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For proper functioning of organs and systems of the body these need oxygen, which is extracted from atmospheric air and is supplied to cells. At cell level the essential role of O2 is determined by its participation in oxide-reduction reactions in respiratory chain, as result of which energy is extracted from nutritive substances and stored as phosphate macroerges: adenosine-triphosphate (ATP), guanosin-triphosphate (GTP), creatinphosphate. Subsequently, this energy is used in multiple processes from the body: generation and transmission of nervous impulses, regeneration and cellular growth, muscular contraction, thermogenesis, anabolic biochemical reactions, active transport of substances through cellular membrane.

Atmospheric air represents a gaseous mixture which consist of 21% O2, 78% nitrogen and 0, 03% CO2, the rest is represented by water vapors and other gases (helium). Total pressure of this mixture at see level (altitude 0) is 760 mmHg. Each gas have a pressure which is directly proportional with its concentration in this mixture: partial atmospheric pressure of nitrogen is about 600 mmHg, that of O2 is about 160 mmHg.  
Amount of O2 which is transported by blood to the tissue depends on: 

a) Oxygenic capacity of the blood;

b) Hemoglobin affinity for O2;

c) Linear velocity of blood;

d) Blood output – volumetric speed, tissular perfusion.

Oxygenic capacity of blood represents the maximal amount of O2 which can be bound by 100 ml of blood. Each gram of hemoglobin can bound maximally 1, 34 ml of O2, so 100 ml of blood with a hemoglobin concentration of 140-160 g/l - can bound up to 19-21 ml of O2. In addition to this oxygen, there is an amount of O2 which is physically dissolved in plasma of the blood, this represents only 0,3 ml O2 for every 100 ml of blood. Calculated on the basis of these data, oxygenic capacity of the blood is 19, 3-21,3 ml O2/100 ml of blood. So, the total volume of circulating blood has a total oxygenic capacity equal with 1000 ml O2. Oxygenic capacity of blood depends of degree of hemoglobin saturation with O2 and oxygen solubility, both indices depend on partial pressure of O2 in alveolar air.
At the level of alveolar capillaries, where partial pressure of O2 is elevated, O2 combine with hemoglobin, but at the level of tissular capillaries, were O2 pressure is decreased, oxygen unbound from hemoglobin. 

Graphic representation of procentual saturation of hemoglobin in function of partial O2 pressure (oxyhemoglobin dissociation curve) demonstrates that in arterial blood, where pO2 is 95 mmHg, 97% of hemoglobin is associated with O2 forming oxyhemoglobin, and in venous blood, where pO2 is 40 mmHg, hemoglobin saturation with O2 is of only 78 %. 

Hemoglobin affinity for O2 is dependent of pH, pCO2, level of ATP and 2,3 diphosphoglicerol in red blood cells, temperature. So, affinity of hemoglobin for O2 decreases and oxyhemoglobin dissociation speed increases during acidosis, increased body temperature (fever, hyperthermia), increased concentration of CO2. In these cases oxyhemoglobin dissociation curve shift to the right, this meaning that oxyhemoglobin dissociates at higher O2 concentration in the blood.
In cases when there is increased affinity of hemoglobin for O2 and respectively reduced speed of oxyhemoglobin dissociation, oxyhemoglobin dissociation curve shift to left, this meaning that oxygenation of hemoglobin happens at low pO2 in alveolar air, and oxyhemoglobin dissociation at the level of tissular capillaries is slow. Such conditions can be encountered in cases of hypothermia, hypocapnia, intoxication with CO, increased level of fetal hemoglobin (HbF) in red blood cells in premature neonates.

Transport of CO2. Partial pressure of CO2 in arterial blood is 40 mmHg; in venous blood is 46 mmHg. Amount of CO2 transported by arterial blood is 50 ml/100 ml of blood, and venous blood transports a volume of 55 ml CO2/100 ml of blood. From this volume transported by venous blood, approximately, 10 % of CO2 is dissolved in plasma, 10% CO2 is transported as carbohemoglobin, the rest of 80 % are transported with Na and K bicarbonate. Partial pressure of CO2 in the blood is a direct function of pulmonary ventilation.  Changes of PCO2 in the blood influence the cerebral microcirculation. So, in condition of hypercapnia cerebral vessels dilate, respectively increasing blood flow and intracranial pressure, these manifesting by headache and dizziness. In condition of hypocapnia, blood influx through cerebral vessels decreases, this clinically manifested by drowsiness.
    
General hypoxia

Hypoxia is a typical integral pathologic process, characterized by decreased oxygen content in the cell, as result of disequilibrium between the processes of supply and consumption of this.
 Content of O2 in the cells is the result of ratio of two factors: a) O2 supply to the cells in a unit of time; b) oxygen consumption, that depends of the intensity of cellular aerobic metabolism.
 From this, results that hypoxia can occurs both, as result of disturbances of O2 supply to the cells of the body (absolute hypoxia), as well as result of increased consumption of O2 in the cells (relative hypoxia).


Hypoxia is one of the fundamental processes and a basic pathogenic component in multiple disorders of CNS (central nervous system) and endocrine system, respiratory, cardiovascular, blood systems. Hypoxia, in most cases, develops as a secondary process, but its development aggravates the primary pathology (for ex: cardiac insufficiency → decreased systolic volume → decreased cardiac output → decreased arterial pressure → microcirculatory disorders → hypoxia → diminished energogenesis → decreased contractile function of the myocardium).
   
Classification of hypoxia.  According to etiology and mechanisms of development there can be recognized:

1. Exogenous hypoxia (hypoxic hypoxia, atmospheric hypoxia) – induced by  decreased oxygen content in the atmospheric air and in function of atmospheric pressure is divided in:
a. Normobaric
b. Hypobaric

2. Respiratory hypoxia – is the result of respiratory system disorders and that of oxygen diffusion disorders:

a. Hypoventilatory  (restrictive, obstructive diseases);
b. Hypo-diffusional;
c. Diffusion-perfusion mismatch
3. Circulatory hypoxia – is the result of  insufficient supply of cells with oxygen as result of  microcirculatory disturbances:

a. Cardiogenic;
b. Hypovolemic;
c. Hypermetabolic;
4. Hemic hypoxia – is the result of blood disorders:

a. Anemic;
b.  Hemoglobinotoxic;
5. Peripheral hypoxia  - as result of disorders of  oxygen diffusion in the tissues:

a. Interstitial;
b. Intracellular;
6. Histotoxic hypoxia – is the result of intracellular O2 consumption disorders.

7. Mixed hypoxia
According to its localization, hypoxia is classified in local and generalized, and according to onset – in acute and chronic.
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Fig. 1 Causes of oxygen defficiency
(From S. Silbernagl and F. Lang; Color Atlas of Pathophysiology)
Exogenous hypoxia develops as result of decreased oxygen concentration in the inspired air. There are two types of exogenous hypoxia:

a) Normobaric hypoxia – develops when there is decreased O2 content in the inspired air but there is normal atmospheric pressure. Such a state can be seen in cases when a person sits too long in rooms that are insufficiently ventilated, coalmines, and fountains. Decreased oxygen content in the inspired air leads to decreased hemoglobin saturation with O2 and as a consequence hypoxemia and consecutively hypoxia develops.
b) Hypobaric hypoxia – develops in case of decreasing of total atmospheric pressure. Mostly, this is characteristic for living at high altitudes (mountains). The basic pathogenic factor of this type of hypoxia is represented by hypoxemia, along with hypocapnia and respiratory alkalosis as a result of hyperventilation and excessive elimination of carbon dioxide. In normobaric conditions (normal atmospheric pressure), a decrease with 4-5 mmHg of partial pressure of CO2 in the blood leads to diminished pulmonary ventilation, but in case of hypobarism, concomitantly with stimulatory action on the respiratory centre of hypoxemia, increase the sensibility of the respiratory centre to CO2, this is the cause why the pulmonary hyperventilation is maintaining even at low values of CO2 concentration in the blood. Hypocapnia, and respectively increased blood pH (respiratory alkalosis) increase the affinity of hemoglobin to oxygen. This, by one hand, contributes to the saturation of hemoglobin with O2 in pulmonary capillaries, but, by other hand,  dissociation curve of hemoglobin shift to left, such reducing the speed of oxygen release by oxyhemoglobin at the level of peripheral tissues.
Respiratory hypoxia is developing due to external respiration disturbances (processes of pulmonary ventilation, alveolar–capillary diffusion) and due to change of diffusion-perfusion ratio. Pulmonary hypoventilation appears in case of disorders of the respiratory centre, which is localised in the brain stem as well as in case of restrictive or obstructive disorders of ventilation.

Restrictive ventilation disorders are consequences of decreased pleuropulmonary elasticity (pulmonary emphysema, pleuropulmonary fibrosis, silicosis, pulmonary tuberculosis and lung ectomy), pleurisy, pneumothorax, in congenital or acquired disorders of the thorax (thoracoplasty, rib fractures) and in neuromuscular affections (poliomyelitis, myasthenia). Neuromuscular affections are determined by degenerative processes at the level of spinal motor neurons in case of poliomyelitis, botulism and tetanus. As a consequence of these infections the extensibility (compliance) of the thorax during inspiration decreases. Decreased extensibility of the thorax can be encountered in old and obese people, in which hypoventilation leads to hypoxemia. Obstructive ventilation disorders occur as result of increased airways resistance for air stream. This type of ventilation disorders is characteristic for bronchial asthma, chronic bronchitis, and compression of airways by enlarged lymphatic nodules or by a tumor. One of the most frequent causes of obstruction is the bronchial asthma that is characterized by paroxysm of expiratory dyspnea. Bronchial obstruction and the obstacle in the airways in bronchial asthma are realized through three basic mechanisms: bronchiolar spasm, mucosal edema and mucus hypersecretion.   

Central ventilation disorders can develop as results of toxic influences on the respiratory centre in case of diabetic and hepatic coma. Respiratory centre can be affected also in cases of encephalitis, cerebral tumors, ischemia and cerebral hemorrhages.

Diffusion disorders represent also a frequent cause of respiratory hypoxia. Diffusion represents the gas exchange through alveolar-capillary membrane, the oxygen being transported from alveoli in the blood, where it is taken by hemoglobin and transported to the tissues, meantime CO2 follows the same way but in the opposite direction  - from the blood toward alveoli. The speed and the volume of diffusion are directly proportional with diffusion coefficient which is specific for each gas, concentration gradient of gases on both parts of diffusional membrane and of total diffusion surface and are indirectly proportional to the length of diffusion way (length of the alveolar-capillary septum). Causes for diffusion disorders can serve the processes accompanied by thickening of the alveolar septum (pulmonary fibrosis, interstitial pneumonias, collagen diseases, sarcoidosis) and diseases characterized by reduction of diffusion surface (lung ectomy, destructive alveolar processes).

Disorders of diffusion-perfusion correlation in both directions lead to hypoxia. In norm, the ratio of minute-alveolar ventilation volume and the volume of blood that passes through pulmonary capillaries in a unit of time (cardiac output) is between the limits 0,8-1,2. Decreasing of this coefficient is characteristic for pulmonary hypoventilation and increasing of this coefficient is characteristic for decreased pulmonary circulation or in case of arteriovenous shunt (right-left shunt), when a high volume of non-oxygenated blood passes from the right heart directly in the big circulation (congenital cardiac disorders with right-left shunt, intrapulmonary arteriovenous aneurisms).

In case of respiratory hypoxia the oxygen content is decreased both, in the arterial blood, as well as in the venous blood (increased arteriovenous oxygen difference as an index of increased oxygen uptake from the arterial blood), and hypoxemia is accompanied by hypercapnia.

Circulatory hypoxia is the result of hemocirculatory disorders because of disturbances of circulatory apparatus and hypovolemia. This type of hypoxia is characterized by decreased oxygen content in the venous blood along with normal content of oxygen in the arterial blood.

Cardiogenic circulatory hypoxia develops as a consequence of diminished pumping function of the heart as result of cardiac cells injuries, arrhythmias, cardiac tamponade and that of increased peripheral vascular resistance. 

Hypovolemic circulatory hypoxia is a result of decreased volume of circulating blood and is characteristic for hemorrhages or massive plasmorrhagy.

Hypermetabolic (relative) circulatory hypoxia develops as result of disequilibrium between increased O2 demands in organs and tissues and insufficient supply with O2 in cases of physical effort, thyrotoxicosis and hyperthermia. Cardiac output in this type of hypoxia can be increased, but not in the same proportion as increased O2 demands of the organism. Additionally, during physical effort there is an increase of linear speed of the blood and respectively decreases the contact time of the blood with the alveolar air, this phenomenon decreasing the degree of saturation of hemoglobin with oxygen in pulmonary capillaries.

Hemic hypoxia is characterized by decreased oxygenic capacity of the blood and consecutively decreased O2 content in the arterial blood. This type of hypoxia is developing because of qualitative and quantitative changes of hemoglobin.

Anemic hemic hypoxia is developing because of decreased erythrocytes count and hemoglobin concentration in the blood because of erythropoiesis inhibition, blood loss or intensification of hemolytic processes.

Hemoglobinotoxic hemic hypoxia develops as result of pathologic hemoglobin compounds: carboxyhemoglobin and methemoglobin. Carboxyhemoglobin represents the hemoglobin compound with carbon monoxide (CO). Because of increased affinity of hemoglobin for carbon monoxide, this complex does not dissociate and cannot associate and transport the oxygen. Methemoglobin is formed from hemoglobin combined with bivalent iron due to iron oxidation to trivalent iron at the action of benzene, amidopyrine, sulfamides and fenacetines. Methemoglobin, differently from normal hemoglobin, can’t associate oxygen, thus leading to hypoxemia and consecutively to hypoxia. In some cases, hemic hypoxia can develop as result of increased affinity of hemoglobin for oxygen. Such states can occur after transfusion of stored blood, in polycythemia, hypothyreosis, hepatic disorders, pancreatic necrosis and is characterized by sufficient concentration of oxyhemoglobin in the blood and by its incapacity to dissociate and supply oxygen to the tissues.  

Peripheral hypoxia is characterized by disorders of oxygen transport from capillaries of the systemic circulation in the interstitium and further into the cells. It is characterized by normal content of oxygen in the arterial blood and by increased O2 pressure in the venous blood (decreased arteriovenous difference of oxygen).

Interstitial hypoxia appears because of disturbances of oxygen transport from the capillaries through the interstitium toward the cells. In most of cases, interstitial hypoxia develops as result of some local pathologic processes, which lead to decreased permeability for O2 of the capillary and cytoplasmatic membrane, like in edemas, hemorrhages in organs, lymphostasis. 

Intracellular hypoxia is developing because of O2 transport disturbances through cytoplasm to the cellular organelles, for example, in the sector between the cytoplasmatic membrane and mitochondrial membrane, because of cell edema or because of increased volume of the cells.

Histotoxic hypoxia is characterized by the inability of the cells to use oxygen because of electron transport disorders at the level of enzymes of respiratory chain. Causes of this type of hypoxia are:

a. Inactivation of cytochromes-oxidase under the action of cyanides, of cellular dehydrases under the action of ether, urethane, alcohol, barbiturates;
b. Disturbances in synthesis of respiratory chain enzyme in case of  B1, B2, PP vitamin deficiency;

c. Separation of oxidation and phosphorilation processes in intoxication with nitrates, microbial toxins, thyroid hormones hypersecretion;

d. Mitochondrial injury as result of action of ionizing radiation, or products of lipid peroxidation, toxic metabolites in uremia, cachexy, severe infections.   
Histotoxic hypoxia develops in case of intoxications with microbial endotoxins.

In tissular hypoxia, determined by separation of oxidation and phosphorilation, O2 is intensely used, but a high quantity of produced energy is lost as heat, so the remnant low quantity of accumulated energy as macroergic compounds does not assure the cells demands.

Histotoxic hypoxia is characterized both, by normal oxygenation of the arterial blood and by arterializations of venous blood (decreased arteriovenous difference) because the oxygen is not used by the tissues. In this type of hypoxia cyanosis is not characteristic.

In most of cases, hypoxia presents a combination of two or more types – mixed hypoxia – but with predomination of one type.

Hypoxia can be acute, when it develops in some minutes, and chronic, when it persist for some weeks, months, years. Acute hypoxia develops in case of asphyxia, massive hemorrhages, intoxications with carbon monoxide and cyanides, in shock states, in paroxysm of cardiac asthma. Chronic hypoxia develops insidiously in case of chronic diseases of the respiratory system, cardiovascular systems, in anemia etc...

According to location, hypoxia can be local and generalized.

Local hypoxia is developing because of local circulatory disturbances (ischemia, venous hyperemia, and stasis).

Generalized hypoxia represents an integral pathologic process with concomitant involvement of all organs and degree of disorders depends on their resistance to the O2 insufficiency. For example, bone tissue maintains its viability in conditions of complete cessation of O2 supply for some hours; the skeletal muscles – resist approximately 2 hours, the heart just 20-40 minutes. Brain has the lowest resistance to hypoxia. In the cortex of the brain, the first signs of alteration appear in 2-3 minutes of anoxia, but after 6-8 minutes irreversible cell injuries develop.  
Compensatory reactions in hypoxia
 Development of hypoxia triggers a complex of adaptive-compensatory reactions with the goal to restore adequate O2 supply to the tissues. These reactions, in mostly of cases, prevent development of pronounced hypoxia and severe cell injuries. All compensatory reactions that develop during hypoxia can be divided in urgent (immediate) and tardive (late).

Immediate compensatory reactions in acute hypoxia are cardiovascular, respiratory and metabolic.

From cardiovascular reactions should be mentioned increased cardiac output due to tachycardia and increased systolic volume, increased venous return to the heart, rising of arterial pressure and velocity of blood circulation, decreased circulation time of the blood in both circulations. These reactions contribute to improvement of blood arterialization in the pulmonary circulation and O2 supply to organs of the systemic circulation. In case of deep hypoxia there develop the phenomenon of centralization of the blood with redistribution of blood stream preferentially to the vital organs by dilation of vessels in the brain, heart and lung, such increasing blood output toward these organs. Concomitantly, vessels at the level of the skin, adipose tissue, skeletal muscles and of splanchnic organs constrict, reducing the blood output at this level. Another biological role of these vascular reactions is the mobilization of the blood stored in the liver and spleen, mesenterial vessels, such increasing volume of circulating blood. Vasodilatatory effects has also decreased concentration of oxygen and increased concentration of metabolites – products of ATP degradation (ADP, AMP, inorganic phosphate), CO2, hydrogen ions, lactic acid. In condition of acidosis, sensibility of alpha-adrenoreceptors to catecholamine decreases, this also contributing to vasodilatation.

Immediate respiratory compensatory reactions are pulmonary hyperventilation (accelerated and deep respiration) with involvement in the respiration process of before unused alveoli, as well as improvement of pulmonary circulation. Thus, concomitantly with increased alveolar ventilation, in the lungs increases perfusion, this maintaining constant ventilation/perfusion match, an important condition for optimal arterialization of venous blood in the lungs. Meantime, hypocapnia in the blood of pulmonary circulation caused by hyperventilation increases the hemoglobin affinity to oxygen, this reducing the time necessary for blood arterialization – an important moment in conditions of increased linear speed of blood circulation and decreased time of erythrocytes transit through pulmonary capillaries.  

After two days of acute hypoxia in erythrocytes increases the concentration of 2-3 glycerophosphate and ATP, this contributing to easier dissociation of oxyhemoglobin and easer oxygen supply to the peripheral tissues. 

In condition of oxygen “starvation”, in the tissues there is glycolysis activation, such energetic needs of cells will be satisfied for a period of time. Concomitantly, in the cells accumulates lactic acid, acidosis leading to increase of dissociation speed of oxyhemoglobin and ultimately to complete give up of oxygen to the tissues.
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Fig. 2. Oxyhemoglobin dyssociation curve 
(from Despopoulos, Color Atlas of Physiology)
Metabolic compensation. The trigger mechanisms of immediate compensatory reactions in hypoxia are diverse. Respiratory and cardiovascular systems reactions are determined by reflex mechanisms through respiratory centre and that of aortic arch and carotid area chemoreceptors excitation by increased partial CO2 pressure in the blood, excess of hydrogen ions and by decreased partial O2 pressure. Tachycardia is determined both, by direct action of hypoxia on the conductor system of the heart as well as by increased volume of circulating blood, amplification of aspiration force of the thorax and increased venous return to the heart. These phenomena lead to overfilling of the atria with blood and starting of reflex from the receptors of these cardiac compartments.

Long time compensatory mechanisms are triggered in case of chronic hypoxia (cardiovascular and respiratory systems diseases, tumors, mountain dwellers). In chronic hypoxia, there develop functional and structural changes in the tissues which have compensatory and reparatory character. It was established that the deficit of macroergic phosphates caused by hypoxia contributes to intensification of nucleic acids and proteins synthesis, this intensifying plastic processes that cause cardiomyocyte and respiratory muscles hypertrophy. Meantime, functioning of respiratory and cardiovascular systems becomes more economically along with increased function of energogenetic system (increased number of mitochondria, activation of respiratory chain enzymes).
Mostly of the late compensatory reaction in hypoxia are trigger by increased production in the cytoplasm of the cells of the body of HIF-1α factor (Hypoxia Inducible Factor) (Fig.3). This at the level of the cell nucleus will activate a series of genes responsible for synthesis of biological active substances that will induce adaptations of tissues to low O2 content. 
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Fig. 3. Mechanisms of late compensatory reactions in hypoxia (VEGF – vascular endothelial growth factor)

There is intensified erythropoietin secretion from the juxtaglomerular apparatus in the kidneys, thus stimulating the erythropoiesis with increased erythrocytes count and hemoglobin concentration in the blood, ultimately increasing oxygenic capacity of the blood. The diffusion surface of the lungs increases, respiratory musculature and the myocardium are hypertrophied.  In the cells increase the number of mitochondria and the activity of the respiratory chain enzymes. In conditions of chronic hypoxia, in organs of vital importance (ex: brain) increases the capacity of arteries and capillaries, as well as tissue vascularization as result of angiogenesis (effects of VEGF).  
In the case of chronic hypoxia there is decreased production of thyroid stimulating hormone (TSH) and thyroid hormones (T3, T4), this leading to decreased intensity of basal metabolism associated with decreased cells needs in oxygen. It was established that hypoxia induces activation of antioxidant system enzymes (superoxide-dismutase, catalase) for neutralization of lipid peroxidation products that can damage cells. 

In different types of hypoxia, complexes of compensatory mechanisms differ – for example, hypoxic hypoxia induces increasing of the heart minute-volume, but in the circulatory hypoxia, caused by decreased heart contractile capacities, realization of this compensatory mechanism becomes impossible. The same is available for respiratory hypoxia when the capacity of compensatory mechanisms of the respiratory system are diminished, in hypoxia caused by some anemias (ex. non-regenerative anemias) reaction to erythropoietin is also absent and in circulatory hypoxia vascular reactions are incompetent. 

Hypoxia is a strong stressing factor that stimulates the hypothalamus-hypophysis - adrenal system with glucocorticoids hypersecretion, which activate the enzymes of the respiratory chain and stabilize the lysosomal membranes, such inhibiting release of lysosomal hydrolyses and cell autolysis.

Pathogenic action of hypoxia. In pronounced hypoxia the adaptive-compensatory mechanisms become insufficient, such developing decompensated hypoxia, characterized by biochemical, functional and structural disturbances. The final results of these disorders are cell injuries in the organs with hypoxia. These cell injuries have hypoxic, hypo-nutritional, hypo-energetic and acidotic mechanisms. Cell injuries in hypoxia represent typical pathologic cellular processes with some particularities in different organs.

On the basis of all cellular hypoxic injuries is the insufficiency of macroergic phosphates, this limiting the ability of the cell to maintain cellular homeostasis. Glycolysis compensates insignificantly the oxidative processes, this being important just for the brain and heart cells. Mechanisms of cell injuries in the conditions of macroergic deficit are represented by disturbances of selective ion transport through the cell membrane, which is an energy-dependent process. As a result, Na+ ions accumulate intracellularly and K+ ions extracellularly, these leading to reduction of membrane potential and to disturbances of nerve and muscle cell excitability. Along with Na+ ions in the cell passes the water, leading to cell swelling and osmotic cytolysis. Intracellularly, there is also accumulation of Ca+ ions that activate the phospholipase A2 of mitochondria, leading to  desintegration of membranary phospholipids, such disturbing deeper the ionic pumps and mitochondrial functions.  Activated ATP-ase splits macroergic compounds, worsening the energetic penury, and activation of endonuclease triggers apoptosis. 

Stress-syndrome started in acute hypoxia, apart of positive effects determined by hypersecretion of glucocorticoids, induces as well, some unfavourable effects like proteins catabolism with negative nitrous balance, mobilization of lipid storages of the organism.
Injurious action on the cells have also the products of lipid peroxidation, process activated in hypoxia. Acidosis and products of lipids peroxidation destabilizes the lysosomal membranes and contributes to release of hydrolyses that cause autolysis of the cells. 

As result of metabolic disorders, at the level of the cells develop functional disorders, manifested by respective clinical symptoms according to the specific affected organ.

The brains cells are very sensible to hypoxia, 20% from the oxygen quantity necessary to the body are used by the brain. In hypoxia there is increased permeability of cerebral capillaries with consecutive development of cerebral edema. Cessation of O2 supply to the brain for 2-3 minutes leads to neuronal injuries and necrosis at the level of cerebral cortex and that of cerebellum. In chronic hypoxia in the brain develop cell dystrophy at cortical and subcortical level, cerebral edema.

The myocardium is characterized by decreased rate of energogenesis on the basis of anaerobic glycolysis that can satisfy energetic needs just for some minutes. The glycogen reserves in the myocardium are rapidly used. Already in 3-4 minutes after the interruption of cardiomyocyte supply with oxygen, the heart looses the contractile capacity able to maintain the cerebral blood circulation. Glycolysis induces accumulation of lactic acid, development of metabolic acidosis, these leading to decreased activity of respiratory chains enzymes and that of monoaminooxidase. In the myocardium during hypoxia there can be observed lipid degeneration.

In the kidneys in the case of hypoxia there can be seen necrobiosis and necrosis of epithelial cells at the level of renal tubes, this leading to development of renal insufficiency. In the liver there also is found hepatocytes necrosis with further sclerosis of the organ. The same cellular pathologic processes are seen in other parenchymatous organs.

Clinical manifestations of hypoxia. The symptomatology of acute hypoxia is determined by functional disorders of vital organs. Derangements of central nervous system activity is expressed through headache, euphoria, behavior becomes inadequate to the situation. These disorders can be explained by disturbance of inhibition at the level of cerebral cortex. Parallel diminishes the inhibitory control of the cerebral cortex on the subcortical cerebral structures. There can be also nausea, vomiting, disorders of movement coordination, convulsions. Respiration becomes periodic, cardiac activity and vascular tonus decrease. 

When the partial pressure of oxygen in the arterial blood decreases till 40-20 mmHg cerebral hypoxic coma develops, that is characterized by loss of all cerebral cortex functions, as well as functions of subcortical structures and that of cerebral medulla. At a partial pressure of oxygen in the arterial blood lower than 20 mmHg cerebral death and organism’s death develop.          

General hyperoxia
Hyperoxia represents increased oxygen pressure in the tissues as result of excessive supply of O2 to the cells or as result of decreased consumption of this.
In normal condition, at see level, partial pressure of O2 in the atmosphere is about 160 mmHg, but in the alveolar air, in the arterial blood and interstitial liquid in the proximal capillary end partial pressure of O2 is only 100 mmHg. As result of O2 extraction and consumption by the cell, partial pressure of O2 in venous blood is only 40 mmHg. It was established that partial pressure of 100 mmHg is optimal for all biological structures, and that increased oxygenation is potentially harmful by formation of reactive species of O2 and peroxidation of body structures and development of cellular injuries. The role of hyperoxia in medicine can be explained by the fact that this can be of technical origin (hyperbarism at depth), as well as iatrogenic by application of hyperoxia with some therapeutical aims. This require knowledge regarding harmful action of hyperoxia on the human body, intrinsic mechanisms of protection and general principles of correction of side effects induced by high concentration of O2.
Hyperoxia etiology. All factors that lead to hyperoxia can be classified in function of pathogenic mechanism in the following classes:

1. Factors that increase oxygen supply to the cells:

a. increased oxygen partial pressure in the inspired air associated with normal, low or high atmospheric pressure (respectively normobaric, hypobaric and hyperbaric hyperoxia);

b. increased oxygen transport to the tissues in conditions of normal partial pressure of oxygen in inspired air (pulmonary hyperventilation, intensification of systemic and regional hemodynamics);

2. Factors, that reduce oxygen consumption by the cells (enzymatic and substrate                                              disorders).

             Hyperoxia pathogeny is different in function of action mechanisms of etiologic factors.


When there is increased partial pressure of oxygen in the inspired air, exogenous hyperoxia develops, which is characterized by a complete saturation of hemoglobin with oxygen at the level of pulmonary capillaries (oxyhemoglobin concentration becomes equal with 100% instead of 96% like in normal conditions).  Additionally, in the blood dissolves a supplementary oxygen quantity, proportional with level of oxygen pressure in the alveoli. So, if arterial blood in normobaric conditions contains only 0.3 ml of oxygen in 100 ml of blood, in hyperbaric conditions this can reaches 2-6 ml O2/100 ml of blood.


Endogenous hyperoxia represents increased partial pressure of oxygen at cellular level in conditions of normal pressure of O2 in inspired air. Hyperventilatory endogenous hyperoxia appears in conditions of intensified alveolar ventilation (also is possible in conditions of artificial ventilation of the lungs with a mixture of gases with increased oxygen content), this leading to increased O2 in alveolar air (can reach up to 160 mm Hg), ultimately leading to hemoglobin saturation in the arterial blood as well as supplementary dissolvability of O2 in blood plasma. 


Hyperdynamic hyperoxia develops in the case of intensified systemic hemodynamics (increased cardiac output and blood supply to organs, excessive oxygen supply, that exceed real demands). Is characterized by a usual normal saturation of hemoglobin of arterial blood (96%), by a usual normal quantity of dissolved oxygen in the plasma, but because of increased linear and volumetric velocity of blood circulation, concentration of oxyhemoglobin in the venous blood is increased (arterialization of the venous blood, decreasing of arterial-venous oxygen difference).  


Reactive hyperoxia is a result of intensified regional blood circulation (arterial hyperemia) and is similar with hyperdynamic hyperoxia, but has a local character.


Dismetabolic hyperoxia is the result of disturbed oxygen consumption when O2 supply is adequate. It is characteristic for disturbances of respiratory chain enzymes activity or synthesis in mitochondria of the cells (histotoxic hyperoxia), or due to insufficiency of oxidation substrate in the cells (substrate hyperoxia).


Manifestations. Hyperoxia is manifested through compensatory, protective reactions as well as pathologic processes triggered at different levels of the body.
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Fig. 4. Effects of hyperoxia
 (From S. Silbernagl and F. Lang; Color Atlas of Pathophysiology)


Compensatory reactions in hyperoxia are manifested by maintenance of normal oxygen pressure in the cells in conditions of hyperoxia at different levels of oxygen transport. For example, hyperoxia leads to cerebral vessels spasm. Protective reactions against hyperoxia are, as well, mechanisms for annihilations of reactive forms of oxygen generated in hyperoxia. From protective mechanisms, can be numerated different enzymes, endogenous and exogenous antioxidative substances – superoxide-dismutase, catalase, peroxidase, glutathione-reductase, ceruloplasmin, alpha-tocopherol.  


Hyperoxia is compensated when increased partial oxygen pressure at  different levels of its transport does not lead to increased O2 concentration in the cells (hyperoxemia exists but cellular hyperoxia is not present). Subcompensated hyperoxia represents the state when the cellular hyperoxia develops, but intensification of antioxidant system activity permits to neutralize reactive forms of oxygen such preventing cell injuries. Decompensated hyperoxia develops when antioxidant system is exhausted, free oxygen radicals are not neutralized and products of lipid, proteins, nucleoproteins peroxidation accumulate leading to cell injuries.


In therapeutic aims, hyperoxia is used only in hyper-oxibaric conditions -inhalation of oxygen under therapeutic pressure of 2, maximum 3 atmospheres. In condition of hyperoxibaria, along with complete saturation of hemoglobin with oxygen, increases the oxygen quantity which is physically solved in plasma, and this permits to enrich tissues with oxygen even in conditions, when the circulation velocity in capillaries is very low (venous hyperemia, ischemia). Thus, hyperbaric oxygenation compensate every type of hypoxia (with exception of histotoxic one), especially hypoxia conditioned by decreased or inactivated hemoglobin (hemic and anemic hypoxia), on the basis of increased solved oxygen in the plasma, lymph and tissular liquid. By means of hyperbaric oxygenation, metabolic requirements of the cells are assured even in conditions of decreased blood afflux at the level of microcirculation.

 
Oxygen effects under pressure are acting on all organs, tissues, cells and subcellular structures. In function of intensity of oxygen-dependent reactions, hyperoxia can have both, favorable and toxic consequences, determined by the increased oxidative potential of hyperbaric oxygen.


Pathogenic action of hyperoxia is represented by excessive formation of reactive oxygen species, peroxidation of endogenous substances, structural changes and functional disorders of the cells, organs and body systems.


In conditions of hyperoxia there is intensive formation of free oxygen radicals – superoxide anion radical (O2-), singlet oxygen (¹O2), hydroxyl radical (OH-), that alter membrane phospholipids with formation of lipid hydroperoxides and initiation of chain reactions. Harmful effects are represented by destruction of cell membrane and intracellular structures, changing conformational structure of protein, alteration of DNA and RNA. Finally, there is total injury of plasmatic membrane with homeostatic cellular disorders (osmolar, electrolytic, electrogenesis, intumescences and cytolysis).


Injuries of mitochondrial membranes, of endoplasmic reticulum and of lysosomes lead respectively to disorders of oxidative phosphorilation processes and energogenesis, ribosomes degradation with deregulation of proteins synthesis, releasing of lysosomal enzymes with autolysis and development of irreversible changes in the cells till the cellular necrosis.


Along with this, under the influence of hyperbaric oxygen there is inhibition of respiratory chain enzymes (cytochromes-oxidase, dehydrase), inhibition of oxidoreductase activity, and as a consequence the cells loose their capacity to use oxygen  - tissular hypoxia develops leading to energetic disturbances, which deeper damage the structure and functions of cell membranes and that of intracellular organelles.


Hyperoxic cellular pathologic processes (cell injuries, necrosis) lead to pathologic processes in the tissues, organs and systems of organs with consequences for the entire body (inflammation, acute phase reaction, fever).


The most vulnerable structures to the action of hyperoxia are (in the order of decreased sensibility): nervous system, liver, testicles, kidneys, lungs, muscles. This phenomenon is determined by different intensity of metabolism in these organs as well as by capacity of protective antioxidant systems in these cells.


In conditions of hyperoxia, as result of neuronal injuries, there is disturbed activity of central nervous system, necrosis can develop, electrophysiological processes are disturbed, convulsions. 


Hyperoxic cell injuries in the lungs are manifested by surfactant degradation on the alveolar surface, reduced content of phospholipids in the cell membrane, oxidation of protein sulfhydryl groups, destruction of epithelial cells at the level of airways and alveoli with consecutive inflammation (bronchitis, alveolitis), lung edema, disturbances of diffusion at the level of alveolar-capillary barrier. In this way, hyperoxia can lead to respiratory hypoxia.


Performed studies have determined cell injuries with decreased heart function in hyperoxic conditions, decreased systolic volume, increased peripheral vascular resistance and decreased blood velocity at the level of microcirculation. Hyperoxia increases vascular permeability, induces dystrophic changes at the level of endothelial cells and vascular myocytes, changes rheological properties of the blood with erythrocytes aggregation. 


In the blood system, there is increased erythrocytes membrane permeability till hemolysis. In hyperoxic condition the affinity of hemoglobin to oxygen increases. Dissociation curve of oxyhemoglobin in O2 oversaturated medium shifts to the left, because this phenomenon depends on the content of oxygen in the tissues. In hyperoxic conditions, tissues are saturated with oxygen solved in the blood plasma, meantime oxyhemoglobin does not dissociate and being associated with oxygen is not available for carbon dioxide transport that leads to accumulation of this in the tissues and development of acidosis. This process is due also to decreased function of glycolytic systems in the erythrocytes as well as decreased level of 2,3-diphosphoglicerate. 


Described pathologic processes at the organ level (lungs, heart, bone marrow etc) ultimately lead to integral pathologic processes - respiratory, circulatory, anemic hypoxia, hyperkaliemia because ions of K+ leave the injured cells.

A high role in extreme hyperoxia (at O2 pressure higher than the therapeutic pressure) has acidosis, which pathogeny is explained further. At excessive pressure of oxygen in the inspired air, in the blood plasma there is solving a quantity of oxygen which is sufficient to satisfy oxidative processes in the tissues of the body. Because of this, at the level of capillaries of systemic circulation, oxyhemoglobin will not dissociate and respectively carbohemoglobin will not be formed – transportation form of carbon dioxide. Hypercapnia which develops in these conditions leads to dangerous acidosis.


In a first stage, hyperoxia increases the partial pressure of oxygen in the blood with oxygen saturation of peripheral tissues, but if it is long, induces a mixed hypoxia with all specific consequences. This phenomenon imposes a high attention from the doctor and requires protective therapeutic measures when hyperoxibaria is used with therapeutic aims, this is because beside positive effects can develop also multiple harmful effects conditioned by high oxidative potential of the oxygen, with irreversible cell injuries and pathologic processes in organs.
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