PATHOLOGY 425/401
PATHOGENESIS OF CELL INJURY

Dr. D.F. Hardwick

Pathology deals with (a)  the causes of disease, (etiology);  (b)  mechanisms of disease, (pathogenesis);  (c)  structural alterations of cells and tissues;  (d)  functional alteration and consequences of disease.  All these deal largely with changes that emanate from cellular alterations associated with various causes.

Individual cell death is a common event in some regenerating tissues such as skin and gut epithelium and during embryogenesis.  It is also a phenomenon under genetic control in certain circumstances.  When programmed cell death occurs, it is termed APOPTOSIS.  Cell death is certainly not a typical event in developed tissues such as brain and becomes a serious occurrence when many cells are involved in such organs as the liver.  Cell death may also be a serious event when it involves strategically located cells such as those in essential nuclei and tracts of the brain.  This lecture does not deal with the genetic mechanism of apoptosis.

Cells normally are in an adapted state with considerable margin of safety to cope with a changing environment.  When they are affected negatively by injurious situations or agents, then they will undergo changes that range from minor malfunctions of a reversible nature, through irreversible damage to cell death.  This is a continuum and not a discreetly incremental occurrence.

To understand cell injury and death, one must recognize the origins of the cell and its nature.  The cell is a living site, existing in a changing environment and is surrounded by a lipid bilayer needed to keep unwanted chemicals out and important chemicals inside.  When that state is perturbed to the point that this segregation is damaged beyond repair, or the cell is too leaky, the cell will die:  thus lesser injury causes minor cell damage, while major injury leads to cell death.  Also, if the cell is stimulated i.e. programmed genetically to undergo apoptosis, it will die. 

Disturbed Homeostasis
Each cell lives in an extracellular milieu that is constantly changing.  If the changes are extreme, cell injury will occur and to a point it will be reversible.  There is, however, a "point of no return" and, beyond that, cells die and the damage is not reversible.  Precisely when this occurs is very difficult to determine, in the same way that it is very difficult to determine precisely when a patient "dies".

1.
Causes of Cell Injury
There are many types of injurious agents, but the commoner ones can be classified as below:

a)
Hypoxia ‑ hypoxia, e.g. vascular ischemia;

b)
Physical Agents ‑ radiation, heat, cold, trauma;

c)
Chemical & Drugs ‑ inorganic/organic;

d)
Biological Agents ‑ infectious organisms, etc.;

e)
Immune Reactions ‑ autoimmune, hypersensitivity;

f)
Genetic Abnormalities;

g)
Nutritional Imbalances ‑ protein, mineral, vitamins.

2.
Tissue Susceptibility
Cells that divide rapidly, or have large energy demands, are most susceptible to injury.  Also cells that are poorly nourished, or lack support of an essential hormone, are susceptible to damage.

3,4.
Severity of Injury and Duration
These bear an obvious relationship to outcome.

PATHOGENESIS OF CELL INJURIES
The cell can accommodate a wide range of changes in the extracellular milieu and show little or no change in its structure or function.  When the agent, or situation, is severe, then changes to structure and function become manifest.  There are many causes of injury, but there are only a few sites of impact of the injurious agent.  The following are the recognized sites:


A.
Primary Site of Impact
i)
Oxidative phosphorylation ‑ ATP generation;

ii)
Membrane integrity ‑ osmotic pump;

iii)
Protein synthesis ‑ cell repair;

iv)
Nuclear integrity ‑ direction of cell functions.

In addition to various sites of injury, the prior state of the cell is critical, as noted above.

B.
Mechanisms of Injury
It has been virtually impossible to unravel the mysteries of cell injury completely, due to the multiplicity of causes and specific impacts each has on cells.  Additionally, cellular functions are delicately intertwined and damage to one system, ‑ e.g. ATP generation has a major impact on cell membrane osmotic regulation when the Na+ pumps stop, due to lack of energy, or vice versa.  However, some models are useful to study, as they illustrate these possible interrelationships.  Here we examine two of these examples:

I
HYPOXIA AS A CAUSE OF INJURY:

Causes of Hypoxia ‑ This can be due to:

a)
decreased atmospheric O2;

b)
brain damage ‑ no breathing;

c)
airway obstruction;

d)
lung damage;

e)
cardiac pump deficiency;

f)
arterial vascular obstruction ‑‑ ischemia;

g)
venous obstruction.

Pathogenesis of Hypoxic Injury
Three factors of initial importance after the initial event (O2ATP).

The decrease in energy (ATP) leads to the following:

i)
 Na+ pump (osmotic regulation);

ii)
 protein synthesis (cell maintenance);

iii)
 glycolysis/pH (energy source).

i)
Sodium pump loss
The intact cell membrane allows cellular life and function in an interstitial sea of unwelcome chemicals.  When this is lost, extracellular fluid flows into the cell and causes edema of the cell and its subcompartments.  If it is severe, swelling is accentuated and upon reperfusion of fluid and chemicals, especially the damaging ion, calcium, flows in before the regenerated ATP can rescue the cell and restore its functions.

ii)
Protein synthesis
Repair of the cell, and also export of substances, such as lipid that requires a protein coat, is inhibited.  This leads to obvious fatty changes and potential problems in maintenance of the cell membrane.

iii)
 Glycolysis
When aerobic glycolysis stops, anaerobic metabolism begins.  It is "incomplete", i.e. not to CO2 and water and terminates in the production of lactic acid and pyruvic acid.

This drop in pH leads to membrane damage.  (Blebs on mitochondria) and ultimate cell disruption.  Finally, the lysosomal membrane breaks, digestive enzymes are released into the cell and this too causes membrane digestion.

Reperfusion or continued perfusion
The damaged, and thus "indiscriminant", membrane can, and does, admit calcium ions in excess.  The calcium influx is obvious histologically (EM), but also apparently activates phospholipases and further disrupts cell membranes (phospholipids), leading to cell death, through membrane damage.

The membranes that are disrupted this way are the intracellular membranes, as well as the plasma membrane.

II
FREE RADICAL DAMAGE OF MEMBRANES AS A CAUSE OF INJURY
Other causes, directed, probably, at the cell membranes as the initial event.

Origin of Free Radicals
1.
Oxygen toxicity  O2 and OH‑ and H2O2;

2.
Irradiation  OH‑  and H.;

3.
Microbial killing ‑ leukocytes;

4.
Inflammation;

5.
Chemicals, e.g. CCl4CCl3;

6.
Aging.

Mechanism
Free radicals contain an unpaired electron and are:

1.
reactive;

2.
chemically unstable;

3.
low concentration;

4.
induce chain reactions by producing more of same, e.g.

O2      +  e‑     O2
CCl4  +  e‑     CCl3  +  Cl‑
                  OH

Once initiated, via one of the above mechanisms, propagation occurs, unless there is a terminating enzyme, or an antioxidant is present.

THE MEMBRANE
Results of Membrane Damage  ‑  This leads to:

a)
osmotic regulation loss;

b)
influx of calcium into the membrane of the cell;

c)
activation of the 'membrane lytic' enzyme Phospholipase 'A', with continuing damage to the membrane.

Summary of Mechanisms of Cell Death After Irreversible Injury
1.
Mitochondrial dysfunction, with decreased ATP, leads to many other intracellular dysfunctions.

a)
osmotic pump maintenance defects;

b)
membrane synthesis and repair defects;

c)
aerobic glycolysis diminished;

d)
protein synthesis reduced.

2.
Calcium influx leads to permanent destruction, if event is present lasts long enough.

3.
Damaged membrane leads to cellular accumulation of ions and water.

a)
calcium;

b)
sodium;

c)
water.

MORPHOLOGY OF CELL INJURY
Ultrastructural changes
A.
Plasma membrane ‑

leaky membrane  
=  
ions,  water;

early


‑
cell swelling;

‑
cytoplasmic blebs;

‑
blunted microvilli;

‑
loose cytoskeleton attachments;

late


‑
breaks, massive swelling.

B.
Mitochondria

 ATP, leaky membrane;

very early


‑
contracted and condensed;

later


‑
swelling;

very late
 

‑
(irreversible);

‑
lipid densities, with increasing calcium deposits;

‑
massive swelling;

‑
terminal state ‑ rupture of mitochondria.

C.
Endoplasmic reticulum

early 


‑
dilatation and swelling;

‑
detached ribosomes;

late


‑
fragmentation.

D.
Lysosomes

late


‑
swollen;

very late


‑
ruptured.

E.
Cytoskeleton ‑ separated, disrupted

SUMMARY
Cells attempt to maintain an internal integrity, in which the business of "life" can be carried out as it has been inside cells for eons.  Where damage causes an inability to maintain this separation, the cell is injured and, if severely injured, it dies.  The features are associated with an equilibrium of internal and external milieu.  Where membrane damage, energy reduction, protein synthesis or nuclear integrity are substantially inhibited, or occur, cell death follows.

Additionally, if the metabolic machinery of the cell is damaged, the morphology reflects this when enough time elapses.  However, functional changes may be seen much more rapidly.
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