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OVERVIEW OF CELLULAR RESPONSES
TO STRESS

- Cells are active participants in their environment,
constantly adjusting their structure and function to
accommodate changing demands and extracellular
stresses.
- Cells normally maintain a steady state called
homeostasis in which the intracellular milieu is kept
within a narrow range of physiologic parameters.
- As cells encounter physiologic stresses or
pathologic stimuli, they can undergo adaptation,
achieving a new steady state and preserving viability
and function.

- If the adaptive capability is exceeded or if the
external stress is inherently harmful, cell injury
develops.
a. Within certain limits, injury is reversible, and cells
return to a stable baseline.
b. However, irreversible injury and death of the
affected cell
occurs:1. If the stress is severe,
2. If the stress is persistent and rapid in onset
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I. Cellular adaptations
- Are reversible changes in the number, size, metabolic

activity , or function of the cells in response to
changes in their environment and include:
1. Hypertrophy
2. Hyperplasia
3. Atrophy
4. Metaplasia

- Adaptations are divided into :

A. Physiologic Adaptations
- Represent responses of cells to normal stimulation
by :
a. Hormones or
b. Endogenous chemical mediators
Example: The hormone-induced enlargement of the
breast and uterus during pregnancy.
B. Pathologic Adaptations: Are responses to stress
that allow cells to modulate their structure and
function and thus escape injury.
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Types of adaptations:

1. Hypertrophy
- Is an increase in the size of cells resulting in increase in
the size of the organ.
- Occurs when cells have a limited capacity to divide
- Pure hypertrophy occurs in the striated muscle cells in
both the skeletal muscle and the heart , these types of
cells can undergo only hypertrophy because adult
striated muscle cells have a limited capacity to divide
-

- In pure hypertrophy there are no new cells, just
bigger cells containing increased amounts of
structural proteins and organelles.
-Hypertrophy can be :physiologic or pathologic and
-Hypertrophy caused either by:
a. Increased functional demand
b. or by growth factor or hormonal stimulation.
Example of physiologic hypertrophy:
- The strong physique of the weightlifter stems from
the hypertrophy of individual skeletal muscle
fibers.
8

Mechanism :These stimuli :
a. Turn on signal transduction pathways
b. That lead to the induction of a number of genes,
c. Which in turn stimulate synthesis of many cellular
proteins, including growth factors and structural
proteins.
d. The result is the synthesis of more proteins and
myofilaments per cell, which increases the force
generated with each contraction, enabling the cell
to meet increased work demands.
e. There may also be a switch of contractile proteins
from adult to fetal or neonatal forms.

- During muscle hypertrophy, the α-myosin heavy chain is
replaced by the β- myosin heavy chain, which produces
slower, more energetically economical contraction
Example of pathologic hypertrophy : Cardiac enlargement
that occurs with hypertension or aortic valve stenosis
- The mechanisms driving cardiac hypertrophy involve:
a. Mechanical triggers, such as stretch
b. Soluble mediators that stimulate cell growth such as
growth factors and adrenergic hormones
NOTE:
- Whatever the exact mechanisms of hypertrophy, a limit
is

reached beyond which the enlargement of muscle mass
can no longer compensate for the increased burden
- When this happens in heart, the myocardial fibers
undergo fragmentation and loss of myofibrillar
contractile elements.
- The variables that limit continued hypertrophy and
cause the regressive changes are incompletely
understood.
- There may be finite limits of :
A. The vasculature to adequately supply the enlarged
fibers
B. The mitochondria to supply adenosine triphosphate
(ATP),
11

C. Or of the biosynthetic machinery to provide the
contractile proteins or other cytoskeletal elements.
- The result of these changes is ventricular dilation and
ultimately cardiac failure, a sequence of events that
illustrates how an adaptation to stress can progress to
significant cell injury if the stress is not relieved.
Note - Hypertrophy and hyperplasia also can occur
together, and the example is the massive physiologic
enlargement of the uterus during pregnancy occurs as a
consequence of estrogen-stimulated smooth muscle
hypertrophy and smooth muscle hyperplasia.

Cardiac hypertrophy
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2. Hyperplasia
- It occurs if the tissue contains cell populations
capable of replication.
- It may occur concurrently with hypertrophy and
often in response to the same stimuli.
- Hyperplasia can be physiologic or pathologic and in
both situations is stimulated by hormones or
growth factors
Physiologic hyperplasia types:
1. Hormonal hyperplasia:
- Such as the proliferation of the glandular
epithelium of the female breast at puberty and
during pregnancy

2. Compensatory hyperplasia,
- In which residual tissue grows after removal or loss of
part of an organ
For example: In liver transplantation when part of a liver is
resected from the donor , mitotic activity in the remaining
cells begins as early as 12 hours later, eventually restoring
the liver to its normal weight
- The stimuli for hyperplasia in this setting are polypeptide
growth factors produced by uninjured hepatocytes
- After restoration of the liver mass, cell proliferation is
"turned off" by various growth inhibitors
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Pathologic hyperplasia : Most cases are caused by
excessive hormonal or Growth factor stimulation.
Examples:
A. Endometrial Hyperplasia:
- After menstruation, there is a burst of endometrial
cell proliferation that is normally tightly regulated by
stimulation through pituitary hormones and ovarian
estrogen and by inhibition through progesterone.
- However, a disturbed balance between estrogen
and progesterone causes endometrial hyperplasia,
which is a common cause of abnormal menstrual
bleeding or
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postmenapausal bleeding
B. Wound healing
- Hyperplasia also is an important response of
fibroblasts and endothelial cells that are stimulated
by growth factors and aid in repair in wound healing
C. Skin warts and mucosal lesions
- Growth factors are involved in the hyperplasia that
is associated with certain viral infections such as
Human papilloma viruses cause skin warts and
mucosal lesions composed of masses of hyperplastic
squamous epithelium
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.NOTES About hyperplasia:
- The hyperplastic process remains controlled; if the
signals that initiate it abate, the hyperplasia
disappears and it is this responsiveness to normal
regulatory control mechanisms that distinguishes
pathologic hyperplasia from cancer, in which the
growth control mechanisms become dysregulated
- Nevertheless, in many cases, pathologic hyperplasia
constitutes a fertile soil in which cancers may
eventually arise. For example, patients with
endometrial hyperplasia are at increased risk of
developing endometrial cancer
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3. Atrophy
- Shrinkage in the size of the cell by the loss of cell
substance .
- When a sufficient number of cells are involved, the
entire tissue or organ diminishes in size, becoming
atrophic
- Although atrophic cells may have diminished
function, they are not dead.
- Causes of atrophy include :
a. A decreased workload (e.g., immobilization of a
limb to permit healing of a fracture)

b. Loss of innervation, such as in poliomyelitis
c. Diminished blood supply
d. Loss of endocrine stimulation like atrophy of
endometrium in menopause
e. Aging (senile atrophy )
- The fundamental cellular changes are identical whether
the stimuli are physiologic ( the loss of hormone
stimulation in menopause) or pathologic (e.g,
denervation),
- The cellular changes in atrophy represent a retreat by
the cell to a smaller size at which survival is still possible;
a
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-

-

and a new equilibrium is achieved between cell size and
diminished blood supply, or hormones.
The mechanisms of atrophy consist of decreased protein
synthesis and increased protein degradation in cells
The degradation of cellular proteins occurs mainly by the
ubiquitin-proteasome pathway.
Causes of atrophy may activate ubiquitin ligases, which
attach ubiquitin to cellular proteins and target them for
degradation in proteasomes.
In many situations, atrophy is also accompanied by
increased autophagy, with resulting increases in the
number of autophagic vacuoles.

4. Metaplasia
- Is a reversible change in which one adult cell type is
replaced by another adult cell type.
- In metaplasia, a cell type sensitive to a particular
stress is replaced by another cell type better able to
withstand the adverse environment.
- It is thought to arise by reprogramming of stem
cells to differentiate along a new pathway rather
than a phenotypic change (trans-differentiation) of
already differentiated cells.
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A. Cigarette smoking:
- Causes metaplasia of the respiratory epithelium
(columnar) to squamous epithelium
- The rugged stratified squamous epithelium may be
able to survive the chemicals in cigarette smoke that
the more fragile specialized columar epithelium
would not tolerate
- Although the metaplastic squamous epithelium has
survival advantages, important protective
mechanisms are lost, such as mucus secretion and
ciliary clearance of particulate matter
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- Epithelial metaplasia is therefore a double-edged
sword.
- Moreover, the influences that induce metaplastic
change, if persistent, may predispose to malignant
transformation of the epithelium
- In fact, squamous metaplasia of the respiratory
epithelium often coexists with lung cancers
composed of malignant squamous cells.
- It is thought that cigarette smoking initially causes
squamous metaplasia, and cancers arise later in
some of these metaplastic regions

B. Vitamin A deficiency:- May also induce squamous
metaplasia in the respiratory epithelium
C. Cervical infection: The columnar epithelium of
endocervix is replaced by stratified squamous
epithelium
D. Barrett Esophagus: Metaplasia need not always
occur in the direction of columnar to squamous
epithelium;
- In chronic gastric reflux, the normal stratified
squamous epithelium of the lower esophagus may
undergo metaplastic transformation to gastric or
intestinal-type columnar epithelium.

Metaplasia
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II. OVERVIEW OF CELL INJURY AND
CELL DEATH
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- Cell injury results when cells are stressed so severely
that they are no longer able to adapt or when cells are
exposed to inherently damaging agents or suffer from
intrinsic abnormalities (e.g., in DNA or proteins).
- Injury may progress through a reversible stage and
culminate in cell death
1. Reversible cell injury. : In early stages or mild forms of
injury the functional and morphologic changes are
reversible if the damaging stimulus is removed.
- At this stage, although there may be significant
structural and functional abnormalities, the injury has
typically not

progressed to severe membrane damage and nuclear
dissolution.
2. Cell death.
- With continuing damage, the injury becomes
irreversible, at which time the cell cannot recover
and it dies.
- There are two types of cell death-necrosis and
apoptosis-which differ in their mechanisms,
morphology, and roles in disease and physiology

Causes of cell injury:
1. Oxygen Deprivation (Hypoxia): It interferes with
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aerobic oxidative respiration and is an important and
common cause of cell injury and death.
- Hypoxia should be distinguished from ischemia, which
is a loss of blood supply in a tissue due to impeded
arterial flow or reduced venous drainage
- Ischemia is the most common cause of hypoxia,
- Oxygen deficiency can also result from :
a. Inadequate oxygenation of the blood, as in pneumonia,
b. Reduction in the oxygen-carrying capacity of the blood,
as in anemia or carbon monoxide (CO) poisoning
2. Chemical Agents :
- Even substances such as glucose, salt, or even water, if

administered in excess, can so derange the osmotic
environment that cell injury or death results
- Poisons cause severe damage at the cellular level by
altering membrane permeability, osmotic
homeostasis, or the integrity of an enzyme or
cofactor, and exposure to such poisons can
culminate in the death of the whole organism.
- Other potentially toxic agents include air pollutants,
insecticides, CO, asbestos, and "social stimuli" such
as ethanol
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3. Infectious Agents
4. Immunologic Reactions
- Examples are autoimmune reactions against one's
own tissues and allergic reactions against
environmental substances in genetically susceptible
individuals
5. Genetic Factors: Can result in pathologic changes as
conspicuous as the congenital malformations
associatedwith Down syndrome or as subtle as the
single amino acid substitution in hemoglobin S
giving rise to sickle cell anemia

6. Nutritional Imbalances
a. Protein-calorie insufficiency and vitamin deficiencies
b. Obesity markedly increases the risk for type 2 diabetes
mellitus.
c. Diets rich in animal fat are strongly implicated in the
development of atherosclerosis as well as in increased
vulnerability to many disorders, including cancer.
7. Physical Agents
-Trauma, extremes of temperature, radiation, electric
shock, and sudden changes in atmospheric pressure
8. Aging

Morphology of cell injury
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- All stresses exert their effects first at the molecular
or biochemical level.
- Cellular function may be lost long before cell death
occurs, and the morphologic changes of cell injury
(or death) lag far behind both
Example: Myocardial ischemia
- Myocardial cells become non-contractile in 1-2
minutes
- They die after 20-30 minutes
- They appear dead by EM (electron microscope)
after 2-3 hours and by light microscopy after 6-12
hours and by gross examination after about 24
hours

NOTES:
- The cellular derangements of reversible injury can
be corrected, and if the injurious stimulus abates,
the cell can return to normalcy.
- Persistent or excessive injury, causes cells to pass
"point of no return" into irreversible injury and cell
death.
- The events that determine when reversible injury
becomes irreversible and progresses to cell death
remain poorly understood
- Although there are no definitive morphologic or
biochemical correlates of irreversibility
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Two phenomena consistently characterize
irreversibility:
a. The inability to correct mitochondrial dysfunction
(lack of oxidative phosphorylation and ATP
generation) even after resolution of the original
injury.
b. Profound disturbances in membrane function.
- Injury to lysosomal membranes results in the
enzymatic dissolution of the injured cell, which is
the culmination of injury progressing to necrosis.

1. Morphology of Reversible Injury
- The two main morphologic correlates of reversible
cell injury are celluar swelling and fatty change :
A. Cellular swelling :
- Is the first manifestation of almost all forms of
injury to cells
- Is a reversible alteration that may be difficult to
appreciate with the light microscope,
- It may be more apparent at the level of the whole
organ.
- When it affects many cells in an organ, it causes :
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a. Some pallor (as a result of compression of capillaries),
b. Increase in weight of the organ.
Microscopic examination
- Small, clear vacuoles within the cytoplasm; these
represent distended and pinched-off segments of the
endoplasmic reticulum (ER).
- This pattern of nonlethal injury is sometimes called
hydropic change or vacuolar degeneration .
B. Fatty change: Is manifested by the appearance of lipid
vacuoles in the cytoplasm.
- It is principally encountered in cells participating in fat
metabolism (e.g.,hepatocytes, myocardial cells) and is
also reversible.

The ultrastructural changes associated with reversible injury
include:
1. Plasma membrane alterations such as
a. Blebbing, blunting, or distortion of microvilli,
b. Loosening of intercellular attachments
2. Mitochondrial changes such as the appearance of
phospholipid-rich amorphous densities
3. Dilation of the ER with detachment of ribosomes and
dissociation of polysomes; and
4. Nuclear alterations, with clumping of chromatin.
5. The cytoplasm may contain phospholipid masses, called
myelin figures, which are derived from damaged cellular
membranes.

2. Morphology of irreversible cell injury:
Has two types, Necrosis and apoptosis
A. Necrosis:
- Necrosis is the type of cell death that is associated with
loss of membrane integrity and leakage of cellular contents
culminating in dissolution of cells, largely resulting from
the degradative action of enzymes on lethally injured cells.
- The leaked cellular contents often elicit a local host
reaction, called inflammation, that attempts to eliminate
the dead cells
- The enzymes responsible for digestion of the cell may be
derived: a. From the lysosomes of the dying cells
themselves
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b. And from the lysosomes of leukocytes that are recruited as
part of the inflammatory reaction to the dead cells.
Morphology of necrosis
I. Cytoplasmic changes
a. Necrotic cells show increased eosinophilia (i.e., pink staining
from the eosin dye
- This change is attributable :
1.To increased binding of eosin to denatured cytoplasmic
proteins
2. And in part to loss of the basophilia that is normally imparted
by the ribonucleic acid (RNA) in the cytoplasm
b. Compared with viable cells, the cell may have a glassy,

homogeneous appearance, mostly because of the
loss of glycogen particles.
c. Myelin figures are more prominent in necrotic cells
than during reversible injury.
d. When enzymes have digested cytoplasmic
organelles, the cytoplasm becomes vacuolated
By electron microscopy
a. Discontinuities in plasma and organelle
membranes
b. Appearance of large amorphous densities,
d. Disruption of lysosomes, and Intracytoplasmic
myelin figures
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II. Nuclear changes:
a. Karyolysis:- The basophilia of the chromatin may
fade, presumably secondary to deoxyribonuclease
(DNase) activity
b. Pyknosis,: Characterized by nuclear shrinkage and
increased basophilia; the DNA condenses into a
solid shrunken mass at the periphery of the cell.
c. Karyorrhexis: The pyknotic nucleus undergoes
fragmentation
- In 1 to 2 days, the nucleus in a dead cell may
completely disappear.
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Fates of necrotic cells.
1. Necrotic cells may persist for some time or may be
digested by enzymes and disappear.
2. Dead cells may be replaced by myelin figures,
which are either phagocytosed by other cells or
further degraded into fatty acids.
- These fatty acids bind calcium salts, which may
result in the dead cells ultimately becoming
calcified.

Patterns of Tissue Necrosis
- There are several morphologically distinct patterns of
necrosis, which provide clues about the underlying cause
- Although the terms reflect underlying mechanisms, their
implications are understood by pathologists and
clinicians
I. Coagulative necrosis
- Is a form of necrosis in which the underlying tissue
architecture is preserved for at least several days
- The affected tissues take on a firm texture.
- Presumably the injury denatures not only structural proteins
but
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also enzymes, so blocking the proteolysis of the dead
cells
- As a result, eosinophilic, anucleate cells may persist for
days or weeks then leukocytes are recruited to the site of
necrosis, and the dead cells are digested by the action of
lysosomal enzymes of the leukocytes.
- The cellular debris is then removed by phagocytosis.
- Coagulative necrosis is characteristic of infarcts (areas of
ischemic necrosis) in all solid organs except the brain
II. Liquefactive necrosis:Causes:
a. Focal bacterial or, , fungal infections, because microbes
stimulate the accumulation of inflammatory cells and the

Coagulative necrosis in the kidney
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Coagulative necrosis in the kidneymicroscopy
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enzymes of leukocytes digest ("liquefy") the tissue.
b. For obscure reasons, Ischemia to central nervous
system cells often evokes liquefactive necrosis
- Then, the dead cells are completely digested,
transforming the tissue into a liquid mass that
eventually, is removed by phagocytes.
- If the process was initiated by acute inflammation,
as in a bacterial infection, the material is
frequently creamy yellow and is called pus
III. Gangrenous necrosis
- Is not a distinctive pattern of cell death, the term
is still commonly used in clinical practice.

Liquifactive necrosis

- It refers to the lower leg, that has lost its blood supply
and has undergone coagulative necrosis (Dry gangrene)
- When bacterial infection is superimposed, coagulative
necrosis is modified by the liquefactive necrosis
(resulting in so-called wet gangrene).
IV. Caseous necrosis :seen in foci of tuberculous infection.
Gross: Caseous means "cheese-like," referring to the
friable yellow-white appearance of the area of necrosis
Microscopically: The necrotic focus appears as a collection
of fragmented or lysed cells with an amorphous granular
pink appearance in the usual H&E-stained tissue
52

Dry gangrene

Granuloma with caseous necrosis
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- Unlike with coagulative necrosis, the tissue architecture
is completely obliterated
- The area of caseous necrosis is often enclosed within a
distinctive inflammatory border called granulomas.
V. Fat necrosis : Refers to focal areas of fat destruction
a. Enzymatic fat necrosis: This occurs in the abdominal
emergency known as acute pancreatitis and in this
disorder lipases that have leaked out of acinar cells into
the substance of peritoneum and pancreas , split the
triglyceride esters contained within fat cells
- The released fatty acids combine with calcium to produce

grossly visible chalky areas (fat saponification), which
enable the surgeon and the pathologist to identify the les
b. Traumatic fat necrosis such as in breast trauma that might
result in fat necrosis that can be calcified and
misdiagnosed clinically as malignant tumor
VI. Fibrinoid necrosis : visible only by light microscopy not
grossly and usually occurs in immune reactions in which
complexes of antigens and antibodies deposit in the walls
of arterioles
- The deposited immune complexes, together with fibrin
that has leaked out of vessels, produce a bright pink and
amorphous appearance on H&E preparations called
fibrinoid (fibrin-like) by pathologists
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Fat necrosis
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Enzymatic fat necrosis in the pancreas

Clinically
- Leakage of intracellular proteins through the damaged cell
membrane and ultimately into the circulation provides a
means of detecting tissue-specific necrosis using blood or
serum samples.
a. Cardiac muscle, for example, contains a unique isoform
of the enzyme creatine kinase and of the contractile
protein troponin
b. Whereas hepatic bile duct epithelium contains isoform
of the enzyme alkaline phosphatase, and hepatocytes
contain transaminases
- Cell death in these tissues result in increased serum
levels of such proteins, and measurement of serum levels
is used clinically to assess damage to these tissues.

General Principles of cell injury
A. The response to cell injury depends on:1. Type of injury.
2. Duration of injury.
3. Severity of injury.
Example:
- 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 cell death.
B. The consequences of cell injury depends on:1. Type of cell.
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2. Status of the cell
3. Adaptability and Genetic makeup of the injured cell
- For example , the same injury has different outcomes
depending on the cell type; thus, skeletal muscle
tolerates complete ischemia for 2 to 3 hours without
death, whereas cardiac muscle dies after only 20 to 30
minutes
- The nutritional status is important; a glycogen-replete
hepatocyte will tolerate ischemia much better than one
that has just burned its last glucose molecule.
C. Cell injury results from functional and biochemical
abnormalities in one or more of several essential cellular

components and the principal targets of cell injury are:
1. Mitochondria and their ability to generate ATP
2. Disturbance in calcium homeostasis
3. Damage to cellular (plasma and lysosomal) membranes
4. Damage to DNA and misfolding of proteins.
D. Multiple biochemical alterations may be triggered by
any one injurious insult.; therefore it is difficult to assign
any one mechanism to a particular insult or clinical
situation in which cell injury is prominent.
- So,therapies targeting individual mechanisms of cell
injury may not be effective
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. The Biochemical Mechanisms of cell injury are:
I. Depletion of ATP
-The major causes of ATP depletion are:
a. Reduced supply of oxygen and nutrients,
b. Mitochondrial damage,
c. The 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

- Effects of significant depletion of ATP
1. The activity of plasma membrane ATP-dependent
sodium pump is reduced, resulting in Intracellular
accumulation of Na and efflux of Ka accompanied by
iso-osmotic gain of water, causing cell swelling
2. Compensatory increase in anaerobic glycolysis resulting
in rapid depletion of intracellular glycogen stores , and
lactic acid accumulates, leading to decreased
intracellular pH and decreased activity of many cellular
enzymes
3. Failure of ATP-dependent Ca2+ pumps leads to influx of
Ca2+ with damaging effects on many cell components
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4. Structural disruption of the protein synthetic apparatus,
manifested as detachment of ribosomes from the rough
ER with a consequent reduction in protein synthesis
5. Ultimately, there is irreversible damage to
mitochondrial and lysosomal membranes, and the cell
undergoes necrosis.
II. Mitochondrial Damage and Dysfunction
- Mitochondria are sensitive to many types of injurious
stimuli, including hypoxia, chemical toxins, and
radiation.
- Mitochondrial injury may result in several
abnormalities:
A. Failure of oxidative phosphorylation leads to

progressive depletion of ATP, culminating in cell necrosis
B. Abnormal oxidative phosphorylation leads to formation
of reactive oxygen species with deleterious effects
Mechanism
1. Damage to mitochondria is often associated with
formation of a high-conductance channel in the
mitochondrial membrane, called the mitochondrial
permeability transition pore
2. The opening of this channel leads to the loss of
mitochondrial membrane potential and pH changes,
further compromising oxidative phosphorylation.

3. The mitochondria also contain several proteins that, when
released into the cytoplasm, activating apoptosis

III. Influx of Calcium
- Cytosolic free calcium is normally maintained at
concentrations as much as 10,000 times lower than the
concentration of extracellular calcium or of sequestered
intracellular mitochondrial and ER calcium
- Ischemia and certain toxins cause an increase in
cytosolic calcium , initially because of release of Ca2+
from the intracellular stores, and later resulting from
increased influx across the plasma membrane.
- Increased cytosolic Ca2+ activates a number of enzymes,
with potentially deleterious cellular effects

- These enzymes include:
a. Phospholipases (which cause membrane damage),
b. Proteases (which break down both membrane and
cytoskeletal proteins)
c. Endonuclease (cause DNA and chromatin
fragmentation),
d. Adenosine triphosphatases (ATPases) (thereby
hastening ATP depletion).
IV. Accumulation of Oxygen-Derived Free Radicals
(Oxidative Stress):
- Free radicals are chemical species with a single unpaired
electron in an outer orbital., are extremely unstable,
and:
68

A. They readily react with inorganic and organic chemicals;
B. They attack nucleic acids , cellular proteins and lipids
C. In addition, free radicals initiate reactions in which
molecules that react with free radicals are themselves
converted into other types of free radicals, thereby
propagating the chain of damage.
- Reactive oxygen species (ROS) are a type of oxygenderived free radicals
- Damage by free radicals mainly occurs in
a. Ischemia-reperfusion injury
b. Chemical and radiation injury

c. Toxicity from oxygen and other gases
d. Cellular aging,
e. Microbial killing by phagocytic cells,
f. Tissue injury caused by inflammatory cells
I. ROS are produced normally in small amounts in cells
A. During the reduction-oxidation reactions that occur
during
mitochondrial respiration and energy generation.
- In this process, oxygen is sequentially reduced by the
addition of four electrons to generate water.
- This reaction is imperfect and small amounts of highly

reactive but toxic intermediates are generated when O2 is
only partially reduced and these intermediates include :
1. Superoxide radicals O2•
2. Which is converted to hydrogen peroxide (H2O2)
spontaneously and by the action of the enzyme
superoxide dismutase
B. Transition metal such as copper and iron also accept or
donate free electrons during certain intracellular
reactions and thereby catalyze radial formation a in
the Fenton reaction: Fe+ H2O2---Fe+OH• +OH
II. ROS are produced in neutrophils and macrophages, to
destroy ingested microbes during inflammation

-

The ROS are generated in the phagosomes and
phagolysosomes of leukocytes by a process called
the respiratory burst (or oxidative burst defense) in
which , a phagosome membrane enzyme catalyzes
the generation of superoxide, which is converted
to H2O2.
- H2O2 is in turn converted to a highly reactive
compound hypochlorite by the enzyme
myeloperoxidase, which is present in leukocytes
NOTE- When the production of ROS increases or the
scavenging systems are ineffective, the result is an
excess of these free radicals, leading to a condition
called oxidative stress
72

- The generation of free radicals is increased under several
circumstances:
a. The absorption of radiant energy (e.g., ultraviolet light,
x-rays). Ionizing radiation can hydrolyze water into
hydroxyl (•OH) and hydrogen (H•) free radicals.
b. The enzymatic metabolism of chemicals (e.g., CCl4)
c. Inflammation(the free radicals are produced by
leukocytes
- The Mechanisms of removal of free radicals by cells:
1. Free radicals are unstable and decay spontaneously.
2. Enzymes:
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a.

The rate of decay of superoxide is significantly
increased by the action of superoxide dismutases
found in many cell types( 2O•2+2H→H2O2+O2
b. Glutathione (GSH) peroxidases are a family of enzymes
whose function is to protect cells from oxidative
damage. and the most abundant member is
glutathione peroxides 1 that catalyzes the breakdown
of H2O2 2 GSH (glutathione) + H2O2 → GS-SG + 2 H2O.
c. Catalase, present in peroxisomes, catalyzes the
decomposition of hydrogen peroxide (2H2O2 → O2 +
2H2O) ,It is one of the most active enzymes capable of
degrading , millions of molecules of H2O2 per second

3. Endogenous or exogenous antioxidants
- Vitamins E, A, and C and β-carotene may either block the
formation of free radicals or scavenge them once they
have formed.
NOTE”: Therefore, these molecules are produced normally
but, to avoid their harmful effects, their intracellular
concentrations are tightly regulated in healthy cells.
Reactive oxygen species cause cell injury by :
a. Lipid peroxidation of membranes.
- Double bonds in membrane polyunsaturated lipids are
vulnerable to attack by oxygen-derived free radicals.

- The lipid-radical interactions yield peroxides, which are
themselves unstable and reactive, and an autocatalytic
chain reaction ensues.
b. Free radicals promote sulfhydryl-mediated protein
cross-linking resulting in enhanced degradation or loss
of enzymatic activity
-Free radicals may directly cause polypeptide
fragmentation.
c. DNA damage. Free radical reactions with thymine in
nuclear and mitochondrial DNA produce single-strand
breaks. Such DNA damage has been implicated in cell
death, aging, and malignant transformation of cells.
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V. Defects in membrane permeability

- Increased membrane permeability leading
ultimately to overt membrane damage is a
consistent feature of most forms of cell injury that
culminate in necrosis.
- The plasma membrane can be damaged by
ischemia, microbial toxins, physical and chemical
agents.
- Several biochemical mechanisms may contribute to
membrane damage :
1. Decreased phospholipid synthesis: The production
of phospholipids in cells may be reduced whenever
there is a fall in ATP levels,

- The reduced phospholipid synthesis may affect all
cellular membranes, including the membranes of
mitochondria, thus exacerbating the loss of ATP.
2. Increased phospholipid breakdown- by activation of
endogenous phospholipases by increased levels of
cytosolic Ca2+.
3. ROS.: Cause cell injury to by lipid peroxidation,
4. Cytoskeletal abnormalities- Cytoskeletal filaments
act as anchors connecting the plasma membrane to
the cell interior, and maintain normal cellular
architecture , motility, and signaling
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- Activation of proteases by increased Ca2+ cause damage
to cytoskeletal elements leading to membrane damage.
5. Lipid breakdown products: These include unesterified
free fatty acids, acyl carnitine, and lysophospholipids.
- They may also either insert into the lipid bilayer of the
membrane or exchange with membrane phospholipids
causing changes in permeability .
- The most important sites of membrane damage are:
A. Mitochondrial membrane damage.: results in
decreased ATP production
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B. Plasma membrane damage: leads to loss of osmotic
balance and influx of fluids and ions, as well as loss of
cellular contents. The cells may also leak metabolites
that are vital for the reconstitution of ATP, thus further
depleting energy stores.
C. Injury to lysosomal membranes results in leakage of
their enzymes into the cytoplasm and activation of the
acid hydrolases in the acidic intracellular pH of the
injured (e.g., ischemic) cell.
- Lysosomes contain ribonucleases (RNases), DNases,
proteases, glucosidases, and other enzymes.
- Activation of these enzymes leads to enzymatic
digestion of cell components, and the cells die by
necrosis.

