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Background. Traditionally, the termination of inflammation has been regarded as a passive
decline of the pro-inflammatory response after elimination of the injurious stimulus. However,
inflammation resolution is now recognized as an active process involving coordinated immune,
neuroendocrine, and metabolic mechanisms required for tissue repair and recovery. This concept
provides a basis for new approaches to treatment, metabolic support, and rehabilitation.

Aim. To analyze current concepts of inflammation resolution from an immunometabolic
perspective and to substantiate the concept of immunometabolic resolution as a systemic process
mediating the transition from adaptation to recovery.

Materials and Methods. A narrative review of studies indexed in PubMed, Scopus, Web of Science,
MEDLINE, ScienceDirect, and Google Scholar between 2000 and 2025 was conducted. Studies
addressing inflammation resolution, neuroendocrine regulation, tissue insulin sensitivity, thyroid
adaptation, mitochondrial function, post-traumatic recovery, and metabolic disorders were analyzed.
The study was conducted as a private initiative of the authors, without grant support or state
registration of the research topic.

Research Ethics. Only sources that comply with current bioethical standards were selected for
the analysis.

Results. Inflammation resolution is associated with a shift in functional priority from survival
programs toward tissue repair and recovery. A key event in this transition is the reduction in energy
demands of the innate immune system, accompanied by decreased cytokine activation, attenuation
of Hypothalamic-Pituitary-Adrenal (HPA) axis activity, and redistribution of energy resources
toward tissue repair. Resolution includes restoration of tissue insulin sensitivity, normalization
of thyroid status and mitochondrial function, and a shift from predominantly glycolytic to oxidative
metabolism. Delayed resolution may contribute to chronic allostatic overload, metabolic syndrome,
sarcopenia, and impaired post-traumatic recovery.

Conclusions. The concept of immunometabolic resolution is proposed, according to which termination
of inflammation represents an integrated process involving restoration of neuroendocrine regulation,
energy metabolism, and functional integrity. Resolution enables the transition from adaptation to
recovery and rehabilitation and may provide a target for metabolic support and rehabilitation strategies.
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Abbreviations
CNS — Central Nervous System.
CRP — C-Reactive Protein.
CVS — CardioVascular System.
DAMPs — Damage-Associated Molecular Patterns.
GH — Growth Hormone.
HPA — Hypothalamic—Pituitary—Adrenal axis.
HPT — Hypothalamic—Pituitary—Thyroid axis.
IGF-1 — Insulin-like Growth Factor 1.
IL-1pB — InterLeukin 1p.
IL-6 — InterLeukin 6.
IS — Insulin Sensitivity.
LT3S - Low T3 Syndrome.
MetS — Metabolic Syndrome.
OXPHOS — OXidative PHOSphorylation.
rT3 — reverse Triiodothyronine.
SPMs — Specialized Pro-resolving Mediators.
T3 — Triiodothyronine.
TH — Thyroid Hormones.
TNF-a — Tumor Necrosis Factor a.
Tregs — regulatory T cells.

Introduction

Acute inflammation is a universal adaptive
response of the organism to infectious, trau-
matic, or other forms of injury and plays a
key role in ensuring survival and maintaining
tissue structural integrity [1-3]. For many
years, the termination of the inflammatory
response was regarded primarily as a passive
process involving the gradual decline of pro-
inflammatory mediator production following
elimination of the injurious stimulus. However,
current evidence indicates that inflammation
resolution is an active biological program
mediated by specialized pro-resolving media-
tors, immune cells, neuroendocrine mechanisms,
and metabolic signaling pathways [4-7].

Effective resolution not only terminates
excessive inflammatory activity but also promotes
the clearance of cellular debris, restoration of

tissue homeostasis, regeneration of damaged
structures, and return of the organism to normal
function [4-8]. Disruption of these processes
may be accompanied by incomplete recovery
of the body’s adaptive reserves, the development
of chronic allostatic overload, and the emer-
gence of various forms of metabolic maladap-
tation, including MetS, sarcopenia, and other
chronic disturbances of homeostasis [9-12].

In recent years, increasing attention has been
directed toward the role of immunometabolic
mechanisms in regulating both the acute
inflammatory response and its subsequent
resolution [13-16]. Activation of innate immune
cells has been shown to be accompanied by
profound metabolic reprogramming, including
enhanced glycolysis, mobilization of energy
substrates, and reorganization of inter-organ
metabolic interactions [13-15]. In contrast,
successful transition to the resolution and
recovery phases requires reactivation of oxi-
dative metabolism, restoration of mitochon-
drial function, and gradual return to anabolic
processes [15; 16].

Neuroendocrine systems play a particularly
important role in coordinating these processes.
During the acute phase of adaptation, resource
mobilization mechanisms predominate, including
activation of the HPA-axis, the sympathoadrenal
system, and the development of LT3S [19-23; 25].
In contrast, effective recovery requires a gradual
decline in catabolic activity, restoration of
thyroid function, reactivation of the GH-IGF-1
axis, and recovery of tissue IS [18; 21-27].
Here, immunometabolic resolution is defined
as an active systemic transition from the
mobilization—catabolic program of acute
inflammation toward the neuroendocrine
and metabolic support of tissue repair and
recovery. This hypothesis-generating whole-
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organism framework links established cellular
resolution mechanisms to the restoration of
endocrine regulation, metabolic flexibility,
tissue repair, and functional capacity.

In our previous studies, low T3 states,
integration of the hypothalamic-pituitary-
adrenal and hypothalamic-pituitary-thyroid
axes, and tissue-specific regulation of insulin
sensitivity were considered within the broader
framework of immunometabolic allostasis
and functional resource prioritization during
acute adaptation [21-26]. However, the mecha-
nisms responsible for terminating this adap-
tive program and facilitating the transition
from resource mobilization to resolution, tissue
repair, and functional recovery remain insuf-
ficiently understood.

Here, immunometabolic resolution is pro-
posed as a hypothesis-generating whole-
organism framework linking established cel-
lular resolution mechanisms to the restora-
tion of endocrine regulation, metabolic flex-
ibility, tissue repair and functional capacity.
Unlike established lipid-mediator resolution
biology [4-7], and unlike our earlier work on
immunometabolic allostasis during acute
adaptation [21; 22; 24; 26; 27], this framework
addresses the putative transition beyond the
acute phase. The integration and timing of
these mechanisms have not been validated as
a single longitudinal physiological sequence.

Particular interest arises from the com-
parative analysis of resolution in acute post-
traumatic inflammation and chronic sterile
inflammation associated with MetS. Although
these conditions share many mechanisms of
immunometabolic regulation, they differ fun-
damentally in the effectiveness of the transi-
tion from adaptation to recovery. Whereas
uncomplicated acute inflammation typically
culminates in resolution and tissue repair,
resource-mobilizing mechanisms may persist
in metabolic syndrome, contributing to chronic
allostatic overload and metabolic maladapta-
tion [10-12; 18].

The aim of this review was to analyze
current concepts of inflammation resolution
as a component of immunometabolic allostasis,
to examine the role of neuroendocrine and

metabolic regulation in the transition from
adaptation to recovery, and to evaluate the signif-
icance of these processes for post-traumatic
rehabilitation and chronic metabolic diseases.

Materials and Methods

A narrative review of the literature was
conducted focusing on immunometabolic
mechanisms of inflammation resolution and
their role in shifting the organism’s functional
priority from survival programs toward tissue
repair, recovery, and rehabilitation. Litera-
ture searches were performed using the Pub-
Med, Scopus, Web of Science, MEDLINE,
ScienceDirect, and Google Scholar databases.
Original studies, systematic reviews, meta-
analyses, and seminal publications published
primarily between 2000 and 2025 were included.
Classical studies of fundamental importance
for understanding inflammation, resolution
biology, immunometabolism, and neuroen-
docrine regulation were also considered.

Publications were selected using the fol-
lowing keywords: insulin sensitivity, low triio-
dothyronine syndrome, hypothalamic-pituitary-
adrenal axis, tissue repair, sarcopenia, and
metabolic syndrome. The literature was analyzed
using integrative physiological and immunomet-
abolic approaches, with particular emphasis
on the relationships among adaptive mecha-
nisms, inflammation resolution, and organ-
ismal recovery.

The review is narrative rather than sys-
tematic. The authors should supply the actual
database-specific search strings, search dates,
applied filters and selection procedure if
documented; these details cannot be recon-
structed reliably from the published key-
words. No PRISMA-compliant selection or
guantitative synthesis is claimed.

Results

1. Inflammation resolution as an active
process of immunometabolic recovery

1.1. Fromthe classical concept of inflamma-
tion termination to the concept of resolution

For many years, the termination of the
inflammatory response was regarded as a pas-
sive process occurring after elimination of
the injurious stimulus as a result of the grad-
ual decline in pro-inflammatory mediator
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production and cessation of immune cell
activation [3]. However, contemporary studies
have demonstrated that resolution represents
a distinct genetically and biochemically regu-
lated phase of the inflammatory process rather
than merely a consequence of the disappear-
ance of the inflammatory stimulus [4-7].

A major contribution to the development
of the modern concept of resolution was made
by the studies of Serhan C.N. (2014) [4] and
Serhan C.N. & Savill J. (2005) [5], which
demonstrated the existence of SPMs, including
lipoxins, resolvins, protectins, and maresins
[4; 5; 28-31]. These mediators coordinate
efferocytosis, leukocyte trafficking, macro-
phage phenotypic reprogramming, tissue repair,
and restoration of homeostasis [4-7; 28-31].

The contemporary concept of resolution
considers it an active phase of the inflamma-
tory process involving specific cellular and
metabolic regulatory mechanisms. Macrophage
phenotypic reprogramming, Tregs, local meta-
bolic adaptations, and activation of tissue repair
programs play central roles in this process [6; 7;
32-43]. Thus, resolution represents a distinct
biological program aimed at restoring the structural
and functional integrity of the organism.

1.2. Resolution as a shift in functional priority

From the perspective of contemporary
immunometabolism, acute inflammation may
be viewed as an adaptive survival program
aimed at localizing tissue injury, eliminating
pathogens, and maintaining vital physiolog-
ical functions [13-16; 19; 20]. Its implemen-
tation is accompanied by activation of innate
immunity, inflammatory cytokine networks,
the HPA-axis, the sympathoadrenal system,
and mechanisms responsible for energy
resource mobilization [17-20; 24].

Following elimination of the injurious
stimulus, the organism's functional priority
gradually shifts from resource mobilization
and survival toward tissue repair, regenera-
tion, and restoration of organ and tissue
function [8; 17; 18; 25]. Within the frame-
work of the proposed concept, this transition
may be described as a shift in the dominant
program: survival — recovery. This process
is accompanied by reorganization of cellular,

neuroendocrine, and metabolic regulatory
mechanisms, restoration of HPT-axis activity,
increasing importance of anabolic pathways,
normalization of tissue IS, and restoration of
efficient oxidative metabolism [17; 18; 21-27].

Therefore, resolution should be regarded
as an integrated process of immunometabolic
recovery that ensures a coordinated transi-
tion from mechanisms of acute adaptation to
programs of tissue repair, recovery, and reha-
bilitation. Impairment of this transition may
contribute to chronic inflammation, meta-
bolic maladaptation, and impaired tissue
regeneration [8-12; 42; 43].

2. Metabolic transition from catabolism
to anabolism

2.1. Termination of the resource mobili-
zation program

The acute phase of inflammation is
accompanied by activation of mechanisms
responsible for energy resource mobilization,
which are required to support the immune
response and maintain vital physiological
functions. Under the influence of pro-inflam-
matory cytokines, as well as activation of the
HPA-axis and the sympathoadrenal system,
catabolic processes are enhanced to provide
the immune system with energy and meta-
bolic substrates [13—-20; 24].

Effective resolution requires timely termina-
tion of this program. One of its hallmarks is
a reduction in pro-inflammatory cytokine
production and gradual attenuation of HPA-
axis activity, accompanied by decreased cor-
tisol levels and limitation of catabolism [4-7;
17; 19; 20; 28-31]. Particular importance is
attributed to suppression of skeletal muscle
proteolysis, which during the acute phase
provides amino acids for acute-phase protein
synthesis and immune system function but,
when prolonged, may impair tissue repair [41-43].

Thus, one of the key features of resolution
is the gradual shift of metabolism from sub-
strate mobilization toward substrate utiliza-
tion for tissue repair and recovery.

2.2. Metabolic switching and restoration
of metabolic flexibility

A hallmark of the acute inflammatory re-
sponse is the metabolic reprogramming of
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innate immune cells. Activated macrophages
and neutrophils predominantly rely on aerobic
glycolysis, which enables rapid ATP produc-
tion and synthesis of inflammatory effector
molecules [13-16; 36]. During the resolution
phase, mitochondrial function is progressively
restored, the role of OXPHOS increases,
fatty acid B-oxidation is activated, and the
capacity of cells for complete oxidation of
energy substrates is enhanced [14; 15; 45-51].
Persistent activation of catabolic pathways
may contribute to skeletal muscle loss and
the development of sarcopenia [52; 53].

The transition from a predominantly gly-
colytic to an oxidative metabolic phenotype
is closely associated with macrophage phe-
notypic reprogramming toward pro-resolving
and reparative functions and with the estab-
lishment of a metabolic environment favorable
for tissue recovery [33-36]. Therefore, meta-
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bolic switching from glycolysis to mitochon-
drial oxidative metabolism represents one of
the central mechanisms underlying the tran-
sition from acute adaptation to recovery (Fig. 1).

In contemporary physiology, this process
is closely linked to the concept of metabolic
flexibility, defined as the ability of the organism
to adaptively modify substrate utilization accord-
ing to changing functional demands [2; 13; 14].
Reduced capacity to switch between glucose
and fatty acid oxidation is regarded as one of
the key mechanisms of metabolic maladap-
tation [44]. From the perspective of the pro-
posed concept of functional priority, resolu-
tion may be viewed as a process of restoring
metabolic flexibility following completion
of the acute adaptive program. Impaired meta-
bolic flexibility may lead to chronic allostatic
overload, metabolic maladaptation, and incom-
plete recovery processes [8-12; 26; 27; 48-56].
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Fig. 1. Metabolic switching from glycolysis to oxidative metabolism as a component of the transition
in functional priority from survival to recovery programs.

Notes: DAMPs — damage-associated molecular patterns; M1 — pro-inflammatory macrophage phenotype;
M2 — pro-resolving macrophage phenotype; IL-1f5 — interleukin-1 beta; TNF-a — tumor necrosis factor alpha;
IL-6 — interleukin-6; ROS — reactive oxygen species; RNS — reactive nitrogen species; HIF-/a — hypoxia-inducible
factor 1 alpha; OXPHOS — oxidative phosphorylation; TCA — tricarboxylic acid; ATP — adenosine triphosphate;
SPMs — specialized pro-resolving mediators; HPA — hypothalamic-pituitary-adrenal; HPT — hypothalamic-pitui-
tary-thyroid; GH — growth hormone; IGF-1 — insulin-like growth factor 1.
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Therefore, restoration of metabolic flexi-
bility may be considered one of the key criteria
of successful inflammation resolution, effective
tissue repair, and subsequent rehabilitation.

3. Integration of the HPA and HPT-axes
in inflammation resolution

3.1. Adaptive role of the HPA-axis during
the acute phase

In response to trauma, infection, or other
significant injury, the organism activates a
complex neuroendocrine adaptation program,
the central component of which is the HPA-
axis [17-20]. Under the influence of pro-
inflammatory cytokines, particularly IL-18,
IL-6, and TNF-a, the secretion of CRH,
ACTH, and cortisol is enhanced [19; 20].

Cortisol stimulates gluconeogenesis and
supports lipolysis and proteolysis, thereby
ensuring the availability of energy and plastic
substrates for organs and systems involved
in the acute adaptive response [17; 19; 20].
Simultaneously, it limits excessive cytokine
activation and contributes to the prevention
of uncontrolled tissue damage. From the per-
spective of immunometabolic allostasis, these
effects can be regarded as interconnected
components of a unified adaptive program
aimed at maintaining the functional priority
of systems critical for preserving homeostasis
under conditions of injury [24; 26; 27].

In this context, activation of the HPA-axis
may be viewed not only as a mechanism of
anti-inflammatory control but, more importantly,
as a mechanism for resource mobilization
and redistribution according to the demands
of the acute adaptive response. Maintaining
the availability of energy and plastic substrates
creates conditions necessary for the effective
functioning of innate immune cells and the
implementation of protective responses.

At the same time, the effectiveness of this
mechanism depends on its transient nature.
Prolonged elevation of HPA-axis activity is
associated with persistent catabolic metabo-
lism, suppression of anabolic processes, loss
of skeletal muscle mass, impaired metabolic
flexibility, and delayed tissue repair [19; 20;
52; 53]. Therefore, successful inflammation
resolution is accompanied by a gradual
reduction in the need for resource-mobilizing
mechanisms and a corresponding decline in

HPA-axis activity, creating the conditions
required for the transition from acute adap-
tation to recovery.

3.2. Reactivation of the HPT-axis as a com-
ponent of recovery

One of the characteristic features of acute
inflammation is the development of LT3S,
which is accompanied by reduced peripheral
generation of T3 and accumulation of rT3
[18; 21-25]. For many years, these changes
were considered primarily manifestations of
endocrine dysfunction or mechanisms for re-
ducing energy expenditure. However, from
the perspective of immunometabolic allostasis,
the low T3 phenotype may be context-dependent;
during acute inflammatory stress, LT3S may
be viewed as one component of the adaptive
response, ensuring the alignment of energy
metabolism with the organism’s functional
priorities under conditions of injury.

The adaptive significance of LT3S
extends beyond the reduction of overall
energy expenditure. Given the key role of
TH in regulating cellular energy metabo-
lism, LT3S may participate in cellular meta-
bolic reprogramming by promoting a shift
from predominantly oxidative metabolism
toward rapid energy-generating pathways
associated with glycolysis. Simultaneously,
mitochondrial biogenesis, OXPHOS, ther-
mogenesis, protein synthesis, growth, and
other energy-demanding anabolic processes
are attenuated [18; 21-25].

The interpretation of low T3 syndrome as
uniformly adaptive is disputed. Early reduc-
tions in circulating T3 may be compatible
with short-term energy conservation, whereas
persistent changes in prolonged critical
illness may reflect central suppression,
altered deiodination and potentially adverse
consequences. Observational associations
do not establish that thyroid hormone
replacement improves recovery; treatment
decisions cannot be inferred from this con-
ceptual model [18; 23; 25; 57-60].

Such changes may reduce tissue require-
ments for oxygen and energy substrates while
creating conditions for the preferential sup-
port of the energetic demands of the innate
immune system. In this context, LT3S may
be regarded as one of the key mechanisms of
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immunometabolic allostasis involved in shifting
the organism’s functional priorities and
maintaining an effective adaptive response
aimed at restoring homeostasis.

Following elimination of the injurious
stimulus, the functional role of the thyroid
system changes. Restoration of T3 produc-
tion creates conditions for the reactivation of
mitochondrial biogenesis, OXPHOS, protein
synthesis, and other anabolic processes
required for effective tissue repair and func-
tional recovery [18; 21-25]. In this context,
reactivation of the HPT-axis may be consid-
ered an important component of the transi-
tion from catabolism to anabolism.

The effectiveness of this process largely
depends on the organism’s functional thyroid
reserve, which determines its capacity to restore
T3 production following the acute phase of
adaptation [21-25]. Adequate iodine availa-
bility may also be important, as iodine defi-
ciency could potentially limit the recovery of
thyroid function after severe injury [21; 22; 25].

Thus, inflammation resolution is accom-
panied by a shift in the functional role of the
thyroid system — from predominant partici-
pation in acute adaptive mechanisms toward
providing the conditions necessary for resto-
ration of oxidative metabolism, anabolic ac-
tivity, and tissue repair.

3.3. The Concept of HPA—HPT transition

The evidence reviewed suggests that inflam-
mation resolution should be regarded not
only as a local immunological process but
also as a systemic reorganization of neuro-
endocrine and metabolic regulation [18-24].

During the acute phase of injury, regula-
tory mechanisms aimed at supporting the
adaptive response and maintaining homeo-
stasis under conditions of increased func-
tional demand predominate. Activation
of the HPA axis, development of LT3S, and
the associated immunometabolic changes
ensure resource mobilization, restructuring
of energy metabolism, and maintenance of
the effective functioning of systems involved
in protective responses [18-27].

As the organism transitions from adapta-
tion to recovery, HPA-axis activity gradually
declines, thyroid regulation is restored, OXPHOS
is reactivated, anabolic processes intensify,

and tissue repair mechanisms become increas-
ingly dominant [21-25]. Within the frame-
work of the proposed concept, this process
may be described as the HPA—HPT transi-
tion — a sequential shift in regulatory domi-
nance from mechanisms supporting acute
adaptation toward mechanisms promoting
metabolic and functional recovery.

The proposed HPA—HPT transition is a
conceptual shorthand for changes that may
overlap and vary across tissues and clinical
conditions. The five components are considered
interdependent, potentially partly simultaneous
processes rather than five experimentally
established sequential stages. Neither a fixed
temporal order nor quantitative coupling has
been demonstrated in a longitudinal cohort;
these predictions require prospective testing.

This approach allows inflammation reso-
lution to be viewed as a specific manifestation
of the broader process of immunometabolic
adaptation and restoration of homeostasis. In
this context, the interaction between the HPA
and HPT- axes can be viewed as a compo-
nent of the modern concept of adaptation,
complementing the classical understanding
of the general adaptation syndrome through
mechanisms of immunometabolic regulation
and cellular metabolic reprogramming.

Impairment or incomplete completion of
the HPA—HPT transition may contribute to
the development of chronic allostatic overload,
sarcopenia, metabolic syndrome, impaired
regeneration, and delayed post-traumatic
recovery. Therefore, assessment of HPA-
HPT-axis interactions may represent a prom-
ising direction for future studies of inflam-
mation resolution and provide a basis for the
development of novel strategies of metabolic
support and rehabilitation following severe
inflammatory and traumatic injuries.

4. Tissue insulin sensitivity in inflammation
resolution

4.1. Insulin sensitivity during the acute
adaptive phase

During acute inflammation, the regula-
tion of tissue IS represents an important
component of the systemic adaptive re-
sponse and has been conceptualized as a
mechanism of functional priority that redis-
tributes substrates among tissues according
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to acute adaptive demands [26]. Under the
influence of pro-inflammatory cytokines, cortisol,
catecholamines, glucagon, and other coun-
ter-regulatory factors, tissue-specific remod-
eling of insulin signaling develops, ensuring
the mobilization of energy resources and
their redistribution according to the organ-
ism’s functional needs [26; 27; 67-70].

The most pronounced reduction in IS occurs
in skeletal muscle and adipose tissue, accom-
panied by decreased glucose utilization, acti-
vation of proteolysis and lipolysis, and
maintenance of elevated concentrations of
energy substrates in the circulation [26; 27;
67-69]. At the same time, innate immune
cells, the CNS, and other vital structures retain
access to energy substrates through predom-
inantly insulin-independent mechanisms of
glucose transport [13; 26; 27].

Within the framework of the functional
priority concept, these changes may be regarded
as a coordinated mechanism of immunomet-
abolic allostasis aimed at supporting systems
and processes critical for maintaining home-
ostasis under conditions of injury. Temporary
reduction of IS limits glucose utilization by
major peripheral consumers and promotes
the concentration of resources within systems
involved in the acute adaptive response [26; 27].

4.2. Restoration of tissue insulin sensitivity
following resolution of inflammation

As inflammatory activity declines and
counter-regulatory mechanisms subside, resto-
ration of IS becomes an important component
of the transition from catabolic to anabolic
metabolism [11; 26; 27; 67].

Particular importance is attributed to the
recovery of skeletal muscle IS, as skeletal
muscle accounts for the majority of insulin-
dependent glucose utilization and represents
the largest protein reservoir in the body [1; 2].
Normalization of insulin signaling creates
conditions for protein synthesis, replenishment
of glycogen stores, and regeneration of dam-
aged structures [1; 2; 26; 67—76].

In adipose tissue, restoration of IS is
accompanied by suppression of excessive
lipolysis and a shift from continuous mobili-
zation of fatty acids toward more balanced
regulation of energy fluxes [11; 16]. Simulta-
neously, the production of pro-inflammatory

adipokines decreases, weakening the
maintenance of systemic inflammation.

Restoration of hepatic insulin sensitivity
is equally important. Normalization of hepatic
insulin signaling contributes to suppression
of excessive gluconeogenesis, stabilization of
glycemia, and a shift from predominant pro-
duction of energy substrates toward their
efficient utilization [1; 2; 26; 67].

Thus, inflammation resolution is accom-
panied not only by attenuation of the inflam-
matory response but also by restoration of
coordinated interactions among the major
metabolic organs. Recovery of adequate IS
may therefore be regarded as one of the key
mechanisms underlying the restoration of
metabolic flexibility and systemic metabolic
homeostasis.

4.3. Insulin as a hormonal signal of the
transition to recovery

Traditionally, insulin has been regarded
as the principal anabolic hormone of the
body [1; 2]. However, in the context of inflam-
mation resolution, its role extends beyond
the regulation of carbohydrate metabolism.

Whereas cortisol and other counter-regu-
latory hormones ensure resource mobiliza-
tion during the acute adaptive phase, insulin
serves as one of the key hormonal signals of
the transition toward recovery. Restoration
of IS creates conditions for a shift from
catabolism to anabolism, stimulation of protein
synthesis, glycogen accumulation, and effi-
cient utilization of energy substrates in tissue
repair processes [1; 2; 26; 27].

Importantly, the anabolic effects of insulin
are realized through close interaction with
thyroid hormones and the GH-IGF-1 axis.
Normalization of thyroid status promotes re-
covery of mitochondrial function and OXPHOS,
whereas IGF-1 stimulates cellular growth,
proliferation, and regeneration [77-80].

Within the framework of the proposed
concept, restoration of IS may be regarded as
one of the key markers indicating completion
of the resource mobilization phase and tran-
sition toward programs of tissue repair and
functional recovery. Impairment of this process
may contribute to chronic allostatic overload,
metabolic maladaptation, and incomplete
resolution of inflammation [9-12; 26; 27].

Ornagu nitepatypu

Literature Reviews



EkcnepumeHTanbHa i kniniyHa meguumHa  95(2)2026

Experimental and Clinical Medicine

ISSN print 2414-4517, ISSN online 2710-1487, https://fecm.knmu.edu.ua, ecm.journal@knmu.edu.ua

Therefore, insulin participates not only in
the regulation of glycemia but also in coor-
dinating the transition from acute adaptation
to recovery. For this reason, restoration of
tissue insulin sensitivity may be considered
one of the central mechanisms underlying
successful inflammation resolution and sub-
sequent rehabilitation of the organism.

5. Immunometabolic mechanisms of
post-traumatic recovery and rehabilitation

5.1. Characteristics of postoperative and
post-traumatic inflammation

Postoperative and post-traumatic inflam-
mation is a physiological component of tissue
healing and differs substantially from infec-
tious inflammation in its initiating mechanisms.
The principal triggers include tissue injury,
the release of DAMPs, activation of innate
immune cells, and local production of pro-
inflammatory cytokines [3; 8; 33; 34].

During the first hours after trauma or sur-
gery, acute adaptive mechanisms predominate,
aiming to limit tissue damage, eliminate
necrotic tissue, and maintain vital physiological
functions. This period is accompanied by acti-
vation of the HPA- axis, the sympathoadrenal
system, the development of LT3S, stress-
induced hyperglycemia, mobilization of fatty
acids and amino acids, and remodeling of
tissue IS [17-20; 25-27].

At the same time, the effectiveness of
postoperative and post-traumatic recovery
depends not so much on the intensity of the
acute inflammatory response as on the
organism’s ability to transition in a timely
manner to the processes of resolution and
tissue repair. Excessive or prolonged activa-
tion of resource-mobilizing mechanisms may
delay tissue regeneration, promote muscle
wasting, and increase the risk of postopera-
tive complications [41-44; 54-56].

Therefore, post-traumatic recovery should
be viewed as a sequential process of shifting
functional priorities — from mechanisms of
acute adaptation toward mechanisms respon-
sible for tissue repair and restoration of func-
tional reserves.

5.2. Neuroendocrine regulation of tissue
repair

As the acute adaptive phase subsides, the
pattern of neuroendocrine regulation gradu-
ally changes. The importance of mechanisms
responsible for resource mobilization and
preferential resource allocation declines,
whereas systems supporting anabolism,
regeneration, and functional recovery assume
a leading role [21-24; 65; 66].

One of the key components of this transi-
tion is reactivation of the HPT-axis. Restoration
of T3 production promotes mitochondrial bio-
genesis, activation of OXPHOS, and more
efficient utilization of energy substrates [18;
21-25; 65; 66]. As a result, conditions are
established for the transition from a predomi-
nantly catabolic to an anabolic metabolic state.

This transition is accompanied by a gradual
decline in HPA-axis activity and a reduced
need for emergency resource mobilization.
However, restoration of adaptive reserves often
occurs more slowly than clinical improve-
ment. Consequently, the early reparative phase
may be characterized by a relatively limited
capacity to respond adequately to additional
physical, metabolic, or psychoemotional stressors.

An equally important role is played by the
GH-IGF-1 axis. IGF-1 stimulates protein synthe-
sis, cell proliferation, and tissue regeneration,
thereby playing a critical role in skeletal muscle
repair and recovery following injury [77-80].

In parallel, tissue IS is restored, allowing
more efficient utilization of glucose and other
metabolic substrates for protein synthesis,
tissue repair, and replenishment of functional
reserves [26; 27; 67-75].

Thus, the neuroendocrine regulation of
resolution represents a coordinated interac-
tion among the thyroid system, the GH-IGF-1
axis, and insulin signaling pathways, collec-
tively facilitating the transition from catabo-
lism to anabolism and creating conditions
necessary for complete recovery.

5.3. Factors determining successful recovery

Current evidence suggests that successful
post-traumatic resolution largely depends on
the organism’s ability to restore efficient uti-
lization of energy and structural resources
following completion of the acute adaptive
phase [8; 41; 42].
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One important factor is normalization of
thyroid status. Restoration of T3 levels pro-
motes reactivation of mitochondrial meta-
bolism, increased ATP production, and
enhanced functional readiness of tissues for
regeneration [21-25; 65; 66].

Equally important are recovery of GH-
IGF-1 axis activity and restoration of tissue IS.
Normalization of these mechanisms creates
favorable conditions for effective anabolism,
protein synthesis, skeletal muscle recovery,
and regeneration of damaged tissues [26; 27;
67-75; 77-80].

In recent years, particular attention has been
devoted to the role of mitochondrial func-
tion. Restoration of mitochondrial biogenesis
and OXPHOS is essential for meeting the
energetic demands of tissue repair, whereas
persistent mitochondrial dysfunction may
contribute to chronic inflammation, sarcopenia,
and incomplete functional recovery [45-51].

Within the functional-priority framework,
successful resolution of post-traumatic inflam-
mation may be viewed as the result of coor-
dinated restoration of the major neuroendo-
crine and metabolic mechanisms that sup-
port anabolism, tissue repair, and recovery
of functional reserves.

Clinical stabilization and restoration of
muscle strength or metabolic function are
distinct outcomes, but no validated biomarker
currently establishes the end of an integrated
immunometabolic recovery phase. Longitudinal
assessment could compare CRP and inflam-
matory mediator trajectories, TSH/free T3,
cortisol patterns, measures of insulin sensitivity,
muscle strength and physical performance,
while controlling for illness severity, nutrition
and medication. These are candidate research
measures, not established diagnostic criteria
or treatment targets [17; 18; 25; 48; 52; 53].

Therefore, post-traumatic resolution should
be considered not merely the termination of
the inflammatory response but a distinct stage
of immunometabolic adaptation, during which
the priority of resource allocation gradually
shifts from mechanisms of acute adaptation
toward processes of tissue repair and recovery.
Under certain circumstances, this transition

may be accompanied by a temporary reduc-
tion in adaptive capacity and increased sen-
sitivity to additional stressors, potentially
affecting the completeness of resolution and
contributing to long-term consequences of
the inflammatory process.

Accordingly, creating optimal conditions
for the completion of resolution and restora-
tion of adaptive reserves may be regarded as
one of the key objectives of modern rehabili-
tation medicine.

6. Concept of immunometabolic resolution

The evidence reviewed in this article indi-
cates that the contemporary understanding of
inflammation resolution extends far beyond
the traditional view of resolution as a passive
cessation of the pro-inflammatory response.
According to the modern concept of resolu-
tion physiology, the termination of inflam-
mation is an active biological process involving
coordinated interactions among immune, neuro-
endocrine, and metabolic mechanisms [4-7].

At the same time, most current studies focus
primarily on the cellular and molecular aspects
of resolution, including efferocytosis, macro-
phage phenotype switching, activation of Tregs,
and the actions of specialized pro-resolving
mediators [4-7; 28-43]. Considerably less
attention has been paid to systemic mecha-
nisms responsible for the restoration of energy
metabolism and neuroendocrine regulation,
despite the fact that successful tissue repair
and full functional recovery cannot occur
without them.

Based on the analyzed evidence, the con-
cept of immunometabolic resolution is pro-
posed, according to which the termination of
inflammation represents an active, integrated
process involving coordinated interactions
among immune, neuroendocrine, and meta-
bolic mechanisms that shift the organism’s
functional priority from resource mobiliza-
tion and survival toward their efficient utili-
zation for tissue repair and anabolic recovery.
Key components of this transition include
reduced dominance of the HPA axis, reacti-
vation of the HPT axis with restoration of T3
production, normalization of tissue insulin
sensitivity, and recovery of mitochondrial
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oxidative metabolism, thereby creating the
conditions for restoration of adaptive reserves
and long-term maintenance of homeostasis.

A key event in this transition is the shift
in the organism’s functional priority. During
the acute adaptive phase, survival mechanisms
predominate, ensuring the activity of innate
immune cells, the CNS, the CVS, and other
structures critical for overcoming injury or
infection [13-20; 26; 27]. Following elimi-
nation of the damaging factor, physiological
priorities gradually shift toward tissue repair,
regeneration, and functional recovery [4-8;
33-36]. In this context, resolution may be
viewed as a systemic transition from a sur-
vival program to a recovery program.

An important mechanism underlying this
transition is the reorganization of neuroen-
docrine regulation. The acute phase is char-
acterized by activation of the HPA-axis,
increased cortisol production, and the devel-
opment of the LT3S [17-25]. From the per-
spective of immunometabolic allostasis,
reduced T3 production may be considered
not only a mechanism for limiting energy
expenditure but also an important compo-
nent of metabolic reprogramming. Through
its effects on the expression of mitochondrial
enzymes and the intensity of oxidative phos-
phorylation, LT3S contributes to the tempo-
rary suppression of energy-demanding pro-
cesses, including mitochondrial biogenesis,
fatty acid B-oxidation, and anabolic activity,
thereby matching metabolic activity to the
functional requirements of acute adaptation
[21-25; 65; 66].

During the resolution phase, several reg-
ulatory changes associated with recovery
have been described independently, includ-
ing attenuation of prolonged HPA-axis acti-
vation, restoration of thyroid function and
T3 availability, and recovery of mitochon-
drial oxidative metabolism [21-25; 45-51,
65; 66]. Restoration of T3 production is
mechanistically consistent with reactivation
of mitochondrial biogenesis, oxidative
enzyme expression, and OXPHQOS, thereby
creating metabolic conditions favorable for
anabolic recovery [21-25; 65; 66].

In the present review, these individu-
ally supported mechanisms are integrated
into the conceptual framework of an
HPA—HPT transition, which denotes a
progressive shift in regulatory dominance
from mechanisms supporting acute adap-
tation toward mechanisms supporting re-
covery. This sequence should be regarded
as a hypothesis-generating synthesis
rather than an experimentally established
or clinically validated longitudinal path-
way. Its temporal order, degree of over-
lap, and interdependence require prospec-
tive investigation.

Another important component associ-
ated with resolution is the restoration
of tissue IS. While reduced insulin sensi-
tivity during the acute phase may contrib-
ute to redistribution of energy resources
toward adaptive inflammatory responses
[26; 27], restoration of insulin signaling
after attenuation of the acute stress
response creates favorable conditions for
protein synthesis, glycogen replenish-
ment, anabolic processes, and tissue
repair [1; 2; 26; 67—71; 75; 76]. Within the
proposed framework, this change is con-
sidered complementary to, but not neces-
sarily synchronous with, the neuroendo-
crine changes described above.

An additional key component of reso-
lution is the metabolic shift from predom-
inantly glycolytic energy production to
efficient mitochondrial oxidative metabo-
lism. Following the acute phase, OXPHQOS,
fatty acid B-oxidation, and metabolic flex-
ibility are gradually restored, providing
the energetic basis for regeneration, anab-
olism, and functional recovery [13-16;
45-51]. In the proposed model, these
changes are interpreted as part of the
broader transition from acute adaptation
to recovery; however, their exact temporal
relationship to HPA-axis attenuation and
HPT-axis reactivation has not been estab-
lished longitudinally.

A schematic representation of the pro-
posed concept of immunometabolic resolu-
tion is shown in Fig. 2.
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Fig. 2. Immunometabolic resolution: the transition from adaptation to recovery.

Thus, the proposed concept of immuno-
metabolic resolution comprises five interre-
lated components (Fig. 2):

1. termination of pro-inflammatory cyto-
Kine activation;

2. a shift in functional priority from sur-
vival to recovery;

3. transition from HPA-axis dominance to
reactivation of the HPT-axis;

4. restoration of tissue IS;

5. metabolic switching toward efficient
mitochondrial oxidative metabolism and
anabolism.

From this perspective, resolution may
conceptually be viewed not merely as the
termination of the inflammatory response,
but as an integrated process of systemic
recovery involving coordinated immune,
endocrine, and metabolic regulation and
ensuring the gradual restoration of the
organism's adaptive reserves.

Discussion

The proposed concept of immunometabolic
resolution allows the termination of inflam-
mation to be viewed as a systemic transition
from acute adaptation to recovery. Unlike
traditional approaches, which primarily empha-
size local mechanisms responsible for termi-
nating the inflammatory response, this model
integrates immune, neuroendocrine, and
metabolic mechanisms within the frame-
work of immunometabolic allostasis. From
this perspective, resolution does not com-
plete the entire recovery process but creates the
physiological prerequisites for transition to
the next functional priority—tissue repair.

From the standpoint of functional systems
theory, completion of the acute inflammatory
response may be regarded not only as termi-
nation of individual pro-inflammatory mecha-
nisms, but also as achievement of an inter-
mediate beneficial adaptive result—limitation
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of the tissue threat, elimination of nonviable
structures, and formation of a microenviron-
ment compatible with repair. In the proposed
interpretation, this result changes the condi-
tions for subsequent afferent synthesis: the
dominant unresolved need is no longer clear-
ance of the injured area, but restoration of its
structural integrity. This creates the prereg-
uisites for formation of the next phase-cou-
pled functional system—repair. Such an inter-
pretation represents a conceptual development
of functional systems theory and requires fur-
ther experimental and clinical verification.

This approach may help explain clinical situ-
ations in which termination of the acute inflam-
matory response and clinical stabilization are
not yet accompanied by complete restoration
of the organism’s functional and adaptive
capacity. After the result of resolution has
been achieved, systemic priority may remain
directed toward repair, which requires a dif-
ferent neuroendocrine and metabolic organ-
ization—reduction of catabolic mobilization,
restoration of tissue insulin sensitivity and
mitochondrial oxidative metabolism, and
enhancement of anabolic resource alloca-
tion. Under these conditions, an excessive
physical, infectious, metabolic, or psycho-
emotional challenge may potentially alter
the hierarchy of functional priorities and
reactivate resource-mobilizing mechanisms
that are necessary for survival but unfavorable
for ongoing repair.

A promising area for further investigation
is immunometabolic resolution during peri-
ods of intensive neuroendocrine reorganiza-
tion, particularly in childhood and adoles-
cence. It cannot be excluded that impaired or
incomplete completion of these processes
may contribute to the manifestation of
immune-mediated diseases in genetically
susceptible individuals. In older age, incom-
plete resolution may be associated with
reduced adaptive reserve, impaired tolerance
to stressors, sarcopenia, and slower func-
tional recovery and rehabilitation.

An important modifier of the course of
resolution is the baseline functional state
of the organism before the onset of acute

inflammation. The effectiveness of this pro-
cess may potentially depend on comorbidi-
ties, nutritional status, age-related character-
istics, and availability of micronutrients
required to support neuroendocrine regula-
tion. In particular, adequate iodine status is
necessary for normal thyroid function and
may potentially influence restoration of thyroid
regulation after completion of the acute
adaptive phase. This issue requires further
investigation in the context of resolution and
post-traumatic recovery.

Sex-related differences in HPA-axis
responses, thyroid regulation, body compo-
sition and insulin sensitivity could modify
the proposed transition. However, direct sex-
stratified longitudinal evidence validating
this entire model is lacking; future studies
should prespecify sex-stratified analyses
rather than assume the direction or magni-
tude of differences.

Selenium is involved in deiodinase and
antioxidant enzyme function, zinc contrib-
utes to thyroid and immune signaling, and
vitamin D is implicated in immunoregulation.
Their biological roles should not be inter-
preted as evidence that routine supplementa-
tion accelerates resolution: baseline deficiency,
dose, clinical setting and direct intervention
outcomes would need to be assessed. Nutri-
tional status may also confound associations
between thyroid biomarkers and recovery.

At the same time, the proposed concept
has several limitations. Most available evi-
dence has been generated within separate
fields of research, including immunology,
endocrinology, metabolism, and rehabilitation
medicine. Studies providing an integrated
analysis of resolution at the whole-organism
level remain limited. In addition, there are
currently no generally accepted clinical markers
that would allow quantitative assessment of
the effectiveness of the transition from adap-
tation to recovery.

Future studies should focus on the rela-
tionships among thyroid regulation, tissue
insulin sensitivity, mitochondrial function,
and specialized mechanisms of inflamma-
tion resolution, as well as on identification of
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biomarkers reflecting the effectiveness of
the transition from acute adaptation to repair
and the subsequent restoration of the organ-
ism’s adaptive capacity.

Testable hypotheses include whether tra-
jectories of inflammatory markers, thyroid
function and insulin sensitivity predict func-
tional recovery beyond clinical stabilization,
and whether multimodal nutritional support
and graded rehabilitation influence these tra-
jectories. Such interventions should be eval-
uated in controlled studies; the present nar-
rative synthesis cannot establish causality or
recommend routine thyroid hormone or
micronutrient therapy. Search limitations
include non-systematic source selection,
potential publication and language bias,
heterogeneous clinical populations and the
absence of pooled effect estimates.

Conclusions

1. Inflammation resolution should be
regarded not only as the cessation of pro-
inflammatory activity but also as an active
process of immunometabolic recovery involving
coordinated interactions among immune,
neuroendocrine, and metabolic mechanisms.

2. Effective resolution is characterized by
a shift in the organism's functional priority
from survival programs toward tissue repair,
restoration of adaptive reserves, and long-
term maintenance of homeostasis.

3. The proposed framework links attenua-
tion of acute stress signaling, changes in thyroid
regulation, restoration of insulin sensitivity
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bineuvka O.M., I'apauuit €.B., Illeguenxo O.C.

BIJA AJANTAILIII JO BIJHOBJIEHHSI: MEXAHI3MHM PE3OJIIOIII
3AMNAJIEHHS B CHMCTEMI IMYHOMETABOJIUHOI'O AJOCTA3Y
(OTJISIT TITEPATYPH)

AKTyasbHicTb. TpaauiiiiHo 3aBepIlIEHHS 3alaJIeHHs PO3IIIAJANOCs SIK TACUBHE 3TacaHHs
po3anajbHOi BIAMOBIAL MIiCsA YCYHEHHs YIIKO/DKYBAIbHOTO YMHHUKA. [IpoTe HUHI pe3omonis
3aralieHHs] BU3HAECTHCS aKTHBHUM TIPOLIECOM, III0 BKIIFOYA€ KOOPAWHOBAHY B3aEMOJIII0 IMyHHHX,
HEHPOCHIOKPUHHKX 1 METa0OMIYHIX MEXaHi3MiB, HEOOXITHHUX Ui peraparlii TKaHUH 1 BiTHOB-
JIEHHA OpraHizMy. Takuii miJIXiJ CTBOPIOE MIAIPYHTS U1 pO3pOOKH HOBUX IMiJIXOJIIB JI0 JTIKYBaHHS,
MeTaboII4HOI MIATPUMKH Ta peadiiTamii.

Meta pob6otu. [IpoananizyBatu cy4acHi ySBICHHS PO MEXaHI3MH PE30JIIONii 3anaaeHHs
3 MO3UIIi IMyHOMETa00113My Ta OOTPYHTYBATH KOHLEMIIIF0 IMyHOMETabO0IIgHOI Pe30IIIomii K
CHCTEMHOTO TIPOoIIeCy, 10 3abe3nedye nepexi B aganTaliii 10 BiJHOBICHHS.

Marepianun Tta Meroau. [IpoBeseHO HapaTUBHUI OIJISA JOCHIKEHb, NMPOIHIEKCOBAHUX
y 6azax ganux PubMed, Scopus, Web of Science, MEDLINE, ScienceDirect i Google Scholar
3a nepioa 2000-2025 pp. IIpoananizoBano poOOTH, IPUCBIYEH] PE30IIOLIT 3aMajaeHHs, HEHPO-
€HIOKPHUHHIN peryJsisiii, TKaHWHHINA YyTIUBOCTI A0 IHCYIIHY, TUPEOiIHIM afanTarii, MITOXOH IplaIbHIHi
¢dyHKLii, TOCTTPaBMaTUYHOMY BiJIHOBJICHHIO Ta METaOOJIYHUM MOpYIIeHHAM. JloCmiKeHHs
BUKOHAHO SIK [IPUBATHA 1HII[IaTHBA aBTOPIB, 0€3 TPaHTOBOI MIATPUMKH Ta JEP>KaBHOI PEECTpaLlii TEMH.

Pe3yabTaTn. [lokazaHo, 1110 pe3oioLis 3amnajaeHHs MoB’ s13aHa 31 3MiHO0 (DYHKII1IOHAJIBHOTO
MPIOPUTETY OpraHi3My BiJ IpOrpaM BIKHBAHHS J0 MPOrpaM penapanii TKaHUH 1 BITHOBJICHHS.
Ki1r040BOIO MOJII€10 IIOTO MEPEXOAY € 3MEHILCHHS €HEPreTUYHUX MOTPed CHCTEMH BPOPKEHOTO
IMYHITETY, IO CYNPOBOKYETHCS 3HMKEHHSM ITUTOKIHOBOI aKTHUBAIlii, MOCIa0JEeHHAM aKTHUB-
HOCTI TinoTanamo-rinodizapHo-HaauupuukoBoi (I'TH) oci Ta nepepo3noiioMm eHepreTHIHuX
pecypciB Ha KOPHUCTH permapaliii TKaHuH. Pe3otorist BKIIFo9ae BiTHOBJICHHSI TKAHWHHOI YyTJIH-
BOCTI JI0 IHCYJIiHY, HOpMaJli3allito THPEOIAHOTO CTaTyCy Ta MITOXOHPiajdbHOT (QYHKIIIT, @ TAKOXK
nepexiJ1 BiJ MepeBa)KHO TIKOJIITHYHOTO 10 OKUCHOTO THITY MeTab0Ii3My. 3aTprMKa PEe30JTFOIT i
MOY€E CHPUYMHATH PO3BUTOK XPOHIYHOTO aJOCTATUYHOTO MEPEBAHTAKEHHs, METabO0JIIYHOTO
CHHJIPOMY, CapKOIIeHil Ta MOPYLIEHb NOCTTPAaBMaTUYHOIO BlJHOBJIEHHS.
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BucHoBkH. 3aporioHOBaHO KOHIICIIIIII0 IMyHOMETA0OIYHOT PE30JIIOLTiT, BIIOBITHO J0 SIKOT
3aBEpPIICHHS 3aMaJICHHS € THTETPOBAHUM IIPOIIECOM, IO BKJIFOYAE BiTHOBIICHHS HEHPOCHJIOK-
PUHHOI peryJisilii, eHepreTHYHOro MeTadoi3My Ta (YHKIIIOHAILHOT HITICHOCTI opraHi3my. Pe3o-
JroLIis 3a0e3mneuye nepexiz Bl aganrarii 0 BiTHOBICHHS 1 peabitiTamii Ta MOKe pO3TIIAIaTHCS
SIK TIEPCTIEKTUBHA MIIIICHB JIJ1s1 METaOOIIYHOT TIATPUMKH ¥ pO3pOOKH peablTiTalliiHuX CTpaTeTIH.

Kniouoei cnosa: enookpuronozis, 4ymaugicms 00 iHCYIIHY, CUHOPOM HU3bKO20 MPUIOOMU-
POHIHY, 2INOMANAMO-2iNoi3apHO-HAOHUPKOBA 8iCb, penapayis MKAHUH, CAPKONEHI.
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