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Abstract: From the viewpoint of the general pathology, most of the human diseases are associated with a limited
number of pathogenic processes such as inflammation, tumor growth, thrombosis, necrosis, fibrosis, atrophy,
pathological hypertrophy, dysplasia and metaplasia. The phenomenon of chronic low-grade inflammation could
be attributed to non-classical forms of inflammation, which include many neurodegenerative processes, patho-
logical variants of insulin resistance, atherosclerosis, and other manifestations of the endothelial dysfunction.
Individual and universal manifestations of cellular stress could be considered as a basic element of all these pa-
thologies, which has both physiological and pathophysiological significance.

The review examines the causes, main phenomena, developmental directions and outcomes of cellular stress
using a phylogenetically conservative set of genes and their activation pathways, as well as tissue stress and its
role in inflammatory and para-inflammatory processes.

The main ways towards the realization of cellular stress and its functional blocks were outlined. The main stages
of tissue stress and the classification of its typical manifestations, as well as its participation in the development
of the classical and non-classical variants of the inflammatory process, were also described.

The mechanisms of cellular and tissue stress are structured into the complex systems, which include networks that
enable the exchange of information with multidirectional signaling pathways which together make these systems
internally contradictory, and the result of their effects is often unpredictable. However, the possible solutions
require new theoretical and methodological approaches, one of which includes the transition to integral criteria,
which plausibly reflect the holistic image of these processes.
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1. INTRODUCTION

The use of the clinical practice of personalized approach is only
possible with the verification of most common manifestations of
various human diseases. In the international classification of dis-
eases, ICD-10 recorded more than 10 thousand nosologies, which
are grouped into 21 different classes of known human diseases.

From the viewpoint of general pathology, most diseases share
various general pathological processes, two of which being tumor
growth and classical (canonical) inflammation. The more common
typical pathological processes and conditions include thrombosis,
necrosis, atherosclerosis, typical manifestations of neurodegenera-
tive diseases, fibrosis, atrophy, pathological hypertrophy, dysplasia
and metaplasia, ischemia, shock states, and some others.

Generally, pathological processes could be integrated into
blocks based on the pathogenesis pattern of mechanisms, a well-
known complex of pathological changes is the phenomenon termed
"Chronic low-grade inflammation" [1-3]. This phenomenon inte-
grates the various processes associated with aging and the pro-
inflammatory mechanisms, such as; atherosclerosis, obesity-
associated insulin resistance, activation of stromal macrophages in
the liver and adipose tissue, and moderate manifestations of the
systemic inflammatory response, at the tissue and organ level.

The big question remains on the existence of a single elemen-
tary component that could integrate numerous diseases and general
pathological processes. This component should reflect the cellular
level of the organization of living matter, and integrate the typical
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changes into the cellular genome, transcriptome, proteome and
metabolome. As a basic element of various pathologies, one can
consider cellular stress, which has both physiological and patho-
physiological significance as such component [4]. Noteworthy,
cellular stress can characterize a pathological process if it occurs as
an elementary functional component of tissue stress. These two
phenomena in relation to human pathology should be considered in
a single context.

Cellular stress represents the typical reaction of cells to any
form of macromolecular damage, with the aim at restoring cellular
and tissue homeostasis [5]. This stress involves universal mecha-
nisms that employ a phylogenetically conserved set of genes and
their activation, as well as specific mechanisms inherent in specific
biological species and individual types of cells within a single mul-
ticellular organism [6].

Cell stress programs are initiated by sensory structures that
recognize signs of a real or potential (probabilistic) damage to mac-
romolecules, followed by the involvement of transcription factors,
and the formation of a stress proteome and metabolome in the cellu-
lar response [5]. The factors of the stress proteome are combined
into functional systems to achieve a specific beneficial goal for the
cell and organism, on accomplishing this task, the functional sys-
tems disintegrate. The theory of the functional systems was first
used to explain the processes involved in higher nervous activity
[7]. In physiological condition, the development of tissue and cellu-
lar stress is limited in terms of intensity, time, and space; and bal-
anced with other processes that ensure the safety of homeostasis. In
adverse condition, the mechanisms of cellular stress may them-
selves play the role of damaging factors and contribute to the de-
velopment of pathological processes [8]. Authors emphasized on
the role of the formation of dysfunctional systems in the mecha-
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nisms of cellular stress, and their possible involvement in the
pathogenetic cycle of various diseases manifestation [9]. The pur-
pose of this review is to understand relevant findings on the de-
scription of cellular stress as an elementary functional link of vari-
ous variants of tissue stress, occurring in inflammation and other
typical pathological processes.

2. GENERAL CHARACTERISTICS OF CELLULAR
STRESS

2.1. Definition of Cellular Stress, Connection with Tissue Stress,
Adaptation and Maladaptation, Physiological and Pathological
Processes

The section includes a description of the most universal patterns
of cellular stress, as well as answers to potential questions that may
arise to the authors of the article on this problem, as a necessary
condition for the systematization of the subsequent material.

2.1.1. Definition of Cellular and Tissue Stress

Cellular stress is a typical way of active adaptation of cells to
the action of damaging factors, aimed at ensuring cell survival and
preserving or restoring cell and organism homeostasis under ex-
treme condition, such as evolutionary conservative mechanisms of
cell defense, the formation of cell receptor and secretory phenotype,
providing intercellular communication during development tissue
stress.

Tissue stress is the implementation of qualitatively more com-
plex tissue and organism-level programs aimed at preserving ho-
meostasis and the function of individual organs and the organism as
a whole, under the conditions of a systemic (supracellular) action of
actual or potential internal or external damaging factors.

Genetically determined tissue stress programs are not homoge-
neous, these form the basis for the implementation of processes that
are different in their functional purpose. Additionally, these proc-
esses are based on a large number of common signaling pathways at
the cell level and phlogogenic (pro-inflammatory) mechanisms at
the cell and tissue levels. The main task of classical inflammation
remains the localization and elimination of the damaging factor
even by possible irreversible damage to one's own cells in the in-
flammatory focus [10]. In systemic processes, the primary aim of
pro-inflammatory mechanisms is aimed at preserving or restoring
the function of vital organs. Similarly to other biological mecha-
nisms, the cellular processes and tissue stress could be found to be
disrupted, dysfunctional and pathological. At the same time, func-
tional and dysfunctional phenomena of cellular and tissue stress are
the pathogenetic core of a large number of diseases.

2.1.2. Relationship of Cell Stress with Cell Proliferation, Differen-
tiation, Cell Dysfunction Processes

The underlying components of cellular stress can occur in dif-
ferent forms in all cells of the human body, and at any stage of the
cell cycle or cell differentiation, aging, or any other states of cells.
At the same time, cellular stress is not identical to these cellular
states but share functional component, depending on the force of
action of the factors damaging the cell and the consequences of
these effects. Generally, in the physiological state of a cell, the
activation of cellular stress mechanisms is relatively moderate (as a
rule) and situational (reaction to latent injuries). During cell dys-
function which usually manifests as detrimental changes to vital
activity or homeostasis, the development of cellular stress remains
inevitable and must precede the restoration of a normal physiologi-
cal state or aggravated outcomes on the cell. Furthermore, the value
of cellular stress during cellular dysfunction may be ambiguous in
association with the cell itself or the needs of the tissue.

2.1.3. The Relationship Between Cell and Tissue Stress, the Main
Directions of their Outcomes

Cellular stress is an elemental functional component of tissue
stress. Concurrently, the programs of survival of a higher (supracel-
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lular) level are also priorities at the cellular level, such as programs
of cellular suicide, and the violation of these priorities is the main
condition for tumor growth. Proapoptotic and antipathic signaling
pathways are universal manifestations of cellular stress, and apop-
tosis or programmed necrosis is preferable to be considered as the
outcomes of cellular stress. Apoptosis of individual cells is an unfa-
vorable outcome of stress for their existence but could be actualized
within the framework of physiological cell turnover at the tissue
level. However, if the regeneration processes do not compensate for
cell loss, this can lead to tissue atrophy (maybe pathological and
physiological) or sclerosis - replacement of parenchymal cells with
more stress-resistant elements of connective tissue.

The most optimal outcome during cellular and tissue stress is
the self-destruction by a negative feedback mechanism when cells
return to a normal physiological state from a state of temporarily
altered homeostasis (allostasis) [11]. However, in the process of cell
aging and the accumulation of damages of the genome, proteome,
and metabolome, the preservation of allostasis occurs and its further
deviation from the original homeostasis.

An alternative outcome of cellular stress is tumor transforma-
tion, and when this occurs, the mechanisms of cellular stress are
reoriented towards ensuring the survival of abnormal cells. Thus,
these or other cellular stress mechanisms manifest themselves both
in pathology and in various physiological states.

2.1.4. Cellular Plasticity and Cell Differentiation

Cellular stress includes both conservative, relatively universal
components, and mechanisms that determine its plasticity, with the
latter primarily concern to the cells of the immune system, their
secretory and receptor phenotype. Particularly, this plasticity de-
termines the alternative differentiation of inflammatory macro-
phages (M) and T-helper cells (Th) towards different functional
poles, respectively, M1 and Thl, and M2 and Th2 on the other [12].

Cellular stress of immunocompetent cells could be controlled
through the production of cytokines and other mediators by tumor
cells or through various pathogenicity factors microbial cells. Tu-
mor-associated macrophages (TAM) has been reported to block
anti-tumor immune processes and contribute to the survival of para-
sitic cellular systems [13-15].

Cellular stress is a complex system of “checks and balances” -
it is an internally contradictory process, and this ensures its self-
regulation and external regulation, and determines the mosaic pat-
tern of its manifestations and outcomes in the development of tissue
stress, even in cells of the same type.

2.1.5. Physiological and Pathological Manifestations of Cellular
Stress are not Synonymous with the Concepts of Physiology and
Cell Pathology

Cellular stress is actively involved in physiological and patho-
logical processes. This stress state is not involved in the activation
of any cell function, but improving certain cell survival programs
under extreme conditions. It remains obvious that cells are tasked to
survive even under physiological conditions such as in the secretory
cells, the proteome may be disturbed with the subsequent develop-
ment of endoplasmic reticulum stress (ER-stress) [16, 17]. This
type of stress includes the production of inducible heat shock pro-
teins (HSP), oxidative stress and a number of other mechanisms.
Furthermore, this stress may lead to a short-term restriction of the
secretory function, but with its subsequent recovery within the
framework of the physiological state of the cell. In the case of
advanced significant damage, stress can lead to the apoptosis of
cells. Moderate manifestations of cellular stress in an almost normal
state of the cell can be characterized as a kind of stressful tone. In
some cases, this stressful tone may acquire a pro-inflammatory
character (the formation of a pro-inflammatory cell phenotype),
such as in the implementation of conventional cell selection proc-
esses in primary lymphoid organs [18], or the maintenance of the
physiological state of the intestinal epithelium constantly in contact



Cellular Stress and General Pathological Processes

with an aggressive microbial environment [19]. When performing
individual extreme physiological functions, these processes go be-
yond the usual limits of their “tone” and lead to the development of
the systemic inflammatory response phenomenon (SIR); an exam-
ple of such manifestation could be presented as the expression of a
relatively wide range of cytokines (IL-1f, IL-6, IL-8, IL-10, IL-15,
TNF-0, MCP-1, LIF, and TGF-B) when the work performed by
skeletal muscle tissue is enhanced [20, 21]. The blood levels of IL-6
were reported to increase up to 100 times into the development of
the SIR [22]. Furthermore, in this case of SIR, cellular stress
mechanisms provide the contractile function of skeletal muscles
and protect the muscles from more severe (pathological) damage
[23, 24]. However, cell stress can not characterize all the functions
of muscle tissue in isolation from the other processes neither can it
characterize all pathological states and cell reactions, such as a
large number of tissue-specific processes. Relatively, tissue stress
reflects the function of the cells of the immune system - the “pro-
fessional” cells of the inflammatory focus, since most of these func-
tions are directly determined by the mechanisms of cellular stress.

2.1.6. Classical Inflammation as One of the Manifestations of
Pro-inflammatory Tissue Stress

Canonical inflammation is an independent form of the general
pathological process which is characterized by the presence of a
focus of inflammation which includes the phenomenon of inflam-
matory microcirculation and the formation of leukocyte infiltration.
The presence of an inflammation focus determines the manifesta-
tions of the five classic signs of inflammation, such as heat, red-
ness, swelling, dolor (pain), and loss of function [10]. Additionally,
inflammation may include the systemic component - SIR. Systemic
inflammatory reaction includes an increase in the blood levels of
proinflammatory mediators, an acute phase response of the liver, a
stress response of the neuroendocrine system, activation of meta-
bolic cycles and transition to endogenous nutrition, and a number of
other processes that facilitates inflammation while limiting the tran-
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sition of the phlogogenic mechanisms of the center of inflamma-
tion, primarily proinflammatory microvessel reactions to the sys-
temic level. At the system level, this phenomenon is associated with
the development of shock states - clinical manifestations of sys-
temic inflammation, which could be considered as an independent
type of general pathological process that is not in the category of
classical inflammation [25]. A feature of systemic inflammation is
the systemic effect of damaging factors that are comparable in in-
tensity with the action of these factors in the focus of classical in-
flammation.

Pro-inflammatory tissue stress is not a sign limited to classical
and systemic inflammation, at the system and local level, it forms
an integral part of most other typical pathological processes (Fig.
1). It was reported that some signs of pro-inflammatory tissue stress
are also detected in tumor tissue, including the presence in its struc-
ture of TAM with the M1 and M2 phenotype [26]. Chronic low-
grade inflammation includes a number of independent forms of
typical pathological processes that underlie the pathogenesis of a
large number of somatic diseases [1-3]. A unique characteristic
feature of the chronic low-grade inflammation is the development
of para-inflammation (non-classical inflammation) at moderate SIR
manifestations. The qualitative differences between the various
manifestations of tissue stress lie with its intensity and prevalence
increase in the body (Fig. 2, Table 1). This qualitative differences
determines the dominant type of cells involved in the development
of these processes, namely: leukocytes and macrophages in the
focus of classical inflammation; microvascular cells in cooperation
with the intravascular reaction of the hemostatic system and com-
plement in systemic inflammation; stromal macrophages, with the
participation of other cells of the connective tissue and parenchymal
cells of internal organs in various variants of chronic low-grade
inflammation; TAM and the tumor cells themselves during tumor
growth.
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Fig. (1). Causes and outcomes of cellular stress in the development of general pathological processes and the main classes of diseases in humans.

The systemic inflammatory response manifest from the accumulation of acute phase proteins, mediators of inflammation and other products of cellular stress in
the bloodstream. The dotted arrow shows a less significant influence, while the bold line signifies predominant influence. Necroptosis was classified as all
types of programmed necrosis in cells, including necroptosis, netosis, pyroptosis and other variants.



254 Current Pharmaceutical Design, 2019, Vol. 25, No. 3 Gusev and Zotova

Intensity of
cellular stress

Systemic

Classic inflammation i inflammation

«Gray zone» ——

The transition zone to the development of the inflammatory microcirculation

Systemic manifestations of classical
inflammation

Aging, para-inflammatory diseases, some extreme and short-term
physiological functions

Individual physiological functions

v

Y Prevalence

Primarily local processes process in the body

Fig. (2). The importance of proinflammatory intensity and prevalence of cellular stress in the development of various diseases and pathological processes.
The gray zone signifies the transition state from classical to systemic inflammation, owing to the fact the phenomenon of systemic "inflammatory microcircula-
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Table 1. The principal differences and similarities of the two variants of tissue stress: para-inflammation and classical inflammation.

Signs

Para-inflammation

Classical Inflammation

Localization and distribution

Ocecurs at the levels of organ, tissue or whole or-
ganism; the border of this process remains unclear.

Based on specific mechanisms in inflammatory focus

Stress and distress of neuroendo-
crine system

Yes

Association with acute phase re-
sponse, leukocytosis, cytokinemia

No or not expressed

No or not expressed

External signs of inflammation

No

Yes, sometimes not expressed

Damaging factor effect

Low intensity but widespread

High intensity but localized action

Main inducers

(factors and processes)

Aging of cells and whole organism, slow viral
infections, metabolic and endocrine dysfunctions,
impaired oxygen transport not reaching the stage of
tissue necrosis, other factors with low damage

Various infections, necrosis, injuries, autoimmune and aller-
gic processes that cause the reaction of microvessels, hemo-
stasis systems, complement, kallikrein-kinin system, other
mechanisms that are characteristic of the inflammatory focus

Main mechanisms of induction

Different mechanisms of cellular stress develop-
ment in response to intracellular damage of the
genome, proteome, and recognition of relative low
concentrations of PAMP and DAMP, aberrant
metabolites by cells using different PRRs, with
special role of scavenger receptors

Critical changes in various parameters of homeostasis, which
are capable of initiating exudative-vascular reaction. Recog-
nized high concentrations of PAMP and DAMP using classic
PRRs. Recognition of antigens by the mechanisms of adap-
tive immunity in infections and autoimmune diseases.

Association with physiological
functions

Short-term adaptive tissue stress in physiological
state. Chronization and further development of
tissue stress is associated with pathologies.

Inflammation is the programmed response of the body to
localized high-intensity damage, before the sign of pathology.

Association with diseases and typi-
cal pathological processes

Processes associated with insulin resistance, endo-
theliosis, age neurodegeneration, atherosclerosis,
essential hypertension, factor of metafibrosis and

tissue atrophy development

General pathological process, the basis of pathogenesis for
numerous classic inflammatory diseases, tissue atrophy and
sclerosis, risk factor for tumor growth and metaplasia

Organ functions

May occur in tissue stress progression

Different degree of manifestation
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Noteworthy to state that the term "inflammation" generally
covers a large number of para-inflammatory processes that are not
in the category of classical inflammation. However, it is necessary
to classify these processes from the standpoint of tissue stress or to
clarify the nature of these inflammatory (para-inflammatory) proc-
esses from the standpoint of general pathology.

2.1.7. Inconsistent Unity of Adaptation and Maladaptation
Mechanisms of Cellular Stress in Pathology

By their nature, genetically determined programs of cellular and
tissue stress are the mechanisms of active adaptation to the action of
the damaging factors of individual cells and the organism as a
whole. It was reported that when the action of the damaging factors
exceeds the adaptive capacity of stress, pathogenetically perverse
cycles of mutual stimulation of changes in homeostasis and stress at
the cellular and tissue levels can form [27]; such variants of tissue
stress development underlie the pathogenesis of many chronic so-
matic diseases. However, if tissue stress manifests without any
adaptive properties, the pathological process would take a chain
character and quickly lead the body to death. It is obvious that cel-
lular and tissue stress is a complex system, including both adapta-
tion and disadaptation processes that are difficult to distinguish
from each other.

2.1.8. Blurred Manifestations of Cellular and Tissue Stress, the
Problem of ""Gray Areas" and Transition States

The concepts of cell and tissue stress are abstractions that re-
flect the general patterns of active adaptation and artificially sepa-
rate them from more particular processes that do not have a direct
relationship to these patterns. These abstractions only truthfully
reflect reality, but they are necessary to form a holistic picture of
the pathogenesis of various diseases. Similarly, during the transition
from the general to the particular pathologies, one encounters the
vagueness of the “dividing lines”, the presence of numerous “gray
zones”, the abnormality and the nonlinearity of the distribution of
specific indicators. This fuzziness is associated with the presence of
transitional states between normal and pathological conditions,
between local manifestations of para-inflammation and classical
inflammation, between systemic manifestations of classical in-
flammation and systemic inflammation (Fig. 2). There are also a
large number of intermediate variants of differentiation of macro-
phages in the M1-M2 range (see below).

The real picture of the pathological process lies in the combina-
tion of several general pathological processes, which determines the
need to isolate the main link, such as, when defining pathogenetic
therapy schemes. Furthermore, this also predetermines the use of
methodological approaches based not only on the principles of
formal but also on multiple (probabilistic) logic [28], the use of
various methods of mathematical analysis, the need to specify the
general provisions in their practical use. Currently, it can be noted
that there are more than 100 definitions of health (a fuzzy concept),
but there is no single, generally accepted definition of it. However,
this circumstance does not prevent researchers from separating
conditionally healthy and sick patients in each particular case.
Moreover, it is inappropriate to assume that cellular stress develops
from any adverse changes or even damage rather it develops only
on stimuli that perceive its sensory mechanisms. In addition, some
of these mechanisms may be blocked with drugs or microbial tox-
ins, or they may be genetically defective. Meanwhile, the perfection
and redundancy of these mechanisms make cellular stress an effec-
tive tool for recognition and response to real or potential threats.

2.1.9. Three Stages of Tissue Stress

Selection of the general patterns of developmental dynamics is
one of the key characteristics of any pathological process. The main
stages of classical inflammation development are currently canon-
ized in the system of general pathology. The dynamics of systemic
inflammation as one of the variants of non-classical inflammation
has its own characteristics and will be discussed below. In this case,
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let us focus on the most common patterns of development of tissue
stress associated with pathological and some physiological proc-
esses belonging to the category of para-inflammation. These gen-
eral patterns to a certain extent reflect the dynamics of cellular
stress underlying these processes.

In the most simplified form, the dynamics of tissue stress can be
reflected in the form of three main stages.

Stage 1 is characterized by active cell proliferation, the pre-
dominance of anabolic processes with increased tissue tolerance to
the action of damaging factors. Cellular stress at this stage allows
the genome to remain stable under the conditions of the cell cycle,
and to involve abnormal cells in the process of apoptosis [29]. The
secretory phenotype of cells is substantially associated with the
production of various growth factors. The pro-inflammatory activ-
ity of the cells (such as the production of pro-inflammatory cytoki-
nes and oxidative stress) is at a relatively low level. Particularly, the
pro-inflammatory activity is related to DNA vulnerability in the
process of cell cycle realization, including from the part of
phlogogenic factors of cellular stress.

Stage 2 is characterized by increased catabolic processes, insu-
lin resistance in insulin-dependent tissues, an increase in the inten-
sity of oxidative stress, more pronounced manifestations of the pro-
inflammatory cell phenotype, and in pathology - the formation of a
relatively stable allostasis.

Stage 3 or stage functional decompensation is characterized by
morphofunctional changes and chronic dysfunction of the corre-
sponding organs. At this stage, there is a steady formation of a vi-
cious pathogenetic circle linking the mechanisms of cellular stress
with increasing changes in homeostasis - the formation of unstable
allostasis.

While only the third stage of tissue stress can definitely be at-
tributed to the pathology, other stages (mostly the first stage) can
manifest themselves both in pathology and in the implementation of
physiological processes. The first stage may also be involved in
pathological processes, such as, tumor growth and lymphoprolifera-
tive diseases.

The problem of insulin resistance can have both physiological
(for example, during fasting) and pathological significance. An
increased level of insulin resistance is characteristic for many cell
types in insulin-dependent (optional glycosytic) tissues at 2-3 stages
of tissue stress. The insulin signaling pathways at the cellular level
are controlled by many metabolic and endocrine factors, mainly
changes in the level of glucose in the blood. At the same time, insu-
lin signaling pathways are interconnected with cellular stress sig-
naling pathways. Functional inhibition of insulin signaling path-
ways primarily affects the function of organs involved in the im-
plementation of metabolic cycles. These cycles largely ensure the
preservation of metabolic homeostasis, prominently, the level of
glucose in the blood. The main metabolic cycles that perform these
tasks are the glucose-lactate or Corey cycle, the glucose-amino acid
or alanine cycle, and the glucose-fatty acid or Rendela cycle [30].
The main organs responsible for the implementation of these cycles
are: Adipose tissue, skeletal muscle, liver, and endocrine apparatus
of the pancreas. In obesity, insulin resistance increases due to the
metabolic and endocrine regulatory mechanisms of negative feed-
back. With the spread of para-inflammation in the areas indicated
above, many pro-inflammatory factors support the increased insulin
resistance by the mechanism of the vicious pathogenetic circle [31].
Insulin resistance and other changes lead to the development of
metabolic syndrome and then type 2 diabetes, the totality of these
changes that is the core of the pathogenesis of pathologies, com-
bined under the concept of chronic low-grade inflammation.

The development of cellular stress will greatly depend on the
type and condition of the cell (proliferation, differentiation, post-
mitotic state), the characteristics of the cellular microenvironment
and the action of damaging factors, and other reasons. The array of
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factors implicated in the development of cellular stress prevent the
use of universal approaches in assessing the dynamics of cellular
stress. However, it is possible to fix different degrees of develop-
ment of pro-inflammatory mechanisms on the conditional vector
(Fig. 3). These mechanisms include a certain repertoire and the
degree of expression of signaling pathways of stress, the expression
of pro-inflammatory cytokines, their receptors, other phlogogenic
factors, and the severity of oxidative stress. In general, a relatively
low degree of pro-inflammatory activity is characteristic of prolif-
erating cells and more pronounced in specialized cells of the im-
mune system in the focus of inflammation. As the pro-
inflammatory activity of the cells increases, the likelihood of their
programmed necrosis similarly increases. On the contrary, the de-
velopment of apoptosis does not have a linear dependence on the
severity of the pro-inflammatory activity of the cells as activation
and anti-apoptotic mechanisms are also involved in this process
[27, 29, 32].

2.2. The Main Directions of Development and Outcomes of Cel-
lular Stress

To characterize any important process with respect to the de-
velopment and outcome of cellular stress, it is critical to evaluate
the final consequences of the main and alternative ways of the
process development, and the ability of the organism to influence
their implementation under specific conditions. With respect to this,
the following listed general patterns can be attributed to typical
results of the development of cellular and tissue stress:

2.2.1. Adaptation of Tissue

Adaptation of the tissue to the action of the damaging factor
remains the main focus of cellular and tissue stress.

Cells can acquire resistance from the cellular stress reaction.
However, if the effect of damaging factors exceeds the adaptive
potentials of the cellular and tissue stress reaction, these processes
themselves become factors in the pathogenesis of various diseases
[33].

2.2.2. Apoptosis

This state arises as a result of the genetic program of cellular
suicide implementation. This process is normally accompanied by
the rounding up of cells, retraction of pseudopods, reduction of
cellular volume (pyknosis), chromatin condensation, nuclear frag-

mentation (karyorrhexis), few or no ultrastructural modifications of
cytoplasmic organelles, and plasma membrane blebbing. The cell
integrity is maintained until the final stages of the apoptotic process
[34]. Various ways involved in the development of cellular stress
could lead to apoptosis, hence, it is crucial both in physiological
and pathological conditions to ensure a certain intensity for the
development and survival of organs, tissues and the organism as a
whole in any cellular stress process. Cellular stress remains an in-
dispensable component of various processes, which include: normal
cell turnover, the proper development and functioning of the im-
mune system, hormone-dependent atrophy of unwanted tissues,
embryonic development and death of damaged or malignant cells
without the development of a pro-inflammatory reaction [35]. The
path leading to cell death has both morphological and biochemical
features [35]. Apoptosis interrupts the cell malignization process,
but can likewise contribute to tissue atrophy and resulting in subse-
quent sclerosis of the internal organs parenchyma [36, 37]. Apopto-
sis is associated with many signaling pathways that can be divided
based on caspases into external and internal pathways [38, 39].
Caspases are a family of cysteine proteinases that act in cascades to
actualize cellular suicide. They exist as inactive proenzymes but
undergoes proteolytic treatment to form two subunits; large and
small, which dimerize to form an active enzyme.

External proapoptotic signals are linked to the transmembrane
receptors of the cytolemma, especially the tumor necrosis factor
(TNF) family cytokines receptors (such as the FAS (CD95),
TNFR1, TRAILR1,2) [40, 41]. The cytoplasmic regions of these
receptors contain the domain DED (death domain), which partici-
pates in the activation of caspase-8, that triggers effector caspases
of apoptosis (caspase-3 and 7). The internal (mitochondrial) path
leading to apoptosis development is regarded as the pivot mecha-
nism in all mammalian cells, the increased mitochondrial perme-
ability coupled with the release of proapoptotic molecules (primar-
ily cytochrome C) into the cytoplasm, leading to a mitochondrial
path of apoptosis development [42]. In addition, the mitochondrial
response is triggered and controlled by pro-apoptotic (Bax, Bak,
Bad, Bmf, Hrk, Noxa, Bcl2A1, Bim, Bid, Puma) and anti-apoptotic
(Bcl-2, BelxL, Bel-w, Mcl-1, Al / Bfl-1) Bcl-2 family proteins,
and many other factors that are influenced by the responses to di-
verse fluctuations in intracellular homeostasis [42-44]. The cyto-
chrome C released from the mitochondria, binds to the Apoptotic
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protease activating factor 1 (Apaf-1), forming a more complex pro-
tein with caspase-9, this complex is activated in the apoptosome,
and subsequently, leads to the activation of the other caspases,
which eventually lead to cell death [42, 44].

Generally, most of the ways implicated in apoptosis develop-
ment are associated with cellular stress; either with cell pathological
activation or damage to various cellular structures [45, 46]. Frag-
mented dead cells formed during apoptosis, are rapidly absorbed by
stromal macrophages for terminal degradation. Caspases that par-
ticipate in apoptosis are largely divided into initiator caspases
(caspases 2, 8, 9, 10, and 12), and effector caspases (caspases 3, 6,
and 7) [35]. The apoptosis development is also controlled by com-
plex systems of anti-apoptotic factors [46], prominently, the inhibi-
tors of apoptosis (IAP) and Bcl-2 families can simultaneously sup-
press different signaling pathways of apoptosis [47, 48].

The complexity of the apoptotic regulatory mechanisms deter-
mines whether this process can manifest itself in the development
of various variants of cellular stress and stages of tissue stress.

2.2.3. Program Necrosis of Cells (Necrosis, Pyroptosis, Netosis,
Parthanatos, Autophagic Cell Death, Oxytosis, Ferroptosis, Sec-
ondary Necrosis, etc.)

This is one of the outcomes of cellular stress, usually associated
with inflammation [49]. Studies have shown that numerous actions
of this process reflect the differences in signaling pathways, fea-
tures of the biochemical and morphological characteristics [50].
Active mechanisms, such as aggravated accumulation of Ca2+ in
the cytoplasm, increased permeability of the mitochondrial mem-
brane, enhanced formation of reactive oxygen species, external
signals from death receptors, and activation of specific necrosis
caspases are all implicated in the programmed necrosis of cells.

Pyroptosis is a variant of the programmed necrosis, which pre-
dominantly develops in the innate immunity cells, epithelial tissues
of the integumentary system, and some other cells. This process
mostly occurs during the pathological activation of cells by patho-
genic bacterial antigens, especially lipopolysaccharide of gram-
negative microbes (LPS). Pyroptosis is associated with the forma-
tion of pro-inflammatory protein complexes in the cells, inflamma-
somes (pyroptosoms), which are crucial for the activation of
caspase-1, pyrogenic interleukin-1p (IL-1pB), and IL-18 (another
representative of the cytokine IL-1 family) [51, 52]. In addition, the
formation of inflammasomes and the existence of additional activa-
tion effects (for example, the action of LPS in the intracellular envi-
ronment) lead to the activation of caspase-4 and 5 in humans or
caspase-11 in mouse, which is directly linked to pyroptosis devel-
opment [53]. This sort of program necrosis is associated with the
destruction of the cell membrane and the release of products of
cellular decay into the extracellular environment, which drastically
increases the pro-inflammatory response of the surviving cells.

Hitherto, NETosis (from necrotic or neutrophil extracellular
traps) was originally associated with neutrophils [54] but was later
revealed in other types of professional phagocytes [55, 56]. The
development of NETosis is connected to the phenomenon of unfin-
ished phagocytosis and cellular stress, particularly, severe oxidative
stress is critically needed for NETosis development [57]. NETosis
is characterized by the release of extracellular DNA traps from the
necrotic phagocytes such as the enlarged nuclear DNA, mitochon-
drial DNA (on occasion); in combination with cationic proteins,
hydrolases, and specific oxidases. These traps are capable of bind-
ing and damaging various pathogens, as well as indigenous tissues,
especially in the face of purulent inflammation [58-60]. The process
of NETosis was suggested to exert both a protective, and negative
influence in the development of many diseases, a typical example
could be seen in the development of intravascular environment in
sepsis or systemic autoimmune diseases, which gives rise to severe
complications associated with endothelial damage and intravascular
blood coagulation [61, 62]. Authors also suggested that such com-
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plications could be amended by serum DNase [62]. Active release
of NETosis products by neutrophils in diabetes have shown to slow
the healing process of wounds [63], while in the case of sepsis, they
provoke the formation of inflammasomes in macrophages and the
development of pyroptosis, thereby promoting the inflammatory
response in infected tissue [64]. In addition, neutrophils NETosis
products in the intravascular medium and the brain parenchyma
disrupt the blood-brain barrier, damage the nerve cells, thereby
exacerbating the course of Alzheimer's disease [65].

"Cornification" is the generation of the stratum corneum in the
epidermis, hair and nails; and this has shown to be associated with
the programmed death of epithelial cells by apoptosis or necrosis,
depending on the intensity of the damaging factors and the severity
of cellular stress [66]. Caspases may participate in this process.

The term "autophagic cell death" (ACD) is widely used to refer
to cases of cell death accompanied by massive cytoplasmic vacuoli-
zation [50]. This process occurs in the absence of chromatin con-
densation, but it is accompanied by large-scale sequestration of
parts of the cytoplasm in autophagosomes, resulting to a vacuolized
appearance of the cell [1]. In most known cases, autophagy is a
cytoprotective response activated by dying cells when trying to
cope with stress, and its inhibition has been reported to accelerate
cell death rather than the opposite [1, 67].

Necroptosis, alongside pyroptosis and NETosis, is one of the
main ways of program necrosis. It is usually associated with the
activation of receptor-interacting protein kinase 1 and 3 (RIPK1 and
RIPK3), and the formation of an intracellular protein complex
known as necrosome [68]. Necrosome formation can be initiated by
various intracellular and extracellular stimuli, which include the
typical microbial antigens (pathogen patterns), interferons type I
and II, TNF-a cytokine and its TNFR1 receptor. However, necrop-
tosis acts as a competitor to apoptosis, it was found that the
proapoptotic caspase-8 inhibits necrosome formation [69, 70]. The
process of necroptosis is normally affiliated with cellular response
to severe damage, or with the weakening of restrictive control, over
the development of this response. In particular, necrosis of neurons
is observed in the development of inflammatory reaction, and tissue
destruction caused by ischemic brain lesion [71]. Specific depletion
of caspase-8 in the intestinal epithelium, or the Fas-associated pro-
tein with death domain (FAAD) signaling factor involved in the
activation of apoptotic caspases (8 & 10), can lead to the develop-
ment of spontaneous necroptosis of epithelial cells and present pa-
thologies that are morphologically similar to those in inflammatory
intestines diseases, especially Crohn's disease [72]. Thus, necropto-
sis is a variant of cell death rivaling apoptosis and is more pro-
nounced in inflammation and tissue destruction.

Secondary necrosis. When apoptotic cells are not cleared up in
a timely manner, this could progress to a phenomenon referred to as
"late apoptosis". Late apoptosis is characterized by partial destruc-
tion of the cell membrane, vacuoles formation, which are atypical
of the classical apoptosis; this autolysis process is known as secon-
dary necrosis [73]. It may be associated with the insufficient ac-
tivity of stromal macrophages in tissues as a result of a large
number of apoptotic cells [74, 75], or deficiency of the scavenger
receptor function [76]. and it is involved in the pathogenesis of
many diseases, which include systemic lupus erythematosus and
Alzheimer's disease [77].

Some authors use the term "mitotic catastrophe" to refer to the
death of cells in mitosis, it was used to reference to cases of cell
death arising from aberrant mitosis [78, 79]. Mitotic catastrophe is
one of the tumor suppressive manifestations of the cellular stress
outcome, besides cellular aging and apoptosis [80, 81].

A common characteristic of all variants of program necrosis is
the formation of cellular decay products, which act as secondary
inducers of cellular stress and inflammation [77, 82]. It was shown
that NETosis, pyroptosis and necroptosis processes, increased the
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development of inflammation in response to infection [83]. How-
ever, in autoimmune diseases, program necrosis process is a theo-
retical link of dysfunctional systems [84]. Both program necrosis
and apoptosis require a complex signaling information system to
overcome processes of cellular stress self-regulation, for the pur-
pose of the survival of cells.

2.2.4. Malignant Cells

The formation of a malignant tumor is closely associated with
multiple damage and modification of the cell's genome (e.g., vi-
ruses or chemical carcinogens). These changes cause the cells to
react to the DNA damage, with an aim to interrupt the malignancy
process (reaction such as apoptosis), but on the contrary, these reac-
tions invariably contribute to the survival of the tumor cells [85].
Tumor growth is often associated with inflammation and is one of
the most apparent negative outcome of cellular stress in living or-
ganisms [85]. Looking at gastritis, various oxidation products dam-
age cellular DNA, RNA and proteins; and these effects lead to an
increased in the mutations key proteins, and the disruption of their
functions in the precancerous tissues of the stomach, contributing to
the multistage carcinogenesis process [86]. In addition, tumor cells
acquire resistance to hypoxia, immune system factors and antitumor
therapy following stress response [33, 87]. Simultaneously, the
bioaggressive factors of inflammation and immune response can
promote necrosis and apoptosis of tumor cells, disrupt the blood
supply of tumor tissue, and facilitate its localization. Thus, inflam-
mation and other variants of tissue stress can promote or inhibit the
tumor development depending on the types of tumors, specific
pathogens, the stage of process development, and the effector mole-
cules. The complex role of inflammatory diseases in tumor growth
creates new opportunities and challenges for the manipulation of
inflammatory pathways in cancer treatment [88].

2.2.5. Cell Aging

This arises from the stochastic accumulation of lesions in im-
portant biomolecules, which are vital for the proper cellular func-
tion. These changes induce cellular stress, Sequentially, cellular
stress has an ambiguous effect on the dynamics of cellular and tis-
sue aging. In general, cellular stress is an essential and attribute
functional component of aging cells, which largely determines their
phenotype, lifespan, and the degree of dysfunctionality [89, 90].
Cell aging is characterized by morphological transformations, a
high level of expression of B-galactosidase (SA-B-gal), accumula-
tion of inhibitor of cyclin-dependent kinase (CDK) p16INK4a and
aging-related secretory phenotype (SASP), generation of hetero-
chromatin foci (SAHF), build-up of protein aggregates in cells,
telomere shortening, and cell response to increasing DNA damage
[91, 92]. Stimuli form the basis of the maturation and development
of organs and tissues, as well as a number intracellular and extracel-
lular stressors. On the completion of the developmental growth of
the living organism, the effect of these stressors, in addition with
other aging factors could contribute to the cellular stress emergence
and dysregulation, leading to either the normal or premature cell
aging.

Authors reported that cell aging is characterized by the devel-
opment of oxidative stress associated with mitochondrial dysfunc-
tion and damaging effects on various cellular structures by free
radicals [93], the progressive accumulation of uncoordinated and
aggregated proteins, and other damage to the cellular genome and
proteome in the cell [94].

Cell aging acts as an alternate route to the cellular stress malig-
nant process, in this case, the continuous accumulation of sublethal
damage ultimately results in some variant of cell death or persistent
dysfunction [95].

Cell aging is also linked to a prolonged blockade of the cell
cycle, relative resistance to apoptosis, gradual progression of cellu-
lar stress pathways, such as the pro-inflammatory signaling mecha-
nisms of intercellular communications [96]. This process could also
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span to stem cells, which gradually lose the ability of self-
regeneration and differentiation, and eventually become dysfunc-
tional [97, 98]. On normal conditions, aging of the organism gradu-
ally leads to chronicization of cellular and tissue stress, its systemic
nature, secondary atrophic and sclerotic changes, a decrease in the
functional potential of organs and systemic metabolic dysfunctions.

2.2.6. Tissue Metaplasia

This phenomenon is often connected to the change in cell dif-
ferentiation occurring in a specific type of tissue, such as the replac-
ing of single-layered epithelium by multilayered. In some cases of
metaplasia, endometriosis morpho-functional changes in cells are
pronounced, but cells still preserve their original tissue predisposi-
tion. Metaplasia is associated with the development of cellular and
tissue stress (including oxidative stress and the production of pro-
inflammatory cytokines), such association can be seen in metaplasia
of the respiratory tract epithelium [99], endometrium [100, 101],
and the connective tissues [102]. Metaplasia of the stomach epithe-
lium occurs under inflammatory and atrophic changes of the gastric
mucosa, prominently, in stomach glands [103]. As a rule, the proc-
ess of metaplasia is progressive, and it is a product of the maligni-
zation of the tissue [103, 104].

2.2.7. Sclerosis of the Internal Organs

Sclerosis of the parenchyma of internal organs is the outcome
of other general pathological processes, such as classical inflamma-
tion, and various variants of para-inflammation [10]. Sclerosis is
associated with tissue stress, especially the 2" and 3" stage of para-
inflammation or chronification of the classic inflammation. The
process is characterized that the tissue cannot for various reasons to
compensate for a decrease in parenchymatous cells that occurs as a
result of apoptosis and programmed necrosis. In contrast to tissue
atrophy, a decrease in parenchymatous cells is compensated with
connective tissue as a rule of diffuse nature.

The most typical forms of sclerosis can be observed in a state
such as, arteriosclerosis of the vessels, and fibrosis of internal or-
gans, usually not reaching the stage of collagenosis. Manifestation
such as the neurodegenerative processes, in which neurons are re-
placed by macroglial cells (primarily astrocytes), and stromal
macrophages of microglia are equally examples of sclerosis which
occurs as result of the hypertrophy and metaplasia of astrocytes
(astroglyosis). These neurodegenerative conditions can be either
diffuse or be accompanied by the formation of compact astrocytic
scars that limit the focus of infection and/or tissue damage [105].
Findings have shown from the pathology of the neurodegenerative
diseases, astrogliosis can disrupt the growth and regeneration of
axons and dendrites [105, 106]. In sclerosis, more sensitive dam-
aged parenchymal tissues are replaced by cell elements, and in
fibrosis, they are replaced by extracellular matrix, connective tissue
[107].

2.2.8. Classical Inflammation

Classical inflammation is the most well-formalized variant of
manifestation of cellular stress at the tissue and organism level [10].
From the viewpoint of general pathology, classical inflammation
can be defined as “a defensive process that a living body initiates
against local tissue damage. It takes the form of a complex reaction
of blood vessels, certain plasma components and blood cells, and
cellular and structural components of connective tissue». This for-
mulation sheds more light on the main objectives of classical in-
flammation, the focus of inflammation is an attribute of this proc-
ess. The development of SIR characterizes only some of its vari-
ants. The concept of SIR covers various changes, such as signs of
the stress response of the neuroendocrine system, changes in the
levels of various metabolites and leukocytes in the blood in addition
to the accumulation of markers of tissue stress in the blood.

The presence of these changes reflects the four criteria of SIR
syndrome namely, specific values of tachycardia, tachypnea, fever
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and multidirectional changes in the number of neutrophils in the
blood [108].

2.2.9. Systemic Inflammation

For systemic inflammation to play the central link in the patho-
genesis of shock and many other critical states, it has to be charac-
terized as an independent form of the general pathological process
associated with a certain quality of systemic tissue stress [25].

2.3. Biological Role of Cellular Stress, Functional Subsystems of
Cellular Stress and their Pathogenetic Significance

To perform useful functions, the cell must maintain the integrity
of its structures under normal and extreme conditions. Cellular
stress is a protective-adaptive response of the cell to its macromole-
cules damage, critical changes in homeostasis or signs of potential
damage (preventive response). This protective mechanism repre-
sents a genetically conserved process in the cell, owing to the fact
the earliest organisms were faced with the challenge of constant
changing unfavorable environmental conditions. At the time being,
representatives of all biological kingdoms have highly conservative
common sets of homologous stress proteins (products of ortholo-
gous genes), such as some chaperones, cell cycle regulators, protea-
some regulators and proteins involved in the regeneration and repair
of damaged nuclear and mitochondrial DNA [6].

The development of cellular stress is usually accompanied by
pathological changes in the body; authors reported that cells can
realize an adaptive stress response that nonspecifically increases the
resistance of tissues to various stress factors, which include the
intercellular exchange of stress signals during short-term changes in
homeostasis under physiological conditions [32].

In view of the foregoing, the development of cellular stress can
be distinguished into the following classes:

1) Adaptive response of individual cells and tissue to short-term
and local changes in homeostasis under physiological condi-
tions;

2) Prevention of damage to macromolecules, primarily the ge-
nome and proteome in the presence of threatening damage sig-
nals (preventive response);

3) Restoration or disposal of damaged macromolecules and or-
ganelles;

4) Preservation or restoration of physiological functions under
action of damaging factors;

5) Self-destruction of cells with irreversible violations of their
functions, through apoptosis or program necrosis;

6) Prevention of malignancy of cells (tumor growth) or other
forms of their pathological functioning;

7) Inflammation and immune response.

The cellular stress development has its own distinctive features
depending on the type of cell and the effect of factors, but also has
universal manifestations presented in the form of relatively inde-
pendent components of interrelated processes. These components
are closely interconnected with each other, resulting in a holistic
process of the cellular stress response. Most review articles have
equally focused on the characterization of individual components of
cellular stress: such as the oxidative stress [109-116], DNA-damage
response [117-119], stress of endoplasmic reticulum (ER-stress)
[120-122], reaction of heat shock proteins (HSPs) [123-125], for-
mation of inflammasomes [126-128], enhancement of autophagy
[129-131], typical outcomes of cellular stress e.g. apoptosis [8, 29,
132, 133], program necrosis [8, 134], and the association of cellular
stress and inflammation with cell malignancy [135].

Recent studies have highlighted the pathogenetic significance
of cellular and tissue stress in conditions such as aging [90, 136],
various somatic diseases (e.g. atherosclerosis) [137, 138], diabetes
mellitus type 1 and 2 [139, 140], hypertension [141, 142], nonalco-
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holic fatty liver disease [143], osteoporosis [144, 145], neurodegen-
erative diseases, multiple sclerosis [146] , Alzheimer's disease [147]
and Parkinson's disease [148]. In addition, the likelihood of devel-
oping oxidative stress in the nervous tissue in response to psycho-
genic trauma [149, 150] and sleep deprivation has equally been
revealed [151]. In most cases of classic infectious, allergic and
autoimmune inflammatory diseases, strokes, heart attack, and other
types of necrosis, the pathogenetic role of cellular stress is pro-
nounced, and as such the stress is linked with the development of
canonical inflammation.

2.4. The Main Typical Causes of the Development of Cellular
Stress

In order to perform a protective function, cells must have an
array of sensory structures that are sensitive to macromolecular
damage and changes in other parameters of homeostasis. As a pro-
tective feature, cells directly involved in the development of in-
flammation and the immune response (leukocytes, macrophages,
mastocytes, endotheliocytes, certain epithelial cells, platelets) can
remotely sense alarm signals emanating from pathogens and dam-
aged tissues through pattern-recognition receptors (PRRs) [152].
These receptors ligands are the conservative structures of microor-
ganisms - pathogen-associated molecular patterns (PAMPs), some
membrane stress-molecules of indigenous cells and soluble en-
dogenous DAMPs (molecularly damaged patterns). On receiving a
signal through the PAMPs and DAMPs, the cells can quickly take
up a stress state, and this could contribute to their anti-inflammatory
and immunocompetent functions until total damage of the cells.

Typical PAMPs are fragments of viral and bacterial DNA,
evolutionarily conserved proteins, lipids and sugars of the cell wall
of microorganisms [153]. One of the most powerful triggers of
cellular stress is LPS. DAMPs are products of the decomposition of
the cells, and structures of the intercellular substance of the connec-
tive tissue or some stress molecules that are purposefully secreted
by pathologically activated cells, or some metabolites. The DAMPs
nomenclature includes nuclear protein HMGBI, beta-defensins,
some calcium-binding proteins of the S100 family, individual
HSPs, uric acid and extracellular ATP [85, 154]. The general prop-
erties of DAMPs are their isolation from necrotic cells of various
types; in some cases, inducible secretion by intact cells of the im-
mune system; active participation in the development of inflamma-
tion and immune response [155, 156]. In the emergence of the phe-
nomenon of purulent inflammation, DAMPs and direct damage
factors such as hydrolases, free radicals, various cationic proteins
(including defensins) are released upon activation, especially, neu-
trophil necrosis with the greatest intensity [157].

The well-known families of PRRs are the Toll-like receptors
(TLRs), C-type lectin receptors (CLRs), nucleotide-binding oli-
gomerization domain-like receptors (NLRs), RIG-1 like receptors
(RLRs), and AIM2-like receptors (ALRs) [158]. TLRs and NLRs
recognize PAMPs and DAMPs within the cell or located on the cell
surface. Signal pathways from these receptors cause a strong pro-
inflammatory response in the cell and the production of cytokines
[158]. Typical ligands of TLRs are evolutionarily conserved frag-
ments of pathogenic bacteria, such as the lipid A (an LPS compo-
nent) and other PAMPs. The principle of cross-regulation follows a
tight rule where PAMPs and DAMPs of the same type can simulta-
neously use several PRRs to actualize this phenomenon [159]. The
response to signaling information from PRRs (in particular, TLRs)
requires both specific and the universal ways of triggering cellular
stress, which range from the activation of transcription factors acti-
vator protein 1 (AP-1), Nuclear factor kappa B (NF-«kB), and
mitogen-activated protein kinase (MAPK) [160-162]. The conse-
quence of this response includes the rapid inducible synthesis and
secretion of pro-inflammatory cytokines by cells, the overexpres-
sion of pro-inflammatory receptors on the outer membrane, and the
formation of a cytokine network for intercellular interaction. Multi-
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ple signaling pathways play a role in the formation and regulation
of the cytokine network, this includes those from different types of
PRRs. The ccompetition and synergy between TLRs allow the in-
nate immune system to organize immediate local and systemic re-
sponses to various types of infectious agents [161]. The immediate
local and systemic responses range from the self-regulation to
cross-regulation mechanisms, that prevents inappropriate cell acti-
vation, and make cytokine response depending on the nature of the
damaging effect [153, 162].

Many factors of the innate and adaptive immunity initiate cellu-
lar stress [163]. Individual cytokines at high concentrations, espe-
cially from the families of the TNF and IL-1 have been shown to
activate cells like PAMPs and DAMPs [12]; the IL-1 receptor (IL-
1R) contains a TIR (Toll-interleukin-1 receptor) common to TLRs
signaling domain [164].

Scavenger receptors (SRs) play a crucial role in the develop-
ment of cellular and tissue stress [165, 166]. Numerous cell types
express SRs, but they are more pronounced in stromal macrophages
[165, 167]. These receptors are responsible for filtering the blood
and other tissues of damaged and apoptotic cells and aberrant me-
tabolites, PAMPs and DAMPs, and perform a number of other ho-
meostatic functions.

Studies have reported that information from SRs is capable of
activating the universal intracellular signaling pathways of cellular
stress associated with NF-kB and MAPKSs [167]. However, the use
of SRs, in contrast to classical PRRs, does not always lead to pro-
nounced cell activation. Furthermore, a vast number of SRs are able
to form receptor complexes with TLRs and some other PRRs and
regulate their function in different directions.

This attribute shows the great relevance of SRs in maintaining
homeostasis of cells in physiological conditions [165]. A new stan-
dardization system for SRs was adopted in 2017 [166], SRs were
divided into 11 classes (A-L). The uniqueness and array of the
functionality of the SRs were reported by authors, they are capable
of binding to several ligands, cooperate with receptors of other
families (e.g., TLRs), and form receptor complexes on the cell
membrane [165].

These receptors may be involved in the development of cellular
stress and the pathogenesis of various chronic diseases, including
atherosclerosis [168, 169], neurodegeneration [170-172], hyperten-
sion [173], diabetes mellitus [170, 171, 174], and tumor growth
[167, 175]. In view of the foregoing, the development of cellular
stress can be distinguished into the following classes:

1) Non-lethal, but critical to the preservation of cell physiological
functions and damage to the genome, cell membranes, and any
structures of cellular proteins;

2) Critical changes in homeostasis, e.g. that of the ones associ-
ated with hyperthermia [176], hypoxia [177], changes in os-
motic pressure [178], shifts to the left AMP / ADP / ATP ratio
[179], impaired dynamic characteristics of blood flow [180];

3) Effects on cells, predominantly the innate and acquired immu-
nity, PAMPs and DAMPs, or other molecules carrying infor-
mation about real or probabilistic damage to tissue structures
[181, 182];

4) Effects on cells involved in the development of inflammation
and immune response, the activation factors of the comple-
ment system, hemostasis, immune complexes, inducible recep-
tors of contact interaction, and inflammatory mediators [12];

5) Changes in the physiological interactions between cells that
disrupt their normal functions [183, 184], such as the constitu-
tive receptors of cadherins families providing contact interac-
tions between adjacent cells [185, 186], and integrins provid-
ing contacts between cells [50];

6) Effect of antigens on lymphocytes antigen-specific receptors,
in order to perform their immune functions, lymphocytes are
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tasked to receive additional activation signals via PRRs, cyto-
kine receptors and contact-interaction receptors [187];

7) Various cases leading to a critical accumulation of Ca2+ or a
decrease in the cytoplasmic K+ concentration levels [188-
191].

Cellular stress can be caused by the action of a single but pow-
erful inductor, or a combination of a large number of relatively
weak inductors. The manifestations and functional significance of
cellular stress reactions depend on both the nature of the inducing
changes, and the type, and the initial state of the cell itself.

The presence of indicator molecules of cell damage (indicator
transaminases), inducible pro-inflammatory cytokines, and DAMP,
in the blood of healthy people even at trace amount [192], indicate
latent, preclinical lesions in the body. These changes are eliminated
by the adaptation mechanisms of cellular and tissue stress in
physiological conditions. However, an increase in these changes
can become pathological.

3. BASIC TYPICAL PHENOMENA OF CELLULAR STRESS

Hitherto, it was difficult describing a holistic picture of the
cellular stress processes, even in the most simplified form, it be-
came necessary to subdivide these processes into relatively inde-
pendent subsystems. Currently, the molecular mechanisms of the
typical components of cellular stress have been extensively studied,
and thus, could be characterized in a simplified form listed below.

3.1. Oxidative Stress

Oxidative stress is the most renowned component of cellular
stress and plays a key role in the pathogenesis of various diseases.
This fact is evident considering the various listed reasons:

1. Both prokaryotes and eukaryotes are prone to developing oxi-
dative stress;

2. Oxidative stress is classified as a component of various types
of pro-inflammatory and inflammatory reactions at the cellu-
lar, tissue and organism level [193];

3. Most neurodegenerative diseases such as Alzheimer's disease
[194], Parkinson's disease [195]; prion diseases [196]; glau-
comatous neurodegeneration [197]; some other neurodegen-
erative diseases [198], and also those associated with post-
traumatic stress disorder syndrome (PTSD) [199], are con-
nected with typical morphofunctional changes and death of
cells caused by oxidative stress;

4. Oxidative stress is an important link in the pathogenesis of
many socially significant diseases, e.g. atherosclerosis, obe-
sity, diabetes, hypertension, renal and cardiovascular insuffi-
ciency, pulmonary fibrosis, various arthrosis and arthritis, en-
dothelial dysfunction and aging [109, 114-116, 200-202];

5. Oxidative stress has been implicated as a risk factor for tumor
development [111, 115];

6. At the cellular level, the action of oxidants results in an array
of responses, such as proliferation, differentiation, apoptosis,
immune and pro-inflammatory responses [109, 203]. Hyper-
production of reactive oxygen species (ROS) and nitrogen
(RNS) has been associated with many physiological processes,
as these reactive species can act as signaling molecules, and
help to maintain physiological functions, such as the effect ob-
served in skeletal muscles function [204, 205].

7. At present, a wide range of methods is available for the as-
sessment of oxidative stress, as well as methods of antioxidant
therapy [112, 113, 116].

The over-consumption of O2 in the formation of ROS under
hypoxia conditions indicates the dual role of free radical oxidation
either in the protective or pathological process in the organism
[206]. One of the sensors of O2 deficiency identified in different
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cells is the transcription factor hypoxia-inducible factor 1 (HIF-1),
this sensor plays a key role in the inducible biosynthesis of more
than 60 stress proteins. HIF-1 expression is tightly regulated by the
concentrations of ROS and NO [207].

The formation of pro-oxidants can occur spontaneously as a
result of external factors acting on the cell, and specifically as a
result of enzymatic reactions [113, 116].

The pro-oxidants-antioxidants or reduction-oxidation reaction
(redox) balance is one of the crucial parameters of homeostasis
[109, 115]. The redox status of the cell is supported by a redox
buffer with the participation of glutathione (G-SH), and a number
of other non-enzymatic and enzymatic antioxidants [115, 208]. The
capacity of this buffer is robust, requiring a large amount of oxidant
to upset the G-SH / GS-SG ratio for the development of oxidative
stress. Oxidative stress in the cell develops when the accumulation
of pro-oxidants interrupts the redox equilibrium, causing an imbal-
ance between oxidants and antioxidants in favor of oxidants [115,
208]. Both excessive and insufficient oxidative stress response
could trigger a wide range of human diseases and their progressive
development.

The mitochondria are the main site of ROS formation; cyto-
chrome C released from the mitochondria during oxidative stress,
coupled with NADPH oxidase of microsomal oxidation, 5-
lipoxygenase, xanthine oxidase, and cytochrome P-450, have all be
highlighted in the generation of ROS / RNS in the cytoplasm [115].
Microsomal oxidation, a process that occurs in most tissues under
normal condition, with the exception of the skeletal muscles, are
stimulated by external and intracellular stress signals acting through
various signaling pathways, in particular, those associated with
mitogen-activated protein kinases (MARK) and transcription fac-
tors of the AP-1 and NF-xB [201, 202, 205, 208, 209, 210]. Under
physiological conditions, microsomal oxidation influences the syn-
thesis of various substances and is involved in the detoxification of
many endogenous toxins and xenobiotics [211, 212].

Under oxidative stress, molecular modifications of various sig-
naling molecules caused by ROS / RNS, play a key role in the ini-
tiation and development of all other components of cellular stress
[203, 213]. Aldehydes and ketones formed during the oxidation of
polyunsaturated fatty acids further modify proteins, and also pro-
mote the activation of some stressor kinases (such as the ASKI-
SEK1-JNK signaling pathway) that binds oxidative stress to in-
flammation [214]. Under extreme condition ROS / RNS directly or
indirectly activates numerous transcription factors associated with
the development of cellular stress, such as the NF-xB, HIF-1, AP-1,
Spl, p53, c-Jun, c-Fos, early growth response factor-1 (EGR-1),
heat shock transcription factor 1 (HSF-1), protein kinase MAPK,
protein kinase C (PKC), small G-proteins Ras, various growth fac-
tor receptors and other molecules involved in signaling pathways
that regulate cell growth and death, apoptosis processes, program
necrosis, stress resistance of cells and their pro-inflammatory func-
tions [109-112, 115, 116, 215]. The action of prooxidants on pro-
teins has been shown to be dose-dependent, which predicts the am-
biguity of their effects at various stages of the development of cel-
lular stress. A typical example of this dose-dependent action can be
seen on the action of prooxidants on MAPK family which includes
a large number of serine-threonine protein kinases involved in the
regulation of a wide range of cellular processes, such as prolifera-
tion, differentiation, adaptation to stress, and apoptosis [109, 209,
216]. Similarly, the MAPK subfamilies, ERK (extracellular-
regulated kinases), JNK (c-Jun N-terminal kinase), and p38 are
activated in response to the action of various concentrations of the
oxidant; although they are activated independently of each other,
they share partial overlapping signaling cascades. The ERK path-
way is more often associated with the regulation of cell prolifera-
tion and their subsequent differentiation, whereas the JNK and p38
pathways are more involved in the processes of cell differentiation
and enhancing the pro-inflammatory orientation of cellular stress
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[209, 217, 218]. The signaling pathways of JNK and p38 are also
connected with the production of cytokines, and other phlogogenic
factors with more pronounced oxidative effects [217]; INK and p38
are often grouped together into complementary functional systems,
and often referred to as stress-activated protein kinases (SAPK)
[209]. ERK promotes cell survival, but can also exhibit an apoptotic
effect; INK and p38 can also show both pro-apoptotic and anti-
apoptotic effects in response to oxidative stress, depending on the
circumstances and the specific signaling pathways into which they
will enter [209, 219, 220].

The p53 protein regulates the repair of DNA damaged during
the cell cycle, in conditions of irreversible cell damage, these pro-
teins exhibit a pro-apoptotic effect through increasing the formation
of ROS; this is made possible by the activation of the redox enzyme
p66 that oxidizes cytochrome C, resulting in the formation of the
necessary amount of H,O, for apoptosis [221]. Authors have high-
lighted that p53 and NF-kB inhibits the expression of each other,
while p53 is associated with more moderate manifestations of oxi-
dative stress, survival or apoptosis of proliferating cells, NF-xB, on
the other hand, is linked with a pro-inflammatory stress orientation,
usually in more differentiated cells with limited proliferative oppor-
tunities [222, 223]. P53-mediated DNA repair occurs at a moderate
level of oxidative stress, in a situation where this process becomes
ineffective, cells die by apoptosis. Further increase in the oxidative
stress levels, activates NF-kB and inhibits p53-induced apoptosis of
cells [224]. Relatively small concentrations of ROS are involved in
activation of signaling pathways of growth factors and increase in
cell resistance to damage, however, high concentrations of oxidants
contribute to damage of macromolecules of the genome and pro-
teome [203], and interruption of the cell cycle [225, 226]. Many
stressor signaling pathways play a role in the development of oxida-
tive stress. The oxidizing interface is a phenomenon used by some
authors to describe the combined action of the ROS / RNS to di-
rectly activate signaling molecules that trigger many ways of devel-
oping cellular stress [110].

While the processes of free radical oxidation take place mainly
outside the nucleus of the cell, their accumulation in the nucleus
promotes DNA damage, mostly during cell replication, this effect
helps to maintain a relatively stable redox equilibrium in the nu-
cleus even under cellular stress [227]. As a regulatory mechanism
of the negative feedback during cellular stress, oxidants activate the
transcriptional factor Nrf2 (signal pathway Keapl / Nrf2), trigger-
ing the biosynthesis of glutathione, thioredoxin, some other anti-
oxidants and xenobiotic detoxifying enzymes [115, 228]. This regu-
latory pathway inhibits the activation of NF-kB, reducing the sever-
ity of acute inflammatory reactions and enhanced the resolution
process of cells to physiological state [229]. The expression of Nrf2
is controlled by a complex transcriptional and post-translational
network, on the principle of negative feedback, particularly, are
activated mainly in proliferating cells by the transcription factors
NF-xB, AP-1 via Jun and Myc [228]. Drugs that potentially activate
Nrf2 are currently considered as promising antioxidant therapy in
the treatment of diabetes mellitus and some other somatic diseases
[230].

Oxidants, primarily NO and hydrogen peroxide, can participate
in intercellular signal communications under normal conditions,
and in tissue stress, such as inflammation [215, 231, 232]. The main
part of oxidative stress is purulent inflammation and the main cellu-
lar element of which are the neutrophils. Free radicals released from
phagocytes not only damage tissue structures but also inactivate
antiproteinases, paving a way for tissue destruction processes [233].

At certain stages of the development of cellular stress, oxidative
stress acts like a shield to cells, but when cellular stress is amplified
and get chronic, it promotes cell aging, apoptosis and program ne-
crosis.
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3.2. Mitochondrial Stress

Mitochondria are the main donors of ATP and ROS, a site for
the end point of catabolism and the starting point for the anabolism
of lipids, glucose, interchangeable amino acids, nucleotides and a
number of other biologically active molecules; these organelles act
as suppliers of energy and key metabolites, such as the metabolites
of the Krebs cycle, they are involved in the regulation of calcium
homeostasis, and they facilitate the synthesis of urea in hepatocytes
[206, 234, 235].

In the mitochondria of humans, there are approximately 1500
proteins, 13 of which are encoded in mitochondrial DNA (mtDNA),
these mtDNA are the most important proteins of respiratory com-
plexes [235, 236]. The remaining proteins found in the mitochon-
dria are encoded in nuclear DNA, synthesized in the cytoplasm, and
then enter the mitochondria. The formation of the mitochondrial
proteome also depends on many mechanisms of post-translational
modification of proteins, for example, their phosphorylation [206,
234]. The composition and activity of many mitochondrial proteins
will change with cellular stress, and these changes, in turn, largely
determine the response of cellular stress in general [227, 237]. The
energy and other metabolic functions of the mitochondria depend
on the type of cell. Therefore, the mitochondrial proteome corre-
sponds to the specific needs of tissue, to the functional state of its
cell and depends on the effect of the activation and damaging fac-
tors on the mitochondria itself [234, 237].

Like cellular stress, mitochondrial stress develops in response
to various damages, including excess accumulation of fatty acids,
and some other toxic metabolites [238], and effects of cellular stress
agents to mitochondria as well [206, 234]. In turn, mitochondria are
involved in the reaction of cellular stress and oxidative stress.

Complex mitochondrial stress includes several components,
which include the increase in mitochondria division, the develop-
ment of oxidative stress, the interaction of mitochondrial processes
with processes of cellular stress, the regulation of activated cells
metabolism. In the mitochondria, mitochondrial ribosomal proteins,
respiratory chain and ROS production decreases with the restora-
tion of disturbed mitochondrial homeostasis. Restoration of dis-
turbed mitochondrial homeostasis occurs by the integrated mito-
chondrial-nuclear signaling pathway called the mitochondrial un-
folded protein response (UPRmt) [239, 240].

Irreversibly damaged mitochondria are identified and utilized
by the lysosomes in a process known as mitophagy (autophagy of
mitochondria). Mitophagy requires PINK1 kinase (PTEN-induced
kinase 1), which is imported into healthy mitochondria and eventu-
ally degrades, just like the ATFS-1. However, when the import of
this kinase into damaged mitochondria is disturbed, PINK1 is stabi-
lized and activated on the outer mitochondrial membrane, leading
to the phosphorylation of a number of proteins that trigger the proc-
ess of mitophagy [236]. Mitophagy is a natural process of recycling
old mitochondria in a cell, but with the development of cellular and
mitochondrial stress this process can be activated and have both
positive and negative value for the cell depending on various cir-
cumstances and its balance with other processes of cellular stress
[236].

The development of UPRmt causes various damage to the pro-
teome and mtDNA, such as the accumulation of uncoordinated
proteins in the mitochondria [241].In this process, there is a mu-
Itidirectional change in the biosynthesis of various mitochondrial
proteins (reduction of potentially toxic proteins), and the increase in
production and transport to mitochondria of chaperones capable of
remediating damaged mitochondrial proteins, increase in antioxi-
dants, proteases, some transport proteins, with activating the ubiq-
uitin-proteasome pathway for the utilization of irreversibly altered
proteins.

In mammals, UPRmt is closely related to other factors of cellu-
lar stress by direct and inverse interactions [236]. This also applies
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to mitochondrial stress in general, for example, the release of mito-
chondria from cytochrome C promotes oxidative stress, and
mtDNA appears in the cytoplasm and in the intercellular environ-
ment as a mitochondrial DAMP (mtDAMP) [241]. The integrative
response of mitochondrial stress is associated with the activation of
the mechanistic target of rapamycin complex 1 (mTORCI),
mTORCI is a kinase that stimulates cell growth in response to ade-
quate cellular nutrition, the accumulation of ATP, and the effect of
growth factors [242]. This kinase can inhibit the processes of auto-
phagy and mitophagy [243]. The regulation of mitophagy with
mitochondrial stress remains controversial, on one hand, the re-
moval of nonviable mitochondria is required, and on the other hand,
it is necessary to preserve mitochondria and to repair it. Another
manifestation of the integrative response is the enhancement of
some metabolic cytokines expression in the cells, which include the
fibroblast growth factor 21 (FGF21) and growth differentiation
factor 15 (GDF15) [244]; these factors contribute to the regenera-
tion of tissue, increase in the insulin sensitivity of cells, and the
survival of cells in conditions of moderate effect of damaging fac-
tors.

It is now evident that the aging process is associated with cellu-
lar stress in general and mitochondrial stress [90]. Activation as a
result of moderate and short-term cellular stress of sirtuins, mam-
malian target of rapamycin (mTOR), AMP-activated kinases
(AMPK), is aimed at restoring damaged structures, limiting aggres-
sive pro-inflammatory mechanisms of cellular stress, counteracting
insulin resistance and promoting cell tolerance for moderate dam-
age [245, 246]. It was also reported that the activation of UPRmt
correlates with the longevity of both worm C. elegans and mice
[247]. However, these factors in the conditions of increasing cell
damage and further development of cellular and tissue stress can
contribute to the preservation of aging, cells dysfunction, and pro-
mote the longevity of malignant cells. Authors reported on the
negative role of UPRmt in tissue aging and tumor growth [248].

The accumulation of mtDNA mutations leads to the aging of
mitochondria and to an increased risk of malignancy of cells in
mammals [249, 250]. Lipotoxicity is another factor contributing to
damage and dysfunction of mitochondria with aging [251-253]. The
discrepancy of the damaging effect of lipotoxicity arises from the
difference between the quantity of fatty acids (especially saturated
ones) entering the cell and its energy need. First of all, this mecha-
nism of mitochondrial dysfunction affects facultatively glycosylat-
ing tissues such as liver, myocardium, red (slow) muscle fibers,
adipocytes and macrophages of adipose tissue [254-258], with the
exemption of the brain.

Under normal aging, these processes proceed slowly and are
more associated with a decrease in the functional reserves of the
mitochondria, however, in several diseases, mitochondrial dysfunc-
tion and inadequate mitochondrial stress lead to severe complica-
tions. Some examples of such severe complication can be seen in
the development of myopathy and cardiomyopathy in type 2 diabe-
tes mellitus (high level of lipotoxicity against insulin resistance)
[259, 260] and genetic pathologies of the group of diseases FAOD
(Fatty Acid Oxidation Disorders) with violation of the catabolism
of fatty acids [261]. In experimental type 1 diabetic mice with the
development of diabetic cardiomyopathy, mitochondrial proteome
remodeling is observed, while mitochondrial functions in the kid-
neys, brain and liver are retained, but not in the heart [262].

In pancreatic B-cells, mitochondria are involved in glucose-
stimulated insulin secretion by generating metabolic signals, includ-
ing the formation of intermediate compounds of the tricarboxylic
acid cycle. However, mitochondrial dysfunction caused by lipotox-
icity disrupts these processes and contributes to death of B-cells
[263]. Strengthening the oxidation of fatty acids, lipotoxicity
against oxidative stress and the dysfunction of the mitochondrial
respiratory chain may contribute to the development of cellular
necrosis and fibrosis in non-alcoholic fatty liver disease [264, 265].
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In experimental hypertension model, mitochondrial dysfunction and
oxidative stress associated with mitochondria were reported in the
brain, blood vessels and myocardium [266]. Mitochondrial dysfunc-
tion is a characteristic feature of various neurodegenerative diseases
[267]; authors reported that in response to high doses of glucocorti-
coids in the skeletal muscles of chickens, the dysfunction of the
first complex of the respiratory chain was observed [268].

Thus, mitochondrial stress is directed toward the elimination of
mitochondrial damage and dysfunction. However, under certain
conditions, it may be incompletely effective or even contribute to
maladaptation. In the latter case, individual mechanisms of mito-
chondrial stress can become participants in the dysfunctional sys-
tems of the formation of a vicious pathogenetic circle, which is
associated with the development of many diseases. However, this
also applies to all other functional components of cellular stress.

3.3. The Stress of the Endoplasmic Reticulum (ER-stress)

The endoplasmic reticulum (ER) consists of continuous mem-
branes that include the nuclear envelope and the peripheral ER,
consisting of flat sheets and branched tubules [269]. ER of cells that
synthesize many secreted proteins, largely consists of sheets, and
ER of cells participating in lipids synthesis, transmission of calcium
signals and contacting with other organelles consists mainly of
tubules. Thus, ER is the place for synthesis, bending (packing),
maturation and transportation of secretory and many membrane
proteins, as well as a place for lipid synthesis, and the main place of
deposition of Ca®" [270]. Most cellular proteins fit into the cytosol
with the help of chaperones immediately after translation, while
membrane and secreted proteins are folded and matured in ER.
Correctly folded proteins are moved away from the ER to the intra-
cellular organelles and the extracellular medium, while the uncoor-
dinated proteins either persist within the ER, or are degraded by
cytoplasmic proteasomes [17].

Violation of the integrity of the ER or the accumulation in the
cellular compartments of inappropriate proteins initiate ER-stress,
primarily in the form of unfolded protein response (UPRER) [16].
The UPRER process is aimed at restoring the altered ER homeosta-
sis, while solving the following main tasks: 1) suspension of the
synthesis and secretion of secretory proteins from the cell; 2) facili-
tates an increase in the transcription of chaperones and other pro-
teins involved in the bending and maturation of proteins; 3) induc-
ing degradation of uncoordinated proteins through an ER-associated
degradation complex (ERAD) [271].

Many causes such as the elevated levels of glycated proteins,
protein modifications by oxidant, calcium metabolism disorders,
viral infection, hypoxia and other cell homeostasis disorders lead to
the accumulation of unfoldable proteins in the ER, resulting in an
evolutionarily conservative response in the form of UPRER [272].

Specific mechanisms of UPRER help the cell cope with the
accumulation of damaged proteome in ER, these mechanisms in-
clude the stages of damaged structures detection, transduction of
the voltage signal into the nucleus, the initiation of protection pro-
grams and the restoration of cellular homeostasis. Proteom quality
control involves the detection of damaged proteins using damage
sensors which could be certain chaperones and folded enzymes
[273]. UPRER is mediated by three major transmembrane sensors:
1) the inositol-requiring enzyme 1 (IRE1), 2) the PERK protein
kinase and 3) the activating transcription factor 6 (ATF6), which
are all kept inactive, mainly by the BiP / GRP78 chaperone [264].
The sensors are released, activated and cause the following basic
UPRER responses:

PERK phosphorylates and thereby inhibits the factor Eukary-
otic Initiation Factor 2 alfa (elF2a), preventin additional protein
synthesis,and blocking the synthesis and secretion of secretory pro-
teins from the cell.
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The PERK / elF2a pathway stimulates the translation of several
specific mRNAs involved in the development of cellular (in par-
ticular mitochondrial) stress [273].

The ATF6 factor is modified as a result of partial proteolysis,
after which it is transported to the nucleus, where it is a transcrip-
tional activator of genes involved in ERAD, lipid biosynthesis,
protein folding (ER chaperones) and ER membrane biosynthesis.

IRE1 activates the transcription factor X-box-binding protein 1
(XBP1), which in turn, activates the nuclear DNA genes involved
in the production of ER chaperones, ERAD complex proteins and
the synthesis of membrane phospholipids [273-275].

All these pathways contribute to the survival of the cells under
ER-stress conditions. Accumulating in ER, damage sensors of the
proteome and the BiP / GRP78 chaperone free from contact with
uncoordinated proteins block the UPRER sensors; this serves as the
main mechanism of negative feedback of the development of ER-
stress.

Prolonged intensity of the UPRER induces apoptosis through
several pathways [276, 277]. Apoptosis is also promoted by the
excessive output of Ca®’ into the cytoplasm from the ER [272].
Since anti-apoptotic pathways (anti-apoptotic proteins of the Bcl-2
family, and other mechanisms) could simultaneously induce the
ER-stress [278], apoptosis becomes the extreme and far from the
only outcome of ER-stress.

ER stress leads to the activation of two ways of protein degra-
dation, namely: 1) ubiquitin-proteasome, through ERAD and 2)
lysosomal mediated protein degradation by the autophagy process
[279]. ERAD includes the translocation of deployed ER proteins to
the cytosol, where they covalently bind to ubiquitin (ubiquitination
of the protein), and then are utilized in proteasomes. When the
number of uncoordinated proteins exceeds the capabilities of
ERAD, autophagy as an additional pathway for the utilization of
damaged proteins and especially their aggregates can be effectively
activated by ER stress [279].

Chronic ER-stress and deficiencies in the transmission of
UPRER signals are pathogenetic factors of many human diseases,
including diabetes, neurodegeneration and cancer [280, 281]. ER-
stress can also be activated in the development of metabolic syn-
drome in many organs, including hypothalamus, liver, adipose tis-
sue, muscle and pancreatic B-cells [282]; this activation could lead
to an increase in insulin resistance in the liver, B-cells, adipose and
muscle tissue. High expression of products of UPRER has been
revealed in visceral fat for severe obesity, type 2 diabetes, espe-
cially in hypoxia-complicated adipose tissue [283]. Saturated fatty
acids cause ER-stress in the muscles, and prolonged ER-stress dis-
rupts the synthesis of insulin and promotes apoptosis of the pancre-
atic B-cells [273]. However, ER-stress in mice inhibits transcription
of resistin in adipocytes [284], and resistin is a pro-inflammatory
factor promoting insulin resistance. The inhibitory effect on resistin
suggests that any mechanism of cellular stress cannot be considered
unilaterally, since all mechanisms of cellular stress can exhibit both
adaptive and maladaptive value, depending on the situation. Cellu-
lar stress of cardiomyocytes, including ER stress, can be mediated
by the accumulation of saturated fatty acids and other factors of
lipotoxicity in these cells [285]. ER-stress develops in the athero-
sclerotic focus in the macrophages, endotheliocytes and vascular
myocytes, in response to systemic and local metabolic dysfunction
[277]; authors reported that ER-stress promoted the survival of
tumor cells in the hypoxic environment [278].

Thus, ER-stress is a genetically programmed response of the
cell to various lesions and a relatively independent component of
cellular stress. UPRER anomalies can explain early events in the
pathogenesis of a wide range of somatic diseases [286].
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3.4. Heat Shock Proteins

Heat shock proteins (HSPs) consist a significant proportion
(approximately 5-10%) of cellular proteins in a steady state, and
under cellular stress, their amount substantially increases due to
inducible forms [287]. The HSP reaction is an evolutionary, highly
conserved molecular response of the cell to the disturbances of its
protein homeostasis (proteostasis) [288]. In humans, HSPs are the
main types of molecular chaperones in all cells [289], the protective
functions of these proteins were originally identified in the devel-
opment of heat shock, but later became evident in other variants of
cellular and tissue stress [290]. The main biological functions of
HSPs as chaperones are:

1) Participation in folding (packing) of the spatial structure of
proteins in the post-translational period of their biosynthesis,
and realization of other functions characteristic of chaperons in
different tissues [125, 223,291-294];

2) Regulation of cellular stress signaling pathways, including
pro-apoptotic and anti-apoptotic pathways [295-298];

3) Direct participation in the UPRER and UPRmt processes;

4) Participation in the formation and transport of steroid hormone
receptors (the HSP90 family) [125] and in the immune interac-
tions [123, 287, 299].

In addition, HSPs are actively involved in the processes of the
cell cycle, cell differentiation, regulation of secretory and endocytic
function, inflammation, and survival of tumor cells [125, 288, 295].
They are also important pathogenetic factors in various neurode-
generative diseases, diabetes, and many other human pathologies
[124,294,300-303].

Initiation of HSP-response can be realized from external and
intracellular signals [304]. The synthesis of inducible HSPs triggers
signaling pathways associated with protein kinases - MAPK (JNK,
p38, ERK) and with calmodulin-dependent protein kinase II
(CaMKII) [301]. Furthermore, these kinases ultimately activate
several transcription factors, among which is the transcription fac-
tors of the HSF family (, mostly the HSF-1 [289, 304]. HSF-1 pro-
motes longevity, prevents the instability of the proteome during
aging, stress and development (cell proliferation and differentia-
tion); simultaneously, the HSF-1 also promotes the survival of tu-
mor cells, this has been observed from the ability of many HSPs:
HSP90, HSP70 and HSP40 (DNAJB1) to inhibit HSF-1 function by
negative feedback [305].

The triggering of the signaling pathways for the biosynthesis of
inducible forms of HSPs, is specifically aimed at various damage to
the proteome, such as the exposure to hyperthermia, oxidative
stress, accumulation of prion cells or other amyloid proteins. Indi-
cator chaperones bind to damaged proteins, exerting a suppressor
effect by the release of a number of protein kinases and transcrip-
tion factors that initiates the synthesis of HSPs. In conditions where
HSPs are synthesized excessively, their products are inhibited, as
well as many other mechanisms of cellular stress, according to the
principle of negative feedback [288, 304]. The biosynthesis of in-
ducible HSPs participating in UPRER and UPRmt is regulated by
standard mechanisms of UPR self-regulation.

3.5. Strengthening the Processes of Autophagy (Lysosomal
Stress)

Autophagy is a term that summarizes all processes of intracellu-
lar material degradation with the participation of lysosomes, and the
processes in which macromolecular components are recycled
through their biosynthesis and subsequent decay [306]. Autophagy
is an evolutionarily conserved process in all eukaryotes and pro-
ceeds in all human cells, it is chiefly a catabolic process involving
the lysosomal stage [307]. This process is a part of many physio-
logical or pathological processes, with its severity reported to be
increased during fasting and cellular stress, in these cases, it usually
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contributes to cells survival [308-310]. Autophagy facilitates the
hydrolysis and utilization of damaged and dysfunctional individual
proteins, protein aggregates or organelles, in a cell in need of essen-
tial amino acids. Owing to the fact that autophagy is involved in
cell growth (negative), survival and death, its levels should be
strictly regulated; dysregulation of autophagy is a companion to
many human diseases, such as cancer, myopathy, neurodegenera-
tion, cardiovascular pathology, liver and gastrointestinal tract and
metabolic diseases [311, 312].

Autophagy acts as a mechanism for the disposal of irreversibly
damaged proteins, however, they are not the only mechanism in-
volved in this disposal; most cellular damaged and short-lived pro-
teins are degraded after they are labeled with ubiquitin, through the
proteasome pathway [313]. In cellular stress, the ubiquitin-
proteasome pathway becomes more pronounced, which could act as
an additional mechanism for the activation of autophagy [314]. In
addition, many aged proteins, large protein aggregates, and individ-
ual organelles can be utilized only in the process of autophagy with
the participation of lysosomes and numerous auxiliary protein fac-
tors [314]. Thus, autophagy largely determines the balance between
protein biosynthesis, the biogenesis of organelles and their decay.
In particular, mitophagy is the only physiological autophagy degra-
dation mechanism of mitochondria. Furthermore, autophagy can
also be crucial in the prevention of apoptosis or necrosis of the cell
by removing damaged and pathologically activated mitochondria,
as well as protein complexes associated with the development of
cellular stress. The process of autophagy is associated with apopto-
sis, while the anti-apoptotic proteins of the Bcl-2 family are nega-
tive regulators of macroautophagy, and the proapoptotic members
of this family stimulate macroautophagy [306].

Autophagy is divided into three main types, namely, the mac-
roautophagy, microautophagy, and chaperone-mediated autophagy
[312]. The macroautophagy includes the formation of vesicles
(autophagosomes), which are formed by a double membrane sur-
rounding the object of autophagy, with the participation of more
than 30 autophagy proteins involved in the recognition of the object
of autophagy, and the establishment of the contact between the
autophagosome and the lysosome; an autophagolysome is formed
after the establishment of contact, in which the object of autophagy
is cleaved by acidic lysosomal hydrolases, especially cathepsins.
Microautophagy arises when the lysosome directly captures a rela-
tively small object of autophagy with the help of membrane involu-
tion. The chaperone-mediated autophagy is observed when the
chaperone complex+ damaged protein (especially those containing
the KFERQ pentapeptide) binds to the lysosome-associated mem-
brane protein 2A (LAMP-2A), and translocated inwards to the
lysosomes for degradation [310].

The regulation of autophagy has been shown to occur on sev-
eral levels [307, 310], namely:

1) Activation or inhibition of autophagy factors acting before the
formation of autophagosomes, the key inhibitor of this stage is
the mTOR factor;

2) Modulation of autophagy-related genes (ATG) expression
[315], and the regulation of the expression of their products,
such as the Atg proteins that are directly involved in the for-
mation of autophagosomes;

3) Regulation of the maturation process of autophagosomes and
their fusion with lysosomes, including the final cleavage of
autophagy products by lysosomal enzymes.

Several key molecular components participate in the regulation
of autophagy when activated by growth factors and excess amino
acids; mTORCI has activated, that leads to the inactivation of the
ULK1 / 2 complex (ULK1/2+Atgl13+Atgl01+FIP200) important
for the initiation of autophagy. In contrast, inducers of autophagy,
such as glucose deficiency, ATP (through activation of AMPK),
amino acids, DNA damage (in particular, through the p53 / AMPK /
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mTORCI pathway), hypoxia, and ROS abolish the inhibitory effect
of mTOR on the complex ULK1 /2 + Atgl3 + Atgl01 + FIP200
[314, 316]. This latter effect leads to the activation of alternate
routes of inducing autophagy, such as the PI3K (inositol-3-
phosphate kinase, Phosphoinositide 3-kinases) pathway [310, 316].
It is known that PI3Ks of Class I (the product of this reaction is
phosphatidylinositol-3,4,5-trisphosphate) are involved in the signal-
ing pathway of mTOR activation and inhibition of autophagy,
whereas, PI3Ks of class II and III catalyze the formation of phos-
phatidylinositol-3-phosphate, and activate macroautophagy [317].
Inhibitory macroautophagy signaling pathway class I PI3K / Akt /
mTOR triggers insulin, many growth factors and metabolic cytoki-
nes [318], this pathway also promotes the proliferation, growth and
survival of cells, but in some cases, can also facilitate their tumor
transformation [319].

Fasting primarily activates the first two stages of autophagy,
due to the lack of an activating effect of amino acids, glucose and
ATP on mTORCI1 [320]. In conditions of an excess of amino acids,
cell growth factors, and binding-free uncoordinated proteins, the
chaperones activate the mTOR protein and block the initial stages
of autophagy, and many cell stress factors, which include ROS and
RNS, with the exception NO (act in the opposite direction) inhibit
mTOR and, subsequently, activate autophagy [310, 312, 321]. The
action of prooxidants in cellular stress on one side contributes to the
damage of cellular structures, and on the other hand, promotes the
utilization of damaged proteins and whole organelles. However,
this process is not always balanced. In Alzheimer's disease, toxic
proteins accumulate and develop mitochondrial and oxidative stress
[322], with this pathology, the final (third) stage of autophagy is
broken, which leads to the dysfunction of the process and accumu-
lation of amyloid proteins in neurons [323]. The artificial defi-
ciency of mTORCI1 in adipocytes of experimental mice has been
shown to promote pro-inflammatory changes in adipose tissue,
increased insulin resistance and hepatic steatosis [324].

As cells age, the regulation and realization of autophagy may
not be balanced. In normal aging and neurodegenerative diseases, a
balance can be maintained or disturbed, a typical example can be
seen between the number of mitochondria (depending on the inten-
sity of mitophagy) and the degree of their dysfunction (also de-
pends on mitophagy, but in the opposite way) [325]. Under the
conditions of the blockade of apoptosis, intensification of the auto-
phagy processes can lead to autophagic cell death, and an increase
in the severity of tissue stress, which does not necessarily facilitate
the adaptation of cells to the changes in tissue homeostasis in most
cases [326]. The mechanisms of autophagy are also involved in the
destruction of extracellular (in phagocytosis) and intracellular
pathogens and in the development of anti-infective adaptive immu-
nity, which includes the presentation process of antigens to T cells
[327, 328]. In infection and tissue damage, the signal information
from various TLR activates different protective mechanisms of
innate immunity cells, such as the phagosome maturation, and also
stimulates autophagy processes [329]; however, in response to this,
many pathogens acquired the ability to disrupt various stages of
autophagy, thereby preventing phagocytosis and the development
of an immune response [307].

Thus, activation of the processes of autophagy and proteasome
proteolysis is a typical manifestation of a vast number of variants of
cellular stress with a more pronounced pro-inflammatory orienta-
tion. However, with increased tissue regeneration processes (stage 1
of tissue stress), autophagy activity becomes limited.

This protective mechanism is aimed at the utilization of dam-
aged proteins and organelles, byproducts of metabolism, and the
activation of regulatory factors to fulfill these protective functions.
In addition, the splitting of short-lived proteins is a mechanism for
controlling and regulating many physiological functions and the
development of cellular stress.
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Ambiguous changes in autophagy and proteasome pathway are
observed with aging and tumor cell transformations. On the con-
trary, the activity of autophagy usually increases at a certain stage
of intensifying oxidative and mitochondrial stress, increasing dam-
age to the proteome, phagocytosis and other pro-inflammatory cell
reactions. Autophagy appears as a mechanism of negative feedback
in the regulation of pro-inflammatory cellular stress, by removing
damaged and pathologically activated structures. Autophagy also
contributes to the removal of damaged mitochondria, inflamma-
somes and other stress protein complexes, while limiting the devel-
opment of mitochondrial and oxidant stress, the production of pro-
inflammatory cytokines, such as the IL-1B and a number of other
pro-inflammatory mechanisms [330-332]. It is worthy to mention
that, the processes of autophagy must be considered with other
manifestations of cellular and tissue stress, as well as with causative
factors that initiate them; the dysfunction of autophagy and ubiqg-
uitin-proteasome pathway could act as a pathogenetic mechanism
for the disruption of the physiological state of the cell and the de-
velopment of many human diseases.

3.6. Inflammasome Formation

The inflammasome is a multimeric cytosolic protein complex
that has sensory molecules in the form of intracellular PRRs of two
families, namely the NLRs (the prominent receptors) or the Absent
in melanoma 2 like receptors (ALRs) [333]. These receptors bind
when assembling the protein complex with procaspase-1, in most
cases through an additional protein (apoptosis-associated speck-like
protein), which contain the caspase activation and the recruitment
domain CARD (ASC), afterwards, the procaspase-1 is activated and
converted to caspase- 1 [334-339].

The main function of all inflammasomes is the activation of
caspase-1, which induces the processing of IL-18 and IL-18, and
the development of pyroptosis with the participation of caspase-4
and 5 (in humans) [53, 340]. Several additional conditions are nec-
essary for the formation of an inflammasome, such as the activation
of pro-inflammatory signaling pathways associated with the tran-
scription factor NF-kB, the development of oxidative stress, and a
decrease in K+ concentration in the cytoplasm [191, 341-343].

Currently, the role of AIM2, IFI16 (including the ALR family
receptors), NLRP1, NLRP3, NLRP6, NLRP7, NLRP12 and
NLRC4 (NLR family receptors) inflammasome in the induction of
pro-inflammatory signals have been extensively established.

As earlier stated, caspase-1 is activated during the assembly
process of inflammasomes, which initiates a whole spectrum of
pro-inflammatory processes, e.g., that of the formation of IL-1f and
IL-18 (cytokines from the IL-1 family), fibroblast growth factor 2
(unconventional pathway) and activation of pyroptosis factors
(caspase - 1 is activated, then caspases - 4, 5). A direct consequence
of the inflammasomes formation can be observed in the hypersecre-
tion of IL-1B by cells, which in turn, triggers a wide range of pro-
inflammatory processes in cells, including the secondary production
of pro-inflammatory cytokines and coagulation factors. The IL-1
receptor contains a signal domain common to TLR, therefore, the
regulatory effects of IL-1 family cytokines exert similar effects as
the PAMP and endogenous DAMP on cells.

A significant amount of DAMP and other damage factors enter
the extracellular environment in the process of inflammasomes-
induced pyroptosis, placing the formation of inflammasomes as an
attribute of cells associated with inflammation and the development
of an immune response [333, 334].

The inflammasome assembly is unique in its induction by vari-
ous exogenous and endogenous signals, individual inflammasomes
perceive specific activation signals, but signals can also overlap
among all inflammasomes Typical examples of the specific activa-
tion of inflammasomes can be shown from the following examples;
AIM2 is activated by double-stranded DNA in the cytoplasm of the
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cell, IFI16 is activated by a viral DNA sensor in the nucleus and
perinuclear region of the cell, NLRP1 is activated by lethal toxin,
Bacillus anthracis, Toxoplasma gondii antigens, some viral pro-
teins, muramyl dipeptide, f-amyloid and depletion of intracellular
ATP; NLRC4 is activated by complexes of flagellin, some other
bacterial proteins with autogenic NAIP proteins [344-347]. Fur-
thermore, inflammasomes NLRP6 and NLRP12 are activated by
uninstalled PAMPs and DAMPs. The inflammasomes NLRP12 are
involved in the migration of neutrophils and dendritic cells [348],
while inflammasome NLRP7 are involved in the activation of
caspase-1 in monocytes and macrophages in response to the action
of bacterial lipoproteins in the cytoplasm of these cells [349].

The assembly of NLRP3 is activated by various PAMP and
DAMP, ROS (via the formation of free thioredoxin), lysosomal
proteinases (with the formation of phagolysosomes and
autophagolysomes), cholesterol crystals (such as the formation of
foamy cells in atherosclerotic plaques). Equally, the assembly of
NLRP3 can also be activated by B-amyloid, uric acid, calcium
phosphates, many exogenous irritants (for example, asbestos and
silicon), the export of mtDNA to the cytoplasm, additional recogni-
tion of internal and external signals mediated by intra — and extra-
cellular PRRs [242, 341-343]. Many activation factors can induce
formation of NLRP3 inflammasome through common collector
mechanisms, including accumulation of RSO in the medium, a
decrease in the concentration of potassium cations in the cell, and
the release of lysosomal proteinases. The formation of these in-
flammasomes requires an intensive action on a cell of damaging
factors and several additional activation effects on the transcription
factor NF-kB. The assembly, function, and utilization of inflamma-
somes are dependent on oxidative stress [341, 342], mitochondrial
stress and lysosomal breaks [350, 351], contacts with actin micro-
filaments of the cytoskeleton [352], autophagy of inflammasomes
[353], and the regulatory effects of heat shock proteins [354].

Biological and pathogenetic role of inflammasomes is very
different, they participate in a large number of immune processes
[355-361]. Inflammasomes can also enhance the tolerance of organ-
ism to certain types of tumor growth, studies have shown that mice
that are deficient in the formation of inflammasomes, such as
NLRP3, NLRP1, NLRP6, NLRC4 or caspase-1, are highly suscep-
tible to colitis-associated colon cancer, and increased number of
colon polyps [362-364].Contrast studies reported that inflamma-
somes and IL-1 play a crucial role in the development of tumor
growth and metastases in breast cancer [365]. The formation of
inflammasomes NLRP3 in the endotheliocytes and activation of
caspase-1 have been characterized as the driving factor for endothe-
lial dysfunction [366-368]. In conditions such as myocardial ische-
mia, NLRP3 and caspase-1 levels increases within 3 hours of expo-
sure to hypoxia and persist for the next 24 hours [369]. Experimen-
tal alcohol poisoning in the cerebellum revealed signs of tissue and
cellular stress, including increased expression of NLRP1, NLRP3,
ASC, caspase-1 and cytokines: IL-1B, TNF-a and MCP-1 [370].
Some authors suggested that inflammasomes NLRP3 is a key
player in the pathogenesis of neurological disorders in
neuroinfection, acute craniocerebral trauma and neurodegenerative
diseases [371]. Findings in the experimental model of Alzheimer's
disease showed that inflammasome NLRP1 activates caspase-1 and
pyroptosis in cultured cortical neurons in response to B-amyloid
[372]. The production of ROS in dysfunctional mitochondria and
increased NF-kB signaling, coupled with aging can also potentiate
the priming of NLRP3 inflammasomes in microglia and astrocytes
of the brain [373]. Authors reported that the AIM2 inflammasomes
regulated the growth of axons (strengthen) and dendrites (decrease),
and reduced anxiety level in mouse neurons, through the production
of IL-1B [374] that, NLRP3, ASC and caspase-1 are found in
macrophages, and sometimes in the smooth vascular myocytes in
atherosclerotic plaques [375].
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It is noteworthy to state that the mechanisms of cellular and
tissue stress and formation of NLRP3 in cells do not only promote
the development of atherosclerosis, NLRP3 together with the ASK-
1 / JNK-1 signaling pathway, can equally induce apoptosis of al-
tered macrophages and thereby contributing to the reduction of
atherosclerotic damage to the vascular wall [376].

Non-alcoholic fatty liver disease (NAFLD) has been reported to
be associated with the activation of the transcription factor NF-kB,
NLRP3, caspase-1 in hepatocytes, hepatic macrophages, and the
formation of IL-1f [377]. Activation of the NLRP3 assembly proc-
ess in the hepatocytes has been linked to pyroptosis, hepatic in-
flammation and fibrosis [378]. Meanwhile, the activation of in-
flammasomes NLRC4 in hepatocytes mediated by carbon tetrachlo-
ride and partial hepatectomy, can induce proliferation of hepato-
cytes and prevent the development of hepatic fibrosis [379].

Activation of inflammasomes NLRP3 in macrophages of the
pancreatic islets in experimental type 2 diabetes is associated with
the partial loss of beta cells [380]. Caspase-1 is activated during
adipocyte differentiation, and it modifies the adipocytes into a phe-
notypic insulin-resistance form [381]. The activity of caspase-1 and
IL-1P in adipose tissue is increased both in dietary and in geneti-
cally induced obese animal models, studies showed that mice defi-
cient in caspase-1 maintained a high sensitivity to insulin as com-
pared to wild-type animals [381]. Caspase-1 and inflammasome
NLRP3 was reported to mediate fibrosis and differentiation of myo-
fibroblasts in systemic sclerosis [382]. Inflammasomes NLRP3 in
fibroblasts of synovial membranes promote sclerotic changes in the
joints [383], and the formation of NLRP3 in the keratinocytes cou-
pled with the production of IL-1p is a characteristic feature of many
dermatitis [384, 385]. Inflammasomes NLRP3 are associated with
the pathogenesis of gout and many autoimmune diseases [386,
387]. The formation of NLRP3 in the epithelium and cells of innate
immunity of the lung tissue is a distinctive feature of the destructive
acute and chronic lung diseases, such as bronchial asthma, chronic
obstructive pulmonary disease, acute respiratory distress syndrome
[336, 388, 389]. Inflammasomes NLRP1 in critical conditions con-
tributes to the development of lung fibrosis in chronic diseases and
acute respiratory distress syndrome [347].

Diabetic nephropathy is associated with protein glycation, oxi-
dative stress, and mitochondrial dysfunction in endotheliocytes and
podocytes of renal glomerular microvessels. The expression of
inflammasomes NLRP3 under dystrophic and sclerotic changes in
the cortical substance of the kidneys has been reported [390]. In
infectious and aseptic renal damage, NLRP3 can be generated in the
renal epithelium, macrophages, and the dendritic cells, and this
promotes the development of an inflammatory response, such as in
autoimmune diseases [391].

Inflammasomes do not only promote the development of pro-
inflammatory cellular stress, but also regulate it at the level of the
cell and tissue through their negative feedback mechanism, as
shown by the modulation of the production of hormones in tissues.
A typical example of such dual attribute of inflammasomes could
be seen from the generation of NLRP3 and IL-1B in the macro-
phages, which influenced the production of stanniocalcin-1 (stan-
niocalcin-1) in mesenchymal stem cells, and exerted both anti-
apoptotic and anti-inflammatory properties [392].

Inflammasomes formation in cells cannot only signify an in-
flammatory process, as this can also occur under physiological
conditions, for instance, in epitheliocytes of the large intestine that
come in contact with microbial antigens, but inflammasomes
NLRP1, NLRP3, NLRP6 and NLRP12 are also detected. Inflam-
masomes do not only contribute to the inflammatory process in
pathology but also to physiological functions, they can also pro-
mote the survival, proliferation and differentiation of epithelial
cells, and the release of mucus by goblet cells [393-396]. Mice
deficient of NLRP6 in epithelial cells of the intestine are character-
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ized by reduced baseline IL-18 levels, changes in the fecal microbi-
ota, spontaneous intestinal hyperplasia, and frequent exacerbations
of colitis [397]. NLRP6 supports inflammation when the inflamma-
tory response is vital. Studies showed that NLRP6 is able to weaken
the TLR-induced pathways when the inflammatory response is
unreasonable and its activity is harmful [398].

Inflammasomes can act as a powerful pro-inflammatory de-
fense mechanism against infection. Controversially, some infec-
tious diseases have employed the inflammasomes for their own
purposes, such as the production of several toxins and other patho-
genicity factors. A typical example of the negative influence of the
inflammasomes can be seen from the secretion of a lethal toxin of
virulence (LeTx) by Bacillus anthrax, which activates NLRP1, and
with the help of a program of caspase-1-dependent pyroptosis, de-
stroys the fibroblasts, macrophages and dendritic cells thereby pro-
moting the development of the infectious process [399]. The role of
NLRP6 in intestinal infections caused by intracellular pathogens
Listeria monocytogenes and Salmonella typhimurium are also
known the negative influence of inflammasomes in disease patho-
genesis [400].

Genetic anomalies in the formation of inflammasomes could be
implicated in inherited auto-inflammatory diseases associated with
uncontrolled spontaneous activation of innate immunity cells. Thus,
diseases of the CAPS group, such as the familial cold auto-
inflammatory syndrome, MacLay-Wells syndrome, and chronic
infant neurologic skin-articular syndrome are associated with muta-
tions in the NLRP3 gene (CIAS1 gene) [401].

Thus, the formation of inflammasomes could be a sign of pro-
inflammatory cellular stress and is closely related to its other com-
ponents. This pro-inflammatory cellular stress process develops
mainly in cells of integumentary tissues and "professional" cells of
inflammation, and in many parenchymal cells of internal organs,
and its biological role enhances the damaging signal in the devel-
opment of inflammation and immune response, through pyroptosis,
production of IL-1B, and other phlogogenic factors. However, the
violation of these processes can cause serious acute and chronic
complications.

3.7. DNA-damage Response

The variability of DNA allows biological systems to adapt to
changes in the external environment, and this is the driving force of
the evolutionary process. The accumulation of DNA damage in the
cell leads to a number of alternative outcomes, including, temporary
or chronic cell cycle arrest, aging, malignancy or apoptosis. Despite
the accumulation of permanent and stochastic damages of the ge-
netic matrix, the DNA repair mechanisms remediate these func-
tional damages in each living cell [402, 403].

Damage to DNA includes various changes in the chemical
structure, such as the single-stranded or double-stranded pentose
phosphate backbone, loss or chemical changes of nitrogenous
bases, covalent cross-linking of DNA chains, cross-linking of
DNA-protein, introduction of viral DNA into the DNA host struc-
ture, and changes in tertiary DNA structure that conform resistance
to normal packing of DNA in the chromosome [402]. A study has
shown that in each human cell, about 104- 105 different lesions of
the genome occur daily, most of which are corrected in a normally
functioning cell [404]. The DNA-damage response (DDR) mecha-
nisms are permanently functioning in the cell, and can further be
strengthened by the development of cellular stress where the
amount of DNA damage exceeds a certain threshold for a particular
cell type or when cell receives signals about damaging factor (threat
of damage). The most serious DNA lesions are double-stranded
DNA breaks, and the S-phase of the cell cycle is the most sensitive
to DNA damage [405]. Damage to DNA can occur as a result of
spontaneous errors in replication, side effects of hydrolases, oxi-
doreductases, other enzymes involved in the process of non-
enzymatic methylation and glycation, exposure to ionizing radia-
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tion, heavy metals, environmental mutagens, viruses, and oxidative
stress factors [402, 403].

In human cells, more than 1,000 proteins are directly or indi-
rectly involved in the DDR process. More than 30 syndromes and
diseases have been associated with mutations in DDR genes, which
include neuronal degeneration, immune dysregulation, progeria
(accelerated aging), cancer and other critical diseases [406]. Mo-
lecular mechanisms of DDR are represented by a network of dy-
namically interacting proteins and protein complexes that are capa-
ble of recognizing DNA damage, signaling the necessity for the
termination of the cell cycle, eliminating damage or genetically
unstable cells by inducing cell death programs [407]. Most DNA
damage can be corrected during DDR, however, this repair mecha-
nism is not always effective, in some cases, the elimination of DNA
damage leads to errors, which could possibly lead to mutations.
Furthermore, the repair process of double-stranded DNA ruptures
can lead to epigenetic changes, which can occur in the form of
methylation, and consequently, block the expression of the corre-
sponding genes [408]. However, some DNA damage cannot be
restored, instead, get engulfed by DNA polymerase with less strin-
gent base pairing requirements than replicative polymerases [409].
A direct negative consequence of DNA damage that is fully an
effective development of DNA, is the prolonged blockade of the
cell cycle in proliferating cells [410]. In addition, DNA damage in
the post-mitotic brain cells and other tissues can cause dysfunction
and aging [411-413], same damage can lead to tissue metaplasia or
malignancy [414], or trigger the program mechanisms of apoptosis
[415] or necrosis [416], and the violation of tissue function and
structure.

DDR includes several processes [417-421], namely:

Non-homologous end joining (NHEJ) which restores double-
stranded DNA breaks;

Homologous recombination (HR) which repairs double-
stranded DNA breaks;

Single-strand break repair (SSBR) which restores single-
stranded DNA damage;

DNA mismatch repair (MMR) which eliminates deletions and
incorrect insertions of bases during replication;

Base excision repair (BER) which restores modified (deami-
nated, oxidized, alkylated and methylated) bases with DNA glyco-
sylases;

Nucleotide excision repair (NER) which eliminates DNA dam-
age caused by ultraviolet radiation.

The signaling cascade generated by DDR include sensory, me-
diator and effector proteins and is regulated by the post-
translational modifications of proteins, primarily by their phos-
phorylation, acetylation and SUMOylation [422-425]. The biosyn-
thesis and the activity of nuclear chaperones (primarily ubiquitin,
nucleophosmin and SUMO protein), nuclear protein kinases (pri-
marily, ATM, ATR, DNA-PKcs and Chkl / 2), various nuclease,
polymerase, ligase and DNA glycosylases, regulatory histones,
increases with the development of DDR stress, and are thus, in-
volved in the DDR process [426-431].

The development of DDR is associated with two signal path-
ways of cellular stress:

Signal pathway (I1* class); PI3K/Akt (protein kinase B) /
mTORC1/2 [432-436]. This is one of the universal signaling path-
ways that are typical of most human cells; they are responsible for
proliferation, repair of DNA, cell growth, increased anabolic proc-
esses, inhibition of autophagy. Signal pathway Ras/MEK/ERK
[437]. This pathway can be initiated by extracellular molecular
signals, such as various cell growth factors and chemokines, which
are recognized by the receptors associated with tyrosine kinases and
/or G proteins [434].
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The Ras-ERK pathway is activated with DDR, and the ERK
activation is upregulated by DNA damage, which eventually pro-
motes the activation of key protein kinases DDR; the ATM and
ATR [437]. Ras-ERK signaling ultimately leads to cell survival and
proliferation, DNA retention at various stages of the cell cycle and
cell migration, and the cross-reactivation of the PI3K / mTORC1
signaling [434].

Both aforementioned signaling pathways, provide relative DNA
stability and cell growth, which is only possible in conditions of
mild cellular stress and its individual manifestations, such as the
oxidative and mitochondrial stress, intensity of autophagy and mi-
tophagy, and the pro-inflammatory activity of cells. Both signaling
pathways ensure a tightly controlled relationship between the DNA
repair and DDR mechanisms, with the metabolic support for the
normal functioning of the cell cycle; alteration of this relationship
turns cells into more extreme variants of DDR development and
cellular stress.

Kinase ATM (ataxia telangiectasia mutated) is recruited and
activated by double-stranded DNA breaks, and it is one of the main
proteins involved in maintaining genetic stability through the initia-
tion of NHEJ and HR processes, in telomere length control, cell
cycle arrest, DNA repair or apoptosis [438, 439]. Some of the pro-
teins phosphorylated by ATM are tumor suppressors and these in-
clude the transcription factors of the p53 family, protein kinase
Chk2 and regulatory histone H2AX. In the normal physiological
state, p53 is blocked by the mouse double minute chromosome
amplified oncogene (Mdm?2) protein; in conditions of increased
activity of ROS or ATM, and some other factors associated with
cellular stress, the Mdm?2 protein is suppressed, and the p53 be-
comes activated [440]. In cells that undergo significant DNA dam-
age, p53 can promote apoptosis, while in cells that are less dam-
aged, p53 promotes the expression of many genes involved in DNA
repair, cell survival, cell growth, or, conversely, cell cycle delay,
this depends on the type and level of damage to the cells [440].
However, like any other mechanism of cellular stress, pS3 can
equally aid the development of pathological processes in various
diseases.

ATM activities have also shown to be stimulated by some cyto-
kines (TGF-B, IL-6 and thrombopoietin) [441]. Furthermore, ATM
is involved in the development of mitophagy, and in the removal of
old and dysfunctional mitochondria, which may contribute posi-
tively to the reduction of mitochondrial and oxidant stress under
certain conditions [442].

Kinase ATR (ataxia-telangiectasia and Rad3-related protein) is
a serine/threonine protein kinase that tracks DNA damage, and
when detected, activates the stopping of the cell cycle at the control
point [443]. ATR is activated in the presence of single-stranded
DNA that is formed during single-stranded DNA breaks or as an
intermediate product for some reparations of damaged DNA [443,
444]. Additionally, ATR can be activated at a certain stage of the
repair to a double-stranded DNA rupture, and they function coop-
eratively with the ATM [445].

The protein kinases ATM and ATR decrease the activity of
several cyclin-dependent kinases (CDK), which slow down or stops
the cell cycle (at the phases of G1, S, G2, M), this, in turn, extends
the time required for DNA repair [446].

The blockade of the ATR / Chkl pathway leads to a deficiency
of Chkl, which manifest as premature onset of mitosis, a mitotic
catastrophe due to abnormal activation of cyclin B-Cdc2 and the
associated release of cytochrome C from mitochondria, and the
activation of caspases 3 and 9. Similarly, to the ATM/Chk2, the
ATR/Chk1 pathway involves the transcription factor p53 in the
development of DDR, which also contributes to the survival of
proliferating cells, and with more pronounced DNA damage, they
can lead to apoptosis [447]. Authors reported that ATM and ATR
transcriptionally or post-transcriptively induce many DDR proteins
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directly, or indirectly influence other enzymes via the modulating
of their phosphorylation, acetylation, killing or SUMOylation
[446].

Furthermore, the DDR mechanisms have been associated with
normal growth processes, which include neurogenesis and immune
system development [448]. Controversially, various carcinogens
cause multiple mutations, such as the defects in DDR genes that
allow tumor cells to overcome apoptosis and maintain proliferative
activity despite multiple genome damages [402, 449]. A finding has
suggested that DDR in tumor cells could contribute to their resis-
tance to radiation and chemotherapy [450]. Genomic rearrange-
ments involving DDR factors, occur during the development of the
immune system, this has implicated the DDR defects to B- and T-
cell immune deficits [448], as well as the formation of leukemias
associated with a disruption in the recombination of V (D) J seg-
ments in genes antigen-recognition structures [402]. Some DDR
defects could also cause infertility [402, 451]. Patients with heredi-
tary DDR defects often show signs of premature aging, caused
mainly by an accelerated telomere shortening [452, 453]. As organ-
ism age, various DNA lesions accumulate in the nucleus and mito-
chondrial genome [454, 455]. There is evidence that atherosclerosis
and other age-related human pathologies are characterized by in-
creased DNA damage (which include double-strand breaks), which
leads to the aging of smooth muscle cells of the vessels, and the
death of other cells in the zone of atherosclerotic lesions [456, 457].
Cell aging is an alternative tumor growth variant of cellular stress
[457]. The ineffectiveness of DDR and the accumulation of DNA
damage in neurons are associated with neurodegenerative patholo-
gies, such as the ataxia, Alzheimer's, Huntington's and Parkinson's
diseases [448, 458, 459]. Authors found that the activation of DDR
processes due to the accumulation of single-stranded DNA ruptures
in post-mitotic cardiomyocytes of experimental mice promotes the
development of heart failure [460].

DDR for various pathologies cannot be considered separately
from other components of cellular stress as they are could be in-
volved in typical variants of cellular stress outcomes, pathogenesis
of the same diseases, and general pathological processes of tissue
and organism level. The development of DDR is specific to proc-
esses such as the chaperones, protein kinases, other regulatory and
effector enzymes, many nuclear proteins, such as the regulatory
histones, and various mechanisms associated with the activation of
the transcription factor p53. The signal pathways of cellular stress
are significantly associated with the processes of anabolism, energy
storage, cell growth, and damage to DNA; the response to these
damages occur in any given cells. The DDR predominately prolif-
erate cells that are most sensitive to genome damage, they equally
halt the cell cycle to implement DNA repair and cell survival, and
in such case, the process of apoptosis becomes an extreme variant
of the DDR development, with an aim at preventing malignancy
and transmission of genetic abnormalities to the daughter cells. The
functions of the DDR mechanisms still persist despite an increased
action of damaging factors and the progression of cellular stress.
The DDR processes have been associated with the mobilization of
cellular resources, development of insulin resistance, increased
autophagy, oxidative and mitochondrial stress, unfolded protein
response, and the pro-inflammatory orientation of cellular stress.

3.8. Reaction of microRNA

The human genome includes 2.85 billion nucleotides in nuclear
DNA molecules [461]. Protein-encoding genes constitute only 1.5-
2% of the human genome (approximately 20-25 thousand active
genes) [461, 462]. Some non-coding DNA regions are responsible
for the transcription of RNAs involved in regulatory functions
[463]. Among these RNAs are the microRNA that occupies a spe-
cial place, they are small, non-coding RNA proteins with a length
of 18-25 nucleotides that participate in transcriptional and posttran-
scriptional regulation of gene expression by RNA interference
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[464]. It has been shown that these molecules regulate various
physiological functions, which include development, growth, me-
tabolism and cellular homeostasis. There are about 2 thousand mi-
croRNAs in human [465]. According to the generally accepted
rules of the nomenclature, microRNA are assigned a code in the
order of their opening: miR-digit-letter, sometimes an additional
digit (if there are isoforms), for example, miR-34a [466].

Different cells and tissues can synthesize different sets of mi-
croRNA on the basis of nuclear DNA. According to various esti-
mates, about 50% of human genes encoding proteins are targets of
microRNAs [467]. It has been reported that an extracellular mi-
croRNA included in vacuoles circulates in the blood can participate
in the intercellular exchange of information [468]. In humans, mi-
croRNAs recognize mRNA at 6-8 nucleotides at its 5'-end [569].
Authors also observed that microRNA may have several mRNAs,
and mRNA can equally have several microRNAs [470]. It has been
established that each vertebrate microRNA has an average of about
200 target transcripts [471]. From the nucleus, pre-microRNA is
transferred via the exportinS protein to the cytoplasm where it un-
dergoes processing involving the Dicer protein [472, 473] Dicer
protein is a ribonuclease that cuts pre-microRNA molecules into
microRNA, then the mature microRNA forms a regulatory complex
with the AGO protein. The AGO protein maintains contact with a
new microRNA after the dissolution of the previous complex, and
the new complex is designated as RISC (RNA-induced silencing
complex) [474], The RISC complex interacts with mRNA due to
the recognition of its specific site [475]. This interaction promotes
the degradation of mRNA or prevents its translation [475, 476].

The microRNAs system is involved in embryogenesis and regu-
lation of various organ-specific physiological functions. Recently,
more information has been gathered about the involvement of mi-
croRNAs in the regulation of various processes of cellular stress in
many diseases. The participation of microRNA in the development
of cell malignancy and tumor growth [477, 478], diabetes mellitus
[479], cardiovascular diseases [480, 481], neurodegeneration [462,
482], atherosclerosis and endothelial dysfunction [483] normal and
pathological aging [484, 485], have also been implicated. Different
miR-34 isotypes (a, b, ¢) have been highlighted for their involve-
ment in the regulation of aging and age-related brain disease; how-
ever, their expression decreases in neurons in Parkinson's disease
[486]. Several microRNAs namely: miR-106b, miR-125b, miR-
126, miR-146a, miR-21, miR-22, miR-29, miR-210, miR-34a, miR-
449a, miR-494, miR- 17-92 and the microRNA-200 family are
differentially expressed in aging cells [484]. Exosomal microRNAs,
which include the miR-126, miR-130a, miR-142, miR-21 and miR-
93, miR-211-5p, miR-374a, miR-340, miR-376¢, have been de-
tected in the blood serum [587, 488]. Increased expression of miR-
217 induced a premature phenotype like aging, impaired angio-
genesis and endothelial cell dysfunction [489].

Overexpression of miR-335 and miR-34a caused premature
aging of the young mesangial cells by suppressing antioxidant en-
zymes, thereby promoting the production of ROS [490]; the over-
expression of miR-125a-5p in endothelial cells also increased the
production of nitric oxide, reduced the production of ROS, and
improved the function of endothelial cells [491]. However, ox-
LDL, a risk factor for vascular diseases, suppresses the expression
of miR-125a-5p in the endothelial cells of the microvessel of the
human brain, inducing pro-inflammatory and proatherogenic re-
sponses; in turn, miR-125a-5p limits the negative effects of ox-LDL
by regulating the ERK / p38 MAPK and PI3K/Akt signaling path-
ways [491].

Dysregulation of these processes has been implicated in the
chronicization of cellular stress and the development of various
diseases, including cancer [477]. The signal pathways of cellular
stress and the mechanism involved in the biosynthesis of microR-
NAs are interrelated at different levels, microRNAs appear as criti-
cal regulators of a stress response, and the dysregulation of mi-
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croRNA activity makes the cell more prone to stress and damage
[492]. Generally, various microRNAs exhibit ambiguous effects in
the development of cellular stress, various diseases and aging; the
involvement mechanisms of the microRNAs in these processes are
diverse. Studies have highlighted on the relationship between de-
creased dicer protein expression and the development of cellular
stress, it was found that the loss of function of the dicer protein
reduces stress tolerance, whereas their overexpression is associated
with stress resistance [492, 493]. Numerous stress molecules (such
as the interferon type I and ROS) act as inhibitors of the dicer pro-
tein expression [Mori 2012]; lowering the dicer level reduces stress
tolerance, while and increase stress level inhibits the dicer activity
[Mori 2012, 494]. A vicious circle is formed in aging in which the
activity of dicer gradually decreases, and the severity of cellular
stress gradually increases in various organs and tissues [492]. The
loss of dicer in the adult brain has been associated with a neurode-
generative phenotype [495, 496]. Hypoxya inhibits the RISC func-
tion and microRNAs formation [492].

Many microRNAs contribute to the regulation of various proc-
esses of cellular stress, and the regulation of UPRER; miR-214 and
miR-30c have shown to regulate the expression of ATF4 and XBP1
[497, 498]. Authors have reported on the influence of the UPRER
on microRNAs, examples of such include the inhibitory effect of
the IRE1 on the expression of several microRNAs [499], and the
multidirectional regulatory effects of ATF4, ATF6 and XBP1 on
the expression of several microRNAs [500, 501]. It was found that
miRNAs fine-tune the expression of the UPR signaling cascade
components and modulate cellular adaptation to stress. [492, 500,
502]. MicroRNAs can suppress the UPR signal through negative
feedback, mechanism or can promote the activation of cellular
stress by inhibiting negative regulators or act as direct positive-link
activators capable of regulating the sensitivity threshold for the
development of cellular stress and its phase transitions. The dna-
damage response is controlled by microRNAs, the p53 transcription
factor is normally inhibited by miR-125b under normal conditions;
however, the miR-125b expression decreases after DNA damage
and p53 is activated, leading to the activation of miR-34 transcrip-
tion, and the translation of other miRs involved in the development
of DDR [503, 504]. Activation of the miR-34a increases the tran-
scription activity of p53 [505] and activates p53 by suppressing
Mdm4 [506]. Ectopic expression of miR-34a results in cell cycle
arrest, apoptosis or aging, and the simulation of p53 activation
[507].

In the transfection of the renal cells, miR-184 and miR-150
suppressed the expression of autophagy-associated Rabla and
Rab31 proteins, decreased autophagy activity, increased the mani-
festations of oxidative stress, which result in cellular aging [S08]. A
study showed that in the macrophages, NF-kB activates the tran-
scription of miR-9, miR-155 miR-146, and other cellular stress
genes [509]. The miR-9, miR-155 and miR-146 miRNA targets that
regulate these microRNAs could also act as pro-inflammatory sig-
naling molecules (eg, NF-xB). The effects of miR-9, miR-155 and
miR-146 can be multidirectional, and might not be the same from
the onset of induction [510]. Such time-controlled expression al-
lows macrophages to cause a strong attack on pathogenic
microorganisms while minimizing the duration of undesirable dam-
age to the host due to the mechanisms of cellular stress [510].

4. THE ROLE OF CELL SIGNALING PATHWAYS IN THE
DEVELOPMENT OF TISSUE DYSFUNCTION

Maintaining the physiological status of the tissue depends on a
coordinated regulation, anabolism and catabolism, proliferation and
apoptosis, rest and tension at the level of organization within the
organism. Homeostasis imbalance leads to metabolic disorders, and
if left uncompensated by the TS mechanism, pathological processes
manifest. The essence of this processes is to steadily distort the
information field of tissues and individual cells representing the
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interaction of many signaling pathways directed to the genome of
the cell and its complex response in the opposite direction. These
interactions are extremely large-scale; they form a complex infor-
mation network that isare very complex for integral assessment.
Taking this complexity into account, this article rather focuses on
the basic only on the basic typical patterns of the relationship be-
tween signaling pathways of stress and changes in metabolic proc-
esses that determine the development of insulin resistance and dys-
function of para-inflammation in insulin-dependent organs.

At the cellular level, signal and effector proteins situationally
change their functions due to conformational changes and enzy-
matic post-translational modifications (PTM).

Stress signals in the cell cause multiple cascading PTM of a
large number of regulatory proteins, which lead to the formation of
signaling pathways such as the transcription factors. Concurrently,
it was reported that different cell signaling pathways form horizon-
tal links and network systems, where individual trunk paths com-
pete, duplicate (the redundancy principle) or complement each
other resulting to integrated responses [511]. Activated transcrip-
tion factors regulate the transcription of many genes and microR-
NAs that are involved in the post-transcriptional regulation of the
information and function of mRNA (section 2.8). The regulatory
network of the cell includes the formation of loops of positive
communication and a negative feedback connection aimed at the
development and resolution of cellular reactions. In addition, the
transduction of stress signals causes modulation of the proteome
that is aimed at ensuring the survival of cells in extreme conditions
by changing their normal functions and the formation of specific
functions of cell voltage.

Different combinations of PTM histones and transcription fac-
tors form peculiar codes in severe conditions usually when a limited
set of elements could be needed to produce a large set of combina-
tions that initiate specific biological responses [512]. Authors re-
ported that over 1 million proteins, protein isoforms and modifica-
tions with specific functions could arise from the alternative splic-
ing of mRNA and PTM [513]. Presently, more than 200 different
types of PTM have been identified [514], the most commonly stud-
ied are the phosphorylation, glycosylation, acetylation, methylation,
hydroxylation, nitrosylation, ubiquitination, and activation by lim-
ited proteolysis [514]. Each type of modification is carried out by
specific enzymes, more than 500 of which catalyze protein kinases
phosphorylation of about 2000 proteins in over 6000 sites [512].
Different signals can activate both general protein kinases of the
collector type, such as the MARK, Akt, PI3K, PKC, ATM, ATR,
AMPK, PKA, and more specific pathways that act competitively or
synergistically. The protein kinases can play roles in different sig-
naling pathways depending on the level of activation, the presence
of appropriate substrates, and the parallel effect of co-stimulating
and inhibitory signals that change their PTM and functional orienta-
tion. Under cellular stress conditions, opposite processes are acti-
vated through the action of various enzymatic antioxidants, phos-
phatases, sirtuins (NAD-dependent deacetylases), the ubiquitin-
proteasome splitting of inducible stress proteins, and other mecha-
nisms of recovery to normal stress PTM and expression of induc-
ible genes.

Depending on the stage of the TS, signaling pathways could be
influenced by various effects on cellular metabolism. At the stage
of cell growth and relative predominance of anabolic processes, the
insulin-dependent pathway will be activated: class I PI3K / Akt2 /
mTOR (Section 2.5). Authors reported on the involvement of the
glucose transporter type 4 (GLUT-4) and the transcription factor
forkhead box protein O1 (FOXOT1) in the metabolic effects of insu-
lin in optional glycolizing tissues [515, 516]. ATP deficiency trig-
gers AMPK activation that is associated with cellular stress, leading
to the activation of lipolysis, proteolysis, autophagy, and the subse-
quent increase in glucose transport to cells using GLUT-4 [516].
The metabolic effects of AMPK in cells are vital for the implemen-
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tation of various stages of TS, owing to the fact that they play a
pivot role in the maintenance of energy balance. Under conditions
of nutrient deficiency, AMPK acts as a metabolic control point that
interferes with cell growth through the inhibition of mTORCI
[517].

When the effect of damaging factors on cells is enhanced, the
development of mitochondrial and ER-stress occurs, and the activa-
tion of UPRmt (section 2.2 and 2.4), UPRER (sections 2.3, 2.4),
and the outcomes of DDR (section 2.7) are shifted towards cell
cycle arrest, aging of cells or apoptosis, the pro-inflammatory orien-
tation of the secretory phenotype of cells also increases.

Eukaryotic Initiation Factor 2 kinase (elF2) plays a key role in
the assembly of the translational complex (ribosome, tRNA,
mRNA) [518], and its action can be inhibited by kinases of the
signaling pathways of cellular stress. Four protein kinases regulate
the function of elF2 during the development of TS:

1) Activation of one of the three main UPRER pathways through
PERK, which leads to the phosphorylation and inhibition of
elF2a (section 2.3) [519].

2) The influence of PKR kinase (double-stranded RNA-activated
protein kinase) on UPRER and DDR which results in the acti-
vation of NF-kB, JNK and p38, and subsequently inhibits elF2
[520]. PKR kinase is located at the center of the cellular re-
sponse to various stress signals, such as pathogens, nutritional
deficiencies, cytokines, radiation, double-stranded DNA
breaks, and mechanical stress [520].

3) GCN2 kinase (general control non-derepressible kinase 2) is
activated by the deficiency of amino acids, as well as ATF4
(the key factor UPRmt and UPRER in mammals), DNA dam-
age. This enzyme restricts protein biosynthesis through the in-
hibition of elF2 and lipids, thereby delaying the entry of cells
into the S - phase of the cell cycle [521].

4) HRI kinase (heme-regulated inhibitor kinase) or EIF2AK1
(Eukaryotic translation initiation factor 2-alpha kinase 1) in-
hibits the elF2 synthesis at the level of translation in response
to various stress states such as oxidative stress, heme defi-
ciency, osmotic and heat shock, linked to UPRmt and UPRER
[522].

The action of these 4 kinases may contribute to compensatory
or abnormal insulin resistance, mostly in the optional glycolizing
tissues (liver, adipose tissue, muscle). In addition, during cellular
and tissue stress, the function of elF2 is regulated in all cells by
numerous microRNAs within the RISC complex which selectively
recognize their mRNA targets in the process of translation (section
2.8).

Stress-activated protein kinases JNKs and p38 may respond to
metabolic stress or possible induce metabolic stress when cells are
exposed to pro-inflammatory cytokine action (e.g. TNF-a and IL-
1), infection (PAMP) and other strong stimuli [476]. This attribute
distinguishes the MAPK Stress-activated protein kinases pathways
from the MAPK-ERK pathways, with the latter closely related to
the receptors of mitogens and growth factors. Activated MAPK
transforms external stimuli into cellular reactions by phosphorylat-
ing downstream substrates, such as the transcription factors, cy-
toskeleton proteins, translational proteins, and other protein kinases
that ensure the specificity, diversity, and amplification of the
MAPK cascade [523]. It was found that the isoforms of JNK
(JNK1, JNK2 and JNK3) and p38 (p38a, p38B, p38y and p385)
have their own specific tissue localization and functioning [524].
Studies reported on the key role of JNK1 and the partial role of
JNK2 as regulators in obesity and insulin resistance-induced meta-
bolic disorders [525]. The JNK pathway is strongly activated in the
liver, adipose tissue and muscles during dietary and genetically
induced obesity; additionally, this pathway also restricts cellular
insulin signaling [526]. The metabolic cytokine FGF21 enhances
hepatocyte insulin sensitivity, it was reported that elevated concen-
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trations of free fatty acids (FFA) in the blood activate JNK1 / 2 in
the liver, which leads to the inhibition of FGF21 signaling pathway
and contributes to systemic insulin resistance [527]. Furthermore,
the JNK1 pathway has shown to slow insulin clearance in the liver,
thereby preventing liver steatosis [527]. The MAPK p38 has been
found to increase insulin resistance by activating gluconeogenesis
in hepatocytes [522].

The key pro-inflammatory transcription factor NF-xB (a family
of 5 proteins and 15 combinations of dimers with its functional
features) can be expressed during stress in most cell types, but plays
a special role in activated cells of the immune system. Authors
reported that NF-xB contributes to the polarization of macrophages
towards the direction of M1 with a more pronounced pro-
inflammatory phenotype over the morphofunctional pole of M2
[528]. In the focus of inflammation, the polarization of macro-
phages by NF-kB is associated with monocytes migrating to the
focus, and beyond its borders mainly with tissue-specific stromal
macrophages. A characteristic feature of pathological obesity,
metabolic syndrome, and type 2 diabetes lies in the activation and
increase in the number of stromal macrophages in adipose tissue
and their transformation towards M1 associated with the activation
of NF-xB [529].

It was reported that only macrophages are the cells involved in
maintaining TS in adipose tissue [530]. A contrary study reported
that the T-lymphocytes may also take part in the maintenance of TS
in adipose tissue [531]. However, the relationship between macro-
phages (secrete pro-inflammatory cytokines that increase insulin
resistance in adipocytes) and adipocytes (effect on macrophages
through FFA and other lipotoxicity factors) play the key role in the
maintenance of TS in adipose tissue [528, 529]. In this case, the
activation pathway of NF-xB also plays roles in the adipocytes
[532]. The increased expression of NF-kB in liver cells (including
Kupffer cells) is one of the molecular mechanisms implicated in the
development of type 2 diabetes. In hepatocytes, NF-kB enhances
insulin resistance by inhibiting the synthesis of phosphodiesterase
3b, which leads to the inactivation of cyclic AMP [533]. A contra-
dictory finding in experimental mice models with increased expres-
sion NF-kB in the liver and myeloid cells reported otherwise on the
role of NF-kB in the induction of diet-related obesity or leptin defi-
ciency [534]. It is evident that for the formation of pathological
obesity, a complex combination of causal factors that are capable of
overcoming the adaptation mechanisms of cellular and tissue stress
is required.

The accumulation of damage of the genome and proteome of
cells during aging leads to cell stress and a steady change in the
cellular secretory phenotype, this accumulation has shown to result
to an imbalance between the processes of regeneration and apopto-
sis, tissue atrophy, latent fibrosis or meta-fibrosis at the organ-tissue
level [535]. These changes at the organ level have shown to change
the metabolic status and the response of the neuroendocrine system,
resulting in the formation of allostasis at the level of the organism
[11]. The effects of the accumulation of many aberrant metabolites
as factors of systemic damage and inductors of the systemic TS
contribute to the formation of a loop of a vicious pathogenetic circle
that changes the information field of various organs and tissues. It
is worthy to note that the mechanisms of TS are adaptive reactions
that are aimed at ensuring the survival of cells, and fully or partial
preserve the function of organs under extreme conditions. The
mechanisms of cellular and tissue stress are of the great importance
in many physiological processes, and in pathological cases they
form difficult complexes of functional and dysfunctional systems,
making it impossible to distinguish between the protective and
negative role of these mechanisms in many cases.
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5. TISSUE STRESS AND GENERAL PATHOLOGICAL
PROCESSES

5.1. Existing Tissue Stress Concepts

There are different theories and concepts of cellular stress, one
of such is the theory of Selye in 1950 that characterized two types
of tissue stress: the general adaptation syndrome, which is mainly
associated with reaction of the hypothalamic-pituitary-adrenal sys-
tem and secondary changes in other organ systems; and the local
adaptation syndrome which is associated with focus inflammation
processes [536].

The discoveries of the middle 20th century further shielded
light on the mechanisms of TS, it was reported that these mecha-
nisms in addition to classical inflammation, were also linked to
various formally non-inflammatory diseases (e.g. tumor growth)
[537]. It has been shown that cytokines and other inflammatory
mediators can mediate changes at the level of the whole organism
[538]. These inflammatory mediators enter the bloodstream from
the focus of inflammation or could be systemically produced by
various tissues during aging [539]. Some authors had termed the
pro-inflammatory secretory phenotype of cells during aging as
“inflamm-aging”, and has associated them with neurodegeneration,
sarcopenia, the development of metabolic syndrome, cardiovascular
and many other diseases [540].

The concept of low-grade inflammation, as noted by authors,
reflects the relationship between pro-inflammatory status and the
development of insulin resistance [31], and the observed changes
have a strong correlation with age. A relationship between the de-
gree of obesity and blood concentrations of some pro-inflammatory
(e.g. IL-6, IL-18), and anti-inflammatory (IL-10) cytokines was
observed in children and adolescents [541]. Furthermore, these
changes depend on a large number of genetic, lifestyle, develop-
mental and environmental factors. Studies in humans supported the
role of pro-inflammatory cytokines in the pathogenesis of obesity,
the feedback between the blood level of C-reactive protein and
abdominal obesity was equally reported [542]. The theory of physi-
cal tissue stress binds the TS development with the dysfunction of
the musculoskeletal system under physical stress [543, 544].
Changes in the level of physical stress result in a predictable adap-
tive response in all biological tissues; however, there are different
thresholds for the development of stress response in an individual
type of tissue. Some authors have distinguished 5 qualitative tissue
responses to physical stress such as, the reduced tolerance to stress
(e.g. atrophy), maintenance of normal functioning state, increased
tolerance to stress (e.g. hypertrophy), injury, and death [544].

Elbakidze G.M. and his coworkers formulated the concept of
TS as an adaptive response of tissue (tissue-specific mechanisms) to
various nature of injuries [545]. These mechanisms are aimed at
replacing damaged and dying cells with new cells that are more
resistant to stress. According to the concept, the inhibition of spe-
cialized functions of cells can contribute to the self-protection of
intensive functioning cells, which could be vital for the survival of
the organism under organ functional insufficiency. TS mechanisms
controlling cell mass can affect both the mitotic and proapoptotic
activity of cells.

Milisav et al. reported on the crucial role of humoral factors
such as the growth transforming factors, adenosine, adreno-
medullin, metabolic cytokines, and contact factors of TS in cell
survival and apoptosis - the realization of both apoptotic and anti-
apoptotic signaling pathways [27, 29, 32]. It was found that most of
the humoral and contact factors or TS are agonists of individual
members of the G protein-coupled receptor (GPCRs) superfamily
[546-548], which reduced the level of insulin resistance of cells and
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enhanced tissue tolerance to various types of damage. As cellular
stress increases, the secretions of cells tend to change towards pro-
inflammatory cytokines, pro-inflammatory eicosanoids and cera-
mides which contributes to the development of insulin resistance
[547, 548].

In general, the analysis of these theories and concepts further
explains the subdividing of tissue stress dynamics into several
stages, which includes the version of this classification presented in
section 1.1.9.

5.2. The Principle of the Division of General Pathological Proc-
esses Based on their Relationship to Tissue Stress

The various forms of TS that possess signs of a pro-
inflammatory secretory phenotype can be divided into 2 main cate-
gories: proper inflammation and para-inflammatory processes (Ta-
ble 1). The basis of any inflammatory process lies in the phenome-
non of inflammatory microcirculation. The phenomenon of classi-
cal inflammation is realized locally in the focus, and in systemic
inflammation at the level of the organism (Fig. 2) [25]. Concur-
rently, there are several independent general pathological processes
associated with para-inflammation. Quasi-inflammation shares
close similarity to classic inflammation. This form of TS manifests
itself locally as a cluster of phagocytes (usually macrophages), this
could be observed in an atherosclerotic plaque without the reaction
of microvessels typical of classical inflammation. Quasi-
inflammation In invertebrates is a typical local reaction to an infec-
tion in the form of the accumulation of parasites) [549]. Both open
and closed hemolymph circulation systems in invertebrates may
consist of contractile vessels, and an extensive capillary network
with an endothelial lining in some cases [550]. This system in in-
vertebrates differs from the system of microcirculatory units inher-
ent in vertebrate animals, with their characteristic morphofunctional
differentiation of microvascular regions responsible for leukocyte
migration and exudative-vascular reactions during inflammation,
and the special role of postcapillary venules [551, 552].

The absence of such differentiation of TS can make it rather
difficult to clearly separate pathological from some physiological
processes. In addition, while almost all somatic diseases can acquire
the inflammatory status, the pathogenesis of many somatic diseases
cannot be considered from the traditional view of inflammation but
could possibly be considered from the position of pro-inflammatory
TS [553, 554]. In addition, the lack of a clear separation between
classical inflammation and other forms of pro-inflammatory TS
could lead to the collapse of the concepts of inflammation that have
emerged in general pathology as a general pathological process.

As shown above, para-inflammatory mechanisms and other
forms of TS are closely related to tumor growth in some particular
circumstances. It was shown that tumor tissues have a large set of
mechanisms which include the influence on scavenger receptor,
regulating the development of cellular stress in the tumor cells and
their microvessels, TAM and surrounding tissues [13-15, 26, 175,
555]. This integral general pathological process underlies the
pathogenesis of a large number of nosologies and clinical syn-
dromes. This article focuses on the general pathological processes
that have a closer connection with the TS.

5.3. Classical Inflammation

The strategy of inflammation involves the isolation and removal
of damaging factor even at the deteriment of additional cell damage
in the focus of inflammation by phlogogenic factors.

The focus of inflammation is characterized by two main interre-
lated processes that determine the external signs of inflammation,
namely the exudative-vascular reaction and leukocyte infiltration of
the damage zone. Depending on the predominance of these proc-
esses, inflammation can be divided into three main options: 1) pro-
ductive or proliferative cell inflammation; 2) exudative inflamma-
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tion caused by immediate hypersensitivity; 3) exudative-destructive
(purulent) inflammation.

5.3.1. Productive Inflammation

The inflammatory focus is characterized by the large variety of
cell composition and the functional orientation of these cells [12,
25]. The competitive and cooperative interrelations of CD4 + T-
helpers (Th) and macrophages (M) which are formed from mono-
cytes migrating to the inflammatory focus play the focal role in cell
orientation [556-558]. Studies in mammals revealed that there are 4
main types of Th, namely Thl, Th2, Th17, and natural regulatory
T-cells (Treg) [559]. The macrophages have two differentiation
poles: M1 and M2 [557]. The modern classification of the direc-
tions of differentiation of macrophages formed from monocytes
under the influence of various in vitro stimuli includes 10 sub-
populations in the M1-M2 range [560]. However, in vivo studies
found that macrophages differentiation may occur at a more diffi-
cult level [561]. Noteworthy to state that the difference in the ex-
pression of the markers M1 and M2 is qualitative in nature. There-
fore, only in a simplified way, M can be divided into 4 subpopula-
tions

In a more simplified form, the macrophages can be divided into
4 subpopulations namely Th: 1) Th1-M1; 2) Th2-M2a; 3) Thl17-
M2b; 4) Treg-M2c with each interacting with other complementary
subpopulations [557]. Respectively, these 4 subpopulations form 4
vectors of the immune response (il, i2, 13, i-reg), and each of these
vector effect the development of productive inflammation [562].
Concurrently, various vectors of immune reactions can possess
zones of functional overlap [563]. Additionally, Th differentiation
is plastic under the influence of certain cytokine spectrum, such as
the possible transformation of 1) Treg - into Th17 or Th2, 2) Th17 -
into Thl, 3) Th2 - into CD4 + T cells, all these differentiations can
simultaneously produce competitive cytokines types i: IL-4 (i2) and
IFN-y (il) [564, 565]. Similar to M1 and M2, Thl and Th2 sub-
populations are heterogeneous and can be divided into more par-
ticular subpopulations [566]. The phenotypic features of stromal
macrophages of atherosclerotic plaques and other pathologies of the
cardiovascular system may not perfectly fit into the M1-M2 axis
paradigm, this has prompted suggestions by different authors to
switch into non-linear, and more complex models that are capable
of evaluating these cells [567]. However, to some degree, the vector
approach has allowed the switching from a linear (bipolar) consid-
eration of the Th and M1 phenotype to a planar or even a multi-
plane (bulk) scheme. Different vectors of the immune response may
be implicated in the pathogenesis of the same inflammatory dis-
eases, with some taking indistinct or dominant positions at some
specific stages during the development of the inflammatory process
[568]. All these factors contribute to the dynamics of inflammation,
its adaptation to the damaging factor, the state of the organ and the
organism as a whole, as well as the assessment of the in vivo com-
plexity of inflammation.

It was found that naive T-cells must receive an antigen-specific
signal from antigen-presenting cells, several signals through differ-
ent cytokine receptors and contact receptors for the differentiation
into mature Th to occur [564]. The diversity of the cellular compo-
sition and characteristics of the cytokine network allow productive
inflammation processes to adapt to the damaging factor, as an infec-
tion that uses various pathogenic mechanisms, productive inflam-
mation is able to counteract the immune system through the produc-
tion of various pathogenicity factors [569]. Additionally, the orien-
tation of productive inflammation has organ specificity and depends
on the stage of inflammation [12].

The vector il1. Thl cells are the main producers of IFN-y, this
cytokine promotes the differentiation and activation of M1 macro-
phages [570]. The pathway of productive inflammation associated
with Thl, M1, CTL, NK is usually effective when infected with
intracellular parasites, antitumor immunity, allograft rejection, the
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development of a mononuclear delayed-type hypersensitivity reac-
tion, and some autoimmune processes [12, 571, 572]. This response
may damage its own tissues due to the secretion of M1 free radicals
and hydrolases.

The vector i2 mutually competes with il. It was reported that
Th2 are the main producers of IL-4 and other cytokines that limit
the development of il [570]. In conjunction with Th2 and M2a,
eosinophils, basophils, and mast cells can also play a role in the i2
process. The i2 response is most appropriate in cases of metazoic
infection, some types of chronic inflammation, post-inflammatory
regeneration and tissue repair, inflammatory processes in tissues
that are susceptible to damage (e.g. placenta), however, they can
also contribute to the fibrosis of internal organs and the develop-
ment of allergic processes [563, 573].

The i3 response is determined by the interrelation of cells: Th17
(producing IL-17), M2b and neutrophils [562]. This response is less
controversial as compared to other vectors, and is prominent in a
state such as extracellular bacterial and fungal infections, the devel-
opment of autoimmune inflammation, delayed-type hypersensitiv-
ity, graft rejection, antitumor immunity, and wound healing of
epithelial tissues [563, 574].

The i-reg response in parallel with other variants of the immune
response acts as a restrictive mechanism that prevents the patho-
logical development of pro-inflammatory mechanisms. It was re-
ported that cells of the immunosuppressive response are natural
Treg, secreting IL-10, and TGF-B [563, 575]. The excessive re-
sponse of i-reg leads to the suppression of inflammation that is
dependent on il and i3, whereas an insufficient response contrib-
utes to the development of autoimmune diseases.

5.3.2. Exudative Reaction and Exudative-destructive Inflamma-
tion

In contrast to the generation of antibodies and T-cells, the exu-
dative-vascular reaction does not require an antigen-specific signal
and does not have a large variety of its manifestations. The exuda-
tive-vascular complex consists of several links: microvessels, the
complement system, hemostasis and kallikrein-kinin system, and
mast cells. All these links are interconnected and the primary acti-
vation of any link leads to the reaction of the entire complex [12].
An exudative reaction can form the initial phase of inflammation
and precedes the migration to the focus of inflammation of neutro-
phils, lymphocytes and monocytes. Purulent inflammation is the
quintessence of inflammatory reactivity driven by the reaction of
neutrophils and exudative-vascular complex. This type of inflam-
mation to the greatest extent damage own tissues, and it is the last
defense line against extracellular infection.

5.3.3. Systemic Level of Classical Inflammation

In this case, typical TS triggers are usually cytokines and other
phlogogenic factors penetrating into the bloodstream from the focus
of inflammation. An organism response in the form of a stress reac-
tion of the neuroendocrine system, the development of
psychasthenia, fever, activation of the hypothalamic-pituitary-
adrenal axis, the acute phase of the liver, the mobilization of meta-
bolic cycles, and the enhancement of leukocytopoiesis in the bone
marrow [12, 25]. This level of TS reaction is aimed at the resource
support of the processes in the focus of inflammation, and mobiliza-
tion of catabolic processes, a limitation the severity and time of
adaptive changes in homeostasis to the complete resolution of acute
inflammation. Thus, the systemic level of TS in classical inflamma-
tion is closer to the systemic manifestations of para-inflammation
than to the processes of the inflammatory focus.

5.4. Typical Pathological Manifestations of Para-inflammation

The main strategy of para-inflammation is to eliminate pathol-
ogically changed cells, which are dangerous for its own organism,
and to ensure the survival of less injured cells, and full or partial
preservation of physiological organ functions. In a position where
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these tasks are underperformed, the intensity of the TS increases to
the formation of a relatively stable allostasis, and the TS acquires
dysfunctionality, driving the inclusion of its individual mechanisms
into the vicious pathogenetic circle.

5.4.1. The Role of Scavenger Receptors in the Development of
Para-inflammation

The secretion factors (primarily cytokines) and the receptor cell
phenotype are of significant importance in the implementation of
adaptive and maladaptive properties of TS. Among the mechanisms
implicated in the maladaptive properties of TS, the scavenger re-
ceptor (SR) plays a crucial role. These receptors are predominantly
expressed on stromal macrophages and other stromal, and numer-
ous parenchymal cells. Authors reported that some unique SRs are
characteristic markers of macrophages M2, primarily SR-Al
(CD204), SR-I1 (CD163), SR-E3 (206) [165-167, 576, 577]. The
common features of SR involve the ability to bind apoptotic, dam-
aged and senescent cells, quasi-cells (platelets and erythrocytes),
aberrant lipoproteins (especially oxLDL), other unnaturally modi-
fied proteins, and their uptake by macrophages, and metabolites by
other cells [3, 165, 167]. Additionally, SR is able to form compli-
cate receptor complexes (for example, with TLR), as well as to
regulate in the development of the pro-inflammatory functions of
the cells expressing them in different directions the. Furthermore,
an increase in the expression of SRs on cells in direct proportion to
the concentration of their ligands [165-167]. SR is able to bind the
immune and proinflammatory functions of cells with changes in
homeostasis, limit the severity of TS in physiological conditions but
contributes to the formation of stable allostasis in pathology. A
number of SRs, such as SR-E1 (LOX-1) contribute to the develop-
ment of resistant pathological activation of endotheliocytes
(endotheliosis) in various somatic diseases [578, 579]. It was found
that SR dysfunction is associated with the development of hepatosis
(the development of para-inflammation in the liver) [580-581], and
pathological changes in other organs [165-167]. SR is also multidi-
rectional involved in the polarization of macrophages, but mainly in
the direction of M2. The differentiation of macrophages in the di-
rection of M2 is more related to the function of Th2, and that of the
development of para-inflammation it is associated with homeostatic
changes and features of the cell microenvironment. A wide range of
cytokines and other phlogogenic factors are implicated in the de-
velopment of TS or its restriction on the mechanism of negative
feedback. Numerous SRs in association with other mechanisms of
cellular and tissue stress can situationally contribute to both the
development of antitumor immunity and the growth of various tu-
mors [582].

While the participation of TS mechanisms in the development
of somatic diseases is global, several typical manifestations of these
pathologies are distinguishable where the TS value has a definitive
pathogenetic meaning.

5.4.2. Low-grade Inflammation

Low-grade inflammation has shown to be associated with low
SIR; an increase in blood levels of pro-inflammatory cytokines that
is usually not more than 2—4 times, and borderline concentrations of
C-reactive protein (3-10 mg /1) [31, 583].

Directly, this pathological phenomenon includes the develop-
ment of para-inflammation in adipose tissue, liver, and muscles due
to obesity, and the development of metabolic syndrome and type 2
diabetes. The development of para-inflammation in optional
glycolyzing tissues is accompanied by increased insulin resistance
and dysfunction of metabolic cycles. (1.9). Sequentially, these
changes which include the phenomenon of lipotoxicity (2.2.), con-
tribute to the spread of para-inflammation to other tissues, mostly in
the cardiovascular system. The immediate complications of low-
grade inflammation may be NAFLD (nonalcoholic steatohepatitis,
or NASH), insulin deficiency (partial death of B-cells, in the termi-
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nal stage of type 2 diabetes), sarcopenia with the impaired contrac-
tile and metabolic function of skeletal muscles.

It was reported that in some forms of NAFLD (nonalcoholic
steatohepatitis, or NASH) in the presence of foci of necrosis, may
present similar signs of hepatitis (leukocyte infiltration, microvas-
cular reactions) [584, 585]. The other complication of NAFLD is
the liver fibrosis that is not obligatorily associated with hepatitis
signs. Authors have reported on the role of the activation of liver
cells such as the hepatic stellate cells (Ito cells), without the
participation of blood leukocytes, in the development of liver fibro-
sis [586]. It was suggested that in the general view, there is no rea-
son to believe that fibrosis of the internal organs is undoubtedly
associated with classical inflammation [535]. However, the out-
come of classical inflammation of parenchymatous organs can be
fibrosis of damaged tissues as well as its whole reparation, includ-
ing aseptic inflammation [587].

The complex of pathological processes of low-grade inflamma-
tion is associated with aging, this correlation is not strictly linear
though.

With respect to the aging process, there is an increase in two
interrelated processes:

1) The accumulation of cells with genome and proteome micro-
damage, and mitochondrial damage capable of causing chronic
cellular stress before the development of stage 2-3 of TS with
impaired many physiological functions [588].

2) Reduced energy needs of the body and changes in metabolism
which lead to the accumulation of blood levels of free fat acids
(FFA), glucose, individual amino acids, atherogenic lipopro-
teins, glycated and oxidized proteins (including oxLDL), dam-
aged cells and other cellular and metabolic debris which are
independent causes of endothelial stress and other tissues
stress [213, 589-594].

Metabolites such as FFA, lipids and cell derivatives that are
toxic to cells, hydrophobic amino acids with branched radical (Leu,
Ile, Val) could damage cell mitochondria, resulting in the develop-
ment of mitochondrial and oxidative stress (section 2.2). Addition-
ally, the modified proteins, protein complexes and damaged blood
cells interact with vascular macrophages and endothelial cells
mainly through SR. It was reported that many pathologies of the
cardiovascular system develop with and increased level of SR
ligands in the blood and a regular increase in SR expression on the
endothelium [165-167].

Individual metabolites at high concentrations can directly acti-
vate external PRRs. It was shown that high concentrations of FFA
(palmitate) can increase insulin resistance by acting on myoblasts
through TLR2 [595]. Tissue damage, pathological activation and
dysfunction of various cells that occur on the 2-3 stages of TS can
lead to a pathogenetical vicious circle, authors reported that oxLDL
in the blood is associated with oxidative stress, and are triggers of
cellular and tissue stress and also act as a link in the vicious patho-
genic circle [596].

The TS mechanisms have both pathological and adaptive prop-
erties which can be presented in different processes, an example of
such can be shown from the relative and gradual progression of the
pathological manifestations of low-grade inflammation. Addition-
ally, there is no clear connection between these processes with
chronic diseases that have a much higher level of pro-inflammatory
TS (e.g. systemic autoimmune diseases) [597]. It remains difficult
to establish the contribution of cellular stress mechanisms acting
cooperatively with other factors (FFA, lipokines) for the enhance-
ment of insulin resistance [598]. Concurrently, insulin resistance
limits the synthesis and accumulation of fat in the fat depot during
obesity, which could be classified as a protective value.

Studies have shown the involvement of various subpopulations
of Th and morphofunctional polarization of stromal macrophages in
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the development of obesity and type 2 diabetes mellitus [599]. The
autoimmune mechanisms of generation and migration of Thl and
Th17 into adipose tissue have also been implicated in the patho-
genesis of obesity and type 2 diabetes mellitus [600, 601]. How-
ever, in order to consider obesity from an autoimmune prospective
or another type of productive inflammation, more weighty argu-
ments are needed:

1) Experimental data demonstrate that this pathological condition
is not a classical autoimmune disease, but could be considered
as latent manifestations of an autoimmune process that is not
specific to adipose tissue (the presence of autoimmune anti-
bodies and T cells do not accurately indicate the presence of an
autoimmune disease).

2) Unlike aging and metabolic dysfunctions, there is no proven
direct association between this pathologic condition and
known systemic autoimmune and infectious diseases.

3) The concentration of lymphoid cells in adipose tissue is insig-
nificant, while the number of stromal macrophages manifested
in obese condition can reach 50% [600, 601].

Migration of leukocytes (memory T-cells) to various tissues
occurs constantly but in normal physiological state and during in-
flammation [602]. Even at low concentrations, pro-inflammatory
cytokines and other stimuli can participate in the development of
TS during para-inflammation with an increase in the tissue based
concentrations of these factors. It remains a subject for debate
whether fatty tissues should be associated with a focus of classical
inflammation in obesity.

From the abovementioned cases, the pathologies of low-grade
inflammation can be considered as a very complex, multifactorial
system, where the mechanisms of TS are not the root cause, but the
consequence of the gradual accumulation of latent tissue damage at
the cellular and tissue levels. Concomitantly, the mechanisms of TS
are involved in the formation and stabilization of vicious pathoge-
netic circles, and pathological changes in homeostasis. However,
the TS simultaneously perform a wide range of functions that are of
protective value to the body, these are usually aimed at ensuring the
survival of moderately damaged cells, utilizing irreversibly dam-
aged and tumor cells, and preserving the function of damaged or-
gans in whole or in part. In general, low-grade inflammation is
doubtful to consider from the standpoint of classical inflammation.
From the current study point of view, the main manifestations of
the complex processes of low-grade inflammation can be classified
as para-inflammation.

The phenomenon of pathological insulin resistance makes only
a small fraction of the general process of gradual cell aging associ-
ated with multiple factors of low damage, and development of TS.
Additionally, the mechanisms of TS contribute to the survival of
cells and prevent their malignancy, and could also act as direct
participants in dysfunctional systems in the formation of a vicious
pathogenetic circle. Apparently, the duality and complexity of the
cellular and tissue stress mechanisms to a certain extent limit the
effectiveness of the use of anti-inflammatory drugs for systemic
pathologies associated with aging. Presently, there is an emergence
of prospective drugs that directly target specific molecular mecha-
nisms of cellular and tissue stress in the treatment of hypertension
[603], neurodegenerative diseases [604, 605], metabolic syndrome
and type 2 diabetes [606-608]. However, the pharmacological con-
trol of therapeutics on the inconsistent TS processes at the multi-
level is far more complex in the theoretical and practical view as
compared to their effects on specific mechanisms directly involved
in changes of various parameters of homeostasis (e.g. blood glucose
and arterial pressure levels).

5.4.3. Atherosclerosis

Atherosclerosis can be considered as an independent type of a
general pathological process that occupies an intermediate position
between para-inflammation and classical inflammation (4.2). This
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pathological condition arises through the combined effects of
macrophage infiltration - cholesterol-filled foam cells, and the mi-
gration of foam cells into the arterial wall of monocytes predomi-
nantly occurs through the endothelial lining of the arteries. The
pathogenesis of atherosclerosis is associated with three SR binding
oxLDL with distinct functional differences: SR-E1 (LOX-1) acti-
vates the endothelium and promotes the migration of monocytes,
SR-A1 (CD204) is responsible for the active uptake of oxLDL by
monocytes and macrophages with the formation of foamy cells, SR-
B2 (CD36) activates macrophages [De Paoli 2014]. The progres-
sion of atherosclerosis substantially depends on the morphofunc-
tional features of the macrophages and their ratios. Macrophages
with M2 phenotype express SR-E3 (CD206) and SR-I1 (CD163),
and they are located mainly on the periphery of the center of athe-
rosclerosis in the area of the annulus fibrosis. In contrast, the highly
expressing SR-B2, TLR and proinflammatory cytokines are locally
located in the central region and shoulder of the plaque directed into
the lumen of the vessel [609]. The macrophages with M1 phenotype
have a higher pro-inflammatory and procoagulant potential and are
connected to the strengthening of pro-inflammatory mechanisms,
the activation of the blood clotting system, the formation of
atheromas, and other complications of atherosclerosis [610, 611].
Hemoglobin-associated macrophages (M-Hb) which have a high
expression of CD163 play a protective role in atherosclerosis.
These M-Hb have anti-inflammatory properties, possess mecha-
nisms for the reverse transport of cholesterol from the cell, and are
capable of actively absorbing haptoglobin-hemoglobin complexes
via the CD163 receptor [610].

5.4.4. Hypertension

The pathogenesis of hypertension include the following main
blocks: 1) Dysfunction of the neuroendocrine system such as the
disruption of the relationship of the limbo-reticular complex and the
hypothalamus, and increased tone of the sympathetic innervation of
the vessels. 2) Local dysregulation of contractile vascular tone. 3)
Dysfunction of the renin-angiotensin-adrenal system.

Numerous pathogenetic factors have been implicated in the
development of hypertension, one of which is the development of
TS in the CNS. The development of TS in the CNS involves micro-
glia and neurons which are regulated by many factors, as well as
astrocytes and other cells [611]. Mediators such as adrenomedullin
may limit the activation of microglia and the development of oxida-
tive stress in neurons, while hypoxia and proinflammatory cytoki-
nes exhibit an opposite effect [612]. Generally, the reduction of
pro-inflammatory activity and the degree of polarization of micro-
glia in the M1 direction acts as protective from hypertension [613].

The development of TS in the blood microcirculation system
and contractile vessels contributes to hypertension, and vasocon-
strictor factors (such as endothelin-1 and angiotensin-II) are in-
volved in the vicious pathogenetic circle linking hypertension and
local TS. Vasodilators adrenomedullin and NO were found to re-
duce the severity of proinflammatory cellular stress of endothelio-
cytes and contractile vessels myocytes [613].

SR plays an important role in the development of the central (in
the CNS) and local TS. It was found that endothelin-1 and LOX-1
mutually activate the expression of each other and enhance the
absorption of oxLDL by the endothelium [614]. The soluble form
of LOX-1 increases in blood and can act as a biomarker in the
treatment of patients with hypertension and metabolic syndrome
[614].

5.4.5. Neurodegeneration

Neurodegeneration can be considered as a typical pathological
process associated with para-inflammation of brain tissue. This
process is characterized by the deposition of abnormal proteins (B-
amyloids, prions and prion-like protein) in neurons and intercellular
substance, proinflammatory stress of neurons and microglial cells, a
gradual increase in apoptosis and program necrosis of neurons and
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their replacement with astrocytes, and increased brain dysfunction.
Latent manifestations of neurodegeneration are characteristic fea-
tures of normal aging but could acquire specific signs of specific
neurodegenerative diseases in the pathological sense [615-617].

The brain is a barrier-free tissue and has a number of character-
istic features that increase and decrease the sensitivity of this tissue
to TS:

1) Under normal conditions, the brain consumes about a quarter
of the oxygen required by the body and it is also an insulin-
independent obligately glycolizing tissue. Neurons rarely use
glycolysis and fatty acid oxidation to compensate for their en-
ergy needs, this makes them very sensitive to hypoxia and
prone to developing mitochondrial and oxidative stress (sec-
tion 2.1.). The neurons could evade the phenomenon of lipo-
toxicity, which is a strong inducer of mitochondrial stress in
many other cells of the body (section 2.2.). In conditions of
ischemia and other causes of hypoxia, cellular stress develops
in neurons with a high probability of apoptosis and program
necrosis [618]. During hypoxia, proapoptotic pathways are ac-
tivated in the inhibition of anti-apoptotic factors such as BCL-
2 [619]. Chronic ischemia is an unfavorable factor in the de-
velopment of neurodegeneration.

2) The process of protein biosynthesis which is necessary for the
survival and fulfillment of the specialized functions of these
cells is intensively and constantly proceeding in neurons. Dur-
ing the onset of ER-stress, the UPRer mechanisms cannot sig-
nificantly block protein biosynthesis in these cells, and this
contributes to the formation and deposition of abnormal pro-
teins in neurons (section 2.3). Typical causes of the appearance
of abnormal proteins are mutations of the genome, mitochon-
drial and oxidative stress, the ineffectiveness of UPRmt and
UPRer, autophagy, and other protective mechanisms of cellu-
lar stress. At a certain degree of proteome impairment, mito-
chondrial and oxidative stress, and triggering apoptotic path-
ways are pathologically enhanced [620].

3) Neurons are postmitotic cells, in which the mechanisms of
DNA (section - 2.7.) exhibit a certain tolerance to damage to
the genome. This unique feature leads to the programmed
death of neurons against the background of significant changes
in the proteome, and this is characteristic of many neurode-
generative diseases [621].

4) Microglial cells may have the least pro-inflammatory potential
compared to other stromal macrophages but they express many
types of SR that are capable of binding amyloid proteins. At
the initial stages of neurodegeneration, this mechanism con-
tributes to the absorption and utilization of soluble B-amyloids
in microglia and astrocytes but promote microglia activation
and development of TS in the CNS when insoluble f-amyloids
are formed [622, 623].

In humans, pronounced manifestations of neurodegeneration
are observed with the development of genetic or infectious prion
diseases [623]. These diseases are associated with conformational
changes in the normal protein of neuronal membranes — PrPC, and
its transformation into the PrPSc isoform, which is extremely resis-
tant to proteolysis and degradation and causes further transforma-
tions such as PrPC into PrPSc [623, 624]. The probability of the
deposition of B-amyloid and prion-like protein in neurons and inter-
cellular substance increases with hereditary predisposition and with
aging. In Alzheimer's disease, phosphorylated tau- protein and B-
amyloid are deposited, while in Parkinson's disease, a-synuclein
and tau-protein are deposited [621]. Additionally, during neurode-
generation, atherogenic forms of LDL can penetrate the blood-brain
barrier, act on neurons through SR-E1 (LOX-1), which can promote
DNA regeneration by the activation of DDR mechanisms. How-
ever, in less favorable cases this mechanism could cause apoptosis
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of neurons through the associated SR- E1 signaling pathway: tran-
scription factor - p53 / caspase-3 [621].

Ineffectiveness of autophagy and HSP-response can be mani-
fested in the accumulation of amyloid cells and prion diseases. In
humans, prion encephalopathies are associated with a normal neu-
ronal membrane protein, PrPC, which under certain conditions
(congenital and acquired) can be transformed into a pathological
prion isoform of PrPC (the PrPSc), which is extremely resistant to
proteolysis and degradation [624]. This pathological form differs
from the normal molecule only in their spatial, but not the primary
structure. If the prion forms do not effectively bind to chaperones
and are not utilized on time, they could be converted to other
PrPCs, and the process acquires a self-developing character; the
PrPSc aggregates are deposited in neurons in the form of granules
similar to B-amyloid. The process of prion distribution in the brain
leads to the pathogenesis of prion diseases [624]. The probability of
the deposition of different types of amyloid prion-like protein in
neurons increases with the presence of a hereditary predisposition,
and with age. In addition to classical genetic and infectious prion
encephalopathies (mediated by PrPSc) [622], the deposition of
prion-like proteins in neurons and in the intercellular substance of
the brain can be observed in other neurodegenerative pathologies,
such as the Alzheimer's disease (deposition of Tau-protein, B-
Amyloid) and Parkinson (a-Synuclein deposition) [620].

6. SYSTEMIC INFLAMMATION

Authors suggested that it could be essential to characterize sys-
temic inflammation (SI) as an independent variant of the general
pathological process, different from classical inflammation [9, 25].
Without clarifying the real meaning of SI, it will remain difficult to
solve numerous diagnostic problems or the prediction of complica-
tions and pathogenetic therapy in sepsis and other critical condi-
tions. There is no standard definition of the concept of SI, this con-
cept is usually used as an analog for the concept SIR; the concept
SIR covers signs of a large number of general pathological proc-
esses and diseases, in addition to those not directly related to criti-
cal medical states. Considering the aforementioned, the description
of the heuristic model of SI as an independent form of non-classical
inflammation, which can be named super inflammation or
metainflammation, we have dedicated a separate chapter.

The essence of SI is shifting of basic foci mechanisms to the
organism level.

At the tissue level, SI leads to the development of abnormal
blood microcirculation [625, 626]. Under physiological conditions,
the main function of the endothelium is to prevent the intravascular
coagulation of the blood, ensure the adequate blood perfusion in
microvessels and normal metabolic processes between the inside
and the extravascular medium [627]. When the SI processes are
disturbed, the function of the microvessels will be oriented in the
direction to ensure the exudation processes that are characteristic of
the inflammatory focus but detrimental to the body during systemic
activation.

6.1. Pathogenetic Core and Clinic of Systemic Inflammation

At the system level, the phenomenon of inflammatory microcir-
culation is manifested as follows:

1) Microcirculatory disorders and disorders of oxygen transport
critical for life [628, 629].

2) Adaptive changes (centralization of blood circulation), and
critical macrohemodynamic disorders [630, 631], such as life-
critical manifestations of hypovolemia and hypotension [631].

3) Pathological cellular stress of endotheliocytes that produce
high concentrations of NO and other inducible factors of "in-
flammatory" microcirculation [632].

4) Microthrombus formation on the surface of the postcapillaries
endothelium [633].
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5) Intravascular activation of the complement system and the
kallikrein-kinin system, with the formation of complement
anaphylaxins (C5a, C3a) and kinins [634].

6) Systemic activation and degranulation of mast cells [635, 636].
7) Organ dysfunctions [637].

8) At the cellular level, oxidative and mitochondrial stress, as
well as mitochondrial dysfunction and program cell necrosis,
play an important role in the pathogenesis of organ dysfunc-
tions [638].

Generally, it was found that unlike SI, the acute phase response
of the liver and bone marrow, the stress response of the neuroendo-
crine system and other systemic manifestations of classical inflam-
mation are of protective benefits to the body [9, 639]. They provide
resources for inflammation and create an additional barrier for the
generalization of damage factors, thereby preventing the develop-
ment of SI. Organs such as the brain, liver, kidney, myocardium,
and lungs that are heavily dense with the capillary network, a high
concentration of stromal, especially vascular macrophages are the
most vulnerable to the development of microcirculatory disorders
[640-645].

The main clinical manifestations of SI include thus:

1) Severe septic and aseptic shock conditions that are resistant to
treatment with vasopressive drugs, and with a high probability
of fatal outcome even under intensive therapy. These are the
most obvious external manifestations of SI [9, 25]. In most
cases, patients in the intensive care unit exhibit less clear signs
of SI, more characteristic of the “gray zone” of systemic pro-
inflammatory tissue stress (Fig. 4), the clinical manifestations
of the phenomenon of inflammatory microcirculation in such
state are not so fuzzy.

2) A complex of resuscitation syndromes such as capillary leak
syndrome [646], disseminated intravascular coagulation syn-
drome (DIC) [647], multiple organ dysfunction syndrome
(MODS), syndromes of dysfunction of individual organs
[648], acute respiratory distress syndrome that it is not associ-
ated with primary lung injury, and critical complications of
postoperative syndrome [649].

3) SIR syndrome is not specific for critical conditions [650-652]
and does not have absolute sensitivity to these conditions [652,
653]. The more recent class of sepsis (sepsis-3, 2016) excludes
SIR syndrome and defines sepsis using the formula, infection
+ MODS [652, 654]. In this case, MOD is registered using the
SOFA scale, and for screening purposes, the simplified version
(the quick SOFA (qSOFA)) which does not require instrumen-
tal and hardware examination is employed.

4) In young patients with initially high levels of functional re-
serves, the presence of MODS is not an attribute of SI as they
could proceed without signs of organ dysfunctions at the stage
of sub compensation (in the “gray zone”). The development of
a critical state does not always begin with the manifestation of
MODS [652]. Furthermore, SI is not the only cause of organ
dysfunctions [9, 25]; the presence of premorbid (in relation to
an acute critical condition) chronic pathologies could play a
significant role in organ dysfunctions [652]. Noteworthy, sep-
sis can be considered as a life-critical infection requiring inten-
sive pathogenetic and etiological therapy [652], but having dif-
ferent pathogenetic scenarios that are not always taken into ac-
count. In the most severe cases (primarily, with septic shock),
these scenarios include SI mechanisms which have shown to
be characterized by a variety of manifestations.

6.2. Etiology of Systemic Inflammation

A common cause of the development of SI is systemic damage
in its intensity comparable to local damage during the development
of classical inflammation, this severe shock spreading in the in-
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Phases: 1 — a phase of SI development; 2™ — a phase of primary phlogogenic impact; 3" - a phase of secondary phlogogenic impact; 4" - a depressive phase;
5" SI resolution phase. The solid arrows indicate the main directions of SI development, dotted - less likely.

travascular environment often lead to a systemic response of the
exudative-vascular complex, which is sufficient for the develop-
ment of the phenomenon of inflammatory microcirculation. SI can
also be caused by various infectious and non-infectious factors such
as:

1) The release of PAMP into the bloodstream in sepsis, and
DAMP in tissue breakdown products in the case of crash syn-

drome [655].

2) Various causes of large-scale intravascular hemolysis [656].

3) Systemic hypoxia, in cases of cardiogenic shock [657], or
untimely relief of hypovolemia in the initial stages of hemor-

rhagic shock [658, 659].

The primary reaction of mast cells, such as in the development
of anaphylactic shock [660].

Different causes of primary coagulopathy (type DIC) such as
amniotic fluid embolism (rich in tissue factors) [661], crash
syndrome [655], intravascular hemolysis with the development
of DIC syndrome [656], the entry of biological poisons into
bloodstream, pathological active hemostasis system [662], re-
ceipt from the center of a purulent inflammation of active he-
mostasis, and complement factors.

4)

5)

6) Individual pro-inflammatory cytokines can cause the patho-
logical activation of endothelial cells and vascular macro-
phages, and anti-inflammatory cytokines (IL-10) that inhibits
the protective function of vascular macrophages [663-665].
These cytokines can enter the bloodstream from the inflamma-
tion focus and could accumulate in the blood during systemic

activation of endotheliocytes and macrophages.

6.3. Principal Differences and Similarities of Systemic Inflam-
mation and Classical Inflammation

The principal differences between SI and classical inflamma-
tion lie in the nature of the effect of the damaging factor, and the
absence of a division of the tissue stress program into local and
systemic levels. Additionally, the main cellular effectors of classi-
cal inflammation are leukocytes and motile macrophages of the cell
infiltrate of the inflammatory focus, and for SI, the endothelial cells
and vascular stromal macrophages.

Classical inflammation acts as a protective process for the or-
ganism, and during autoimmune reactions, this process can acquire
the property of a dysfunctional system. Contradictory, SI is initially

designed as a dysfunctional process in nature since the systemic
response of microvessels, hemostasis system and complement, mast
cells, intravascular activation of neutrophils and other leukocytes
has no protective properties for the organism. These mechanisms
are aimed at the localization of the damaging factor and are not
targeted for large-scale systemic use under the action of damage
factors in the intravascular environment.

While classical inflammation characterizes the pathogenesis of
inflammatory diseases, SI is not an attribute of the pathogenesis of
diseases and other clinical definitions, but their critical complica-
tions. SI is a terminal stage of the manifestations of classical in-
flammation, such as purulent inflammation during the development
of septic shock.

Septic shock was experimentally modelled through the intrave-
nous administration of LPS or other PAMP to the animals [666,
667], it was reported that SI could be alternatively developed with-
out the presence of a primary focus of inflammation in condition
such as blood transfusion shock [668]; this attribute distinguishes SI
from classical inflammation as it does not only depend on the pres-
ence of an inflammatory focus. Furthermore, this unique character-
istic of SI cannot be attributed to the category of canonical
inflammation.

Despite this unique attribute of SI, it remains noteworthy to
state that there are no fundamental differences between the mecha-
nisms of classical inflammation and SI. In both cases of inflamma-
tion, the molecular and cellular components of the exudative-
vascular complex react in response to severe damage, however,
these responses are localized in classical inflammation, and sys-
temic in SI.

6.4. Definition of Systemic Inflammation as a General

Pathological Process

Authors defined SI as a typical multi-syndrome, a phase-
specific pathological process, evolving from systemic injury and
characterized by the total inflammatory reactivity of the endothelio-
cytes, plasma and blood cell factors, connective tissue, and at the
terminal stage, microcirculatory disorders in vital organs and tissues
[669].

6.5. Secondary System Damage

The SI dynamics is largely determined by the development of
the phenomenon of secondary systemic damage which contributes
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to the development of SI even after the cessation of the primary
damaging factor. There are several causes that act in conjunction
with each other and contribute to the prolongation of severe sys-
temic damage:

1) A direct result of microcirculatory and macrohemodynamic
disorders in SI such as systemic hypoxia, ischemia, hypo-
volemia, dysproteinemia, respiratory and metabolic acidosis,
and other changes in homeostasis [634, 670].

2) Tissue destruction associated with cell necrosis and the entry
of DAMP and other toxic products from tissue breakdown into
the blood [671, 672].

3) Pathological activation of intravascular leukocytes and vascu-
lar macrophages, and the release of cytotoxic factors into the
bloodstream [673-675].

4) Poisoning of the body with excretory toxins and other factors
associated with hepatic and renal failure [676, 677].

5) Increased intestinal permeability to PAMP and microbial tox-
ins as a result of impaired intestinal barrier function [678]. In
various cases of SI (sepsis, acute injury), this phenomenon is
further aggravated due to hypoperfusion of mucous mem-
branes and other disorders associated with microcirculatory
disturbances [679, 680].

6) The increase in the blood levels of thrombin, complement
anaphylaxins, and various inflammatory mediators in toxic
amounts (excitotoxicity), which in turn increases the develop-
ment of pathological stress of endothelial cells, vascular and
intravascular phagocytes, other cells [634, 670, 681, 682].

7) Systemic cellular stress initiates intravascular netosis of neu-
trophils (section 1.1.3.), enhance extracellular DNA traps that
lead to endothelium and platelets damage [683], facilitate the
migration ROS, NO, proteinases, cationic proteins, other
molecules into the blood which increase the damage to the cell
membranes, and the activation of pro-inflammatory effects in
blood plasma proteins.

8) Metabolic dysfunctions that are related to the stress response
of the neuroendocrine system, and the development of tissue
stress in other tissues which can cause the reduction of glu-
tathione levels, thereby enhancing the development of oxida-
tive stress [684]. The stress response of the neuroendocrine
system, activation of metabolic cycles, increased insulin resis-
tance, and the hypermetabolism and hypercatabolism phenom-
ena can exhibit both protective (mobilization of nutrient re-
serves) and dysfunctional value [685]. These reactions could
either enhance the accumulation of FFA, glucose, different
changes in the concentration of amino acids, and many other
metabolites in the blood or lead to the deficiency of essential
amino acids, vitamins and other metabolites. It was found that
oxygen transport disorders, mitochondrial stress, and mito-
chondrial dysfunction lead to oxidative phosphorylation
disturbance and overproduction of lactate [686]. The develop-
ment of hypermetabolism and hypercatabolism syndromes
chiefly arises as an adverse consequence of the use of hormone
therapy (such as insulin preparations) and metabolic therapy
(nutritional support), this is evidential from the possible patho-
logical effects of aberrant metabolome in burn disease [687,
688], sepsis, and other versions of MODS [687, 689].

The accumulation of aberrant metabolites in the bloodstream of
SI could activate microvascular endothelium cells through the in-
teraction with certain SRs, and this contributes to an unfavorable
course of the process. It was found that mice that lacked SR-E1
(LOX-1) expression showed improved survival from sepsis as a
result of reduced indices and the degree of damage to the internal
organs [690]. The association between the pathological role of SR-
El in sepsis and a high level of oxLDL in the blood was also high-
lighted [690].
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6.6. The Main Phenomena of Systemic Inflammation

The lack of a holistic image of the pathogenetic core of sepsis
and aseptic has posed as a hurdle in solving specific clinical prob-
lems [652, 691, 692]. The main phenomena of SI include the fol-
lowing:

1) A shock that is resistant to vazopressive drugs and infusion
therapy. As aforementioned, this shock symbolizes the exter-
nal and obvious manifestation of SI arising from various ori-
gins. The manifestations of the “gray zone” of SI may occur
clinically prior to the formation of secondary systemic damage
at the latter stages of SI [25, 669].

2) MODS and dysfunction of individual organ systems are also
characteristic manifestations of SI at the stage of decompensa-
tion, however, organ dysfunctions could also arise as a conse-
quence from other pathogenetic mechanisms beside SI,
thereby limiting the manifestation of SI at the stage of the
“gray zone” as a critical state [25].

3) The phenomenon of secondary systemic damage manifests
itself from the accumulation of tissue decay products in the
blood (e.g. troponin I that are not associated with myocardial
infarction), and myoglobin [25].

4) The reaction of the hypothalamic-pituitary-adrenal axis and
some other manifestations of classical inflammation. Accord-
ing to Selye [536], these reactions could be observed as the
general adaptation syndrome, and have a very broad physio-
logical and pathological significance.

5) Metabolic changes such as the elevated levels of glucose and
lactate in the blood during sepsis [693, 694]. In most cases,
these signs are associated with the stress response of the neu-
roendocrine system, TS in other organs, or act as molecular
manifestations of damaged organs dysfunction. This phe-
nomenon is not strictly specific to the SI particularly if it is not
associated with the development of the shock state.

6) The phenomenon of systemic autophagocytic pathology asso-
ciated with the activation of vascular and intravascular phago-
cytes, which presents itself as one of the causes of secondary
systemic damage [652].

7) Phenomena of dysfunction of the immune system, barrier
functions of the mucous membranes, blockade of leukocyte
migration to the inflammatory focus due to their intravascular
activation outside the inflammatory focus, contribute to the
development of secondary infectious complications (e.g. post-
traumatic sepsis).

8) Microcirculatory disorders that develop in a mosaic manner at
the level of individual microcirculatory units in SI, and can be
studied in vivo using the dark-beam low-field microscopy
[695, 696]. A separate component of this phenomenon is the
process of microthrombogenesis, which is clinically fixed us-
ing the criteria of the syndrome DIC [697]. It was reported that
the disturbances of microcirculation, systemic activation of
endotheliocytes and hemostasis factors are closely interrelated
with the intravascular activation of the systems of kallikrein-
kinins and complement [698]. Similarly, it was found that an
increase in the blood of complement anaphylaxin and kinins,
and depletion of plasma kallikreinogen can also be explained
by the phenomenon of microcirculation disorders [699].

9) The phenomenon of systemic activation and mast cell de-
granulation. Mast cells are interconnected with the reaction of
blood vessels, the system of complement and hemostasis, and
other pro-inflammatory mechanisms [12, 700, 701]. In living
cells, this phenomenon can be presented as the high blood
concentrations of histamine or mast cell indicator enzymes
(primarily tryptase) [701, 702]. This phenomenon can also
manifest in sepsis [703], and systemic anaphylactic processes
[12,702].
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10) For the development of SI damaging factors, it is necessary to
overcome the barriers of anti-inflammatory resistance such as
the antioxidant and antiproteinase systems of blood plasma, as
well as the function of SR macrophages of the reticuloendothe-
lial system (RES) which is realized with the aid of protein fac-
tors of blood plasma, liver microvessels macrophages and
some other organs. Some factors of systemic anti-inflam-
matory resistance are the acute phase proteins, which include
al-proteinase inhibitor (al-antitrypsin), al-antichymotrypsin,
haptoglobin, al-acid glycoprotein, ceruloplasmin and some
others. These factors of systemic anti-inflammatory resistance
also include conditional anti-inflammatory cytokine TGF-f,
which are present in the blood high concentrations under nor-
mal conditions. These plasma proteins can also characterize
SIR to a certain extent. It was reported that rather than an in-
crease in the concentration of these proteins in the blood, the
depletion of their barrier function in the process of developing
systemic damage can be considered as a relative specific phe-
nomenon to SI [9, 669].

The homeostatic functions of SR RES are generally associated
with blood purification from metabolic and cellular debris. This
function is overlapping in many SRs, but some types of these recep-
tors have their functional accents [165-167]:

e blood purification from apoptotic cells - SR-F1 [76] and oth-
ers;

e blood purification from PAMP - SR-A6 (MARCO) and others;
e blood purification from aberrant metabolites - SR-A1 (CD204)

and others;

e inhibition of endothelial cell stress - SR-B1 [704, 705] and
others;

e  formation of regulatory complexes with TLR - SR-B2 (CD36)
and others;

e  aberrant platelet removal - SR-E4 (AMR) [706, 707];
e  DAMP binding (S-100, HMGBI1) - SR-J1 (RAGE) [708];
e  protease / antiprotease complex uptake - SR-L1 (CD91) [709];

e haptoglobin / hemoglobin complexes uptake - SR-I1 (CD163)
[610].

11) In the narrow sense, the phenomena of the secretory phenotype
of the systemic TS or the SIR. This is characterized by the ac-
cumulation of cellular stress products in the blood, and it is
strictly specific to the SI when a strong systemic response of
the entire mass of the vascular endothelium is observed [25,
669].

It is worthy to note that each phenomenon is a complex system
consisting of more subsystems. The hierarchy of the subsystems has
both vertical integrated, and horizontal (network) links that inte-
grate the main SI processes into a single whole. Furthermore, owing
to the different characteristics of the etiological factors of SI (geno-
type, environmental factors efc.), the course of SI is characterized
by a high degree of diversity; this also applies to the various vari-
ants of combinations of SI phenomena.

6.7. Systemic Inflammatory Response, a Methodology for its
Assessment

The usage of the integral SIR criterion by combining at least
three to five separate indicators on an alternative basis is necessary
due to the complexity and non-linearity of the changes in the values
of SIR in the blood in SI and other variants of inflammation [25,
669]. However, these indicators must meet the following require-
ments:

1. Be associated with systemic activation of microvascular cells,
platelets and pro-inflammatory systems of blood plasma (he-
mostasis, complement and kallikrein-kinin systems), and with
the clinical manifestations of microcirculation disorders
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(shock). Alternatively, they should reflect some probability of
the development of other key SI phenomena. Concurrently, the
individual pathogenetic factors can act as indicators of several
phenomena depending on the specific patterns of their use.

2. Have a biological and clinical significance.

Show a sufficiently high amplitude of quantitative changes in
the blood in pathological states, as well as exhibiting clear
control intervals of their concentrations under normal condi-
tion.

4. They must differ in their relatively short half-life in the blood-
stream to allow the assessment of the process dynamics.

5. The empirical indicators for the integral criterion should re-
flect the integrity of the SIR.

6. The quantitative range of their concentrations in the blood can
be determined from other indicators. These ranges should be
comparable in pathogenetic significance and reflect the likeli-
hood of development of various qualitative levels of systemic
cellular and tissue stress. Alternatively, comparable ranges of
different indicators should equally identify specific SIR levels,
reflecting in different degrees the likelihood of SIR develop-
ment. These indicators make it unnecessary to use only formal
logic (such as “yes” is a definite truth, and “no” is its absence)
to determine SIR levels, rather, the use of rational multiple
probabilistic logic such as in the following sequence of vari-
ants of the SI signs: 1) “no”; 2) “rather not”; 3) neither “no”
nor “yes” (zone of uncertainty); 4) “rather yes” and 5) “yes” is
also required [28].

These ranges of reactivity levels (RL) of SIR are expressed by
different numerical values since different levels have a different
pathogenetic and diagnostic value listed as follows [25, 669]:

0 - a standard level which includes borderline manifestations of
SIR typical for para-inflammation, such as the C-reactive protein
concentrations in the range of 3-10 mg / 1 (these borderline SIR
values require separate classification).

1 - SIR level excluding the development of acute SI, and usu-
ally characterizes acute and chronic classical inflammation, as well
as the development of systemic para-inflammation.

2 - The typical level for SIR in classical inflammation in an
expressed purulent process, as well as in relatively rare hypoergic
(depressive) variants of the development of SI. It is usually not
typical but could be possible for systemic manifestations of some
variants of para-inflammation.

3 — The ambiguity area that does not ease the differentiation
between classical and systemic inflammation, and requires monitor-
ing and evaluation of other SI criteria.

4 - Typical for hyperergic SI variants (phase of phlogogenic
impact) that are less likely with classical inflammation.

5 - Confirms the development of SI and characterizes the criti-
cal state of the patient's condition regardless of the SOFA scale
values and the general indicators of state assessment.

The blood concentration ranges for the corresponding RL val-
ues for each indicator are calculated; for RL-0, the upper limit of
the norm is calculated. When using the 5 indicators for each patient,
there are 3 indicators showing the highest values of RL, and they
are averaged to the value of integral RL [25]. The integral criterion
allows to correct individual indicators, their randomness, and the
non-linear changes in the blood concentration of these indicators.
The exclusion of weak links allows to adapt the integral indicator of
RL to a patient. Furthermore, the integral criterion allows the uni-
formity of separate indicators, and the integration of indicators with
different functional orientation into a single system. However, the
integral indicator SIR does not reflect the pathogenetic picture of SI
as this requires more complex scales that consider other SI phe-
nomena [25, 669].
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6.8. Potential SIR Criteria for Calculating RL Scale

The number of potential SIR indicators in blood plasma is vast
and could serve as an alternative means of calculating the integral
criterion of RL.

A clinical practice and in vivo experiment tested chemokine
markers of two subfamilies 1) CXCL1 (NAP-3), CXCL2 (MIP-2a)
and CXCLS (IL-8); 2) CCL2 (MCP-1), CCL3 (MIP-1a) and CCL5
(RANTES) , and it was found that their strength is directly related
to the activation of endotheliocytes and platelet degranulation, the
high amplitude of the changes, and the mild anomaly distribution of
their concentrations in the blood [693, 710-712].

Members of the families of cytokines interleukin 1 (IL-1B) and
tumor necrosis factor (TNF-a) are very significant in the develop-
ment of SI. Despite the importance of these cytokines in the
pathogenesis of diseases, they cannot be used as prognostic criteria
for the development of critical complications due to feedback
mechanisms that limit the increase in these cytokines in the blood
[669, 694]. Meanwhile, other cytokines, mainly those secreted by
macrophages (IL-12, IL-18, MIF, GM-CSF) can be used to estimate
SIR [694, 710,711, 713].

One of the most important cytokine markers of SIR is IL-6, this
factor is excreted in large quantities during SI by vascular macro-
phages and endothelial cells (considering the total mass of these
cells), and has a very significant range of changes in blood concen-
tration (more than 1000-fold changes relative to the upper normal
level) which are associated with the severity of patients [669, 694].

Two anti-inflammatory cytokines, IL-10 and interleukin-1 re-
ceptor antagonist (IL-1ra) are described as SIR markers, their blood
levels have been found to be very high in sepsis, and has implicated
in the development of critical complications [694, 711, 712]. The
change in the blood concentration of the growth factors secreted by
activated endotheliocytes, platelet growth factor (PDGF) [694], and
cytokines of the vascular endothelial growth factor (VEGF) family
[714] can be criteria of SIR. Proadrenomedullin concentration in
the blood has a good prognostic value in sepsis [715]. Soluble
forms of cytokine receptors for IL-2 (sIL-2R) and the TNF family
can equally serve as criteria for SIR [694, 695, 716].

The accumulation of desquamated endothelial cells (CD144 +
cells) in the blood, as well as soluble forms of some adhesive recep-
tors (endocan, E-selectin, VCAM-1 and ICAM-1), can be consid-
ered as signs of systemic activation of microvessels [27, 694, 717,
718]. Several inducible heat shock proteins can be considered as
promising markers of SIR [694]. Soluble fragments of some PRRs,
namely presepsin (fragment of the CD14 co-receptor TLR-4) and
soluble trigger receptor expressed on myeloid cells-1 (STREM-1,
which is another co-receptor TLR-4) acts as markers of sepsis
[710]. The soluble forms of some SR-sCD163 [610] and sCD206
[679] can also be effectively used for this purpose. Among the pro-
tein factors that are not SIR cytokine, the non-histone chromosomal
protein HMGBI1 can be identified, and its blood level may correlate
with the criticality of the patient's condition [694, 719]. Procalci-
tonin can be secreted into the blood by various stromal cells, but its
pathogenetic role remains unclear. Authors found that procalci-
tonin, just like presepsin, is relatively (but not absolutely) specific
for a bacterial infection, but exhibits a longer period of accumula-
tion in the blood [720].

Some of the acute phases of the liver proteins have traditionally
been used as SIR markers [694, 710, 717], their concentrations
increase in the blood during various inflammatory processes, but
they have a relatively long lag-period of accumulation and half-life
in the bloodstream. The most popular protein of the acute phase is
C-reactive protein.

Neopterin, some lipid mediators (eicosanoids) [711, 721] and
platelet activating factor [722], as well as the factor of vasodilation
and microvascular permeability (NO-radical) and its metabolic
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products, can be considered as potential non-protein SIR markers
[694, 723].

6.9. Examples of using the SIR integral criterion (RL)

For the calculation of the RL criterion, 5 blood plasma SIR
indicators with an established upper limit of normal is used: C-
reactive protein (normal < 10 mg / 1), TNF-a (<8pg / ml), IL-6 (<5
pg / ml), IL-8 (<10 pg / ml), IL-10 (<5 pg / ml). For each indicator,
the ranges of pathogenetic significant concentrations exceeding the
limit values of the norm were individually calculated. To calculate
the RL for each patient, 3 indicators with the highest values of the
pathogenetic significance ranges were averaged to determine the
integral RL [25]. The values of RL in three groups with criteria for
sepsis-3 in the acute period of the disease (1-2 days) are presented
in Table 2 and discussed thus:

1) Phlegmon of the shin of the 3rd degree (usually affects the
muscle tissue) in men aged 18-21 years who are undergoing
treatment in the surgical department without intensive therapy;
despite the presence of MOD signs, the score on the SOFA
scale (mean + ¢) was 3.6 = 1.14.

2) Patients of the intensive care unit (peritonitis, pneumonia); the
score on the SOFA scale (mean + o) was 5.5 £2.30.

3) Septic shock (also verified by the criteria of sepsis-3).

Also, patients with a high SI probability were identified consid-
ering other SI phenomena such as stress response of the neuroendo-
crine system, DIC, systemic damage [25]. The probability was ex-
pressed in% of the total number of patients in the groups.

The presented data confirm that SI is associated with shock
state and the fact that not any variant of sepsis-3 can be viewed
from the position of SI. At the same time, a certain number of pa-
tients without the formal criteria of MODS undergoing intensive
therapy may have signs of SI [25].

The RL distribution ranges between groups varies (Table 2).
However, for individual indicators, the degree of fluctuations and
parameters of distribution abnormalities are much greater. In gen-
eral, the values of RL in the acute period of sepsis correlate with the
severity of the patients' state, such as the maximum values of RL
occur in resuscitation patients with septic shock. Similar regularities
are characteristic of the development of critical states in acute
trauma and postoperative complications [25].

6.10. Dynamics of Systemic Inflammation

The dynamics of SI strongly correlates with the intensity of
systemic damage and not on its nature nor the response to this dam-
age. The development of pro-inflammatory tissue stress is an en-
ergy-intensive process. Authors reported on the possible manifesta-
tion of hyperergic and hypoergic variants of SI development [25]; it
was also found that during the development of critical states, the
daily energy consumption may exceed 10,000 kilocalories, how-
ever, there could be a state of low energy consumption [724]. At the
stage of sub compensation, blood circulation is centralized with a
relatively high level of perfusion and oxygen transport in the inter-
nal organs, however, at the stage of critical decompensation and
pathological decentralization of hemodynamics, these processes are
grossly disturbed [725-727]. In SI, hyperergic status can provide
high levels of SIR (RL-4 and RL-5) during the development of a
critical state. It remains noteworthy to state that a decrease in SIR is
not always a favorable sign. Additionally, it was found that the
most critical shock development can occur at relatively small SIR
values (RL-2 and RL-3), and this phase of SI could be termed the
depressed phase. This depressed phase is characterized by the in-
ability of cells to support physiological functions, as well as a
strong stress response against damage.

Two main SI dynamic scenarios are possible depending on the
intensity of the damaging factor effect:
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Table 2. Frequency of RL distribution (%), the incidence of SI and lethal outcomes (LO) in three groups of acute sepsis (sepsis-3

criteria) and conditionally healthy people (control).

Groups N RL-0 RL -1 RL -2 RL -3 RL -4 RL -5 SI LO
Control (18-55 ages) 50 100 0 0 0 0 0 0 0
Non-esuscitation sepsis, (phlegmon of the leg 40 0 27.5 55 17.5 0 0 10 0
3 degrees)
Resuscitation sepsis (peritonitis, pneumonia) 46 0 43 10.9 413 30.4 13.1 73.9 239
Septic shock 14 0 0 7.1 14.3 429 357 100 78.6

RL denotes the level of systemic pro-inflammatory reactivity, SI is a systemic inflammation determined using an integral criterion [87].

1) The breakthrough scenario which is super-sharp, relatively
rare, and unfavorable to the development of SI.

2) The pushing scenario which is characterized by a gradual
transformation of classical inflammation into SI, such as in
sepsis, with the exception of its rare variant (fulminant sepsis).

The breakthrough SI dynamic scenario is rare, develops sponta-
neously, has a vibrant dynamic, and requires multiple monitoring
for its assessment in the first few days of its development. The
clinical assessment of this dynamic scenario is rather complicated.
Several of such cases were monitored, and named thus: 1) 3 cases
of embolism of amniotic fluid with fulminant development of con-
sumption coagulopathy, and to the extent of complete non-
coagulation of blood; 2) A case of fulminant sepsis, several cases of
acute injury with massive blood loss. Generally, the regularities of
these processes are the achievement of the peak of a very pro-
nounced phase of phlogogenic impact (RL-5) after 6-12 hours from
the onset of the damaging factor action, and the development of the
depressive phase before 24hrs of the manifestation of the process.
In the overwhelming majority of cases, this variant of the SI is fatal.
Despite being non-specific for SI manifestations of SIR, the verifi-
cation of the depressive phase of SI is not difficult. Authors re-
ported that this depressive phase of SI is characterized by extreme
severe shock processes with a high degree of manifestation of other
SI phenomena [25]. The development of the “breakthrough” variant
is not related to the classical inflammatory focus, and its role in the
development of this SI variant is equally insignificant.

The pushing scenario is the most typical and more multifaceted
variant of the SI (Fig. 4). The manifestations of SI grow gradually
through the passage of the “gray zone”, and in this zone, SI can be
resolved. The phase of the SI development (RL-2, RL-3), which is
the most typical phases corresponds to the border state of the “gray
zone”, and with a further progression, a phase of primary
phlogogenic impact (UR-4, less often RL-5) occurs. The phase of
primary phlogogenic impact can last up to several days and can be
accompanied by shock and MODS with high SOFA values and
death, or could possible show a more favorable scenario with a
transition to the SI resolution phase (RL-2, RL-3) within 3-10 days
of the process (some signs of SIR can last longer).

A less favorable and rare variant of pushing scenario is the
phase of secondary phlogogenic impact, this phase is associated
with the registration RL-4 after 5-8 days from the onset of the de-
velopment of a critical condition. This phase may manifest either
through an interphase transition (light window type), a progredient
process or in the form of a plateau during the direct transition of the
primary phlogogenic impact phase to the secondary phlogogenic
impact phase. This less favorable variant of pushing scenario was
presented in five patients with acute injury, four out of which
showed a fatal outcome, the only survivor had no signs of MODS
during hospitalization. Similarly, 6 of such cases were identified in
sepsis-3, and 4 of 6 patients showed a fatal outcome.

The depressive phase is not typical of the pushing variant, how-
ever, it appears as an interphase transition. The exceptions of the
depressive phase occur in the protracted and subacute course of
sepsis (tertiary peritonitis), in these cases, the torpid flow of MODS
could be complicated by a severe shock condition with the
dominance of the depressive phase of the SI. Authors observed the
depressive phase 17 patients with tertiary peritonitis, 16 of which
showed signs of the depressive phase and the remaining patient had
a phlogogenic impact phase, a 94% mortality rate was reported.
Noteworthy, it can be stated that with the breakthrough variant, the
SI process bursts into the depressive phase through a short-term and
very rapid development of the phlogogenic impact phase, but with
protracted/subacute sepsis the progression to the depressive phase is
rather slower.

The SI dynamics acts as a variable both in the intensity of the
SIR, and the manifestation of other signs of SIR process [25]. Fur-
thermore, these features of the dynamics of SI should be taken into
account for the differentiated use of intensive care products, mostly,
glucocorticoids and other anti-inflammatory drugs.

6.11. Is there Chronic Systemic Inflammation?

Some chronic diseases can be associated with the strong sys-
temic effect of infectious and non-infectious damaging factors,
some of them are listed thus:

1) Chronic renal failure of the 5th stage requiring a replacement
therapy, and the use of program hemodialysis. Factors of sys-
temic damage, in this case, include the action of renal toxins,
contact blood and a foreign surface, and the factors of the un-
derlying disease.

2) Systemic autoimmune diseases such as immunocomplex pa-
thology, other mechanisms of endothelium activation and its
damage.

3) Atherosclerotic gangrene of the toes during stenosis of the
femoral artery, the migration of tissue breakdown products
from ischemic tissues into the blood.

4) Severe chronic infections with secondary atrophic and scle-
rotic changes in the internal organs.

In contrast to the acute processes in the aforementioned chronic
diseases, there are no reliable clinical criteria for SI. The causes of
chronic disorders of internal organs are different; and the mecha-
nisms of chronic systemic inflammation (ChrSI) can only accelerate
the development of these processes. However, the assessment of
these changes requires verified ChrSI criteria, large-scale prospec-
tive studies, and meta-analysis. The inability to verify ChrSI crite-
ria, coupled with the fact that ChrSI is not independently recog-
nized in practical medicine, pose as an obstacle in its use as an as-
sessment tool.

We suggest that patients with a high probability of developing
ChrSI could be attributed to those who have constant or periodical
high SIR levels (RL>3, not associated with acute inflammation) or
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Table3. Frequencies of RL values and D-dimer registration (DIC value) for various chronic diseases.
Groups n RL-0 RL -1 RL -2 RL -3 RL -4 RL -5 D-d
Conditionally healthy people over 65 18 88.9 11.1 0 0 0 0 0
Chr. adnexitis 16 75 25 0 0 0 0 0
Chr. flegmons of the lower extremities 42 19 78.6 2.4 0 0 0 9.5
Hypertension, post menstrual syn- 16 93.7 6,3 0 0 0 0 0
drome
> 65 years, stage 2-3 chr. heart failure, 49 53.1 36.7 10.2 0 0 0 32.7
encephalopathy
Atherosclerotic stenosis of the femoral 38 53 31.6 52.6 10.5 0 0 474
artery, chr. gangrene toes
Autoimmune thyroiditis 29 79.3 20.7 0 0 0 0 0
Ankylosing Spondylitis 27 445 333 222 0 0 0 11.1
Psoriasis, arthritis 12 333 50 16.7 0 0 0 8.3
Valvular heart disease 15 535 333 13.2 0 0 0 133
Reactive arthritis 30 46.7 333 20 0 0 0 233
Rheumatoid arthritis 42 31 47.6 19 2.4 0 0 54.8
Systemic lupus erythematosus 49 8.2 4.1 16.3 32.6 34.7 4.1 40.8
Stage 5 chr. renal failure' before 42 4.8 16.6 54.8 21.4 24 0 38.1
hemodialysis
Stage 5 chr. renal failure' after hemo- 42 14.3 333 453 7.1 0 0 16.6
dialysis
Chr. kidney transplant dysfunction’ 23 8.7 69.6 17.4 43 0 0 21.7
Normal kidney transplant function 24 58.3 25 16.7 0 0 0 2.4

The frequency of registration of the value of D-dimer (D-d)> 500 ng / ml; 1 signifies disease conditions such as chr. glomerulonephritis, diabetes mellitus, and
chr. pyelonephritis before and after hemodialysis process, patients in these groups received anticoagulants. 2 indicates that there was no correlation between SI
with other variants of morphological changes during a biopsy of the kidney. In groups with no age grade indicated signified patients that were younger than 65

years.

RL-2 in the presence of individual signs of latent DIC (D-dimers >
500 ng / ml) or chronic microcirculatory disorders according to
intravital microscopic examination. In chronic microcirculatory
disorders, a more precise verification of the detected changes, the
release of the stages of microcirculatory bed change, blood satura-
tion and perfusion could be required.

The distribution of the RL and the detection rate of the DIC
criterion (D-dimers> 500 ng / ml) for some chronic diseases are
presented in Table 3. The tabulated data substantiate the viewpoint
on the possible development of ChrSI as a complication of the un-
derlying disease in some systemic autoimmune diseases, chronic
atherosclerotic gangrene of the toes, and chronic renal failure of the
Sth stage (Table 3). From the data obtained in systemic lupus
erythematosus patients, RL-5 was detected in two patients which
were denoted as A and B (Table 3). In acute processes, the presence
of RL-5 is typical of hyperergic shock state and other critical com-
plications.

We suggested on the specific values of plasma cytokines in
these patients as thus: IL-6 pg / ml: A) 12560, B) 3648; IL-8 pg /
ml: A) 35350, B) 8230; TNF-o pg / ml: A) 848, B) 1654; IL-10 pg/
ml: A) 6.5, B) 16.2. Obviously, in these patients, a partial adapta-
tion to the potentially damaging effect of high concentrations of

pro-inflammatory cytokines in the blood was observed, and this
adaptation is not directly related to the overproduction of IL-10, as
it has no significance in these patients. It could be possible that
therapy such as glucocorticoids and other anti-inflammatory drugs
plays certain roles in this adaptation. The dynamics of SLE is char-
acterized by different phases of exacerbation and remission, lesions
of the skin, mucous membranes, joints, internal organs (mostly the
kidneys and brain) [728]. SLE is usually characterized by impaired
blood microcirculation and endothelial dysfunction [729], intravas-
cular activation of the hemostasis system [730], complement [731],
and activation of the kallikrein-kinin system [732]. Authors re-
ported on the possible role of mast cell activation in the pathogene-
sis of several other systemic autoimmune diseases [582].

Thus, the development of SIR in chronic pathologies differs
from para-inflammation, likewise low-grade inflammation. It re-
mains factual that ChrSI could exist as an independent form in the
general pathological process of SI, the chronic variant of this proc-
ess is not an attribute of the pathogenesis of specific diseases, but
their complications. The contribution of ChrSI to the development
of chronic organ dysfunctions and thrombohemorrhagic complica-
tions is currently not evaluated.
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CONCLUSION

The information obtained from the general regularities, underly-
ing specific problems, allows to resolve them successfully. Models
of some general pathologic processes exhibit general regularities of
clinical definitions (Fig. 3), and these general pathologic processes
are based on the universal regularities of cellular and tissue stress.
Additionally, cellular stress acts like an elementary functional chain
of different pathologies and certain physiological processes associ-
ated with cell and organ response to various extreme effects of real
or potential damaging factors. Cellular stress is realized by a com-
plex of typical reactions of proteome and genome, including tran-
scriptional, posttranscriptional and posttranslational changes in
original genetic information. These genomic and proteomic reac-
tions lead to the transformation of the cell information field. Cellu-
lar stress includes interconnected processes that are associated with
oxidative stress and the stress response of individual cellular com-
partments. Extremal functions of cells are synchronized by chang-
ing the receptor and secretory phenotype of these cells; certain pro-
grams of tissue stress switch on during the cellular synchronization
process.

Furthermore, a certain program of tissues is also switched on by
a strong local injury program of classical inflammation. The
delocalization of the mechanisms of the exudative-vascular
complex arises from strong systemic damage, and systemic
inflammation develops with life-critical microcirculatory disorders
in the internal organs from this process. In case of injuries of low
intensity that are highly associated with cell aging, the action of
aberrant metabolome factors, other adverse changes in homeostasis,
para-inflammatory processes develop. These injuries can also cause
various pathologies associated with insulin resistance, neurodegen-
erative processes and other diseases that do not demonstrate attrib-
ute signs of classical inflammation.

Cellular stress programs include both general and specific com-
ponents depending on the type of cells, their initial state, and par-
ticularities of the action of stress signals. There are also diverse
directions and outcomes of cellular stress, these include the devel-
opment of various programs of cellular suicide, tumor transforma-
tion, cell aging, and other morphofunctional transformations of
cells. Depending on the correlation of these trends, a complex of
general pathological processes is formed at the tissue level, simul-
taneously, pathologies acquire specific contours characteristic of
various clinical definitions.

Growth and development processes and the accumulation of
functional reserves of cells increase the resistance of the tissue to
the action of damaging factors of low intensity which usually occur
at the initial stage of tissue stress development. Functional cells
enhance resistance to apoptosis, while an irreversibly altered, and
dysfunctional cells are eliminated from healthy tissue.

With a further increment of the effect of damaging factors, oxi-
dative and mitochondrial stress enhance the intracellular network of
regulatory factors and the secretory phenotype of the cells and in-
crease their pro-inflammatory properties. The processes of tissue
atrophy and sclerosis are becoming prominent due to the replace-
ment of the parenchyma of internal organs by cells and the extracel-
lular matrix of connective tissue, which are more resistant to the
action of damaging factors. Aging of cells with a gradual increase
in their dysfunction is not the worst scenario in the development of
tissue stress. Less favorable pathways in the aging process of cells
are processes of tissue malignancy, and those leading to massive
death of parenchymal cells through apoptosis and programmed
necrosis. The mechanisms of cellular and tissue stress play a dual
role either stabilizing an already changed homeostasis (allostasis) or
participate in various dysfunctional systems that form vicious
pathogenetic circles.

With the development of classical inflammation, the main
events of tissue stress occur in the focus of inflammation, the main
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task of tissue stress in these states is aimed at the localization and
elimination of the damaging factor, and not geared towards the
preservation of the integrity and function of the damaged tissue.
The main cellular elements, in this case, are leukocytes migrating
from the bloodstream, and inflammatory macrophages formed from
monocytes. Macrophages and T-cells interact with these cellular
elements and adapt to the features of the damaging factor through
their directional differentiation into a various morphofunctional
pole. With further enhancement of the action of damaging factors,
such as the development of purulent inflammation, the role of neu-
trophils and the mechanisms of the exudative-vascular complex
increases. However, during the course of the development of sys-
temic inflammation, the role of this complex becomes prominent in
the development of systemic microcirculatory disorders. The proc-
ess of acute classical inflammation is completed by post-
inflammatory regeneration or scar repair of damaged tissue. At the
stages of acute classical inflammation, there is a reversion of the
mechanisms of tissue stress in the direction of reducing its pro-
inflammatory properties. Hence, the balance between the damaging
factors and the mechanisms of cellular and tissue stress will
determine the occurrence, course, and outcome of almost all human
pathologies.

The mechanisms of cellular and tissue stress are structured into
complex systems, which include the network of information ex-
change with multidirectional signaling pathways that make these
systems internally complex, and the effects of their activation, un-
predictable. The primary effects of a targeted impact on these sys-
tems inevitably generate a vast of secondary effects that may have a
different target from the goal of the primary impact. The transition
from unidirectional use of therapeutic agents (such as the effect on
specific mechanisms of vascular tone or antimicrobial effects) for
the regulation of cellular and tissue stress as a holistic process is
rather complex; an alternate solution to this problem requires new
theoretical and methodological approaches. The integral criteria can
plausibly reflect the holistic image of the complex processes since
the results obtained from the analysis are accurate in detail, but not
in assessing the holistic state. Furthermore, the introduction of inte-
gral criteria for various variants of tissue stress will require a higher
level of patient examination costs, determination of indications for
these examinations, use of programs associated with computer net-
works of medical institutions, new capabilities for analyzing elec-
tronic databases, and employing the use of artificial intelligence.
One step in this direction involves the isolation and formalization of
the general patterns of human pathologies in the form of abstract
models of general pathological processes, as well as the develop-
ment of methods and methodological approaches for their evalua-
tion.
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