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Foreword

INSPIRED BY LIFE

“Any intelligent fool can make things bigger and more complex,” said Albert Einstein. To make things
understandable and appealing is the persisting and daunting task of a passionate teacher. It is this
context that Dr Ramadas Nayak’s book assumes a considerable significance. In this book, he has
provided conceptual clarity that it is both astounding and amazing.

The veritable qualities of a review book include simplicity, structure, sequence, and
standardization. To this, must be added another ‘s i.e. sympathy—sympathy for the reader who is
grappling with the essentials. Dr Nayak’s endeavor to have all these qualities in the book s a testimony
of his expertise and experience as an effective and exemplary teacher.

I am delighted to write this Foreword to Exam Preparatory Manual for Undergraduates: General and Systemic
Pathology, which, I am certain, will be an invaluable resource for students and teachers in pathology.

Mparn g

K Ramnarayan
MBBS MD (Path) PG Dip. Higher Education

Vice-Chancellor
Manipal University
Manipal, Karnataka, India






Preface

Pathology is a rapidly-expanding and ever-changing field and lays the foundation for understanding diseases. This book
is an endeavor to present the vast knowledge of pathology in a lucid manner for the second year medical and dental
students, and those undergoing training in paramedical courses. My aim is to provide a sound knowledge of pathology
and hence give insight into etiology, pathogenesis, pathology and the disease course. Every attempt has been made to
present information in a simplified text augmented with the use of colored illustrations.

Organization

This book consists of 23 chapters and is organized into two sections namely general pathology and systemic pathology.

Section 1—General Pathology: It provides an overview of the basic pathologic mechanisms underlying diseases
including cellular adaptations, inflammation, tissue repair, chronic inflammation, hemodynamic disorders, immuno-
logical disorders, neoplasia and genetics.

Section 2—Systemic Pathology: It deals with chapters devoted to diseases and disorders of various organ systems
including vascular, cardiac, respiratory, gastrointestinal, liver and biliary tract, pancreas, kidney, male and female
genital tract, bones, endocrines, skin and central nervous system. For hematology section, readers are requested to refer
to Rapid Review of Hematology authored by Dr Ramadas Nayak and Dr Sharada Rai and Essentials in Hematology and
Clinical Pathology by Dr Ramadas Nayak, Dr Sharada Rai and Dr Astha Gupta.

After manyyears (more than 34 years) of teaching undergraduates, I found that undergraduate students find it difficult
to understand, remember and answer the questions during examinations, in a satisfying way. There are many pathology
textbooks, but undergraduates face difficulty to refresh their knowledge during examinations. This encouraged me to
write a book to fill the niche, to provide basic information to an undergraduate in a nutshell. The text provides all the
basic information the student will ever need to know. Key words are shown in bold words so that student can rapidly
go through the book on the previous day or just before the examination. Most students are fundamentally “visually
oriented.” As the saying “one picture is worth a thousand words’, it encouraged me to provide many illustrations.

How to use this book

Irecommend that this book to be used by all students for understanding the basic knowledge and refresh their knowledge
during examinations. The readers are requested to give more emphasis on word in bold letters that represents the key
words to be remembered. One of the aims of the students after getting undergraduate degree is to fetch a good ranking in
the postgraduate entrance examination. Most graduates cannot answer multiple choice questions (MCQs) in entrance
examination by just reading the usual textbooks in pathology. In this book, text boxes have been designed at the sides
of main text that provide information useful in answering these MCQs. These boxes also provide commonly expected
pathology questions during undergraduate examination. This book can serve as a source of review of general and
systemic pathology for even postgraduates in pathology.

About 350 illustrations, 82 gross photographs, 162 photomicrographs, 152 tables, 3 X-rays and a clinical photograph
have been incorporated for easy understanding of the subject. Appendices provide various important bodies and its
associated conditions, important cells in various lesions and pathognomonic structures in diseases.

Ramadas Nayak
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SECTION

General
Pathology






Cellular Responses to
Stress and Injury

CHAPTER

INTRODUCTION

Definition: Pathology is the scientific study (logos) of disease (pathos). It mainly focuses on
the study of the structural and functional changes in cells, tissues, and organs in disease.

Learning Path0|ogy Learning pathology:

+ General pathology

Study of pathology can be divided into general pathology and systemic pathology. . Systemic pathology.

e General pathology: It deals with the study of mechanism, basic reactions of cells and tissues
to abnormal stimuli and to inherited defects.

o Systemic pathology: This deals with the changes in specific diseases/responses of
specialized organs and tissues.

Scientific Study of Disease

Disease process is studied under following aspects.

EtiOIOgy Etiology: Cause of a
disease.

The etiology of a disease is its cause. The causative factors of a disease can be divided into

two major categories: genetic and acquired (e.g. infectious, chemical, hypoxia, nutritional,

physical). Most common diseases are multifactorial due to combination of causes.

Pathogenesis Pathogenesis: Mechanism

by which the causative
It refers to the mechanism by which the causative factor/s produces structural and functional factor/s produces

abnormalities. Pathogenesis deals with sequence of events that occur in the cells or tissues structural and functional
from the beginning of any disease process. With the present advances in technology, it is 2Pnormalities.
possible to identify the changes occurring at molecular level and this knowledge is helpful for
designing new therapeutic approaches.
e Latentperiod: Few causative agents produce signs and symptoms of the disease immediately

after exposure. Usually, etiological agents takes some time to manifest the disease (e.g.

carcinogenesis) and this time period is called as the latent period. It varies depending on

the disease.
¢ Incubation period: In disorders caused by infectious (due to bacteria, viruses, etc.) agents, the

period between exposure and the development of disease is called the incubation period.
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Lesions: Term used for
describing the more or less
circumscribed pathological
changes in tissues and cells
produced by disease.

It usually ranges from days to weeks. Most of the infectious agent have characteristic
incubation period.

Morphologic Changes

All diseases start with structural changes in cells. Rudolf Virchow (known as the father of modern
pathology) proposed that injury to the cell is the basis of all disease. Morphologic changes refer to the
gross and microscopic structural changes in cells or tissues affected by disease.

Gross

Many diseases have characteristic gross pathology and a fairly confident diagnosis can be given before
light microscopy. E.g. serous cystadenoma of ovary usually consists of one cystic cavity containing serous
fluid; cirrhosis of liver is characterized by total replacement of liver by regenerating nodules.

Microscopy

Light microscopy: Abnormalities in tissue architecture and morphological changes in cells can be

studied by light microscopy.

e Histopathology: Sections are routinely cut from tissues and processed by pararffin-embedding. The
sections are cut from the tissue by a special instrument called microtome and examined under light
microscope. In certain situations (e.g. histochemistry, rapid diagnosis) sections are cut from tissue
that has been hardened rapidly by freezing (frozen section). The sections are stained routinely by
hematoxylin and eosin.

- Pathognomonic abnormalities: If the structural changes are characteristic of a single disease
or diagnostic of an etiologic process it is called as pathognomonic. Pathognomonic features are
those features which are restricted to a single disease, or disease category. The diagnosis should
not be made without them. For example, Aschoff bodies are pathognomonic of rheumatic heart
disease and Reed Sternberg cells are pathognomonic of Hodgkin lymphoma (refer Appendix Il).

e Cytology:The cells from cysts, body cavities, or scraped from body surfaces or aspirated by fine needle
from solid lesions can also be studied under light microscope. This study of cells is known as cytology
and is used widely especially in diagnosis and screening of cancer.

e Histochemistry (special stains): Histochemistry (refer Table 1.7) is the study of the chemistry of
tissues, where tissue/cells are treated with specific reagent so that the features of individual cells/
structure can be visualized, e.g. Prussian blue reaction for hemosiderin.

e Immunohistochemistry and immunofluorescence: Immunohistochemistry and immunofluore-
scence utilize antibodies (immunoglobulins with antigen specificity) to visualize substances in tissue
sections or cell preparations. Former uses monoclonal antibodies linked chemically to enzymes and
later fluorescent dyes.

Electron microscopy: Electron microscopy (EM) is useful to the study changes at ultrastructural level,

and to the demonstration of viruses in tissue samples in certain diseases. The most common diagnostic

use of EM is for the interpretation of biopsy specimen from kidney.

Molecular Pathology

Most of the diseases can be diagnosed by the morphological changes in tissues. But, with the
present advances in diagnostic pathology, the diseases can be analyzed by the molecular and
immunological approaches. Molecular pathology has revealed the biochemical basis of many
diseases, mainly congenital disorders and cancer. These techniques can detect changes in a
single nucleotide of DNA. In situ hybridization can detect the presence of specific genes or
their messenger RNA in tissue sections or cell preparations. Minute quantities of nucleic acids
can be amplified by the use of the polymerase chain reaction. DNA microarrays can be used to
determine patterns of gene expression (mRNA).

Functional Derangements and Clinical Manifestations

e Functional derangements: The effects of genetic, biochemical, and structural changes in

cells and tissues are functional abnormalities. For example excessive secretion of a cell
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product (e.g. nasal mucus in the common cold); insufficient secretion of a cell product

(e.g. insulin lack in diabetes mellitus).

Clinical manifestations: The functional derangements produce to clinical manifestations

of disease namely symptoms and signs. Diseases characterized by multiple abnormalities

(symptom complex) are called syndromes.

Prognosis: The prognosis forecasts (predicts) the known or likely course (outcome) of the

disease and, therefore, the fate of the patient.

Complications: It is a negative pathologic process or event occurring during the disease

which is not an essential part of the disease. It usually aggravates the illness. E.g. perforation

and hemorrhage are complications which may develop in typhoid ulcer of intestine.

Sequelae: It is a pathologic condition following as a consequence of a disease. E.g.

intestinal obstruction following healed tuberculosis of intestine, mitral stenosis following

healed rheumatic heart disease.

Remission and relapse:

- Remission: It is the process of conversion from active disease to quiescence. Some of the
chronic diseases are interspersed by periods of quiescence when the patient is relatively
in good health.

- Relapse: It is the process in which the signs and symptoms of disease reappear.

Some diseases may pass through several cycles of remission and relapse. E.g. inflammatory
bowel disease (Crohn disease and ulcerative colitis).

TYPES OF CELLULAR RESPONSES TO INJURY

Depending on the nature of stimulus/injury, by cellular responses can be mainly divided into
four types (Fig. 1.1).

1.

Cellular adaptations

2. Cell injury

- Reversible cell injury
- TIrreversible cell injury

Nature of stimulus Cell response

Cellular adaptations
Altered physiological * Hypertrophy
stimuli, some N - Hyperplasia

nonlethal type * Atrophy
« Metaplasia

Reversible cell injury

Acute, mild . EENOTITETENVE[{lo]
Oxygen deprivation and « Fatty change
Physical agents transient
Chemical agents
Infectious agents Irreversible cell injury
Severeand ., ENGHIIRISN

progressive « Necrosis
» Apoptosis
Intracellular accumulations
= Glycogen
* Proteins
Genetic or acquired * Pigments
metabolic defects,
chronic injury

Pathological calcification
» Dystrophic

» Metastatic

Cumulative long . :
sublethal injury > Cellular aging

Fig. 1.1: Types of cellular responses to stimuli/injury

Prognosis: Predicts
the likely course of the
disease.

Complications: Negative
pathologic process
occurring during the
disease.

Normal cell is capable of
handling physiological
demands and maintains
a steady state called
homeostasis.

When the cell is exposed to
stress or injurious stimuli,

it may undergo adaptation
or may show features of
injury.

Cellular response to injury
depends on:

1. Type of injury

2. Duration of injury

3. Severity of injury

Different patterns of

cellular adaptations:
Hypertrophy
Hyperplasia
Atrophy
Metaplasia



Adaptation may be
physiological or
pathological.

Consequences of cell injury

depends on:

1. Type of cell involved

2. Metabolic state of the
cell

3. Cell’s ability to adapt.

Fate of adapted tissue:

1. If the stress is
eliminated-can return to
its original state.

2. If exposed to injurious
agents or stress beyond
the tolerable limits
results in cell injury.

Q Write short note on
hypertrophy.

Hypertrophy: Increase in
the size of cells leading
to increase in size of the
organ.

Hypertrophy: Occurs in
tissues incapable of cell
division.

Hypertrophy without
hyperplasia occurs in
non-dividing cells such
as cardiac, skeletal and
smooth muscle as a
response to increased
workload.

3.
4.
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NORMAL CELL
= —_— (homeostasis) <+—— REVERSIBLE INJURY
; r N
[0
2 / \ {\/Iild gndt
= Stress Injurious stimulus transien
] injury
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ADAPTATION et CELL INJURY —
Inability to
adapt Severe and
progressive
injury
v

IRREVERSIBLE

INJURY
CELL
NECROSIS DEATH APOPTOSIS

Fig. 1.2: Different stages of cellular responses to stress/injury

Intracellular accumulations

Pathologic calcification.

Different stages of cellular responses to stress and injurious stimuli are shown in Figure 1.2.

CELLULAR ADAPTATIONS

When the cell is exposed to pathological stimuli, the cells can achieve a new, steady altered
state that allows them to survive and continue to function in an abnormal environment. These
are reversible changes and constitute cellular adaptations.

Types of adaptations (Fig. 1.3): Hypertrophy, hyperplasia, atrophy and metaplasia.

HYPERTROPHY

Definition: Increase in the size of the tissue or organ due to increase in the size of cells.

Causes

Increased functional demand/workload.

Physiological:

- Hypertrophy of skeletal muscle: e.g. the bulging muscles of body builders and athletes.

- Hypertrophy of smooth muscle: e.g. growth of the uterus during pregnancy from
estrogenic stimulation.

Pathological:

- Hypertrophy of cardiac muscle: e.g. left ventricular hypertrophy (Fig. 1.4) due to
hypertension or damaged valves (aortic stenosis, mitral incompetence).

- Hypertrophy of smooth muscle: e.g. hypertrophy of urinary bladder muscle in response
to urethral obstruction (e.g. prostate hyperplasia Fig. 1.6 and Fig. 17.5), hypertrophy of
muscular layer of stomach due to pyloric stenosis.
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In some organs both
hypertrophy and
hyperplasia may coexist
(e.g. uterus during
pregnancy).

Hypertrophied organ has

) no new cells, but has cells
Hypertrophy / Hyperplasia with increased size.

Metaplasia Atrophy
Fig. 1.3: Different types of cellular adaptations

Hypertrophy:

1. Increased synthesis of
contractile proteins

2. Induction of embryonic/
fetal genes

3. Increased production of
growth factors.

Posterior

Normal wall of left ventricle
Anterior

Posterior

ANF gene is expressed in
atrium and ventricles in
embryonic heart, but is
downregulated after birth.

ventricle

Thickened #
ventricular
wall

Hypertrophy of wall of left ventricl

‘kﬂ"-

B Anterior

Figs 1.4A to C: A. Transverse section of normal heart; B. Transverse section of heart with thickening of wall of the left

ventricle due to hypertrophy; C. Longitudinal section of heart with left ventricular hypertrophy o
Hypertrophy is induced by:

Growth factors:
transforming growth

Mechanisms of Cellular Hypertrophy factor-B (TGF-P), insulin-

. . . . . Lo . like growth factor (IGF),
Hypertrophy is due to increased synthesis of cellular proteins. Steps involved in biochemical fibroblast growth factor
mechanisms of myocardial (cardiac muscle) hypertrophy are (Fig. 1.5): (FGF)

Hypertrophy agonists:
o-adrenergic
. . . . ists, endothelin-I,
1. Activation of the Signal Transduction Pathways :gglf;':e; sei:—llonitficlzn
oxide (NO), and

Various mechanisms involved are: o
bradykinin.
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Cardiac hypertrophy:
ANF gene is re-expressed.

Hypertrophy of subcellular
organelle can sometimes
occur (e.g. hypertrophy of
the smooth endoplamic
reticulum in hepatocytes
by barbiturates and
alcohol).

Hypertrophy: Transcription
factors activated such as
Myc, Fos and Jun.

Growth factors Mechanical stretch Hypertrophy agonists
(e.g., TGF-B IGF-1) (increased (e.g. neuroendocrine
work load) stimulation,

angiotensin Il, nitric oxide)

Growth factor
receptor

\ Agonist
receptor

Mechanical sensor |

Activation of signal transduction pathways

Activation of transcription factors
(Myc, Fos, Jun etc)

R @Production of Induction of @ Synthesis of i
growth factors embryionic/fetal genes contractile proteil

(e.g'.L ANF) 1

¥ Work load £ Mechanical performance

Fig. 1.5: Mechanisms of myocardial hypertrophy. ANF = atrial natriuretic factor; IGF-1= insulin-like growth factor,
TGF-B = transforming growth factor-$

Physiologic Hypertrophy
e Mechanical stretch: Increased work load on the myocardium produces mechanical stretch
and is the major trigger for physiological hypertrophy.

Pathologic Hypertrophy

Growth factors and hypertrophy agonists are involved in pathologic hypertrophy.

¢ Growth factors: These include (TGF-p), insulin-like growth factor-1 (IGF-1), and fibroblast
growth factor (FGF).

e Hypertrophy agonists: These include a-adrenergic agonists, endothelin-I, angiotensin II,
nitric oxide (NO), and bradykinin.

Mechanical sensors also stimulate production of growth factors and agonists. They cause
increased synthesis of muscle proteins.

2. Activation of Transcription Factors

Mechanical stretch, growth factors and hypertrophy agonists activate the signal transduction

pathways and transcription factors (e.g. Myc, Fos, Jun). The activated transcription factors

results in:

e Increased synthesis of contractile proteins: This is necessary to meet the increased
functional demand.

¢ Induction of embryonic/fetal genes: Some genes are normally expressed only during early
development of embryo and fetus. They are re-expressed in hypertrophied cells. Example,
the gene for atrial natriuretic factor (ANF) is expressed in the embryonic heart, but not
expressed after birth. In cardiac hypertrophy, ANF gene is re-expressed. ANF is a hormone
that causes salt secretion by the kidney, decreases blood volume and pressure. Its re-
expression decreases hemodynamic work load and increases the mechanical performance.

¢ Increased production of growth factors.
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Morphology

e Gross: Involved organ is enlarged.
e Microscopy: Increase in size of the cells as well as the nuclei.

HYPERPLASIA Q. Write short note on hyperplasia.

Definition: Increase in the number of cells in an organ or tissue, resulting in increased size/

mass of the organ or tissue. Hyperplasia: Increase in
the number of cells leading

to increase in size of the
organ.

Causes

e Physiological hyperplasia: Hormonal stimulation, or as compensatory process.
- Hyperplasia due to hormones: e.g. hyperplasia of glandular epithelium of the female
breast at puberty, pregnancy and lactation, hyperplasia of the uterus during pregnancy
from estrogenic stimulation.
- Compensatory hyperplasia: e.g. in liver following partial hepatectomy.
o Pathological hyperplasia: Due to excess endocrine stimulation or chronic injury/irritation. Hyperplasia occurs in cells
- Excessive hormonal stimulation: e.g. endometrial hyperplasia (due to estrogen refer capable of replication

. . . . : namely labile/stable
Figs 18.12 and 18.13) and benign prostatic hyperplasia {due to androgens (Figs 1.6 and or stern cells. Not in

17.3t0 17.5)}. permanent cells.
- Chronic injury/irritation: Long-standing inflammation or chronic injury may lead to

hyperplasia especially in skin or oral mucosa.

Pathological hyperplasia can progress to cancer, e.g. endometrial hyperplasia can develop p,ihological hyperplasia

into endometrial cancer. can act as a fertile soil for
cancer.
Mechanism o
L . . . . Hyperplasia unlike
e Hyperplasia is characterized by cell proliferation mostly of mature cell mediated through nheoplasia can regress,
stimulation by growth factor or hormones. if the stimulation is
eliminated.

e Some instances, the new cells may be derived from tissue stem cells.

Morphology

e Gross: Size of the affected organ is increased.
e Microscopy: Increased number of cells with increased number of mitotic figures.

Nermalibladder

Normal Benign hyperplasia Benign hyperplasia of
prostate A of prostate B prostate: Due to action of

Figs 1.6A and B: Cut section of prostate along with urinary bladder. A. Normal prostate; B. Enlarged prostate due to ~ hormone dihydrotestoster-
nodular hyperplasia. The urinary outflow obstruction results in hypertrophy of bladder muscle one and not testosterone.



Q Write short note on atrophy.

Atrophy: Decrease in the
size of an organ due to
decrease in the size and
number of cells. The size/
weight of the involved
tissue /organ is reduced.

In atrophy, function of an
organ is also reduced.

Atrophy may be reversible
but with irreversible loss

of cells and the size of the
organ cannot be restored.

In atrophy cell death is
mainly due to apoptosis.

Atrophy: Decreased
synthesis of cellular
proteins or increased
breakdown of cellular
organelles.

Atrophied cells have
increased lipofuscin (wear
and tear) pigment.

Q. Write short note on metaplasia.

Metaplasia: One adult cell
type is replaced by another
adult cell type.

Metaplasia: It is seen in
association with tissue
damage, injury and
regeneration.
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ATROPHY

Definition: Atrophy is the reduced size of an organ or tissue resulting from a decrease in cell size
and number.

Causes

Physiological atrophy: Common during normal fetal development, and in adult life.
e During fetal development: e.g. atrophy of embryonic structures such as thyroglossal duct.
e During adult life: e.g. involution of thymus, atrophy of brain and heart due to aging (senile
atrophy).
Pathological atrophy: Local or generalized.
1. Local
e Disuse atrophy (decreased workload): e.g. atrophy of limb muscles immobilized in a
plaster cast (as treatment for fracture) or after prolonged bed rest.
¢ Denervation (loss of innervation) atrophy: e.g. atrophy of muscle due to damage to the
nerves (e.g. poliomyelitis).
o Ischemic (diminished blood supply) atrophy: e.g. brain atrophy produced by ischemia
due to atherosclerosis of the carotid artery.
e Pressure atrophy: e.g. atrophy of renal parenchyma in hydronephrosis due to increased
pressure.
2. Generalized
e Starvation (inadequate nutrition) atrophy: e.g. protein-calorie malnutrition.

Mechanisms

Atrophic cells have diminished function. There is decreased protein synthesis and increased
protein degradation in cells.

Morphology

e Gross: The organ is small and often shrunken.
e Microscopy: The cells are smaller in size due to reduction in cell organelles.

METAPLASIA

Definition: Metaplasia is a reversible change in which one adult cell type is replaced by
another adult cell type.

Causes

e Metaplasia is usually fully reversible adaptive response to chronic persistent injury. If the
noxious stimulus is removed (e.g. cessation of smoking), the metaplastic epithelium may
return to normal.

e Metaplasia is mainly seen in association with tissue damage, repair, and regeneration.

e The replacing cell type is usually more suited to a change in environment.
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Normal ciliated columnar
epithelium

Muwwﬂ\&\,ul.\\}uvu ’]‘

Squamous metaplasia

Basementwa, A
e e Jmembrane —
- » — —— e — ——

Fig. 1.7: Squamous metaplasia in which columnar epithelium (left) is replaced by squamous epithelium (right)

Types of Metaplasia
Epithelial Metaplasia

Most Common Type

Squamous metaplasia: Original epithelium is replaced by squamous epithelium.

e Respiratorytract: e.g. chronicirritation due to tobacco smoke, the normal ciliated columnar
epithelial cells of the trachea and bronchi undergo squamous metaplasia (Fig. 1.7).

e Cervix: Squamous metaplasia in cervix is associated with chronic infection.

Columnar metaplasia: Original epithelium is replaced by columnar epithelium.

e Squamous to columnar: In Barrett esophagus, the squamous epithelium of the esophagus
replaced by columnar cells (refer Fig. 13.1).

¢ Intestinal metaplasia: The gastric glands are replaced by cells resembling those of the small
intestine.

Connective Tissue Metaplasia

e Osseous metaplasia: Formation of new bone at sites of tissue injury is known as osseous
metaplasia. Bone formation in muscle, known as myositis ossificans, occasionally occurs
after intramuscular hemorrhage.

Mechanism

Develops due to the reprogramming of precursor cells (i.e. stem cells or undifferentiated
mesenchymal cells) that are present in normal tissues.

CELL INJURY
Causes of Cell Injury

A. Hypoxia: It refers to inadequate oxygenation of tissue. It is the most common cause of
cell injury.
Causes of hypoxia:
e Decreased blood flow is called ischemia. It may be due to thrombosis, embolism,
atherosclerosis or external compression of vessel.

Persistence of stimulus/
stress producing
metaplasia may
predispose to malignant
transformation.

Metaplastic squamous
epithelium can withstand
the stimulus/stress.

Metaplasia named by the
cell which replaces. e.g.
squamous metaplasia.

Epithelial metaplasia:
Most common type of
metaplasia.

Metaplasia: Due to

the reprogramming of
precursor cells (i.e. stem
cells or undifferentiated
mesenchymal cells).

Barrett esophagus:
Squamous epithelium of
the esophagus is replaced
by columnar cells.

Connective tissue
metaplasia: Myositis
ossificans is characterized
by bone formation in
muscle after trauma.

Hyperplasia/metaplasia in
certain cases may progress
to dysplasia and neoplasia.

Q. Write short note on causes of
cell injury.

Hypoxia: Inadequate
oxygen supply to the
tissue.

Hypoxia: Most common
cause of cell injury.



Ischemia: Most common
cause of hypoxia.

Neurons: Most susceptible
to hypoxia and irreversible
damage occurs 5 minutes

after global hypoxia.

First cellular change

in hypoxia: Decreased
oxidative phosphorylation
in mitochondria.

Ischemia may be either

dueto:

1. Reduced arterial blood
inflow or

2. Reduced venous
outflow.

Watershed areas: Region
between terminal
branches of arterial blood
supply, where blood
supply does not overlap.
They are susceptible to
hypoxic injury.

Watershed areas examples:

1. Cerebral vessels
2. Mesenteric arteries.

Idiopathic diseases are
those in which there is a
cause but we do not know
what it is.

Targets of cell injury:

. Mitochondria

. Calcium homeostasis

. Cell membranes

DNA

. Protein synthesis by
endoplasmic reticulum
and ribosomes.

s wN =
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o Inadequate oxygenation of the blood (hypoxemia)

- Due to pulmonary disease

- Decreased perfusion of tissues: e.g. cardiac failure, hypotension shock
Decreased oxygen-carrying capacity of the blood: e.g. anemia
Severe blood loss.

Mechanism of injury: Hypoxia causes cell injury by reducing aerobic oxidative respiration
and decreasing the synthesis of adenosine triphosphate (ATP).

Outcome: Depending on the severity of the hypoxia, cells may adapt, undergo injury, or
die.
B. Physical Agents:
e Mechanical trauma: e.g. blunt/penetrating/crush injuries, gunshot wounds
e Thermal injury: Extremes of temperature (burns and deep cold)
e Radiation (ionizing radiation and non-ionizing radiation)
e Electric shock
e Pressure changes: Sudden changes in atmospheric pressure.

C. Chemical Agents:
e Heavy metals and poisons: e.g. arsenic, mercuric salts or cyanide
e Simple chemicals: e.g. hypertonic concentrations of glucose or salt
e Strong acids and alkalies
e Oxygen at high concentrations is toxic
e Environmental and air pollutants: e.g. insecticides, and herbicides
e Industrial and occupational hazards (carbon monoxide and asbestos)
e Social/lifestyle choices: Addiction to drugs and alcohol, cigarette smoking
e Therapeutic drugs.

D. Infectious Agents: Viruses, bacteria, fungi, rickettsiae and parasites. The mechanism by
which these infectious agents cause injury varies.
E. Immunologic Reactions
e Autoimmunity: Immune reactions to endogenous self-antigens are responsible for
autoimmune diseases.
e Hypersensitivity reactions and other immune reactions: Heightened immune
reactions to many external agents (e.g. microbes and environmental agents).

F. Genetic Derangements: Genetic defects may cause cell injury because of
o Deficiency of functional proteins (e.g. enzyme defects in inborn errors of metabolism)
e Accumulation of damaged DNA or misfolded proteins
e Variations in the genetic makeup.

G. Nutritional Imbalances:

e Nutritional deficiencies:
- Protein-calorie deficiencies
- Deficiencies of specific vitamins.

e Nutritional excesses:
- Excess of cholesterol predisposes to atherosclerosis
- Obesity is associated with increased incidence of several important diseases, such as

diabetes and cancer

- Hypervitaminosis.

H. Idiopathic: Cause is not known.

General Principles of Cell Injury

1. Cellular response to injury: It depends on: 1) type of injury, 2) duration of injury and
3) severity of injury.
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2. Consequences of injury: It depends on: 1) type of cell involved, 2) adaptability of cell,
3) status of cell and 4) genetic makeup of the cell.

3. Targets and biochemical mechanism of cell injury: These include 1) mitochondrial
damage/dysfunction, 2) disturbance of calcium homeostasis, 3) damage to cellular
membranes and 4) damage to DNA and misfolding of proteins.

Mechanisms of Cell Injury Q. Write short note on mechanism

.. . . . . . (biochemical basis) of cell injury.
Injurious stimuli that cause cell injury lead to complex cellular, biochemical and molecular

changes. Certain mechanism is common for most forms of cell injury and cell death.

ATP is required for all
synthetic and degradative

Decreased Production of Adenosine Triphosphate (ATP) processes within the cell,
ATP is required for all processes within the cell. Injury like hypoxia, chemicals (e.g. cyanide) Anaerobic glycolysis occurs
can cause decreased production of ATP. in hypoxia to provide ATP

¢ Effects of decreased ATP (Fig. 1.8): as a source of energy. It

. . produces lactic acidosis
- Failure of the cell membrane sodium pump and reduced pH.
- Increased anaerobic glycolysis

- Failure of the calcium pump Mitochondria:

- Failure of protein synthesis in the ribosomes. Earliest organelle
affected in cell injury

- Target for all type of
injurious stimuli.
Mitochondrial Damage (Fig. 1.9)
e Mitochondria are sensitive to almost all types of injurious stimuli (e.g. hypoxia, toxins). Consequences of
mitochondrial damage:
. . 1. Depletion of ATP
Consequences of Mitochondrial Damage 2. Formation of ROS
3. Formation of
. . . . . . mitochondrial
2. Formation of reactive oxygen species (ROS): Its effects are mentioned in page 15 (refer fig. permeability pore

1. Depletion of ATP: Its effects mentioned above.

1.11). 4. Release of cytochrome
C — activates apoptotic
Hypoxia Chemicalltoxic injury cell death.
mondrion
Damage to mitochondria Q. Describe the role of cytosolic
| calcium in cell injury.
» + Oxidative phosphorylation
-
(%)
w | ATP
h 1
2 v v
(3] l Cell membrane Anaerobic § .
= sodium pump glycolysis Failure of calcium
w . pump
g o v v ¥
o . 2+
o | Entry of Na {Glycogen 1 Lactic — 3 | pH Influx of Ca
Efflux of K acid
Protein Activation of
synthesis damaging enzymes
Dilatation of ER —§» Detachment of Chromatin Cell death
Cell swelling ribosomes clumping (necrosis/
Loss of microvilli apoptosis)
Blebs

MORPHOLOGICAL
CHANGES

Fig. 1.8: Biochemical and morphological changes due to decreased ATP production
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3. Formation of mitochondrial permeability transition pore: It occurs in the mitochondrial
membrane. This leads to the loss of mitochondrial membrane potential, pH changes and
progressive depletion of ATP and ultimately necrosis of the cell.

4. Leakage of mitochondrial proteins into cytoplasm: The mitochondrial membranes
contain many proteins such as cytochrome C and proapoptotic proteins (e.g. Bax and
Bak). Increased permeability of the mitochondrial membrane may result in leakage of
these proteins into the cytosol and induce apoptosis.

Loss of calcium

homeostasis with influxof  INFlux of Calcium and Loss of Calcium Homeostasis (Fig. 1.9)

calcium into the cytosol . . . . o .
leads: Normally, concentration of cytosolic calcium is very low and most of it is sequestered in

1. Toapointof noreturn ~ mitochondria and the endoplasmic reticulum (ER). Ischemia and certain toxins cause an
and

2. Activation several
damaging enzymes.

Hypoxia
Chemical toxins
Radiation

Survival signals
Damage to DNA and
proteins

l ¥ Anti-apoptotic proteins

+Pro. - :
Mitskishiial Pro-apoptotic proteins

damage

<
P

v

. @O
Opening of YATP tROS 00 1
mitochondrial
permeability Leakage of
transition pore mitochondrial
proteins
Loss of (e.g.cytochrome C)
membrane
potential
Progrlessive AFGFTOSIS
depletion h 4
of ATP
Fig. 1.9: Effects of mitochondrial damage
Influx of calcium
|
l Mitochondrion
1 Cytosolic calcium = @
Activation of cellular enzymes l
Opening of
l l l 1 mitochondrial
permeability

Protease Phospholipase Endonuclease ATPase transition pore

Fig. 1.10: Effects of increased cytosolic calcium in cell injury
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increase in cytoslic calcium (Fig. 1.10). Initially, it is due to the release from intracellular stores
and later due to influx across the cell membrane. Increased intracellular calcium stimulates
activation of several damaging enzymes (e.g. phospholipases, endonucleases, and protease)

o Paired
O electrons

: s in th t
as well as caspases. The net result is apoptosis. it
00
NORMAL ATOM

Accumulation of Oxygen-derived Free Radicals (Oxidative Stress)

Free radicals are unstable chemical compounds with a single unpaired electron in an outer [s_icr)fésleOf

orbit (Fig. 1.11). electron
from paired
electrons

Properties of Free Radicals

e Normally, free radicals produced in the cells are unstable and are rapidly destroyed. o]

e When free radicals react with any molecules they convert those molecules into free radicals

and thus initiate autocatalytic reactions.

¢ Excessoffreeradicalsmaybeeither duetoincreased production orineffective degradation.
w
Unpalred
electron

Types of Free Radicals

e Oxygen derived free radicals: Reactive oxygen species (ROS) are oxygen-derived free
radicals. ROS includes superoxide anion (03), hydrogen peroxide (H,0,) and hydroxyl ions
(*OH).

¢ Reactive nitrogen species/nitric oxide (NO) derived free radicals: e.g. nitric oxide (NO)
is generated by endothelial cells (refer Fig. 2.6), macrophages, neurons, and other types of
cells. NO can act as a free radical and can also be converted to highly reactive peroxynitrite Oxidation: Loss of
anion (ONOO"), NO, and NO;". electrons.

e Free radicals from drug and chemical: Enzymatic metabolism of exogenous chemicals or zgi:f;:)sn: Gain of
drugs can generate free radicals which are not ROS but have similar effects (e.g. CCl, can i

Redox reaction: Reduction-
generate CCl,). oxidation reaction.

FREE RADICAL

Fig. 1.11: Formation of free
radical

Q. Write short note on free radical
injury.

Hydroxyl free radicals are
the most powerful free
radicals.

CAUSES GENERATION PATHOLOGICAL EFFECTS

Endoplastic reticulum

0,

Mitochondria

Incomplete §
reductio

Inflammation Reduction- oxidation

P4 Fatty acids -
i Membrane damage (redox reaction): A
Reperﬂjgion ic oxi (plasma and organelles) chemical reaction between

two substances in which
one substance is oxidized
and the other reduced.

injury

) o]
Superoxide e 2
Superoxide IR l ROS Proteins 1"
H.0, reacts with ————=  (Loss of enzymatic

Hydrogen activity)
peroxide ROS includes: _
1 1. Superoxide anion (05)
= g 2. z-lHy%ro)gen peroxide
Hydroxyl L 0 a Y2
radical 4 ’( P 3. Hydroxyl ions ("OH).
DNA

(Mutations, breaks)

Removal of free radicals

1.Spontaneous decay

2.Free radical-scavenging systems
3.Antioxidants (endogenous and exogenous)

Fig. 1.12: Production of reactive oxygen species in mitochondria of cells and effects in cell injury



NADPH oxidase

(phagocytic oxidase):

+ Membrane bound
enzyme complex
Found in the plasma
membrane and in
the membranes
of phagosomes of
leukocytes
Generates superoxide.

Oxidase reactions produce
superoxide free radicals.

Iron, copper can produce
hydroxyl free radicals.
Excess of iron and copper
damage tissues through
free radicals.

Free radicals are
neutralized by superoxide
dismutase, glutathione
peroxidase and
antioxidants such as
vitamin C and E.

Vitamin C mainly
neutralizes hydroxyl free
radicals.

Fenton reaction:
H,O, + Fe, + — Fe;+ + OH
+ OH-
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Mechanism of Production of ROS =

1.

. ’Pﬁagolysosorﬁe ‘

In all cells (Fig. 1.12): ROS are produced normally in

small amounts in the mitochondria during the reduction-

oxidation (redox) reactions occurring during mitochondrial
respiration and production of energy.

e During redox reaction superoxide (03%) is produced when
oxygen (O,) is only partially reduced.

e Superoxide (03) is converted to hydrogen peroxide ! ,
(H,0,) spontaneously and by the action of the enzyme SR
superoxide dismutase (SOD).

e Hydrogen peroxide (H,0,) in the presence of metals (e.g.
Fe**) is converted by Fenton reaction to a highly reactive
free radical called hydroxyl radial (*OH).

e Superoxide (03) is also converted to peroxynitrite (ONOQO") in the presence of nitric
oxide (NO).

In phagocytic leukocytes (Fig. 1.13): ROS produced to destroy the ingested microbes and

other substances produced during inflammation.

e During phagocytosis ROS produced in the phagosomes and phagolysosomes formed
in the leukocytes (mainly neutrophils and macrophages) by a process similar to
mitochondrial respiration. This process is called as respiratory burst.

e Superoxide (03) is synthesized via NADPH (nicotinamide adenine dinucleotide
phosphate/respiratory burst oxidase) oxidase (phagocyte oxidase) present in the
phagosome and phagolysosomal membrane of the leukocytes.

e Superoxide (03) is converted to hydrogen peroxide (H,0,).

e Hydrogen peroxide (H,0,) in the presence of myeloperoxidase enzyme is converted to
highly reactive compound hypochlorite (HOCI).

A .
NADPH/ )y i X
oxiydase\ OF =t ON@G\\
[\ “Ho,— Hocl ||
" Myeloperoxidase. ) |
y

Fig. 1.13: Production of reactive
oxygen species in leukocytes

Conditions Associated with Increased Generation of
Oxygen-derived Free Radicals (Fig. 1.12)

During inflammation and microbial killing by phagocytes

Drugs and chemical injury, including chemical carcinogens

Radiation injury (e.g. ultraviolet light, X-rays)

Reduction-oxidation reactions

Ischemia-reperfusion injury induced by restoration of blood flow in ischemic tissue
Transition metals such asiron and copper donate or accept free electrons duringintracellular
reactions and catalyze free radical formation, as in the Fenton reaction (H,0, + Fe?* — Fe3*
+OH + OH")

Cellular aging.

Mechanisms of Removal/Neutralization of Free Radicals (Fig. 1.12)

Serum, tissue fluids, and host cells have antioxidant mechanisms, which protect against
potentially harmful oxygen-derived radicals (Table 1.1). These include:

Spontaneous decay
Free radical-scavenging systems.

TABLE 1.1: Various types of antioxidants

Enzymatic antioxidants

Non-enzymatic antioxidants

Superoxide dismutase (SOD) .
Catalase
Glutathione peroxidase

Exogenous: Vitamin E, vitamin A, ascorbic acid and
sulfhydryl containing compounds (e.g. cysteine
and glutathione)

e Endogenous: Serum proteins such as transferrin,
ferritin, albumin and ceruloplasmin
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Enzyme catalase neutralize peroxidase (H,0,) free radicals by converting it into water
and oxygen.

Enzyme superoxide dismutases (SODs) neutralizes superoxide free radicals by
converting it into hydrogen peroxide.

Enzyme glutathione peroxidase (enhances glutathione) neutralizes peroxidase (H,0,),
hydroxyl and acetaminophen free radicals.

¢ Exogenous antioxidants: e.g. vitamins E, vitamin A, ascorbic acid and glutathione.

¢ Endogenous antioxidants: Iron and copper are reactive metals, which can catalyze the
formation of ROS. Their activities are minimized by binding of these ions to storage and
transport proteins (e.g. transferrin, ferritin and ceruloplasmin).

Pathologic Effects of Free Radicals (Fig. 1.12)

Free radicals can cause cell injury in many diseases. Free radicals can activate both necrosis

and apoptosis. Various effects of free radicals are:

e Lipid peroxidation in membranes causes extensive membrane damage.

e Cross-linking and oxidative modification of proteins damages the enzymes activity and
causes abnormal folding of proteins.

e Damage to DNA.

Effects of Cell Injury

Defects in Membrane Permeability and Membrane Damage

e Reversible injury: In most forms of cell injury, in the early phase there is selective loss of
membrane permeability.

e Irreversible injury: With the obvious membrane damage, the cell cannot return to normal.

For differences between reversible injury and irreversible injuries see Table 1.3.

Mechanisms of Membrane Damage
¢ Indirect damage

Reactive oxygen species (ROS): It causes injury to cell membranes by lipid peroxidation.
Decreased phospholipid synthesis: Hypoxia through defective mitochondrial function
— decreases the production of ATP by ischemic cells — leads to decreased phospholipid
synthesis in all cellular membranes (including the mitochondria) and energy-dependent
enzymatic activities.

Increased phospholipid breakdown: Severe cell injury increases levels of cytosolic and
mitochondrial Ca?>* — results in calcium-mediated activation of endogenous phos-
pholipases — which degrades membrane phospholipids — leads to the accumulation
of lipid breakdown products — cause membrane damage.

Cytoskeletal damage: Cytoskeletal filaments connect the plasma membrane to the
cell interior. Increased cytosolic calcium activates proteases which may damage the
cytoskeletal elements and cell membrane.

e Direct damage: The plasma membrane can also be damaged directly by various bacterial
toxins, viral proteins, lytic complement components, and a variety of physical and chemical
agents.

Consequences of Membrane Damage

Cell injury may damage any membrane, but most important are:
e Mitochondrial membrane damage: It results in:

Opening of the mitochondrial permeability transition pore leading to decreased ATP
Release of proteins that trigger apoptotic death.

e Plasma membrane damage: It leads to loss of:

Osmotic balance and influx of fluids and ions
Cellular contents.

Sueperoxide dismutase:
Enzyme that protects
the brain from free
radical injury.

Fenton reaction leads to
free radical generation
when ferrous ions (Fe?*)
are converted to ferric ions.

Free radicals steal electrons
from neighboring
molecules.

Free radicals can damage
cellular membranes,
proteins, and nuclear DNA.

Mechanism of membrane
damage:
1. Indirect damage
-ROS
- Decreased
phospholipid synthesis
- Increased
phospholipid
breakdown
- Cytoskeletal damage
2. Direct damage.
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Free radicals in reperfusion
injury are mainly produced
by infiltrating leukocytes.

e Lysosomal membrane damage: It leads to:
- Leakage lysosomal enzymes into the cytoplasm
- Activation of lysosomal enzymes — which results in digestion of proteins, RNA, DNA,
and glycogen — leads to cell death by necrosis.

Damage to DNA and Proteins

e Causes of DNA damage: Exposure to DNA damaging drugs, radiation, or oxidative stress.
e Repair mechanism: Cells have mechanisms to repair DNA damage. However, if the damage
is too severe to be corrected, the cell initiates a suicide program causing death by apoptosis.

ISCHEMIA-REPERFUSION INJURY

e Decreased blood flow to a tissue or organ is called ischemia.

e Depending on the severity and duration ofischemia, the involved tissue may adapt, undergo
injury (reversible), or die (irreversible). Therapies to restore blood flow is an important
modality of treating ischemia.

o If the involved cells of the tissue are reversibly injured, the restoration of blood flow
(reperfusion) often beneficial. However, under certain circumstances the restoration of
blood flow to cells thathave been ischemic (reversibly injured) but have not died (irreversibly
injured), can paradoxically exacerbate and produce injury at an accelerated pace.

e The damaging process are set in motion during reperfusion and reperfused tissues
undergoes loss of cells (new damage) in addition to the cells that are irreversibly damaged
(died) at the end of ischemia. This damaging process is called as ischemia-reperfusion
injury.

e Clinical importance: It contributes to tissue damage following reperfusion in myocardial
infarction and cerebral infarction.

Mechanism of Reperfusion Injury

New damage may be initiated during reoxygenation includes:

1. Increased generation of reactive oxygen and nitrogen species:

e Increased production of free radicals: They may be produced from parenchymal
and endothelial cells and from infiltrating leukocytes in reperfused tissue as a result
of mitochondrial damage, causing incomplete reduction of oxygen, or because of the
action of oxidases in leukocytes, endothelial cells, or parenchymal cells.

e Decreased antioxidant mechanism: Ischemia may result in defective cellular
antioxidant defense mechanisms, favoring the accumulation of free radicals.

2. Inflammation: Ischemic injury produces cytokines and increased expression of adhesion
molecules by hypoxic parenchymal and endothelial cells. They recruit circulating
neutrophils to reperfused tissue causing inflammation. The inflammation causes further
tissue injury.

3. Activation of the complement system: It is an important mechanism of immune-mediated
injury. Some IgM antibodies may get deposited in ischemic tissues. When blood flow is
restored, complement proteins may bind to the deposited antibodies and complement
system may be activated — cause inflammation and more injury to cells.

TYPES OF CELL INJURY

Two types: Reversible and irreversible. Reversible injury may progress to a reversible stage
and result in cell death.
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Reversible Cell Injury

If the stimulus is acute and brief or mild, the cell injury produces changes in the cells which are

reversible up to a certain point.

Light microscope features of reversible cell injury: Two patterns of reversible cell injury

namely cellular swelling and fatty change.

e Cellular (hydropic) swelling: It is due to changes in ion concentrations and fluid
homeostasis. There is increased flow of water into the cells and results in increased water
content of injured cells.

e Steatosis (fatty change) explained below.

Steatosis (Fatty Change)

Abnormal accumulations of triglycerides within cytosol of the parenchymal cells.
Organs involved: Seen in organs involved in fat metabolism namely liver. It may also occur in
heart, muscle, and kidney.
e Causes
- Disorders with hepatocyte damage: Alcoholic abuse, protein malnutrition, starvation,
anoxia (anemia, cardiac failure), toxins (carbon tetrachloride, chloroform, etc.) and Reye
syndrome. Alcohol is the most common cause of fatty change in the liver.
- Disorders with hyperlipidemia: Obesity, diabetes mellitus or congenital hyperlipidemia.

Pathogenesis of Fatty Liver

Various mechanisms are involved in excess accumulation of triglyceride in the liver and one or

more mechanism may be responsible.

¢ Excessive entry of free fatty acids (FFA) into the liver (1 in Fig. 1.14): From peripheral
stores FFA enters into liver during starvation and diabetes.

e Defective metabolism of lipids: This may be due to:

a. Increased synthesis of fatty acids by liver (2 in Fig. 1.14).

b. Decreased oxidation offatty acidsinto ketone bodies (3 in Fig. 1.14) resulting in increased
esterification of fatty acids into triglycerides. Hypoxia inhibits fatty acid oxidation.

c. Decreased synthesis of apoproteins (e.g. in CCl, and protein malnutrition) causes
decreased formation of lipoproteins from triglycerides (4 in Fig. 1.14).

Adipose tissue

Excessive entry of FFA
into liver (e.g. diabetes,

starvation)

Acetate

Q-

Free fatty acids Fatty acids oxida\"o“\o

| o-Glyceroz
phosphate

Triglycerides

Apa;c)tein\l

Lipoprotein

Diet

lipoproteins

Fig. 1.14: Various mechanisms that can produce accumulation of triglycerides in fatty liver

Q Write short note on fatty/
steatosis liver special stains for fat.

Steatosis: Abnormal
accumulations of
triglycerides within
cytosol of the parenchymal
cells.

Alcohol is the most
common cause of steatosis
of liver.

Hypoxia inhibits fatty acid
oxidation.

Starvation: Increases fatty
acid mobilization from
peripheral stores.

Steatosis of liver may be
due to:

1. Excessive entry

2. Defective metabolism
3. Defective export.



Fig. 1.15: Fatty liver show-
ing a part of liver with
yellow color and sharp
border

Fat is demonstrated by
frozen sections stained
with Sudan IV, Sudan Il
Oil Red-0 or osmic acid.

Fatty change in heart
muscle is due to anemia or
diphtheria.

Q. Define necrosis. Describe the
various types of necrosis with
suitable examples.

Necrosis is a type of cell
death and often elicits
alocal inflammatory
reaction.

Necrosis: Results from
degradative action of
enzymes on irreversibly
injured cell.
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Figs 1.16A and B: A. Fatty liver in which the hepatocytes show accumulation of fat which appear as clear vacuole
in the cytoplasm; B. Hepatocytes at higher magnification in which the nucleus is displaced to the periphery by
accumulated fat

e Defective excretion of lipoproteins: Fatty liver may also develop due to defect in excretion
lipoproteins from liver into the blood (5 in Fig. 1.14).

e Fatty Liver

- Gross (Fig. 1.15): Liver enlarges and becomes yellow, soft and greasy to touch.

- Microscopy (Figs 1.16 and 14.15): First fat is seen as small vacuoles in the cytoplasm around
the nucleus. Later the vacuoles coalesce, creating cleared spaces that displace the nucleus to the
periphery of the cell.

- Special stains for fat: Frozen sections stained with Sudan IV or Oil Red-O give an orange-red color
to the fat. Osmic acid gives a black color.

Heart
e Lipid in the cardiac muscle can have two patterns.

- Alternate involvement: Prolonged moderate hypoxia (e.g. severe anemia), create grossly apparent
bands of involved yellow myocardium alternating with bands of darker, red-brown, uninvolved
myocardium (tigered effect, tabby cat appearance).

- Uniform involvement: More severe hypoxia or some types of myocarditis (e.g. diphtheria infection)
show more uniform involvement of myocardial fibers.

Irreversible Cell Injury

Ifthe cell is exposed to continuous injurious stimulus or if the injury is severe, the cells undergo
cell death. Two main types of cell death: Necrosis and apoptosis.

e Necrosis: Always a pathologic process (refer below).

e Apoptosis: May be physiological or pathological (refer page 26).

NECROSIS

Definition: Morphological changes indicative of cell death in a living tissue following
harmful injury. The necrotic cells bring out acute inflammatory reaction in the surrounding tissue.

Morphology (Fig. 1.17)

The general changes occurring in necrotic cell:

e Cytoplasmic changes: Increased eosinophilia.

e Nuclear changes: These may take up one of three patterns.
- Pyknosis: Shrinkage of nucleus which appears shrunken and deeply basophilic (similar to ink drop).
- Karyolysis: Progressive fading of basophilic staining of the nuclei and leads to a ghost nuclei.
- Karyorrhexis: Nucleus breaks up into many smaller fragments.
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Electron microscopy findings Light microscopy findings Pyknosis: Nuclear
condensation.

* Pyknosis Karyolysis: Nuclear
dissolution.

Dilation and amorphous
densities in mitochondria

Amorphous debris of
cytoskeleton

Karyolysis
= Karyorrhexis:

0% -

®e o Karyorrhexis Fragmentation

NORMAL of the nucleus.
CELL

Pyknotic nucleus

Discontinuities in plasma
and organelle membranes

Increased

: eosinophilia

Myelin figures Homogenous
Leakage of contents
Moth eaten
appearance .
Inflammatory reaction PR Nuclear changes in
in the surrounding necrosis:
tissue Cytoplasmic changes 1. Pykn05|s.
4 J 2. Karyolysis

Fig. 1.17: Morphological changes in necrosis 3. Karyorrehexis.

Electron microscopic findings are diagrammatically shown in Figure 1.17.

Necroptosis: Form of cell death which shares features of both necrosis and apoptosis. It is
caspase-independent. It resembles morphologically necrosis and mechanistically apoptosis.

Pyroptosis: A form of programmed cell death associated with the release of fever inducing
cytokine IL-1 and has some biochemical similarities with apoptosis.

Patterns/Types of Tissue Necrosis Coagulative necrosis is
characteristically seen in
Coagulative Necrosis infarct of solid organs.

. . . . . In coagulative necrosis, the
Common type, outline of dead tissues is preserved (at least for few days). Infarct is a localized structural outlines of dead

area of coagulative necrosis. cells is preserved (tomb
e Causes: Ischemia caused by obstruction in a vessel. stone appearance).
e Mechanism: Ischemia denatures and coagulates structural proteins and enzymes.

e Gross:
— Organs affected: All organs except the brain. More frequent in heart, kidney, spleen and limb
(dry gangrene).
— Appearance: Involved region appear dry, pale, yellow and firm. It is wedge shaped in organs like
kidney (Fig. 1.18A) and spleen.
e Microscopy (Figs 1.18B to C and refer Figs 10.5 and 16.36): Indistinct outline of dead tissue. Nucleus
may be either absent or show karyolysis.
Liquefactive necrosis: Dead
cells are transformed into
a liquid viscous mass due
to enzymes released from

leukocytes accumulated at
the site of necrosis.

Liquefactive Necrosis (Colliquative Necrosis)

Dead tissue rapidly undergoes softening and transforms into a liquid viscous mass.
e Causes:
- Ischemic injury to central nervous system (CNS)



Caseous necrosis: Cheese-
like appearance of the
necrotic material.

Caseous necrosis with
granuloma is observed in
tuberculosis and systemic
fungal infections (e.g.
histoplasmosis). It is due to
the presence of high lipid
content in the cell wall in
these organisms.

Q. Write short note on fat necrosis.
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Figs 1.18A to C: A. Gross appearance of infarct of kidney; B. Microscopy of normal kidney parenchyma;
C. Infarct of kidney

- Suppurative infections: Infections by bacteria which stimulate the accumulation of
leukocytes.
e Mechanism: Liquefaction is due to digestive action of the hydrolytic enzymes released from
dead cells (autolysis) and leukocytes (heterolysis).

e Gross: Organs affected are:
- Brain: Necrotic area is soft and center show liquefaction
- Abscess anywhere: Localized collection of pus.
- Itis also seen in wet gangrene and pancreatic necrosis.

e Microscopy (Fig. 1.19): Pus consists of liquefied necrotic cell debris, dead leukocytes and macro-
phages (scavenger cells).

Caseous Necrosis

Distinctive type of necrosis which shows combined features of both coagulative and
liquefactive necrosis.
o Cause: Characteristic of tuberculosis and is due to the hypersensitivity reaction.

e Gross:
- Organs affected: Tuberculosis may involve any organ, most common in lung and lymph node.
- Appearance:

+ Necrotic area appears yellowish white, soft, granular and resembles dry, clumpy cheese,
hence the name caseous (cheese-like) necrosis (Figs 1.20 and 11.21).

e Microscopy:
— Focal lesion of tuberculosis is a granuloma (Figs 1.21, 4.1 and 11.20) which may be caseating (soft
granuloma) or noncaseating (hard granuloma).
+ Caseous necrosis appears as eosinophilic, coarsely granular material. It is surrounded
by epithelioid cells; Langhans type giant cells (nuclei arranged in a horse-shoe pattern),
lymphocytes and fibroblasts.

+ Caseous necrotic material may undergo dystrophic calcification.
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Figs 1.19A and B: Microscopic appearance of an abscess consisting of liquified necrotic cell debris and dead/

disintegrating neutrophils. A. H&E and B. diagrammatic appearance of brain abscess

Langhans
giant cell

Epithelioid
cell

Lymphocyte

Caseous
necrosis

Fibroblast

Extensive'$
yellow-white"
cheesy
(caseous)
areas of

necrosis

Fig. 1.20: Gross appearance of case-
ous necrosis. Lung shows cavity with
caseous necrosis

Fig. 1.21: Microscopic (diagrammatic) appearance of a caseous necrosis

Fat Necrosis

It refers to focal areas of fat destruction, which affects adipose tissue.

Enzymatic fat necrosis

is mediated by enzymes
whereas traumatic is not
mediated by enzymes.

Types:

1. Enzymatic fat necrosis: Occurs in adipose tissue around acutely inflamed pancreas (in

acute pancreatitis).

e Mechanism: In pancreatitis, the enzymes (one of them is lipase) leak from acinar cells and
causes tissue damage. Lipase destroys fat cells and liberates free fatty acids which combine
with calcium and form calcium soaps (fat saponification).

Enzymatic fat necrosis in
acute pancreatitis appears
as chalky white areas
which help in its gross

e Gross: Appears as chalky-white areas (Fig. 1.22A). identification.
e Microscopy:The necroticfat cellsappear pale with shadowy outlines surrounded by an inflammatory

reaction (Fig. 1.22B).
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Omentum with multiple Inflammatory Fat cells with shadowy outline
chalky white areas of fat necrosis cells and opaque cytoplasm

Figs 1.22A and B: A. Omentum shows multiple chalky white areas of fat necrosis caused by acute pancreatitis; B. Fat necrosis shows necrotic fat
cells in the right lower part and inflammatory reaction between normal (left upper area) and area of fat necrosis

Dry gangrene
predominantly consists
of coagulative type of
necrosis.

Fibrinoid necrosis: Necrotic
material appears similar to
fibrin and is not fibrin.

Fibrinoid necrosis: Seen in

immune-mediated disease

1. Polyarteritis nodosa

2. Malignant hypertension

3. Autoimmune disorder-
SLE

4. Aschoff bodies in
rheumatic fever.

Fibrinoid necrosis in the wall of vessel Blood vessel

3, fﬂh (AT

Normal

area
Line of demarcation

between normal
and gangrenous area “'

8\

Shrunken
dark brown
gangrenous
area

Fig. 1.23: Fibrinoid necrosis in the wall of blood vessel Fig. 1.24: Dry gangrene of left leg shows
dry shrunken discolored gangrenous foot
separated from adjacent normal area by a

line of demarcation

2. Traumatic fat necrosis: Occurs in tissues with high fat content (like in breast and thigh)
following severe trauma.

Fibrinoid Necrosis

Characterized by deposition of pink-staining (fibrin-like) proteinaceous material in the

tissue matrix with a staining pattern reminiscent of fibrin (Figs 1.23 and 9.9). It obscures the

underlying cellular detail.

e Causes: Usually seen in immune mediated (deposition of antigen-antibody complexes
in the wall of vessels) vascular injury/vasculitis (e.g. polyarteritis nodosa), malignant
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hypertension, Aschoff bodies in rheumatic heart disease, placenta in pre-eclampsia, or
hyperacute transplant rejection.

Gangrene (Gangrenous Necrosis)

It is massive necrosis with superadded putrefaction.

Types: Two types, namely dry and wet gangrene. A variant of wet gangrene known as gas
gangrene is caused by clostridia (gram-positive anaerobic bacteria).

Dry Gangrene
e Causes: Arterial occlusion (e.g. atherosclerosis).
e Sites: It is usually involves a limb, generally the distal part of lower limb (leg, foot, and toe).

Fournier’s gagngrene:
Seen in scrotal skin

e Gross: Affected part is dry, shrunken (shriveled) and dark brown or black resembling the foot of a
mummy. The black color is due to the iron sulfide. A line of demarcation is seen between gangrenous
and adjacent normal area (Fig. 1.24).

e Microscopy: The necrosis (coagulative type) shows smudging of soft tissue and overlying skin. The
line of demarcation consists of granulation tissue with inflammatory cells.

Wet Gangrene
e Causes: Due to the venous blockage (e.g. strangulated hernia, intussusception or volvulus).
e Sites: Occurs in moist tissues or organs (e.g. bowel, lung, mouth, etc).

e Gross: The affected part is soft, swollen, putrid and dark. No clear line of demarcation. Wet gangrene

e Microscopy: Liquefactive type of necrosis. EFTS} ?Jr:f':;?\iyt;gzsésfts

necrosis.

Differences Between Dry and Wet Gangrene (Table 1.2)

TABLE 1.2: Differences between dry and wet gangrene Q. List the differences between dry
and wet gangrene.

Characteristics Dry Wet

General features

Common site Limbs Bowels

Examples Senile gangrene Volvulus, intussusception

Etiological factors

Cause of ischemia Arterial obstruction Commonly venous obstruction
Rate of obstruction Slow Abrupt
Gross features
Appearance of involved part Shriveled dry (mummification) and  Swollen, soft and moist
black
Line of demarcation Clear cut Not clear cut
Spread Slow Rapid
Prognosis Fair Poor due to severe septicemia

Gas gangrene: Special type of wet gangrene caused by infection with a gas forming anaerobic . gangrene is a variant

clostridia. of wet gangrene caused by
clostridia (gram-positive
anaerobic bacteria).

Gummatous Necrosis

The necrotic tissue is firm and rubbery and is usually found in syphilis.
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Q. Describe the ultra-structural TABLE 1.3: Ultrastructural differences between reversible and irreversible injury
changes in reversible cell ijury. Structure involved Reversible injury Irreversible injury
Irreversible injury: Large Plasma membrane changes Blebbing, blunting, loss of Discontinuities in plasma and
amorphous densities in microvilli organelle membrane
mitochondria. . . . . . .
Mitochondrial changes Swelling and appearance of small ~ Marked dilatation with appearance
Two characteristics of amorphous densities of large amorphous densities
lrreverSIblg injury: (precipitated calcium), aggregates
1. Irreversible of fluppy material (denatures
mitochor)drial protein)
dysfunction
2. Profound disturbances Endoplasmic reticulum Dilatation with detachment of Swelling and fragmentation
in the membrane polysomes
function. Myelin figure (large intracellular May be present Usually present
whorled phospholipid masses)
Nuclear changes Disaggregation of granular and Pyknosis, karyolysis and
fibrillar elements karyorrhexis

Q. Write short note on apoptosis. APO PTOSIS

Apoptosis: Affects only Apoptosis is a type of (programmed) cell death. It is characterized by activation of cell
Sir}lgle or small group of enzymes that degrade its own nuclear DNA and proteins (nuclear and cytoplasmic).
cells.

Causes of Apoptosis

Apoptosis may be Physiological Situations
Eg{;ﬁl}og%g:l or e Removal of excess cells during embryogenesis and developmental processes: e.g.
’ disappearance of web tissues between fingers and toes.
o Elimination of cells after withdrawal of hormonal stimuli: e.g. endometrial cell breakdown
during the menstrual cycle.
During embrogenesis: e Elimination of cells after withdrawal of tropic stimuli: e.g. neutrophils in an acute
Apoptosis develop and are inflammatory response, lymphocytes after immune response.

associated with activation ¢ Elimination of potentially harmful cells: In immunology, the clones of self-reactive
of caspases. lymphocytes that recognize normal self antigens are deleted by apoptosis.

Pathological Conditions

Apoptosis eliminates cells that are genetically altered or damaged beyond repair. It is

responsible for cell loss in many pathologic states:

o Elimination of cells with damaged DNA: DNA may be damaged by many injurious agents
like radiation, cytotoxic anticancer drugs and hypoxia.

- Mainly tumor-suppressor gene p53 recognizes cells with damaged DNA and assesses
whether it can be repaired. If the damage is too severe to be repaired, p53 triggers
apoptosis.

- Destroying cells with dangerous mutations or with DNA damage beyond repair by
apoptosis prevents the development of cancer.

- In certain cancers, where p53 is mutated or absent, the apoptosis is not induced in cells
with damaged DNA.

o Elimination of cells with excessively accumulated misfolded proteins: Mutations in the
genes encoding proteins or extrinsic factors (damage due to free radicals) may result in
accumulation of unfolded or misfolded proteins.

- Excessive intracellular accumulation of these abnormally folded proteins in the ER is
known as ER stress, which results in apoptotic cell death.
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- Apoptosis caused by the accumulation of misfolded proteins is found in several
degenerative diseases of the central nervous system (Alzheimer, Huntington, and
Parkinson diseases) and other organs.

o Killing of viral infected cells: In viral infections, the infected cells are lost mainly due to
apoptosis induced either by the virus (as in adenovirus and HIV infections) or by host
human response by cytotoxic T lymphocytes (as in viral hepatitis).

¢ Elimination of neoplastic cells/rejection of transplant: The T-cell-mediated mechanism is
responsible for apoptosis in tumors and cellular rejection of transplants.

e Elimination of parenchymal cells in pathologic atrophy: Obstruction of duct in the
parenchymal organs like pancreas, parotid gland and kidney can lead to apoptosis of the
parenchymal cells.

Morphology

Electron Microscope

The ultrastructural features of apoptosis (Fig. 1.25) are:

o Cell shrinkage: Cytoplasm becomes dense.

e Nuclear condensation and fragmentation: Chromatin aggregates peripherally under the nuclear
membrane. The nucleus may break up to produce two or more nuclear fragments.

e Formation of cytoplasmic blebs and apoptotic bodies: Cell first shows extensive surface blebbing
followed by fragmentation into membrane-bound apoptotic bodies. The apoptotic bodies are
composed of cytoplasm and tightly packed organelles, with or without nuclear fragments.

e Phagocytosis of apoptotic cells/bodies: The apoptotic bodies are rapidly ingested by phagocytes
(usually by macrophages) and degraded by the lysosomal enzymes of phagocytes.

Light Microscopy (Fig. 1.26)

The apoptotic cells appear as round or oval mass having intensely eosinophilic cytoplasm. The nuclei
appear as fragments of dense nuclear chromatin and shows pyknosis. Apoptosis does not elicit an
inflammatory reaction in the host.

Mechanisms of Apoptosis

The survival or apoptosis of many cells depends upon balance between two opposite sets of

signals namely 1) death signal (pro-apoptotic) and 2) pro-survival (anti-apoptotic) signals.
Unlike necrosis, apoptosis engages the cell’'s own signaling cascades and results in its own
death (suicide). Apoptosis results from activation of enzymes called as caspases.

Phases of Apoptosis
Divided into A) initiation phase and B) execution phase.

A. Initiation Phase

Apoptosis isinitiated by signals derived from two distinct pathways activated by distinct stimuli
namely: 1) intrinsic or mitochondrial pathway and 2) extrinsic or death receptor pathway.
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condensation blebs bodies apoptotic body

Fig. 1.25: Electron microscopic changes in apoptosis

Morphological features of

apoptotis:

1. Nuclear/chromatin
condensation and
fragmentation(most
characteristic)

2. Intact organelles

3. Cell’blebs’ (represents
intact membrane
vesicles)

4. No inflammatory
response

5. Apoptotic bodies.

Apoptosis: Light

microscopic characteristics:

1. Condensation of
nucleus (pyknotic)

2. Deeply eosinophilic
cytoplasm.

Apoptosis: Organelle
that plays a pivotal role is
mitochondria.
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Nuclei of tumor cells with
pyknosis and karyorrhexis

Tumor tissue with

Tumor cells with apoptosis extensive necrosis

d B A 2 ? ’}u

Figs 1.26A and B: A. Tumor cells showing apoptosis . These apoptotic cells are round to oval having intensely eosinophilic cytoplasm and nuclei with
dense nuclear chromatin; B. Extensive areas of coagulative necrosis in the same tumor. Necrosis appear as granular eosinophilic material with pyknotic

nuclei and nuclear fragments

Proapoptotic proteins:
1. Bax
2. Bak.

Anti-apoptotic proteins:
1. Bcl-2
2. Bcl-x,
3. Mcl-1.

Proteins that regulate
balance between pro and
anti-apopotic proteins:

1. Bad

2. Bid

3. PUMA.

Glucocorticoids induce
apoptosis

Sex steroids inhibit
apoptosis.

Bcl-2 family genes located
on chromosome 18.

1. Intrinsic (mitochondrial) pathway of apoptosis (Fig. 1.27): It is activated by intracellular
signals.
e Role of mitochondria in apoptosis:

Mitochondrial damage is the major mechanism in a variety of physiological and

pathological apoptosis.

Mitochondria contain proteins capable of inducing apoptosis. These include:

cytochrome c and several proapoptotic proteins.

Survival or apoptosis of cell is determined by permeability of mitochondria.

Mitochondrial permeability is controlled by Bcl-2 family of more than 20 proteins.

This family is named after Bcl-2, which was identified as an oncogene in a B-cell

lymphoma. These proteins may be broadly divided into proapoptotic or anti-

apoptotic (prosurvival).

+ Proapoptotic proteins: Bax, Bak, Bid, Bad, and Bik.

+ Anti-apoptotic proteins: Bcl-2, Bcl-x;, Mcl-1. They prevent leakage of
mitochondrial proteins that trigger apoptosis. Growth factors and other survival
signals stimulate production of anti-apoptotic proteins.

If the balance shifts to proapoptotic proteins, the apoptotic cascade is activated.

o Causes of mitochondrial injury: The proapoptotic signals include:

1.
2.

3.
4.

Deprivation/withdrawal of growth factor or survival signals.

DNA damage by radiation, cytotoxic anticancer drugs, hypoxia either directly or
through free radical.

Accumulation of excessive amount of misfolded proteins (ER stress).

Increased intracellular free calcium.

o Steps in intrinsic (mitochondrial) pathway: Mitochondrial injury causes increased
mitochondrial permeability and release proapoptotic molecules (death inducers) into
the cytoplasm. The different steps are as follows:

The above mentioned causes of mitochondrial injury activate a number of sensors of
Bcl-2 family called BH3-proteins. They in turn activate two critical proapoptotic Bcl-
2 family effector proteins namely Bax and Bak.

Bax and Bak create channels in the mitochondria that allow release of several
mitochondrial proteins from the inner mitochondrial membrane to leak out into the
cytosol (cytoplasm).
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- One of these proteins is cytochrome c¢ which binds to a protein called Apaf-1
(apoptosis-activating factor-1) and forms an important caspase cascade activator
called apoptosome. This complex binds to caspase-9, the critical initiator caspase of
the mitochondrial pathway which sets in an auto-amplification process.

- The cytoplasm of the normal cells contains proteins which block the activation of
caspases and function as physiologic inhibitors of apoptosis (called IAPs). Other
mitochondrial proteins may enter the cytoplasm and neutralize these IAPs and
initiate caspase cascade.

- Sensors of Bcl-2 family namely BH3-only proteins also bind to and block the function
of protective anti-apoptotic proteins namely Bcl-2 and Bcl-x;.

2. Extrinsic (death receptor-initiated) pathway of apoptosis (Fig. 1.27)

o This pathway is initiated by extracellular signals.

e Many cells express “death-receptors” molecules on the surface of plasma membrane
that trigger apoptosis. Death receptors are members of the TNF (tumor necrosis
factor) receptor family that contain a cytoplasmic domain called the death domain
because it is essential for delivering apoptotic signals.

e In the extrinsic (death receptor) pathway, apoptosis is initiated when the death
receptors present gets activated.

o The well-known death receptors are the type 1 TNF receptor (TNFR1) and a related
protein called Fas (CD95). Fas death receptor is expressed on many cell types and the
binding ligand for Fas is called Fas ligand (FasL/CD95L).

¢ Functions of extrinsic pathway: This pathway is involved in eliminating
- Self-reactive lymphocytes thereby avoiding autoimmunity. FasL is expressed on T-

cells that recognize self-antigens and function to eliminate self-reactive lymphocytes.
- Virus infected cells through cytotoxic T lymphocytes.
- Tumor cells through cytotoxic T lymphocytes.

o Steps in extrinsic pathway:

- Extrinsic pathway become activated when CD95/Fas binds to its ligand, CD95/FasL.

— When FasL binds to Fas receptors, their cytoplasmic death domains binds with an
adapter protein. This adapter protein also contains a death domain and is called
FADD (Fas-associated death domain).

- FADD in turn binds to pro-caspase-8 (an inactive form of caspase-8) via a death
domain and generate active caspase-8.

- Activated caspase-8 mediate the execution phase of apoptosis.

Execution Phase of Apoptosis (Fig. 1.27)

e The above mentioned two initiating pathways produce initiator caspases namely: 1) the
mitochondrial pathway activates initiator caspase-9, and 2) the death receptor pathway
activates the initiator caspase-8.

o Theinitiator caspases activate another series of caspases called executioner caspases (such
as caspase-3 and -6) that mediates the final phase of apoptosis.

e Executioner caspases act on many cellular components and activate DNase, which induces
fragmentation of nuclei.

e (Caspases also degrade components of nuclear matrix and cytoskeleton resulting in
fragmentation of involved cells.

Removal of Apoptotic Cells

e Phagocytosis: Apoptotic cells and bodies are engulfed and removed by phagocytic cells
(mainly macrophages).The phagocytosis is so efficient that these dead cells and apoptotic
bodies disappear within minutes. Even when there apoptosis is extensive their rapid
removal prevents release of their cellular contents which may elicit inflammation.

Apoptosis: Apaf-1 is
activated by the release
of cytochrome C from
mitochondria.

CD 95 (FAS) has a major
role in apoptosis and

is molecular marker for
apoptosis.

Apoptosis: Extrinsic
pathway through TNFRI.

Apoptosis is mediated by
caspases.

Caspases: Initiators and
executioners.

Mechanism of apoptosis
has two major steps
namely initiation and
execution.

Apoptosis is a regulated
mechanism of cell death
with the least possible
reaction by host.
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Cell injury activating intrinsic pathway

Mitochondrial (intrinsic) pathway Death receptor (extrinsic) pathway

« Lack of survival signals

« DNA damage (e.g. . L
radiation, free-radicals, Bcl-2 family sensors activation
toxins) " (BH3-only proteins)
» ER stress (excess
misfolded protteins) e.g.
Alzheimer, Huntington, - i
Parkinson disease o saasal hasssssasssasasall Tl I foos
Anti-apoptotic regulators Activation of proapoptotic effectors
(Bel-2, Bel-x,) of Bel-2 family (Bax & Bak)
domain i Cell membrane
Adaptor
Leakage of Adaptor protein with
SR death domain Death-induced
and other signaling complex
proapoptotic
proteins Caspase-
FLIP
— (caspase
antagonist)
(D Activation of initiator caspase-9 Activation of initiator caspase-8

'—’ Executioner caspase Q—-|
/ (caspases 3 & 6)
Activation of

endonuclease Breakdown of
—* Nuclear fragmentation cytoskeleton

Fig. 1.27: Mechanism of apoptosis
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e Factors favoring phagocytosis: The apoptotic cells and apoptotic bodies undergo several
changes in their membranes and produce signals that favor phagocytosis of these cells/

bodies.
Considerable apoptosis - Expression of phosphatidylserine: In healthy cells, phosphatidylserine is present on the
may occur in a tissue inner leaflet of the plasma membrane. In cells undergoing apoptosis phosphatidylserine
before it becomes turns out and is expressed on the outer layer of the membrane causing easily recognition
apparent in histology. b
y receptors present on the macrophage.

Apoptotic cells appear - Secretion of soluble factors: Apoptotic cells secrete soluble factors (e.g. thrombo-
round mass of the spondin) that recruit phagocytes.

intensely eosinophilic
cytoplasm with dense
nuclear chromatin
fragments.

- Natural antibodies and proteins of the complement system may coat apoptotic bodies
which aids in phagocytosis.

Apoptosis: Ladderpattern D1@QNOsis/Detection of Apoptosis

of DNA electrophoresis

is caused by enzyme 1. DNA fragmentation assay by electrophoresis of genomic DNA. Apoptosis produces “step

endonuclease. ladder pattern” in contrast to smeared pattern seen in necrosis.
2. Terminal deoxynucleotidyl transferase biotin d-UTP Nick End Labeling (TUNEL) technique
Annexin V on non- for vivo detection of apoptosis.

permeable cell is indicative . . . . .
of apoptosis. Annexin 3. Chromatin condensation seen by hematoxylin and eosin, Feulgen and acridine orange

attaches to cell surface. staining.
4. Estimation of:
e Cytosolic cytochrome ¢
e Activated caspase
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e Annexin V: Apoptotic cells express phosphatidylserine on the outer layer of plasma
membrane because of which these cells are recognized by the dye Annexin

e Propidium iodide assay by flow cytometry/fluorescent microscopy.

Disorders Associated with Dysregulated Apoptosis Mechanism of apoptosis

. , . . has two major steps
o Disorders with reduced apoptosis: It may allow the survival of abnormal cells. namely initiation and

- Cancer execution.
- Autoimmune disease.

o Disorders with increased apoptosis: This will cause an excessive loss of cells.
- Neurodegenerative diseases (Alzheimer, Huntigton, Parkinson disease).
- Ischemic injury: In myocardial infarction and stroke.
- Death of virus-infected cells: Many viral infections, important being acquired immune
deficiency syndrome (AIDS).

Apoptosis is mediated by
caspases

Proapoptotic proteins are:
Bax and Bak.
Antiapoptotic proteins are:
Bcl-2 and Bcl-x,.

Clinical Significance of Apoptosis in Cancers

e Normally, cells with damaged (mutated) DNA are cleared in the body by undergoing
apoptosis.

e Apoptosis may be reduced in some cancers. Best established role of Bcl-2 in protecting
tumor cells from undergoing apoptosis is observed in follicular lymphoma. In this type of
non-Hodgkin lymphoma of B cell origin, there is translocation (14; 18) (q32; q21) which
causes over expression of anti-apoptotic protein Bcl-2. This in turn increases the Bcl-2/
Bcl-x; buffer, protecting abnormal B lymphocytes from undergoing apoptosis and allows
them to survive for long periods.

Differences between apoptosis and necrosis are summarized in Table 1.4.

Q List the differences between
Overview of cell injury in presented in Figure 1.28. apoptosis and necrosis.

TABLE 1.4: Differences between apoptosis and necrosis

Features Apoptosis Necrosis .
Apoptosis : No
Cause Often physiological, means of eliminating  Invariably pathological inflammatory response
unwanted cells; may also be pathological from adjacent tissue.
Biochemical events Energy-dependent fragmentation of Impairment or cessation of ion
DNA by endogenous endonucleases homeostasis
Lysosomes Intact Leak lytic enzymes
Morphology
Extent Single or small cluster of cells Involves group of cells Lﬁakage Of proltlems fro;n
Cell size Cell reduced (shrinkage) and fragmenta- Cell enlarged (swelling) and lysis t. © nec.rot|.c cells into the
) A . . circulation is useful for
tion to form apoptotic bodies with dense . . .
. identifying the necrosis
chromatin using blood and serum
Integrity of cell Maintained Disrupted/Lost samples.
membrane
Nucleus Fragmentation into nucleosome-size Pyknosis, karyorrhexis, karyolysis
fragments
Cellular contents Intact; may be released in apoptotic bodies Enzymatic digestion; may leak out of cell
Adjacent Inflammatory None Usual
response
Fate of dead cells Ingested (phagocytosed) by neighboring Ingested (phagocytosed) by neutrophil
cells polymorphs and macrophages
DNA electrophoresis DNA laddering is seen Shows smearing effect

TUNEL staining Positive Negative
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Psammoma body found in:

1. Papillary carcinoma of
thyroid

2. Papillary serous
cystadenoma of ovary

3. Papillary serous
cystadenocarcinoma of

ovary $

Overview of cell injury

Hypoxia Physical Chemical Infectious

Causes

Genitic Nutritional Idiopathic Immunological

4. Menigioma =
. . &
5. Papillary carcinoma of E Depletion of Mitochondrial Influx of Reactive oxygen
the kidney. £ ATP damage calcium species(ROS)

()
=
(2]
g Defect in permeability of Damage to Damage to
55 membrane DNA proteins
g Irreversible Injury
3 Reversible Injury
8 Apoptosis Necrosis

Fig. 1.28: Overview of cell injury

Q. Witeshort note on pathologic PATHOLOGIC CALCIFICATION

caldification.

Abnormal deposition of calcium salts in tissues other than osteoid or enamel. It is also
Pathological calcification  associated with deposition of small amounts of iron, magnesium and other minerals.
1. Dystrophi . e e . .
) Mft ar?tz tilcc or Types of pathologic calcification are: 1) dystrophic and 2) metastatic.

Dystrophic calcification :

1. Occurs in dead or Dystrophic Calcification
degenerating tissues

2. Serum calcium level Deposition of calcium salts in dying or dead tissues.
normal

3. Often causes organ
dysfunction.
Causes
e Necrotic tissue: Calcification in caseous, enzymatic fat necrosis, in dead eggs of

ABCDE of dystrophic Schistosoma, cysticercosis and hydatid cysts.

calcification: . g
. Atherosclerosis e Degenerating tissue:
Psammoma Bodies - Heart valves: Occurs in aging or damaged heart valves
+ Caseous necrosis - Atherosclerosis.
« Damaged heart valves , . . . o e . .
and dead eggs/parasites ® Monckeberg’s medial calcific sclerosis: Calcification in the media of the muscular arteries
« Enzymatic fat necrosis. (Fig. 1.29A) in old people.

e Psammoma bodies: Single necrotic cells on which several layers of mineral get deposited
progressively to create lamellated shape, called psammoma bodies (Fig. 1.29B).

Metastatic calcification
1. Occurs in normal living

tissues . o gro o
2. Associated withraised  IMl@tastatic Calcification

serum calcium . . . . . . . .
3. Does not cause clinical ~ Deposition of calcium salts in apparently normal tissues. It is associated with hypercalcemia

dysfunction. secondary to deranged calcium metabolism.
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Blood vessel Areas of calcification Psamomma body consisting of lamellated deposits of calcium

Figs 1.29A and B: A. Monckeberg's medial calcific sclerosis in which the tunica media of arteries in the myometrium of uterus show calcification;
B. Photomicrograph of meningioma with psammoma body

Causes Metastatic calcification:
¢ Increased secretion of parathyroid hormone (PTH) with subsequent bone resorption- Earliest involved is

hyperparathyroidism. mitochondria except
e Destruction of bone tissue: Secondary to primary tumors of bone marrow (e.g. multiple Ef;?;’égf&'g;ﬁ'grane)
myeloma, leukemia and metastatic tumors to bone). '
e Vitamin D-related disorders: Vitamin D intoxication.
e Renal failure: Causes retention of phosphate, leading to secondary hyperparathyroidism.
¢ Others: Sarcoidosis and milk alkali syndrome.

Sites Massive deposits of cal-
cium in the kidney

e Lungs: Alveolar septa of the lung. is known as nephrocal-

¢ Kidney: Basement membrane of the renal tubules. cinosis and it can lead to
¢ Blood vessels: On the internal elastic lamina of systemic arteries and pulmonary veins. kidney damage.
e Stomach: Interstitial tissues of the gastric mucosa. Common site for

metastatic calcification
1. Lungs (commonest site)
2. Kidney

MOfphOIOgy 3. Blood vessels

Gross: Appear as fine, white granules or clumps, feels gritty and sandlike. (e.g. systemic arteries
Microscopy: Basophilic, amorphous granular (Fig. 1.29), clumped appearance. " g?:nf:!?mary veins)

Q. Write short note on hyaline

HYALINE CHANGE change.

Hyaline refers to an alteration within cells or in the extracellular space, which gives a Mallory hyaline/body
homogeneous, glassy, pink appearance in routine histological sections. observed in:

1. Alcoholic hepatitis
2. Indian childhood

Causes (Table 1.5) cirrhosis (ICC)
3. Primary biliary cirrhosis
Intracellular Hyaline 4. Wilson disease

. . . . . . 5. Hepatocellular
e Mallorybody (Fig. 1.30A) in the liver is alcoholic hyaline composed of cytoskeletal filaments. carcinoma

¢ Russell bodies are excessive accumulation of immunoglobulins in the plasma cells 6. Focal nodular
(Fig. 1.30B). hyperplasia.



Russell body: Excessive
accumulation of immu-
noglobulins in the plasma
cells.

Crooke’s hyaline body:
Present in basophil cells of
pituitary gland in Cushing
syndrome.

Q. Write short note on various
pigments.

Lipochrome/lipofuscin:
Wear and tear pigment
seen in old age, severe
malnutrition, and cancer
cachexia. Perinuclear in
location. Derived through
lipid peroxidation.

Pigmentation of liver may
be caused by:

1. Lipofuscin

. Malaria pigment

. Wilson disease

. Bile pigment

. Pseudomelanin

U A WN

Hemosiderin: Golden
brown in color.
Degradation product of
ferritin.
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[
Russel body in
the plasma cell

Homogenous pink
hyaline material

Mallory bodies in
hepatocyte

Figs 1.30A and B: A. Mallory bodies; B. Russel bodies Fig. 1.31: Hyaline change in

leiomyoma of uterus

Extracellular Hyaline

e Collagenous fibrous tissue in old scars
e Hyaline change in uterine leiomyoma (Fig. 1.31)
¢ In chronic glomerulonephritis, the glomeruli show hyalinization.

TABLE 1.5: Examples of hyaline change

Intracellular hyaline Extracellular hyaline

1. Mallory bodies 1. Collagenous fibrous tissue in scar

2. Russell bodies (e.g. multiple myeloma) 2. Hyaline change in uterine leiomyoma

3. Crooke’s hyaline 3. Hyaline membrane in newborn

4. Zenker's hyaline change 4. Hyaline arteriosclerosis
5. Hyalinization of glomeruli in chronic glomerulonephritis
6. Corpora amylacea in prostate, brain, spinal cord in elderly,

old infarct of lung

PIGMENTS

Pigments are colored substances, which are either normal constituents of cells (e.g. melanin),
or are abnormal and accumulate in cells. Different types of pigments are listed in Table 1.6.

TABLE 1.6: Different types of pigments

Endogenous pigments Exogenous pigments

e Bilirubin e Carbon (anthracotic)
e Melanin e Tattooing

e Hemosiderin e Arsenic

e Hemoglobin derived pigments e [-carotene

Hemosiderin

It is a hemoglobin-derived, golden yellow-to-brown, granular or crystalline pigment and is
one of the major storage forms of iron.

Causes

Local or systemic excess of iron cause hemosiderin to accumulate within cells.
e Local excesses:

- Bruise
- Brown induration of lung in chronic venous congestion of lung (refer Fig. 5.1).
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¢ Systemic excesses: Systemic overload ofiron is known as hemosiderosis. The main causes:
1. Increased absorption of dietary iron.
2. Excessive destruction of red cells: e.g. hemolytic anemias.
3. Repeated blood transfusions.

Morphology

Site of Accumulation

e Localized: Found in the macrophages of the involved area.

e Systemic: Initially found in liver, bone marrow, spleen, and lymph nodes. Later deposited in ' " a
macrophages of other organs (e.g. skin, pancreas, kidney).

Microscopy: Appears as a coarse, golden, granular pigment within the cytoplasm (Fig. 1.32A).

Special stain: Prussian blue histochemical reaction in which hemosiderin converts colorless potassium A, B -

ferrocyanide to blue-black ferric ferrocyanide (Fig. 1.32B).

Other Pigments

Lipofuscin: Important indi-
cator of free radical injury.
It is wear and tear pigment.

Hemosiderin laden
macrophage
Figs 1.32A and B: Hemosid-
erin laden macrophage (heart
failure cells). A. H&E show-

e Hemochromatosis: Severe accumulation of iron is associated with damage to liver, heart, ing macrophage  containing

and pancreas. The triad of cirrhosis of liver, diabetes mellitus (due to pancreatic damage)
and brown pigmentation of skin constitute bronze diabetes.

coarse, golden granular pig-
ment within the cytoplasm;
B. Prussian blue (Perl’s) stain

e Hemozoin: It is a brown-black pigment containing heme in ferric form. This pigment is gives blue black color to

seen in chronic malaria and in mismatched blood transfusions.

hemosiderin pigment

e Bilirubin is the normal major pigment found in bile. It is non-iron containing pigment

derived from hemoglobin.

Commonly used histochemistry (special stains) in histopathology are listed in Table 1.7.

TABLE 1.7: Commonly used special stains in histopathology

Stain
Amyloid

e Congo red under polarizing
microscope

Carbohydrates
e Periodic Acid-Schiff (PAS)

e Mucicarmine/Best’s carmine
e Alcian blue

Lipids

e Sudanlll

e QOilRedO

e Osmium tetroxide
Connective tissue

e Van Gieson

e Masson’s trichrome

e Phosphotungstic acid
hematoxylin (PTAH)

e Verhoeff’s elastic

Substance

Amyloid

Glycogen, mucin, mucoprotein,
glycoprotein, fungi, basement
membranes of glomeruli and
tubules

Epithelial mucin

Acid mucin

Lipid

Extracellular collagen
Collagen, smooth muscle

Cross striation of skeletal muscles,
glial filaments, fibrin

Elastic fibers

Lipofuscin: Important indi-
cator of free radical injury.
It is wear and tear pigment.

Commonest fixative for
light microscopic examina-
tion: 10% buffered neutral
formalin.

Interpretation

Green-birefringence

Commonest fixative for
electron microscopic ex-

Magenta color amination: Glutaradehyde.

Hematoxyline and Eosin
(H & E): Routine stain used
in histopathology.

Red color

Blue

Orange
Red

Brown black

Red
Collagen-blue, smooth muscle-red

Dark blue

Black
Contd...
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Contd...

Microorganisms

e Gram's stain Bacteria Gram+ve= blue
Gram-ve=red

e Ziehl-Neelsen’s (Acid-fast) stain  Tubercle bacilli and other acid-fast Red

organisms
e Fite-Ferraco Lepra bacilli Red
e Silver methanamine Fungi Black
Pigments and minerals
e Prussian blue stain (Perl’s stain) Hemosiderin Blue
e Masson Fontana Melanin Black
e \on Kossa Calcium Orange red
e AlzarineRed S Black
e Rubeanic acid Copper Greenish-black

CELLULAR AGING

Definition of aging: It is the gradual, insidious, and progressive declines in structure and
function (involving molecules, cells, tissues, organs, and organisms) that begin to unfold after
the achievement of sexual maturity.

Cellular aging begins from conception and continues till death. With aging physiological
and structural changes develop in almost all systems. There is progressive loss of functional

capacity.

Causes

Aging is multifactorial and is affected by genetic factors and environmental factors.

e Genetic abnormalities: It causes progressive decline in cellular function and viability.

e Environmental factors: These include diet, social conditions, and development of age-
related diseases (e.g. atherosclerosis, diabetes, and osteoarthritis). They cause progressive
accumulation of sublethal injury over the years at cellular and molecular level.

e Cellular aging may lead to death of the cell or decreased capacity of cells to respond to injury
and increasing difficulties in maintaining physiological homeostasis.

Mechanism of Cellular Aging

Decreased Cellular Replication

Most normal cells have a limited capacity for replication. After about 60 to 70 cell divisions,
all cells become arrested in a terminally nondividing state, known as senescence. Werner
syndrome is a rare disease characterized by premature aging, damaged DNA and a markedly
reduced capacity of cells to divide (shortening of telomere). The following mechanisms may
be responsible for progressive senescence of cells and decreased cellular replication in aging.

Telomere Shortening

Telomeres are protective, short repeated sequences of DNA (TTAGGG) present at the end
regions of chromosomes. Telomeres ensure the complete copying of chromosomal ends
during the S-phase of the cell cycle. With each cell division in somatic cells, a small section
of the telomere is not duplicated and telomeres become progressively shortened (Fig.
1.33). When telomeres are sufficiently shortened, cells stop dividing leading to a terminally
nondividing state. Telomeres represent a ‘biological clock, which prevents uncontrolled cell
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No shortening of telomere with cell division Progressive shortening of telomere with each cell division

Mitosis x10 Mitosis x10

Mitosis x10 Mitosis x10

> >
> >

Telomere at the end of chromosome
Telomere at the end of chromosome

N

Cells without telomerase (e.g. somatic cells)

Cells with telomerase (e.g. germ cells) B

Figs 1.33A and B: Role of telomerase in maintaining chromosomal length

Telomere DNA repair
shortening defects

‘ DNA damage

Activation of

=

b;@gllular'_; « sirtuins
~aging -
o RN Calorie restriction

Environmental
Free radicals factors

4 Calorie intake
Intercurrent disease

Fig. 1.34: Mechanisms of cellular aging

division and cancer. Telomere shortening may be one of the mechanisms responsible for
decreased cellular replication.

Telomerase

Telomerase is an enzyme that regenerates and maintains telomere length. Telomerase is
absent in most of the somatic cells. Germ cells have high telomerase activity and thus they
have extended replicative capacity (Fig. 1.33). In cancers, the telomerase may be reactivated
in tumor cells resulting in maintenance of length of telomeres. It may be an essential step in
formation of cancer.

Accumulation of Metabolic and Genetic Damage (Fig. 1.34)

Lifespan of the cell is determined by a balance between cumulative metabolic damage and
counteracting repair responses.

Metabolic Damage

Reactive oxygen species: One of the toxic products that cause damage to the cells is free

radical mainly reactive oxygen species (ROS). ROS may be either produced in excess, or there

is reduction of antioxidant defense mechanisms (refer page 15-17).

¢ Excessive production of ROS may be due to environmental influences (ionizing radiation)
and mitochondrial dysfunction.

e Reduction of antioxidant defense mechanisms may occur with age (e.g. vitamin E,
glutathione peroxidase).
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The oxidative damage may be an important cause of senescence in aging. Free radicals
may damage DNA, causing breaks and genome instability. Damaged cellular organelles also
accumulate as the cells age.

Defective Repair Mechanism
Many protective repair responses counterbalance the metabolic damage in cells. One of them

is endogenous DNA repair enzymes, which identify the DNA damage and repairs it. DNA repair
mechanisms are defective in diseases such as Werner syndrome and ataxia-telangiectasia.

Thus, aging can be delayed by either by reducing the metabolic damage or by increasing
the repair response to that damage.

Factors that Increases Longevity
Caloric Restriction

Calorie restriction prolongs lifespan and this longevity appears to be mediated by a family
of proteins known as sirtuin. They have histone deacetylase activity. Red wine can activate
sirtuins and thus increase lifespan.

Actions of Sirtuins:

e Sirtuins promotes the expression of many genes which increase longevity. The proteins
products of these genes increase metabolic activity, reduce apoptosis, stimulate protein
folding, and inhibit the damaging effects of oxygen free radicals.

e Sirtuins also increases insulin sensitivity and glucose metabolism.

Growth Factor Signaling

Growth factors, such as insulin-like growth factor trigger the insulin receptor pathway. This
results in activation of transcription factors which activate genes that reduce longevity.
Mutations in insulin receptor are associated with increased lifespan.
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ACUTE INFLAMMATION

Definition: Inflammation is a complex local response of the living vascularized tissues to
injury and mainly consists of responses of blood vessels and leukocytes.

Type of inflammation: Inflammation may be divided into acute or chronic.

Differences between acute and chronic inflammation are listed in Table 2.1.

TABLE 2.1: Differences between acute and chronic inflammation

Acute inflammation Chronic inflammation
Onset Rapid in onset (usually in minutes or hours) ~ May follow acute inflammation or be slow
in onset (days)
Duration Short duration. Lasts for hours or a few days  Longer duration; may be months
Predominant Neutrophils (also called polymorphonuclear  Lymphocytes, monocytes/macrophages
cells leukocytes) and sometimes plasma cells
Characteristics Exudation of fluid and plasma proteins Inflammatory cells associated with the
(edema) and the emigration of leukocytes proliferation of blood vessels, tissue
destruction and fibroblast proliferation
Injury/damage Usually mild and self-limited and can prog- Usually severe and progressive with
to tissue and ress to a chronic phase fibrosis and scar formation
fibrosis
Signs: Localand ~ Prominent Less prominent
systemic

Cardinal Signs of Inflammation
e The four cardinal signs of inflammation as mentioned by Celsus are listed in Table 2.2.

TABLE 2.2: Cardinal signs of inflammation

Cardinal sign Mechanism

Rubor (redness) Increased blood flow and stasis

Calor (heat) Increased blood flow

Tumor (edema/ swelling) Increased vascular permeability causing escape of a

protein-rich fluid from blood vessels
Dolor (pain) Chemical mediators: Prostaglandins and kinins

o A fifth clinical sign, loss of function (functio laesa), was later added by Rudolf Virchow.

(HAPTER

Q. Define inflammation.

Inflammation: Complex
local response of the living
vascularized tissues to
injury.

Q. Mention the types of
inflammation. List the differences
between acute and chronic
inflammation.

Inflammation and the
accompanying repair
process is a beneficial
host response in most
instances, but can
sometimes be harmful.

Inflammation:
1. Acute or
2. Chronic.

Q. Mention the cardinal signs of
inflammation and its mechanism.

Cardinal signs of

inflammation:

1. Rubor (redness)

. Calor (heat),

. Tumor (edema),

. Dolor (pain) and

. Functio laesa (loss of
function).

Celsus described the first 4
cardinal signs of inflamma-
tion namely: Rubor, calor,
tumor and dolor. Rudolf Vir-
chow described the fifth car-
dinal sign (loss of function).

v wWN
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. Mention the various causes of CAUSES OF (STIMULI FOR) ACUTE INFLAMMATION

acute inflammation. . . . e . . .
o Infections (bacterial, viral, fungal, and parasitic) and microbial toxins

Elie Metchnikoff: o Tissue necrosis:
Phagocytosis. - Ischemia: e.g. myocardial infarction
Sir Thomas Lewis: - Physical Agents
Triple response. ¢ Mechanical trauma: e.g. blunt/penetrating/crush injuries
¢ Thermal injury: e.g. burns or frostbite
+ Radiation
¢ Electric shock
¢ Sudden changes in atmospheric pressure

- Chemical injury: e.g. strong acids and alkalies, insecticides, and herbicides
e Foreign bodies: e.g. sutures, talc
e Immune reactions:
- Hypersensitivity reactions
- Autoimmune diseases.
Q. Explain the sequential vascular
changes/reactions of blood

vessels/ hemodynamic hangesin— g SEQ)UYENCE OF EVENTS IN ACUTE INFLAMMATION

acute inflammation.

Acute inflammation has two major components namely 1) reactions of blood vessels (vascular

Acute infl tion h
cute inflammation nas changes) and 2) reactions of leukocytes (cellular events).

two major components
namely:
1. Reactions of blood

vessels REACTIONS OF BLOOD VESSELS

2. Leukocytic /cellular

events. (VASCULAR CHANGES)

Purpose: To deliver the circulating cells, fluids and plasma proteins from the circulation to
sites of infection or tissue injury.

Normal hydrostatic The reactions of blood vessels in acute inflammation (Figs 2.1 and 2.2) consist of: changes
pressure in the capillary in the vascular flow and caliber and increased vascular permeability.
bed:
+ About 32 mm Hg at the Extracellular fluid
arterial end \
12 mm Hg at the venous
end.

Arteriole

Normal mean colloid

. . A. Normal
osmotic pressure of tissues
is about 25 mm Hg and is Increased
equal to the mean capillary be(I)od
hydrostatic pressure. ow
D|Iatat|_on ~—— Dilatation
of arteriole
of venule
—— Edema of
Lez}ka\ge of interstitial
plasma tissue

B. Inflammation proteins

[
Emigration of
leukocytes

Fig. 2.1: Local features of acute inflammation, compared to normal are vasodilatation, increased blood flow,
leakage of plasma fluid and proteins, and emigration of leukocyte
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Figs 2.2A to C: A. Normal fluid exchange between blood and extracellular fluid; B. Formation of transudate;
C. Formation of exudate in inflammation

Changes in Vascular Flow and Caliber Vasodilatation in

. . . . . . . . acute inflammation is
e Vasodilatation: It is the earliest feature of acute inflammation; sometimes it follows a responsible for the one

transient constriction of arterioles. of the cardinal signs of
- Effect: Result is increased blood flow — local heat and redness. inflammation namely
- Chemical mediators involved: Histamine, prostaglandins, platelet activating factor, "UPor (redness).
kinins and nitric oxide (NO).

¢ Increased permeability of the microvasculature: It leads to escape of protein-rich fluid Venules: Mostimportant

from the circulation into the extravascular tissues. vessel involved in
A . . . K . L. L. inflammation.

- Chemical mediators involved: Histamine, leukotrienes, platelet activating factor, kinins.

¢ Slowing of blood flow: It leads to concentration of RBCs in small vessels and increased
viscosity of the blood.

e Stasis: It is responsible for localized redness.

e Leukocyte events: Described later.

Increased Vascular Permeability (Vascular Leakage)

Exudation: It is defined as the process of escape of fluid, proteins and circulating blood cells Increased vascular

from the vessels into the interstitial tissue or body cavities. permeability: Hallmark of
acute inflammation.

Escape ofa protein-rich fluid causes edema and is one of the cardinal signs of inflammation.
Differences between transudate and exudate are listed in Table 2.3.

Q. Describe the mechanism of

Mechanism of Increased Vascular Permeability e
Several mechanisms can cause increased vascular permeability:
1. Contraction of endothelial cells: Increased vascular

e Most common mechanism of vascular leakage. permeability causes one

e Occurs immediately after injury and is usually short-lived (15-30 minutes) and hence Pfffhe cardinal 5i9”5| of
called as immediate transient response. inflammation namely
. . . . . . . . tumor (edema).
e Chemical mediators involved: Histamine, bradykinin, leukotrienes, the neuropeptide
substance P.



Q. Mention the differences
between transudate and exudate.
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TABLE 2.3: Difference between transudate and exudate

Characteristics Transudate Exudate
Five mechanisms of Cause Non-inflammatory process Inflammation process
increaseq YaSCUIar Mechanism Ultrafiltrate of plasma, due to Increased vascular permeability
permeability are: increased hydrostatic pressure with
1. Contraction of normal vascular permeability
endothelial cells
2. Direct endothelial injury ~ Appearance Clear, serous Cloudy/purulent/hemorrhagic/ chylous
3. Leukocyte-mediated Color Straw yellow Yellow to red
vascular injury " .
4. Increased transcytosis Specific gravity <1.018 >1.018
5. Leakage from new Protein Low, < 2 g/dL, mainly albumin High, > 2 g/dL
blood Is. .
ooaVessels Clot Absent Clots spontaneously because of high
fibrinogen
Cell count Low High
Contraction of endothelial Type of cells Few lymphocytes and mesothelial Neutrophils in acute and lymphocytes
cells with formation of cells in chronic inflammation
endothelial gaps is the Bacteria Absent Usually present
commonest mechanism of .
increased vascular Lactate dehydrogenase(LDH) Low High
permeability. Examples Seen in congestive cardiac failure Pus
Character of edema Pitting type No pitting
Increased vascular 2. Direct endothelial injury: e.g. burns, or infection by microbes. It is called as immediate
permeability sustained response.

and chemotaxis:
Occurs predominantly
in venules (except in
lungs, where 4.
it occurs in capillaries)

3. Leukocyte-mediated vascular injury: The leukocyte (mainly neutrophils) which adheres
to the endothelium during inflammation may themselves injure the endothelial cells.

Increased transcytosis: Process of transport of fluids and proteins through the channels
called vesiculovacuolar organelle is increased in number.

5. Leakage from new blood vessels: During repair new blood vessels are formed
(angiogenesis). These vessels are leaky till the endothelial cells mature.

Q. Describe leukocyte/cellular
events in acute inflammation

LEUKOCYTIC/CELLULAR EVENTS

This process delivers leukocytes capable of phagocytosis (neutrophils and macrophages)
to the site of injury. The events can be divided into: leukocyte recruitment and leukocyte
activation.

Cellular events in acute
inflammation:
Leukocyte recruitment
Leukocyte activation.

A. Leukocyte Recruitment/Extravasation

Normally, leukocytes move rapidly in the blood, and during inflammation, they slow down and
escape to the site of injury/causative agent in the extravascular space. Leukocyte extravasation
is the process of migration of leukocytes from the lumen of the vessel to the site of injury in the
extravascular tissues.

Steps in Leukocyte Recruitment/Extravasation (Fig. 2.3)

Margination is a process In the Vascular Lumen:
in which leukocytes
accumulate at the
periphery of vessel in early

stage of inflammation.

1. Margination: When the blood flow slows down (stasis), leukocytes (mainly neutrophils)
move towards the peripheral column and accumulate along on the endothelial surface of
vessels.
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Fig. 2.3: Various steps of leukocyte migration through blood vessels. The leukocytes first roll, and then firmly adhere
to endothelium, followed by transmigration across the endothelium. Leukocytes pierce the basement membrane, and
migrate toward chemoattractants from the source of injury. Selectins are involved in rolling; integrins in adhesion; and
CD31 (PECAM-1) in transmigration
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2. Rolling: Marginated leukocytes attach weakly to the endothelium, detach and bind again
with a mild jumping movement. It causes rolling of leukocyte along the endothelial surface.
e Molecules involved: Selectin family of adhesive molecules and its complementary
ligands (Table 2.4).
¢ Chemical mediators involved: Cytokines such as 1) tumor necrosis factor (TNF), 2)
interleukin-1 (IL-1) and chemokines (chemoattractant cytokines).

TABLE 2.4: Selectins and complimentary selectin ligands involved in rolling

Endothelial molecule
P-selectin (CD62E)
E-selectin (CD62E)

GlyCam-1,CD34

Complimentary leukocyte molecule
Sialyl-Lewis X-modified proteins
Sialyl-Lewis X-modified proteins
L-selectin (CD62L)

3. Adhesion of leukocyte to endothelium: Endothelium gets activated and leukocytes bind
more firmly.
e Molecular involved: Integrins and corresponding ligands (Table 2.5).
¢ Chemical mediators involved:
- Endothelial cells are activated by cytokines namely: TNF and IL-1 and increase the
expression of two ligands for integrins on leukocyte (Table 2.5).
- Chemokines are chemoattractant cytokines cause leukocyte activation and conver-
sion of low-affinity integrins on leukocyte to high-affinity state resulting in firm
adhesion of the leukocytes to the endothelium.

TABLE 2.5: Integrins and complimentary ligands involved in endothelial-leukocyte adhesion

Endothelial molecule ligands for integrins
ICAM-1* (immunoglobulin family)
VCAM-1 (immunoglobulin family)
*also involved in transmigration

Complementary leukocyte molecule integrins
CD11b/CD18 (B,) integrins (LFA-1, Mac-1)
VLA-4 (B,) integrin

Acute Inflammation m

Q. Describe the role of
selectins and integrins in acute
inflammation

Pus: It is a purulent

inflammatory exudate

1. Rich in leukocytes
(mostly neutrophils)

2. Debris of dead cells

3. Microbes (in most of the
cases).

Acute inflammation:
Main leukocyte
involved is neutrophils
(polymorphonuclear
leukocytes—PMNss).

Process of loose binding
and detachment of
leukocytes to endothelial
cells is termed rolling.

Selectins and its
complimentary ligands are
responsible for rolling.

Selectins are either not
present or expressed at
low levels in unactivated
endothelial cells.

During inflammation,

the endothelial cells at the
site of inflammation gets
activated and express
high-levels selectins.

Integrins are responsible
for firm adhesion

of leukocytes with
endothelial cells.



Leukocyte recruited
from blood into the
extravascular tissue by a
multi-step process.
Margination — rolling —
adhesion to endothelium
— transmigration.

Q. Define and write short note on
chemotaxis

Chemotaxis is the
unidirectional movement
of leukocytes towards
injurious agent.

Acute inflammation:
Neutrophils predominate
in early stage and are
replaced by monocytes
after 24 hours.

Pseudomonas infection:
Neutrophils predominate
over 2 to 4 days

Genetic deficiencies

of leukocyte adhesion
molecules cause recurrent
bacterial infections.

CD18 gene is located on
distal chromosome 21q.

LADT:

« Integrin defects
Recurrent infections
Persistent leukocytosis
Delayed separation of
umbilical stump.

Leukocyte adhesion

deficiency type 2 (LAD2):

«+ Selectin defects
Recurrent infections
Bombay blood group
Mental retardation

m Exam Preparatory Manual for Undergraduates—General and Systemic Pathology

Across the Vessel Wall:
1. Transmigration or diapedesis: Leukocytes migrate through the vessel wall by squeezing
through the intercellular junctions between the endothelial cells.
e Molecules involved: CD31 (platelet endothelial cell adhesion molecule [PECAM-1])
and expressed on leukocytes and endothelial cells and ICAM-1.

2. Migration across the basement membrane: Leukocytes penetrate the basement mem-
brane of the vessel by secreting collagenases.

Outside the Vessel Wall
1. Chemotaxis
Definition: Chemotaxis is defined as process of migration of leukocytes toward the
inflammatory stimulus in the direction of the gradient of locally produced chemo-
attractants.
Chemoattractants:
e Exogenous: Bacterial products (e.g. N-formylmethionine terminal amino acid)
¢ Endogenous:
- Cytokines, mainly chemokine family (e.g. IL-8)
- Complement components: C5a, C3a
- Arachidonic acid metabolites of lipoxygenase pathway: Leukotriene B, (LTB,).

2. Accumulation of leukocytes at the sites of infection and injury: Achieved by binding
of leukocytes to the extracellular matrix proteins through integrins and CD44.
¢ Type of leukocytes infiltrates:
- Neutrophils: Predominantly during the first 6 to 24 hours.
- Monocytes: Neutrophils are replaced by monocytes in 24 to 48 hours.

Clinical Importance of Leukocyte Adhesion Molecules

e Three main types of leukocyte adhesion deficiency (LAD) have been identified.

e All are transmitted as autosomal recessive disease.

e Characterized by the inability of neutrophils to exit the circulation to sites of infection,
leading to leukocytosis and increased susceptibility to infection.

Leukocyte Adhesion Deficiency Type 1 (LAD1):

¢ Integrin defects: Mutations in CD18, the common component of the integrins LFA-1,
Mac-1. It leads to a defect in tight adhesion between neutrophils and the endothelium.

e Recurrent bacterial infections (e.g. skin, oral and genital mucosa, and respiratory and
intestinal tracts). Most common bacteria are Staphylococcus aureus and enteric gram-
negative bacteria.

e Persistent leukocytosis (neutrophil counts of 15,000-20,000/L) because they do not
marginate.

e History of delayed separation of the umbilical cord stump.

Leukocyte Adhesion Deficiency Type 2 (LAD2):

o Selectin defects: Mutations in fucosyl transferase required for synthesis of sialylated
oligosaccharide (ligand for selectins) on neutrophils that interacts with selectins on
endothelial cells. This ligand is responsible for rolling of neutrophils along the endothelium.
This disorder is also known as congenital disorder of glycosylation Ilc (CDGIIc) due to
mutation in a GDP-fucose transporter (SLC35C1).

o Susceptibility to infection but less severe than in LAD-1.

e Bombay blood group

e Mental retardation.



Acute Inflammation m

) Killing by Nitroblue tetrazolium test:
Lysesome Bacterla Formation of 1. Oxygen species Used for phagocytosis.

hagosome Phagolysosome
pi=g aey 2. Other methods Most widely used test for
/ é\Receptor /L / chronic granulomatous
{Q disease.
Ltﬁ — |
\ / \ Neutrophils in acute

K\/ inflammation: Cleared by

Leukocyte apoptosis

A. Recognition and attachment B. Engulfment C. Killing/degradation

Pinocytosis (cell drinking)
and receptor mediated
endocytosis: Requires
clathrin coated pits.

Fig. 2.4: Different steps in phagocytosis. A. Recognition and attachment which involves binding to receptors on
the leukocyte membrane to injurious agent (e.g. bacteria); B. Engulfment, formation of phagosome and fusion of
lysosomes with phagocytic vacuoles to form phagolysosome; C. Killing/degradation of ingested particles within the
phagolysosomes by lysosomal enzymes and by reactive oxygen and nitrogen species

Leukocyte Adhesion Deficiency Type 3 (LAD3):
Caused by mutations in the gene FERMT3.

Characterized by increased susceptibility to infection, leukocytosis, and petechial hemorrhage
due to impaired integrin activation.

B. Leukocyte Activation

Develops in two sequential events:

Recognition of microbes, necrotic cells and foreign substances: Leukocytes recognize |nflammasome:
microbes, necrotic cells and foreign substances by cell surface receptors known as “pattern Multi-protein complex and
recognition receptors” The most important of these receptors are: can recognize products of

o Toll-like receptors (TLRs): They can recognize extracellular and ingested microbes, like ?:Sdui?cuzd d. microbial
bacterial lipopolysaccharide (LPS, or endotoxin). pr'oaucts). '
e Inflammasome: It is a multi-protein complex and can recognize products of dead cells
(e.g. uric acid, microbial products). Triggering of inflammasome causes activation of IL-1.
This in turn recruits leukocytes, which phagocyte and destroy dead cells. IL-1 plays a role in
atherosclerosis and obesity-associated type 2 diabetes mellitus. These finding suggests that
IL-1 antagonists may be useful in treating such diseases.
Activation of leukocytes: Recognition of microbes or dead cells by the receptors initiates
several responses in leukocytes together known as leukocyte activation. The most important
functional responses of leukocyte activation is phagocytosis and intracellular killing.
Phagocytosis Q. Write short note on
phagocytosis.
Many leukocytes recognize, internalize, and digest foreign material, microorganisms, or
cellular debris by a process termed phagocytosis. It consists of three steps (Fig. 2.4): Phagocytosis: Process
¢ Recognition and attachment by which recognition,
e Engulfment internalization and

digestion of foreign
material, microorganisms,
or cellular debris occurs.

e Killing or degradation of the ingested material.

I Opsonization: Process of
Recognition and Attachment coating of a particle (6.,

e Receptors on the surface of phagocytic cells recognize components of microbes and microbe), by opsonins to
necrotic cells. Leukocytes express several receptors that recognize external stimuli. These [ncrease its phagocytosis.
include 1) receptors for microbial products (e.g. Toll-like receptors-TLRs), 2) G protein-
coupled receptors (recognize N-formyl methionie residues), 3) receptors for cytokines (for
INF-y) and 4) receptors for opsonins (described below).



Opsonins include:
+ Antibodies
Complement fragment
C3b
Acute phase proteins
(e.g. CRP)
Collectins
Mannose-binding
lectins

Chediak-Higashi
syndrome: No formation
of phagolysosome.
Leukocytes have giant
granules due to aberrant
fusion of organelle.

Phagocytosis (cell eating):
Requires polymerization of
actin filaments in the
leukocytes.

Oxygen dependent killing
in leukocytes is done
through generation of
ROS by NADPH oxidase
present in the leukocytes.
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¢ Receptors for opsonins (phagocytic receptor): The phagocytosis is enhanced when
leukocyte receptors recognize microbes coated by specific host proteins known as opsonins.
The major opsonins are IgG antibodies, the C3b breakdown product of complement, and
certain plasma lectins called collectins (Table 2.6).

TABLE 2.6: Different opsonins and their corresponding receptors on leukocyte

Opsonin Receptor on leukocyte

IgG antibodies Fc receptor (FcyRl):
Complement components C3 Type 1 and 3 complement receptor (CR1 and CR3)

Collectins Clq

Clinical Significance of Opsonins

After exposure to antigen, B cells get activated and mature into plasma cells, which produces
immunoglobulins (IgG).

Bruton disease: Defect in maturation of the B cells leading to absence of immunoglobulin
production. Hence, there is defective opsonization.

Engulfment

Next step in phagocytosis is engulfment and formation of a phagocytic vacuole. Phagocytosis

is dependent on polymerization of actin filaments.

e Phagosome: Extensions of the cytoplasm of leukocyte form pseudopods surrounding the
particle to be ingested and forms a vesicle or vacuole called a phagosome.

e Phagolysosome: The membrane of phagosome fuses with membrane of lysosome to form
a phagolysosome. Lysosomal granules are discharged into this phagolysosome.

Clinical Significance of Defects in Phagolysosome Function

Chédiak-Higashi syndrome: Autosomal recessive condition characterized by:

e Increased susceptibility to infections: Due to defective fusion of phagosomes and
lysosomes in phagocytes.

¢ Leukocyte abnormalities include:
- Neutropenia (decreased numbers of neutrophils)
- Defective degranulation and delayed microbial killing
- Peripheral blood smear: Leukocytes contain giant granules, due to aberrant

phagolysosome fusion.

e Gene associated with this syndrome encodes a large cytosolic protein called LYST, which
regulates lysosomal trafficking.

e Albinism: Due to abnormalities in melanocytes.

e Nerve defects.

e Bleeding disorders due to defect in platelets.

Killing and Degradation

Killing and degradation of ingested microbial agents/particles occurs within neutrophils
and macrophages. Most important microbicidal agents are: 1) reactive oxygen species and
2) lysosomal enzymes.

Reactive Oxygen Species (ROS)

Types of ROS are:
e Superoxide anion (O3, one electron)—weak



e Hydrogen peroxide (H,0,, two electrons)—weak
e Hydroxyl ions (*OH), three electrons—highly reactive.

Mechanism of production (refer pages 15 to 17): In the phagocytic vacuole of leukocyte, rapid

activation of NADPH oxidase (also called phagocyte oxidase), oxidizes NADPH (reduced

nicotinamide-adenine dinucleotide phosphate) to NADP. During the process oxygen is

reduced to superoxide anion (0O%).

e 0} is converted into hydrogen peroxide (H,0,) by spontaneous dismutation
03 + 2H — H,0,

e Amount of H,0, is insufficient to kill most of the microbes by itself but the enzyme
myeloperoxidase (MPO) present in the azurophilic granules of neutrophils can convert
it into a powerful ROS. MPO in the presence of a halide such as Cl-, converts H,0, to
hypochlorous radical (HOCI*), which is a potent oxidant and antimicrobial agent.
Hypochlorite (HOCI*) destroys microbes either by halogenation or by proteins and lipid
peroxidation.

e H,0, is also converted to hydroxyl radical (*OH) which is also powerful destructive agent.

Reactive nitrogen species: NO, which is generated from arginine by the action of nitric oxide
synthase (NOS), can kill microbes similar to ROS.

*NO reacts with superoxide (03) and produces highly reactive free radical peroxynitrite
(ONOO?).

Lysosomal Enzymes
Acid hydrolases of lysosomes degrade the dead microorganisms. Elastase can kill bacteria.
e Constituents of leukocyte granules: The microbicidal substances within leukocyte
cytoplasmic granules (refer page 53) include:
- Bactericidal permeability—increasing protein
- Lysozyme and lactoferrin
- Major basic protein (MBP) present in eosinophils is cytotoxic to many parasites
- Defensins are toxic to microbes

- Cathelicidins: These are anti-microbial proteins in the neutrophils and other cells. They
are very effective against Mycobacterium tuberculosis.

Neutrophil Extracellular Traps (NETs)

In response to infectious agents and inflammatory mediators neutrophils may produce an
extracellular fibrillary networks known as “traps” NETs contain nuclear chromatin (histones
and DNA) with granule proteins (e.g. antimicrobial peptides and enzymes). These traps
prevent the spread of microbes by trapping them in the fibrils.

Clinical Significance of Inherited Defects in
Microbicidal Activity

1. Chronic granulomatous disease (CGD): Group of congenital (inherited) disorders
characterized by defects in bacterial killing.

e Decreased oxidative burst: Defects in the genes encoding components of phagocyte
oxidase (NADPH oxidase) which generates superoxide anion (03). Variants of
phagocyte oxidase are:

- X-linked defect: Defect in the gene coding membrane component of NADPH/
phagocyte oxidase.

- Autosomal recessive: Defect in the gene coding cytoplasmic component of NADPH/
phagocytic oxidase.

Acute Inflammation

Oxygen dependent
MPO system is the most
powerful microcidal
mechanism.

Hypochlorite (HOCI®)

1. Active component of
bleach

2. Itis an end product of

oxygen dependent MPO

system.

Phagocytosis by
leukocytes can destroy or
remove the microbes and
dead cells.

Neutrophil secrets
cathepsin G.

Examples of leukocyte-
induced injury:
- Acute: e.g. acute
respiratory
distress syndrome,
glomerulonephritis
« Chronic:e.g.
rheumatoid arthritis,
atherosclerosis.

Genetic or acquired
defects in leukocyte
function: Recurrent
infections.

In genetic deficiency
of MPO the increased

susceptibility to infection is
due to: Inability to produce

hydroxyl-halide radicals.



Chronic granulomatous
disease (CGD) is
characterized by absence
of NADPH oxidase

and respiratory burst.
(Repeated infections by
catalase +ve organisms,
bacterial infections by
Staph aureus and fungal
due to Candida)

Q. List chemical mediators of
inflammation. Role of chemical
mediators in inflammation.
Name the cell derived mediators
of inflammation. Name the
plasma derived mediators of
inflammation.

Chemical mediators: Most
of them have short-life
span.

m Exam Preparatory Manual for Undergraduates—General and Systemic Pathology

e Susceptible to recurrent bacterial infection
e Disease named granulomatous because the initial neutrophil defense is inadequate
and there is chronic inflammatory reaction rich macrophage that tries to control
the infection. These collections of activated macrophages try to wall off the microbes,
forming aggregates called granulomas.
e Diagnosis of CGD
- Nitroblue-tetrazolium (NBT) test: This test depends on the direct reduction of NBT
by superoxide anion (O3) to form an insoluble formazan. It is positive in normal
individuals (with NADPH oxidase), but negative in CGD.
- Dihydrorhodamine (DHR) test: In this test, whole blood is stained with DHR,
incubated and stimulated to produce superoxide anion (O3). This free radical reduces
DHR to rhodamine in cells with normal NADPH oxidase.
- Cytochrome C reductase assay: This is an advanced test that quantifies the amount
of superoxide anion (O%) that can be produced by patient’s phagocytes.

2. MPO deficiency: Decreased microbial killing because of defective MPO—H,0, system.

Acquired Defects of Leukocyte Functions

Decreased production of leukocytes: e.g. bone marrow suppression (tumors, radiation,
and chemotherapy).

Defect in leukocyte adhesion and chemotaxis: e.g. diabetes, malignancy, sepsis, chronic
dialysis.

Defects in phagocytosis and microbicidal activity: e.g. leukemia, anemia, sepsis, diabetes,
malnutrition.

CHEMICAL MEDIATORS OF INFLAMMATION

Numerous chemical mediators are responsible for inflammatory reactions.

General Features of Chemical Mediators

Source of mediators: Mediators are derived either from cells or from plasma proteins
(Table 2.7).
- Cell-derived mediators:
¢ Present either as preformed molecules (e.g. histamine in mast cell granules) or are
synthesized de novo (e.g. prostaglandins, cytokines) in response to a stimulus.
+ Produced usually by platelets, neutrophils, monocytes/macrophages, and mast cells.
- Plasma-derived mediators: Produced mainly in the liver and present in the circulation
as inactive precursors, which require activation (e.g. complement proteins, kinins).
Tightly regulated actions.
Inter-related: One mediator can stimulate the release of other mediators. The secondary
mediators may have the similar, different or even opposite actions.
Most act by binding to specific receptor on target cells.
Diverse targets: Target cell type varies depending on the type of mediator. They can act on
one or few or many diverse targets, or may have different effects on different types of cells.
Short-lived: Most of these mediators have a short-lifespan.

Main mediators involved in the inflammatory reaction are listed in Table 2.7.
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- Leukotrienes C,, D,, and E,(LTC,, LTD,, LTE,) PG, : Vasoconstrictor
¢ Vasoconstriction PGD, and PGE,:
+ Bronchospasm (in asthma) Vadodilators.
+ Increased vascular permeability.

2. Lipoxins (LXs): Many anti-inflammatory
e Actions: Inhibit inflammation drugs act by inhibiting the
- Inhibit neutrophil chemotaxis and recruitment. synthesis of eicosanoids.

- Inhibit leukocyte adhesion to endothelium.
PGL,: Inhibition of platelet

Main actions of arachidonic acid metabolites (eicosanoids) involved in inflammation are aggregation (I=inhibition)

presented in Table 2.8. TXA,: Platelet aggregation
(A=aggregation).

TABLE 2.8: Main actions of arachidonic acid metabolites (eicosanoids) in inflammation

Action Arachidonic acid metabolites (Eicosanoid) Arachidonic acid
Vasodilation PGl, (prostacyclin ), PGE,, PGD, metabolites include
Increased vascular permeability Leukotrienes C,, Dy, E,4 Fer:);:)iﬁf:(ims and
Chemotaxis, leukocyte adhesion Leukotriene B,, HETE (hydroxyeicosatetraenoic acid) . Prostaglar.1dins: Cause
vasodilatation, pain and
fever in inflammation.
Platelet-activating Factor (PAF) + Leukotrienes: LC, LD,
and LE, cause increased
Action: Multiple inflammatory effects: vascular permeability
e Vascular reactions: Vasodilation and increased vascular permeability. and mucusje“et'op 'I”
. . . . . alrways, ana powerftu
¢ Cellular reactions: Increaseq leukocyte adh.es10n to e.ndot}'lehum, .chemotax1s. bronchoconstrictor and
e Others: Increases the synthesis of other mediators, mainly eicosanoids. LB, causes chemotaxis.
Reactive Oxygen Species (ROS) ROS: Cause killing of

microbes and tissue
ROS are chemically reactive oxygen-derived free radical. Normally, they are rapidly inactivated. damage.

But increased production can cause cell injury.
Cell of origin: Leukocytes (neutrophils and macrophages).
Mechanism of production: Leukocytes during phagocytosis (after exposure to microbes,
chemokines, and immune complexes) generate oxygen-derived free radicals (refer chapter 1
Figs 1.11 and 1.12).
Types: Superoxide anion (03), hydrogen peroxide (H,0,), and hydroxyl radical (*OH).
O} can combine with NO to form reactive nitrogen species (peroxynitrite ONOQO").
Actions:
¢ Physiologic function: ROS in leukocytes destroys phagocytosed microbes and necrotic
cells.
e Pathological actions:
- Endothelial cell damage, which causes increased vascular permeability
- Injury to other cells: e.g. tumor cells, parenchymal cells and red blood cells
- Inactivation of antiproteases, such as o,-antitrypsin, e.g. destruction of elastic tissues in
emphysema of lung.

Nitric Oxide (NO) NO produce vasodilatation

and kills microbes.
NOisasoluble, free radical gas which causes vasodilation (was known as endothelium-derived

relaxing factor).
Source: Many cells such as endothelial cells, macrophages and neurons in the brain.



Nitric oxide: Synthesized
from the amino acid
L-arginine.

Inhibitors of inflammation:
1. Nitric oxide (NO)
2. Lipoxins.

Cytokines are soluble
proteins that mediate
immune responses and
inflammation.

Cytokines exert their effect
by binding to specific
receptors on target cells.

Cytokines play multiple
roles in inflammation.
Causes endothelial
activation and fever.
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Fig. 2.6: Role of nitric oxide (NO) in blood vessels and macrophages. NO is produced by NO synthase enzymes. It
causes vasodilation, and NO-derived free radicals are microbicidal

Synthesis: Synthesized from L-arginine, molecular oxygen, and NADPH by the enzyme nitric
oxide synthase (NOS).

Types: 3 isoforms of NOS: Type I neuronal (nNOS), type II inducible (iNOS) and type III
endothelial (eNOS).

Action (Fig. 2.6): It acts in a paracrine manner on target cells.

e Vasodilatation by relaxing vascular smooth muscle cells.

e Controls inflammatory responses by inhibiting leukocyte recruitment and adhesion.

e Reduced platelet adhesion, aggregation and degranulation

¢ Microbicidal activity

Cytokines and Chemokines

These are polypeptides which function as mediators in immune responses and in inflamma-
tion (acute and chronic).

Source: Cytokines are secreted by many types of cell (activated lymphocytes and macrophages,
endothelial, epithelial, and connective tissue cells).

Tumor Necrosis Factor and Interleukin-1

These are the two major cytokines involved in inflammation:
Source: Activated macrophages.

Stimuli: Endotoxin and other microbial products, immune complexes, physical injury, and
many inflammatory stimuli.
Actions in inflammation (Fig. 2.7):
e Local effects:
- Endothelium: Endothelial activation and increased expression of endothelial adhesion
molecules.
- Leukocytes: TNF increases the responses of neutrophils to other stimuli (e.g. bacterial
endotoxin).
- During repair: Proliferation of fibroblasts and increased synthesis of collagen.
o Systemic effects:
- Fever
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