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Maintenance of glucose homeostasis during circadian behavioral cycles is critical. 
The processes controlling the switch between predominant lipolysis/fatty oxidation 
during fasting and predominant lipid storage/glucose oxidation following feeding are 
determined principally by insulin. Chronic elevated threshold of insulin resistance (IR) 
is a key pathological feature of obesity, Type 2 diabetes, sepsis and cancer cachexia; 
however, a temporal reduced threshold of IR is widely met in fasting/hibernation, 
pregnancy, antibacterial immunity, exercise and stress. Paradoxically, some of these 
cases are associated with catabolic metabolism, whereas others are related to anabolic 
pathways. This article considers the possible causes of circadian disorders in glucose 
and lipid metabolism that act as a driving force for obesity-promoted development of 
Type 2 diabetes. This is intended to provide improved insight into the pathogenesis of 
chronic circadian disorders that increase the risk of diabetes, and consider new targets 
for its metabolic and drug correction.

Lay abstract: Insulin resistance (IR) is a common adaptive mechanism, acting under 
opposite anabolic and catabolic conditions. However, chronic IR is a key pathological 
feature of obesity, Type 2 diabetes and cancer cachexia, whereas a temporal IR is 
widely seen in fasting, pregnancy, exercise and stress. Therefore, it is important to 
understand when this transient IR-mechanism shifts to chronic IR-associated diseases. 
What factors result in the switch between the anabolic and catabolic conditions and 
what defect(s) in this switch is associated with chronic IR induction? The present 
opinion article aimed to address these questions to the metabolic changes typical for 
circadian regulation in lean, obese and diabetic patients.
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Graphical Abstract (cont. from previous page): Early circadian IR disorders caused by overweight and 
obesity are associated with increased risk for diabetes via formation of a vicious cycle between lipid 
anabolic and catabolic programs thus distorting insulin and lipid levels in day/night period.
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Metabolism is a combination of two processes: anab-
olism and catabolism. Anabolic pathways require 
energy to generate macromolecules such as lipid and 
nucleotides, whereas the catabolic pathway breaks 
molecules to produce energy. Catabolic and anabolic 
pathways are interdependent, for example, in the cir-
cadian cycles (namely: rest/activity, fasting/feeding, 
sleep/wake), during which homeostasis is maintained 
by reciprocal activation of glucose and lipid metabo-
lism [1]. Glucose metabolism is controlled by glucose 
uptake in adipocyte and muscle cells and inhibits glu-
cose production in liver, thus serving as the primary 
regulator of blood glucose concentration. Inability 
of insulin to promote normal glucose uptake by fat 
and muscle, and inhibit hepatic glucose production 
(termed insulin resistance [IR]) can be observed widely 
in physiology and pathology [2]. Indeed, chronic IR is 
a key feature of Type 2 diabetes and cancer [3], and 
its predecessors such as obesity and chronic low-grade 
inflammation; whereas transient IR also occurs as an 
adaptive response to circadian fasting, hibernation 
and pregnancy. Little is known about why IR occurs in 
so many functional states and what controls the ana-
lyzed IR shifts from the physiological to pathological 
states. What are the reasons for the induction of dif-
ferent states that is associated with IR at wide-ranging 
glucose levels and its dependence on activation of cata-
bolic or anabolic programs? An answer to these ques-
tions might be achieved through the hypothesis [4], in 
which IR is considered as a two-sided mechanism act-
ing under opposite catabolic and anabolic conditions. 
It is reasonable that such dualism helps to sustain glu-
cose homeostasis in circadian metabolism, namely, in 
healthy lean individuals, or gains circadian disorders 
in overweight, obesity and diabetes patients. To test 
this hypothesis, I performed a comparative ana-lysis 
of different cases of circadian transfers from daily 
anabolic to night catabolic programs and its IR dis-
orders that are typical of lean, overweight and obese 
patients. The main objective of this study was to inves-
tigate the possible cause(s) of the circadian disorders 
in glucose and lipid metabolism that acts as a driv-
ing force for obesity-promoted development of Type 
2 diabetes. The present viewpoint is also focused on 

the ana-lysis of implication of catabolic and anabolic 
pathways in the development of the pathological form 
of IR for revealing the new targets for its correction in 
the a nalyzed metabolic disorders.

Insulin resistance & circadian metabolism: 
comparison of reciprocal glucose-lipid 
regulation between lean, overfeeding, 
obesity & diabetes
The survival of multicellular organisms depends on 
the organism’s ability to maintain glucose homeosta-
sis in times of low/high nutrient availability or low/
high energy needs. These effects are achieved by the 
organism’s ability to support equilibrium between 
energy-producing catabolic processes and energy-
consuming anabolic pathways that make possible sup-
port of the metabolic homeostasis in fasting/feeding 
and sleep/wake cycles. Glucose metabolism is subject 
to fundamental systemic regulation that is controlled 
by the anabolic hormone insulin. In mammals, insu-
lin is produced by pancreatic beta cells and released 
into the blood stream in response to increased concen-
trations of glucose. Insulin increases glucose uptake 
in the insulin-sensitive tissue (such as muscle and fat 
ones) and inhibits hepatic glucose production [5], thus 
serving as the primary regulator of blood glucose con-
centration in a narrow range between 4 and 7 mM 
in normal individuals [6]. Insulin increases the glu-
cose uptake in cells by stimulating the translocation 
of the glucose transporter GLUT4 from intracellular 
sites to the cell surface. Insulin stimulates the glu-
cose uptake primarily in muscles because up to 80% 
insulin-dependent glucose disposal occurs in activated 
skeletal muscles that require effective glucose delivery 
for its high-energy demand; whereas free fatty acids 
(FFA), especially saturated fatty acids (SFA) reduce 
the insulin-mediated glucose uptake in adipocytes and 
skeletal muscles [7]. Because of this, the increase in FFA 
induces IR that is contributing to supported glucose 
levels by its deficit. However, a similar IR response 
can occur at an increased glucose level. These results 
raise questions about a possible organization of IR as 
a two-side mechanism supporting glucose homeostasis 
by low/excess availability of glucose [4]. How can this 
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mechanism be acted by the circadian clock in going 
from rest/fasting to active/feeding phases?

In mammals, the clock system maintains homeo-
stasis of behavioral and energetic states during alter-
nating phases in sleep/wake and fasting/feeding 
cycles [8,9]. This is achieved by the use of metabolic 
switch between catabolic and anabolic programs relat-
ing to glucose and lipid metabolism when needed. 
For example, if organism is unable to take up enough 
‘fuel’ for the maintenance of metabolic homeostasis, 
it would be forced to activate the catabolic program 
and switch from glucose to lipid metabolism in par-
allel with restriction of insulin secretion and glucose 
uptake into adipocyte and muscle cells that acquired 
IR (both effects are seen during sleep/fasting [8,9] and 
hibernation [10]). In human, during the daytime there 
is a peak of insulin secretion to increase energy utili-
zation and storage, because insulin can act as one of 
the key feedback regulators that the circadian switch 
from glucose to lipid metabolism in a reciprocal man-
ner [8]. A simplified two-cycle model for the glucose-
lipid switch by insulin-controlled feedback regulation 
is shown in Figure 1. The proposed model illustrates 
that when the level of glucose is elevated after a daily 
meal, insulin works to deliver a greater part of blood 
glucose into the operating skeletal muscles (Figures 1 
& 2A), in parallel with inhibition of fat lipolysis in adi-
pocytes which reduces the concentration of circulat-
ing lipid and FFA. As the levels of insulin and blood 
glucose are reduced in the sleep/fasting state (Figures 1 
& 2B), the insulin-mediated suppression of fat lipolysis 
is cancelled. Therefore the concentration of circulating 
FFA increases and lipid becomes an important energy 
source in the circadian rest phase. From this is follows 
that the dual function of the white adipose tissue to 
switch on/off between lipolysis and lipogenesis [9] 
together with transient FFA-induced IR responsible for 
glucose redistribution [10] can act as a key regulator of 
the circadian glucose homeostasis. It is also important 
to note that FFA-induced IR takes place in resting skel-
etal muscles requiring no glucose consumption during 
sleep. This reserved glucose then will be available to 
glucose-sensitive organs such as the brain. This adap-
tive mechanism could compensate temporarily for glu-
cose deficiency in neurons, usually consuming 70% of 
glucose and oxygen supplied to the brain [11]. In other 
words, the ability of FFA to induce the adaptive IR 
may be part of the coordinated response that could 
protect glucose-sensitive cells against hypoglycemia 
developing during physiological circadian starvation 
(such as human night/fasting or animal hibernation). 
Under these conditions, IR could have no negative 
consequences for skeletal muscles, because they are in 
the resting inactive state during sleep. Why can the 

opposite IR effect be expected in adipose tissues by a 
shift from leanness to overweight, obesity and diabetes 
that maintain chronic IR in day and night periods, in 
contrast to healthy normal weight? What is the meta-
bolic basis of circadian disorders by high fat diet and 
obesity?

The current mode of life with high fat-glucose diet, 
low physical activity, shift work and chronic stress 
is followed by increased fat storage, systemic IR and 
substantial elevation in serum insulin, triglyceride, 
FFA levels that enhances the risk of circadian disrup-
tion [12,13]. The day-night impaired switch between 
the glucose and lipid uptake as the fuel is based on 
mitochondrial incomplete fatty acid oxidation in 
day and night periods seen in parallel with retention 
of hyperinsulinemia, hyperlipidemia and increased 
blood FFA [8,14,15,8]. Among FFA only SFA, but not 
unsaturated fatty acids, usually correlate with the IR 
effect [15]. In such a manner lipolysis-induced SFA can 
lead to an elevated threshold of cellular unresponsive-
ness to insulin, as exemplified by the fasting state dur-
ing sleep. However this relationship is also preserved in 
overweight individuals in day–night time, as the SFA 
level increases. A reciprocal relationship between SFA-
induced IR in fat/muscle cells and circulating insulin 
is observed, because the daily elevated insulin concen-
tration is able of compensating the night-induced IR 
in healthy lean individuals. Figures 2 illustrates what 
is known for the feedback regulation between glucose, 
insulin and lipid metabolisms and their key intercon-
nections by the wake-sleep circadian cycle in normal 
lean (Figure 2A & B) and overweight (Figure 2C & D) indi-
viduals. According to this model, the day elevated level 
of insulin in healthy lean individuals in day (Figure 2A) 
acts as one of the key feedback regulators that is able to 
restore the night increased threshold of insulin action 
(Figure 2B). This reversible circadian effect is often 
missing in overweight individuals who retain IR in 
wake (Figure 2C) and sleep period (Figure 2D), possibly 
via maintenance of a relatively elevated FFA/SFA and 
insulin leading to loss of circadian rhythm [15,16] Such 
metabolic abnormalities occur before development of 
diabetes but this prepathological state can be improved 
through diets, containing low levels of lipids enriched 
with SFA, and/or corrective action of metformin and 
resveratrol [17,18].

Is fat weight gain pathology or not? Although the exact 
role of IR under excess nutrients is unclear, IR may func-
tion as both a sensor of nutrient stores and as an instruc-
tive signal for tissues to switch from glucose to fatty acid 
metabolism [12]. It was found earlier that the number of 
fat cells (adipocytes) is constant during human life [19]. 
Overfeeding leads to stimulation of lipogenesis and 
accumulation of intracellular fat that raises its volume 
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and formation of hypertrophic adipocytes. As a result, 
the ratio of the insulin receptor number to the increased 
size of the adipocyte surface is decreased, causing an 
increment of the IR-threshold in high-fat hypertrophic 
adipocytes, probably for its protection against lipid 
over-storage [6] and oxidative damage [20]. Under these 
conditions, adipocytes tend to hypertrophy and chronic 
hypoxia that give an increased risk of fat cell death; 
their breakdown products can act as local catabolic sig-
nals for recruitment and activation of macrophages and 
B2 lymphocytes [21,22]. The proinflammatory released 
cytokines, such as TNF-α and IL-6, activate lipolysis. 
Moreover, these cytokines and leukotriene B4 can act 
in a paracrine manner to activate the intracellular proin-
flammatory pathways in neighboring cells [21,22] and in 
an endocrine manner leading to inflammation in distal 
tissues (such as liver and skeletal muscles).

Elevated levels of proinflammatory cytokines can 
also contribute to IR by antagonizing insulin signaling, 
thereby inhibiting insulin-dependent glucose uptake. 
Mice with impaired insulin sensitivity in response to 
TNF gain the capacity to be protected against obesity. 
This is achieved by TNF blockades through genetic 
removal of the TNF/TNF-receptor [23] or immunologi-
cal neutralization of TNF [24]. As a result, it was con-
cluded that obesity-associated low-grade inflammation 
and lipolysis-elevated FFA can be contributed to the etiol-
ogy of inflammatory-supported IR disrupting c ircadian 
clock stimulating the advent of Type 2 diabetes [25].

Overweight and obese people get low-grade inflam-
mation and IR, the induction of which closely corre-
lates with increased production of insulin and FFA. 

The FFA derived from high-fat adipocytes has been 
suggested to contribute to IR by inhibiting the glu-
cose uptake and its oxidation, glycogen synthesis and 
incomplete β-oxidation of fatty acids [26–28]. A com-
bination of these metabolic changes occurs in obese 
people. It may be a result of the deregulated feedback 
cycle between the up-growing FFA and inadequate 
increment of insulin production. At the initial period 
these feedback tend to increase the insulin level that 
is able to compensate for the FFA-increased threshold 
of glucose uptake into hypertrophic adipocytes thus 
maintaining a normal level of blood glucose. However 
the next period of chronic obesity may shift to diabe-
tes by creating a vicious cycle between ahead growing 
FFAs (as in day [Figure 2C] and night [Figure 2D] peri-
ods) and insufficient increment of insulin production, 
which cannot compensate for the increased IR-thresh-
old [14,15]. As a result, the blood glucose concentration 
is elevated with retention of increased blood FFA and 
insulin levels in wake and sleep periods. Together, 
these circadian disorders can be considered as a path-
ological basis for further development of prediabetes 
state, which requires correction.

However extreme diet-induced obesity, accompa-
nied by systemic IR, hyperinsulinemia, and hyper-
lipidemia, is observed as an evolutionary conserved, 
adaptive and entirely pathology-free response in obese 
hibernators [10]. It is important that these obese hiber-
nators demonstrate no pathological consequences of 
their brief bout with obesity, simultaneously failing 
to develop inflammation and insulin in adipocytes by 
hibernation. It is reasonable to suggest that obesity-

Figure 1. Dual signal model of reverse day/night switching between lipid and glucose metabolism involved in adaptive induction 
of insulin resistance-response. When operated at a glucose-transporting pathway the shutdown of lipid-transporting pathway is 
observed under catabolic night/fasting conditions. Such an effect is attended with insulin-controlled inhibition of adaptive lipolysis 
and reduction of circulating FFAs in the active day period. In contrast, when the insulin concentration returns to its normal low level 
as in night, the inhibiting effect of insulin on fat lipolysis is abolished and the level of circulating FFAs is growing in complexity with 
the shutdown of glucose transport into insulin-controlled cells (named insulin resistance).FFA: Free fatty acids.
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induced low-grade inflammation, chronic lipolysis, 
increased FFA and insulin levels are a driving force 
responsible for the key pathogenic shift from lipogen-
esis to local activation of the catabolic program, in part 
lipolysis-stimulated IR and hepatic gluconeogenesis, 
promoting hyperglycemia through increased glycerol 
and FFA delivery to the liver [25]. Earlier it was found [26] 
that circadian-induced gluconeogenesis contributes to 
50% of glucose production after an overnight fast in 
healthy humans, whereas obesity-induced humans is 
attended with circadian metabolic imbalance, namely 
the increased release of glucose from the liver and its 
reduced uptake from peripheral tissues in day/night 
period. These changes are observed not only in night 
fasting but also in day feeding periods [27]. It is known 
that IR and gluconeogenesis are usually induced in 
night catabolic condition with aim to protect organism 
against fasting-stimulated hypoglycemia. However the 
unexpected activation of gluconeogenesis in anabolic 
condition can lead to persistent hyperglycemia that is a 
major contributing factor to diabetes development via 

circadian metabolic disorders [27]. A simple model of 
this pathological circadian state is shown in Figure 3. 
The model indicates when the catabolic shift may arise 
by anabolic condition (excess nutrients: glucose, FFA, 
glycerol) that leads to chronic IR and prediabetic 
hyperglycemia (Figure 3, right side). This shift is based 
on chronic permanent production of inflammatory 
cytokines and FFA/SFA providing a feed-forward loop 
for the maintenance of vicious lipolysis and inflamma-
tory response in day and night (Figure 2C & D). Such 
disruption is closely associated with the abolishment 
of the circadian rhythms of circulating insulin, glucose 
and lipid [14,15] and needs correction. Taken together, 
overweight and obese patients have an increased risk 
of developing Type 2 diabetes, owing to disruption 
of the circadian glucose-lipid control between nightly 
catabolic-mediated lipid utilization and daily anabolic-
mediated glucose expenditure and/or storage. Such 
circadian abnormalities serve as a pathological meta-
bolic basis for prediabetes, because of their potential 
ability to elevate the IR threshold, in parallel with the 

Figure 2. Day/night balance point between the two antagonistic anabolic and catabolic programs could provide 
a sensitive on/off switch between glucose and lipid metabolism in healthy lean (not overweight) humans. 
Balanced (A & B) and unbalanced (C & D) feedback regulation of glucose-lipid metabolic switching between 
daily feeding and sleep fasting states typical of healthy lean (A & B) and overweight/obese (C & D) individuals 
is presented. The capacity of metabolic switching between glucose and fat fuel is a key feature of healthy 
individuals (A & B) that are characterized by an increase in glucose and insulin metabolism in day period and its 
decrease at night fasting. In overweight/obesity-induced insulin resistance, these natural day–night metabolic 
responses break down and become pathology through the induction of hyperinsulinemia, hyperlipidemia and 
chronic insulin resistance in the whole period of the day–night cycle (C & D).
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increased insulin and FFA levels in day and night peri-
ods without glucose growth. Long duration of these 
circadian disorders can result in a shift to diabetes by 
creating a vicious cycle between inflammatory-induced 
growing FFA (as in day and night periods) and insuf-
ficient increment of insulin production, which cannot 
compensate for the increased IR-threshold and tends to 
elevate the glucose level in blood. What strategy might 
be used to counter these circadian metabolic disorders?

Catabolic shift in prediabetic state as target 
for therapeutic correction
One of important implications of the above men-
tioned ana-lysis is that transition of an adaptive IR to 
its chronic pathological state is followed by the activa-
tion of catabolic programs (as lipolysis and low-grade 
inflammation) under anabolic conditions, which is 
associated with elevated circulating insulin concentra-
tion in day and night period. In consequence of these 

changes, chronic IR may disrupt the circadian rhythm 
that promotes the development of the obesity-induced 
prediabetic state. For example, permanent IR supports 
uncontrolled lipolysis, which is one of the earlier events 
in systemic lipotoxicity [26,28]; thus insulin-sensitizing 
therapies with as short-term treatment with piogli-
tazone can help increase lipid storage in the adipose 
tissue to overcome lipotoxic effects [29,30]. The finding 
that adipose triglyceride lipase deficient mice are insu-
lin sensitive despite triglyceride accumulation suggests 
that lipase can also be targeted for metabolic disease 
treatment [29]. Experimental verification of this sugges-
tion demonstrated that the use of different inhibitors 
of adipose tissue lipolysis may improve insulin sensitiv-
ity and glucose metabolism [31,32]. It is important to 
note that the widely used clinical antidiabetes drug 
metformin can also suppress the lipolytic response to 
catecholamine or TNF-α [33,34]. This result confirms 
that metformin is capable of decreasing plasma FFA-

Figure 3. Schematic illustration of the coupling of blood glucose level, insulin resistance and circadian phase shift 
in the transition from normal weight to overweight, obesity and diabetes that may be approximated by the 
U-like dose-response curve model. The circadian system is regulated by the balance between energy-producing 
catabolic processes and energy-consuming anabolic process, and its metabolic switch from one process to another. 
It controls lean individuals (white color) in the day period of wakefulness and feeding coincides with activated 
metabolism and thermogenic state, whereas sleep and fasting correspond to reduced metabolism and activated 
catabolism. This circadian control between predominant lipolysis/fatty acid oxidation during circadian fasting and 
predominant lipid storage/glucose oxidation following feeding is determined principally by insulin and adaptive 
insulin resistance (IR). The transition from leanness to overweight and obesity can disrupt the normal circadian 
rhythm, in parallel with chronic activation of catabolic programs (inflammation, lipolysis and stress), mediators 
of which such as inflammatory cytokines, saturated fatty acids and glucocorticoid share the common property 
– induction of IR supporting the circadian disorders in the adipose tissue (the effect is illustrated as a right and 
downward shift from the white to red color region on the U-curve). Transition to diabetes correlates with the 
formation of vicious cycles maintaining chronic IR and circadian disorders: as the adipocyte tissue becomes 
unresponsive to insulin the pancreas compensates by secreting ever more anabolic insulin, and gradually tissues 
grow a higher threshold of resistance to insulin action. It can be assumed that concurrent interactions between 
both activated catabolic and anabolic programs alter circadian glucose-lipid rhythms and support the chronic 
inflammatory-mediated IR state in the adipose tissue, which can form a pathological basis for development of 
diabetes (red color region).
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levels and improving insulin sensitivity in parallel with 
hindering hepatic glucose production from lipids [35]. 
Metformin and resveratrol also ameliorate muscle IR 
through preventing lipolysis and inflammation in 
the hypoxic adipose tissue [17,18] by blocking the FFA 
trafficking under conditions of adipose dysfunction. 
Magnesium supplementation can also improve insu-
lin sensitivity even in normo-magnesemic, overweight 
subjects emphasizing the need for an early optimization 
of magnesium status to prevent IR and subsequently 
Type 2 diabetes [36]. Rutin treatment also significantly 
reduced adiposity and improved glucose homeostasis 
in both genetically and diet-induced obesity mice [37].

Before formulating therapeutic strategies based on 
circadian correction, certain questions remain to be 
addressed. Can therapeutics be developed that specifi-
cally target the chronic inflammation typical for predi-
abetic state? It was found that some anti-inflammatory 
drugs are capable of reducing the progression of dia-
betes, namely salicylates and aspirin, because they can 
inhibit the NF-kB pathway via its ability to improve 
glucose metabolism and diabetes [38,39]. Amelioration 
of the inflammatory response and IR is observed fol-
lowing inhibition of the CD8+ T-cell action and acti-
vation of Treg cell action that are produced in large 
amounts of the anti-inflammatory cytokine interleu-
lin-10, which itself has insulin sensitizing effects [40]. 
It is important to note that there are certain diet nutri-
ents with anti-inflammatory potential, such as lyco-
pene, vitamin C and resveratrol, which can improve 
the obesity-associated metabolic-inflammation [41] but 
for which effects on circadian metabolic disorders are 
uninvestigated.

Another possible way to counter the circadian meta-
bolic disruption is the use of clock-driven hormones 
(melatonin), which can act as an entrainment signal 
for the circadian system. However, both inhibitory and 
stimulatory effects of melatonin on insulin secretion 
and glucose metabolism have been reported in vivo 
and in vitro [42,43]. It was found that melatonin has a 
significant negative effect on glucose clearance in the 
morning, but not at night [42]. Moreover, melatonin 
treatment inhibits insulin secretion, which increases 
the risk of higher glucose levels, as increased melatonin 
signaling was proposed as a risk factor for Type 2 dia-
betes [43]. However, it is unclear why, in a large clinical 
trial, exploring the use of melatonin receptor agonists as 
therapeutic agents for Type 2 diabetes grossly impaired 
glucose tolerance and perhaps even obesity [43]. There-
fore, further investigation is required.

The other strategy of a potential decline of predia-
betic symptoms is the decrease of blood glucose level 
upon application of insulin treatment as a glucose-
lowering drug. Insulin is widely used for this aim in 

modern clinical practice but many questions remain 
to be answered about the negative side effect of insulin 
action. One of them is diabetes relapse in patients with 
growing weight due to insulin-stimulated fat accumu-
lation [44]. This clinical observation complies well with 
the model that is presented in the graphic abstract. The 
model predicted that some doses of insulin are able to 
stimulate the fast glucose uptake and its accumulation 
as fat in hypertrophic adipocytes that may trigger the 
circadian cycle, leading to relapse of diabetes. More-
over, intensive insulin therapy in overweight or obese 
patients can lead to a dramatic increase in myocardial 
triglyceride content with a lipotoxic effect, whereas the 
induction of IR in heart can be considered as a protec-
tive response [45,46]. In addition to this fact, an increased 
insulin level inhibits cardiac contractility and inhibits 
sodium excretion by increasing sodium re-absorption 
in the kidney, which increases the risk to hyperten-
sion [47]. In the final ana-lysis, Nolan et al. [45] and Tae-
gtmeyer et al. [46] come to the unexpected conclusion 
that the anabolic-associated IR is a defense mechanism 
that protects critical tissues of the cardiovascular sys-
tem from over-nutrient-induced injury. Overriding IR 
in an effort to lower plasma glucose levels, particu-
larly with intensive insulin therapy, could therefore be 
harmful [47,48]. Moreover long-term hyperinsulinemia 
as in night and day period [14] is the platform for reten-
tion of obesity (Figure 2C & D) with low-grade inflam-
mation. Therefore, approaches to the managements of 
these overweight patients should include reduction in 
excess fuel supply and nutrient off-loading in parallel 
with the increased physical activity.

Taken together, there are various therapeutic strate-
gies that could target diabetes or prevent its develop-
ment. Prediabetes may be evolved by circadian disor-
ders in glucose and lipid metabolism that is a result of 
the catabolic activation, namely chronic inflammation 
and lipolysis, in anabolic conditions typical of over-
weight and obesity. The present ana-lysis supports the 
suggestion that inhibition of low-grade inflammation/
lypolysis can reduce the risk for development of dia-
betes.

Conclusion
IR is nearly always considered to be ‘harmful’ and 
at the root of Type 2 diabetes [49]. However, in bio-
logical evolution the negative regulation of insulin 
sensitivity could be viewed as an essential part of the 
adaptive two-sided mechanism acting under opposite 
catabolic and anabolic conditions [4]. The main aim of 
this physiological IR is the host survival through main-
tenance of glucose homeostasis under critical time of 
low/high nutrient availability as in the circadian clock 
or high energy needs and ability to fight infection or 
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stress/trauma [11]. During the circadian period of food 
restriction, protection against hypoglycemia is accom-
plished by reduction of insulin secretion and activation 
of a catabolic program. It could be lipolysis of adipo-
cytes, leading to release of lipids and FFA for energy 
use and hepatic glucose production in parallel with 
blocking glucose delivery into muscle and fat cells. The 
latter can be named catabolic IR and its consequence is 
redirection of glucose to other high glucose-dependent 
tissues such as the brain. In contrast when nutrients 
are plentiful, anabolic signaling ensures insulin-stimu-
lated glucose uptake in adipocytes for energy storage. 
This pathway is controlled via activation of the ana-
bolic IR response, especially in fat tissue restricting its 
hypertrophic state. Professor Straub noted that in early 
human evolution catabolic IR has a peak incidence [50], 
in contrast to present lifestyle with low physical activity 
and great food availability that leads to overweight and 
anabolic IR response. To explain the above facts in the 
adipocytes circadian system, the U-type dose-response 
model of two distinct actions of IR and its relationship 
with the threshold of IR, blood glucose concentration, 
activation of anabolic/catabolic programs is proposed 
(Figure 3). It is known that insulin sensitivity in healthy 
human adipose tissue shows an endogenous circadian 
rhythm, with reduced sensitivity only at night in paral-
lel with activation of lipolysis [9]. This rhythm can be 
impaired in overweight and obesity patients wherein 
IR becomes a chronic response and gains an elevated 
threshold to insulin action. This pathological form of 
IR can be considered as a result of chronic day–night 
activation of catabolic pathways (low-grade inflamma-
tion and lipolysis) in hypertrophic adipocytes tissue, 
which have no more reserves for fat accumulation. Pro-
longed maintenance of this conflict metabolic state can 
form the pathological basis for circadian disruption, 
which development came before the development of 
obesity-induced diabetes (Figure 3, indicated with red 
color). The cancer-induced metabolic situation sup-
ports catabolic IR [3] that is just opposite anabolic IR 
typical of overweight and obesity (Figure 3, indicated 
with blue color). The proposed U-like curve model 
illustrates the principle when transient adaptive IR 
become chronic and which expands our understanding 
for targets of its correction. However many questions 
remain unanswered, such as the roles of hepatic lipids 
in hepatic IR and Type 2 diabetes [51].

Taken together, the analyzed data support the idea 
that the IR acts as a dual complementary adaptive 
mechanism for maintenance of glucose homeostasis 
in opposite catabolic and anabolic conditions. Under 
these conditions catabolic IR can protect brain tissues 
from hypoglycemic shock, whereas anabolic IR can 
protect critical tissues of cardiovascular system from 

hyperglycemia-induced injury. This mechanism may 
provide the basis for a new approach to reduce the risk 
for induction of prediabetes state and to develop a new 
therapy for normalization of metabolism in overweight 
humans.

Future perspective
In recent years, the important role of the circadian 
system in the control of glucose metabolism has 
gained clinical interest based on epidemiological 
data linking western lifestyles related to circadian 
disorders to increased risk of obesity and Type 2 
diabetes. A recent review [43] assembled the differ-
ent circadian mechanisms and separate metabolic 
signal-regulators involved in diabetes development. 
How such separate signals are integrated into a coor-
dinated circadian response in healthy (not in obese) 
individuals remains without answer and is a crucial 
area of investigation. In the present article a new 
integrated hypothesis is developed that is capable 
of answering this question and proposes its com-
mon circadian mechanism, in which only two main 
metabolic programs (lipid catabolism and its anabo-
lism) are considered along with their primary action 
on opposite circadian periods. Circadian switching 
between these programs is associated with the recip-
rocal activation of glucose, insulin and lipid metabo-
lism. However such switching in overweight and 
obese patients is impaired, in parallel with increment 
of the IR-threshold by hyperinsulinemia and induc-
tion of low-grade inflammation. The simple feedback 
model (Figure 2) of this circadian disturbance may 
help in active search of a new therapeutic treatment 
for prevention or reversion of prediabetes. Accord-
ing to this aim, the results derived from the existing 
viewpoint should help to determine the unexpected 
negative consequences from glucose-lowering treat-
ment with insulin, which is attended with increased 
levels of anabolic fat accumulation and formation of 
hypertrophic adipocytes. In turn, these hypertrophic 
adipocytes release elevated amounts of FFA and pro-
inflammatory cytokines in day/night periods. This 
pathological state is an increased risk for repeated 
development of obesity-associated diabetes in part by 
inducing increment threshold of IR. A simple model 
of insulin-driven vicious cycle in the hypertrophic 
adipocytes is presented in this paper’s ‘Graphical 
abstract’. This negative side effect of insulin treat-
ment must be investigated for detailed elaboration of 
clinical recommendations in future.

Viewing diabetes as a metabolic circadian disease 
with anabolic/catabolic imbalance, it can be proposed 
that certain diet and/or physical exercise can restore 
the healthy circadian rhythm via reduction of IR, FFA 
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Executive summary

In recent years, the role of the circadian system in the control of glucose-lipid metabolism gained clinical interest 
based on epidemiological data linking lifestyles related to circadian disorders to increased risk of obesity and 
type 2 diabetes that are associated with chronic insulin resistance in day and night period. Therefore, the goals 
of this study were: to investigate the relationship between anabolic/catabolic insulin resistance and circadian 
metabolism via comparison of reciprocal glucose–lipid regulation in lean, overweight, obese and diabetic 
individuals; to test and determine whether obesity-increased insulin and free fatty acid levels are sufficient 
the cause of chronic insulin resistance in day–night period as a pathological basis for diabetes development; to 
devise a simple feedback model of the key metabolic circadian disorders leading to chronic insulin resistance and 
diabetes; to analysis whether a lipid catabolic shifts in anabolic conditions typical for obesity and pro-diabetic 
state can be a target for therapeutic correction.
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