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Cellular Response to Stress

ÅStressors
ÅPathologic: ischemia

ÅPhysiologic: pregnancy

ÅAdaptation
ÅReversible change in response to stress

ÅInjury
ÅReversible Ą irreversible

ÅCell death

Normal Adaptation Injury Death



Cellular Adaptations

ÅHypertrophy
ÅIncrease in cell size

ÅHyperplasia
ÅIncrease in cell number

ÅOften occurs with hypertrophy

ÅAtrophy
ÅDecrease in cell size

ÅMetaplasia
ÅChange in phenotype



Hypertrophy

ÅIncrease in cell size
ÅMore proteins, filaments

ÅMay occur together with hyperplasia

ÅMuscle tissue : hypertrophy with more workload

Lin Mei/ Flikr



Hypertrophy

ÅPhysiologic examples
ÅBody builders (muscle hypertrophy for use)

ÅUterus in pregnancy (hormone driven)

ÅPathologic example: 
ÅLeft ventricular hypertrophy

ÅResponse to hypertension or increased workload

Patrick Lynch/Wikipedia

ØyvindHolmstad/Wikipedia



Hyperplasia

ÅIncrease in cell number

ÅOften due to excess hormone stimulation

ÅPhysiologic or pathologic

ÅOften accompanied by hypertrophy



Physiologic Hyperplasia

ÅBreast growth at puberty
ÅHyperplasia and hypertrophy of glandular epithelial cells

ÅLiver regeneration
ÅPartial liver donation Ą liver grows back to full size

ÅHyperplasia of remaining hepatocytes 

ÅBone marrow
ÅAnemia Ą hyperplasia of red cell precursors

ÅRed blood cell production may increase by 8x

Wikipedia/Public Domain



Pathologic Hyperplasia

ÅEndometrial hyperplasia
ÅGrowth due to estrogen

ÅProstatic hyperplasia
ÅExcessive response to androgens

ÅHuman papilloma virus
ÅSkin warts (epidermal hyperplasia)

ÅGenital warts (mucosal hyperplasia)

Wikipedia/Public Domain



Malignancy

ÅOften develops from hyperplasia

ÅIncreased cell division

ÅMore chances for error in cell cycle control

ÅUncontrolled growth

Wikipedia/Public Domain



Benign Prostatic Hyperplasia

ÅPathologic hyperplasia

ÅDoes not lead to malignancy 

Wikipedia/Public Domain



Hypertrophy vs. Hyperplasia

ÅPermanent/non-dividing cells
ÅMyocytes, skeletal muscle cells, nerves

ÅPermanent G0ÓÔÁÔÅ ɉȰÔÅÒÍÉÎÁÌÌÙ ÄÉÆÆÅÒÅÎÔÉÁÔÅÄȱɊ

ÅHypertrophy

ÅCells capable of growth/division
ÅEpithelial cells (GI tract, breast ducts, skin)

ÅCommonly undergo hyperplasia

ÅMay lead to dysplasia/cancer



Atrophy

ÅReduction in size of organ/tissue

ÅDecrease in cell size and/or number of cells

ÅPhysiologic examples:
ÅEmbryonic structures (notochord)

ÅUterus after childbirth (loss of hormone stimulation)

ÅBreast/uterus at menopause

Flikr /Public Domain



Pathologic Atrophy

ÅUnused skeletal muscle
ÅBed rest

ÅImmobilization (cast after fracture)

ÅCachexia
ÅPoor nutrition

ÅDecreased blood supply
ÅSenile atrophy of brain (atherosclerosis)

ÅLoss of innervation
ÅNeuromuscular disorders

CDC/Public Domain



Atrophy Mechanisms

ÅUbiquitin -proteasome pathway
ÅProteins tagged by ubiquitin

ÅTransported to proteasomes for degradation

ÅStressors may activate ligases that attach ubiquitin

ÅAutophagy
ÅȰ3ÅÌÆ ÅÁÔÉÎÇȱ

ÅCellular components fused with lysosomes 



Metaplasia

ÅChange in cell type to adapt to stress

ÅNew cell type able to withstand stress

ÅCommonly from one epithelial cell type to another

ÅPotentially reversible 

ÅCan lead to dysplasia/malignancy



Metaplasia

ÅRespiratory tract in smokers
ÅNormal columnar epithelium in trachea/bronchi

ÅChanges to squamous epithelium (most common metaplasia)

ÅSquamous epithelium more durable

ÅLoss of cilia Ąmore vulnerable to infections

Ciliated, PS columnar Stratified squamous epithelium

Pixabay/Public Domain

OpenStaxCollege/Wikipedia



Metaplasia

Å"ÁÒÒÅÔÔȭÓ ÅÓÏÐÈÁÇÕÓ
ÅGastric acid (stressor) in esophagus

ÅNormal stratified squamous epithelium

ÅChanges to columnar epithelium  (intestines)

Wikipedia/Public Domain



Metaplasia

ÅMyositis Ossificans (heterotopic ossification)
ÅMusclemetaplasia to bone (not epithelial cells)

ÅMesenchymal cells Ą osteoblastic tissue

ÅForms lamellar bone in muscles

ÅFollows trauma (hip arthroplasty)

ÅMuscles become stiff

Tdvorak/Wikipedia



Vitamin A Deficiency

ÅImportant for maintaining epithelial cells

ÅDeficiency: epithelial metaplasia and keratinization

ÅUpper respiratory tract
ÅEpithelial metaplasia 

ÅEpithelium replaced by keratinizing squamous cells 

ÅAbnormal epithelium Ą pulmonary infections

ÅXerophthalmia (dry eyes)
ÅNormal epithelium secretes mucus

ÅReplaced by keratinized epithelial cells



Apocrine Metaplasia

ÅForm of fibrocystic change in breast

Å!ÌÓÏ ÃÁÌÌÅÄ ȰbenignepithelialÁÌÔÅÒÁÔÉÏÎȱ

ÅAlterations to lobular epithelial cells

ÅTake on appearance of apocrine (gland) cells

ÅDoes not lead to dysplasia/cancer



Dysplasia

ÅDisordered proliferation

ÅNon-neoplastic but can be pre-cancerous
ÅMild dysplasia may resolve

ÅSevere dysplasia may be irreversible Ą cancer

ÅUsually occurs in epithelial tissues

ÅUsually preceded by hyperplasia or metaplasia

Normal Hyperplasia
Metaplasia

Stressor

Dysplasia



Dysplasia

ÅPleomorphism 

ÅAbnormal nuclei (hyperchromatic, large)

ÅMitotic figures (clumped chromatin)

Wikipedia/Public Domain



Cervical Dysplasia

Ed Uthman/Wikipedia

Normal

Dysplasia
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Cell Injury

ÅFour general causes of cell injury
ÅCapacity for adaptation exceeded

ÅExposure to toxic/injurious agents

ÅDeprived of nutrients

ÅMutation disrupts metabolism 

ÅReversible to a point

ÅSevere or persistent injury may be irreversible

ÅMay lead to cell death

Pixabay/Public Domain



Cell Death 

ÅTwo ways cells die:
ÅNecrosis: inflammatory process

ÅApoptosis: non-inflammatory

ÅNecrosis preceded by classic cellular changes
ÅReversible changes Ą irreversible changes 



Reversible Cell Injury

ÅCellular swelling
ÅMajor feature of most forms of reversible injury

ÅHydropic change = water accumulation in cell

ÅHard to see under microscope

Åᴽ .ÁȾ+ !40ÁÓÅ ÐÕÍÐÓ



Reversible Cell Injury

ÅFatty change
ÅSeen only in systems that heavily metabolize fatty acids

ÅLiver, heart, skeletal muscle

ÅLipid vacuoles appear in cytoplasm

Public Domain



Reversible Cell Injury

ÅMitochondrial swelling

ÅMembrane blebbing
ÅDisruption of cytoskeleton

ÅDilation of endoplasmic reticulum
ÅRibosomes detach from ER

Åᴽ ÐÒÏÔÅÉÎ ÓÙÎÔÈÅÓÉÓ 

ÅȰ0ÏÌÙÓÏÍÁÌ ÄÅÔÁÃÈÍÅÎÔȱ

ÅPolysome = cluster of ribosomes



Irreversible Cell Injury
Necrosis

ÅMembrane damage
ÅContents leak

ÅCauses inflammation

ÅSerum detection of cell contents (troponin, lipase)

ÅCalcium-dependent phospholipases

ÅRupture of lysosomes
ÅEnzymes degrade cellular contents

Wikipedia/Public Domain



Irreversible Cell Injury
Classic Nuclear Changes

ÅKaryolysis (loss of basophilic/dark color)

ÅPyknosis (nuclear shrinkage)

ÅKaryorrhexis (fragmented nucleus)

Wikipedia/Public Domain



Mechanisms of Injury

ÅATP depletion

ÅCalcium

ÅMitochondrial damage

ÅFree radicals



ATP Depletion

ÅMany causes
Å  ÏØÙÇÅÎ ÓÕÐÐÌÙ

ÅMitochondrial damage

ÅDirect effect some toxins

ÅLoss of membrane pumps

ÅLoss of protein synthesis

ATP



Calcium

ÅNormally very low compared with outside cell

ÅCalcium influx: hallmark of injury
ÅReleased from intracellular storage

ÅInflux across cell membrane

ÅCauses cellular injury

ÅCalcium-dependent phospholipases
ÅActivated by increased calcium

ÅBreakdown of membrane phospholipids

ÅDamages mitochondria



Mitochondrial Damage

ÅLack of oxygen

ÅReactive oxygen species

ÅMitochondrial permeability transition pore
ÅOpened by calcium

ÅLoss of membrane potential

ÅFailure of oxidative phosphorylation

Blausengallery 2014".Wikiversity Journal of Medicine
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Mechanisms of Injury

ÅATP depletion

ÅCalcium

ÅMitochondrial damage

ÅFree radicals



Vocabulary

ÅFree radical
ÅSingle, unpaired electron in outer orbit

ÅHighly reactive

ÅMay damage many cellular components 

ÅReactive oxygen species
ÅOxygen free radicals

ÅSeveral forms

ÅSuperoxide (O2·)

ÅHydrogen peroxide (H2O2)

ÅHydroxyl radical (OH-)



Free Radicals
ÅGenerated in cells under normal conditions

ÅInactivated in cells

ÅCell maintain low level under normal conditions

ÅHigh level Ą cell injury

Low level
Free Radicals

Generation Inactivation



Free Radical Generation

ÅNormal metabolism involving oxygen

ÅOxidative phosphorylation 
ÅYields small levels of superoxide (O2·)

ÅConverted to H2O2 by superoxide dismutase

ÅH2O2 more stable and can cross membranes

ÅConverted to H2O

O2ĄO2
·
ĄH2O2ĄOH-

ĄH2O

Superoxide 
Dismutase



Free Radical Generation

ÅRadiation (UV light, X-rays)

ÅMechanism of radiation therapy for cancer

ÅMetabolism of drugs

ÅTransition metals

ÅRespiratory burst

Dina Wakulchik/Wikipedia



Drug Metabolism

ÅPhase 1: drug modification 

ÅPhase 2: conjugation

ÅPhase 3: additional modification and excretion

ÅCytochrome P450 enzymes
ÅSmooth ER in liver

ÅPart of phase 1 metabolism

Å'ÅÎÅÒÁÔÅ ȰÂÉÏÁÃÔÉÖÅ ÉÎÔÅÒÍÅÄÉÁÔÅÓȱ ɉÆÒÅÅ ÒÁÄÉÃÁÌÓɊ

Drug Drug-Free-Radical
P450
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Liver Lobules

Reytan/Wikipedia
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Acetaminophen
Tylenol

ÅMetabolized in liver to NAPQI
ÅN-acetyl-p-benzoquinone imine

ÅNAPQI is a reactive oxygen species (ROS)

ÅCauses free radical liver damage

CYP450



Transition Metals 

ÅSuperoxide (O2
-) converted to H2O2 for inactivation

ÅFenton Reaction forms hydroxyl radical (OH·)
ÅH2O2 + Fe2+

Ą Fe3+ + OH·

ÅH2O2 + Cu+
ĄCu2+ + OH·

Å(ÅÍÏÃÈÒÏÍÁÔÏÓÉÓȾ7ÉÌÓÏÎȭÓ
ÅIron and copper toxicity

O2 O2
- H2O2

Inactivation

OH·



Transition Metals 
ÅMetal storage and transport proteins: 
ÅTransferrin/Ferritin/Lactoferrin (Fe) 

ÅCeruloplasmin (Cu)

Public Domain
Tomihahndorf



Respiratory Burst

ÅPhagocytes engulf bacteria in phagosome 

ÅGenerate H2O2 in phagosome to kill bacteria

ÅUses three key enzymes:
ÅNADPH oxidase

ÅSuperoxide dismutase

ÅMyeloperoxidase

Graham Colm/Wikipedia



Respiratory Burst

O2

O2
-

NADPH

NADP+

NADPH
Oxidase

H2O2

HOCl

Cl-

Superoxide
Dismutase

Myeloperoxidase

Bacterial
Death



Free Radical Inactivation
ÅSpontaneous decay

ÅAntioxidants
ÅFree radical scavengers

ÅVitamin E, A, C, glutathione

Low level
Free Radicals

Generation Inactivation



Free Radical Inactivation
ÅEnzymes
ÅCatalase (peroxisomes)

ÅSuperoxide dismutase (mitochondria)

ÅGlutathione peroxidase (cytoplasm of cells)

ÅRequires glutathione: GSH + H2O2ĄH2O

O2ĄO2
·
ĄH2O2ĄOH-

ĄH2O

Superoxide 
Dismutase

Peroxidase

Catalase



CGD
Chronic Granulomatous Disease

ÅLoss of function of NADPH oxidase

ÅPhagocytes cannot generate H2O2 

ÅCatalase (+) bacteria breakdown H2O2

ÅHost cells have no H2O2 to use Ą recurrent infections

ÅCatalase (-) bacteria generate their own H2O2 

ÅPhagocytes use despite enzyme deficiency

ÅFive organisms cause almost all CGD infections:
ÅStaph aureus, Pseudomonas, Serratia, Nocardia, Aspergillus

Source: UpToDate



G6PD Deficiency

ÅLimited supply of glutathione

ÅRBC damage by free radicals Ą hemolysis

ÅClassic trigger: fava beans
ÅContain vicine

ÅConverted to divicine ĄROS

ÅDepletes glutathione



Free Radical Cell Damage

ÅPeroxidation of lipids
ÅPeroxide: O-O

ÅDamages membranes

ÅOxidation of proteins
ÅDamage enzymes

ÅDisruption of DNA
ÅBreaks, crosslinking

Lipid Peroxidation



Reperfusion Injury

ÅMyocardial infarction Ąᴽ ÂÌÏÏÄ ÆÌÏ× ɉÉÓÃÈÅÍÉÁɊ

ÅReperfusion ĄᴻÂÌÏÏÄ ÆÌÏ×
ÅSome reversibly injured cells recover (good)

ÅSome cells damaged by reperfusion (bad - paradoxical)

ÅSeveral mechanisms

Åᴻ  ÏØÙÇÅÎ ÓÕÐÐÌÙ Ą generation of free radicals
ÅAntioxidants lost from injury

ÅDamaged mitochondria incompletely reduce oxygen



Carbon Tetrachloride
CCL4

ÅIndustrial solvent

ÅHistorically used for dry cleaning

ÅLiver highly sensitive to damage

ÅConverted to CCL3 free radical (CYP450 enzymes)
ÅLipid peroxidation

ÅInhibition of lipoprotein synthesis/secretion

ÅAccumulation of lipids

ÅResult: fatty liver



Lipofuscin

ÅInsoluble cellular pigment

ÅYellow-brown color

ÅContain oxidized lipids

ÅThought to be derived from lipid peroxidation

ÅAccumulates over time in lysosomes

ÅNot pathological 

ÅSeen with aging



Lipofuscin

Wikipedia/Public Domain



Apoptosis
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Apoptosis

ÅProgrammed cell death

ÅCell activates its own enzymes to destroy cell

ÅMembrane remains intact 

ÅNo inflammation

ÅCell ultimately consumed by phagocytes

Pixabay/Public Domain



Apoptosis

ÅActive process
ÅATP-dependent 

ÅContrast with necrosis

ÅSome stimuli cause apoptosis and necrosis
ÅExample: myocardial ischemia

ÅEvidence for both forms of cell death

ÅInitial cellular response: apoptosis (avoids inflammation)

ÅLater response: necrosis (ATP depleted)



Apoptosis
Causes

ÅEmbryogenesis

ÅHormone withdrawal 
ÅOccurs in hormone-dependent tissues

ÅEndometrium with progesterone withdrawal 

ÅImmune cells 
ÅT-cells in thymus

ÅB-cells in germinal centers

ÅDeath of self-reactive immune cells

ÅImmune cells after inflammation resolves

Flikr / luncar caustic



Apoptosis
Causes

ÅDNA damaged cells

ÅAbnormal cells

ÅInfected cells (especially viral)

Wikipedia/Public Domain

Wikipedia/Public Domain



Apoptotic Mechanisms

ÅCaused by caspaseenzymes
ÅInactive enzymes in cytosol

ÅWhen activated Ą apoptosis 

Å4×Ï ȰÐÁÔÈ×ÁÙÓȱ ÆÏÒ ÃÁÓÐÁÓÅ ÁÃÔÉÖÁÔÉÏÎ

ÅIntrinsic (mitochondrial) pathway
ÅInitiated by mitochondria

ÅExtrinsic (death-receptor) pathway
ÅMembrane death receptors activated 



Intrinsic Pathway

ÅOpening of mitochondrial membranes

ÅRelease of cytochrome c
ÅBinds to APAF-1 (apoptosis-activating factor)

ÅActivation of caspases

ÅControlled by BCL2 family of proteins
ÅSome pro-apoptotic; some anti-apoptotic

ÅBalance determines if cell undergoes apoptosis

Pro-apoptosis

Anti -apoptosis



Electron Transport
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Intrinsic Pathway

ÅMany, many BCL2 family proteins

ÅAnti-apoptosis: BCL-2, BCL-XL, MCL1 proteins
ÅFound in mitochondrial membranes

ÅPrevent cytochrome c from entering cytosol

ÅPro-apoptosis: BAX and BAK proteins
ÅBind to anti-apoptotic proteins

ÅOpen pores in mitochondrial membranes

ÅPromote apoptosis 

ÅAs are for Apoptosis



Intrinsic Pathway

Mitochondrial
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Intrinsic Pathway
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Follicular Lymphoma

ÅSubtype of non-Hodgkin lymphoma

ÅB-cell malignancy

ÅOverexpression of BCL-2

ÅMitochondrial pores will not open

ÅCaspases cannot activate

ÅCell will not undergo apoptosis

ÅResult: Uncontrolled cell growth



Intrinsic Pathway
Triggers

ÅWithdrawal of growth factor
ÅHormones for hormone-sensitive tissue (uterus)

ÅCytokines for immune cells

ÅEmbryogenesis 

ÅDNA damage
ÅDNA damage (radiation, chemotherapy)

ÅP53 can active BAK and BAX

ÅAbnormal proteins
ÅCaused by heat, hypoxia, low glucose 



Extrinsic Pathway

ÅDeath receptors
ÅAll part of TNF family of receptors

ÅSpan plasma membrane into cytoplasm

ÅFAS (CD95)
ÅWell-described death receptor found on many cells

ÅBinds FAS-ligand

ÅTriggers sequence that leads to activation of caspases



CD8 T-cells
Killing of virus infected cells

ÅActivated by presentation of foreign antigens (MHC1)

ÅRelease perforin and granzymes 
ÅLead to activated caspases

ÅProduce Fasligand
ÅBinds to Fas(CD95) on surface of cells

Wikipedia/Public Domain



Extrinsic Pathway

ÅThymic medulla
ÅT-cells that bind to self-antigens die (negative selection)

ÅDeath occurs via extrinsic pathway

ÅFAS-FAS-ligand interactions

Public Domain/Wikipedia



Extrinsic Pathway

ÅAutoimmune lymphoproliferative syndrome
ÅDefective FAS-FAS-ligand pathway for apoptosis 

ÅPoor negative selection (more T-cell survival)

ÅOverproduction of lymphocytes

ÅLymphadenopathy, hepatomegaly, splenomegaly

ÅHigh risk of lymphoma

ÅAutoimmune diseases



Apoptosis
Cellular Changes

ÅCell shrinkage 
ÅContrast with necrosis/swelling

ÅChromatin condensation
ÅPyknosis

ÅHallmark of apoptosis

Wikipedia/Public Domain



Apoptosis
Cellular Changes

ÅMembrane blebbing

ÅFormation apoptotic bodies
ÅMembrane fragments

ÅCell organelles

ÅLigands for phagocyte receptors

ÅConsumed by phagocytosis 

Wikipedia/Public Domain



DNA Laddering

ÅApoptotic caspases cleave DNA at specific regions

ÅForms pieces in multiples of 180-185 kbp

Å&ÏÒÍÓ Á ȰÌÁÄÄÅÒȱ ÏÆ ÓÉÚÅÓ ÏÎ ÇÅÌ ÅÌÅÃÔÒÏÐÈÏÒÅÓÉÓ

ÅNecrosis: random fragments



Apoptosis and Necrosis 
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Necrosis

ÅForm of cell death 

ÅCell membrane loss

ÅLeakage of cellular contents

ÅElicits inflammatory response

ÅAffects tissue beds

ÅResults in gross and microscopic changes

Pixabay/Public Domain



Necrosis

ÅTwo major types
ÅCoagulative

ÅLiquefactive

ÅOther types
ÅCaseous

ÅFibrinoid

ÅFat

ÅGangrenous

Pixabay/Public Domain



Coagulative Necrosis

ÅPreservation of tissue architecture for days

ÅInjury damages cells and enzymes
ÅMajor difference from liquefactive necrosis

ÅLoss of enzymes limits proteolysis

ÅTissue architecture remains intact for days

ÅPhagocytosis of cell remnants (takes time)



Coagulative Necrosis

ÅGross: tissue becomes firm

ÅMicroscopic:
ÅArchitecture preserved

ÅCell nuclei lost

ÅRed/pink color on H&E stain (cell takes up more stain)

ÅInflammatory cells



Coagulative Necrosis

Ryan Johnson/Flikr



Coagulative Necrosis

Ryan Johnson/Flikr

Normal Heart Post myocardial infarction



Coagulative Necrosis

ÅSeen with infarctions and ischemia
ÅMyocardium

ÅKidney

ÅSpleen

ÅKey exception: brain (liquefactive necrosis)

RobinH/Wikipedia



Liquefactive Necrosis

ÅAbscesses (bacterial/fungal) and brain infarctions
ÅCause in brain infarctions poorly understood

ÅInfection draws inflammatory cells 

Å4ÉÓÓÕÅ ÉÓ ȰÌÉÑÕÅÆÉÅÄȱ ÉÎÔÏ ÔÈÉÃËȟ ÌÉÑÕÉÄ ÍÁÓÓ

ÅEnzymes from microbes

ÅEnzymes from lysosomes of dying cells 



Liquefactive Necrosis

ÅGross: liquid/pus or abscess cavity

ÅMicroscopic: numerous neutrophils



Liquefactive Necrosis

Wikipedia/Public Domain

Brain after stroke



Liquefactive Necrosis

R. Geetha/ Slideshare

Brain after stroke



Caseous Necrosis

ÅȰ#ÈÅÅÓÅ ÌÉËÅȱ

ÅRarely occurs outside of tuberculosis infection

ÅMycobacteria resist digestion

ÅMacrophages form giant cells

ÅSlow breakdown of infection

ÅMycolic acid and lipids give cheese-like appearance



Caseous Necrosis

ÅGross: Cheesy-like (caseating) substance

ÅMicroscopic: granulomatous inflammation
ÅNecrotic center

ÅRing of lymphocytes and macrophages

ÅEpithelioid cells

ÅGiant cells (fused activated macrophages)



Caseous Necrosis

Wikipedia/Public Domain



Caseous Necrosis

Public Domain



Fat Necrosis

ÅNecrosis of fat

ÅClassic example: acute pancreatitis
ÅCause: lipases released from pancreatic cells

ÅBreakdown of peritoneal fat

ÅFatty acids combine with calcium (saponification)

ÅȰ#ÈÁÌËÙ-×ÈÉÔÅȱ ÔÉÓÓÕÅ 



Fat Necrosis

Wikipedia/Public Domain



Fat Necrosis

ÅFat necrosis of breast
ÅResults from trauma

ÅOften biopsy, surgery

ÅSports injury, seatbelt injury

ÅCan mimic breast cancer

Wikipedia/Public Domain



Fat Necrosis

Wikipedia/Public Domain



Gangrenous Necrosis

ÅSubtype of coagulative necrosis

ÅCaused by ischemia

ÅLost blood supply to limbs or bowel

ÅMultiple tissue layers involved

ÅDry gangrene: dry, black, shrunken tissue 

ÅWet gangrene:
ÅSuperimposed bacterial infection

ÅCoagulative and liquefactive necrosis

ÅMoist, soft, swollen

ÅPus, foul smelling



Dry Gangrene

James Heilman, MD/Wikipedia



Wet Gangrene

S Anand/Slideshare



Fibrinoid Necrosis

ÅOccurs in blood vessels

ÅOnly visible under microscope (no gross findings)

ÅOccurs in autoimmune disorders
ÅAntibody-antigen complexes deposit in vessel walls

ÅType III hypersensitivity reaction

ÅFibrin leaks into vessel wall (pink on microscopy)



Fibrinoid Necrosis

Nephron/Wikipedia



Fibrinoid Necrosis

ÅClassic disorder: polyarteritis nodosa
ÅPurpura

ÅRenal failure

ÅNeuropathy

ÅSevere hypertension/preeclampsia
ÅNot autoimmune

ÅDamage to vessel wall Ą fibrin leak



Inflammation
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Inflammation

ÅProcess for eliminating:
ÅPathogens

ÅDamaged tissue

ÅCommonly seen with infections, trauma, surgery

ÅMay cause damage to host:
ÅExcessive inflammation (sepsis)

ÅProlonged (infection fails to resolve)

ÅInappropriate (autoimmune disease)



Inflammation

ÅAcute inflammation
ÅRapid onset (minutes to hours)

ÅQuick resolution (usually days)

ÅChronic inflammation
ÅMay last weeks, months, or years



Cardinal Signs

ÅDescribed by the ancient Romans

ÅRubor (redness) and calor (warmth)
ÅCaused by vasodilation and increased blood flow

ÅTumor (swelling)
ÅIncreased vascular permeability

ÅBrings cells/proteins (complement) to site of inflammation

ÅDolor (pain)

ÅLoss of function 
ÅCaused by other cardinal features



James Heilman, MD/Wikipedia



Vasodilation
Rubor and Calor

ÅArteriolar vasodilation Ą increased blood flow 

Wikipedia/Public Domain



Vasodilation
Rubor and Calor

ÅHistamine 
ÅMast cells, basophils, platelets

ÅPreformed Ą released quickly 

ÅProstaglandins
ÅMast cells, leukocytes

ÅSynthesized via arachidonic acid

Histamine PGE2

Wikipedia/Public Domain



Eicosanoids

Lipids (cell membranes)

Arachidonicacid

Leukotrienes

Lipoxygenase

Thromboxanes

Prostaglandins

Cyclooxygenase

Phospholipase A2

Arachidonicacid



Factor XII
Hageman Factor

ÅComponent of clotting cascade (minor role)

ÅAlso produces bradykinin via the kinin system

XII XIIa

Prekallikrein (PK) Kallikrein

High molecular weight kininogen
HMWK

Bradykinin



Bradykinin

ÅVasodilator

ÅIncreases vascular permeability

ÅPain (B is for boo-boo)

ÅDegraded by angiotensin converting enzyme (ACE)
ÅACE inhibitors can raise bradykinin levels

ÅDangerous side effect: angioedema

ÅAlso degraded by C1 inhibitor (complement system)
ÅC1 inhibitor deficiency Ą hereditary angioedema



Vascular Permeability
Tumor

ÅMay be caused by direct injury

ÅAlso many mediators
ÅLeukotrienes: LTC4, LTD4, LTE4

ÅHistamine, bradykinin

ÅContraction of endothelial cells creates gaps

ÅOccurs in post-capillary venules

Wikipedia/Public Domain



Oncotic Pressure 
Tumor

ÅOncotic pressure ɉБɊ ÃÈÁÎÇÅÓ ÄÒÉÖÅ ÆÌÕÉÄ ÉÎÔÏ ÔÉÓÓÕÅ

ÅRises in interstitial space (protein influx)

Pc
Бc

БiPi

Capillary

Interstitial
Space



Tissue Edema

ÅExudate
ÅInflammatory edema from high vascular permeability

ÅSeen in infection, malignancy (leaky vessels)

ÅHigh protein content (similar to plasma)

ÅHigh specific gravity (concentrated)



Tissue Edema

ÅTransudate
Å#ÁÕÓÅȡ ᴻ ÈÙÄÒÏÓÔÁÔÉÃ ÐÒÅÓÓÕÒÅ ÏÒ ᴽ ÏÎÃÏÔÉÃ ÐÒÅÓÓÕÒÅ

ÅFluid leak NOT due to inflammation

ÅLow protein content (albumin remains in plasma)

ÅLow specific gravity (dilute, not concentrated)

Pc
Бc

БiPi

Capillary

Interstitial
Space



Pleural Effusion

ÅCauses:
ÅExudate (infection, malignancy)

ÅTransudate (heart failure, low albumin)

ÅThoracentesis

ÅFluid tested for protein, LDH

Å,ÉÇÈÔȭÓ #ÒÉÔÅÒÉÁ ɀExudate if:
ÅPleural protein/serum protein greater than 0.5

ÅPleural LDH/serum LDH greater than 0.6

ÅPleural LDH greater than 2/3 upper limits normal LDH

James Heilman, MD



Pain
Dolor

ÅKey mediator: PGE2

ÅIncreases skin sensitivity to pain

ÅAlso causes fever

PGE2
A
I 
N
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Systemic Inflammation

ÅFever

ÅLeukocytosis

ÅAcute phase reactants



Fever

ÅPyrogens 
Åᴻ cyclooxygenase activity in hypothalamus

Åᴻ prostaglandins in hypothalamus

ÅLipopolysaccharide: exogenous pyrogen

ÅIL-1 and TNF: endogenous pyrogens

ÅProstaglandins alter temperature set point
ÅEspecially PGE2

PGE2

PGE2
A
I 
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Leukocytosis

ÅNormal WBC: <11.000/mm3

ÅInfection: 15,000-20,000/mm3

ÅRaging infection: 40,000-100,000/mm3
ÅȰ,ÅÕËÅÍÏÉÄ ÒÅÁÃÔÉÏÎȱ

ÅResembles leukemia

ÅCytokines (TNF and IL-1) Ą cells from bone marrow

ÅBacterial infections: neutrophils (neutrophilia)

ÅViral infections: lymphocytes (lymphocytosis)

BruceBlaus/Wikipedia



Left Shift

ÅNormal response to infection

ÅMore bands and neutrophils



Acute Phase Reactants

ÅSerum proteins

ÅLevels rise with inflammation (acute or chronic)

ÅMostly produced by liver

ÅSynthesis increased by cytokines often IL-6

ÅC-reactive protein

ÅSerum amyloid A

ÅFerritin

ÅHepcidin

ÅFibrinogen

Pixabay/Public Domain



C Reactive Protein (CRP)

ÅLiver synthesis in response to IL-6 (macrophages)

ÅBinds bacterial polysaccharides

ÅActivates complement system

ÅChronic increased levels associated with CAD



Serum Amyloid A Proteins
SAA Proteins

ÅApolipoproteins

ÅMany roles in inflammatory response

ÅCauses AA (secondary) amyloidosis
ÅOccurs in chronic inflammatory conditions

ÅRheumatoid arthritis, ankylosing spondylitis, IBD

Ed Uthman, MD



Ferritin

ÅBinds iron

ÅIron storage protein

ÅStored intracellularly as ferritin

ÅStored in macrophages of liver and bone

ÅClinical significance:
ÅDiagnosis of iron deficiency during infection

Tomihahndorf



Hepcidin

ÅAnti-bacterial properties

ÅInhibits iron transport 
ÅBinds to ferroportin in enterocytes, macrophages

ÅIron trapped in cells as ferritin

ÅContributes to anemia of chronic disease

Public Domain



Fibrinogen

ÅFactor I of the clotting cascade

ÅPromotes cellular adhesions

ÅPlatelets, endothelial cells



ESR
Erythrocyte Sedimentation Rate

ÅRate of RBC sedimentation in test tube
ÅNormal 0-22 mm/ hr for men; 0-29 mm/ hr for women

ÅIncreased by acute phase reactants in inflammation

MechESR/Wikipedia



ESR
Erythrocyte Sedimentation Rate

ÅDetermined by balance of factors
ÅPro-sedimentation: APRs, especially fibrinogen (sticky)

ÅAnti-sedimentation: negative charge of RBC

ÅHigh levels APRs Ą red cells stick together

ÅFaster sedimentation Ą increased ESR



ESR
Erythrocyte Sedimentation Rate

ÅESR > 100 (normal <30) seen in:
ÅEndocarditis

ÅTemporal arteritis 

ÅPolymyalgia rheumatica

ÅTrauma/surgery

ÅMalignancy

ÅAnemia: Increased ESR
ÅSedimentation of red cells slower with more red cells

Å2ÅÄ ÃÅÌÌÓ ÉÍÐÅÄÅÄ ÏÎÅ ÁÎÏÔÈÅÒȭÓ ÓÅÄÉÍÅÎÔÁÔÉÏÎ

ÅRenal disease (some due to anemia)



ESR
Erythrocyte Sedimentation Rate

ÅReduced ESR (<5)
ÅHypofibrinogenemia 

ÅHeart failure (controversial; mechanism unclear)

ÅAbnormal red cell shapes
ÅSickle cell anemia

ÅSpherocytosis

ÅMicrocytosis 

ÅPolycythemia (opposite of anemia)

ÅResult: ESR may be normal despite inflammation



Negative APRs

ÅLevels fall in inflammation

ÅSynthesis inhibited by cytokines

ÅAlbumin

ÅTransferrin

ÅTransthyretin



Acute & Chronic
Inflammation
Jason Ryan, MD, MPH



Inflammation

ÅAcute inflammation
ÅRapid onset (minutes to hours)

ÅQuick resolution (usually days)

ÅChronic inflammation
ÅMay last weeks, months, or years



Acute Inflammation

ÅPart of innate immunity

ÅThree hallmark features
ÅIncreased blood flow (vessel dilation)

ÅIncreased vascular permeability

ÅEmigration of neutrophils into tissues

ÅRapid onset/short duration
ÅOccurs within minutes of trigger 

ÅResolves in minutes/hours/days



Innate Immune System

ÅPhagocytes (debris clearing)
ÅMacrophages 

ÅNeutrophils

ÅComplement

ÅNatural Killer Cells

ÅEosinophils

ÅMast cells and Basophils



Macrophages

ÅMacrophages: guardians of innate immunity

ÅFound in tissues; capable of phagocytosis

ÅRecognize cellular damage, microbes, foreign bodies

ÅInitiate acute inflammatory response

ÅSimilar role played by mast cells, dendritic cells

Dr Graham Beards/Wikipedia



Macrophages 

Å2ÅÃÏÇÎÉÚÅ ÍÏÌÅÃÕÌÅÓ ÔÈÁÔ ÁÒÅ ȰÆÏÒÅÉÇÎȱ 

ÅȰ$ÁÍÁÇÅ-ÁÓÓÏÃÉÁÔÅÄ ÍÏÌÅÃÕÌÁÒ ÐÁÔÔÅÒÎÓȱ ɉ$!-0ÓɊ
ÅPresent only when tissue damage occurs

ÅExample: mitochondrial proteins, DNA

ÅȰ0ÁÔÈÏÇÅÎ-ÁÓÓÏÃÉÁÔÅÄ ÍÏÌÅÃÕÌÁÒ ÐÁÔÔÅÒÎÓȱ ɉ0!-0ÓɊ
ÅPresent on many microbes

ÅNot present on human cells



Macrophages 

Å+ÅÙ ÒÅÃÅÐÔÏÒÓȡ ȰToll -like receptors ȱ ɉ4,2ÓɊ
ÅMacrophages, dendritic cells, others

ÅFound on cell membrane and endosomes

ÅPattern recognition receptors

ÅRecognize PAMPs/DAMPs Ą secrete cytokines

ÅActivation Ą cytokines, inflammatory signals

ÅOther activators:
ÅFc portion of antibodies

ÅComplement proteins



Inflammasome 

ÅCytosolic protein complex found in many cells

ÅKey for recognition of cell damage

ÅActivated by components of damaged cells:
ÅUric acid

ÅExtracellular ATP

ÅFree DNA

ÅLeads to production of IL-1

ÅLeads to release of inflammatory mediators



Inflammatory Mediators

ÅȰ6ÁÓÏÁÃÔÉÖÅ ÁÍÉÎÅÓȱ
ÅHistamine

ÅSerotonin

ÅLipid products (arachidonic acid derived)
ÅProstaglandins

ÅLeukotrienes

ÅComplement 



Neutrophil

ÅDerived from bone marrow

ÅCirculate ~5 days and die unless activated

ÅDrawn from blood stream to sites of inflammation

ÅEnter tissues: phagocytosis

ÅProvide extra support to macrophages

Dr Graham Beards/Wikipedia



Neutrophil
Blood stream exit

ÅExit vascular system at post-capillary venules

ÅFour steps to extravasation (exit vessels to tissues)
ÅRolling, crawling, transmigration, migration

Wikipedia/Public Doainm



Acute Inflammation 
Typical Timeline

ÅNeutrophils dominate early (<2 days)
ÅMany in blood stream

ÅAttach firmly to adhesion molecules

ÅApoptosis after 24-48hrs

ÅMonocytes/macrophages dominate late (>2 days)
ÅLive longer

ÅReplicate in tissues



Acute Inflammation 
Typical Timeline
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Acute Inflammation 
Typical Timeline: Exceptions

ÅPseudomonas infection
ÅNeutrophils dominate for days

ÅViral infections
ÅLymphocytes often appear first

ÅHypersensitivity reactions
ÅEosinophils dominate



Acute Inflammation
Resolution 

ÅThree potential outcomes

Å#1: Resolution of inflammation
ÅRemoval of microbes/debris

ÅTissue returns to normal

Å#2: Healing/scar
ÅTissue damage too extensive for regeneration

ÅConnective tissue growth

Å#3: Chronic inflammation



Chronic Inflammation

ÅProlonged inflammation (weeks/months)

ÅMay follow acute inflammation

Å-ÁÙ ÂÅÇÉÎ ÓÌÏ×ÌÙ ɉȰÓÍÏÌÄÅÒÉÎÇȱɊ ÏÎ ÉÔÓ Ï×Î

ÅTissue destruction and repair occur at same time



Chronic Inflammation
Causes

ÅPersistent infections
ÅDifficult to clear microbes

ÅMycobacteria

ÅParasites 

ÅProlonged infection Ą type IV hypersensitivity reaction

ÅAutoimmune diseases

ÅProlonged exposure
ÅSilica

ÅCholesterol (atherosclerosis)



Chronic Inflammation
Cells

ÅMononuclear cells
ÅMacrophages

ÅLymphocytes (T and B cells)

ÅPlasma cells

ÅMacrophages are dominant cell type
ÅSecrete cytokines

ÅActive T-cell response

ÅTwo forms activated macrophages
ÅM1: Activated via classical pathway to destroy microbes

ÅM2: Activated via alternative pathway for tissue repair



Chronic Inflammation
Macrophage Activation

ÅȰ#ÌÁÓÓÉÃÁÌȱ ÁÃÔÉÖÁÔÉÏÎ ɉ-ρɊ

ÅMicrobes activate macrophages
ÅExample: endotoxin Ą TLRs on macrophages

ÅT-cell release IFN-ɾ

ÅActivated macrophage response
ÅReactive oxygen species

ÅMore lysosomal enzymes

ÅSecrete cytokines Ą drive inflammation

ÅTissue destruction may occur

IFN-ɾ
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Chronic Inflammation
Macrophage Activation

ÅȰ!ÌÔÅÒÎÁÔÉÖÅȱ ÁÃÔÉÖÁÔÉÏÎ ɉ-ςɊ

ÅCytokines other than IFN -ɾ
ÅProduced by T cells

ÅIL-4, IL-13

ÅActivated macrophage (M2) response
ÅInhibit classical activation

ÅMain role is tissue repair

ÅGrowth factors Ą angiogenesis



Chronic Inflammation
Outcomes

ÅScarring
ÅChronic HBV Ą liver cirrhosis 

ÅSecondary amyloidosis

ÅMalignancy
ÅLots of cell stimulation/growth

ÅSimilar to hyperplasia Ą dysplasia/neoplasia

ÅChronic hepatitis Ą liver cancer

ÅH. pylori Ą gastric cancer



Acute Inflammation
Neutrophils

Multi -lobed nuclei

Chronic Inflammation
Mononuclear cells

Single, round nuclei



Granulomatous 
Inflammation
Jason Ryan, MD, MPH



Inflammation

ÅAcute inflammation
ÅRapid onset (minutes to hours)

ÅQuick resolution (usually days)

ÅChronic inflammation
ÅMay last weeks, months, or years



Granulomatous Inflammation

ÅSubtype of chronic inflammation

ÅMacrophages transform to :
ÅEpithelioid cells 

ÅLanghans giant cells

ÅT-cell mediated hypersensitivity reaction
ÅType IV (delayed-type) hypersensitivity reaction

ÅCell mediated immune process



Granulomas

ÅȰ%ÐÉÔÈÅÌÉÏÉÄȱ ÍÁÃÒÏÐÈÁÇÅÓ 
ÅLarge, pink, activated macrophages (look like epithelial cells)

ÅSurrounded by lymphocytes (sometimes plasma cells)

ÅSome epithelioid macrophages fuse Ą giant cells 
ÅMay contain 20 or more nuclei

Public Domain



Public Domain



Granulomatous Inflammation

ÅAccumulation of TH1 CD4+ T cells
ÅHigh CD4:CD8 ratio

ÅSecrete IL-2 and interferon-ɾ
ÅIL-2 stimulates TH1 proliferation

ÅIFN-ɾactivates macrophages

ÅUltimately leads to granuloma formation
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Granulomatous Disease

ÅTuberculosis

ÅSarcoidosis (granulomas = diagnostic criteria)

Å#ÒÏÈÎȭÓ ÄÉÓÅÁÓÅ

ÅLeprosy (mycobacterium leprae)

ÅCat-scratch disease (bartonella henselae) 

ÅSchistosomiasis

ÅSyphilis 

ÅTemporal arteritis 

ÅMany others



CGD
Chronic Granulomatous Disease

ÅLoss of function of NADPH oxidase

ÅPhagocytes cannot generate H2O2 

ÅRecurrent catalase (+) bacteria infections

ÅFive organisms cause almost all CGD infections:
ÅBacteria: Staph aureus, Pseudomonas, Serratia, Nocardia

ÅFungi: Aspergillus

ÅGranuloma formation 

Source: UpToDate



Caseating Granuloma

ÅGross pathology : cheesy-like (caseating) necrosis 

ÅMicroscopy: Granulomas with necrotic core

ÅClassically seen in tuberculosis infection

ÅMost granulomas: non-caseating (e.g., sarcoid)

Public Domain

Public Domain



Tumor Necrosis Factor Alpha
TNF-ɻ

ÅMaintains granulomatous inflammation

ÅReleased by macrophages and T-cells

ÅAttracts and stimulates macrophages

ÅTNF-blocking drugs 
Å5ÓÅÄ ÉÎ ÒÈÅÕÍÁÔÏÉÄ ÁÒÔÈÒÉÔÉÓȟ #ÒÏÈÎȭÓ ÄÉÓÅÁÓÅ

ÅInfliximab: anti -TNF antibody

ÅEtanercept : decoy receptor TNF-ɻ

ÅPPD testing done prior to starting therapy



Hypercalcemia 

ÅSeen in many granulomatous diseases

ÅBest described in sarcoidosis 

ÅActivated vitamin D produced only in kidney
ÅResponds to PTH

ÅMacrophages: high 1-ɻhydroxylase activity

ÅLeads to increased vitamin D levels (calcitriol)

25-OH Vitamin D 1,25-OH2 Vitamin D1ɻ- hydroxylase



Pathologic 
Calcification
Jason Ryan, MD, MPH



Pathologic Calcification

ÅAbnormal deposition of calcium in tissues

ÅDystrophic calcification
ÅLocal process

ÅMetastatic calcification
ÅSystemic process



Dystrophic Calcification

ÅResult of necrosis

ÅOccurs in diseased tissues

ÅExamples:
ÅAtherosclerotic vessel lesions

ÅDamaged heart valves

ÅLung nodules

ÅMay indicate prior necrosis

ÅMay also cause disease
ÅAortic stenosis 

Ed Uthman

Carotid Artery



Dystrophic Calcification

ÅPurple deposits on H&E staining

Wikipedia/Public Domain



Chronic Pancreatitis

ÅCT scan: classic finding is calcified pancreas

Hellerhoff/Wikipedia



Psammoma Bodies

ÅCalcifications with an layered pattern

ÅSeen in some neoplasms (e.g., thyroid cancer)

Wikipedia/Public Domain



Dystrophic Calcification



Dystrophic Calcification

ÅSerum calcium levels normal 

ÅDamage to phospholipid membranes in cells

ÅCalcium binds phospholipids

ÅEnzymes add phosphate
ÅSimilar to calcium-phosphate of hydroxyapatite in bone

ÅGenerates microcrystals

ÅCrystals propagate Ą calcification



Metastatic Calcification

ÅSeen in hypercalcemia and/or hyperphosphatemia

ÅOccurs in normal tissues

ÅMostly tissues that secrete acid
ÅCreate high pH internally 

ÅFavors calcium phosphate precipitation 



Metastatic Calcification

ÅClassic locations:
ÅGI mucosa

ÅKidneys

ÅLungs

ÅArteries

ÅPulmonary veins



Metastatic Calcification

Yale Rosen/Flikr

Alveolar Walls



Calciphylaxis 

ÅSeen in chronic hyperphosphatemia in CKD

ÅExcess phosphate taken up by vascular smooth muscle 

ÅSmooth muscle osteogenesis

ÅVascular wall calcification

ÅIncreased systolic blood pressure

ÅSmall vessel thrombosis

ÅPainful nodules, skin necrosis

Niels Olsen/Wikipedia



Nephrocalcinosis 

ÅCalcium deposition in kidney tubules

Å#ÁÕÓÅȡ ᴻ ÕÒÉÎÁÒÙ ÅØÃÒÅÔÉÏÎ ÏÆ ÃÁÌÃÉÕÍ ÁÎÄ ÐÈÏÓÐÈÁÔÅ

ÅSeen in hypercalcemia and hyperphosphatemia
Åe.g., hyperparathyroidism, sarcoidosis 

ÅCommon in patients with kidney stones



Nephrocalcinosis 

Wikipedia/Public Domain


