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ABSTRACT
Background:  Sleep disorders—including sleep deprivation, obstructive sleep apnea 
(OSA), and circadian rhythm disruption—and metabolic diseases such as obesity and 
type 2 diabetes represent major, interconnected public health challenges. This review 
aims to synthesize current evidence on the bidirectional crosstalk between these 
conditions, with a focus on the mediating role of dysregulated adipokine secretion.
Discussion:  We elaborate a mechanistic framework wherein specific sleep disturbances 
disrupt circadian rhythms and alter the secretory profiles of key adipokines, including 
leptin, adiponectin, interleukin-6 (IL-6), and angiopoietin-like protein 4 (ANGPTL4). Sleep 
deprivation and fragmentation promote a state of leptin dysregulation and reduce 
adiponectin levels, while OSA-driven intermittent hypoxia potently upregulates IL-6 and 
ANGPTL4. These alterations collectively contribute to insulin resistance, dyslipidemia, 
and chronic low-grade inflammation, thereby elevating metabolic disease risk. 
Conversely, obesity and diabetes exacerbate sleep disorders through pathways involving 
visceral adiposity, neuroendocrine dysfunction (e.g. HPA-axis activation), and 
diabetes-related symptoms (e.g. nocturia, neuropathic pain), forming a vicious cycle. 
Clinical and preclinical evidence underscores that the synchronization of sleep-circadian 
biology is fundamental to maintaining adipokine homeostasis and metabolic health.
Conclusion:  The evidence positions sleep and circadian health as critical, modifiable 
determinants of metabolic risk. Integrating sleep assessment and evidence-based 
interventions (e.g. CPAP for OSA, sleep extension, circadian realignment) into standard 
preventive and clinical frameworks for metabolic diseases is a promising strategy. Public 
health initiatives should elevate ‘quality sleep’ as a pillar of health alongside nutrition 
and physical activity to mitigate the intertwined epidemics of metabolic and sleep 
disorders.

KEY MESSAGES
1.	 Sleep disorders and metabolic diseases engage in a vicious cycle mediated by the 

dysregulation of key adipokines (leptin, adiponectin, IL-6, and ANGPTL4), which 
disrupts circadian rhythms and promotes insulin resistance, inflammation, and 
dyslipidemia.

2.	 Adipokine profiling offers a novel mechanistic framework for understanding 
metabolic risk and serves as a potential early biomarker for individuals with sleep 
disturbances such as insomnia and obstructive sleep apnea.

3.	 Integrating sleep assessment and targeted interventions into routine metabolic 
care represents a promising and cost-effective public health strategy to break this 
cycle and reduce the global burden of obesity and type 2 diabetes.

STATEMENT OF SIGNIFICANCE
This review reveals a critical bidirectional relationship between sleep disorders and 
metabolic diseases mediated by dysregulated adipokine secretion. It proposes an 
innovative mechanistic framework elucidating how sleep disturbances lead to insulin 
resistance, dyslipidemia, and obesity—conditions that further impair sleep quality, 

© 2026 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

CONTACT Yuyan Zhao  zhaoyybox@163.com  Department of Endocrinology, The First Hospital of China Medical University, Shenyang 
110001, People’s Republic of China
#First Affiliated Hospital of China Medical University, Shenyang 110001, China.

https://doi.org/10.1080/07853890.2026.2699560

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms 
on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 19 December 
2025
Accepted 1 June 2026

KEYWORDS
Sleep disorders; 
adipokines; leptin 
dysregulation; 
adiponectin; metabolic 
diseases

http://orcid.org/0009-0007-1964-9503
http://orcid.org/0000-0002-4944-9859
mailto:zhaoyybox@163.com
https://doi.org/10.1080/07853890.2026.2699560
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/07853890.2026.2699560&domain=pdf&date_stamp=2026-7-9


2 P. SHI ET AL.

creating a vicious cycle. A critical knowledge gap currently exists regarding therapeutic 
interventions targeting circadian rhythm-adipokine interactions. This study underscores 
the importance of integrating sleep health into public health strategies and highlights 
adipokines as early biomarkers of metabolic risk. Translational research should prioritize 
sleep interventions to reduce the burden of cardiovascular and metabolic diseases.

1.  Sleep disorders

1.1.  Overview of sleep disorders

Sleep is a physiological process that can relieve fatigue and improve body function. It plays an important 
role in the normal operation of various physiological processes of the human body, and therefore is the 
basis for ensuring overall health [1]. According to the statistics of the National Sleep Foundation, the 
recommended sleep time for adults is 7 to 9 h. However, in recent decades, the incidence of sleep dis-
orders has increased and become more common due to social and lifestyle pressures. This is likely to 
become a global challenge, hence causes a significant burden on individuals, families, and society.

Sleep disorders can interfere with the body’s normal circadian rhythm. In addition, long-term sleep 
disorders will have a negative impact on physical health. For example, they can lead to neurological and 
behavioral diseases [2], cardiovascular and metabolic diseases, obesity, diabetes [3], and Alzheimer’s dis-
ease [4].

In clinical practice and research, sleep disorders cover a range of diseases with different pathophysio-
logical mechanisms. For the purpose of this review, we focus on metabolic interactions and highlight 
several common forms most often associated with adverse metabolic outcomes. Insomnia disorder is 
characterized by continuous difficulty in falling asleep or maintaining sleep. Even if there is sufficient 
sleep opportunities, it often leads to short chronic sleep time or inability to recover energy during sleep. 
Obstructive sleep apnea (OSA) is a major form of sleep-related respiratory disorders, which is defined as 
repeated attacks of partial or complete obstruction of the upper airway during sleep, leading to inter-
mittent hypoxia, sleep fragmentation and autonomic nerve fluctuations. Another important category 
associated with metabolic disorders is circadian rhythmic sleep-awake disorders, such as disorders caused 
by shift work or social jet lag, in which the mismatch between the internal biological clock and the 
external environment/behavioral cycle can destroy the time and continuity of sleep. In addition, specific 
diseases such as paroxysmal sleeping sickness, whose core characteristics include excessive daytime leth-
argy, sudden fall and abnormal regulation of rapid eye movement sleep, have also been found to be 
related to metabolic changes. It is important to note that these conditions often co-exist and share 
common pathways influencing systemic metabolism [5]. Circadian disruption can be quantified in clinical 
settings using several metrics, including: shift work exposure (duration and intensity of night work), 
social jetlag (the difference in sleep timing between workdays and free days), chronotype 
(morningness-eveningness preference), light at night exposure (duration and intensity of artificial light) 
and meal timing variability. These factors are potentially modifiable targets for circadian-based interven-
tions aimed at preventing metabolic disease.

Sleep disorders arise from a complex interplay of environmental, behavioural, and physiological fac-
tors. Societal environmental factors, such as shift work schedules, are critical as they induce chronic cir-
cadian rhythm disruption by forcing alterations to sleep-wake patterns. Personal behavioral habits, like 
excessive evening exposure to artificial light from electronic devices, delay sleep onset and suppress 
endogenous melatonin secretion, further disrupting circadian rhythms. Furthermore, increased psychoso-
cial stress and the use of certain psychoactive substances such as caffeine and nicotine, significantly 
impair sleep architecture and continuity [6].

1.2.  Bidirectional pathological relationship between sleep disorders and obesity

Obesity is a major global public health issue. Current efforts to mitigate obesity and its related metabolic 
diseases (such as type 2 diabetes and metabolic associated steatotic liver disease) consider mainly the 
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traditional risk factors, like excessive energy intake and inadequate physical activity. However, such tra-
ditional risk factors alone cannot fully explain the continuous increase of global obesity rates over the 
past few decades conclusively [7]. For the past two decades, sleep disorders and circadian misalignment 
have been increasingly recognized by the scientific community as important, yet interrelated, risk factors 
contributing to the development and progression of obesity and related metabolic diseases [8].

Sleep disorders can lead to circadian rhythm disorders, thus interfering with the normal secretion of 
hormones that control energy metabolism and appetite [9]. Circadian rhythm disorder is a state of 
desynchronisation between the body’s internal biological rhythms and external environmental factors 
like light exposure or feeding cycle. This is normally, characterised by abnormal energy intake, activity, 
and wakefulness at night when one should be asleep. On one hand, circadian rhythm disruption can 
cause neuroendocrine disorders, resulting in increased ghrelin levels and decreased leptin levels thus 
enhancing hunger and driving an energy surplus [10]; On the other hand, it can trigger disturbances in 
the substrate metabolic rhythms. Physiologically, lipid oxidation predominates at night, while carbohy-
drate oxidation is most pronounced during the day. Diurnal rhythm disorders, such as shift work or 
irregular sleep-awake patterns, can disrupt the normal metabolic processes associated with day and 
night. Typically, carbohydrate oxidation is predominant during active periods, while lipid oxidation rises 
during rest. Both animal and human studies indicate that misalignment of biorhythms can diminish peak 
carbohydrate oxidation during the day, leading to a shift in fuel utilization towards lipids. This shift is 
evidenced by lower respiratory quotients [11]. This metabolic inflexibility may promote the development 
of insulin resistance and favor fat storage over time [12]. However, we should acknowledge that these 
metabolic changes are influenced by concurrent alterations in food intake timing and composition driven 
by the disrupted circadian system. Research has demonstrated that when the human body is in a state 
of sleep disturbance, energy expenditure increases. Similarly, ad libitum food intake increased signifi-
cantly, leading to a positive energy balance, particularly postprandial carbohydrate intake, causing posi-
tive energy balance and subsequent weight gain. A strictly controlled hospitalised trial (n = 12) revealed 
that while sleep disorders increase daily energy expenditure slightly, excessive food intake compensates 
for this. As a result, there is a positive energy balance, significant weight gain, increased visceral fat [13].

Obesity impacts sleep in various ways, for instance, visceral fat accumulation and increased neck cir-
cumference exacerbate the risk of OSAS [14] and abnormal secretion of adipokines by visceral fat can 
disrupt sleep homeostasis. This is likely to form a vicious cycle of obesity and sleep disorders.

The interconnected pathways linking sleep disturbances to obesity—encompassing neuroendocrine 
dysregulation, disruption of substrate metabolic rhythms, and mechanical factors such as visceral fat 
accumulation—are summarized in Figure 1.

1.3.  Bidirectional pathological relationship between sleep disorders and diabetes

The association between sleep disorders, particularly OSA and sleep deprivation, and impaired glucose 
tolerance or type 2 diabetes is well established, and this relationship is bidirectional. Sleep disorders 
increase insulin resistance and diabetes risk independently, while pre-existing diabetes can exacerbate 
sleep issues through multiple pathways (such as nocturia and neuropathic pain, creating a self-reinforcing 
vicious cycle.

Analyzing the relationship between sleep disorders and impaired glucose metabolism requires careful 
consideration of confounding factors, especially the co-occurrence of obesity and obstructive sleep apnea 
(OSA). Evidence can be stratified based on population characteristics.

In healthy, non-obese individuals, experimental sleep deprivation studies offer the most direct evi-
dence of causality. For instance, a rigorously controlled trial in healthy, lean subjects demonstrated that 
short-term sleep deprivation alone impairs insulin signaling pathways in subcutaneous adipocytes, as 
evidenced by significantly reduced Akt phosphorylation levels. By eliminating the confounding effects of 
obesity and OSA, these studies unequivocally demonstrate that sleep deprivation itself is sufficient to 
impair peripheral insulin sensitivity [15].

In obese individuals without OSA, the effects of sleep disturbances are often intertwined with adipose 
tissue dysfunction. Research in these populations aims to differentiate the independent contributions of 
sleep disruption and obesity to adipokine levels, such as leptin and adiponectin. Although direct 
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evidence in obese patients with insomnia remains scarce, studies on circadian regulation suggest that 
sleep disturbances can disrupt leptin rhythmicity independently of adiposity [16]. Emerging evidence 
indicates that disrupting the molecular clock within leptin-sensitive cells affects leptin sensitivity in a 
time-dependent manner, potentially contributing to metabolic dysregulation even when absolute leptin 
levels are confounded by obesity [17]. These findings support the idea that sleep fragmentation and 
circadian misalignment may have direct metabolic effects beyond those attributable to excess adipos-
ity alone.

In patients with OSA, regardless of obesity status, chronic intermittent hypoxia (CIH) is a primary 
pathophysiological mechanism. Numerous observational studies have confirmed that OSA is an indepen-
dent risk factor for insulin resistance and type 2 diabetes. Within this group, alterations in adipokines, 
such as the significant upregulation of IL-6 and ANGPTL4, correlate directly with the severity of hypoxia, 
forming a distinct ‘hypoxia-adipokine-metabolic dysfunction’ axis [18,19].

Individuals with normal weight who experience insomnia are particularly important for understanding 
the metabolic effects of ‘pure’ sleep disorders. Although direct studies on this group are limited, experi-
mental sleep deprivation research in healthy, non-obese individuals provides indirect evidence that sleep 
deprivation can impair peripheral insulin signaling even without obesity [15]. A meta-analysis of 21  
sleep restriction studies, most of which included healthy, non-obese individuals, consistently showed that 
sleep restriction significantly reduces insulin sensitivity [20]. This strongly suggests that fragmented sleep 
and circadian rhythm disruption pose direct metabolic risks independent of traditional risk factors.

The mechanisms by which sleep disturbances disrupt glucose homeostasis are multifaceted and inter-
connected. One core pathway involves neuroendocrine dysregulation. Sleep deprivation elevates ghrelin 
levels and reduces leptin levels, promoting high-calorie food intake, and it also impairs insulin signaling in 
peripheral tissues. A study involving healthy thin participants (n = 7) demonstrated that insulin treatment 
of the participants’ subcutaneous fat cells resulted in a 30% reduction in Akt phosphorylation levels after 
four consecutive nights of sleep deprivation, indicating impaired signal transmission of the insulin receptor 
substrate [15]. In addition to leptin, sleep deprivation significantly alters ghrelin, a key hormone that pro-
motes appetite, typically leading to elevated levels. This pattern of dysregulation—decreased leptin and 

Figure 1.  The vicious cycle between sleep disturbance and obesity.



Annals of Medicine 5

increased ghrelin—provides a neuroendocrine basis for increased appetite and cravings for high-calorie 
foods following insufficient sleep [10]. From an energy expenditure perspective, indirect calorimetry stud-
ies reveal that while sleep restriction may slightly increase resting metabolic rate, the resulting increase in 
food intake far surpasses this expenditure, ultimately leading to a net positive energy balance and weight 
gain [13]. Mechanistically, hyperinsulinemic-euglycemic clamp studies of sleep-deprived individuals provide 
strong evidence, directly quantifying the degree of impaired insulin sensitivity in the liver and peripheral 
tissues, which supports the conclusion that sleep disorders impair glucose homeostasis [21]. A 2022 sys-
tematic review corroborated previous findings that sleep restriction reduces clamp-measured, whole-body 
insulin sensitivity, suggesting that sleep duration is a modifiable risk factor for insulin resistance [20].

Secondly, systemic low-grade inflammation caused by lack of sleep is also very important. As men-
tioned earlier, sleep disorders – especially chronic intermittent hypoxia caused by obstructive sleep apnea 
(OSA) – can lead to elevated levels of inflammatory mediators such as IL-6, which in turn promote insulin 
resistance by destroying the insulin signaling pathway. In addition, the disorder of the biological clock 
system also plays a key role in this process. Core circadian clock genes regulate the diurnal rhythm of 
glucose metabolism, and behavioral circadian dysregulation caused by shift work, irregular sleep-wake 
schedules, or nighttime eating directly impairs glucose tolerance. Melatonin, as a key circadian output 
signal, exhibits functional genetic variants in its receptor MTNR1B (e.g. rs10830963) that correlate with 
elevated fasting blood glucose and increased risk of type 2 diabetes [22]. A large-scale study indicates 
that individuals with the highest endogenous melatonin secretion have a 42% reduced risk of diabetes 
compared to those with the lowest melatonin levels. This finding underscores the significance of a com-
plete circadian rhythm for metabolic protection [23]. In addition, chronic intermittent hypoxia (CIH) – a 
pathophysiological stimulus unique to OSA – is an independent risk factor for beta cell dysfunction and 
decreased insulin sensitivity. Animal models confirm that CIH exposure can quickly cause impaired glu-
cose tolerance, and some of these metabolic defects are reversible after stopping hypoxia, suggesting 
that early intervention may have potential value [24]. In the end, even in the absence of obvious hypoxia, 
intermittent sleep itself will cause stress in the hypothalamic endoplasmic reticum and upregulate the 
protein tyrosine phosphatase 1B (PTP1B), resulting in loss of leptin dysregulation and satiety. This, in 
turn, promotes weight gain and worsens glucose metabolism [25]. It is worth noting that intervention 
studies aimed at improving sleep (such as prolonged sleep time) provide counter-esubstantiation of this 
causal relationship. Meta-analysis of a number of randomized controlled trials shows that prolonged 
sleep significantly improves insulin sensitivity, further consolidating the evidence basis for sleep duration 
as an adjustable metabolic risk factor [26].

The opposite effect is equally significant. Patients with diabetes often experience interrupted sleep 
due to various disease-related factors. Hyperglycemia can lead to osmotic diuresis, resulting in frequent 
nighttime urination. Additionally, diabetic peripheral neuropathy may cause nocturnal pain or abnormal 
sensations, and treatments aimed at strictly controlling blood sugar can increase the risk of nocturnal 
hypoglycemia, which may lead to awakenings. Collectively, these factors undermine both the continuity 
and quality of sleep.

In summary, sleep disorders and diabetes are closely interconnected through several mechanisms, 
including neuroendocrine factors, inflammation, circadian rhythm disruptions, and oxidative stress. This 
creates a vicious cycle that is challenging to break. Future research should not only delve deeper into 
these molecular mechanisms but also prioritize the significant epidemiological effects of circadian rhythm 
disorders influenced by social behavioral factors, such as shift work. Furthermore, intervention research 
should focus on developing comprehensive sleep and circadian rhythm management strategies tailored 
to these specific populations.

The bidirectional vicious cycle between sleep disorders and diabetes, involving melatonin-mediated 
circadian disruption, impaired insulin signaling, and diabetes-related symptoms that further fragment 
sleep, is illustrated in Figure 2.

2.  Overview of adipokines

In the following discussion, we will integrate evidence from multiple levels to understand the role of 
adipokines in the sleep-metabolism axis. This evidence includes: population-based observational 
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studies that reveal associations; clinical intervention trials, such as those involving CPAP therapy and 
sleep extension, which provide causal indications; and preclinical research using animal and cellular 
models that elucidates molecular mechanisms. Distinguishing between these levels of evidence is crit-
ical for accurately interpreting the translational potential of adipokines as biomarkers or therapeutic 
targets.

Adipose tissue is a dynamic organ with a variety of physiological functions: (1) energy metabolism 
center; as the largest energy reserve of the human body, it maintains energy homeosis through the 
storage and mobilization of triglycerides; (2) active endocrine organs; secrete more than 20 fatty factors, 
such as leptin, adipolin and ANGPTL4, regulating systemic metabolism through endocrine and parasecre-
tory pathways, (3) regulator of the tumor microenvironment; fat cells interact with cancer cells to reshape 
local immunity and vascularize the microenvironment [27]. The adipokines secreted by adipose tissue 
help to regulate systemic metabolic processes.

The secretion of fat factors is regulated by the three-level cascading mechanism: (1) Multiple stimuli: 
including factors of tumor origin such as TGF-β and HIF-1α), metabolic stress such as hyperglycemia), 
mechanical stress, and exocrine miRNA, such as miR-27a downregulation of PPARγ [28]; (2) Adipocyte 
differentiation status: Long-term lipoiogenic differentiation (LTAD) is a key factor in regulating the secre-
tion of a variety of fat factors by fat cells [29]; (3) Rhythm regulation: The core biological clock gene 
*BMAL1/CLOCK* directly regulates the transcription of adipocyte hormones through the E-box element. 
In the Bmal1 iKO mouse study, the nocturnal secretion peak of serum leptin decreased by 45%, and the 
circadian rhythm disappeared, confirming that BMAL1 regulated the secretion rhythm of leptin through 
the E-box element [30].

Under normal physiological conditions, fat factors help to maintain the homeostasis in the body. This 
article reviews how sleep disorders can destroy the above regulatory networks, leading to dysregulation 
of fat factor secretion, and thus promoting the progression of metabolic diseases.

A comprehensive summary of the alterations, underlying mechanisms, and clinical significance of 
these adipokines in the context of sleep disorders is provided in Table 1.

Figure 2.  The molecular mechanisms in the sleep disturbance-diabetes vicious cycle.
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2.1.  Sleep disorders exacerbate metabolic disease via interleukin-6 (IL-6) dysregulation

IL-6 is a glycosylated secretory protein weighing 22–27 kDa. Approximately 30% of IL-6 originates from 
the adipose tissue. Its main functions are: (1) Inflammation regulation; IL-6 activates the STAT3 pathway 
through classical signalling (membrane-bound IL-6R) and trans-signalling (soluble IL-6R) and (2) Metabolic 
association; Serum IL-6 levels are positively correlated with obesity severity and insulin resistance, and 
weight loss can reduce them by 40–60% [31]. Overactivation of the JAK-STAT signalling pathway by IL-6 
prevents tyrosine phosphorylation of insulin receptor substrate (IRS), thereby interfering with glucose 
transporter (GLUT4) membrane translocation, hence leading to insulin resistance.

IL-6 secretion exhibits a circadian rhythm, peaking at 19:00 pm and 5:00 am. The rhythm is regulated 
by the circadian clock genes *BMAL1/CLOCK* that controlled by the suprachiasmatic nucleus (SCN). They 
influence the phase of IL-6 secretion in peripheral tissues through the STAT3 signalling pathway. Besides, 
night-time sleep facilitates an increase in the IL-6 concentration at night [32].

A study regarding the relationship between sleep disorders and serum IL-6 levels (n = 148) demon-
strated that the baseline serum IL-6 levels in the sleep disorder group were significantly higher than 
those in the good sleep group (>12.7 pg/mL) (p < 0.05). This meant that sleep disorders are an indepen-
dent risk factor for high IL-6 levels [33]. Another study (n = 14) showed that sleep loss due to simulated 
night shifts led impaired the nocturnal IL-6 secretion peak (p < 0.01), delayed nocturnal rise in IL-6 levels, 
and shifted the IL-6 secretion pattern from nocturnal to diurnal secretion. As a result, there was a sus-
tained 30% rise in diurnal IL-6 secretion (p < 0.001) [18]. A meta-analysis on OSA, including 12 IL-6 studies 
and involving 1,126 OSA patients, revealed that IL-6 levels decreased significantly after CPAP treatment 
(p < 0.05). Besides, subgroup analysis showed that the reduction in IL-6 levels correlated positively with 
the nocturnal hypoxia index (ODI) (p = 0.03) [34].

Table 1. S ummary of adipokine alterations, underlying mechanisms, and clinical significance in sleep disorders.

Adipokine & source
Primary functions & 

regulation
Response to sleep 

disturbance Underlying mechanisms Clinical significance

Interleukin-6 (IL-6)
Immune cells, 

Adipose tissue 
(30%)

Pro-inflammatory 
cytokine.

• Regulates inflammation 
via classic & 
trans-signaling (STAT3).

• Correlates with obesity 
and IR.

• Circadian rhythm: Peaks at 
19:00 & 05:00.

↑ Levels (e.g. >12.7 pg/
mL).

• Loss of nocturnal peak.
• Shift to diurnal secretion 

pattern.
• CPAP therapy reduces 

levels.

1. HPA axis activation: 
GCs → NF-κB → 
synthesis↑.

2. Intermittent hypoxia 
(CIH): HIF-1α → binds 
IL -6 HRE → promoter 
demethylation.

Independent risk factor for 
metabolic inflammation and 
IR. Dynamic assessment is 
challenging due to circadian 
peaks.

Leptin
Adipocytes (SC > VAT)

Satiety hormone.
• Inhibits appetite (POMC/

CART neurons).
• Promotes thermogenesis 

(BAT).
• Improves insulin 

sensitivity.
• Circadian rhythm: 

Nocturnal peak 
(↑30–50%).

Contradictory findings:
• ↓ (Most common, e.g. 

↓>30%)
• → (No change)
• ↑ (Acute stress/

compensation)

1. HPA/SNS activation 
disrupts rhythm.

2. Leptin dysregulation: 
BBB transport↓, Ob-Rb 
internalization, SOCS3↑ 
(JAK2-STAT3 inhibition).

Bidirectional link with sleep. 
Loss of rhythm promotes 
weight gain and IR. 
Confounded by BMI, race, 
and resistance.

Adiponectin
Adipocytes (SC > VAT)

Insulin-sensitizing 
hormone.

• Activates AMPK/PPARα.
• Enhances glucose uptake, 

FA oxidation.
• Anti-atherosclerotic & 

anti-tumor.
• Levels ↓ before obesity 

onset.

↓ Levels (e.g. ↓26.7% in 
severe SD).

• Race/Gender-specific:
- ↑ in African American 

women with insomnia.
- ↓ in White women.

1. HPA/SNS activation 
suppresses 
transcription.

2. Race-specific: Higher 
androgen/estrogen 
ratio in African 
Americans → PPARγ/
AMPK activation.

Early biomarker for metabolic 
risk. Changes are race- and 
gender-dependent. Indirect 
circadian regulation.

ANGPTL4
Adipocytes, Liver

LPL inhibitor.
• Fasting: ↑ (200–300%).
• High-fat diet: ↓ (40–60%).
• Inhibits LPL → ↑TG, 

↓HDL-C.

↑ Levels in OSA (e.g. 
↑65%).

• mRNA and protein levels 
correlate with ODI 
severity.

Intermittent hypoxia 
(CIH): HIF-1α → binds 
ANGPTL4 HRE → 
transcriptional 
activation.

Key mediator of OSA-related 
dyslipidemia 
(hypertriglyceridemia, low 
HDL-C). Potential therapeutic 
target.

AMPK: AMP-activated protein kinase; BAT: brown adipose tissue; BBB: blood-brain barrier; CPAP: continuous positive airway pressure; CIH: 
chronic intermittent hypoxia; GCs: glucocorticoids; HPA: hypothalamic-pituitary-adrenal; HRE: hypoxia response element; IR: insulin resistance; 
LPL: lipoprotein lipase; ODI: oxygen desaturation index; OSA: obstructive sleep apnea; PPARα: peroxisome proliferator-activated receptor alpha; 
SC: subcutaneous adipose tissue; SNS: sympathetic nervous system; STAT3: signal transducer and activator of transcription 3; VAT: visceral 
adipose tissue.
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Sleep disorders facilitate IL-6 dysregulation based on dual pathways: (1) HPA axis activation; sleep 
disorders promote elevated glucocorticoid levels, which enhance NF-κB transcriptional activity and sub-
sequently increase IL-6 production [18]. Similar inflammatory activation has been observed in chronic 
insomnia, where sustained hyperarousal and HPA axis overactivity drive IL-6 elevation independent of 
sleep apnea [35]. Likewise, simulated night shift protocols in healthy volunteers recapitulate the shift of 
IL-6 secretion from nocturnal to diurnal pattern, demonstrating that circadian misalignment alone can 
perturb inflammatory cytokine rhythms [18]. (2) Hypoxia induction: Intermittent hypoxia related to OSA 
causes HIF-1α to bind to the HRE element of the IL-6 gene, resulting in demethylation of the promoter, 
ultimately causing a rise in IL-6 gene expression.

Overall, the available evidence demonstrates that sleep disorders contribute to IL-6 dysregulation via 
dual pathways involving the hypoxia-inflammation axis and the circadian-metabolic axis. They facilitate 
the pathological processes of metabolic inflammation and insulin resistance, thus exacerbating the risk 
of metabolic diseases. However, the dual-peak secretion of IL-6 requires multiple blood samples per day; 
at least at 19:00 and 05:00. Additionally, home-based detection technologies like microneedle sensors, 
are not readily accessible, making it difficult to conclusively assess individual rhythms. As a result, 
challenges still exist in clinical translation.

2.2.  Leptin dysregulation: a bidirectional link between sleep disorders and metabolic disease

Leptin is a 167-amino acid polypeptide hormone encoded by the ob (obesity) gene. It controls appetite 
and energy balance through hypothalamic arcuate nucleus (ARC) neurons. It works together with ghrelin 
to maintain metabolic homeostasis [36]. Its core physiological functions include: (1) Inhibiting food intake 
by activating POMC/CART neurons to create satiety signals, (2) Promoting thermogenesis by enhancing 
brown adipose tissue (BAT) thermogenesis and skeletal muscle fatty acid oxidation through sympathetic 
nervous system activation mediated by the brain-derived neurotrophic factor (BDNF) pathway [37], (3) 
Enhancing glucose and lipid metabolism as well as skeletal muscle fatty acid oxidation while inhibiting 
hepatic gluconeogenesis to optimize insulin sensitivity [38].

Leptin levels are jointly regulated by fat tissue distribution, nutritional status, and circadian rhythms 
[34,39,40]. Its secretion reveals typical circadian dynamics: peaking at night (30 to 50% higher than day-
time levels) and decreases gradually during the latter part of sleep. The rhythm is controlled by the 
circadian clock genes *BMAL1/CLOCK* [40].

Studies have demonstrated a bidirectional relationship between sleep duration and leptin levels. 
Leptin not only regulates appetite but is also associated with the central nervous system-specific effects 
[41]. Leptin antagonises orexin neuron activity in the lateral hypothalamic area (LHA), prolonging 
slow-wave sleep (SWS) duration and contributes to maintenance of deep sleep [42]. Research has pointed 
out that activation of leptin receptor (LepR) neurons in the ventral nucleus of the preoptic area (PMv) 
by emotional stimuli can prolong sleep latency and increase wakefulness time [43]. A study on leptin 
signalling deficiency models (ob/ob and db/db) in mice, revealed that the ob/ob mouse group 
(leptin-deficient) had a 35% reduction in stage R sleep and impaired sleep continuity [44]. The findings 
suggest that interfered leptin signalling can impact sleep duration regulation adversely and is therefore 
crucial in metabolic coordination.

The relationship between sleep disorders and circulating leptin levels is complex, with findings vary-
ing significantly due to differences in study design, population characteristics (such as BMI and sex), the 
type and duration of sleep disturbance, and the presence of leptin dysregulation. This heterogeneity 
likely arises from a combination of factors. Acute sleep deprivation may temporarily decrease leptin lev-
els through sympathetic activation. In contrast, chronic sleep restriction may trigger compensatory 
increases in leptin or the development of central leptin dysregulation. Additionally, reported race-specific 
differences could stem from genetic variations in leptin pathway genes or variations in adipose tissue 
distribution [45,46]. Some studies have indicated that acute sleep deprivation (e.g. 1–2 nights) can lead 
to decreased leptin levels [47], potentially due to increased energy expenditure and neuroendocrine 
stress responses. Conversely, other studies, particularly those focusing on chronic sleep restriction or 
poor sleep quality, has reported no significant change [45] or even an increase in leptin levels [46]. For 
instance, a six-month observational study of individuals with moderate to severe insomnia found that 
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leptin levels were significantly reduced compared to a control group [47]. Conversely, a study involving 
patients with chronic spontaneous urticaria, a condition often associated with sleep issues, found ele-
vated leptin levels [46]. This discrepancy may suggest that acute stressors can cause a compensatory 
increase in leptin due to activation of the hypothalamic-pituitary-adrenal axis, while chronic conditions 
may lead to long-term down-regulation or leptin dysregulation. Nonetheless, a consistent finding across 
many studies is the disruption of the leptin circadian rhythm; even if the 24-hour average leptin level 
remains unchanged, the nocturnal peak may diminish or vanish [48]. This loss of rhythmicity could neg-
atively impact metabolism, regardless of whether leptin concentrations remain stable.

In shift workers, chronic misalignment between behavioral cycles and endogenous circadian rhythms 
leads to blunted nocturnal leptin peaks and increased daytime hunger, providing a molecular link 
between occupational sleep schedules and metabolic risk [49]. For insomnia patients without short sleep 
duration, leptin levels may not significantly differ from controls, but the circadian amplitude of leptin 
secretion is often attenuated, suggesting that rhythm disruption rather than absolute level change is a 
key feature.

Understanding leptin dysregulation is essential for grasping the link between chronic sleep disorders 
and metabolic diseases. Leptin dysregulation is characterized by a diminished biological response to 
leptin, typically indicated by elevated blood levels of leptin that fail to effectively suppress appetite or 
prevent weight gain. Sleep disturbances may contribute to leptin dysregulation through several mecha-
nisms: (1) Reduced blood-brain barrier (BBB) transport, where chronic hyperleptinemia may saturate the 
transport systems for leptin into the hypothalamus [50]; (2) Downstream signaling inhibition, where 
inflammatory pathways activated by sleep disorders (e.g. through SOCS3 upregulation) can impede leptin 
receptor (Ob-Rb) signaling via the JAK2-STAT3 pathway [51]; and (3) Interaction with insulin signaling, as 
sleep disruption-induced insulin resistance can further hinder communication between insulin and leptin 
signaling pathways in both the brain and peripheral tissues, creating a vicious cycle [38]. Consequently, 
regardless of whether sleep disorders lead to acute increases or decreases in leptin, the long-term out-
come typically results in a state of functional leptin deficiency in the brain, which promotes hyperphagia 
and subsequent weight gain.

Complementing the mechanistic insights derived from experimental models, emerging human 
clinical evidence across various disease contexts corroborates the critical role of leptin in sleep reg-
ulation. In patients with congenital leptin deficiency—a rare autosomal recessive disorder caused by 
LEP gene mutations—the absence of leptin signaling is associated not only with hyperphagia and 
severe early-onset obesity but also with profound disturbances in sleep architecture and ventilatory 
control [44]. Mechanistically, leptin deficiency in humans has been linked to attenuated central 
respiratory drive, diminished hypercapnic ventilatory responses, and impaired sleep maintenance 
[44]. Notably, recent single-case reports in patients with anorexia nervosa—characterized by acquired 
relative hypoleptinemia—have shown significantly improved sleep within days of initiating off-label 
metreleptin (recombinant human leptin) treatment [44]. This rapid improvement suggests that 
leptin’s effects on sleep are not solely mediated by long-term changes in body weight but may also 
involve direct neuroendocrine pathways. In adults, the connection between leptin and sleep extends 
beyond OSA to central sleep-disordered breathing. A clinical study in patients with heart failure 
reported that low circulating leptin concentrations are independently associated with the presence 
of central sleep apnea, indicating that leptin deficiency may serve as a screening biomarker for this 
condition [52]. Moreover, meta-analyses of short sleep duration in general populations have con-
firmed that insufficient sleep is associated with significant alterations in leptin levels, though the 
direction of change varies depending on study design (acute vs. chronic sleep restriction) [53]. 
Collectively, these human observations complement the preclinical and mechanistic data discussed 
above, strengthening the argument that hypoleptinemia—whether absolute (as in congenital defi-
ciency or starvation) or relative (as in anorexia nervosa or heart failure)—contributes to sleep dis-
turbances in various clinical settings.

Based on in-depth exploration of multiple experimental studies, it has been realised that sleep disor-
ders affect leptin metabolism, hence promote weight gain through increased hunger and subsequent 
food intake [10]. This lowers insulin sensitivity and accelerates the progression of type 2 diabetes. As a 
result, the progression of diabetes, exacerbates the deterioration in sleep quality, leading to a vicious 
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cycle. The current research however, focuses on the differences in the direction of leptin concentration 
changes after sleep disorders among various populations. Based on the current gaps in literature, future 
studies should be carried out using BMI stratification to exclude the effect of leptin dysregulation in 
individuals with obesity. In addition, it should include more people from different ethnic groups to deter-
mine the contribution of ethnic differences to the direction of leptin changes.

The complex interplay between sleep disorders and leptin signaling—including circadian regulation, 
central and peripheral leptin actions, and the progression to leptin dysregulation—is depicted in Figure 3.

2.3.  Adiponectin: a key mediator linking sleep disorders to metabolic dysregulation

Adiponectin is a fat cell-specific secreted protein encoded by the ADIPOQ gene. It is the most abundant 
adipokine in the human body, with plasma concentrations ranging from 5 to 30 μg/mL. Its expression 
exhibits tissue-specific heterogeneity: in white adipose tissue (WAT), subcutaneous fat secretion is signifi-
cantly higher than visceral fat (approximately 2.5 times higher), accounting for over 90% of the total 
circulating amount. Despite this, its expression level in brown adipose tissue (BAT) is only between 10 to 
15% of that in WAT [54]. Research has shown that adiponectin has multiple metabolic protective effects, 

Figure 3.  The bidirectional interplay between sleep disturbance and leptin signaling: underlying mechanisms and impli-
cations for metabolic dysregulation.
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through the activation of the adenosine monophosphate-activated protein kinase (AMPK) and peroxi-
some proliferator-activated receptor α (PPARα) pathways: It promotes glucose uptake in the skeletal mus-
cle and inhibits hepatic gluconeogenesis, hence exert anti-diabetic physiological effects; by lowering the 
expression of vascular endothelial cell adhesion molecules (VCAM-1/ICAM-1), it exerts anti-atherosclerotic 
effects; and by causing tumour cell apoptosis (activation of the caspase-3 pathway), it exerts anti-tumour 
effects [55]. It is vital to understand that, adiponectin levels decrease significantly before the onset of 
obesity (35 to 50% lower than in individuals with normal BMI), meaning that, it can help to signal met-
abolic disorders early [56].

Sleep disorders affect ADIPOQ transcription by activating HPA axis and sympathetic nervous system 
excitation, resulting in alterations in adiponectin levels. A case-control study of patients suffering from 
endocrine metabolic diseases (n = 332) demonstrated that sleep deprivation was significantly negatively 
correlated with adiponectin levels, whereby the total adiponectin levels in the severe sleep disorder was 
26.7% lower than in the normal group (p = 0.003). Besides, for every 1-hour reduction in sleep duration, 
the adiponectin levels decreased by 0.78 μg/mL (*r* = –0.72, p < 0.001). The inhibitory effect of sleep 
disorders on adiponectin was stronger in female than in the male patients (34% decrease in females vs. 
19% decrease in males, p = 0.01) [57]. Another study (n = 400) showed that in the OSAS group, adiponec-
tin levels decreased by 40% in white women and 12% in African American women, while in the psycho-
genic insomnia group, adiponectin levels decreased by 18% in white women and increased by 18% in 
African American women [58]. The outcomes reveal that changes in adiponectin levels caused by sleep 
disorders are strongly associated with race and gender.

Putting into perspective the metabolic protective effects of adiponectin and the impact of sleep dis-
orders on adiponectin levels, it means that, it can serve as an early biomarker for metabolic risks related 
to sleep disorders. Current evidence supports the idea that *BMAL1/CLOCK* regulates adiponectin 
through indirect pathways like PPARγ, though the direct E-box binding mechanism has not yet been 
confirmed. Future studies should consider fat tissue-specific clock gene editing models to establish if 
ADIPOQ is a direct transcriptional target of the circadian clock.

2.4.  Angiopoietin-like protein 4 (ANGPTL4): a hypoxia-sensitive mediator of metabolic 
dysfunction in OSA

ANGPTL4 is a nutrient-sensitive adipokine whose circulation levels increase significantly (↑200–300%) 
under fasting conditions. Its expression is normally suppressed by a high-fat diet (decrease of 40–60%) 
[59]. Its main metabolic function is regulation of lipid metabolism via allosteric inhibition of lipoprotein 
lipase (LPL) activity: ANGPTL4 binds to the catalytic domain of LPL, hence inhibiting LPL dimerisation 
and inactivating LPL enzyme activity. This leads to increased plasma triglycerides (TG) and decreased 
high-density lipoprotein cholesterol (HDL-C) [60]. This regulatory mechanism positions ANGPTL4 as a vital 
mediator against atherosclerosis and type 2 diabetes.

A cohort study of OSA patients (n = 125) reported that in the visceral adipose tissue of OSA patients, 
the severity of CIH (assessed by the oxygen deficit index ODI) was significantly positively correlated with 
ANGPTL4 mRNA expression (*r* = 0.78, p < 0.001), serum ANGPTL4 protein levels rose by 65% in the 
severe OSA group (p = 0.003), and were positively correlated with triglycerides (r = 0.63), indicating 
transcriptional-translational consistency [19]. Another case-control study (OSA group n = 52 vs. healthy 
control group n = 22) showed that ANGPTL4 concentrations in the OSA group (179.26 ± 12.89 ng/mL) were 
significantly higher than those in the control group (142.63 ± 7.99 ng/mL). The ANGPTL4 concentrations 
had a statistically significant difference (p = 0.018) [61]. The aforementioned human studies indicate that 
ANGPTL4 is elevated in patients with obstructive sleep apnea (OSA). This finding aligns with preclinical 
research, which demonstrates that CIH upregulates ANGPTL4 transcription and expression via HIF-1α acti-
vation [62]. Importantly, this pathway has direct physiological consequences: in both OSA patients and 
animal models, ANGPTL4 upregulation correlates with delayed clearance of postprandial triglyceride-rich 
lipoproteins, establishing a mechanistic link between sleep apnea and atherogenic dyslipidemia [63]. 
Recent studies further confirm that ANGPTL4-mediated lipoprotein lipase inhibition plays a central role 
in obstructive sleep apnea (OSA)-associated dyslipidemia, independent of body mass index [64].
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ANGPTL4 upregulation is associated with metabolic disorders in OSA patients: ANGPTL4 upregulation 
inhibits LPL, resulting in delayed clearance of chylomicrons after meals. This in turn leads to hypertri-
glyceridemia, lowers the level of high-density lipoprotein cholesterol (HDL-C), and weakens the ability to 
reverse transport cholesterol, thus forming a vicious circle. The study also shows that ANGPTL4 interferes 
with insulin-mediated glucose uptake through the EGFR/ERK1/2 pathway and aggravates insulin resis-
tance [65]. Therefore, monitoring the ANGPTL4 level of OSA patients may help to identify high-risk lipid 
metabolic disorders at an early stage, and have higher diagnostic value than traditional lipid indicators.

3.  Conclusions and outlook

Translating these mechanistic insights into clinical practice requires acknowledging the current evidence 
landscape. While the molecular pathways linking sleep disruption to adipokine dysregulation are well 
characterized in animal models, human studies—particularly interventional trials targeting specific sleep 
disorders—remain less abundant. Nevertheless, emerging clinical evidence, including CPAP trials in 
obstructive sleep apnea and sleep extension studies in habitually short sleepers, supports the concept 
that improving sleep health can ameliorate metabolic parameters, albeit with variable effect sizes. 
Therefore, the public health recommendations offered below are grounded in a combination of robust 
mechanistic understanding and preliminary clinical evidence, recognizing that further large-scale ran-
domized controlled trials are needed to establish causality and quantify the magnitude of benefit.

Given the evidence presented, sleep health should be incorporated into the standard framework for 
preventing and managing metabolic diseases. This aligns with the position statements of major health 
organizations. For example, the nursing standards of the American Diabetes Association now recognize 
sleep health as a crucial controllable factor in diabetes management [66]. Similarly, the American Heart 
Association has included sleep duration among the cardiovascular health indicators in its ‘Eight Elements 
of Life’ [67].

Several challenges impede the clinical implementation of adipokine-based risk assessment. For exam-
ple, IL-6 exhibits circadian variation, with dual peaks at 19:00 and 05:00, meaning accurate rhythm 
assessment requires multiple daily samples—a logistical obstacle in routine clinical practice. Furthermore, 
single-timepoint measurements of leptin and adiponectin are complicated by within-person variability 
influenced by factors such as recent meal timing and sleep quality. While future development of 
home-based monitoring technologies such as microneedle sensors for continuous adipokine tracking, 
may mitigate these limitations, rigorous standardization of sampling conditions remains essential.

We propose several directions for translational and public health initiatives: (1) Integrate validated 
sleep questionnaires, such as the Pittsburgh Sleep Quality Index, and screen for OSA risk into routine 
care for patients with obesity or diabetes. (2) Develop and enforce ‘sleep-friendly’ workplace policies, 
especially for shift workers, and incorporate ‘circadian hygiene’ into urban planning to mitigate light pol-
lution at night. (3) Future studies should prioritize randomized controlled trials that test whether inter-
ventions aimed at improving sleep (e.g. CBT-I, CPAP) or aligning circadian rhythms (e.g. timed light/food) 
can normalize adipokine profiles and reduce significant metabolic endpoints. Addressing sleep and 
circadian health offers a novel and cost-effective approach to combat the intertwined epidemics of 
metabolic and sleep disorders.

4.  Future directions: key unanswered questions and testable predictions

Despite the accumulation of evidence, several key questions remain unresolved, pointing the way for 
future research:

1.	 Mechanism specificity: What are the specific adipokine fingerprints induced by different sleep dis-
orders (e.g. insomnia, OSA, shift work)? How do they contribute to metabolic risk?

2.	 Causal Relationship Validation: Do interventions designed to improve sleep—such as CBT-I for 
insomnia and CPAP for OSA—consistently normalize disrupted adipokine profiles? Furthermore, 
does this normalization mediate the metabolic improvements associated with these interventions 
(e.g. reduced triglycerides, improved insulin sensitivity)?
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3.	 Clinical Application Pathway: To establish adipokines (e.g. IL-6) as stable and reproducible clinical 
biomarkers, how can we mitigate the impact of circadian fluctuations on their secretion? 
Furthermore, would integrating sleep assessment with adipokine testing into current metabolic 
disease risk prediction models improve their predictive power?

4.	 Individual Variability: How do genetic background (e.g. core clock gene variants), age, and sex 
influence an individual’s metabolic susceptibility to sleep disorders and adipokine responses?

5.	 Testable predictions: Within the current mechanistic framework, we can propose several testable 
hypotheses. For example, CPAP therapy for OSA should reduce serum ANGPTL4 levels, with the 
magnitude of the reduction correlating with improvements in triglyceride levels. This effect should 
also be independent of weight changes. As another example, if cognitive behavioral therapy for 
insomnia restores the circadian rhythm of leptin, we should observe improvements in appetite 
and weight control.
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