  

Sleep disturbances and circadian rhythm disruption in adolescents exert a significant, 

multidirectional impact on carbohydrate metabolism and overall metabolic health. The 

physiological delay of the adolescent chronotype, exacerbated by evening exposure to blue light 

and misalignment between the biological clock and social schedules, promotes chronic 

circadian desynchronization. This, in turn, leads to activation of the stress axis, low-grade 

chronic inflammation, disturbances in the hormonal regulation of appetite, dysregulation of 

clock gene expression, impaired synchronization of the pancreatic clock, alterations in the gut 

microbiota, and reduced adiponectin levels. In addition, sleep deprivation results in decreased 

spontaneous physical activity, favoring a positive energy balance. The combined effects of 

these mechanisms increase the risk of insulin resistance, overweight, and obesity in children 

and adolescents. Available evidence suggests that interventions aimed at improving circadian 

synchronization, including limiting evening exposure to blue light, optimizing sleep duration 

and timing, and incorporating principles of chrononutrition, may represent an important 

component of preventive and therapeutic strategies in this age group. 
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