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Preface

Pathology is the scientific study of the nature of dis-
ease and its causes, processes, development, and con-
sequences. The field of pathology emerged from the
application of the scientific method to the study of
human disease. Thus, pathology as a discipline repre-
sents the complimentary intersection of medicine
and basic science. Early pathologists were typically
practicing physicians who described the various dis-
eases that they treated and made observations related
to factors that contributed to the development of these
diseases. The description of disease evolved over time
from gross observation to microscopic inspection of
diseased tissues based upon the light microscope,
and more recently to the ultrastructural analysis of dis-
ease with the advent of the electron microscope. As
hospital-based and community-based registries of dis-
ease emerged, the ability of investigators to identify
factors that cause disease and assign risk to specific
types of exposures expanded to increase our knowl-
edge of the epidemiology of disease. While descriptive
pathology can be dated to the earliest written histories
of medicine and the modern practice of diagnostic
pathology dates back perhaps 200 years, the elucida-
tion of mechanisms of disease and linkage of disease
pathogenesis to specific causative factors emerged
more recently from studies in experimental pathology.
The field of experimental pathology embodies the con-
ceptual foundation of early pathology — the application
of the scientific method to the study of disease — and
applies modern investigational tools of cell and molecu-
lar biology to advanced animal model systems and stud-
ies of human subjects. Whereas the molecular era of
biological science began over 50 years ago, recent
advances in our knowledge of molecular mechanisms
of disease have propelled the field of molecular pathol-
ogy. These advances were facilitated by significant
improvements and new developments associated with
the techniques and methodologies available to pose
questions related to the molecular biology of normal
and diseased states affecting cells, tissues, and organ-
isms. Today, molecular pathology encompasses the
investigation of the molecular mechanisms of disease
and interfaces with translational medicine where new
basic science discoveries form the basis for the develop-
ment of new strategies for disease prevention, new
therapeutic approaches and targeted therapies for the
treatment of disease, and new diagnostic tools for
disease diagnosis and prognostication.

With the remarkable pace of scientific discovery in
the field of molecular pathology, basic scientists, clini-
cal scientists, and physicians have a need for a source

of information on the current state-of-the-art of our
understanding of the molecular basis of human dis-
ease. More importantly, the complete and effective
training of today’s graduate students, medical stu-
dents, postdoctoral fellows, medical residents, allied
health students, and others, for careers related to the
investigation and treatment of human disease requires
textbooks that have been designed to reflect our cur-
rent knowledge of the molecular mechanisms of dis-
ease pathogenesis, as well as emerging concepts
related to translational medicine. Most pathology text-
books provide information related to diseases and dis-
ease processes from the perspective of description
(what does it look like and what are its characteristics),
risk factors, disease-causing agents, and to some
extent, cellular mechanisms. However, most of these
textbooks lack in-depth coverage of the molecular
mechanisms of disease. The reason for this is primarily
historical — most major forms of disease have been
known for a long time, but the molecular basis of these
diseases are not always known or have been elucidated
only very recently. However, with rapid progress over
time and improved understanding of the molecular
basis of human disease the need emerged for new text-
books on the topic of molecular pathology, where
molecular mechanisms represent the focus.

In this volume on Essential Concepts in Molecular
Pathology we have assembled a group of experts to
discuss the molecular basis and mechanisms of major
human diseases and disease processes, presented in
the context of traditional pathology, with implications
for translational molecular medicine. Essential Concepts
in Molecular Pathology is an abbreviated version of
Molecular Pathology: The Molecular Basis of Human
Disease, that contains several distinct features. Each
chapter focuses on essential concepts related to a spe-
cific disease or disease process, rather than providing
comprehensive coverage of the topic. Each chapter
contains key concepts, which capture the essence of the
topic covered. In place of long lists of references to
the primary literature, each chapter provides a list of
suggested readings, which include pertinent reviews
and/or primary literature references that are deemed
to be most important to the reader. This volume is
intended to serve as a multi-use textbook that would
be appropriate as a classroom teaching tool for medical
students, biomedical graduate students, allied health
students, advanced undergraduate students, and others.
We anticipate that this book will be most useful for
teaching students in courses where the full textbook is
not needed, but the concepts included are integral
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to the course of study. This book might also be useful
for students that are enrolled in courses that utilize a
traditional pathology textbook as the primary text, but
need the complementary concepts related to molecular
pathogenesis of disease. Further, this textbook will be
valuable for pathology residents and other postdoctoral
fellows that desire to advance their understanding
of molecular mechanisms of disease beyond what they
learned in medical/graduate school, and as a reference
book and self-teaching guide for practicing basic
scientists and physician scientists that need to under-
stand the molecular concepts, but do not require
comprehensive coverage or complete detail. To be sure,
our understanding of the many causes and molecular
mechanisms that govern the development of human
diseases is far from complete. Nevertheless, the amount

of information related to these molecular mechanisms
has increased tremendously in recent years and areas
of thematic and conceptual consensus have emerged.
We hope that Essential Concepts in Molecular Pathology will
accomplish its purpose of providing students and
researchers with a broad coverage of the essential con-
cepts related to the molecular basis of major human dis-
eases in the context of traditional pathology so as to
stimulate new research aimed at furthering our under-
standing of these molecular mechanisms of human dis-
ease and advancing the theory and practice of
molecular medicine.

William B. Coleman
Gregory J. Tsongalis



Foreword

Pathology is a bridging discipline between basic biological
sciences and clinical medicine. Experimental patholo-
gists apply the knowledge and tools developed in basic
science disciplines including biochemistry, cell biology,
physiology, and molecular biology to understand
mechanisms of disease. Clinical pathologists integrate
this basic mechanistic understanding of disease with
clinical, anatomic, and biochemical information to
diagnose disease in individual patients. In the 21°*" cen-
tury, this integrated diagnosis of human disease is
increasingly based on molecular markers and under-
standing of disease pathogenesis at the genetic level.
This textbook provides fresh insight into the pathogen-
esis and treatment of disease based on the new disci-
pline of molecular pathology.

Biomedical, clinical, and translational research is
conducted by inlerdisciplinary teams. Team members
classically have a primary knowledge base and tools in
one discipline; however, they must also have the
breadth of knowledge and curiosity to incorporate
insights from other disciplines to understand, diag-
nose, and treat human disease. Essential Concepts in
Molecular Pathology will provide students with a basic
foundation in this discipline that will enable them to
participate in emerging interdisciplinary research and
its clinical applications in the future. For example,
molecular pathologists work together with geneticists
and ethicists in genetic screening of inherited diseases
such as cystic fibrosis. Future research teams including
diagnostic pathologists, microbiologists, and biomedi-
cal engineers will develop inexpensive, portable
devices to diagnose emerging infectious diseases.

Pathologists are also leaders in a new medical para-
digm in the 21°*" century-the practice and application
of personalized medicine using individual patterns of

gene and protein expression. This new diagnostic par-
adigm relies on bioinformatics and systems biology
using genomic and proteomic technologies. Persona-
lized medicine promises more accurate diagnosis of
complex diseases and individualized therapeutic
approaches that are currently being developed for
breast, lung, and colon cancers. The practice of medi-
cine in the 21 century will also require new insights
into basic mechanisms of disease. In the post-genomic
era, molecular pathologists are exploring epigenetic
alterations associated with disease that are based on
heritable changes in DNA and chromatin organization
in the absence of DNA mutations. Molecular patholo-
gists are collaborating with epidemiologists to identify
molecular biomarkers reflecting prior environmental
exposures or susceptibility to development of future
disease. Biostatisticians and systems biologists will
collaborate with pharmacologists and pathologists to
develop novel therapeutic approaches for human
disease. The ultimate goal of these diverse interdisci-
plinary teams is disease prevention through early rec-
ognition of disease susceptibility using molecular
biomarkers with potential for early intervention to
prevent neurodegenerative diseases, cancer, type 2
diabetes, and cardiovascular disease.
Welcome to the team!

Agnes B. Kane, M.D., Ph.D.

Professor and Chair, Department of Pathology and
Laboratory Medicine, Director, NIEHS Training Program in
Environmental Pathology, Co-Director, GAANN
Interdisciplinary Training Grant in Applications and,
Implications of Nanotechnology

The Warren Alpert Medical School of

Brown University.
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Molecular Mechanisms of

Cell Death

John J. Lemasters

INTRODUCTION

A common theme in disease is death of cells. In dis-
eases ranging from stroke to alcoholic cirrhosis of the
liver, death of individual cells leads to irreversible func-
tional loss in whole organs and ultimately mortality.
For such diseases, prevention of cell death becomes a
basic therapeutic goal. By contrast in neoplasia, the
purpose of chemotherapy is to kill proliferating cancer
cells. For either therapeutic goal, understanding the
mechanisms of cell death becomes paramount.

MODES OF CELL DEATH

Although many stresses and stimuli cause cell death,
the mode of cell death typically follows one of two pat-
terns. The first is necrosis, a pathological term referring
to areas of dead cells within a tissue or organ. Necrosis
is typically the result of an acute and usually profound
metabolic disruption, such as ischemia/reperfusion
and severe toxicant-induced damage. Since necrosis as
observed in tissue sections is an outcome rather than
a process, the term oncosis has been introduced to
describe the process leading to necrotic cell death,
but the term has yet to be widely adopted in the experi-
mental literature. Here, the terms oncosis, oncotic
necrosis, and necrotic cell death will be used synony-
mously to refer both to the outcome of cell death and
the pathogenic events precipitating cell killing.

The second pattern is programmed cell death, most
commonly manifested as apoptosis, a term derived
from an ancient Greek word for the falling of leaves
in the autumn. In apoptosis, specific stimuli initiate
execution of well-defined pathways leading to orderly
resorption of individual cells with minimal leakage of
cellular components into the extracellular space and
little inflammation. Whereas necrotic cell death occurs
with abrupt onset after adenosine triphosphate (ATP)

Essential Concepts in Molecular Pathology © 2010, Elsevier, Inc. All Rights Reserved.

depletion, apoptosis may take hours to go to comple-
tion and is an ATP-requiring process without a
clearly distinguished point of no return. Although ap-
optosis and necrosis were initially considered separate
and independent phenomena, an alternate view is
emerging that apoptosis and necrosis can share initiat-
ing factors and signaling pathways to become extremes
on a phenotypic continuum of necrapoptosis or
aponecrosis.

STRUCTURAL FEATURES OF NECROSIS
AND APOPTOSIS
Oncotic Necrosis

Cellular changes leading up to onset of necrotic cell
death include formation of plasma membrane protru-
sions called blebs, mitochondrial swelling, dilatation
of the endoplasmic reticulum (ER), dissociation of
polysomes, and cellular swelling leading to rupture with
release of intracellular contents (Table 1.1, Figure 1.1).
After necrotic cell death, characteristic histological
features of loss of cellular architecture, vacuolization,
karyolysis, and increased eosinophilia soon become
evident (Figure 1.2). Cell lysis evokes an inflammatory
response, attracting neutrophils and monocytes to the
dead tissue to dispose of the necrotic debris by phagocy-
tosis and defend against infection (Figure 1.3). In
organs like heart and brain with little regenerative
capacity, healing occurs with scar formation, namely
replacement of necrotic regions with fibroblasts and
collagen, as well as other connective tissue components.
In organs like the liver that have robust regenerative
capacity, cell proliferation can replace areas of necrosis
with completely normal tissue within a few days. The
healed liver tissue shows with little or no residua of the
necrotic event, butif regeneration fails, collagen deposi-
tion and fibrosis will occur instead to cause cirrhosis.
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Table 1.1 Comparison of Necrosis and Apoptosis

Necrosis

Apoptosis

Accidental cell death

Contiguous regions of cells

Cell swelling

Plasmalemmal blebs without organelles

Small chromatin aggregates

Random DNA degradation

Cell lysis with release of intracellular contents
Inflammation and scarring

Mitochondrial swelling and dysfunction
Phospholipase and protease activation

ATP depletion and metabolic disruption

Cell death precipitated by plasma membrane rupture

Figure 1.1 Electron microscopy of oncotic necrosis to
a rat hepatic sinusoidal endothelial cell after ischemia/
reperfusion. Note cell rounding, mitochondrial swelling
(arrows), rarefaction of cytosol, dilatation of the ER and the
space between the nuclear membranes (*), chromatin con-
densation, and discontinuities in the plasma membrane. Bar
is 2 pm.

Apoptosis

Unlike necrosis, which usually represents an accidental
event in response to an imposed unphysiological
stress, apoptosis is a process of physiological cell
deletion that has an opposite role to mitosis in the reg-
ulation of cell populations. In apoptosis, cell death
occurs with little release of intracellular contents,

Controlled cell deletion

Single cells separating from neighbors
Cell shrinkage

Zeiotic blebs containing large organelles
Nuclear condensation and lobulation
Internucleosomal DNA degradation
Fragmentation into apoptotic bodies
Absence of inflammation and scarring
Mitochondrial permeabilization
Caspase activation

ATP and protein synthesis sustained
Intact plasma membrane

Figure 1.2 Histology of necrosis after hepatic ischemia/
reperfusion in a mouse. Note increased eosinophilia, loss
of cellular architecture, and nuclear pyknosis and karyolysis.
Bar is 50 pm.

inflammation, and scar formation. Individual cells
undergoing apoptosis separate from their neighbors
and shrink rather than swell. Distinctive nuclear and
cytoplasmic changes also occur, including chromatin
condensation, nuclear lobulation and fragmentation,
formation of numerous small cell surface blebs (zeiotic
blebbing), and shedding of these blebs as apoptotic
bodies that are phagocytosed by adjacent cells and
macrophages for lysosomal degradation (Table 1.1,
Figure 1.3). Characteristic biochemical changes also
occur, typically activation of a cascade of cysteine-
aspartate proteases, called caspases, leakage of
proapoptotic proteins like cytochrome ¢ from mito-
chondria into the cytosol, internucleosomal deoxyribo-
nucleic acid (DNA) degradation, degradation of poly
(ADP-ribose) polymerase (PARP), and movement of
phosphatidyl serine to the exterior leaflet of the plas-
malemmal lipid bilayer. Thus, apoptosis manifests a
very different pattern of cell death than oncotic necro-
sis (Table 1.1, Figure 1.3).



Oncotic
necrosis

Necrotic
remnant

Phagocytosis
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Apoptosis

Shrinkage

Zeiotic
blebbing

Apoptotic
bodies

Figure 1.3 Scheme of necrosis and apoptosis. In oncotic necrosis, swelling leads to bleb rupture and release of intracel-
lular constituents, which attract macrophages that clear the necrotic debris by phagocytosis. In apoptosis, cells shrink and form
small zeiotic blebs that are shed as membrane-bound apoptotic bodies. Apoptotic bodies are phagocytosed by macrophages
and adjacent cells. Adapted with permission from Van CS, Van Den BW. Morphological and biochemical aspects of apoptosis,

oncosis and necrosis. Anat Histol Embryol. 2002;31(4):214-223.

CELLULAR AND MOLECULAR
MECHANISMS UNDERLYING
NECROTIC CELL DEATH

Metastable State Preceding Necrotic
Cell Death

Cellular events culminating in necrotic cell death are
somewhat variable from one cell type to another,
but certain events occur regularly. As implied by the
term oncosis, cellular swelling is a prominent feature
of oncotic necrosis. In many cell types, swelling of
30-50% occurs early after ATP depletion associated
with formation of blebs on the cell surface. These blebs
contain cytosol and ER but exclude larger organelles
like mitochondria and lysosomes. Mitochondrial
swelling and dilatation of cisternae of ER and nuclear
membranes accompany bleb formation (see Figure 1.1).
After longer times, a metastable state develops, which
is characterized by mitochondrial depolarization, lyso-
somal breakdown, ion dysregulation, and accelerated

bleb formation with more rapid swelling. The metasta-
ble state lasts only a few minutes and culminates
in rupture of a plasma membrane bleb. Bleb rupture
leads to loss of metabolic intermediates such as those
that reduce tetrazolium dyes, leakage of cytosolic
enzymes like lactate dehydrogenase, uptake of dyes like
trypan blue, and collapse of all electrical and ion gradi-
ents across the membrane.

Bleb rupture is the final irreversible event precipi-
tating cell death, since removal of the instigating stress
(e.g., reoxygenation of anoxic cells) leads to cell recov-
ery prior to bleb rupture but not afterwards.

Mitochondrial Dysfunction and ATP
Depletion

Ischemia as occurs in strokes and heart attacks is
perhaps the most common cause of necrotic cell kill-

ing. In ischemia, oxygen deprivation prevents ATP
formation by mitochondrial oxidative phosphorylation,
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a process providing up to 95% of ATP utilized by
highly aerobic tissues. As an alternative source of
ATP, glycolysis partially replaces ATP production lost
after mitochondrial dysfunction. Maintenance of as
little as 15% or 20% of normal ATP then rescues cells
from necrotic death. Glycolysis also protects against
toxicity from oxidant chemicals, suggesting that mito-
chondria are also a primary target of cytotoxicity in
oxidative stress. However, in pathological settings like
ischemia, glycolytic substrates are rapidly exhausted.

Mitochondrial Uncoupling in Necrotic
Cell Killing

Mitochondrial injury and dysfunction are progressive
(Figure 1.4). Anoxia and inhibition with a toxicant like
cyanide inhibit respiration to cause ATP depletion and
ultimately necrotic cell death. Glycolysis can replace
this ATP supply, although only partially in highly aero-
bic cells, to rescue cells from necrotic killing. However,
when mitochondrial injury progresses to uncoupling
(inner membrane permeability to hydrogen ions),
accelerated ATP hydrolysis occurs that is catalyzed by
the mitochondrial ATP synthase working in reverse.
Since glycolytic ATP production cannot keep pace,
ATP levels fall profoundly and necrotic cell death
ensues. In the progression from respiratory inhibition
to uncoupling, mitochondria become active agents pro-
moting ATP depletion and cell death.

Rescue Rescue
Hypoxia t ATP t ATP
ischemia .

Reperfusion
\ /leycolysis \\u‘nclz\t/:;;r_?_lmg /)Iigomycin
{ ATP + ATP
Necrotic Glycine
cell death

Figure 1.4 Progression of mitochondrial injury. Respi-
ratory inhibition inhibits oxidative phosphorylation and leads
to ATP depletion and necrotic cell death. Glycine blocks
plasma membrane permeabilization causing necrotic cell
death downstream of ATP depletion. Glycolysis restores
ATP and prevents cell killing. Mitochondrial uncoupling as
occurs after reperfusion due to the mitochondrial permeabil-
ity transition (MPT) activates the mitochondrial ATPase to
futilely hydrolyze glycolytic ATP, and protection against
necrotic cell death is lost. By inhibiting the mitochondrial
ATPase, oligomycin prevents ATP depletion and rescues
cells from necrotic cell death if glycolytic substrate is present.
With permission from Lemasters JJ, Qian T, He L, et al. Role
of mitochondrial inner membrane permeabilization in necrotic
cell death, apoptosis, and autophagy. Antioxid Redox Signal.
2002;4(5):769-781.

Mitochondrial Permeability Transition

In oxidative phosphorylation, respiration drives trans-
location of hydrogen ions out of mitochondria to cre-
ate an electrochemical gradient composed of a
negative inside membrane potential (A¥) and an alka-
line inside pH gradient (ApH). ATP synthesis is then
linked to hydrogen ions returning down this electro-
chemical gradient through the mitochondrial ATP
synthase. This chemiosmotic proton circuit requires
the mitochondrial inner membrane to be imperme-
able to ions and charged metabolites.

In some pathophysiological settings, the mitochon-
drial inner membrane abruptly becomes nonselectively
permeable to solutes of molecular weight up to about
1500 Da. Ca2+, oxidative stress, and numerous reactive
chemicals induce this mitochondrial permeability tran-
sition (MPT) whereas cyclosporin A and pH less than 7
inhibit it. The MPT causes mitochondrial depolariza-
tion, uncoupling, and large amplitude mitochondrial
swelling driven by colloid osmotic forces. Opening of
highly conductive permeability transition (PT) pores
in the mitochondrial inner membrane underlies the
MPT. Conductance through PT pores is so great that
opening of a single PT pore may be sufficient to cause
mitochondrial depolarization and swelling.

The composition of PT pores remains uncertain. In
one model, PT pores are formed by ANT from the
inner membrane, VDAC from the outer membrane,
the cyclosporin A binding protein cyclophilin D
(CypD) from the matrix, and possibly other proteins.
Although once widely accepted, the validity of this
model has been challenged by genetic knockout stud-
ies showing that the MPT still occurs in mitochondria
that are deficient in ANT, VDAC, and CypD. An alter-
native model for the PT pore is that oxidative and
other stresses damage membrane proteins that then
misfold and aggregate to form PT pores in association
with CypD and other molecular chaperones.

pH-dependent ischemia/reperfusion injury

Ischemia is an interruption of blood flow and hence
oxygen supply to a tissue or organ. In ischemic tissue,
anaerobic metabolism causes tissue pH to decrease by a
unit or more. This naturally occurring acidosis of ische-
mia actually protects against onset of necrotic cell death.

Much of reperfusion injury is attributable to recov-
ery of pH, since reoxygenation at low pH prevents cell
killing entirely, whereas restoration of normal pH
without reoxygenation produces similar cell killing as
restoration of pH with reoxygenation, a so-called pH
paradox. Cell killing in the pH paradox is linked spe-
cifically to intracellular pH and occurs independently
of chanJges of cytosolic and extracellular free Na™
and Ca”",

Role of the mitochondrial permeability transition
in pH-dependent reperfusion injury
pH below 7 inhibits PT pores during ischemia. After

reperfusion at normal pH, mitochondria repolarize
initially. Subsequently and in parallel with recovery of
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Oxidative metabolism
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Figure 1.5 Iron-catalyzed free radical generation. Oxidative stress causes oxidation of GSH and NAD(P)H, important
reductants in antioxidant defenses, promoting increased net formation of superoxide (O3~) and hydrogen peroxide (H>O5).
Superoxide dismutase converts superoxide to hydrogen peroxide, which is further detoxified to water by catalase and perox-
idases. In the iron-catalyzed Haber-Weiss reaction (or Fenton reaction), superoxide reduces ferric iron (Fe3") to ferrous iron
(Fe®*"), which reacts with hydrogen peroxide to form the highly reactive hydroxyl radical (OH®). Hydroxyl radical reacts with
lipids to form alkyl radicals (L®) that initiate an oxygen-dependent chain reaction which generates peroxyl radicals (LOO®)
and lipid peroxides (LOOH). Iron also catalyzes a chain reaction generating alkoxyl radicals (LO®) and more peroxyl radicals.
Nitric oxide synthase catalyzes formation of nitric oxide (NO*®) from arginine. Nitric oxide reacts rapidly with superoxide to form
unstable peroxynitrite anion (ONOO™), which decomposes to nitrogen dioxide and hydroxyl radical. In addition to attacking

lipids, these radicals also attack proteins and nucleic acids.

intracellular pH to neutrality, the MPT occurs. ATP
depletion then follows, and necrotic cell death occurs.
Reperfusion in the presence of PT pore blockers (e.g.,
cyclosporin A and its derivatives) prevents mitochondrial
inner membrane permeabilization, depolarization, and
cell killing. Notably, cyclosporin A protects when added
only during the reperfusion phase, as now confirmed
by decreased infarct size in patients receiving percutane-
ous coronary intervention (PCI) for ischemic heart dis-
ease. Thus, the MPT is the proximate cause of pH-
dependent cell killing in ischemia/reperfusion injury.

Oxidative stress

Reactive oxygen species (ROS) and reactive nitrogen
species (RNS), including superoxide, hydrogen perox-
ide, hydroxyl radical, and peroxynitrite, have long
been implicated in cell injury leading to necrosis
(Figure 1.5). Reperfusion after ischemia stimulates
intramitochondrial ROS formation, onset of the
MPT, and cell death. In neurons, excitotoxic stress
with glutamate and N-methyl-p-aspartate (NMDA)
receptor agonists also stimulates mitochondrial ROS
formation, leading to the MPT and excitotoxic injury.

Iron potentiates injury in a variety of diseases and
is an important catalyst for hydroxyl radical formation
from superoxide and hydrogen peroxide (Figure 1.5).

During oxidative stress and hypoxia/ischemia, lyso-
somes rupture release chelatable (loosely bound) iron
with consequent pro-oxidant cell damage. This iron is
taken up into mitochondria by the mitochondrial cal-
cium uniporter and helps catalyze mitochondrial
ROS generation. Iron chelation with Desferal prevents
this ROS formation and decreases cell death in oxida-
tive stress and hypoxia/ischemia.

Other Stress Mechanisms Inducing
Necrotic Cell Death

Poly (ADP-Ribose) Polymerase

Single strand breaks induced by ultraviolet (UV) light,
ionizing radiation, and ROS (particularly hydroxyl
radical and peroxynitrite) activate PARP. With excess
DNA damage, PARP transfers ADP-ribose from NAD™
to the strand breaks and elongates ADP-ribose polymers
attached to the DNA. Consumption of the oxidized
form of nicotinamide adenine dinucleotide (NAD™)
in this fashion leads to NAD™ depletion, disruption of
ATP-generation by glycolysis and oxidative phosphory-
lation, and ATP depletion-dependent cell death.
PARP-dependent necrosis is an example of pro-
grammed necrosis since PARP actively promotes a
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cell death-inducing pathway that otherwise would
not occur. Necrotic cell death also frequently occurs
when apoptosis is interrupted, as by caspase (cysteine-
aspartate protease) inhibition. Such caspase indepen-
dent cell death is the consequence of mitochondrial
dysfunction or other metabolic disturbance.

Plasma membrane injury

An intact plasma membrane is essential for cell viabil-
ity. Detergents and pore-forming agents like masto-
paran from wasp venom defeat the barrier function
of the plasma membrane and cause immediate cell
death. Immune-mediated cell killing can act similarly.
In particular, complement mediates formation of a
membrane attack complex that in conjunction with
antibody lyses cells. Complement component 9, an
amphipathic molecule, inserts through the cell
membrane, polymerizes, and forms a tubular channel
visible by electron microscopy. Indeed, a single

membrane attack complex may be sufficient to cause
swelling and lysis of an individual erythrocyte.

PATHWAYS TO APOPTOSIS
Roles of Apoptosis in Biology

Apoptosis is an essential event in both the normal life of
organisms and in pathobiology. In development, apo-
ptosis sculpts and remodels tissues and organs, for
example, by creating clefts in limb buds to form fingers
and toes. Apoptosis is also responsible for reversion of
hypertrophy to atrophy and immune surveillance-
induced Kkilling of preneoplastic cells and virally
infected cells. Each of several organelles can give rise
to signals initiating apoptotic cell killing. Often these
signals converge on mitochondria as a common path-
way to apoptotic cell death. In most apoptotic signaling,
activation of caspases 3 or 7 from a family of caspases
(Table 1.2) begins execution of the final and committed

Table 1.2 Mammalian caspases Caspases are evolutionarily conserved aspartate specific cysteine-

dependent proteases that function in apoptotic and inflammatory signaling. Initiator

caspases are involved in the initiation and propagation of apoptotic signaling, whereas

effector caspases act on a wide variety of proteolytic substrates to induce the final and

committed phase of apoptosis. Initiator and inflammatory caspases have large prodomains
containing oligomerization motifs such as the caspase recruitment domain (CARD) and
the DED. Effector caspases have short prodomains and are proteolytically activated by large

prodomain caspases and other proteases. Proteolytic cleavage of procaspase precursors

forms separate large and small subunits that assemble into active enzymes consisting of two

large and two small subunits. Caspase activation occurs in multimeric complexes that

typically consist of a platform protein that recruits procaspases either directly or by means

of adaptors. Such caspase complexes include the apoptosome and the death-inducing
signaling complex (DISC). Caspase 14 plays a role in terminal keratinocyte differentiation

in cornified epithelium.

Amino Acid
Molecular Weight Active subunits Target Sequence

Initiator Caspases of Proenzyme (kDa) (kDa) Prodomain for Proteolysis
Caspase 2 51 19/12 Long with CARD VDVAD
Caspase 8 55 18/11 Long with two DED (L/V/D)E(T/V/I)D
Caspase 9 45 17/10 Long with CARD (L/V/T)EHD
Caspase 10 55 17/12 Long with two DED (I/V/L)EXD
Caspase 12 50 20/10 Long with CARD ATAD
Effector Caspases
Caspase 3 32 17/12 Short DE(V/I)D
Caspase 6 34 18/11 Short (T/V/DHEMH/V/I)D
Caspase 7 35 20/12 Short DE(V/I)D
Inflammatory Caspases
Caspase 1 45 20/10 Long with CARD (W/Y/F)EHD
Caspase 4 43 20/10 Long with CARD (W/L)EHD
Caspase 5 48 20/10 Long with CARD (W/L/F)EHD
Caspase 11 42 20/10 Long with CARD (V/1/P/L)EHD
Other Caspases
Caspase 14 42 20/10 Short (W/DE(T/H)D



phase of apoptotic cell death. Caspase 3/7 has many tar-
gets. Degradation of the nuclear lamina and cytokera-
tins contributes to nuclear remodeling, chromatin
condensation, and cell rounding. Degradation of endo-
nuclease inhibitors activates endonucleases to cause
internucleosomal DNA cleavage. The resulting DNA
fragments have lengths in multiples of 190 base pairs,
the nucleosome to nucleosome repeat distance. Addi-
tionally, caspase activation leads to cell shrinkage, phos-
phatidyl serine externalization on the plasma
membrane, and formation of numerous small surface
blebs (zeiosis). Unlike necrotic blebs, these zeiotic blebs
contain membranous organelles and are shed as apo-
ptotic bodies. However, not all apoptotic changes
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depend on caspase 3/7 activation. For example, release
of apoptosis-inducing factor (AIF) from mitochondria
and its translocation to the nucleus promotes DNA deg-
radation in a caspase 3-independent fashion.

Pathways leading to activation of caspase 3 and
related effector caspases like caspase 7 are complex
and quite variable between cells and specific apopto-
sis-instigating stimuli, and each major cellular struc-
ture can originate its own set of unique signals to
induce apoptosis (Figure 1.6). Proapoptotic signals
are often associated with specific damage or perturba-
tion to the organelle involved. Consequently, cells
choose death by apoptosis rather than life with orga-
nelle damage.
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Figure 1.6 Scheme of apoptotic signaling from organelles. Adapted with permission from Lemasters JJ. Dying
a thousand deaths: Redundant pathways from different organelles to apoptosis and necrosis. Gastroenterology. 2005;
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Plasma Membrane

The plasma membrane is the target of many receptor-
mediated signals. In particular, death ligands (e.g.,
tumor necrosis factor o, or TNFo; Fas ligand; tumor
necrosis factor-related apoptosis-inducing ligand, or
TRAIL) acting through their corresponding receptors
(TNF receptor 1, or TNFR1; Fas; death receptor 4/5,
or DR4/5) initiate activation of apoptotic pathways.
For example, binding of TNFa to TNFRI1 leads
to receptor trimerization and formation of a complex
(Complex I) through association of adapter proteins
(e.g., receptor interacting protein-1, or RIPI, and
TNF receptor-associated death domain protein, or
TRADD). Subsequently Complex II, or death-inducing
signaling complex (DISC), forms through association
with Fas-associated protein with death domain (FADD)
and pro-caspase 8, which are internalized. Pro-
caspase 8 becomes activated and in turn proteolytically
activates other downstream effectors (Figure 1.7). In
Type I signaling, caspase 8 activates caspase 3 directly,
whereas in Type II signaling, caspase 3 cleaves Bid
(novel BH3 domain-only death agonist) to truncated
Bid (/Bid) to activate a mitochondrial pathway to ap-
optosis. Similar signaling occurs after association of FasL
with Fas (also called CD95) and TRAIL with DR4/5.
Many events modulate death receptor signaling in
the plasma membrane. For example, the extent of
gene and surface expression of death receptors is an
important determinant in cellular sensitivity to death
ligands. Stimuli like hydrophobic bile acids can recruit
death receptors to the cell surface and sensitize cells

TNFo
mTNFRl

to death-inducing stimuli. Surface recruitment of
death receptors may also lead to self-activation even
in the absence of ligand. Death receptors localize to
lipid rafts containing cholesterol and sphingomyelin.
After death receptor activation, sphingomyelin hy-
drolysis occurs, which promotes raft coalescence and
formation of molecular platforms that cluster signal
transducer components of DISC. Glycosphingolipids,
such as ganglioside GD3, also integrate into DISCs
to promote apoptosis.

MITOCHONDRIA
Cytochrome c release

Bid is a Bcl2 homology 3 (BH3) only domain member
of the B-cell lymphoma-2 (Bcl2) family that includes
both pro- and antiapoptotic proteins (Figure 1.8). Bid
formed after caspase 8 activation translocates to mito-
chondria where it interacts with either Bak (Bcl2
homologous antagonist/killer) or Bax (a conserved
homolog that heterodimerizes with Bcl2), two other
proapoptotic Bcl2 family members, to induce cyto-
chrome ¢ release through the outer membrane into
the cytosol. Cytochrome ¢ in the cytosol interacts with
apoptotic protease activating factor-1 (Apaf-1) and
procaspase 9 to assemble haptomeric apoptosomes
and an ATP (or deoxyadenosine triphosphate, or
dATP)-dependent cascade of caspase 9 and caspase 3
activation.

Cytochrome ¢ release from the space between the
mitochondrial inner and outer membranes appears to
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Figure 1.7 TNFa apoptotic signaling. TNFao binds to its receptor, TNFR1, and Complex | forms composed of TRADD
(TNFR-associated protein with death domain), RIP (receptor-interacting protein), and TRAF-2 (TNF-associated factor-2).
Complex | activates NFkB (nuclear factor kappa B) and JNK (c-jun N-terminal kinase). NFkB activates transcription of
survival genes, including antiapoptotic inhibitor of apoptosis proteins (IAPs), antiapoptotic Bcl-XL, and inducible nitric oxide
synthase. Complex | then undergoes ligand-dissociated internalization to form DISC Complex Il. Complex Il recruits FADD
(Fas-associated death domain) via interactions between conserved death domains (DD) and activates procaspase 8 through
interaction with death effector domains (DED). Active caspase 8 cleaves Bid to tBid, which translocates to mitochondria leading
to mitochondrial permeabilization, cytochrome c release, and apoptosis. Adapted with permission from Malhi H, Gores GJ,
Lemasters JJ. Apoptosis and necrosis in the liver: A tale of two deaths? Hepatology. 2006;43(2 Suppl 1):S31-S44.
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occur viaformation of specific pores in the mitochondrial
outer membrane. Except for the requirement for either
Bak or Bax, the molecular composition and properties
of cytochrome ¢ release channels remain poorly under-
stood. Alternatively, cytochrome ¢ release can occur as a
consequence of the MPT due to large amplitude mito-
chondrial swelling and rupture of the outer membrane.

After the MPT, progression to apoptosis or necrosis
depends on other factors. If the MPT occurs rapidly
and affects most mitochondria of a cell, as happens after
severe oxidative stress and ischemia/reperfusion, a pre-
cipitous fall of ATP (and dATP) will occur that actually
blocks apoptotic signaling by inhibiting ATP-requiring
caspase 9/3 activation. With ATP depletion, oncotic
necrosis ensues. However, when alternative sources for
ATP generation are present (e.g., glycolysis), then
necrosis is prevented and caspase 9/3 becomes acti-
vated and caspase-dependent apoptosis occurs instead
(Figure 1.9). Crosstalk between apoptosis and necrosis
also occurs in other ways. For example, after TNFa
binding to its receptor, recruitment of RIP1 to TNFR1
can activate NADPH oxidase leading to superoxide
generation, resulting in oncotic necrosis rather than
apoptosis.

Regulation of the Mitochondrial Pathway
to Apoptosis

Mitochondrial pathways to apoptosis vary depending on
expression of procaspases, Apaf-1, and other proteins.
Some neurons do not respond to cytochrome ¢ with
caspase activation and apoptosis, which may be linked
to lack of Apaf-l expression. Antiapoptotic Bcl2
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Figure 1.9 Shared pathways to apoptosis and necrosis.

proteins, like Bcl2, Bcl extra long (Bcl-xL), and myeloid
cell leukemia sequence 1 (Mcl-1), block apoptosis and
are frequently overexpressed in cancer cells
(Figure 1.8). Antiapoptotic Bcl2 family members form
heterodimers with proapoptotic family members like
Bax and Bak, to prevent the latter from oligomerizing

into cytochrome crelease channels.
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Inhibitors of apoptosis proteins (IAPs), including
X-linked inhibitor of apoptosis protein (XIAP), cellular
IAP1 (cIAP1), cellular IAP2 (cIAP2), and survivin,
oppose apoptotic signaling by inhibiting caspase activa-
tion. Many IAPs can recruit E2 ubiquitin-conjugating
enzymes and catalyse the transfer of ubiquitin onto
target proteins, leading to proteosomal degradation.
Some IAPs inhibit apoptotic pathways upstream
of mitochondria at caspase 8, whereas others like
XIAP inhibit caspase 9/3 activation downstream of mito-
chondrial cytochrome crelease. Additional proteins like
Smac suppress the action of IAPs, providing an “inhibi-
tor of the inhibitor” effect promoting apoptosis. Smac
is a mitochondrial intermembrane protein that is
released with cytochrome ¢. Smac inhibits XIAP and pro-
motes apoptotic signaling after mitochondrial signaling.
Thus, high Smac to XIAP ratios favor caspase 3 activa-
tion after cytochrome crelease. Other proapoptotic pro-
teins released from the mitochondrial intermembrane
space during apoptotic signaling include AIF (a flavo-
protein oxidoreductase that promotes DNA degradation
and chromatin condensation), endonuclease G (a DNA
degrading enzyme), and HtrA2/Omi (a serine protease
that degrades IAPs). Early in apoptosis, fragmentation
of larger filamentous mitochondria into smaller more
spherical structures typically occurs. Such fission seems
to promote apoptotic signaling.

Antiapoptotic Survival Pathways

Ligand binding to death receptors can also activate anti-
apoptotic signaling to prevent activation of apoptotic
death programs. Binding of the adapter protein,
TNFR-associated factor 2 (TRAF2), to death receptors
activates IxB kinase (IKK), which in turn phosphorylates
IxB, an endogenous inhibitor of nuclear factor kB
(NFxB), leading to proteosomal IkB degradation. IxB
degradation relieves inhibition of NFkB and allows
NFkB to activate expression of anti-apoptotic genes,
including IAPs, Bcl-xL, inducible nitric oxide synthase
(INOS), and other survival factors. Nitric oxide from
iNOS produces cGMP-dependent suppression of the
MPT, as well as S-nitrosation and inhibition of caspases.
In many models, apoptosis after death receptor ligation
occurs only when NFkB ignaling is blocked, as after
inhibition of proteosomes or protein synthesis.

The phosphoinositide-3-kinase (PI3) kinase/proto-
oncogene product of the viral oncogene v-akt (Akt)
pathway is another source of antiapoptotic signaling.
When phosphoinositide 3-kinase (PI3 kinase) is acti-
vated by binding of insulin, insulin-like growth factor
(IGF), and various other growth factors to their recep-
tors, phosphatidylinositol trisphosphate (PIP3) is
formed that activates Akt/protein kinase B, a serine/
threonine protein kinase. One consequence is the
phosphorylation and inactivation of Bad (heterodi-
meric partner for Bcl-xL), a proapoptotic Bcl2 family
member, but other antiapoptotic targets of PI3
kinase/Akt signaling also exist. In cell lines, withdrawal
of serum or specific growth factors typically induces
apoptosis due to suppression of the PI3 kinase/Akt
survival pathway.

NUCLEUS

In the so-called extrinsic pathway, death receptors ini-
tiate apoptosis by either a Type I (nonmitochondrial)
or Type II (mitochondrial) caspase activation se-
quence. In the intrinsic pathway, by contrast, events in
the nucleus activate apoptotic signaling, such as DNA
damage caused by ultraviolet or ionizing (gamma)
irradiation. DNA damage leads to activation of the p53
nuclear transcription factor and expression of genes
for apoptosis and/or cell-cycle arrest, especially the
proapoptotic Bcl2 family members PUMA, NOXA, and
Bax for apoptosis, and p21 for cell-cycle arrest, especially
the proapoptotic Bcl2 family members p53 upregulated
modulator of apoptosis (PUMA), NOXA and Bax for
apoptosis, and 21 kDa promoter (p21) for cell-cycle
arrest (Figures 1.6 and 1.8). PUMA, NOXA, and Bax
translocate to mitochondria to induce cytochrome ¢
release by similar mechanisms as discussed previously
for the extrinsic pathway. To escape pb3-dependent
induction of apoptosis, many tumors, especially those
from the gastrointestinal tract, have loss of function
mutations for p53.

DNA damage also activates PARP. With moderate
activation, PARP helps mend DNA strand breaks, but
with strong activation PARP depletes NAD* and com-
promises ATP generation to induce necrotic cell
death. Caspase 3 proteolytically degrades PARP to pre-
vent this pathway to necrosis. Thus, DNA damage can
lead to either necrosis or apoptosis depending on
which occurs more quickly—PARP activation and
ATP depletion, or caspase 3 activation and PARP
degradation.

ENDOPLASMIC RETICULUM

The ER also gives rise to proapoptotic signals. Oxida-
tive stress and other perturbations can inhibit ER
calcium pumps to induce calcium release into the
cytosol. Uptake of this calcium into mitochondria from
the cytosol may then induce a Ca**-dependent MPT
and subsequent apoptotic or necrotic cell killing
(Figure 1.6). ER calcium release into the cytosol can
also activate phospholipase A2 and the formation of
arachidonic acid, another promoter of the MPT.

ER calcium depletion also disturbs the proper fold-
ing of newly synthesized proteins inside ER cisternae
to cause ER stress and the unfolded protein response
(UPR). Blockers of glycosylation, inhibitors of ER
protein processing and secretion, various toxicants,
and synthesis of mutant proteins can also cause ER
stress. Calcium-binding chaperones, including glucose-
regulated protein-78 (GRP78) and glucose-regulated
protein-94 (GRP94), mediate detection of unfolded
and misfolded proteins. In the absence of unfolded
proteins, GRP78 inhibits specific sensors of ER stress,
but in the presence of unfolded proteins GRP78 trans-
locates from the sensors to the unfolded proteins to
cause sensor activation by disinhibition. The main sen-
sors of ER stress are RNA-activated protein kinase

(PKR), PKR-ike ER kinase (PERK), type 1 ER



transmembrane protein kinase (IRE1), and activating
transcription factor 6 (ATF6). PKR and PERK are pro-
tein kinases whose activation leads to phosphorylation
of eukaryotic initiation factor-2a. (eIF-20). Phosphory-
lation of elF-2a suppresses ER protein synthesis, a neg-
ative feedback that can relieve the unfolding stress.
IRE1 is both a protein kinase and a riboendonuclease
that initiates splicing of a preformed mRNA encoding
X-box-binding protein 1 (XBP) into an active form.
ATFG6 is another transcription factor that translocates
to the Golgi after ER stress where proteases process
ATF6 to an amino-terminal fragment that is taken up
into the nucleus. Together IRE1 and ATF6 increase
gene expression of chaperones and other proteins to
alleviate the unfolding stress.

A strong and persistent UPR induces IREl- and
ATF6-dependent expression of C/EBP homologous
protein (CHOP) and continued activation of IREI to
initiate apoptotic signaling (Figure 1.6). Association
of TRAF2 with activated IRE1 leads to activation of
caspase 12 and JNK. Caspase 12 activates caspase 3
directly, whereas JNK and CHOP promote mitochon-
drial cytochrome ¢ release as a pathway to caspase 3
activation.

LYSOSOMES

Lysosomes and the associated process of autophagy
(self-digestion) are another source of proapoptotic sig-
nals. So-called autophagic cell death is characterized
by an abundance of autophagic vacuoles in dying cells
and is especially prominent in involuting tissues, such
as postlactation mammary gland. In autophagy, isola-
tion membranes (also called phagophores) envelop
and sequester portions of cytoplasm to form double
membrane autophagosomes. Autophagosomes fuse
with lysosomes and late endosomes to form autolyso-
somes. The process of autophagy acts to remove and
degrade cellular constituents, an appropriate action
for a tissue undergoing involution. Originally consid-
ered to be random, much evidence suggests that
autophagy can be selective for specific organelles,
especially if they are damaged. For example, stresses
inducing the MPT seem to signal autophagy of
mitochondria.

Whether or not autophagy promotes or prevents cell
death is controversial. In some circumstances, suppres-
sion of expression of certain autophagy genes decreases
apoptosis. Under other conditions, autophagy protects
against cell death. When autophagic processing and
lysosomal degradation are disrupted, cathepsins and
other hydrolases can be released from autolysosomes
to initiate mitochondrial permeabilization and caspase
activation. Cathepsin B is released from lysosomes (or
related structures such as late endosomes) during
TNFo signaling to augment death receptor-mediated
apoptosis and contribute to mitochondrial release of
cytochrome ¢ In addition, lysosomal extracts cleave
Bid to Bid, and cathepsin D, another lysosomal prote-
ase, activates Bax.
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Necrapoptosis/Aponecrosis

In many and possibly most instances of apoptosis,
mitochondrial permeabilization with release of cyto-
chrome cis a final common pathway leading to a final
and committed phase. At higher levels of stimulation,
the same factors that induce apoptosis frequently also
cause ATP depletion and a necrotic mode of cell
death. Such necrotic cell killing is a consequence of
mitochondrial dysfunction. Such shared pathways
leading to different modes of cell death constitute
necrapoptosis (or aponecrosis). In general, apoptosis
is a better outcome for the organism since apoptosis
promotes orderly resorption of dying cells, whereas
necrotic cell death releases cellular constituents into
the extracellular space to induce an inflammatory
release that can extend tissue injury. Thus, an admix-
ture of necrosis and apoptosis occurs in many patho-
physiological settings.

CONCLUDING REMARK

Apoptosis and necrosis are prominent events in patho-
genesis. An understanding of cell death mechanisms
forms the basis for effective interventions to either pre-
vent cell death as a cause of disease or promote cell
death in cancer chemotherapy.
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KEY CONCEPTS

* A common theme in disease is the life and death
of cells. In diseases like stroke and heart attacks,
death of individual cells leads to irreversible func-
tional loss, whereas in cancer the goal of chemo-
therapy is to kill proliferating tumor cells. The
mode of cell death typically follows one of two
patterns: necrosis and apoptosis.

= Necrosis is the consequence of metabolic disrup-
tion with ATP depletion and is characterized by
cellular swelling leading to plasma membrane
rupture with release of intracellular contents.
Apoptosis is a form of programmed cell death that
causes orderly resorption of individual cells
initiated by well-defined ATP-requiring pathways
involving activation of proteases called caspases.

* In some pathophysiological settings, the mitochon-
drial inner membrane abruptly becomes perme-
able to solutes up to 1500 Da. This mitochondrial
permeability transition causes uncoupling of oxida-
tive phosphorylation, ATP depletion, mitochon-
drial swelling, and cytochrome ¢ release that can

lead to both necrosis and apoptosis.
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= Each of several organelles gives rise to signals initi-
ating apoptotic cell killing. Often these signals
converge on mitochondria to cause cytochrome ¢
release and Apaf-1-dependent caspase 9 and 3
activation as a final common pathway to apoptotic
cell death.

= Death ligands like TNFo and Fas ligand activate
their corresponding receptors in the plasma mem-
brane to initiate caspase signaling cascades and
the mitochondrial pathway to cell death. Inhibitor
of apoptosis proteins (IAPs) oppose apoptotic sig-
naling by inhibiting caspase activation.

* DNA damage activates p53, a nuclear transcrip-
tion factor, and expression of proapoptotic Bcl2
family members like PUMA, NOXA, and Bax that
translocate to mitochondria to induce cytochrome
crelease. Many tumors have loss of function muta-
tions for p53 to escape pb3-dependent apoptosis.

* Accumulation of unfolded/misfolded proteins
in the ER causes ER stress. Initially, ER stress
increases expression of molecular chaperones
with inhibition of other protein synthesis to allevi-
ate the unfolding stress. With prolonged ER stress,
apoptotic pathways are activated. Lysosomes and
the associated process of autophagy (self-digestion)
are yet another source of proapoptotic signals.
Some consider autophagic cell death as a separate
category of programmed cell death.

= Apoptosis and necrosis can share common signal-
ing pathways to be extreme end points on a pheno-
typic continuum of necrapoptosis or aponecrosis.
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Acute and Chronic

Inflammation Induces

Disease Pathogenesis

Vladislav Dolgachev . Nicholas W. Lukacs

INTRODUCTION

The recognition of pathogenic insults can be accom-
plished by a number of mechanisms that function to
initiate inflammatory responses and mediate clearance
of invading pathogens. This initial response when
functioning optimally will lead to a minimal leukocyte
accumulation and activation for the clearance of the
inciting agent and have little effect on homeostatic
function. However, often the inciting agent elicits a
very strong inflammatory response, either due to host
recognition systems or due to the agent’s ability to
damage host tissue. Thus, the host innate immune sys-
tem mediates the damage and tissue destruction in an
attempt to clear the inciting agent from the system. No
matter, these initial acute responses can have long-
term and even irreversible effects on tissue function.
If the initial responses are not sufficient to facilitate
the clearance of the foreign pathogen or material,
the response shifts toward a more complex and effi-
cient process mediated by lymphocyte populations that
respond to specific residues displayed by the foreign
material. Normally, these responses are coordinated
and only minimally alter physiological function of the
tissue. However, in unregulated responses the initial
reaction can become acutely catastrophic, leading to
local or even systemic damage to the tissue or organs,
resulting in degradation of normal physiological func-
tion. Alternatively, the failure to regulate the response
or clear the inciting agent could lead to chronic and
progressively more pathogenic responses. Each of
these potentially devastating responses has specific
and often overlapping mechanisms that have been
identified and lead to the damage within tissue spaces.
A series of events take place during both acute and
chronic inflammation that lead to the accumulation
of leukocytes and damage to the local environment.

Essential Concepts in Molecular Pathology © 2010, Elsevier, Inc. All Rights Reserved.

LEUKOCYTE ADHESION, MIGRATION,
AND ACTIVATION

Endothelial Cell Expression of Adhesion
Molecules

The initial phase of the inflammatory response is char-
acterized by a rapid leukocyte migration into the
affected tissue. Upon activation of the endothelium by
inflammatory mediators, upregulation of a series of
adhesion molecules is initiated that leads to the revers-
ible binding of leukocytes to the activated endothelium.
The initial adhesion is mediated by E and P selectins
that facilitate slowing of leukocytes from circulatory flow
by mediating rolling of the leukocytes on the activated
endothelium. The selectin-mediated interaction with
the activated endothelium potentiates the likelihood
of the leukocyte to be further activated by endothelial-
expressed chemokines, which mediate G-protein-
coupled receptor (GPCR)-induced activation. If the
rolling leukocytes encounter a chemokine signal and
an additional set of adhesion molecules is also
expressed, such as intracellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1), the leukocytes firmly adhere to the activated
endothelium. The mechanism of chemokine-induced
adhesion of the leukocyte is dependent on actin reorga-
nization and a confirmational change of the B-integrins
on the surface of the leukocytes. Subsequently, the firm
adhesion allows leukocytes to spread along the endothe-
lium and to begin the process of extravasating into the
inflamed tissue following chemoattractant gradients
that guide the leukocyte to the site of inflammation.
Each of these events has been thoroughly examined
over the past several years and has resulted in a better-
defined process of coordinated events that lead the leu-
kocyte from the vessel lumen into the inflamed tissue.
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The transition from leukocyte rolling to firm adhe-
sion depends on several distinct events to occur in the
rolling leukocyte. First, the integrin needs to be modi-
fied through a G protein-mediated signaling event
enabling a conformational change that exposes the
binding site for the specific adhesion molecule. Second,
the density of adhesion molecule expression needs to be
high enough to allow the leukocyte to spread along the
activated endothelium and appropriate integrin cluster-
ing on the leukocyte surface. Finally, it appears that a
phenomenon known as outside-in signaling (recently
reviewed) is also necessary for strengthening the adhe-
sive interactions through several important signaling
events that include FGR and HCK, two SRC-like protein
tyrosine kinases (PTKs). Together, these coordinated
events facilitate preparation of leukocytes for extravasa-
tion through the endothelium into the inflamed tissue.

Transendothelial cell migration of leukocytes requires
that numerous potential obstacles be managed. After
firmly adhering to the activated endothelium, leukocytes
appear to spread and crawl along the border until they
reach an endothelial cell junction that has been appro-
priately “opened” by the inflamed environment. While
it has not been completely established, it appears that
endothelial cell junctions that support transmigration
ofleukocytes express higher levels of adhesion molecules
that allow a haptotatic gradient for the crawling cells to
traverse through. This paracellular route of migration is
a favored and well-supported mechanism that is opti-
mized by tissue-expressed chemoattractants for mediat-
ing the crawling into the junctional region without
harming the endothelial cell border. A number of mole-
cules have been implicated in this route of migration, but
PECAMI has been the most thoroughly studied and
appears to be functionally required for the process with
targeted expression at the endothelial cell junction
region. Another protein, junction adhesion molecule-A
(JAM-A), has also been shown to be associated with
migration of cells through the tight junctions of endothe-
lial layer of vessels and is found on the surface of several
leukocyte populations including PMNSs. It appears that
PECAMI and JAM-A are utilized in a sequential manner
to allow movement through the endothelial barrier.

The final obstacle for the leukocyte to traverse
prior to entering into the tissue from the vessel is the
basement membrane. The model that has been pro-
posed over the years suggests that metalloproteinases
(MMPs) are activated to degrade the basement mem-
brane extracellular matrix (ECM), enabling leukocytes
to penetrate toward the site of inflammation. While
evidence in vitro suggests that matrix degradation is
necessary and that MMPs are required, it has not
been clearly identified how the basement membrane
is traversed by leukocytes without substantial damage
to the integrity of the vessel wall.

Chemoattractants

Over the past several years researchers have identified
multiple families of chemoattractants that can partici-
pate in the extravasation of leukocytes. Perhaps the
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most readily accessible mediator class during inflam-
mation is the complement system. These proteins are
found in circulation or can be generated de novo
upon cellular stimulation. Upon activation, bacterial
products or immune complexes (as previously
reviewed) through the alternative or classical pathways
mediate cleavage of C3 and/or C5 into C3a and Cba
that can provide an immediate and effective chemoat-
tractant to induce neutrophil and monocyte activation.
The role of C3a as an anaphylactic agent illustrates the
importance of this early activation event on mast cell
biology. In addition, Cba stimulates neutrophil oxida-
tive metabolism, granule discharge, and adhesiveness
to vascular endothelium. Interestingly, Cba activates
endothelial cells via CaR to induce expression of
P-selectin that can further increase local inflammatory
events. C3a lacks these latter activities. Altogether,
these functions of C3a and Cba indicate that they
are potent inflammatory mediators. While these che-
moattractant molecules have previously been well
described, recent literature has provided additional
evidence that has rekindled excitement toward target-
ing these factors for therapeutic intervention.

A second mediator system that is involved in early
and immediate leukocyte migration is the leukotrienes,
a class of lipid mediators that are preformed in mast
cells or are quickly generated through the efficient
arachidonic acid pathway induced by 5-LO. In particu-
lar, leukotriene B4 (LTB4) has especially been impli-
cated in the early induction of neutrophil migration,
but also can generate long-term problems during
inflammation. LTB4 can be rapidly synthesized by
phag