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Preface to the Second Edition

Rudolph Virchow (1821-1902) is the father of ‘Cellular Pathology” in terms of the dysfunction of cells. Many
pathologic observations are being published in the Textbooks and Journals by great authors across world.
Their outstanding contribution in the field of medical practice and education has been a great source of inspiration.

Second Edition of Textbook of Pathology, extensively revised, updated with recent developments as needed and
amended as per the ‘Competency-Based Medical Education Curriculum”is intended to provide undergraduate and
postgraduate medical students with clear, and concise presentation of the pathologic basis of the human disorders.

The field of pathology emerged from the application of the scientific method to study of nature, etiology, molecular
mechanism, and interrelated anatomical, functional, clinical manifestations and consequences of human diseases
through examination of blood and tissue specimens.

The description of the human disorders evolved over time from gross morphology observation to the histologic
examination of the diseased tissues based on the specific immunohistochemical stains, immunofluorescence
microscopy, immunophenotyping, fluorescence in situ hybridization, molecular diagnostics and more recently
to ultrastructural analysis of the disease with the advent of electron microscope. Thus, molecular pathology as a
discipline represents the complementary intersection of medicine and basic science discoveries and the basis for
the development of new strategies for disease prevention.

Textbook of Pathology has three sections: (i) General Pathology, (ii) Hematology including chapter on ‘Blood
Banking and Transfusion Practices’, and (iii) Systemic Pathology and Molecular Diagnostics. This textbook contains
approximately 1901 high-resolution colored figures and 1719 tables, which would complement quick revision of
the chapters. It provides comprehensive coverage of etiology, molecular pathogenesis of human disorders, clinical
manifestations, clinicopathological correlation and diagnostic approach.

Pathology is the fundamental bridging discipline linking the basic biomedical sciences to clinical medicine.
Therefore, our basic aim is for our undergraduate as well as postgraduate medical students to use their knowledge
of pathology to become scientifically grounded effective clinicians and healthcare professionals.

We hope that Textbook of Pathology will accomplish its purpose of providing medical students and researchers
with in-depth coverage of molecular basis of a wide spectrum of human disorders in the context of understanding
the molecular mechanisms of the disease and advancing the theory and practice of molecular medicine.

Author

Vinay Kamal

Email: vinaykamal@hotmail.com
Mobile: 09818001202

Co-Authors

Anubhav

Vigyat



Preface to the First Edition

he study of pathology is essential for safe clinical practice. In modern era, tremendous growth is

in progress in diagnostic pathology with recent advances in molecular methods, cytogenetics and
immunohistochemistry. Rapidly changing hematology needs integration of guidelines and diagnostic criteria
of hematological disorders.

I joined India’s premier institution in Department of Pathology, Maulana Azad Medical College,
New Delhi. I puzzled over the fact that students admitted of very high caliber still had problems in grasping
the teaching material. I interacted with students and eminent faculty members across country. I discussed
problems faced by the students in reproducing text. I analyzed their inputs and then started working on
Textbook of Pathology in 2007. The primary aim of this book is to discuss complex topics in a ‘straightforward’,
clear and organized manner.

All the chapters have been shared with the eminent teachers and young budding students across country.
Their valuable opinion on various aspects has been taken positively during drafting of the chapters to meet
the need of the young generation of pathologists. Each chapter focuses on the essentials necessary to build
a broad fundamentals backed up with numerous colored figures, gross morphology, and light microscopy
photographs, tables and flow diagrams.

I trust, you will enjoy reading this book. I have a great deal of time and energy ensuring easy grasp and
retaining the topics. I am inviting your comments, valuable suggestions and criticism.

Vinay Kamal
Email: vinaykamal@hotmail.com
Mobile: 09818001202



Foreword

It gives me great pleasure to write the Foreword for this wonderful Second Edition of Textbook of Pathology

written by Dr Vinay Kamal, Ex-Director Professor of Pathology, Maulana Azad Medical College, New
Delhi. His vast teaching experience for undergraduate and postgraduate medical students is well-known in
the corridors in the premier institution, where medical students have interacted to seek the advice.

I'have gone through many chapters of this Textbook of Pathology and find his unique teaching experience that
has been successfully transformed into wonderful method of writing and communication. Textbook abounds
with revised WHO classification of neoplasms, approximately 1901 high-resolution colored figures and 1719
tables, and molecular diagnostics that explain everything in simple language—always the best way to teach.

I'have no doubt that this Textbook of Pathology will help undergraduate and postgraduate medical students
to achieve a better understanding and create strong foundation for medical education.

Dr Venkateswaran K Iyer
Senior Professor and Head
Department of Pathology

All India Institute of Medical Sciences
New Delhi



Foreword

t is with great enthusiasm, I look forward to Second Edition of Textbook of Pathology written by

Dr Vinay Kamal, Ex-Director Professor, Maulana Azad Medical College, New Delhi. The first edition of

Textbook by him received a brilliant response from the undergraduate as well as postgraduate medical students
throughout the country.

Bringing out the Second Edition of Textbook of Pathology within a short span of time, speaks volumes about
the passion of the author to constantly update the information and share it in a presentable format to his
medical students.

All the chapters of textbook have been updated with incorporation of revised WHO classification of
neoplasms, new information on immunohistochemistry and molecular alterations. Textbook of Pathology contains
around 1901 high-resolution colored figures and 1719 tables.

Enormous effort has been put in recreating the tables with additional content, making the flowcharts and
illustrations as well as adding new and clear microphotographs. All these are the unique feature of this textbook
to enable the medical students to learn pathology in context of etiology and pathogenesis making it a valuable
source for gaining knowledge to build a solid foundation in pathology for the future doctors.

I hope the undergraduate and postgraduate medical students and teachers will benefit from the Second
Edition of Textbook of Pathology.

Dr Nita Khurana

Director Professor and Head
Department of Pathology
Maulana Azad Medical College
New Delhi



Foreword

t is my privilege to write the Foreword to Second Edition of Textbook of Pathology written by Dr Vinay Kamal,

Ex-Director Professor of Pathology, Maulana Azad Medical College, New Delhi, releasing in 2025. The author

of this Textbook of Pathology has more than three-decade long teaching experience at one of the country’s finest and
reputed medical institutes.

I had an opportunity to read the preprint of few topics, and I am immensely pleased to express that the latest
Second Edition of Textbook of Pathology is in accordance with the ‘Competency Based Medical Education Curriculum’
recommended by the National Medical Commission.

Textbook of Pathology contains around 1901 high-resolution colored figures and 1719 tables, which makes the
understanding of concepts very lucid for the undergraduate and postgraduate medical students.

Textbook of Pathology includes important topics like tissue fixatives, microscopy, frozen/cryostat section techniques,
and histochemical stains which covers the much-needed practical aspects of the subject. Topics like recent updates,
molecular pathogenesis, revised WHO classification of neoplasms, immunohistochemistry, hematology, flow
cytometry, cytogenetic study, fluorescence in situ hybridization (FISH), enzyme-linked immunosorbent assay
(ELISA), DNA sequencing, tissue microarray (TMA), high-performance liquid chromatography (HPLC), and
electrophoresis have been presented in such a way that it would help the postgraduate medical students, teaching
faculty and fellow practitioners also. Updated content on ‘Blood Transfusion” being included, makes the Textbook
of Pathology a very comprehensive read.

I wish Dr Vinay Kamal for all the success and hope that this latest Second Edition of Textbook of Pathology will
receive wide acceptance by the undergraduate and postgraduate medical students and faculty members.

Dr Srivani N

Senior Professor and Head
Department of Pathology
Government Medical College
Nalgonda, Telangana



Foreword

have known Dr Vinay Kamal, Ex-Director Professor, Department of Pathology, Maulana Azad Medical

College, New Delhi for more than two decades, and have been interacting with him on various issues of
pathology. The importance of pathology can be summarized in a quote by Great Sir Boyd “As good is your pathology,
so good will be your clinical practice.”

The undaunted association with teaching undergraduate and postgraduate medical students for more than
three decades as faculty at Maulana Azad Medical College, New Delhi, distinguishes him from many other academicians
by way of his integrated innovative approach to make the subject of pathology simple, and easy with clinico-
pathological correlation of various diseases for medical students.

It is my proud privilege to write the Foreword to Second Edition of Textbook of Pathology written by
Dr Vinay Kamal, which consists of the essence of his teaching experience in academics. This textbook contains
revised WHO classification of neoplasms, molecular pathogenesis, and chapters on Blood Banking and Transfusion
Practices and Cellular-Molecular Diagnostic Techniques in Clinical Practice. This textbook contains numerous high-
resolution colored figures, tabulated data analysis, and methodology for diagnosis of various diseases accurately.

I am confident that this Textbook of Pathology by Dr Vinay Kamal will open a whole new avenue for all students
in world of pathology, which will go long away in making undergraduate as well as postgraduate medical
students to understand pathology and its relevance, and significance in medicine. I wish great success of new
release Second Edition of Textbook of Pathology.

Dr Hansa Goswami
Senior Professor and Head
Department of Pathology
BJ Medical College
Ahmedabad, Gujarat



Foreword

I joined MAMC as a postgraduate student. He connects with the students and takes keen interest
in their learning and tries to help them out in all their personal and academic problems. A similar helpful
attitude towards staff with all help extended to them has been his nature at all times.

It is my distinct pleasure and honour to endorse the Second Edition of Textbook of Pathology written by
Dr Vinay Kamal, Ex-Director Professor, Department of Pathology, Maulana Azad Medical College, New Delhi,
whom I have known for some years and interacted on various issues of pathology.

Second Edition of Textbook of Pathology written by Dr Vinay Kamal covers various aspects of the subject in a
systematic manner. The content in this textbook is in simple language, which makes it reader-friendly and is well
illustrated by numerous gross and microscopic pictures.

The beauty of the Textbook of Pathology is that it highlights the clinicopathological correlation, diagnostic approach
and includes revised WHO classification of neoplasms. Various illustrations in the form of figures, tables, flow
diagrams and incorporation of basics of immunohistochemistry and molecular biology in this textbook provide a
comprehensive understanding to medical students in pathology. The key highlights in every section of textbook
also helps in quick revision of the topics.

I congratulate Dr Vinay Kamal for his dedication and immense passion of teaching medical students, who
will enjoy reading this textbook and understand the basic concepts along with updated knowledge in
the subject.

Dr Ranjana Solanki
Senior Professor
Department of Pathology
SMS Medical College
Jaipur, Rajasthan



Foreword

Aseasonal writer—is the most appropriate word for Dr Vinay Kamal, Ex-Director Professor, Department
of Pathology, Maulana Azad Medical College, New Delhi, which has more than three decades of teaching
experience in the premier institution.

It gives me an immense pleasure to write the Foreword to Second Edition of Textbook of Pathology with recent
updates. I have gone through many chapters penned down by him in this textbook. Nothing can be more informative
and more simplified for undergraduate as well as postgraduate medical students than this version.

Beautifully integrating numerous high-resolution colored illustrations, images, flowcharts, tables and providing
relevant knowledge in a well-structured and designed text is an art and his textbook is a perfect example of these
qualities. The contents not only include the knowledge of basic Textbook of Pathology for undergraduate students
but also integrates trivial topics of recent diagnostic techniques and advancements, and molecular and genetic
pathology for postgraduate students as well.

I congratulate Dr Vinay Kamal for having the insight to produce a novel Textbook of Pathology that allows the
undergraduate as well as postgraduate medical students of all levels to understand pathology with clinicopathological
correlation and relish it while reading it cover to cover.

I wish and hope that this splendid contribution of Dr Vinay Kamal gets the well-deserved acclamation and
applause.

Dr Reeni Malik
Senior Professor and Head
Department of Pathology
Gandhi Medical College
Bhopal, Madhya Pradesh



Foreword

have this proud privilege to write the Foreword to Second Edition of Textbook of Pathology written by

Dr Vinay Kamal, Ex-Director Professor, Department of Pathology, Maulana Azad Medical College, New Delhi.
He is a renowned Pathologist, who enjoys teaching undergraduate and postgraduate medical students and has
put in dedicated efforts to facilitate teaching—learning methods.

Textbook of Pathology is in two volumes. The first volume deals with General Pathology and Hematology including
chapter on Blood Banking and Transfusion Practices. The second volume deals with Systemic Pathology including
a chapter on Cellular-Molecular Diagnostic Techniques in Clinical Practice.

This Second Edition of Textbook of Pathology is an integration of molecular pathology and routine histopathology
and thorough in all aspects. The upcoming scientific discipline of molecular basis of disease development has been
described in a simplified yet extensively detailed manner in this textbook. Numerous high-resolution colored
illustrations are eye-catching and self-explanatory. All topics are covered comprehensively making it extremely
student friendly for undergraduate and postgraduate medical students.

I congratulate Dr Vinay Kamal for his dedication and immense passion of teaching undergraduate and
postgraduate medical students, I am confident that this splendid contribution of the author gets the well-deserved
acclamation and applause.

Dr Roma Issacs

Senior Professor

Department of Pathology

Christian Medical College and Hospital
Ludhiana, Punjab



Foreword

t gives me an immense pleasure to write the Foreword to Second Edition of Textbook of Pathology written

by Dr Vinay Kamal, Ex-Director Professor, Department of Pathology, Maulana Azad Medical College, New Delhi,

who brings out new concepts defining various learning domains for the undergraduate as well as postgraduate
medical students of pathology.

As all of us know that pathology is a very vast subject but it forms the basis for understanding the disease process.
This textbook covers all the aspects of pathology in a systemic manner. Every effort has been made to make the
subject interesting and easy to understand by using numerous well illustrated diagrams, flowcharts, tables as well
as key points placed separately in the boxes for quick revision.

An attempt has also been made to include revised WHO classification of neoplasms, recent advances in pathology,
molecular and immunohistochemical correlations in various aspects of tumor diagnosis, which are aimed at
individualized treatment.

I congratulate Dr Vinay Kamal for this new venture and wish him all the success in his future endeavors.

Dr Sunita Singh

Senior Professor and Head

Department of Pathology

Pandit Bhagwat Dayal Sharma Post Graduate
Institute of Medical Sciences

Rohtak, Haryana



Foreword

he first edition of Textbook of Pathology authored by Dr Vinay Kamal released in the year 2017, was well

appreciated by undergraduate as well as postgraduate medical scholars, and eminent faculty all over India.
Textbook of Pathology was the result of years of hard work and commitment by a professional teacher and
experienced pathologist.

I congratulate Dr Vinay Kamal, Ex-Director Professor, Department of Pathology, Maulana Azad Medical
College, New Delhi for bringing out the Second Edition of Textbook of Pathology. Keeping in line with the
recent advances in the field of pathology, the focus in this new venture is on the molecular pathogenesis of
various disorders and clinicopathological correlation. The revised WHO classification of neoplasms has been
incorporated in the discussions on various entities. Updated information on immunohistochemical markers has
also been provided.

I am sure that Second Edition of Textbook of Pathology will be of immense help to the budding undergraduate as
well as postgraduate medical students, and pathologists in reproducing their knowledge.

I wish great success to the latest endeavor by Dr Vinay Kamal.

Dr Syed Besina Yasin

Senior Professor and Head

Department of Pathology

Sher-I-Kashmir Institute of Medical Sciences
Srinagar, Jammu and Kashmir



Foreword

Dr Vinay Kamal, Ex-Director Professor, Department of Pathology, Maulana Azad Medical College, New Delhi,
is well known name in the field of pathology, who needs no introduction. He has more than three decades
of teaching experience in nation’s most prestigious institution at Maulana Azad Medical College, New Delhi.
I am delighted to know about the new release of his Second Edition of Textbook of Pathology with recent updates.

This is a very well written textbook with numerous high-resolution figures and tables which make it a handy
tool to understand the fine nuances of the subject. This textbook would make the subject interesting for both the
undergraduate as well as postgraduate medical students. Seldom we come across a thorough professional who is
also a person with a kind heart, always keen to go extra mile to help others.

I congratulate Dr Vinay Kamal all the best for new release of Textbook of Pathology. I am sure this textbook is
going to be a milestone for all the medical fraternity in the times to come.

Dr Geeta Pachori

Senior Professor and Head
Department of Pathology

Jawahar Lal Nehru Medical College
Ajmer, Rajasthan



Foreword

econd Edition of Textbook of Pathology written by Dr Vinay Kamal, Ex-Director Professor, Department of
Pathology, Maulana Azad Medical College, New Delhi, is in your hands.

Dr Vinay Kamal has worked very hard and has rewritten all the chapters of textbook incorporating most of the
contemporary knowledge and developments in the field as relevant within the scope of the book.

Many new tables, flow diagrams and illustrations have been added for easy remembrance. He has been
constantly updating the content and has made tremendous efforts to present the content in a comprehensive yet
concise style.

Revised WHO classification of neoplasms, concepts in the molecular pathogenesis, current Cellular-Molecular
Diagnostic Techniques in Clinicale Practice of pathology and diagnostic approach have been incorporated.

I am sure the textbook is going to be useful not only to undergraduate but also to postgraduate medical students,
and teachers of pathology.

Dr Rajeev Sen

Senior Professor and Head

Department of Pathology

Faculty of Medicine and Health Sciences
SGT University

Gurugram, Haryana



Foreword

Ever since the first edition of Textbook of Pathology by Dr Vinay Kamal was released in the year 2017, the author
started working on its new edition as the book became so popular in just a couple of months that most of the

undergraduate and postgraduate medical students, as well as faculty in pathology across the country procured this
book for personal use and for the library of their institutions. This was due to numerous qualities of the textbook such
as unique presentation, topics discussed in a simple, clear, and well-organized manner backed up with numerous
colored figures, photographs of gross and microscopic lesions, tables, and diagrams along with the recent updates.

Second Edition of Textbook of Pathology by Dr Vinay Kamal, Ex-Director Professor, Department of Pathology,
Maulana Azad Medical College, New Delhi, is releasing in 2025. In this textbook, all the chapters have been
updated with incorporation of revised WHO classification of neoplasms, etiopathogenesis of the disease, clinical
manifestations, clinicopathological correlation, and molecular diagnostics.

Textbook of Pathology contains around 1901 high-resolution colored figures, 1719 tables, chapters on Blood Banking
and Transfusion Practices and Cellular-Molecular Diagnostic Techniques in Clinical Practice. All the chapters have
been shared with eminent teachers and young budding residents across the country and their opinions have been
given due weightage during drafting of the chapters.

While going through the chapters, the Author’s honest, hard, and intelligent work is clearly felt by the reader.
The book is designed to provide accurate, authoritative, and most current information and thus meets the need of
the young generation of pathologists.

Dr Vinay Kamal’s heart always beats for every medical student. I congratulate Dr Vinay Kamal on the Second
Edition of Textbook of Pathology and wish good luck in his future endeavors.

Dr Kuldeep Kumar Kaul
Medical Advisor

J and K Thalassaemia Welfare Society
Former Professor and Head
Department of Pathology
Government Medical College
Jammu, Jammu and Kashmir



Foreword

t is indeed a pleasure and honour to write the Foreword to Second Edition of Textbook of Pathology written
by Dr Vinay Kamal, Ex-Director Professor, Department of Pathology, Maulana Azad Medical College,
New Delhi. The book is an excellent compilation of knowledge of pathology in a very organized manner.

I have been associated with Dr Vinay Kamal for the last fifteen years and had the opportunity to review many
of the chapters in this textbook. All the chapters in this new release Textbook of Pathology, have been updated with
recent advances with strong emphasis on molecular pathogenesis, immunohistochemistry, flow cytometry and other
molecular techniques. The book is easy to read and comprehend and shall prove student-friendly for undergraduate
as well as postgraduate medical students.

I wish all the best to Dr Vinay Kamal for success of Second Edition of Textbook of Pathology and sincerely hope
that he will keep on contributing more to the knowledge of medical students.

Dr Subhash Chander Bhardwaj
Senior Professor and Head

Department of Pathology

Government Medical College

Jammu, Jammu and Kashmir



Foreword

Books are the best to windows of the world as they are best source to gain knowledge and discipline. Pathology

is the scientific study of the diseases. I have known Dr Vinay Kamal, Ex-Director Professor, Department of
Pathology, Maulana Azad Medical College, New Delhi for many years by reading an excellent Textbook of Pathology
authored by him in the year 2017.

It is my pleasure, and an honour to write the Foreword for the Second Edition of Textbook of Pathology by
Dr Vinay Kamal releasing in 2025. The only thing that surpasses his knowledge is his humility about
capabilities.

Textbook of Pathology contains around 1901 high-resolution colored figures and 1719 tables with recent updates
including revised WHO classifications of neoplasms, molecular pathogenesis, immunohistochemistry, flow
cytometry and molecular diagnostic techniques. This textbook contains two chapters on Cellular-Molecular
Diagnostic Techniques in Clinical Practice and Blood Banking and Transfusion Practices.

Undergraduate and postgraduate medical students seeking a resource should consider Second Edition of
Textbook of Pathology written by Dr Vinay Kamal. I congratulate Dr Vinay Kamal for grand success of the textbook
releasing in 2025.

Dr Soumitra Biswas

Senior Professor and Head
Department of Pathology

Calcutta National Medical College
Kolkata, West Bengal



Foreword

he influence of a good teacher can never be erased. Dr Vinay Kamal, Ex-Director Professor, Department of
Pathology, Maulana Azad Medical College, New Delhi, besides being a dedicated teacher and pathologist par
excellence, is an awakener.

It is my proud privilege and I feel honored to be given an opportunity to write the Foreword to Second Edition
of Textbook of Pathology. All the chapters of the book have recent updates including molecular pathogenesis.
Many features such as revised WHO classification of neoplasms, immunohistochemistry, microscopy, histochemical
stains, flow cytometric analysis, cytogenetic study, fluorescence in situ hybridization, enzyme-linked immunosorbent
assay, DNA sequencing and tissue microarray.

This textbook contains around 1901 high-resolution colored figures and 1719 tables that will help undergraduate
and postgraduate medical students to understand pathology of diseases and their clinicopathological correlation.

I convey my heartfelt appreciation for the untiring efforts and the hard work done by Dr Vinay Kamal for
conceptualizing and executing his work. This new release Textbook of Pathology is a great boon to the undergraduate
and postgraduate medical students, and will enjoy reading this book.

I wish Dr Vinay Kamal a grand success in his endeavor and happy to release this Second Edition of Textbook of
Pathology.

Dr Pranita Medhi

Senior Professor and Head
Department of Pathology

Assam Medical College and Hospital
Dibrugarh, Assam



Foreword

I am privileged to write the Foreword to Second Edition of Textbook of Pathology written by a well experienced and
excellent talented teacher Dr Vinay Kamal, Ex-Director Professor, Maulana Azad Medical College, New Delhi.

Textbook of Pathology contains 1901 high-resolution colored images, 1719 tables, chapters on ‘Cellular—
Molecular Diagnostic Techniques in Clinical Practice” which makes the understanding of concepts very lucid for
the undergraduate and postgraduate medical students, which make the book unique.

The author has meticulously considered valuable suggestions and criticism after thorough discussions with
many subject experts in upgradation of this Second Edition of Textbook of Pathology. Inclusion of recent advances
in diagnostic pathology, cytogenetics, molecular pathology, and immunohistochemistry are the added advantages
of the textbook. Recently revised WHO classification of neoplasms has also been included in the book. All the
chapters of textbook are written, and edited with recent updates.

I am sure this Textbook of Pathology will prove to be an asset for undergraduate and postgraduate medical
students in view of the ‘Competency Based Medical Education” implemented by National Medical Commission.
Salient features given in the boxes will help the medical students in quick revision of the course prior to their
formative and summative assessments.

I wish Dr Vinay Kamal all the best in his endeavor.

Dr Naval Kishore Bajaj
Senior Professor and Head
Department of Pathology
Osmania Medical College
Hyderabad, Telangana
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Cellular Pathology and
Biology of Aging

| Vinay Kamal, Anubhav and Vigyat \

LEARNING OBJECTIVES

CELL UNIT OF LIFE AND INTRODUCTION TO
PATHOLOGY

Cell unit of life
Introduction to pathology

CELLULAR RESPONSE TO STRESS AND
HARMFUL STIMULI

Cellular adaptations

Cell injury

* Reversible cell injury
e lrreversible cell injury
Metabolic derangements

 Calcium influx and impaired calcium homeostasis

* Reactive oxygen species production induced
by cell stressors

 Defects in permeability of plasma membrane
and cell organelles

* Rough endoplasmic reticulum disruption

» Cytoskeleton disruption

* Genetic apparatus disruption

Morphologic patterns of necrosis

* (Coagulative necrosis

« Liquefactive necrosis

* (Caseous necrosis

 Fat necrosis

* Gangrene

« Fibrinoid necrosis

CHAPTER

= Morphologic and biochemical changes in

apoptotic cells

» Histologic changes

* Ultrastructural changes

* Biochemical changes

Apoptosis in health

* Apoptosis during embryogenesis

* Apoptosis during adult life

Apoptosis in diseases

* Apoptosis induced by viruses

» Neuronal apoptosis and formation of red neurons
in brain

» Keratinocyte apoptosis in epidermis

* Apoptosis of neutrophils in acute inflammation

* Apoptosis of parenchymal organ’s cells due to

CELLULAR ADAPTATIONS . obstruction in ducts
; * Gummatous necrosis « Apoptosis of cells with damaged DNA
| U * Subcutaneous necrosis in newborn * Apoptosis of cells with accumulated misfolded
: R%/r%%ﬁyphy = Zenker’s necrosis in skeletal muscle proteins
= Metaplasia * Postmortem autolysis * Apoptosis of cancer stem cells
= Dysplasia = QOutcome of necrosis Laboratory diagnosis
. * Complete resolution Light microscopy

Reduction in size of organs in other pathologic
processes

CELL INJURY AND CELL DEATH: OVERVIEW

Causes of cell injury and cell death
 Oxidative stress/hypoxia-induced cell injury

 Injured tissue repair by fibrosis
 Dystrophic calcification
* Resorption of necrotic tissue

REGULATED CELL DEATH (RCD)

Mitochondrial permeability transition pore driven

Electron microscopy
Electrophoresis

Flow cytometry

TUNEL assay
Immunohistochemistry

* |schemia-reperfusion-induced cell injury
» Pathogen-induced cell injury

* Physical agents induced cell injury

* Chemical agents induced cell injury
 Drug-induced cell injury

INTRACELLULAR ACCUMULATION OF
SUBSTANCES

= Lipid accumulation
 Triglyceride accumulation inducing fatty change
in liver
 Cholesterol and its esters accumulation inducing
atherosclerosis, xanthomas and gallbladder

Necrosis
= Apoptosis
= Necroptosis
= Pyroptosis
= Ferroptosis
PATHOPHYSIOLOGY OF CELL INJURY, = Autophagy

MORPHOLOGIC PATTERNS AND OUTCOME = Lysosomal-dependent cell death cholesterolosis
OF NECROSIS APOPTOSIS = Glycogen accumulation
= Reversible cell injury - T " * Glycogen storage diseases: types 1to 10
o ) pathways of apoptosis : !
. = Prot lat
DS AT OO ) [ OE0i17 » Extrinsic death receptor pathway of apoptosis . rotein aceumuation

Increased protein droplets reabsorption in the
proximal renal tubule in renal disease with
proteinuria

Increased protein production by plasma cells
forming Russell bodies

Accumulation of cytoskeleton proteins
o,-Antitrypsin protein accumulation

Plasma membrane Na*/K* pump failure
Plasma membrane calcium pump failure
Plasma membrane bleb formation

* Myelin figures
= [rreversible cell injury (cell death)

» ATP depletion in mitochondria

e Mitochondrial damage

* Intrinsic mitochondrial pathway of apoptosis
* (CD8+ cytotoxic T cells/NK cells (granzyme B/
perforin) mediated pathway of apoptosis .
= Family of cysteine proteins ‘caspases’
* Initiator/inducer caspases .
» Executioner/effector caspases °
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= Pigment accumulation
* Endogenous pigments
= Lipofuscin pigment
= Melanin pigment
= Bilirubin pigment
= Hemosiderin pigment
= Hematin pigment
= Homogentisic acid pigment
= Hamazaki-Wesenberg bodies
» Exogenous pigments
= Coal pigment
= Tattoo ink pigment

= Dystrophic calcification
= Metastatic calcification

= DNA damage theory of aging

EXTRACELLULAR ACCUMULATION OF SUBSTANCES -

= |ntracellular and extracellular hyaline change

= Aggregation of misfolded proteins (amyloidosis)
= Fibrinoid necrosis of arterioles

= Hyalinization of glomenular basement membrane
= Dysgenetic hyalinization in seminiferous tubules .

PATHOLOGIC CALCIFICATION

= Pulmonary alveolar microlithiasis (PAM)
CELLULAR BIOLOGY OF AGING

Cellular senescence
» Telomere attrition
 Activation of tumor suppressor genes
= (Oxygen-derived free radicals theory linked to
cellular aging
Defective protein homeostasis and cellular aging
= Genetic disorders linked to premature aging
* Hutchinson-Gilford progeria syndrome
* Werner syndrome
» Cockayne’s syndrome (Weber-Cockayne’s syn-
drome or Neill-Dingwall syndrome)
= Mammalian sirtuin system
« Sirtuins in health and disease

CELL UNIT OF LIFE AND INTRODUCTION TO PATHOLOGY

Cellis defined as the most basic structural and functional
unit of life. Normal cells handle physiological demands
and maintains a steady state called homeostasis. More
severe physiologic stresses stimuli may bring about
a number of physiologic and morphologic cellular
adaptations, during which new but altered steady states
are achieved, preserving the viability of the cell. The
adaptive response may consist of an increase in the size
of the individual cell called hypertrophy and increase
in the number of cells called hyperplasia. Conversely,
atrophy is an adaptive response in which there is
decrease in the size and function of cells.

CELL UNIT OF LIFE

Cell consists of cell membrane (plasma membrane),
the nucleus and cytoplasm. The cell membrane is
a phospholipid bilayer containing many different
molecular components, including proteins and
cholesterol, some with carbohydrate groups attached.
A phospholipid molecule consists of a polar phosphate
“head,” which is hydrophilic and a nonpolar lipid “tail,”
which is hydrophobic. Unsaturated fatty acids result in
links in the hydrophobic tails.
= The lipid bilayer provides the basic structure and
serves as a relatively impermeable barrier to most
water-soluble substances. Transmembrane proteins
that span the phospholipid bilayer of cell membranes
serve a variety of structural, transport, signaling and
enzymatic functions.
= Cytoplasm is internal material between the cell
membrane and nucleus of a cell. It consists of a clear,
semi-fluid, water-based fluid called cytosol, within
which are all specialized membrane-bound cell
organelles (mitochondria and lysosomes) in the cell
and cellular solute and suspended materials. Each
organelle has its specific function, that is essential
for cell survival.

The cytoskeleton in cell is formed by rod-like
proteins that support the cell’s shape and provide
other functions, locomotive abilities. Cytoskeleton
consists of microtubules, microfilaments, and
intermediate filaments, which plays an important role
in maintaining cell shape and structure, in promoting
cellular movement, and aiding cell division.

Mitochondria are the energy-conversion factories of

the cell. Mitochondrion, one of the cellular organelles,

is bound by a double lipid bilayer membrane that
functions primarily in the production of cellular
energy (ATP).

The endoplasmic reticulum (ER) is a winding network

of thin interconnected membranous sacs found in

close association with the cell nucleus.

The smooth and rough endoplasmic reticula are very

different in appearance and function.

* Rough ER is studded with numerous ribosomes,
which are sites of protein synthesis. Smooth
endoplasmic reticulum is formed by a series of
flattened, membrane-bound sacs that functions
in protein modification, tagging, packaging, and
transport within the other areas of cytoplasm.
Some of these products are exported from the cell
through exocytosis.

* Enzymatic proteins are packaged and sent for fusion
with existing lysosomes. Lysosomes and memb-
rane-bound cellular organelles are originating
from the Golgi apparatus and containing digestive
enzymes.

e Smooth ER synthesizes phospholipids, steroid
hormones, regulates the concentration of cellular
Ca**, metabolizes some carbohydrates, and breaks
down certain toxins.

Peroxisome is a small membrane-bound organelle

in the cytoplasm of many cells, which contains the

reducing enzyme catalase and some oxidase for
detoxifying harmful substances and lipid synthesis.
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= The centrosome contains the small replicating
organelle ‘centriole” that provides the origin for
microtubule growth and moves DNA during cell
division.

= Thenuclear envelope, a double membrane, surround-
ing the nucleus contains nuclear pores that control
the movement of substances into and out of the
nucleoplasm.

= Human DNA is described as a double helix that
resembles a molecular spiral staircase. DNA has
an antiparallel configuration with one strand
arranged 5’ to 3’ in one direction and the other
strand in the opposite direction. A purine is
bound to pyrimidine by the hydrogen bonds:
adenine:thymine and guanine:cytosine. The
double helix of DNA is the result of bonds in the
sugar-phosphate backbone. DNA is organized
around histone proteins into nucleosomes, which
are compacted and progressively coiled and finally
supercoiled into 46 chromosomes. DNA is inactive in
the coiled form and must be uncoiled for biological
processes such as transcription and translation into
proteins. The dense nucleolus is the site of ribosome
production. The nucleus of a eukaryotic cell directs
the cell’s activities and stores DNA.

Pathology Pearls: Conditions Associated with
Alteration in Cell Organelles

= Certain conditions are associated with alterations in cell
organelles (lysosomes, smooth endoplasmic reticulum, and
mitochondria) or the cytoskeleton.
= Lysosomal catabolism occurs by heterophagy or autophagy
= Smooth endoplasmic reticulum hypertrophy occurs due to
induction of drug tolerance to barbiturates and alcohol
Mitochondrial defects (number, size and shape)
Cytoskeleton defects (phagocytosis and locomotion)
Nucleus (pyknosis, karyorrhexis and karyolysis)
Membranes (plasma membrane and subcellular membrane
such as endoplasmic reticulum)

CELL ADHESION MOLECULES (CAMs)

Cell adhesion molecules are transmembrane-linked
glycoproteins that mediate connections between cells or
the attachment of cells to basement membrane. There are
at least six groups of cell adhesion molecules: selectins,
integrins, cadherins, members of immunoglobulin
superfamily, mucins and lymphocyte homing receptors
(CD44). Cell adhesion receptors enable cells to recognize
and bind cell adhesion molecules on other cells or
in the extracellular matrix. Cell adhesion receptors
form homophilic adhesions (cadherin-cadherin)
or heterophilic adhesions between different types
of molecules (selectin-mucin). Major family of cell
adhesion molecules (CAMs) is given in Table 1.1.

(210000 Major family of cell adhesion molecules (CAMs) \

Selectins (calcium-dependent)

Integrins (calcium-dependent)

Cadherins (calcium-dependent)

Members of immunoglobulin superfamily (calcium-dependent)
Lymphocyte homing receptor (CD44) (calcium-dependent)

Selectins

The selectins are a family of carbohydrate-binding
transmembrane molecules found on the surface of
endothelial cells, leukocytes and platelets. Members of
selectin family include endothelial selectin (E-selectin),
leukocyte selectin (L-selectin) and platelet selectin
(P-selectin). E-selectin adheres to integrins, P-selectin
interacts with platelets, and L-selectin interacts with
leukocytes. Selectins mediate the adhesion of white
blood cells and platelets to endothelial cells. In collabo-
ration with other CAM families, selectins play important
roles in leukocyte trafficking to the sites of inflammation.

Integrins

Integrins are the principal cell surface receptors that
function mechanically by binding the cell microfilament
(actin) of cytoskeleton to the extracellular matrix (ECM).
The integrin family of proteins consists of o and 8
subtypes, which form transmembrane heterodimers.
Integrins are responsible for transduction of external
signals to the cytoskeleton.

Cadherins

Cadherins are calcium-dependent transmembrane
proteins that constitute the major intercellular link
at adherens junctions and bind to catenin and other
proteins inside cell to link to the microfilament (actin) of
the cytoskeleton. Different members of cadherin family
are found in different locations: E-cadherin (epithelial
cells), N-cadherin (neurons) and P-cadherin (placenta).
Cadherins form homophilic adhesions (cadherin-
cadherin). Failure of cadherin mediated cell-to-cell adhe-
sion cascade is observed in breast lobular carcinoma.

Members of Inmunoglobulin Superfamily CAMs

The immunoglobulin superfamily CAMs are calcium-
independent transmembrane. Members of immuno-
globulin superfamily include intercellular adhesion
molecule (ICAM), vascular adhesion molecule 1
(VCAM-1), neural cell adhesion molecule (NCAM), and
platelet endothelial cell adhesion molecule 1 (PECAM 1
or CD31). Nectins have been recently identified as
new calcium-independent CAMs consisting of four
members.
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= Each immunoglobulin superfamily CAM has an
extracellular domain, which contains several Ig-like
intra-chain disulphide-bonded loops with conserved
cysteine residues, a transmembrane domain, and
an intracellular domain that interacts with the
cytoskeleton.

= Immunoglobulin superfamily CAMs function by
both homophilic and heterophilic binding. These
are involved in recognition, binding or adhesion
processes of cells.

Lymphocyte Homing Receptors

Lymphocyte homing receptor (CD44) is involved in
lymphocyte adhesion to endothelial cells of venules
and lymphocyte exit from the blood circulation. It may
also be involved in hematogenous dissemination of
malignant lymphoma.

CELL JUNCTIONS

At molecular level, intercellular junctions consist of

three multiprotein components which differ depending

on the type of junctions: transmembrane adhesion

protein, cytoplasmic adapter protein and cytoskeleton

proteins.

= Five types of cellular junctions are present between
the epithelial cells: tight junctions (zona occludens),
adherent junctions (zona adherens), desmosomes
(macula adherens), gap junctions and hemides-
mosomes.

= Cell junctions provide contact between neighboring
cells or between a cell and the extracellular matrix.
They also build up the paracellular barrier of epithelia
and control the paracellular transport. Functional
classification of cell junctions is given in Table 1.2.

1zl 74 Functional classification of cell junctions \

Occluding Junctions
Tight junctions (zona occludens)
Anchoring Junctions

= |ntermediate filament attachment sites

e Desmosomes (cell-to-cell junction)

e Hemidesmosomes (cell-extracellular matrix junction)
= Actin filament attachment sites

e Zonula adherens (cell-to-cell junctions)

e Focal adhesions (cell-extracellular matrix junction)

Communicating Junctions
Gap junctions
Signal Relaying Junctions

= Chemical synapses in the nervous system
= [mmunological synapses in the immune system
= Transmembrane ligand-receptor cell-to-cell signaling contacts

Zona Occludens (Tight Junctions)

Zona occludens is a membrane protein complex
composed of occludens and claudins, which are attached
to three proteins called ZO1, ZO2 and ZO3, which help
in holding occludens and claudins properly in their
positions. Occludens and claudins exit cell membrane
and interact with each other and seal the surface of two
adjacent cells. Zona occludens is present in the lateral
surfaces of epithelial cells, which prevents floating of
protein channels from apical surface to basal surface.
Zona occludens regulates fluid movement through
paracellular route.

Zonula Adherens (Cell-to-Cell Junctions)

Zonula adherens is a cell-to-cell adherens junction that
forms a belt in the apical most region of the lateral cell
surface of many epithelia.

Desmosomes

Desmosomes are specialized adhesive proteins that
localize intercellular junctions of epithelia and cardiac
muscle. Desmosomes resist mechanical stress and
maintain the mechanical integrity of tissues.

Hemidesmosomes

Hemidesmosomes are the only cellular junctions present
on the basal surface of the epithelium, which link the
cell to the basal lamina and through integrin attaches to
extracellular matrix. Intermediate filaments are present
inside hemidesmosomes.

Gap Junction Channels

Gap junction channels are formed by docking of two
connexons, that are present at cell-to-cell appositions.
Gap junction channels are responsible for direct inter-
cellular transfer of ions and small molecules including
propagation of inositol triphosphate-dependent calcium
waves.

Signal Relaying Junctions

Chemical synapses are specialized junctions through
which neurons signal to each other and to non-neuronal
cells such as those in the glands and muscles. Chemical
synapses allow neurons to form circuits within the
central nervous system. Their key feature is the presence
of synaptic vesicles at presynaptic terminals, which are
filled with one or more neurotransmitters, which act as
messengers between the communicating neurons.

CYTOSKELETON

Cytoskeleton of a cell represents network of protein
filaments in the cytosol that maintains cell shape, cell
movement, cell division, intracellular organization and
intracellular transport of organelles and molecules.



- Cellular Pathology and Biology of Aging

= There are three main components of the cytoskeleton:

= Chédiak-Higashi syndrome: It is autosomal recessive

microtubules, n}lcr(’fﬂaments ?md intermediate fila- disorder due to defect in the assembly (polymerization)
ments, along with other proteins that support these of microtubules in the cytoplasm. It is characterized by
components. All three components of cytoskeleton defective degranulation of neutrophils, impaired microbial
interact with each other noncovalently. killing, and recurrent Staphylococcus aureus bacterial
= Cytoskeleton helps cells in maintaining their infections forming soft tissue abscess. This disorder results
shape and internal organization, and also provides from a mutation in the ‘LYST gene’ on chromosome 1q42
mechanical support that enables cells to perform that encodes a protein for microtubules involved in intra-
essential functions like cell division and cell move- cellular trafficking of proteins.
ISTILZIIZOI;IYPOXK injury may cause damage to cyto- | pisorders of Intermediate Filaments
= Blebs are observed on cell surface, most likely caused = Mallory hyaline: In chronic alcoholic persons, Mallory hyaline
by disorderly function of the cellular cytoskeleton. Qemonstrated in hep_atocytes. Itis an example of intermediate
Components of cytoskeleton, their arrangement, filaments (cytokeratins) abnormality.
functions and disorders are given in Table 1.3. = o,-Antitrypsin deficiency: Structurally abnormal o,-anti-

trypsin molecules accumulate in the liver.

Pathology Pearls: Disorders of Cytoskeleton = Parkinson disease: a-Synuclein accumulates in neurons in

TR e R the substantia nigra of patients with Parkinson disease.

The membrane skeleton composed of spectrin, actin, and . .
protein provides structural integrity to the cell membrane of red Microfilaments

blood cells. Congenital spherocytosis, an autosomal dominant Microfilaments or actin filaments (6—-8 nm) are the
disease, is an example of a defect in spectrin resulting in a thinnest, linear and strong filaments of the cytoskeleton;
hemolytic anemia. predominantly of a contractile protein called actin sub-
Disorders of Microtubules units. These are protein filaments primarily composed
of polymers of actin and found in the cytoplasm of
eukaryotic cells, which interact with numerous other
proteins in the cell.

= Male sterility: Defects in microtubules inhibit sperm motility
results in sterility.

= Kartagener’s syndrome (immotile cilia syndrome): It refers
to immobilization of cilia of respiratory epithelium causes = Microfilaments are intimately involved in many

interference of clearance of pathogens resulting in bronchi-
ectasis.

= Dysfunctional leukocytes: Colchicine drug used in acute
attacks of gout binds to tubulin and prevents the assembly

plasma and internal membrane functions. Functions
of microfilaments include cytokinesis, cell motility,
amoeboid movement leukocytes, changes in cell
shape, endocytosis (phagocytosis) and exocytosis,

of microtubules, thus prevents migration and phagocytosis cell contractility, transmembrane signaling and
of leukocytes in response to urate crystals. mechanical stability.

121115051 Components of cytoskeleton, their arrangement, functions and disorders

Cytoskeleton Componen Size m

Microfilaments

8 nm Microfilaments thin, twisted Movement of pigment granules Impairment of leukocytes
strands of protein molecules

Microtubules

25nm Microtubules hollow, tough and | = Maintenance of shape of cells, intra- | = Male sterility
durable fibers have spiral arrange- | cellular transport, movement of | = Kartagener’s syndrome
ment of protein subunits organelles and chromosomes -

Dysfunctional leukocytes

= Golchicine drug disrupts micro- Chédiak'HigaShisyndrome

tubules hence impairs movement of
chromosomes

8-10 nm Intermediate filaments are thick | In most of the cells, intermediate fila-
hollow tubes, twisted protein | ments are forming a basket around
strands (e.g. keratin, glial fila- | the nucleus and present in cell-to-cell
ments, desmin and vimentin) junction

Mallory’s hyaline
a.,-Antitrypsin deficiency
Parkinson disease
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= Microfilaments in leukocytes participate in leukocytic
movement and phagocytosis. Phalloidin toxin
(Amanita phalloides) inhibit actin filaments resulting
in disruption of phagocytic activity of the cells.

Wiskott-Aldrich Syndrome

Wiskott-Aldrich syndrome protein (WASp) regulates

remodeling of actin filaments of cytoskeleton to

regulate cell movement, cell signaling and cell

division.

= Abnormality of microfilaments is linked to Wiskott-
Aldrich syndrome, a X-linked recessive immuno-
deficiency disorder characterized by recurrent
bacterial sinopulmonary infections, eczema (atopic-
like), platelet dysfunction (thrombocytopenia),
bloody diarrhea (secondary to low platelet count)
and T cell defect.

= Wiskott-Aldrich syndrome is treated with stem cell
transplant by using bone marrow, peripheral blood
or umbilical cord blood from a healthy suitably tissue
matched donor.

Microtubules

Microtubules are the major components of the cyto-
skeleton and formed by the polymerization of a dimer
of two globular proteins, tubulin o and B subunits,
assembled into linear protofilaments that can then
associate laterally to form hollow tubes, the micro-
tubules with a diameter of 20-25 nm.

= Microtubules are capable of undergoing rapid
assembly and disassembly in the cytosol. Microtubules
function in maintenance of cell shape, intracellular
organelle motility, structural support, keeping cell
organelles in place and chromosome segregation
during cell division (mitosis and meiosis, i.e. move-
ment of chromosomes and creation of the mitotic
spindle).

= Microtubules are essential for leukocytic migration
and phagocytosis. Cytochalasin B drug prevents the
assembly of microtubules also results in disruption
of phagocytic activity of the cells.

= Microtubule abnormalities are linked to male sterility,
Kartagener’s syndrome (immotile cilia syndrome),
dysfunctional leukocytes and Chédiak-Higashi
syndrome (defective degranulation of neutrophils,
impaired microbial killing).

= Male infertility can be caused by low sperm
production, abnormal sperm function or blockages
that prevent the delivery of the sperm. A sperm
(spermatozoon) has three parts: head, neck, midpiece
and tail (exoneme).

Clinical Pearls: Structure of Spermatozoon

= Head of spermatozoon: The head of the sperm contains
nucleus with haploid number of chromosomes, that holds
DNA of the cell. The head also contains numerous enzymes
such as hyaluronidase, corona penetrating enzyme and zona
lysine (acrosin) collectively called ‘spermatolysins’, which
help the sperm breakthrough the cell membrane of ovarian
ovum.

= Neck of spermatozoon: Neck of the sperm contains proximal
and distal centrioles that form the cilium of the sperm. And
after fertilization form the major microtubule-organizing
center of the zygote.

= Midpiece of spermatozoon: Midpiece of the sperm contains
mitochondria.

= Tail of spermatozoon: The structure of tail (exoneme) of
sperm consists of 9+2 microtubules, molecular motors
(flagellar dyneins), and their regulatory linker proteins.
Microtubules are the prime component of the cytoskeleton,
which are vital for organelle transport and cellular division
during spermatogenesis, sperm motility and functional
capacity of sperm. Tail (exoneme) of the sperm is well
preserved. Defects in the microtubules in axonemal structure
cause defects in sperm abnormality (teratozoospermia,
oligospermia, oligozoospermia, asthenozoospermia or
even azoospermia), sperm motility and often leads to male
infertility.

Kartagener’s Syndrome (Immotile Cilia Syndrome)

Kartagener’s syndrome, also called immaotile cilia syn-
drome, is an autosomal recessive ciliary microtubule
associated disorder and characterized by triad of situs
inversus, chronic sinusitis and bronchiectasis. The
basic defect lies in the defective movement of cilia lining
nose, paranasal sinuses, and bronchus. Eustachian
tube and fallopian tube that cause interference of
clearance of pathogens leading to recurrent infections
of upper respiratory tract, otitis media and infertility.
These patients are treated with colchicine drug.

Dysfunctional Leukocytes

Gout is caused by excessive uric acid in blood resulting
from breakdown of purine. Defective metabolism of
uric acid causes arthritis especially of smaller bones of
the feet, due to deposition of uric acid crystals. Gout
is characterized by sudden, severe episodes of acute
pain, swelling and tenderness in the small joints, often
at the base of the big toe resulting from dysfunctional
leukocytes due to microtubule defects.
= Colchicine drug works by decreasing swelling and
lessening the buildup of uric acid crystals that cause
severe acute pain in the affected joints. Colchicine is
a classical antimitotic drug which blocks mitotic cells
in metaphase.
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= Colchicine binds to tightly to ends of unpolymerized
tubulin and forms a colchicine-tubulin complex
resulting in inhibition of microtubule polymerization
essential for cell mitosis.

= Colchicine may enhance activation, migration and
phagocytic activity of neutrophils to the site of
inflammation in response urate crystals.

Chédiak-Higashi Syndrome

Chédiak-Higashi syndrome is an autosomal recessive

disorder caused by mutation in the ‘LYST gene’” on

chromosome 1g42 that encodes a protein essential for

assembly of microtubules in neutrophils.

= Defect in assembly of microtubules in neutrophils
results in impaired chemotaxis, defective degranu-
lation of neutrophils, impaired microbial killing, and
recurrent Staphylococcus aureus bacterial infections
forming soft tissue abscess with fatal outcome.

= Neutrophils contain giant granules due to aberrant
organelles. Accelerated phase of the syndrome results
in fatal outcome due to multiorgan failure in 85% of
cases.

Intermediate Filaments

Intermediate filaments are composed of a variety of

proteins. These are 8-10 nm diamtere filaments highly

stable cytoskeletal component expressed in different

types of cells. Examples of intermediate filaments are

keratin, microfilaments, glial filaments, desmin and

vimentin. Inmunochemical stains utilizing monoclonal

antibodies against individual intermediate filaments

(e.g. desmin to identify muscle) are useful in identifying

the origin of neoplasms.

= The most important function of intermediate fila-
ments is to provide mechanical support for the
plasma membrane where it comes in contact with
other cells and extracellular matrix for maintenance
of cell shape.

= Unlike microtubules and microfilaments, intermediate
filaments do not participate in cell motility.

= Abnormalities of intermediate filaments are linked
to Mallory hyaline formation in liver diseases,
accumulation of a-synuclein in neurons in the
substantia nigra in Parkinson disease, and other
diseases like epidermolysis bullosa simplex (EBS)
and desmin myopathy.

Mallory Hyaline (Mallory-Denk Body)

In histopathology, Mallory hyaline also known as
Mallory-Denk body or Mallory body, is an irregular
eosinophilic intracytoplasmic inclusion, that repre-
sents aggregates of intermediate filaments (cyto-
keratins 8 and 18). The cytokeratins form a filamentous

z0s el Liver disorders associated with Mallory-Denk bodies

Alcoholic liver disease

Biliary atresia

Extrahepatic bile duct obstruction
Primary biliary cirrhosis

Primary sclerosing cholangitis
a.,-Antitrypsin deficiency
Abetalipoproteinemia

Hepatic adenomatosis in glycogen storage disease type 1a (von
Gierke disease)

Wilson disease

Ethanol-induced hepatocellular injury
Amiodarone-induced hepatocellular injury
Indian childhood cirrhosis

Nonalcoholic steatohepatitis

Hepatic adenoma

Hepatocellular carcinoma

Focal nodular hyperplasia of liver

support within the hepatocytes. Liver disorders asso-
ciated with Mallory-Denk bodies in hepatocytes are
given in Table 1.4.

Neuronal Intermediate Filaments Related
Neurodegenerative Diseases

Neuronal intermediate filaments (NIFs) are most
abundant cytoskeleton component in mature neurons.
These are composed of different protein units encoded
by separate genes such as neurofilament light chain
(NFL), neurofilament medium chain (NFM), neurofila-
ment heavy chain (NFH), a-internexin and peripherin.
= Neuronal intermediate filament proteins give cells
shape, determine axonal caliber, which control signal
conduction, and regulate the transport of synaptic
vesicles and modulate synaptic plasticity by binding
to neurotransmitter receptors.
= Mutations in genes encoding neuronal intermediate
filaments result in their aggregation in neurons
responsible for neurodegenerative diseases such
as Parkinson’s disease, Alzheimer’s disease, amyo-
trophic lateral sclerosis, Charcot-Marie-Tooth disease,
dementia with Lewy bodies and giant axonal
neuropathy.
 Parkinson disease: a-Synuclein is normally wavy-
like presynaptic neuronal protein. In Parkinson
disease, a-synuclein protein misfolds and forms
toxic aggregates, which damage neurons in the part
of the brain called the substantia nigra. Normally,
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neurons in this part of brain are responsible
for production of a chemical called dopamine.
Neuronal damage in this part of brain results in
reduction of dopamine production. An antibody
that binds the misfolded a-synuclein can be used
to intercept the protein as it passes between
neurons.

Alzheimer’s disease: It is a neurodegenerative
disorder characterized by brain pathology of
intracellular neurofibrillary tangles made of
hyperphosphorylated R-protein and extracellular
amyloid plaques present in cortical and limbic areas
of human brain. It is characterized by memory loss
and progressive neurocognitive dysfunction.
Amyotrophiclateral sclerosis (ALS):Itis also known
as motor neuron disease or Lou Gehrig’s disease
affecting 50-60 years elderly persons. Peripherin
is an intermediate filament protein detected in
spheroids, a hallmark of amyotrophic lateral
sclerosis. Increased levels of peripherin mRNA
have been observed in some cases of amyotrophic
lateral sclerosis. Disorder is characterized by death
of neurons controlling voluntary muscles. Patient
presents with muscle stiffness, muscle twitching
and gradually worsening muscle weakness. Life
expectancy is 2—4 years.

Charcot-Marie-Tooth disease type 2: Neurofila-
ments (NFs) are the major intermediate filaments
of mature neurons. Charcot-Marie-Tooth disease
type 2 is a hereditary disorder involving motor and
sensory neuropathies of the peripheral nervous
system characterized by progressive skeletal muscle
weakness and decreased touch sensation across
various parts of the body. Recently, two mutations
in the neurofilament light subunit have been
detected in families affected by Charcot-Marie-
Tooth disease type 2.

Dementia with Lewy bodies: In dementia, Lewy
bodies are intracytoplasmic inclusion bodies com-
posed of the neurofilament (intermediate filament)
protein, ubiquitin, a-synuclein and o-crystallin.
Lewy bodies may occasionally be surrounded by
neurofibrillary tangles.

Giant axonal neuropathy: Giant axonal neuropathy
(GAN) is an autosomal recessive slowly progressive
neurodegenerative disorder caused by mutation in
GAN gene that encodes gigaxonin, a member of the
BTH/Kelch family of E3 ligase adaptor proteins.
The disease is characterized by the aggregation
of intermediate filaments of cytoskeleton. Patient
presents with progressive motor and sensory
peripheral neuropathy, central nervous system
involvement (including cerebellar and pyramidal
signs), and kinky hair in most cases.
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Epidermolysis Bullosa Simplex

Epidermolysis bullosa simplex (EBS) is an inherited skin
disorder caused by mutation in the keratin 5 (KRT5)
and keratin 14 (KRT14). Genes with fragility of basal
keratinocytes resulting in epidermal cytolysis and
blistering produced with even a slight mechanical
stress. Cells with severe mutations in KRT5 and KRT14
are more sensitive to osmotic stress and take longer time
to recover from it.

Desmin Myopathy

Desmin myopathy is an autosomal dominant or
autosomal recessive disorder caused by mutation in
desmin or a-crystallin B. Patient presents with lower
limb muscle weakness slowly spreading to involve
truncal, neck-flexor, facial, bulbar and respiratory
muscles. Histologic examination of tissue section
shows abnormal fiber area containing amorphous
eosinophilic deposits seen as granular or granulofila-
mentous material. Immunohistochemical examination
demonstrates positive staining for desmin in each region
containing abnormal structures.

MITOCHONDRIA

Mitochondria are cylindrical-shaped double membrane-

bound organelle with inner part being folded inwards

to form cristae and found in the cytoplasm of eukaryotic

cells. Numerous mitochondria are found in human liver

cells, with 1000-2000 mitochondria per cell, making up

one fifth of the cell volume.

= Mitochondria utilize cytoplasmic proteins to degrade
sugars and produce cellular energy in the form of
ATP (i.e. phosphorylation of ADP) through cellular
respiration for regulation of cellular metabolism.
The set of reaction involved in ATP production are
collectively known as the citric acid cycle, or the
Krebs cycle.

= The Krebs cycle occurs in the mitochondrial matrix
and generates chemical energy (ATP, NADH, and
FADH,) from the oxidation of pyruvate, the end
product of glycolysis. When acetyl-CoA is oxidized
to carbon dioxide in the Krebs cycle, chemical energy
is released and captured in the form of ATP, NADH,
and FADH,,

= FADH, is high energy electron carrier used to
transport electrons generation in glycolysis and
Krebs cycle to the electron transport chain.

Mitochondrial Dysfunction

Mitochondrial dysfunction results in cell injury and
apoptosis. Mitochondrial dysfunction has been indi-
cated as a potential player of development of cardiac
hypertrophy. Mitochondrial number is increased in
hypertrophy and decreased in atrophy.
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Mitochondrial Hypertrophy

Hypertrophy of mitochondria termed megamito-
chondria can be induced by a variety of processes. By
electron microscopy, megamitochondria demonstrate
normal cristae and matrix density; and associated
with normal oxidative phosphorylation. It should
be differentiated from swollen mitochondria, which
have swollen cristae and irregular densities in the
matrix; and associated with uncoupling of oxidative
phosphorylation and reduction in ATP production
induced by NSAIDs and tolcapone.
= Mild to severe hypertrophy of mitochondria is seen
with disruption of mitochondrial p-oxidation of drug-
induced hepatocellular injury. By electron microscopy,
the amount of mitochondrial matrix increases and
becomes electron lucent. By light microscopy, these
changes may be observed as cytoplasmic vacuolation.
= Microvesicular steatosis, inflammation and necrosis
occur in human beings as a feature of severe inter-
ference with mitochondrial f-oxidation of free fatty
acid.
= Hypertrophy of mitochondria (megamitochondria)
may be seen in alcohol liver disease, mitochondrial
myopathies, certain nutritional diseases and benign
tumors arising from oncocytes of salivary glands,
thyroid, parathyroid and kidneys (known as onco-
cytes).

Mitochondrial Gene Mutations Associated Disorders

Mitochondrial disorders may be caused by inherited or
acquired mutations in mitochondrial DNA or nuclear
genes that code for mitochondrial components. Acquired
mitochondrial dysfunction can be caused by drugs,
infections and environmental factors. Mitochondrial
gene mutations and associated disorders are given in
Table 1.5.
= Mitochondrial diseases caused by mutations in
mitochondrial genes include mitochondrial myo-
pathies, cardiomyopathy, exercise intolerance,

=150 Mitochondrial gene mutations and associated disorders ‘

Mitochondrial myopathies

Cardiomyopathy

Exercise intolerance, diabetes mellitus and deafness (DAD)
Kearns-Sayre syndrome (KSS)

Leigh syndrome

Mitochondrial depletion syndrome (MDS)

Mitochondrial encephalopathy

Subacute sclerosing encephalopathy

Leber’s hereditary optic neuropathy (LHON)

Neuropathy, ataxia, retinitis pigmentosa and ptosis (ANRP)

diabetes mellitus and deafness (DAD), Kearns-Sayre
syndrome (KSS), Leigh syndrome, mitochondrial
depletion syndrome (MDS), mitochondrial encephalo-
pathy, subacute sclerosing encephalopathy, Leber’s
hereditary opticneuropathy (LHON); and neuropathy,
ataxia, retinitis pigmentosa and ptosis (NARP).

= Even autoimmune diseases such as systemic lupus
erythematosus, rheumatoid arthritis and Sjogren
syndrome appear to have a mitochondrial basis.
Mitochondrial diseases can occur at any age.

= Mitochondrial diseases can be diagnosed by
biochemical tests on blood, urine and cerebrospinal
fluid, skeletal muscle biopsy to examine the mito-
chondria and test enzyme levels, magnetic resonance
imaging of the brain and spinal cord.

= Prognosis is variable in mitochondrial diseases.
Minimally affected individuals live a normal life.
Severely affected persons manifest with mitochondrial
disease. The progression of mitochondrial disease is
unpredictable and different for each individual.

LYSOSOMES

Lysosomes are sphere-shaped important membrane-
enclosed cytoplasmic organelles, that contain numerous
acid hydrolases (acid phosphatase, glucuronidase,
sulfatase, ribonuclease, and collagenase). The pH in
lysosomal lumen ranges between 4.5 and 5.0. Lysosomes
degrade macromolecules (proteins, carbohydrates, some
lipids) taken up into the cells by endocytosis (hetero-
phagy). Major proteins present in lysosomes are given
in Table 1.6. Lysosomal disorders are given in Table 1.7.
= Lysosomal proteases make up a great contribution
to the overall process of intracellular degradation
of most of proteins and carbohydrates. However,
some lipids remain undigested. When examined
under electron microscope, newly formed ‘primary
lysosomes’” are more uniform in size, with an
amorphous electron-opaque content. After fusion
of lysosomes with phagocytic vesicles or other cell
contents, these form ‘secondary lysosomes’, whose
size and internal density is more variable. Lysosomes

(215 Major proteins present in lysosomes

Lysosomal Luminal Proteins
Acid hydrolases (enzymes) or their activators
Lysosomal Integral Proteins

= Structural proteins (amino acids and lipid transporters)

= |on channels like calcium channels

= Trafficking and fusion machinery

= Vesicular ATPase which functions both as a proton pump and
nutrient sensor

Lysosomal Associated Proteins

11
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e Lysosomal disorders \
Categories Diseases

Sphingolipidosis | Niemann-Pick disease: types A, B and C,
Gaucher’s disease: types 1, 2 and 3, Fabry
disease (classic and late-onset types), meta-
chromatic leukodystrophy, globoid leuko-
dystrophy, multiple sulfatase deficiency,
GM1 gangliosidosis: types 1, 2, GM2 ganglio-
sidosis: Tay-Sachs disease, and Sandhoff
disease and GM2 activator deficiency

Mucopoly-
saccharidosis

Hurler syndrome, Scheie syndrome, Hunter
syndrome, Sly syndrome, Morquio syndrome:
types A, B, Sanfilippo syndrome: types A, B, C
and D, and Maroteaux-Lamy syndrome

Oligosaccharidosis | Schindler disease, fucosidosis, a-manno-

sidosis and aspartylglucosaminuria

Neuronal ceroid
lipofuscinosis

Neuronal ceroid lipofuscinosis 1 through
neuronal ceroid lipofuscinosis 14 (lipofuscin

pigment)
Sialic acid Galactosialidosis, infantile sialic acid storage
disorders disease, salla disease and sialuria
Mucolipidosis Mucolipidosis | (sialidosis | and 1), mucolipi-

dosis Il (I cell disease), mucolipidosis Il
(pseudo-Hurler polydystrophy), and muco-
lipidosis IV

Miscellaneous
disease

Pompe disease (glycogen storage disease
type 2), Dannon disease (glycogen storage
disease), cystinosis and lysosomal acid lipase
deficiency (infantile and childhood/adult
types—accumulation of cholesterol esters,
triglycerides)

containing indigestible material often remain in the
cytoplasm as residual bodies (e.g. lipofuscin pigment
in elderly persons).

= Lysosomes participate in removal of damaged
cell organelles during cell injury and the cellular
remodeling of differentiation, and atrophic cells due
to nutrient deprivation. Chloroquine antimalarial
drug raises the intracellular pH of the lysosomes,
thus inactivating its enzymes reduces tissue damage
in inflammatory reactions.

= Certain substances are not metabolized by cells
resulting in abnormal accumulation of glycogen
and phospholipids in lysosomes and impairment of
functions. Deficiency of enzyme results in accumu-
lation of endogenous substances and causes lysosomal
storage diseases. Insoluble endogenous pigments
such as lipofuscin and melanin accumulate in the
cells. Exogenous particulate particles accumulate
such as silica, carbon and asbestos in the lungs.
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Pathology Pearls: Autophagy and Heterophagy

Autophagy

= Autophagy usually inhibits apoptosis; however, if uncontrolled,
it can cause lysosomal digestion of the cell’s own components.
Autophagy participates in removal of damaged cell organelles
during cell injury and the cellular remodeling of differentiation,
and atrophic cells due to nutrient deprivation.

= Chloroquine antimalarial drug raises the intracellular pH of
the lysosomes, thus inactivating cell enzymes reduces tissue
damage in inflammatory reactions.

= Autophagy is categorized as macroautophagy, microautophagy
(direct pinocytosis by the lysosomes) and chaperone-assisted
autophagy.

= |n macroautophagy, portions of cytosol and cell organelles
are enveloped in a double-membrane autophagosome,
which subsequently fuses with a lysosome to form a single-
membrane bound autophagolysosome resulting in degrada-
tion of the cell’s own cytoplasmic organelles by releasing
proteolytic enzymes.

Heterophagy

= Heterophagy is the process of lysosomal degradation of
materials ingested from the extracellular environment by the
general process of endocytosis.

= |ngestion of particulate particles by the cells is known as
phagocytosis, and uptake of soluble smaller macromolecules
is called pinocytosis.

= Extracellular materials are endocytosed into phagosomes,
which eventually fuse with lysosomes to form phagolysosomes,
where the engulfed extracellular material is degraded.

= Heterophagy is the most common in the professional phago-
cytes, such as neutrophils and macrophages. Examples
of heterophagy include the uptake and degradation of
bacteria by neutrophils and the removal of apoptotic cells
by macrophages.

ENDOPLASMIC RETICULUM

The smooth endoplasmic reticulum is a multifunctional
membranous organelle found in most eukaryotic
cells, which lacks ribosomes. It participates in lipid
biosynthesis, steroid hormones synthesis and detoxi-
fication of harmful metabolic byproducts, protein
folding and processing; and storage of calcium ions
in the cell.
= Smooth endoplasmic reticulum is especially abundant
in mammalian liver and gonad cells. When cells
exposed to chemical agents, the endoplasmic reti-
culum shows hypertrophy as an adaptive response.
= Proper functioning of endoplasmic reticulum is
disturbed by a number of physiologic, pathologic
conditions and pharmacologic agents resulting in
impairment of protein folding and risk of proteo-
toxicity.
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= Smooth endoplasmic reticulum stress is triggered
by intracellular alterations (e.g. calcium or redox
imbalances), microenvironmental conditions (e.g.
hypoxia, hypoglycemia, and acidosis), high sugar-
diet, high-fat diet, natural compounds (e.g. tunica-
mycin and geldanamycin), and several drugs (e.g.
bortezomib (Velcade®), Celebrex and nelfinavir). The
cell reacts to smooth endoplasmic reticulum stress by
initiating a defensive cellular mechanism, known as
the unfolded protein response (UPR) aimed at cellular
adaptations and safeguarding cellular survival.

= A malfunction of the endoplasmic reticulum stress
response induced by aging, genetic mutations,
or environmental factors can result in various
diseases such as diabetes mellitus type 2, obesity,
inflammation, Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, atherosclerosis
and nonalcoholic fatty liver. Obesity also induces
endoplasmic reticulum stress. Hyperglycemia and
free fatty acids disrupt endoplasmic reticulum
homeostasis and induce pancreatic B cell death
through C/EBP homologous protein, which has a
central role in apoptotic execution pathways triggered
by endoplasmic reticulum stress.

= Endoplasmic stress triggers a protective cellular
mechanism, which includes the unfolded protein
response (UPR). When activation of the UPR is
severe and prolonged, the final cellular outcome is
pathologic apoptotic cell death. Stress that impairs
endoplasmic reticulum homeostasis leads to accumu-
lation of unfolded or misfolded proteins such as
amyloid B (AP) peptide, the major component of
amyloid plaques in Alzheimer’s disease.

= Endoplasmic reticulum stress has been implicated
in the pathogenesis of Parkinson’s disease. Accumu-
lation of a substrate of Parkin in the endoplasmic
reticulum activates endoplasmic reticulum stress.
Human ubiquitin ligase HRD1 is associated with
protection against endoplasmic reticulum stress.
Human ubiquitin ligase HRD1 also prevents apop-
tosis of neurons.

= Dysfunction in protein handling in endoplasmic
reticulum has been implicated in the pathogenesis
of amyotrophic lateral sclerosis. Mutation in Cu/Zn-
superoxide (SOD1) induces endoplasmic reticulum
and motor neuron death resulting in amyotrophic
lateral sclerosis (ALS). Exact mechanism of SOD1
induced death is unknown.

= Prolonged endoplasmic reticulum stress has been
implicated in the pathogenesis and progression of
atherosclerosis. Oxidized phospholipids, homo-
cysteinemia and cholesterol loading induce death
of macrophages, vascular smooth muscle cells and
endothelial cells via CHOP.
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= Disruption of endoplasmic reticulum homeostasis,
often termed endoplasmicreticulum hasbeen observed
in liver and adipose tissue with nonalcoholic fatty
liver disease and/or obesity. Endoplasmic reticulum
contributes to hepatic SREBP-Ic activation and lipid
accumulation in fructose-evoked nonalcoholic fatty
liver disease (NAFLD).

INTRODUCTION TO PATHOLOGY

A disease is an alteration from the normal function/

structure of an organ or system, which manifests as

a characteristic of signs and symptoms. Disease can

be congenital (genetic or nongenetic) or acquired.

Pathology emphasized three aspects of disease process:

(a) mechanism of development of disease (pathogenesis),

(b) the alterations of structure and forms (morphology),

and (c) functional alterations (pathophysiology).

= Etiopathogenesis refers to study the causes such as
genetic defects, environmental including iatrogenic
or idiopathic.

= Pathogenesis is defined as the mechanism that leads
to a diseased state by progression of processes of
cellular lineage, maturation, migration, and eventual
morphogenesis of both individual cells and their
architecture in formation of a tissue or organ.

= Pathophysiology refers to the study of functional
changes in body functions that are the causes, conse-
quences or concomitants of disease processes.

= Mostimportant aspects in clinical practice of medicine
and surgery are diagnosis, prognosis, treatment and
prophylaxis.

PATHOLOGY

Pathology is the scientific study of disease, that identifies
etiology, mechanism and functional changes in cells,
tissues and organs that underlie disease. Pathology
lays a strong foundation of every aspect of patient care
from diagnostic testing and treatment. Alterations at
the molecular level and cellular level correlate with the
clinical manifestations of the disease. Understanding the
processes of the disease helps in the accurate recognition,
diagnosis (biochemical investigations, hematologic tests,
surgical pathology and immunohistochemistry) and
treatment of diseases.

Pathology Divisions

Pathology is divided into following clinical discipline:
general pathology, systemic pathology, chemical
pathology and forensic pathology. There are three main
subtypes of pathology: anatomic pathology, clinical
pathology, and molecular pathology.
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General Pathology

General pathology is the study of the reactions of cells
or tissues to injury with a focus on the mechanisms of
that response, which involves all aspects of pathology.
It deals with clinical history, examination of patient,
diagnosis and management of the disease by use of
laboratory medicine and diagnostic techniques.

Systemic Pathology

Systemic pathology is the pathology of systems in
the human body. Anatomic pathology is the study of
tissues, organs and tumors. Systemic pathology is not
a separate discipline from general pathology, but a
different approach at the level of the tissue or organ or
even the entire body. Pathologists are specialists in the
disciple of pathology. Although general pathology and
systemic pathology are educationally useful divisions
of pathology discipline. Pathologists can be specialists
in a particular organ system.

Histopathology

Histopathology is the study of histologic abnormalities
of diseased cells and tissues under a microscope, which
enables pathologists to look for changes in cells or tissues
that explain the actual cause of the patient’s illness.
Pathologists are able to reach a diagnosis by examining
abiopsy (punch, wedge, excision) from various organs.
Histopathology is essential as it broadens and progresses
treatment options.

Cytopathology

Cytopathology is the study of cellular changes related
to cells and mainly used to diagnose or screen for cancer.
Cell samples can be obtained during routine diagnostic
procedures, such as bronchoscopy and cystoscopy
or fine needle aspiration from specific body’s sites
for diagnosis. Cytopathology is also used to screen
for fetal abnormalities and Papanicolaou smears are
prepared from cells taken from the cervix to diagnose
cervical cancer and infectious organisms. Two methods
can be used in a Papanicolaou test: conventional and
automated liquid tests.

Immunopathology

Immunopathology is a branch and manifestation of
conditions concerned with immune responses associated
with the production of diseases through the analysis
of humoral and cellular immune function. There is a
great deal of synergy between the adaptive immune
system and its innate immune system, and defects in
either of immune system can provoke disease such as
inappropriate inflammation, autoimmune diseases,
immunodeficiency diseases and hypersensitivity
reactions.

14

Molecular Pathology

Molecular pathology is the study of disease at the
molecular level by testing deoxyribose nucleic acid
(DNA), ribonucleic acid (RNA) and proteins found in
tissues, organs, and even body fluids within a clinical
context. The applications of molecular diagnostics
span a range of human disorders including hereditary,
neoplastic and infectious diseases. Molecular-based
in vitro biological assays such as polymerase chain
reaction enzyme-linked immunosorbent assay (PCR-
ELISA) or fluorescence in situ hybridization (FISH)
are used to detect a molecule, often in low concentra-
tions, that is a marker of disease or risk in a sample
from a patient.

Hematology

Hematology is a branch of internal medicine in rela-
tion to health and disease, that deals with the patho-
physiology, diagnosis, treatment, prognosis and
prevention of blood-related disorders such as anemias,
leukemias, lymphoma, bleeding and coagulation dis-
orders. Hematology tests are performed on the blood,
blood proteins and hematopoietic organs. Full blood
count is a routine test that evaluates three major compo-
nents found in the blood: red blood cells, white blood
cells and platelets.

Chemical Pathology

Chemical pathology is the study of biochemical
abnormalities associated with disease, which involves
biochemical investigations of body fluids such as blood,
urine and cerebrospinal fluid.

Forensic Pathology

Forensic pathology refers to perform autopsies and legal
pathology tests. Autopsy room sessions can provide
students with an excellent opportunity to correlate the
gross and histopathologic features with the natural
history of the disease.

Basis of Pathology Study

Understanding the processes of the disease help
in the accurate recognition, diagnosis (biochemical
investigations, hematological tests, surgical pathology
and immunohistochemistry) and treatment of diseases.

Etiology

The word etiology refers to the scientific study of disease

process, which generally falls into three main categories:

intrinsic, extrinsic and idiopathic (unknown cause).

= Pathologic change that has occurred from inside the
body as a result of intrinsic factors such as inherited,
metabolic, neoplastic and immune system disorders.
Hemophilia is an example of inherited disorder that
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leads to excessive bleeding. Diabetes mellitus is a
metabolic and endocrine disorder that causes high
blood sugar.

= Pathologic change that has occurred from outside
as a result of extrinsic factors include: (a) infectious
agents such as bacteria, viruses, fungi and parasites,
(b) animal bites or stings, (c) physical trauma,
chemical agents, electricity burns and radiation;
and (d) iatrogenic causes resulting from medical
professional’s actions or within a medical setting,
and (e) idiopathic of unknown cause.

= Reactive oxygen species (ROS) is a group of extremely
reactive peroxides and oxygen-containing radicals
that may contribute to cellular damage.

= Autophagy refers lysosomal breakdown of a cell’s
own components. Autolysis refers to breakdown of
cells by their own enzymatic action.

Risk Factors

A risk factor confers an increased risk of developing a

disease. For example, tobacco smoking is a risk factor

for lung cancer and obesity is a risk factor for heart

disease.

= Types of risk factors include tobacco smoking,
alcoholism, nutritional, physical inactivity, prolonged
exposure to sunlight, not having certain vaccination
and unprotected sexual activity leading to sexual
transmitted diseases.

= The risk factors of chronic diseases are modifiable
for men and women such as unhealthy diet, physical
inactivity and tobacco use. These risk factors are
expressed through the intermediate risk factors of
raised blood pressure, raised blood glucose levels,
abnormal lipids, overweight and obesity.

= Chronic diseases are the major causes of mortality
and disability worldwide, which include heart
disease (coronary artery disease, ischemic heart
disease), cerebral stroke, chronic respiratory diseases
(chronic obstructive pulmonary disease, bronchial
asthma), bone and joint disorders, genetic orders and
neoplastic disorders.

Predisposition

Predisposition is a term applied for patients having an
increased susceptibility to develop a disease. A genetic
predisposition is an increased likelihood of developing
a genetic disorder. For example, familial adenomatous
polyposis (FAP) patients have a mutated APC gene
associated risk of developing colorectal carcinoma
resulting from succession of mutations in one or more
polyps. Other examples of genetic disorders include
Down syndrome, thalassemia, cystic fibrosis and sickle
cell disease.
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Pathogenesis

Pathogenesis is the pathologic mechanism which

results in clinically evident disease. For example, the

way in which the interaction between Mycobacterium

tuberculosis and the host immune system produces

the caseating epithelioid granulomatous lesion in

tuberculosis.

= Atherosclerosis is a chronic inflammatory disease,
which begins with fatty streak due to accumulation
of lipid laden foam cells in the intimal layer of large
elasticand medium-sized arteries and then progresses
to formation of atheromatous plaque.

= The atheromatous plaque has cellular component
(e.g. smooth muscle cells and inflammatory cell), a
fibrous component composed of connective tissue,
and central core fat component of lipids. Major risk
factors of atheromatous plaque are hypertension,
diabetes mellitus, dyslipidemia, tobacco smoking,
obesity, sedentary lifestyle and family history.

Morphologic Changes in Cells and Tissues

Morphologic changes are characterized by structural

alterations in the cells and tissues and altered cellular

functions such as cell-pathogen interaction, tumor

formation and stem cell differentiation.

= Cellular adaptation is the ability of cells to respond
to various types of stimuli and adverse environmental
changes. If cells are unable to sustain to the adverse
injurious insults, cell undergoes apoptosis or cell
death in the form of necrosis.

= Morphology is a branch of life science dealing with
the study of gross structure of diseased tissue and
microscopic examination of tissue.

Functional Derangements and
Clinical Manifestations

External and internal factors adversely affecting cell,

tissue, organ or person cause structural and functional

changes and cellular adaptation and response from

cellular to whole person level resulting in symptoms

and signs.

= For example, Streptococcus pneumoniae causes
acute inflammatory response (consolidation is
structural change in lung parenchyma that becomes
solid, reduced exchange of gases in alveoli is
functional change) resulting in symptoms (cough,
breathlessness, hemoptysis) and signs such as
reduced chest movements, dull percussion notes and
radiologic changes.

= Injury to the cells and extracellular matrix results
in tissue and organ injury, which determines the
morphologic and clinical patterns of the disease.
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Diagnosis

Understanding the processes of the disease help
in the accurate recognition, diagnosis (biochemical

investigations, hematological tests, surgical patho-
logy and immunohistochemistry) and treatment of
diseases.

CELLULAR RESPONSE TO STRESS AND HARMFUL STIMULI

Normal cells are the structural and functional units
of tissues, which remain in a state of homeostasis
with the extracellular fluid and respond to changes in
their environment. The cells are capable of adjusting
their structure and functions in response to various
physiologic and pathologic mild to severe stimuli
throughout life. Genetic or acquired metabolic defects
and chronic cell injury cause intracellular accumulation
of glycogen, proteins and pigments; and pathologic
dystrophic and metastatic calcification. Cellular res-
ponse to injurious stimuli is given in Table 1.8. Cellular
response to injurious stimuli is shown in Fig. 1.1.
= Altered physiologic stimuli and some nonlethal
stimuli produce cellular adaptations: atrophy,
hypertrophy, hyperplasia and metaplasia. Intracellular
accumulations occur due to altered metabolism.
= Cellular stress beyond the level of adaptive response
results in cell injury. Cellular injury occurs when
a stress exceeds the cells ability to adapt due to
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Cellular Adaptations

= Hyperplasia
= Hypertrophy

Cell Injury

= Reversible cell injury
= |rreversible cell injury (necrosis and apoptosis)

Intracellular Accumulations

= Normal endogenous substances (e.g. fatty liver and protein
droplets in renal tubules)

= Normal endogenous substances due to enzyme defects
(e.g. glycogen storage diseases and lipid storage disorders)

= Mutated gene products (misfolded proteins)

= Abnormal exogenous products (e.g. silicosis and anthracosis)

Subcellular Changes

= | ysosomal catabolism (heterophagy or autophagy)

= endoplasmic reticulum hypertrophy (induction of drug tolerance
to barbiturates and alcohol)

= Mitochondrial defects (number, size and shape)

= Cytoskeleton defects (phagocytosis and locomotion)

= Membranes (plasma membrane and subcellular membrane such
as endoplasmic reticulum)

= Nucleus (pyknosis, karyorrhexis and karyolysis)

= Atrophy
= \etaplasia

16

altered physiologic stimuli, reduced oxygen supply,
extremes of temperature, electrical injury, radiation,
biologic agents, and nutritional deficiency, metabolic
alteration and cumulative aging.

= Cell injury depends on injurious stimuli: (a) type,
duration and severity of injury, (b) ability of the
tissues to regenerate (e.g. labile or dividing cells/
stable cells/permanent cells), (c) metabolic needs of
cell, (d) adaptability of cell, and (e) genetic consti-
tution. Neurons are highly susceptible to ischemic
injury; whereas skeletal muscle is relatively more
resistant to ischemic injury.

= Depending on severity of cell injury, various cellular
changes occur: (a) subcellular alterations (intra-
cellular accumulation of biomolecules and calcium),
(b) reversible cell injury, (c) irreversible cell injury
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Fig. 1.1: Cellular response to injurious stimuli. Cellular adaptations,
reversible injury and cell death may be stages of progressive impairment
following different types of insults depending on type and duration of
injurious stimuli. Acute cell mild injury can cause hydropic change and
fatty change. Chronic cell injury can cause intracellular accumulation
of biomolecules and cellular adaptations. Severe cell injury can cause
necrosis and apoptosis.
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and (d) ischemic/reperfusion injury. Initially, cellular
injury may be reversible, but prolonged or severe
stress leads to irreversible cell injury (necrosis or
apoptosis). Reversible cell injury is the ability to heal
without permanent damage.

= Ultrastructural signs in both reversible and irrever-
sible cell injury include: (a) cellular swelling occurs
due to diminished activity of the sodium/potassium
pump in the cell membrane causing influx of sodium
along with water and efflux of potassium, (b) mito-
chondrial swelling results in reduced adenosine
triphosphate (ATP), aerobic respiration (oxidative
phosphorylation), (c) dilatation and degranulation
of rough endoplasmic reticulum results in cessation
of protein synthesis, and (d) autophagocytosis occurs
due to ingestion of damaged cell organelles by the
lysosomes.

CELLULAR ADAPTATIONS

Cellular adaptations are usually reversible changes that

result in increased, decreased, or altered functions of

cells, tissues and organs, which can be physiologic or

pathologic and have many causes. Cellular adaptations

encompass several processes: (a) hyperplasia, (b) hyper-

trophy, (c) atrophy, (d) metaplasia, and (e) dysplasia.

Cellular adaptations are shown in Fig. 1.2.

= Hyperplasia: Hyperplasia is the enlargement
of the tissue/organ caused by an increase in the
reproduction rate of its cells. Physiologic hyperplasia
occurs in normal cells: (a) hormones-driven increase
in the thickness of endometrium during menstrual
cycle, lactating breast and uterus during pregnancy,
(b) tissue damage-driven proliferation of connective
tissue cells in wound healing, and (c) hepatocellular
regeneration after partial resection. Pathologic
hyperplasia is linked to cancer in endometrium and
breast.

= Hypertrophy: Hypertrophy is defined as an
increase in the size of the cell due to the synthesis of
structural components and expression of embryonic
genes triggered by mechanical and trophic factors
(growth factors and stretch receptors). Physiologic
hypertrophy occurs due to increased functional
demands placed on the cell (e.g. skeletal muscle
hypertrophy from weight lifting). Pathologic hyper-
trophy occurs when the limit of cardiac hypertrophy
is exceeded and the cells can longer compensate for
the increased burden (e.g. congestive heart failure
and systemic hypertension).

= Atrophy: Atrophy refers to reduction in size of cell
and tissues. Physiologic atrophy of skeletal muscles
occurs in bed-ridden persons. Pathologic atrophy
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Fig. 1.2: Cellular adaptations. In cell biology and pathophysiology,
cellular adaptation refers to alteration made by a cell in response to
adverse or varying environmental changes. Cellular adaptations may
be physiologic or pathologic (atrophy, hypertrophy, hyperplasia, meta-
plasia and dysplasia).

occurs due to loss of stimulus to a specific region
due to diminished blood supply, loss of hormone
stimulation, and neurogenic diseases (poliomyelitis,
Guillain-Barré syndrome, Charcot-Marie-Tooth
disease, amyotrophic lateral sclerosis).

= Metaplasia: Metaplasia is the conversion of one
adult tissue type into another in same tissue. It is
an adaptive response to a hostile environment that
increase risk of development lung carcinoma in
tobacco smokers (glandular to squamous epithelium
conversion in respiratory mucosa) and esophageal
adenocarcinoma in ‘Barrett’s esophagus’ (squamous
to glandular epithelium conversion).

= Dysplasia: Dysplasia is used to describe acquired
disorderly growth and maturation of cells that are
abnormal but not obviously malignant under a light
microscope. This type of preneoplastic condition is
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a precursor of invasive neoplasia. High-risk human
papillomavirus (HPV 16, 18) is linked to cervical
intraepithelial neoplasia (CIN) that may progress to
invasive cervical carcinoma.

CELL INJURY

Cell can be injured by a variety of injurious stimuli such

as hypoxia (oxygen deficiency), ischemia (lack of blood

flow), physical or mechanical injury, chemical injury,

radiation, biological injury (viruses, pathogens), and

nutritional injury. Depending on the type of injurious

agent and severity, cell injury may be reversible and

irreversible process.

= Mild and transient sublethal cell injury: Mild and
transient sublethal cell injury results in reversible
injury, which can be repaired and cell returns to
normal function by removal of damaged cell compo-
nents by autophagy. In sublethal injury, cell shows
swelling of endoplasmic reticulum and some mito-
chondria; and loss of ribosomes.

= Severe progressive lethal cell injury: Severe pro-
gressive lethal cell injury is irreversible, that results
in cell death by necrosis or apoptosis. In lethal cell
necrosis, initial cellular changes are loss of nucleolus,
loss of ribosomes, swelling of all mitochondria
and swelling of endoplasmic reticulum. Later
cellular changes are nuclear condensation, plasma
membrane blebs and holes, lysosomal rupture
and fragmentation of all inner membranes of cell
organelles and degradation of nucleus (pyknosis,
karyorrhexis and karyolysis).

REVERSIBLE CELL INJURY

Reversible cell injury is acute sublethal injury with

a hallmark of morphologic changes in cytoplasmic

organelles sparing nucleus. These morphologic changes

in reversible cell injury can be reversed if injurious

noxious stimulus is removed.

= One global response in reversible cell injury is
cellular swelling, that is a result of misfunctioning
ion channels (Na*/K*/CI"/Ca** pumps) in the plasma
membrane. Another global response in reversible
cell injury is fatty change (large lipid vacuoles in
cytoplasm) in the organs. Reversible cell injury
occurs in the metabolically active cells of liver, heart
and kidneys. Examples of reversible cell injury are
hydropic change and fatty change in organs.

= In reversible cell injury, cell swelling occurs as a
result of misfunctioning ion channels (Na*/K*/
Cl'/Ca** pumps) in the plasma membrane. Sub-
cellular changes in the reversible injured cells
include endoplasmic reticulum cisternae swelling,
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mitochondrial swelling, plasma membrane blebbing
due to disordered cytoskeleton, segregation of
fibrillary and granular components of nucleolus
in the nucleus and intracellular myelin figures.
Mitochondrial swelling results in reduced oxidative
phosphorylation, downregulation of adenosine
triphosphate (ATP), and decreased glycogen.

= Plasma membrane blebbing occurs due to disordered
cytoskeleton. Myelin figures are derived from
damaged membranes of mitochondria, or rough
endoplasmic reticulum and the plasma memb-
rane; demonstrated in cytoplasm on electron
microscopy.

IRREVERSIBLE CELL INJURY

Severe and progressive cell injury results in irreversible
cell injury (necrosis) induced by prolonged ischemia,
viral infection, chemical agents and immunologic
response. Following severe cell injury, cell and its
organelles start to disintegrate resulting in rupture of the
cells and inducing acute inflammatory response. On the
other hand, apoptosis is a process of programmed cell
death that occurs in multicellular organisms. Apoptosis
can be triggered through either intrinsic pathway or
extrinsic pathway.

Necrosis

Necrosis is fundamentally a cytoplasmic driven
uncontrolled process in response to prolonged or
severe injurious stimuli resulting in damage to plasma
membrane and membrane of organelles resulting in
depletion of ATP, increased acidosis, leakage of lysosomal
hydrolytic enzymes in the cellular environment,
protein digestion, loss of basophilia, increased cyto-
plasmic eosinophilia and nuclear changes (pyknosis,
karyorrhexis, karyolysis due to endonucleases), calci-
fication, release of cellular breakdown products and
cytokines incites an inflammatory reaction.
= Morphologic patterns of necrosis are coagulative
necrosis, liquefactive necrosis, gangrenous necrosis,
caseous necrosis, fat necrosis and fibrinoid necrosis.
= The tissue in coagulative necrosis has firm texture,
maintenance of general tissue architecture, ghost
outlines of necrotic cells lacking nuclei for weeks
before undergoing phagocytosis.
= In liquefactive necrosis, normal tissue architecture
is rapidly transformed into a liquid mass due to
autolysis and heterolysis leading to liquefactive
necrosis in brain and pyogenic lung abscess with
suppurative (neutrophil-rich) inflammation.
= In fatnecrosis, fat degradation with possible saponi-
fication occurs most commonly due to release of
enzymes from pancreas.
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= Fat necrosis occurs due to physical trauma to the
female breasts, radiation to a particular area of tissue,
history of surgery to a particular area and history of
removal of breast implants.

= Caseous necrosis occurs in tuberculosis and certain
fungal infections.

Apoptosis

Apoptosis is a process of programmed cell death

mediated by caspases. Apoptosis features nuclear

shrinkage, DNA fragmentation by endonucleases,

cytoskeleton breakdown by proteases, membrane

blebbing; and membrane-bound apoptotic bodies,

which are phagocytosed by macrophages and adjacent

cells without generating inflammatory response.

= Apoptosis is an essential physiologic mechanism
triggered by normal healthy processes in the body to
regulate embryonic development, cell differentiation
and tissue turnover. Apoptosis of embryonic cells in
the limb beds results in formation of fingers and toes.

Hormone-induced apoptosis of endometrial cells

occurs at the end of menstrual cycle. In pathologic

state, apoptosis can be triggered by radiation, chemo-
therapeutic agents and cell deprived of growth
factors. Hepatitis virus-induced hepatocellular injury
results in formation of acidophilic Mallory bodies.

= Primary pathways of apoptosis include: extrinsic

(death receptor) pathway, intrinsic (mitochondrial)

pathway and CD8+ cytotoxic T cell/NK cell’s

granzyme B/perforin-mediated pathway.

e Intrinsic (mitochondrial) pathway: Intrinsic
pathway of apoptosis is induced by chemotherapy
and/or radiotherapy. Intrinsic pathway works
by increasing mitochondrial permeability and
releasing cytochrome c into cytoplasm, which
combines with APAF-1 (apoptosis activating
factor 1) to activate caspases, which cleave DNA
into fragments, if analyzed on a gel electrophoresis
will form a ‘ladder pattern’. In contrast, in necrosis,
DNA breakdown will form smear pattern.

e Extrinsic (death receptor) pathway: Extrinsic
pathway of apoptosis is initiated through the
stimulation of the transmembrane death receptors,
such as the Fas receptors located on the cell
membrane. In Fas-Fas ligand binding, the Fas
ligand binds to a member of tumor necrosis factor
family known as the Fas receptor. The activated
Fas receptor in turn activates FADD (Fas-associated
death domain), which in turn activates caspases.

e CD8+ cytotoxic T cell/NK cell’s granzyme B/
perforin-mediated pathway: CD8+ cytotoxic
T cell/NK cell’s granzyme B/perforin-mediated
pathway induces apoptosis releasing two types of
preformed cytotoxic proteins such as granzyme B

and perforin. Granzyme B induces apoptosis of
target cell, and the pore forming perforin protein,
which punches holes in the target cell membrane
through which the granzyme B can enter the target
cell to induce apoptosis.
= Apoptosis has two phases: (a) initiation phase (acti-
vation of caspases) and (b) execution phase (caspases
induced cell death). Apoptosis can be triggered
through either intracellular (mitochondrial) pathway
or extracellular pathway. Both pathways share similar
endpoints, culminating with the use of caspases and
prevention of inflammatory reaction.
= Steps of apoptosis are cell shrinkage, chromatin
condensation and DNA fragmentation by endo-
nuclease, formation of apoptotic bodies and phago-
cytosis by macrophages and surrounding epithelial
cells.

» Examples of physiologic apoptosis include: (a)
programmed death of cells in the limb buds with
formation of fingers and toes, (b) predetermined
death of cells on the surface of the intestinal mucosa
and (c) hormone-induced death of endometrial cells
at the endo of menstrual cycle.

» Examples of pathologic apoptosis include: (a) hepa-
titis virus-induced death of hepatocytes (acido-
philic bodies), (b) corticosteroid-induced atrophy
of the neonatal thymus, (c) immune-mediated
injury-related skin keratinocytes (Civatte bodies).

Pathology Pearls: Necrotic Cell versus Apoptotic Cell

= Necrotic cells release danger-associated molecular patterns
(DAMPs), whereas apoptotic cells lack release of DAMPs.

= |njurious stimuli that induce necrosis (severe cellular
damage), which results in rapid cell rupture with consequent
release of intracellular DAMPs. DAMPs then cells of the
immune system and can promote inflammation.

= (On the other hand, injurious stimuli that initiate apoptosis are
typically physiologic and relatively mild in nature, apoptotic
cells do not rupture and their removal is coordinated by
macrophage and other cells the innate immune system,
before release of DAMPS can occur. For this reason, apoptosis
process is not typically associated with activation of the
immune system.

METABOLIC DERANGEMENTS

Stresses of different may induce changes in cells and
tissues other than cellular adaptations, cell injury
and cell death. Metabolic derangements in cells and
sublethal chronic injury may be associated with intra-
cellular accumulation of biochemical molecules such
as carbohydrates, lipids and proteins as a result of
derangements in cell metabolism because of defect in
enzymatic mechanism and transport of biomolecules.
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INTRACELLULAR ACCUMULATIONS

Intracellular accumulation occurs by two mechanisms:
(a) it occurs due to overproduction of normal endogenous
substance at increased rate and inadequate metabolism
(fatty changes in liver), and (b) it occurs due to accumu-
lation of normal endogenous substance and inadequate
metabolism as a result of lack of enzyme that blocks
metabolic pathway. Three categories of intracellular
accumulations are given in Table 1.9.

Lipid Accumulation

Lipid accumulates in the liver in alcoholic patients
and obese persons. Excessive fat accumulation in
various organs such as liver, heart or the kidneys can
occur due to toxins, malnutrition, diabetes mellitus,
obesity, anorexia and alcohol consumption. Cholesterol
accumulates within atheromatous plaque.

U E Three categories of intracellular accumulations \

Accumulation of Constituents of Normal Cell Metabolism
= Lipids

= Proteins

= Carbohydrates

Accumulation of Abnormal Substance of Cell Metabolism

= Storage disease
= |nborn error of metabolism

Accumulation of Pigments

= Endogenous pigments
= Exogenous pigments

= Gross examination of fatty liver reveals enlarged,
bright yellow and soft greasy. Calcium is often
deposited at the sites of cell death. Calcification is
buildup of calcium in the injured tissues such as soft
issues, arteries and other regions.

= Light microscopy shows lipid vacuoles in the
cytoplasm displacing the nucleus to the periphery of
the cell. Rarely, lipid laden cell rupture and enclosed
lipid globules coalesce and form fatty cyst.

Glycogen Accumulation

Glycogen accumulates in the renal tubular cells in
diabetic patients, liver and skeletal muscles in inborn
errors of metabolism caused by enzymatic defect in
synthesis and breakdown of glycogen.

Protein Accumulation

Protein accumulates as protein droplets in the proximal
renal tubules in renal disease with heavy protein leakage
across the glomerular basement membrane.

Pigments

Pigment that can accumulate in various cells include
lipofuscin (wear and tear pigment, a product of lipid
peroxidation and deposited in lysosomes of organs
in elderly persons), anthracotic pigment in alveolar
macrophages, melanin (found in melanocytes and
melanomas), hemosiderin (iron-rich brown pigment
derived from hemolyzed red blood cells). Abnormal
endogenous substances accumulate due to alteration
in protein folding and transport.

CELLULAR ADAPTATIONS

Cells are the structural and functional units of tissues.

Hemostasis is the state of internal equilibrium at which

normal physiologic demands of a cell are met. Pathologic

state results when injurious stimuli sufficiently disrupt

homeostasis. Cellular response to injury depends on the

type, duration and severity of injury.

= Some diseases represent spontaneous alterations
in the ability of a cell to proliferate and function
normally, and in other cases, disease occurs when an
external injurious stimulus induces alterations in the
cell’s environment that make it impossible for the cell
to maintain new steady state ‘homeostasis’. In such
situations, cells must adapt and become compatible
with their viability in the new environment.

= Cellular adaptations include hyperplasia (increased
number of cells in an organ or tissue), hypertrophy
(increased number of cells in an organ or tissue),
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atrophy (shrinkage of cells in an organ or tissue),
and metaplasia (transformation or replacement
of one adult cell type with another), which can be
physiologic or pathologic, depending on whether the
stimulus is normal or abnormal.

= A cell can adapt to certain point, but the stimulus
continues beyond this point resulting in failure of
the cell and hence the organ. If the cells are unable
to adapt to the pathologic injurious stimulus, the
cells can die. This chapter will discuss cellular
adaptation, cell injury, cellular accumulations and
cellular aging.

= Mild and transient cell injury results in reversible
injury. Severe and progressive cell injury leads
to irreversible injury (e.g. necrosis or apoptosis).
Genetic or acquired metabolic defects and chronic
injury cause intracellular accumulation of glycogen,
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proteins and pigments; and pathological calcification

(e.g. dystrophic and metastatic types). Cumulative

sublethal injury causes cellular aging.

= In cellular biology, labile cells multiply constantly

throughout life. Labile cells are alive for only a

short period of time. Due to this, labile cells can end

up reproducing new stem cells and replace func-
tional cells.

e Labile cells include bone marrow epidermis,
epithelial lining of gastrointestinal tract, bronchi
and vagina; and epithelial lining of excretory ducts
(salivary glands, pancreas, and biliary tract).

e Stable cells multiply only when needed. These cells
spend most of the time in the quiescent GO phase
of the cell cycle, but can be stimulated to enter
the cell cycle when needed. Stable cells include
hepatocytes, proximal tubules of kidney, endocrine
glands, fibroblasts, vascular endothelium, cartilage
and bone.

* Permanent cells are incapable of regeneration and
considered to be terminally differentiated and
nonproliferative in postnatal life. Examples of
permanent cells are brain cells, neurons, cardiac
myocytes, skeletal muscle, renal glomeruli and red
blood cells. Cells based on proliferative activity in
the context of the cell cycle are given in Table 1.10.

HYPERPLASIA

Hyperplasia is defined as an increase in number of cells
as an adaptive response to stress, usually resulting in
increased volume of an organ or tissue. Cells must be
capable of mitotic division. Hyperplasia involves the
production of new cells from stem cells. Hyperplasia

(1 Cells based on proliferative activity in the context
of the cell cycle

Labhile Cells

= Bone marrow

= Epidermis

Epithelium lining (gastrointestinal tract, bronchi and vagina)
Epithelium lining excretory ducts (salivary glands, pancreas,
and biliary tract)

Stable Cells

= Hepatocytes

= Proximal tubules of kidney
= Endocrine glands

= Fibroblasts

Permanent Cells

= Central nervous system
= Sensory organs
= Cardiac muscle

= Vascular endothelium
= Cartilage
= Bone

= Skeletal muscle
= Renal glomeruli
= Red blood cells
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can only occur in tissues containing labile or stable
cells. Common cause of hyperplasia is growth factor-
driven proliferation of mature cells in tissues having
lot of stem cells. Only cells that can divide will undergo
hyperplasia. It is worth mentioning that hyperplasia
of the terminal differentiated cells such as myocytes
in the heart and neurons in the brain does not occur.
Schematic representation of hyperplasia is shown in
Fig. 1.3. Physiologic, pathologic and compensatory
hyperplasias are shown in Table 1.11.

PHYSIOLOGIC HYPERPLASIA

Physiologic hyperplasia occurs due to a normal sensor.
Examples of physiologic hyperplasia include increase
in the size of breasts during pregnancy (as a result
of increased circulating hormones), increase in the
thickness of endometrium during menstrual cycle (as a
result of increased circulating hormones), bone marrow
hyperplasia at high altitude, thyroid hyperplasia during
puberty and pregnancy, proliferation of epidermis
in wound healing by primary intention, and liver
hyperplasia after partial resection.

Endometrial Hyperplasia during Menstrual Cycle

The normal thickness of the endometrium changes

throughout a person’s life from childhood, through

to sexual maturity, fertile years and after menopause.

Estrogen and progesterone participate in the regulation

of menstrual cycle.

= The endometrium is at its thinnest during menstrual
phase, when it usually measures between 2 and
4 mm in thickness.

= At end of the menstrual cycle, estrogen plays
important role in proliferation of endometrial cells;
during proliferative phase endometrium begins to
thicken and measures 5-7 mm in thickness.

= Asthe menstrual cycle progresses and moves towards
ovulation, the endometrium in early secretory phase
grows thicker, up to about 11 mm. About 14 days
into a woman menstrual cycle, hormones trigger the
release of an ovum.

= During the secretory phase, endometrial thickness
is at its greatest and can reach 16 mm. In case fertili-
zation does not take place, progesterone signals
shedding of endometrium.
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Fig. 1.3: Schematic representation of hyperplasia. Hyperplasia refers to
an increase in the number of cells in the tissue.
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=1k h 0 Physiologic, pathologic and compensatory hyperplasias

Mechanism

Hyperplasia of Organs

Physiologic hyperplasia

Uterine endometrial hyperplasia

Uterine muscle hypertrophy and hyperplasia
Breast glandular epithelial hyperplasia

Bone marrow hyperplasia

Islet B-cells hyperplasia of fetus

Pathologic hyperplasia

Ductal hyperplasia of breast in fibrocystic disease

Thyroid follicular hyperplasia
Hyperplasia of surface epithelium of skin
Skin epidermal cell hyperplasia
Compensatory hyperplasia

Hyperplasia of hepatocytes

Cystoglandular or adenomatous or atypical hyperplasia of endometrium

Estrogen hormone

Estrogen hormone during pregnancy
Hormones synthesis during pregnancy
Higher altitude

Diabetic mother

Hormonal imbalance

Hormonal imbalance

Increased TSH level

Wound-healing by primary intention
Psoriasis

TGF-a, TGF-B, HGF synthesis following partial resection of liver

Breast Hyperplasia during Pregnancy

Female breasts show structural and functional variations
during puberty, pregnancy, lactation, the normal
menstrual cycle, and at the menopause. Pregnancy
affects levels of estrogen and progesterone hormones.
Estrogen stimulates growth of breast ductal and
lobular cells and synthesis of prolactin.
Progesterone supports the formation and growth of
milk-producing cells within the glands of the breasts.
Prolactin stimulates breast enlargement and milk
production. Breast histology from a woman of
30 weeks pregnancy shows the lobular acini lined
by cells containing secretory vacuoles and with pink
secretions in their lumens.

Thyroid Gland Hyperplasia

During puberty, changes in thyroid functions and an
increase in thyroid volume occur as an adaptation to
body and sexual development. Benign physiologic
changes of the thyroid are known to occur during preg-
nancy due to increased demand of thyroid hormones.
TSH stimulates thyroid follicular cells and produce
benign hyperplasia (adenomatous change) with diffuse
enlargement of thyroid glands.

Bone Marrow Hyperplasia at High Altitude

Hypoxia at high altitudes can lead to increased pro-

duction of red blood cells in bone marrow through the

hormone erythropoietin (EPO).

= Erythropoietin is synthesized by kidney (89-90%),
and liver (<15%). Normal plasma concentration is
2-251U/L.
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Erythropoietin stimulates BFU-E and CFU-E to divide
and mature, increases rate of mRNA and protein
(hemoglobin) synthesis, decreases normoblasts
maturation time, increases rate of extrusion of nucleus
from normoblasts and stimulates early release of bone
marrow reticulocytes.

It is well known that the body’s hemoglobin concen-
tration increases due to the hypoxic environment of
high altitude.

Beta Cells of Islets of Langerhans Hyperplasia in Fetus
in Severe Maternal Diabetes Mellitus

Severe maternal diabetes mellitus poses short- and
long-term consequences for the infant. Maternal hyper-
glycemia increases transport of glucose, amino acids,
and fatty acids via placenta to fetus resulting in  cell
hyperplasia mainly due to formation of numerous small
islets of Langerhans during intrauterine period followed
by synthesis of excess of insulin (hyperinsulinemia) and
thus hypoglycemia at birth in newborn. Hypoglycemic
can cause shakiness, blue tint to the skin, breathing and
feeding problems.

PATHOLOGIC HYPERPLASIA

Pathologic hyperplasia occurs due to an abnormal

stressor either excessive hormonal stimulation or

abnormal production of hormonal growth factors.

= Proto-oncogenes code for growth factors, growth
factor receptors, signal transducers (e.g. mitogen-
induced protein kinases), and DNA transcription
factors to initiate cell mitosis. It may be associated
with increased risk for cancer.
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= Examples of pathologic hyperplasia include growth
of adrenal glands due to production of adreno-
corticotropic hormone (ACTH) by pituitary adenoma,
proliferation of endometrium and breast due to
prolonged estrogen stimulation, proliferation of
thyroid follicles due to increased TSH, proliferation
of epidermis in psoriasis. Women with pathologic
endometrial hyperplasia can progress to dysplasia
and eventually endometrial carcinoma.

Endometrial Hyperplasia

Endometrial hyperplasia refers to abnormal proliferation

of endometrial glands caused by estrogenic stimulation.

It occurs in anovulatory cycles as a result of estrogenic

effect not opposed by progesterone.

= Excess of estrogens also occurs in women with
polycystic ovary syndrome, estrogen-secreting
ovarian tumors, i.e. granulosa cell tumor, estrogen
replacement therapy and ovarian cortical stromal
hyperplasia.

= Hormonal imbalance may lead to cystoglandular,
adenomatous and atypical hyperplasia of endo-
metrium, that may progress to endometrial carci-
noma and manifest with postmenopausal bleeding.
Young women manifest with menorrhagia and
anovulation.

Benign Nodular Hyperplasia of Prostate Gland

Benign nodular hyperplasia of prostate gland is also

known as benign prostatic hypertrophy (BPH), which

primarily affects periurethral and transitional zones of

men after 40 years of age. It is the most common cause

of urinary tract obstruction.

= Digital rectal examination reveals a firm, enlarged,
nodular prostate. It is an androgen-dependent
disorder. Dihydrotestosterone (DHT) is a major
growth factor for prostate gland derived from
testosterone by the action of 5-reductase enzyme,
that stimulates prostate glandular acini leading to
prostatic hyperplasia.

= Patient presents with frequency of micturition,
difficulty in starting urination, nocturia, dribbling,
incomplete emptying of urinary bladder and dysuria.
Persistent obstruction to urine outflow may result in
urinary bladder distension, muscular hypertrophy,
diverticulum formation and trabeculae formation.

= Histologically, benign nodular hyperplasia of prostate
gland is diagnosed on samples like transurethral
resection of prostate (TURP chips), simple or radical
prostatic specimens. Benign nodular hyperplasia of
prostate gland is composed of hyperplasia of glands
and stroma in variable proportions forming papillary
buds, infoldings and cysts. The lining epithelium
ranges from flat to columnar, sometimes facing each
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Fig. 1.4: Histology of benign nodular hyperplasia of prostate gland.
It is benign nodular lesion with proliferation of glandular and stromal
components predominantly located in the transition zone of the prostate
gland. The acini are relatively uniform and evenly spaced are lined by
columnar secretory cells. The basal cell layers may be inconspicuous, but
may be highlighted by high molecular weight cytokeratin immunohisto-
chemical stain (400X).

other in the same gland. Basal layer is demonstrated
immediately above a well-developed epithelium. The
glands are dilated or even cystic and containing an
inspissated secretion of glycoprotein nature (corpora
amylacea), which is sometimes calcified. Histology
of benign nodular hyperplasia of prostate gland is
shown in Fig. 1.4.

Thyroid Gland Hyperplasia in Graves’ Disease

Graves’ disease is an autoimmune disorder which

primarily affects thyroid gland. It is most common

cause of hyperthyroidism accounting for 60-80% of

hyperthyroidism cases, which may affect eye and

skin.

= Graves’ disease is caused by thyroid stimulating
immunoglobulin, that binds with thyroid-stimu-
lating hormone receptor on the thyroid follicular
cell membrane and stimulates the action of the thy-
roid stimulating hormone resulting in both thyroid
hormone synthesis, hyperthyroidism and thyroid
follicular epithelial hyperplasia causing thyromegaly.

= Graves’ oculopathy occurs due to inflammation,
cellular proliferation and increased growth of extra-
ocular muscles and retro-orbital connective tissue and
adipose tissue by the action of thyroid stimulating
antibodies and cytokines synthesized by cytotoxic
T cells.

= Thyroid stimulating autoantibodies and cytokines
activate periorbital fibroblasts and preadipocytes
causing excessive growth of retro-orbital adipose
tissue and hydrophilic glycosaminoglycans leading
to extraocular muscle swelling by trapping water.
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= Changes in ocular and extraocular muscles give rise
to proptosis, diplopia, congestion and periorbital
edema.

= Graves’ disease is diagnosed by thorough clinical
history, physical examination, thyroid function tests,
thyroid autoantibodies such as thyroid stimulating
immunoglobulin (TSI) and thyrotropin-binding
inhibiting (TBI) immunoglobulin or thyrotropin-
binding inhibitory immunoglobulin (TBII)) and
radioactive iodine uptake scan with '*Ior ®'L.

Defect in Primary Intention of Wound Healing

The epidermis is a stratified epithelium composed

of several layers of keratinocytes. It provides a phy-

sical barrier between the environment and the micro-

organisms, thereby protecting it from external injurious

agents and pathogens and limiting the loss of fluids.

= Keratinocytes of epidermis are responsible for
restoring the epidermis after injury through a process
of epithelialization. Epithelialization is defined as a
process of covering denuded epithelial surface.

= The cellular and molecular processes involved
in the initiation, maintenance and completion of
epithelialization are essential for successful closure
of skin wound.

= There are three distinct epidermal stem cell (ESC)
niches identified to date: (a) bulge of the hair follicle
(HF), (b) the base of the sebaceous gland, and (c) the
basal layer of the interfollicular epidermis (IFE). In
response to epidermal injury, both the HF and HFE
niches participate in the re-epithelialization of the
skin wound defect.

= A wound cannot be considered healed in the absence
of re-epithelialization. The epithelialization process is
impaired in all types of chronic skin wounds.

Psoriasis

Psoriasis is a chronic nonpruritic disease of the dermis

and epidermis and characterized by persistent epider-

mal hyperplasia resulting in sharply demarcated

erythematous plaques covered with a silvery scale

commonly on the elbows, knees, scalp, umbilicus and

lumbar region.

= Psoriasis may be caused by defective epidermal cell
surface receptors and altered intracellular signaling.
Cw6 gene mutation has the strongest association
with psoriasis.

= Scratching of scaly lesion causes rupture of small
blood vessels in suprapapillary thinned area resul-
ting in pinpoint hemorrhages known as ‘Auspitz
sign’. Histology in a case of psoriasis is shown in
Fig. 1.5.
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Fig. 1.5: Histology in a case of psoriasis. Hematoxylin and eosin-stained
section shows downward elongation of the rete ridges (arrows) with
thinning of overlying stratum granulosum, with parakeratosis above this.
Small aggregates of neutrophils with surrounding spongiform change are
seen in the superficial epidermis. Capillaries within dermal papillae are
brought close to the surface (400X).

COMPENSATORY HYPERPLASIA OF HEPATOCYTES
FOLLOWING PARTIAL RESECTION

The liver has a remarkable capability to regenerate

after injury. Within a week after partial hepatectomy of

two-thirds of the liver, the hepatocytes regenerate and

also transdifferentiate into biliary epithelial cells and

endothelial cells; and the liver retains back essentially

to what it was during normal health prior to surgery.

= DNA synthesis is initiated in these cells within 10-
12 hours after surgery and essentially ceases in about
3 days. Cellular proliferation begins in the portal
triads (i.e. periportal region) and proceeds toward
the centers of the hepatic lobules.

= Proliferative hepatocytes initially form clumps,
which get transformed into classical plates. Similarly,
proliferative endothelial cells develop into the type
of fenestrated cells of those observed in hepatic
sinusoids.

= Proliferating hepatocytes appear to at least partially
revert to a fetal phenotype and express markers
such as a-fetoprotein. Transforming growth factor-§
is the main cytokine involved in this process. Other
cytokines such as transforming growth factor-o. and
human growth hormone (HGH) also participate in
the regeneration of hepatocytes.

HYPERTROPHY

Hypertrophy is defined as an increase in cell size of an
organ or tissue due to synthesis of cellular structural
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components in response to various stimuli (hormones

and growth factors), without an increase in the number

of cells.

= [t is worth mentioning that both hyperplasia and
hypertrophy result in an increase in organ size,
therefore both cannot always be distinguished on
gross examination, hence histologic examination is
required to distinguish the two entities.

= Both hypertrophy and hyperplasia can occur due
to upregulation or downregulation of receptors and
induction of new proteins synthesis, which include
transcription factors (e.g. c-Jun, c-Fos), contractile
proteins (e.g. myosin light chain), and embryonic
proteins (e.g. B-myosin heavy chain).

= Hypertrophy may be physiologic, pathologic,
compensatory and subcellular. Schematic represen-
tation of hypertrophy is shown in Fig. 1.6. Physio-
logic, pathologic, compensatory and subcellular
hypertrophies are given in Table 1.12. Differences
between hypertrophy and hyperplasia are shown in
Table 1.13.

PHYSIOLOGIC HYPERTROPHY

Physiologic hypertrophy occurs due to normal stressor.
It is usually adaptive response that improves cell
function. For example, hypertrophy of skeletal muscle
occurs due to exercise and physical labor. Uterine
smooth muscle hypertrophy occurs during pregnancy.

Physiologic Skeletal Muscle Hypertrophy

Exercise, hard physical labor or weight lifting stimulate
skeletal muscle fibers to increase in diameter as a result

of increased synthesis of more structural contractile
proteins. Phosphoinositide-3 kinase pathway is
postulated to play role in exercise-induced skeletal
muscle hypertrophy. Skeletal muscle shows increased
number of myofilaments and mitochondria; abundant
endoplasmic reticulum, mild nuclear enlargement,
which leads to synthesis of more membranes, enzymes,
ATP and higher levels of aerobic respiration.

Physiologic Uterine Hypertrophy during Pregnancy

The adaptive uterine hypertrophy is a critical event that
involves changes in cellular phenotypes throughout
pregnancy. In early pregnancy, uterine hypertrophy
involves the endometrial glandular epithelial cells
and/or the myometrial muscle cells during pregnancy
induced by circulating estrogens. The glandular epi-
thelial cells become tall columnar with increase in
cytoplasm to nucleus ratio, basophilic cellular cytoplasm
and mitotic figures. Mechanical stress by growing fetus
and placenta regulates hypertrophic phenotype of
the myometrium during pregnancy; however, major
component of myometrial hypertrophy occurs after
mid-gestation.

Hyperirophy

Mo

Fig. 1.6: Schematic representation of hypertrophy. Hypertrophy refers
to enlargement of cells without cell division.

1zl 4 Physiologic, pathologic, compensatory and subcellular hypertrophies \

Physiologic hypertrophy

Skeletal muscle hypertrophy

Uterus hypertrophy in pregnancy

Pathologic hypertrophy

Cardiac hypertrophy

Adrenal gland hypertrophy (zona glomerulosa)
Focal hypertrophy of retinal pigment epithelium
Compensatory hypertrophy

Hypertrophy of residual cardiac myocytes
Renal hypertrophy

Subcellular hypertrophy of cell organelles

Subcellular hypertrophy of liver organelles such as endoplasmic
reticulum

Physical labor and weight training
Hormonal response

Systemic hypertension and valvular disease
Increased ACTH synthesis
Following retinal detachment

Following myocardial infarction

Following nephrectomy of opposite kidney, congenital absence of one
kidney or nonfunctional kidney

Hepatotoxic agents such as phenobarbital, alcohol and other anti-
convulsant drugs
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1=kl Differences between hypertrophy and hyperplasia

Hypertrophy Hyperplasia

transformation
Physiologic state
A demand for additional work met by skeletal muscle hypertrophy | =

Pathologic state

= Cardiac hypertrophy (hypertension, valvular disease) =

= Urinary bladder hyperplasia during obstruction to urine outflow | =
due to prostate enlargement "

Increase in cell size and cytoplasm without cell division results | Gell size usually remains normal, cytoplasm may be reduced with cell
in increase in size of organ that does not induce neoplastic | division that may not induce neoplastic transformation

Hormone-induced hyperplasia in female breast

Uterus during pregnancy

Erythroid bone marrow hyperplasia at altitude

Compensatory hyperplasia after partial hepatectomy and nephrectomy

Uterus hypertrophy during pregnancy

Cystic glandular and adenomatous hyperplasia of endometrium
Atypical hyperplasia of the endometrium and endometrial carcinoma
Prostatic hyperplasia (prostatic glands and stromal smooth muscle cells)

Thyroid gland hyperplasia (toxic or nontoxic goiter), hyperplasia of
epidermis in wound healing

Physiologic Myocardial Hypertrophy

Physiologic myocardial hypertrophy is characterized
by normal organization of cardiac structure and normal
or increased cardiac function. It can ensue as a result
of exercise or pregnancy, and is deemed mild and/or
reversible.

PATHOLOGIC HYPERTROPHY

Pathologic hypertrophy occurs due to abnormal stressor

and is commonly associated with upregulation of

fetal genes, fibrosis, organ dysfunction and increased

mortality. Cardiac hypertrophy is caused in the

presence of chronic stressful conditions such as systemic

hypertension, valvular disease, hypertrophic cardio-

myopathy and congenital heart disease.

= Cardiac hypertrophy is usually associated with
upregulation of fetal genes, excessive increase in
ventricular dimensions, accompanied by fibrosis,
myocardial dysfunction and increased mortality.

= Ventricular hypertrophy is considered as a predictor of
cardiovascular morbidity such as cardiac arrhythmias,
myocardial infarction, cerebrovascular events, and
sudden death. The most common symptoms of left
ventricular hypertrophy are shortness of breath, chest
pain after activity, dizziness and rapid heartbeats.

= Since the cardiac muscle is composed of terminally
differentiated myocytes that cannot divide. Increased
demand for action can be met only by increased size
of the cardiac myocytes.

= Three stages of myocardial hypertrophy are
recognizable: (a) initiation of myocardial hypertrophy,

(b) stable function of the hypertrophied heart, and
(c) deterioration of cardiac function associated with
degeneration of hypertrophied cardiac myocytes.
Histologic examination of myocardial hypertrophy
shows enlarged myocytes with large nuclei.

Pathology Pearls: Molecular Basis of
Cardiac Hypertrophy

= The molecular basis of cardiac hypertrophy reflects increased
expression of growth-promoting genes (proto-oncogenes)
such as c-Jun, c-Fos, c-Myc and RAS (nuclear transcription
factors). It leads to increase synthesis of cellular proteins and
number of intracellular organelles (e.g. mitochondria, Golgi
apparatus). Only labile and stable cells are able to undergo
hypertrophy as well as hyperplasia.

= Mechanical stretch induces production of growth factors
such as TGF-B, FGF, insulin-like growth factor 1 and vaso-
active agents (angiotensin Il and endothelin), which bind
to G protein-coupled receptors, induce signal to synthesize
increased synthesis of contractile proteins, embryonic genes
(e.g. cardiac a-actin and ANF) and growth factors.

= Cardiac hypertrophy resulting from transcriptional regulation
leads to increased synthesis of mRNA, rRNA, and protein,
which increase the strength and work capacity of heart.

= Cardiac hypertrophic muscles show increased cytosol,
number of organelles and DNA content. Gross morphology
of left ventricular hypertrophy is shown in Fig. 1.7.

Pathologic Adrenal Gland Hypertrophy

Pathologic adrenal gland hypertrophy may be
bilateral and diffuse and focal. Bilateral diffuse cortical
hypertrophy is usually caused by increased synthesis
of ACTH; when associated with increase in thickness
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Fig. 1.7: Gross morphology of left ventricular hypertrophy. It is the
enlargement and hypertrophy (increase in thickness of the wall) of
left ventricle. This thickening may result in elevation of pressure within
the heart and sometimes poor pumping action. The most common
cause is severe hypertension. Normal thickness of wall of left ventricle
is 1.2-1.5 cm.

of cortex and weight of adrenal gland. Zona fasciculata
is usually increased in thickness, whereas the zona
reticularis increases to a lesser extent. The cytoplasm
of the affected cells is usually eosinophilic and finely
granular with or without clear lipid vacuoles.

COMPENSATORY HYPERTROPHY IN RESIDUAL
CARDIAC MYOCYTES

Compensatory hypertrophy in residual cardiac
myocytes can take place only if some portion of the
original structure is left to react to the loss. The growth
can be a result of increased cell size or increase in cell
division or both. Compensatory hypertrophy occurs
in residual cardiac myocytes following myocardial
infarction and renal hypertrophy of opposite side
following nephrectomy.
= For instance, if one kidney is surgically removed, the
cells of the other kidney divide at an increased rate.
Compensatory renal hypertrophy can also occur on
opposite side due to congenital absence of one kidney
or nonfunctional kidney.
= Hypertrophy can occur as a compensatory response
to injury when parenchymal cardiac myocyte cells are
irreversibly damaged following myocardial infarc-
tion, in which residual cardiac myocytes increase in
size.

SUBCELLULAR ENDOPLASMIC RETICULUM
HYPERTROPHY IN LIVER

Subcellular endoplasmic reticulum hypertrophy occurs
in liver in response to hepatotoxic agents.
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Endoplasmic Reticulum Hypertrophy in Liver by
Phenobarbital

Ingestion of administration of lipid soluble drugs, e.g.
phenobarbital and other anticonvulsant drugs induces
the hepatocytes to increase synthesis of cytochrome
P450 oxidase enzyme available to detoxify the drugs.
The process of synthesis of drug metabolizing enzyme
takes place in the endoplasmic reticulum is a sequen-
tial event and can be divided into three stages as
demonstrated on electron micrographs: (a) increased
production of rough endoplasmic reticulum and its
hypertrophy in the cytoplasm, (b) increased synthesis of
cytochrome P450 oxidase enzyme available to detoxify
the drugs, and (c) shedding of attached ribosomes of
rough endoplasmic reticulum converting into smooth
endoplasmic reticulum with the same attached enzymes
and accumulation in the cytoplasm.

Endoplasmic Reticulum Hypertrophy in Liver by
Excessive Alcohol Consumption

Excessive alcohol consumption induces numerous

pathologic stress responses, part of which is endo-

plasmic reticulum. Alcohol crosses the biological

membrane and disturbs numerous biological pathways

and causing damage to liver, brain, pancreas, heart and

immune system.

= Inaddition to conversion of alcohol into acetaldehyde
in the circulation by aldehyde dehydrogenase, cyto-
chrome P450 activities, mainly CYP2E1 in the endo-
plasmic reticulum of hepatocytes also oxidize alcohol
to acetaldehyde and hydrogen peroxide (H,0,).

= There is excessive accumulation of unfolded proteins
in the endoplasmic reticulum of hepatocytes.

ATROPHY

Atrophy is reduction in size of the cell (organ or tissue)
due to loss of structural components of the cells, that
has at one time been of normal size. The number of cells
remain same as before the atrophy occurred, but the size
of some fibers is reduced.
= Atrophy occurs as a result of insufficient blood flow,
disuse of organs, denervation, or reduced endocrine
stimulation. Cell attempts to reduce demand to match
reduced energy supply. The entire tissue/organ
diminishes in size when enough cells are involved.
= Decrease in cell size occurs via ubiquitin-proteosome
degradation of the cytoskeleton and autophagy of the
cellular components. In ubiquitin-proteosome degra-
dation, intermediate filaments of the cytoskeleton
are ‘tagged’ with ubiquitin and degraded by proteo-
somes. Autophagy of cellular components involves
generation of autophagic vacuoles. These vacuoles
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fuse with lysosomes whose hydrolytic enzymes
breakdown the cellular components.

= Uterus returns to nongravid state after parturition is
an example of physiologic atrophy. Hypoxia, loss of
innervation, disuse of organ and aging are examples
of pathologic atrophy.

= Schematic representation of atrophy is shown in
Fig. 1.8. Physiologic and pathologic (systemic or local)
atrophies are given in Table 1.14.

PHYSIOLOGIC ATROPHY

Physiologic atrophy is associated with the natural
aging process. Examples of physiologic atrophy include
thymus atrophy during puberty, embryonic structures
atrophy (notochord, thyroglossal duct and patent ductus
arteriosus), atrophy of female breasts, uterus and vagina
during menopause, brown atrophy of organs (heart,
liver, adrenal gland and ganglion cells) and brain
atrophy during advancing age.

Embryonic Structures Atrophy

During eighth weeks of fetal development, embryonic
folding converts a flat sheet of cells into a hollow,
tube-like embryonic structures such as notochord,
thyroglossal duct, and patent ductus arteriosus
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Fig. 1.8: Schematic representation of atrophy. Atrophy refers to reversible
reduction in the size of the cells.

derived from the ectoderm, mesoderm and endoderm,
undergo atrophy.

Female Breasts, Uterus and Vaginal Atrophy

During reproductive period, estrogen hormone plays
key role in normal metabolism and function of breast
and reproductive organs. After menopause, the ovaries,
uterus, vagina and breasts normally undergo a degree
of atrophic changes. In postmenopausal women, the
walls of the vagina become thinner (atrophic vaginitis).
After menopause the body have no further functional
biological need to maintain the reproductive system.

Brain Atrophy in Advancing Age

Brain atrophy in advancing age is defined as the loss
of neurons, which destroys the connections that help
the cells to communicate. Focal brain atrophy affects
cells in certain areas of the brain and results in loss
of function in those specific areas. Generalized brain
atrophy affects cells all over the brain. In old age, frontal
cortex undergoes marked atrophy revealing thinning of
the gyri and widening of the sulci.

Brown Atrophy of Organs in Advancing Age

Lipofuscin is the name given to fine yellow-brown
pigment electron dense granules composed of lipid-
containing residues of lysosomal digestion. Lipofuscin
pigment is considered to be one of the aging or ‘wear-
and-tear’ pigments, that accumulates progressively
over time in lysosomes of postmitotic cells, such as
cardiac myocytes, liver, kidney, adrenal glands, nerve
cells and ganglion cells. The intracellular accumulation
of lipofuscin-like material may be the result of an
imbalance between formation and disposal mechanisms.

(21159020 Physiologic and pathologic (systemic or local) atrophies \

Atrophy of Organs | Mechanism

Physiologic atrophy
Atrophy of thymus gland

patent ductus arteriosus)
Female breasts, uterus and vagina during menopause
Brown atrophy of heart, liver, adrenal gland and ganglion cells

Brain atrophy

Pathologic generalized atrophy

Atrophy of thyroid gland and adrenal gland
Pathologic local atrophy

Skeletal muscle atrophy

Renal cortex atrophy

Brain atrophy

Exocrine gland atrophy

Atrophy of embryonic structures (notochord, thyroglossal duct and | Physiologic phenomenon

Physiologic phenomenon

Decreased estrogens in menopausal women

Lipofuscin pigment (wear and tear pigment), important indicator of
free radical induced injury

Aging process

\ Hypopituitarism

‘ Denervation

' Nephrolithiasis

‘ Alzheimer disease
‘ Cystic fibrosis
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The lipofuscin pigment is found at the periphery of
the lobule in hepatocytes and some bile ductular cells.
The adrenal cortex accumulates lipofuscin granules with
advancing age.

PATHOLOGIC ATROPHY

Pathologic atrophy occurs due to an abnormal stressor.
In general, pathologic atrophy occurs due to the loss
of stimulus to the organ such as insufficient blood
flow and nutrients, disuse of organs, denervation, or
reduced endocrine stimulation. The organ is smaller
than usual. Atrophy occurs in a once normally deve-
loped organ. If the organ was never of normal size
and does not develop normally, the condition is called
hypoplasia.
= Systemic pathologic atrophy: Systemic pathologic
atrophy occurs in cases of insufficient nutrition,
chronic infection, disorders of endocrine glands, and
disorders of central nervous system.
= Local pathologic atrophy: Local pathologic atrophy
can occur in the settings of: (a) trophic nerves
involvement results in atrophy of skeletal muscles
in poliomyelitis, (b) atherosclerotic plaques in carotid
arteries cause insufficient blood supply to brain
leading to brain atrophy, (c) dysfunctional atrophy
of optic nerve occurs after removal of diseased eye,
(d) prolonged immobilization of extremities due to
fracture results in atrophy of skeletal muscles, and
(e) application of iodine preparation causes thyroid
gland atrophy.

Brown Atrophy of Organs in Disorders

Lipofuscin pigment accumulation is also demonstrated
in adrenocortical tumors associated with Cushing
syndrome, particularly those with PRKAR1A gene
mutations, such as in primary pigmented nodular
adrenocortical disease (PPNAD).
= Lipofuscin accumulation in the eye can cause macular
degeneration and inherited juvenile form of macular
degeneration in Stargardt disease, an inherited
disorder. Abnormal accumulation of lipofuscin in the
peripheral nervous system can cause lipofuscinosis.
= Batten disease is a familial neurodegenerative
disorder showing neuronal ceroid lipofuscinosis.
Pathologic accumulation of lipofuscin has been
implicated in Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, melanosis coli
and lipid myopathy. Calorie reduction, vitamin E and
increased glutathione appear to reduce production of
lipofuscin pigment.

Brain Atrophy in Disorders

Diseases that cause cerebral atrophy in adults include
cerebral stroke due to interruption of blood supply,
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traumatic brain injury, Alzheimer’s disease, Pick disease,
frontotemporal dementia, cerebral palsy (abnormal
development of brain during gestation period),
multiple sclerosis, Huntington’s disease and AIDS.
Alzheimer disease is secondary to extensive cell death
resulting in marked atrophy of the frontal lobe, thinning
of gyri and widening of sulci. Patient with multiple
sclerosis can have close to a normal life span if treated
effectively.

Skeletal Muscle Atrophy in Disorders

Normally, skeletal muscle is maintained by multiple

pathways regulating turnover of cell and proteins. There

are three types of skeletal muscle atrophy: physiologic,

pathologic and neurogenic. Physiologic atrophy of

skeletal muscle is caused by not using the muscles for

long time.

= Pathologic atrophy of skeletal muscle occurs due to
reduced workload, loss of innervation, reduced blood
supply, protein calories malnutrition, osteoporosis,
immobilization of skeletal fracture in a plaster cast
for prolonged period, loss of endocrine stimulation
and aging.

= Activation of proteolytic system leads to removal of
contractile proteins, cytoplasm and cell organelles
resulting in shrinkage of skeletal muscle fibers and
thus skeletal muscle atrophy.

= Excessive removal of skeletal muscle mass is
associated with poor prognosis in myopathies and
muscular dystrophies as well as diabetes mellitus,
cancer cachexia, sepsis, AIDS, heart failure, chronic
renal failure and aging.

= The cells exhibit autophagic granules, which are
intracytoplasmic vacuoles containing debris from
degraded organelles.

= Inskeletal muscle, the ubiquitin-proteasome system is
required to remove sarcomere proteins upon changes
in muscle activity.

= Atrophy of skeletal muscle mass is associated with
(a) increased conjugation of ubiquitin to muscle
proteins; (b) increased proteasomal ATP-dependent
activity; (c) increased breakdown of proteins; and
(d) upregulation of transcripts encoding ubiquitin;
some ubiquitin-conjugating enzymes (E2), a few
ubiquitin-protein ligases (E3) and several proteasome
subunits.

Endocrine Glands Atrophy in Disorders

A destructive or atrophic lesion affecting the pituitary
gland with loss of its hormones (hypopituitarism) leads
to atrophy of the thyroid gland, adrenal glands and
gonads and in turn brings atrophic changes to their
target. The decrease in size of the endocrine glands may
be extreme.
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Cachexia (Irreversible Wasting Syndrome)

Cachexia is a multiorgan and multifactorial and

irreversible wasting syndrome associated with cancer

and other chronic illnesses such as chronic heart failure,

chronic renal failure, chronic obstructive pulmonary

disease and chronic inflammatory diseases.

= Cancer cachexia is characterized by systemic inflam-
mation, negative protein and energy balance and
involuntary marked muscle wasting and anorexia.

= Multiple mechanisms are reported in the development
of cachexia, with a number of cytokines including
TNF-a postulated to play important role in the
etiology of the persistent catabolic state.

= Cachexia is treated with dietary supplements and/
or exercise and therapeutic agents, such as megestrol
acetate, medroxyprogesterone, ghrelin, omega-3-fatty
acids and erythropoietin.

Renal Atrophy in Disorders

Renal atrophy may be associated with antiphospholipid
syndrome, tuberculosis, metabolic syndrome, renal
artery stenosis, atheromatous plaques in renal artery,
sickle cell disease, obstruction of the urinary tract
due to urolithiasis and cancer. Atrophic kidney has
impaired renal functions. Patient presents with changes
in urination, drowsiness, nausea, vomiting, anorexia,
muscle cramps, increased serum creatinine and
electrolytes imbalance.

Exocrine Glands Atrophy in Cystic Fibrosis

Normally, cystic fibrosis transmembrane conductance
regulator (CFTR) gene located on long arm of chromo-
some 7 codes for a membrane protein that regulates
chloride channel in epithelial cells and thus participates
in the movement of chloride and other ions across
membranes.

Wilthoul 2iress -:|| cheanic injury

WML M 0 (g

Mormal © I'rI.|I'I1I'I-‘-|r gpithaliad call

o ”aﬂ

= Cystic fibrosis is autosomal recessive disorder, that
occurs due to mutation of cystic fibrosis transmem-
brane conductance regulator/CFTR gene resulting in
thick secretions in the respiratory tract and exocrine
glands and causes pressure atrophy on the ducts.

= Patient develops recurrent respiratory infections,
meconium ileus and sterility in males. Sweat chloride
test is an important diagnostic tool.

METAPLASIA

The epithelium normally presents at a site cannot handle

the new microenvironment induced by persistent

stimuli (chronic inflammation or irritation), so one adult

cell type is transformed to another adult cell type, in

response to persistent injury (chronic inflammation or

irritation).

= Metaplasia is a reversible phenomenon. New meta-
plastic cells are better able to handle the new stressor.

= Examples of pathologic metaplasia include Barrett
esophagus, squamous metaplasia in the tracheo-
bronchial mucosa, metaplasia in ocular and exocrine
gland ducts in vitamin A deficiency, myositis
ossificans, apocrine metaplasia in breast.

= Schematic representation of metaplasia is shown
in Fig. 1.9. Schematic representation of squamous
metaplasia is shown in Fig. 1.10. Differences between

Melaplesin

Fig. 1.9: Schematic representation of metaplasia. Metaplasia refers to
replacement of an adult cell with another adult cell as a response to
chronic inflammation or irritation.

Sguamois metaplasia

Basemeni membrane 5 e -l

- e =

'?%1 e
LE e

: J

Wilh siress or chroms injury

Fig. 1.10: Schematic representation of squamous metaplasia. Squamous metaplasia is used to designate the focal or extensive replacement of mucus-
secreting glandular epithelium by stratified squamous epithelium in response to chronic irritation.
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=1l Differences between physiologic metaplasia and pathologic metaplasia \

Original Tissue Stimulus
Physiologic metaplasia
Monocytes in blood circulation ‘ Physiologic state

Pathologic metaplasia
Ciliated columnar epithelium in bronchial tree

Columnar glandular epithelium lining ducts
pancreas

Transitional epithelium in urinary bladder
Squamous epithelium in Barrett’s esophagus
Transitional epithelium in urinary bladder
Fibrocollagenous tissue

Myeloid metaplasia and agnogenic myeloid
metaplasia (myelofibrosis, polycythemia vera)

Metaplasia in benign neoplasm

Tobacco smoking

Renal stones

Traumatic injury

polycythemia vera

Squamous or osseous metaplasia in malignant
neoplasm

Vitamin A deficiency

Gastric acid (gastroesophageal reflux disease)
Chronic inflammation prostatitis

Agnogenic myeloid metaplasia, myelofibrosis,
Benign neoplastic process

Malignant neoplastic process

Replaced by Metaplastic Lining/Tissue

‘ Tissue macrophages

Squamous metaplasia
Squamous metaplasia

Squamous metaplasia

Columnar metaplasia

Glandular epithelium (cystitis glandularis)
Osseous metaplasia

Extramedullary hematopoiesis in liver and
spleen

Cartilaginous and bony tissue in
pleomorphic adenoma

Breast carcinoma

physiologic metaplasia and pathologic metaplasia
are given in Table 1.15.

PHYSIOLOGIC METAPLASIA

Physiologic metaplasia is generally a normal transient
response to changing conditions. For example, in the
body’s normal response to inflammation, monocytes
migrate to inflamed tissues and transform into
macrophages.

PATHOLOGIC METAPLASIA

Pathologic metaplasia is usually a response to chronic
irritation (e.g. tobacco smoking or chronic inflammation).
This process is usually reversible. Examples of pathologic
hyperplasia are described as under.

Squamous Metaplasia in Tissues/Organs

Squamous metaplasia is a benign non-neoplastic change
of surface lining epithelial cells to a squamous morpho-
logy. Common sites of squamous metaplasia include
urinary bladder, bronchi, cervix, and ducts of exocrine
gland.

Squamous Metaplasia in Cervix

The uterine cervix measures 3—4 cm in length and 2.5 cm

in diameter. However, it varies in size and shape depen-

ding on age, menstrual status and parity of the women.

= Ectocervix is most often readily visible portion of
cervix and lined by stratified squamous epithelium
consisting of multiple layers of cells.

31

= Endocervix is invisible and lies proximal to the
external os and lined by columnar epithelium
consisting of single layer of cells.

The location of squamocolumnar junction in relation
to the external os varies depending on age, menstrual
status, parity and contraceptive use.

Squamous metaplasia in cervix occurs in the trans-
formation zone, in which the endocervical epithe-
lium is replaced by subcolumnar reserve cells,
which differentiate into immature and then mature
squamous epithelium. Squamous epithelium overlies
endocervical glands, may replace glands.

Squamous Metaplasia in Urothelium Lining
Urinary Bladder

Squamous metaplasia is defined as the transformation
of the normal urothelium into nonkeratinized or
keratinized stratified squamous epithelium due to
urolithiasis in trigone region.

Squamous Metaplasia in Bronchi Lined by Columnar
Epithelium

Although metaplasia is considered to be a protective
mechanism, yet it may be harmful. Columnar epithelium
of tracheobronchial mucosa undergoes epithelial
squamous metaplasia in response to chronic tobacco
smoke exposure. Squamous metaplasia also impairs the
production of mucus and ciliary clearance of debris. It
is widely acknowledged that continuous exposure to
tobacco smoke is linked to the development of chronic
obstructive pulmonary disease (COPD). A history of
cigarette smoking is independent risk factor for lung
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Fig. 1.11: Histology of squamous metaplasia. Squamous metaplasia is
preneoplastic change of the bronchial columnar epithelium. It is observed
in the bronchi in response to toxic injury induced by tobacco smoke.
It is a multistage process, which may eventually lead to full neoplastic
transformation, i.e. bronchogenic carcinoma (arrow) (100X).

cancers. Squamous metaplasia is a preneoplastic change
of the bronchial columnar epithelium is shown in
Fig. 1.11.

Squamous Epithelium Metaplasia in Conjunctiva

Vitamin A deficiency can also result in squmous
metaplasia. Vitamin A is essential for differentiation of
specialized epithelial surfaces such as the conjunctiva
covering eye. In vitamin A deficiency, the thin squamous
epithelium lining the conjunctiva undergoes metaplasia
into stratified keratinizing squamous epithelium.
The different ocular signs of vitamin A deficiency in
children, as graded by the WHO, are: night blindness,
conjunctival xerosis and Bitot’s spots.

Squamous Epithelium Metaplasia in Pancreatic Ducts

Vitamin A deficiency can cause squamous metaplasia
of epithelium lining pancreatic duct, since vitamin A
maintains orderly differentiation of epithelia.

Squamous Epithelium Metaplasia to become
Columnar Epithelium in Barrett’s Esophagus

Barrett esophagus is classic example of metaplasia.

Esophagus is normally lined by nonkeratinizing squa-

mous epithelium, that is suited to handle friction of a

food bolus.

= Barrett esophagus occurs due to gastroesophageal
reflux of gastric contents into the esophagus, which
causes the epithelium type to convert from squamous
to intestinal type columnar epithelium, which can
handle the stress of gastric acid. Metaplasia is thought
to arise from reprogramming of stem cells present in
adult tissue. Metaplasia is reversible with removal of
the driving stressor.

= Treatment of gastroesophageal reflux may reverse
Barrett disease. Under persistent stress, metaplasia
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can progress to dysplasia and eventually lead to
cancer. Barrett esophagus may progress to adeno-
carcinoma. A notable exception is apocrine metaplasia
of breast, which carries no increased risk for cancer.

Transitional Epithelium Metaplasia to
Glandular Epithelium

Metaplasia of transitional epithelium to glandular
epithelium is seen in patients with chronic inflammation
of the bladder (cystitis glandularis).

Osseous Metaplasia in Myositis Ossificans

Mesenchymal tissues can also undergo metaplastic

change. Osseous metaplasia is the formation of bony

trabeculae within striated muscle at the site of repetitive

traumatic injury.

= Fibrocollagenous tissue transforming to osseous
tissue is known as myositis ossificans. It is worth
mentioning that dystrophic calcification occurring
at injury site does not lead to the formation of bone
trabeculae.

= Most of the times, myositis ossificans occurs in the
large skeletal muscles of the arms or the legs in young
adults and athletes. Regardless of the cause, myositis
ossificans happens when the body makes an error
in the healing process. Patient may notice that pain
worsens with time instead of getting better.

Myeloid Metaplasia

Myeloid metaplasia occurs due to proliferation of
hematopoietic cells at the site other than bone marrow,
such as liver and spleen. It is known as extramedullary
hemopoiesis. Various causes of myeloid metaplasia
are agnogenic myeloid metaplasia, myelofibrosis and
polycythemia vera.

Metaplasia in Neoplasms

Metaplasia is seen in pleomorphic adenoma of salivary
gland. Tumor shows areas of cartilage and bone. Breast
carcinoma may show squamous or osseous metaplasia
in some cases. Prognosis of metaplastic breast carcinoma
is poor.

DYSPLASIA

Dysplasia means loss of regular appearance of cells in
epithelium. It is characterized by variations in size and
shape of dividing cells with mitotic activity arranged in
disordered fashion with loss of cell maturation as cells
progress to the surface, as a result of chronic irritation
or inflammation. It may revert to normal, if stimulus is
removed. If stimulus persists, it can precede malignant
change. Differences between metaplasia and dysplasia
are given in Table 1.16.
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=1l Differences between metaplasia and dysplasia ‘

Metaplasia Dysplasia

Definition

Transformation of one type of cell (epithelial or mesenchymal) into another | Disordered cell growth, that may progress to development

adult cell type of cancer

Type of change

Adaptive change and reversible if injurious stimuli removed Nonadaptive change and irreversible even injurious stimulus

removed

Cellular changes

= Pleomorphism in cells absent = Pleomorphism in cells present

= Normal nuclei = Hyperchromatic nuclei

= Few mitotic figures = Numerous mitotic figures

= Normal architecture of cells in tissue maintained = Architecture of cells in tissue lost

Examples

= Ciliated columnar to squamous metaplasia in trachea and bronchi (tobacco | = Cervical dysplasia due to human papillomavirus 16
smoking) = Dysplasia of the bronchus due to cigarette smoking

= Columnar to squamous metaplasia due to stones in the ducts of salivary |  causing squamous metaplasia progressing to squamous
gland, pancreas and biliary system; and vitamin A deficiency dysplasia

= Squamous to columnar metaplasia in Barrett’s esophagus caused by | = Skin dysplasia due to exposure to sun ultraviolet light
chronic irritation by gastric juices in gastroesophageal reflux causing skin dysplasia

= Transitional to squamous metaplasia of urinary bladder due to trauma

= Fibrocollagenous tissue to osseous metaplasia in myositis ossificans

= Tumor metaplasia (adenosquamous cell carcinoma, stromal mucinous
metaplasia in pleomorphic adenoma, and squamous or 0sseous metaplasia
in breast carcinoma)
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Fig. 1.12: Schematic representation of development of cervical intraepithelial neoplasia (CIN I, GIN II, CIN 111) and invasive cervical carcinoma.
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= Cervical intraepithelial dysplasia: Human papil-
lomavirus 16, 18, 31, 33, 35, 39, 45 and 51 causes
cervical intraepithelial dysplasia. The distinction
between severe dysplasia and early cancer of the
cervix is a common diagnostic problem for the
pathologist. Schematic representation of development
of cervical intraepithelial neoplasia (CIN I, CIN II,
CIN III) and invasive cervical carcinoma is shown in
Fig. 1.12. CIN III (cervical intraepithelial neoplasia)
is shown in Fig. 1.13.

Dysplasia in bronchial epithelium: Tobacco smoking
produces dysplasia in respiratory epithelium. It is
potentially reversible if the patient stops tobacco
smoking. It may progress to bronchogenic carcinoma
in heavy tobacco smokers.
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= Skin dysplasia: Exposure to sun ultraviolet light
causes skin dysplasia, which may lead to squamous
cell carcinoma.

= Actinic keratosis: It is a form of dysplasia in sun-ex-
posed skin. Histologic examination reveals atypical
cells, varying in size and shape without, signs of
regular maturation as the cells move from the basal
layer of the epidermis to the surface.

REDUCTION IN SIZE OF ORGANS IN OTHER
PATHOLOGIC PROCESSES

Pathologic processes other than atrophy associated

with reduced organ size include agenesis, aplasia and

hypoplasia.

= Agenesis: Agenesis refers to absence of organ
resulting from failure to develop during embryonic
development (e.g. renal agenesis). Renal agenesis
differs from atrophy, in which a decrease in the
size of an organ results from a decrease in pre-
existing cells. Bilateral renal agenesis is incompa-
tible with life. Unilateral renal agenesis causes
compensatory hypertrophy of opposite kidney.

= Aplasia: Aplasia is failure of cell production during
embryogenesis. During fetal development, there is
no development of adrenal cortex. During postnatal
period, aplasia may occur due to permanent loss
of bone marrow precursor cells as seen in aplastic
anemia.

= Hypoplasia: Hypoplasia refers to incomplete

Fig. 1.13: Histology of CIN IIl. This is cervical squamous dysplasia at development of an organ due to decrease in cell

high magnification extending from the center to the right. The epithelium production. It may alsp occur due to partial lac.k
is normal at the left. Note how the dysplastic cell nuclei are larger and of growth and maturation of gonadal structures in
darker, and the dysplastic cells have a disorderly arrangement (400X). Klinefelter’s syndrome and Turner syndrome.

CELL INJURY AND CELL DEATH: OVERVIEW

Homeostasis refers to the ability of an organism to depending on the type, severity and duration of cell
maintain the vital internal environment within limits injury. In reversible cell injury, cells can recover to
that allow it to survive. The fundamental pathogenesis their normal function. If the stress remains severe, cell
of cell injury is a perturbation of homeostasis. injury becomes irreversible and leads to cell death.

= Cell injury is defined as a change in cell structure, = Cell injury can be caused by several intrinsic or

metabolism, physiochemical properties, and function
which leads to impairment of its vital activity.

Cell injury occurs due to defects in membrane
permeability, mitochondrial damage with ATP
depletion, accumulation of oxygen-derived free
radicals (oxidative stress) and influx of intracellular
calcium and loss of calcium homeostasis.

Cell injury is initiated at the molecular level. Cell
injury may be reversible or irreversible process
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extrinsic stresses. The basic mechanisms of cell injury
can be categorized: (a) adenosine triphosphate (ATP)
depletion, (b) permeabilization of plasma membrane
and organelles with membranes, (c) disruption
of biochemical pathways (impaired synthesis of
structural protein and enzymes), and (d) DNA
damage (pyknosis, karyorrhexis, karyolysis). Injury
to the components of the cell can lead to disease as
the cells lose their ability to adapt.
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= Cell injury occurs when a stress exceeds the

Langerhans results in diabetes mellitus. Patho-

cells ability to adapt. Cell continues to function by
adaptation despite mild to severe stress through
its life. Cellular stress beyond the level of adaptive
response results in cell injury, which may progress
through a reversible cell injury stage and culminate
in cell death.
Basic principles of cell injury depend on nature of
injurious stimuli, duration and severity of injury,
type, ability of the tissues to regenerate (labile cells/
stable cells/permanent cells), metabolic needs of cell,
adaptability of the injured cells, genetic constitution
and biochemical mechanisms acting on the several
essential cellular components.
In reversible cell injury, initially mitochondrial
oxidative phosphorylation is disrupted that leads
to decreased ATP production. Increase in cellular
glycolysis to increase ATP stores leads to decreased in
glycogen store and lactic acid accumulation resulting
in decrease in intracellular pH. Decrease in ATP stores
impairs membrane Na*/K*/calcium pumps that
lead to accumulation of sodium and calcium; and
diffusion of potassium leading to cellular swelling.
Continued oxygen depletion leads to cytoskeleton
disruption, mitochondrial changes, dilatation of
the endoplasmic reticulum, distortion of microvilli,
loosening of intercellular junctions, and blebbing of
plasma membrane. Acute cell swelling is an example
of reversible cell injury.

Oncotic necrosis is the term currently used for

nonapoptotic, accidental cell death. It is generally

regarded as a severe injury to cell membrane integrity.

The term ‘oncotic necrosis’ is defined as cell death

with swelling (oncosis), that can be caused by

ischemia, and toxic agents that interfere with ATP
generation by mitochondria and plasma membrane
pumps failure (Na*/K*/Cl"/Ca*).

* Oncotic necrosis is characterized by cell swelling
(oncosis), organelles swelling, plasma cell
blebbing, loss of plasma membrane integrity,
increased membrane permeability, dispersion of
ribosomes, chromatin fragmentation (pyknosis,
karyorrhexis, karyolysis), release of lysosomal

physiology of oxidative stress-induced cell death is

shown in Fig. 1.14.

e Neurons are highly susceptible to ischemic
injury, that begins to die within three to five
minutes after the oxygen supply has been cut off.
Myocardial infarct develops within 20-30 minutes
of interruption of blood supply to myocardium.

» Watershed areas in brain and bowel are susceptible
to oncotic necrosis. Skeletal muscles are relatively
more resistant to ischemic injury. Fibroblasts are
resistant to ischemia.

Pathology Pearls: Reversible and Irreversible Cell Injury
Reversible Cell Injury

The initial phase of cell injury is reversible. The hallmark of
reversible cell injury is cellular swelling: (a) cytosol swelling
results in loss of microvilli and membrane blebbing; and
(b) swelling of the rough endoplasmic reticulum results in
dissociation of ribosomes and decreased protein synthesis.

Irreversible Cell Injury

= Eventually, prolonged cell injury results in irreversible cell
injury. The hallmark of irreversible cell injury (cell death) is
membrane damage.

= Plasma membrane damage results in leakage of cytosolic
enzymes and proteins into the blood (cardiac troponins in
myocardial infarction, leakage of liver enzymes in hepato-
cellular injury); and influx of additional calcium occurs into
the cell.

= Mitochondrial membrane damage results in loss of the
electron transport system located in inner mitochondrial
membrane; and leakage of cytochrome ¢ into the cytosol;
that activates apoptosis.

= Lysosomal membrane damage results in leakage of hydrolytic
enzymes into the cytoplasm, which in turn, are activated by
the high cytosolic calcium. The end result of irreversible
injury is cell death.

= The morphological hallmark of cell death is degradation
of the nucleus, which occurs via nuclear condensation
(pyknosis), fragmentation (karyorrhexis), and dissolution
(karyolysis). The death of large group of cells is followed by
acute inflammation.

enzymes into extracellular spaces, eosinophilic
cytoplasm, leakage of proteins (creatine kinase,
troponins, myoglobin, cellular enzymes) into
blood, inflammation, vascularization and tissue
repair. Necrosis is always pathologic as a result of

CAUSES OF CELL INJURY AND CELL DEATH

Cell injury can be caused by several intrinsic or extrinsic
stresses. Causes of cell injury are given in Table 1.17.
= Intrinsic stressors of cell injury include genetically

irreversible cell injury.
Irreversible cell injury results in a loss of cell func-
tions. Myocardial cell injury results in loss of heart
contraction. Motor neuron injury leads to skeletal
muscle paralysis. Irreversible injury to islets of
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determined metabolic imbalances, genetic abnor-
malities, gross malformations, hypersensitivity
reactions, oxidative stress (hypoxia), and ischemia-
perfusion injury, hypoxia is the most important cause
of cell injury.
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Fig. 1.14: Pathophysiology of oxidative stress-induced cell death. Oxidative stress-induced cell injury that occurs when there is an imbalance between
the generation of reactive oxygen species (ROS) and the antioxidant defense systems in the body. The reactive oxygen species comprises many
molecules that have divergent effects on cellular function leading to disintegration of cell membranes and nucleus and inflammatory response.
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a7 Causes of cell injury

Mechanism

Cell Injury

Oxidative stress (oxygen deprivation — hypoxia/
ischemia)

Ischemia-reperfusion injury in various organs
Infectious agents
Physical injury

Pneumonia, cardiopulmonary failure (hypotensive shock), anemia, carbon monoxide
(CO) poisoning, relative ischemia-induced cell injury (poor blood supply to organs),
complete cessation of blood supply induced cell injury causing organs infarcts (heart,
kidney, spleen, lung, intestine)

Myocardial infarction, cerebral stroke, peripheral vascular disease
Bacteria, viruses, parasites, fungi

Mechanical trauma, extreme of temperature (burns and severe cold), electric shock,
radiation, sudden changes in atmospheric pressure

Chemical agents

Drugs

Immunological reactions
Genetic defects (DNA alterations)
Nutritional imbalance

Cellular aging

Mercury, cyanide, arsenic, carbon monoxide, strong acids, strong alkali
Alcohol, narcotic drugs, therapeutic drugs

Anaphylaxis, autoimmune diseases

Congenital malformations, inborn errors of metabolism

Starvation, protein energy malnutrition disorder (marasmus and kwashiorkor), obesity,
vitamins deficiency

Cellular degeneration, cellular senescence

= Extrinsic stressors of cell injury include physical
agents (mechanical trauma, extremes of temperature—
burns and deep cold), electrical injury, radiation,
sudden fluctuations of the barometric pressure,
chemical agents, alcohol consumption, carbon mono-
xide, lead, drugs, chemotherapeutic agents, immuno-
suppressive drugs, infectious agents (bacteria,
viruses, fungi and protozoa interfere in maintaining
cell integrity and its function), venoms, poisons,
insecticides, carbon monoxide, asbestos, nutritional
deficiency, and immunological reactions.

OXIDATIVE STRESS/HYPOXIA-INDUCED
CELL INJURY

The ability to maintain oxygen homeostasis is essential

to the survival of cells in each organism. Normally, O,

diffuses down a gradient from the atmosphere to the

alveoli, to plasma, and into the red blood cells (RBCs),

where O, attaches to heme groups. Oxygen is essential

for aerobic respiration.

= Hypoxia literally means ‘low-oxygen’ but is defined
as a deficiency in the amount of oxygen that reaches
the tissues/organs of the body.

= Hypoxia prevents normal oxidative phosphorylation
process, and thus reducing the capacity of mito-
chondria to generate adenosine triphosphate (ATP).
Without ATP, the cell is unable to maintain its vital
functions.

Causes of Hypoxia

Hypoxia can result from inadequate blood supply of
oxygen (atherosclerosis, hypotensive shock), obstruction
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of airways, inadequate oxygenation of blood in the

lungs (lung diseases), inadequate oxygen transport

(e.g. anemia), inadequate perfusion of blood in the

tissues (e.g. heart failure) and inhibition of cellular

respiration (e.g. inhibition of oxygen utilization by

cyanide poisoning of respiratory enzymes).

= Hypoxemia refers to a low partial pressure of oxygen
in the blood due to high altitude, hypoventilation or
diffusion defect. Decreased venous drainage can also
impair adequate oxygen to the tissues.

= Hypoxia can be classified as acute or chronic, with
acute meaning a rapid onset, and chronic meaning
that hypoxia has been ongoing for some time.

= Decreased oxygen carrying capacity occurs due to
hemoglobin loss or dysfunction in the settings of
anemia and carbon monoxide poisoning.

= Carbon monoxide (CO) is a harmful gas produced
from firewood smoke and motor vehicles exhaust.
When carbon monoxide is breathed, it binds hemo-
globin more avidly than oxygen and forms carboxy-
hemoglobin leading to deprivation of oxygen to
heart, brain and other vital organs. Early signs
and symptoms in carbon monoxide poisoning are
headache, and cherry-red appearance of skin. Signi-
ficant exposure to carbon monoxide results in loss of
consciousness and death.

= Methemoglobinemia is a condition of elevated
methemoglobin (normal range 1%) in the circulating
red blood cells. It can occur due to inherited disorder
or acquired causes such as benzocaine, dapsone
or nitrates. The underlying mechanism involves
some of the iron in hemoglobin being converted
from ferrous (Fe™) to the ferric (Fe*™*) form, that
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cannot bind oxygen that leads to decreased oxygen
supply to the tissues/organs. Cyanosis occurs, when
methemoglobin level in the red blood cells reaches
around 15%. Symptoms may include headache,
dizziness, shortness of breath, nausea, poor muscle
coordination and blue-colored skin (cyanosis).
Complications of methemoglobinemia may include
seizures and cardiac arrhythmias. Methylene blue is
an effective treatment for reducing methemoglobin,
however, it is associated with adverse reactions
in glucose-6-phosphate dehydrogenase (G6PD)-
deficient individuals. Abnormal hemoglobins
inducing hypoxia are given in Table 1.18.

Mechanism of Hypoxia-induced Cell Injury

Hypoxia implies damage to the cells/tissues resulting
from reduced oxygen availability due to poor hemo-
globin saturation, inadequate ventilation and hemo-
lysis. Causes of hypoxia are ischemia, hypoxemia, and
decreased oxygen carrying capacity of blood.

Ischemia is a state of significantly reduced blood flow
due to thrombotic occlusion and trauma which leads
to tissue damage if not reversed.

Oxygen deprivation is the most common cause of

cell injury. Oxygen is the final electron acceptor in the

electron transport chain of oxidative phosphorylation
in mitochondria.

e Early consequences of ischemia injury include
transient shift of anaerobic glycolysis, disturbed
ionic and fluid balance and inhibited pB-oxidation
of fatty acids.

* Late consequences of ischemic injury include
lysosomal activation and leakage of proteins such
as creatine kinase, troponins, myoglobin, cellular
enzymes into blood.

Reduced oxygen availability impairs oxidative

phosphorylation in mitochondria resulting in

decreased ATP (essential source of energy) production.

Adenosine triphosphate (ATP) depletion results in

failure to energizes several important homeostatic

processes leading to ischemia-induced necrotic cell
death.

During ischemia, the affected cells become dependent
on anaerobic glycolysis for their ATP supply, which
leads to an accumulation of lactate and NAD*, and
therefore causes a drop in cytosolic pH.

Calcium and reactive oxygen species (ROS) are
common players in necrotic cell death irrespective
of the stimulus. ATP depletion results in additional
cell damage by causing failure of energy-dependent
enzymes, especially the cell membrane ATP ion
pumps (Na*/K*/Cl-/Ca**) that control cell volume
and electrolyte balance, which results in rapid
intracellular increase of calcium, sodium and chloride
leading to cell swelling.

Increased cytosolic calcium results in the activation of
signaling kinases such as mitogen-activated protein
kinase (MAPK or MAP kinase) and calmodulin kinase,
which act as transcription factors. Elevated cytosolic
calcium levels result in modification of cytoskeleton,
plasma cell membrane blebbing, activation of
phospholipases, proteases and endonucleases,
which seem to trigger cell membrane damage
through phospholipase, proteins degradation
through protease and DNA degradation through
endonuclease.

Mitochondria are the major site of ATP production
and also one of the most vulnerable organelles of the
cell. Mitochondrial injury leads to ATP depletion and
increased permeability of mitochondrial membranes
with resultant loss of calcium homeostasis and
activation of cellular enzymes such as phospholipases,
proteases and endonucleases. Activated cellular
enzymes inflict damage to membranes (plasma
membrane, mitochondrial membrane and other
organelles membranes), structural molecules (lipids,
proteins) and enzymatic proteins, and nucleic acids.
The excessive reactive oxygen species (ROS) such
as superoxide, hydroxyl radical, hydrogen peroxide
formed in the mitochondria cause damage to the
lipids, proteins, DNA, membrane integrity (plasma
membrane and organelles) consequently results
in Na*/K*/Cl"/Ca** pump failure, ionic balance
deregulation, mitochondrial dysfunction and cell
swelling.

=050 Abnormal hemoglobins inducing hypoxia

Hemoglohin Acquired Alteration Abnormal Function Spectroscopy Hemoglobin
Maximum Absorption Band
Methemoglobin Hemoglobin iron in ferric form Methemoglobin cannot with oxygen 630 nm (chocolate color)
Sulfhemoglobin Sulphur combines with hemoglobin | Sulfhemoglobin has 1/100 oxygen affinity | 620 nm
of HbA
Carboxyhemoglobin | Carbon monoxide combined with Affinity of carboxyhemoglobin is 200 times | 541 nm
hemoglobin higher than oxygen
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(1B Vulnerability of cells (organs) to ischemic irreversi-
ble cell injury

Cells/Tissues Vulnerable to Duration of Irreversible
Ischemia Injury

Neurons (cerebellum’s Purkinje 3-5 minutes
cells and hippocampus area most
susceptible to injury)

Myocardium 20-30 minutes
Hepatocytes 1-2 hours
Intestine 8-16 hours
Skeletal muscle 24-72 hours

Fibroblasts

Watershed areas are present mesenteric arteries and cerebral arteries.

Resistant to ischemic injury

= Reactive oxygen species (ROS) can react with the
nucleic acids attacking the nitrogen bases and
the sugar phosphate backbone and evoke single-
stranded or double-stranded DNA breaks. The
change of nuclear morphology upon induction
of necrosis includes pyknosis, karyorrhexis and
karyolysis.

= Furthermore, necrotic cells release immunomodu-
latory factors that result in recognition and engulfment
of necrosed cells by phagocytes and the subsequent
immunologic response.

= Hypoxia adversely affects function of brain, heart
and liver. Hypoxic cell injury depends on type of
tissues undergoing necrosis. Vulnerability of cells
(organs) to ischemic irreversible cell injury are given
in Table 1.19.

= [schemia-reperfusion injury occurs when blood flow
is restored, cells that survived the initial ischemia
may now be irreversibly injured by process initiated
by oxygen-derived free radicals, inflammatory cells,
or activation of the complement cascade.

Hypoxia-induced Brain Injury

Border zone or watershed infarcts are ischemic lesions

that occur in characteristic locations at the junction

between two main arterial territories.

= Progressive hypoxia of brain in the setting of hypo-
tension and hypovolemia progresses and eventually
becomes irreversible within 3-5 minutes of ischemia
except if oxygenation is restored.

= The most vulnerable regions to oxygen deprivation
(hypoxia) seem to be the brainstem especially cere-
bellum’s Purkinje cells, hippocampus and cerebral
cortex.

= Prolonged brain hypoxia can cause coma, seizures
and even brain death. Histologically, these can be
wedges of cortical and subcortical infarction.

= Extracellular brain adenosine levels are low under
normal conditions, but increase substantially in
response to hypoxia.

= Adenosine acts as an inhibitory neurotransmitter
in the brain through the activation of four specific
G protein-coupled receptors (A1, A2B and A3 recep-
tors), that facilitates sleep and dilates the blood
vessels probably to ensure good oxygen supply to
brain during sleep.

= In contrast, a robust and prolonged activation of the
G protein-coupled receptor A3 adenosine receptor
has been observed to trigger cell death by either
necrosis or apoptosis.

= During brain hypoxia, low oxygen quickly results
in a fall of ATP production and consequent increase
in adenosine. Both these alterations prevent the
hypoxia-induced membrane depolarization resulting
in reduction of Ca** influx and K* efflux. Adenosine
acts as a neuroprotective agent in cerebral hypoxia
or ischemia by suppressing neurotransmitter through
synaptic receptors.

= The regulation and generation of extracellular
adenosine in response to oxidative stress are critical
in tissue protection.

Hypoxia-induced Myocardial Infarction

Myocardial infarction develops within 20-30 minutes

of complete cessation of blood flow to a portion of the

myocardium. It is closely associated with coronary

artery disease induced by modifiable risk factors

(tobacco smoking, hypertension, hyperlipidemia,

diabetes mellitus, abdominal obesity, lack of physical

activity) or non-modifiable risk factors (advanced age,

male gender, genetics).

= When the coronary artery is occluded due to athero-
matous plaques, the myocardium is deprived of the
oxygen.

= Prolonged deprivation of oxygen supply to heart
leads to the myocardial cell death and necrosis.
Myocardial infarction may be associated with ECG
changes and elevated biochemical markers such as
cardiac troponins and enzymes (CK-MB, LDH and
SGOT).

= Patient presents with crushing chest pain lasting for
more than 20 minutes that can radiate to the neck, jaw,
shoulder or arm, breathlessness, nausea, palpitations
or silent without symptoms. As myocardial infarction
is associated with several serious complications.
These patients are best managed in intensive coronary
care unit.

Hypoxia-induced Hepatocellular Injury

A diverse set of ischemic, metabolic, toxic and hepato-
tropic viruses, inflammatory insults result in hepato-
cellular injury. Interruption of blood supply to liver
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leads to irreversible hepatocellular injury after 1-2 hours

of hypoxia.

= Necrosis and apoptosis are the most widely recognized
forms of hepatocyte cell death.

= Necrosis occurs due to ATP depletion during ische-
mia or hypoxic cell injury, excessive formation of
reactive oxygen species (ROS) during reperfusion
of ischemic tissue, acetaminophen toxicity, xeno-
biotics toxicity, and sustained increase in intra-
cellular calcium.

= Oncotic necrosis is characterized by cell swelling,
organelle swelling, formation of blebs in plasma
membrane, cell rupture, release of lysosomal enzymes
into extracellular environment, and inflammatory
response.

Bowel Ischemia

Bowel ischemia can affect small intestine or large

intestine as a result of reduction in arterial blood flow

to these regions within 8-16 hours.

= Intestinal tract receives dual blood supply from two
most distal branches of superior mesenteric artery
and inferior mesenteric artery. The celiac artery has
also collateral branches to supply intestine.

* Superior mesenteric artery supplies the bowel from
lower part of the duodenum to proximal two-thirds
of the transverse colon.

e Inferior mesenteric artery supplies the bowel from
the distal one-third of the transverse colon to the
rectum.

= Watershed area is the region in intestine where blood
supply does not overlap and thus is susceptible to
hypoxia injury.

* Two main watershed regions between two major
arteries that supplying colon include splenic flexure
(Griffiths point) and rectosigmoid junction (Sudek’s
point), which are prone to ischemia.

e Splenic flexure is the watershed area between
superior mesenteric and inferior mesenteric artery,
and the rectosigmoid junction is the watershed
region between inferior mesenteric artery and
superior rectal artery.

= Patients may develop small intestine (mesenteric)
ischemia or colon ischemia. Clinical manifestations
in a case of colon ischemia are abdominal pain,
tenderness, rectal bleeding or bloody diarrhea. An
abdominal computed tomography (CT) scan is done
in hemodynamically stable patients who present with
acute abdominal pain. CT angiography and MRI
scan are performed to diagnose highly suspicious
intestinal ischemia.
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Hypoxia-induced Rhabdomyolysis in
Skeletal Muscle

Skeletal muscle ischemia, damage and eventual
necrosis lead to rhabdomyolysis within 24-72 hours.
The classic presentation in a case of rhabdomyolysis
includes myalgia, weakness and dark urine. Physical
examination demonstrates skeletal muscle tenderness.
Creatine phosphokinase activity is the most sensitive
indicator of skeletal muscle damage; it may continue
to increase for several days.
= Calcium may be deposited in damaged skeletal
muscle. Lactic acidosis and anion gap metabolic
acidosis can result from release of other organic acids
from cells.
= Rhabdomyolysis is particularly common in people
with diabetes mellitus or sickle cell anemia.

e Complete interruption of blood supply to skeletal
muscle causes irreversible cell death within many
hours. In uncontrolled diabetes mellitus patients,
skeletal muscle ischemia occurs from thrombosis
of medium or small arterioles in the setting of
atherosclerosis.

e Skeletal muscle ischemia leads to severe pain
with a palpable mass with or without swelling of
especially vastus thigh skeletal muscle and calf
skeletal muscle. The ischemia may start in the calf
skeletal muscle and progress to the vastus skeletal
muscles.

e Bilateral lower limbs involvement is observed in
more than one-third of cases. More than 50% of
cases have coexistent diabetic nephropathy, neuro-
pathy and retinopathy.

Cardiac Fibroblasts Resistant to Hypoxia

Fibroblasts are mesenchymal cells, abundantly distri-
buted in connective tissues of most organs, which
synthesize the extracellular matrix and collagen
types 1,3 and 4, including proteoglycans, glycosamino-
glycans, fibronectin, laminins, metalloproteinases.
Fibroblasts produce the structural framework for
tissues (skin, lung, heart, kidney, liver, eye and other
organs). These also play a critical role in wound
healing.
= Cardiac fibroblasts represent the largest population
of interstitial cells in myocardium surrounding
cardiomyocytes.

e Cardiac fibroblasts are resistant to hypoxia, which
rather protect cardiomyocytes against lethal
ischemia-reperfusion injury and so play important
roles in the cascade of events after ischemic injury.

e Cardiac fibroblasts transform into myofibroblast
produce a-smooth muscle actin.



- Cellular Pathology and Biology of Aging

= Myofibroblasts play critical role in cardiac remodeling
by forming collagen-rich scar that allows the
infarcted region to maintain structural integrity after
cardiomyocyte death.

ISCHEMIA-REPERFUSION-INDUCED CELL INJURY

In the clinical settings of myocardial infarction, cerebral

stroke, organ transplantation and peripheral vascular

disease, restoration of blood flow to the diseased

organs triggers further ischemic cellular damage, this

paradoxical effect is known as reperfusion injury. It is a

challenge for the clinicians to control further cell damage

and restore organ functions.

= The role of nitric oxide (an endothelial-derived
relaxing factor) as a cardioprotective agent against
reperfusion injury, has been demonstrated as nitric
oxide works to inactivate reactive oxygen species,
thereby, ameliorating the process of reperfusion
injury.

= The extent of cell/tissue injury is directly related to
the extent of reduction in blood flow and duration of
ischemic period, which influence the exchange of ions
across cell membrane (sodium, potassium, hydrogen,
chloride and calcium), oxidative phosphorylation in
mitochondria and drop in intracellular pH (tissue
acidosis occurs).

= By impairing ATPase-dependent ion transport
across cell membrane, ischemia causes increased
calcium levels (calcium overload) in the cellular
cytoplasm and mitochondria. Cell volume regulatory
mechanisms are also disrupted due to lack of ATP
production, which induce lysis of cell organelles and
plasma membranes.

= [t is essential to restore the blood flow to hypoxia-

induced tissue/organ injury. For example, percuta-
neous coronary angioplasty and fibrinolytic therapy
are performed to restore blood flow to limit myo-
cardial infarct size. The restoration of blood flow
to ischemic tissues/organs causes additional
myocardial damage, which is termed reperfusion
injury. All tissues are susceptible to reperfusion injury,
but susceptibility varies between tissues/organs.
Ischemia-reperfusion injury influences the outcome
of patients after myocardial infarction, cerebral stroke,
organ transplantation and cardiovascular surgery.
Reperfusion of the tissues produces paradoxical
tissues/organs response that fuel to the production of
reactive oxygen species (ROS) through the xanthine
oxidase pathway released from activated neutrophils,
sequestration of proinflammatory cells (neutrophils,
macrophages and T cells) in ischemic tissue, endo-
plasmic reticulum stress and development of post-
ischemic capillary absence of reflow as a result of
decreased nitric oxide (vasodilator) production
resulting in amplification of tissue injury.

These pathologic events culminate in opening
mitochondrial permeability transition pores in the
inner mitochondrial membrane as a common end-
effector of ischemia-reperfusion-induced ionic loss
homeostasis, matrix swelling, outer membrane
rupture, cell lysis and death.

It is evident that therapeutic approaches will be
effective only when multiple pathologic processes
are targeted in the management of perfusion injury
to tissues/organs. Pathophysiologic mechanisms of
ischemia-reperfusion-induced myocardial injury are
given in Table 1.20.

1zl 741 Pathophysiologic mechanisms of ischemia-reperfusion-induced myocardial injury \

Mechanism of Ischemia-reperfusion-induced | Biochemical Alterations
Myocardial Injury

storage during oxidative phosphorylation

relaxing factor)

Endothelial dysfunction

Accumulation of ions = |ntracellular calcium workload = Drop in intracellular pH with rapid nor-
= |ncreased intracellular sodium malization with upon reperfusion

Dissipation of mitochondrial membrane poten- | Dysfunctional mitochondrial transition pore potential may result in sustained transport of
tial essential component in the process of energy | ions and proteins essential for normal functioning of mitochondria

Reactive oxygen species (ROS) = Xanthine oxidase pathway = Neutrophil infiltration
= Release of mitochondrial intermediates

Dysregulated nitric oxide (NO) metabolism = | oss of nitric oxide (an endothelial-derived = Accumulation of reactive peroxynitrite

Cytokine and chemokine signaling = |mpaired vasodilation

Expression of cellular adhesion markers

Platelets aggregation and microembolization | = Platelets aggregation

Immune system activation = |nnate immunity (e.g. complement activation = Cell-mediated damage (macrophages
and expression of toll-like receptors) and T cells)

= Neutrophil accumulation

= Microembolization
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PATHOGEN-INDUCED CELL INJURY

Induction of host cell death either directly or indirectly

has been demonstrated in several cases by invading

pathogens such as bacterial, viral, parasitic and fungal

infections, which induce diverse responses in the host

that include activation of innate immune response,

inflammation and cell death.

= The death of an infected cell can promote efficient
pathogen clearance. Destruction of infected tissues
may also eliminate a pathogenic niche thereby
inhibiting pathogen replication and dissemi-
nation.

= Mycobacterium tuberculosis thrive within immature
phagosome of the infected cells by inhibiting phago-
some-lysosome fusion. Phagocytosis of the apoptotic
bodies sequestering pathogens permits more efficient
fusion of phagosome with lysosome resulting in the
degradation of the pathogen.

= Apoptosis of alveolar macrophages in Streptococcus
pneumoniae infection results in pathogen elimination
rather than evasion of the immune system.

= Chlamydia species are a group of obligatory bacteria
that replicate inside of cytoplasm and protect infected
cells from death during invasive stages of disease,
presumably by blocking cytochrome c release from
mitochondria.

= Rickettsia continues to replicate within cells through
stimulating NF-«kB signaling that prevents cell
death.

= Pathogen-induced cell death is manifested by various
distinct morphologic and biochemical characteristics
indicative of oncotic necrosis, apoptosis, pyroptosis
or autophagic cell death. Oncotic necrosis is highly
inflammatory process that favors pathogen dissemi-
nation.Apoptosis and autophagy do not induce
inflammation that are beneficial to the host.

Oncotic Necrosis

Necrosis is the term currently used for nonapoptotic,
accidental cell death. It is generally regarded as a severe
form of injury to cell membrane integrity. Oncotic
necrosis can be induced by pathogens. The term ‘oncotic
necrosis’ is defined as cell death with swelling (oncosis),
that can be caused by ischemia, and toxic agents that
interfere with ATP generation by mitochondria and
plasma membrane (Na*/K*/Cl-/Ca**) pumps failure.
Oncotic necrosis is characterized by cell swelling
(oncosis), cell organelles swelling, plasma cell blebbing,
loss of plasma membrane integrity, increased membrane
permeability, chromatin fragmentation (pyknosis,
karyorrhexis, karyolysis), release of lysosomal enzymes
into extracellular spaces, eosinophilic cytoplasm,
inflammation, vascularization and tissue repair.
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Apoptosis

Several pathogens have been reported to trigger

apoptosis through several mechanisms including

bacterial toxins and virulence factors that interact with

cell machinery.

= Apoptosis is a programed cell death mediated by
initiator caspase enzymes (2, 8, 9, 10)/executioner
caspases (3, 6, 7), which are cysteinyl aspartate-
specific proteases.

= During apoptosis, pathogens are contained within
apoptotic bodies and digested in the lysosomes of
macrophages and surrounding cells, that phagocytose
apoptotic bodies. It is worth mentioning, infected
epithelial cells and lymphocytes undergo apoptosis.

Heterophagy

Heterophagy is the process by lysosomes digest material
from the extracellular environment. Extracellular
pathogens are taken up by the cells through the general
process of endocytosis, which eventually fuse with
lysosomes to form phagolysosomes, where engulfed
material is digested in neutrophils and macrophages.
Examples of heterophagocytosis include uptake and
degradation of bacteria by neutrophils and removal of
apoptotic cells by macrophages.

Pyroptosis

Pyroptosis is a process of cell death mediated by the
activation of caspase 1, a protease that detects pathogen
in the cytosol and also activates the inflammatory
cytokines, IL-1B and IL-18. Pyroptosis also features
cell lysis and release of cellular contents. It is worth
mentioning that macrophages and dendritic cells die
primarily by pyroptosis.

PHYSICAL AGENTS INDUCED CELL INJURY

Physical agents capable of causing cell injury include
mechanical trauma, extremes of temperature (burns
and severe cold), electric shock, radiation and sudden
changes in atmospheric pressure.

Physical Trauma

The type of tissue injury is incurred with the type

and severity of trauma (blunt injury, crush injury and

gunshot wound) and the type of structures involved.

Several broad categories of tissue injury are recognized:

abrasion, contusion (bruise) and laceration.

= Skin abrasion: Skin abrasion is minor form of
injury of superficial layers of epidermis. Healing of
skin abrasion is rapidly achieved by regeneration
of epidermal cells from the remaining deeper basal
epidermal layers, and there is no scarring.
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= Contusion (bruise): Contusion (bruise) in skin,
myocardium and brain usually results from blunt
trauma. Blunt trauma injures blood vessels leading
to extravasation of blood into the tissue. The
bleeding is usually rapidly controlled by hemostatic
mechanisms.

 The red blood cells present in the injured tissue
slowly undergo degradation. The various pigments
derived from the breakdown of hemoglobin
are responsible for the change in the color from
red through purple, black, green and brown in
contusion site.

* Histologic examination of such contusion in tissue
demonstrates hemosiderin-laden macrophages that
signify evidence of hemorrhage. In more severe
injuries, collection of sufficient blood in the tissues
produces a distinct swelling called hematoma.

» Contusions are dangerous in patients with hemo-
philia as a result of massive bleeding in the soft
tissues, skeletal muscles and joints.

* Myocardial contusion may cause cardiac arrhy-
thmias and acute cardiac failure.

¢ In head injuries, contusions are usually formed in
the inferior frontal lobe due to movement of the
brain against the irregular bony surface of base
of the skull in the anterior cranial fossa. Cerebral
lesions represent foci for possible development of
epileptic seizures.

= Gunshot wound (GSW): A gunshot wound is an
example of physical trauma caused by a bullet from
afirearm. A gunshot wound can produce penetrating
wound, in which the bullet enters the body but does
not exit. In re-entry wounds, the bullet passes through

a body segment, exits and re-enters the body. Such

physical trauma can cause bleeding, bone fracture,

organ damage, infection of the wound or loss of the
movements of the affected body part.

Extremes of Temperature

Extreme of temperature can adversely affect cellular
functions. Temperatures between 46° and 60°C induce
irreversible cellular injury proportional to the exposure
time. Between 60° and 100°C, protein coagulation occurs
instantly with irreversible cell injury of key cytosolic
and mitochondrial enzymes and nucleic acid-histone
complexes. Frostbite and extreme hypothermia can also
cause impairment of cellular functions.
= Frostbite: Frostbite is a dire condition in which skin
and tissues freeze after being exposed to extreme cold
for a prolonged time. Frostbite most commonly occurs
on the fingers, toes, nose and ears, that can lead to
severe and permanent damage to blood vessels and
tissues.
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= Extreme hypothermia: Extreme hypothermia can
cause heart, nervous system and other organs to
enter a state of shock that may increase risk of
myocardial infarction, respiratory failure and possibly
fatal outcome. Symptoms of hypothermia include
shivering, slow breathing, lack of coordination and
confusion, cold air can cause wheezing and shortness
of breath.

= Heat stress: Heat stress (higher than 50°C) is a physi-
cal stressor that stimulates excessive production of
reactive oxygen species (ROS) in the mitochondria,
triggering protein and DNA oxidative damage as well
as lipid peroxidation of membranes and cell death.
Excessive production of ROS has been associated
with the number of pathologic disorders, including
infertility, ischemic-perfusion injury, bone disorders,
neurological disorders and aging by means of lipid
peroxidation.

CHEMICAL AGENTS INDUCED CELL INJURY

Exposure to chemical agents or drugs do not result in
overt tissue injury, but may adversely affect cellular
functions in a more subtle way, thereby increasing the
susceptibility to other forms of cell damage.

Acute Cellular Toxicity

Some inert gases and chemical agents cause oxygen

deprivation and induce cellular toxicity in central

nervous system.

= Carbon monoxide (CO): Carbon monoxide competes
with oxygen for binding to hemoglobin and therefore
causes oxygen deprivation to tissues for cellular meta-
bolism resulting in cell death.

= Cyanide poisoning: Cyanide poison damages to
mitochondrial cytochrome oxidase and thus inhibits
oxidative phosphorylation resulting in impairment
of cellular metabolism and utilization for energy.
Methemoglobin has strong affinity to cyanide ion and
keeps cyanide ions away from the target cells, hence
it forms the basis for antidotal therapy.

= Solvents used for sedation/anesthesia: Some sol-
vents used for sedation/anesthesia interact with the
membranes of cells in the nervous system, which
impair transmission of electrical and chemical signals.
Strong acids and alkaline chemical agents can cause
irritation, chemical burns and possible scarring.

= Skin sensitization with 2,4-dinitrochlorobenzene:
Skin sensitization occurs, when 2,4-dinitrochloro-
benzene binds with natural proteins in the skin resul-
ting in formation of altered protein-bound complex.
Subsequent exposure to 2,4-dinitrochlorobenzene
triggers immune system response, which recognizes
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and eliminates the altered protein-bound complex
by releasing cytokines resulting in dermatitis.

= Lung injury with toluene diisocyanate (TDI):
Toluene diisocyanate is easily absorbed by lungs.
Lung sensitization occurs in workers on exposure
to toluene diisocyanate. Subsequent prolonged
exposure to toluene diisocyanate causes acute lung
injury characterized by pulmonary edema, bronchial
constriction and impaired breathing. Patient presents
with progressive breathlessness, dry cough, arthralgia
and headache.

Long-term Chronic Cellular Toxicity

On frequent exposures or acute exposure, chronic
toxicity can produce irreversible cellular adverse
effects. An example of chronic toxicity related to cigarette
smoking and lung cancer. The majority of toxic effects
are due to specific biochemical interactions without
causing recognizable damage to a cell or its organelles.
= Toxic effects to cell and its organelles include:

(a) interference with a chemical agent that transmits

amessage across aneural synapse such as theinhibition

of the enzyme cholinesterase by organophosphorus
pesticides, and (b) when one toxic chemical agent
inhibits or replaces another essential chemical agent
such as the replacement of oxygen on the hemoglobin
molecule with carbon monoxide.

= Toxic damage to cells and tissues can be transient and
nonlethal or lethal. There are four main endpoints to
the cellular or biochemical toxicity.

e Cells and tissues may be completely repaired and
return to normal.

e Cells and tissues may be incompletely repaired but
are capable of sustaining its function and reduced
capacity.

e Complete loss of tissue organ can cause death
of organism. In certain instances, the organism
can continue to survive with the aid of medical
treatment or organ transplantation.

* Toxic agents can induce malignant transformation
associated with fatal outcome. Some patients can
be treated by medical and/or surgical treatment.

Acetylcholinesterase Enzyme Inhibitors

Acetylcholinesterase enzyme is involved in the termi-
nation of impulse transmission by rapid hydrolysis of
the neurotransmitter acetylcholine in many cholinergic
pathways in the central and peripheral nervous systems.
= Any pesticide such as organophosphates (OPs) and
the carbamates (CMs) bind and inhibit acetylcholine-
sterase enzyme, making it unable to induce hydro-
lysis of acetylcholine, that leads to accumulation
of acetylcholine, hyperstimulation of nicotine and
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muscarinic receptors and disruption of neurotrans-
mission resulting in various symptoms, including
respiratory arrest and death.

= The primary treatment of pesticide is the adminis-
tration of atropine, which blocks the adverse effects of
acetylcholine, and the administration of pralidoxime
chloride, which reactivates acetylcholinesterase
enzyme.

Metabolic Activation of Chemical Agents

Many chemical agents such as carbon tetrachloride
(CCl,), chloroform, 2-acetylaminofluorene, nitrosamines
and paraquat are metabolically activated to form
oxygen-derived free radicals or reactive intermediates,
which inhibit and interfere with normal cellular
function.
= Carbon tetrachloride (CCl,) can induce hepatocellular
injury through its metabolic products, that are
generated by a cytochrome P450 enzyme dependent
step. Immediately within minutes of exposure to
carbon tetrachloride, it leads to modest accumulation
of malondialdehyde formation, a fall in cellular gluta-
thione and substantial injury in isolated hepatocytes.
= Subsequent exposure to carbon tetrachloride leads
to increased malondialdehyde formation, oxygen-
derived free radicals induced lipid peroxidation, a fall
in cellular glutathione and substantial hepatocellular
damage.

Malignant Transformation in Injured Cells

The fundamental abnormality resulting in development
of cancer is the continued and unregulated proliferation
of injured cells. Cancer can involve in any tissue of
the body and have many different forms in each body
area. The vast majority of cancer cases are due to
environmental risk factors. Alterations in DNA involving
critical genes can cause increased susceptibility to
malignant lesions. DNA damage can be induced by
exposure to natural and synthetic chemical agents and
physical agents (ultraviolet radiation, radon from the
soil, y-radiation from medical procedures). Genetic
syndromes predispose to development of cancer.

DRUG-INDUCED CELL INJURY

The mitochondria are a frequent subcellular target that

isinvolved in the toxicity of therapeutic drugs. Following

drug administration, inhibition of mitochondrial

complex 1 activates pathway of cell death.

= The mitochondrial complex 1 inhibition causes ATP
depletion, reactive oxygen species (ROS) production,
reactive nitrogen species (RNS) production from the
metabolism of L-arginine amino acid, and sirtuin 3
inhibition.
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= Peroxynitrite production is a major mechanism
of mitochondrial-mediated cell injury. The anti-
viral drug efavirenz (EVF) induces mitochondrial

complex 1 inhibition. Iron porphyrins provide pro-
tection to hepatocytes against antiviral EVF-induced
lethal injury.

PATHOPHYSIOLOGY OF CELL INJURY, MORPHOLOGIC
PATTERNS AND OUTCOME OF NECROSIS

Depending on severity of cell injury, various cellular

changes occur: (a) reversible cell injury, in which cells

remain in hemodynamic equilibrium, (b) irreversible cell

injury results in cell death (necrosis) and tissue damage,

(c) ischemic/reperfusion injury.

= Reversible cell injury is usually the result of the
initial stages of lack of oxygen supply (hypoxia) or
lack of blood flow to the cells. Inadequate ATP supply
impaired membrane Na*/K*/Ca** pumps resulting
in cellular swelling, lipid accumulation, and cellular

‘blebbing” on the plasma membrane.

e Decreased pH causes swelling of endoplasmic
reticulum, detachment of ribosomes from the
endoplasmic reticulum leading to decreased protein
synthesis. Low ATP production or ATP depletion
disrupts key cellular functions.

e Bleb formation in plasma membrane results from
outpouching from the cell membrane to accommo-
date more water.

* Myelin figures are aggregates of damaged cellular
membranes in cell injury, which are demonstrated
as intracellular whorls of laminated phospho-
lipid material resembling myelin sheath of nerves.
Presence of membrane bound structures con-
taining lysosomal enzymes are known as myelin
or myelinoid bodies.

= Inirreversible cell injury, sustained hypoxia results in

ATP depletion that impairs membrane calcium pump

leading to increased cytosolic calcium.

e Cells switch from aerobic glycolysis to anaerobic
respiration to produce ATP, which results in
accumulation of lactic acid, which decreases the
cellular pH leading to dispersion of ribosomes.
Mitochondrial permeabilization results in increased
cytosolic calcium that activates phospholipases,
proteases, endonucleases and DNAases, which
damage the cell.

e Nuclear fragmentation occurs via pyknosis,
karyorrhexis, and karyolysis. Membrane perme-
abilization leads to release of lysosomal enzymes
into extracellular spaces, leakage of proteins
(creatine kinase, troponins, myoglobin, cellular
enzymes) into blood, inflammation, vascularization
and tissue repair. Schematic representation of
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pathophysiology of reversible and irreversible
cell injury is shown in Fig. 1.15. Ultrastructural
differences between reversible cell injury and
irreversible cell injury are given in Table 1.21.

Pathology Pearls: Reversible Cell Injury versus
Irreversible Cell Injury

= The hallmark of reversible injury is cellular swelling, swelling
of endoplasmic reticulum and loss of microvilli.

= The hallmark of irreversible injury (cell death) is damage to
membranes and genetic apparatus via nuclear condensation

(pyknosis), fragmentation (karyorrhexis), and dissolution

(karyolysis). The death of large group of cells is followed by

acute inflammation.

= Reversible cell injury can usually be reversed by withdrawal
of the noxious stimuli; while irreversible cell injury has
progressed past a point of ‘no return’ to normal state.

o Reversible cell injury is usually the result of the initial stages
of lack of oxygen supply or lack of blood flow to the cells;
while irreversible cell injury involves more injurious agents
such as viruses, immunological responses, or genetic
damage.

e Reversible injury results in cellular swelling, lipid accumu-
lation, and cellular ‘blebbing’ on the plasma membrane.

= |rreversible cellinjury results in acidosis of the cellular micro-
environment, damage to plasma membrane and organelles
membranes (mitochondria, and lysosomes).

e Mitochondrial membrane damage results in loss of the
electron transport system located in inner mitochondrial
membrane; and leakage of ‘cytochrome ¢’ into the cytosol;
that activates apoptosis.

e Lysosomal membrane damage results in leakage of
hydrolytic enzymes into the cytoplasm, which in turn, are
activated by the high cytosolic calcium. The end result of
irreversible injury is cell death.

= Reversible cell injury is pharmacologically treatable leading
to recovery; while irreversible cell injury results in permanent
cell loss and death.

REVERSIBLE CELL INJURY

Hypoxia is most important cause of cell injury, which
can result from inadequate blood supply of oxygen,
obstruction of airways, inadequate oxygenation of
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Fig. 1.15: Schematic representation of pathophysiology of reversible and irreversible cell injury. The main difference between reversible and irreversible
cell injury is that the reversible cell injury can return to the normal state by altering homeostasis of the cells, whereas the irreversible cell injury cannot
return to the viable state as the cell has passed the point of no return.

blood in the lungs, inadequate oxygen transport,  of hypoxia in reversible cell injury is cellular swelling,
inadequate perfusion of blood in the tissues and  thatis a result of misfunctioning ion channels (Na*/K*
inhibition of cellular respiration. One global response ~ pump and calcium pump) in the plasma membrane.
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(=0 ea s Ultrastructural differences between reversible cell injury and irreversible cell injury ‘

Cellular Changes
Adaptative response from cell

Cell membrane function

Global cellular response

Mitochondrial changes

Endoplasmic reticulum

Myelin figures

Reversible Cell Injury

Adaptative response from cell is intact and in balance
or better than cell injuries

Sodium/potassium pump malfunction resulting in
loss of homeostasis of fluids and ions; blebbing and
loss of villi

Moderate cell swelling, increased lipid accumulation
(fat storage)

Moderate mitochondrial swelling, rarefaction and
accumulation of amorphous densities (precipitated
calcium)

Swelling of endoplasmic reticulum with detachment
of ribosomes

Myelin fibers (laminated structures derived from
damaged plasma membrane and organelles) less

Irreversible Cell Injury

Adaptative response from cell has been exceeded
by cell injury

Degradation of plasma membrane and organelle
membrane occurs with lease of lysosomal enzymes

Marked cell swelling, loss of cellular permeability,
chemical absorption and toxin formation

Marked mitochondrial swelling, leakage of cyto-
chrome c into cell cytoplasm and accumulation of
large amorphous densities (precipitated calcium)
and aggregates of fluffy material (denatured proteins)

Swelling of endoplasmic reticulum with dissolution

Myelin fibers (laminated structures derived from
damaged plasma membrane and organelles) more

prominent
Lysosomal changes Autophagy by lysosomes

Nucleus/chromatin changes

Examples of type of cell injury

Aggregation of fibrillar elements in the nucleus

Hydropic change, fatty change in liver

prominent
Autolysis by rupture of lysosomes

Dissolution of chromatin (pyknosis, karyorrhexis and
karyolysis of nuclei)

Myocardial and cerebral infarction

DECREASED ATP PRODUCTION IN THE
MITOCHONDRIA

Hypoxia impairs oxidative phosphorylation resulting

in decreased adenosine triphosphate (ATP) production

in mitochondria. Normally, ATP is required for the acti-

vity of Na*/K*/calcium pumps. Cell injury is induced,

when ATP production in mitochondria reduces to 5-10%

of normal levels.

= Decreased ATP supply causes impaired activity
of Na*/K*/calcium pumps. It leads to influx of
sodium and water in cells and efflux of potassium
resulting in cell swelling, bleb formation on plasma
membrane caused by disorderly function of the
cellular cytoskeleton, and formation of myelin figures
derived from damaged membranes of mitochondria,
or rough endoplasmic reticulum and the plasma
membrane. These cellular changes are demonstrated
in cytoplasm on electron microscopy.

= Mild and transient injury results in reversible cell
injury, in which cells can recover to their normal
function. These cellular changes can be reversed if
injurious noxious stimulus is removed.

= Reversible cell injury is acute sublethal injury
to cytoplasmic organelles sparing nucleus in
metabolically active cells of liver, heart and kidneys.
In coronary artery disease, impaired myocardial
contractility is reversed to normal on quick restoration
of blood circulation in coronary arteries.
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= Examples of reversible cell injury are hyaline change,
hydropic change, and fatty change in the meta-
bolically active cells of liver, heart and kidneys.

PLASMA MEMBRANE NA+/K* PUMP FAILURE

Normally, adequate supply of ATP plays important

role in regulating membrane. Ouabain sensitive Na*/

K*-ATPase ion pump plays key role in maintenance

of relatively high potassium and low levels of sodium

concentration within cells.

= Cell membrane permeability is increased due to
decreased ATP production. Decreased availability of
ATP results in failure of the Na*/K*-ATPase pump,
which causes influx of sodium ions along with water
into cell. Potassium diffuses out of cell.

= These cellular changes cause swelling of endo-
plasmic reticulum as well as hydropic change in
cytoplasm of cells. When intracellular acidosis
threatens due to anaerobic glycolysis, hydrogen
ions (H*) are pumped out of the cell in exchange of
Na* ion to maintain proper intracellular pH.

PLASMA MEMBRANE CALCIUM PUMP FAILURE

Under physiologic state, excess intracellular Ca** is
extruded by a calcium pump that is ATP-dependent.
Increased Na* ion inhibits efflux of calcium due to
activation of sodium/calcium exchanger. It leads to
excessive accumulation of calcium in the cell resulting
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in mitochondrial dysfunction and decreased oxidative
phosphorylation.

PLASMA MEMBRANE BLEB FORMATION

Plasma membrane bleb formation on the surface of cell

has been well observed in liver, brain, heart and kidney

tissue during cell injury.

= Plasma membrane blebs are most likely caused by
disorderly function of the cellular cytoskeleton. The
formation of plasma membrane blebs may have
unique injurious consequences specific for the organ
in which they develop.

= For example, plasma membrane bleb formation
during ischemic injury to proximal renal tubule cells
may be shed into the tubules, promoting formation
of tubular casts and obstruction of tubules. By phase
contrast microscopy, plasma membrane blebs appear
as bubble-like projections extending from the cell
surface.

MYELIN FIGURES

Myelin figures are long, thin cylindrical structures
derived from damaged membranes of mitochondria,
rough endoplasmic reticulum and the plasma memb-
rane; demonstrated in the cytoplasm on electron
microscopy. Myelin figures are long, thin cylindrical
structures.

Pathology Pearls: Examples of Reversible Cell Injury

Another global response in reversible cell injury is hyaline
change, hydropic change, and fatty change (large lipid vacuoles
in cytoplasm) in the metabolically active cells of liver, heart and
kidneys.

Hyaline Change

This term hyaline change denotes a characteristic glassy,

homogeneous, and eosinophilic staining of tissues demons-

trated in hematoxylin and eosin-stained sections. Intracellular

hyaline material is demonstrated as Russell bodies in plasma

cells, reabsorption plasma protein droplets in proximal tubules,

tumoral hyaline globules and Mallory alcoholic hyaline in liver.

Hydropic Change in Organs

= Hydropic change is acute sublethal reversible cell injury
characterized by accumulation of fluid in cytoplasm resulting
in pale and swollen cytoplasm.

= Hypoxia, chemical agents and pathogen toxins cause hydropic
change by three mechanisms: (a) increasing the permeability
of the plasma membrane to sodium, (b) damaging the memb-
rane sodium potassium ATPase (pump), and (c) interfering
with the synthesis of ATP, thereby depriving the pump of
its fuel.

= Accumulation of sodium in the cell leads to an increase in
water content to maintain isosmotic conditions, and the cell
then swells.
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Fatty Change in Organs

= Fatty change in organs is also known as fatty metamorphosis
or steatosis. It is acute sublethal reversible cell injury
characterized by accumulation of lipid droplets as a result
of disturbance of ribosomal function and uncoupling of lipid
from protein metabolism.

= Moderate degree of fatty change is in organs reversible, but
severe fatty change may not be reversible. Fatty change is
observed most frequently in the liver, heart, and kidney.

= Fatty change may be secondary to alcoholism, diabetes
mellitus, protein malnutrition, obesity, acute fatty liver of
pregnancy, congestive cardiac failure, methotrexate, steroid
carbon and tetrachloride poisoning. It results from an
imbalance between the uptake, utilization, and mobilization
of fat from liver cells.

= Fatty change in liver can result from any of the mechanisms:
(a) increased transport of triglycerides in hepatocytes,
(b) decreased mobilization of fat from liver due to decreased
synthesis of transporting apolipoproteins, (c) decreased
utilization of fat by the cells, and (d) increased concentration
of lipoproteins in cells.

= Fatty change is thus linked to the disaggregation of ribosomes
and consequent decreased protein synthesis caused by failure
of ATP production in CCl, induced injured cells.

= Fat accumulation in hepatocytes may disrupt the normal
blood flow in the hepatic sinusoids. Fat accumulation may
cause hepatocytes to become resistant to insulin. Oxidation of
excessive fat stores in hepatocytes may generate free radical,
that induces fibrosis resulting in liver damage. Mechanism of
fatty change liver is shown in Fig. 1.16.

IRREVERSIBLE CELL INJURY (CELL DEATH)

Persistent severe cell injury transforms reversible into
irreversible cell injury. Necrosis is defined as the cell
death in living tissue, which results in the unregulated
digestion of cell components. Lipid peroxidation and
nuclear changes such as pyknosis, karyorrhexis, and
karyolysis are signs of irreversible cell injury.
= Causes of irreversible cell injury: Irreversible cell
injury is caused by environmental factors such as
infections, toxins, mechanical trauma, ischemia,
thermal damage from high or low temperature.
Hypoxia is one of the severe cellular stressors, that can
cause cell injury and even cell death. Cell injury results
from functional and biochemical abnormalities in
one or more of several essential cellular components
such as mitochondria, plasma membranes, Na*/K*/
Ca**ionic channels in cell membranes, rough endo-
plasmic reticulum, cytoskeleton and genetic appratus.
= Pathophysiology of irreversible cell injury (cell
necrosis): Cell necrosis features membrane disrup-
tion, plasma membrane blebbing due to disorderly
function of the cellular cytoskeleton, mitochondrial
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Fig. 1.16: Schematic representation of mechanism of fatty change in
liver. Potential pathophysiologic mechanisms of fatty change in liver
include the following: decreased mitochondrial fatty acid p-oxidation,
increased endogenous fatty acid synthesis or enhanced delivery of fatty
acids to liver, and deficient incorporation or export of triglycerides as
very low-density lipoprotein (VLDL).

swelling, and cytoplasmic swelling, adenosine
triphosphate (ATP) depletion, generation of reactive
oxygen species, influx of calcium, random nuclear
DNA fragmentation by different nucleases (pyknosis,
karyorrhexis followed by karyolysis), formation of
myelin figures derived from damaged membranes of
mitochondria, or rough endoplasmic reticulum and
the plasma membrane; demonstrated in cytoplasm
on electron microscopy, uncontrolled release of
cellular contents into the extracellular space resulting
in initiation of inflammatory response attracting
leukocytes.

* The leukocytes along with nearby phagocytic cells
eliminate the necrotic cells and necrotic debris by
phagocytosis. Initially, the tissue is infiltrated by
neutrophils followed by accumulation of mono-
cytes/macrophages. The sequence of events helps
in establishing the date and time of tissue injury.
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* Onlight microscopy, cellular outlines in irreversible
cell injury are maintained with loss of structural
details. Hematoxylin and eosin-stained section
shows intense cytoplasmic eosinophilia of dead cell
due to loss of cytoplasmic RNA and denaturation
(coagulation) of proteins. Loss of basophilia is a sign
of irreversible cell injury, indicating a cessation of
protein synthesis.

e Inirreversible cell injury (cell death), intracellular
enzymes and proteins released from the dead cells
into the blood circulation are used as diagnostic
parameters. Creatine kinase-MB fraction enzyme
and cardiac troponins are estimated in patients
with myocardial infarction. Liver cell necrosis
releases transaminases, alkaline phosphatase,
glutamyltransferase and their levels are increased
in blood circulation. Creatine kinase levels are
increased in cardiac and skeletal muscle injury.

Pathology Pearls: Mechanism of Cell Injury

= Depletion of ATP

Mitochondrial damage

Influx of calcium and loss of calcium homeostasis
Accumulation of oxygen-derived free radicals
Defects in plasma membrane permeability
Damage to endoplasmic reticulum

Damage to genomic proteins

ATP DEPLETION IN MITOCHONDRIA

Mitochondria are surrounded by double-membrane

system, consisting of inner and outer mitochondrial

membranes separated by an intermembrane space. Inner

membrane forms numerous folds which extend into the

interior (matrix) of the organelle.

= In normal cells, adenosine triphosphate (ATP)
synthesized by mitochondria oxidative phosphory-
lation is required for synthetic and degradation
processes. Nutrients, such as glucose and fatty
acids, as well as oxygen, enter the cell across the cell
membrane.

* Mitochondria play a critical role in the generation
of metabolic energy derived from the breakdown of
carbohydrates and fatty acids, which are converted
to ATP by the process of oxidative phosphorylation
in the interior folds.

e The mitochondrial permeability transition pore
(MPTP) opens and closes sporadically. Prolonged
mitochondrial injury leads to sustained opening
of MPTP and release of mitochondrial ‘cyto-
chrome ¢’ from electron transport chain into cytosol.
This process further diminishes ATP production.
Under certain circumstances, it may also trigger
apoptotic pathway resulting in cell death.
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= Mitochondria are the earliest organelles affected in
cell injury. Persistent hypoxia and cyanide poisoning
cause injury to mitochondria leading to decreased
oxidative phosphorylation and reduction in ATP
production to 5-10% of normal levels.

= Depletion of ATP production in irreversible cell
injury causes: (a) failure of oxidative phosphorylation
in mitochondria decreases the delivery of O, and
glucose to the cells, (b) failure of Na*/K* pump
results in influx of sodium, water and calcium,
efflux of potassium ions, swelling of endoplasmic
reticulum and loss of microvilli resulting in bleb
formation, (c) failure of calcium pump results in
excessive accumulation of calcium in the cell and
thus mitochondrial dysfunction; because increased
intracellular concentration of sodium inhibits
calcium efflux, (d) increased anaerobic glycolysis
results in overproduction of lactic acid by increased
activities of phosphofructokinase and phosphorylase;
hence mitochondria fail to oxidize lactic acid to
pyruvate. Instead, pyruvate is reduced to lactate
in cytosol, and its accumulation in the cytosol
lowers the intracellular pH resulting in clumping
of nuclear chromatin (pyknosis), karyorrhexis and
karyolysis, (e) detachment of ribosomes results in
decreased protein synthesis, and (f) lipid peroxidation
is the oxidative degradation of lipids in the cell
membrane resulting in defects in cell membrane.

Biochemical Alterations

In the initial stage, glucose metabolism (glycolysis)
occurs in the cytosol, where glucose is converted to
pyruvate. Pyruvate is then transported into mito-
chondria and oxidized to CoA, where its complete
oxidation to CO, occurs via the citric acid cycle, yields
bulk of usable energy ATP obtained from glucose
metabolism. The oxidation of fatty acids also yields
acetyl-CoA, which is similarly metabolized by the citric
acid cycle in the mitochondria. The enzymes of the citric
acid cycle are located in the matrix of mitochondria,
which participate in the oxidative breakdown of both
carbohydrates and fatty acids. Nutrients such as glucose
and fatty acids, as well as oxygen, enter the cell across
the cell membrane.
= Hypoxic injury results in an inadequate flow of
glucose, fatty acids and oxygen to the cell. Persistent
hypoxia and inadequate tissue perfusion lead to
decreased anaerobic metabolic pathways for energy
production. Consequences of mitochondrial damage
are depletion of ATP production, formation of reactive
oxygen species (ROS), formation of mitochondrial
permeability pore and release of ‘cytochrome c’.
Release of cytochrome c activates apoptotic pathway
of cell death.

= Cellular ATP stores are rapidly used up. ATP pro-
duction in mitochondria reduces to 5-10% of
normal levels. In hypoxia, fall in cellular oxygen
level results in rapid shift from aerobic to anerobic
glycogen metabolism. Anaerobic glycolysis leads to
the accumulation of lactic acid, that further causes
reduction in ATP production in mitochondria for
cellular function. Accumulation of excess of lactic acid
in cell and blood results in lowering the intracellular
pH, which interferes with cellular enzymes.

= Lactic acidosis reduces myocardial contractility,
arteriolar responsiveness to further adrenaline and
noradrenaline release, potentiating vasomotor collapse
and stimulating the disseminated intravascular
coagulation. However, low pH (acidemia due to
accumulation of lactic acid) is beneficial in facilitating
the release of oxygen from hemoglobin.

= Eventually, a large number of vasoactive, vasodilator
and cytotoxic substances are released from injured
cell into the blood circulation, resulting in progressive
vasodilation, increased capillary permeability,
myocardial contractility and eventually disseminated
intravascular coagulation.

MITOCHONDRIAL DAMAGE

Damage to mitochondria is one of the hallmarks of

irreversible cell injury. It is usually a common feature

of all injurious pathways that follow cell injury.

= Two features that characterize irreversible cell injury
(cell death) from reversible cell injury: (a) irrever-
sible mitochondrial damage occurs that results
in ATP depletion and lack of oxidative phosphory-
lation despite removal of the injurious stimulus; and
(b) profound disturbances in cell membrane function
occurs, that affect internal ionic concentrations and
lysosomal enzyme activity.

= Mitochondria are damaged by increase in cytosolic
calcium coupled with inorganic phosphate and fatty
acids, reactive oxygen species, oxygen deprivation
by ischemia/hypoxia; and defective turnover of
mitochondrial proteins.

= [tis worth mentioning that high inorganic phosphate
and fatty acids alone cannot cause mitochondrial
damage, but when coupled with high calcium
are extremely damaging to a cell. High cytosolic
calcium alone can still cause mitochondrial damage.
If mitochondria are indeed damaged, then there are
three major consequences discussed as under.

Mitochondrial Permeability Transition

Mitochondrial permeability transition (MPT) is defined
as an increase in the permeability of the mitochon-
drial membranes to freely permit entry of molecules
<1500 daltons molecular weight (MW).
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= QOuter membrane of the mitochondria contains pro-  of calcium out of cell for the maintenance of the
teins, that permit movement of molecules into the steep calcium electrochemical gradient across the cell
mitochondria. Because all molecules below 1500 dal- membrane.

tons MW cannot be regulated due to presence of = Normally, cytosolic calcium is maintained at extremely

mitochondrial permeability transition brought about
by a high conductance channel, the mitochondrial
permeability transition pore (MPTP). All solutes
<1500 daltons MW rush into and out of the cell.

= The mitochondria slowly swell as the MPTP channel
opens. The opening of MPTP channel is triggered by
increase in cytosolic calcium concentration. Thus,
calcium interacts with calcium receptors on the matrix
side of the MPTP.

= MPTP channel opening is triggered by abundance of
reactive oxygen species. MPTP channel is closed, if
there is high concentration of NADH, ATP, ADP and
magnesium ions in the cell. MPTP contains cyclo-
philin D, that is crucial for the proper opening of
MPTP.

= In clinical practice, it is essential to limit cellular
injury to target cyclophilin D protein present in MPTP
by an immunosuppressive drug, cyclosporine. In
cases of ischemia/hypoxia, cyclosporine can act on
cyclophilin D to reduce cellular damage.

Increase in Mitochondrial Oxidative Stress

Normally, antioxidant molecules such as glutathione are
stored in the mitochondria to combat reactive oxygen
species. As a result of opening of the MPTP channel,
stored antioxidant molecules such as glutathione are
removed leading to accumulation of reactive oxygen
species within the cell. Further, improper oxidative
phosphorylation by the compromised electron chain
generates oxygen-derived free radicals resulting in cell
necrosis.

Induction of Apoptosis

Apoptosis is a process of genetically programmed
cell death that occurs in multicellular organisms. It is
characterized by nuclear shrinkage, DNA fragmentation
by endonucleases, cytoskeleton breakdown by proteases,
membrane blebbing; and membrane-bound apoptotic
bodies, which are phagocytosed by macrophages
and adjacent cells. The mitochondrial damage results
in sequestration of proapoptotic proteins such as
‘cytochrome ¢’ and caspases between the inner and outer
membrane of mitochondria. As the cell permeability
increases, these proteins and proapoptotic proteins leak
into the cytosol and trigger cell death by apoptosis.

CALCIUM INFLUX AND IMPAIRED CALCIUM
HOMEOSTASIS

Calcium pump ion transporter is present in the plasma
cell membrane. It is responsible for the active transport
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=052 Influx of excess calcium in cytosol and activation of
cellular enzymes

low levels. Excess intracellular Ca** is extruded by a
ATP-dependent calcium pump. Decreased ATP
production causes failure of calcium pump across
the plasma membrane. Increased cytosolic sodium
inhibits efflux of calcium due to activation of sodium/
calcium exchanger. Influx of calcium to the cytosol
comes from the extracellular fluid and stores in
mitochondria and smooth endoplasmic reticulum.
Failure of the calcium pump leads to influx of Ca**
into the cell, activation of various enzymes such
as phospholipase, protease, ATPase and endo-
nuclease causing cell death. Influx of excess calcium
in cytosol and activation of cellular enzymes is given
in Table 1.22. Schematic representation of role of
influx of excess calcium in cytosol and activation of
cellular enzymes inducing irreversible cell injury is
shown in Fig. 1.17.

Activation of phospholipase degrades the membrane
phospholipids releasing free fatty acids, which
are potent mediators of inflammation. These free
fatty acids also act as detergent that solubilize
cell membrane. Hence, phospholipase results in
decreased synthesis of phospholipids of all cellular
membranes including cell organelles.

Activated proteases attack the cytoskeleton and
its attachments to the cell membrane resulting in
disruption of interactions between cytoskeleton
proteins and the plasma membrane; and formation
of membrane plasma blebs, and alteration of shape
of the cell. High cytosolic calcium activates ATPase,
resulting in degradation of ATP.

Phospholipase Cellular Enzyme
Membrane phospholipids degradation
Potent mediators of inflammation

Decreased synthesis of phospholipids in plasma cell membrane
including mitochondrial membrane

Protease Cellular Enzyme

Disruption in interaction of cytoskeleton proteins to plasma cell
membrane resulting in formation of membrane blebs and altera-
tions of shape

ATPase Cellular Enzyme

ATP degradation

Endonuclease Cellular Enzyme
DNA fragmentation and dissolution
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REACTIVE OXYGEN SPECIES PRODUCTION
INDUCED BY CELL STRESSORS

Under normal conditions, O, has emerged as an
important signaling molecule, which regulates specific
biochemical reactions and metabolic processes. A free
radical is a molecule with an unpaired electron in its
outer orbit. Another term for oxygen-derived free
radicals is reactive oxygen species (ROS).
= Physiologic generation of reactive oxygen species
occurs during oxidative phosphorylation in the
mitochondria, when oxygen is reduced along the
electron transport chain.
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Fig. 1.17: Schematic representation of role of influx of excess calcium in cytosol and activation of cellular enzymes inducing irreversible cell
injury. Increased cytosolic calcium concentration is responsible for cytoskeleton modification which alter cell shape, activation of cellular enzymes
(phospholipases, endonucleases and ATPase) which results in perpetuation of membrane damage and finally mitochondrial calcification.

= Reactive oxygen species occur in the pathologic
settings of hypoxia (oxidative stress), ischemia-reper-
fusion injury, inflammation, ultraviolet light, X-rays,
ionizing radiation, inflammation, transitive metals
(copper and iron), drugs and chemical agents (e.g.
carbon tetrachloride). The excessive generation of
highly reactive oxygen-derived free radicals induce
oxidative stress in human beings and cause damage
to cellular DNA, proteins and lipids and thus cell
death. Most reactive oxygen species are generated
as chemical intermediates in a variety of enzymatic
reactions.

= Reactive oxygen species are formed in number of
ways. During normal cellular respiration, about 3%
of oxygen enters the mitochondrial electron transport
chain. The sequential reduction of oxygen through
the addition of electrons results in the formation of a
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number of oxygen-derived free radicals collectively
called as reactive oxygen species such as super-
oxide anionic radical (O;), hydroxyl radical (-OH),
hydrogen peroxide (H,0,), nitric oxide, peroxynitrite
(ONOQO), lipid peroxide radical (RCOO), and hypo-
chlorous acid (HCIO). Normally, nitric oxide is a
potent vasodilator and regulator of blood flow.

O,-derived free radicals interact with DNA, biomole-
cules (proteins, lipids, carbohydrates, nucleic acids)
and cause oxidative damage by lipid peroxidation
of cell membranes, DNA fragmentation, and protein
cross-linking (e.g. sulthydryl groups) leading to
increased degradation of biomolecules and decreased
cell activity. Schematic representation of role of reac-
tive oxygen species in cell injury is shown in Fig. 1.18.

Paosoaisomsa

= Nitric oxide can accumulate in high concentrations
and can react with other oxygen-derived free radicals
thereby setting up two mechanisms of cell death:
oxidative stress injury and ATP depletion. The mito-
chondria can lose their membrane potential in high
concentrations of nitric oxide and halt ATP produc-
tion all together. This process can cause endothelial
damage resulting in stimulation of the inflammatory
response.

Oxygen-derived free radicals can be prevented by
various mechanisms: (a) catalase degrades hydrogen
peroxide, (b) superoxide dismutase converts super-
oxide to hydrogen peroxide, (c) glutathione catalyzes
breakdown of hydroxyl radicals, and (d) vitamins A,
C and E have an antioxidant property.
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Fig. 1.18: Schematic representation of role of reactive oxygen species (ROS) in cell injury. Oxidative enzymes generating reactive oxygen species are
located in mitochondria (sodium dismutase, glutathione peroxidase), peroxisome (catalase) and endoplasmic reticulum (cytochrome P450 enzyme).
Reactive oxygen species (hydroxyl ions, hydrogen peroxide and superoxide, peroxynitrite, hypochlorous acid) react with cellular fatty acids, proteins

and DNA leading to irreversible cell injury.
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1211741 Conditions generating reactive oxygen species

Reduction—oxidation reactions during normal metabolism
Transit metals (copper and iron)

Radiation (ionizing radiation hydrolyzes H,0, which generate
reactive oxygen species

Rapid burst in polymorphonuclear cells and macrophages during
inflammation

Polymorphonuclear cells xanthine oxidase (reperfusion injury after
ischemia)

Carbon tetrachloride (CCl,) and barbiturates toxicity (inducing P450
oxidase system of smooth endoplasmic reticulum of hepatocytes)

Mutagens (chemical carcinogens)
Mitochondrial metabolism (biological aging)

= Protective molecules against accumulated toxic
oxygen-derived free radicals in cells include super-
oxide dismutase, glutathione peroxidase, vitamin E,
vitamin C and catalase.

Generation of Reactive Oxygen Species

Oxygen-derived free radicals also known as ractive
oxygen species are derived from both endogenous
sources (mitochondria, peroxisomes, endoplasmic
reticulum, phagocytic cells) and exogenous sources
(pollutants, tobacco smoke, transition metals such as
copper and iron, industrial solvents, peptides, radiation,
drugs). Conditions generating reactive oxygen species
are given in Table 1.23.

Reactive Oxygen Species (R0S) Generation during
Reduction-0xidation Reaction during Normal
Metabolic Process

Reactive oxygen species are formed during reduction-
oxidation reaction during normal metabolism within
the cell and within organelles such as mitochondria,
peroxisomes, and endoplasmic reticulum. The reduction
of molecular oxygen (O,) produces superoxide, which
is the precursor of most other reactive oxygen species.
Dismutation of superoxide by superoxide dismutase
produces hydrogen peroxide. The product hydrogen
peroxide in turn may be partially reduced to form
hydroxyl radical or fully reduced to water. Reactive
oxygen species play important role in cell signaling
and homeostasis. Generation of reactive oxygen species
increases dramatically during environmental stress such
as ultraviolet B or heat.

Reactive Oxygen Species (ROS) Generation during
Absorption of lonizing Radiation

The absorption of ionizing radiation by living cells/
tissues can directly disrupt atomic structures, which
produce biochemical changes in the cells/tissues.
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Ionizing radiation can act indirectly through radiolysis
of water, thereby generating toxic reactive oxygen
species such as superoxide, hydroxyl radical and
hydrogen peroxide. These toxic chemical species interact
with DNA, proteins and lipids and cause oxidative
damage and cell death.

Reactive Oxygen Species (R0S) Generation by Transit
Metals (Copper and Iron)

Transit metals, such as copper and iron ions, are

common catalysts of lipid oxidation. Copper and iron

promote the generation of oxygen-derived free radicals

such as hydroxyl radicals, which cause damage to DNA,

proteins, lipids and carbohydrates.

= Copper is more efficient catalyst. In the presence
of both hydrogen peroxide and ascorbate, copper
is reduced to Cu*, that then reacts with hydrogen
peroxide (H,O,) to generate hydroxyl radical (-OH)
in the Fenton reaction.

= In healthy normal cells, iron is tightly controlled to
promote the growth of the cell as well as to protect
of the cell against toxicity.

= Accumulation of iron within tissues can generate
toxic reactive oxygen species via Fenton reaction and
Haber-Weiss reaction: (a) Fenton reaction results in
the formation of hydroxyl radical from hydrogen
peroxide (H,0,), a mitochondrial oxidative respi-
ration and an iron catalyst. Highly toxic hydroxyl
ions react with DNA, proteins; and lipids of cell
membranes resulting in irreversible cell injury.
(b) Haber-Weiss reaction generates hydroxyl radical
(OH) from hydrogen peroxide (H,0,) and superoxide
catalyzed by iron ions.

Respiratory or Oxidative Burst of Reactive Oxygen Species
(ROS) in Activated Phagocytes during Inflammation

Phagocytic cells such as neutrophils, eosinophils, mono-

cytes and macrophages phagocytose and kill inter-

nalized pathogens by respiratory or oxidative burst.

= During respiratory burst, phagocytes require energy
and oxygen for the generation of a variety of cyto-
toxic reactive oxygen species. These phagocytes
contain NADPH-dependent oxidase enzyme, which
transfers one electron to an oxygen molecule to
generate superoxide anion.

= The superoxide ion dismutases spontaneously in
the presence of superoxide dismutase to hydrogen
peroxide. The product hydrogen peroxide then serves
as the parent product for a variety of other highly
reactive metabolites such as hydroxyl radical and
hypochlorous acid; which enter phagosome and
together with enzymes participate in the killing of
phagocytosed pathogens.
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Reactive Oxygen Species (R0S) Generation due to Carbon
Tetrachloride-induced Hepatocellular Injury

The liver plays an essential role in various metabolic

processes. Carbon tetrachloride (CCl,) belongs to the

class of hepatotoxins, which acts after metabolic acti-

vation. CCl, is metabolized in the endoplasmic reticulum

by cytochrome P450 enzymes (mostly CYP2E1) to the

highly reactive trichloromethyl radical (CCL,).

= CCl, rapidly reacts with oxygen to form the highly
reactive trichloromethylperoxyl radical (CCl1,00),
that rapidly reacts with DNA, proteins; and lipids
of all cell membranes resulting in formation of lipid
peroxidation products.

= Polyunsaturated fatty acids of the endoplasmic
reticulum are more susceptible to oxidation by the
O,-derived free radicals. The free radical mediated
lipid peroxidation of cell membranes is one of the
main mechanisms of hepatocellular injury by CCL,.

Reactive Oxygen Species (R0S) and their Actions

Inliving organisms, there are two major reactive oxygen

species, superoxide radical and hydroxyl radical that are

being continuously formed in a process of reduction of

oxygen to water.

= In the Haber-Weiss reaction hydroxyl radicals are

generated in the presence of hydrogen peroxide and

iron ions.

e The first step involves reduction of ferric into
ferrous ion: Fe’+®O,—Fe**+ O,.

e The second step is the Fenton reaction Fe**+ H,O, —
Fe**+ OH +*OH.

Reactions involving reactive oxygen species and

their actions are given in Table 1.24.

Superoxide Anion Radical (0;)

Superoxide anion (O,) is a highly reactive radical
generated when oxygen is reduced by a single electron,
and may be generated during the normal catalytic
function of a number of enzymes. It is then converted to
H,O, eventually to other reactive oxgen species (ROS).
= Normally, cells are able to maintain low levels of
superoxide radical with the help of superoxide dis-
mutase (SOD) enzyme. It does not readily diffuse far
from its origin.
= Superoxide radical becomes toxic due to its capability
to inactivate iron-sulfur cluster containing enzymes
critical in various metabolic pathways, thereby
releasing highly reactive free iron radical in the cell
via Fenton reaction.

Hydroxyl Radical

The hydroxyl radical, the three-electron reduction

product of molecular oxygen, is the most reactive

oxygen-derived free radical also called reactive oxygen

species.

= Normally, hydroxyl radicals are formed by the hydro-
lysis of water, the reaction of H,O, with ferrous ions
(Fenton reaction), and the reaction of O, with H O,
(Haber-Weiss reaction).

= Excessive intracellular accumulation of hydroxyl
radical can damage virtually all types of macromole-
cules: carbohydrates, lipids (lipid peroxidation). DNA
nucleic acids (single DNA strand breaks, modification
of bases, and cross-links between strands) and cross-
linking of amino acids (sulfur-containing amino
acids—cysteine and methionine, as well as arginine,
histidine, and proline).

21572 Reactions involving reactive oxygen species (R0S) and their actions \

Reactive Oxygen Species ROS Generation by Reactions _

Superoxide anion (0,)
transport chain

Hydroxyl radical (OH)

(Haber-Weiss reaction)
Hydrogen peroxide (H,0,)
Peroxynitrite (ONOQ)

Lipid peroxide radical (RCOO.)

NO + 0; (ON0O.)

Reduction of molecular oxygen by leaks in the electron

During physiologic state, hydroxyl radicals are formed by | Hydroxyl radical attacking cellular macromolecules
the hydrolysis of water, the reaction of H,0, with ferrous
ions (Fenton reaction), and the reaction of 0, with H,0

Superoxide dismutase by Fenton reaction

Generated during lipid peroxidation

Not diffusing far from its origin

2

Diffusing within cell
Damaging macromolecules

Initiating chain breakage, destroying unsaturated
fatty acids resulting in a loss of membrane inte-
grity

Hypochlorous acid (HOCI) Generated by neutrophils (myeloperoxidase) and macro-
phages during respiratory burst that accompanies

phagocytosis

Dissociating to yield hypochlorite radical
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= During lipid peroxidation, hydroxyl radicals remove
a hydrogen atom from bonds of unsaturated fatty
acids of membrane phospholipids resulting in loss
of membrane integrity.

Hydrogen Peroxide (H,0,)

Normally, superoxide dismutases (SOD1 in cytoplasm,

SOD2 in mitochondria and SOD3 in extracellular region)

are group of enzymes that catalyzes the dismutation

of superoxide radicals to molecular oxygen (O,) and

hydrogen peroxide (H,O,) in small concentration.
= Hydrogen perox1de is a product of metabolism,
that can do some nasty things. It can break apart
to yield highly reactive hydroxyl radical in Fe**
catalyzed Fenton reaction, that can attack all variety of
macromolecules such as lipid, carbohydrate, proteins
and DNA resulting in cell damage.

= To protect itself from cell damage by hydrogen
peroxide, the cells make catalase (within peroxisomes)
and glutathione peroxidase (within cytosol and the
mitochondria), that decompose hydrogen peroxide
to oxygen and water before it can form hydroxyl
radicals. In neutrophils, myeloperoxidase transforms
hydrogen peroxide (H,O,) to the potent radical
hypochlorite, which is lethal for microorganisms
and cells.

Peroxynitrite (ONOO")

Peroxynitrite is an oxidant and nitrating agent formed
by the interaction of superoxide with nitric oxide (NO).
Peroxynitrite is a powerful oxidant, that exhibits a
wide array of tissue damaging effects, including lipid
peroxidation, inactivation of enzymes and dysfunctional
ion channels via protein oxidation and nitration, and
inhibition of mitochondrial respiration.

Hypochlorous Acid

Hypochlorous acid (HCIO) is a weak acid that forms
when chlorine dissolves in water, which partially
dissociates to form hypochlorite (C1O"). Hypochlorous
acid and hypochlorite are oxidizers and primary
disinfectant agents of chlorine solution. In biology,
hypochlorous acid is generated in activated neutrophils
by myeloperoxidase-mediated peroxidation of chloride
ions, and contributes to the destruction of bacteria
during respiratory burst that accompanies phagocytosis.

Nitric Oxide

Nitric oxide (NO) is a highly reactive gas that is involved
in many biological processes. It is potent oxidant, that
takes part in termination of lipid peroxidation reac-
tions. Nitric oxide is synthesized by the NO synthase
in vascular endothelium, that acts as vasodilator. Nitric
oxide can also act as an oxidant in indirect reactions with
oxygen molecules and superoxide ion.

56

Lipid Peroxides

Lipid peroxides are oxidative degradation products
of lipids, generated by a free radical chain reaction.
Ferrous iron can react with a lipid peroxide to generate
the corresponding alkoxy radical that can propagate
new peroxidation reactions, i.e. extensive peroxidation
of polyunsaturated fatty acids of cell membrane, which
compromise the integrity and function of cell membrane.
= Thealdehyde degradation products of lipid peroxides
exert toxic effects on cells by cross-linking of DNA
and proteins.
= Lipid peroxides are divided into two classes: lipid
hydroperoxide and lipid endoperoxide.

e Lipid hydroperoxide is a key mediator of cell injury
and cell death.

e Lipid endoperoxide is a key intermediate in the
synthesis of prostaglandins, that has importance
in inflammation and disease.

= Additionally, ferroptosis is a form of regulated non-
apoptotic cell death involving overwhelming iron-
dependent peroxidation.

Reactive Oxygen Species and their Pathologic Effects

Reactive oxygen species (ROS) react with fatty acids,
proteins and DNA resulting in peroxidation of cell
membranes, oxidation of amino acids, abnormal folding
of proteins (protein-protein cross linkages) and DNA
mutations. Proteosomes act on altered proteins leading
to further cell damage. Role of cellular enzymes in
generation and removal of reactive oxygen species are
given in Table 1.25.
= Disruption of cell membrane: Reactive oxygen
species react with fatty acids present in plasma
membrane and membranes of organelles resulting
in disruption of membranes. During peroxidation,
hydroxyl radicals remove a hydrogen atom from
bonds of unsaturated fatty acids of membrane
phospholipids leading to loss of membrane integrity.
= Abnormal folding of proteins: Reactive oxygen
species adversely affect rough endoplasmic reticulum
leading to decreased synthesis of proteins. Protein
fragmentation occurs as a result of oxidation of amino
acids residue side chain by reactive oxygen species.
Oxidation of proteins leads to loss of enzymatic
activity and abnormal folding of proteins.
= DNA damage: Reactive oxygen species react and
cause oxidation of DNA leading to mutations and
DNA breaks.

Reactive Oxygen Species Degradation

Fortunately, reactive oxygen species are inherently
unstable and generally decay spontaneously. Anti-
oxidants either block the initiation of oxygen-derived



Cellular Pathology and Biology of Aging

12151747 Role of cellular enzymes in generation and removal of reactive oxygen species

Generation Reactive Oxygen Species by Oxidative Enzymes | Removal of Reactive Oxygen Species by Antioxidant Mechanism

Mitochondria cell organelle
Respiratory oxidase enzymes generate reactive oxygen species

Cytoplasm
Peroxisome oxidase enzymes generate reactive oxygen species

Endoplasmic reticulum cytochrome P450 generates reactive
0Xygen species

= Superoxide dismutase (SOD) in mitochondria converts oxygen to hydrogen
peroxide
= Glutathione converts hydroxyl ion to hydrogen peroxide

Catalase in peroxisome converts hydrogen peroxide (H,0,) to water and
oxygen

Not applicable

121119071 Mechanism of inactivation of oxygen-derived free radicals

Mechanism of Action

Intracellular oxidative enzymes
Superoxide dismutase (SOD)

Catalase

Glutathione peroxidase (GPX)

Vitamin E (a-tocopherol)
Retinoids

Vitamin C (ascorbate)
Transport proteins

Transferrin, ferritin, lactoferritin,
ceruloplasmin

= First-line of defense against 0,, converting it to H,0, and O, in cytosol and mitochondria
= Endoplasmic reticulum also contains P450 oxidase

= (Catalase located in peroxisomes
= Catalase eliminating H,0, to O,
= Completing the dissolution of O, by eliminating H,0, and, therefore, its potential conversion to OH"

Catalyzing the reduction of H,0, and lipid peroxides in mitochondria and the cytosol
Exogenous antioxidants (either inhibit synthesis or scavenge free radicals)
Fat-soluble vitamin protecting cell membranes against peroxidation by blocking free radical chain reaction

= Precursor of fat-soluble vitamin A
= Retinoids function as chain breaking antioxidants

Water-soluble and reacting directly with O,, hydroxyl (OH") and some products of lipid peroxidation serving
to regenerate the reduced form of vitamin E

Endogenous antioxidants minimizing the generation of reactive forms by transition metals

free radical formation or scavenge oxygen-derived free
radicals. In addition, several systems, i.e. detoxifying
enzymes, antioxidants and transporting proteins
contribute to free radical inactivation. Mechanism of
inactivation of reactive oxygen species is shown in
Table 1.26.

DEFECTS IN PERMEABILITY OF PLASMA MEMBRANE
AND CELL ORGANELLES

Ionic and osmotic homeostasis of the cellular plasma
membrane and its organelles membrane depend on cell
membranes. Cell injury induced by hypoxia, mechanical
trauma, chemical agents, radiation and pathogens
adversely affects plasma membrane, cytoskeleton and
membranes of mitochondria, lysosomes.
= Oxygen deprivation is accompanied by cellular
plasma membrane disruption resulting in electrolyte
disturbance. Without sufficient ATP supply to cell,
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the plasma membrane can no longer maintain
normal ionic gradient across the cell membranes;
and ATP-dependent Na*/K* pump and calcium
pump can no longer function, which leads to change
in ionic concentration of sodium and potassium
concentration. Potassium ions leak out of cell to
the extracellular space and influx of sodium ions
followed by water move into the cell resulting in
cellular edema and an increased intracellular osmotic
pressure.

Oxidative stress leads to accumulation of oxygen-
derived free radicals. DNA damage caused by
ionizing radiation, chemotherapy and oxygen-
derived free radicals adversely affect endoplasmic
reticulum to synthesize proteins. Failure of the
calcium pump leads to influx of Ca** into the cell,
activate various enzymes such as phospholipase,
protease, ATPase and endonuclease causing cell
death. The cells may eventually burst.
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= Normally, adequate supply of ATP is essential to
maintain high potassium and low sodium levels
in the cellular cytosol with functional membrane
Na*/K* ATP-dependent pump.

= Reduced Na*/K* ATP-dependent pump results in
influx of sodium and water; and efflux of potassium.
Cellular swelling may interfere with organelle
function. The cytoplasmic membrane of the cells
becomes more permeable to high molecular weight
proteins due to the systemic intracellular energy
debt. NADPH oxidase (phagocytic oxidase) is present
in the plasma membrane and the membranes of
the phagosomes of leukocytes. NADPH oxidase
generates superoxide radical.

Lipid Peroxidation of Cell Membranes

Lipids, the main component of cellular membranes,

maintain the structural integrity of the cells. Excessive

oxidation of lipids alters the physical properties of cell

membranes and can cause selective alterations in cell

signaling, covalent modification of proteins and nucleic

acids, and cytotoxicity.

= Reactive oxygen species (ROS) are common oxidants
in the cells. Reactive oxygen species are formed by
the partial reduction molecular oxygen to super-
oxide (O, *), hydrogen peroxide (H,0,), lipid oxides
(ROOH) or the corresponding hydroxyl (OH®) and
peroxyl radicals (ROO*®).

= Lipid peroxidation degrades cell membrane phos-
pholipids results in loss of cell membrane integrity
due to accumulation of unesterified free fatty acids,
acylcarnitine, and lysophospholipids, catabolic
products in the lipid bilayer of cell membrane and
inside cell.

Pathology Pearls: Lipid Breakdown Products and
Membrane Damage

Lipid Peroxidation Products

= During lipid peroxidation, hydroxyl radicals remove a hydro-
gen atom from the unsaturated fatty acids of membrane
phospholipids. The lipid radicals so formed react with mole-
cular oxygen and form a lipid peroxide radical.

= A chain reaction is initiated. Lipid peroxides are unstable and
break down into smaller molecules. The destruction of the
unsaturated fatty acids of phospholipids results in a loss of
membrane integrity.

= Unesterified free fatty acids, acylcarnitine, and lysophos-
pholipids, catabolic products accumulate in the injured cells
as a result of phospholipid degradation. They have a deter-
gent effect on membranes. They also either insert into the
lipid bilayer of the membrane or exchange with membrane
phospholipids, potentially causing changes in permeability
and electrophysiological alterations. The important sites of
membrane damage are as follows.
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Lipid Peroxidation-induced Membrane Damage

= Plasma membrane damage leads to loss of osmotic balance
and influx of fluids and ions, as well as loss of cellular con-
tents. The cells may also leak metabolites that are vital for the
reconstitution of ATP, thus further depleting energy stores.

= Damage to mitochondrial membrane results in decreased ATP
production, culminating in necrosis, and release of proteins
that trigger apoptotic death.

= [njury to lysosomal membrane results in leakage of their
enzymes into the cytoplasm and activation of the acid hydro-
lases in the acidic intracellular pH the injured (e.g. ischemic)
cell. Lysosomes contain RNases, DNases, proteases,
glucosidases, and other enzymes. Activation of these enzymes
leads to enzymatic digestion of cell components, and the cells
die by necrosis.

ROUGH ENDOPLASMIC RETICULUM DISRUPTION

Rough endoplasmic reticulum (ER) plays a pivotal role

in the folding and processing of newly synthesized

proteins, which are calcium-dependent.

= Endoplasmic reticulum calcium homeostasis plays an
important role in maintaining the physiologic state
in cells. Irreversible cell injury to rough endoplasmic
reticulum leads to decreased synthesis of protein due
to detachment of ribosomes. Increased intracellular
calcium and reactive oxygen species adversely affect
rough endoplasmic reticulum leading to decreased
protein synthesis.

= Misfolded proteins lead to the unfolded protein
response which may further injure the cell. Intense
eosinophilia of dead cell occurs due to loss of RNA
and coagulation of proteins.

CYTOSKELETON DISRUPTION

Cytoskeleton filaments serve as anchors connecting the

plasma membrane to the cell interior. It is a network of

protein fibers and composed of three main structural

components: (a) microtubules formed by tubulins,

(b) microfilaments formed by actins; and (c) intermediate

filaments (keratin filaments, neurofilaments, desmin

filaments, vimentin filaments and glial filaments).

= All three components of cytoskeleton interact with
each other noncovalently. Cytoskeleton helps cells
in maintaining their shape and internal organization,
and also provides mechanical support that enables
cells to perform essential functions like cell division
and movement.

= Hypoxia-induced cell injury leads to decreased ATP
production resulting in increased cytosolic calcium,
that activates series of proteases.

= Activated proteases attack the cytoskeleton and
its attachments to the cell membrane. As the inter-
actions between cytoskeleton proteins and the
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plasma membrane are disrupted, it leads to formation
of membrane blebs, and alteration of shape of
the cell.

GENETIC APPARATUS DISRUPTION

The cell nucleus is a membrane-bound structure that

contains a cell’s hereditary information and controls

its growth and reproduction. The nucleus involves

regulating expression of gene, initiating cellular material

essential for all these tasks. The cell nucleus regulates

the synthesis of proteins through the messenger RNA

(mRNA) resulting in protein synthesis and then travell-

ing to cytoplasm through nuclear pores of the nuclear

envelope. Once in the cytoplasm, ribosomes and another

RNA molecule called transfer RNA work together to

regulate mRNA in order to synthesize proteins.

= Hypoxic injury may cause damage to DNA resulting
from increased intracellular calcium and reactive
oxygen species.

= When the cell can no longer maintain itself as a
metabolic unit, necrotic cell death occurs. Disruption
of electron transport system and sustained opening of
mitochondrial permeability transition pore (MPTP)
indicate irreversible cell injury.

= Nuclear changes include condensation of chromatin
(pyknosis), fragmentation of the chromatin (karyorr-
hexis) and lysis of chromatin due to the action of
endonuclease (karyolysis) leaving a shrunken cell
devoid of nucleus.

= Hematoxylin and eosin-stained section shows intense
cytoplasmic eosinophilia of dead cell due to loss of
cytoplasmic RNA and denaturation (coagulation)
of proteins. Loss of basophilia is a sign of irrever-
sible cell injury, indicating a cessation of protein
synthesis.

MORPHOLOGIC PATTERNS OF NECROSIS

Necrosis is a morphologic sign of cell death in a living

tissue. It is the result of denaturation of intracellular pro-

teins and enzymatic digestion of the lethally injured cell.

= Necrotic cells are unable to maintain cell membrane
integrity. Necrotic cells may ultimately become
calcified in the settings of coagulative necrosis,
liquefactive necrosis, caseous necrosis, fat necrosis,
gangrenous necrosis and fibrinoid necrosis.

= Aninfarct is a localized area of coagulative necrosis
in an organ. Coagulative necrosis involves multiple
tissue planes in gangrene.

= Liquefactive necrosis occurs due to enzymatic dis-
solution of necrotic cells that results in transformation
of the tissue into a liquid viscous mass. It most often
seen in cerebrum and in abscesses.
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= Fat necrosis in mesentery results from release of
activated pancreatic lipases that cause fat destruction
in a localized area.

= Caseous necrosis in tuberculosis is a collection of
lysed cells and amorphous granular debris enclosed
within a distinctive inflammatory border.

COAGULATIVE NECROSIS

Coagulative necrosis is the type of necrosis in which
protein denaturation is more prominent than enzymatic
breakdown. It most often occurs when sudden inter-
ruption in blood supply to an organ supplied by end
arteries with limited collateral circulation (e.g. heart,
kidney, spleen, adrenal gland except brain) results in cell
ischemia and cell death. Widespread tissue necrosis, is
called as an infarction. In brain with a high fat content,
coagulative necrosis is rapidly followed by liquefactive
necrosis.
= Coagulative necrosis occurs in myocardial tissue
following a myocardial infarction, which takes several
hours to develop coagulative necrosis. However, the
loss of integrity of plasma membrane in coagulative
necrosis allows the leaking of cardiac enzymes and
troponins into the blood stream, making them useful
as biochemical markers to aid in the diagnosis of
myocardial infarction.
= Microscopically, cellular outlines of the affected
tissue are maintained but structural details are
lost. The necrotic tissue appears homogenous,
glassy eosinophilic cells due to loss of cytoplasmic
RNA (basophilic) and glycogen (granular) within
preserved tissue architecture. Nucleus may show
pyknosis, karyorrhexis or karyolysis. Brain with high
lipid content does not contain protein content, hence
shows liquefactive necrosis due to ischemia.
= Exposure of cells to heavy metals (e.g. lead and
mercury) and ionizing radiation lead to intracellular
accumulation of lactate anions (intracellular acidosis);
which cause denaturation of structural proteins.
Renal cortical coagulative necrosis is seen in mercurial
poisoning.

Pathogenesis

Normally, calcium concentration in interstitial fluids

is 10,000 times higher than that inside the cell. Lack of

O, impairs mitochondrial electron transport results in

depletion of ATP, which facilitates the generation of

oxygen-derived free radicals.

= Following damage to plasma membrane, massive
influx of calcium ion into the cell. Ischemia inhibits
activity of lysosomal hydrolytic enzymes in the cells,
so there is no dissolution of dead cells.

= Mitochondrial damage promotes the release of
‘cytochrome ¢’ into the cytosol, and the cell dies.
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Hydrolytic enzymes released by lysosomes start to
dissolve cellular components, and trigger an acute
inflammatory reaction in which white blood cells
migrate to the necrotic area and begin to digest the
dead cells.

Pathology Pearls: Pale and Hemorrhagic Infarcts

Pale (Ischemic) Infarct in Solid Organs

= Pale/white infarct is secondary to the sudden occlusion of a
vessel. It is commonly seen in solid organs such as heart,
kidney, and spleen. Gross morphology of pale/white infarct
in spleen is shown in Fig. 1.19.

= |ncreased density of solid tissue prevents RBCs from diffusing
through necrotic tissue. It produces wedge-shaped infarct
with apex pointing to the source of obstruction, and the base
of infarct at the periphery of the organ.

= Myocardial infarct is most often caused by ischemia related
to coronary artery occlusion by atheromatous plaque.

Hemorrhagic (Red) Infarct in Loose-textured Organs

= Hemorrhagic infarct is present in loose-textured tissue such
asthatfound inthe organs (e.g. lung and small intestine, ovaries,
testis) allowing RBCs to diffuse through necrotic tissue.

= Hemorrhagic infarct is wedge-shaped area of hemorrhage
extending to the pleural surface due to embolus in one of the
pulmonary artery tributaries.

= \/enous occlusion also causes hemorrhagic infarcts (e.g.
splenic vein thrombosis).

= Arterial infarcts typically appear as wedge-shaped lesions that
are white in appearance (blood poor).

= \/enous infarcts typically appear as irregularly shaped lesions
that are red in appearance (blood-rich). Infarction is gross
manifestation of coagulative necrosis.

Fig. 1.19: Gross morphology of pale/white infarct in spleen. Infarct is
a localized area of tissue necrosis caused by arterial occlusion and is
usually seen in the spleen, kidney and heart. Pale/white infarct lacks
hemorrhage and limited red blood cells accumulation, when compared
to hemorrhagic infarct. (Courtesy. Department of Pathology, Sapthagiri
Institute of Medical Sciences, Bengaluru).
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Surgical Pathology: Coagulative Necrosis

Gross Morphology

Infarction is gross manifestation of coagulative necrosis.

Infarcts are of two types, i.e. pale infarct and hemorrhagic infarct

depending on the consistency of the tissue.

= Pale infarct appears as wedge-shaped, pale/white and firm
(blood poor) and retains its normal shape due to lack of
enzymatic lysis as cellular proteins including enzymes have
undergone coagulation.

= Hemorrhagic infarct appears as irregularly-shaped lesions
that are red in appearance (blood-rich). Gross morphology
of renal infarct due to occlusion of arterial segment is given
in Table 1.27.

Light Microscopy

= Hematoxylin and eosin-stained section shows intense
cytoplasmic eosinophilia with dead cell is due to loss of
cytoplasmic RNA and denaturation (coagulation) of proteins.

= | oss of basophiliais a sign of cell injury, indicating a cessation
of protein synthesis.

= Nuclei undergo phases of condensation of chromatin along
the nuclear membrane (pyknosis), fragmentation of the
chromatin (karyorrhexis) and lysis of chromatin due to
the action of endonuclease (karyolysis) leaving a shrunken
cell devoid of nucleus.

LIQUEFACTIVE NECROSIS

Liquefactive necrosis, also known as colliquative necrosis,

occurs in situations in which enzymatic breakdown is

more prominent than protein denaturation in organs

that lack a substantial protein-rich matrix (e.g. lipid-

rich organs such as brain).

= Liquefactive is typically found in brain due to
prolonged ischemia or in suppurative bacterial or
fungal infections in lung (lung abscess). Examples
of liquefactive necrosis include brain infarct, abscess
and wet gangrene.

= The necrotic tissue is transformed into soft, circum-
scribed and creamy liquid viscous through the action
of hydrolytic enzymes liberated from brain cells
or in the case of an abscess from neutrophils and
macrophages.

Liquefactive Necrosis in Brain

Hypoxia causes liquefactive necrosis by digestive

enzymes (hydrolases) in brain. The necrotic area of

brain becomes soft (encephalomalacia) with lique-

fied center containing necrotic debris by digestive

enzymes.

= Necrotic tissue is phagocytosed by macrophages.
Later, a cyst is formed in the necrotic tissue of
brain, which is filled by diffusion of fluid from the
surrounding interstitial spaces of the brain.
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(1[92 Gross morphology of renal infarct due to occlusion of arterial segment \

Branch of Renal Artery Size of Renal Infarct

‘ Segmental artery ‘ 4-5 c¢m
‘ Interlobar artery ‘ 2-3cm
‘ Arcuate artery ‘ 0.5-1.0cm
‘ Intralobular artery ‘ 0.1-0.2cm

Relationship to the Renal Lobes

‘ Entire lobe and portion of adjacent lobe

‘ Columns of Bertin and portion of adjacent lobe ‘
‘ One sixth to one eighth of a lobe extending to the middle of the lobe ‘
‘ Small portion of a lobe ‘

= Microscopically, the cystic space contains necrotic
cell debris, macrophages filled with phagocytosed
material. The cyst wall is formed by proliferating
capillaries, inflammatory cells, and gliosis (prolife-
rating glial cells) in brain.

= [tis worth mentioning that hypoxia causes liquefac-
tive necrosis in central nervous system, that lacks
proteins. On the other hand, hypoxia causes
coagulative necrosis in solid organs rich in proteins
(e.g. kidney, spleen and heart).

= Gross morphology of liquefactive necrosis in the
frontal lobe of brain with formation of cystic spaces is
shown in Fig. 1.20. Gross morphologic and histologic
features of cerebral infarct are given in Table 1.28.

Liquefactive Necrosis in Organ’s Abscess

An abscess is a collection of pus that has built up

within the tissue of the body due to bacterial infections.

Typically, it presents as a cavity filled with pus—that is,

liquefied tissue of the affected organ permeated with

dead or dying bacteria and neutrophils.

= Abscess can form throughout the body, both in
locations that are visible and internally, where it may
go unnoticed and cause serious problems including
organ damage.

= The most common sites of abscesses are skin and
dental region. Less common sites of abscess are
abdomen, liver (amoebic or pyogenic), brain, epidural
region, Bartholin gland, anorectal region, peritonsillar
region, spinal cord.

Fig. 1.20: Gross morphology of liquefactive necrosis in the frontal lobe
of brain with formation of cystic spaces (arrow). Liquefactive necrosis
is type of necrosis which results in a transformation of the tissue into
liquid viscous mass as a result of lysosomal release of digestive enzymes.

Partial Liquefactive Necrosis in Wet Gangrene of
Extremities

Wet gangrene is a clinical term for ischemic necrosis
accompanied by superadded bacterial decomposition,
which results in partial liquefaction of the tissues. It
occurs due to lytic activity of bacteria and inflammatory
cells in the affected tissue. Swelling, blistering and wet
appearance are common features of wet gangrene. It
may develop after severe burns, frostbite and diabetes
mellitus in foot or toes. Wet gangrene needs to treated
immediately, because it spreads quickly and can be fatal.

1214t Gross morphologic and histologic features of cerebral infarct \

Feature Duration Gross Features

Acute cerebral infarct Hours to few days

infarct

Subacute cerebral infarct | Hours to weeks

Chronic cerebral infarct | Months to years

rounding tissue

Poorly defined soft and edematous

Partially liquefied infarct

Cystic cavity with collapse of sur-

Histologic Features

Liquefactive necrosis of neurons, mild neutro-
philic infiltrate and rarefaction of white matter

Liquefactive necrosis of neurons and glial compo-
nents drop out, marked macrophage infiltrate,
reactive capillaries and gliosis at periphery

Cystic spaces lined by ‘gliotic scar’ at periphery
without collagen, loss of parenchyma, sparing of
subpial region as opposed to old contusion; with
or without hemosiderin and macrophages
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CASEQUS NECROSIS Tissues rarely involved include cardiac muscle, skeletal
muscle, stomach, thyroid gland, and pancreas.

Caseous necrosis is hallmark of tuberculosis, which
appears as amorphous, coarsely granular, eosinophilic  pathggenesis of Tuberculosis in <3 Weeks Duration
debris. Certain fungal infections can also exhibit
caseous necrosis. Caseous necrosis is a combination
of coagulative and liquefactive necrosis seen in
tuberculosis, in which cellular outlines as well as
structural details are lost.
= Mycobacterium tubercle bacillus is a nonmotile
acid-fast, 2—4 um in length with very slow generation
time between 15 and 20 hours. The cell envelope
of Mycobacterium tubercle bacillus is composed
O.f Peptldo.glycan (40%) and .Of lipids (60%)‘.The Pathogenesis of Tuberculosis in >3 Weeks Duration
lipid fraction of mycobacterial tubercle bacillus ) i )
cell wall is composed of three major components, Macrophaggs are antigen presenting cells, which present
mycolic acids, cord factor and wax-D. It is partially ~ Mycobacterium tubercle bacilli antigen to CDf“ helper
resistant to digestion and phagocytosis by tissue | cel.ls. Macrophages synthesize IL—12,‘wh1ch takes
macrophages. part in differentiation of T-helper cells in lungs and
= Exposure to Mycobacterium tubercle bacillus leads ~ lymph nodes in >3 weeks duration of infection.
to activation and recruitment of macrophages to ~*® Bactericidal activity of immune system occurs due

Mycobacterium tubercle bacilli’s mannose capped
glycolipid (lipoarabinomannan) binds to mannose
receptors expressed on alveolar macrophages leading
to engulfment of AFB within three weeks of infection.
Cord factor synthesized by AFB prevent fusion of
phagosomes with lysosomes. Hence, unchecked proli-
feration of tubercle bacilli continues inside alveolar
macrophages.

form epithelioid cell granulomas and Langhans to synthesis of interferon-y by T cells. Interferon-y
type of giant cells. Caseous necrosis is derived from stimulates nitrogen synthase enzyme, which causes
mycolic and other lipid constituent of the lipid-rich synthesis of nitrogen intermediates (NO, NO, and
envelope of Mycobacterium tubercle bacillus, hence HNO,) and O,-derived free radicals resulting in
the descriptive term ‘caseous necrosis’. Differences oxidative destruction of AFB.
between coagulative and caseous necroses areshown  ® Macrophages synthesize tumor necrosis factor and
in Table 1.29. chemokines, which participate in recruitment of
) monocytes and sensitization of CD4+ helper T cells.
Pathogenesis = This process of recruitment of monocytes and
Lungs are the most common site of tuberculosis in sensitization of T cells leads to formation of epithelioid
children and adults. Most common organs involved granulomas composed of macrophages and sur-
in children include lungs, lymph nodes, spleen and rounded by lymphocytes. Epithelioid cell granulomas
meninges. Lungs, adrenal glands, kidneys, liver, spleen, preventspread of infection by confining bacteria within
bone, meninges, serous membranes, fallopian tubes, a compact collection of activated macrophages and
epididymis and lymph nodes are involved in adults. T cells.

et Differences between coagulative and caseous necroses \

Coagulative Necrosis Caseous Necrosis

Etiopathogenesis

Hypoxic injury to heart, kidney and spleen ‘ Mycobacterium tubercle bacillus

Due to intracellular acidosis (due to hypoxia) structural as well as | Reaction between Mycobacterium tubercle bacillus antigens and
enzymatic denaturation of proteins occurs. Dead cells are removed | inflammatory cells. Cellular outlines are completely obscured
by fragmentation and phagocytosis

Gross morphology
Firm texture of organs Cheesy white appearance
Light microscopy

Cellular outlines are maintained and structural details are lost. Cells | Cellular outline as well as structural details are lost. It is amorphous

are acidophilic, coagulated with loss of nuclear details due to blockage | granular debris (fragmented, coagulated cells and granular debris)

of cytoplasmic hydrolytic enzymes. There is no dissolution of tissue. | surrounded by chronic inflammatory cells. Epithelioid granulomas
and Langhans giant cells are present
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Surgical Pathology: Caseous Necrosis

Gross Morphology

= Caseous material resembles clumpy cheese-like consistency,
hence the name caseous necrosis. It is formed by the release
of lipid from the cell walls of Mycobacterium tubercle bacilli
after destruction by macrophages.

= This type of caseous necrosis appearance also occurs in
systemic fungal infection by Histoplasma capsulatum.
Gross morphology of tubercular lymphadenitis is shown in
Fig. 1.21.

Light Microscopy

= The tubercular lesion is composed of epithelioid granulomas
(activated macrophages, CD4+ helper T cells), caseous
necrosis and Langhans’ type giant cells.

= Tissue architecture is distorted. Caseous necrotic tissue lack
cellular outlines as well as cellular details, which appears
amorphous, finely granular, eosinophilic appearance with
increased affinity for acidophilic dye. Histology of tuberculous
lymphadenitis is shown in Fig. 1.22.

Histochemical Stain

= Ziehl-Neelsen staining is a type of acid-fast bacteriological
stain used to identify Mycobacteria tuberculosis.

= Ziehl-Neelsen stain contains carbol fuchsin, acid alcohol and
methylene blue.

= Mycobacterium tubercle bacilli appear as slightly curved
or straight under oil immersion. Ziehl-Neelsen staining for
demonstration of acid-fast bacilli is shown in Fig. 1.23.

FAT NECROSIS

Fat necrosis refers to the destruction and death of fat
cells causing scar to form in breast, pancreas and other
tissues. It often occurs in breast tissue and anywhere in
the body that contains fat tissue.

Fig. 1.21: Gross morphology of tubercular lymphadenitis. Cut surface
of tubercular lymphadenitis shows cheesy appearance on cut surface.
(Courtesy. Department of Pathology, Dr. DY Patil Medical College, Pune,
Maharashtra.)
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= Fat necrosis occurring in acute pancreatitis is medi-
ated by pancreatic enzymes.

= Traumatic fat necrosis, unlike enzymatic fat necrosis,
is not enzyme-mediated but is secondary to direct
severe trauma to organs rich in fat, i.e. female breast,
surgical trauma to organs rich in adipose tissue such
as abdominal wall and omentum. Fat necrosis in
breasts occurs due to severe traumatic injury or breast
augmentation surgery.

Fat Necrosis in Female Breast

Damage to the adipose tissue can occur following severe
traumatic injury, breast biopsy, radiotherapy to the
breast, breast surgery including breast reconstruction or
augmentation or breast reduction or lipomodelling (fat
taken from another region and injected into the breast).

lioid granulomas (arrows) caseous necrosis and Langhans’ giant
cells (400X).

. A

Microscopic examination of clinical samples for acid-fast bacilli using
Ziehl-Neelsen stain has been a standard diagnostic tool and is used
globally for rapid tuberculosis diagnosis (arrows) (400X).
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Lipase enzyme liberated from traumatized adipose
tissue breaks down intracellular triglycerides into
free fatty acids. Free fatty acids released, via hydro-
lysis react with calcium, sodium, magnesium to form
chalky white areas known as ‘saponification’.

The tissue becomes opaque and chalky white
demonstrated as calcified lesion on radiograph.
Patient presents with unilateral painful localized
superficial irregular breast mass in acute stage.

On clinical examination, affected breast shows
firm, erythema of the overlying skin, dimpling and
nipple retraction mimicking breast cancer. If the
mammogram or ultrasound scan clearly shows fat
necrosis, fine needle aspiration cytology, core biopsy
or vacuum assisted biopsy may not be needed.

Fat necrosis in breast is harmless, that may resolve
in few months. It does not increase risk for breast
cancer. Patients do not require any surgical or medical
treatment.

Surgical Pathology: Fat Necrosis in Breast

Gross Morphology

= Fat necrosis of breast shows chalky white areas of fat saponi-
fication.

= Variegated color and areas of hemorrhage are demonstrated
on the cut surface of this lump.

= The lesion is gritty to cut because of the presence of spotty
calcification.

Light Microscopy

= |nitially, acute inflammatory reaction consists of necrosis of
adipocytes and hemorrhage.

= Chronic inflammatory lesion is composed of plasma cells,
macrophages, multinucleated giant cells, foam cells termed
as lipophages.

= There is presence of foreign body giant cells and dystrophic
calcification demonstrated by imaging techniques.

= Fibroblastic proliferation leads to fibrosis. As a result, an
irregular, fixed, hard mass may ensue and clinically resemble
breast cancer. Thus, the lesions often require biopsy to
establish their benign character.

= Patient experiences sudden-onset abdominal pain,
distention, and vomiting. The precipitated calcium in
the soaps can be visualized by radiological imaging.

Surgical Pathology: Fat Necrosis in Pancreas

Gross Morphology

Macroscopically, fat necrosis looks like opaque chalky-white
nodules composed of calcium soaps in the fat surrounding the
pancreas or in the abdominal cavity.

Light Microscopy

= Microscopic examination reveals irregular islands of necrotic
fat cells, which lose their outlines and become indistinct.

= There is presence of inflammatory cells, macrophages filled
with fat and calcium deposits.

= Deposition of calcium around the periphery of necrotic fat
cells gives a basophilic tinge.

= Giant cell reaction around these foam cells may occur.
Histology of fat necrosis in pancreas is shown in Fig. 1.24.

GANGRENE

The terms ‘gangrene” and ‘necrosis’ are often confusing.
Necrosis refers to irreversible cell injury and cell
death without superadded bacterial infection in a
living organism. Gangrene involves the cellular and
morphological changes that can lead to scarring and
permanent tissue/organ loss of function. Gangrenous
necrosis is most often seen on extremities usually due
to trauma.
= Gangrene refers to the death of body tissue/organ
due to either a lack of blood flow or a serious super-
added bacterial infection or traumatic wounds
(gunshot or crush injuries) affecting extremities
including toes/fingers, muscles and internal organs
in living organism.

Fat Necrosis in Pancreas

Enzymatic fat necrosis in pancreas represents auto-

digestion by pancreatic enzymes such as lipases and

proteases released from pancreatic cells.

= The lipase and protease enzymes damage peri-
pancreatic fat cells laden with triglycerides leading to
liberation of free fatty acids, which combine calcium
ions, sodium, or magnesium to form calcium soaps
(saponification). Hemorrhage occurs as a result of
vessel erosion.

= Predisposing factors of acute pancreatitis include

Fig. 1.24: Histology of fat necrosis in pancreas. It shows irregular islands

f:llcoholism., hypercalcemia, hyperlipemia and auto-  of necrotic fat cells, which have lost their outlines. There is presence of
immune etiology. Serum calcium level is decreased in  chronic inflammatory cells. Macrophages are filled with fat and calcium
patients, who had a recent bout of acute pancreatitis. (arrows) (100X).
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Dry Gangrene

Etiopathogenesis

Slow occlusion of arteries

Atheromatous plaques in medium-sized arteries

Organs involved

Limbs (small area involved due to presence of collaterals)
Odor absent

Line of demarcation of dry gangrene presents at the junction of healthy
and gangrenous part

Superadded infection absent

Gross morphology

Dry, decreased in size with black discoloration
Prognosis

Prognosis is most often better due to little septicemia
Treatment

Conservative amputation

Wet Gangrene

Sudden interruption of blood flow in both artery and vein
Emboli, ligation, crush injury

Bowel (large area involved due to absence of collaterals)
Odor present
Line of demarcation of wet gangrene absent

Superadded infection present
‘ Wet, swollen, edematous and soft in consistency

‘ Prognosis is most often poor due to profound toxemia

‘ Major surgical resection essential

= There are two main categories of gangrene, i.e. dry
and wet. Dry gangrene refers to death of tissue/organ
without superadded bacterial infection. Wet gangrene
refers to death of tissue/organ with superadded
bacterial infection, multiplication and release of
toxins and pus.

= Several risk factors for gangrene include diabetes
mellitus, atherosclerosis (tibial and popliteal arteries),
severe traumatic injury, tobacco smoking and obesity.
Differences between dry gangrene and wet gangrene
are given in Table 1.30.

Dry Gangrene

Dry gangrene refers to ischemic necrosis without
superadded bacterial infection accompanied by drying
of the organs/tissues. It occurs most commonly in
persons, who have arterial blood vessel disease of
extremities (atherosclerosis) or diabetes mellitus. Dry
gangrene is characterized by dry, brown to purplish
blue or black skin due to the deposition of iron sulphide
from degraded hemoglobin.

Wet Gangrene

Wet gangrene is a clinical term for ischemic necrosis
accompanied by superadded bacterial infection, which
results in partial liquefaction of the tissues due to lytic
activity of bacteria and inflammatory cells in the affected
tissue. Swelling, blistering and wet appearance are
common features of wet gangrene. It may develop after
severe burns, frostbite and diabetes mellitus in foot or
toes. Wet gangrene needs to be treated immediately,

Fig. 1.25: Gross morphology of ischemic bowel disease (gangrene
intestine). Gangrene of the bowel occurs due to sudden occlusion
of arterial blood supply by a thrombus leading to ischemia involving
short or long segments of bowel. External surface shows dusky
blackish discoloration. Gangrene bowel represents an irreversible cell
injury.

because it spreads quickly and can be fatal. Gross
morphology of ischemic bowel disease (gangrene
intestine) is shown in Fig.1.25.

Clinical Pearls: Gas Gangrene

= (Gas gangrene is synonymous with myonecrosis, which
occurs in an injured deep muscle tissue or surgical wound
with infection by Clostridium species, that is depleted of
blood supply.
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= Gas gangrene is highly lethal infection of deep soft tissue
caused by Clostridium perfringens (80-90%), Clostridium
novyi (40%), Clostridium septicum (20%), Clostridium
bifermentans (10%), and Clostridium fallax (10%). These
organisms are present in soil and organic wastes especially
contaminated with fecal matter.

= Bacterial infection releases toxin produces toxin, that releases
gas bubbles in the injured deep tissues. Like wet gangrene,
gas gangrene can be life-threatening. Lecithinase released
by Clostridium perfringens breaks down cell membrane
resulting in cell death and tissue necrosis. Lecithinase causes
hemolysis and adverse effect on heart.

FIBRINOID NECROSIS

Fibrinoid necrosis is a descriptive term for irreversible

cell necrosis of arterioles and muscular arteries. Depo-

sition of antigen—antibody complex leads to activation

of complement cascade and subsequent chemotactic

influx of neutrophils and monocytes associated with

type 3 hypersensitivity reaction.

= Deposits of these immune-complex, together with
fibrin that has leaked out of blood vessel, results in a
bright eosinophilic (pink) amorphous necrotic debris
that appears brightly eosinophilic (i.e. fibrin-like) in
hematoxylin and eosin-stained tissue sections, called
‘fibrinoid necrosis’ (fibrin-like) by histopathologist.

= If necrotic cells and cellular necrotic debris are not
promptly destroyed and reabsorbed, they tend to
attract calcium salts and often minerals and to become
calcified. In small blood vessel vasculitis, fibrin plugs
frequently occur into the blood vessel lumen, but the
term ‘fibrinoid necrosis” usually refers to material
outside the lumen of a blood vessel.

= Fibrinoid necrosis also occurs in the walls of arterioles
in malignant hypertension (blood pressure more than
200/130 mm Hg), immune-mediated vasculitis (e.g.
eclampsia, immune-mediated vasculitis (Henoch-
Schonlein purpura, lupus erythematosus and poly-
arteritis nodosa), infection and hyperacute organ
transplant rejection.

= Fibrinoid necrosis has no distinct grow morphologic
features. Histologic examination shows glassy,
eosinophilic fibrin-like material deposit within
vascular walls.

= Symptoms related to fibrinoid necrosis involves
bleeding gums, muscle bruises, hematuria, blood in
stool and hemorrhage of spleen.

= Treatment of fibrinoid necrosis involves treating the
underlying cause.

GUMMATOUS NECROSIS

Gummatous necrosis is a granulomatous destructive
rubbery soft lesion seen in the tertiary syphilis, which
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most often occurs in the liver (gumma hepatitis). It

may also be demonstrated in brain, heart, testes and

bone leading to numerous potential problems such as

neurological and cardiac valve disorders.

= A gumma has a soft, necrotic center surrounded by
inflamed tissue. On gross examination, gumma has
firm necrotic amorphous proteinaceous mass that
may be partly hyalinized.

= Histologic examination of gumma shows central area
of necrosis with partly retaining structural details
of previously normal tissue. There is presence of
epithelioid cell granulomas, multinucleated giant
cells in the central region of gumma. Peripheral zone
of gumma shows fibroblasts, capillaries, lymphocytes
and plasma cells.

SUBCUTANEOUS NECROSIS IN NEWBORN

Subcutaneous necrosis in newborn is self-limited
disease affecting term neonates and young infants. It
is characterized by circumscribed, indurated, nodular
areas of fat necrosis. It is related to trauma on bony
prominences during delivery or maternal diabetes
mellitus, which resolves spontaneously by 2—4 weeks
without fibrosis. Subcutaneous necrosis in newborn is
also called adiponecrosis neonatorum.

ZENKER’S NECROSIS IN SKELETAL MUSCLE

Zenker’s necrosis refers to glassy waxy necrosis of the
striated muscle such as rectus abdominis and diaphragm
in acute severe infectious diseases such as typhoid fever
and burns. It has been named by Friedrich Albert von
Zenker. Zenker’s necrosis in skeletal muscle appears
pale and friable. Histologic examination shows pale and
friable swollen skeletal muscles with loss of striations.

POSTMORTEM AUTOLYSIS

Postmortem autolysis occurs secondary to the release
of endogenously derived intracellular enzymes
moments after death. There is no inflammatory
infiltrate, since an inflammatory response occurs only
in living tissue.

OUTCOME OF NECROSIS

Cell injury can be reversible or irreversible. Depending
on the extent of injury, cellular response may be
adaptative and where possible, homeostasis is restored.
Cell death occurs when the severity of the injury exceeds
the cell’s ability to repair itself. It is essential to remove
necrotic tissue and cell debris at or near the site of the
cell death surgically in a case of gangrene, a procedure
known as debridement.
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COMPLETE RESOLUTION

Macrophages phagocytose necrotic cellular debris and

apoptotic neutrophils leading to removal from injured

site. Edema fluid and proteins are finally drained into

the lymphatics. Injured cells with intact supporting

stroma undergo regeneration of labile and stable cells

by mitosis with restoration of normal structure and

function.

= Labile cells multiply constantly throughout life. These
are present in bone marrow epidermis, epithelial
lining gastrointestinal tract, bronchi and vagina; and
epithelial lining excretory ducts (salivary glands,
pancreas, and biliary tract).

= Stable cells spend most of the time in the quiescent GO
phase of the cell cycle, but can be stimulated to enter
the cell cycle when needed. These cells are present in
proximal tubules of kidney, liver, endocrine glands,
fibroblasts, vascular endothelium, cartilage and bone.
Liver is composed of stable cells, which have limited
proliferative capacity. Following partial hepatectomy
or chemical induced liver injury, liver is able to
regenerate by proliferation of remaining hepato-
cytes. It is well known that as little as 25% of the
original liver tissue can regenerate back to its full-
size organ.

= Permanent cells are terminally differentiated and
incapable of regeneration. Examples are brain cells,
neurons, cardiac myocytes, skeletal muscle, renal
glomeruli and red blood cells.

INJURED TISSUE REPAIR BY FIBROSIS

Injured tissue repair by fibrosis involves removal of

injured tissue by inflammation, angiogenesis, migration

and proliferation of fibroblasts, scar formation and

remodeling of connective tissue.

= Organization is defined as the replacement of nec-
rosed tissue (infarct), thrombi, fibrinous exudates,
hematoma (wound, bone fracture) by granulation
tissue.

= Mpyofibroblasts, which are hybrids of fibroblasts and
smooth muscle cells, contain both myofilaments
and rough endoplasmic reticulum and thus have
purple-staining cytoplasm. These cells play central
role in wound healing and fibrosis in various organs
(liver, lung, kidney) by synthesizing extracellular
matrix (ECM), which consists of structural fibrous
glycoproteins (collagen fibers, fibronectin, laminin,
and elastin) and amorphous ground substance (gel-
like material that absorbs water).

= Mpyofibroblasts are derived from epithelial cells of
epithelial-mesenchymal transition (EMT), activation
of stellate cells (e.g. hepatic Ito cells or pancreatic
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Fig. 1.26: Histology of healed myocardium after infarction. Myocardial
infarct shows healing by fibrosis (arrows) (100X).

stellate cells), direct myofibroblastic differentiation
of a progenitor cell resident in a stromal tissue.

Healing in Myocardial Infarct

In myocardial infarction, the dead myocardial cells
are removed by inflammatory cells and replaced by
a fibrous scar. Healing starts with granulation tissue
formation by first week. By second week, granulation
tissue is replaced by yellow necrotic myocardium. By
third week, yellow necrotic myocardium is replaced
by fibrous scar. Phagocytosis of necrotic debris by
macrophages is complete. By sixth week, infarct tissue
is replaced by white, patchy and noncontractile scar
tissue. Histology of healed myocardium after infarction
is shown in Fig. 1.26.

DYSTROPHIC CALCIFICATION

Dystrophic calcification is deposition of calcium salt in
the injured tissues in the presence of normal calcium and
phosphorous metabolism. It is different from systemic
mineral imbalance causing metastatic calcification, in
which calcium deposition occurs in normal tissues.
Calcium is demonstrated by alizarin stain and von Kossa
stain. Dystrophic calcification occurs by two processes:
initiation and propagation. Calcium has strong affinity
for cellular phospholipids.
= Membrane bound vesicles containing calcium are
formed inside cell. Now tiny crystals of calcium are
released from membrane bound vesicles into the
extracellular compartment. Phosphatase participates
in deposition of phosphates.
= Further deposition of calcium is known as propaga-
tion, that depends on the presence of calcium and
phosphate in the extracellular compartment; and
presence of collagen fibers and other proteins.
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Dystrophic calcification occurs in caseous necrosis,
liquefactive necrosis, fat necrosis (acute pancreatitis,
traumatic fat necrosis in breasts) and hematomas in
the vicinity of the bone fracture.

RESORPTION OF NECROTIC TISSUE

Liquefactive necrosis (or colliquative necrosis) results in

transformation of the tissue into a liquid viscous mass. It

most often occurs in the lungs, especially in lung abscess

and certain infections.

= After removal of cell debris by hydrolytic enzymes
of neutrophils and macrophages, a fluid-filled soft
circumscribed pseudocyst consisting of remains
of necrosed tissue and pus is left. Dead leukocytes

will remain as a creamy yellow pus. The pseudocyst
wall is formed by proliferating capillaries, inflam-
matory cells and proliferating fibroblasts in abscess
cavities.

Hypoxia causes liquefactive necrosis of central
nervous system by brain digestive enzymes (hydro-
lases). The affected area of brain becomes soft
with liquefied center containing necrotic debris by
brain digestive enzymes. Later, a cyst is formed in
the affected area of brain. Microscopically, the cystic
space contains necrotic cell debris, macrophages
filled with phagocytosed material. The cyst wall is
formed by proliferating capillaries, inflammatory
cells, and gliosis (proliferating glial cells) in brain.

REGULATED CELL DEATH (RCD)

Nomenclature Committee on Cell Death (NCCD) 2018

has formulated guidelines for highlighted nomencla-

ture of cell death on morphologic, molecular, pharmaco-

logic, and functional basis; and identification of dead

cells with irreversible plasma membrane disruption and

complete cellular fragmentation.

= Cell death manifests with macroscopic and morpho-
logic alterations. Dead cells and their fragments are
disposed by three mechanisms: necrosis, apoptosis,
and autophagy. Necrosis occurs when cells are
irreversibly damaged by an external stimulus. In
contrast, apoptosis is considered to be physiologic
form of programmed cell death, a cell provokes its
own demise in response to a stimulus. Autophagy
manifests with extensive cytoplasmic vacuolization
and similarly culminating with phagocytic uptake
and consequent degradation.

= Oncotic necrosis is the term currently used for
nonapoptotic, accidental cell death. It is generally
regarded as a severe lethal injury to cell membrane
integrity. The term ‘oncotic necrosis’ is defined as cell
death with swelling (oncosis), that can be caused by
ischemia, and toxic agents that interfere with ATP
generation by mitochondria and plasma membrane
(Na*/K*/Cl-/Ca**) pumps failure. Oncotic necrosis
is characterized by cell swelling (oncosis), organelles
swelling, plasma cell blebbing, loss of plasma
membrane integrity, increased membrane perme-
ability, chromatin fragmentation (pyknosis, karyorr-
hexis, karyolysis), release of lysosomal enzymes
into extracellular spaces, eosinophilic cytoplasm,
inflammation, vascularization and tissue repair.
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e Morphologically, necrosis occurs in several forms
such as coagulative necrosis, liquefactive necrosis,
caseous necrosis, fibrinoid necrosis, gummatous
necrosis, subcutaneous necrosis and autolysis in
newborn.

* Biochemically, necrosis of cell hasbeen demonstrated
to represent a number of genetically determined
signaling pathways. Novel ancillary tests are
performed to detect abnormal signaling pathways
in cell necrosis.

Regulated cell death functions to eliminate poten-

tially harmful cells to maintain tissue homeostasis.

Multiple cell death pathways have been defined

according to the morphologic, biochemical and

functional aspects.

e Examples of regulated cell death include apop-
tosis (type 1 cell death), autophagic cell death (type 2
cell death), necroptosis, pyroptosis, ferroptosis,
entotic cell death, NETotic cell death, lysosomal
dependent cell death, antibody-dependent
cell death, and immunogenic cell death. The
morphologic alteration is focused on cell size,
membrane integrity, chromatin density, organelle
arrangement and presence of vacuoles. Features
of regulated cell death (RCD) are given in
Table 1.31.

¢ The clinical implications of necroptosis, pyroptosis,
ferroptosis and many other emerging forms of
programmed necrosis extend across a range of
pathologists and disease models, but play an
obvious and prominent role in cancer, the ultimate
imbalance between cellular life and mortality.
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(21l sh 0 Features of regulated cell death (RCD)
Apoptosis

= Apoptosis is mediated by extrinsic death receptor/intrinsic mitochondrial/granzyme and perforin pathways

= Apoptosis features cell shrinkage, plasma membrane blebbing, DNA chromatin condensation and karyorrhexis, cell breaks apart into
several apoptotic bodies and phagocytosed by macrophages and surrounding epithelial cells and lack of inflammation

Autophagy-dependent Cell Death

= Starvation induced cell death = Fusion of autophagosome and lysosome and forming phagolysosome
= Massive cytoplasmic vacuolization and loss of organelles = Cell degradation

Pyroptosis

= Pyroptosis is cytokines-induced cell death

= PAMP/DAMP — CASP1/cytosolic lipopolysaccharide (LPS)— caspase 11— proteolytic maturation of the pore-forming protein
gasdermin D (GSDMD) — N-terminal fragments — plasma membrane pores and rupture

= DNA condensation and karyorrhexis

Necroptosis

Necroptosis is triggered by perturbations of extracellular or intracellular homeostasis that is critically depends on MLKL, RIPK3 or RIPK1.
It leads to membrane rupture and random DNA degradation

NETosis

= [nfection— NADPH oxidase activation — reactive oxygen species (ROS) — histone citrullination — NETotic cell death — release of neutrophil
chromatin traps containing antimicrobial products
= |Vlembrane rupture and DNA decondensation

Ferroptosis

= Ferroptosis is initiated by oxidative perturbances of the intracellular microenvironment, generation of reactive oxygen species causing
lipid peroxidation that is under control of GPX4 and can be inhibited by iron chelators and lipophilic antioxidants
= (Can be inhibited by iron chelators and lipophilic antioxidants

Entotic Cell Death
Entotic cell death originates from actomyosin-dependent cell-in-cell internalization (entosis) and is executed by lysosomes
Parthanatos (PARP-1-dependent cell death)

Parthanatos is initiated by PARP1 hyperactivation and precipitated by the consequent bioenergetic catastrophic coupled to AIF-dependent
and MIF-dependent DNA degradation

Anoikis

Specific variant of intrinsic apoptosis initiated by loss of integrin-dependent anchorage

Immunologic Cell Death

Adaptive immune response in immunocompetent hosts induces immunologic cell death occurs

Autosis

A specific instance of autophagy-dependent cell death that critically relies on the plasma membrane Na/K- ATPase

MITOCHONDRIAL PERMEABILITY TRANSITION = Mitochondrial permeability transition pore (MPTP)
is a transmembrane protein residing in the mito-
PORE DRIVEN NECROSIS chondrial inner membrane.

Mitochondria are surrounded by double-membrane ~® Normally, MPTP is closed. Mitochondria are key

system, consisting of inner and outer mitochondrial players in cell survival by providing ATP energy for
membranes separated by an intermembrane space. vital cellular processes.

Inner membrane forms numerous folds which extend ~ ® Mitochondria participate in programmed cell death
into the interior (matrix) of the organelle. (apoptosis) via activation of caspase cascade, which
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requires preserved ATP levels. When mitochondria
cannot maintain adequate ATP levels, cell death
occurs via necrosis.

MOLECULAR PATHOGENESIS

During ischemia (MPT priming phase), cytosolic
Ca** overload, long chain fatty acid accumulation,
increased phosphate concentration, and severe oxi-
dative stress (reactive oxygen species) and ATP
depletion progressively increase mitochondrial suscepti-
bility to mitochondrial permeability transition (MPT),
increasing the likelihood that MPT will occur on
reperfusion (MPT triggering phase) leading to matrix
swelling, osmotic breakdown of both mitochondrial
membrane, release of apoptotic signaling molecules
such as ‘cytochrome ¢’ from the intermembrane
space, and irreversible injury. Minimal mitochondrial
permeability transition leads to full recovery. Localized
mitochondrial permeability transition can result in
recovery or apoptosis in 50% of cases. Generalized
mitochondrial permeability transition leads to cell
necrosis in 50-90% of cases.

APOPTOSIS

Apoptosis is an “ATP-dependent” death receptor/mito-

chondrial pathway mediated programmed cell death

that enables the removal of potentially harmful single or

group of DNA damaged cancerous cells, virus infected

cells, or otherwise unwanted cells in a controlled manner

without releasing harmful contents into surrounding

environment. Hence, apoptotic signaling pathways

help to safeguard the ‘genomic stability’. Kindly refer

to apoptosis in details in this chapter.

= Apoptosis is characterized by cell shrinkage, plasma
membrane blebbing, DNA chromatin condensation
and karyorrhexis, cell breaks apart into several
apoptotic bodies and phagocytosed by macrophages
and surrounding epithelial cells and without
inducing inflammation.

= Apoptosis is mediated by molecular pathways that
culminate in the activation of family of cysteine
proteases, known as the caspases in order to maintain
tissue homeostasis during embryogenesis and
postnatal life, which orchestrate the dismantling and
clearance of the apoptotic cell.

= Apoptosis is initiated via three molecular pathways:
(a) extrinsic (signal through cell membrane death
receptors such as Fas or tumor necrosis factor)
pathway, (b) intrinsic (release of ‘cytochrome c’
from mitochondria through an extracellular domain)
pathway, and (c) CD8+ cytotoxic T cells/NK cells
(granzyme B/perforin) mediated pathway. Schematic
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representation of extrinsic (death receptor) and
intrinsic (mitochondrial) pathways of apoptosis is
shown in Fig. 1.27.

= Apoptosis exhibits cytoplasmic shrinkage, conden-
sation of nuclear chromatin (pyknosis), nuclear DNA
fragmentation (karyorrhexis), plasma membrane
blebbing, mitochondrial dysfunction, culminating
with the formation of apparently intact small vesicles
(known as apoptotic bodies), that are efficiently
phagocytosed by macrophages and neighboring
healthy cells and degraded within lysosomes. There
is no inflammatory response in apoptosis, because
harmful cellular contents of apoptotic cells are not
released into the surrounding tissue.

= Techniques for detection of apoptotic cells include:
cytomorphologic changes (light and electron
microscopy), DNA discontinuous fragmentation
ladder assay (conventional agarose gel electro-
phoresis), terminal deoxynucleotidyl transferase
(TdT) dUTP nick-end labeling (TUNEL) assay,
annexin V (immunohistochemistry), p53 (immuno-
histochemistry and RT-PCR, Western blot, enzyme-
linked immunosorbent assay, flow cytometry),
executioner 3 activation (immunohistochemistry,
Western blot, enzyme-linked immunosorbent
assay), Fas, TNF-a (tumor necrosis factor o), TRAIL:
tumor necrosis-related apoptosis-inducing ligand
(RT-PCR, Western blot, immunohistochemistry)
and cytochrome c release (ELISA: enzyme-linked
immunosorbent assay).

NECROPTOSIS

Necroptosis is an alternative mode of regulated caspase
independent and receptor interacting protein (RIP1,
RIP3) kinase mediated cell death mimicking features of
apoptosis and necrosis. Formation of the necrosome is
key event in the induction of necroptosis by inducing
cell swelling, cell membrane disruption, inflammation
and vascularization. Necroptosis is a strong trigger of
innate and adaptive immune response. Apoptosis and
necroptosis differ in several aspects.
= Apoptosis mainly occurs during embryogenesis,
while necrosis is more common during disease
states. Apoptosis is mediated by caspases. Generally,
in apoptosis, cells undergoing apoptosis maintain
the integrity of their cell membranes and avoiding
the exposure of intracellular contents to surroun-
ding environment and there is no inflammatory
response.
= Necroptosis may directly activate and modulate
inflammatory responses by releasing intracellular
contents through the disrupted plasma membrane
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Fig. 1.27: Schematic representation of extrinsic (death receptor) pathway, intrinsic (mitochondrial) pathways of apoptosis. The extrinsic pathway is
activated by signal such as Fas ligand (FasL), that on binding to the Fas receptor, forming a death-inducing complex by joining the Fas-associated
death domain (FADD) to the death domain of the Fas receptor. Intrinsic pathway is activated by injurious stimuli such as reactive oxygen species
and DNA damage that induce the release of mitochondrial cytochrome ¢ into the cytoplasm. Both pathways of apoptosis differ in their induction and
regulation. Both pathways culminate in the activation of ‘executioner’ caspases and activation of caspases by cytotoxic T cells.

into the surrounding environment. However, cells techniques. Necroptosis requires that the function of
undergoing necroptosis are indistinguishable from caspase 8 either be disrupted or inhibited. Schematic
that undergoing necrosis, using standard histologic representation of necroptosis is shown in Fig. 1.28.
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Fig. 1.28: Schematic representation of necroptosis. Necroptosis mimics features of necrosis and apoptosis. It involves the release of intracellular
danger that results in considerable inflammation. Necroptosis requires protein RIPK3, a regulator of inflammation, cell survival and disease.
Necroptosis is regulated by receptor-interacting protein kinase 1 and 3 (RIPK1, RIPK3) mediated phosphorylation of mixed-lineage kinase domain-like
(MLKL). Necroptosis is demonstrated by immunohistochemistry and immunofluorescence microscopy by applying monoclonal antibody to

phosphorylated MLKL.
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MOLECULAR PATHOGENESIS

Necroptosis can be triggered by multiple stimuli such
as toll-like receptors superfamily (TLR3, TLR4), death
receptors (Fas/CD95, TNFR1), TNF-a, reactive oxygen
species (ROS), interferon and some other mediators; but
without activation of caspases (especially caspase 8);
and regulated by receptor-interacting protein kinase 1
and 3 (RIPK1, RIPK3) mediated phosphorylation of
mixed-lineage kinase domain-like (MLKL). Receptor-
interacting protein kinase 1 and 3 (RIPK1, RIPK3) have
been well recognized regulator of inflammation, cell
survival and diseases. Key proteins involved in the
necroptosis pathway are given in Table 1.32.
= Based on the driving forces, necroptosis is classified
into three categories: (a) TNF-a mediated extrinsic
necroptosis, (b) reactive oxygen species mediated
intrinsic necroptosis, and (c) ischemia mediated
necroptosis.
= All signaling components converge on RIP3 for the
execution of necroptosis. TNF-a mediated extrinsic
necroptosis occurs by activation of TNFR1 by engage-
ment of TNF-a, which can trigger the formation of a
prosurvival complex I containing receptor-interacting
protein kinase 1 (RIPK1). When complex I undergoes
ubiquitination, it leads to NF-xB mediated survival.
= Alternately, deubiquitination of RIPK1 due to
ubiquitin carboxyl-terminal hydrolase or cellular
targeted pharmacological inhibitors of apoptosis
can activate complex Ila containing tumor necrosis
factor receptor type 1 (TNFR1) associated death
domain protein (TRADD), Fas-associated protein
with death domain (FADD) and RIP1. In the process
of caspase 8, complex II preferentially drives toward
complex Ila resulting in apoptosis.
= However, in the presence of caspase 8 and presence
of RIP3, complex II switches to pro-necroptotic
complex IIb. The complex IIb induces necroptosis

12105 P2 Key proteins involved in the necroptosis pathway \

m Protein Role in Necroptosis

RIPK1 Protein kinase that recruits RIPK3 to necrosome,
resulting in mutual phosphorylation of RIPK1 and
RIPK3

RIPK3 Protein kinase that phosphorylates MLKL. RIPK3
is activated by phosphorylation by RIPK1 and
subsequent oligomerization

MLKL MLKL is kinase domain-like protein. Once phos-
phorylated by RIPK3, MLKL translocate to the cell
membrane to mediate cell death.

Caspase 8 | Caspase 8 inhibits necroptosis

Necroptosis disrupts caspase 8.
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via the phosphorylation of mixed-lineage kinase
domain-like (MLKL) by RIPK3 or complex IIb
association of phosphoglycerate mutase family
member 5 (PGAM-5), that results in opening of the
mitochondrial permeability transition pore (MPTP)
complexes.

= Necroptosis plays a role in the pathogenesis of bio-
logical processes involving central nervous system,
cardiovascular system, respiratory system, urinary
system, gastrointestinal system including liver and
pancreas. Necroptosis may induce autoimmune
disorders, organ transplant rejection and infections.

CLINICAL SIGNIFICANCE

Necroptosis can be both beneficial and deleterious
during viral infections. HIV-1 can induce necroptosis of
T cells. Hence, it is most important to block necroptosis
in HIV infection. Hence, blockage of necroptosis is a
primary concern for controlling certain viral diseases.
= Necroptosis beneficial effects: Necroptosis can be
beneficial during certain viral infection. Cell death by
the process of necroptosis occurs before completion
of viral replication cycle, that can limit disease
progression. For example, murine cytomegalovirus
replication can be prevented by necroptosis.

* Cancer is treated by radiotherapy and chemotherapy
to induce apoptosis and kill malignant cells.

* Resistance to these therapeutic modalities (i.e.
radiotherapy and chemotherapy) occur due to the
malignant cells resisting apoptotic death. In such
cases, alternate mechanisms of cell death can be
successfully induced by necroptosis.

= Necroptosis harmful effects: Necroptosis can induce
various human disorders involving multiorgans.

Patients are treated with inhibitors of necroptosis

such as necrostatins. Necroptosis induced various

human disorders are given in Table 1.33.

DIAGNOSTIC TECHNIQUES

Necroptosis is demonstrated by immunohistochemistry

and immunofluorescence employing antibodies to

phosphorylated mixed-lineage kinase domain-like

(MLKL).

= Four types of immunohistochemical techniques
include enzyme-linked immunosorbent assay, flow
cytometry, immunoelectron microscopy and Western
blotting.

= Necroptosis is diagnosed by detection of RIPK1,
RIPK3; receptor interacting serine/threonine-
protein kinase (immunofluorescent staining), MLKL
(quantitative RT-PCR), RIPK1/RIPK3 complex,
RIPK3, MLKL (Western blot), RIPK1, RIPK3, mixed-
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(20159 <E] Necroptosis induced various human disorders

Disorders

Organs/Systems
Central nervous system
Cardiovascular system
Respiratory system
Gastrointestinal tract
Liver

Pancreas

Inflammatory bowel disease
Hepatocellular injury
Pancreatitis

Urinary system
Autoimmune disorders
Organ transplantation
Infections

Acute renal injury

Psoriasis, rheumatoid arthritis
Organ transplant rejection
Influenza, West Nile

Neurodegenerative disorders (Alzheimer’s disease, Huntington’s disease, Parkinson’s disease), cerebral stroke
Coronary atherosclerosis, myocardial infarction, abdominal aortic aneurysm
Chronic obstructive pulmonary disease (COPD), acute respiratory distress syndrome (ARDS)

lineage kinase domain-like (MLKL) pseudokinase,
enzyme-linked immunosorbent assay (ELISA),
annexin V/propidium iodide + or annexin V +/pro-
pidium iodide + (flow cytometry), RIPK1/RIPK3
complex (immunoprecipitation and electron micro-
scopy), RIP1 (immunoblotting), membrane trans-
location (immunofluorescence microscopy) and TRF
(microscopy).

PYROPTOSIS

Pyroptosis is a highly inflammatory form of programmed
cell death that occurs most frequently upon infection
with intracellular pathogens. Caspase 1 is the most
important enzyme that mediates pyroptosis, which
controls intracellular pathogens by immune system.
Schematic representation of pyroptosis is shown in
Fig. 1.29.

MOLECULAR PATHOGENESIS

The immune cells recognize foreign danger signals

within themselves by toll-like receptors (TLRs) and

nod-like receptors (NLRs).

= Toll-like receptors recognize pathogen-associated
molecular patterns (PAMPs), which are located either
on cell surface or within endosomes. The resulting
recognition by TLRs initiate signaling pathway
including activation of transcription factors NF-kB
and MAPKSs signaling pathway. This in turn will be
responsible for synthesis of inflammatory cytokines
(IFN-a./-B, TNF-a and IL-12); and proinflammatory
cytokines (IL-1B, IL-6, IL-8, IL-18) processed by
cysteine mediated caspase 1.

= Nod-like receptors are similar to toll-like receptors,
which also perform similar functions. The released
inflammatory cytokines attract other immune cells
to fight infection and contribute to inflammation in
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the tissues leading to rapid clearance of intracellular
pathogens by host defense system.

= Pyroptosis requires three key molecules: (a) inflam-
masome formed in the macrophage within minutes
of infection, (b) caspase 1 activation by inflam-
masome, and (c) membrane-pore forming effective
gasdermin-D protein activation by inflammasome.

= Pyroptosis features cell membrane pore formation,
cytoplasmic swelling, rupture of plasma membrane
and the release of cytosolic contents such as damage-
associated molecular pattern (DAMP) molecules,
IL-1B and IL-18 into the extracellular environment,
amplifying the local or systemic inflammatory
effects. At the same time, the nucleus is damaged
and important intracellular substrates are cleaved
including cytoskeleton, chaperones, glycolytic
proteins and caspase 7, which contribute to pyroptotic
cell death.

CLINICAL SIGNIFICANCE

Pyroptosis acts as a defense mechanism to control

intracellular pathogens (Salmonella, Shigella). The

formation of inflammasome and the activity of caspase 1

determine the balance between pathogen resolution

(clearance of infectious agents) and disease.

= In contrast, persistent inflammation will attract
excessive immune cells, which may cause metabolic
disorders (obesity, type 2 diabetes mellitus),
autoimmune disorders and hepatocellular injury
associated inflammation. Subsequent excessive
production of IL-1B and IL-18 cause destruction
of B-cells of islets of Langerhans’ of pancreas and
impaired secretion of insulin resulting in type 2
diabetes mellitus.

= Mutation in the gene NRPR3 encoding inflamma-
some leads to gain of function of inflammasome
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Fig. 1.29: Schematic representation of pyroptosis. Pyroptosis is recently identified caspase 1, interleukins (IL-6, IL-8, TNF-a, IFN-o/-B, IL-18,
IL-1B) and inflammasome-dependent pathway of host cell death associated with inflammation. It is triggered by proinflammatory signals and a
range of microbial infections. Necroptosis is seen primarily in inflammatory cells such as macrophages. Pyroptosis is stimulated by a range of
microbial infections. Pyroptosis is characterized by cell swelling, plasma membrane lysis and endonuclease-mediated DNA damage, nuclear

condensation.

resulting in autoinflammatory disorders called
cryopyrinopathies such as Muckle-Wells syndrome,
cold autoinflammatory syndrome and chronic
infantile neurologic cutaneous and articular syn-
drome. All these autoinflammatory disorders
present with sudden onset of fever and localized
inflammation.

= Recent studies revealed that caspase 1 mediated
pyroptosis drives CD4+ helper T cell depletion and
inflammation by HIV. In pathogenic inflammation
elicited by HIV infection leads to destruction of
CD4+ helper T cells resulting in progression to AIDS.
Caspase 1 inhibitors (‘anti-AIDS’) are safe therapeutic
agents used to treat AIDS patients in clinical practice.
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= Atherosclerotic plaques are formed by number
of events: endothelial dysfunction, accumulation
and oxidation of low-density lipoproteins (LDLs),
recruitment monocytes and lymphocytes, migration
and proliferation of smooth muscle cells; activation
of proinflammatory cytokines; adherence of platelets.

* Recent studies showed that risk factors of athero-
sclerosis could activate NLRP3 inflammasome in
both endothelial cells and macrophages.

e In addition, NLRP3 inflammasome-mediated
pyroptosis plays an important role in the progres-
sion of atherosclerotic plaque.

e Cholesterol crystals have been demonstrated in
atherosclerotic plaque. Various studies revealed that
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cholesterol crystals activate NLRP3 inflammasome
that induces lysosomal damage resulting in release
of IL-1p.

e Caspase 1 activation induced by NLRP3 inflamma-
some is a major mediator for pyroptosis, that takes
part in the progression of atherosclerosis.

e NLRP3 inflammasome activation and related
pyroptosis are potential novel therapeutic targets
for myocardial ischemia—reperfusion injury (MIRI).
Patients are treated with inhibitors of inflam-
masome.

DIAGNOSTIC TECHNIQUES

Pyroptosis can be analyzed by looking at caspase 1
activation by employed antibody, gasdermin-D
cleavage, or by inhibiting key components of the
pyroptotic pathway by immunohistochemistry and
immunofluorescence employing specific antibodies
against epitopes in gasdermin protein family members.
Pyroptosis can be diagnosed by detection of bicincho-
ninic acid (BCA), caspase 1 (Western blot; RT-PCR),
caspase 1, CD31 (TUNEL staining, terminal deoxy-
nucleotidyl transferase and immunostaining), IL-18,
IL-18, pro-IL-1B, IL-1a, ELISA (enzyme-linked
immunosorbent assay), FAM-FLICA-caspase 1 and P1
(flow cytometry), NLRP3 (NOD-like receptor protein 3),
caspase 1, IL-1B, IL-18 (immunofluorescence microscopy),
calcium (immunofluorescence microscopy), IL-1p,
caspase 1, caspase 8 (immunostaining), determination
of LDH (lactate dehydrogenase), phospholipid fatty acid
(PLFA) (isotope labeling), DAB (3,3’-diaminobenzidine)
staining and AEC chromogranic staining.

FERROPTOSIS

Ferroptosis is a regulated cell death dependent on iron
that involves the depletion of intracellular antioxidants
including reduced glutathione (GSH) and consequent
accumulation of lethal lipid peroxides and reactive
oxygen species (ROS) in cells, ultimately leading to
oxidative cell death. Ferroptosis is inhibited by gluta-
thione peroxidase 4 (GPX4), a major gatekeeper of
intracellular redox homeostasis.

MOLECULAR PATHOGENESIS

Normally, glutathione (GSH) is an antioxidant capable
of preventing damage to important cellular components
caused by reactive oxygen species (ROS) such as oxygen-
derived free radicals, lipid peroxides, and heavy metals.
Erastin is a small molecule capable of initiating ferrop-
totic cell death.
= Glutathione peroxidase 4 (GPX4) converts gluta-
thione into oxidized glutathione (GSSG) and reduces
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120 sk Ferroptosis induced disorders \
Organ/System System-related Disorders

Nervous system Neurodegenerative diseases, cerebral
stroke, traumatic brain injury

Ischemia-perfusion injury

Hepatocellular carcinoma, liver fibrosis,
ischemia-related injury

Gastric carcinoma, colorectal carcinoma
Lung carcinoma

Acute renal injury, ischemia-related injury,
clear cell variant of renal cell carcinoma

Cardiovascular system
Liver

Gastrointestinal tract
Lungs
Kidney

the cytosolic lipid peroxides to the corresponding
alcohols. Inhibition of glutathione peroxidase 4
activity can lead to the accumulation of lethal lipid
peroxides, which is marker of ferroptosis.

= Lipid peroxides and iron are two major partici-
pants of ferroptosis. Thus, iron chelators (e.g. defer-
oxamine) and several lipophilic antioxidants (e.g.
a-tocopherol) can rescue ferroptosis. Additionally,
reactive oxygen species (ROS) produced through
Fenton reaction catabolized by iron contributes to
the initiation of ferroptosis.

= Ferroptosis diagnosed by detection of ATP5G3,
PTGS2, IREB2 (iron responsive element binding
protein 2), CS, RPLS (quantitative RT-PCR), JNK,
ERK1/ERK2 (extracellular signal-regulated kinase 1),
p38, LC3-1/LC3-1I, NRF2, p62, Slc7all (Western blot),
Fe** release assay (flow cytometry), GPX4; glutathione
peroxidase 4, ELISA (enzyme-linked immunosorbent
assay), NADP/NADPH, LC3 (immunofluorescence
microscopy).

= Recent studies revealed that ferroptosis is closely
related to the pathophysiologic processes of many
disorders, such as tumors, nervous system disorders,
heart diseases, liver diseases, gastrointestinal disea-
ses, pancreatic diseases, lung diseases and kidney
diseases. Ferroptosis induced disorders are given in
Table 1.34.

AUTOPHAGY

Term autophagy, nonapoptotic cell death is derived from

Greek words ‘auto” meaning self and ‘phagy’ meaning

eating, that maintains homeostasis.

= Autophagy is the process that delivers cytoplasmic
material of endogenous (cell’s own contents such as
mitochondria, endoplasmic reticulum and peroxi-
somes) or exogenous material (misfolded proteins) to
the lysosomes for degradation and recycle nutrients
for new cell formation and survival.
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= Cell features in autophagy include vacuolization,
degradation of cytoplasmic contents, slight conden-
sation of chromatin.

MOLECULAR PATHOGENESIS

Autophagy is initiated in response to extracellular or
intracellular stress signals such as starvation, hypoxia,
deprivation of nutrients and growth factors, accumu-
lation of misfolded proteins, endoplasmic reticulum
stress, pathogens, irradiation, chemotherapy and change
in cell volume. Autophagy handles damaged cellular
organelles and protein aggregates.
= Damage to mitochondria causes disruption of
electron transport and dissipates the electrochemical
gradient across the mitochondrial membrane.

e Increased reactive oxygen species (ROS) result
in oxidative damage to mitochondria leading to
recruitment of cytosolic proteins, parkin and a
ubiquitin-like (UBL) protein.

* The complex of fragmented mitochondria-parkin-
ubiquitin-like protein binds to p62. Proteins that
have sustained oxidative damage are conjugated to
UBL protein and form aggregates, which are then
bound by p62.
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e The p62-bound complexes with damaged mito-
chondria and aggregated proteins are recognized
by a specific receptor in the phagophore, thereby
resulting in autophagy.

= Defective autophagy plays important role in the
pathogenesis of cancer, infectious diseases and neuro-
degeneration.

TYPES OF AUTOPHAGY

Autophagic degradation is generally divided into three
categories: microautophagy, macroautophagy, and
chaperone-mediated autophagy. Schematic represen-
tation of macroautophagy is shown in Fig. 1.30.
Schematic representation of chaperone-mediated
autophagy is shown in Fig. 1.31. Comparison of macro-
autophagy, microautophagy and chaperone-mediated
autophagy is given in Table 1.35.

Microautophagy

In microautophagy, cytosolic cargoes are phagocytosed
by inward invagination of lysosomal membrane for
delivery. The contents are then degraded by lysosomal
enzymes. Insulin suppresses autophagy in the liver,
while glucagon encourages it.
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Fig. 1.30: Schematic representation of macroautophagy. Macroautophagy is a form of autophagy process substrates are sequestrated within cytosolic
double-membrane vesicles termed autophagosomes before it fuses with the lysosomes. The substrates of macroautophagy include superfluous and

damaged organelles, cytosolic proteins and invasive microbes.
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Fig. 1.31: Schematic representation of chaperone-mediated autophagy. It is a lysosomal pathway of proteolysis that degrades 30% of cytosolic proteins
under conditions of prolonged nutrient deprivation. Molecular chaperones in the cytosol and in the lysosomes stimulate this proteolytic pathway.

1211l 5k Comparison of microautophagy, macroautophagy and chaperone-mediated autophagy ‘

Definition Morphological Features Laboratory Diagnosis
Microphagy (normal physiologic process digesting soluble cytosolic proteins)

Transport of cytoplasmic contents within lyso- | Lysosomal membrane invagination or | Transmission electron microscopy
somal membrane invagination or deformation | deformation
and phagocytosis of organelles

Macrophagy (stress-related process digesting soluble cytosolic proteins)
Cargo is transported to the lysosome by | Membrane expansion and bend; phago- | = Electron microscopy

de novo formation of autophagosomes and | phore nucleation and elongation and | = |mmune colloidal gold technique
phagocytosis of organelles formation of autophagosome Immunofluorescence microscopy (GFP-LC3
or mRFP-GFP-LC3)

Western blot (LC3-1I/LC1, Beclin, ATG5, ATG7,
p62 and phosphorylation status of ULK)

= Radiolabeling (LDH sequestration)
= MDC staining

Chaperone-mediated autophagy (stress-related and receptor-mediated process digesting only one letter code for amino acid sequence)

KFERQ tagged, the one letter code for amino acid sequence Lys-Glu-Phe-Arg-Gin

Unfolded proteins containing the KFERQ | Multimerization of LMP2A binding to the | = Immunofluorescence microscopy (Hsc with
motif are transported directly across the | luminal side of the lysosomal membrane | lysosomal markers)
lysosomal membrane through the action of | by HSP90 = Western blot (LAMP2A)

cytosolic chaperones without phagocytosis = Radiolabeling (LAMP2A)
of organelles
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Macroautophagy

Macroautophagy is the major form of autophagy
involving the sequestration and transportation of cyto-
plasmic organelles in the cytosol in a double membrane
bound autophagic vacuoles. In macroautophagy,
cytoplasmic organelles (mitochondria, endoplasmic
reticulum, Golgi appratus, soluble protein, aggregated
protein) are directly sequestrated by the lysosomes by
an open membrane, called “‘phagophore’.

Upon closure by fusion, phagophore becomes auto-
phagosome, which then delivers its content to a
lysosome. Lysosomal enzymes degrade the contents
to small molecules for reutilization.
Macroautophagy is regulated by the mammalian target
of rapamycin (mTOR) and AMP-activated kinase
(AMPK) pathways. Macroautophagy inhibits mTOR
and stimulates unc-51-like autophagy-activating
kinase (ULK) and class III phosphatidylinositol-3
kinase complex.

Further, the phagophore formation is concluded by
light chain 3 (LC3) and autophagy-related gene 12
systems. Then the autophagosome can fuse with
the lysosome to form an autolysosome for sub-
strate degradation in the lysosome through auto-
phagosomes.

In selective macroautophagy, there are receptors like
p62 that recognize the cargo proteins and target them
to the autophagosome.

Chaperone-mediated Autophagy

Chaperone-mediated autophagy is a lysosomal pathway
of proteolysis, in which target proteins with a KFERQ
sequence are recognized by a cytosolic chaperone heat
stroke cognate 70 (HSC-70) and form a chaperone
complex.

Subsequently, these chaperone-mediated autophagy
substrates are recognized by lysosomal-receptor
proteins (LAMPs) and translocated to the lysosomal
interior through the action of LAMP-2A, where they
are received by a second chaperone.

Targeted intracellular proteins are degraded in the
lysosome. The original, extralysosomal chaperone
survives to work further.

LABORATORY DIAGNOSIS

Autophagy is diagnosed by detection of immune
colloidal gold technique, GFP-LC3 (green fluorescent
protein-light chain 3) or mRFP-GFP-LC3 (immuno-
fluorescence microscopy), LC3-1I/LC3-1, beclin,
ATG5, ATG? (autophagy-related protein 5/7), p62 and
phosphorylation status of ULK (unc-51-like kinase)
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(Western blot), LDH (lactate dehydrogenase) seques-
tration, MDC staining, HSC-70 with lysosomal markers
(immunofluorescence microscopy) and LMP2A assay
(Western blot).

LYSOSOMAL-DEPENDENT CELL DEATH

Lysosomes contain numerous hydrolases that can

degrade most cellular macromolecules. Lysosomal

membrane permeabilization (LMP) and consequent

leakage of the lysosomal hydrolases into the cytosol

results in lysosomal-dependent cell death.

= Reactive oxygen species (ROS): Reactive oxygen
species (ROS) and ischemia-reperfusion injury
contribute to lysosomal membrane permeabilization.

Various oxidative stimuli include drugs, metals,

ionizing radiation, ischemia-perfusion injury, inflam-

mation and neurodegenerative disorders.

» Upon oxidative stress, excess H,0O, diffuses into
lysosomes where it reacts with redox active iron,
resulting in the production of hydroxyl radicals in
Fenton-type reaction.

e Hydroxyl radicals are highly reactive, that can
destabilize the lysosomal membrane by causing
lipid peroxidation and damaging lysosomal
membrane proteins.

» Additionally, reactive oxygen species (ROS) contri-
bute lysosomal membrane permeabilization by
activating Ca'* channels or altering the activity
of lysosomal phospholipase A2 enzyme. Various
antioxidants and redox regulators as well as
iron-binding proteins confer protection against
oxidative stress-induced lysosomal membrane
permeabilization.

= Viral proteins: Virus infection requires the trans-
mission of viral proteins into the cell, which mostly
occurs by penetrating the endolysosomal membranes
with viral entry proteins that become active in the
acidic environment. Nonenveloped viruses (adeno-
virus, rhinovirus HRV14, poliovirus) contribute to
lysosomal membrane permeabilization resulting in
release of lysosomal contents into the cytosol.

Pathology Pearls: Cellular Senescence and
Mitotic Catastrophe

The term ‘cellular senescence’ refers a pathophysiologic process
by which the cells permanently lose their proliferative capacity
(i.e. permanent state of cell cycle arrest) subjected to different
stresses, while remaining viable and metabolically active.
Senescence is therefore a cellular defense mechanism that
prevents cells to acquire an unnecessary damage.
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= Senescence takes place in several tissues during physiologic

Apoptosis word is derived from Greek in 1972, that

and pathologic processes such as tissue remodeling,
embryogenesis, cell injury, cellular aging and cancer. In tissue
remodeling and embryogenesis, senescent cells are required
for tissue repair and proper development of the embryo.

= |n cancer, senescent cells act as potent barrier to prevent
tumorigenesis. Research is going on to induce senescence
in cancer cells by pharmacological interventions in the light
of the development of novel therapeutic targets.

= Mitotic catastrophe is a mechanism of delayed mitotic-
linked cell death resulting from aberrant mitosis during
the metaphase/anaphase transition, which occurs due to
combination of deficient cell-cycle checkpoints (DNA structure
checkpoints and the spindle assembly checkpoint) and cellular
damage.

= |n aberrant mitosis, cells fail to execute apoptotic program
divide asymmetrically in the next round of cell division with
subsequent degeneration of aneuploid cells.

APOPTOSIS

means dropping of the leaves and petals from flowers.
Apoptosis is an ‘ATP-dependent” programmed cell
death (‘cell suicide’) that enables the removal of
potentially harmful single or group of DNA damaged
cancerous cells, virus infected cells, or otherwise

unwanted cells in a regulated manner. Hence, apoptotic

signaling pathways, help to safeguard the ‘genomic

stability’.

= Apoptosis canbe induced by a broad range of injurious

stimuli such as deprivation of growth factors, loss
of hormone stimulation, DNA damage, ionizing
radiation, chemotherapeutic drugs, accumulation of
misfolded proteins (endoplasmic reticulum stress),
reactive oxygen species (ROS), replication stress,
increased cytosolic calcium, microtubular alterations
or mitotic defects.

Apoptosis is mediated by molecular pathways that
culminate in the activation of a family of cysteine
proteases, known as the caspases in order to maintain
tissue homeostasis during embryogenesis and
postnatal life, which orchestrate the dismantling and
clearance of the apoptotic cell.

= Inducers of apoptosis are growth factor withdrawal,

TNF family, calcium, nutrient deprivation, toxins,
ultraviolet radiation, y-radiation and oncogenes. A
cell that has been treated with an apoptotic inducer
can also initiate apoptosis that does not rely on
caspase activation.

Apoptosis does not induce inflammatory response.
In contrast to apoptosis, necrosis is an energy-
independent process that can cause inflammation.
Apoptotic cells can be detected by hematoxylin
and eosin-stained section examination by light
microscopy, electronic microscopy, gel electrophoresis
(showing typical DNA ladder pattern) or quanti-
fication using fluorescent dyes, flow cytometry,
in situ end labeling (ISEL) method, terminal
deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL), and caspase 3 by
immunohistochemistry.

Dysregulation of apoptotic signaling pathways
can cause cancerous growth or autoimmune dis-
orders, while accelerated apoptosis is evident in
degenerative disorders, immunodeficiency disorders
and infertility. Comparison of necrosis and apoptosis
is given in Table 1.36.

1215510 Comparison of necrosis and apoptosis

Charateristics Newrosis | Apoptosis

Major pathways involved
Definition

Accidental cell death by injurious agents Controlled (programmed cell death) results in nuclear

fragmentation

Physiologic (embryology, thymus involution), and
pathologic (removal of misfolded proteins, removal of
neutrophils in acute inflammation) conditions without
ATP depletion

Initiator caspases (2, 8, 9, 10, 11, 12), executioner
caspases (3, 6, 7) activation by intrinsic and extrinsic
pathways

ATP and protein synthesis sustained

Provoking stimuli Usually associated with a pathologic process such
as severe hypoxia, toxins, massive insult, conditions
of ATP depletion, metabolic stress, absence of

nutrients, changes in pH

Phospholipase, protease and endonuclease
activation

Enzyme(s) activation

ATP level ATP depletion and metabolic disruption

Contd...
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(21l :15 - Comparison of necrosis and apoptosis (Contd...) \

Charasteristics Neorosis | Apoplosis

Protein synthesis Cessation of protein synthesis Requires protein synthesis

Energy requirement Energy independent Energy dependent
Gross morphological changes

Gross findings Disruption of normal tissue architecture, i.e. Minimal changes or atrophy without scarring
infarct and later scarring

Histologic changes

Extent of cell death Contiguous regions of cell death in whole fields Death of single cells separating from neighbor cells
scattered throughout the affected tissue
Inflammatory response Present Absent
Cell size Cell swelling Cell shrinkage
Cell borders = Plasmalemmal blebs without organelles (loss of | = Zeiotic blebs containing large organelles (formation
cell borders with irregular fragmentation) of round bodies, often within a clear halo)

= Cell lysis with release of intracellular contents | = Cell fragmentation into apoptotic bodies

Nuclear changes = Nuclear swelling and karyolysis = Chromatin condensation and fragmentation (apo-
= Random DNA degradation (irregular chromatin ptotic bodies)
clumping, pyknosis, karyorrhexis, karyolysis; | = Intranucleosomal DNA degradation (chromatin
rupture of nuclear envelope) condensation into caps or crescents, within round
nuclear bodies; preservation of nuclear envelope)

Ultrastructural changes

Cell membrane Swelling and loss of surface structures with Cell condensation with formation of membrane blebs
blebbing and loss of apical portions of cytoplasm | or buds in degenerating cells

Cytoplasm Rarefaction of cytoplasm followed by condensation | Condensation of cytoplasm followed by rarefaction
after death after ingestion by phagocytes

Cell organelles Swelling and loss of morphology organelles Organelles preserved

Mitochondria Mitochondrial swelling and dysfunction Mitochondrial permeabilization

Lysosomes Lysosomes abnormal, rupture with release of | Lysosomes unaffected and remain intact
enzymes

Internal and external cell Rupture of cell membranes, bursting of cell and | Preservation of cell membranes and nuclear envelope

membranes leakage of cell contents

Intracellular calcification Present Absent

Molecular changes

Gene involved Gene activity none BCL-2 (antiapoptotic), BAX (proapoptotic) and BAK
(proapoptotic) genes involved

Chromosomal DNA Random cleavage of chromosomal DNA Cleaved at specific sites

lon pump function lon pumps lost lon pumps continue to function

Intracellular calcium Unaffected Increased

Sequelae

Lysosomal enzymes Release of intracellular enzymes into extracellular | Retention of intracellular enzymes within the apoptotic
compartment bodies

Neutrophils and macrophages | Tissue infiltrated by neutrophils followed by macro- | Ingestion of apoptotic cells by tissue macrophages or
phages, which phagocytose dead cells surrounding healthy parenchymal cells

Inflammation and scarring Active inflammation with scarring of tissue Atrophy with stromal collapse without scarring
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= All three pathways of apoptosis can flow indepen-
HEEERATRMEE U EHEN dently anpd Conv};rge ur;lt?l the last step of DpNA
Apoptosis is initiated via three molecular pathways: degra(‘:lation by execqtioner caspases (3, 6, 7). The
(a) extrinsic (signal through cell membrane death executioner caspases disrupt cytoskeletal components
receptors such as Fas or tumor necrosis factor) pathway, or cell rephcanpn maghmery, changes to cell surfac.e
(b) intrinsic mitochondrial (release of cytochrome ¢ molecules, which facilitate phagocytosis. Apoptotic
from mitochondria through an extracellular domain) cells are removed by macrophages and surrounding
pathway, and (c) CD8+ cytotoxic T cells/NK cells epithelial cells. _
(granzyme B/perforin) mediated pathway. Schematic - ,AP optosis inducible factor (A,IF) 15 a caspase-
representation of apoptosis mediated by extrinsic }ndgpgndent Pathway O_f apoptosis, which :‘regulates
(death receptor), intrinsic (mitochondrial) and perforin/ 1Etrmsu1: or mltOChOI’}lldrlal Ea;hway. ‘%IF mlgir'atcels to
granzyme (CD8+ cytotoxic T cells and natural killer the nucleus, passes through the membrane, binds to
cells) pathways is shown in Fig. 1.32. Schematic DNA and triggers the characteristic condensation of

. . . o chromatin, which is the hallmark of apoptosis. Role
representation of apoptosis mediated by extrinsic (death : . T .
A . : . of caspases and mitochondrial proteins in apoptosis
receptor) and intrinsic (mitochondrial) pathways is

shown in Fig. 1.33. Schematic representation of intrinsic is given in Table 1.57.

(mitochondrial) and extrinsic (death receptor) pathways . . :

of apoptosis is shown in Fig. 1.34. Pathology Pearls: Regulation of Apoptosis by
A : . . Gene Products

= Apoptosis cascade can be categorized into three - . : . . . .

= Mitochondria play a pivotal role in apoptosis, which contain
genes regulating proapoptotic and antiapoptotic proteins.

= Apoptosis is regulated by caspases and gene regulating

tural alterations. . : o
. . . . proteins and p53 tumor suppressor proteins. Glucocorticoids
" The caspases trigger apoptosis by cleaving specific induce apoptosis. Sex steroids inhibit apoptosis.

proteins present in cytoplasm and nucleus of all cells | & proapoptotic proteins facilitate apoptosis. When cells are

phases: (a) signal activation-induction of apoptosis,
(b) regulation and execution, and (c) cellular struc-

in the inactive precursors or procaspases, which are deprived of survival signals or subjected to stress, BCL-2
usually activated by cleavage by other caspases. and/or BCL-X are lost from the mitochondrial membrane
= Extrinsic death receptor pathway of apoptosis begins and replaced by proapoptotic members of the family, such
with a pro-death signal originating from outside the as BAX, BAK, and BIM.
cell, most often by CD8+ cytotoxic T cells/natural = Antiapoptotic proteins normally reside in mitochondrial
killer cells, granzyme B/ perforin-mediated pathway, membranes and the cytoplasm. Growth factors and other
when conditions in the extracellular environment survival signals stimulate the production of antiapoptotic
determine that a cell must die. members of the BCL-2 family of protein.

= Mitochondrial proteins, i.e. BAD, BID and PUMA that regulate
balance between proapoptotic and antiapoptotic proteins.

= DNA is protected by p53 tumor suppressor gene. The p53
protein induces apoptosis by several mechanisms: (a) it
downregulates transcription of the antiapoptotic protein:

= Intrinsic mitochondrial pathway of apoptosis begins
when an injury occurs within the cells and depends on
the release of cytochrome c and proapoptotic proteins
from the intermembrane space of mitochondria.

= During intersection of the extrinsic and intrinsic BCL-2, (b) it upregulates transcription of the proapoptotic
pathways of apoptosis, a receptor-ligand interaction genes: BAX, BAK and BIM, (c) it activates proteins that arrest
activate caspase 8, which may in turn cleave cytosolic the cell in G1 phase of cell cycle, permitting time for DNA
BID to yield truncated derivative, BID. In turn, tBID repair to go ahead. If the DNA damage is irreparable, p53
translocates to mitochondria, thereby activating the tumor suppressor gene activates mechanisms that terminate
intrinsic pathway of apoptosis. Sequence of events in apoptosis.

includes: caspase 8 — activates BID — cleavage to

truncated derivative BID — activates intrinsic (mito- ~ EXTRINSIC DEATH RECEPTOR PATHWAY OF
chondrial) pathway. APOPTOSIS

= CD8+ cytotoxic T cell/NK cell (granzyme B/perforin) - |n extrinsic death receptor pathway of apoptosis,
mediated pathway induces apoptosis releasing  ligand-receptor interactions lead to caspase activation.
two types of preformed cytotoxic proteins such A number of ligands bind their corresponding death
as granzyme B and perforin. Granzyme B induces receptors, which include FasL/FasR, TNF-o./TNFR1,
apoptosis of target cell, and the pore forming perforin ~ Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5. The
protein, which punches holes in the target cell  sequence of events that define the extrinsic pathway of
membrane through which the granzyme B can enter  apoptosis are best characterized with TNF-a./ TNFR1
the target cell to induce apoptosis. and FasL/FasR models.
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Fig. 1.32: Schematic representation of apoptosis mediated by extrinsic (death receptor), intrinsic (mitochondrial) and perforin/granzyme (cytotoxic
T cells and natural killer cells) pathways. Apoptosis is characterized by cell shrinkage, plasma membrane blebbing, intact cytoplasmic organelles,
chromatic condensation, nuclear fragmentation by endonuclease, apoptotic cell bodies shedding and phagocytosis of apoptotic bodies by macrophages
and surrounding epithelial cells and lack of inflammation.
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Fig. 1.33: Schematic representation of apoptosis mediated by extrinsic (death receptor), intrinsic (mitochondrial) pathways. Both pathways can flow
independently until the last step of DNA degradation by executioner caspase. Apoptosis is characterized by cell shrinkage, chromatin condensation,
nuclear fragmentation by endonuclease, plasma membrane blebbing, generation and phagocytosis of apoptotic bodies by macrophages and surrounding
epithelial cells and lack of inflammation.
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Fig. 1.34: Schematic representation of intrinsic (mitochondrial) and extrinsic (death receptor) pathways of apoptosis. Both pathways can flow
independently until the last step of DNA degradation by executioner caspases, which cause proteolysis of specific substrates resulting in various

cytomorphological and biochemical characteristics in cells.

= The intracellular portion of all these receptors
contains a cytoplasmic region of about 80 amino acids
called ‘death domain’, of docking proteins, to form
a death-inducing signaling complex (DISC). The
death domain plays a critical role in transmitting the

death signal from the cell surface to the intracellular
signaling pathways.

= Death domains possess the capacity to oligomerize
with each other thereby promoting interactions
between proteins such as the TNF-receptor-associated
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1zl L500 Role of caspases and mitochondrial proteins in apoptosis \

Caspases Role in Apoptosis and Inflammation

Initiator or inducer caspases 2,8,9,10.

Executioner or effector caspases 3,6,7

Other caspases 11,12, 13, 14

Inflammatory caspases 1,4,5

Mitochondrial Proteins Role in Apoptosis

Proapoptotic proteins BAX, BAK, BIM, BCLXs, APAF-1, BAD, BID, PUMA, NOXA, BOK (BCL-2 related protein), BIK (BCL-2
interacting killer), APAF-1 (apoptotic protease activating factor 1), NIP3, BNIP3, BLF-M, BRAG-1

Anti-apoptotic proteins BCL-2 (key gene regulator of apoptosis) located on chromosome 18), BCL-XL, MCL-1, BFL1, BCL-W,

Mitochondrial proteins, i.e. BAD, BID and PUMA that regulate balance between proapoptotic and antiapoptotic proteins.

death domain (TRADD) or Fas-associated death
domain (FADD) adaptor proteins, that are not present
in unliganded receptor molecules.

Binding of ligand to corresponding death domains
lead to recruitment of cytoplasmic adaptor proteins.
The binding of Fas ligand to Fas receptor results
in the binding of the Fas-associated death domain
adaptor protein and the binding of TNF ligand to TNF
receptor results in the binding of TRADD with recruit-
ment of FADD and receptor interacting protein (RIP).
Fas-associated death domain adaptor protein then
associates with procaspase 8 via dimerization of the
death effector domain. At this point DISC is produced
leading to autocatalytic activation of procaspase 8.
Caspase 8 is the most upstream protease participating
in the activation of cascade responsible for death
receptor-induced cell death.

The conversion of procaspase 8 to activated caspase 8
then converts precursor procaspases (3, 6, 7) to their
active form. Caspases 3, 6 and 7, especially caspase 3,
are executioners and cleave target proteins, which
lead to apoptosis.

Caspase 8 cleaves BID into tBID, which initiates the
intrinsic mitochondrial pathway of apoptosis leading
to release of cytochrome c and proapoptotic proteins,
which induce apoptosis.

Extrinsic death receptor pathway of apoptosis can be
inhibited by a protein called cellular FLICE inhibitory
protein (c-FLIP) which will bind to FADD adaptor
protein and caspase 8 rendering them ineffective.
Another point of potential apoptosis regulation
involves a protein called “Toso’, also known as Fas
apoptosis inhibitory molecule 3 (FAIM3), which has
been shown to block Fas-induced apoptosisin T cells
via inhibition of caspase 8 processing.

The sequence of events in extrinsic death receptor
pathway of apoptosis include: FasL-FasR — FADD
(Fas-associated death domain) and TNF ligand-
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TNFR — TRADD (TNF-receptor-associated death
domain) — activation of caspase 8 — activation
of executioner caspases (3, 6, 7) - FADD and RIP
recruitment — cleavage of cellular proteins —
apoptosis.

INTRINSIC MITOCHONDRIAL PATHWAY OF
APOPTOSIS

Intrinsic mitochondrial pathway of apoptosis plays

a pivotal role in apoptosis. Mitochondria are central

regulatory organelle involved in apoptosis, where

antiapoptotic and proapoptotic proteins interact and

determine the fate of the cell.

= Sequence of events in intrinsic mitochondrial path-
way of apoptosis include: inhibition of antiapop-
totic BCL-2 proteins — activation of proapoptotic
proteins (e.g. BAK, BAX, BOK, BIM, BID, BAD) —»
mitochondrial cytochrome cleakage/APAF-1 (apop-
totic protease activating factor 1) — apoptosome
(cytochrome ¢ + APAF-1 + caspase 9) — activation of
caspase 9 — activation of caspases (3, 6, 7) — cleav-
age of cellular proteins — apoptosis. Due to DNA
damage, activating p53 raises the level of BAX, which
enhances cytochrome c release.

= In a healthy cell, the outer membrane of the mito-
chondria displays BCL-2 family of apoptosis-related
proteins regulated by BCL-2 (B cell lymphoma/leuke-
mia 2) gene mapped on chromosome 18. BCL-2 family
of apoptosis related-proteins are given in Table 1.38.

= BCL-2 family of apoptosis-related proteins are key
players of both antiapoptotic and proapoptotic
processes.

= BCL-2 family can be divided into three groups,
differentiated by structure and function. This division
reflects the numbers of BCL-2 homology (BH)
domains on the protein.
 The presence of the BH4 domain characterizes the

antiapoptotic family members.
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(1 ksl BCL-2 family of apoptosis-related proteins

Numbers of BCL-2 homology (BH) Domains BH4 Domain Examples
‘ Multi-BH antiapoptotic proteins ‘ BH4 domain present ‘ BCL-2, BCL-XL, MCL-1 and other proteins ‘
‘ BH-to-BH3 proapoptotic proteins ‘ BH4 domain absent ‘ BAK, BAX, BOK ‘
' BH3 only proapoptotic proteins ' BH4 domain absent | BIM, BID, BAD, BIK, BMF, NOXA, PUMA and HRK |

e Multi-BH antiapoptotic proteins include BCL-2.
BCL-XL, MCL-1 and others. Multi-BH antiapoptotic
BCL-2 proteins prevent mitochondrial leakage of
cytochrome c. On the other hand, proapoptotic
BCL-2 family members lack the BH4 domain and
may have BH1-to-BH3 or only BH3.

e BH1-to-BH3 proapoptotic proteins which lack
BH4 domain, and include BAK, BAX and BOK.
BH3 proapoptotic proteins lack BH4 domain, and
include BIM, BID, BAD, BIK, BMF, NOXA, PUMA
and HRK.

Pathology Pearls: BCL-2 (B Cell Lymphoma 2) Gene

= BCL-2 is human proto-oncogene located on chromosome 18.
Its gene product is an integral outer mitochondrial membrane
protein (called BCL-2), that works to prevent apoptosis by
intrinsic apoptotic pathway.

= Overexpression of BCL-2 can contribute to metastasis in
certain human cancers. In hematologic malignancies (follicular
lymphoma, Burkitt’s lymphoma, diffuse large cell ymphoma),
reciprocal chromosomal translocation t(8;14) (q24;932)
involves the c-Myc gene (8g24) and the immunoglobulin
heavy chain (IgH) locus (14g32) results in fusion of BCL-2
gene located near to IgH locus (14932) resulting in over-
expression of BCL-2 antiapoptotic protein.

= BCL-2 inhibitors are being developed to downregulate BCL-2.
BCL-2 consists of four conserved domains (BH4, BH3, BH1
and BH2), which differentiate it from other BCL-2 family of
members (e.g. BIM, BID, PUMA, NOVA, BAD, HRK, BMF and
BIK). Among these homologies, motifs, BH3, BH1 and BH2
are the most commonly targeted therapy in clinical practice.

Intrinsic Mitochondrial Pathway of Apoptosis Activation

Intrinsic mitochondrial pathway of apoptosis is acti-

vated by numerous stimuli, including growth factor

deprivation, oxidants, calcium overload, oncogene

activation, DNA-damaging agents and microtubule

targeting drugs.

= Mitochondrial permeability transition pore (MPTP)
is a transmembrane protein residing in the mitochon-
drial inner membrane. Normally, MPTP remains
closed.

= At equilibrium, ‘cytochrome c¢’, DIABLO protein
encoded by DIABLO gene mapped on chromosome
12 also referred to as second mitochondrial-derived
activator of caspases (SMAC), and apoptosis inducing
factor (AIF) either are attached to the mitochondrial
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inner membrane or float in the intramembranous
space. The complex of oligomeric BAK/BAX with
antiapoptotic BCL-2 family of proteins resides at the
outer membrane of mitochondria. SMAC/DIABLO
protein binds inhibitor of apoptosis proteins, thus
freeing caspases to achieve apoptosis.

= When BH3-only members of BCL-2 family members
are activated, they interpose themselves between
their prosurvival relatives and BAK/BAX, thereby
freeing BAK/BAK proteins.

= Later BAK protein forms mitochondrial permeability
transition pore in the outer mitochondrial membrane.

= MPTP opens when stimulated by mitochondrial
matrix accumulation of Ca**, increased phosphate
concentration, nucleotide depletion or oxidative
stress by reactive oxygen species.

= Opening of the mitochondrial permeability transi-
tion pore results in release of proapoptotic proteins,
SMAC/DIABLO, apoptosis inducing factor,
‘cytochrome ¢’, that activate apoptotic protease activa-
ting factor 1 (APAF-1) and caspase 9 (apoptosome =
cytochrome ¢+ APAF-1 +caspase 9) triggering the
apoptotic cascade.

= Apoptosis is characterized by cell shrinkage, chro-
matin condensation, nuclear fragmentation, plasma
membrane blebbing without loss of cell integrity,
organelles in the plasma membrane blebs, generation
and degradation of apoptotic bodies by macrophages
and surrounding healthy cells.

CD8+ CYTOTOXIC T CELLS/NK CELLS (GRANZYME B/
PERFORIN) MEDIATED PATHWAY OF APOPTOSIS

CD8+ cytotoxic T cells and natural killer cells carry
out their killing function of virus-infected and/or
transformed cells by releasing two types of preformed
proteins: granzymes and pore-forming perforins.
Synaptotagmin VII, Rab-27A and unc-13 homolog D
(Munc12-4) regulate cytotoxic granules maturation and
fusion with the plasma membrane leading to exocytosis.
Schematic representation of perforin-granzyme pathway
of apoptosis is shown in Fig. 1.35.
= Perforin: Perforin is a pore-forming protein that
punches holes in the target cell-membrane through
which the granzyme can enter into the cytosol,
mitochondria and nucleus.
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Fig. 1.35: Schematic representation of perforin-granzyme pathway of apoptosis. Perforin-granzyme induced is the main pathway used by cytotoxic
T cells and natural killer cells (NK cells) to eliminate virus-infected or transformed cells. Perforin delivers granzyme to induce target cell apoptosis. At
higher concentrations, perforin multimerizes in the plasma membrane to form pores. Granzyme is serine protease released by cytoplasmic granules
within cytotoxic T cells and NK cells, that induces apoptosis by activating caspase 3, that cleaves many substrates, inducing caspase-activated DNase

to execute apoptosis.

= Granzyme B: Granzyme B directly cause a rapid
increase in superoxide, which is a key molecule

of nuclear translocation of another granzyme A

substrate, known as endoplasmic reticulum-

associated SET complex.

* Cleavage of SET complex liberates granzyme A
activated DNase and NDPK-A that causes DNA
damage. NDPK-A activates p53 tumor suppressor
protein that can induce p53-dependent apoptosis.

e Granzyme B cleaves cytoplasmic BID to its active
forms, tBID, which translocates into mitochondria
and triggers the intrinsic mitochondrial pathway of
apoptosis. Granzyme B also activates procaspases
3, 6, 7 to executioner caspases 3, 6, 7, which leads
to apoptosis. Granzyme B may also disrupt the
complex between caspase activated DNase (CAD)
and caspase activated DNase inhibitor (ICAD).

e Disruption of CAD-ICAD releases the caspase-
activated DNase, which elicits a caspase-indepen-
dent form of apoptosis. The CAD-ICAD complex
may also be cleaved by caspase 3.

Clinical Pearls: Role of Granzymes and Perforin in
Acute Rejection of Solid Organ Allografts

= Granzymes/perforin act together to directly induce cell death
of allograft parenchymal cells, thereby leading to organ failure.

= |n heart allografts, the formation of plasma membrane pores
by perforin alone may cause cardiac myocyte contractile
dysfunction through the dysregulation of cytoplasmic ion
concentrations.

= Granzyme B (GrB) and perforin act together to induce endo-
thelial cell death within solid organ allografts. The destruction
of the graft microvasculature in this manner leads to hemor-
rhage and thrombosis, thereby contributing to acute rejection
by causing ischemic organ failure.
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FAMILY OF CYSTEINE PROTEINS ‘CASPASES’

Caspases are a family of endoproteases important for

maintaining homeostasis through regulating apoptosis

and inflammation. The caspases exist in all cells as

inactive precursors or procaspases, which are usually

activated by cleavage by other caspases, producing a

proteolytic caspase cascade.

= Caspases cut off contact with surrounding cells,
reorganize cytoskeleton, shut down DNA replication
and repair, interrupt splicing, degrade DNA, disrupt
nuclear structure, induce cell to display signals
marking it for phagocytosis and disintegrate cells
into apoptotic bodies.

= Within these proteolytic cascades, caspases can be
positioned as either upstream “initiators’ (caspases 2,
8,9, 10, 11 and 12) or downstream ‘effectors (execu-
tioner caspases 3, 6 and 7)” of apoptosis. Initiator
caspases activate executioner caspases that frequently
coordinate their activities to demolish key structural
proteins and activate other enzymes.

= The caspases cleave key cellular components that
are required for normal cellular function including
cytoskeleton proteins and nuclear proteins such as
DNA repair enzymes. The caspases can also activate
other degradative enzymes such as DNases, which
begin to cleave the DNA in the nucleus.

INITIATOR/INDUCER CASPASES

Initiator/inducer caspases (2, 8,9, 10, 11, 12) are initially
produced as inactive procaspase monomers that are
activated by dimerization and often cleave for activa-
tion. Dimerization also facilitates autocatalytic cleavage
of caspase monomers into one large and one small
subunit, which results in stabilization of the dimer.



Cellular Pathology and Biology of Aging

EXECUTIONER/EFFECTOR CASPASES

Executioner/effectors caspases (3, 6, 7) activate

cellular enzymes such as proteases and endonuc-

leases. Activation of cellular enzymes degrade the cells

own nuclear DNA and cytoplasmic proteins.

= Proteases degrade cytoskeleton and endonucleases
break down DNA of targeted cell resulting in
impairment of transcription, DNA replication and
DNA repair.

= Caspase 3 converts a cytoplasmic DNAase into an
active form, which induces internucleosomal clea-
vage of DNA. Caspase 3 also degrades cytoskeleton
proteins.

= Caspase 3 antibodies serve as excellent biomarkers
to monitor induction of apoptosis by analyzing the
levels of procaspase 5 and its active form by Western
blotting technique.

= (Cleavage and activation of caspase 3 is catalyzed by
caspase 8, caspase 9 and granzyme B to generate the
active heterodimer of caspase 3 subunits.

MORPHOLOGIC AND BIOCHEMICAL CHANGES
IN APOPTOTIC CELLS

Apoptosis exhibits characteristic morphologic features,
such as highly condensed chromatin within nucleus,
breakdown of nucleus, plasma membrane blebs,
fragmentation of cells forming membrane-bound
apoptotic bodies containing intact cytoplasmic

organelles sometimes chromatin. Apoptotic bodies
are phagocytosed by macrophages and surrounding
cells within an hour, rendering their appearance very
transient. Morphologic and biochemical alterations
associated with apoptosis and their consequences are
given in Table 1.39.

HISTOLOGIC CHANGES

On histologic examination, apoptotic cell exhibits various
morphologic changes that occur during apoptosis.
During early phase of apoptosis, cell shrinkage and
pyknosis are visible by routinely hematoxylin and
eosin-stained by light microscopy. The apoptotic cell
appears as a round or oval mass with dark eosinophilic
cytoplasm and dense chromatin fragments.

ULTRASTRUCTURAL CHANGES

Apoptotic cell demonstrates following ultrastructural
changes in plasma membrane, cell shrinkage, nuclear
changes, fragmentation of cell forming apoptotic bodies
and clearance of apoptotic bodies by macrophages and
surrounding epithelial cells.

Plasma Membrane Blebbing

Plasma membrane blebbing is the well-defined feature
of apoptosis. During apoptosis, the cell’s cytoskeleton
breaks up and causes the membrane to bulge outward.
These bulges may separate from the cell taking as
portion of cytoplasm with them, to become known as
apoptotic blebs.

121005 Morphologic and biochemical alterations associated with apoptosis and their consequences \

Biochemical Alerations

Activation of endonuclease
Nonidentifies enzyme(s): internucleosomal DNA cleavage
Cytoskeleton changes

Transglutamase and protease activation that results in the formation

of an insoluble protein network

Plasma membrane changes

= |ncreased isoprenoid synthesis and loss plasma membrane
dissymmetry

= Alterations in plasma membrane surface receptors especially their
sugar composition

= Probable activation of ATP-dependent pumps, allowing influx of
water against a concentration gradient

Inconsistent changes

Increased intracellular calcium

= |ncreased synthesis of 3-galactoside, a link protein
= |ncrease in TRPM-2 gene transcription
= Activation of collagenases and metalloproteinases, TGF 31 synthesis

‘Ladder’ aspect of DNA migrating in agar gel electrophoresis

Prevent lysosomal and membrane rupture and the appearance of an
inflammatory reaction 'cage effect’

= Differentiate apoptotic cells from phagocytic cells

= Reduction in size of apoptotic cells being useful in isolation of
these cells on Percoll gradient (low density gradient medium for
preparation of cells)

Transduction of a membrane signal or transcription of a specific gene
(e.g. calmodulin)

Inhibition of cell proliferation, increased intracellular calcium,
separation of cells from neighboring cells and regulation of apoptosis/
proliferation balance of cells and epithelia
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Shrinking of Cytoplasm

Cell shrinkage or decrease in cell volume, is a ubiquitous
characteristic of programmed cell death that is observed
in all examples of apoptosis.

Nuclear Changes

Condensation of chromatin (pyknosis) occurs at the
nuclear membrane followed by DNA fragmentation
(karyorrhexis) by endonucleases.

Fragmentation of Cell into Apoptotic Bodies

During execution phase, cell’s cytoskeleton breaks up
and causes the plasma membrane to bulge outward and
separate from the cell, taking a portion of cytoplasm
with them, to become membrane-bound apoptotic
bodies, which are tightly packed and contain intact
mitochondria, lysosomes and ribosomes and other cell
organelles, with or without nuclear fragments.

Clearance of Apoptotic Bodies

Apoptotic bodies are phagocytosed by macrophages

and surrounding healthy cells without inducing

inflammatory reaction. Macrophages and surrounding

healthy cells prevent spillage of cellular lysosomal

enzymes into surrounding tissue, thus protecting

tissue from harmful exposure to the inflammatory

and immunogenic contents of the dying cells. Gluco-

corticoids induce apoptosis; and sex steroid hormones

inhibit apoptosis.

= Several receptors are implicated in the uptake of
apoptotic bodies by macrophages and surrounding
healthy cells. These receptors interact with their
ligands on the apoptotic cells either directly or via
bridging proteins. C1q serves as a bridging molecule
for apoptotic cell clearance by binding to the apoptotic
cell and the phagocyte and stimulating phagocytosis,
independent of the classical complement pathway.

= Several studies revealed that alterations in cell surface
receptors of phagocytes induced by apoptotic cells,
externalization of phosphatidylserine and qualitative
changes in the intercellular adhesion molecule 3
(ICAM-3) play an important role in the clearance of
apoptotic bodies.

= Phosphatidylserine is normally present on the
cytosolic surface of the plasma membrane. During
apoptosis, scramblase causes redistribution of
phosphatidylserine to the extracellular surface.
These molecules mark the cell for phagocytosis by
phagocytic cells possessing appropriate receptors.
Upon recognition, the phagocyte recognizes its
cytoskeleton for engulfment of the cell. The removal
of dying cells by phagocytes occurs in an orderly
manner without eliciting an inflammatory response.
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= Apoptotic cells release various anti-inflammatory
molecules such as transforming growth factor
(TGF-B), IL-10, annexin I, thrombospondin 1 (TSP-1),
fractalkine, which inhibit proinflammatory cytokines
synthesis of the phagocytes such as tumor necrosis
factor o (TNF-a), IL-12, IL-1B, IL-18. Defining the
ligands on apoptotic cells and corresponding receptors
on phagocytes (macrophages and surrounding
cells) with which they engage, is likely to lead
to the development of novel anti-inflammatory
protherapeutic agents.

BIOCHEMICAL CHANGES

Apoptosis is ATP-dependent programmed cell death

mediated by caspases and characterized by nucleus

fragmentation (karyorrhexis) resulting from the cleavage

of double-stranded nuclear DNA via activation of

calcium-magnesium-dependent endonuclease enzyme.

= (Cleavage of DNA into high molecular weight struc-
tures may be detected with histochemical techniques
or agarose gel electrophoresis (nonrandom mono-
and oligonucleosomal length fragmentation of DNA
giving ‘ladder pattern’).

= Another biochemical alteration is the translocation
of phosphatidylserine to the outer surface of the
plasma membrane. This translocation constitutes one
of the principal targets of phagocytic recognition of
apoptotic body.

= Mitochondria release ‘cytochrome ¢’ and apoptosis-
inducing factor (AIF) and other factors into cyto-
plasm.

APOPTOSIS IN HEALTH

Apoptosis is a programmed cell death by which a
single cell or group of cells in a tissue is eliminated
from the living tissue, which plays an important role
for tissue modeling during embryogenesis and cellular/
tissue hemostasis during adult life. Apoptosis during
embryogenesis and adult life is given in Table 1.40.

APOPTOSIS DURING EMBRYOGENESIS

Apoptosis plays an important role in the processes of
gamete maturation as well as in embryo development
by removing cells, contributing to the appropriate
formation of various organs and structures.

Involution of Embryonic Wolffian or
Millerian Structures

Apoptosis begins in the early blastocyst and plays an
important role in the processes of embryonal and fetal
development, contributing to the appropriate formation
of various organs and structures.
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Apoptosis during Embryogenesis

= [nvolution of embryonic Wolffian or Milllerian structures
= Digits formation in fetus

= [ umen formation in hollow organs

= Development of nervous system

Apoptosis during Adult Life

= Apoptosis of self-reactive B and T cells in immune system
= Apoptosis of endometrial cells during menstrual cycle

= Atrophy of thymus

= Apoptosis of hepatocytes in viral hepatitis and formation of
Councilman bodies

= Apoptosis of neuron and formation of red neurons
= Keratinocyte apoptosis in epidermis
= Apoptosis of neutrophils in acute inflammation

= Hormonal effect on apoptosis is also important in the
maturation of the human reproductive system. The
reproductive system has an early indifferent phase
when it is neither male or female.

= Wolffian duct forms epididymis and vas deferens
in males. Miillerian duct differentiates into uterus
and fallopian tubes in female. It is well known that
administration of estrogens will feminize the male,
while administration of testosterone in females will
musculinize the female. In order for that to happen,
there has to be regression of the primitive Wolffian
or Miillerian structures via apoptosis.

Digits Formation in Fetus

Interdigital cells are eliminated by apoptosis without
affecting the living cells forming the digits, thus
contributing to digit individualization by restricting
interdigital tissue growth.

Lumen Formation in Hollow Organs

Lumen formation in hollow organs occur de novo by
three processes: apoptosis of centrally located cells,
autophagy of centrally located cells, and membrane
separation by epithelial remodeling. The lumens present
in the ductal structures are required for transport of
fluids and air.

Development of Nervous System

The development of the nervous system is also depen-
dent on apoptosis. Neural cell death has a pivotal role
in the development and pathophysiology of the
nervous system. About 50% of neurons are eliminated
by programed cell death (apoptosis). Remaining 50% of
neurons are produced with correct synaptic connections
in target cells.
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APOPTOSIS DURING ADULT LIFE

Apoptosis is programmed cell death that has been
damaged beyond repair. Apoptosis also plays a role in
preventing cancer. If apoptosis does not occur in DNA
damaged cell, it can lead to uncontrolled cell division
and subsequent development of cancer.

Apoptosis of Self-reactive B and T Cells in
Immune System

Apoptosis is required for the development and main-

tenance of a healthy immune system.

= Self-reactive B and T cell antigen receptors are
eliminated by apoptosis during their development
in the thymus, a process known as negative selection.

= [fself-reactive Band T cell antigens are not eliminated
by apoptosis during their development, then these
B and T cells may be released into the body, which
can attack tissues resulting in autoimmune disorders
[theumatoid arthritis, systemic lupus erythematosus
(SLE), autoimmune lymphoproliferative syndrome,
and others].

Apoptosis of Endometrial Cells during
Menstrual Cycle

The endometrium is a hormone-dependent tissue that

undergoes cyclic changes during reproductive period

as well as involutionary changes after menopause. The

endometrial cycle in regularly menstruating women

consists of three distinct phases: proliferative, secretory

and menstrual.

= Apoptosis helps to maintain cellular homeostasis
during the menstrual cycle by eliminating senescent
endometrial cells from the functional layer of the
uterine endometrium during the late secretory and
menstrual phase of the cycle. Fas death receptor
(CD95) and Fas ligand (FasL) are expressed in
endometrium throughout the menstrual cycle.

= During late proliferative phase, Fas and FasL proteins
are retained within cell’s Golgi apparatus and cyto-
plasm, hence these are unable to interact and thus
apoptotic signal is turned off. During secretory phase,
Fas and Fas proteins are extruded as a part of cellular
membranes, where Fas can bind FasL and “turn on’
apoptotic signal.

= Fas immunostaining on endometrial glandular cells
is stronger during secretory phase than during proli-
ferative phase of endometrium.

Thymus Gland Atrophy

The thymus is large in the fetus and infant, that
undergoes atrophy before adulthood. This involution
of thymus occurs via apoptosis, which is thought to be
steroid sensitive.
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= The steroid hormones are synthesized in the adrenal
gland so that, in this case, one organ is responsible
for the involution of another via its secreted product.
This observation is useful in perinatal autopsies
to study whether the baby in utero has been under
stress or not.

= Adrenal steroid hormones in stressed baby in utero
results in premature involution of thymus. If the
baby has been normal in utero, but has suffered birth
asphyxia, the thymus gland will be of normal size.

APOPTOSIS IN DISEASES

Apoptosis eliminates potentially harmful DNA-
damaged cells that are injured beyond repair by
activating DNA damage checkpoint pathways without
eliciting a host reaction, thus limiting collateral tissue
damage. Hence, apoptotic signaling pathways, help to
safeguard the ‘genomic stability’. Evidence indicates
that dysregulation of apoptotic signaling pathways
can cause cancerous growth or autoimmune disorders,
while accelerated apoptosis is evident in degenerative
disorders, immunodeficiency disorders and infertility.
Dysregulation of apoptosis-associated disordersis given
in Table 1.41.

APOPTOSIS INDUCED BY VIRUSES

Apoptosis can be induced by viruses either by stimu-

lating the immune response or by introducing viral

suicidal genes that kill the host cells.

= Immune response is mediated by CD8+ cytotoxic
T cells/natural killer cells (perforin/granzyme)
associated pathway of apoptosis. Many cells undergo
apoptosis in response to viral infection, with a
consequent reduction in the release of progeny virus.

e fh e Dysregulation of apoptosis-associated disorders \

Categories Disorders

Human cancers | Breast carcinoma, lung carcinoma, renal cell
carcinoma, ovarian carcinoma, endometrial
carcinoma, head and neck carcinoma, melanoma,
follicular lymphoma and leukemia

Viruses Herpesvirus, adenovirus and poxvirus
Neurological Alzheimer disease, Parkinson disease, Huntington
disorders disease, amyotrophic lateral sclerosis, cerebral

stroke, cerebellar degeneration

Cardiovascular | Ischemic heart disease, heart failure, infectious

disorders diseases, bacteria, viruses
Autoimmune Systemic lupus erythematosus, rheumatoid
disorders arthritis, thyroiditis, autoimmune lymphoproli-

ferative syndrome, immune-mediated glomerulo-
nephritis
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= The viral genome hijacks the host cell’s machinery,
forcing host cell to replicate the viral genome and
produce viral proteins to make new capsids. After
maturation, the virus induces host cell apoptosis
and propagation of viral particles to neighboring
uninfected cells.

Councilman Bodies in Hepatocytes in
Viral Hepatitis

In pathology, Councilman body also known as

Councilman hyaline body has been named after

American pathologist William Thomas Councilman.

= Councilman body is an eosinophilic/pink globule in
hepatocytes on hematoxylin and eosin-stained sections
examined under light microscope, that represents a
hepatocellular apoptosis often surrounded by normal
liver parenchyma.

= Apoptotic cells represent membrane-bound cellular
chromatin remnants that are extruded into the
hepatic sinusoids demonstrated in cases of viral
hepatitis, yellow fever and viral hemorrhagic fever.
Liver biopsy in viral hepatitis shows apoptosis of
virus infected hepatocytes, mild zonal necrosis and
lymphocytic infiltration.

Apoptosis of HIV Infected Cells

Significant apoptosis during HIV-1 infection can be
attributed to the direct viral killing of peripheral
infected mononuclear cells in AIDS patients. In HIV
infected persons, viral load is a good predictor of disease
progression; the higher the viral load the faster the
disease progression.

NEURONAL APOPTOSIS AND FORMATION OF RED
NEURONS IN BRAIN

A ‘red neuron’ is a pathologic finding in the central

nervous system, indicative of acute neuronal injury

and subsequent apoptosis demonstrated as eosinophilic

neuron on observed on hematoxylin and eosin-stained

sections under microscope.

= Since neurons are permanent cells, these cells are
most susceptible to hypoxic injury often found after
12-24 hours in cerebral stroke.

= The red coloration of red neuron occurs due to
pyknosis or degradation of the nucleus and loss of
Nissl bodies.

KERATINOCYTE APOPTOSIS IN EPIDERMIS

Keratinocyte apoptosis plays a critical role in regulating
epidermal development and restraining carcinogenesis.
Keratinocyte apoptosis can also be triggered by ultra-
violet radiation and other stimuli.
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= The stratum granulosum, the thin middle layer of
epidermis, initiates keratinization (constant produc-
tion of keratin). This process starts with apoptosis of
epithelial cells in stratum granulosum of skin.

= The keratinocytes become metabolically inactive
with degradation of organelles resulting in constant
turnover of differentiated flattened dead squamous
cells, that resemble “protein sacs’ containing more
than 80% of keratins cross-linked to other cornified
envelope proteins.

= Dysfunctional apoptosis occurs in some skin dis-
eases (e.g. psoriasis and skin cancer). Acanthosis,
the hallmark of psoriatic skin is an example of
diminished epidermal cells apoptosis.

APOPTOSIS OF NEUTROPHILS IN ACUTE
INFLAMMATION

Neutrophils respond to acute inflammation and kill

bacteria by phagocytosis. Activated neutrophils gene-

rate vast amounts of reactive oxygen species, which

kill microorganisms and modulate life span as well as

clearance of the neutrophils themselves.

= After elimination of bacteria, neutrophil apoptosis
occurs to limit destructive capacity of neutrophilic
products to the surrounding tissue.

= Apoptosis of neutrophils is important for the reso-
lution of inflammation, as this allows for phagocytosis
and removal of senescent cells prior to their necrotic
disintegration.

= Apoptotic neutrophils stimulate macrophages, which
clear apoptotic cells as well as cell debris, and reduce
the inappropriate inflammatory response further.

APOPTOSIS OF PARENCHYMAL ORGAN’S CELLS
DUE TO OBSTRUCTION IN DUCTS

Obstruction in ducts of pancreas and parotid glands
result in pathologic organ shrinkage by the process
of apoptosis of parenchymal cells. After pancreatic
duct obstruction, pancreatic acinar cells progressively
disappear and pancreatic islets of Langerhans are
preserved.

APOPTOSIS OF CELLS WITH DAMAGED DNA

Hypoxia, ionizing radiation, cytotoxic chemotherapeutic

drugs and viruses can cause cellular DNA damage,

either directly or via production of free radicals. The

TP53 tumor suppressor gene recognize cells with DNA

damage and analyze whether these can be repaired.

= If DNA repair mechanisms cannot cope with the
injured cells, the cell triggers intrinsic mechanisms that
induce apoptosis. In these situations, elimination of
these cells with DNA damage may be better alterna-
tive than risk of malignant transformation in these
cells.
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= The injurious stimuli can cause apoptosis if the insult
is mild, but large doses of the same injurious stimuli
may result in necrotic death. In certain cancers,
where TP53 tumor suppressor gene is mutated or
deleted, the apoptosis is not induced in cells with
DNA damage.

= People with Li-Fraumeni syndrome have only one
functional copy of TP53 tumor suppressor gene, so
they are more likely to develop a malignant tumor
in early adulthood.

= Follicular lymphoma is a low-grade B cell neoplasm,
which usually occurs in elderly patients. About
90% of cases show t(14;18) (q32;q21) chromosomal
translocation which juxtaposes the IgH locus on
chromosome 14 with BCL-2 gene on chromosome 18
resulting in overexpression of BCL-2. BCL-2, which
is located in the mitochondria, promotes cell survival
by opposing apoptosis in the follicles. Overexpressed
BCL-2 inhibits APAF1 and inactivates caspases
leading to survival of neoplastic cells in follicles.

APOPTOSIS OF CELLS WITH ACCUMULATED
MISFOLDED PROTEINS

Misfolded proteins may arise due to mutations in the
genes encoding these proteins or damage caused by
oxygen-derived free radicals. Excessive accumulation
of misfolded proteins in the endoplasmic reticulum
results in endoplasmic reticulum stress, which
culminates in apoptotic cell death. Apoptosis caused
by the accumulation of misfolded proteins in the cells
has been invoked as the basis of several degenerative
diseases of nervous system (Creutzfeldt-Jakob disease,
Alzheimer disease, Parkinson disease, Huntington
disease and muscle system atrophy) and other organs
damage (amyloid deposits in liver, spleen).

APOPTOSIS OF CANCER STEM CELLS

Apoptosis is often a self-defense mechanism for
destruction of cells infected with viruses or irreparable
DNA damaged cells by CD8+ cytotoxic T cells, thus
protecting against neoplastic transformation. Radiation
and cytotoxic anticancer drugs induce apoptosis of
cancer cells.

Recent Concepts: Nucleolin and Apoptosis

= NCL gene encodes a multifunctional RNA-binding nucleolin
protein, that is primarily distributed in the nucleolus (90%),
cytoplasm and cell membrane.

= Cell surface nucleolin can bind to various ligands to affect
many physiologic functions including ribosomal biogenesis,
processing of ribosomal RNA (rRNA), messenger RNA
stability, downstream target of several regulation of signal
transcription pathway and cell proliferation.
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= Nucleolin interacts with DNA repair proteins to maintain
genomic stability via stability of apoptosis-related mRNAs
by binding to nucleolin RNA-binding domain (RBD) to the
5- and 3-UTR of mRNA and inhibit apoptosis. Increased
nucleolin expression can also elevate BCL-2 protein levels
in cancer cells.

= Nucleolin also interacts with 15 and 6 microRNAs, which are
negative regulators of BCL-2 expression.

= Cell surface nucleolin can bind to Fas and block the interaction
of Fas/FasL, which prevents cells from entering Fas-induced
apoptosis. The interaction of cell-surface nucleolin with ErB1
and RAS also favors cell proliferation.

= Therefore, cell-surface nucleolin can facilitate antiapoptotic
phenotype and induce initiation and survival or cancer cells.

LABORATORY DIAGNOSIS

Techniques for detection of apoptotic cells include:
cytomorphologic changes (light and electron micro-
scopy), DNA discontinuous fragmentation ladder
assay (conventional agarose gel electrophoresis),
terminal deoxynucleotidyl transferase (TdT) dUTP
nick-end labeling (TUNEL) assay, executioner caspase
3 (immunohistochemistry), annexin V (immuno-
histochemistry), p53 (immunohistochemistry and
RT-PCR, Western blot, enzyme-linked immunosorbent
assay, flow cytometry), executioner 3 activation
(immunohistochemistry, Western blot, enzyme-
linked immunosorbent assay), Fas, TNF-a (tumor
necrosis factor a), TRAIL: tumor necrosis-related
apoptosis-inducing ligand (RT-PCR, Western blot,
immunohistochemistry) and ‘cytochrome ¢’ release
(ELISA: enzyme-linked immunosorbent assay).

LIGHT MICROSCOPY

Light microscopy has aided in analyzing the various

cytomorphological changes that occur during apo-

ptosis on routinely hematoxylin and eosin-stained

sections.

= In the initial stage of apoptosis, the apoptotic cells
exhibit cell shrinkage with dark dense eosinophilic
cytoplasm, highly condensed chromatin with
nuclear pyknosis. In the later stage, cell undergoes
fragmentation with formation of apoptotic bodies
containing cytoplasmic organelles.

= The apoptotic bodies are phagocytosed by macro-
phages and surrounding cells within an hour,
rendering their appearance very transient. There
is essentially no inflammatory response because of
these reasons: (a) apoptotic cells do not release their
cellular constituents into the surrounding interstitial
tissue, (b) apoptotic cells are quickly phagocytosed
by macrophages and surrounding healthy cells
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thus likely preventing secondary necrosis, and
(c) phagocytosed apoptotic bodies do not induce
production of cytokines.

ELECTRON MICROSCOPY

Electron microscopy is still considered the ‘gold

standard” for the identification of apoptotic cells.

Different cytomorphological features of cells under-

going apoptosis are analysis by transmission electron

microscopy (TEM) and scanning electron microscopy

(SEM).

= Transmission electron microscopy analysis is
essentially qualitative ultrastructural changes in
apoptotic cells such as plasma membrane blebb-
ing, chromatin condensation in nucleus and cyto-
plasmic reorganization, whereas SEM can provide
information of the cell surface (extensive plasma
membrane blebbing, loss of microvilli), cell-cell and
cell-substrate interactions, but it is very difficult to
analyze apoptotic features by SEM.

= Extensive plasma membrane blebbing is followed
by karyorrhexis and separation of cell fragments
into apoptotic bodies by budding. Apoptotic bodies
consist of tightly packed cytoplasmic organelles with
or without nuclear fragment. Electron microscopy
is useful for subsequent biochemical or molecular
analysis.

ELECTROPHORESIS

Classical apoptotic cell death can be defined by certain

cytomorphological and biochemical characteristics that

distinguish it from other forms of regulated cell death.

One such feature, which is hallmark of apoptosis, is

DNA fragmentation.

= Indying apoptotic cells, DNA is cleaved by an endo-
nuclease that induces fragmentation of chromatin
into nucleosomal units, which are multiples of about
180 to 200 bp oligonucleosomal multimers and
appear as a ‘DNA ladder pattern” of discontinuous
DNA fragments, when run on conventional agarose
gel electrophoresis.

= DNA ladder remains the hallmark of apoptosis.
DNA from apoptotic cell is extracted from the cul-
ture and is precipitated with polyethylene glycol
(PEG) or agarose or polyacrylamide. The fragmented
DNA remains in the supernatant and can be easily
subjected for gel electrophoresis or quantification
using fluorescent dyes (fluorescein and rhodamine).

= Pulse field gel electrophoresis is a specialized techni-
que for resolving DNA molecules in the range of 50 kb
to 10 Mbp. Single cell gel electrophoresis (SCGE)
visualizes DNA damage analyzed at the levels of
individual apoptotic cell, that exhibits comet-like
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structures with small head and large tail. Comet
assay has higher sensitivity than DNA ladder assay
and TUNEL staining.

FLOW CYTOMETRY

Flow cytometry is one of the most popular and versatile
applications for accurate quantification of apoptosis
from induction via surface receptors to late stage where
DNA fragmentation occurs.
= Apoptotic cells are stained with fluorescent dyes and
passed through beam of light of single wavelength.
= Cells flowing through beam of single wavelength
scatter light to some extent in the optical and
electronic detection apparatus of the flow cytometer.
= Such forward scatter (FSC) versus side scatter (SSC)
distinguishes apoptotic cells from nonapoptotic cells
and determination of the immunophenotype of cells
undergoing apoptosis.

TUNEL ASSAY

Terminal deoxynucleotidyl transferase (TdT) dUTP

nick-end labeling (TUNEL) is the most common method

used to assay DNA fragmentation in individual cells

caused by apoptosis.

= The assay relies on the use of the terminal deoxy-
nucleotidyl transferase, an enzyme that catalyzes
attachment of deoxynucleotides, tagged with a
fluorochrome or another marker to 3’-hydroxyl
termini of DNA double strand breaks. It may also
label cell having DNA damaged by other mechanisms
than in the course of apoptosis.

= The amount of fluorescence can be detected by
fluorescence microscopy, flow cytometry and
immunohistochemical techniques.

IMMUNOHISTOCHEMISTRY

Apoptosis competence is central to the prevention
of cancer. Gold standard for evaluation of apoptosis
is morphologic evaluation. Immunohistochemical
detection of apoptotic cells is performed on paraffin-
embedded sections by using commercially developed
antibodies against a wide range of substrates most
importantly cleaved caspase 3, cleaved cytokeratin 18
(c-CK18), cleaved laminin A (c-lam-A), phosphorylated
histone 2AX (y-H2AX), cleaved poly(ADP ribose)
polymerase, apoptosis-inducing factor (AIF), p53,
annexin V, and M30 neoantigen.

Executioner Caspase 3 Analysis

Caspase 3 belongs to the family of cysteine proteases,
which is known as executioner caspase in apoptosis
by coordinating the destruction of cellular structures
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such as DNA fragmentation or degradation of cyto-

skeletal proteins. Caspase 3 is responsible for the proteo-

lytic cleavage of many key proteins such as the nuclear

enzyme poly (ADP-ribose) polymerase (PARP).

= (Caspase 3 is generated as zymogen in inactive form.
Cleavage and activation of inactive form of pro-
caspase 3 is catalyzed by caspase 8, caspase 9 and
granzyme B to generate active caspase 3.

= Caspase 3 antibodies serve as excellent biomarker to
monitor induction of apoptosis by detecting the levels
of procaspase 3 and its active form.

Monoclonal Antigen M30 Analysis

The monoclonal antigen M30 recognizes a neoepitope
of cytokeratin 18, that is produced during the process
of apoptosis. It is early indicator of apoptosis in epithelial
cells. Monoclonal antigen M30 is immunoreactive
in formalin-fixed paraffin-embedded tissue in
colon, trophoblastic tissue in human placenta and
salivary glands. Monoclonal antigen M30 is absent in
nonapoptotic cells.

Annexin V Analysis

Annexin V is a calcium-dependent, phospholipid-

binding protein with a high affinity for phospholipid

phosphatidylserine, thus can be used a probe for

detecting apoptosis.

= The phosphatidylserine residues are normally hidden
within the plasma membrane. The appearance of
phosphatidylserine residues on the cell is an early
event in apoptosis and can be used to detect apoptosis.

= During apoptosis, phosphatidylserine is translocated
from the cytoplasmic face of the plasma membrane
to the cell surface.

TP53 Gene Mutation Analysis

TP53 gene is a well-defined tumor suppressor gene

mapped on chromosome 17p13.1. TP53 gene encodes

phosphoprotein that plays a key role in regulating cell

proliferation and apoptosis in response to DNA injury.

It also suppresses angiogenesis.

= TP53 gene is the most frequently mutated in human
cancers. The p53 protein exists as wild type and
various types of mutant forms.

= Wild type p53 protein without TP53 mutation is
found in normal cells and is critically important in
repair of DNA damage. DNA damage activates TP53
gene resulting in either cell cycle arrest allowing time
for the cell to repair the damage or apoptosis.

= Loss of TP53 gene function indirectly decreases geno-
mic stability. Manipulation of the apoptotic functions
of TP53 gene constitutes an attractive target for cancer
therapy.
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INTRACELLULAR ACCUMULATION OF SUBSTANCES

Residual effects of reversible cell injury persist in the deficiency caused by single amino acid substitution
cell as an evidence of cell injury at subcellular level. One in the enzyme.

of the manifestations of metabolic derangements in cells = Another example is intracellular accumulations of
is the intracellular accumulation of abnormal amounts substances such as carbon or silica particles, which
of various substances. A normal endogenous substance are neither degraded by enzyme or metabolized in
is produced at a normal rate, but the rate of metabolism the liver. Whatever is the nature and origin of the
is inadequate to remove it. Defective protein folding, intracellular accumulations, it implies the storage of
packaging and transport, both genetic or acquired, also some product by individual cells.

produce substance accumulation in excess in the cells.

= The intracellular accumulation of substances falls Pathology Pearls: Intracellular Accumulations of
into three categories: (a) one of the normal cellular Substances

constituents is accumulated in excess, such as | Lipid accumulate in the liver of obese persons and persons
carbohydrates, lipids, proteins and water, (b) one with chronic alcoholism.
of abnormal substances is accumulated in excess | Glycogen accumulates in the liver, skeletal muscles, or
in the cells, either exogenous substance (mineral) kidneys in patients with inborn errors of glycogen metabolism
or endogenous excess product of metabolism, and diabetes mellitus.
(c) one of the endogenous or exogenous pigments is = Protein accumulates in the proximal renal tubules in patients
accumulated in excess in the cells. with proteinuria. Protein accumulation generally appears
= The intracellular substances may accumulate in the as discrete eosinophilic cytoplasmic droplets, vacuoles, or
cytoplasm frequently in the phagolysosomes either aggregates.
in transient or permanent manner. These substances = Exogenous and endogenous pigments accumulate in various
may be harmless to the cells, but can be severely cells.
toxic to cells on occasion. If the intracellular overload e Exogenous carbon pigment is deposited in alveolar
of substance occurs due to systemic derangement, macrophages. When a person gets a tattoo, the pigment
it can be brought under control, the intracellular is ingested by dermal macrophages, usually without an
accumulation is reversible. In genetic disorders, inflammatory response.
intracellular overload of substance is progressive J EndOgeUOUS pi_gments th'flt accumulate .in various cells
resulting in secondary tissue/organ damage, that include lipofuscin (brown plgmeqt formed in the Iysqsomes
may have a fatal outcome. In some instances, cells of the elderlly persons_), melanln (broyvn-black pigment
may produce the abnormal substance, and in other formed during the oxidation of tyrosine to dihydroxy-
instances, cells store products of pathologic process phenyllalar?lne. [DOPA] by tyrosine in .melanocyt.es),
elsewhere in the body. Pemohmderlln ((|jrond-glch glelll?w bdr(zjwn p|gtrne;n;[j gegveld
= Most of intracellular accumulation of substances rom nemolyzed red blood Cells and aemonstrated by Feris
. e Prussian histochemical stain) and bilirubin (also derived
are attributable to three types abnormalities: (a) . . . I
a normal endogenous substance is produced at a from hemoglobin but contains no iron). Excess of bilirubin
. 5 P . in cells and tissues is called jaundice.
normal or increased rate, but the rate of metabolism . . . .
‘s inad te to eliminate it. For example. fatt = Hereditary hemochromatosis is a genetic disorder of iron
; a .eqFa © Ode toi i ¢ 1'1 | Pl j[ }; absorption characterized by the deposition of hemosiderin
¢ ,alfge lr,ld“'er 1Sduetom racef u a{‘) accumuiation o in the liver, spleen, and bone marrow. Patient presents with
triglycerides, (b) appearance of reabsorption protein cirrhosis, diabetes mellitus and skin discoloration (bronze
droplets in renal tubules occurs due to increased diabetes).

leakage of proteins from the glomerulus in nephrotic
syndrome, (c) intracellular accumulation of normal
or abnormal endogenous substance due to genetic LIPID ACCUMULATION
or acquired defects in the metabolism, packaging, or
secretion of these substances. Lipid accumulation is chemically defined as a substance
= For example, genetic defect in the specific enzyme  that is insoluble in water and soluble in alcohol,
is involved in the metabolism of carbohydrates and  chloroform and ether. Lipids together with carbohydrates
lipids leading to intracellular accumulation of these  and proteins are main constituents of cells. Cholesterol
substances largely in lysosomes. and triglycerides are lipids, which are easily stored in the
= Misfolding proteins are accumulated in the form of ~ body, which are important constituents of cells. These
globular eosinophilic inclusions in the endoplasmic  serve as a source of fuel. Lipids include fatty acids,
reticulum of hepatocytes in cases of o -antitrypsin ~ waxes and steroids.
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= Compound lipids are complexed with another type of
chemical compound and these include lipoproteins,
phospholipids and glycolipids. Lipid accumulation
results from an imbalance between lipid acquisition
and lipid disposal in parenchymal cells of liver,
heart and skeletal muscle due to defects in uptake,
catabolism or secretion.

= Fatty change in liver is common example. Skeletal
muscle may show mild fatty change as a result of
ischemia and severe fatty change due to diphtheria.

TRIGLYCERIDE ACCUMULATION INDUCING FATTY
CHANGE IN LIVER

Liver is the major organ involved in fat metabolism.

Hepatic fat accumulation results from an imbalance

between lipid acquisition and lipid disposal, which

are regulated through four major pathways: uptake

of circulating lipids, de novo lipogenesis, fatty acid

oxidation (FAO) and export of lipids in the form of very

low-density lipoprotein (VLDL).

= Fatty change in liver most often occurs due to
accumulation of triglycerides. The triglycerides
accumulate when lipoprotein transport is disrupted
and/or when fatty acids accumulate in the liver.

= Alcohol abuse, diabetes mellitus and obesity are the
most common causes of fatty change in liver. Alcohol
interferes with mitochondrial and microsomal
function in hepatocytes, leading to an accumulation
of lipid.

= Other causes of fatty change in liver include toxins,
protein malnutrition (kwashiorkor), anoxia and
severe gastrointestinal malabsorption. Tetracycline
can cause microvesicular fatty change in liver.

Pathogenesis

Normally, free fatty acids (FFAs) derived from adipose
tissue or dietary source are normally transported into
hepatocytes, where free fatty acids are esterified to
triglycerides, converted into cholesterol or phospho-
lipids, or oxidized to ketone bodies. Some of the
free fatty acids are synthesized from acetate within
hepatocytes as well. Egress of the triglyceride requires
the formation of complexes with apoproteins to form
lipoproteins, which are able to enter the circulation.
= Defects in any of the steps of uptake, catabolism, or
secretion can lead to accumulation of triglycerides
in fatty liver. Alcohol is a hepatotoxin that alters
mitochondrial and smooth endoplasmic reticulum
function and thus inhibits oxidation of free fatty acids.
= Carbon tetrachloride and protein malnutrition
decrease the synthesis of apoproteins. Anoxia inhibits
fatty acid oxidation, and starvation increases free fatty
acid mobilization from peripheral stores.
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= Mild fatty change in liver has no effect on cellular
functions. Severe fatty change may transiently
impair cellular functions. But in carbon tetrachloride
poisoning, fatty change in liver is irreversible.

Surgical Pathology: Fatty Change in Liver

Gross Morphology

Mild fatty change in liver may not affect the gross appearance.
Severe fatty change results in enlargement of liver, which
becomes progressively yellow on cut surface until it may
weigh 3-6 kg. This uniform change is consistent with fatty
metamorphosis (fatty change).

Frozen/Cryostat Section and Fat Stains

= Fat cannot be demonstrated in the paraffin-embedded
sections because fat is dissolved during processing of tissue
in tissue processor.

= Fat can be demonstrated by frozen/cryostat section technique
with the fat stains such as Sudan IIl, Sudan IV, Sudan black,
QOil red O and osmic acid.

Light Microscopy

= |nitially, hepatocytes show small fat vacuoles around nucleus
(mild fatty change or microvesicular) in hematoxylin and
eosin-stained sections.

= Progressive accumulation of fat forming vacuoles in the
cytoplasm coalesce to create spaces that displace the nucleus
toward periphery (severe fatty change).

= Qccasionally contiguous cells rupture, and the enclosed fat
globules unite to produce so-called fatty cysts.

= Distribution of lipid vacuoles may be diffuse, focal or zonal,
midzonal or peripheral depending on severity and etiology.
Histology of fatty change in liver is shown in Fig. 1.36.

_.-,-
Fig. 1.36: Histology of fatty change in liver. Histologically, fatty liver
is characterized by fat accumulation, which is most prominent in the
centrilobular zone. Macrovesicular steatosis is the rule. Hepatocytes
containing one or numerous fat droplets that displace the nucleus to an

eccentric position with abundant clear looking cytoplasm (arrows) (400X).
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CHOLESTEROL AND ITS ESTERS ACCUMULATION

Most cells utilize cholesterol for the synthesis of
cell membranes without intracellular accumulation.
Accumulation of cholesterol and its esters is demons-
trated in various disorders such as atherosclerosis,
xanthomas, cholesterolosis in gallbladder and Niemann-
Pick disease.

Atherosclerosis

Atherosclerosis means hardening (sclerosis) or loss of
elasticity of large elastic arteries and medium-sized
arteries as a result of fat deposition on their intima.

Most common sites of atheromatous plaques are
abdominal aorta, proximal region of coronary
arteries, carotid arteries, vertebral arteries (circle of
Willis), iliac arteries, popliteal artery, anterior tibial
artery, posterior tibial artery and renal artery; but
sparing internal mammary arteries and arteries of
upper extremities.

Major modifiable risk factors of atheromatous plaques
include hyperlipidemia, hypertension, tobacco
smoking and diabetes mellitus; and nonmodifiable
factors are increasing age, male gender, family history
of atherosclerosis and genetic abnormalities (ApoAl,
ApoE, hepatic lipase and LDL receptor).

Minor risk factors of atheromatous plaques include
obesity, stress type A personality, thrombophilia, high
intake of carbohydrates, homocysteinemia, racial
factors and infectious agents.

Atheromatous plaque is composed fibrous cap
covering central core comprising smooth muscle cells,
foam cells, fibrin, and extracellular matrix material,
such as collagen, elastin, glycosaminoglycans, and
proteoglycans. Endothelium over the surface of the
fibrous cap frequently appears intact.

Xanthomas

Xanthomas are formed due to accumulation of choles-
terol or cholesterol esters within macrophages under
the skin and tendons on joints (knees and elbows), feet,
hands and buttocks.

Xanthomas can vary in size from pinhead to large
grape size, which often appear like a flat mump or
yellow to orange. These are usually painless about
may be tender or itchy.

Xanthomas are caused by elevated blood lipids
(familial or acquired hyperlipidemia) or fatin the body
in the settings of diabetes mellitus, hypothyroidism,
primary biliary cirrhosis, nephrotic syndrome,
cholestasis and corticosteroid administration.

Gallbladder Cholesterolosis

Gallbladder cholesterolosis is characterized by muco-
sal villous hyperplasia, excessive accumulation of

98

W TERR - R o
Fig. 1.37: Histology of cholesterolosis in gallbladder. Histologic

examination of cholesterolosis shows presence of cholesterol laden
macrophages in the lamina propria of the gallbladder mucosa. There is
no association with inflammatory changes or presence of gallstones.
This finding is incidental without clinical significance (arrows) (100X).

cholesterol and cholesterol esters in macrophages
within the lamina propria and in mucosal epithelium
in gallbladder. It is present in 20% of cholecystectomy
specimens, usually affecting adult women. It is
associated with bile supersaturation with cholesterol
but not with increased cholesterol. The gallbladder
may be affected in a patchy or diffuse form. Usually,
cholesterolosis remains clinically silent.

Surgical Pathology: Gallbladder Cholesterolosis

Gross Morphology

Mucosal surface of gallbladder shows yellow, flat deposits, flat
or diffuse or speckled appearance (strawberry gallbladder).
About 20% of cholecystectomy specimens are associated with
cholesterol polyps.

Light Microscopy

= |n cholesterolosis, mucosa shows villous hyperplasia with
macrophages at the tips of villi and foam cells in the lamina
propria and epithelium.

= There is no association with inflammatory changes and
cholelithiasis. There may be presence of polypoid lesion with
heterotopic bone (0sseous metaplasia).

= The changes are usually restricted to gallbladder and not
involving extrahepatic bile ducts. Histology of cholesterolosis
in gallbladder is shown in Fig. 1.37.

GLYCOGEN ACCUMULATION

Glycogen accumulation is a multibranched polysac-
charide of glucose that serves as a buffer to maintain blood
glucose levels. It is synthesized from glucose when blood
glucose levels are high. It is as an important energy
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reservoir in the liver (6-10% of the liver mass) and  GLYCOGEN STORAGE DISEASES
skeletal muscles (1-2% of skeletal muscle mass).
= [n addition to liver and skeletal muscle, glycogen is

Glycogen storage diseases (GSDS) are the result of
deficiency of lysosomal enzymes that cause the altera-

found in smaller amounts in other tissues such as
red blood cells, white blood cells, renal tubules, and
some glial cells in brain; except during prolonged
starvation. Additionally, glycogen is used to store
glucose in the uterus to provide energetic needs of
the embryo.

When energy is required by the body, glycogen is
broken down via glycogenolysis into glucose, which
then enters the glycolytic or pentose phosphate
pathway and then released into the bloodstream.

In addition to glucagon, cortisol, epinephrine, and
norepinephrine also stimulate glycogen breakdown.
Periodic acid-Schiff (PAS) is a staining method used
to detect polysaccharides such as glycogen, glyco-
proteins, glycolipids and mucins in tissues. PAS stain
with diastase digestion has histochemical specificity
for glycogen. Skeletal muscle normally contains
glycogen, and is often recommended as a positive
control tissue.

tion of glycogen metabolism (glycogen synthesis or

glycolysis) in the liver and skeletal muscle.

= The liver forms of glycogen storage diseases (types
1, 3, 4 and 6) are marked by inability to glycogen
to glucose leading to hepatomegaly and hypo-
glycemia.

= The skeletal muscle forms of glycogen storage
diseases (types 2, 3A, 5 and 7) have mild symp-
toms appearing during strenuous exercise owing
to inability to provide energy for skeletal muscle
contraction.

= Examples of glycogen storage diseases include von
Gierke disease, Pompe disease, Forbes-Cori disease,
Cori disease, Anderson disease, McArdle disease,
and Hers disease.

= Glycogen storage diseases are given in Table 1.42.
Histology of hepatic glycogen storage disease is
shown in Fig. 1.38.

121 P2 Glycogen storage diseases

Defective Enzyme Organ Affected Glycogen Storage in the Affected Organ | Clinical Features

von Gierke disease (GSD type 1)

Glucose-6-phosphatase or | = Liver Increased amount of normal structure Massive hepatomegaly, failure to thrive, severe
transport system = Kidney hypoglycemia, ketosis, hyperuricemia, hyper-
lipidemia
Pompe disease (GSD type 2)
o-1,4-Glucadase All organs (liver, Massive increase in amount, normal Hypotonia (floppy baby), hypertrophic cardio-
(lysosome) kidney, skeletal structure myopathy, cardiorespiratory failure causes
muscle) death usually before age of two years

Cori disease (GSD type 3)

Amylo-1,6-glucosidase = Skeletal muscles | Increased amount, short outer branch Like type 1, but milder form of disease

(debranching enzyme) = Liver
Anderson disease (GSD type 4)

Branching enzyme Liver and spleen Normal amount, very long outer Progressive liver cirrhosis, hepatocellular
(0-1,4 > o -1,6) branches failure with fatal outcome before age of
two years
McArdle disease (GSD type 5)
Phosphatase Skeletal muscles Moderately increased amount, normal Limited ability to perform strenuous exercise
structure due to painful muscle cramps, otherwise,
patient’s development normal
Hers disease (GSD type 6)
Phosphorylase ‘ Liver ‘ Increased amount ‘ Like type 1, but milder form of disease
Tarui disease (GSD type 7)
Phosphofructokinase ‘ Skeletal muscles ‘ Increased amount, normal structure ‘ Like type 5, but moderately severe disease

GSD type 8 due to hepatic phosphorylase kinase deficiency

Phosphorylase kinase \ Liver \ Increased amount, normal structure \ Mild hepatomegaly, mild hypoglycemia

Types 1 through 7 are inherited disorder; and type 8 is sex-linked disorder.
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storage disorders are inborn errors of metabolism with abnormal storage
or utilization of glycogen characterized by hypoglycemia, hepatomegaly,
stunted growth and chronic lactic acidosis. Histologic examination shows
large hepatocytes with prominent cell membrane and glycogenated nuclei
with periodic acid—Schiff positive glycogen (400X).

Glycogen Storage Disease Type 0

Glycogen storage disease type 0 (GSD 0) is inherited
as an autosomal recessive lysosomal storage disorder,
which occurs due to deficiency of glycogen synthase
encoded by glycogen synthase 2 (GYS 2) gene. GSD 0
is inherited within families in an autosomal recessive
fashion. Normally, glycogen synthase participates in
the generation glycogen, that is stored in the liver.
Glycogen synthase deficiency leads to low amount
of glycogen in the liver resulting in low blood sugar
(hypoglycemia) and hyperketonemia.

= Clinical features: Early in infancy, patients usually
have no symptoms. Any child with a history of
needing frequent meals with hypoglycemia and
presence of ketone bodies in the urine is suggestive
of glycogen storage disease type 0.

Laboratory diagnosis: Genetic testing on blood
sample is now available. Aim of treatment for
glycogen storage disease type 0 (GSD 0) is to prevent
low blood sugar (hypoglycemia) by avoiding fasting.
Frequent meals and snacks should be given every
3—4 hours during the day.

von Gierke Disease

Glycogen storage disease type 1 (GSD 1), also called
von Gierke disease, is most common autosomal reces-
sive lysosomal glycogen storage disorder caused due
to deficiency of glucose-6-phosphatase, in which body
cannot break glycogen stored in the liver and skeletal
muscle. Normally, glycogen stored in the liver and
skeletal muscle is broken down to glucose by glucose-
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6-phosphatase to generate energy. von Gierke disease
is also called type 1 glycogen storage disease.

= Clinical features: Patient presents with severe
hypoglycemia that coincides with ketonuria, meta-
bolic acidosis and elevated lactate (due to excessive
glycolysis) and alanine. Building up of glycogen in
liver results in hepatomegaly. Decreased glucose
level causes lipolysis resulting in hyperlipidemia.
Uricemia is caused by competitive inhibition by
lactate of renal tubular urate secretion and increased
uric acid production. Patient has growth retar-
dation. Epinephrine and glucagon cannot produce
hyperglycemia but result in lipolysis and increased
lactate concentration.

Laboratory diagnosis: von Gierke disease is diag-
nosed by liver biopsy and DNA testing. Patients are
treated by cornstarch, allopurinol and granulocytes
colony stimulating factor (GCSF).

Pompe Disease

Glycogen storage disease type 2 (GSD 2), also called
Pompe disease, is an autosomal recessive lysosomal
glycogen storage disorder, which damages skeletal
muscle, cardiac muscle, liver and nerves throughout the
body. Pompe disease is caused by mutations in the GAA
gene, which encodes lysosomal acid a,-glucosidase and
a,-glucosidase resulting in accumulation of glycogen in
the lysosomes of skeletal muscle, cardiac muscle and
nerves throughout the body. Normally, lysosomal acid
a-glucosidase is involved in glycogen breakdown.
= Clinical features: Patient develops intractable hypo-
glycemia, muscle weakness and cardiomegaly with
normal liver functions. Pompe disease is of two
types: (a) infantile type and (b) delayed onset type

(childhood and juvenile/adult types).

e Infantile-onset Pompe disease: It is most severe
form of Pompe disease. Infants are normal at birth,
and manifest within the first two to three months
with rapidly progressive skeletal muscle weak-
ness, diminished skeletal muscle tone, respiratory
problems, feeding problems, hypertrophic cardio-
myopathy progressing to cardiorespiratory failure
before attaining 3 years of age.

Delayed-onset Pompe disease: Pompe disease
manifests during infancy or early childhood with
delayed motor milestones. Juvenile/adult form
of Pompe disease presents during in second and
seventh decades of life with muscle weakness.
Laboratory diagnosis: Patients with Pompe disease
are diagnosed by skeletal muscle biopsy, liver biopsy,
lysosomal acid maltase assay and DNA testing.
Patients are treated by lysosomal acid maltase
replacement.



Cellular Pathology and Biology of Aging

Cori Disease

Glycogen storage disease type 3 (GSD 3), also known
as Cori disease, is an autosomal recessive lysosomal
glycogen storage disorder caused due to deficiency
of glycogen debranching enzymes (amylo-1,6-gluco-
-sidase) resulting in storage of abnormal form of
glycogen in the liver, heart, or skeletal muscle. Patient
presents with stunted growth, hepatomegaly, and
hypoglycemia.

= (Clinical features: Beginning in infancy, any type of
GSD III is characterized by low blood sugar (hypo-
glycemia), hyperlipidemia and elevated blood
concentration of liver transaminases and creatinine
kinase. As the infant gets older, the child develops
stunted growth, hepatomegaly. Liver size returns to
normal during adolescence. Some affected persons
develop cirrhosis, hepatocellular failure and liver
adenoma in life.

Laboratory diagnosis: Beginning in infancy, any
type of GSD 3 is characterized by low blood sugar
(hypoglycemia), hyperlipidemia and elevated blood
concentration of liver transaminases and creatinine
kinase.

Anderson Disease

Glycogen storage disease type 4 (GSD 4), also called
Anderson disease, is an autosomal recessive trait
lysosomal glycogen storage disorder. It is caused by
a mutation in GBE1 gene, which encodes glycogen
branching enzyme resulting in accumulation of
abnormal glycogen in the liver, muscle, and/or
other tissues. Normal glycogen branching enzyme is
involved in glycogen breakdown in skeletal muscle
and liver. Synonyms of GSD 4 are Anderson disease
or glycogenosis, amylopectinosis, branching enzyme
deficiency and glycogenosis type 4.
= Clinical features: Infant presents with failure to
thrive, stunted growth and hepatomegaly and
cirrhosis progressing to portal hypertension and
hepatocellular failure. Death occurs from heart or
hepatocellular failure before attaining 5 years of age.
e In addition, several neuromuscular variants of
Anderson disease have been described that may
be evident at birth, in late childhood or adulthood.
* Patient develops isolated muscle involvement with
skeletal myopathy and/or dilated cardiomyopathy
leading to muscle weakness, fatigue, exercise
intolerance, shortness of breath with exertion,
edema and cardiac arrhythmias.
e Neuromuscular variant of GSD 4 in adults, known
as polyglucosan body disease, is characterized by
dysfunction of the central nervous system (brain
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and spinal cord) and peripheral nervous system
(motor, sensory and autonomic nervous system).
= Laboratory diagnosis: Diagnosis of GSD 4 is estab-
lished by clinical evaluation, history and physical
examination. Biopsy obtained from liver, skeletal
muscle, heart, skin or peripheral nerve is examined
under light microscope, which demonstrates
abnormal deposition of amylopectin-like material.
Patients are diagnosed by liver biopsy and DNA
testing. Patients are treated by liver transplantation.

McArdle Disease

Glycogen storage disease type 5 (GSD 5), also called
McArdle disease, is the most common metabolic auto-
somal recessive lysosomal glycogen storage disorder
of skeletal muscle carbohydrate metabolism and one
of the most frequent genetic myopathies. It is caused
by mutations in PYGM gene located on chromosome
11q13 that codes for the phosphorylase enzyme.
Normal phosphorylase enzyme causes degradation
of glycogen in skeletal muscle for energy. Deficiency
of phosphorylase results in accumulation of glycogen
in skeletal muscle. Synonyms of GSD 5 are McArdle
disease, glycogenosis type 5, myophosphorylase
deficiency or muscle glycogen phosphorylase defi-
ciency.

Clinical features: McArdle disease manifests during
second or third decade of life. Patient presents
with skeletal muscle cramps, muscle stiffness and
muscle weakness after strenuous exercise, hypo-
glycemic seizures or cardiomegaly; increased blood
concentration of creatine kinase, myoglobinuria
(dark burgundy-colored urine due to presence of
myoglobin, a protein found in heart and skeletal
muscles), exaggerated increase in ammonia and
diminished activity of muscle phosphorylase.
Laboratory diagnosis: Patient is diagnosed by
skeletal muscle enzyme assay and DNA testing.
Patient is advised to take sucrose prior to strenuous
activity.

Hers Disease

Glycogen storage disease type 6 (GSD 6), also known as
Hers disease, is a genetic disorder caused by PYG 1 gene
mutation and deficiency of the hepatic phosphorylase
enzyme resulting in excessive accumulation of glycogen
in the liver. Normally, hepatic phosphorylase enzyme
is essential to break down glycogen stored in the liver
and skeletal muscle and used for energy.
= Clinical features: Infant or child presents with failure
to thrive, hypotonia, hepatomegaly, ketotic hypo-
glycemia, elevated hepatic transaminases, hyper-
lipidemia and low prealbumin level. Most common
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complications include short stature, delayed puberty,
osteopenia and osteoporosis. Liver fibrosis commonly
develops in GSD 6, but cirrhosis and hypertrophic
cardiomyopathy rarely develop. Clinical and bio-
chemical alterations may decline with age, but ketosis
and hypoglycemia can continue to occur.
Laboratory diagnosis: Diagnosis of Hers disease
is established by clinical evaluation, history and
physical examination; and molecular testing of PYG1
gene mutation.

Tarui Disease

Glycogen storage disease type 7 (GSD 7), also known
as Tarui disease, is an autosomal recessive lysosomal
glycogen storage disorder. It is more often in individuals
of Japanese and Ashkenazi Jewish descent equally
affecting males and females. It is caused by mutations
in the muscle phosphofructokinase gene coding for
phosphofructokinase enzyme resulting in deficiency
of phosphofructokinase enzyme in skeletal muscle
and erythrocytes phosphofructokinase, which leads
to reduced amount of energy available to skeletal
muscles during exercise.

= Clinical features: Tarui disease usually begins in
childhood. Patient presents with weakness, pain,
stiffness of skeletal muscles during exercise; some-
times associated with nausea, vomiting and dark-
burgundy colored urine due to the presence of
myoglobin (myoglobinuria). Tarui disease canrarely
affect infants and adults.

Laboratory diagnosis: Tarui disease is diagnosed
by a skeletal muscle biopsy for the measurement
of phosphofructokinase enzyme level or analysis
of phosphofructokinase enzyme in red blood cells.
Molecular genetic testing is done to analyse mutation
in phosphofructokinase gene encoding phospho-
fructokinase enzyme in Japanese and Ashkenazi
Jewish descent. The patients should be advised to
avoid strenuous exercise for prevention of skeletal
muscle pain and cramps. Consumption of carbohy-
drates should be avoided. Genetic counseling is
recommended for affected individuals and their
families.

Glycogen Storage Disease due to Hepatic
Phosphorylase Kinase Deficiency

Glycogen storage disease type 8 (GSD 8) is an X-linked
recessive hepatic glycogen storage disorder resulting
from lack of expression of phosphorylase-p-kinase
activity. This is a regulatory enzyme in the activation
cascade of glycogenolysis. GSD 8 is mildest form of
glycogenoses and characterized by hepatomegaly,
increased glycogen in liver, growth retardation and
decreased leukocyte phosphorylase, elevation of
glutamate-pyruvate transaminase and glutamate-
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oxaloacetate transaminase, hypercholesterolemia and
hyperglyceridemia. Liver shrinkage occurs in response
to glucagon.

Glycogen Storage Disease Type 9

Glycogen storage disease type 9 (GSD 9) is an autosomal
recessive lysosomal glycogen storage disorder caused
by the inability to breakdown glycogen by phosphory-
lase enzyme in the liver. The signs and symptoms such
as hepatomegaly and slow growth begin in the early
childhood.

Clinical features: Affected children may have
delayed development of milestones (sitting, standing,
walking) and mild skeletal muscle weakness.
Adolescents may have delayed puberty and liver
fibrosis, that can rarely progress to cirrhosis. During
prolonged periods of fasting, patient develops
hypoglycemia or elevated levels of ketone bodies in
the blood (ketosis). Ketones are molecules produced
during lipolysis, which occurs when stored sugars are
not available. GSD 9 can affect skeletal muscle tissue
in children and adults. Patient experiences fatigue,
skeletal muscle weakness, skeletal muscle pain, and
cramps during strenuous exercise.

Laboratory diagnosis: GSD 9 can cause breakdown of
skeletal muscle resulting in release of myoglobin and
its excretion in the urine. Myoglobinuria can cause
the urine to be red or brown. In a small number of
patients with GSD 9 both liver and skeletal muscles
are affected, however skeletal muscle problems are
usually mild.

Glycogen Storage Disease Type 10

Glycogen storage disease type 10 (GSD 10) is an auto-
somal recessive lysosomal glycogen storage disorder of
glycogen metabolism caused by mutation in PGAM2
gene encoding skeletal muscle phosphoglycerate
mutase enzyme. GSD 10 primarily affects skeletal
muscles. Patient presents with muscle cramps following
strenuous physical activity, recurrent episodes of
myoglobinuria as a result of breakdown of skeletal
muscle. Untreated cases of myoglobinuria can result
in renal failure. In some cases of GSD 10, microscopic
tube-shaped structures called tubular aggregates are
demonstrated in skeletal muscle fibers. It is not clear
how tubular aggregates are associated with the signs
and symptoms of the disorder.

PROTEIN ACCUMULATION

Excessive intracellular accumulation of proteins occurs
in the settings of protein droplets in proximal tubules
in renal disease, Russell bodies in plasma cells, o, -anti-
trypsin deficiency, accumulation of cytoskeletal proteins
and misfolded proteins in amyloidosis.
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INCREASED PROTEIN DROPLETS REABSORPTION IN as alcoholic liver disease, primary biliary cirrhosis,

THE PROXIMAL RENAL TUBULE IN RENAL DISEASE ~ extrahepatic bile duct obstruction, o,-antitrypsin
WITH PROTEINURIA
Excessive intracellular accumulation of protein droplets

in proximal tubules occurs in renal disease with heavy
protein leakage across glomerular filter in renal disease.

Protein droplets in proximal tubules appear as
rounded eosinophilic droplets, vacuoles or aggre-
gates. This change is reversible, if proteinuria
diminishes.

Proteins filtered through glomerular filter are
reabsorbed in the proximal tubules via processes that
involve at the apical pole of the cells, internalization
by receptor-mediated endocytosis involving high
molecular proteins (megalin and cubulin) and sub-
sequent lysosomal degradation into constituent
amino acids and smaller peptides.

INCREASED PROTEIN PRODUCTION BY PLASMA
CELLS FORMING RUSSELL BODIES

Russell bodies are eosinophilic, large, homogenous
immunoglobulin-containing hyaline inclusions in
the plasma cell undergoing excessive synthesis of a
mutant immunoglobulin, which can neither exit nor
be degraded in the endoplasmic reticulum.

Russell bodies lie in distended of rough endoplasmic
reticulum, which may be observed in reactive
plasmacytosis (e.g. chronic infections) and plasma
cell neoplasms on bone marrow aspirates.

Dilated cisternae of the endoplasmic reticulum
resembling Russell bodies are induced in light chain
producing myeloma cell lines by transfection of
u heavy chain gene lacking the first constant domain.
Plasma cells containing Russell bodies are sometimes
referred to a Mott cells.

ACCUMULATION OF CYTOSKELETON PROTEINS

Cytoskeleton of a cell represents network of protein
filaments in the cytosol that maintains cell shape, cell
movement, cell division, intracellular organization and
intracellular transport of organelles and molecules.
There are three main components of the cytoskeleton:
microtubules, microfilaments and intermediate
filaments, along with other proteins that support these
components. All three components of cytoskeleton
interact with each other noncovalently.

Mallory Hyaline (Mallory-Denk Body)

In histopathology, Mallory hyaline also known as
Mallory-Denk body or Mallory body, is an irregular
eosinophilic intracytoplasmic inclusion, that represents
damaged intermediate filaments (cytokeratins 8 and
18) within hepatocytes in various liver disorders such
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deficiency, Wilson disease, amiodarone drug-induced
liver injury, Indian childhood cirrhosis and nonalcoholic
steatohepatitis. Liver disorders associated with Mallory-
Denk bodies are given in Table 1.43.

a.,-ANTITRYPSIN PROTEIN ACCUMULATION

The a -antitrypsin is an acute phase plasma protein

encoded on the proteinase inhibitor locus (Pi) on

chromosome 14.

= Normal amount of o -antitrypsin protein is synthe-
sized in the liver in normal genotype persons (PiMM
phenotype), which inhibits neutrophil elastase. It is
most abundant circulating serine protease inhibitor
(elastase) secreted by neutrophils during inflam-
mation, which digests the lung parenchyma in
tobacco smokers and accelerates the appearance of
emphysema symptoms.

= o -Antitrypsin deficiency is the most common genetic
disorder of liver affecting infants and children. In
liver, mutant Z gene in homozygous PiZZ genotype
synthesizes mutant Z protein, which folds abnor-
mally and accumulates in endoplasmic reticulum as
hyaline globules demonstrated with periodic acid-
Schiff (PAS) stain resulting in defective intracellular
transport and secretion of proteins in the hepatocytes.
Mutated Z protein causes lung disease (emphysema),
hepatocellular injury, cirrhosis and hepatocellular
carcinoma.

20tk Liver disorders associated with Mallory-Denk
bhodies

Category Disorder

Excessive alcohol consump- | Alcoholic liver disease
tion
Biliary tract disease = Biliary atresia

= Extrahepatic bile duct obstruction
= Primary biliary cirrhosis

= Primary sclerosing cholangitis

= o,-antitrypsin deficiency

= Abetalipoproteinemia
| |
|

Inherited disorders

Glycogen storage disease 1a.
Wilson disease

Drug-induced disorders = Ethanol
= Amiodarone

Cirrhosis of unknown etio- | = Indian childhood cirrhosis

logy = Nonalcoholic steatohepatitis
Hepatocellular tumors = Hepatic adenoma

= Hepatocellular carcinoma
Other cause Focal nodular hyperplasia
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= Patients with o, -antitrypsin deficiency usually deve-
lops the first signs and symptoms of lung disease
(emphysema) between 20 and 50 years of age.
Treatment of emphysema includes intravenous admi-
nistration of prolastin, which replaces o, -proteinase
inhibitor to prevent further lung damage.
Evaluation for genetic defect involves quantitation
of serum o -antitrypsin protein and characterization
of genetic polymorphism.

PIGMENT ACCUMULATION

Pigments are colored substances which absorb visible
light. Pigments are either present in normal cells
or introduced from exogenous source. Examples of
endogenous pigments synthesized within the body
are melanin, bilirubin, hemosiderin, lipofuscin, homo-
gentisic acid. Exogenous pigments introduced from
exogenous source include carbon (anthracotic) pigment,
tattooing, B-carotene and arsenic. Type of endogenous
and exogenous pigments are shown in Table 1.44.

ENDOGENOUS PIGMENTS

Endogenous pigments include melanin, bilirubin,
hemosiderin, hematin, lipofuscin, homogentisic acid
and Hamazaki-Weissenberg bodies.

Lipofuscin Pigment

The term ‘lipofuscin” is derived from the Latin (fuscus

means brown), thus brown lipid. It is an insoluble

pigment, also known as lipochrome or wear-and-tear

or aging pigment.

= Lipofuscin is composed of polymers of lipids and
phospholipids complexed with proteins, which

120t EE Type of endogenous and exogenous pigments

Endogenous Pigments
Lipofuscin (aging pigment)
Melanin (melanocytes)

Bilirubin (in the settings of hemolytic anemia, cirrhosis, cholestasis)
Hemosiderin (ferritin aggregates)
Hematin

Homogentisic acid
Hamazaki-Wesenberg bodies
Exogenous Pigments

Carbon (anthracotic) pigment
Tattooing

B-Carotene

Arsenic
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pigment accumulates in liver, heart muscle, adrenal
gland and ganglion cells, producing brown atrophy.
Lipofuscin is derived from continuing lipid peroxi-
dation of lipids present in cellular membranes as
a result of inadequate defenses against activated
oxygen-derived free radicals. Lipid peroxides are
unstable and breaking down into smaller molecules.
Lipofuscin does not injure cells or impair their
functions.

Pathology Pearls: Lipofuscin Pigment

Light Microscopy

Lipofuscin appears as a yellow brown finely granular pigment
in cytoplasm often in perinuclear region in liver, heart muscle,
adrenal glands and ganglion cells especially of aging persons or
patients with cancer cachexia or severe malnutrition. Histology
of myocardium laden with lipofuscin is shown in Fig.1.39.

Histochemistry

Lipofuscin is acid-fast and demonstrated by Sudan black and
basic fuscin stains.

Electron Microscopy

Lipofuscin pigment deposition appears as electron dense
granules located in a perinuclear region of organs.

Melanin Pigment

Melanin is formed in melanocyte or its precursor deri-
ved from neural crest. Melanin biosynthesis begins
with the amino acid tyrosine enzyme present in
the epidermis, that oxidizes tyrosine to form DOPA
(3,4-dihydroxyphenylalanine) in the rate-limiting step
of melanin biosynthesis.

"

Fig. 1.39: Histology of myocardium laden with lipofuscin. Lipofuscin is
fine yellow-brown-golden pigment granules composed of lipid containing
residues of lysosomal digestion. It is considered to be one of the aging or
‘wear-and-tear’ pigments, found in the liver, heart, kidney, retina, adrenal
glands, nerve cells and ganglion cells (arrows) (400X).
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= Melanin is transferred to adjacent clusters of
keratinocytes in the epidermis and macrophages
(melanophores) in the dermis.

= Melanin combines with proteins to form melano-
protein. Melanin pigment is responsible for producing
color in the body in areas such as skin, hair and eyes.

Hyperpigmentation Disorders

Hyperpigmentation refers to darkening of skin caused
by increased melanin, which may be diffuse or focal,
affecting face and back of the hands. Ultraviolet
rays increase melanin production resulting in
hyperpigmentation. Hyperpigmentation is associated
with various diseases such as Addison disease, Cushing
syndrome. Acanthosis nigricans (hyperpigmentation
of intertriginous region associated with insulin
resistance), melasma on face during pregnancy, linea
nigra on the abdominal region during pregnancy, acne
scarring, Peutz-Jeghers syndrome (GIT polyps and
hyperpigmented macules on lips), Cronkhite-Canada
syndrome and Nelson syndrome (hyperpigmentation,
headache, vision impairment and cessation of menstrual
cycle in patient with bilateral removal of adrenal
glands). Hyperpigmentation associated disorders are
given in Table 1.45.

Hypopigmentation Disorders

Hypopigmentation refers to patches of skin that are
lighter than the baseline skin color, which occurs due
to depletion of melanocyte or melanin, or decrease in
the amino acid tyrosine, which is used by melanocytes
to manufacture melanin. Genetic disorders caused by
mutation in tyrosine gene or OCA2 gene are associated
with hypopigmentation. Hypopigmentation is observed
in albinism and vitiligo.

(2111590050 Hyperpigmentation associated disorders \

Addison disease (usually associated with elevated melanocyte
stimulating hormone)

Cushing syndrome

Acanthosis nigricans (hyperpigmentation of intertriginous region
associated with insulin resistance)

Melasma on face during pregnancy
Linea nigra on the abdominal region during pregnancy
Acne scarring

Peutz-Jeghers syndrome (autosomal dominant disorder with GIT
polyps and hyperpigmented macules on lips)

Cronkhite-Canada syndrome

Nelson syndrome (hyperpigmentation, headache, vision impairment
and cessation of menstrual cycle in patient with bilateral removal
of adrenal glands)
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= Albinism: Albinismis a genetic disorder characterized
by the complete or partial absence of melanin pro-
duction by melanocytes in the epidermis; and asso-
ciated with vision defects such as photophobia,
nystagmus and amblyopia. Oculocutaneous albinism
(OC1) results from genetic defect in tyrosinase
enzyme.

= Vitiligo: Vitiligo is an autoimmune disorder in
which cause is an attack by CD8+ cytotoxic T cells
on melanocytes in the dermis. Oxidative stress
causes cellular disruption including interruption of
protein maturation in the endoplasmic reticulum
(ER) resulting in the activation of unfolded protein
response (UPR) and expression of UPR-regulated
chemokines such as interleukin 6 (IL-6) and inter-
leukin 8 (IL-8), which recruit CD8+ cytotoxic
T cells, which attack melanocytes in the epidermis.
Patient presents with loss of skin color in the form of
depigmented, or white patches of skin in any location
of the body, that can be focal or multiple in several
different areas.

Bilirubin Pigment

Bilirubin is the normal pigment present in bile derived
from hemoglobin but contains no iron. RBCs are
normally destroyed by reticuloendothelial system
(spleen and bone marrow) and liberate hemoglobin,
which dissociates to form heme moiety porphyrin and
iron and globin.
= Bilirubin derived from porphyrin is an unconjugated
(lipid soluble) form, which is conjugated into water-
soluble form in the liver by glucuronyl transferase
enzyme and excreted into bile. Its normal synthesis
and excretion are vital to health.
= Jaundice (yellow discoloration) is a clinical disorder
caused by excess of this pigment in the body, which
gets deposited in sclerae, mucosae, and internal
organs.
= Bilirubin level is increased due to hemolytic
anemia (spherocytosis), liver etiology (uptake and
conjugation defect of unconjugated bilirubin) and
posthepatic obstruction.
e Hemolytic jaundice is associated with the
destruction of red blood cells in hemolytic anemia.
In hemolytic disease of newborns, an increase
in unbound conjugated bilirubin may result in
‘kernicterus” when it enters the central nervous
system and dissolves in brain tissue.
 Conjugated bilirubin is primarily increased in viral
hepatitis (hepatocellular injury) and obstructive
jaundice (intrahepatic or extrahepatic obstruction
of the biliary tract). Bilirubin may accumulate in
hepatocytes.
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organ dysfunction. Excessive iron deposition occurs in
primary or secondary hemochromatosis.
= Primary hemochromatosis: It is autosomal dominant

Hemosiderin Pigment

Hemosiderin pigment is a hemoglobin-derived golden
brown granular or crystalline pigment, also known

as iron pigment. Hemosiderin consists of partially
degraded apoprotein, lipid and iron. Iron is stored
mostly in the liver, as ferritin and hemosiderin.

Hemosiderin is a partially denatured form of
ferritin present in the form of aggregates in tissues.
Apoferritin takes up excess of iron and oxidizes
ferrous to ferric form and surrounded by apoprotein
known as ferritin. Then ferritin is broken down to
hemosiderin.

Ferritin level in the blood is an index of body iron
stores, which is an acute phase reactant protein
elevated in inflammatory diseases.

Hemosiderin is another iron storage protein, which
can hold about 35% of iron by weight. Hemosiderin
accumulates when iron levels are increased.
Normally, hemosiderin and ferritin exist in small
amounts within tissue macrophages of the iron
storage sites such as bone marrow, liver, and spleen,
all actively engaged in red cell breakdown.
Hemosiderin differs from ferritin: (a) unlike ferritin,
hemosiderin is visible, water insoluble crystalline
protein—iron complex, (b) hemosiderin has higher
iron/protein ratio than ferritin, (c) hemosiderin is
more stable and less available form of storage iron
than ferritin, (d) unlike ferritin, iron in the hemo-
siderin goes back to metabolic pool of the body
in a slow fashion, and (e) iron in hemosiderin is
chemically reactive and turns blue-black when
exposed to potassium ferrocyanide, which forms the
basis for the Perls Prussian blue stain.

Hemosiderosis

Hemosiderosis refers to intracellular storage of hemo-
siderin located in the fixed macrophages of the bone
marrow without associated tissue or organ damage.
In congestive heart failure, small hemorrhages occur
in the lungs.

Red blood cells are phagocytosed by alveolar macro-
phages laden with hemosiderin are known as ‘heart
failure cells.

Pulmonary hemosiderosis along with fibrosis is
known as brown induration of lung. Examples of
localized hemosiderosis include organized hema-

inborn disorder of iron metabolism resulting in
dysregulation of iron metabolism. It most often
occurs due to mutation of HFE gene on chromo-
some 6. Other gene mutations include C282Y,
followed by the H63D. Mutations in HFE, C282Y
and H63D genes increase iron absorption in the
small intestine, excess iron is stored mostly in
the form of hemosiderin, primarily in the liver,
pancreas, myocardium, and multiple endocrine
glands. Perls Prussian blue staining marks the
intraparenchymal deposition of hemosiderin.
Primary hemochromatosis results in ‘bronze diabetes’
characterized by micronodular cirrhosis, diabetes
mellitus, and skin pigmentation (melanin).
Secondary hemochromatosis: It is most often
caused by multiple blood transfusions especially in
B-thalassemia major. Iron is deposited in parenchyma
of various organs.

Pathology Pearls: Hemosiderin Pigment

Hemosiderin differs from ferritin: (a) unlike ferritin, hemosiderin
is visible, water insoluble crystalline protein—iron complex,
(b) hemosiderin has higher iron/protein ratio than ferritin,
(c) hemosiderin is more stable and less available form of storage
iron than ferritin, (d) unlike ferritin, iron in the hemosiderin
goes back to metabolic pool of the body in a slow fashion, and
(e) iron in hemosiderin is chemically reactive and turns blue-
black when exposed to potassium ferrocyanide, which forms
the basis for Perls Prussian blue stain.

Light Microscopy

Hemosiderin appears as globular and golden-brown granules.
This pigment becomes refractile, when condenser of the
microscope is lowered down. Histology of hepatic hemosiderin
deposition is shown in Fig. 1.40.

Histochemical Stain

Perls Prussian blue stain is also known as iron stain. Perls
Prussian blue stain turns hemosiderin to blue by Prussian blue
reaction. Histology of hepatic hemosiderin pigment demon-
strated by Perls Prussian blue stain is shown in Fig. 1.41.
Distribution of iron in adults is given in Table 1.46. Difference
between hemosiderin and ferritin is given in Table 1.47.
Hemosiderin is absent in bone marrow macrophages in iron
deficiency. It accumulates pathologically in tissues in excess
amounts.

toma, hemorrhagic infarcts and bone fractures. N
Hematin Pigment

Hemochromatosis

Hemochromatosis refers to excessive accumulation
of hemosiderin primarily within parenchymal cells
with accompanying tissue damage, scarring, and

Hematin, also known as ferriheme, is a dark bluish
or brownish, Perls Prussian blue negative pigment,
containing iron in the ferric state, obtained by oxidation
of heme.

106



Cellular Pathology and Biology of Aging

Fig. 1.40: Histology of hepatic hemosiderin deposition. Hemosiderin is a
golden-brown iron-containing pigment derived from ferritin, the initial iron
storage protein, that tends to be more clumped than melanin. Distinction
can be difficult and at times, requiring special iron and melanin pigments.
Hemosiderin granules in liver are seen as golden brown finely granular
pigment (arrows). In Perls Prussian blue reaction, the tissue section is
treated with dilute hydrochloric acid to release ferric ions from binding
proteins. These ions will react with potassium ferrocyanide to produce
an insoluble blue compound.

= Hematin is derived from the breakdown of hemo-
globin by macrophages in the spleen and bone
marrow that have phagocytosed red blood cells
(RBCs) in the setting of malaria, methemoglobinemia
and schistosomiasis.

= Hematin crystallization is the main mechanism of
detoxification of heme that is released in malaria-
infected red blood cells as a byproduct of the hemo-
globin catabolism by the malarial parasite.

= Functions of hematin include: (a) it inhibits the
synthesis of porphyrin, (b) it stimulates the synthesis

: N ki B ¥

Fig. 1.41: Histology of hepatic hemosiderin pigment demonstrated by
Perls Prussian blue stain. The hepatocytes and Kupffer cells are full of
granular brown deposits of hemosiderin from accumulation of excess
ion in the liver. Hemosiderin granules in liver are demonstrated by Perls
Prussian blue stain specific for iron-containing, golden-brown, granular
pigment derived from ferritin (arrows). In Perls Prussian blue reaction, the
tissue section is treated with dilute hydrochloric acid to release ferric ions
from binding proteins. These ions will react with potassium ferrocyanide
to produce an insoluble blue compound.

of globin, (c) it is a component of cytochromes and
peroxidases, and (d) it is also used as a reagent.

Homogentisic Acid Pigment

Homogentisic acid is a black pigment that occurs

in patients with alkaptonuria, a rare inborn error of

metabolism disorder due to homogentisic oxidase

deficiency.

= The term alkaptonuria refers to urinary excretion
of metabolized homogentisic acid imparting a dark
color to urine on standing.

(192 Distribution of iron in adult male and female

Distribution of Iron Form

Adult Male

Distribution of Iron in

Distribution of Iron in Percentage of Total

Functional iron

Storage/available tissue iron

Ferritin and hemosiderin (storage iron in bone marrow,
liver and spleen)

Plasma iron

Transferrin-bound iron in plasma

Hemoglobin (functional iron) 2.4 gm
Heme enzymes for cellular respiration: functional iron 0.02 gm
(e.g. cytochromes, catalase, peroxidase, flavoproteins)

Myoglobin (functional iron) 0.15gm

1.0 gm (0.3-1.5 gm)

‘ 0.004 gm

Adult Female Body Iron

1.7 gm 65%

0.015gm 0.5%

0.12 gm 3.5%

0.3 gm (0-1.0 gm) 30%
0003 0.1%

Total boady iron (3.0-5.0 gm)
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ey Differences between hemosiderin and ferritin

Parameters

Solubility in water

Visibility

Iron/protein ratio

Stability

Storage sites

Availability form of iron

Iron going back to metabolic pool
Prussian blue stain

Hemosiderin

Water insoluble crystalline protein—iron complex
Visible in tissues

High

More stable

Bone marrow, liver and spleen

Less available form of storage iron

Slow fashion

Positive

Ferritin

Water soluble

Invisible in tissues

Low

Less stable

Bone marrow, liver and spleen
More available form of storage iron
Rapid fashion

Negative

= The term ochronosis refers to deposition of this
pigment prominently in cartilage and connective
tissue and other structures (eyes, larynx and bronchi,
heart and vessels, prostate, and sweat glands).

= Most symptoms result from joint involvement, which
can lead to disabling arthritis as patient ages.

Hamazaki-Wesenberg Bodies

Hamazaki-Wesenberg bodies appear as small, yellow-
brown spindle-shaped periodic acid-Schiff (PAS)
positive structures in the sinuses of lymph nodes either
lying free or as cytoplasmic inclusions deep abdominal
mesenteric lymph nodes (most common), superficial
lymph nodes and mediastinal lymph nodes. Their
significance is not known.

EXOGENOUS PIGMENTS

Exogenous pigments are formed outside the body but

found within tissues. Exogenous pigments enter the

body in a variety of ways. Examples of exogenous

pigments include carbon, asbestos fibers, tattoo ink

pigment and metals.

= Copper is the most commonly observed exogenous
pigment found in the liver tissue in Wilson’s disease.
Hematoxylin and eosin-stained tissue section
usually does not reveal the presence of copper in
liver tissues.

= Two most widely used methods for staining copper
are the rhodanine and rubeanic acid stains, both of
which require overnight incubation.

= Shikata stains (orcein and Victoria blue) which
stain copper binding protein also require overnight
incubation.

Coal Pigment

Coal dust is a fine powdered form of coal, which
is created by crushing, grinding or pulverizing of
coal. Burning of pulverized coal (powdered coal) in
pulverized coal-fired boiler is used to generate thermal
energy.
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= Because of the brittle nature of coal, coal dust is crea-
ted during mining, transportation or mechanically
handling coal. Coal dust is hazardous to coal
workers if it is suspended in air outside controlled
environment of crushing grinding and combustion
equipment.

= Coal dust (anthracotic pigment) is deposited in the
alveolar macrophages, peribronchial lymphatics and
hilar lymph nodes. The black streaks seen between
lobules of lung beneath the pleural surface are due
to accumulation of anthracotic pigment.

= Coal workers” pneumoconiosis, also known as ‘black
lung disease’, is caused by prolonged exposure to coal
dust. It develops after the initial mild form of disease
known as anthracosis.

e Prolonged exposure to coal mine dust can cause
simple coal workers” pneumoconiosis and compli-
cated coal workers” pneumoconiosis (pulmo-
nary massive fibrosis), chronic bronchitis and
emphysema.

 Coal dust stimulates macrophages to release various
products including cytokines, oxygen-derived free
radicals and fibroblast growth factors, which are
important in the inflammation and complicated
coal workers” pneumoconiosis (pulmonary massive
fibrosis).

Tattoo ink Pigment

Tattooing is a form of localized exogenous pigment
inoculated into the skin. Tattoo ink pigment is phago-
cytosed by dermal macrophages. It resides in dermal
macrophages forever. Inoculated exogenous pigment,
as such does not evoke inflammatory response. Most
common skin reactions to tattoo ink pigment include a
transient acute inflammatory reaction of skin as a result
of trauma induced by needles, superficial and deep
infections, allergic contact dermatitis, photodermatitis,
granulomatous and lichenoid reactions.
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EXTRACELLULAR ACCUMULATION OF SUBSTANCES

The term ‘hyaline” usually refers to an alteration within
cells or in the extracellular space, which exhibits a
homogenous, glassy, eosinophilic appearance in routine
paraffin-embedded histologic sections stained with
hematoxylin and eosin. It is widely used as descriptive
histologic term rather than a specific marker for cell
injury. It is almost always associated with accumulation
of a protein in the tissue. Extracellular hyaline can be
demonstrated in hyaline arteriosclerosis, uterine leio-
myoma, hyaline membrane in the newborn, hyalini-
zation of glomeruli in chronic glomerulonephritis and
corpora amylacea in prostate gland. Intracellular and
extracellular hyaline change in various disorders is
given in Table 1.48.
= Intracellular hyaline change is demonstrated as
Russell bodies in plasma cells, reabsorption plasma
protein droplets in proximal tubules, tumoral hyaline
globules and Mallory hyaline (Mallory-Denk body)
in liver disorders.
= Extracellular hyaline change is somewhat more
difficult to analyze. Collagenous fibrous tissue in
old healed scars may appear hyalinized, but the
physiochemical mechanism underlying hyaline
change is not clear. In long-standing hyper-
tension and diabetes mellitus, the walls of the
arterioles, especially in the kidney, become hyalinized,
owing to extravasated plasma protein and deposi-
tion of basement membrane material. Hyaline
change in the renal arterioles is termed hyaline
arteriolosclerosis.

Intracellular and extracellular hyaline change in
various disorders

Table 1.48

Intracellular Hyaline Change

Mallory hyaline

Russell bodies (e.g. multiple myeloma)

Zenker’s hyaline change in rectus abdominis and diaphragm
Crooke’s hyaline change in ACTH producing cells
Extracellular Hyaline Change

Hyaline arteriosclerosis

Hyaline change in uterine leiomyoma

Hyaline membrane in the newborn

Hyalinization of glomeruli in chronic glomerulonephritis

Corpora amylacea in prostate
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INTRACELLULAR AND EXTRACELLULAR AGGREGATION OF MISFOLDED PROTEINS
HYALINE CHANGE (AMYLOIDOSIS)

Amyloidosis is fundamentally a disorder of protein
misfolding. More than 20 different proteins result in
aggregation to form extracellular insoluble fibrils having
an antiparallel, B-pleated sheet tertiary structure in
organs such as kidney, spleen and liver, resulting in
Congored staining and ‘apple green birefringence” under
polarized light microscope. Amyloid material appears
as beaded fibrillar appearance on electron microscopy.
= Amyloid is composed of fibrillar proteins, and non-
fibrillary glycoproteins [amyloid P component also
called serum amyloid P (SAP) glycosaminoglycans
and apolipoprotein E]. Serum amyloid P component
may contribute to stability of amyloid deposits.
Radioactive iodine labeled SAP is used to assess
amyloid deposition in nuclear medicine studies.
Irr