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ABSTRACT

The article presents a review of the main circadian mechanisms regulating car-
bohydrate metabolism and their role in maintenance of energy homeostasis;
the molecular genetic structure of the circadian system is also discussed. The role
of adipose tissue and other organs and systems in the maintenance of circadian
rhythm of carbohydrate metabolism, both in health and in obesity and diabetes,
is highlighted. Particular attention is paid to diurnal rhythms of endocrine factors
responsible for metabolic patterns of hormones such as cortisol, growth hormone
and melatonin. Gender differences in the circadian regulation of energy and car-
bohydrate metabolism are also discussed, as well as their changes in different age
periods. Article provides detailed review of the mechanisms of glucose utilization,
reactivity of the pancreatic islets and peripheral insulin sensitivity shifts at different
time periods of the day in people with normal body weight, android and gynoid types
of obesity, both in women and men. Protective factors of energy metabolism circadian
regulation structure preventing the development of diabetes mellitus and cardio-
vascular disease in individuals with so-called “metabolically healthy” obesity type
are discussed. Article provides a review of various pathways of circadian rhythm
disturbances, mechanisms of their development, as well as exogenous and endog-
enous factors leading to carbohydrate metabolic circadian rhythm misalignment,
such as shift work, untiming of natural and artificial lighting, jet lags, sleep disorders.
Represented data contribute to a new look at the pathogenesis of obesity and car-
bohydrate metabolism disorders in various types of obesity in men and women,
that provides basis for searching for new effective methods of prevention and treat-
ment of these conditions, elaboration of evidence-based diets and physical activity
recommendations, as well as approaches to their medical treatment.
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PE3IOME

B cmameoe npedcmassieH 0630p ceedeHuli 06 0OCHOBHbIX MEXAHU3MAx UUPKAoHoU
pezynayuu y2n1e800H020 06MeHd, a MAakxe eé€ posiu 8 NO0OePXAHUU dHepeemuye-
CK020 20Me0Cmasa, pacCMompeHa MoJIeKy/IApHO-2eHemuYeckas cmpyKkmypa yup-
KaodHoU cucmemsl. OcgeweHa posib XuposoU MKAHU U Opy2ux op2aHos u cucmem
8 YUPKAoOHOM pumme y2/1ie800H020 0OMeHa, Kak 8 HOpMe, Mak U Npu OXXupeHuu
u caxapHom duabeme 2-20 muna. Ocoboe BHUMAHUE yoe1ieHo CymoYyHOU pummuke
3HOOKPUHHbIX hakmopos, onpedesigouux Memaboaudeckue nammepHol MAxKux
20pMOHO8, KaK KOpmu30J/1, COMamomponHseIli 20pMOH, MeIAMOHUH. B cmamee
omoesibHO 06Cyx0aromcs 2eHOepHble pa3nudus YUpKaoHoU pezynayuu 3Hepae-
muyecko20 U y211e800H020 Memabou3Ma, a makxe ux U3MeHeHUs 8 pa3/iuyHble
803pacmHvle nepuoobl. [Ipo8edéH NoOpobHbIL 0630p MEXAHU3MO8 U3MeHeHUs
ymusiu3ayuu 2/1l0K03bl, peakmu8HOCMU UHCY/IApHO20 anndpama nooXes1y004HoU
XKesne3bl U 4y8cmaumesibHoCmu nepugepudeckux maHel K UHCY/IUHY 8 pasHoe
8pems Cymok y /iUy, C HOpMasabHoU Maccol mesd, AHOPOUOHbIM U 2UHOUOHbIM
muNnamu OXUpeHUSA, KaK y XeHWUH, Mak u 'y myxduH. O6Cyx0eHbl 3aujumHsle
hakmopel 8 cmpykmype YupkaoHOU pezyniayuu S3Hep2emu4ecKko20 Memabosu3md,
npensmcmaytowjue pazsumuro caxapHoz2o ouabema u cepoeyHo-cocyouCmolx
3abonesarull y Uy ¢ MAak HA3bIBAeMbIM «Memaboauyecku 300po8biM» MUNOM
oXUpeHUs. PaccmompeHbl pasaudHele 8apuaHmMbl HapyweHUl YUPKAoHsIX pum-
MO8, MexaHu3Mbl UX B03HUKHOBEHUS, d MAKxXe 3K302eHHble U 3HO02eHHble hakK-
mopebl, NpugodsawUEe K HApYUWeHUAM YUPKAOHO20 pumma y21e800H020 0bMeHd,
makue Kak CMeHHAs paboma, HapyweHue ecmecmaeHH020 U UCKYCCMBEeHHO020
oceeuwjeHuUs, CMeHa 4acosblx NosAcos, paccmpolicmea cHa. lpusedéHHble cgede-
HUs cnocobcmayom opMUpPOBAHUID HOB020 8327100 HA NAmMozeHemu4vecKue
MexaHUu3Mbl pa3sumus HapyuweHul y21e800H020 06MeHad nNpu pas/IuYyHbIX MUNax
OXUPEHUS y MyXYUH U XeHWUH, 4mo 0dém 0CHOBAHUSA 071 NOUCKA 3(hcheKmUBHbIX
Memo0o8 NpopuIaKMuUKU U JiedeHus Smux 3abosesaHuli, onpedesieHUs Hay4yHo-
000CHOBAHHbBIX PEXUMO8 NUMAHUSA U (hU3UHecKUX Ha2py30K, d Makxe nooxo008
K UX MeOUKameHmMo3HoU mepanuu.

Knroueaoie cnoesa: y21e800HbIl 06MeH, YUPKAOHbIE pUMMbI, UHCYJ/IUH, 2J1H0K03d,
caxapHeili ouabem, oXxupeHue, XUposds MKaHb
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INTRODUCTION

There is more and more information concerning the es-
sential role of not only central but also peripheral oscilla-
tors acting in metabolically active organs in the regulation
of glucose homeostasis to ensure circadian coordination
of key metabolic processes. Integral work of central and pe-
ripheral oscillators allows the organism to predict the de-
velopment of events related to the day-night cycle, includ-
ing processes related to the periodization of sleep-wakeful-
ness, hunger-satiety cycles of the organism. In this regard,
obtaining new knowledge related to blood glucose home-
ostasis as a key energy substrate is one of the fundamen-
tal tasks for understanding the mechanisms of metabolism
regulation in the human body in health, as well as for deter-
mining pathogenetic approaches to the treatment of such
diseases as obesity, dyslipidemia, atherosclerosis, type 2 di-
abetes mellitus and others.

Circadian rhythms are periodically repeating patterns
of physiologic processes every 24 hours. Cyclic processes
occurring in the human body determine the equilibrium
both within the organism and its equilibrium with the en-
vironment, which provides adaptation to the environmen-
tal conditions. Circadian rhythm is generated endogenous-
ly by a genetically encoded molecular clock with a perio-
dicity of about a day [1].

Currently, more than 300 physiological functions
and processes are known to have circadian rhythm, in-
cluding: body temperature, motor performance, sensitivi-
ty of the organism to environmental factors; different lev-
els of biologically active substances in body tissues and or-
gans, as well as in biological fluids; intensity of metabol-
ic processes, as well as providing cells, tissues and organs
with energy and plastic resources [2, 3]. A circadian clock,
influencing the expression of synthesis and hormone se-
cretion involved in the metabolism regulation, contributes
to the maintenance of body weight adequate to external
conditions [4, 5].

One of the most striking examples of circadian
rhythms are the stable circadian and ultradian rhythms
of blood glucose level dynamics, which have developed
in the course of evolutionary development under the influ-
ence of organism’s peculiarities of functioning in the envi-
ronment. Glucose homeostasis represents a model of en-
ergy metabolism circadian control, enhancing the efficien-
cy of this substrate usage. So, while during activity, blood
glucose is predominantly of dietary origin, during rest,
glucose is gradually recruited from glycogen in the liv-
er and maintains the required level in the blood within
a relatively narrow range of concentrations [6]. During
this process, liver glycogen content undergoes large dai-
ly fluctuations necessary to maintain blood glucose lev-
els, as glycogen synthesis and breakdown change dur-
ing periods of wakefulness/feeding and rest/starvation,
respectively [7, 8].

The circadian model of carbohydrate metabolism neu-
rohumoral regulation formed during phylo- and ontogen-
esis is highly reliable because it is a multilevel and self-reg-
ulating system [3]. This system regulating glucose homeo-

stasis is represented by both a central biological clock lo-
cated in the hypothalamus and a peripheral circadian clock
in organs and tissues such as muscle, adipose tissue, liver,
and pancreas.

Discordance in the circadian clock can lead to signifi-
cantdisorders in the endocrine glands rhythms, which play
aleading role in the realization of most physiological func-
tions. The resulting hormonal disorders affect a range
of metabolic responses, and the effects on glucose and li-
pid homeostasis lead to the development of such disor-
ders as metabolic syndrome, obesity and type 2 diabe-
tes [4, 6]. Adipose tissue accumulation leads to chang-
es in daily fluctuations in body temperature, heart rate,
blood pressure, fasting glycemia. Further disorders of car-
bohydrate metabolism in the form of type 2 DM develop-
ment contribute to the aggravation of metabolic disorders,
which leads to even greater changes in the structure of cir-
cadian rhythms in the body [9].

CIRCADIAN CONTROL OF ENERGY METABOLISM

Endogenous circadian rhythms of metabolism are re-
produced by a multi-oscillatory system consisting of a cen-
tral clock located in the suprachiasmatic nucleus (SCN)
of the hypothalamus, as well as the peripheral clocks repre-
sented in virtually all organs, tissues, and cells of the human
body [10]. SCN functioning is triggered primarily by light
signals via the retinohypothalamic tract. Further, through
nerve and/or hormonal pathways, the SCN transmits tempo-
ral signals to other brain regions, particularly the epiphysis,
as well as to peripheral organs such as the adrenal glands,
muscles, adipose tissue, pancreas, liver, and gastrointesti-
nal tract [10]. The central clock uses hormones such as cor-
tisol, melatonin, STH, leptin, and synaptic projections, par-
ticularly the autonomic nervous system, as signals that reg-
ulate metabolism [11, 12].

Peripheral tissues, by integrating SCN signals with en-
vironmental factors and behavior (including nutrition,
light, sleep, and physical activity), as well as with their own
autonomous rhythms, maintain the circadian rhythm
of the body’s energy metabolism [13]. It has been shown
in experimental models that (almost) all cells in the body
express the molecular mechanism of the circadian clock,
and the hunger-satiety cycle is one of the main synchroniza-
tion timers for the peripheral clocks [14]. Thus, the rhythm
of food intake largely controls the circadian expression
of liver genes [15].

Molecular regulation of energy metabolism circadian
rhythms is provided by a set of genes that trigger and main-
tain the clock mechanism of the organism as a whole. Auton-
omous intracellular rhythms are maintained at the molec-
ular level by circadian genes and proteins that form a tran-
scriptional-translational feedback loop (TTFL). The main
negative transcriptional-translational feedback loop in-
cludes core clock genes such as CLOCK, BMALT (also known
as ARNTL), PER and CRY [16]. TTFL operates in a ~ 24-hour
cycle, activating a rhythmic cascade of transcriptional
and post-transcriptional events involving thousands of tar-
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get genes [17]. In total, about 10 % of gene transcripts
show circadian periodicity and, moreover, even more
proteins undergo oscillations due to circadian rhythms
at the post-transcriptional and post-translational levels
[17].Thus, circadian rhythms are generated endogenously
in the body and persist for quite along time even in the ab-
sence of external time cues [1]. Since different stimuli de-
termine the rhythm of the central and peripheral clocks,
both systems can be desynchronized whenever their re-
spective timers are out of sync. In this regard, synchroni-
zation of photic (light) and non-photic (non-light) stimuli
is necessary for the circadian system to work more accu-
rately and coherently.

CIRCADIAN RHYTHMS
OF CARBOHYDRATE METABOLISM IN NORMAL

The circadian rhythms of carbohydrate metabolism
are fairly well studied in healthy individuals. Numerous
studies have found diurnal variation in glucose tolerance
with a maximum in the morning hours and reduced glu-
cose tolerance in the evening [18-21]. The above diurnal
variations are independent of the route of glucose entry
into the body and are characteristic of both oral and intra-
venous glucose orinsulin tolerance tests [22, 23] and mixed-
feeding conditions [24]. Daily fluctuations in glucose tol-
erance are largely determined by the diurnal rhythm
of B-cell reactivity, insulin secretion and its clearance.
It has been shown that 3-cell reactivity is higher in the morn-
ing than at other times of the day [18, 22], while secretion
rate and insulin levels in response to glucose or food intake
are most significant in the afternoon and evening [25]. In-
sulin clearance also varies by day: its extraction by the liv-
er has been shown to be lower in the morning, relative
to the evening [25].

The diurnal rhythm of carbohydrate metabolismis also
determined by the peripheral sensitivity of tissues to in-
sulin, primarily muscle [26, 27], liver [28], and adipose [24,
29]. Regarding the latter, only subcutaneous adipose tissue
has been shown to undergo a circadian rhythm of insulin
sensitivity with the highest amplitude of insulin sensitivi-
ty, 54 % higher at midday relative to midnight [29]. The re-
sults of our own studies with the oral glucose tolerance test
(OGTT) at different times of the day indicate that in both
men and women with normal body weight, evening time
is characterized by a physiological increase in insulin resist-
ance, manifested by a decrease in the rate of glucose uti-
lization compared to the morning hours. Gender features
of the carbohydrate metabolism circadian rhythm consist-
ed in lower glucose tolerance in the morning in men rela-
tive to women. The explanation for this may be the prefer-
ential accumulation of visceral adipose tissue in men com-
pared to the proportion of subcutaneous adipose tissue,
as determined by the ratio of waist circumference to hip
circumference [30]. It is visceral adipose tissue that largely
determines the level of free fatty acids (FFAs) in the blood.
The predominant alternate use of carbohydrates and fats
in energy metabolism is confirmed by the fact that FFA
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levels are also subject to diurnal fluctuations and are con-
sistent with the diurnal rhythms of glucose homeostasis
(18, 24].

As mentioned above, effective regulation of carbohy-
drate-fat metabolism is supported by a number of coun-
terinsulatory hormones, such as somatotropic hormone,
the level of which isin a pronounced relationship with gly-
cemic levels during nighttime sleep (10:00 PM - 2:00 AM)
[31]. Cortisol is also responsible for circadian fluctuations
in glycemia and insulinemia. Hydrocortisone infusion
is known to dramatically suppress insulin secretion and in-
crease peripheral insulin resistance in about 4-6 hours,
and maintains these effects up to 12-16 hours after ad-
ministration [32]. The effects of melatonin are also re-
flected in the circadian balance of regulators in the form
of increased secretion of counterinsulatory hormones,
predetermining increased insulin resistance and glucose
tolerance in the evening and at night [33]. Conversely,
increased daytime insulin sensitivity and increased pan-
creatic glucose sensitivity coincide with an anabolic ori-
entation of energy metabolism. It has also been sug-
gested that melatonin may directly affect the expression
of clock genes [34]. For example, one of the melatonin ef-
fects is not only the regulation of the expression of circa-
dian genes of the transcription-translation feedback loop
in cells of the central nervous system and (3-cells of the pan-
creas, but also an increase in their sensitivity to the action
of Glucagon-like peptide-1 (GLP-1), which in turn stimu-
lates insulin secretion [35].

Analyzing the changes in glucose tolerance and in-
sulin sensitivity in the circadian rhythm, it can be as-
sumed that the physiological significance of the phenom-
enon of insulin resistance lies in the activation of lipid
oxidation in peripheral tissues in the evening and night
hours, which is necessary for the functioning of muscle
and fat cells and is also aimed at reducing lipotoxicity
[36]. Thus, the increase in lipid utilization and the switch
of energy metabolism to fat oxidation in the evening
is the presumed cause of hyperglycemia and determines
the daily rhythm of glucose levels. The biological mean-
ing of switching to fat metabolism in the late phase
of the circadian cycle lies in the expediency of restoring
the structure, reserves and cell function of peripheral tis-
sues, as well as in getting rid of unspent excess fat stores
to avoid fat degeneration and lipotoxicosis. The oxida-
tion products accumulated during the day inhibit glyc-
olysis and the delivery of glucose into the cells. Perhaps
one of the key roles in this process is played by leptin,
the secretion of which is characterized by a cosine curve
with a peak in the middle of the night [37]. It is known
that leptin is able to induce in somatic cells the synthe-
sis of enzymes involved in the non-oxidative metabolism
of FFAs. In turn, leptin deficiency or developing resistance
to it leads to a switch of FFA metabolism to the pathway
of synthesis of long-chain fatty acids and their esterifica-
tion into triglycerides. The resulting increased lipid con-
tent in peripheral tissues can lead to adipose degenera-
tion, lipotoxicosis, and cellular apoptosis [38]. We believe
thatitis this protective function of leptin against excessive



fat accumulation that defines its basic biological mean-
ing. Based on the above, it can be assumed that it is leptin
that plays a key role in regulating the switch from carbo-
hydrate to fat metabolism during the transition from light
to dark time. Thus, the accumulation of adipose tissue
and insulin resistance are elements of the system of en-
ergy metabolism regulation, formed in the course of evo-
lution and contributing to the survival and reproduction
of offspring in extreme conditions.

FACTORS LEADING TO DISORDERS
OF CIRCADIAN RHYTHM
OF CARBOHYDRATE METABOLISM

Shiftwork

There is increasing evidence that shifts in circadian
rhythms caused by an inappropriate combination of key
external factors, such as shift work, exposure to bright
light at night, sleeping during the day, disordered eating,
low motor performance during the day, lead to metabol-
ic disorders and the formation of pathological conditions
in the form of increased levels of glucose, insulin, triglycer-
ides, the development of obesity and type 2 diabetes mel-
litus (DM), and accelerated aging [39-41].

A meta-analysis of observational studies showed
that people who work shifts have a 9 % increased risk of de-
veloping type 2 DM compared with those without a histo-
ry of shift work [42]. In a longitudinal study using cohorts
of nurses, this risk also depended on the length of shift
work, increasing by 5 % for every 5 years of shift work [43].
It has also been shown that workers with rotation shifts
were even more likely to develop type 2 DM than workers
with a fixed night schedule [42].

Natural and artificial light disturbance
and change of time zones

Another risk factor for circadian rhythm disor-
der is irregularities in lighting, both natural and artifi-
cial. Epidemiologic evidence suggests that exposure
to bright lightin the evening or at night increases the risk
of metabolic disease. In a cross-sectional study of more
than 100,000 women, bright room lighting during sleep
was strongly associated with higher BMI, waist circum-
ference, and waist to hip circumference ratio [44]. In ad-
dition, in a prospective cohort study, older adults ex-
posed to light at night (= 3 lux) demonstrated a 10 % in-
crease in body mass index (BMI) over 10 years [45]. In an-
other study, increased exposure to light in the even-
ing (18-38 lux) was associated with a 51 % increased
risk of developing type 2 DM [46], while a phase de-
lay of every hour in light above 500 lux was associated
with a 1.3 kg/m? increase in BMI [47]. In a cohort study
involving 43,722 women, artificial light at night during
sleep significantly influenced the risk of weight gain
and the development of obesity, especially in women
who had a light or TV on in the room during sleep [48].
Insolation disorder is associated with impaired melatonin
production. Exposure to bright light during the daytime

has been shown to increase melatonin secretion at night
[49]; therefore, lack of bright light during the daytime
may weaken the central clock rhythm and, hence, lead
to metabolic disorders. In contrast, evening or night-
time exposure to bright light suppresses melatonin
production, resulting in significant changes in hormo-
nal balance [12]. Decreased melatonin levels can lead
to the development of food addiction, manifested by in-
creased appetite, episodes of compulsive eating behav-
ior, and elements of night eating syndrome. In mod-
ern society, the influence of social factors on the tim-
ing of meals and the maintenance of circadian rhythms
of sleep and wakefulness is great. Clear examples include
nighttime eating with shift work schedules and postpon-
ing meals when time zones change. An increase in ca-
loric intake in the evening and night hours is often ac-
companied by an increase in total daily caloric intake,
as well as a shift in preference toward foods rich in rap-
idly digestible carbohydrates. For example, one study
showed a prevalence of refined carbohydrates and high-
calorie meals in the diet of individuals working the night
shift [39]. Another study (n = 98) showed decreased levels
of melatonin and serotonin and an inverse relationship
of their levels with all types of eating disorders in indi-
viduals with metabolic syndrome [50]. The results of an-
other study including 100 patients with metabolic syn-
drome demonstrated a shift in the nocturnal peak of me-
latonin without a confirmed decrease in its levels [51].

Another common type of circadian rhythm dis-
orders is jet lag, quantified as a discrepancy between
sleep and wakefulness times on weekdays and week-
ends with discrepancies in social and biological time [52].
It has been found that people experiencing jet lag (approx-
imately 69 % of the population [52]) have a 1.75-fold higher
incidence of type 2 DM and prediabetes compared to indi-
viduals who do not change time zones [53]. Moreover, in-
dividuals with an evening chronotype were at a 2-2.5-fold
higher risk of developing type 2 DM compared to those
with a morning chronotype [54].

Sleep disorders

Another of the mechanisms explaining metabolic
changes in circadian misalignment are sleep disorders.
According to a number of studies, excess body fat is as-
sociated with a number of circadian sleep rhythm disor-
ders [55]. It has been shown that episodes of late falling
asleep can lead to circadian misalignment and exacerbate
insulin resistance [56]. Phase shifts in sleep timing, even
when sleep duration is kept constant, also cause circadian
shifts leading to metabolic dysfunction. Sleep deprivation
worsens glycemic outcomes in patients with and without
DM [57]. Not only shorter (< 6 h) but also longer (> 9 h)
sleep duration has been shown to be unfavorably asso-
ciated with insulin resistance. Although the association
between insufficient sleep and DM is more or less un-
derstood, little is known about how excessive time spent
sleeping or hypersomnia (10-12 hours) increases the risk
of developing diabetes [58]. The link between sleep dis-
turbances and diabetes is two-way: chronic sleep dis-
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turbances increase the risk of developing insulin resist-
ance, and diabetes worsens sleep quality. When the di-
urnal rhythm of going to sleep is shifted, melatonin peak
shifts to the beginning of awakening, the total dura-
tion of sleep decreases, and due to insulin resistance
in the morning hours, there is an increase in postpran-
dial glycemia at lunchtime. This is because the circadi-
an system influences phase | insulin secretion through
the SCN and melatonin receptors (MT1 and MT2). Conse-
quently, the increase in fasting and postprandial hyper-
glycemia on the background of circadian misalignment
is mainly due to the increase in insulin resistance, rather
than due to a decrease in [3-cell function [59].

Diet violation

An important factor that meaningfully affects circadi-
an rhythm is food intake. There is now no doubt that meal
timing plays one of the key roles in maintaining daily ho-
meostasis of glycemic levels [60]. Several studies have re-
ported that delaying the meal phase has adverse metabolic
consequences, even when food intake is limited to daytime
hours. Changing lunch time from 01:00 PM to 04:30 PM in-
creased glucose increment by 46 %, and decreased carbo-
hydrate oxidation in the fasting state [61]. Late dinner in-
duces nocturnal glucose intolerance and reduces fatty acid
oxidation and mobilization, especially in those who fall
asleep early [62]. Another study showed that an abrupt
shift in dinner time from 07:00 PM to 10:30 PM increased
post-breakfast glucose levels the next morning by 7-8 %
and increased 24-h glucose levels by 4 mg/dL, although
it had no effect on 24-h energy expenditure [63]. A night-
time meal, even if it consists of low glycemic index foods,
is associated with a more significant increase in glyce-
mia and insulinemia compared with an equivalent meal
in the morning hours [61].

In arandomized cross-over study, it was shown that late
dinner time led to increased nighttime melatonin concen-
trations and decreased glucose tolerance in MTNR1B me-
latonin receptor gene carriers [64]. The melatonin role
in this process is supported by the observation that sig-
nificant impairment of glucose tolerance at late dinner
was observed only in carriers of the rs10830963 SNP allele
variant of the MTNR1B gene of the melatonin receptor [64],
associated with a high risk of developing type 2 DM [65].
This conclusion is further supported by placebo-controlled
trials demonstrating that administration of exogenous me-
latonin in the morning and evening reduces glucose toler-
ance [66], and that this effect is six times more pronounced
in carriers of the rs10830963 SNP allele of the MTNR1B gene
than in non-carriers [64, 67].

Improper timing of meals can negatively affect
the course of type 2 DM. Patients with type 2 DM who con-
sumed more than 25 % of their daily energy in the even-
ing hours had worse glycemic control, higher levels of gly-
cosylated hemoglobin, and more complications of diabe-
tes [68]. Late meal timing may impair glucose tolerance
for a number of reasons: (1) eating during an unfavorable
circadian phase; (2) eating concurrently with increased me-
latonin concentrations; and (3) late meal timing causes in-

ternal misalignment (main working hypothesis). Accord-
ing to the latter hypothesis, misalignment of food intake
may lead to dissociation of central and peripheral clocks
in metabolically active tissues [69], which has been con-
firmed experimentally [70]. However, to date, there is no di-
rect evidence that internal desynchrony per se negatively
affects glucose control [71], suggesting that the first two
mechanisms may also be important. Anyway, late meal time
can be considered as arisk factor for carbohydrate metabo-
lism disorders [10]. These data may serve as a basis for rec-
ommending that patients with carbohydrate metabolism
disorders eat earlier in the day and refrain from eating lat-
er in the day.

Changing the distribution of calories between meals
(even if meal times have not changed) also affects meta-
bolicrisk factors. According to various authors, increased
consumption of caloric food at lunchtime and evening
contributes to the accumulation of visceral adipose tis-
sue, the development of liver steatosis, abdominal obe-
sity and disorders of carbohydrate metabolism [71].
G.K.W. Leung et al. suggested that daily glycemia fluctu-
ations also depend on the distribution of consumed car-
bohydrates with different glycemic index during the day.
Indeed, diurnal fluctuations in blood glucose concentra-
tions were maximized when a higher carbohydrate meal
followed a lower carbohydrate meal [71]. This fact is im-
portant to take into account in the training and organi-
zation of nutrition of persons with carbohydrate metab-
olism disorders.

Thus, the most significant risk factors for the develop-
ment of carbohydrate metabolism disorders associated
with circadian dysfunction include irrational distribution
of caloric intake during the day, late breakfast and dinner,
shift in bedtime, shortened sleep duration, exposure to ar-
tificial light in the evening, as well as too short and long in-
tervals between meals.

CIRCADIAN RHYTHMS
OF CARBOHYDRATE METABOLISM
IN PATHOLOGY

Obesity

Most studies that have focused on carbohydrate metab-
olism rhythms have not considered obesity types and gen-
der differences [5, 9]. At the same time, these factors
are among the key determinants that determine the patho-
genesis of metabolic syndrome and carbohydrate metabo-
lism disorders. It is well known that when it comes to obe-
sity, it is largely gender that determines the regional distri-
bution of adipose tissue, in turn influencing cardiometa-
bolic risk factors [72].

The accumulation and distribution of adipose tis-
sue in different depots differs significantly between men
and women, which is reflected in the development timing
of metabolic and associated disorders. A comparative anal-
ysis of gender differences in fat accumulation in ontogene-
sis has allowed us to establish that in all age periods, subcu-
taneous distribution of fatty tissue predominates in wom-
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en, while in men, in most cases, its accumulation in the ab-
dominal region is greater [73, 74]. However, the dynam-
ics of adipose tissue accumulation still has a dependence
on age. In the case of overweight and obesity at a young-
er age, for example, the gynoid type dominates in males.
In older age groups (by the end of the first period of adult-
hood) in males, active accumulation of fatin the abdominal
region leads to an equal incidence of gynoid and android
types of obesity, after which the android type of obesity be-
gins to predominate [73].

In women, the gynoid type predominates in the pres-
ence of overweight and obesity until the end of the sec-
ond period of adulthood, and thereafter, as age increas-
es (including in old age), there is an increase in the occur-
rence of the android type of obesity [74]. What is inter-
esting is that the age at which the android type of obesi-
ty begins to predominate occurs about two decades later
in women than in men. This largely determines the fact
that obese men are characterized by an earlier onset of car-
bohydrate metabolism disorders and cardiovascular diseas-
es, while in women these disorders begin to occur much
more frequently at the end of the reproductive period.
This ultimately has an overall impact on longer life expec-
tancy in women [73].

Recently, more and more attention has been paid
to the study of so-called “metabolically healthy obesity”,
in which individuals with a characteristic phenotype lack
metabolic abnormalities [75, 76]. The properties of “met-
abolically healthy” were found to be more characteristic
of gynoid obesity with a high ratio of subcutaneous to ab-
dominal fat. These individuals with a lower type of fat dis-
tribution are less characterized by hyperglycemia, hypoad-
iponectinemia, and insulin resistance, which are precursors
to the development of diabetes mellitus and cardiovascu-
lar disease [21].

Women with different types of obesity were found
to have different diurnal rhythms of glycemia and insu-
linemia. For example, women with gynoid type of obesity
are more characterized by functional hyperinsulinemia pro-
voking postprandial hypoglycemia. The latter, as we have
shown earlier, occurs due to increased glucose utilization
in peripheral tissues, which suggests that in this pheno-
type glucose is the main source of energy and substrate
of lipogenesis in adipose tissue during light and dark hours
of the day [21].

In women with android type obesity, the pattern
of the glycemic curve during OGTT is similar to that of wom-
en with normal body weight, both in the morning
and in the evening. However, comparable glucose lev-
els in this type of obesity are achieved at the cost of sig-
nificant postprandial hyperinsulinemia. During OGTT, an-
droid-type obese women had 4-fold higher levels of im-
munoreactive insulin (IRl) at the 60th minute of the test
in the morning compared with normal-weight women,
and 2-fold higher levels in the evening. This significant dif-
ference is the result of insulin resistance due to the high
metabolic activity of visceral adipose tissue. An interest-
ing fact is that in the group of women with android type
of obesity, a more pronounced increase in blood glucose
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levels at the 60th minute of the test in the evening occurred
in the setting of lower insulin levels than when a similar
OGTT was performed in the morning. Apparently, this phe-
nomenon is indicative of the developing functional ex-
haustion of the insular apparatus in the afternoon [77],
which is a precursor to type 2 DM.

Thus, in both types of obesity there are disorders
in the diurnal rhythms of carbohydrate metabolism,
but they are mediated by different mechanisms. In gy-
noid obesity carbohydrate load provokes hyperinsuline-
mia and hypoglycemia, and in android obesity — insulin re-
sistance, hyperglycemia and compensatory hyperinsuline-
mia, which determines the peculiarities of the pathogene-
sis of the obesity different types and carbohydrate metab-
olism disorders development.

Type 2 diabetes mellitus

Alarge number of studies have found that the rhythms
of glucose tolerance, insulin levels, and insulin sensitivity
characteristic of healthy individuals may be impaired, in-
verted, or absent in individuals with type 2 DM [23, 29];
these patterns may also change in older age [25]. Studies
with hyperglycemic clamp in individuals with type 2 DM
have demonstrated an inverted glucose tolerance pro-
file, with glucose tolerance improving throughout the day
while awake [25].

In a study with 24-hour glucose infusion to adult pa-
tients with type 2 DM and obese non-diabetic individuals
with comparable BMI, glucose levels were found to be high-
est in the morning and lowest in the evening [78]. Moreo-
ver, the amplitude of glycemic fluctuations was approxi-
mately 2-fold higher in individuals with type 2 DM com-
pared with those with obesity. While increased glycemia
at night correlated with increased cortisol levels, increased
insulin secretion at night corresponded to increased glucose
levels only in obese subjects but not in those with type 2
DM. In fact, no temporal rhythms of insulin secretion rate
were detected in subjects with type 2 DM. These differenc-
es in the rhythms of glycemia and insulinemia fluctuations
may be due in part to differences in the timing and ampli-
tude of the cortisol rhythm in individuals with diabetes com-
pared to healthy ones [28].

Two other studies of patients with type 2 DM have
shown a lack of rhythmicity in muscle glycogen stores [25]
and peripheral insulin sensitivity [79]. Nevertheless, adults
with type 2 DM show distinct rhythms of hepatic glycogen
accumulation and hepatic insulin sensitivity [78]. As a re-
sult, overall insulin sensitivity in individuals with type 2
DM reaches a maximum at about 7:00 PM. And a minimum
in the morning. This rhythm of liver sensitivity to insulin
may explain the well-known “dawn phenomenon” (fasting
hyperglycemia). Increased endogenous glucose production
during the night hours also contributes to the fasting/morn-
ing hyperglycemia observed in type 2 DM [79].

Thus, circadian rhythm disorders are also accompa-
nied by carbohydrate metabolism disorders, playing a role
in the pathogenesis of metabolic diseases. The present data
demonstrate that shifts in circadian rhythms caused by un-
timely exposure to light, sleep, and meals impair glycemic



control and increase the risks of obesity and type 2 DM.
Whether interventions that restore normal circadian rhythm
can actually prevent or have a favorable effect on the course
of metabolic diseases remains completely unclear.

Perhaps the differences between glucose metabo-
lism in individuals with type 2 DM and without carbo-
hydrate metabolism disorders may be related to im-
paired functioning of the central biological clock of the
SCN in type 2 DM. In particular, the number of arginine-
vasopressin-immunoreactive neurons (AVIN), VIP neu-
rons (VIPN) and glial fibrillary acidic protein immuno-
reactive (GFAP-ir) astroglial cells are significantly re-
duced in the SCN among type 2 DM patients compared
to healthy individuals [80].

CONCLUSION

Thus, circadian rhythms of carbohydrate metabolism
are determined by diurnal variations in a large number
of metabolic processes, including 3-cell sensitivity, periph-
eral insulin sensitivity, insulin clearance, and the amount
of fat and its ratio in various depots. Circadian rhythms
of carbohydrate metabolism were formed in phylogenesis
under the influence of natural factors of the human envi-
ronment, which determine physiological needs and func-
tional energy expenditure necessary for the realization
of life activity processes. The circadian rhythm of carbohy-
drate metabolism, first of all, predetermines the phasicity
of glucose usage as an energy substrate. So, in the morn-
ing and afternoon, its usage is determined by: light, awak-
ening, hunger, hormonal regulators (cortisol, insulin), mo-
tor performance, food intake and other regulatory factors.
In the evening and at night, physiologic insulin resistance
promotes a switch to fat metabolism to rid somatic cells
of excess lipids and prevent lipotoxicity.

In current conditions, when a person is character-
ized by hypodynamia; excessive and extended practical-
ly for the whole time of day consumption of nutrients,
and, above all, refined carbohydrates; light stress; psycho-
emotional stress associated with the release of glucocorti-
coids, both central and molecular mechanisms of circadian
rhythms maintenance are disturbed, which, in turn, increas-
es the negative impact of exogenous factors on human me-
tabolism parameters, forming a vicious circle of the patho-
logical process risk factor formation. In this regard, the ques-
tion arises, what is primary: disorders of circadian rhythms,
which contribute to the development of metabolic pathol-
ogy, or they are secondary and only strengthen the meta-
bolic disorders formed under the influence of exogenous
factors? The answer to this question will largely help to find
pathogenetic approaches to dietary and drug correction
of carbohydrate metabolism in the treatment of diseases
and conditions such as obesity, DM, dyslipidemia, athero-
sclerosis and other endocrine-exchange disorders.
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