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A B S T R A C T   

Objectives: This study was a narrative review of the importance of circadian rhythm (CR), de-
scribes the underlying mechanisms of CR in sports performance, emphasizes the reciprocal link 
between CR, endocrine homeostasis and sex differences, and the unique role of the circadian clock 
in immune system function and coordination. 
Method: As a narrative review study, a comprehensive search was conducted in PubMed, Scopus, 
and Web of Science (core collection) databases using the keywords “circadian rhythm”, “sports 
performance”, “hormonal regulation”, “immune system”, and “injury prevention”. Inclusion 
criteria were studies published in English and peer-reviewed journals until July 2023. Studies that 
examined the role of CR in sports performance, hormonal status, immune system function, and 
injury prevention in athletes were selected for review. 
Results: CR is followed by almost all physiological and biochemical activities in the human body. 
In humans, the superchiasmatic nucleus controls many daily biorhythms under solar time, 
including the sleep-wake cycle. A body of literature indicates that the peak performance of 
essential indicators of sports performance is primarily in the afternoon hours, and the evening of 
actions occurs roughly at the peak of core body temperature. Recent studies have demonstrated 
that the time of day that exercise is performed affects the achievement of good physical perfor-
mance. This review also shows various biomarkers of cellular damage in weariness and the un-
derlying mechanisms of diurnal fluctuations. According to the clock, CR can be synchronized with 
photonic and non-photonic stimuli (i.e., temperature, physical activity, and food intake), and 
feeding patterns and diet changes can affect CR and redox markers. It also emphasizes the 
reciprocal links between CR and endocrine homeostasis, the specific role of the circadian clock in 
coordinating immune system function, and the relationship between circadian clocks and sex 
differences. 
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Conclusion: The interaction between insufficient sleep and time of day on performance has been 
established in this study because it is crucial to balance training, recovery, and sleep duration to 
attain optimal sports performance.   

1. Background 

Circadian rhythms (CR) are daily shifts in behaviour and biological activity brought on by an organism’s natural capacity to 
synchronise with its environment’s 24-h cycle of light and darkness. These rhythms come from a biological clock inside the body, 
which regulates many elements of physiology in humans, such as the sleep cycle, daily variations in blood pressure, and body tem-
perature, among others [1]. Numerous studies have been conducted on CR in human physical performance [2–4]. Previous studies 
have widely suggested that large motor units, including during exercise performance, are directly related to a clear CR [5–7]. As a 
result, they showed interest in figuring out the reasons behind variations in exercise performance throughout the day. The primary 
circadian pacemaker in humans is the suprachiasmatic nucleus (SCN). Direct solar cycle information from the retina is received by the 
SCN, which is found in the hypothalamus [8]. The SCN coordinates daily biological rhythms (such as hormone production, temper-
ature fluctuations, and neuronal activation) following solar time and the sleep-wake cycle using this information transmitted via the 
retinohypothalamic pathway. Many habits and behaviors are governed by these biological systems’ rhythmic oscillations, impacting 
our daily activities [9]. Studies have shown that sports performance reaches its peak by being in the best position during the day. At 
this time, the person will have their best mental performance, reaction time, central temperature performance and improved muscle 
performance. The hormonal response to the CR is different, and their different daily levels can affect sports performance. For example, 
cortisol and testosterone levels peak in the morning but slowly decrease during the day and increase during the first few hours of sleep 
[10]. These hormones can affect athletic performance and lead to improved or impaired performance [11]. Finally, this narrative 
review aims to provide a comprehensive overview of the role of CR in optimal performance, hormonal status, immune system function, 
and avoidance of injury in athletes. Through a narrative synthesis of existing literature, we describe the underlying mechanisms of CR 
in sports performance and the reciprocal link between CR, endocrine homeostasis, and sex differences. We also emphasize the unique 
role of the circadian clock in coordinating immune system function and its impact on physical performance. 

Overall, our narrative review highlights the critical importance of CR in almost all physiological and biochemical activities in the 
human body. The suprachiasmatic nucleus controls many daily biorhythms under solar time, including the sleep-wake cycle. A body of 
literature indicates that the peak performance of essential indicators of sports performance is primarily in the afternoon hours, and the 
evening of actions occurs roughly at the peak of core body temperature. Recent studies have demonstrated that the time of day that 
exercise is performed affects the achievement of good physical performance [12,13]. This review also shows various biomarkers of 
cellular damage in weariness and the underlying mechanisms of diurnal fluctuations. According to the clock, CR can be synchronized 
with photonic and non-photonic stimuli (i.e., temperature, physical activity, and food intake), and feeding patterns and diet changes 
can affect CR and redox markers [14]. 

Our narrative review highlights the reciprocal links between CR and endocrine homeostasis, emphasizing the importance of a 
balanced approach to training, recovery, and sleep duration to attain optimal sports performance. Additionally, we discuss the 
relationship between circadian clocks and sex differences, which highlights the need for sex-specific approaches to optimizing CR in 
athletes. 

1.1. Method 

The search strategy of this narrative review was developed following the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses [15] guidelines. The following databases were searched: PubMed, Scopus, and Web of Science (core collection). 

The search strategy included keywords related to “circadian rhythm”, “sports performance”, “hormonal regulation”, “immune 
system”, and “injury prevention”. These terms were clustered according to the PICO scheme (population, phenomenon of interest, 
context) to ensure a comprehensive and specific search strategy. The inclusion criteria for articles were.  

• Studies published in peer-reviewed journals in the English language.  
• Studies published up to July 2023.  
• Studies examined the role of CR in sports performance, hormonal regulation, immune system function, and injury prevention in 

athletes. 

The studies were reviewed and synthesized narratively, focusing on the importance of CR in almost all physiological and 
biochemical activities in the human body. The underlying mechanisms of CR in sports performance were described, emphasizing the 
reciprocal link between CR, endocrine homeostasis, and sex differences. The unique role of the circadian clock in coordinating immune 
system function and its impact on physical performance were also discussed. 

In summary, we followed a systematic review approach, combining some elements for accuracy and clarity, to create a more 
rigorous scientific structure for this narrative review. 
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1.2. Circadian rhythm 

The phrase “CR” is of Latin origin and refers to oscillations controlled and timed to the environment’s natural light cycle for around 
24 h, or more precisely, 24.5 h [1,16]. The SCN of the hypothalamus, which receives light and dark signals directly via reti-
nohypothalamic pathways, houses that internal rhythm generator known as the “biological clock.” A central circadian clock processes 
and transmits information from the outside to the peripheral clocks of various tissues and cells, whose functions may be simultaneous 
or independent [17]. The pineal gland in the SCN mediates the circadian melatonin cycle, which is predominantly regulated by the 
light-dark process [2]. This cell-autonomous rhythm is controlled by a network of intricate negative transcription-based feedback loops 
at the molecular level [18]. The substantial independence of environmental clocks is the sole explanation for many contradictory 
research findings. These outside signals, also known as natural time synchronizers, are called “zeitgeber” in German literature because 
they can “wind” the biological clock, controlling CR. Plasma cortisol and plasma melatonin, which, like the precursor of serotonin, are 
crucial for sleep regulation, are just two of the physiological rhythms affected by light as the primary determinant in addition to the 
transmission through the retina-hypothalamus circuit [19]. Other than light, zeitgebers include mealtime, physical activity, and 
various social and psychological aspects. Through the primary biological clock, these zeitgebers impact environmental oscillators, 
which control numerous critical physiological processes involved in metabolism. Body temperature is thought to improve several 
physiological rhythms that control significant metabolic variables, serving as the “gold standard” or primary biological marker of the 
human CR [20]. 

1.3. The importance of circadian rhythm in athletes 

Finding elements that boost athletic performance is always of utmost importance in sports. Both professional and amateur athletes 
can improve their performance if they want to. We live in a “community of performance” where being ranked above everyone else is 
essential to teaching children fundamental sports values like competitiveness, effort, teamwork, fair play, and maintaining good 
health. Numerous studies confirm that afternoon exercise increases athletic performance in both professional and amateur players. 
Performance has improved due to the integration of physiological, psychological, and metabolic rhythms. Together with cardiovas-
cular processes that also follow a circadian pattern, these indicators peak in the early afternoon [21,22]. In particular, it has been 
calculated that body temperature is 0.9 ◦C higher in the afternoon [23]. It promotes carbs rather than fats as an energy source and 
strengthens the actin-myosin cross-links in muscle [24,25]. As a result, even if the mechanism is not entirely understood, afternoon 
training or physical activity encourages the best muscular performance and enhances muscle development [26]. The greater release of 
calcium from the sarcoplasmic reticulum, which increases the binding of this ion to actin-myosin and generates the highest ATPase 
activity of myosin, appears to be the cause of the higher force levels [8,24,25]. While anaerobic performance is well understood, with 
morning troughs and evening peaks, this is less so for aerobic performance, where the circumstances are murkier, and the findings 
contradict each other. But it is important to remember that regular training affects performance peaks significantly, especially in the 
morning. It also improves performance peaks and broadens the range of daily changes at the neuromuscular level when done in the 
afternoon gives [27]. 

1.4. The importance of circadian rhythm in performance 

Early research publications discussed the connection between CR and numerous physiological processes involved in athletic 
performance, including motor and psychomotor skills, perceptual, and cognitive functions [28]. The circadian clock is controlled to 
synchronise biological cycles with the environment, incredibly light and physical activity. As previously stated, the primary biological 
indicator of human CR is thought to be body temperature. Increased body temperature can encourage action and myosin mechanics in 
musculoskeletal structures, which may improve physical performance through improved skeletal muscle contractile characteristics. 
Elevated body temperature can also promote the usage of carbohydrates rather than fat as an energy source [29]. According to a large 
body of research, the body’s core temperature is lowest in the morning at 4:30 h. It progressively rises during the day, reaching its 
highest point around 18:00 h. In the afternoon, a temperature rise is correlated with improvements in coordination, peak reaction time, 
muscle strength, and cardiovascular efficiency [30–32]. Also peaking in the late afternoon are anaerobic output power and joint 
flexibility [33]. But when it comes to performance speed, the best outcomes were obtained between 8:30 and 10:30 h in the morning 
[34]. The reason why athletes perform worse in the morning is that their glycogen stores have been depleted from overnight fasting, 
their joints have become stiff from periods of rest and sleep, and their muscles have not warmed up as much as they should be 
compared to the rest of the day’s activities, and they are not yet awake enough to keep up their level of action [7]. In a study [35], 
investigated the effect of fasting during the holy month of Ramadan on the CR of glucose levels in 11 good endurance runners during 
24 h in the third and fourth weeks of the holy month of Ramadan. Blood glucose peaked at 20:00 and 04:00 h, which is directly related 
to food consumption (20:00 h iftar, 04:00 h early morning) and the nadir level was recorded at 16:00 h, which directly affected. With 
the duration of fasting (12 h from the last meal) Skin temperature, HR, and MAP were directly controlled by physical activity or rest. 
HR and MAP peaked at 18:00 h, coinciding with the athletes’ training time. Also, the decrease in skin temperature in the initial stage of 
exercise was recorded at 18:00 h and its peak at 12:00 h [36]. 

The preference for nocturnal or diurnal activities is another significant psychological aspect to consider while researching CR in 
exercise performance and daily changes in physiological systems. The idea that some persons prefer daily activities while others prefer 
nocturnal activities has long been acknowledged by Kleitman [37]. Different physiological rhythms, such as sleep-wake cycles, bio-
rhythms (core temperature and hormones), sleep inertia, rhythms of food intake, and maximal oxygen consumption, have been 
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demonstrated to reflect individual differences in time preference (referred to as “chronotype”). It changes when someone workout [38, 
39]. 

Given the great range of morning to evening preferences, it is thought that this characteristic reveals an essential capacity for or 
incapacity to react to various circadian systems. Seven additional variables were also found, which may help explain the CR in exercise 
performance and may perhaps contribute to the morning performance deficit. Nutritional status varies from morning to evening, 
flexibility is reduced in the morning, there isn’t enough time to recover from sleep inertia, training times are preferred, the amount of 
time between test sessions varies, each person’s physiological response is different, and motivation and expectation’s effect are all 
factors [40,41]. 

The androgen testosterone (T) effects on muscle strength and exercise adaption are well known [42]. Maintaining anabolism by 
encouraging protein synthesis in the muscular system is one of T’s primary roles [43]. Evidence by Kvorning et al. suggested the 
significance of this hormone in muscle adaptation by showing that inhibition of endogenous T impaired strength adaptation in healthy 
male subjects [44]. When things are every day, the circadian profile of T shows a morning peak before gradually declining during the 
day [10]. Contrarily, glucocorticoid cortisol (C) is frequently employed as a marker of both physiological and psychological stress. It 
has been demonstrated that a sustained rise in C inhibits the neuromuscular system. According to Ref. [45]., there is a link between 
poor physical performance and steady rises in salivary C levels. Similar to T, the circadian profile of C peaks in the morning, gradually 
declines throughout the day, and then rises during the first few hours of sleep [10,46]. Although both variables have an inverse CR 
pattern, they may still be linked because both steroid hormones and exercise performance substantially affect exercise adaptation [11]. 

Effects of circadian rhythm on fatigue and non-functional overtraining and decision-making in exercise conditions. 
Performance issues are caused by muscle exhaustion [47,48]. The cause of this condition is typically connected to central or pe-

ripheral weariness [49,50]. While main tiredness refers to a loss in muscular force brought on by a decline in motor neuron output 
and/or motor control, peripheral fatigue describes biochemical and ionic changes at the muscle surface that affect the contraction 
process and/or excitation-contraction coupling [51]. A reduction in the maximum capacity of muscular force production as a result of 
exercise is known as muscle fatigue [52]. Because short-term maximal exercise performance depends on the time of day, and 
biomarker variations can impact performance. 

The antioxidant system’s chronobiological components have received much attention recently. The morning had higher lipid 
peroxidation levels, total antioxidant capacity, and particular enzyme activity than the evening [53,54]. Physiological levels of 
melatonin have been found to contribute to the antioxidant capacity of whole human serum, even though the cause of these variations 
is yet unknown [55]. This hormone has a crucial role as an antioxidant [56]. Lactate levels following the Wingate test were higher in 
the evening than in the morning, according to research by Hamouda et al. [57]. 

Interestingly, Racinais et al. found that lactate plasma levels were higher in the evening than in the morning during repeated 
running activity, which may help to explain why there is more muscle exhaustion in the evening [33]. Given that catecholamines 
respond to exercise in a manner that is remarkably similar to that of lactase, the difference between the lactate response to exercise in 
the morning and the evening may be attributed to increased catecholamine activity [58]. Also, according to Dalton et al. diurnal 
fluctuations in core temperature may impact lactate production during exercise [59]. Moreover, Hamuda et al. demonstrated that 
tongue temperature and plasma levels of muscle damage enzymes were higher at 17:00 than at 07:00 a.m. [60]. Peak oral temperature 
cycles are connected with acrophases of these enzymes as well as immunological activities, which could account for alterations in 
muscular strength during the day [61]. Due to their greater resting values and higher initial power output during short-term maximal 
exercises in the evening, these enzymes may respond to exercise more strongly in the evening than in the morning. It is also possible 
that afternoon short-term maximum activity causes muscle fatigue because of greater levels of Homocysteine and other muscle damage 
indicators and reduces antioxidant status at rest during this time of day [57,60]. Similar to this, Hamouda et al. demonstrated that 
lactate and glucose responses to the yo-yo intermittent recovery test were higher at night than in the morning, suggesting that 
anaerobic energy production may play a more prominent role at night (i.e., higher mobility of glucose metabolism at this time of day) 
[62]. Therefore, diurnal differences in lactate responses have been found after mild and vigorous aerobic exercise, indicating higher 
anaerobic metabolic activity and muscle fatigue in the evening compared to the morning [63,64]. 

It is essential to balance the maximum acceptable training stimulus and sufficient recovery to attain optimal athletic performance 
and competitive fitness. Because of its physiological and psychological restorative benefits, sleep is a crucial component of an athlete’s 
rehabilitation [65,66]. A typical complaint among overworked and/or over-trained athletes is having trouble sleeping [66]. Sleep 
metrics may be used as markers of overtraining and/or overreaching, regardless of whether sleep decrease is a cause or effect of 
overtraining and/or overcommitted. When training and recovery are not balanced, overtraining happens [67]. Short recuperation 
coupled with excessive training volume or intensity accumulation can result in “NFO” and, ultimately, overtraining syndrome, 
impairing sports performance [68,69]. The recuperation from exercise, both physically and mentally, is said to depend on getting 
enough sleep [70,71]. And it’s thought to be the best athletic recovery technique accessible [72]. 

Given that a lack of sleep has a direct impact on immune system health [73], when an overtrained or overcommitted athlete 
performs poorly, this can cause them to experience more stress, anxiety, and depression, all of which can negatively affect their ability 
to sleep [74,75]. Similar to how lack of sleep can affect mood and heighten stress and anxiety [76]. It is challenging to ascertain the 
direction of the linkages between sleep, immunological function, stress, anxiety, and mood and how these may eventually result in 
overtraining or undertraining due to these interrelationships. These findings imply that sleep deprivation can come from overtraining 
or overreaching or cause these conditions [77]. However, the amount of time an athlete can spend in bed may be impacted by changes 
in training and competition schedules that frequently accompany greater training loads. It is well-known how training and competition 
schedules affect athletes’ sleep. For instance, early training and competition hours demonstrated to shorten athletes’ sleep duration 
and heighten degrees of pre-exercise weariness [78–80]. 
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Typically, compared to daytime sports, nighttime games were linked to later bedtimes, less time in bed, and less overall sleep in a 
study of Australian rules football players [81]. Therefore, while developing training plans, physicians should consider approaching 
competition schedules and the effects of training schedules on sleep quality and exhaustion levels [78]. Athletes’ opportunities for 
sleep may be restricted by poorly constructed training plans, which could impede recuperation between workouts. Fig. 1 provides a 
brief overview of the CR’s affecting elements on fatigue and athletic performance. 

1.5. The importance of circadian rhythm in hormonal status 

Periodic changes can be seen in hormonal homeostasis. It is now understood that CR and endocrine rhythms are tightly related, and 
the internal clock significantly affects how the body responds to environmental influences. Other hormones have been found to 
fluctuate during the day, but melatonin, cortisol, gonadal steroids, prolactin, thyroid hormone, and growth hormone are among the 
best (growth hormone) [83]. The release of nutrient-sensing hormones, including insulin, leptin, ghrelin, and adiponectin, is 
controlled, at least partly, by environmental cues like mealtime and light-dark cycles. 

GH levels rise while you sleep and peak right after you fall asleep [11]. CR and IGF-1 levels may be connected through interacting 
mechanisms. Recently, it was discovered that rats fed ad libitum showed CR in their levels of circulating/hepatic IGF-1. IGF-1 levels 
were greater during the day and lowered in the liver at night. At the same time, they were higher during the day and reduced during the 
night in the serum [84]. In a prior study, slow wave sleep (SWS) had much higher growth hormone levels than stages 1 and 2 and rapid 
eye movement (REM) sleep, which was evaluated during sleep every 30 s [85]. GH is intermittently released when you’re sleeping, 
which may be connected to the cyclical nature of SWS [86]. Compared to healthy persons, patients with post-traumatic stress disorder 

Fig. 1. The influencing factors of circadian rhythm in fatigue and non-functional overtraining [82]. Acronyms: Homocysteine (Hcy); Blood Lactate 
(Lac); Total antioxidant status (TAS); uric acid (UA) and total bilirubin (TBIL); ↑ increase, ↓ decrease. 
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had reduced amounts of nocturnal GH in their plasma [87]. Children with GH insufficiency receiving growth hormone replacement 
therapy experienced increased slow Electroencephalography (EEG) oscillations [88]. 

There is a noticeable diurnal pattern in melatonin. Studies using fixed routine protocols and induced asynchrony show that 
melatonin levels are higher during the biological night than during the day [89,90]. From the SCN, the paraventricular nucleus (PVN), 
superior cervical ganglion, and pineal gland are all included in the melatonin secretion pathway [91]. Melatonin has a crucial role in 
controlling human sleep. Transdermal melatonin or sustained-release melatonin administration enhances sleep maintenance, 
lengthens total sleep time, and decreases sleep latency [92,93]. Melatonin supplementation raises EEG sleep spindle frequency [93]. 
Beta-blockers suppress melatonin production. Total wake and sleep time increased in patients taking atenolol and melatonin [94]. In 
one study using people with cervical spinal cord injury, melatonin production was impaired, and sleep efficiency improved compared 
to the control group with normal melatonin levels [95]. In another study, where healthy subjects received exogenous melatonin, the 
average sleep efficiency of healthy subjects improved. When endogenous melatonin was present during the circadian night, it 
increased by 88%. The beginning of sleep or core body temperature was unaffected by melatonin. The fraction of SWS or REM sleep 
was unaffected by the melatonin impact, which persisted throughout the course of the study [96]. Also, melatonin has a chronobiotic 
effect and can help maintain a healthy sleep-wake cycle [97,98]. 

Thyroid-stimulating hormone (TSH) concentrations attained their peak and minimum using a set routine technique at biological 
midnight and biological midday, respectively [99,100]. CR was not linked to total triiodothyronine (T3) or thyroxine (T4) concen-
trations [100]. TSH levels and SWS are negatively correlated [101,102]. There is diurnal rhythmicity in cortisol. At biological 
midnight, its level quickly increases, reaching a high at biological morning [103,104]. An ultradian CR drives the pulsatile release of 
cortisol during the course of 24 h. Gonadotropin-releasing hormone’s pulsatile release inhibits receptor desensitisation [105,106]. At 
the middle of this range of rhythm, regulation is the SCN. The dorsal nucleus of the hypothalamus (DMH), the PVN, and the para-
cellular nerve that triggers corticotropin-releasing hormone (CRH) are all parts of the hormonal system that underlie this control 
[107]. The spinal cord is the final link in the neuronal circuit that regulates cortisol levels, which extends from the SCN to the PVN and 
finally to the adrenal cortex [107]. During SWS, cortisol levels decline. In addition, there is proof that reduced cortisol levels and SWS 
are related in time. Intravenously infusing cortisol increased SWS and decreased REM sleep. According to Steiger’s research [108]. 
Leptin and ghrelin increase and inhibit food intake [109,110]. Before frequent meals, ghrelin levels rise and fall afterwards [111,112]. 
A few research studies examined the association between sleep and hormone levels [113]. After intravenous ghrelin injection, it was 
shown that growth hormone levels and the SWS ratio increased, whereas REM sleep decreased [114]. SWS increased, and REM sleep 
decreased after leptin infusion in research on rodents [115]. The proportions of stage 2 and SWS sleep were enhanced, and those of 
stage 1 and REM sleep decreased in older males who had been given ghrelin [116]. Alternatively, it has been noted that ghrelin levels 
rise during the first stages of sleep and fall following sleep deprivation [113]. However, the stories of ghrelin and sleep stage were not 

Fig. 2. The time of day at which circulating levels of key endocrine factors peak in humans. Acronyms: suprachiasmatic nucleus (SCN); para-
ventricular nucleus (PVN); thyroid-stimulating, hormone (TSH); insulin-like growth factor 1 (IGF-1); growth hormone receptor [117]; Growth 
hormone-releasing hormone (GHRH). 
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significantly correlated in another investigation [114]. Leptin levels rose over the biological night and peaked in the physical morning, 
according to one study [115]. However, CR did not cause any changes in the levels of leptin, according to Scheer et al. [105]. Fig. 2 
summarizes the hormone variations throughout a 24-h period. 

1.6. The importance of circadian rhythm in immune system function 

Perhaps the most evident organismal reaction to infection is the immunological response, and mounting evidence points to the 
circadian clock as a critical regulator of immune defence. The circadian system is primarily responsible for controlling CR, which are 
endogenous processes with an oscillating pattern that follow a daily cycle [116]. The SCN synchronises time with day/night cycles by 
detecting and integrating light signals. It externally sets signals that are then used to synchronise environmental clocks. Circadian 
oscillations in cellular processes, including gene expression, protein translation, intracellular signaling, metabolism, and many cell 
type-specific functions, are maintained at the cellular level by a molecular clock mechanism [118]. This is because different types of 
immune cells have molecular clocks, and the immune and circadian systems interact in various ways to control the timing of numerous 
processes that control immune surveillance and response to infection [119,120]. Nearly all aspects of innate and adaptive immunity 
show a fluctuating daily pattern, including immune cell traffic (signaling) and circulating humoral components, inflammatory pro-
cesses, response to infection, cytokine expression, chemokines and receptors for detection, signaling, among others [120,121]. 
Interestingly, rhythmicity’s essential mechanisms, including transcriptional variability, occur in the chromatin fibre [118,122]. 

Numerous studies have shown that the immune response is strictly regulated by the circadian clock, even though hundreds of genes 
are transcribed daily, most of which regulate vital activities to maintain homeostasis [121]. CR interferes with immunity, as seen by 
ongoing changes in immune cell traffic in the blood. For instance, in mice and people, the number of circulating neutrophils, 
monocytes, and lymphocytes changes throughout the day [123–125]. Interestingly, under homeostatic or inflammatory settings, 
circadian-controlled brain signals affect leukocyte migration to tissues [126]. See Fig. 3. 

How does circadian rhythm help to prevent non-contact injury? 
Photonic and nonphotonic stimuli can synchronise the circadian clock (e.g., temperature, physical activity and food intake). Since 

physical activity significantly disrupts cells, tissues, and organs and challenges overall body homeostasis [127]. For healthy and 
practical reasons, existing ideas are starting to investigate the connection between exercise and CR. According to a substantial body of 
research [117], rodents’ circadian systems are affected by training, and growing human evidence suggests that movement can also 
cause phase-shifting effects that may be chronotype-dependent [128]. Muscle clocks and other peripheral and central clocks appear 
strongly entrainable by exercise. For instance, male rugby players exhibit considerably higher mean central clock gene expression 
(BMAL1, ROR-, CRY1, PER2, PER1, and NR1D1) than sedentary males [129,130]. 

Body temperature, which can have various regulatory effects on neuromuscular and metabolic activity and seems to peak in the late 
afternoon, is a significant factor in these performance variations. The onset of weariness may vary when the same action is performed 
at various times throughout the diurnal cycle, particularly during more prolonged bouts of endurance-type exercise. It may be 

Fig. 3. The Circadian system and molecular clock mechanisms central clock cells in the SCN and peripheral clocks in many other tissues, including 
the immune system, have a clock based on self-regulating feedback loops. Acronyms: heterodimer composed of the proteins BMAL1and CLOCK 
(BMAL1/CLOCK); clock gene products Per, Cry (also known as REV-ERBα/β, and RORα–γ); E-boxes (ROR-responsive elements); clock-controlled 
genes (CCG). 
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explained by thermoregulation during training appears to follow a CR [131]. Clock-driven oscillations in metabolic regulation, such as 
glucose metabolism requiring less oxygen consumption, lower heart rate, and lower perceived exertion, have been linked to changes in 
human exercise performance (late vs. early better) [132]. Although it is not an entirely novel idea, this association between exercise 
capacity and the molecular clock in competitive and elite sports situations may be helpful when planning to improve training programs 
and competitions [133]. Strength training studies have demonstrated that an increase in oxidative stress due to exercise causes a 
response to muscle injury [134]. The afternoon (from 13:00 to 20:00 p.m.) is when muscle regeneration and repair processes are at 
their highest. Higher uric acid levels are also associated with an increase in antioxidant capacity, which is mediated by peak catalase 
and glutathione. Both peroxidase and PM are identified [135]. The highest amounts of HDL, triglycerides and glucose were discovered 
in the afternoon in the studies that involved strength and endurance training, which showed improvement in performance throughout 
the day. The peak time for creatine kinase levels, a marker of muscle injury, is likewise in the afternoon. The number of research studies 
on this subject that discuss the impact of the time of day on physical performance is substantially higher (n = 19) [62]. 

Coaches and players are more conscious of the value of training time in achieving positive results today. Most studies has suggested 
that performance is higher in the late afternoon, particularly between 16:30 and 19:00 h [136,137]. While working with weightlifters, 
some authors, like Ammar et al. report improved performance and decreased perceived effort (RPE) ratings up to 2:00 a.m. More so 
than the day of the week, the time of day impacts the body’s physical response [138], even though performance in the higher morning 
has occasionally been assessed [139,140]. Injuries caused by sports training in athletes can have different causes. In adolescent 
athletes, according to the studies, people who slept less than 8 h a night experienced 1.7 times more injuries compared to people who 
had enough sleep [141]. Also, research has shown that recovery in professionals is at its best during sleep. During NREM sleep, the 
growth hormone released from the pituitary gland can play an important role in tissue regeneration and restoration. Also, in these 
conditions, oxygen consumption decreases and the level of protein synthesis and fatty acid transfer increases, which helps recovery 
[141]. 

1.7. Nutritional considerations for improving athletes’ circadian rhythm 

Diet significantly impacts CR, with breakfast as the primary coordinator following the most extended fast. Because early morning 
sympathetic activity triggers the most metabolic processes, this is the time of day when the body needs more energy to go through the 
rest of the day’s activities. However, there is an increase in stomach emptying, which causes a rise in intestinal absorption and glucose 
tolerance [142]. Athletes should consider the type of diet and the (regular) frequency of their feeding. Numerous “environmental 
clocks” play a part in the body’s circadian control of lipid levels. Because they modify the expression of circadian genes, often known as 
“clock genes,” which activate or inactivate other factors that induce physiological changes in cells over 24-h periods, fat-rich diets are 
regarded as powerful chronodisrupters [143]. As a result, high-fat diets disrupt CR and metabolic alterations, which is terrible for 
athletes’ health [36,144]. 

The relationship between food and the circadian system is called chrono nutrition. It has been proposed that altering the timing and 
kind of food intake can affect the internal clock [145]. The 5-hydroxytryptophan (5-HT), GABA, orexin, melanin-concentrating 
hormone, cholinergic, galanin, noradrenaline, and histamine are some the neurotransmitters that are involved in the sleep-wake 
cycle [146]. As a result, nutritional strategies that impact these neurotransmitters may benefit sleep. Neurotransmitter production 
and function can be affected by dietary antecedents (for example, serotonin synthesis depends on the availability of the precursor 
tryptophan in the brain). A system that shares transporters with some large neutral amino acids (LNAA) is used to transport tryptophan 
over the blood-brain barrier [147]. Tryptophan, a high-carbohydrate/low-protein diet, or lactalbumin, a whey-derived protein, can 
help raise the blood’s tryptophan: LNAA ratio, which is necessary for the transport of tryptophan to the brain [148]. Consuming 
carbohydrates increases plasma tryptophan concentration [149]. Consuming carbohydrates may enhance the sleep-promoting effects 
of tryptophan-rich proteins and impact the plasma tryptophan: LNAA ratio [150]. Following a meal high in carbohydrates, insulin, an 
anabolic substance that also makes it easier for LNAA to be absorbed by muscles, alters the movement of tryptophan over the 
blood-brain barrier [151]. Through an immediate impact of insulin that improves muscle absorption of LNAA, high glycemic index 
(GI) carbohydrate consumption raises the ratio of circulating tryptophan to LNAA [152]. 

Lower carbohydrate intake (24-h recall and structured interview) was substantially (OR = 0.71; 95%CI = 0.55 to 0.92, p = 0.01) 
linked with insomnia symptoms (culture of keeping sleep) across a sizable sample (n = 4452) from the National Health and Nutrition 
Examination Survey [153]. Consuming a high-carbohydrate dinner (130 g) 45 min before bedtime increased REM and decreased light 
sleep and alertness compared to eating a low-carbohydrate meal (47 g) or no carbohydrate meal [154]. Further research in athletic 

Table 1 
Changes to sleep following nutritional interventions.  

Study Type- Dosage consumption timeC Effect 

Lin, 2011 [155] two kiwifruit hour before bedtime ↑The property of sleep – 
↑ TST 

Valtonen, 2005 [156] 100 g or of 500 g(a large dose) normal commercial milk daily dose no effect on sleep 
Garrido, 2010 [157] Sour cherry juice twice a day ↓insomnia 
Howatson, 2012 [158] Sour cherry juice (2 servings of 30 ml concentrate)  ↑SE- ↑ TST 

↓daytime napping 

SE: sleep efficiency, TST: total sleep time, ↑ increase, ↓ decrease. 
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groups is necessary to determine the effects of carbohydrate evening meals on sleep and recovery in athletes: Table 1 details the 
nutritional interventions and their impact on sleep results. 

1.8. Supplements for improving athletes’ circadian rhythm 

Any supplement an athlete chooses to take must be taken safely and efficiently. Athletes should ensure that any supplements they 
take have undergone drug testing for prohibited substances and that there are independent testing methods, such as informed exercise, 
educated choice, or additional protection. Athletes should consult a professional sports nutritionist or nutritionist before using any 
nutritional supplements. By following the best nutritional strategies, exercise adaption and recovery might be improved or hampered 
[159,160]. Nutrients like carbs (eating an evening meal with a high glycemic index decreases the time it takes for sleep to start), 
protein (drinking dairy products may lengthen sleep), ethanol (REM sleep is reduced) [161], and caffeine (increases sleep onset delay, 
shortens total sleep time, and lowers the quality of sleep) [145]. CR can also be influenced by the timing and amount of meals (large 
portions and/or afternoon meals can potentially impair sleep due to the thermic action of digestion) [150]. Poor sleep can result from 
calcium intake, which can then result in more calcium being consumed. Because caffeine inhibits adenosine receptors, it makes people 
more awake and reduces their propensity to fall asleep [145]. Alcohol use is linked to decreased REM sleep, reduced sleep duration, 
and increased sleep disruption in the second half of the sleep cycle [162]. 

Melatonin has been shown to help increase sleep quality and circadian components of the sleep-wake cycle, according to Leonardo- 
Mendonsa et al. [163]. Melatonin increases sleep duration, decreases nocturnal awakenings, decreases nocturnal activity and promotes 
sleep when given before bed [163,164]. According to Atkinson et al. consuming 5 mg of melatonin in the morning substantially 
impacted matched individuals’ future physical performance [165]. Another study by Qatasi et al. discovered that morning melatonin 
injection had no negative impact on soccer players’ afternoon physical and cognitive performance [166]. 

Tryptophan is an essential amino acid precursor of serotonin and melatonin, which can cross the blood-brain barrier by competing 
for transport with other LNAAs [147]. Conversion to serotonin depends on the brain’s ability to produce enough precursor, increasing 
brain Tryptophan when the ratio of free tryptophan to branched-chain amino acids rises. Melatonin is then formed when serotonin is 
made from tryptophan [147]. Comparing dietary tryptophan to food bars (Food 1: 25 g oil-free pumpkin seed meal and 25 g dextrose, 
Food 2: 250 mg medicated tryptophan, and Food 3: 50 g [Control]) [167]. Foods 1 and 2 significantly improved sleep efficiency (% 
time spent in bed asleep; 5.19% and 7.36%) and reduced waking time during the night (19.2% and 22.1%, respectively). And better 
subjective sleep quality (12.2% and 11.8%), indicating that even relatively low amounts of dietary tryptophan (250 mg) can have an 
advantageous effect [167]. 

Melatonin is produced partly by vitamin B12, serotonin is paid in part by vitamin B6’s pyridoxine, and tryptophan may be reduced 
by vitamin B3’s niacin [150]. Melatonin is produced in part by vitamin B12, serotonin is produced in part by vitamin B6’s pyridoxine, 
and tryptophan may be reduced by vitamin B3’s niacin [150]. Tryptophan is converted to serotonin by pyridoxine and folate, vitamins 
B9 [152]. Tetrahydrobiopterin, a typical tryptophan-5-hydroxylase enzyme that transforms tryptophan into 5-hydroxytryptamine 
(5-HT), is increased by the reduced form of folate (5-methyltetrahydrofolate) [152]. The amino acid decarboxylase enzyme, which 
speeds up the conversion of 5-HT to serotonin, is linked to the role of pyridoxine in the conversion of tryptophan to serotonin [152]. 
Different cobalamin (vitamin B12) doses have had conflicting effects on sleep-wake rhythm and delayed sleep phase syndrome 
(significant CR delay) while not affecting sleep duration [162]. 

A nutritional supplement comprising 5 mg of melatonin, 225 mg of magnesium, and 11.25 mg of zinc significantly (p ≤ 0.001) 
enhanced subjective sleep quality scores, according to a double-blind, placebo-controlled research of senior participants (n = 43). 
Actigraphy was used to assess the improvement in sleep in the intervention group but not the control group (group difference 6.8; 95% 
CI = 5.4 to 8.3) and total sleep duration (182.18 min; 95% CI = 204.34 to 160.02) [115]. The synergy of magnesium, zinc, and 
melatonin was said to be responsible for these benefits; however, it should be highlighted that supplementing with these nutrients will 
probably only be helpful in circumstances of deficit or insufficiency [168]. Table 2 displays information about complementary 

Table 2 
Sleep changes following complementary interventions.  

Study Type- Dosage Consumption time Effect 

Pires, 2001 [169] Exogenous melatonin (0.3 mg or 1 mg) 6:00 p.m. ↑SOL 
Porter, 1981 [154] Carbohydrate (47 g–130 g) 45 min before bedtime ↓light sleep- ↑ REM 
Afaghi, 2007 [149] Carbohydrates with a high glycemic index (GI). 4 h pre-bed ↓SOL 
Hudson, 2005 [167] oily pumpkin seed powder (25 g)- dextrose(25 g)-medicinal tryptophan 

(250 mgr) 
– ↑SE _ ↓ WASO 

Markus, 2005 [170] Contains milkshakes 
Lactalbumin (20 g) 

Evening snack ↓ morning 
Sleepiness 

Rondanelli, 2011 [168] food-based supplement (5 mg melatonin, 225 mg magnesium and 
11.25 mg zinc) 

– ↑TST 

Leonardo-Mendonca, 2015 
[163] 

Melatonin (100 mg) Before starting sleep for 4 
weeks 

↑ sleep quality 

Lopez-Flores, 2018 [171] Melatonin (10 mg) 30 min pre-sleep ↑sleep quality 
Meolie, 2005 [172] Magnesium oral supplement Eight weeks 1 h before 

bedtime 
↑sleep quality- ↑ 
TST 

SE: sleep efficiency, SOL: sleep onset latency, TST: total sleep time, ↑ increase, ↓ decrease. 
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therapies and their impact on sleep outcomes. 

1.9. Can circadian rhythm help homeostasis? 

This section will describe hormonal changes and the immune system. Also, check the best times of CA, such as showing the right 
amount of sleep, afternoon nap, and before training. Numerous physiologically regulated processes have been demonstrated to be 
time-of-day dependent (TOD), and healthy adults at rest have physiological CR that are well understood [173]. Since the antioxidant 
system is more effective in the morning and the rate of lipid peroxidation is higher in the early evening, it has been well established that 
in active and healthy individuals, indices of oxidative stress and antioxidant status depend on the time of day [173,174]. Similar 
research has shown that blood lactate (Lac), alkaline phosphatase (PAL), gamma-glutamyl transpeptidase (GT-g), creatine kinase (CK), 
lactate dehydrogenase (LDH), alanine aminotransferase [175], aspartate aminotransferase (ASAT), and other biochemical indicators 
of muscle damage and fatigue depend on the time of day and have significantly higher values in it has already been noted [176,177]. 
The resting values of white blood cells (WBC) and their subgroups of monocytes (MO), neutrophils (NE), and lymphocytes (LY) are 
significantly greater in the evening than in the morning in healthy sedentary individuals [173]. In general, the afternoon was when the 
levels of urea (URE), creatinine (CR), glucose (GLC), total cholesterol (TC), triglyceride (TG), and high-density lipoprotein (HDL) were 
at their lowest [173,177] (Table 3). 

CR regulates nearly all hormones; in humans, the natural endocrine cycle lasts around 25 h; the cycle of sleep, wakefulness, and 
light-darkness affect the concentration of plasma corticosteroids. According to scientists, blood pressure fluctuates throughout the day 
depending on the time of day. Both people with normal and high blood pressure have a sharp rise in their blood pressure in the early 
morning hours [185]. Numerous studies indicate that the minimum threshold is between zero and three in the morning, and the 
highest threshold is between 12:00 to 18:00 h, because at night people become more sensitive to pain. Because people have a higher 
pain tolerance towards the end of the day, sedative medicines work less effectively at night to lessen pain than during the day. They are 
somewhat different physiologically in how they affect the circadian cycle [186]. 

Two factors are principally in charge of controlling the dynamic process of sleep. Homeostasis for rest and CR. To demonstrate the 
connection between the circadian clock (an endogenous timing system) and the homeostatic sleep stimulus (sleep pressure or an urge 
to sleep that builds up during waking), a two-process model of sleep regulation was created [187,188]. The circadian process is 
governed by a circadian oscillator, whereas the homeostatic process depends on sleep and wakefulness [189]. Homeostatic processes 
change during awake and sleep, interact with C regardless of insomnia or sleep, and take signals from the environment (such as light) 
[187,188]. Although the brain’s SCN serves as the process’s focal point, auxiliary clock systems have been discovered elsewhere over 
the body [187]. 

The immunological and endocrine systems are restored by sleep, which helps the body recover from the metabolic and neuronal 
costs of waking up [190,191]. Sleep is also crucial for learning, memory, and synaptic plasticity, which refers to the ability of synapses 
to become stronger or weaker over time. Sleep, particularly slow-wave (or N3) sleep in the early hours of the night, increases prolactin 
secretion while decreasing cortisol and catecholamines’ anti-inflammatory effects [190]. Acute sleep deprivation and sleep disruption 
(short sleep duration or reduced sleep frequency) reduce adaptive immunity, which is linked to a reduced response to vaccination and 

Table 3 
Physiological effect of sleep on Biomarkers of muscle injury.  

Study biomarker Physiological effect sleep stages 

NSN PSD 

Mejri, 2015 [178] CK CK increasing in post exercise of Yo-Yo intermittent test  PSDEN PSDBN 
*  

Mejri, 2015 [178] Lac post-exercis → a slight decrease(Lac) → after PSDEN  *  
Knutson, 2007 [179] plasma GLC levels early awakening → in greater glycogen depletion - higher plasma GLC levels- 

increased GLC →by greater insulin resistance  
*  

O’Neill, 2011 [180] RBC and HB At rest after PSDEN → < PSDBN and baseline  *  
Abedelmalek, 2013 

[181] 
WBC and GR the short-term 

high-intensity exercise after PSDEN→higher WBC and GR→the greater 
inflammation  

*  

Rae, 2017 [182] interleukin-6 – 
basophil 

during the recovery →remained 
elevated→ period after sleep deprivation  

*  

Mejri, 2015 [178] urea (URE) Increased URE→increase in ammonia  *   
Mejri, 2015 [178] aspartate 

aminotransferase (AST) 
(AST) increased→ More challenge from training for muscles and liver  *   

Mejri, 2015 [178] creatine kinase (CK)- 
monocyte 
(MO) 

higher resting  *  

Alzoubi, 2012 [183] glutathione peroxidase 
(GPx) 

decrease in resting → post-exercise  *  

Savic, 2015 [184] superoxide dismutase 
(SOD) 

sleep deprivation→ declined SOD  *  

NSN; normal sleep night, PSDEN; partial sleep deprivation at the end of the night, PSDBN; partial sleep deprivation at the beginning of the night.CK, 
creatine kinase,:WBC, wight blood cell: RBC, red blood cell. 
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increased susceptibility to infectious diseases, which is linked to a decreased growth hormone secretion during deep sleep and an 
increased sympathetic outflow [192]. 

Lack of sleep is linked to a rise in catabolic hormones and a fall in anabolic hormones, impairing muscle protein synthesis [181] and 
reducing recovery and training adaptations. There have been reports of sleep problems and inadequate sleep duration among athletes. 
Polysomnography (PSG) analysis of the sleep habits of 23 professional male ice hockey players revealed an average total sleep time of 
6.92 h (95% CI = 6.3–7.5 h) [193]. Like other athletes, South African athletes (n = 890; international n = 183, national n = 474, club n 
= 233) claimed that sleep was their primary means of recuperation [22]. While a previous study found that 66% of German profes-
sional athletes (n = 416) reported having signs of pre-competition insomnia, such as difficulty falling asleep, nightly awakenings, and 
early final waking times reported [194]. The most significant indicator of injury in adolescent athletes is reported to be 8 h (OR = 2.1; 
95% CI = 1.2 to 3.9) [195]. Elite Swedish adolescent athletes were studied as part of the Karolinska Athlete Screening Injury Pre-
vention Study (KASIP), which found that those who slept more than 8 h had a lower risk of injury (OR = 0.39; 95% CI = 0.17 to 0.96) 
[196]. 

Surprisingly, little research looked at how much sleep affects sports performance [186–191], the majority of which assessed 
short-term performance with a sizable anaerobic component and discovered that lack of sleep had no impact on performance [197, 
198]. However, other studies, many of which assessed endurance performance, have noted lower performance following sleep deficit 
or recovering from sleep deprivation. The negative impact of sleep loss on endurance performance may be influenced psychologically, 
such as motivation [199]. Lack of sleep seems to negatively impact evening performance more than morning performance [199–201]. 
After sleep loss, decreasing CR amplitude probably causes decreased performance in the evening [200,202]. Only a few studies 
measure performance after total sleep deprivation [199,200], a restriction that would have produced less meaningful outcomes. 
Regarding relative sleep deprivation, missing the first few hours of the night doesn’t seem to affect performance [201,203,204]. 
However, partial sleep deprivation over multiple days has been shown to have the opposite effect, probably because it increases 
perceived effort, sleepiness, and weariness [205]. 

A 30-min nap in the afternoon following a night of relatively little sleep (waking around 3:00) has also been found in one study to 
enhance running performance in comparison to a no-nap condition speed up by 2–20 m [206]. Napping may improve alertness and 
motivation for work by lessening the weariness brought on by sleep deprivation [206,207]. Power estimations were not often pub-
lished in most studies that looked into sleep deprivation. The impact of sleep deprivation may be diminished because of the limited 
statistical power. 

Further evidence that adequate sleep duration is crucial for athletes comes from the associations between napping while sleep- 
deprived and increased performance [206,208]. If the athlete has enough time to overcome sleep inertia, napping, whether brief or 
prolonged, involving deep sleep or not, is likely to be beneficial [207]. Table 4 provides specifics regarding the impact of regular sleep 
on performance. 

It is also important to note that the use of electronic media (e.g., smartphones) continues to increase in the modern era [214]. 
Smartphones, laptops, and e-books equipped with light-emitting diodes (LEDs) that emit significant amounts of short-wavelength light 
(i.e., “blue light”) [215,216]. These light sources show a spectral peak at around 460 nm [217,218]. Melanopsin is particularly 
sensitive to light with short wavelengths between 446 nm and 480 nm [219], thus to the light emitted preferentially from LED screens 
(for example, smart phones) is emitted. Information about light is further relayed via the retinohypothalamic tract to our “internal 
clock” located in the suprachiasmatic nuclei (SCN) of the hypothalamus. The SCN then projects to the pineal and pituitary glands. The 
pituitary gland controls and stimulates the secretion of the stress hormone cortisol [220]. About light-induced cortisol changes, a study 
examining exposure to blue-enriched light (1500 lux) in the evening (23:00 to 24:00 h) showed no immediate effect on cortisol 
secretion [221], whereas Morning (05:00 to 08:00 h). Exposure to bright light (2000–4500 lux) increases cortisol secretion [222]. 
However, the lasting effects of exposure to enriched or bright blue light in the evening on morning cortisol levels were not assessed in 
these studies. It is controlled by the pineal gland and projects back to the SCN [17]. As a result, melatonin strengthens sleep pressure 
and inhibits the desire to stay awake [17]. Regarding the effect of light, melatonin is strongly affected by exposure to short-wavelength 
light in the evening. For example, 2 h of exposure to 460 nm light in the late evening (i.e., 21:30 to 23:30 h) significantly suppressed 
melatonin secretion compared to 540 nm or no light [17]. Consistent with these results, 5 h of LED screen exposure before sleep 
initially suppressed melatonin secretion, followed by a delayed increase [214]. 

This allows for the assumption that exposure to evening light also affects sleep physiology, particularly the amount of SWS and slow 
wave activity (SWA, 0.75–4.5 Hz), respectively. Indeed, two studies reported a reduction in SWS and SWA in the first sleep cycle after 

Table 4 
Sleep, performance, sleep duration, amount of sleep for adult.  

Study Sleep duration Performance 

Blumert, 2007 [209] 24 h of sleep deprivation ↓physical performance of collegiate weightlifters 
Brauer, 2019 [210] sleepless night ↓ Glycogen storages 
Abedelmalek, 2013- Hajsalem 2013 [181] Relative sleep deprivation (3–4 h) ↓Performance- ↓peak and mean anaerobic power 
Mah CD, 2011 [211] extended sleep (five-seven week) (10 h) improved →times on sprints 

↑free throw 
↑3-point shooting accuracy in the basketball player 

Schwartz and Simon, 2015 [212] sleeping time up 1 week (9 h) improved→ the service accuracy from 36 to 42% 
US Department of Health and Human Services, 2015 [213] Helpful sleep for adults≥7 Optimum health promotion 

↑ increase, ↓ decrease. 
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participants were exposed to short-wavelength light in the late evening (i.e., between 21:30 to 23:30 h) [215]. These findings suggest 
that the negative effects of light on sleep may affect behaviour the next morning. Evidence from previous studies shows opposite 
outcome patterns for wakefulness and sleepiness in the morning after sleep [223,224]. Therefore, short-wavelength light in the 
previous evening reduced alertness the following morning, because its alerting effects in the evening may interfere with subsequent 
sleep. 

A large body of research well supports the impact of the time of day on performance. Two factors are principally in charge of 
controlling the dynamic process of sleep. Technical skill-based sports like badminton, tennis, and soccer seem to have an acrophase a 
little bit earlier in the day (i.e., afternoon) [5,32,225] than muscle power and anaerobic capacity, which appear to peak in the early 
hours of the morning [226–232]. Technical skills are known to rise in the morning and increasingly need fine motor control [207]. In 
general, the waking time has a greater impact on cognitive and sensorimotor aspects of diverse processes than on gross motor motions 
[233]. These findings indicate a relationship between performance, sleep deficiency, and time of day. 

1.10. Circadian rhythm and gender 

Even in infancy, there are subtle sex variations in sleep, but little research has been done in this area [234]. After birth, sex dif-
ferences in EEG waveforms are seen, and girls spend more time overall around ten months than boys [235]. Sex variations in sleep 
structure ultimately manifest at this point [236]. Interestingly, baby males establish a coherent sleep cycle a little later than girls at the 
same age [237]. 

A change in chronotype characterises the gender difference in sleep that appears during adolescence. Girls begin puberty on 
average one year earlier than boys do. Girls start to experience a chronotype shift at the same time. So, they begin staying up later than 
males a year earlier, which releases gonadal hormones. However, girls experience the peak sleep onset delay one year earlier than boys 
[238]. There also seem to be gender disparities in the rate of chronotype change, in addition to gender differences in the timing of 
chronotype onset. Boys experience a bigger overall chronotype shift than girls do. Most gonadal hormones are implicated in the 
chronotype alterations seen in adolescence through a link between the development of secondary sexual characteristics and 
age-related changes in sleep onset [239,240]. 

Adult sleep behaviour has been linked to gender variations in several ways. Females typically go to bed sooner than males, stay in 
bed longer than men, and get more overall sleep [241]. With the start of menopause, which once again impacts the hormonal influence 
on the circadian and sleep systems, it is interesting to note that female’s urge to sleep fades earlier than the male’s throughout 
adulthood [238]. 

Interestingly, despite getting total sleep than males, females report having worse sleep than males, and their chance of developing 
insomnia is 41% higher [242]. It is unknown what precisely accounts for this significant difference. In a study that evaluated the EEG 
activity of insomnia patients and healthy controls, males with insomnia and healthy controls’ EEGs were not substantially different. In 
contrast, the EEG of females with insomnia and healthy controls differed during all NREM sleep stages. This discovery might be 
connected to the rise in female sleeplessness [243]. 

In reaction to lack of sleep, the body of knowledge regarding sex differences in human sleep homeostasis and the effects of sleep 
deprivation is expanding. Because the impact of building up sleep debt differ for males and female, there appears to be a gender 
variation in how people react to sleep deprivation [234,244]. Sleep debt negatively affects females’ health more than males because 
females build sleep debt more quickly, and its effects are more severe in females [245], as their health is more adversely affected [244]. 
Because females experience higher slow-wave activity (SWA, also known as activity) during NREM sleep than males, objective sleep 
measurements reveal sex differences even at baseline [246,247]. The finding that females exhibit a more significant restoration of SWA 
in response to sleep deprivation than males dovetails with the theory that the S process may differ between the sexes [245]. Female 
mice exhibit more NREM sleep than male mice for the first 2 h following sleep deprivation, shows that sex differences in homeostatic 
sleep mechanisms may exist in rodents and humans [248]. 

1.11. Practical applications 

Studies on the relationship between circadian principles and immunological function, and hormone balance may demonstrate 
which of these strategies helps athletes retain performance, in our opinion. The scientific literature that is now available suggests that 
there is still an opportunity for improvement, but any future research must be well planned to account for confounding variables, 
including participant chronotype, the influence of other zeitgebers, and under-testing. The promising improvement brought about by 
supplemental nutrition administration during sleep programs calls for additional parallel research. It’s crucial to note that new 
research could profit from carefully selecting proper techniques for measuring and assessing the effect of proposed interventions on 
CR. Of course, given that dietary and feeding modifications may have an impact on redox indicators and CR [249]. Using calorie 
restriction is a good substitute. 

NADPH oxidase, an important marker of the formation of oxidative stress, increased after 12 weeks of high-fat feeding in animal 
models, speeding up the pathogenesis of endothelial dysfunction [250]. Rodents fed a high-fat diet for a further 12 weeks of calorie 
restriction with and without exercise training, however, demonstrated normalization of NADPH oxidase levels and reversal of the 
degenerative development of endothelial dysfunction. In obese females, a 10% weight loss after three months of food restriction 
(energy deficit of 500–1000 kcal/day) increased glutathione reductase [251], but a 20% weight loss after six months of a low-calorie 
diet was sufficient to boost GPx. Indicating a correlation between enough BMI reduction and decreases in triglyceride, IL-6, and 8-iso-
prostane levels [252]. In addition, intermittent dietary restriction (20%) caused obese adults’ 4-HNE and serum 8-isopropionate levels 
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to decrease while raising their antioxidant concentration [235] significantly. Wycherley et al. demonstrated that although diet and diet 
combined with aerobic exercise increased oxidative stress and nitric oxide (NO) availability and significantly reduced body weight in 
obese participants with T2 diabetes, there was no difference between the therapies after 12 weeks [253]. 

Numerous studies have shown that the quantity and composition of macronutrient consumption might affect postprandial 
oxidative stress responses. As opposed to ingesting moderate (75 g) and high (150 g) amounts of dextrose, consuming 66 g of fat 
significantly raised the levels of the oxidative stress markers MDA and H2O2. It’s possible that postprandial superoxide production 
helped to cause oxidative stress [254], perhaps associated with the generation of postprandial superoxide [255]. After consuming 33 g 
of fat, various outcomes were reported, demonstrating that postprandial oxidative stress responses can be influenced by the source, 
amount, and distribution of macronutrients [256]. In addition, compared to isocaloric meals with various macronutrient compositions, 
postprandial triglycerides, TAG, MDA, H2O2, and nitrate/nitrite have been shown to increase [240] significantly. The first study 
comparing the oxidative stress response brought on by acute bouts of intense exercise with high-fat meals was conducted by McCarthy 
et al., exercise may have increased antioxidant defences in the study participants, which may have contributed to the non-significant 
rise in oxidative stress after strenuous exercise [257]. 

This food adjustment has been demonstrated to extend mice’ lives [258,259]. These results might not apply to all species in any 
case. A CR diet can also be contrasted with an ad libitum diet, leading to excessive calorie consumption and weight gain [260]. 
Modifying macronutrient intake in parts, such as consuming less fat or carbohydrates, is a common strategy for CR [261]. Both of these 
can be paired with a diet high in protein. Among these strategies, a relative increase in dietary protein intake may assist in lowering 
calorie intake since satiating proteins include egg whites, dairy products, and lean meat [262]. Increased consumption of specific 
micronutrients, such as polyphenols, may boost the antioxidant status and protect against oxidative stress [263,264]. Much evidence 
suggests that eating more fruits and vegetables is good for your health [265,266], maybe because of the antioxidant polyphenol 
concentration [267]. To help create techniques to enhance athlete performance, an additional study that simultaneously examines 
exercise-matched nutritional modifications is also encouraged. 

This narrative review has some limitations, which should be considered. Based on limited evidence of this review about human 
body immune system adaptation that it can lead to alterations in recovery period immune factors, it can be highlighted that the 
relationship between changes in the immune system at the start of exercise and the recovery period and their effects from the CR can be 
comprehensively investigated. Moreover, the balance between sympathetic and parasympathetic nervous systems and their rela-
tionship with changes in CR can effectively examine changes in other factors such as sports performance, immune system and hor-
monal function. Therefore, not considering this vital factor in this narrative review study can be one of the major limitations. Among 
the other main limitations of this review is the lack of studies of the signaling pathways affecting the CR, and in this review, the annual 
changes and the molecular and protein mechanisms affecting the CR have not been fully investigated. In this way, in the research 
literature of this narrative review, a lot of effort has been made to clarify the mechanisms responsible for the difference in exercise 
performance during the day, but to clarify the training differences, it is necessary to examine different training models. Nutritional 
interventions were investigated as another effective factor in CR in this review, but more research is needed to investigate the effect of 
nutritional interventions more comprehensively through the careful selection of appropriate methods to measure and evaluate the 
effect of potential interventions. Take advantage of the CR. 

2. Conclusion 

The current narrative review provides evidence that CR is accepted as critical component of a multifaceted physiological machinery 
that controls and regulates many essential physiological mechanisms in most organisms, from cyanobacteria to mammals. Taking into 
account the individual’s chronotype and using exercises at specific times of the day, it seems to be an effective way to have a major 
impact on physical performance, that the integration of endogenous and exogenous mechanisms has a great effect on the CR in sports 
performance. In addition to light, physical activity is important, which works on environmental oscillators through the master bio-
logical clock. Then they initiate many physiological functions that increase hormones, enzymes, and neurotransmitters, and through a 
complex network of negative feedback loops can be defined. Organism adaptation strongly depends on the internal biological clock 
affected by environmental conditions. Evidence shows that sleep quality and CR affect various hormones and metabolic processes. 
Hormones such as growth hormones, melatonin, cortisol, leptin, and ghrelin are closely related to sleep and CR. 

They considered that the molecular clock has significant control over the immune system. Work on circadian inflammation to date 
has focused on the faster innate immune response mediated either directly by cell-intrinsic clocks or via circadian regulation by the 
surrounding microenvironment. However, clock proteins also significantly impact the adaptive immune response. Based on this 
narrative review of the available scientific literature, it appears that nutrients such as antioxidants, tryptophan-rich protein, carbo-
hydrates, melatonin, micronutrients, and fruits can induce sleep, and there is considerable scope for further investigation of nutritional 
interventions. There are exercise adaptations designed to increase the quality and quantity of sleep or promote general health, sleep 
health, and exercise adaptations in general and athletic populations. Finally, exciting discoveries in CR research will likely benefit from 
the systematic examination of sex differences. The study of metabolic circadian clocks is one such area of research on CR. Some new 
approaches to evaluating CR deserve much attention. 
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Abbreviations 

CR Circadian rhythms 
SCN suprachiasmatic nucleus 
T androgen testosterone 
C glucocorticoid cortisol 
NFO non-functional overtraining 
Hcy Homocysteine 
Lac blood lactate 
TAS total antioxidant status 
UA uric acid 
TBIL total bilirubin 
GH growth hormones are among the best 
SWS slow wave sleep 
PVN paraventricular nucleus 
TSH thyroid-stimulating, hormone 
IGF-1 insulin-like growth factor 1 
GHR growth hormone receptor 
GHRH Growth hormone-releasing hormone 
DMH dorsal nucleus of the hypothalamus 
CRH corticotropin-releasing hormone 
CCG clock-controlled genes 
5-HT 5-hydroxytryptophan 
LNAA large neutral amino acids 
GI glycemic index 
SE sleep efficiency 
TST total sleep time 
SOL sleep onset latency 
TOD time-of-day dependent 
PAL alkaline phosphatase 
GT-g gamma-glutamyl transpeptidase 
CK creatine kinase 
LDH lactate dehydrogenase 
ALAT alanine aminotransferase 
ASAT aspartate aminotransferase 
WBC white blood cells 
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MO monocytes 
NE neutrophils 
LY lymphocytes 
URE urea 
CR creatinine 
GLC glucose 
TC total cholesterol 
TG triglyceride 
HDL high-density lipoprotein 
NSN normal sleep night 
PSDEN partial sleep deprivation at the end of the night 
PSDBN partial sleep deprivation at the beginning of the night 
PSG Polysomnography 
KASIP Karolinska Athlete Screening Injury Prevention Study 
NO nitric oxide. 
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[187] A.A. Borbély, et al., The two-process model of sleep regulation: a reappraisal, J. Sleep Res. 25 (2) (2016) 131–143. 
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