Lecture 1A:
Introduction to Pathophysiology
Homeostasis
Cell Injury



What is Pathophysiology?

* Pathophysiology is the study and diagnosis of diseases.

* Examining organs, tissues, cells and body fluids of humans with
diseases

* Recognizing disturbances of the normal mechanical, physical and
biochemical function in the human body

* Understanding normal variances in mechanical, physical and
biochemical function in the human body

 What is “normal” for a patient is affected by age, gender, culture, geographic
location,
» Pathophysiology allows the characterization of diseases and
includes:
* Etiology describes the cause of the disease.
* Pathogenesis describes the development of the disease.
* Risk factors describe the populations most affected by the disease.

 Clinical manifestations aid in the diagnosis and treatment of the
disease.
«  Symptoms are manifestations reported by the patient.
* Signs are manifestations measured or recorded by healthcare professionals



The Etiology of Diseases

 Partial List of Etiologies of Disease

Infections by viruses, bacteria, protists, fungi

Mutations are changes in DNA.
* Germ cell mutations are inherited. They are passed from parent to child.
* Somatic cell mutations are not inherited. They can cause cancer.

Immunological diseases are due to immune system responses that are too weak or
too strong.

Accidental injury due to exposure to physical trauma or exposure to
caustic chemicals, temperature extremes, pH extremes, electricity, uv
radiation, ionizing radiation, etc.

Pathway interruption prevents the normal movement of substances
through vessels and body tracts.

Nutritional diseases are due to too high or too low intake, uptake,
distribution or excretion of essential nutrients, vitamins or minerals.

latrogenic diseases are caused by medical intervention (surgery,
catheters, IVs, etc.).

Idiopathic diseases have an unknown cause.



The Etiology of Diseases: Infections

Viral: Measles

Bacterial: Bubonic Plague
(CDCQ)

(Public Domain)
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Protist: Malarial parasite, human

blood smear (Public Domain)
Fungal: Athlete’s Foot
(Public Domain)




The Etiology of Diseases: Mutations

Germ Cell Line, Heritable Mutations: Albinism

"Albinistic girl papua new guinea" by The original uploader was
Muntuwandi at English Wikipedia - Transferred

from en.wikipedia to Common:s.. Licensed under CC BY-SA 3.0
via Wikimedia Commons -
https://commons.wikimedia.org/wiki/File:Albinistic_girl_papu
a_new_guinea.jpg#/media/File:Albinistic_girl_papua_new_gui
nea.jpg




The Etiology of Diseases: Immunological

A Depressed Immune Response Leads to Increased Risk of Infection and Cancer: AIDS and
Kaposi Sarcoma (Cancer)




The Etiology of Diseases: Accidental Injury

Third Degree Burn
(Motorcycle exhaust pipe)

Image from the public
domain

X-ray of a Broken Humerus
(Arm wrestling!)

Chrisnorlin at the English language Wikipedia
[GFDL (http://www.gnu.org/copyleft/fdl.html)
or CC-BY-SA-3.0
(http://creativecommons.org/licenses/by-
sa/3.0/)], from Wikimedia Commons




The Etiology of Diseases: Pathway Interruption

Pulmonary Embolism: Blood Clot in the Lung

"Hampton hump bei schwerer Lungenembolie
- Roe Thorax" by Hellerhoff - Own work.
Licensed under CC BY-SA 3.0 via Wikimedia
Commons -
https://commons.wikimedia.org/wiki/File:Ha
mpton_hump_bei_schwerer_Lungenembolie_

_Roe_Thorax.jpg#/media/File:Hampton_hum
p_bei_schwerer_Lungenembolie_-
_Roe_Thorax.jpg

White arrows point to
blockages..

Image from the public domain




The Etiology of Diseases: Nutritional

Lack of Vitamin D: Rickets

"E. Mellanby, Experimental rickets. Wellcome LO000954"
by Edward Mellanby, Medical Research Council London -
http://wellcomeimages.org/indexplus/obf_images/f7/c4/
dc3052e3374db0044e26c6a3d40a.jpgGallery:
http://wellcomeimages.org/indexplus/image/L0000954.ht
ml. Licensed under CC BY 4.0 via Wikimedia Commons -
https://commons.wikimedia.org/wiki/File:E._Mellanby,_E
xperimental_rickets._Wellcome_L0000954.jpg#/media/Fil
e:E._Mellanby,_Experimental_rickets._Wellcome_L0O0009

54.jpg
Lack of Iron: Iron Deficiency Anemia (Blood Smear)
Red blood cells are fewer in number, o :
. 4 *
pale in color and appear empty due : By E. Uthman, MD
to reduced presence of hemoglobin. & e oy photos/euthman/22
2 . " (http://creativecommons.org/licenses/by-
£ 4 sa/2.0)], via Wikimedia Commons
. -
. b



The Etiology of Diseases: latrogenic

Post-surgical Infection of the Navel Following Umbilical Hernia Repair

By CrisLEsqvlz|Melissalvarez13|XimenaTena (Own work) [CC BY-SA
4.0 (http://creativecommons.org/licenses/by-sa/4.0)], via
Wikimedia Commons




The Etiology of Diseases: |diopathic

Some Forms of Thrombocytothemia (Overproduction of Platelets) are Idiopathic.

Platelets, also known as
thrombocytes, are the dark blue
staining cell fragments in the
photo. They are required for By £ Uthman from Houston, T, USA [CC BY 2.0

(http://creativecommons.org/licenses/by/2.0)], via

normal blood clot formation. » Wikimedia Commons



The Pathogenesis of Diseases

* Pathogenesis begins with an etiological event and develops
from there to possibly affect all levels of body organization.
* Cellular changes cause tissue changes.
* Tissue changes cause organ changes.
* Organ changes cause organ system changes. The 12 organ systems
are:
* Integumentary System
e Skeletal System
* Muscular System
* Nervous System
e Cardiovascular System
* Respiratory System
* Digestive System
* Urinary System
* Endocrine System
* Reproductive Systems (Male and Female)
* Lymphatic/Immune System

* Organ system changes cause changes in communication between and
among organ systems that affect overall body function.



Pathogenesis Terminology 1

Incubation-time period between etiological event and first signs and symptoms
Prodromal-time when the first signs and symptoms appear
Acute-significant signs and symptoms develop over a short period of time

Chronic-signs and symptoms develop slowly and may last months or years, a
chronic phase may follow or precede an acute phase

Subclinical-active disease (often an infection) without signs or symptoms

Latent-symptoms disappear, but reappear later; examples: Lyme disease (has
predictable latent period), chicken pox virus (can cause shingles years later)

Remission-symptoms decrease or disappear, may indicate a cure, but not always;
example: cancer remission

Exacerbation-sudden increase in severity of symptoms
Convalescence-recovery period

Sequelae-pathology after disease; examples: scarring caused by inflammation,
rheumatic fever or glomerulonephritis after Strep A infection

Syndrome-a group of signs and symptoms that are correlated with each other and
often with a specific disease, examples Down’s Syndrome (Trisomy 21), Toxic Shock
Syndrome



Pathogenesis Terminology 2

* Shingles is due to the same virus that causes chicken pox. The virus is
dormant for a time, sometimes many years, before it reemerges.

Chicken pox
Shingles

By Burntfingers (Own work) [CC BY-SA 4.0
(http://creativecommons.org/licenses/by-sa/4.0)], via

By n (Own work) [Public domain], via Wikimedia Commons Wikimedia Commons



Pathogenesis Terminology 3

Possible sequelae of an inadequately treated Strep A bacterial infection
include autoimmune conditions such as rheumatic fever and
glomerulonephritis. The Strep A bacteria leave behind certain antigens that
latch on to host molecules making the host molecules appear as foreign

antigens to the immune system.

Rheumatic fever can cause heart valve damage.
Note the abnormal yellow growths on the

mitral valve below.

Glomerulonephritis is inflammation of the
glomeruli of the kidney. See inflammed

glomerulus below.
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"Crescentic glomerulonephritis (2)".
Licensed under CC BY-SA 3.0 via
Wikimedia Commons -
https://commons.wikimedia.org/wiki/Fi
le:Crescentic_glomerulonephritis_(2).jp
g#/media/File:Crescentic_glomerulone
phritis_(2).jpg



Clinical Assessment of Disease 1

* Clinical symptoms are subjective. They are only reported by the
patient. For example:

* Headache
* Muscle aches
* Nausea

* Clinical signs are objective. They are observed or measured by
the clinician.
* Fever
e Blood tests
* High blood pressure

* Clinicians must weigh symptoms and signs of disease against
what is “normal” for the general population AND what is normal
for the patient.

* Normality is affected by the location and culture of the population.

* Normality is affected by the age, gender and medical history of the
patient.



Clinical Assessment of Disease 2

e The distribution of normal clinical measurements and abnormal
clinical measurements follow a bell-shaped curve when assessed
across large populations of individuals. Such values are expressed,
not as a single measurement, but as a range of measurement
values.

Normal mean
I

Mean in those

with disease
|

Number of persons

<

95% of values
Variable values



Clinical Assessment of Disease 3

* Parameters such as body temperature and the plasma levels of
certain hormones follow a circadian rhythm. They vary regularly
throughout the day. Clinicians must consider the time of day when
determining whether a body temperature or a hormone level is
normal or abnormal.

* The graph below indicates the level of the hormone, cortisol, in
the blood over the course of 12 hours.

1200PM. 600PM.  1200AM. 600AM 1200PM 600PM 1200AM



Clinical Assessment of Disease 4

The range of normality for several clinical signs is dependent on the age of the
patient. A good example is bone density in women. |t decreases after

menopause, so the incidence of osteopenia and osteoporosis increases in older
populations of women.

————————

1300 1100 900 f00
Standardized total hip BMD, white women, mgfomz



Clinical Assessment of Disease 5

* The range of normality for several clinical signs is dependent on the gender of
the patient. The range of normal weight, height, body mass index, bone
density, red blood cell count, hormone levels, etc. varies significantly between
the male population and the female population at any age. The image below
compares the average bone mass of males and females from birth through
age 100 years. Note the steep drop in females after menopause.
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Clinical Assessment of Disease 6

e As with all scientific measurements both validity and
reliability are important.

* The best test of reliability is retesting. Repeating the test
should provide essentially the same measurement
value. For example, if your scale measures your weight as
125 Ibs. several times in a row, the measurement is reliable.

* Validity refers to how well a test measures what it is
supposed to measure. Suppose your actual weight is really
129 |bs. The weight measured by your scale (125 Ibs.) is
reliable, but it isn’t valid.

* A high degree of reliability and validity is expected of
medical equipment and laboratory tests.



Homeostasis & Homeostatic Imbalance 1
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Homeostasis & Homeostatic Imbalance 2

 Homeostasis is a key concept in physiology. Physiological
parameters in healthy body tend to exhibit a “set point” or a
“normal” value for that body. Due to the dynamic nature of
physiological processes, deviations from the set point occur
often. Those deviations provide a stimulus for a receptor. The
receptor then generates an afferent signal that travels to an
integration center. The integration center evaluates the
situation and determines an efferent signal that travels to an
effector. The effector generates a response.

* Negative feedback response-reverses the stimulus. If the stimulus
was increased body temperature, the response would be decreased
body temperature.

* Positive feedback response-heightens the stimulus. If the stimulus
was the presence of inflammatory chemicals, the response would be
an increased presence of inflammatory chemicals. The positive
feedback response continues until some culminating event removes
the stimulus.



Homeostasis & Homeostatic Imbalance 3
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Homeostasis & Homeostatic Imbalance 4

* Allostasis refers to the overall process of adaptation to stimuli
or stressors provided by the multiple homeostatic mechanisms
that are constantly and dynamically in effect in the human

body.

* Pathology can be thought of as a situation in which
homeostatic mechanisms are temporarily failing to keep the
body in balance.

* An etiological stimulus for pathogenesis, may be identical to or
closely related to the stimulus for a homeostatic
mechanism. As the disease progresses various homeostatic
mechanisms will attempt to bring the body back to normality.

* The interplay of multiple homeostatic responses that occur
during pathogenesis definitely affects the signs and symptoms
of disease.



Homeostasis & Homeostatic Imbalance 5

* The term, “stress”, is one that is often used when addressing
stimuli for both pathogenesis and homeostasis. The body’s
response to stressors is meant to be helpful. But it can become
damaging if it is repeatedly activated or when it remains active
for too long.

* As you’ve learned previously, the two body systems most
involved in maintaining homeostasis are the nervous system
with its electrical signals (nerve impulses) and the endocrine
system with its chemical signals (hormones).

* The response to stressors (internal or external stimuli) is a
powerful homeostatic mechanism that employs both the
nervous system and the endocrine system.

* Although the exact nature of stimuli/receptor interaction is not
yet clear, it is known that stress receptors transmit afferent
signals to the hypothalamus of the brain (the integration center,
in this case).



Homeostasis & Homeostatic Imbalance 6

* The hypothalamus responds in two ways:

e 1. If the stressor is powerful and acute:

* The hypothalamus sends efferent nerve impulses to the sympathetic
effectors of the body including the medulla (inner portion) of the
adrenal gland. This is the “fight or flight” response.

* Sympathetic preganglionic neurons release the
neurotransmitter, norepinephrine, to the chromaffin cells in
the adrenal medulla. They respond by releasing

catecholamine hormones (epinephrine and norepinephrine)
into the blood.



Homeostasis & Homeostatic Imbalance 7

e 2. If the stressor is less powerful and chronic:

e The hypothalamus releases CRH, (corticotropin releasin%
hormone) into the primary capillary bed of the hypothalamic
hypophyseal portal system.

* CRH travels in the blood to the secondary capillary bed of the
portal system. Those capillaries deliver the CRH to the cells of
the anterior pituitary gland.

* The cells of the anterior pituitary gland respond by releasing
ACTH (adrenocorticotropic hormone) into the blood.

 ACTH travels in the blood to the cortex (outer portion) of the
adrenal gland. Cells of the adrenal cortex respond by releasing
steroid hormones called glucocorticoids. The primary
glucocorticoid is cortisol.



Homeostasis & Homeostatic Imbalance 8

Short-Term Stress Response Long-Term Stress Response
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with releasing
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omeostasis and

omeostatic Imbalance 9
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Homeostasis & Homeostatic Imbalance 10

* |n its attempt to defend itself against stress, the body basically
prepares itself and its cells for a higher level of cellular
respiration. Its focus is getting more fuel molecules (glucose or
alternatives) and oxygen to the cells in the organs that need it
most (heart, skeletal muscles, brain) to produce ATP.

 Effects of Sympathetic Nerve Impulses (Fight or Flight)

Increased heart rate and force of contraction

Shunting of blood toward the heart and skeletal muscles to increase
perfusion of their tissues. Blood is diverted from digestive organs and
kidneys while maintaining a constant level of brain perfusion.

Increased depth and rate of breathing to get more oxygen into the blood
and more CO2 out of the blood.

Dilation of bronchioles to open airway passages
Dilation of the pupils and accommodation of the lens for far vision
Vasoconstriction in systemic arterioles to increase blood pressure.

Stimulation of the renal angiotensin aldosterone system (RAAS) to
increase blood pressure by stimulating sodium ion and water retention.



Homeostasis & Homeostatic Imbalance 11

 Effects of Adrenal Gland Hormones
» Effect of Epinephrine and Norepinephrine

* The effect is re!ativeIY] short-term. Catecholamines (modified amino
acids) are relatively short-lived in the blood stream.

* Effect on sympathetic effector organs mimics that of sympathetic
nerve impulses.

e Stimulates both glycogenolysis and gluconeogenesis by the liver to
provide fuel molecules for aerobic cellular respiration.

* Glycogenolysis-breakdown of glycogen to form glucose

* Gluconeogenesis- conversion of non-carbohydrate molecules to
fuel for cellular respiration.

* Triglycerides (fat) are broken down (lipolysis) into glycerol
and fatty acids.

* Glycerol is converted to pyruvate and then to acetyl CoA
for Kreb’s Cycle

e Fatty acids are converted to acetyl CoA for Kreb’s Cycle
* Proteins are broken down into amino acids

* Amino acids can be converted either to pyruvate or
other Kreb’s Cycle intermediates.



Homeostasis & Homeostatic Imbalance 12

e Effects of Cortisol
* The effects are relatively long- term. Cortisol is a steroid.
Steroids are relatively long-lived in the blood stream.
e Stimulates gluconeogenesis by the liver.

* In long term severe stress, stores of glycogen and fat may be
depleted, so proteins are catabolized.

* NOTE: Excessive or prolonged elevation of cortisol in the
bloodstream suppresses elements of the immune response!

* In summary, keep in mind that the etiology and
pathogenesis of disease provide stimuli for the body’s
homeostatic mechanisms. The body’s attempts to restore

balance are manifested along side the symptoms and signs
of pathology.



Evidence of Cell Injury 1

* Disease is a cellular phenomenon.

* Cells respond to injury in one of three ways.
* Full Recovery (Injury is Reversible)
* Hydropic Swelling
* Intracellular Accumulations
e Adaptation (Injury Irreversible, but Not Lethal)
* Changes in cell number, cell size, cell shape, cell function
* Cell Death (Injury is Irreversible and Lethal )

* Necrosis
* Apoptosis



Evidence of Reversible Cell Injury 2

* Evidence of Reversible Cell Injury
* Hydropic Swelling
* The most common manifestation of reversible cell injury
e Decreased ATP stalls Na+/K+ pumps
* Na+ accumulates inside cells--water follows sodium
* Intracellular Accumulations: 4 Mechanisms

1.
2.

Abnormal metabolism causes a substance to accumulate inside cells.
Failure of the chaperone system or the ubiquitin-proteosome system
causes abnormal or denatured protein to accumulate inside cells.

i. Chaperones are proteins that bind to denatured proteins to renature them.

ii. Ubiquitin is a protein that normal escorts irreversibly damaged proteins to
proteosomes for destruction.

Lack of an enzyme in a biochemical pathway causes the substrate of the
enzyme to accumulate inside cells.

Ingestion of a substance that the cell is unable to digest causes that
indigestible substance to accumulate inside cells.



Evidence of Reversible Cell Injury 3

Hydropic Swelling in Kidney Tubule Cells

Normal Cells Injured Cells




Evidence of Reversible Cell Injury 4

Intracellular Accumulation, Mechanism 1: Abnormal metabolism causes fatty liver, a
condition often associated with alcoholism. In the photomicrograph of liver tissue below
the white spaces are oil-filled vacuoles.

V. Cotran RS, Robbins 5L, edtors Basic pathology, ed 7, Phiadephia, 2003, Saunders. p 19 graph counesy Dr James Crawford Department of Pathology,

From Kumar
Brigham and Wormen's Hosprial Boston



Evidence of Reversible Cell Injury 5

Intracellular Accumulation, Mechanism 2: Proteins called chaperones have to ability to refold
denatured proteins thus restoring their activity. The protein, ubiquitin, transports damaged
proteins that can’t be renatured to proteosomes for degradation. Lack of chaperone or ubiquitin
activity allows damaged proteins to accumulate inside injured cells.

REPAIR OF PROTEIN DAMAGE Chaperone

STRESS
(UV, heat, free radical injury, etc.)

% # Q
Protein : . %9
Nonfunctional proteins o ; p
and aggregates A= ,“
’ Degraded peptide
CELL DEATH Ubiquitin Proteasome fragments

Frem Kumar V, Cotran RS, Robbins SL, editors: Basic pathclogy, ed 7, Philadelphia, 2003, Saunders, p 17



Evidence of Reversible Cell Injury 6

Intracellular Accumulation, Mechanism 3: The genetic disorder, Hurler’s Syndrome, is due to a
recessive mutation in the gene for a lysosomal enzyme that normally breaks down
glycosaminoglycans (GAGs). In the absence of the enzyme, glycosaminoglycans accumulate
inside cells. In other words, if an enzyme is missing or defective, its substrate accumulates.

Claw Hand

Coarse Facial Features

Clouded Cornea

Hernia



Evidence of Reversible Cell Injury 7

Enzyme 1 Enzyme 2 Enzyme 3

Reaction 1 I Reaction 2 I Reaction 3
Starting Product
molecule

Mechanism 3: In a biochemical cascade pathway, the product of one reaction becomes the
substrate of the following reaction. A missing or defective enzyme will cause the substrate
of that enzyme to accumulate in the cell. The remaining steps of the pathway will not
occur. For example, if Enzyme 2 is defective, substance B will accumulate and neither
substance C or D will be formed. If Enzyme 3 is defective, substance C will accumulate, and

substance D will not be formed.



Evidence of Reversible Cell Injury 8

Intracellular Accumulation, Mechanism 4: Hemosiderin is an iron-containing pigmented
protein complex normally produced in small amounts by the breakdown of hemoglobin
released when old RBCs are removed from the circulation. It accumulates in tissue
macrophages following internal hemorrhage. It may also accumulate in certain cells (kidney
and liver) as a result of abnormal uptake or use of iron. Bilirubin and melanin are other
pigmented substances that may accumulate in phagocytes or other cell types due to cell
injury. Pigment molecules are difficult for cells to digest.

Kidney tissue with
accumulated
hemosiderin.




Evidence of Reversible Cell Injury 9

Mechanism 4. Mineral dusts (coal, silica, lead, iron, silver) may be inhaled causing inflammatory
injury to lung tissue.




Evidence of Reversible Cell Injury 10

Mechanism 4. The electrolyte imbalance, hyperphosphatemia, may lead to calcification
(deposit of calcium phosphate crystals) in body tissues. As will be discussed later in this
module, calcification is caused by other means as well.

Cardiovascular tissue,
calcifications (orange),
soft tissue (green)

By Sergio Bertazzo (Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-
sa/3.0)], via Wikimedia Commons



Lecture 1B:

Adaptations to Cell Injury
Cell Death
Aging and Somatic Death




Cellular Adaptation to Injury 1

Atrophy

Cells become smaller and less active

May be due to:

Disuse or lack of use (Disuse atrophy occurs in muscle tissue due to immobility.)
Lack of nutrients or oxygen due to ischemia (diminished blood supply)

Lack of hormonal stimuli (tropic hormones)

Aging

Injury due to inflammation or infection

Hypertrophy

Cell become larger and may be more active or develop abnormal activities.

Skeletal muscle fibers and cardiac muscle fibers become larger due to increased
load.
Glandular tissue enlarges due to increased functional demand.

* Liver cells enlarge in certain diseases.

* The thyroid gland follicle cells enlarge when prodded by TSH (thyroid
stimulating hormone from the anterior pituitary gland) or abnormal antibodies.



Cellular Adaptation to Injury 2

Hyperplasia
e Cells divide more often so more cells than normal are present.

* Hyperplasia is rare for cells that normally have a low rate of mitosis (neurons, skeletal muscle,
cardiac muscle) but common in cells that have a high rate of mitosis. Examples:

* RBCs at high altitude due to lower partial pressure of oxygen in blood

* Liver cells in the presence of toxins

* Skin cells when subjected to friction (corns and callouses)

* Uterine smooth muscle cells in the presence of estrogen and progesterone
* Bladder epithelial cells in the presence of inflammation

* Blood vessel endothelial cells in atherosclerosis

Metaplasia
One normal cell type changes to another normal cell type.

* Pseudostratified ciliated columnar changes to stratified squamous in epithelium of the
bronchi and larger bronchioles of smokers.

» Stratified squamous in the esophagus changes to simple columnar in GERD (gastroesophageal
reflux disorder).

Dysplasia

* Normal cells change to cells with disorderly growth. They are abnormal in size, shape and
arrangement. Dysplasia may lead to cancer.

e Hyperplastic squamous cells of the uterine cervix may become dysplastic.



Cellular Adaptation to Injury 3

o000

Normal Atrophy
(decreased cell size)

Q0000 oooo

Hypertrophy Hyperplasia
(increased cell size) (increased cell number)
°g.°
00,040 (09 Q‘hb
Metaplasia Dysplasia
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type to another)

Exever temes and derived ems © 2005, 2000, 1895 by Elsevier Inc.



Cellular Adaptation to Injury 4

Hypertrophy of cardiac muscle cells occurs in congestive heart failure due to
the stress of the increased load. Cellular increase in size is due to
additional cellular protein content. The same response occurs in skeletal
muscle due to increased load. Both muscle cell types are amitotic.




Cellular Adaptation to Injury 5

Hypertrophy of the liver (hepatomegaly) has several possible causes.

Note that the liver has
displaced both the heart and
the digestive organs.

"Se000" by Hg6996 - Own work. Licensed under Public Domain via Wikimedia Commons -
https://commons.wikimedia.org/wiki/File:5e000.jpg#/media/File:Se000.jpg



Cellular Adaptation to Injury 6

Hyperplasia of artery endothelial cells occurs in atherosclerosis.

atherosclerosis normal



Cellular Adaptation to Injury 7

Atrophy of brain tissue occurs in Alzheimer’s Disease.

Normal brain AD brain




Irreversible Cell Injury: Cell Death 1

* |rreversible cell injury occurs when the membranes of cell
organelles are damaged. Irreversible cell injury results in cell
death.

* Two different processes of cell death may occur in response to
irreversible cell injury: necrosis and apoptosis.
* Necrosis
e “Messy” cell death
* Nuclei become pyknotic (shrunken) and dissolve (karyolysis).

* Cells break open and their contents spill into to the interstitial
space. Local immune cells come in contact with cytoplasmic
elements. That triggers the inflammatory response.

* Inflammation damages surrounding cells and tissues.



Irreversible Cell Injury: Cell Death 2

Reversible Cell Injury:

Membranes are still intact.
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Irreversible Cell Injury: Cell Death 3

* Evidence of Necrosis

* Intracellular proteins released by broken cells will enter the
bloodstream where they may serve as clinical markers for
necrosis. For example, blood testing may reveal:

* Elevated serum amylase—pancreatic tissue damage
* Elevated myoglobin or cardiac troponin-heart tissue
damage
* Inflammatory Response to Necrosis
* Local Effects: redness, heat, swelling, pain
* Systemic Effects: malaise, fever, increased heart rate,
increased WBC, anorexia
* Four Types of Necrosis
e Coagulative Necrosis
* Liquefactive Necrosis
* Caseous Necrosis
* Fat Necrosis
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e Coagulative Necrosis:
* Most common form of necrosis
* Due to ischemia (reduced blood flow)
* Necrotic tissue is composed of denatured proteins and is solid.
* Necrotic tissue is slowly dissolved by proteolytic enzymes.

* Liquefactive Necrosis

e Usually occurs in brain tissue (There is relatively little connective
tissue there).

* Necrotic tissue is rapidly dissolved by enzymes. Abscesses or cysts
may form.

* Due to ischemia or due to infections that trigger the inflammatory
activity of phagocytic white blood cells. (Phagocytes have tons of
enzymes!)
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e Caseous Necrosis

Means “cheese-like”, necrotic tissue is white, soft and fragile.
Characteristic of lung tissue infected by tuberculosis bacteria

In TB, dead cells are walled off from healthy tissue in structures
called tubercles.

 Fat Necrosis

Necrotic adipose tissue
Usually due to pancreatitis

Lipase enzymes from damaged pancreatic cells act on adipose
tissue in the area releasing fatty acids.

Lipases break triglycerides down into glycerol and fatty acids.

Fatty acids bind calcium ions and precipitate as calcium soaps
(calcium salts of fatty acids). Soap formation is termed
saponification.

Necrotic tissue appears white.
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Coagulative Necrosis (Myocardial Infarction)
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Coagulative Necrosis (Myocardial Infarction)

Note deterioration of nuclei; loss of striations
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Liquefactive Necrosis in Brain Tissue

From Kumar V, Cotran RS, Robbins SL.: Basic pathology. ed 7. Philadelphia, 2003, Saunders, pp 815, 826,
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Liquefactive Necrosis in Brain Tissue (Stroke)

Clear regions indicate death of neurons and neuroglia.
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Caseous Necrosis in Lung Tissue

From Kumer V. Covar RS Robons 50 Basc pyholkegy, ed 7, Phiadeipha. 2X0. Saurders, pp 814, 026
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Fat Necrosis in Adipose Tissue Near the Pancreas

From Kumar V. Cotran RS, Robbins SL° Basic pathology. ed 7, Philadelphia, 2003, Saunders, pp 815, 826.
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Fat Necrosis

Note healthy adipocytes at center; necrotic adipocytes on the left and right
have lost the integrity of their plasma membranes.
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e Gangrene refers to necrotic cell death in a large area
of tissue. Three forms of gangrene:

* Dry Gangrene-large area of coagulative necrosis that
appears dry, blackened, wrinkled and is separated from
healthy tissue by a line of demarcation; usually occurs in an
extremity.

* Wet Gangrene-liquefactive necrosis followed by infection,
usually occurs in internal organs, appears cold and black,
foul smelling due to bacteria, may spread rapidly releasing
toxins into the blood

* Gas Gangrene-wet gangrene occurs when the infection is
with certain anaerobic strains of bacteria (Clostridium, most
commonly) that release gases. Swelling may be
extreme. Very dangerous!
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Wet Gangrene: (Diabetes Mellitus)

Gas Gangrene
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* Apoptosis
* “Tidy” cell death, no cell contents are spilled, no inflammatory
response occurs

* All normal cells have a particular life span. They regularly undergo
“programmed cell death” by the process of apoptosis.
* Apoptosis is a normal part of development.

* More than half of the neurons produced during fetal development
undergo apoptosis.

* About 95% of T lymphocytes undergo apoptosis as part of the
development of “self tolerance” that occurs in the thymus gland.

* Apoptosis also occurs in response to injury in certain cells.

* In myocardial infarction about 80% of cell death is apoptosis and
about 20% is necrosis.
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Induction of Apoptosis:

e Extrinsic Signals

* Loss of “survival signals” from neighboring cells and/or the extracellular
matrix

* Delivery of “death signals” by cytotoxic T cells, for example
 When the FasL (Fas Ligand) of the T cell binds to the Fas receptor of a
regular body cell, the apoptosis cascade is triggered.
* Intrinsic Signals

* Cells monitor their internal environment. If there is damage to DNA or
other structures, the cell cycle will stall for repairs.

* |f damage is irreparable, the apoptosis cascade will be triggered
intrinsically.

 The amount of the protein, '353, is normally quite low, but it increases
greatly if the DNA of the cell is damaged (by radiation, toxins or free
radicals). Above a certain level p53 is an intrinsic trigger for
apoptosis. It prevents proliferation of cells with damaged DNA.

* Similarly, damaged mitochondria leak cytochrome C into the cytoplasm
providing another intrinsic trigger for apoptosis.
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Extrinsic Induction of Apoptosis

Loss of Survival Signals

Survival Apoptosis

Elsevier items and derived items @ 2005, 2000, 1995 by Elsevier Inc



Irreversible Cell Injury: Cell Death 18

Extrinsic Apoptosis Induction:

Fas Ligand Delivered

A
Cytotoxic T cell Y Fas ligand
»
Fas receptor
Adaptor
Inactive pro-
caspase-8

Target cell

Nuclear I
f
ragmentation Apoptosis

P der farrg ard derhves farmg © 2003, 2000 1969 by Elsmn i I
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* Once apoptosis is triggered this cascade of events occurs:

1.
2.

Capsase enzymes are activated.

Cellular structures, including the nucleus, are broken down by
capsase enzymes (plasma membrane remains intact).

Membrane blebs form on the surface of the cell, and apoptotic
bodies are released by budding.

Phagocytes engulf and destroy the apoptotic bodies.
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MITOCHONDRIAL (INTRINSIC) DEATH RECEPTOR
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Note that individual T lymphocytes are dying in a controlled fashion.

Apoptosis in Fetal Thymus Tissue
Large areas of necrosis are not present.

Inflammation is not present.
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Ischemic Injury 1

Ischemia

* Ischemia, reduced or absent blood supply to a tissue, is the most
common clinical cause of irreversible cell injury and cell
death. Ischemia causes hypoxia (reduced tissue oxygen). Aerobic
cellular respiration stalls due to lack of oxygen, so ATP production
drops. The following cascade of events then occurs:

ATP deficit decreases sodium-potassium pump activity. (Na+/K+ pumps use
about 60% of the body’s ATP!)

Na+ accumulates inside the cell and water follows causing and water
accumulate in causing hydropic swelling. Organelles also exhibit swelling.

Cells switch from aerobic cellular respiration to anaerobic cellular respiration
(glycolysis). Fermentation of pyruvate, forming lactic acid occurs. The pH of the
cell drops. The acidity interferes makes enzyme function less efficient.

The blood cannot deliver fuel molecules (glucose) to cells, so stored fuel
molecules must be used for glycolysis. Stored fuels are depleted in this order:
glycogen, fat, protein.

Next, calcium ion pumps in the plasma membrane begin to fail. Calcium (Ca2+)
ions rapidly accumulate in the cytoplasm (“calcium overload”). The Ca2+ ions
activate damaging cytoplasmic enzymes.
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Ischemia
* Examples of damaging enzymes:
* Proteases breakdown cellular proteins.

* Phospholipases breakdown membrane phospholipids.

e Endonucleases breakdown RNA and DNA.

* Damaging enzymes cause disruption of protein synthesis. Ribosomes detach
from the endoplasmic reticulum. The proteins that are made are often folded
incorrectly. The cell attempts to destroy the abnormal proteins by the ubiquitin-
proteosome reactions, but they accumulate.

* Mitochondrial membrane damage due to protein loss/destruction and
enzymatic attack on phospholipids along with calcium overload causes
increased permeability. Hydrogen ions (acid) leak out of the mitochondria.
Antioxidants also leak out, allowing the accumulation of reactive oxygen
species (oxygen free radicals and hydrogen peroxide) in the mitochondria and
the release of those reactive oxygen species into the cytoplasm.

* This mitochondrial membrane damage is irreversible. It leads to cell death.
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Reactive Gaygen ospeues

e Reactive oxygen species are naturally and normally produced in the mitochondria
during the oxidative phosphorylation reaction of aerobic cellular respiration.

* Oxygen free radicals are a type of reactive oxygen species. Their oxygen atoms have
no charge, but they have an unpaired electron in the outermost orbital. Atoms
prefer paired electrons. Free radicals damage other molecules by stealing electrons
from them. The damage done by free radicals is called oxidative stress.

* The mitochondria normally prevent free radicals accumulating by producing
antioxidants. Antioxidants work by willingly donating an electron to a free radical.

By Healthvalue - Own work, CC BY-
SA 3.0,
https://commons.wikimedia.org/w/i
ndex.php?curid=18017781
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Generation of Free Radicals

* Although oxygen free radicals are naturally and normally produced in
the mitochondria, oxygen free radicals and free radicals of other atoms
may also be produced when the body is exposed to injury by:

Ultraviolet or ionizing radiation. lonizing radiation sources include
X-rays and gamma rays.

Inflammation. Inflammation is the immune system’s reaction to
injury. Inflammation is meant to combat infection and injury, but it
often harms normal tissue.

Enzymatic metabolism of exogenous substances. When the toxin,
carbon tetrachloride, is metabolized a free radical is produced.

Reaction of transition metals (iron or copper) with the reactive
oxygen species, hydrogen peroxide.

Formation of the nitrogen free radical, peroxynitrite (ONOO-) (“Oh
no!”), when nitric oxide (NO) reacts with the oxygen free radical,
superoxide (O2-). Nitric oxide is produced naturally by several cell
types. It acts as a vasodilator among other functions.
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Reperfusion Injury

* If cells in ischemic tissue are not killed by hypoxia, they may be killed
due to changes that occur when the blood supply is restored
(reperfusion). Three processes are involved.

e Calcium overload: Ca2+ions suddenly become available in the
interstitial space and enter the cell due to ion pump
failure. Destructive enzymes are activated, or apoptosis may be
triggered.

* Generation of reactive oxygen species (free radicals): Oxygen
suddenly becomes available causing a burst of high energy
electrons producing reactive oxygen species such as super oxide
(02-), peroxide (H202), and hydroxyl (OH). Membranes, proteins
and chromosomes are damaged.

* Inflammation: The presence of free radicals and damaged
membranes initiates inflammation that may last for days or
weeks. Inflammation produces more free radicals and other
chemicals that further damage cells.
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Membrane Damage (The Hallmark of Cell Death)

* There are three major routes to membrane damage in cells that are
subjected to injury by ischemia or reperfusion. Recall that plasma
membranes and organelle membranes are phospholipid bilayers with
proteins inserted into them.

* 1. Membrane phospholipids must constantly be synthesized to
replace worn out membrane areas. Without sufficient ATP new
phospholipids aren't produced fast enough.

e 2. Calcium overload activates damaging enzymes that destroy
phospholipid molecules (phospholipases) and destroy proteins of
the membrane (proteases).

* 3. Reactive oxygen species cause peroxidation of lipids including
phospholipids. Peroxidated phospholipids cause membrane damage.



Membrane damage due to hypoxic/reperfusion injury:
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Cellular Aging 1

Mechanisms of Cellular Aging
* DNA Damage

As we age, DNA repair mechanisms become less effective.

* Reduced Proliferative Capacity of Stem Cells

Research supports the notion that each cell type is preprogrammed to
undergo a finite number of cell divisions. Then it dies.

The ends of chromosomes (telomeres) shorten slightly with each cell
division.
The enzyme, telomerase, allows some cells to replace the lost

nucleotides. Cells that have a high rate of mitosis (germ line cells and
other stem cells) have more telomerase than cells that rarely divide.

Ce(j!s_tjronp older individuals have less telomerase than cells from younger
individuals.

Some cancer cells produce telomerase, whereas normal somatic cells do
not.

* Accumulated Metabolic Cell Damage

Damage from free radicals accumulates, especially damage to cell
membranes.

Animals with lower metabolic rates live longer.
Repair mechanisms are less effective as we age.
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Telomeres shorten with each round of DNA replication.
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Somatic Death (Death of the Organism)

Sequence of Events

* Initially-pallor, dilated pupils, coldness, fluids collect in dependent
areas

e Within 6 hours-Rigor mortis (prolonged cross bridge formation)
occurs. Lack of ATP prevents detachment of myosin heads.

* 24 to 48 hours-putrefaction (widespread release of lytic enzymes) and
autolysis; rigor mortis gives way to flaccidity

Brain Death (common definition)

* Absence of brainstem reflexes (swallowing, gag, pupillary, eye
movement reflexes)

* Absence of respiratory effort
 Absence of brain waves
e Lack of cerebral blood flow
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