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Background. The acute phase of inflammation is accompanied by profound reprogramming of
neuroendocrine regulation involving the Hypothalamic—Pituitary—Adrenal (HPA) and Hypothalamic—
Pituitary—Thyroid (HPT) axes. Increased cortisol levels and decreased triiodothyronine reflect intercon-
nected components of immunometabolic adaptation aimed at meeting the energy demands of innate
immunity; however, the integration of systemic and tissue-level mechanisms underlying this response
remains insufficiently defined.

Aim. To propose an integrative model of HPA-HPT axis interaction as a unified cytokine-mediated
immunometabolic regulatory complex of the acute phase of inflammation, encompassing both systemic
and cellular levels of regulation.

Materials and Methods. A narrative review of experimental, clinical, and review studies (1998-2025)
indexed in PubMed, Scopus, ScienceDirect, EMBASE, MEDLINE, the Cochrane Library, and Google
Scholar was conducted. The selection was based on the following keywords: low triiodothyronine syndrome,
glucocorticoids, thyroid hormones, cytokines, phagocytes, immunometabolism. The research was conducted
as a private initiative of the authors, without grant funding and state registration of the topic.

Research Ethics. Only those sources were selected for analysis whose authors clearly adhered to
modern bioethical norms when conducting their research.

Results. During the acute phase of inflammation, coordinated activation of the HPA axis ensures
mobilization of energy substrates, while remodeling of the HPT axis contributes to their functional
redistribution in favor of effector mechanisms of innate immunity. Glucocorticoids modulate the intensity
and spatial organization of the inflammatory response, whereas local action of thyroid hormones in
phagocytes, particularly via deiodinase-dependent mechanisms, determines their metabolic phenotype
and bactericidal activity. In this context, Low Triiodothyronine Syndrome (LT3S) emerges as a component
of adaptive immunometabolic reprogramming relevant to the phagocytic phase of inflammation.
Disruption of coordination between the axes leads to allostatic overload.

Conclusions. Immunometabolic adaptation in the acute phase of inflammation is formed through the
function of a unified cytokine-mediated regulatory complex involving the HPA and HPT axes at both
systemic and cellular levels. LTS reflects not an isolated thyroid dysfunction but an adaptive redistri-
bution of resources and regulation of immune function, including the bactericidal activity of phagocytes,
supporting the need for integrative approaches to the assessment of neuroendocrine changes.

Keywords: endocrinology, low triiodothyronine syndrome, glucocorticoids, thyroid hormones,
phagocytes, immunometabolism.
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Introduction

The organism’s response to the acute phase
of the inflammatory process is a complex
integrated reaction involving interactions
between the immune, endocrine, and metabolic
systems. Under these conditions, functional
stability is maintained not only by homeo-
static mechanisms but also through dynamic
reprogramming of regulatory processes, con-
sistent with the concept of allostasis [1; 2].
A central role in this reprogramming is played
by the Hypothalamic—Pituitary—Adrenal (HPA)
and Hypothalamic—Pituitary—Thyroid (HPT)
axes, which function as interconnected
components of a unified neuroendocrine
response [3-5].

During the acute phase of inflammation,
activation of innate immunity is accompanied
by increased production of proinflammatory
cytokines (IL-1p, IL-6, TNF-a), which directly
modulate the activity of neuroendocrine axes.
Under their influence, the HPA axis is acti-
vated, leading to increased cortisol secretion,
which ensures mobilization of energy sub-
strates while simultaneously exerting immuno-
regulatory effects [3; 5; 7; 8]. Contemporary
studies indicate that this response involves
not only alterations in hormone secretion but
also disturbances in hormone metabolism
and tissue sensitivity, forming the basis of
the concept of Critical Iliness-Related Corti-
costeroid Insufficiency (CIRCI) [6; 8; 9].

In parallel, remodeling of the HPT axis
occurs, manifested by decreased triiodothy-
ronine (Tz3) levels in the absence of primary
thyroid disease —a phenomenon known as Low
Triiodothyronine Syndrome (LT3S) [3; 10; 11].
These changes reflect a complex regulatory
response involving both central suppression
and tissue-specific modifications of Thyroid
Hormone (TH) metabolism [4; 10; 11].

Traditionally, LT3sS has been regarded
as an energy-conserving adaptive response.

However, current evidence suggests that the
combination of elevated cortisol levels and
reduced circulating Ts reflects a coordinated
process of energy redistribution in favor of
effector mechanisms of innate immunity [5;
10; 12-14]. In this context, not only systemic
hormonal effects but also their local regula-
tion in tissues become critically important.
In particular, glucocorticoids modulate the
intensity and direction of the inflammatory
response through receptor-mediated mecha-
nisms, whereas local TH metabolism deter-
mines the functional activity of immune
cells [5; 11].

Despite significant advances in under-
standing the neuroendocrine response, most
contemporary models analyze the HPA and
HPT axes predominantly in isolation. This
approach limits the understanding of their
integrated role in the formation of immune-
metabolic adaptation. In particular, mecha-
nisms coordinating systemic and cellular levels
of regulation, as well as the significance of
local hormone action in innate immune cells,
remain insufficiently elucidated. Therefore,
the development of an integrative approach
is warranted, in which the HPA and HPT
axes are considered as a unified cytokine-
mediated immunometabolic regulatory com-
plex of the acute phase of inflammation.

Previous studies have formulated the con-
cept of context-dependent thyroid adaptation
and the immunometabolic role of LT3S in
the acute phase of inflammation [12-14],
providing a foundation for further integra-
tive analysis of neuroendocrine axis interac-
tions. This approach allows interpretation of
changes in cortisol and T3 levels as a coordi-
nated immunometabolic mechanism aimed
at meeting the energy and functional demands
of innate immunity.

Aim of study was to develop an integrative
model of interaction between the HPA and
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HPT axes in the acute phase of inflammation
as a unified cytokine-mediated immunometa-
bolic regulatory complex, taking into account
both systemic and cellular levels of regulation.

Materials and Methods

A narrative analysis of contemporary expe-
rimental, clinical, and review studies addressing
neuroendocrine regulation of the immune
response, immunometabolic adaptation, the
role of glucocorticoids and thyroid hormones
in the acute phase of inflammation, and the
pathophysiology of LT3S was conducted.

The analysis included publications from
1998 to 2025 indexed in PubMed, Scopus,
ScienceDirect, EMBASE, MEDLINE, the
Cochrane Library, and Google Scholar. Sources
were selected using the following keywords:
low triiodothyronine syndrome, glucocorti-
coids, thyroid hormones, cytokines, phagocytes,
immunometabolism. Full-text articles in Ukrainian
and English were included in the analysis.
Conceptual framework of the study was an
unified cytokine-mediated immunometabolic
regulatory complex of the HPA-HPT axes in
the acute phase of inflammation.

This study proposes the concept of immuno-
metabolic allostasis, in which neuroendocrine
regulation during the acute phase of inflam-
mation is considered as a unified cytokine-
mediated immunometabolic regulatory complex
functioning under the predominant influence
of cytokine signaling.

A key premise of this model is the inter-
pretation of the HPA and HPT axes as inter-
connected regulatory circuits, whose coordi-
nated activity ensures redistribution of energy
resources in favor of effector mechanisms of
innate immunity. Within this framework,
increased cortisol levels are viewed as a mecha-
nism for mobilization of energy substrates
and control of the inflammatory response,
whereas decreased Ts levels are interpreted
as a mechanism for limiting energy consump-
tion in non-critical tissues and optimizing
resource utilization by immune cells.

Importantly, the model incorporates the
cellular level of regulation: the local action
of glucocorticoids and thyroid hormones in
phagocytes determines their metabolic activity,
bactericidal function, and the balance of

cytokine responses. Thus, the proposed model
considers neuroendocrine changes not as
isolated phenomena but as a coordinated
immunometabolic mechanism of adaptation.

For the purposes of this model, a unified
cytokine-mediated regulatory complex is defined
as a functional network in which proinflam-
matory cytokines (IL-1p, IL-6, TNF-a) simul-
taneously modulate HPA axis activation
(increased cortisol) and HPT axis remodeling
(decreased T3, increased rT3, altered deiodinase
activity), with these hormonal changes being
statistically and temporally linked to specific
phases of the inflammatory response (initia-
tion, amplification, resolution).

Research Ethics

Only those sources whose authors clearly
adhered to modern bioethical norms when con-
ducting their research were selected for analysis.

Results

1. Theoretical foundations: allostasis and
cytokine-mediated regulatory reprogramming

1.1. From homeostasis to allostasis: a shift
in the regulatory paradigm

The classical concept of homeostasis
implies maintenance of internal stability
through preservation of constant physiological
parameters. However, during the acute phase
of inflammation, this model is insufficient to
explain systemic adaptive changes. Contem-
porary understanding is based on the concept
of allostasis, according to which stability is
achieved through dynamic reprogramming
of regulatory mechanisms depending on the
organism’s needs [1; 2; 15].

Within the allostatic model, neuroendo-
crine axes do not maintain a fixed set point
but instead adjust it in response to stressors,
including inflammation. This is accompa-
nied by reorganization of feedback mecha-
nisms, alterations in receptor sensitivity, and
redistribution of functional priorities among
physiological systems. Thus, allostasis reflects
a transition from maintenance of equilibrium
to active adaptation aimed at ensuring sur-
vival [1; 2; 15].

1.2. Cytokines as integrators of the neu-
roendocrine response

During the acute phase of inflammation,
proinflammatory cytokines —particularly IL-1,
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IL-6, and TNF-a — play a key role in coordina-
ting the adaptive response. They function not
only as effectors of the immune response but
also as central regulatory signals integrating
immune and endocrine systems [4; 16; 17].

Under the influence of cytokine signaling,
neuroendocrine regulation is reprogrammed
at all levels: hypothalamic function is modu-
lated, pituitary hormone secretion is altered,
and the activity of peripheral endocrine organs
is reorganized. As a result, a new regulatory
circuit is formed in which cytokine-mediated
mechanisms partially replace classical neuro-
transmitter pathways of control [16; 17]. This
shift ensures coordinated activation of the
HPA axis along with simultaneous remodeling
of the HPT axis, collectively forming an inte-
grated neuroendocrine response to inflam-
matory stress [4; 16].

Thus, proinflammatory cytokines act not
only as triggers of the neuroendocrine response
but also as mechanisms of functional inte-
gration of the HPA and HPT axes within a
unified regulatory complex of the acute phase.

1.3. Immunometabolic allostasis as a model
of acute-phase adaptation

During the acute phase of inflammation,
allostatic reprogramming acquires an immuno-
metabolic character, as neuroendocrine regu-
lation becomes oriented toward meeting the
metabolic demands of the immune system
[12-14; 17; 18]. As a result of coordinated
activation of the HPA axis and remodeling
of the HPT axis, an integrated immunometa-
bolic network is formed.

Activation of the HPA axis ensures mobili-
zation of energy substrates through induction
of proteolysis, lipolysis, and gluconeogenesis,
while also modulating the intensity of the im-
mune response [5; 19; 20]. In parallel, remodeling
of the HPT axis — characterized by decreased
circulating Tz levels and alterations in deiodinase
activity — limits energy consumption in pe-
ripheral tissues and promotes redistribu-
tion of resources toward effector mecha-
nisms of innate immunity [3; 10; 11; 21].

As aresult, systemic redistribution of energy
occurs: tissues not critical for immediate sur-
vival shift toward a catabolic state, enabling
the release of energy substrates required to

support functional activity of immune cells
[12; 13; 17; 18].

This approach further develops the previ-
ously proposed concept of context-dependent
thyroid adaptation and the immunometabolic
role of LT3S in the acute phase of inflamma-
tion [12-14], extending it by incorporating
the integration of the HPA and HPT axes into
a unified cytokine-mediated regulatory circuit.

At the cellular level, this interaction is
realized through metabolic reprogramming
of immune cells. Glucocorticoids modulate
the intensity and direction of the inflamma-
tory response by influencing macrophage
and neutrophil function, including phagocy-
tosis and production of reactive oxygen spe-
cies [5; 19; 20]. At the same time, thyroid
hormones, through local metabolism, deter-
mine the cellular energy phenotype and bac-
tericidal activity [11; 21; 23].

Thus, immunometabolic allostasis in the
acute phase of inflammation should be con-
sidered a coordinated multilevel mechanism
integrating neuroendocrine regulation, meta-
bolic reprogramming, and effector functions
of innate immunity [12-14; 17; 18].

1.4. Disruption of Coordination and
Transition to Dysregulation

Under conditions of prolonged or exces-
sive inflammatory burden, the coordinated
interaction between the HPA and HPT axes
may become disrupted. This is accompanied
by reduced efficiency of glucocorticoid sig-
naling, alterations in thyroid metabolism,
and the development of a state of relative
hormonal resistance [6; 8; 9].

In such conditions, even normal or elevated
cortisol levels may fail to produce an adequate
biological effect, reflecting the development
of immunometabolic dysregulation. Impaired
coordination between neuroendocrine axes
determines the severity of the clinical course
and underlies the transition from adaptation
to allostatic overload [6; 8; 9; 22].

This indicates that the boundary between
adaptation and dysregulation is determined
by the efficiency of coordination between
neuroendocrine axes and the system’s ability
to maintain an integrated response to inflam-
matory stress, as summarized in Figure 1.
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Fig. 1. Integrative model
of immunometabolic allostasis
in the acute phase of inflammation
Notes:

ACTH — adrenocorticotropic hormone;

CRH — corticotropin-releasing hormone;

D1/D2 — deiodinases type 1 and 2;

D3 — deiodinase type 3;

HPA — hypothalamic-pituitary-adrenal axis;

HPT — hypothalamic-pituitary-thyroid axis;

LT3S — low T3 syndrome;

MPO — myeloperoxidase;

ROS — reactive oxygen species;

¥T3 — reverse triiodothyronine (reverse T3);

Ts— triiodothyronine;

T4— thyroxine;

TRH — thyrotropin-releasing hormone;

TSH — thyroid-stimulating hormone.

The diagram illustrates the coordinated
activation of HPA axis and remodeling of HPT
axis as a mechanism of allostatic adaptation.
Increased cortisol levels ensure mobilization
of energy resources, whereas decreased T3
promotes their redistribution in favor of the
immune system. At the cellular level, hormones
modulate immune cell functions, including
phagocytosis and bactericidal activity. Disruption
of this coordination leads to allostatic overload.

2. The HPA axis in the acute phase of
inflammation: resource mobilization and
control of inflammation

2.1. Cytokine-induced activation of the
HPA axis

During the acute phase of inflammation,
activation of the HPA axis represents a key
component of the systemic adaptive response.
Unlike the classical stress response, its acti-
vation in this context is largely initiated by
proinflammatory cytokines, particularly IL-18,
IL-6, and TNF-0, which act as central triggers
of neuroendocrine reprogramming [4; 16; 24].

Cytokines stimulate the secretion of cor-
ticotropin-releasing hormone (CRH) in the
hypothalamus, leading to the release of adreno-
corticotropic hormone (ACTH) from the pitui-
tary and subsequent cortisol secretion by the
adrenal cortex [4; 24; 25]. In addition to central
activation, cytokines may directly affect the
adrenal cortex, modulating steroidogenesis
and altering the sensitivity of peripheral
components of the axis [20; 24]. Signal trans-
mission from the peripheral site of inflammation
to central structures occurs via both humoral
pathways and afferent neural mechanisms,
including the vagus nerve, ensuring rapid
integration of immune and neuroendocrine
responses [24; 26].

As a result, the HPA axis functions not
only as a classical stress system but also as an
integrator and effector of the inflammatory
response. Its activation is accompanied by
reorganization of feedback mechanisms,
changes in glucocorticoid sensitivity, and a
shift from relatively stable homeostatic regu-
lation to a dynamic allostatic mode [4; 15; 24].

2.2. Glucocorticoids as regulators of the
immune response

Glucocorticoids are the principal effector
hormones of the HPA axis, mediating its inte-
grative influence on the immune system.
Contemporary concepts emphasize that their
role extends beyond simple suppression of
inflammation to fine-tuned regulation of its
intensity, spatial organization, and temporal
dynamics [5; 19; 20].

At the level of innate immunity, glucocor-
ticoids modulate macrophage and neutrophil
function, influencing cytokine production,
phagocytosis, reactive oxygen species gener-
ation, cell survival, and the rate of resolution
[5; 19; 20]. They also regulate the expression
of'adhesion molecules, vascular permeability,
and leukocyte migration, thereby limiting
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excessive tissue infiltration and secondary
damage [19].

Within adaptive immunity, glucocorticoids
influence the functional polarization of T
lymphocytes, including modulation of the
Th1/Th2 balance and suppression of excessive
cytotoxic and proinflammatory activity [5].
Therefore, their action should be considered
immunomodulatory rather than purely immuno-
suppressive. Importantly, these effects are phase-
dependent: in early stages they restrain
hyperactivation of inflammation, whereas
in later stages they promote resolution and
tissue repair [5; 20].

2.3. Metabolic effects: catabolism and
substrate mobilization

In addition to their immunoregulatory
function, glucocorticoids play a key role in
the metabolic reprogramming of the organism
during inflammation. They induce catabolic
processes aimed at mobilizing energy sub-
strates required to support the effector func-
tions of the immune system [18-20].

The principal mechanisms include prote-
olysis in skeletal muscle with the release of
amino acids, lipolysis in adipose tissue with
the generation of free fatty acids, and hepatic
gluconeogenesis, which ensures the mainte-
nance of glucose availability for cells with
high energy demands [18-20]. An important
component of this metabolic adaptation is
that, under conditions of systemic inflamma-
tion, the effects of glucocorticoids are accom-
panied by the development of relative insulin
resistance and so-called "stress-induced" or
"inflammatory™ hyperglycemia, also referred
to as "surgical diabetes". In this context, hyper-
glycemia should be interpreted not merely as
a metabolic disturbance, but as a component
of the adaptive response that ensures increased
glucose availability for innate immune cells.
Elevated circulating glucose levels facilitate
its enhanced uptake by immune cells, whose
metabolic activity largely depends on glycolytic
pathways that support phagocytosis, Reactive
Oxygen Species (ROS) production, and other
effector functions. As a result, tissues that are not
critical for immediate survival shift toward an
energy-donor mode, whereas the immune system
gains priority access to metabolic substrates.

Such redistribution of resources is consistent
with the concept of immunometabolic adap-
tation and with previously proposed views of
LTsS as a component of systemic energy
redistribution in favor of innate immune
effector mechanisms [12-14; 17; 18]. In this
context, activation of the HPA axis ensures
substrate mobilization, while concurrent
thyroidal reprogramming promotes their
targeted utilization.

At the same time, glucocorticoids influ-
ence not only substrate metabolism but also
mitochondrial function and cellular redox
balance, which determine the efficiency of
energy metabolism and the adaptive potential
of tissues [20]. Thus, the HPA axis should be
regarded not merely as a source of hormonal
response to inflammation, but as a central
mechanism of metabolic mobilization.

2.4. Dysregulation of the HPA axis in
severe inflammation

Under conditions of severe or prolonged
inflammation, the adaptive role of the HPA
axis may transition into a state of dysregula-
tion. One of the key manifestations is Critical
Iliness-Related Corticosteroid Insufficiency
(CIRCI), characterized by disturbances in
glucocorticoid secretion, metabolism, and tissue
responsiveness. In contemporary understanding,
CIRCI does not represent a simple cortisol
deficiency but reflects a complex immunoendo-
crine dysregulation involving central, peripheral,
and receptor-level mechanisms [6; 8; 9].

A crucial component of this condition is
the development of glucocorticoid resistance,
in which even normal or elevated cortisol
levels fail to produce an adequate biological
response [9; 20]. This is associated with alter-
ations in receptor expression and function,
post-receptor signaling pathways, and local
hormone metabolism within tissues [6; 8; 9].

In addition, critical illness is associated with
loss of circadian and ultradian rhythmicity of
cortisol secretion, leading to desynchronization
of regulatory processes and reduced effec-
tiveness of hormonal responses [25]. Collec-
tively, these changes reflect a transition from
adaptive activation to immunometabolic
dysregulation, which is associated with severe
disease course and unfavorable prognosis [6; 8; 9].
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Clinical data confirm the key role of the HPA
axis in maintaining adaptation during severe
inflammation. Administration of glucocorticoids
in sepsis is associated with improved hemody-
namics and reduced vasopressor requirements;
however, their effect on survival remains context-
dependent [7; 27; 28]. A similar phase-dependent
effect has been demonstrated in COVID-19,
where the clinical benefit of corticosteroids
depends significantly on disease severity and
the stage of the inflammatory process [29].

These findings indicate that the functional
state of the HPA axis is one of the critical
determinants of the boundary between effec-
tive adaptation and allostatic overload. Thus,
in the acute phase of inflammation, the HPA
axis exerts its adaptive function not in isola-
tion but as part of a unified cytokine-medi-
ated immunometabolic regulatory complex.

3. The HPT axis in the acute phase of
inflammation: thyroid reprogramming and
energy redistribution

3.1. LT3S as a component of inflam-
matory allostasis and central-peripheral
remodeling of the HPT axis

Remodeling of the HPT axis in the acute
phase of inflammation has traditionally been
described within the framework of NTIS, the
most typical manifestation of which is LT3S
[3; 10; 11; 22]. However, current evidence sug-
gests that these changes should not be regarded
as an isolated thyroid dysfunction but rather
as a component of inflammatory allostasis, in
which regulatory control shifts from classical
neuroendocrine mechanisms toward cytokine-
mediated coordination of immune and meta-
bolic responses [4; 11; 15; 16].

Proinflammatory cytokines, particularly I1L-1f,
IL-6, and TNF-q, affect all levels of the HPT
axis: they suppress hypothalamic expression
of thyrotropin-releasing hormone (TRH), reduce
pituitary secretion of thyroid-stimulating hormone
(TSH), and simultaneously alter peripheral
TH metabolism [3; 10; 16]. As a result, a new
regulatory set point is established, in which
the thyroid system becomes integrated into
the immune response program.

A key mechanism underlying this remod-
eling is the alteration in deiodinase activity.
During inflammation, the activity of type 1 and

type 2 deiodinases (D1 and D2) decreases,
while type 3 deiodinase (D3) is induced,
leading to inactivation of TH and increased
production of reverse Tz (r'Ts), thereby reducing
systemic levels of biologically active T3 [10;
11; 21]. Importantly, these changes are highly
tissue-specific and reflect local metabolic demands.

Thus, LT3S in the acute phase of inflam-
mation represents not merely a laboratory
finding but the result of coordinated central—
peripheral remodeling of the HPT axis integrated
into the system of inflammatory allostasis.

3.2. Systemic reduction of Ts and ener-
getic ""reprogramming"*

Systemic reduction of Ts levels during acute
inflammation has long been interpreted as an
energy-conserving mechanism. However,
current concepts indicate that this response
is more complex and reflects active redistri-
bution of energy resources according to the
needs of the immune system [12-14; 17; 18].

Reduced thyroid activity limits energy
consumption in tissues that are not critical
for immediate survival, such as skeletal muscle
and adipose tissue. At the same time, these
tissues shift toward a catabolic state and
become sources of amino acids, fatty acids, and
glucose required to sustain energy-demanding
processes of innate immunity, including
phagocytosis and reactive oxygen species
production [17-20].

In this context, thyroid remodeling is
functionally coordinated with HPA axis ac-
tivation: glucocorticoids ensure mobiliza-
tion of energy substrates, whereas reduced
Ts promotes their more selective and effi-
cient utilization [4; 5; 12-14].

Therefore, thyroid adaptation in the acute
phase of inflammation reflects not passive
energy conservation but active energetic “repro-
gramming” of the organism. From this per-
spective, LT3S should be regarded as a key
component of immunometabolic allostasis
rather than merely a marker of disease severity.

3.3. Local thyroid regulation in immune cells

A fundamentally important aspect of the
modern understanding of LT3S is the recogni-
tion that systemic TH levels do not adequately
reflect their local action within tissues, par-
ticularly in innate immune cells [11; 21].
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Against the background of systemic reduc-
tion in thyroid activity, local reprogramming
of thyroid signaling occurs. Notably, type 3
Deiodinase (D3) is expressed in neutrophils
and localized within bactericidal granules,
where it plays a key role in antimicrobial
function and reactive oxygen species pro-
duction [23]. In macrophages, TH regulate
cellular metabolic phenotype, activation
status, and effector function [21].

Thus, cytokines exert a dual effect: on the
one hand, they suppress systemic thyroid
regulation, and on the other, they reprogram
local TH action according to the needs of the
immune response. This ensures tissue-
specific optimization of energy metabolism
and immune cell effector functions.

3.4. The HPT axis as an energetic com-
ponent of immunometabolic coordination

Systemic and local remodeling of the
HPT axis establishes a multilevel regulatory
strategy that combines restriction of energy
consumption with its targeted redistribution.
This dual strategy—systemic reduction of
thyroid activity alongside local metabolic
reprogramming—creates optimal conditions
for an effective immune response.

Functionally, the HPT axis closely inter-
acts with the HPA axis: glucocorticoids
ensure mobilization of resources, whereas
thyroid remodeling promotes their rational
utilization and distribution among tissues [4; 5;
12-14]. Together, these systems form an
integrated immunometabolic network that
supports phagocytosis, reactive oxygen spe-
cies production, and other effector mecha-
nisms of innate immunity [17; 18; 21].

Thus, the HPT axis in the acute phase of
inflammation should not be viewed as a pas-
sively suppressed system but rather as an
active regulator of energy balance and cellular
functional activity. Its remodeling is an inte-
gral component of immunometabolic allo-
stasis and determines the effectiveness of the
adaptive response.

In summary, remodeling of the HPT axis
in acute systemic inflammation represents a
complex multilevel process involving central
suppression, alterations in deiodinase activity,
and tissue-specific modification of hormonal

signaling. These changes reflect not dysfunc-
tion but an adaptive strategy aimed at redis-
tribution of energy resources and support of
the immune response. In interaction with the
HPA axis, the thyroid system forms an inte-
grated regulatory network underlying immuno-
metabolic allostasis. Therefore, HPT axis remo-
deling should be regarded not as an autono-
mous thyroid response but as a component
of a unified cytokine-mediated regulatory
complex coordinating immunometabolic adap-
tation in the acute phase of inflammation.

4. Crosstalk between the HPA and HPT
axes: integration of endocrine systems in the
regulation of immunometabolic allostasis

Remodeling of the HPT axis during the
acute phase of inflammation, as described in
the previous section, occurs in close functional
interaction with the HPA axis. Together,
these axes form an integrated neuroendocrine—
immune system in which hormonal and cyto-
kine signals are coordinated to ensure adap-
tation to inflammatory stress [4; 16; 30].

4.1. Integration of the HPA and HPT
axes in inflammatory allostasis

Under physiological conditions, regulation
of the HPA and HPT axes is primarily mediated
by neuroendocrine mechanisms with well-
organized negative feedback loops. However,
during the acute phase of inflammation, a
fundamental shift in the regulatory paradigm
occurs: proinflammatory cytokines — particularly
IL-1pB, IL-6, and TNF-a — assume a leading
role as central integrators of the neuroendo-
crine response [4; 16; 24].

Cytokines simultaneously activate the HPA
axis through stimulation of CRH and ACTH
secretion and suppress the HPT axis at the levels
of the hypothalamus, pituitary, and peripheral
tissues [3; 10; 31]. In parallel, glucocorticoids
released as a result of HPA activation further
modulate thyroid regulation by inhibiting
TRH and TSH secretion and influencing
TH metabolism via deiodinases [5; 11; 31].

Thus, the HPA and HPT axes function as
interconnected components of a unified system
in which cytokine-mediated regulation partially
replaces classical neurotransmitter-driven
homeostatic control and ensures coordinated
adaptation to inflammatory stress [17; 18].
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4.2. Immunometabolic reprogramming
and the role of tissue-level regulation

The coordinated interaction between the
HPA and HPT axes forms the basis of immuno-
metabolic reprogramming. Glucocorticoids
ensure mobilization of energy substrates through
activation of proteolysis, lipolysis, and glucone-
ogenesis, whereas remodeling of thyroid signal-
ing promotes redistribution of energy fluxes
and optimization of their utilization [18-20].

In this context, systemic reduction of
thyroid activity limits energy consumption
in tissues not essential for immediate sur-
vival, such as skeletal muscle and adipose
tissue, which simultaneously serve as sources
of endogenous energy substrates. This is
accompanied by a shift of these tissues into
a catabolic state and mobilization of resources
to support energy-demanding processes of
innate immunity [3; 10; 11].

At the same time, local metabolic repro-
gramming occurs at the level of immune
cells, regulated by TH and deiodinases, par-
ticularly D3 [21; 23; 32]. This ensures effi-
cient phagocytosis, production of reactive
oxygen species (ROS), and other effector
functions, largely independent of systemic
hormone levels.

Thus, immunometabolic adaptation is
achieved through a combination of systemic
energy redistribution and tissue-specific regula-
tion coordinated by the interaction between
the HPA and HPT axes [12-14; 17; 18].

4.3. Functional integration: resource
mobilization and redistribution

Functional interaction between the HPA
and HPT axes is realized through coordination
of two complementary processes — mobiliza-
tion and redistribution of energy resources.

Activation of the HPA axis, accompanied
by increased cortisol levels, ensures substrate
mobilization via induction of proteolysis,
lipolysis, and gluconeogenesis [18-20], while
simultaneously creating metabolic conditions
for their redistribution. In parallel, reduced T3
levels limit energy consumption in peripheral
tissues and promote redirection of resources
toward the immune system [3; 10; 11].

Thus, thyroid remodeling is not merely an
energy-conserving response but serves to

optimize the utilization of mobilized resources.
Together, these processes form an integrated
immunometabolic network in which mobili-
zation and targeted energy utilization are
functionally interconnected [17; 18].

4.4, Transition from adaptation to allo-
static overload

During the acute phase of inflammation,
integration of the HPA and HPT axes is adap-
tive and supports survival. However, prolonged,
excessive, or dysregulated activation of these
mechanisms leads to allostatic overload.

This state is characterized by persistent
hyperactivation of the HPA axis, suppres-
sion of the HPT axis, loss of hormonal rhyth-
micity, progressive catabolism, and immune
dysfunction, all of which are associated with
adverse clinical outcomes in critical illness
[6; 8; 9; 22; 25; 33].

Under such conditions, crosstalk between
endocrine axes shifts from an adaptive
mechanism to a pathophysiological process.
This underscores that the effectiveness of the
hormonal response is determined not only by
the levels of individual hormones but by the
preservation of coordination between regu-
latory systems.

4.5. Concept of a unified thyroid-
adrenal regulatory complex

The presented data support the view that
the HPA and HPT axes should be considered
components of a unified cytokine-mediated
thyroid—adrenal immunometabolic regulatory
complex, within which integration of immune,
endocrine, and metabolic responses is achieved.

A key feature of this complex is functional
complementarity: glucocorticoids ensure mobi-
lization of energy resources and control of
inflammatory intensity, whereas thyroid
remodeling determines the efficiency of
their utilization and cellular metabolic repro-
gramming [5; 11; 20; 21; 32].

Importantly, the effectiveness of the hor-
monal response is determined not so much
by circulating levels of cortisol and Ts as by
their tissue-level implementation, regulated
by local enzymatic mechanisms — 11B-hydroxys-
teroid dehydrogenases for glucocorticoids and
deiodinases for TH [11; 21; 33]. In this context,
not only hormone levels but also preservation
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of their temporal dynamics, receptor sensitivity,
and metabolic context of action are critical.
Disruption of this integration leads to loss
of coordination between mobilization, redistri-
bution, and utilization of energy resources,
which underlies allostatic overload and limits the
effectiveness of isolated therapeutic approaches.
Thus, the HPA and HPT axes should be
regarded as a unified thyroid—adrenal regu-
latory circuit in which hormonal signals are
implemented through multilevel coordination
of systemic and tissue-specific mechanisms.
This integration forms the functional basis of
immunometabolic allostasis — an adaptive
strategy that aligns immune responses with
the organism’s metaboliC resources.
5. Immunometabolic allostasis: an inte-
grative model of HPA-HPT interaction
The mechanisms discussed above indicate
that interaction between the HPA and HPT
axes in the acute phase of inflammation cannot
be reduced to parallel endocrine changes but
instead forms a unified cytokine-mediated
immunometabolic regulatory complex of the
acute phase of inflammation [4; 16; 30].
Within this system, hormonal and cytokine
signals coordinate not only the nature of meta-
bolic reprogramming but also the prioritization
of energy resource utilization, the functional
state of immune cells, and the temporal organi-
zation of the adaptive response. In this context,
L T3S should be regarded as a component of
a unified immunometabolic network rather
than an isolated thyroid abnormality [3; 10; 31].
A schematic representation of this HPA—
HPT integration is presented in Figure 2.

4P| HPT Axis
‘ Cytokine Regulation

N\

Metabolic
Reprogramming

HPA Axis

Immune
Effects

— Immunometabolic —

Adaptation Overload

‘ Allostatic ’

Fig. 2. HPA-HPT integration
in immunometabolic allostasis

The model illustrates coordinated activation
of the HPA axis and suppression of the HPT
axis as a unified adaptive response. Glucocorti-
coids ensure mobilization of energy resources
and regulation of inflammation, whereas
changes in thyroid signaling promote redis-
tribution of energy consumption and support
immune cell metabolism. Cytokines integrate
endocrine and immune signaling pathways,
enabling metabolic reprogramming, reactive
oXxygen species production, and spatial organi-
zation of the immune response. Disruption of
this coordination contributes to the develop-
ment of allostatic overload.

5.1. Systemic redistribution of energy
resources

Within the framework of immunometabolic
allostasis, the key feature is not a reduction
in energy expenditure per se, but its hierar-
chical redistribution according to the needs
of innate immunity. HPA-mediated substrate
mobilization and HPT-mediated limitation
of energy consumption in peripheral tissues
form a coordinated response in which skeletal
muscle, adipose tissue, and the liver are reori-
ented toward supporting energy-demanding
immune processes [17-20].

In this model, tissues not critical for imme-
diate survival function primarily as resource
donors, whereas phagocytic cells become their
priority consumers. This enables maintenance
of phagocytosis, reactive oxygen species pro-
duction, synthesis of inflammatory mediators,
and pathogen clearance without requiring a global
increase in total energy expenditure [17; 18].
Thus, the systemic aspect of immunometa-
bolic allostasis lies in coordinating resource
mobilization with their selective utilization,
rather than in isolated catabolism or passive
energy conservation.

5.2. Immunometabolic reprogramming
of cells

At the cellular level, immunometabolic
allostasis is realized through reprogramming
of metabolic pathways in phagocytic cells,
primarily macrophages and neutrophils [17; 18].
Their functional activity is determined not
only by substrate availability but also by local
hormonal regulation, which integrates gluco-
corticoid-mediated control of inflammatory
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intensity with thyroid hormone—dependent tuning
of the cellular energy phenotype [5; 11; 19-21].

Within this framework, glucocorticoids limit
excessive destructive inflammatory responses
while maintaining cellular programs compatible
with tissue survival. In contrast, thyroid sig-
naling determines the metabolic efficiency
of effector mechanisms, including ROS pro-
duction, bactericidal activity, and macrophage
functional plasticity [21; 23; 32]. Thus, local
hormonal regulation represents not an aux-
iliary but a central element of the immune
response. Coordination between systemic and
cellular mechanisms ensures that the immune
response is not only robust but also meta-
bolically controlled.

5.3. LTsS as a component of the immu-
nometabolic network

Within the integrative model, LT3S reflects
not an isolated disturbance of thyroid func-
tion but a shift in the role of thyroid regula-
tion within the overall structure of the adap-
tive response [3; 10; 31]. Its clinical signifi-
cance is determined not solely by the decrease
in T3 levels, but by the context in which it
occurs — namely, the intensity of inflammatory
stress, its duration, the state of other neuro-
endocrine axes, and the organism’s ability to
maintain coordination between systemic and
local regulatory mechanisms [10; 22].

In the acute phase, LT3S may be consid-
ered a functionally appropriate component of
the immunometabolic network, as restriction
of thyroid-dependent energy consumption in
peripheral tissues is combined with preser-
vation or reprogramming of local hormone
action in immune cells [11; 21]. Under condi-
tions of prolonged or excessive stress, however,
this response may lose its adaptive nature
and transition into dysregulation. Therefore,
L T3S should be interpreted as an integral indi-
cator of immunometabolic organization rather
than merely a marker of disease severity.

5.4. Temporal coordination of the HPA
and HPT axes

A key prerequisite for effective immuno-
metabolic allostasis is not only the presence
of appropriate hormonal changes but also their
temporal coordination. For the HPA axis, this
implies preservation of functionally significant

rhythmicity of ACTH and cortisol secretion,
whereas for the HPT axis it requires alignment
of thyroid remodeling with the duration and
phase of the inflammatory process [25; 30].

When this temporal coordination is pre-
served, resource mobilization, redistribution,
and cellular utilization occur as interconnected
processes. Conversely, loss of glucocorticoid
rhythmicity combined with disproportionate
or prolonged thyroid remodeling leads to
dissociation between central regulation, tissue
metabolism, and immune effector function
[6; 9; 25; 30]. Thus, the boundary between
adaptive remodeling and allostatic overload
is determined not only by hormone levels but
by the degree of synchronization of their
temporal dynamics, receptor sensitivity, and
tissue-level implementation.

Summary Statement

Immunometabolic allostasis should be
considered a comprehensive model in which
the HPA and HPT axes function as interde-
pendent components of a unified cytokine-
mediated immunometabolic regulatory com-
plex. This system integrates systemic redis-
tribution of energy resources, cellular meta-
bolic reprogramming, and temporal coordi-
nation of the adaptive response.

Within this model, LTS acts not as a marker
of isolated dysfunction but as a functional
element of the immunometabolic network.
The effectiveness of this system critically
depends on the preservation of integration
across its systemic, cellular, and temporal levels.
It is precisely the coordination of resource
mobilization, redistribution, and utilization
that determines the boundary between adap-
tive remodeling and dysregulation. Disruption
of this integration underlies the transition
from immunometabolic allostasis to allostatic
overload [6; 9; 30; 33].

6. Allostatic overload as a loss of integra-
tion between the HPA and HPT axes

The immunometabolic response to systemic
inflammation is dynamic and reflects a con-
tinuum ranging from coordinated adaptation
to a state of dysregulation. During the physio-
logically controlled phase, interaction between
the HPA and HPT axes ensures coordinated
mobilization, redistribution, and utilization
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of energy resources. However, under condi-
tions of prolonged or excessive inflammatory
burden, the integrity of this regulatory com-
plex progressively deteriorates, leading to
allostatic overload as a state of systemic
neuroendocrine and immunometabolic
dysregulation [1; 2; 15; 30].

A key feature of this transition is not
merely a change in the levels of individual
hormones, but a loss of their functional coor-
dination. Sustained activation of the HPA
axis is accompanied by reprogramming of
glucocorticoid signaling, including disruption
of circadian and ultradian rhythmicity, as
well as the development of tissue-level gluco-
corticoid resistance [6; 9; 25]. As a result, the
hormonal signal loses its capacity to effec-
tively restrain inflammation, thereby con-
tributing to its persistence [5; 20].

In parallel, persistent transformation of
thyroid regulation occurs, extending beyond
adaptive metabolic switching. Prolonged reduc-
tion in Tz levels, altered Ta/rTs ratios, and
changes in deiodinase activity are accompa-
nied by impaired tissue-level implementation
of thyroid hormone signaling [10; 11; 31]. In
this state, the deficit in functional effect is
determined not by absolute hormone defi-
ciency, but by reduced efficiency of its cellular
action. Consequently, a fundamental disso-
ciation arises between mobilization and uti-
lization of energy resources: glucocorticoid-
dependent substrate mobilization is preserved,
whereas thyroid-mediated regulation of their
utilization becomes ineffective. This leads
to metabolic mismatch, characterized by
simultaneous catabolism of peripheral tissues
and insufficient support of the energetic
demands of immune cells [17; 18; 20].

Disruption of integration between the HPA
and HPT axes also has significant immuno-
logical consequences. Reduced efficiency of
glucocorticoid regulation is combined with
alterations in the metabolic phenotype of immune
cells, contributing to the coexistence of per-
sistent inflammation and immune dysfunc-
tion —a hallmark of critical illness [16-18].

Clinically, allostatic overload is mani-
fested by variability and context dependence
of therapeutic responses. The effectiveness

of glucocorticoid therapy depends not only
on dose or timing of administration but also
on tissue sensitivity and the integrity of neuro-
endocrine signal integration [27-29]. At the
same time, prolonged reduction of T3 levels
is associated with unfavorable prognosis and
reflects loss of adaptive coordination rather
than isolated thyroid insufficiency [10; 22].
Thus, allostatic overload should be regarded
as a state of loss of integrated regulation bet-
ween the HPA and HPT axes, in which coor-
dination of temporal, receptor-mediated, and
metabolic components of hormonal signaling
is disrupted. It is this loss of integration — rather
than absolute changes in hormone levels —
that determines the transition from adaptation to
systemic dysregulation and underlies the devel-
opment of severe clinical conditions [6; 9; 30; 33].
Operational indicators of loss of integration
between HPA and HPT axes may include: a
cortisol-to-T3 ratio exceeding 1.5 (nmol/nmol),
loss of the normal inverse correlation between
morning cortisol and T3 (r>-0.3 becomes
non-significant), absence of the expected
rise in rT3 relative to T3 (rT3/T3 ratio <1.2
despite elevated IL-6), and blunted or absent
ultradian cortisol pulsatility (measured by fre-
quent sampling). These criteria are proposed
for hypothesis testing in prospective cohorts.
Discussion
The integrative model of immunometabolic
allostasis presented in this work proposes a
conceptual shift in understanding the neuro-
endocrine response to critical illness. Within
this framework, low triiodothyronine syndrome
(LTsS) is interpreted not as an isolated thyroid
dysfunction but as a specific form of thyroid
system remodeling occurring during the acute
phase of inflammation — particularly during
activation of innate (phagocytic) immunity.
In this interpretation, the HPA and HPT axes
function as a unified cytokine-mediated immuno-
metabolic regulatory complex of the acute inflam-
matory phase. At the same time, LT3S repre-
sents a component of the broader phenomenon
of NTIS, which extends beyond inflamma-
tory conditions and reflects thyroid system
adaptation across diverse critical and meta-
bolic states, encompassing both adaptive and
dysregulated responses [3; 10; 22].
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The proposed approach expands upon the
previously developed concept of context-
dependent thyroid adaptation and the
immunometabolic role of LT3S in acute in-
flammation [12-14], further advancing it
by introducing the integration of the HPA
and HPT axes as a single regulatory circuit.
In this sense, thyroid remodeling is not a
byproduct of systemic inflammation but
a functionally necessary component of the
adaptive response.

Activation of the HPA axis alongside sup-
pression of the HPT axis reflects a coordinated
strategy of energy resource redistribution.
Glucocorticoids regulate the inflammatory
response and mobilize metabolic substrates,
whereas reduced Tz levels limit energy consump-
tion in tissues not essential for immediate sur-
vival and promote their catabolic use as energy
sources for the immune system [5; 18; 20].
This coordination is consistent with the con-
cept of allostasis [1; 2; 15] and aligns with
the model of immunometabolic adaptation
proposed in previous studies [12—-14].

A key modulating factor in this integration
is the temporal organization of hormonal sig-
naling. Disruption of circadian and ultradian
rhythms in critical illness leads to reduced
tissue sensitivity to hormones and functional
dissociation between central and peripheral
regulatory mechanisms [25; 30]. Thus, chrono-
biological disorganization emerges as a critical
factor driving the transition from adaptive
allostasis to allostatic overload.

Systemic inflammation is also associated
with a shift in regulatory mechanisms — from
neurotransmitter-mediated control to cyto-
kine-mediated coordination. Proinflamma-
tory cytokines directly modulate both HPA
and HPT axis function, altering feedback
loops and receptor sensitivity, thereby estab-
lishing a regulatory state oriented toward
survival [16; 24].

In this context, glucocorticoid resistance
should be viewed not only as a loss of anti-
inflammatory control but also as a component
of tissue-specific remodeling of hormonal
sensitivity. Such remodeling may involve
preservation of catabolic glucocorticoid effects
in donor tissues, while their immunoregulatory

effects in effector immune cells are altered.
This results in functional dissociation between
energy mobilization and its utilization by the
immune system, further exacerbating immuno-
metabolic imbalance in critical illness.

Integration of the HPA and HPT axes ensures
not only systemic redistribution of energy
resources but also direct regulation of innate
immune effector mechanisms. Glucocorticoids
modulate macrophage and neutrophil function,
influencing phagocytosis, ROS production,
and pathogen clearance [5; 19; 20], whereas
thyroid hormones, through local metabolism —
particularly via deiodinase activity — deter-
mine the energetic phenotype and functional
activity of immune cells [11; 21; 23].

Importantly, key adaptive processes are
primarily realized at the tissue level. Local
regulation of thyroid hormones within innate
immune cells allows maintenance of their
functional activity independently of circulating
hormone concentrations [11; 21]. This under-
scores the limitations of approaches focused
solely on systemic hormone levels and high-
lights the importance of tissue-level regula-
tion in immunometabolic adaptation.

The proposed model also helps explain
inconsistencies in clinical outcomes. The
limited efficacy of thyroid hormone mono-
therapy across the broader NTIS spectrum —
beyond LT3S — may result from neglecting
its interaction with the HPA axis, as well as
mismatch between treatment and disease
phase or dominant pathophysiological mech-
anisms [10; 22]. Similarly, the effects of gluco-
corticoids are context-dependent and deter-
mined by the phase of inflammation and
individual tissue sensitivity [27-29].

Inflammatory processes are inherently
dynamic and phase-dependent. During the
acute phase, innate immune mechanisms —
including phagocytosis and bactericidal
responses — predominate and require substantial
energy expenditure [17; 18]. In this context,
LTsS most strongly reflects the early, phag-
ocyte-oriented phase of the immune response,
consistent with the concept of thyroid-driven
immunometabolic adaptation [12—-14], whereas
later changes within NTIS may carry different
functional implications [3; 10].
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Thus, NTIS should be regarded as a dynamic
spectrum, within which LT3sS represents an
early adaptive component of immunometa-
bolic remodeling during the phagocytic phase
of inflammation. The transition from adapta-
tion to dysregulation is closely associated
with loss of integration between endocrine
axes [6; 9; 30]. Clinically, this necessitates a
comprehensive assessment of neuroendocrine
status, including both HPA and HPT axes
and their temporal dynamics [25; 30], as well
as the development of system-oriented and
personalized approaches to hormonal support.

The present model primarily addresses
acute systemic inflammation of sterile or infec-
tious origin. However, the interaction between
HPA and HPT axes may differ substantially
in chronic inflammatory conditions (e.g., rheu-
matoid arthritis, chronic heart failure) or across
etiologies. In viral infections such as COVID-19,
the cytokine profile and deiodinase expres-
sion patterns show distinct features compared
to bacterial sepsis. Chronic inflammation is
often associated with persistent low T3 without
the same degree of HPA activation. These
context-dependent variations should be addressed
in future studies, and the current model should
be applied cautiously beyond acute settings.

A limitation of the present work is its con-
ceptual nature, which requires further valida-
tion in prospective clinical studies, particu-
larly with regard to chronobiological mecha-
nisms and tissue-level hormonal regulation.

The integrative model of immunometa-
bolic allostasis supports the interpretation of
the HPA and HPT axes as a unified cyto-
kine-mediated immunometabolic regulatory
complex of the acute inflammatory phase,
within which L T3S emerges not as an isolated
endocrine abnormality but as a functional
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component of systemic adaptation reflecting
coordination between immune response and
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Conclusions

Immunometabolic adaptation in the acute
phase of inflammation is formed through the
function of a unified cytokine-mediated HPA-
HPT regulatory complex that integrates sys-
temic and cellular levels of regulation. In this
context, LT3S reflects not an isolated thyroid
dysfunction but a component of adaptive
immunometabolic remodeling aimed at redis-
tributing energy resources and supporting
innate immune effector mechanisms.

Disruption of integration between endo-
crine axes determines the transition to allo-
static overload and systemic dysregulation.
Considering LTsS within the broader NTIS
framework highlights the need for integra-
tive, system-oriented approaches to the as-
sessment and correction of neuroendocrine
changes in critical illness of both inflamma-
tory and non-inflammatory origin.
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bineuyvka O.M., I'apauui €.B., Mapkoseceka O.B., /lamoczy3 C.1., Illesuenxo O.C.

IHTETPAIIA TIMHOTAJAMO-TIMO®I3APHO-HAJTHUPHUKOBOI TA
T'IOTAJIAMO-TIIIO®I3APHO-TUPEOITHOI OCEM B IMYHOMETABOJIIYHOMY
AJOCTA3I TOCTPOI ®A3M 3ANAJEHHA: €IUHUW IIUTOKIH-
ONOCEPEJIKOBAHUM PETYJATOPHUNA KOMIIJIEKC

AkTyansHicTb. ['ocTpa (aza 3ananeHHs CynpoBOIKYETHCS TIIMOOKOIO 1epe0yJ0BO0 Helpo-
SHJOKPUHHOI peryJisiii 3a yJacTro rinoragamo-rinodizapao-unaaaupuukoBoi (I'TH) Ta rimoramamo-
rinogizapro-tupeoinnoi (I'T'T) oceld. [linBuieHHs piBHSA KOPTU30Iy Ta 3HMKCHHS TPHUHOITH-
POHIHY € B3a€MOITIOB’ I3aHUMH KOMITOHEHTaMH iMyHOMETa0o0IiYHOI ajanTaiii, CipsiMOBaHOi Ha
3a0e3MeUCHHS HEPTeTHYHUX TIOTPEeO BPOHKEHOTO IMYHITETY; OJTHAK IHTETpaIlisi CHCTEMHHX 1 TKAHHH-
HUX MEXaHI3MIiB, 110 JICKaTh B OCHOBI 111€1 BIAMOBI/II, 3AJIMIIAETHCSI HEJOCTATHHO BU3HAYCHOIO.

Meta. 3anponoHyBaTH iHTETPaTUBHY MOJIENb B3a€EMO/III rinoTanaMo-TrinogdizapHo-HaaHup-
HHUKOBOi Ta TiNOTaJaMo-Tinogi3apHO-TUPEOITHOI OCEN SK €IMHOIO IUTOKIH-OIOCEPEIKOBAHOTO
IMyHOMETa0O0IIYHOTO PETYJIATOPHOIO KOMILIEKCY rocTpoi (ha3u 3amayieHHs, 1110 OXOIUTFOE CUCTeMHUI
Ta KIITHHHUHA PiBHI peTysiii.

Marepiaau Ta metoau. [IpoBeieHo HapaTUBHUHN OIS €KCTIEPUMEHTABHUX, KJITHIYHUX Ta
orsioBux nocmimpkers (1998-2025 pp.), innekcoBanux y 6azax PubMed, Scopus, ScienceDirect,
EMBASE, MEDLINE, Cochrane Library Ta Google Scholar. Bin6ip 3aiiicHioBaIM 3a KIFOUOBUMH
CJIOBaMH: CHH/IPOM HHU3BKOTO TPHHOATHPOHIHY, TTIFOKOKOPTHKOIAN, THPEOiTHI TOPMOHH, IIUTOKIHH,
daromuty, iMmyHoMeTabomi3M. JlocmiKeHHsI BUKOHAHO SIK TIpUBATHA iHII[IaTUBAa aBTOPIB, 0e3
IPaHTOBOI MIATPUMKH Ta AEP>KaBHOI peecTpallii TeMU.

Etuxa nociigxenns. g ananizy Oyno BiiOpaHi nuiie Ti JpKepesa, aBTOPU SIKUX YiTKO
JOTPUMYBAJIUCh Cy4aCHUX O10€TUYHHMX HOPM M1/ Yac MPOBEIEHHS IXHIX JOCIIIKEHb.

Pesyabtatu. [1in yac roctpoi (asu 3ananeHHs ckoopauHoBana aktusailis oci [ TH 3a6e3neuye
MOO1JTi3a11110 €eHepreTUYHUX cyocTpaTiB, To1 Ak nepedynona oci I'T'T cipusie ixuboMy QyHK-
[[IOHAJIBHOMY TE€PEpO3NOALTY Ha KOPUCTh €(hEeKTOPHUX MEXaHi3MIiB BPOJUKEHOTO IMYHITETY.
['TIOKOKOPTUKOIIM MOYJIIOIOTH IHTEHCUBHICTh Ta IPOCTOPOBY OpraHi3alliio 3anajbHO1 BiIO-
BiJli, TOJI K JIOKaJbHA /i TUPEOiJHUX FOPMOHIB Yy (parouuTax, 30Kkpema uepes JaeioanHasa-
3aJIe)KHI MEXaHI3MU, BU3HAUYA€E IXHIM MeTa0oIIYHUi (eHOTUN Ta OaKTEPUIMIHY aKTUBHICTb.
VY 11bOMy KOHTEKCTI CUHIpOM HHU3bKOro TpuitoaTupoHiny (CHT) moctae sik KOMIOHEHT ajan-
TUBHOI IMyHOMETa0oJ14yHOi MepeOyn0BH, 110 Ma€ 3HAa4eHHs Juisd (arouurtapHoi ¢azu 3ama-
nenHs. [TopyieHHst KoopanHaIii MiXk OCAMHU MPU3BOIUTH 710 aJTICTATUYHOTO MEPEBAHTAKEHHS.

BucnoBku. ImyHnomerabosiuna aganrarisi B rocTpiid (a3l 3ananeHds GopMyeThbCs uepes
(YHKLIIOHYBaHHS € IMHOTO LIUTOKIH-0IIOCEPEIKOBAHOIO PErYJISTOPHOI'O KOMILJIEKCY 32 Y4aCTIO
oceil [TH TaI'TT sk Ha cucteMHOMY, Tak 1 Ha KiiTHHHOMY piBHsX. CHT BinoOpaskae He 130/1b0BaHy
THPEOiHY AMC(YHKIIIO, a aIaNTHBHUNA MEPEpO3NOALT PECYPCIB Ta PErysIsLiio IMyHHOI (DYHKIIIT,
BKJTIOYAIOYM OAKTEPHUIIMIHY aKTUBHICTH (DarouuTiB, 110 MiATBEPKYE HEOOX1THICT IHTErPaTUBHUX
MiXOMIB JI0 OLIHKH HEHPOCHIOKPUHHUX 3MiH.

Knwowuoei cnosa: enookpunonocis, cunoOpom HU3bKO20 MPUUOOMUPOHIHY, 2NH0KOKOPMUKO-
iou, mupeoioni copmonu, ghazoyumu, iMyHOMemaboi3M.
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