Cell Injury – 2 Dr Hussain Abady

MECHANISMS OF CELL INJURY

The cellular response to injurious stimuli depends on;

1. Type of injury.
2. Duration.
3.  Severity. 
Thus, low doses of toxins or a brief duration of ischemia may lead to reversible cell injury, whereas larger toxin doses or longer ischemic intervals may result in irreversible injury and cell death.

The consequences of an injurious stimulus depend on;

1. Type of injured cells.
2. Status of injured cells.
3. Adaptability of injured cells.
4. Genetic makeup of the injured cell.
The same injury has vastly different outcomes depending on the cell type; thus, neurons of nervous system die after 3 minutes of ischemia, while striated skeletal muscle in the leg accommodates complete ischemia for 2 to 3 hours without irreversible injury, whereas cardiac muscle dies after only 20 to 30 minutes. The nutritional (or hormonal) status can also be important; clearly, a glycogen-replete hepatocyte will tolerate ischemia much better than one that has just burned its last glucose
[image: image1]molecule. Genetically determined diversity in metabolic pathways can also be important. For instance, when exposed to the same dose of a toxin, individuals who inherit variants in genes encoding cytochrome P-450 may catabolize the toxin at different rates, leading to different outcomes. Much effort is now directed toward understanding the role of genetic polymorphisms in responses to drugs and toxins and in disease susceptibility. The most important targets of injurious stimuli are;

     (1) Mitochondria, the sites of ATP generation.

     (2) Cell membranes, on which the ionic and osmotic homeostasis of

           the cell and its organelles depends.

    (3) Protein synthesis.

    (4) Cytoskeleton. 
    (5) Genetic apparatus of the cell.
The attack on one or more of the above targets is mediated by one or more of the following mechanisms:
1. ATP depletion. 

2. Loss of cell membranes permeability and cell membranes damage.
3. Mitochondrial damage.

4. Accumulation of oxygen-derived free radicals (oxidative stress).
ATP depletion. ATP, the energy store of cells, is produced mainly by;

       a. Oxidative phosphorylation of adenosine adiphosphate (ADP) during reduction of oxygen in the electron transport system of mitochondria. 

       b. Glycolytic pathway can generate ATP in the absence of oxygen using glucose derived either from the circulation or from the hydrolysis of intracellular glycogen. 

The major causes of ATP depletion are;

       a. Reduced supply of oxygen and nutrients.

       c. Mitochondrial damage.

       d. Actions of some toxins (e.g., cyanide). 

Tissues with a greater glycolytic capacity (e.g., the liver) are able to survive loss of oxygen and decreased oxidative phosphorylation better than are tissues with limited capacity for glycolysis (e.g., the brain). High-energy phosphate in the form of ATP is required for virtually all synthetic and degradative processes within the cell. Depletion of ATP to less than 5% to 10% of normal levels has widespread effects on many critical cellular systems;

       a. The activity of the plasma membrane energy-dependent sodium pump is reduced, resulting in intracellular accumulation of sodium and efflux of potassium. The net gain of solute is accompanied by iso-osmotic gain of water, causing cell swelling and dilation of the ER.
       b. There is a compensatory increase in anaerobic glycolysis in an attempt to maintain the cell's energy sources. As a consequence, intracellular glycogen stores are rapidly depleted, and lactic acid
        
[image: image2] accumulates, leading to decreased intracellular pH and decreased activity of many cellular enzymes. 
       c. Failure of the Ca2+ pump leads to influx of Ca2+, with damaging effects on numerous cellular components, described below.
       d. Prolonged or worsening depletion of ATP causes structural disruption of the protein synthetic apparatus, manifested as detachment of ribosomes from the rough endoplastic reticulum (RER) and
           dissociation of polysomes into monosomes, with a consequent reduction in protein synthesis. 
       e. Reduced lipogenesis.

       f. Reduced deacylation-reacylation reactions necessary for phospholipid turnover.

       g. Ultimately, there is irreversible damage to mitochondrial and lysosomal membranes, and the cell undergoes necrosis.

There are two ways of ATP synthesis:-
1. Oxidative phosphorylation of ADP to ATP within mitochondria; this is the physiological way and occurs in the presence of adequate O2 supply.

2. Anaerobic glycolysis; this occurs under conditions of oxygen lack (hypoxia). Glucose from the body fluids or through hydrolysis of glycogen is utilized for the production of ATP in absence of oxygen.

Depletion of ATP produces the following;
a. Reduction of the activity of plasma membrane energy-dependent sodium pump. This causes Na+ to accumulate within the cell and K+ to diffuse out (opposite normal). Na+ retention holds with it water (isosmotic gain of H2O). The eventual outcome is cellular edema.
b. Switch to anaerobic glycolysis. One of the important causes of ATP depletion is lack of O2 which blocks oxidative phosphorylation for ATP production. The cell tries to maintain energy supply through anaerobic glycolysis. This depletes glycogen and also results in the libration of lactic acid and inorganic phosphates. As a result, there is a drop intracellular pH (increased cellular acidity) that interferes with the optimal activity of many cellular enzymes.
c. Increased in intracellular Ca++.Failure of the calcium pump leads to influx of Ca++ that has damaging effects on several cellular components.
d. Structural disruption of the protein synthesis apparatus. With prolonged or worsening ATP depletion there is a reduction in protein synthesis due to:-
1)   Detachment of ribosomes from the rough endoplasmic reticulum.

2) Dissociation of polysomes into monosomes

e. Unfolded protein response; A protein is initially a linear polymer of amino acids linked together by peptide bonds. Various interactions between constituent amino acids in this linear sequence stabilize a specific folded three-dimensional configuration specific for each protein. After their synthesis within ribosomes, the protein are drawn into the endoplasmic reticulum lumen where they assume their folded conformation. They are eventually transported by vesicles to Golgi apparatus. Cellular proteins may become abnormally configured (misfolded or unfolded) in a number of situations that include:
a) O2 or glucose deprivation (both lead to ATP depletion).
b) Exposure to heat.
c) Damage by enzymes & free radicals.

These abnormally configured proteins can not be mobilized and this leads to their accumulation within the endoplasmic reticulum, which is harmful to the cell and may lead to cell injury and even apoptosis. Such an abnormal situation triggers a cellular reaction called unfolded protein response through certain proteins within endoplasmic reticulum  (EPR) that sense the accumulation of the misfolded proteins. As a response they trigger signaling pathways that lead eventually to slowing down the synthesis of misfolded proteins in the cell. This, in essence, is an adaptive response (to avoid cell injury). However, cell injury and apoptosis occur when the misfolded proteins continue to accumulate despite the adaptive response. Failure of this response is now thought to be the pathogenetic mechanism in a number of several neurodegenerative diseases such as Alzheimer and Parkinson diseases, and possibly also type ІІ diabetes mellitus.
Loss of cell membrane permeability and cell membrane damage.
Loss of selective membrane permeability (that leads eventually to overt membrane damage) is a regular feature of most forms of cellular injury. The effect is not limited to the cell membrane only but may also involve membranes of organelles such as mitochondria, ribosomes and lysosomes. Membrane defects are the result of ATP depletion. The outcome of this depletion are not only dysfunction of Na+-K+ pump only but also failure the Ca++ pump that leads to influx of Ca++ with subsequent rise of intracellular Ca++ levels. Elevation of intracellular Ca++ leads in turn to activation of a number of intracellular enzymes that include:
1. Activation of ATPase, which hastens ATP depletion.
2. Activation of degrading enzymes as phospholipases, proteinases and endonucleases that cause destruction of the cell membranes, proteins and other cellular components including RNA and DNA. These enzymes are normally contained within lysosomes in the inactive forms. They are set free within the cytoplasm as a result of damage to lysosomal membranes.
There are certain injurious agents that can directly damage the cell membrane e.g. bacteria of gas gangrene that elaborate phospholipases, which attack phospholipids in cell membrane.

Accumulation of oxygen-derived free radicals (oxidative stress).

Oxygen-derived free radicals are produced during reduction-oxygenation reaction (Redox) in mitochondrial during normal mitochondrial metabolism. These are chemically reactive; having a signal unpaired electron in the outer orbit, examples include O2_. (superoxide),H2O2 (hydrogen peroxide), OH_. (Hydroxyl radical) and 1O2 (single oxygen). They can damage lipids by oxidation of fatty acids and formation of lipid peroxidases resulting in disruption of plasma membrane of cells and membranes of cell organelles. Oxygen free radical can cause oxidation of proteins resulting in loss of enzyme activity and also abnormal folding of proteins leading to cell damage. Oxidation of DNA results in DNA damage, mutations, breaks. Cells normally have defense mechanisms to terminate these products and prevent injury caused by them;

1. Endogenous mechanisms are;

           a. Super Oxide dismutase (SOD) in mitochondria coverts O2_. (superoxide) into H2O2.

              b. Glutathione Peroxidase in mitochondria convert OH_. (Hydroxyl radical) into H2O2.

              c. Catalase (in peroxisomes) covert H2O2 into H2O + O2.
2. Anti-oxidants; include vitamin C, E, A, Coffee, green tea.

Any imbalance between generation and removal of oxygen free radicals results in excess of these products leading to a situation known as oxidative stress.
Oxidative stress is associated with cell injury seen in many pathological conditions;

a. Inflammation.
b. Radiation.
c. Oxygen toxicity.
d. Various chemicals.
e. Reperfusion injury. 
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