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Abstract

mechanisms.
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All types of hypoxia at certain stages of their development are accompanied by impaired tissue respiration, that is, they
lead to the development of secondary tissue hypoxia. The causes and development mechanisms of which we tried to
discuss in this article. The development of hypoxic conditions and their compensation depend not only on this or that
hypoxic perturbation and that part of the respiratory system, which is primarily targeted by its action, but also on the
duration and the degree of exposure to the factor causing hypoxia, on the activity of urgent and long-term compensation

Introduction

All types of hypoxia at certain stages of their development are accompanied
by impaired tissue respiration, that is, they lead to the development of
secondary tissue hypoxia. The causes and development mechanisms of
which we tried to discuss in this article.

The study of molecular, membrane, cellular, organ and system mechanisms
of the development and compensation of hypoxic conditions, the approach
to the study of respiration from the position of the system theory, the use of
methods of mathematical modeling of the mass transfer process of
respiratory and inert gases, the concept of oxygen regimes of the body,
allowing objective assessment of the degree of hypoxia, have brought the
previously descriptive nature of the study of hypoxia to the category of exact
sciences. With the development of ideas about hypoxia, the terminology has
naturally changed [4]. The term "hypoxia", meaning the decrease of oxygen
content in arterial blood in the last century, was given a new meaning in the
20th century. Hypoxia became to be understood as all those states of the
organism in which, for one reason or another, the parameters of oxygen
delivery to the tissues decreased, hypoxemia - reduction of its content

(PO2) in the blood [8].

Back in 1905 he proposed to distinguish between types of oxygen starvation
depending on the causes, causing a violation of both oxygen delivery and
oxidative processes in the very point of respiration - in the tissues.

The classification of hypoxia proposed by Barcroft in 1919, based on the
extensive data of researchers from many countries already at that time and
on the results of his own experimental studies of the role of hemoglobin in
oxygen delivery, has gained wide popularity. It was quite simple, in it the
type of hypoxia was determined depending on the changes in hemoglobin
circulating in the blood and its ability to bind oxygen, its role in oxygen

delivery to the tissues [13]. Therefore, tissue hypoxia was not included in
Barcroft's classification. Later, in 1922, included histotoxic anoxia in the
concept of "anoxia", i.e. such type of hypoxia, in which oxygen delivery to
tissues is not impaired, but due to the damage of the cellular apparatus of its
utilization the intensity of oxidative processes in cells is reduced [14].

The introduction of tissue hypoxia or histotoxic hypoxia into the
classification of hypoxic conditions caused a discussion, which continues to
the present day [11]. The concept of "tissue hypoxia" was very broad and
had different meanings, implying tissue hypoxia as hypoxia resulting from
primary damage of the cell respiratory apparatus by cyanides, drugs, etc [7].

Tissue hypoxia developing as a result of oxygen delivery impairments to the
tissues (the final link in the pathogenesis of hypoxic conditions of different
types). Thus, the concept of "tissue hypoxia" includes conditions of various
etiologies with different pathogenetic mechanisms acting either on organ and
tissue or cellular, subcellular, mitochondrial and molecular levels [5].

Depending on the etiology and pathogenesis, we propose to distinguish
between primary and secondary tissue hypoxia. To the primary tissue
(cytotoxic) hypoxia we propose to refer all states in which as a result of
cyanide poisoning, drugs and other substances paralyzing tissue respiration,
there is a primary lesion of the cellular respiration apparatus either at the
level of cell organelles (mainly mitochondria) or at the molecular
(enzymatic) level.

We propose to refer secondary tissue hypoxia to such conditions when, as a
result of mismatch between the rate of oxygen delivery and cellular demand
for it, oxygen tension in tissues and cells decreases below the critical level,
respiratory enzyme activity drops, oxidative reactions are depressed, oxygen
consumption rate decreases, macroergs formation decreases, underoxidized
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products accumulate, anaerobic energy sources start to be used. Thus, tissue
hypoxia can be both an independent type of hypoxia - primary tissue hypoxia
(cytotoxic), and the final link in the pathogenesis of various types of hypoxic
conditions, in which oxygen delivery to cells is disrupted - secondary tissue
hypoxia [2].

Primary and secondary tissue hypoxia have both common and distinctive
features. Common to both are inhibition of oxidative processes in cells,
decreased intensity of oxygen consumption and formation of energy-rich
phosphadenyl and creatine phosphorus compounds, accumulation of under-
oxidized products, increased concentration of hydrogen ions, pH shift and
acid-base state in tissues and venous blood towards acidosis, disturbance of
ionic equilibrium, major changes in the structure and function of cells,
tissues, organs and systems [17].

Primary and secondary tissue hypoxia differ both in etiology, pathogenesis
and objective indicators. In primary tissue hypoxia the rate of oxygen
transport by arterial and venous blood, oxygen tension in them and tissues is
lower, and in secondary tissue hypoxia - below normoxic values [18].

The question arises to what extent cellular respiration, which provides ATP
formation, depends on the level of PO2. (concentration of oxygen in the cell).
Under physiological conditions, the rate of ATP synthesis is directly
proportional to the rate of oxygen consumption, since mitochondrial
oxidative phosphorylation is the main source of cellular ATP.

The synthesis of ATP from ADP and inorganic phosphate occurs due to the
fact that the oxidized cytochrome c, reducing, gives its electron to
cytochrome ¢ oxidase, which contains two copper-containing centers (CuA
and CuB) and hemes a and as, through which electrons , finally, they go to
oxygen.

In total, ATP synthesis in mitochondria can be represented as the following
reversible reaction:

NADH + ADP + Pin <> NAD + ATP
The dependence of this reaction on oxygen is expressed by the equation
1/202+ 2H* + 2e" + ADP + Pin < H20 + ATP + A Q.

In the absence of oxygen, electron transfer stops, the proton gradient drops,
and ATP synthesis stops [20,21].

The reactions that are mentioned above predetermine the dependence of the
intensity of respiration and ATP synthesis on several factors. According to
the law of mass action, ATP synthesis in the first reaction will depend on the
ratio between [NAD]/[NADN] and on the content of ADP and inorganic
phosphorus; in the second reaction - on degree of reduction of cytochrome
¢. The dependence of the rate of ATP synthesis on the phosphate potential
[ATP)/[ADP] - [Pin] has been experimentally confirmed by many authors,
and the dependence of oxidized cytochrome ¢ formation and ATP formation
from POz, has been convincingly proved by experimental and theoretical
(using a mathematical model) studies of D. Wilson et al. [7], who showed
that oxidative phosphorylation depends on POz in the whole range of its
changes under physiological conditions, because the degree of cytochrome c
reduction increases with decreasing POz, starting from such high value as
144 mm Hg. When PO2 = 144 mmHg cytochrome c is reduced by 20%, at
120 mmHg it is reduced by 23%, at 30 mmHg (which is very close to the mean
value of POz, in brain and muscle tissue) it is reduced by 29% (almost 1/3),
at POz = 12 and 6 mmHg - by 34 and 40%, respectively. Parallel to the
reduction of cytochrome c in the decrease of oxygen tension in tissues, there
is a decrease in phosphate potential, which, according to D. Wilson et al.,
when POz =50 mm Hg, it decreases twofold; at 19 mm Hg, it decreases more
than fourfold. Despite changes in the degree of reduction of cytochrome ¢
and reduction of phosphate potential, mitochondrial respiration rate does not
decrease until PO2 becomes lower than 12 mm Hg due to the participation of
another regulatory effect - the ratio of oxidized to reduced NAD [13].

Thus, three intracellular regulatory influences determine the relatively high
resistance of the mitochondrial respiration intensity to P reduction O2 and
low values of Km (the value of POz , at which the respiration intensity is

Page 2 of 8

50% of normal); these are the phosphate potential (not the absolute amounts
of ATP, because the phosphate potential can decrease due to accumulation
of ADP and inorganic phosphate), the degree of cytochrome c reduction and
[NAD]/[NADH] ratio. Therefore, for different conditions (rest-muscular
activity) in the same individual, in individuals of different sex and age, POz,
at which the rate of oxygen consumption, the so-called critical level of POz,
begins to decrease, is not the same [9].

Distinguish three critical levels of POz : a critical level for mitochondria, i.e.,
such a value of POz below which the maximum respiration rate of
mitochondria begins to decrease; this level depends on the property of the
mitochondria; an effective critical level of PO2 for mitochondria, i.e., such a
value of P below which the maximum respiration rate of the tissue begins to
decrease; if the concentration of respiratory enzymes is elevated, the
effective critical level of P for mitochondria may be lower than it, such value
of POz , below which the maximum respiration rate of the tissue begins to
fall; if the concentration of respiratory enzymes is increased, the effective
critical level of PO2 for mitochondria may be below its critical level, since
the maximum respiration rate of the tissue depends not only on the critical
level of PO2 for mitochondria, but also on the concentration and activity of
respiratory enzymes; critical level of POz oxygen delivery - such level of PO2
in capillary blood, below which [17].

Many authors emphasize the importance of determining the POz of the
venous blood and distinguishing a "critical" level of POz of the venous blood,
a "critical" level of PO2 of the arterial blood, below which the reduction of
oxygen consumption by the organ and the organism as a whole begins. As
will be shown further, the critical level of pO2 of the arterial blood can be
considered 50 mm Hg. Since PO2 of the arterial blood is in close dependence
on PO of the alveolar and inhaled air, we also distinguish the “critical" levels
of partial oxygen pressure in the alveolar and inhaled air. The decrease of
oxygen consumption by the organism occurs at PiO2= 90 mm Hg and PaO2
=55 mm Hg [15].

Carotid and aortic chemoreceptors are the most sensitive to oxygen tension
decrease, as it was established in the 20s of our century. It is likely that high
sensitivity of carotid and aortic chemoreceptors to hypoxia is determined by
the peculiarities of their respiratory enzymes. There is evidence that
cytochrome a3 of the carotid body, even if PO2 equates to 100 mm Hg,
attaches to itself only 60-90% of oxygen. For its complete saturation, higher
values of POz are required. This means that POz that is equal to 100 mm Hg
is the "critical” level for the cytochrome of the carotid body, i.e. it is the level
at which tissue hypoxia can already develop and ionic equilibrium can be
disturbed, which will cause excitation in the receptor cells [8].

Historically, hypoxic hypoxia - oxygen deficiency arising in the body from
inhalation of air with reduced partial pressure of oxygen - was studied before
other types of oxygen deficiency. Its pathogenesis can be represented as the
following simplified scheme: the decrease of the partial pressure of oxygen
in the inhaled air leads to the decrease of POz in the alveolar air and the
arterial blood. If compensatory mechanisms were not activated, the rate of
oxygen inflow into the lungs and alveoli, the rate of oxygen mass transfer by
the arterial blood would decrease, resulting in lower oxygen delivery rate to
the tissue, oxygen mass transfer rate by mixed venous blood, its POz, 0xygen
tension in the tissues would fall to levels below the critical ones. The latter
in turn would lead to increased reduction of cytochrome c, decreased
phosphate potential, inhibition of tissue respiration and ATP synthesis,
accumulation of acidic products, shift in ionic equilibrium, changes in
mitochondrial and cell membranes, conformational shifts in proteins,
disruption of cell, tissue and organ structure and function [12].

High sensitivity of the brain and especially its higher sections to hypoxia has
been experimentally proved [21,9,10, 2]. Our studies showed that blood
saturation of carotid artery and internal jugular vein with oxygen, oxygen
content in blood, arterio-venous difference in oxygen decreases in
nonacclimatized persons on the second day of stay at an altitude of 3800 mm.
When inhaling oxygen-poor mixtures, the blood oxygen content decreases
and, despite the increased blood flow rate, the oxygen consumption by the
brain decreases. Parallel studies of the higher nervous activity of the same
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persons testified to significant changes in both inhibitory and excitatory
processes, violations of not only fine but also rough differentiation,
manifestations of hypnotic states, pronounced changes in the second signal
system. Mental performance worsened, the rate of proofreading work slowed
down. All these changes were observed against the background of reduced
PO2 in the carotid blood up to 58- 48 mm Hg, and in the internal jugular
vein blood up to 34-26 mm Hg, and the higher nervous activity was more
impaired in those individuals in whom arterial and especially venous
hypoxemia were more pronounced [3].

Some authors believe that the initial response to brain hypoxia occurs in
humans when PO2 in the venous blood flowing from the brain decreases to
28 mm Hg, loss of consciousness occurs when PvO2 equals 19 mm Hg, and
death may occur at PvO2 - 12 mm Hg [13]. According to the same authors,
during normoxia in the brain, PvO2 is excessive; during loss of
consciousness and all the more so in life-threatening conditions, it decreases
to 5-4 mm Hg According to the data, in normoxia POz in the brain is not
excessive. At the points of the worst supply it can be equal to 17 mm Hg At
critical POz in venous blood 28 mm Hg POz in the "dead corner" decreases
to 4 mmHg. According to Hirsch et al., a decrease in oxygen consumption
by the cat brain is observed at POz in the venous blood flowing away from
the brain to 20 mm Hg [5].

Detailed experimental and theoretical studies of the conditions and
mechanisms for the development of brain tissue hypoxia were carried out.
The results obtained and literature data on this issue were presented [22].
According to K.P. Ivanov, the critical venous PO2 for the rat brain is equal
to 20 mm Hg, at such POz of venous blood flowing from the brain, in some
parts of the brain oxygen tension does not exceed 1.0-0.5 mm Hg.

In cells of tissues less sensitive to oxygen deficiency, a drop of PO2 below
the "critical” level also leads to a decrease in the intensity of oxidative
processes. Experiments with isolated tissues (liver, heart and skeletal
muscles) have shown that the intensity of oxidative processes in them
decreases if POz in incubation medium is reduced from 159 mm Hg to 33
mm Hg [1].

The critical level of POz for liver mitochondria is 8 mm Hg [18]. For isolated
mitochondria, the critical value of POz is in the range of 0.5-1 mm Hg. [8].

The critical POz level for cytochrome oxidase is low [4].

The average value of tissue oxygen tension obtained from polarographic
measurements with macroelectrodes does not accurately reflect the level of
POz in the intercapillary space. Studies using microelectrodes showed that
the oxygen tension in tissues is almost impossible to express by any single
number, as POz in tissues varies from 95 mmHg to zero. Histograms give a
more accurate picture of the distribution of PO2 in tissues, but they also do
not reflect the true topography of POz in tissues. The most accurate reflection
of the topography of P is obtained with the help of mathematical models of
isobars [6].

The changes in the organism resulting from the decrease of POz in the
inhaled air are a consequence of both the damaging effect of hypoxia and the
activity of compensatory mechanisms aimed at preventing this damaging
effect, at increasing the delivery of oxygen to the tissues and increasing the
efficiency of oxygen use delivered to them. In the experiment it is practically
impossible to create such conditions, under which it would be possible to
completely exclude the effect of compensatory mechanisms activity. In this
respect, significantly greater opportunities are offered by the use of
simulation models with biocontrol, based on a consistent description of
physical, biophysical, physical-chemical and biochemical regularities of gas
mass transfer process dynamics in the organism and on information about
the magnitude of the control actions coming from the biological object under
study [11].

We put more than 40 series of studies on such mathematical models in which
the dynamics of changes in the partial pressure of oxygen and carbon dioxide
in the alveolar air, its tension in the blood of pulmonary capillaries, arterial
and mixed venous blood, arterial and venous sections of tissue capillaries
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were determined when oxygen content in the inhaled air decreased to 16,
14,12, 10, 8, 6, 4%, average POz in the tissues of various organs (brain, heart
muscle, skeletal muscles, liver, gastrointestinal tract, kidneys, bone tissue,
skin), PO2 mixed venous blood either in the absence or different degrees of
severity of compensatory changes in pulmonary and alveolar ventilation,
pulmonary, systemic and organ blood flow, respiratory function of blood,
oxygen utilization mechanisms [4].

The results of these studies indicate that in the absence of compensatory
effects when there are no changes in respiratory volume (550 ml), respiratory
cycle duration (4 s), minute respiratory volume (8.250 ml/min), the ratio of
alveolar ventilation (70%), minute blood volume (4100 ml/min), hemoglobin
content in blood (14 g%), oxygen consumption rate (3.4 ml/min per 1 kg of
tissue), oxygen tension drops not only in arterial, but also in mixed blood and
tissues even in cases when the oxygen content in the inhaled air decreases
only by one-quarter. At the same time in the tissues POz is not yet below the
critical level. But if the oxygen content in the breathing mixture decreased to
12%, the oxygen tension in the arterial and mixed venous blood and in the
tissues would fall to levels close to critical, in these cases tissue oxygen
consumption could decrease and secondary tissue hypoxia would develop

(8].

Changes in POz in alveolar air, arterial and mixed venous blood, and tissues
in the absence of compensatory influences are proportional to its decrease in
inhaled air, but the proportionality coefficients for POz of alveolar air,
arterial and venous blood of different tissues are not the same. Oxygen
tension in arterial and especially in mixed venous blood and tissues decreases
less than in inhaled and alveolar air. This indicates that in the system of
oxygen mass transfer itself, even in the absence of compensatory influences,
there is some compensation for the decrease of PO2 in the inhaled air. The
inclusion of compensatory influences, especially such as increasing the
minute volume of breathing, the minute volume of blood, the redistribution
of macro- and microcirculation of blood, can prevent the development of
tissue hypoxia with a fairly significant reduction of POz2 in the inhaled air.
Tissue hypoxia, therefore, is not a necessary element of hypoxic state. It
develops only under certain conditions (in the case of hypoxic hypoxia when
POz in the inhaled air is below 90 mm Hg). The development of tissue
hypoxia is largely determined by how effective the compensatory
mechanisms [17]. In acute hypoxia a significant role in the compensation of
hypoxia belongs to such mechanisms of urgent compensation as increased
pulmonary and alveolar ventilation, increased diffusion surface of alveoli,
systemic and regional blood flow, the release of red blood cells from the
depot and the associated increase in blood oxygen capacity, the shift of acid-
base state and blood pH, which affects oxygen-binding properties of blood,
changes in diffusion parameters in tissues [1].

Based on objective indicators of hypoxic conditions: changes of POz in
alveolar air, arterial and mixed venous blood, the rate of stepwise oxygen
delivery to tissues and their oxygen consumption, indicators of acid-base
state of blood, considering the activity of compensatory mechanisms and
state of higher nervous activity, level of mental and physical performance
capacity, we proposed to distinguish the following degrees of acute hypoxic
hypoxia: latent, compensated, severe hypoxia with the onset of
decompensation, uncompensated, terminal [6]. In some tissues hypoxia
begins to manifest itself already in the second degree of hypoxic hypoxia. In
subsequent degrees it is sharply expressed in all tissues [19].

Secondary tissue hypoxia can develop in hypoxic conditions of different
types: in severe hypoxic, respiratory, circulatory, hemic hypoxia, in load
hypoxia, in deterioration of oxygen mass transfer as a result of
microcirculation disorders, in deterioration of conditions for oxygen
diffusion from blood capillaries to mitochondria (increased diffusion radius,
slowed blood flow, compaction of capillary and cell membranes,
intercellular substance, fluid accumulation, etc.).

Given the shortcomings of the existing classifications of hypoxic conditions
we proposed to apply a fundamentally new approach to the classification of
hypoxia [6,19]. The classification of hypoxic conditions we propose is based
on the system approach to the study of respiration. It takes into account the



International Journal of Clinical Epidemiology

changes occurring in all links of oxygen delivery and its utilization, since
both external perturbations and perturbations occurring within the system in
any of its links, changes in the pressure on the system (increase in the rate of
oxygen consumption and carbon dioxide production) all lead to a
pronounced change in the state of the system as a whole [19].

If the classification of hypoxic conditions is based on the system approach,
then first of all we should highlight changes in the state of oxygen supply
system, which occur in a healthy body under the influence of external
disturbances: reduction of POz in the inhaled air, increase of PO: in it,
changes in the total barometric pressure, which affects the mass transfer of
respiratory gases. External perturbations at the inlet to the system affect all
of its links. Hypoxic conditions of this kind should be distinguished into
separate types of hypoxia: hypoxic, hyperbaric and hyperoxic [14].

An increase in the system load - an increase in the rate of oxygen
consumption and CO production, which is observed when the function of an
organ or tissue is intensified, especially during muscular activity, also affects
the system as a whole and all of its links. Hypoxic conditions arising from a
significant increase in oxygen consumption, i.e., an increase in the load on
the system, we allocate to a separate type - load hypoxia.

Internal disturbances resulting from pathological changes in the respiratory
apparatus, cardiovascular system, blood system can also lead to the
development of hypoxic conditions - respiratory, circulatory, hemic, but
pathological changes in the tissue respiratory apparatus - to primary tissue
(cytotoxic) hypoxia [22].

Thus, we propose to distinguish eight main types of hypoxia: hypoxic,
hyperoxic, hyperbaric, respiratory, circulatory, hemic, load hypoxia and
primary tissue (cytotoxic) hypoxia. Each type of hypoxia may include its
different forms.

It should be noted that in some cases respiratory, circulatory, hemic and
cytotoxic hypoxia may develop not only in diseases of internal organs, but
also as a result of some external agents that have a selective effect on a
particular part of oxygen delivery and utilization system. Thus, inhalation of
carbon monoxide inactivates hemoglobin and the development of hypoxia is
of hemic type, under the action of acceleration on the body, that causes
redistribution of tissue blood supply - mainly of circulatory type, etc.

Each type of hypoxia has its own specifics and can be determined by
objective criteria - primarily by the level of PO2 in the environment, the
alveolar air, the arterial and venous blood and tissues, by the rate of mass
transfer of oxygen in the body and its consumption. As the main objective
criteria of hypoxia parameters are used that characterize oxygen mass
transfer modes, carbon dioxide mass transfer, changes in oxygen
consumption and formation of macroergic compounds, pH of arterial and
venous blood, its content of lactic and pyruvic acids, buffer bases and other
indicators acid-base balance of blood [8].

Different types and degrees of hypoxia result in different changes in the
body's oxygen regimes.

Hypoxic hypoxia is caused by a decrease in POz in the inhaled air. It
necessarily reduces POz in the alveolar air, the arterial blood and the total
air-venous gradient POz decreases [20]. In hyperoxic hypoxia regardless of
its form (respiratory, circulatory, cytotoxic) as a result of POz increase in the
inhaled air the total air-venous gradient PO2 also increases, but the rate of
oxygen transport by arterial blood and the rate of oxygen consumption by
tissues decrease, peroxidized products accumulate, the acid-base state of
blood changes [11, 12, 16].

Respiratory hypoxia is necessarily associated with decreased oxygen tension
in arterial blood, arterial hypoxemia as a result of impaired gas exchange in
lungs and mass transfer of oxygen through alveolar-capillary membrane
without changes in PO2 inhaled air with small changes in air-venous gradient
PO [12].

The cause of circulatory hypoxia can be disorders of cardiovascular system
function, macro- and microcirculation. Distinctive signs of circulatory
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hypoxia are the decreased rate of oxygen mass transfer by arterial blood and
the decreased rate of oxygen delivery to the cells. Oxygen content and
oxygen tension in the arterial blood in this form of hypoxia can be within
normoxic values.

Oxygen tension in tissues and the venous blood is decreased, resulting in
increased venous-alveolar and total airvenous gradients PO2 .

In hemic hypoxia due to decreased oxygen capacity of blood or
oxygenbinding properties of hemoglobin, oxygen content in arterial and
mixed venous blood decreases, and consequently, the rate of oxygen mass
transfer by blood. Oxygen tension in tissues and mixed venous blood is
reduced, PO alveolar air and arterial blood are within normoxic fluctuations.

The proposed classification, as well as others, is conditional, since different
types of hypoxia can develop simultaneously in a person’s life (especially in
a patient).

The development of hypoxic conditions and their compensation depend not
only on this or that hypoxic perturbation and that part of the respiratory
system, which is primarily targeted by its action, but also on the duration and
the degree of exposure to the factor causing hypoxia, on the activity of urgent
and long-term compensation mechanisms.
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