www.MedicalSchoolCompanion.org
General pathology: Cell injury and death
-

Definition: Cell death is the irreversible loss of vital cell functions culminating in loss of
cellular integrity. Key cell functions especially includes ↓ATP and oxidation/reduction
reactions. Cell integrity is lost due to permeability of cell and organelle membranes, with
cell fragmentation.

Irreversible cell injury

-

-

-
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Progression of injury (for further discussion of cell injury, see: General pathology,
Mechanisms of cell injury and Homeostasis and adaptation).
Normal functions occur in an optimal environment defined by a dynamic range. Expected
changes in the environment require adjustments through neurologic and endocrine
signaling, called homeostasis.
When a change exceeds homeostatic mechanisms, the body adjusts to this stressor by
changing the structure of the cell through cytokines. This process is called adaptation. If
adequate, adaptation allows for a compensated function, albeit at a lower level.
If the stressor is too severe or goes on too long, cells undergo apoptosis together with
fibrosis of the extracellular matrix. This leads to organ failure, the end-stage of a disease
process.
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Acute coronary syndrome (ACS) is the standard model for cell injury
-

-

-

-

-
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Pathophysiology: acute thrombotic occlusion of a coronary artery from atherosclerotic plaque
leads to ischemia.
o Muscle contractility is lost in < 1 minute
o Cell death occurs in 15-20 minutes
Homeostatic mechanisms that occur in hypoxia:
o Shift to glycolysis; the resulting production of lactate leads to a ↓pH, which leads to
↑Na+/H+ exchanger.
o Myocytes release adenosine, which is increased with ↓ATP production.
• Adenosine induces arterial vasodilation (A2a receptor, Gs→ cAMP→↓Ca+2)
• Adenosine depresses myocardial function (A1 receptor, Gi/q)
• Pain (A1 receptor in unmyelinated sympathetic nerves).
Stressor state (i.e. exceeds homeostatic changes), reversible injury:
o ↓ATP production leads to failure of cellular ATPases:
• Na+/K+ ATPase → ↑Na+ (swelling)
o ↑intracellular calcium ATPase →
• Plasma membrane calcium ATPase → ↑intracellular calcium (dysregulation of kinases,
phosphatase and others)
• Smooth endoplasmic reticulum calcium ATPase (SERCA) → ↑intracellular calcium
Adaptive mechanisms (with recurrent episodes of ischemia)
o Ischemic preconditioning:
• “Stunned” myocyte: with short duration ischemia, the myocyte stops contracting but
function is restored with reperfusion.
• “Hibernation”: long-standing dyskinetic cardiac wall, as seen by ECHO, can regain
motion with reperfusion following coronary bypass surgery.
• Collateral circulation: hypoxia suppresses VHL protein production which leads to
↑HIF-1, which leads to ↑VEGF and angiogenesis. The vessels that grow in from
surrounding arteries can be a significant source of blood flow to the ischemic regions.
Regulated cell death (irreversible injury)
o At some ill-defined tipping point of ↓ATP, ↑intracellular calcium and release of lysosome
proteases, the cell crosses the viability threshold.
o In ischemic heart, the death pathway will be MPT-driven necrosis.
• ↑intracellular calcium and ROS (reactive oxygen species) cause the opening of an inner
mitochondrial membrane pore, allowing the release of cyclophilin D.
• Cyclophilin D causes membrane permeability of the mitochondria and loss of all ATP
production.
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Morphologic classification of cell death
- Much of traditional pathology is derived from the microscopic appearance, or morphology,
of disease processes. The morphologic classification of cell death is divided into three types:
- Apoptosis (Type 1):
• Initiated by intrinsic (BCL-2 and cytochrome c) and extrinsic (FAS-L/TNF-α and
perforin/granzyme) activation of caspase cascades.
• Characterized by:
o Cell shrinkage
o Chromatin condensation and fragmentation
o Membrane blebbing to form apoptotic bodies
o No acute inflammatory response
o Autophagy (Type 2). For further discussion, see General pathology: Homeostasis,
adaptation and disease (2), Atrophy
• Macroautophagy is the mechanism by which a cell can process structures larger than
proteins. Physiologically, it is activated by protein ULK-1 or the survival system PI3K
complex. Pathologically is can be activated by abnormal aggregates of material,
especially proteins. The exact process of activation is not well understood.
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o Characterized by vacuolization of the cytoplasm, best seen by electron
microscopy.
Necrosis (Type 3)
• This term is used for any cell seen as “dead” in routine microscopy.
The dissolution of a cell after death can be recognized by the “ghost”
structure that the dead cell leaves behind.
• The death of most cells occurs by a specific molecular program,
Vacuoles of autophagy
however, and “necrosis” is a term best left for the gross appearance of
dead tissue.
• Necrosis is characterized microscopically by increased cell size due to swelling, with
disintegration of cell membranes, including organelles, such that borders become
indistinct. The cells are faint and have blurry edges

Molecular classification of cell death (Regulated cell death):
-

-

-

-
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The current classification of cell death differentiates accidental cell death from regulated
cell death that has a molecular subroutine:
- Accidental cell death: instantaneous cell disassembly (e.g. physical injury such as
freezing, chemical injury, or mechanical injury such as an explosion).
- Regulated cell death: activation of a signal transduction subroutine. This is of clinical
significance as these pathways are open to genetic and pharmacologic modulation.
Each of the regulated cell death modes can show the full morphologic spectrum from
necrosis to apoptosis. There is a disconnect between morphology and molecular
classifications of cell death.
Each of the regulated cell death modes can show the full immunologic spectrum from
immunotolerant with anti-inflammatory signaling to immunogenic with pro-inflammatory
signaling.
Programmed cell death is a term used for regulated cell death that occurs in physiologic
scenarios such as embryology.
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Types of regulated cell death

*
*

*
*
*

Commonly used

in routine medicine

MPT-driven necrosis (mitochondrial permeability transition)
-
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The inner membrane of the mitochondria has a pore, the mitochondrial permeability
transition pore (MPT) that forms in conditions of stress, particularly with increased
intracellular calcium and reactive oxygen species (ROS). Pore opening allows for the release
of cyclophilin D (CypD) and causes the loss of the electromotive force (∆ψ) of the
mitochondria. The damaged cell then undergoes apoptosis or necrosis.
o CNS: excitotoxicity from discharge of GABA leads to elevated intracellular calcium and
MPT-driven necrosis in stroke and trauma.
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o Heart: myocardial ischemia leads to cell necrosis not just from lack of oxygen but also
the high levels of ROS on reperfusion. Reperfusion accounts for up to 50% of cell death
in myocardial infarction.
Intrinsic apoptosis:
-

-

-

Physiologic apoptosis is seen with the withdrawal of a regulating factor in cell proliferation.
Important examples include:
o Embryogenesis remodeling
o Withdrawal of hormones to endometrium in the menstrual cycle.
o Withdrawal of IL-2 at the end of an immunologic response.
Intrinsic apoptosis is also an effector repair mechanism for intracellular pathologies that
include:
o DNA damage (genotoxicity): regulated through P53
o Misfolded protein response (especially in the proteinopathies of the CNS)
o Hypoxia
o Deprivations such as starvation and disease
Activation of intrinsic apoptosis goes through a subroutine based on the mitochondria.
o Regulation is through the BCL-2 family of proteins (there are over 16 proteins) that
strike a balance between pro-apoptotic and anti-apoptotic activity.
• BCL-2 is a model anti-apoptotic protein
• BAK & BAX are model pro-apoptotic proteins
o When BAK/BAX activity exceeds BCL-2 activity, the BAK/BAX proteins form a pore in the
outer membrane of the mitochondria (MOMP = mitochondrial outer membrane pore).
o The MOMP allows for the release of cytochrome c (from the ETC complex IV)
o Cytochrome c binds to Apaf-1 (apoptosis activating factor) in the cytoplasm to form the
Apoptosome which activates caspase 9.
o Caspase 9 activates the effector caspases 3, 6 and 7 (the caspase cascade) which then
proteolytically degrade the cell’s proteins.

Extrinsic apoptosis
-

-
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Death domain receptors (Fas-R and TNFα-R) are found on many cells.
o The Fas ligand (Fas-L) is found on T-cells that recognizes self-antigens (i.e. MHC1). When
lymphocyte Fas-L binds to Fas-R, the transmembrane signal activates caspase 8, which
initiates the caspase cascade.
o TNFα is mostly produced by macrophages and is the major extrinsic pathway signal. It
too functions through caspase 8 activation.
Perforin-granzyme.
o Cytotoxic lymphocytes can form a pore in a defective cell’s membrane with perforin.
This allows for the introduction of granzyme, an enzyme that activates caspase 8, which
initiates the caspase cascade.
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Autophagy
-

-
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Necessary for the catabolism of protein aggregates and organelles.
There are 3 mechanisms:
o Macroautophagy: joining of a phagophore with a lysosome
o Microautophagy: aggregates directly enter the lysosome
o Chaperone-mediated autophagy: aggregates are trafficked to the lysosome by
specific chaperones such as hsp-70.
Macroautophagy is regulated by survival pathways involving mTOR and AMP-K.
In times of physiologic abundance, mTOR and AMP-K inhibit ULK, a kinase that expands the
phagophore.
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Tissue types of necrosis
-

-

-

9

The understanding of disease started with an appreciation of its gross appearance. With the
advent of microscopy in the 19th century, older gross morphology terms became intermixed
with the microscopic appearance. For example, the characteristic necrosis in tuberculosis
was called “caseous” because it resembled cheese. This gross term was then used for the
microscopic appearance, which has no connection to cheese. None the less, these terms are
still widely used in medicine and must be understood by the context in which they are used.
Coagulative necrosis:
o This is the most common type of necrosis and is seen in ischemic infarction. The
dead tissue has a yellow-tan appearance and gets progressively softer over 2 weeks
until sufficient replacement fibrosis occurs. Fibrosis is completed over 4-8 weeks
with a shift over months from Type III collagen to Type I collagen.
o Microscopically, the architecture of the cells is all that remains after dissolution (i.e.
“ghost” cells). There is an inflammatory response due to damage associated
molecular pattern (DAMP) signaling. Macrophages clear the debris.
o The most common regulatory pathway is MPT-driven cell death (see above)
Liquefactive necrosis:
o This is the pattern seen with infarction of the brain (i.e. stroke). The high cholesterol
content of myelin leads to the formation of cholesterol crystals that activate a 2nd
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wave of macrophages which have increased MMP production that degrades the
extracellular matrix (ECM) to liquid.
o Liquefaction is also seen with pus due to the externalization of neutrophil granules
containing proteases and acute pancreatitis due to extravasated proteases from
exocrine pancreatic fluid.
Caseous necrosis: (for more information, see General pathology: Inflammation and repair,
under construction)
o A characteristic gross pattern of M. tuberculosis infection that can also be seen with
other infections in which the organism can survive in the macrophage.
o Histologically, this is seen as necrotizing granulomas.
 Non-necrotizing granulomas are seen in immune diseases such as sarcoidosis
and the vasculitidies.
Fibrinoid necrosis:
o This is a microscopic term used in 2 different disease processes:
 Immune vasculitis: immune complexes precipitate in the vessel wall,
activating complement and triggering an inflammatory response.
 Hypertensive emergency: barotrauma to the endothelial cell allows
fibrinogen to infiltrate into the vessel wall.
Inflammation

-

-
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Fat necrosis:
o Seen in 2 different pathologic processes:
 Trauma to fat tissue: common in the breast. A blow to the breast may
rupture fat cells, causing a foreign body inflammatory response. Fibrosis
leads to a contracting scar indistinguishable from ductal carcinoma of breast.
Biopsy is required to establish the diagnosis.
 Acute pancreatitis: release of lipase leads to free fatty acid formation that
binds to calcium. This forms chalky white deposits called “soaps”.
Gumma:
o The distinctive gross pattern of necrosis seen in syphilis. It appears to be due to the
combination of granulomatous necrosis (T. pallidum has immunologic survival) and

© 2020, ClinicoPath LLC. All rights reserved.

www.MedicalSchoolCompanion.org
ischemic necrosis (due to the preferential infection of small arteries causing an
infectious vasculitis with ischemia).

Type of necrosis
Coagulative

Pathophysiology
Most common. Model is
ischemia.

Liquefactive

Enzymatic destruction of
necrotic tissue. e.g. stroke
Granulomatous
Infections with
intracellular survival, e.g.
M. tuberculosis
Fibrinoid
Immune
Type III hypersensitivity
complex
vasculitis e.g. Hepatitis B
Hypertensive Barotrauma to
emergency
endothelial cells allows
exudation of fibrinogen
Fat necrosis
Traumatic
Rupture of fat cells with
inflammation & fibrosis
Enzymatic
Acute pancreatitis: lipase
Gumma
T. pallidum

Pathology
Gross: yellow-tan discoloration
with softening followed by fibrosis
Micro: Loss of cell detail (“ghosts”)
Serous pseudocyst
Gross: cheese-like
Micro: epithelial macrophages with
giant cells, amorphous necrosis
Amorphous pink material in vessel
wall with inflammation
Amorphous pink material in vessel
wall without inflammation
Foamy macrophages with fibrosis
Gross: chalky white deposits.
Granulomas and vasculitis of small
arteries

Intracellular accumulations
There are 4 major mechanisms by which substances accumulate in a cell:
1. Abnormal metabolism of a normal product (e.g. fatty liver)
2. Defect in protein folding or transport (e.g. α1-antitrypsin deficiency)
3. Enzyme deficiency (e.g. storage diseases)
4. indigestible exogenous substance (e.g. silica, carbon)
-

11

Lipids:
o Triglycerides: fatty liver (steatosis)
 The overproduction of NADP٠H drives pyruvate to
lactate together with increased production of fatty
acids and glycerol that form triglycerides
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o Cholesterol: atheromas (artery), xanthoma (skin) cholesterolosis (gallbladder)
Proteins:
o Abnormal proteins: amyloid, α1-antitrypsin
deficiency, synuclein, tau
o Cytoskeleton proteins: Mallory bodies
Glycogen:
o Storage disease: glycogenoses
o Neoplasia: renal cell carcinoma
Pigments:
o Lipofuscin:
 A yellow-brown pigment found in the
elderly, especially the heart, liver and
colon.
 Thought to be due to free radical
membrane lipid peroxidation.
 Used as a marker of ROS effect.
Amyloid: apple-green birefringence
 Not thought to be toxic
(Congo Red stain)

Liver: lipofuscin

12
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Hemosiderin:
o A yellow-brown pigment formed when macrophages phagocytose red blood
cells. Blue with Prussian blue stain.
o Hemosiderin is a modified form of ferritin
o It takes 7-10 days to form after hemorrhage and so is used to date injuries.
o Iron is extractable for recycling, but slowly.

Hemosiderin in lung macrophages
This can be seen in many injuries, including
congestive heart failure. Iron-laden
macrophages in sputum can be used to
diagnose CHF, so called “lung failure cells”.

o Bilirubin:
 A blue-green pigment seen in liver disease, especially cholestatic conditions
as they have abnormal excretion of bile.
o Melanin:
 A black pigment only formed by melanocytes. Its presence is seen in
melanoma, for which it is diagnostic.
Other black pigments
-

-

Homogentisic acid (HGA): found in alkaptonuria, a disease of tyrosine and
phenylalanine metabolism. The buildup of HGA causes discoloration of
ears and nose, called ochronosis. Urine turns black when exposed to air.
Epinephrine metabolites: build up in the liver, giving it a black color in
Dubin-Johnson disease.

Pathologic calcification

13
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- Calcium deposits in crystal form in tissue through 2 pathologic processes:
A. Dystrophic calcification:
o Any tissue with chronic degenerative or necrotic pathology can develop
dystrophic calcifications. It can appear as white granular deposits and if
extensive enough as a hard layer, called “eggshell calcification” seen in
atherosclerosis of larger arteries.

Coronary artery calcification test
Dystrophic calcification occurs in areas of
degeneration. It occurs in the areas of vessel
wall damage caused by the inflammatory cells.
In the arteries of Americans, atherosclerosis is
overwhelmingly the commonest pathology. The
presence of calcification in the coronaries is
measured in the coronary artery calcification
test (CAC).
The CAC is the best predictor of a patient’s
ASCVD (Atherosclerotic cardiovascular disease)
risk. It is performed as a specialized CT scan.

o Dystrophic calcification can cause pathology if it interferes with tissue flexibility
such as the aortic valve where it can be extensive enough to narrow the valve
lumen in aortic stenosis.
o Serum calcium levels are normal
B. Metastatic calcification
o When serum calcium levels are very high, the calcium crystals can deposit in
surrounding tissues, especially the lungs, kidney and stomach mucosa, probably
related to pH changes.
• Calcium deposits are not harmful unless massive
o Hypercalcemia with metastatic calcification can occur:
• Calciphylaxis: a calcific arteriopathy that is seen in end stage kidney
disease (ESKD) on dialysis. The precipitation of calcium leads to ischemic
necrosis in the skin and subcutaneous tissues. It is life-threatening.
• Acutely (i.e. several weeks) is most commonly due to malignancy.
• Chronically (i.e. >months) is most commonly seen in dialysis.

14
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o Serum [Ca+2] > 14 mg/dL is uniformly symptomatic.
o Diagnosis: the calcification can be seen by imaging.
o Treatment rests on treatment of the underlying cause. Hypercalcemia is treated
if there are significant symptoms:
• Hydration
• Calcitonin
• Bisphosphonates
Testing for cell injury and death
-

-

-

15

Biomarkers:
o A hallmark of cell death is loss of membrane integrity. This means that the
cytosol is released into the extracellular matrix, taken up by the lymphatics and
carried to the blood.
o Just as with tumor markers cell proteins can be cell specific, tissue specific or
general. A specialized cell has specialized proteins that can be used to follow cell
death
Biomarker
GFAP
Cardiac troponin

Cell
CNS; glia
Heart: myocyte

Amylase, lipase
ALT
Myoglobin
LDH

Pancreas, exocrine
Liver; hepatocyte
Skeletal muscle
All cells

Function
Cytoskeleton protein
Regulation of calcium
signal to tropomyosin
Digestion
Gluconeogenesis
O2 storage
Pyruvate  lactate

Disease
TBI
Myocardial
infarction
Acute pancreatitis
Hepatitis
All injuries
All injuries

Imaging:
o High resolution CT scan and MRI can both identify necrosis in a tissue. MRI is
considered to be more sensitive
o Current use: Stroke versus transient ischemic attack (TIA)
o Calcification:
 Dystrophic calcification is a marker of chronic injury
 Current use: Coronary artery calcification test for risk assessment of
atherosclerotic events.
Physiologic / Functional testing:
o Oliguria: differentiation of pre-renal and renal (i.e. acute kidney injury) failure
can be made by assessing tubular function. Function is present in pre-renal
disease and absent in acute tubular necrosis (ATN).
 BUN/creatinine ratio, Urine Na+, Urine osmolality, FENa+
o Heart disease:
 EKG: conducting system
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Ejection fraction: contractile system
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General pathology: Cell injury and death
Do You Know It?
1. What is the difference between necrosis and regulated cell death?

2. What is the microscopic appearance of these types of cell death?
a. Necrosis
b. Apoptosis
c. Autophagy

3. What are the molecular subroutines for each of these types of cell death?
a. MPT-driven necrosis
b. Intrinsic apoptosis
c. Extrinsic apoptosis
d. Autophagy

4. Fill in the table:

Type of necrosis
Pathophysiology
Coagulative
Liquefactive
Granulomatous
Fibrinoid
Immune
complex
Hypertensive
emergency
Fat necrosis
Traumatic
Enzymatic
Gumma

Pathology

5. Describe a model disease for each of the following intracellular accumulations:
a. Triglycerides
b. Cholesterol
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c.
d.
e.
f.

Proteins
lipofuscin
hemosiderin
Melanin

6. What is the difference between dystrophic and metastatic calcification?
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