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Background. Insulin Resistance (IR) is traditionally regarded as one of the key mechanisms 

underlying metabolic syndrome, type 2 diabetes mellitus, and associated cardiovascular complications. 

However, alterations in insulin sensitivity also occur during fasting, physical exercise, pregnancy, 

acute stress, trauma, and inflammation, suggesting their potential adaptive role in the regulation of 

energy metabolism. 

Aim. To summarize current evidence on the role of tissue insulin sensitivity in systemic  

immunometabolic adaptation and to substantiate the concept of its regulation as a mechanism of 

functional priority. 

Materials and Methods. A literature search for the narrative review was conducted in PubMed, 

Scopus, Web of Science, and Google Scholar. Data synthesis was performed using conceptual and 

integrative approaches. The study was carried out as a private initiative of the authors, without grant 

support and state registration of the topic. 

Research Ethics. Only sources that complied with current bioethical standards were selected 

for the analysis. 

Results. Available evidence indicates that alterations in insulin sensitivity are tissue-specific and 

may serve adaptive functions. During acute inflammation, activation of the cytokine network, the 

hypothalamic-pituitary-adrenal axis, the sympathoadrenal system, and other counter-regulatory 

mechanisms is accompanied by stress hyperglycemia, mobilization of energy substrates, and selective 

reduction of insulin sensitivity in skeletal muscle and adipose tissue. These changes increase the 

availability of energy resources for innate immune cells, the central nervous system, and other vital 

structures. Regulation of tissue insulin sensitivity is proposed as a mechanism of functional priority 

that ensures redistribution of resources according to the organism's adaptive needs. The concept of 

immunometabolic allostasis is substantiated, according to which insulin resistance may represent 

not only a manifestation of metabolic pathology but also a component of a coordinated adaptive 

response. Acute post-traumatic and low-grade sterile inflammation associated with metabolic  

syndrome appear to share common mechanisms of neuroendocrine regulation. 

Conclusions. Tissue insulin sensitivity may be regarded as an important component of systemic 

immunometabolic adaptation. The proposed concept of functional priority provides a basis for  

considering the regulation of insulin sensitivity as one of the mechanisms involved in the redistri-

bution of energy resources among functional systems according to their importance for adaptation, 

survival, and recovery. 
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Abbreviations 

CNS – Central Nervous System. 

CRP – C-Reactive Protein. 

CVS – CardioVascular System. 

GH – Growth Hormone. 

GLUT – GLUcose Transporter. 

HOMA-IR – Homeostatic Model  

Assessment of Insulin Resistance. 

HPA – Hypothalamic-Pituitary-Adrenal. 

HPT – Hypothalamic-Pituitary-Thyroid. 

IGF-1 – Insulin-like Growth Factor-1. 

IL-1β – Interleukin-1β. 

IL-6 – Interleukin-6. 

IR – Insulin Resistance. 

IS – Insulin Sensitivity. 

LT3S – Low T3 Syndrome. 

MetS – Metabolic Syndrome. 

rT3 – reverse T3. 

T2DM – Type 2 Diabetes Mellitus. 

T3 – Triiodothyronine. 

TGF-β1 – Transforming Growth Factor Beta 1. 

TH – Thyroid Hormones. 

TNF-α – Tumor Necrosis Factor-α. 

Introduction 

Insulin plays a central role in the regula-

tion of energy metabolism by coordinating 

nutrient utilization and storage across different 

tissues of the body [1, 2]. Traditionally, reduced 

IS has been considered one of the principal 

mechanisms underlying obesity, MetS, and 

T2DM [3–5]. Within this framework, IR is 

regarded as a pathological condition associated 

with impaired glucose utilization, hyperin-

sulinemia, and an increased risk of cardio-

vascular complications [1; 2; 6]. 

However, numerous clinical and experimental 

observations indicate that alterations in IS occur 

not only in metabolic diseases but also during 

fasting, physical exercise, pregnancy, acute 

stress, trauma, and inflammation [7–11]. 

Under these conditions, such changes may 

have adaptive significance and contribute to 

meeting the energy demands of organs and 

systems involved in priority survival or reco-

very programs. 

Particular interest has recently been focused 

on the tissue-specific nature of IS. It has been 

demonstrated that different organs and cell 

types may respond differently to insulin within 

the same physiological or pathological state 

[1; 6; 12]. These findings challenge the concept 

of IR as a uniform generalized phenomenon 

and support the existence of a complex system 

of tissue-specific regulation of energy metabolism. 

The importance of tissue-specific regula-

tion of IS is especially evident during acute 

inflammation, which is accompanied by pro-

found neuroendocrine and immunometabolic 

reprogramming [11; 13–15]. Increasing evi-

dence suggests that acute post-traumatic  

inflammation and the low-grade sterile inflam-

mation associated with MetS may share com-

mon mechanisms regulating IS while leading 

to different outcomes in adaptation, recovery, 

and the development of metabolic disorders. 

Nevertheless, the role of tissue-specific regu-

lation of IS in the systemic adaptation of the 

organism to inflammatory injury remains 

insufficiently understood. 

In this review, we introduce the concept 

of functional priority, which we define as a 

regulatory mechanism that governs tissue-

specific insulin sensitivity to ensure the prefer-

ential allocation of energy resources to organs 

and systems according to their current adaptive 

significance. The priority of a functional system 

is determined by the intensity of its energy 

demand, its role in maintaining vital functions, 

and the duration of the adaptive response required. 

The aim of this study was to analyze current 

concepts of insulin resistance regulation as a 

mechanism of systemic immunometabolic 
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adaptation and to evaluate its significance in 

acute inflammation, maladaptation, and post-

traumatic recovery. 

Materials and Methods  

A narrative review of experimental, clinical, 

and review studies published between 2000 

and 2025 was conducted. The literature search 

included publications indexed in PubMed, 

Scopus, Web of Science, and Google Scholar. 

The following keywords were used: insulin 

resistance, immunometabolism, hyperglycemia, 

allostasis, hormonal regulation, and stress. 

Publications addressing tissue-specific insu-

lin signaling, systemic adaptation, redistri-

bution of energy resources, and metabolic 

regulation during acute and chronic inflam-

mation were included in the analysis. Data 

synthesis was performed using an integrative 

physiological approach to evaluate the role 

of tissue IS in immunometabolic adaptation 

and the implementation of functional priority. 

Full-text articles published in Ukrainian and 

English were included in the review. 

Results 

1. Biological significance of insulin and 

the regulation of insulin sensitivity  
Insulin is one of the central regulators of 

energy metabolism in the body. Traditionally, 

it has been regarded as the principal anabolic 

hormone responsible for maintaining glucose 

homeostasis, stimulating glycogen, lipid, and 

protein synthesis, and suppressing catabolic 

processes. However, current evidence suggests 

that the physiological role of insulin extends 

far beyond the regulation of blood glucose 

concentrations and includes the coordination 

of energy resource allocation among different 

organs and functional systems according to 

their current metabolic demands [1; 2]. 

Following nutrient intake, insulin promotes 

the delivery of energy substrates to tissues 

responsible for their storage or utilization in 

growth, regeneration, and functional recovery. 

At the same time, it suppresses glycogenolysis, 

lipolysis, proteolysis, and gluconeogenesis, 

thereby shifting the organism from a state of 

resource mobilization to one of energy storage 

and efficient utilization [1; 2]. Thus, insulin may 

be viewed as one of the principal coordinators 

of energy homeostasis, maintaining the balance 

between energy mobilization, storage, and 

consumption. 

At the same time, IS differs substantially 

among tissues. Skeletal muscle and adipose 

tissue are considered the major insulin-

dependent tissues, where glucose uptake is 

largely determined by insulin-stimulated trans-

location of the GLUT4 transporter to the cell 

membrane [1; 6; 8; 13]. Skeletal muscle 

accounts for the majority of postprandial glucose 

disposal and plays a pivotal role in maintaining 

whole-body IS. In addition to serving as an 

energy reservoir, adipose tissue exerts important 

endocrine functions and participates in the 

regulation of appetite, inflammation, and 

metabolic homeostasis [5; 14; 16]. 

The liver occupies a unique position within 

the insulin-regulatory system. Despite relying 

predominantly on the insulin-independent 

glucose transporter GLUT2, it remains one 

of the principal target organs of insulin, which 

regulates glycogenolysis, gluconeogenesis, 

and lipogenesis [1; 2]. Consequently, impaired 

hepatic responsiveness to insulin plays a major 

role in the development of fasting hypergly-

cemia and MetS. 

In contrast to skeletal muscle and adipose 

tissue, the brain, erythrocytes, and a substantial 

proportion of immune cells rely predomi-

nantly on insulin-independent glucose transport 

mediated by GLUT1 and GLUT3 trans-

porters [1; 6; 13]. This organization ensures 

a continuous supply of energy substrates to 

vital organs even during fasting or marked 

fluctuations in circulating insulin levels. 

This becomes particularly important during 

acute inflammation, when cells of the innate 

immune system undergo metabolic repro-

gramming toward a predominantly glycolytic 

phenotype and exhibit a markedly increased 

demand for glucose [13; 17; 18]. 

For many years, IR was regarded primarily 

as a pathological condition characterized by 

impaired insulin action in peripheral tissues 

and considered a central mechanism underlying 

MetS, including its associated disturbances 

of glucose metabolism, particularly T2DM [3–5]. 

However, accumulating evidence indicates 
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that alterations in IS are considerably more 

complex and tissue-specific [6; 12; 19]. Different 

tissues may exhibit distinct patterns of IS within 

the same physiological or pathological condi-

tion. For example, in MetS, pronounced skeletal 

muscle IR may coexist with preservation of 

certain lipogenic effects of insulin in the liver 

and adipose tissue [2; 19]. 

Similar patterns are observed during acute 

inflammation. Activation of the systemic 

inflammatory response is accompanied by 

increased secretion of cortisol, catecholamines, 

glucagon, and GH, resulting in mobilization 

of energy resources through activation of glycol-

genolysis, gluconeogenesis, lipolysis, and pro-

teolysis [10; 20; 21]. Simultaneous reduction 

of IS in skeletal muscle and adipose tissue 

limits glucose utilization by these tissues and 

maintains elevated concentrations of energy 

substrates in the circulation. Under such condi-

tions, energy resources are redistributed toward 

innate immune cells and functional systems 

involved in the inflammatory response, including 

the liver, the CNS, and the CVS [7; 11; 13; 22]. 

Additional evidence supporting the tissue-

specific nature of IS derives from methods 

used for its clinical assessment. The widely 

used HOMA-IR index primarily reflects the 

relationship between insulin secretion and 

suppression of hepatic glucose production 

and therefore predominantly characterizes the 

hepatic component of IS [23]. The euglycemic 

hyperinsulinemic clamp, considered the gold 

standard for assessing IR, primarily reflects 

insulin-dependent glucose uptake by skeletal 

muscle [24]. Separate indices have been pro-

posed to assess adipose tissue insulin sensi-

tivity, including the Adipo-IR index, which 

reflects the ability of insulin to suppress 

lipolysis [19]. In contrast, clinically applicable 

methods for assessing IS in immune cells are 

virtually absent despite their important role 

in regulating inflammatory responses and 

immunometabolic adaptation.  

2. Regulation of insulin sensitivity as a 

mechanism of systemic adaptation 

Traditional concepts of IR have largely 

been derived from studies of obesity, MetS, 

and T2DM, in which it is still considered one 

of the key components of the pathogenesis 

of metabolic dysregulation [3–5]. However, 

numerous clinical and experimental obser-

vations indicate that alterations in IS repre-

sent a much broader biological phenomenon 

and occur in a variety of physiological and 

adaptive conditions [1; 2; 7; 21]. This suggests 

that the regulation of IS may be viewed as a 

universal mechanism of systemic adaptation 

aimed at redistributing energy resources 

according to the current needs of the organism. 

One of the most illustrative examples is 

fasting and restricted energy intake. Under 

these conditions, reduced insulin secretion is 

accompanied by decreased IS in peripheral 

tissues, particularly skeletal muscle, thereby 

promoting glucose conservation and preserving 

its availability for organs with a high dependence 

on carbohydrate metabolism, most notably 

the CNS [1; 2; 7]. Simultaneously, lipolysis 

and the utilization of fatty acids as alternative 

energy substrates are activated. Thus, alterations 

in IS contribute not only to the maintenance 

of glycemia but also to the optimal allocation 

of limited energy resources among tissues. 

Similar mechanisms are observed during 

physical exercise. Activation of the sympa-

thoadrenal system promotes the mobilization 

of glycogen and fatty acids, whereas contracting 

skeletal muscles acquire the ability to increase 

glucose uptake independently of insulin through 

contraction-induced activation of GLUT4 

transporters [8]. As a result, a complex regula-

tory mechanism emerges in which individual 

tissues temporarily modify their IS according 

to the functional demands of the organism. 

Pregnancy provides another example of 

adaptive insulin signaling reprogramming. 

During the second half of pregnancy, physio-

logical IR develops in skeletal muscle and 

adipose tissue, contributing to the maintenance 

of adequate blood glucose concentrations 

and ensuring the increasing energy demands 

of the fetus [9]. This mechanism is believed 

to have evolved as a means of prioritizing fetal 

development even under conditions of limited 

energy availability. 

Alterations in IS are particularly important 

during acute systemic adaptation, including 
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trauma and inflammation. Activation of the 

HPA axis and the sympathoadrenal system is 

accompanied by elevated cortisol and catechol-

amine levels, which stimulate glycogenolysis, 

gluconeogenesis, lipolysis, and proteolysis 

[10; 20]. At the same time, they reduce IS in 

selected peripheral tissues, thereby maintaining 

increased availability of energy substrates 

for organs and cells involved in the priority 

adaptive response. In this context, hypergly-

cemia and IR may be viewed not only as 

manifestations of metabolic dysregulation 

but also as components of a coordinated  

response aimed at ensuring survival [10; 11]. 

Further evidence supporting the adaptive 

significance of IS regulation is provided by 

endocrine disorders characterized by chronic 

activation of energy mobilization mechanisms. 

In Cushing's syndrome, excess cortisol leads 

to persistent hyperglycemia, enhanced gluco-

neogenesis, and IR [25]. Similar alterations 

occur in pheochromocytoma, where excessive 

catecholamine production maintains a state 

of continuous energy mobilization [10; 20]. 

Under such conditions, changes in IS may be 

interpreted as mechanisms that redistribute 

energy substrates toward functional systems 

responsible for rapid adaptation to potential 

threats. Excess catecholamines sustain prolon-

ged activation of the "fight-or-flight" response, 

resulting in preferential energy supply to the 

CNS, CVS, and skeletal muscles. In acrome-

galy, IR may be viewed as a mechanism that 

limits energy storage and promotes preferential 

utilization of energy resources for the growth 

program induced by excess GH [1; 2]. 

Thyrotoxicosis represents an important 

exception that illustrates the limitations of 

equating hyperglycemia with IR. Despite the 

possible presence of hyperglycemia and 

impaired glucose tolerance, excess THs are 

associated with a marked acceleration of meta-

bolic fluxes, increased basal metabolic rate, 

and enhanced tissue demand for energy sub-

strates. Under these conditions, increased glu-

cose production and circulation may coexist 

with a high rate of tissue glucose utilization 

[26–28]. This observation has important 

clinical implications, as hyperglycemia in 

thyrotoxicosis should not always be inter-

preted in the same manner as hyperglycemia 

associated with MetS or T2DM.  

3. Neuroendocrine regulation of tissue 

insulin sensitivity 

Regulation of IS in different tissues is not 

merely a local cellular process but also an 

important component of systemic neuroen-

docrine adaptation. Under physiological con-

ditions, insulin operates in close interaction 

with other hormonal systems that coordinate 

the mobilization, redistribution, and utilization 

of energy resources according to the orga-

nism's needs. As discussed in the previous 

section, alterations in IS contribute to main-

taining the availability of energy substrates 

and their preferential redistribution among 

functional systems. The implementation of these 

processes is largely determined by the inter-

action of the HPA, HPT, and GH axes, as well 

as the sympathoadrenal system [10; 20; 26–28]. 

Under the influence of pro-inflammatory 

cytokines, nociceptive stimuli, and other stress-

related factors, the secretion of corticotropin-

releasing hormone, adrenocorticotropic hormone, 

and cortisol increases [10; 20]. Cortisol promotes 

the mobilization of energy resources by stimu-

lating gluconeogenesis, lipolysis, and prote-

olysis while simultaneously limiting insulin-

dependent glucose utilization in selected perip-

heral tissues. As a result, circulating concen-

trations of glucose, amino acids, and fatty acids 

increase, creating a reserve of substrates for 

functional systems involved in priority adaptive 

responses. Thus, cortisol not only mobilizes 

energy substrates but also participates in their 

redistribution through the regulation of IS. 

Catecholamines exert similar effects, and 

their secretion increases markedly following 

activation of the sympathoadrenal system. 

Epinephrine and norepinephrine stimulate 

glycogenolysis, lipolysis, and hepatic glucose 

production while simultaneously suppressing 

insulin secretion and attenuating its meta-

bolic effects in certain tissues [10; 20]. This 

contributes to a rapid adaptive response aimed 

at maintaining high availability of energy 

substrates for organs and systems essential 

for survival under conditions of acute threat. 
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Glucagon is another important component 

of this regulatory network. Together with cortisol, 

catecholamines, and GH, it is traditionally 

classified as a counter-regulatory hormone 

because of its ability to increase blood glucose 

concentrations. Increased glucagon secretion 

stimulates hepatic glycogenolysis and gluco-

neogenesis, thereby maintaining the availa-

bility of glucose and other metabolic substrates 

during fasting, physical exercise, and stress 

[1; 2; 10]. In combination with cortisol and 

catecholamines, glucagon contributes to the 

mobilization of energy resources and their 

circulation to support adaptive programs. 

The IGF-1 axis occupies a special position 

in the regulation of IS. GH stimulates lipolysis 

and limits the storage of energy substrates, 

thereby maintaining their availability for growth-

related processes and tissue anabolism. At 

the same time, through stimulation of IGF-1 

synthesis, GH supports cell proliferation, protein 

synthesis, growth, and tissue repair [1; 2]. 

Thus, the GH–IGF-1 axis integrates mecha-

nisms of energy mobilization with their subse-

quent utilization for anabolism and recovery. 

THs also play a critical role by determining 

the overall rate of energy metabolism and the 

efficiency of substrate utilization. T3 stimulates 

mitochondrial biogenesis, oxidative phosphory-

lation, and the synthesis of enzymes involved 

in energy metabolism, thereby enhancing the 

capacity of tissues to utilize available energy 

resources [26, 27]. In addition, T3 exerts an 

important permissive effect on the GH–IGF-1 

axis by supporting GH secretion, IGF-1 syn-

thesis, and tissue responsiveness to anabolic 

stimuli. During acute stress and inflammation, 

thyroid hormone metabolism undergoes charac-

teristic reprogramming, resulting in the develop-

ment of low T3 syndrome (LT3S), which is 

characterized by reduced peripheral T3 pro-

duction and increased generation of reverse 

T3 (rT3) [26–29]. From a contemporary per-

spective, these changes may be interpreted 

as an adaptive mechanism that temporarily 

limits energy expenditure and redistributes 

resources toward systems involved in priority 

adaptive responses. Conversely, restoration 

of thyroid function is an important prerequisite 

for the return to efficient oxidative metabolism 

and for the reactivation of the anabolic effects 

of the GH–IGF-1 axis required for tissue repair 

and functional recovery [15; 27–29]. 

A characteristic feature of neuroendocrine 

regulation is the close interaction among cor-

tisol, catecholamines, glucagon, GH, and THs. 

Together, these hormonal systems form an 

integrated network that determines not only 

the availability of energy resources but also 

their distribution among organs and functional 

systems. One of the key mechanisms under-

lying this coordination is the regulation of IS, 

which ensures the mobilization, redistribution, 

and targeted utilization of energy substrates 

according to the organism's current needs 

[10; 15; 20; 26; 27]. 

From the perspective of modern immunome-

tabolism, the interaction among the HPA, HPT, 

and GH axes can be viewed as a unified  

allostatic system regulating energy metabo-

lism [15; 30]. During the acute phase of adap-

tation, mechanisms of resource mobilization 

predominate and are characterized by increased 

levels of cortisol, catecholamines, and glucagon, 

accompanied by reduced circulating T3 

concentrations.  

4. Immunometabolic remodeling during 

acute inflammation 

From the perspective of modern immuno-

metabolism, acute inflammation should be 

regarded not only as a local or systemic immune 

response but also as one of the most energy-

demanding adaptive programs of the organism. 

The implementation of this program requires 

activation of innate immune cells, synthesis 

of inflammatory mediators, leukocyte migra-

tion, phagocytosis, intracellular pathogen killing, 

and subsequent repair of damaged tissues 

[11; 31; 32]. Consequently, an effective inflam-

matory response cannot be achieved without 

coordinated reprogramming of metabolic 

and neuroendocrine processes aimed at 

meeting the increased energy demands of the 

organism [11; 14; 15]. 

Within this adaptive program, metabolic 

reprogramming of innate immune cells plays 

a pivotal role. Following activation, macro-

phages, neutrophils, and dendritic cells shift 
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from predominantly oxidative metabolism to 

intensive utilization of aerobic glycolysis, 

resembling the Warburg effect originally  

described in tumor cells [13; 17; 18]. Despite 

its lower energetic efficiency, this metabolic 

pattern provides rapid ATP generation and 

supplies metabolic intermediates required 

for the synthesis of cytokines, reactive oxygen 

species, and other inflammatory effector 

molecules [13; 17; 18]. As a result, the demand 

for glucose by activated immune cells 

increases markedly. 

When acute inflammation is viewed as a 

program of systemic adaptation, pro-inflam-

matory cytokines, particularly IL-1β, IL-6, 

and TNF-α, emerge as key coordinators of 

energy resource redistribution. Their actions 

extend beyond the regulation of immune cell 

activity. Cytokines simultaneously influence the 

function of the liver, adipose tissue, skeletal 

muscle, the CNS, and the endocrine system, 

thereby directing the redistribution of energy 

resources according to the requirements of 

the inflammatory response [11; 14; 33]. Under 

their influence, hepatic gluconeogenesis, lipo-

lysis, and proteolysis are enhanced, appetite 

and feeding behavior are altered, and neuro-

endocrine adaptive mechanisms are acti-

vated [10; 14; 20; 33]. In this context, cyto-

kines may be regarded as key integrators of 

the immune and metabolic responses. 

One of the principal mechanisms media-

ting this integration is the activation of neuro-

endocrine systems. Pro-inflammatory cytokines 

stimulate the HPA axis, resulting in increased 

cortisol secretion [10; 20]. Cortisol not only 

limits excessive inflammation but also supports 

the mobilization of energy resources by 

stimulating gluconeogenesis, lipolysis, and 

proteolysis. Simultaneously, the HPT axis 

undergoes functional reprogramming, char-

acterized by reduced T3 production and the 

development of LT3S [26–29]. Within the 

framework of allostatic regulation, these 

changes can be viewed as interconnected 

components of a unified adaptive program 

aimed at redistributing energy resources 

toward systems responsible for mounting the 

inflammatory response. 

In this context, alterations in IS across dif-

ferent tissues acquire particular importance. 

These changes develop under the influence 

of pro-inflammatory cytokines, stress hormones, 

and other mediators of adaptation and contribute 

to the redistribution of energy resources among 

organs and functional systems according to 

the metabolic demands of inflammation. 

Historical clinical evidence supporting the 

existence of such adaptive mechanisms can be 

found in descriptions of transient hypergly-

cemia in severely injured and postoperative 

patients, known in Eastern European medical 

literature as Oppel's "surgical diabetes" pheno-

menon. Although the mechanisms underlying 

this condition were unknown at the time of its 

description, from the perspective of modern 

immunometabolism it may be interpreted as 

a clinical manifestation of post-traumatic energy 

mobilization and adaptive reprogramming of IS. 

Thus, immunometabolic reprogramming 

during acute inflammation involves coordi-

nated interactions among innate immune cells, 

the cytokine network, neuroendocrine systems, 

and mechanisms regulating IS. In this context, 

IR may be viewed not only as a consequence 

of inflammation but also as a component of 

an adaptive program aimed at ensuring prefe-

rential energy supply to systems responsible 

for host defense and subsequent recovery 

[13–15; 22]. The specific features of tissue-

specific insulin signaling reprogramming are 

discussed in the following section. 

5. Tissue-specific regulation of insulin 

sensitivity during inflammation 

One of the strongest arguments against the 

simplified view of IR as a generalized condi-

tion is the growing body of evidence demon-

strating heterogeneous tissue responses to 

insulin during acute inflammation. Current 

studies indicate that pro-inflammatory cyto-

kines, stress hormones, and local metabolic 

factors induce a complex tissue-specific repro-

gramming of insulin signaling that facilitates 

the redistribution of energy resources among 

organs according to their role in the inflam-

matory response [6; 12; 14; 19]. 

The most pronounced alterations in IS 

during acute inflammation are observed in 
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skeletal muscle. Under the influence of 

TNF-α, IL-1β, cortisol, and catecholamines, 

insulin signaling and GLUT4 translocation 

to the cell membrane are suppressed, resulting 

in reduced glucose utilization and activation 

of proteolysis [1–3; 8]. From an adaptive 

perspective, these changes contribute to the 

conservation of glucose for tissues involved 

in mounting the inflammatory response. 

Adipose tissue also undergoes substantial 

metabolic reprogramming. Pro-inflammatory 

cytokines and counter-regulatory hormones 

attenuate the antilipolytic action of insulin, 

leading to increased lipolysis and elevated 

circulating concentrations of free fatty acids 

[5; 14; 16; 19]. At the same time, certain insulin-

dependent signaling pathways may retain 

partial activity even under conditions of sys-

temic IR, highlighting the selective nature of 

insulin signaling alterations and demonstrating 

that IR cannot be reduced to a simple sup-

pression of all insulin actions. 

The liver occupies a central position in 

maintaining systemic energy homeostasis during 

inflammation. Under the influence of cytokines 

and counter-regulatory hormones, glycol-

genolysis and gluconeogenesis are enhanced, 

thereby maintaining blood glucose concen-

trations [1; 2; 10]. A characteristic feature is 

selective hepatic IR, in which insulin-mediated 

suppression of gluconeogenesis is impaired, 

whereas some lipogenic effects of insulin  

remain partially preserved [2; 12; 19]. 

The CNS is of particular importance for 

maintaining vital functions. Unlike most  

peripheral tissues, neurons rely predominantly 

on insulin-independent glucose transport 

mediated by GLUT1 and GLUT3 [1; 6]. 

This arrangement ensures relative stability 

of cerebral energy supply even in the presence 

of peripheral IR. 

In recent years, increasing attention has been 

directed toward the role of insulin in immune 

cells. Despite the predominance of insulin-

independent glucose transport mechanisms, 

insulin can influence intracellular metabo-

lism and the functional activity of immune 

cells [13; 17; 18]. Evidence suggests that insulin 

affects immune cell activation, proliferation, 

and effector functions; however, the mecha-

nisms regulating IS in these cells remain  

insufficiently understood [13; 14; 17; 18]. 

Thus, acute inflammation involves complex 

tissue-specific reprogramming of insulin sig-

naling rather than generalized IR. Reduced IS 

in skeletal muscle and adipose tissue promotes 

resource mobilization, the liver maintains 

systemic availability of energy substrates, 

the CNS preserves stable energy supply, and 

immune cells acquire favorable conditions 

for sustaining an energy-intensive inflammatory 

response. The regulation of these metabolic 

shifts is mediated by intracellular signaling 

pathways, including mTOR (mechanistic target 

of rapamycin) and AMPK (AMP-activated 

protein kinase), which integrate nutrient and 

energy signals with immune cell function [38; 39]. 

Collectively, these changes may be regarded 

as a coordinated mechanism for systemic redis-

tribution of energy resources in accordance 

with the organism's functional priorities. 

Such tissue-specific organization of the 

response provides the basis for considering 

the regulation of IS as one of the mecha-

nisms underlying the implementation of the 

concept of functional priority during acute 

inflammation.  

6. Regulation of insulin sensitivity as a 

mechanism of energy resource redistribution 

The available evidence suggests that altera-

tions in tissue IS during acute inflammation 

cannot be fully explained solely by local distur-

bances of insulin signaling or by the direct 

effects of pro-inflammatory cytokines. These 

observations support the existence of systemic 

mechanisms regulating IS that coordinate 

the distribution of energy resources among 

tissues according to the organism's current 

adaptive needs. 

The acute inflammatory response is accom-

panied by a substantial increase in energy  

demands and requires the mobilization of 

available metabolic resources. Under these 

conditions, hyperglycemia, activation of gluco-

neogenesis, glycogenolysis, lipolysis, and 

proteolysis may be viewed as interconnected 

components of a unified adaptive program 

aimed at maintaining a high availability of 
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energy substrates [10; 14; 20–22]. Simulta-

neous reductions in IS in skeletal muscle and 

adipose tissue limit glucose utilization by major 

peripheral energy consumers and promote its 

redistribution toward cells and systems 

involved in the priority adaptive response. 

Of particular importance is the fact that 

innate immune cells, the CNS, and several 

other vital structures rely predominantly on 

insulin-independent mechanisms of glucose 

transport [1; 6; 13]. Under these conditions, 

the primary target of regulation is likely not 

IR per se, but rather dynamic tissue-specific 

IS that changes according to the functional 

requirements of the organism. 

Based on the available evidence, the concept 

of functional priority within the framework 

of immunometabolic allostasis may be proposed. 

According to this concept, pro-inflammatory 

cytokines, neuroendocrine systems, and mecha-

nisms regulating IS form a unified integrated 

regulatory network. During the acute phase 

of adaptation, mechanisms responsible for 

resource mobilization and redistribution pre-

dominate, whereas following the elimination 

of the injurious stimulus, regulatory priori-

ties shift toward tissue repair, anabolism, 

and functional recovery [15; 26–29; 31–34]. 

Thus, the regulation of tissue IS may be 

regarded as one of the mechanisms integrating 

immune, neuroendocrine, and metabolic processes 

during systemic adaptation. In this context, IR 

emerges not only as a manifestation of metabolic 

dysregulation but also as a potential adaptive 

mechanism for energy resource redistribution, 

the prolonged persistence of which may contribute 

to the transition from adaptation to maladap-

tation. The integrated model of immunometa-

bolic adaptation and functional priority pro-

posed in this review is illustrated in Fig.  
From an evolutionary biology perspective, 

most mechanisms involved in acute adaptation 

to injury or infection evolved as survival tools. 

The mobilization of energy resources, activation 

of innate immunity, transient suppression of  

anabolic processes, and tissue-specific reprogram-

ming of insulin signaling enable the organism 

to respond rapidly to threats while maintaining 

vital functions [7; 11; 22]. However, the effec-

tiveness of these mechanisms depends on their 

transient nature. Once the injurious stimulus 

has been eliminated, they should give way to 

programs of inflammation resolution, tissue 

repair, and functional recovery. When this tran-

sition fails to occur, adaptive responses may 

become a source of chronic pathological changes. 
 

 
Fig. Proposed concept of functional priority in immunometabolic adaptation 
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One of the most characteristic examples 
of such a transformation is chronic low-grade 
sterile inflammation, which underlies many 
contemporary non-communicable diseases [5; 14]. 
Unlike acute inflammation, it does not culmi-
nate in complete resolution and recovery but 
is characterized by persistent activation of the 
cytokine network driven by excess adiposity, 
aging, metabolic disturbances, or chronic tissue 
injury [14; 16]. Under these conditions, 
mechanisms of energy mobilization remain 
active even in the absence of an acute physio-
logical need. 

The consequences of such maladaptation 
are most clearly manifested in MetS and 
T2DM. Many of their clinical and metabolic 
features resemble elements of the acute 
adaptive response, including hyperglycemia, 
elevated circulating fatty acids, skeletal 
muscle IR, activation of lipolysis, alterations 
in neuroendocrine regulation, and increased 
levels of pro-inflammatory cytokines [1; 3–5]. 
Unlike acute inflammation, however, these 
processes are no longer directed toward 
achieving a specific adaptive outcome and are 
not followed by a complete recovery phase. 
As a result, a state of chronic allostatic overload 
develops, gradually leading to pancreatic β-cell 
dysfunction, impaired glycemic control, and 
progressive metabolic dysregulation [1; 2; 30]. 
Moreover, different tissues may retain varying 
sensitivity to specific insulin actions, high-
lighting the complexity and heterogeneity of 
the IR phenomenon [12; 19]. 

Another consequence of prolonged predomi-
nance of catabolic mechanisms is sarcopenia. 
During the acute phase of inflammation, acti-
vation of proteolysis provides amino acids 
required for the synthesis of acute-phase proteins, 
gluconeogenesis, and immune function [31; 32]. 
In contrast, during chronic inflammation or 
inadequate restoration of anabolic pathways, 
the progressive loss of skeletal muscle mass 
acquires independent pathological signifi-
cance. Additional contributing factors may 
include persistent LT3S, reduced activity of 
the GH–IGF-1 axis, skeletal muscle IR, and 
physical inactivity [26–28; 35]. 

Similar mechanisms may also contribute to 
impaired post-traumatic recovery. Effective 

tissue repair requires a timely transition from 
acute adaptive responses to mechanisms of 
inflammation resolution and anabolic reco-
very [31; 32; 34; 36]. If cytokine activation, 
hypercortisolemia, LT3S, or tissue-specific 
IR persist for an excessive period, regenerative 
processes may become delayed or incomplete. 
Conversely, successful recovery depends on 
the activation of resolution pathways, normali-
zation of thyroid metabolism, and gradual 
restoration of anabolic processes. One potential 
manifestation of a disturbed transition from 
the resource mobilization phase to the recovery 
phase is excessive lactate accumulation. If 
activation of glycolytic metabolism persists 
in the setting of insufficient recovery of oxida-
tive phosphorylation and mitochondrial func-
tion, adaptive energy-producing mechanisms may 
evolve into metabolic maladaptation, poten-
tially resulting in lactate accumulation and 
the development of severe metabolic acidosis. 

Thus, within the framework of the proposed 
model of immunometabolic allostasis, MetS, 
T2DM, sarcopenia, certain forms of impaired 
post-traumatic recovery, and potentially other 
chronic metabolic disorders may be viewed 
as different manifestations of a common pat-
hophysiological process-namely, the prolonged 
persistence or incomplete termination of an 
adaptive program. The boundary between 
adaptation and maladaptation is determined 
not by the mechanism regulating IS itself but 
by its appropriateness to the organism's current 
functional requirements. Potential indicators 
of this transition include persistently elevated 
cortisol levels, a low T3/rT3 ratio (<0.3), 
prolonged stress hyperglycemia lasting more 
than 48 hours after resolution of the acute insult, 
and sustained elevation of inflammatory mar-
kers such as CRP and IL-6. The combination 
of these biomarkers may serve as an early 
warning signal for the shift from adaptive to 
maladaptive metabolic reprogramming. Mecha-
nisms that promote survival and subsequent 
recovery during acute inflammation may, 
when persistently activated, contribute to the 
development of chronic metabolic and inflam-
matory diseases. Therefore, understanding 
the mechanisms underlying the transition 
from adaptation to maladaptation may provide 
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an important foundation for the development 
of modern strategies for prevention, treatment, 
and rehabilitation of patients with inflamma-
tory, post-traumatic, and metabolic disorders.  

Discussion  

Regulation of tissue insulin sensitivity as 

a mechanism of functional priority 

The evidence reviewed in this article pro-

vides an opportunity to reconsider the role of 

insulin and IR in systemic adaptation. Tradi-

tionally, IR has been viewed primarily as a 

pathological condition underlying MetS, 

T2DM, and their associated cardiovascular 

complications [1–5]. However, contemporary 

studies indicate that alterations in IS also occur 

in a variety of physiological and adaptive 

states, including fasting, physical exercise, 

pregnancy, acute stress, and inflammation 

[8–10; 30]. These observations suggest that 

changes in IS should be regarded not only as 

consequences of pathological processes but 

also as one of the mechanisms of adaptation. 

In this review, we propose the concept of 

functional priority, according to which the 

regulation of IS represents one of the mecha-

nisms responsible for the redistribution of 

energy resources among functional systems 

according to their importance for survival, 

adaptation, and recovery. 

In this context, stress-induced hypergly-

cemia may be interpreted as a mechanism 

that increases glucose availability for cells 

relying predominantly on insulin-independent 

glucose transport, including innate immune 

cells and the CNS [1; 6; 13; 17; 18]. The com-

bination of hyperglycemia with reduced IS in 

selected peripheral tissues creates conditions 

that direct energy resources toward systems 

engaged in the priority adaptive response. 

The proposed concept does not challenge 

the pathogenic role of IR in MetS and T2DM, 

but rather provides a framework for understan-

ding the transition from adaptation to mala-

daptation.  

Particular interest arises in the context of 

acute inflammation in patients with MetS 

and T2DM. Under physiological conditions, 

tissue-specific alterations in IS are transient 

and adaptive, facilitating the redistribution 

of energy resources. However, in the presence 

of pre-existing IR, these mechanisms may lose 

their coordination. As a consequence, excessive 

hyperglycemia, impaired utilization of energy 

substrates, and insufficient transition to repa-

rative programs may contribute to unfavorable 

outcomes of acute inflammation, infectious 

diseases, and post-traumatic recovery. 

At the same time, the unfavorable course 

of acute inflammation in diabetes mellitus 

may be related not only to impaired systemic 

metabolic control. Although glucose transport 

into innate immune cells is largely mediated 

by insulin-independent mechanisms, insulin 

participates in the regulation of intracellular 

metabolism, particularly glycolytic processes 

required for the functional activity of phago-

cytes [37]. This suggests that impaired insulin 

signaling or insulin deficiency may affect not 

only systemic energy metabolism but also the 

efficiency of infection containment, the inflam-

matory response, and subsequent tissue recovery. 

From a clinical perspective, this may par-

tially explain the increased susceptibility of 

patients with decompensated diabetes mellitus 

to extensive purulent-necrotic processes, inclu-

ding phlegmons, wet gangrene, and prolonged 

impairment of tissue repair. Within the frame-

work of the proposed concept, such changes 

may be interpreted as consequences of impaired 

coordination between mechanisms responsible 

for energy resource mobilization and their 

effective utilization by cells involved in the 

inflammatory response. As a result, both the 

implementation of adaptive inflammatory 

responses and the subsequent transition to 

the phases of resolution, tissue repair, and 

functional recovery may be compromised. 

The role of the thyroid system also 

deserves particular attention. Recent evi-

dence suggests that LT3S during the acute 

phase of inflammation may represent a com-

ponent of an energy-conservation program 

aimed at ensuring preferential energy supply 

to priority adaptive systems [15; 26–29]. 

In this context, alterations in thyroid status 

and IS may be regarded as interconnected 

components of a unified system of immuno-

metabolic allostasis. 
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Several limitations of the proposed model 

should be acknowledged. These include the 

limited number of studies addressing the inte-

grated analysis of systemic energy resource 

redistribution, as well as the restricted ability 

to assess insulin signaling in specific immune 

cell populations. Future research should focus 

on the mechanisms underlying the transition 

from adaptive to maladaptive alterations in IS 

and on the identification of biomarkers reflecting 

the transition from resource mobilization to 

the phases of inflammation resolution, tissue 

repair, and recovery. Equally important is the 

investigation not only of glucose transport 

mechanisms in individual cells and tissues 

but also of the regulation of intracellular 

glucose metabolic pathways during acute 

inflammation, adaptation, and maladaptation. 

The proposed concept of functional priority 

expands current understanding of the role of IS 

and suggests that it may represent one of the 

mechanisms integrating immune, neuroendo-

crine, and metabolic processes that support 

adaptation, survival, inflammation resolution, 

and subsequent recovery of the organism. 

It should be noted that the majority of the 

fundamental studies on molecular mechanisms 

of tissue-specific insulin sensitivity and immuno-

metabolic adaptation were published between 

2005 and 2017, reflecting the period of most 

active investigation in this field. Although 

the literature search covered the period from 

2000 to 2025, the temporal distribution of cita-

tions is methodologically justified by the availa-

bility and relevance of the evidence base required 

to support the proposed integrative frame-

work. Future research is expected to provide 

further insights into these mechanisms. 

Conclusions 

1. Tissue insulin sensitivity should be con-

sidered not only as a mechanism regulating 

carbohydrate metabolism but also as an important 

component of systemic immunometabolic adap-

tation that participates in the redistribution of 

energy resources according to functional demands. 

2. During acute inflammation, tissue-specific 

reprogramming of insulin signaling, in com-

bination with stress-induced hyperglycemia, 

activation of neuroendocrine systems, and 

mobilization of energy substrates, contributes 

to the preferential energy supply of the innate 

immune system. 

3. The regulation of IS is implemented 

through interactions with the hypothalamic–

pituitary–adrenal, hypothalamic–pituitary–thyroid, 

and growth hormone axes and may be regarded 

as a component of an integrated neuroendo-

crine and immunometabolic regulatory system 

that maintains immunometabolic allostasis. 

4. Prolonged activation of mechanisms 

responsible for the mobilization and redistri-

bution of energy resources, or impairment of 

the transition to programs of inflammation 

resolution, tissue repair, and functional reco-

very, may contribute to the development of 

chronic metabolic maladaptation, including 

metabolic syndrome, type 2 diabetes mellitus, 

sarcopenia, and impaired post-traumatic recovery. 

5. The concept of functional priority is pro-

posed, according to which the regulation of 

tissue insulin sensitivity may be regarded as one 

of the mechanisms responsible for the directed 

redistribution of energy resources among func-

tional systems according to their importance 

for survival, adaptation, and recovery. Further 

investigation of tissue-specific regulation of 

IS may contribute to the development of novel 

approaches to metabolic support, rehabilita-

tion, and prevention of chronic diseases. 
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Білецька О.М., Гарячий Є.В., Шевченко О.С.  

РЕГУЛЯЦІЯ ТКАНИННОЇ ЧУТЛИВОСТІ ДО ІНСУЛІНУ ЯК МЕХАНІЗМ  

ФУНКЦІОНАЛЬНОГО ПРІОРИТЕТУ: ЗНАЧЕННЯ ДЛЯ АДАПТАЦІЇ,  

ВИЖИВАННЯ ТА РЕАБІЛІТАЦІЇ   
 

Актуальність. Інсулінорезистентність (ІР) традиційно розглядається як один із ключових 

механізмів розвитку метаболічного синдрому, цукрового діабету 2 типу та пов’язаних із 

ними серцево-судинних ускладнень. Водночас зміни чутливості до інсуліну виникають 

також під час голодування, фізичного навантаження, вагітності, гострого стресу, травми 

та запалення, що свідчить про їхню можливу адаптивну роль у регуляції енергетичного обміну. 

Мета. Узагальнити сучасні дані щодо ролі тканинної чутливості до інсуліну в системній 

імунометаболічній адаптації та обґрунтувати концепцію її регуляції як механізму функ-

ціонального пріоритету. 

Матеріали та методи. Пошук наукових джерел для наративного огляду проведений  

в PubMed, Scopus, Web of Science та Google Scholar. Узагальнення даних здійснювали  

з використанням концептуального та інтегративного підходів. Дослідження виконано як 

приватна ініціатива авторів, без грантової підтримки та держаної реєстрації теми. 

Етика дослідження. Для аналізу відібрані лише ті джерела, де дотримані сучасні  

біоетичні норми. 

Результати. Наявні дані свідчать, що зміни чутливості до інсуліну мають тканинно-

специфічний характер і можуть виконувати адаптивну функцію. При гострому запаленні 

активація цитокінової мережі, гіпоталамо-гіпофізарно-наднирникової осі, симпатоадре-

налової системи та інших контрінсулярних механізмів супроводжується стресовою гіпер-

глікемією, мобілізацією енергетичних субстратів і вибірковим зниженням чутливості до 

інсуліну у скелетних м’язах та жировій тканині. Це сприяє підвищенню доступності енерге-

тичних ресурсів для клітин вродженого імунітету, центральної нервової системи та інших 

життєво важливих структур. Запропоновано розглядати регуляцію тканинної інсулінової 

чутливості як механізм функціонального пріоритету, що забезпечує перерозподіл ресурсів 

відповідно до адаптаційних потреб організму. Обґрунтовано концепцію імунометаболічного 

алостазу, в межах якої ІР може виступати не лише проявом метаболічної патології, а й 

елементом координованої адаптаційної відповіді. Показано, що гостре посттравматичне 

та низькоінтенсивне стерильне запалення при метаболічному синдромі використовують 

спільні механізми нейроендокринної регуляції. 
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Висновки. Тканинна чутливість до інсуліну може розглядатися як важливий компонент 

системної імунометаболічної адаптації організму. Запропонована концепція функціона-

льного пріоритету дає підстави розглядати регуляцію чутливості до інсуліну як один із 

механізмів перерозподілу енергетичних ресурсів між функціональними системами залежно 

від їхнього значення для адаптації, виживання та відновлення організму. 

Ключові слова: ендокрінологія, інсулінорезистентність, імунометаболізм, гіперглікемія, 

алостаз, стрес.  
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