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Abstract 

 Hemolytic uremic syndrome (HUS) is the primary cause of worldwide pediatric 

acute renal failure.  The vast majority of HUS is due to gastrointestinal infection with 

Shiga toxin producing Escherichia coli (STEC), bacteria that produce the ribosomal 

protein synthesis inhibitor Shiga toxin (Stx).  During the diarrheal prodrome, virulence 

factors lipopolysaccharide (LPS) and Stx cross into the systemic circulation and cause 

inflammation and apoptosis in many tissues.  The multi-organ pathology that results from 

toxemia consists of microvascular thrombosis and tissue ischemia with parenchymal 

destruction.  The clinical syndrome of HUS typically comprises microangiopathic 

hemolytic anemia, thrombocytopenia, acute renal failure, a complex inflammatory 

response, and neurologic dysfunction.  The prognosis is variable; however death or 

significant lasting renal impairment occurs in up to half of cases.  Current treatment 

consists only of supportive care with intravenous fluids and dialysis, and therapeutic 

advances have been unforthcoming.   

Due to the infrequent and sporadic nature of HUS, clinical and therapeutic 

advancement require an appropriate model system that will allow the underlying 

mechanisms of this disease to be elucidated.  Thus far, only expensive and cumbersome 

large animal models mimic the human disease, and small animal models of HUS are 

either incomplete or inadequate.  This work fully describes the renal failure that occurs in 

the mouse model of Shiga toxin mediated HUS.  Intraperitoneal injection of Shiga toxin 2 

(Stx2) plus LPS into mice causes systemic toxemia and results in death over 96 hours.  

Acute renal failure, thrombocytopenia, inflammation and neurologic dysfunction develop 
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as well.  Nevertheless, although many of the findings correspond with human disease, 

the etiology of Shiga toxin induced renal failure in the mouse is distinct from that in 

humans.  Human renal glomerular and tubular cell types are rich in Gb3, while the mouse 

only produces Gb3 in renal tubular cells.  For this reason, Stx causes only tubular 

dysfunction in the mouse, and the renal failure is not due to microvascular thrombosis.  

Therefore, although the mouse model provides a means to evaluate therapeutics that 

block Shiga toxin mediated cellular toxicity, it does not appropriately recapitulate human 

HUS. 
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Chapter 1: Introduction 

Renal Physiology and Acute Renal Failure 

The kidney precisely regulates mammalian extracellular fluid volume, acid-base balance, 

waste disposal, and plasma osmolality1.  Constant fluid volume and salt content maintain 

blood pressure and tissue perfusion during normal physiological states.  Changes in blood 

volume and plasma osmolality are sensed centrally by the hypothalamus and peripherally 

by the kidney itself.  To sustain homeostasis, the kidney responds to extrinsic 

(hypothalamic) and intrinsic extracellular signaling initiated by these changes and alters 

the concentration of salt and water excreted1.  Excess bodily salt and water in addition to 

aqueous waste products are eliminated in urine.   

 The basic functional unit of the kidney is the nephron: a blood-filtering 

glomerulus followed by a tubular system that drains into the renal pelvis (Figure 1)2.  

Each human kidney contains approximately one million nephrons, while each murine 

kidney contains about thirty thousand2.  The glomerulus is composed of three primary 

cell types, the vascular glomerular endothelium, the glomerular epithelial cells called 

podocytes, and the regulatory and structural mesangial cells.  The subsequent tubular 

system is extensive and diverse, with four primary parts and numerous specific cell types 

that display unique function and protein expression.  Vascular endothelial growth factor 

(VEGF) signaling from the podocytes to the glomerular endothelium is known to 

maintain the normal structure and function of the adjacent endothelial layer2.  The 

endothelial cells and podocytes create a mutual basement membrane matrix composed 
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primarily of collagen IV, and together this trilaminar structure forms the glomerular 

filtration barrier (Figure 2)2.   

The filtration barrier prevents circulating cells from entering the tubular system, 

and blocks the passage of many proteins larger than 60-70 kDa, though the extent of this 

latter inhibition is the subject of significant debate3-12.  The barrier is morphologically 

intricate (Figure 2), with highly fenestrated endothelial cells and podocytes that form 

specialized foot processes from which they derive their name2.  Blood plasma that passes 

through the filtration barrier enters the tubular system formed primarily of four sections: 

the proximal tubule (PT), the loop of Henle, the distal tubule (DT), and the collecting 

duct (CD).  The glomerulus controls the glomerular filtration rate (GFR), a measure of 

the amount of plasma that enters the tubular system.  Relative afferent and efferent 

arteriole vasodilation or constriction, total renal blood flow through the renal arteries, the 

pressure in the glomerular capillaries, and the relative glomerular versus tubular protein 

concentration predominantly determine the GFR.  The tubular system is responsible for 

the modifying the filtered plasma and controlling the systemic water balance by 

regulating the excretion of free water11.  The tubules perform their function either by 

leaving the luminal fluid filtered by the glomerulus isotonic with plasma, or by 

concentrating it far beyond normal plasma osmolality of 300 mOsm/kg H2O.  A normal 

glomerular filtration rate for an adult human with two functioning kidneys is 120 

mL/min.   
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Figure 1. Schematic of a typical nephron.  

Schematic of the typical renal nephron in yellow (Adapted from: 

http://msjensen.cehd.umn.edu/Webanatomy/image_database/Urinary).  The associated 

renal vasculature is colored red.  Plasma is initially filtered by the glomerulus, and after 

modification in the tubular system, exits the terminal collecting duct as urine.  Glomeruli 

are only present in the cortex, while the tubular system extends throughout the three 

morphologically distinct regions of the kidney: the cortex, medulla, and papilla. 
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Figure 1.  Schematic of a typical nephron. 
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Figure 2.  Ultrastructure of the glomerular filtration barrier. 

An electron micrograph demonstrates the normal ultrastructure of the glomerular 

filtration barrier (Taken from The New England Journal of Medicine 2008. 358:1129-

113613.  In this figure, the upper layer consists of podocyte foot processes with their 

connecting slit diaphragms, the middle is the glomerular basement membrane, and the 

bottom is the fenestrated glomerular endothelium.  Podocytes produce VEGF while 

endothelial cells express both VEGF receptors.  Arrowheads indicate endothelial 

fenestrations and the arrow indicates a slit diaphragm.  The direction of plasma flow 

through the filtration barrier is shown to the right. 
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Figure 2.  Ultrastructure of the glomerular filtration barrier. 
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Although the kidney receives and filters 20% of the total cardiac output, 

amounting to a glomerular filtrate volume equal to all bodily extracellular fluid every two 

hours, 99% of this filtrate is reabsorbed by the tubular system each day14-16.  The majority 

of this reabsorption occurs through cell-type specific solute and water transporters17.  For 

this reason, the renal tubules use approximately 10% of total body energy16.  Of the total 

plasma filtered at the glomerulus, 60% is immediately reabsorbed by the proximal 

tubule18.  Subsequently, salt transport into the medullary interstitium during fluid passage 

through the loop of Henle establishes an interstitial osmolality gradient, which can reach 

1200 mOsm/kg H2O at the tip of the loop in the papilla.  However, upon completion of 

the loop of Henle, and passage through the salt-modifying thick ascending limb and distal 

tubule, where another 35% total solutes and water are reabsorbed, the luminal fluid is 

approximately isotonic with plasma18.  Thus it is at the final tubular segment, the 

collecting duct, that the relative osmolality of urine is determined.   

Hypothalamically-controlled pituitary-released arginine vasopressin (AVP) is the 

principal extracellular agent that controls urine concentration1.  In dehydrated states, 

AVP is released and binds to receptors on the collecting duct cells causing insertion of 

the water channel aquaporin-2 into the luminal membrane18.  Using the medullary 

osmolality gradient established by the loop of Henle, the collecting duct then reabsorbs 

luminal free water and causes production of concentrated (yellow) urine.  When well 

hydrated, no AVP is released from the hypothalamus so the collecting duct lacks luminal 

aquaporin-2, is impermeable to water, and thus produces low osmolality (clear) urine.   

 Acute disorders of kidney function manifest in a variety of ways, though the most 

prominent is an alteration in the volume of urine produced19.  Increased urine output is 
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called polyuria, decreased output is oliguria, and complete lack of urine output is anuria.  

Oliguria can be defined as urine output of less than 0.5 mL/kg body weight per hour for 

24 consecutive hours20.  Because 90% of nitrogenous waste is normally excreted by the 

kidney as urea, increased urea is found in the blood when production of urine is 

diminished11.  This serum urea is called blood urea nitrogen (BUN).  Creatinine is also 

normally eliminated by the kidney and serum creatinine is used as another measure of 

renal function.  Nevertheless, these values only measure renal waste elimination, and do 

not allow determination of the mechanism of the dysfunction.  Specifically, renal failure 

can be caused by both intrinsic renal damage, and changes extrinsic to the kidney.  The 

two primary extrinsic mechanisms of renal failure are decreased renal blood flow, called 

pre-renal failure, and decreased urine output due to post-tubular obstruction, called post-

renal failure19,21.  Pre-renal failure is most often caused by conditions that decrease blood 

pressure, including dehydration, heart failure, and volume depletion, while post-renal 

failure can often be due to congenital malformations or insoluble deposits in the renal 

pelvis or ureter21.  In contrast to oliguria induced by intrinsic renal injury, pre-renal 

decreased urine production is a normal and appropriate maintenance response to 

decreased circulating blood volume, and thus oliguria itself is only a sign of renal 

dysfunction in some contexts22. 

 Intrinsic renal damage generally comes in two forms as well: damage to the 

glomeruli or damage to tubules, though both aspects are injured in many disease states, 

and interstitial insult can occur as well23.  Diseases that demonstrate glomerular injury 

typically result in abnormal glomerular appearance by light or electron microscopy19,21,24.  

Tubular damage is more commonly associated with inflammatory infiltrates and 
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sloughing of cells into the tubular lumen19,23.  Nonetheless, damage to any of the many 

parts of the nephron by a myriad of distinct mechanisms can disrupt the efficient 

production of urine and proper control of salt and water balance.  Thus, in cases of 

demonstrated renal failure by measure of serum waste markers and urine output, all four 

steps: renal blood flow, glomerular filtration, tubular modification, and urine outflow, 

must be appropriately evaluated to distinguish the relevant mechanism24.  Furthermore, 

because low renal perfusion can cause prerenal failure, and some types of intrinsic renal 

injury can decrease blood volume and thus renal perfusion, the time course is important 

in determining the inciting event leading to renal failure, and renal hypoperfusion may 

coexist with most types of intrinsic renal injury25. 

Acute renal failure (ARF) also called azotemia or uremia can be due to myriad 

types of acute kidney injury (AKI), and is defined as an abrupt decline in kidney function 

over hours or days19,22.  Most ARF is at least partially reversible in that the kidney can 

recover lost function with only some residual defect21.  For patients that lose all renal 

function, renal replacement therapy by mechanical and chemical removal of serum 

solutes and waste products also called dialysis, is the only option21.  Overall up to 50% of 

patients with ARF die, though the mortality observed spans a wide spectrum, is 

dependent on the cause of ARF, and is lower in children21.  In addition to increased 

serum creatinine and BUN, other laboratory results can help to distinguish the degree and 

cause of acute renal failure.  Urinalysis involves the inspection of urine for color, salt 

content, volume, and molecules and cells not normally present24.  Concentrated urine is 

often yellow, while dilute urine is clear.  Urine osmolality is a measure of the salt content 

of urine, and the concentrating or diluting capacity of the functioning nephrons.  Protein 
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levels in urine are usually low, and increased proteinuria can be found in states of 

glomerular or tubular damage24.  Renal biopsy is considered to be the gold standard to 

diagnose the underlying cause of ARF, however because of the risk of bleeding, it is only 

performed in cases where the treatment would be significantly altered by the outcome of 

the biopsy24,26.  The lack of renal biopsy specimens in most cases of acute renal injury 

allows only indirect assessment of renal damage and pathogenesis by the previously 

described methods26. 

 The two most common causes of adult ARF are pre-renal azotemia and intrinsic 

renal damage caused by ischemia or toxins, which make up 55% and 40% of all ARF, 

respectively21.  5% of ARF is due to post-renal obstruction.  Pre-renal azotemia is usually 

rapidly corrected by restoration of renal perfusion, unless sufficient hypoperfusion 

occurred to cause intrinsic renal damage25.  Because it is correctable by extrinsic 

manipulation, pre-renal ARF does not truly represent renal injury, but rather an inability 

of the kidney to function given systemic failure25.  Severe sustained hypoperfusion can 

result in renal ischemia and tubular damage however, so the degree and duration of the 

perfusion defect is important23,25.  Urine output is decreased during pre-renal azotemia, 

however the urine osmolality remains high, the concentrating mechanism intact, most 

urine sodium is reabsorbed leading to fractional excretion of sodium less than 1%, and 

the urine does not contain significant debris21,23.  In cases of acute intrinsic renal damage, 

the changes in renal function are less rapidly reversible, with peak renal dysfunction after 

3-5 days, and return to normal within 7-14 days given an isolated acute incident21.  Overt 

tubular necrosis only occurs in some cases, and the most common finding is loss of 

individual cells from the tubular epithelium21.  Findings during intrinsic renal damage 
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include vascular congestion, glomerular deformity, inflammatory cell infiltration, loss 

of tubular concentrating capacity, abnormally increased fractional excretion of sodium, 

and visible tubular regeneration21.  Tubular regeneration is associated with a de-

differentiation and repair response whereby undamaged tubular cells stop expressing 

specific proteins so they can undergo mitosis and repair the denuded epithelium27-29.  

Once they have multiplied, these cells then re-differentiate and produce normal cell-type 

specific molecules27.   

 In contrast to adult ARF, pediatric ARF is most commonly associated with a 

specific disease, the hemolytic uremic syndrome (HUS) that follows gastrointestinal 

infection with Shiga toxin producing Escherichia coli (STEC)30,31.  This post-diarrheal 

HUS (D+HUS) consists of the clinical triad of hemolytic anemia, thrombocytopenia and 

acute renal failure, although additional findings described below are also typical.  The 

renal insufficiency that occurs in HUS can be prolonged in some cases, causing months 

of hospitalization and acute care32.  Nevertheless, even though HUS is classically thought 

of as a disease of young children, outbreaks of the disease have occurred in adult 

populations33,34.  Most significantly, cases of HUS in the elderly cause significant 

morbidity and mortality above that for the pediatric population31,33-38.  Finally, as 

treatment of the acute phase of HUS has improved and acute mortality has declined, the 

incidence of HUS mediated chronic renal disease has risen significantly, such that in 

some parts of the world it is a prominent cause of chronic renal failure39,40.   
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Shiga Toxin and Shiga Toxin Producing Escherichia coli 

Shiga toxin producing E. coli (STEC) cause gastrointestinal infection and illness in 

75,000 people per year in the United States, and cause greater than 90% of worldwide 

pediatric hemolytic uremic syndrome35,36.  There are over 200 serotypes capable of Shiga 

toxin production, though only 50 have so far been associated with human disease41,42.  

O157:H7 is the most common STEC serotype in North American, Japanese, and British 

patients, responsible for greater than 80% of STEC infections in the United States and 

Europe35,41-48.  Non-O157 subtypes such as O26, O111, O103, and O145 cause prominent 

disease in other countries, and additional bacterial types can undergo transient conversion 

to become Stx producers during STEC infection of the human gut34,35,41-49.  The O-

antigen designates the specific subtype of lipopolysaccharide (LPS) produced, while the 

H-antigen marks the type of flagellum50.  HUS has an average yearly incidence of 2.65 

cases per 100,000 children under age 5 in the United States, and in Buenos Aires, 

Argentina, the country with the highest burden of HUS in the world, the incidence is 21.7 

cases per 100,000 children per year31,35,43.  Other countries with significant STEC disease 

burden, and thus where much valuable research has been performed, include South Africa 

and the Netherlands51.  Overall, STEC induced HUS is most common in temperate 

climates during the summer months47,49,51.  Although large epidemic outbreaks have been 

the most publicized, most disease caused by STEC consist of sporadic infections31,41. 

Escherichia coli is a dominant member of the common human intestinal flora, 

usually involved in the mutually beneficial breakdown of food products, and harmlessly 

contained within the gastrointestinal tract41,42.  STEC pathogenic to humans normally 

transiently inhabit the intestinal tract of ruminants like cattle, sheep, goats, buffalo, and 
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deer, and human infection initiates from the spread of manure from cow pastures and 

improper bovine slaughter34,49,52,53. In light of this, the high incidence of STEC infection 

in Argentina probably derives from pervasive cattle farming and beef consumption. 

Furthermore, increased summertime incidence of STEC infection correlates with 

increased bovine fecal STEC shedding during warmer weather49.  To cause disease these 

toxin-producing bacteria make their way into consumable items, either in the beef 

directly, or onto related products54. A sample of farm animals revealed that in the United 

States, 3.6% of beef cattle, 3.4% of dairy cattle, 0.9% of chicken, 7.5% of turkey, and 

8.9% of swine rectal farm samples tested positive for O157:H753.  STEC is a worldwide 

pest and also infects cattle in Australia, Brazil, Norway, Italy, Germany, Spain, and 

France49.  Spread of the bacteria is augmented by the low infectious dose of less than 100 

bacteria required for human colonization, and the national and global food supply chain 

that combines and then disperses food products41,42,55,56. When food is repackaged and 

distributed, contamination is doled out as well41,42,55,56.   

In twenty years of outbreaks in the United States, 52% of cases were due to food 

contamination, 21% were unknown, 14% were from person to person transmission, and 

9% were waterborne52. Between 1982 and 2002 in the United States, 41% of outbreak 

infections were associated with ground beef, 21% with produce, and 4% with milk 

products or other beef preparations52.  Most prominent have been outbreaks of STEC 

mediated disease in ground beef from fast food restaurants, although numerous other 

items have transmitted infection including home-cooked beef, raw milk, gouda cheese, 

mayonnaise, lettuce, potatoes, salami, grapes, apple juice, apple cider, cantaloupe, alfalfa 

sprouts, radish sprouts, swimming pools, and spinach34,41,52,54,56-75.  Unpasteurized liquids 
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including milk and juice are especially prone to contamination, even when processed 

with the most modern equipment not involving pasteurization, and the organism can 

survive refrigerated for weeks in food products64,71,72.  A common mechanism of crop 

infection is fecal contamination due to water flow from cow pastures, as the organism can 

survive for months in water or feces34,49,54,76.  Furthermore, outbreaks demonstrate that 

STEC can survive the processes of fermentation and drying, and thus cooking is the only 

way to safely prepare infected food items49.  Although only responsible for a minority of 

cases, person to person transmission has been liable for outbreaks at day care facilities 

and institutions, as patients are known to shed STEC for 2-3 weeks following 

gastrointestinal infection38,63,77,78.  Furthermore, early during the course of illness children 

infected with STEC excrete 106-107 bacteria per gram of stool and have multiple bowel 

movements per day79.  Because proximity determines most risk for person to person 

spread, siblings of infected children have an especially large chance of contracting 

STEC80.  Asymptomatic STEC carriage can occur in humans, although the prevalence of 

this finding in the general population is unknown49,81-83.   

After oral ingestion, STEC intestinal and colonic colonization is supported by an 

array of bacterial virulence factors, though these E. coli do not produce either heat-labile 

or heat-stable enterotoxins made by some other intestinal E. coli pathogens82,84.  STEC 

form unique histopathological attaching and effacing (A/E) lesions that help maintain 

epithelial adherence, a trait presumably maintained as STEC evolved from 

enteropathogenic E. coli (EPEC)41,42,49,85.  These A/E lesions are characterized by 

localized intestinal epithelial effacement with loss of normal microvilli, and the formation 

of pedestals of polymerized actin on which sit the bacteria.  The genes that encode the 
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bacterial products necessary for this host cell subversion are located on the locus of 

enterocyte effacement (LEE) pathogenicity island41,42,85.  The LEE encodes a type III 

secretion system that injects the attachment molecule Tir (translocated intimin receptor) 

into adjacent epithelial cells.  STEC bind to Tir with their membrane protein Intimin to 

mediate adherence and A/E lesion formation41,42,85.  The presence of these adherence 

factors is associated with disease pathogenesis in animal models and epidemiologically 

with disease in infected humans42,85.  Nevertheless, A/E lesions have not been observed 

in biopsy specimens from human STEC patients, and LEE negative strains exist and 

cause HUS in humans, suggesting that the components of the LEE pathogenicity island 

are not the crucial virulence factors necessary for HUS development41,42,49. 

Shiga toxin (Stx) is considered to be the primary necessary virulence factor 

produced by STEC responsible for HUS in humans, though the bacterial membrane 

component lipopolysaccharide (LPS) may also play a role41,49,86,87.  In contrast to Shigella 

species that invade the intestinal mucosa, STEC do not normally invade or cause 

bacteremia, and thus significantly lower relative levels of LPS enter the bloodstream 

during STEC infection88-90.  Stx is encoded by chromosomal DNA from an incorporated 

lysogenic bacteriophage in STEC, and the active protein was originally discovered as 

toxic to African Green Monkey Kidney cells called Vero cells41,42,49.  Hence, an 

alternative and equivalent term for Stx is verotoxin, and STEC can also be called 

Verotoxigenic E. coli (VTEC)41,42.  Of E. coli that produce Stx, those that produce the 

Shiga toxin 2 (Stx2) subtype are more prevalent in cases of human disease, and are 

especially connected to HUS and bloody diarrhea31,35,44,91-93.  Furthermore, Stx2 shows 

greater toxicity in animal model systems, with the dose required to kill 50% of the 
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animals in a group (LD50) approximately 400 times smaller than Shiga toxin 1 

(Stx1)94,95.  In the United Kingdom 92% of O157 and 80% of non-O157 STEC produce 

Stx2 alone or with Stx143.  However, HUS patients frequently develop antibodies 

specifically against O157 LPS following infection, and produce increased levels of 

lipopolysaccharide binding protein (LBP), suggesting that it may be important as 

well47,50,87,96-101.  LPS is abundant in the outer membrane of gram negative bacteria like E. 

coli, and mediates cellular inflammation and endothelial apoptosis by binding to toll-like 

receptor 4 (TLR4) on the mammalian cell surface102-104.  Currently, the relative roles and 

importance of each of the bacterial toxins Stx and LPS in mediating human HUS are 

incompletely characterized. 

Shiga toxin is a 70 kDa subunit toxin composed of one active (A) subunit and five 

binding (B) subunits in a pentameric ring31,35,82,105.  Stx1 is completely identical to Shiga 

toxin from Shigella dysenteriae I that was first isolated in 1898, while Stx2 is only 56% 

identical though with similar functional activity41,90,106.  Other functional variants of Stx 

exist, but are relatively minor compared to Stx1 and Stx2 subtypes44.  In this report, Stx 

will be used to refer to both Stx1 and Stx2, though if necessary the toxins will be named 

specifically.  The B subunits of Stx bind to the cell surface glycosphingolipid 

globotriaosylceramide (Gb3) present on some types of mammalian cells31,107-109.  Upon 

binding, the holotoxin is endocytosed into the endosomal recycling pathway whereby it 

makes its way through the endoplasmic reticulum (ER) to the cytosol41,90,110,111.  The 

activated A subunit is an N-glycosidase that specifically depurinates the 28S rRNA and 

thereby inhibits nascent peptide elongation, ribosomal activity, and general protein 

synthesis35,82,112.  While Stx1 has a greater affinity for Gb3 and cells that express it, Stx2 
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is more toxic in vitro than equivalent quantities of Stx1113.  Protein synthesis inhibition 

by Stx1 and Stx2 causes the initiation of a ribotoxic stress response consisting of MAP 

kinase activation and inflammation, and initiates apoptosis in some cell types114,115.   

Synthesis of the glycosphingolipid Gb3 is performed by a sequential series of 

catabolic and anabolic enzymes, though the endogenous role of the Gb3 molecule remains 

uncharacterized.  Other names for Gb3 include the Pk antigen of the P blood group 

system, and CD77116.  The base molecule for all of the glycosphingolipids is the 

sphingolipid ceramide, to which glycosyltransferases add sugars to create more 

complicated molecules116.  Gb3 is made by specifically adding one glucose and two 

galactose residues to ceramide in sequence, mediated by glucosylceramide synthase, 

lactosylceramide synthase, and Gb3 synthase, respectively (Figure 3)116-118.  Gb3 can also 

be made by removing a sugar residue from the more complex glycosphingolipid 

globotetraosylceramide (Gb4), a process catalyzed by ß-hexosaminidase116,117.  Gb4 is 

created by Gb4 synthase from Gb3 by adding an N-acetylgalactosamine residue.  

Degradation of Gb3 to its constituent sugars and ceramide occurs by the action of α-

galactosidase, ß-galactosidase, and ß-glucosidase, respectively117.  However, the reasons 

certain cell types express Gb3 and others do not, as well as the reasons for species 

specific patterns of expression are unknown116. 

Of special note is the human lysosomal storage disorder called Fabry disease, an 

X-linked recessive genetic illness that eliminates the production of α-galactosidase 

(Figure 3)119-121.  Lack of this enzyme allows the accumulation of excess 

glycosphingolipids in various tissues, the most prominent being the neutral glycolipid 

Gb3.  In humans, Gb3 collects in the walls of the microvasculature, nerves, renal 
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glomerular and tubular cells, and cardiomyocytes, causing complex multi-organ 

system dysfunction120.  Clinically, the syndrome consists of chronic pain, gastrointestinal 

changes, dermal angiokeratomata, progressive renal impairment, cardiomyopathy and 

stroke120.  These manifestations of Gb3 overproduction identify the gastrointestinal tract, 

nervous system, kidney, heart and skin as locations of human Gb3 production, and thus 

targets of Stx.  Specifically, the renal glomerular endothelial cells, mesangial cells, 

podocytes, tubular cells of the loop of Henle, and distal tubular cells accumulate Gb3, and 

renal impairment can include deficient renal concentrating ability, proteinuria, glycosuria, 

and acidosis121.  As well as can be ascertained, no person with Fabry disease has ever 

been reported to develop HUS, probably because they are both rare diseases, though 

presumably also because increased Stx receptor would dilute out the effectiveness of a 

normal Stx dose caused by STEC infection.  Fabry disease is treated in patients by 

administration of recombinant α-galactosidase intravenously, which appropriately 

improves symptoms and Gb3 levels120.  Fabry disease can be produced in mice by 

targeted genetic deletion of the α-galactosidase gene119,122.  Though these mice are 

clinically normal unlike their human counterparts, they do produce excess 

ceramidetrihexosides in multiple tissues including the liver and kidney119,122. 

   



 19 
Figure 3.  Glycosyltransferases responsible for Gb3 metabolism. 

The globoside metabolic pathway.  Anabolic enzymes are on the left in blue, while 

catabolic enzymes are on the right in orange.   

Cer = ceramide; Glc = glucose; Gal = galactose; GalNAc = N-acetylgalactosamine;  

Gb3 = globotriaosylceramide; Gb4 = globotetraosylceramide.
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The mechanism of Shiga toxin induced cellular dysfunction and death, though 

known to extend from ribosomal inhibition after Gb3 mediated cell entry, is incompletely 

characterized114,123,124. Although they vary in sensitivity, cells that abundantly express 

Gb3 die after 24 hours when incubated with picomolar concentrations of Stx125.  These 

cells undergo apoptotic programmed cell death induced by Stx, in contrast to 

uncontrolled necrotic cell death in response to situations of ischemia or other toxic 

insult126.  While both processes end with non-viable cells, necrosis is a passive process 

characterized by cell swelling, rupture, and release of inflammatory contents into the 

surrounding tissue.  On the contrary, apoptosis is an active process with morphological 

cell shrinkage, cytoplasmic and chromatin condensation, and membrane blebbing to form 

non-inflammatory apoptotic bodies that are ingested by nearby phagocytic cells114.  

Apoptosis can be initiated by either intrinsic cell damage or extrinsic extracellular 

signaling molecules, though the process typically channels through a cascade of 

cytoplasmic cysteine proteases called caspases127.  When upstream caspases 8 or 9 are 

activated by extrinsic or intrinsic cell damage signaling respectively, they cause the 

cleavage and activation of the downstream effector caspase 3114.  Caspase 3 initiates the 

steps that take the cell through the final stages of programmed cell death, with DNA 

cleavage, chromatin condensation, and cytoplasmic blebbing114,128. 

Although programmed cell death is observed in a variety of cells in response to 

Stx challenge, portions of the signaling cascades responsible differ between cell types114.  

Studies in numerous cell lineages have demonstrated that Stx induced apoptosis 

progresses through caspase activation, and that inhibition of caspases often rescues cells 

from the lethal effects of Stx114,124,128,129.  Upstream of terminal caspase activation, the 
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mechanism of Stx apoptosis is usually dependent on Bcl-2 molecule regulation114,124.  

The Bcl-2 family consists of pro-apoptotic members Bid, Bax, Bak, and Bok, and anti-

apoptotic members Bcl-2, Bcl-xL, Bcl-w, and Mcl-1 that control the intrinsic apoptosis 

pathway localized around mitochondria127.  In response to pro-apoptotic signaling the 

ratio of these proteins swings, changing the normally equivalent pro and anti-apoptotic 

heterodimer population into pro-apoptotic multimers. This shift mediates mitochondrial 

changes and activation of caspases 9 and 3127.  A pentapeptide sequence of the Stx A-

subunit is similar to Bcl-2, and can directly activate the pro-apoptotic Bcl-2 switch in 

human liver cells130.  Alternatively, Stx treatment of some cells increases Bax levels and 

overexpression of Bcl-2 can protect these cells from apoptosis128,129,131.  Bak activity is 

necessary for renal proximal tubule epithelial cell (RPTEC) apoptosis, while Bid activity 

is increased by Stx in human cervical carcinoma (HeLa) cell lines and in intestinal 

epithelial cells, and Stx decreases the expression of the anti-apoptotic proteins Mcl-1 and 

FLIP in human microvascular endothelial cells (HMEC)128,129,131-133.  However, Stx 

increases the expression of the growth arrest and DNA damage (GADD) family of 

molecules in colonic cells, which can contribute to apoptosis as well134.  Direct DNA 

depurination followed by a DNA repair response may also play a role in Stx mediated 

cell damage, as well as being a consequence of ribosomal stress mediated apoptosis 

induction135-137.  Thus, although caspase activation is necessary for Stx mediated 

apoptosis, and Bcl-2 molecules are involved in many cell types, the upstream signaling 

events that lead to increased caspase activity are complex and cell type dependent.   

While some cell types undergo non-inflammatory apoptosis in response to Shiga 

toxin, others release increased inflammatory mediators coincident with activation of 
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mitogen-activated protein kinase (MAPK) signaling.  MAPKs phosphorylate serine 

and threonine residues on a host of cellular proteins in response to numerous stimuli.  

Often these signaling molecules function in cascades of kinases beginning with MAPK 

kinase kinases (MAPKKK) followed by MAPK kinases (MAPKK) and then leading to 

the MAPK itself.  Activation of these kinase cascades is usually modulated by 

scaffolding proteins that bind multiple kinases into a signaling complex and give them 

specificity depending on the stimulus127.  There are three main families of MAPKs, the 

extracellular signal-regulated kinases (ERK), the stress-activated protein kinases (SAPK 

or JNK), and the p38 mitogen activated protein kinases.  Once activated, these MAPKs 

can translocate into the nucleus and phosphorylate transcription factors directly to 

regulate gene expression.  Traditionally, ERK signaling is implicated in cell survival, 

growth and proliferation, while JNK and p38 are associated with inflammatory and 

apoptotic signaling.  However, in some cases, ERK has been shown to activate both JNK 

and p38 without inducing apoptosis127. 

The MAPK activation that occurs in response to Shiga toxin challenge derives 

from ribosomal inhibition and has been termed the ribotoxic stress response138.  

Ribotoxic stress from Stx activates JNK and p38 by sequence specific rRNA damage to 

the 28S rRNA105,115,135,139-141.  Unlike genotoxic, osmotic or inflammatory stress, 

ribotoxic stress requires the presence of translationally activated ribosomes at the time of 

toxin insult, and these rapidly activate JNK and p38, usually within minutes105,138. 

Challenge of the same cells with enzymatically inactive Stx fails to increase 

inflammatory signaling and protein release, indicating that active toxin is necessary for 

this response140-142.  These signaling pathways typically cause the in vitro release of the 



 24
inflammatory extracellular signaling molecules IL-6, IL-8, granulocyte-macrophage 

colony stimulating factor (GMCSF), MCP-1, MIP-1ß and TNF-α113,135,140-147.  

Paradoxically, these proteins are usually highly expressed and released in spite of strong 

protein synthesis inhibition mediated by Stx that decreases the production of other 

proteins113,142,146.  It is hypothesized that the overproduction of inflammatory mediator 

mRNA and ribotoxic stress mediated prolongation of mRNA lifespan allows this 

phenomenon to occur142,144,146,148.  Thus, increased inflammatory signaling as well as 

tissue damage caused by cellular apoptosis are the common effects of cellular Shiga toxin 

exposure. 

 

Evaluation of the Hemolytic Uremic Syndrome Literature 

A literature search for “hemolytic uremic syndrome” (HUS) or the Spanish “síndrome 

urémico hemolítico” (SHU) generates a list of almost 5000 published articles, however 

many of these refer to syndromes that are pathologically but not necessarily etiologically 

related to STEC derived HUS.  Syndromes called the thrombotic microangiopathies 

(TMA) are associated with similar histopathologic lesions, and include post-diarrheal 

STEC induced HUS, familial genetic HUS, thrombotic thrombocytopenic purpura (TTP), 

systemic lupus erythematosus (SLE), and conditions resulting from non-STEC infection, 

renal transplantation, malignancy, and various medication usages149.  However, the 

etiology, prognosis, modern clinical presentation, and treatment for each of these diseases 

are distinct.  Much of the problem in classification is historical, as post-diarrheal HUS 

was discussed interchangeably with TTP from the time when HUS was first described by 
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Conrad Gasser at the Zurich Kinderspital in 1951150-153. TTP had been previously 

characterized by Eli Moschcowitz in New York in 1924151,154.   

Not until March 1983 was it published that the constellation of findings termed 

post-diarrheal HUS was most likely due to infection with Shiga toxin producing E. coli, 

the single most important discovery in the field of HUS86,155,156. Prior speculation had 

asserted that the responsible agent was most likely viral or multifactorial in nature, as 

numerous trials had been unsuccessful in finding a consistent bacterial agent32,157,158.  

Subsequent purification and testing of Stx, further clinical trials on an outbreak from 

contaminated beef patties in Oregon and Michigan in 1982, and careful pathological 

characterization solidified the role of STEC in mediating the typical post-diarrheal form 

of HUS84,151,153,159,160.  However, many clinical investigations into the etiology of HUS 

were performed prior to the recognition that D+HUS was a specific syndrome distinct 

from TTP, familial HUS, and others, and often patients with TTP, post-diarrheal HUS, 

familial HUS, and other thrombotic microangiopathies were grouped together in clinical 

studies.  For these reasons, evaluations of HUS pathophysiology based on findings that 

were not made with pure D+HUS patient populations are therefore considered flawed.  

Only recently have the various thrombotic microangiopathies been separated as 

distinct disease forms in the literature, though in some cases TTP and HUS are still 

aberrantly discussed synonymously153,161. They are not identical and constitute distinct 

syndromes that can be etiologically, pathologically, and epidemiologically identified and 

separated, in spite of a small body of literature that seeks to unify them 

mechanistically153,161-165. Furthermore, the term HUS represents a category of diseases, 

and the disorder of post-diarrheal HUS caused by Shiga toxin producing Escherichia coli 
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is distinguished from other rare types of HUS by numerous criteria153,161.  Contained in 

this report are clinical and scientific studies that appropriately test for and properly 

acknowledge the role of Shiga toxin producing E. coli in the pathogenesis of D+HUS, or 

older papers that by virtue of their study of renal failure, inflammation, coagulation 

abnormalities, or acknowledgement of details that necessarily distinguish their cases as 

being due to STEC infection, still offer valuable scientific insight into the pathogenesis of 

D+HUS.  For instance, because Shigella dysenteriae type I has not been isolated for 

decades from Argentinian patients, diarrhea associated HUS in Argentinian children can 

be reliably attributed to STEC even without specific serologic testing166.  In this 

document, D+HUS, STEC mediated HUS, Stx induced HUS, and HUS will be used 

interchangeably to refer to HUS resulting from gastrointestinal infection with Shiga toxin 

producing E. coli.  Atypical familial genetic HUS, TTP and other thrombotic 

microangiopathies not due to STEC will be specifically acknowledged as such at each 

reference. 

 

Clinical Aspects of the Hemolytic of Uremic Syndrome  

The clinical diagnostic triad of HUS includes hemolytic anemia with a hematocrit 

(percent packed erythrocyte volume in blood) of less than 30, acute renal failure assessed 

by abnormally increased serum creatinine and BUN, and thrombocytopenia with a 

platelet count less than 150,000 per μL of blood31,35,167.  The classic post-diarrheal HUS 

(D+HUS) prodrome begins with watery diarrhea that becomes bloody and painful in 95% 

of cases after a few days, though HUS can rarely occur without any diarrhea (Figure 

4)31,32,36,43,60,152,158,168-174.  Diarrhea is associated with cramping abdominal pain, a 
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distended and tender abdomen, increased stool number with greater than 6 each day, 

and vomiting158,173.  The hemorrhagic colitis is what propels many patients to present to 

the hospital, where their stool is cultured for STEC or tested for Stx production45-47,175.  

Over the following 7 days most people clear the STEC intestinal infection and the colitis 

resolves, though the gastrointestinal bleeding may be perfuse31,171,175,176.  Bacteria are 

usually not found in the bloodstream, demonstrating that this disease is not a sepsis31.  It 

is after diarrheal resolution that the 15% minority of patients develop HUS and the other 

85% resolve without any other complications31.   

Although various clinical and pathological findings can be correlated with HUS 

development following the prodromal hemorrhagic colitis, the factors that determine 

which people progress to HUS or clear the STEC infection without further disease are 

unknown.  Those patients with hemorrhagic colitis and higher levels of leukocytosis at 

presentation, clinical dehydration, age less than 5 years, or age greater than 65 years are 

at greatest risk for subsequently developing complete HUS, though additional factors 

probably participate in this process31,33,36,177-180.  Of those who develop HUS the current 

acute mortality rate is less than 1%, though it may be significantly higher in the frail and 

immunocompromised elderly population31,34,39,41,172,180.  The acute HUS period is 

typically brief, with 95% of children recovering from most non-permanent damage within 

a matter of weeks181.  Unfortunately, a historical decrease in acute mortality has increased 

chronic morbidity and 30-50% of people demonstrate lasting renal dysfunction or 

progress to end stage renal failure31,39,41,172,180.   

Those patients who develop the HUS clinical diagnostic triad of hemolytic 

anemia, thrombocytopenia, and renal failure elicit specific findings upon laboratory and 
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clinical examination.  The hemolysis and thrombocytopenia usually precede the renal 

failure, last for 10-14 days following the diagnosis of HUS, and are not autoimmune 

mediated31,32,157,182,183.  From the decreased hematocrit these patients often appear pale, 

and the hemolysis can persist the longest during normal resolution of the syndrome31,152.  

In addition to the decreased hematocrit, peripheral blood smears demonstrate the 

presence of fragmented red blood cells called schistocytes (Figure 5), and increased 

newly synthesized red blood cells called reticulocytes31,32,158,184,185.  Erythrocyte lysis 

releases free hemoglobin into the circulation, decreasing both the detectable red blood 

cell hemoglobin levels, and binding and diminishing the levels of the plasma hemoglobin 

scavenger haptoglobin158.  The platelet and erythrocyte consuming process may persist 

for the duration of the acute phase, as some children given blood and platelet transfusions 

maintain decreased hematocrits and thrombocytopenia152.  The renal failure is 

oligoanuric, and the severity of the renal failure correlates with the long term morbidity 

and mortality of the patient31,39,186.  Neither the degrees of anemia nor thrombocytopenia 

correlate with the severity of acute renal failure in these patients, and can occur in the 

absence of any renal failure31,187-189.  Oliguria may be a sign of tubular as well as 

glomerular damage and often persists for up to one week20,190.  Urinalysis shows 

proteinuria and hematuria (blood in the urine) in almost all cases, and signs of both 

tubular and glomerular dysfunction36,152,158,190-193.  Diagnosis relies on both the described 

clinical signs and symptoms of HUS, and positive stool testing for STEC or Stx, which is 

definitively positive in 75% of cases169. 

Rare renal biopsies obtained from HUS patients, or pathologic specimens taken 

from autopsies, show glomerular vascular thrombosis with clots in both the afferent 
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arterioles and the glomerular capillaries (Figure 6) along with variable tubular 

damage31,32,37,151,152,194,195.  Tubular dilation, necrosis, and apoptosis is more typical from 

biopsies of patients with worse disease, though often hemorrhagic necrosis in the medulla 

is not associated with connected arteriolar thrombosis32,37,152,195.  Renal tubular epithelial 

damage includes tubular dilation, degeneration, and intraluminal cell sloughing37,195.  The 

vascular clots are rich in fibrin and red blood cells similar to those found in septic 

disseminated intravascular coagulation (DIC), however they are distinct from the platelet 

and von-Willebrand Factor rich clots found in thrombotic thrombocytopenic purpura 

(TTP)162,196.  Along with fibrin, platelets can often be detected in the thrombosed 

glomerular capillaries of D+HUS patients151.  The pathologic lesion is called thrombotic 

microangiopathy (TMA), and glomerular TMA is the pathologic finding that most 

represents this disease state31,194.  Specifically, in D+HUS patients these clots typically 

form in the glomeruli and can extend into the afferent arteriole32,161,163,170,194,196.  In 

contrast, other types of TMA including TTP and atypical familial HUS demonstrate clots 

centered around the afferent glomerular arterioles and small arteries; these can extend 

into the glomeruli32,161,163,170,194,196.  Features observed in other types of thrombotic 

microangiopathy but not D+HUS also include mesangial hypercellularity, duplication or 

thickening of the basement membrane, mucoid intimal thickening of small arteries, and 

sclerosis of small arterioles161,193,194. 

Affected glomeruli in Stx mediated HUS are enlarged and demonstrate thickened 

capillary walls by light microscopy151.  The glomerular capillaries often have a ‘double-

contour’ appearance created by endothelial detachment from the glomerular basement 

membrane compared to the single contour appearance of the trilaminar glomerular 
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filtration barrier under normal conditions151.  Typically the glomerular basement 

membrane itself appears normal151,194.  Endothelial cell swelling with increased 

intracytoplasmic organelles and detachment obstructs the capillary lumen in capillaries 

that are not thrombosed, and podocytes are often swollen with hyaline droplets (Figure 

7)151,194.  Mesangial cells sometimes swell as well, though without proliferation or 

mesangiolysis, suggesting that the primary lesion concerns the filtration barrier151.  The 

space between the detached endothelial cells and the basement membrane may be filled 

with pale ‘fluffy’ material considered to be cellular debris (Figure 7)151,194.  

Immunofluorescence microscopy supports the morphological conclusion of fibrin 

deposition in these capillaries and arterioles, and deposition of other plasma factors 

including immune complexes, IgM, or complement protein C3 are rare32,151,194.  Overall, 

the vascular lesions do not resemble vasculitic diseases, and pathologically define 

themselves as a unique form of vascular injury typical only for the thrombotic 

microangiopathies, and by glomerular placement specific for D+HUS152,194. 

Stx induced HUS is associated with multiple findings in addition to the clinical 

diagnostic triad, as extrarenal abnormalities affecting multiple organ systems are 

exceedingly common in these patients62,173,180.  Fever is found during the diarrheal 

prodrome, however it is rare upon the initiation of fulminant HUS or during the renal 

failure31,32,36,60,84,158,197.  Metabolic disturbances including increased serum potassium 

concentration (hyperkalemia), increased serum glucose (hyperglycemia), decreased 

serum sodium (hyponatremia), increased serum phosphate (hyperphosphatemia), 

decreased serum calcium (hypocalcemia), and metabolic acidosis manifested by 

decreased serum bicarbonate, occur in the acute phase of HUS as well32,176,186,190,198. 
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Because of decreased renal function, arterial hypertension with increased diastolic 

blood pressure and edema with pleural effusion from volume overload may also result 

during anuria38,152,157,158,176,186,199.  Peripheral white blood cell counts are usually 

increased (leukocytosis), often consisting of high numbers of neutrophils (neutrophilia), 

and the degree of elevation correlates with the development and severity of HUS in some 

studies31,36,178-180. However, the metabolic, anemic and hypertensive disturbances do not 

correlate well with disease outcome or prognosis, probably because they are treatable 

with supportive measures and are not reflective of the extent of the underlying 

pathology32.   

 In general, the presence of extrarenal abnormalities correlates with more severe 

disease and higher mortality, and these include peritonitis, dermal petechiae, skin 

necrosis, rectal prolapse, pancreatic TMA, and damage to the lungs and 

heart152,158,170,180,186,197,200,201.  Microvascular thrombosis is observed in these numerous 

other organ systems, specifically in the cerebral vasculature, intestines, colon, skin, 

pancreatic insulin-producing islets of Langerhans, spleen, myocardium, adrenal glands, 

thyroid gland, thymus, liver, and lungs32,152,162,170,171,173,180,194,198,201,202.  In order of 

symptomatic appearance, the extrarenal organs most affected are the colon, central 

nervous system (CNS), heart and pancreas171. The colon is the primary site of TMA in 

the human gastrointestinal tract, with close to 100% of patients demonstrating colitis and 

denuded friable mucosa often covered by a pseudomembrane on examination; less than 

10% present with small intestine damage173.  Cardiac injury may manifest as increased 

serum concentrations of troponin I, and occurs in 10% of patients31,173,203.  Clinical 

presentations of the cardiac and systemic abnormalities can present as myocarditis, 
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cardiomyopathy, or congestive heart failure190.  Pancreatic injury causes diabetes onset 

with hyperglycemia in 5-10% of patients during the acute phase, or afterwards during the 

recovery period.  Some of these children remain permanently diabetic and require 

lifelong insulin173,190,198,204,205.  Although lung and liver damage, manifested respectively 

by pulmonary thrombi with edema and hepatomegaly with elevated transaminases, are 

common they rarely cause severe dysfunction and are not associated with organ 

failure83,173. 

Central nervous system (CNS) disorders are frequent, with 15-30% of patients 

demonstrating some degree of significant neurologic dysfunction, often lethargy, 

seizures, coma, convulsions, or blindness32,43,47,59,171,173,176,180,197,200,206,207.  Minor 

neurologic symptoms consist of irritability, tremor, somnolence, and disorientation, while 

the major CNS disorders include convulsions, coma, and paralysis32,207.  Minor CNS 

manifestations are extremely common and present in up to 90% of cases, though they 

may be due to uremic waste accumulation as well as direct CNS damage and 

toxicity32,171.   Severe CNS complications most highly associate with mortality in HUS 

patients even though CNS examinations at autopsy only reveal edema and microscopic 

hemorrhages consistent with ischemia in most cases32,35,152,173,180,207,208.  However, some 

studies have demonstrated pervasive cerebrovascular changes in severely affected 

patients, with major intracranial hemorrhages, subdural hematomas, and hemorrhagic 

infarctions of the cerebrum, suggesting that CNS damage can be pathologically 

brutal171,180,209.    

Mortality during the acute stage of HUS best correlates with the presence of 

oligoanuria, dehydration, leukocytosis, increased (though still decreased) hematocrit, and 
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major CNS dysfunction such as seizures180.  Although many patients used to die of 

complications of renal failure, central nervous system involvement is the current most 

common cause of death in these patients, responsible for approximately 60% of mortality, 

with fewer fatalities due to heart failure, pulmonary hemorrhage, or hyperkalemia180.  

Severe renal failure and inflammation have been long associated with worse prognosis in 

this disease, however increased lethality coinciding with dehydration and slightly raised 

hematocrits are a recent discovery180,210.  The reason for the association with increased 

hematocrit could be that in those destined to die there is complete as opposed to partial 

vascular thrombosis, such that less erythrocyte shearing occurs and the hematocrit 

remains higher, or the higher hematocrit may reflect greater degrees of dehydration and 

consequently higher circulating toxin concentrations180.    

Of those that survive the acute phase of HUS, lasting kidney damage occurs in 

30-50%, with renal dysfunction manifested by persistently decreased glomerular filtration 

rate being the most prominent finding32,40,169,200,206,208,211-220.  In contrast, patients with 

STEC colitis without renal symptoms do not develop any long term dysfunction221.  

Recurrence of D+HUS is very uncommon, though some children never recover normal 

renal function and can progress to end stage renal disease even after apparent complete 

recovery from the acute phase32,39,170,206.  These children demonstrate unremitting 

proteinuria and sometimes hypertension, signs of continuing glomerular and tubular 

dysfunction, and decreased urine concentrating capacity39,40,200,206,213,215-217,219,220,222,223.  

Persistent oligoanuria and worse proteinuria during the acute phase of HUS correlates 

with worse long term prognosis, as do severe gastrointestinal complications like gangrene 

or rectal prolapse, severe neurological symptoms like coma, and initially high neutrophil 
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levels157,170,215-217,220,222-224.  Even so, up to 36% of children without any oliguria 

present with sequelae after the resolution of the acute phase, demonstrating the loss of 

urine production is unnecessary for irreparable renal damage220.  A persistent decrease in 

GFR as well as urine concentrating defects over long-term follow-up are signs of loss of 

normal functioning glomeruli, findings that normally occur with increasing age but can 

be accelerated by the acute renal insult of HUS32,39,219,223.   

The rapid loss of functional glomeruli during the acute disease causes surviving 

patients to be at greater risk for future renal failure, and at abnormally younger ages, 

because of lack of substantial renal functional reserve32,211,217,219,222,224.  Biopsies taken 

within two months following the acute period of HUS demonstrate focal glomerular 

damage with segmental glomerular necrosis, hyaline thrombi, and cellular crescents39,152. 

These biopsies do not show characteristic features of TMA, rather they demonstrate 

various types of glomerulosclerosis (dysfunctional scarring of the glomerular 

capillaries)39,193.  Biopsies taken 6-30 months following the acute HUS incident show 

obliteration of isolated glomeruli, up to 30% in severe cases, though rare interstitial 

changes are also evident39,152.  Disintegrating scarred glomeruli do not to repair and 

represent lost functional reserve capacity216. Those patients with greater than 50% of 

glomeruli pathologically involved demonstrate worse prognosis216.  Tubular sections 

demonstrate injury at these time points, however increased tubular pathology correlates 

most with increased glomerular scarring indicating that lack of glomerular repair causes 

new onset ongoing tubular damage152.    There is no evidence of lasting fibrin deposition 

or ongoing vascular damage similar to that which occurs during the acute phase of the 
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syndrome, and no biopsies demonstrate autoimmune injury with complement or 

antibody deposition39,152. 

Damage during the acute stage of HUS can thus cause long term morbidity in the 

kidney, as well as other organs including the brain and pancreas, which may lead to the 

development of diabetes mellitus171,200.  Although rare overall, because the TMA of the 

pancreas is frequently restricted to the islets of Langerhans, pancreatic damage results in 

glucose intolerance and permanent insulin dependent diabetes in 3% of cases171,225. 

Central nervous system dysfunction may persist long past the acute phase, with visual 

and intellectual disturbances209.  Severe renal damage can evolve into other typical forms 

of renal glomerular abnormalities including focal segmental glomerulosclerosis (FSGS), 

or less commonly diffuse mesangioproliferative glomerulonephritis (MPGN) or diffuse 

glomerulosclerosis39,170,222.  Glomerular injury is progressive after the acute stage due to 

renal glomerular hyperfiltration injury211,215,217,224. Loss of some functional glomeruli 

causes increased blood flow to the remaining glomeruli, hyperperfusing them and 

damaging them from hyperfiltration, leading to visible enlargement39,216,217,222. The 

glomerulosclerosis blocks plasma filtrate flow into the tubular system and causes 

resultant tubular atrophy and interstitial scarring39,216,217,222.  In some patients, the 

glomerulosclerosis causes chronic renal failure with glomerulonephritis and hypertension 

because not enough viable glomeruli remain to provide adequate renal function39,219.   
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Figure 4.  Typical timeline of STEC infection and progression to HUS. 

Progression of E. coli O157:H7 infection through the diarrheal prodrome to HUS.  

(Taken from The Lancet 2005. 365:1073-1086.31)  Numbers refer to time in days.  

Percents refer to percent of cases positive for the indicated condition. 
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Figure 5.  Light micrograph of schistocytes. 

Schistocytes on a human peripheral blood smear.  (Taken from Am Fam Physician 2004. 

69:2599-606. )  Schistocytes indicated by arrows are fragmented red blood cells that 

appear much smaller and abnormal compared to normal round red blood cells.  

184
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Figure 5.  Light micrograph of schistocytes. 
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Figure 6.  Light micrograph of glomerular thrombotic microangiopathy. 

The typical glomerular pathologic lesion of HUS: a fibrin-rich thrombus (arrow) in a 

glomerular arteriole from a child who died of HUS. (Taken from The Lancet 2005. 

365:1073-1086.31)   
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Figure 6.  Light micrograph of glomerular thrombotic microangiopathy. 
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Figure 7.  Electron micrograph of HUS associated endothelial damage. 

Electron micrograph of typical HUS associated endothelial detachment from the 

basement membrane with subendothelial amorphous material in a renal glomerular 

capillary.  (Taken from Am J Pathol. 1969 57: 627–647. )  The subendothelial space is 

widened and the capillary lumen is almost completely filled with the detached endothelial 

cell.  The glomerular podocyte foot processes are abnormal and fused.  E = glomerular 

endothelial cell (E labels the nucleus); L = capillary lumen; M = mesangial cell (M labels 

the nucleus).  Magnification at 6075x.

193
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Figure 7.  Electron micrograph of HUS associated endothelial damage. 
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Vascular Endothelial Physiology 

The vascular endothelium produces an array of functionally active regulators of systemic 

inflammation and hemostasis, and thus serves as a key control to prevent coagulopathy 

and vascular dysfunction226,227.  The role of the vascular endothelium in mediating these 

functions has primarily been studied in the context of atherosclerosis, but the data are 

applicable in the setting of acute endothelial damage and inflammation as well.  

Dysfunction of the vascular endothelium is thought to be crucial to the pathogenesis of 

the Stx mediated hemolytic uremic syndrome and all forms of thrombotic 

microangiopathy (TMA) because of the characteristic endothelial damage visible on 

biopsy specimens151,170.  The presumed role of the vascular endothelium in HUS also 

derives from its known activity regulating primary hemostasis and blood coagulation, 

interacting with circulating leukocytes, controlling vasoconstriction by producing 

vasoactive mediators, and its involvement in the maintenance of systemic blood 

pressure226,227.   

 The vascular endothelium forms a continuous monolayer spanning greater than 

1,000 square meters in an adult human, with 80% of vascular endothelial cells located in 

capillaries226.  Tissue perfusion and exchange of molecules between the circulation and 

the interstitial fluid occur in these capillary beds, usually at relatively low pressure.  

Because of the coagulation-prone low pressure, and the large endothelial surface in the 

capillary beds needed to perform macromolecular exchanges, endothelial cells actively 

prevent abnormal coagulation initiation at these sites.  These cells produce anti-

thrombotic heparin-like glycosaminoglycans that serve as receptors for thrombin-
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inhibitory thrombomodulin, and also make the coagulation pathway inhibitors protein 

S and tissue factor pathway inhibitor (TFPI)226,228.  To further increase the anticoagulant 

properties of the endothelial surface, the heparan sulfate proteoglycans bind antithrombin 

III and urokinase, and if bound to thrombin the thrombomodulin-thrombin complex 

activates the anticoagulant protein C to degrade circulating and surface associated 

coagulation factors226,228.  Finally, the endothelium is the primary source of vascular 

tissue plasminogen activator (tPA), a key fibrinolytic enzyme responsible for clot lysis 

and prevention of significant vascular surface clot construction226.   

 Nevertheless, the vascular endothelium also produces a number of molecules 

necessary for normal coagulation.  The endothelium secretes von-Willebrand Factor 

(vWF), fibronectin, and thrombospondin, proteins used in initial platelet activation and 

clot formation, fibrin clot stabilization, and platelet aggregate stabilization, 

respectively226.  Besides interacting with thrombomodulin, endothelial cells also produce 

thrombin receptors that help localize active thrombin mediated coagulation, and when 

bound by activated thrombin coordinate increased coagulation226.  However, normal 

endothelial cells produce these procoagulant proteins not to increase non-specific 

coagulation, but to control the location of an activated coagulation process.   

In these ways, the normal vascular endothelium both helps prevent unwarranted 

initiation of coagulation and thrombosis, and prevents spreading of activated coagulation 

into undamaged vasculature adjacent to hemostatic sites.  Processes such as direct 

endothelial damage and systemic inflammation can disrupt this normal vascular 

endothelial homeostasis and cause significant dysfunction of the coagulation pathway.  

Sepsis, the response to intravascular growth of typically gram negative bacteria 
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(bacteremia) with concomitant release of large amounts of LPS, is the prototypical 

mechanism of generalized endothelial dysfunction and coagulopathy.  Sepsis involves 

severe systemic inflammation due to activated endothelial toll-like receptor 4 (TLR4) that 

stimulates inflammatory cytokine release.  Sepsis induces disseminated intravascular 

coagulation (DIC) by increasing vascular tissue factor expression and activity229.  

Bacteremic sepsis is a subcategory of vasculitis, vascular endothelial pathology due to 

inflammatory damage to blood vessels227.  Vasculitis occurs in response to numerous 

drugs, autoimmune insults, and infectious agents, and is characterized by endothelial 

activation and injury with altered shape, increased permeability, necrosis, and thrombotic 

vascular occlusion227,230.  Although in some cases endothelial cell damage is discussed in 

the literature interchangeably with activation, activation will here be used to describe 

endothelial production of proinflammatory and procoagulant products, while endothelial 

damage will refer to toxic effects on endothelial cells.  Importantly neither of these 

effects occurs in a vacuum, and it is likely that in all cases of vascular endothelial 

dysfunction, endothelial activation and damage occur concurrently though to unequal 

degrees230.  

Severe sepsis causes unrestrained activation of the vascular endotheliumin 

multiple modalities, and if sustained can be followed by endothelial injury and 

apoptosis229.  The endothelial response depletes anticoagulant molecules and causes 

impaired fibrinolysis229.  Inflammatory molecules including LPS, interleukin-1 (IL-1), 

tumor necrosis factor-α (TNF-α), and others increase the endothelial release of 

plasminogen activator inhibitor-1 (PAI-1) 226. Furthermore, upon endothelial damage 

thrombomodulin is released into the circulation226.  Depressed membrane 
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thrombomodulin allows augmented thrombin activity on the endothelial surface, and 

increased PAI-1 blocks the fibrinolytic pathway allowing clot formation and impairing 

normal thrombus elimination.  Circulating thrombomodulin is thus also a sign of 

endothelial damage and most likely an indication of increased endothelial 

pathogenesis231.  Endothelial injury releases numerous other procoagulant molecules 

including coagulation factors IX, X and tissue factor, P-selectin, and platelet activating 

factor (PAF), along with proteins that encourage leukocyte attraction including E-

selectin, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 

(VCAM-1), PAF, interleukin-8 (IL-8), and C-C chemokine ligand 2 (CCL2)226,227.   

 Conversely, isolated advanced coagulation and partial vascular thrombosis can 

increase endothelial shear stress enough to also cause endothelial inflammation227.  

Although normal levels of shear stress serve as a differentiation signal to vascular 

endothelial cells, increased abnormal turbulent flow perturbs the endothelial surface and 

stimulates release of cytokines and growth factors227,232.  In this process, endothelial 

damage usually results from an imbalance in vasoconstrictor and vasodilator properties of 

the vasculature, and extreme arterial vasodilation or increases in regional blood flow 

recreated by drug treatment cause vascular endothelial lesions227.  Although the normal 

endothelium releases some vasodilatory nitric oxide (NO), during inflammation inducible 

NO synthase (NOS) precipitates the release of excessive amounts of NO from leukocytes 

that produces oxygen radicals and causes endothelial injury227.   In this way, direct 

activated coagulation or coagulation following from endothelial activation can mediate 

endothelial injury and pathologic lesions.  Thus the presence of visible endothelial 
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damage does not necessarily imply that it is the cause rather than the result of 

dysregulated coagulation or inflammation. 

Because of the significant pleiotropic roles of normal vascular endothelium, 

endothelial activation and damage is accompanied by detectable changes in circulating 

endothelial molecules.  These include markers of endothelial cell activation like vWF, 

ICAM-1, VCAM-1, E-selectin, interleukins, CCL2, TNF-α, fibrinogen, and VEGF227.  In 

contrast, other molecular markers are associated with endothelial injury, including 

increased numbers of circulating endothelial cells, and fibrinolytic factors 

thrombomodulin, PAI-1, and tissue plasminogen activator (tPA)227.  However despite 

general classifications, the distinction between endothelial activation and injury based on 

circulating biomarkers is unclear, and cannot currently be made based on these plasma 

constituents227.  Furthermore, little correlation has been found between the levels of 

circulating inflammatory mediators and the severity of endothelial dysfunction, thus 

indicating that although endothelial dysfunction is a grave disorder characterized by 

widespread detectable pathologic alterations, the currently used physiological markers 

cannot determine the type or manner of endothelial change227. 

 

Theories Regarding Hemolytic Uremic Syndrome Pathophysiology  

The TMA lesion typically found on biopsy of HUS vasculature is thought to cause the 

renal failure, thrombocytopenia and hemolytic anemia (Figure 5)167,170.  As previously 

discussed, ultrastructural examination of these lesions show glomerular endothelial cell 

swelling, basement membrane detachment (Figure 7), and the formation of fibrin and 

platelet rich thrombi in the capillary lumen (Figure 6).  This occurs in virtually all 



 49
patients with HUS for whom pathologic specimens are available167,233.  It is 

hypothesized that STEC produced Shiga toxin and LPS create these lesions by entering 

the systemic circulation during the hemorrhagic colitis and causing a systemic 

toxemia31,35.  The thrombosis is hypothesized to inhibit glomerular filtration and urine 

production, thus causing the acute renal failure, and the fibrin strands of the clots are 

hypothesized to cause shearing of red blood cells as they try to pass by, forming 

schistocytes31.  The microvascular thrombosis is believed to be widespread and involve a 

majority of the circulating platelet population, thus depleting them from whole blood31,35.   

The initiating event in the HUS process, how coagulation is begun, is currently 

incompletely determined.  The coagulopathy could result from initial endothelial death, 

detachment exposing the pro-coagulant basement membrane, decreased endothelial 

production of anticoagulant or anti-inflammatory molecules, direct coagulation activation 

with secondary endothelial disruption, or some as yet undescribed pathologic process.  

Direct triggering of coagulation could result from a process similar to thrombotic 

thrombocytopenic purpura (TTP), where altered activity of a circulating protease allows 

formation of thrombogenic mediators.  Alternatively toxins could directly interact with 

and stimulate the primary thrombogenic circulating cell type, platelets.  Human 

endothelial cells are known among other cell types to express the Stx and LPS receptors 

Gb3 and TLR4, and thus most theories propose that Stx or LPS mediated endothelial 

damage initiates the process that leads to activation of coagulation and thrombosis in the 

glomerulus35,107,234.  Either LPS or Shiga toxin could contribute to the endothelial 

detachment and pro-coagulant basement membrane exposure followed by coagulation, or 

these same factors could primarily cause a vasculitis, with endothelial inflammation 



 50
causing coagulation and endothelial damage occurring as a secondary process.  

Although there is some weak evidence for the presence of circulating factors that directly 

activate coagulation, and increased inflammation can correlate with severe disease, 

investigations characterizing the histopathology and coagulation derangements in HUS 

patients strongly advocate that endothelial damage rather than vasculitis is the 

predominant etiology of post-diarrheal HUS31,152. 

 Shiga toxin and LPS have been detected in the tissue and circulating blood cells 

of STEC mediated HUS patients, though the concentration they reach in the blood is 

currently unknown77,170,235-238.  Case reports demonstrate renal glomerular and tubular 

deposition of Stx1 and Stx2, however the dose and duration of this association is 

unclear37,239.  Because most patients demonstrate specific IgM responses to Stx and LPS, 

it is well agreed that significant levels of these toxins enter the bloodstream47,50,96-101. 

Greater than 90% of patients demonstrate new antibody responses to specific STEC LPS 

following the acute phase50.  Stx cannot be detected directly presumably because of its 

relatively low serum concentration, and although the levels of LPS in these patients can 

be measured directly, significant serum LPS concentrations have not been reported89,240.  

Septic patients demonstrate circulating LPS while HUS patients have less than 100 

pg/mL LPS, the lower detection limit of the Limulus test used89.  Thus, the evidence for 

circulating Stx and LPS in HUS comes from the acute phase HUS immunologic 

responses to these toxins, tissue and vascular damage consistent with their known 

pathologic functions, and the presence of Stx in tissue samples and on blood cells from 

affected patients. 
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 Unfortunately, because the clinical signs typically facilitate the diagnosis of 

HUS, and no treatment other than supportive care is available, renal biopsies from these 

patients are rare24,26,152. Biopsy of the kidney may cause bleeding and kidney loss, and is 

only justifiable in cases where it would change the clinical outcome26.  This lack of 

pathologic tissue from patients throughout the course of the disease leaves open to debate 

the precise nature and timing of the changes seen on the few biopsies taken acutely, or 

after the fact in autopsy specimens.  This is not only a problem in the field of HUS, as the 

pathogenesis of human acute renal failure is poorly understood in general due to this 

paucity of histopathologic data26.  To overcome this problem the field of nephrology has 

turned to animal models that appropriately mimic human disease.  These model systems 

allow invasive and advanced measurements that can discern the underlying cause and 

potential treatments of various renal injuries26.  Overall, the HUS theories described 

above have not been validated because no appropriate animal model exists that can be 

used to robustly determine the mechanism of HUS and relate it to thrombotic 

microangiopathy. 

 

Inflammation in the Hemolytic Uremic Syndrome 

Cytokines and chemokines released by damaged and inflamed cells attract circulating 

white blood cells to sites of injury and modulate their activity241,242.  These extracellular 

signaling molecules regulate the immune response to a wide variety of host cell damage, 

and are responsible for the edema and leukocyte infiltration that is called 

inflammation241.  The hallmarks of systemic inflammation include fever, vascular dilation 
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with decreased blood pressure, increased numbers of circulating white blood cells 

(leukocytosis), and increased serum inflammatory mediators, while local tissue 

inflammation is characterized by white blood cell infiltration, increased blood flow, 

edema, and often damage.  Cytokines are normally present at only very low levels, but 

when upregulated by specific stimuli they are rapidly though transiently produced and 

released by a large number of cell types241.  These molecules mediate their activity by 

binding to specific cell surface G-protein coupled receptors on target cells, and from there 

determine target cell gene expression and activity241,242.  Often, cytokine receptor binding 

causes endocytosis of the receptor-ligand complex and consequent downregulation of the 

receptor, thus making the cellular response transient.  Cytokines are involved in the 

pathology of numerous inflammatory ailments including autoimmune disease and 

tumorigenesis as well as in the development of fever and systemic shock, and may play a 

role in the development of HUS241,242. 

Increased inflammatory mediators and leukocytes have been found in the serum 

and urine of HUS patients, though their role in mediating the disease remains 

unclear78,180.  The leukocytosis of HUS is not due to abnormal bone marrow white blood 

cell production, as bone marrow aspirations in these patients only reveal erythroid 

hyperplasia, consistent with the production of new red blood cells152.  The leukocytosis 

typically consists of increased numbers of neutrophils, however subtypes of B-

lymphocytes, natural killer T cells (NKT) are decreased163,179,206,243-245.  Not only are they 

more populous, but these inflammatory cell types especially neutrophils also demonstrate 

augmented activity and adjusted inflammatory molecule and cell surface marker 

expression in the acute phase compared to controls206,246.  Monocytes and neutrophils are 
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found in increased numbers in the glomeruli of the few children biopsied during the 

acute phase of HUS, however this may only be a result of raised total circulating 

numbers163,193,194,200,243.  Additionally, after the acute phase, circulating monocytes 

expressing the receptor for fractalkine (CX3CR1) are depleted in HUS patient blood 

samples243.  Although fractalkine itself is not reliably changed in HUS patients compared 

to controls, the degree of CX3CR1 positive monocyte depletion inversely correlates with 

the severity of renal failure168,243.  The monocytes from these patients also downregulate 

L-selectin (CD62L) and increase CD16, signs of general deactivation that may be due to 

tissue targeting and removal from the circulation243.  Generally, leukocytes appear to be 

activated early in HUS and deactivated later, presumably after they have homed to target 

tissues.  Nevertheless, whether these inflammatory cells are attracted by damage or 

cooperate in causing some of the renal vascular injury is currently unresolved. 

Because the levels of inflammatory cytokines correlate with the degree of 

leukocytosis in patients, which in turn correlates with worse prognosis in STEC infected 

patients, the inflammation is hypothesized by some to be integral to syndrome 

development31,33,36,78,177-180.  Leukocytes may mediate direct tissue damage or help to 

spread the circulating toxins to target tissues206,231,247.  Leukocytosis during STEC colitis 

that progresses to HUS is significantly increased compared to STEC colitis that does not 

progress to HUS, and compared to non-STEC hemorrhagic colitis179,231,244,245,248.  Thus, 

there is additional inflammation in those patients that progress to HUS compared to those 

with uncomplicated gastrointestinal infection.  The only caveat to these data is that often 

patients who progress to HUS present to the hospital later in the course of infection, and 

their serum leukocyte counts are sampled later245,248.  Although not reported in every 
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case, controlling for time delay by using controls time-matched to the beginning of 

hemorrhagic colitis as day 1 shows that leukocytosis and increased inflammation still 

correlate with worse patient outcome248.   

Nonetheless the primary confounding factor in all measurements of serum 

parameters in patients with STEC hemorrhagic colitis or complete HUS is time.  The 

concentration and activity of many of these cells and molecules change over the course of 

the STEC infection and development of HUS, sometimes in complex patterns.  Therefore 

values for these serum markers can vary widely depending on the relative time of sample 

collection 168,197,200,249,250.  For instance, granulocyte colony stimulating factor (G-CSF) 

levels are increased upon admission with STEC hemorrhagic colitis, but decrease over 

the following week, whereas the levels of C-C chemokine ligand 2 (CCL2) are normal on 

admission, but increase over the following week168,200.  Thus, to properly characterize the 

inflammatory response to STEC infection during the progression to HUS, multiple serum 

measurements should be performed that include time points during the diarrheal 

prodrome, the resolution of the hemorrhagic colitis, the onset of HUS, during HUS, and 

after HUS resolution31.  However, recording values at all these times is extraordinarily 

difficult because of the variability in time of patient presentation to the hospital, and the 

variability in onset of HUS after the hemorrhagic colitis.  For these reasons, the best way 

to study the inflammatory response would be to use a reproducible model system. 

Despite the caveats, significant differences in the levels of many inflammatory 

factors have been detected in patient serum during the distinct stages of D+HUS 

progression.  These include adhesion molecules like intercellular adhesion molecule-1 

(ICAM-1), macrophage chemoattractants like the C-C family chemokines, neutrophil 
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chemoattractants like the C-X-C family of chemokines, leukocyte growth factors like 

G-CSF, interleukins, and a host of additional thrombotic and vasoactive compounds242.  

Also, LPS stimulation of whole blood from patients who have recovered from HUS 

causes release of significantly increased inflammatory mediators compared to blood from 

control patients, suggesting that an underlying preexisting propensity for inflammation 

participates in deciding which patients develop HUS and which do not251. 

During the hemorrhagic colitis phase, approximately three days after the 

beginning of bloody diarrhea, patients display increased serum interleukin-6 (IL-6), 

soluble tumor necrosis factor receptor-1 (TNFR1), matrix metalloproteinase-9 (MMP-9), 

tissue inhibitor of metalloproteinases-1 (TIMP-1), soluble ICAM-1, CCL4, and soluble 

Fas231,248,250,252.  These same patients demonstrate no significant changes in IL-8, IL-10, 

interferon-γ (IFN-γ), IL-2, IL-4, soluble P-selectin, interleukin-1 receptor antagonist (IL-

1Ra), IL-13, C-X-C chemokine ligand 5 (CXCL5), G-CSF, CXCL1, CCL2, or soluble 

Fas-ligand168,191,231,248,250,252.  The reported levels of tumor necrosis factor-α (TNF-α) and 

soluble E-selectin during the prodromal colitis conflict among different studies, though 

have been found increased in some248,252,253.  Finally, some inflammatory markers 

including soluble L-selectin, transforming growth factor-ß1 (TGF-ß1), and CCL4 have 

been found increased in STEC hemorrhagic colitis compared to acute HUS168,248.  In 

these patients with STEC hemorrhagic colitis who do not progress to HUS, the 

inflammation is most likely produced by a combination of intestinal damage and LPS 

toxemia that is less than what occurs in overt bacterial sepsis or fulminant HUS104. 

During the acute phase of HUS, approximately 1-2 days after achievement of 

HUS case definition, patients display increased IL-6, G-CSF, endothelin-1, 
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thrombomodulin, soluble TNFR1, MMP-9, TIMP-1, and IL-1Ra, over the levels 

produced during STEC hemorrhagic colitis alone168,231,248,252.  These same patients 

demonstrate no changes in IFN-γ, IL-2, IL-4, IL-13, soluble ICAM-1, soluble vascular 

cell adhesion molecule-1 (VCAM-1), CXCL1, CCL2, soluble Fas, and soluble Fas-ligand 

compared to those with colitis alone168,191,248,252.  Decreased levels of CXCL5 and CCL4 

compared to STEC hemorrhagic colitis patients are found during the acute phase of 

HUS168.  HUS patients with encephalopathy have even further increased levels of IL-6, 

IL-10, soluble TNFR1, MMP-9, and TIMP-1 compared to HUS patients without CNS 

disorders, and in individual HUS patients, increased IL-10 and endothelin-1 levels 

plateau prior to the peak in serum creatinine191,231,252.  Finally, the reported levels of TNF-

α, soluble E-selectin, IL-8, and IL-10 during acute HUS conflict among the studies that 

are properly controlled, though have been found increased in some trials231,248,252,253.  

Notably, upon the resolution of HUS and patient release from the hospital the serum 

levels of IL-6, TNF-α, G-CSF, CCL4, but not CXCL5 return to normal168,197. 

Unfortunately, many studies of inflammation during the acute phase of D+HUS 

do not include the proper control patients with hemorrhagic colitis alone.  Although 

vascular endothelial growth factor (VEGF), IL-6, IL-8, IL-10, CCL2, G-CSF, TNF-α, IL-

1ß, IL-1Ra, IFN-α, soluble TNF receptor 55, soluble TNF receptor 75, soluble IL-2 

receptor, and soluble VCAM-1 are found upregulated, with soluble ICAM-1 

downregulated in these HUS patients compared to normal controls, they cannot be 

concluded to be specific to HUS rather than the colitis169,189,247,254-256.  Increased urine 

levels of IL-6, IL-8, CCL2 and sometimes TNF-α have also been found in HUS cases, 

though these do not correlate with serum levels, and again because of a lack of controls 
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with colitis, these urine cytokines cannot be specifically attributed to HUS197,200,249.  

Notwithstanding conflicting reports of specific cytokines, inflammatory mediators are 

substantially increased during the diarrheal prodrome of patients who progress to HUS. 

Although healthy children have low levels of all the cytokines and chemokines 

mentioned above, many of the individual inflammatory mediators found increased as well 

as their patterns of upregulation are not specific to HUS168,169,247,248,252.  Children with 

non-HUS renal failure demonstrate increased serum IL-1ß, IL-6, IL-8, CCL2, TNF-α, C 

reactive protein (CRP), soluble TNF receptor 55, soluble TNF receptor 75, and IL-

10200,247,257. These children with non-HUS renal failure also release IL-6 and TNF-α into 

their urine during the acute phase of illness197.  Children with chronic renal failure on 

dialysis also demonstrate cytokine abnormalities, with increased serum CCL2, soluble 

VCAM-1, soluble tissue factor (TF), and soluble thrombomodulin168,233.  Children with 

non-STEC infection or hemorrhagic colitis demonstrate increased IL-6, soluble E-

selectin, soluble ICAM-1, and IL-1Ra248.  Furthermore, many of the HUS-associated 

cytokines are elevated in the serum of volunteers given LPS injection alone and in 

patients with bacterial sepsis.  These include IL-1ß, IL-6, IL-8, IL-10, ICAM-1, TNF-α, 

IFN-γ, CCL2, G-CSF, soluble E-selectin, soluble L-selectin, VCAM-1, soluble TNF 

receptors, and others191,258-260.  Thus, although inflammatory changes are visible in HUS 

patients before and during the syndrome, many of these same inflammatory mediators are 

consistently altered by other related disease states.  

Although systemic inflammation with leukocyte response occurs in prodromal 

and fulminant HUS patients, the cause of these effects is unclear.  Multiple factors could 

contribute to the inflammation, including intestinal tissue damage, renal tissue damage, 
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renal dysfunction, LPS toxemia, and Stx toxemia, however the contributions of these 

agents has not been determined. It is likely that Stx mediated protein synthesis inhibition 

is responsible for at least the decline in plasma CXCL5, as previous studies have shown 

that the protein synthesis inhibitor cycloheximide causes similar effects in cell culture261.  

However most STEC related cytokines are probably due to LPS rather than Stx, as the 

plasma cytokines often correlate with increased levels of lipopolysaccharide binding 

protein (LBP), a protein specifically induced in response to LPS87.  Additionally, 

intravenous administration of low dose LPS is known to cause increased serum TNF-α, 

IL-6, IL-8, IL-1Ra, G-CSF, GM-CSF, and soluble E-selectin in normal volunteers262.  

Compared to Stx, STEC H7 flagellin also strongly increases inflammatory cytokine 

production by human colonic epithelium in vivo by binding to TLR5263.  Alternatively, 

the increased serum cytokines detected during the acute phase may be partially 

attributable to decreased renal clearance because of lack of kidney function, as has been 

shown for IL-10 and IL-1Ra200,264,265.  However, the STEC colitis best associates with the 

production of detectable serum cytokines even though some inflammatory molecules are 

further increased in HUS compared to colitis patients, as the inflammation usually peaks 

before the renal failure develops168,266.  These data suggest that the inflammation is 

primarily due to the colitis, and possibly LPS, though Stx and renal dysfunction may 

contribute as well168,263.   

The role these inflammatory mediators and leukocytes play in the pathogenesis of 

HUS is equally unclear despite overwhelming in vitro evidence that inflammation can 

increase target cell sensitivity to Stx144,148,267-280.  Human endothelial cells pre-treated 

with inflammatory molecules LPS, IL-1ß, TNF-α and others prior to Stx challenge 
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demonstrate increased cytotoxicity148,267-269.  This effect is created in at least some cell 

types by signaling through p38 MAPK and subsequent upregulation of Gb3 

production148,267-269.  Furthermore, many cell types exposed to LPS or Stx in vitro release 

loads of inflammatory proteins, thus initiating their own increased sensitivity to Stx144,270.  

Besides augmenting the sensitivity of target cells to Stx, inflammation may also cause 

direct tissue damage, further inflammation, and infiltration by damaging leukocytes.  

Leukocyte adhesion molecules may help target white blood cells to organs causing tissue 

damage, and the levels of ICAM, VCAM, and E-selectin all decrease with increasing age, 

suggesting that they may determine why HUS primarily occurs in young children281.  

Nonetheless, despite strong in vitro data, the ability of inflammatory mediators to 

increase Stx cytotoxicity in patients has yet to be demonstrated. 

 While it is clear that increased cytokine levels and leukocytosis correlate with 

worse disease, the effects of these mediators are 

undefined168,169,197,200,206,231,245,247,249,250,256.  Increased inflammation occurs with 

leukocytosis, increased lactate dehydrogenase (LDH), raised BUN, elevated serum 

creatinine, oligoanuria, and the need for dialysis, and negatively correlates with the GFR 

one year later, erythrocyte, and platelet counts168,169,197,231,250.  Furthermore, the levels of 

increased G-CSF and decreased CXCL5 correlate with the need for dialysis in these 

patients168.  Finally, plasma cytokine levels predict mortality in patients with non-HUS 

associated acute renal failure, suggesting either that systemic inflammation has a 

significant effect on the kidney or that when the kidney is damaged it releases significant 

inflammatory mediators257.  LDH is released by damaged tissue, and is thus a measure of 

organ injury.   Secreted IL-8 specifically is known to attract activated neutrophils, and IL-
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6 and IL-8 levels correlate with increased leukocyte counts197,231,248.  Soluble Fas is an 

inhibitor of apoptosis.  It may be produced to antagonize circulating pro-apoptotic 

circulating mediators, and can extend the life of tissue damaging neutrophils250,282,283.  

Cytokine treatment upregulates leukocyte adhesion molecules on the surface of 

endothelial cells in vitro, however these adhesion molecules are not specifically increased 

in HUS284.  IL-10 performs primarily anti-inflammatory effects, specifically blocking the 

production of IFN-γ, and it may either be a response to other pro-inflammatory 

molecules, or it may encourage STEC gastrointestinal persistence by limiting the 

antibacterial host response231.  Increased TGF-ß1 probably represents normal intestinal 

healing in those STEC colitis patients that do not progress to HUS191.  The absence of 

significant changes in T-cell cytokines suggests a lack of T lymphocyte involvement in 

HUS pathogenesis191.  Altogether, though the mechanism is speculative, the increased 

inflammation in HUS patients may play a causative role in the disease etiology, or 

instead may be a product or marker of increased tissue damage and pathology in sicker 

patients200. 

The complement cascade is a specialized non-cellular portion of the innate 

immune system that can mediate inflammatory tissue injury.  Complement deserves 

mention in this discussion of inflammation because its dysregulation causes atypical 

familial HUS285.  Complement factors constitute 15% of circulating plasma proteins and 

consist of at least 30 peptides that are activated by foreign or inflammatory membrane 

surfaces285.  Complement proteins are present as inactive zymogens in plasma and are 

activated by a proteolytic cascade.  They proceed from C1 to C2 and C4, then through the 

crucial activator C3, followed by the final membrane destructive C5-C9 membrane attack 
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complex285.  These zymogens are typically cleaved into two pieces, the active protease 

that catalyzes the cleavage of the next step in the pathway, and a smaller inflammatory 

fragment that signals to specific cellular receptors.  The inflammatory fragments from C3 

and C5 are called anaphylatoxins230,285.  Complement activation is clinically detectable by 

decreased circulating levels of the complement factors.  Although multiple mechanisms 

can initiate the complement cascade, these converge on C3 which is normally critically 

regulated by a host of anti-complement molecules285.  Deactivating mutation of any of a 

number of these C3 inhibiting enzymes causes abnormal complement deposition on the 

vascular endothelial surface, and results in familial or atypical HUS, a syndrome of adult 

patients usually unrelated to STEC infection286-291.  

Patient data are unclear as to the role of complement activation in STEC mediated 

HUS.  Complement C3 and C4 levels are decreased in only 30% of Shiga toxin induced 

HUS acute phase cases, though the cause of this change is unknown292,293.  Intriguingly, 

although complement is activated only in some cases, its activation can correlate with 

observed leukocytosis and worse prognosis, and might be a sign of more severe 

disease292,293.  However, pathologic evidence does not support complement activation in 

HUS, as immunoglobulins and complement components are rarely found in glomerular 

thromboses or associated with endothelial damage in these patients151.  Despite the 

measured complement activity in these cases, the role of complement in STEC mediated 

HUS remains incompletely assessed.  Complement may be activated either as a result of 

endothelial damage, by circulating toxins, or it may directly contribute to the 

pathogenesis of D+HUS.   
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Coagulation in the Hemolytic Uremic Syndrome 

Hemostasis consists of three processes: platelet aggregation, extracellular coagulation, 

and fibrinolysis, that work in tandem to appropriately regulate clot formation294.  Clots 

composed of platelets and coagulation factors normally form in response to vascular 

injury to prevent bleeding294.  Initiation of hemostasis is normally inhibited because 

tissue factor (TF, Factor III), von-Willebrand factor (vWF), and activated coagulation 

factors are kept physically separated from circulating unactivated platelets295.  vWF is 

normally stored by endothelial cells and platelets, and when released is thrombogenic by 

binding to platelet glycoprotein receptors IIb/IIIa296.  Platelets are inactive until they 

either adhere to exposed subendothelial matrix or are stimulated by soluble adenosine 

diphosphate (ADP) or activated thrombin (coagulation factor II)297.  Vascular damage 

exposes sub-endothelial collagen and vWF to which circulating platelets bind, and in turn 

expose low levels of active TF294.  Platelet receptor adhesion partially activates the 

platelets, and they adhere to fibrinogen which allows platelet-platelet aggregation and 

formation of a platelet plug294.  Platelet activation coincides with platelet spreading and 

the release of various granules containing pro-coagulant and inflammatory molecules298.  

These activated platelets facilitate vascular coagulation by exposing activated coagulation 

factors and necessary phospholipids for the coagulation cascade298.  Downstream effects 

of TF also feed back and activate platelets, linking the entire pro-coagulant process295. 

Coagulation is mediated by a host of circulating protein clotting factors, the pro-

coagulant surface on activated platelets, and exposed TF bearing cells (Figure 8)295.  TF 

is at the heart of the initiation process, also previously called the extrinsic pathway of 

coagulation294,295,299.  TF is expressed by cells of the vascular wall and not found on cells 
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in direct contact with the bloodstream299.  When exposed to clotting factors in the 

systemic circulation, TF bearing cells form TF-factor VII activated complexes (TF/VIIa) 

that activate Factor X.  Xa and Va combine to activate thrombin (factor II), however this 

process only produces minute amounts of thrombin before it is inhibited by the 

circulating tissue factor pathway inhibitor (TFPI)299.  This low thrombin level is 

insufficient to cleave enough fibrinogen into fibrin to create a clot295,299.  Propagation of 

the original TF-generated thrombin requires the small amount of thrombin to activate 

Factors V and VIII of the classical intrinsic pathway on the platelet surface, and thus only 

happens if platelets are close295,299.  Factors Va, VIIIa, IXa, and Xa then combine to 

produce enough active thrombin to substantially cleave fibrinogen and mediate clot 

formation299.  Thrombin cleavage releases prothrombin fragments 1 and 2, which can be 

used as markers for thrombin activation300.  Because TF and Factor VII from the extrinsic 

pathway and Factors IX and VIII from the intrinsic pathway are both needed for proper 

coagulation, it is appropriate to conceive of them as initiation and amplification steps of 

the same process295,299.  Importantly, substantial abnormal bleeding occurs with defects in 

either pathway, supporting the view of a unified mechanism in which neither side can 

completely substitute for the other295.   

The initial platelet aggregation and coagulation steps of hemostasis run in 

parallel295.  Once thrombin is generated on the surface of TF bearing cells, and the 

platelets are attracted by exposed vWF and collagen, the small dose of activated thrombin 

can be moved to the surface of the nearby platelets295.  Decreasing the distance and 

limiting the exposure to circulating TFPI allows binding of thrombin to its high affinity 

platelet receptor GPIb295.  This then creates the appropriate situation for large scale 
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amplification of the coagulation cascade by allowing thrombin activation of Factors V 

and VIII to generate more thrombin.  This secondary thrombin produces the stable 

hemostatic clot by stabilizing the platelet plug with a fibrin meshwork295.  The initial 

platelet adhesion and thrombin binding can each moderately activate the platelets 

directly, however in combination the effect is synergized to fully activate the present 

platelets295.  Finally, localization of the pro-coagulant surface to the site of injury serves 

to partially limit the extent of the coagulation295. 

Nevertheless, coagulation must be further regulated so that while vascular damage 

is stopped by an appropriate level of hemostasis, complete thrombosis of the vessel does 

not occur295.  Plasma protease inhibitors including TFPI serve this function by 

inactivating activated coagulant proteases when they diffuse away from the central 

clot294,295.  Secondly, endothelial associated antithrombotic molecules protect the adjacent 

uninjured endothelium.  These molecules include endothelial TFPI, antithrombin, 

thrombomodulin, protein C, and protein S (Figure 8)294,295.  As the amount of thrombin 

generated most directly governs the stability of the clot, thrombin is the key positive 

modulator of clot expansion295.  Low rates of thrombin generation produce loosely 

packed clots of thick fibrin fibers whereas robust thrombin generation causes formation 

of tightly packed rigid structures295.  Clot extension is also negatively regulated by 

fibrinolytic factors that dismantle the fibrin network.  Endothelial tissue plasminogen 

activator (tPA) and urokinase (uPA) convert circulating plasminogen to plasmin, which 

directly degrades fibrin294.  Plasmin can be inhibited by thrombin-activatable fibrinolysis 

inhibitor (TAFI) and plasminogen activator inhibitor 1 (PAI-1), among others294.  

However, not all PAI-1 is active, as platelet derived PAI-1 is mostly latent while normal 
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circulating plasma PAI-1 is active301.  Plasmin cleaves fibrin into detectable D-dimers 

and fibrin degradation fragment E, both of which can be used to evaluate plasmin 

activity297. 

Fibrin is thus the final and crucial outcome of the coagulation pathway, and both 

its formation and destruction are highly regulated (Figures 8, 9)297,300.  Fibrin is formed 

from fibrinogen, a 45 nm molecule comprised of three proteins called Aα, Bß, and γ 

linked by disulfide bonds300.  Fibrinogen is an acute phase protein, meaning that it is 

upregulated by cellular stress including LPS and IL-6 signaling, primarily in the liver297.  

Thrombin binds and activates fibrinogen by cleaving off fibrinogen peptide A (FPA) and 

fibrinogen peptide B (FPB), turning the plasma soluble fibrinogen into the insoluble 

fibrin297,300.  Fibrinopeptide removal exposes intermolecular binding motifs that allow 

half-staggered fibrin oligomers to lengthen into protofibrils297.  Protofibrils aggregate 

laterally to make fibers, which branch to create the meshwork of the hemostatic fibrin 

clot (Figure 9)297.  Once formed, the transglutaminase coagulation factor XIII covalently 

crosslinks the molecules together to stabilize the clot297.  Normally, only small amounts 

of crosslinked fibrin or fibrinogen are present in human plasma300.  The fibrin clot is a 

scaffold for fibroblast and macrophage migration, allowing collagen deposition and clot 

degradation respectively, and is stabilized by fibronectin, albumin, thrombospondin, and 

vWF297.  In addition to serving as a frame for hemostatic platelets and inflammatory 

white blood cells, crosslinked fibrin also increases the ability of growth factors like FGF 

and VEGF to mediate endothelial proliferation and healing297,300.   
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Figure 8.  Schematic of the intravascular coagulation cascade. 

The intravascular coagulation cascade to form crosslinked fibrin and a stable clot. (Taken 

from http://www.biocrawler.com/encyclopedia/Coagulation). The cellular injury pathway 

has been previously called the extrinsic pathway, while the contact system has been 

previously called the intrinsic pathway.  Legend: HWMK = High molecular weight 

kininogen, PK = Prekallikrein, TFPI = Tissue factor pathway inhibitor. Black arrow = 

conversion/activation of factor. Red arrows = action of inhibitors. Blue arrows = 

reactions catalysed by activated factor. Grey arrow = functions of thrombin. 
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Figure 8.  Schematic of the intravascular coagulation cascade. 
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Figure 9.  Electron micrographs of normal fibrin clots. 

Scanning electron micrographs of fibrin clots. (Taken from Advances in Protein 

Chemistry 2005. 70: 247-299.)  (A) Micrograph of clot formed by addition of thrombin to 

purified fibrinogen.  Magnification bar is 5 μm.  (B) Micrograph of whole blood clot 

from fresh blood with no additional factors.  Fibrin fibers often originate from platelet 

aggregates (small round cells), while erythrocytes (large doughnut cells) and leukocytes 

are trapped in the fibrin meshwork.  Magnification bar is 10 μm.
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Figure 9.  Electron micrographs of normal fibrin clots. 
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Coagulation factor activity and whole blood clotting ability are clinically 

examined using three blood tests in addition to measuring the serum levels of specific 

coagulation factors294,295,302,303.  Activated partial thromboplastin time (PTT) is performed 

on whole blood in a glass tube, sometimes with additional phospholipid.  The glass or the 

phospholipid creates a negatively charged surface to which coagulation factor XII 

associates, and activates the contact based coagulation system, also known as the intrinsic 

pathway.  Proper activation of the PTT measures factors XI, X, VIII, V and thrombin, 

though importantly, not all of these factors are necessary for normal hemostasis.  In 

contrast, the prothrombin time (PT) is induced in whole blood by the exogenous addition 

of excess tissue factor.  This TF overcomes the TFPI normally present in serum and 

allows significant activation of thrombin using the pathway usually initiated by cellular 

injury, also called the extrinsic pathway.  Proper activation of the PT requires factors VII, 

X, V, and thrombin.  However, neither the PT nor the PTT actually represents 

physiologic hemostasis, rather they are manners to test the activity and presence of 

various coagulation factors.  The final test is the thrombin time (TT), in which purified 

exogenous thrombin is added to plasma.  The TT is a direct measure of fibrinogen 

function, and in hypofibrogenemic states the TT is increased.  These three tests are used 

to evaluate numerous coagulation disorders in the clinical setting, although normal 

clotting times for the PT, PTT, and TT do not exclude dysregulated coagulation303. 

The generalized Shwartzman reaction deserves special mention as a red herring, 

as it displays many of the features of HUS but is due to a distinct though often 

underappreciated mechanism304-307.  The Shwartzman reaction occurs solely because of 

LPS exposure, and is used as a model for sepsis induced disseminated intravascular 
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coagulation (DIC).  The response can either be local, with only local LPS 

contamination, or general, with systemic LPS infiltration.  The general Shwartzman 

reaction due to two intravenous doses of LPS 24 hours apart causes a syndrome that 

appears similar to the coagulopathy of HUS, with petechial hemorrhages, microvascular 

thrombi, and decreased numbers of circulating platelets304,308.  This multi-system disorder 

does not occur with single dose LPS challenge, though can occur with continuously 

infused LPS over 6-12 hours307,308.  Typically, other inflammatory mediators can 

substitute for the initial inflammatory insult, with TNF-α or IL-1 followed 24 hours later 

by LPS also able to initiate the Shwartzman pathology304,305.  The etiology of the reaction 

is thought to consist of initial LPS activation of endothelial cells, with upregulation of 

leukocyte and platelet adhesion molecules, followed by activation of leukocytes and 

platelets with the second dose of LPS, resulting in thrombosis and microthrombi304,305.  

This reaction recapitulates the coagulopathy of sepsis, but can occur in experimental 

settings without bacteria if reagents are contaminated with LPS, or if LPS is administered 

multiple times308.   

As stated above, the coagulation changes that occur in the Shwartzman reaction 

are comparable to those that occur in DIC with sepsis, and though the pathology may 

appear similar to HUS, the coagulation measurements demonstrate that the Shwartzman 

reaction and sepsis are distinct from HUS307.  Septic DIC derived from LPS intoxication 

is associated with fever, leukocytosis, platelet consumption, decreased fibronectin levels, 

and acute renal failure, but also with increased PT and PTT259,309,310.  Coagulation 

activation in sepsis proceeds from LPS induced endothelial damage and TF mediated 

thrombin activation303.  Overzealous thrombin generation consumes the anticoagulant 
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molecules protein C, protein S, and antithrombin, and liver dysfunction probably 

contributes with decreased production of these proteins as well303.  Patients with DIC also 

demonstrate increased D-dimers and characteristic decreases in plasma fibrinogen and 

factor VIII and V levels that distinguish it from other coagulopathies303.   

In contrast to DIC or the Shwartzman reaction, HUS patients typically 

demonstrate no increases in PT or PTT, and have normal or increased circulating 

fibrinogen, factor VIII, and factor V concentrations, even though they may have 

decreased fibronectin levels and increased thrombin and bleeding times32,176,182,185,306,310-

312.  The thrombocytopenia due to the Shwartzman reaction is transient, and in 

experimental models usually recovers within 24 hours after the administration of LPS307.  

In contrast, the thrombocytopenia of HUS is persistent for days or weeks.  Finally, the 

relative lack of LPS in HUS compared to sepsis argues that LPS is not the sole cause of 

the coagulopathy in HUS89.  Though not similar to DIC, the crucial unresolved problem 

regarding the coagulopathy of D+HUS concerns whether the platelets or coagulation 

factors are primary causes of the defect.  Arguing for the role of the coagulation factors, 

they are found to be abnormal before the onset of fulminant HUS during the colitis 

prodrome.  Arguing for the role of the platelets, they are found to acutely activate early in 

the course of HUS, and maintain a relatively deactivated state for much of the latter 

portion of the disease32. 

Despite the obvious thrombocytopenia that develops during HUS, the role 

platelets play in the pathophysiology of the disease has been poorly investigated.  

Clinically, children in the acute phase of HUS demonstrate abrupt thrombocytopenia and 

a functional decrease in directly measured platelet activity182,306,313,314.  Platelets from 
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acute phase HUS patients produce a diminished aggregation response to agonists, have 

drained intracellular molecular stores, and have decreased surface markers compared to 

platelets isolated from normal children and children in renal failure182,313-315.  This may be 

due to splenic sequestration of normal circulating platelets or prior activation and clotting 

of most platelets, with only those that are hyporesponsive left in the systemic circulation 

during the acute renal failure182,313,314.  As evidence for prior platelet activation, and 

platelet exhaustion during acute HUS, the phenotype of platelet hyporesponsiveness can 

be recapitulated by activating normal platelets in vitro and then attempting a second 

activation314.  Unfortunately, similar changes in platelet functionality occur in other types 

of renal failure and during dialysis.  Nonetheless, the HUS platelet changes are believed 

to be independent of renal failure, as they resolve even before the renal failure as a sign 

of impending improvement314.  The numbers of circulating platelets in these patients 

recover gradually following the acute phase, suggestive of normal replenishment 

following their acute destruction or usage, and platelet producing megakaryocytes are 

normal in the bone marrow182,306.   

HUS patients evidence additional signs of significant platelet activation, with 

increased plasma levels of platelet specific molecules serotonin, ß-thromboglobulin (ß-

TG), platelet factor 4, P-selectin, and platelet-derived microvesicles, although some 

increased ß-TG is found in other types of renal failure199,314,316-318.  Prior to HUS case 

definition, those who do develop HUS and those that only develop colitis both have 

increased levels of platelet activating factor (PAF), a platelet activating phospholipid 

synthesized by endothelial cells, platelets, and leukocytes319.  Interestingly, PAF is also 

found increased in urine during acute HUS, and the level of this mediator falls back to 
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normal during the acute phase of HUS, suggesting renal specific endothelial and 

platelet activation followed by resolution319,320.  Platelet activation in this way except for 

PAF correlates with renal dysfunction, and suggests that platelets activate and release 

their granules early or prior to HUS attainment199.  Thus platelets appear to be activated 

early in the course of acute HUS, and during renal failure the remaining platelets are 

degranulated and dysfunctional, though their relation to circulating toxins or endothelial 

damage remains only correlation and conjecture. 

In vitro work on human platelets is as unsatisfactory as clinical platelet studies in 

HUS patients.  Three publications report that platelets do not bind Stx, while one group 

shows that Gb3 presence on human platelets and Stx binding is widely variable, and a 

separate group that Stx only binds to platelets that are already activated321-325.  Four 

articles have investigated whether Stx has a direct effect on platelet function, with three 

concluding that Stx has no direct action on platelet activation, granule release, or shape 

change, though one disagrees on all counts321,323,324,326.  Each of these reports is 

associated with technical problems including the use of improper controls, however the 

controversial consensus at this point is that Stx interaction with platelets has no 

functional consequence.  Additionally, the inflammatory mediators generated in HUS 

patients do not directly stimulate platelet activity, though they may act as co-activators in 

some cases327-329.  These data therefore suggest that the coagulation findings present in 

HUS derive from somewhere other than the platelets and by a mechanism that acts 

directly on a distinct cell type. 

Besides the thrombocytopenia, laboratory measured changes in coagulation and 

fibrinolytic factors measured prior to HUS onset argue that hematologic abnormalities in 
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HUS patients follow from dysregulated coagulation306,330,331.  Pathologically, HUS 

microvascular injury is characterized by the deposition of fibrin rich and von-Willebrand 

factor (vWF) poor clots with fibronectin and platelets310,311.  Although early 

investigations had difficulty demonstrating active coagulation increases in the acute 

phase of D+HUS, with quicker admission to hospitals earlier in the disease process, and 

better techniques for monitoring coagulation, activation of both coagulation and 

fibrinolysis has been demonstrated in fulminant HUS patients185.  Changes early in the 

disorder suggest the presence of a hypercoagulable state, while later studies of the acute 

phase demonstrate an impaired coagulation system, similar to that observed for 

platelets306.   

Although many clinical studies lack proper control groups: patients with only 

STEC colitis who do not progress to HUS, patients with non-HUS renal failure, and 

normal controls to compare to the acute phase of HUS, one prospective coagulation study 

includes them330.  Thrombin activity is elevated before the onset of HUS, as measured by 

increased prothrombin fragments above those present in normal controls or children with 

colitis that do not progress to HUS330. Patient plasma prior to HUS also demonstrates 

increased levels of plasminogen activator inhibitor 1 (PAI-1), D-dimers, and tPA 35,312,330. 

Overall fibrinolysis appears to be inhibited in these patients because the tPA is 

complexed to the PAI-1, blocking its activity312,330.  Unlike DIC following sepsis, 

fibrinogen concentrations are not decreased in HUS patients, and the prothrombin 

measure of coagulation time is only slightly elevated31,182,311,312,332.  Finally, each of the 

factors found increased prior to HUS onset are increased to a lesser extent in patients 
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with STEC colitis that do not develop HUS, and further increased in patients during 

the acute episode of HUS itself330. 

Numerous additional properly controlled studies from the acute phase 

demonstrate changes in coagulation factors during HUS consistent with activated 

coagulation.  During fulminant HUS patients display increased serum levels of thrombin-

antithrombin complexes, raised thrombin activity, prothrombin fragments, fibrinopeptide 

A, and fibrin degradation products compared to those that only develop STEC colitis or 

those with non-HUS acute renal failure182,185,192,301.  These findings correlate with disease 

severity182,185,192,301.  Fibrin degradation products are specifically low in STEC colitis 

patients that do not progress to HUS compared to acute phase patients, suggesting that a 

crucial aspect of HUS development is the increased coagulation and fibrinolysis192. 

Elevated fibrinolytic activity is evidenced by increased D-dimers, plasma tPA, and 

uPA182,301.  Although levels of vWF, fibrinogen, α2-antiplasmin, and PAI-1 activity are 

significantly increased in acute HUS compared to normal controls, their responses to 

STEC colitis alone are unknown, and chronic renal failure independently upregulates 

these factors, making them nonspecific for HUS256,301.  Plasma fibronectin is found 

decreased in HUS patients compared to children with renal failure alone, though again 

this has not been compared to patients with STEC colitis alone310.  Furthermore, even 

though some investigators have found increased total PAI-1 in HUS patient plasma, 

approximately 90% of plasma PAI-1 is in the latent form released by platelets, thus 

making the measure of activity more accurate and relevant301.  Patients with HUS, STEC 

colitis that does not progress to HUS, acute renal failure, and control patients all have 
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similar PT, PTT, factor VIII, plasminogen, C1-esterase inhibitor, soluble tissue factor 

(sTF), thrombomodulin, and active unbound PAI-1233,301.  

In contrast to TTP, in which abnormal activity of the ADAMTS13 protease 

allows high levels of ultra-large vWF to exist in the circulation, there is no change in 

ADAMTS13 activity either during acute D+HUS or in the diarrheal prodrome181,196.   

ADAMTS13 protease normally cleaves vWF into a series of plasma multimers, and in 

TTP no lower weight molecules are present196.  This defect in ADAMTS13 makes TTP 

treatable by plasma exchange that removes any inhibitor of the protease, as well as 

provides additional normal protease181.  The abnormal ultra-large vWF induces formation 

of vWF and platelet rich clots that cause a similar syndrome to D+HUS involving 

microangiopathic hemolytic anemia, thrombocytopenia, renal failure, and neurologic 

dysfunction196.  Although there is not ultra-large vWF, the plasma levels of vWF are 

modified in HUS patients compared to normal.  Normally low but detectable vWF is 

present in glomerular endothelial cells from HUS patients, and the total level of plasma 

vWF is increased in HUS182,196,333.  vWF multimers also have decreased average size in 

HUS plasma and are shortened to a lesser extent during STEC colitis in the same 

patients196,333,334.  The distribution of vWF multimers is normal in other types of renal 

failure196.  The decrease in large vWF multimers in HUS plasma only partially correlates 

with thrombocytopenia observed in these patients, suggesting that vWF consumption in 

this disease is only involved indirectly with the consumption of platelets196.  It has been 

proposed that this decrease in large vWF multimers is due to increased proteolytic 

activity in the HUS circulation due to elevated shear stress, that vWF may be consumed 

as part of HUS development, and that increased total vWF in HUS occurs because of 



 78
endothelial damage or stress196,333.  However these theories have not been definitively 

proven196.  Despite the lack of understanding, vWF multimers are consumed during HUS, 

demonstrating again that HUS is a coagulopathy and that it is distinct from TTP. 

Though significant data support activated coagulation and fibrinolysis in HUS 

patient vasculature, substantial uncertainties persist in what these changes are, their 

underlying cause, and how they determine the visible thrombotic microangiopathy, 

thrombocytopenia, and hemolytic anemia335.  Despite the crucial proposed role 

dysregulated coagulation plays in HUS patients, how it is activated during the disease 

course is currently unknown.  The coagulation abnormalities may depend on endothelial 

death and exposure of the hemostatic basement membrane, they may derive from 

modified products released by the endothelium, or they may be spurred by other cell 

types or plasma factors.  Measurements of clotting factor levels in HUS patients are 

difficult to interpret because these plasma factors vary wildly in normal individuals, with 

significant functional changes only when they are decreased below 20% of normal295.  

Furthermore, activated partial thromboplastin time (PTT) and prothrombin time (PT) are 

normally elevated in children for the first six months and 16 years of life, respectively302.  

Renal failure alone has been shown to increase the circulating levels of PAI-1 and fibrin 

degradation products, confounding the argument for their roles specifically in 

HUS301,335,336.  Although patients that proceed to HUS have elevated levels of pro-

coagulant factors, those infected with E. coli O157:H7 also demonstrate a coagulation 

disorder, though to a lesser degree330.  Finally, weak data suggest that circulating STEC 

derived toxins can directly activate coagulation in HUS patients, which may occur in 

addition to the coagulopathy derived from endothelial dysfunction337.   
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It may be that the degree of coagulation activation determines whether there is 

progression to HUS or resolution without significant microvascular or renal disease. 

Because the rate of thrombin generation can determine the structure of the clot, the 

coagulation changes in HUS may be due to abnormal levels of thrombin generation295,297.  

Low thrombin levels could cause the formation of loose fibrin rich clots leading to 

erythrocyte shearing and subsequent anemia, as well as less precise localization of the 

clotting process and overabundant platelet use causing thrombocytopenia.  In contrast, 

high thrombin levels may overzealously generate thrombin without a supportive cellular 

network, thus creating a mesh through which erythrocytes become sheared into 

schistocytes when they pass.  These theories remain untested. 

HUS dogma proposes that vascular endothelial damage mediated directly by 

Shiga toxin initiates the dysregulation of coagulation, however other factors likely 

participate as well.  Stx causes endothelial cell death in vitro, and in most cases does not 

alter the coagulation factors released by these endothelial cells in a pro-coagulant way, 

instead blocking protein synthesis of all factors277.  Inflammatory mediators found 

increased in the serum of HUS patients may play a role in mediating abnormal 

coagulation in HUS.  Endogenous TNF-α, IL-1ß, EGF, VEGF, and interferons, as well as 

exogenous substances including LPS can upregulate TF, PAI-1 and uPA expression on 

vascular endothelial cells277,338,339.  In general the upregulation of TF is part of a general 

endothelial response to inflammation that includes increased production of various 

adhesion molecules to locally limit inflammation and coagulation233,338.   Furthermore, 

activated platelet or thrombin binding to the endothelium can increase TF production as 

well, so even if increased tissue factor is found in tissue it may be either a direct or 
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indirect cause of abnormal coagulation338.  Apoptotic cells release tissue factor 

associated with the activating phospholipids phosphatidylserine, and the apoptosis 

mediated by Stx may thus contribute to the coagulation in HUS299.  Thus observed HUS 

coagulation is likely a multifactorial process, and though the initiating events are 

currently undescribed they deserve research attention as crucial aspects in the 

development of the syndrome. 

 

Consensus Pathophysiology of the Hemolytic Uremic Syndrome 

Shiga toxin is hypothesized to cause the unique tissue damage and cellular dysfunction 

profile that takes place during the hemolytic uremic syndrome by acting on cell types that 

produce its glycosphingolipid receptor.  Human cell types known to express Gb3 and be 

sensitive to Stx in vitro include glomerular endothelial cells, glomerular epithelial cells 

(podocytes), renal tubular cells, mesangial cells, non-glomerular renal microvascular 

endothelial cells, non-renal microvascular endothelial cells, and some intestinal cell 

types113,125,239,263,268,330,340-353.  The principal unresolved questions in the HUS field 

concern how Stx and LPS circumvent the intestinal epithelial barrier, which of the 

inflammatory, cytotoxic, or procoagulant effects are most responsible for syndrome 

development, and whether some currently undescribed STEC mechanism initiates HUS. 

STEC pathogenesis begins with gastrointestinal epithelial adherence, probably 

characterized by A/E lesions, and the initial release of cytotoxic virulence factors. The 

intimin produced by most STEC mainly facilitates interaction only with follicle-

associated epithelial cells of Peyers patches, intestinal aggregations of lymphoid tissue49.  
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D+HUS begins when bacteria dying from host immunity and other causes release Stx 

into the intestinal lumen and initiate intestinal damage.  Pathological specimens of STEC 

infected intestinal tissue appear hemorrhagic and edematous, with focal necrosis and 

infiltration of inflammatory cells including neutrophils41,42.  Stx is toxic to some of the 

intestinal epithelium, and may cause both inflammatory mediator release and cell 

death41,354.  While bacterial adherence with A/E lesions is thought to promote the 

production of watery diarrhea, Stx seems critical for the evolution of bloody diarrhea and 

hemorrhagic colitis41.   

There are multiple epithelial cell types that make up the luminal intestinal wall, 

however only some of these express Gb3 and are sensitive to Stx263,344-348.  The intestinal 

mucosa forms contiguous villi and crypts, undulations of both the epithelial and 

mesenchymal layers that increase the surface area of the luminal face344.  Physical 

landmarks on the villi or crypts separate multiple cell types by their respective locations.  

Intestinal cells responsible for absorption of luminal contents, enterocytes, further 

increase the absorptive surface area of the intestine by forming microvilli, undulations of 

their cell membrane.  The villi measure approximately 1 mm in length, while the 

microvilli are about 1 μm in length344.  Three types of epithelial cells compose the villi: 

enterocytes that absorb nutrients, goblet cells that secrete the protective mucus barrier, 

and enteroendocrine cells that release hormones344.  The intestinal crypts contain mainly 

immature undifferentiated cells that terminally differentiate into the three villus cell types 

as they migrate up the villi, and Paneth cells that produce and release antimicrobial 

peptides lysozyme and α-defensins into the crypt lumen344,345.  Though similar, the colon 

lacks the villi and Paneth cells of the small intestine344. 
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 Of the major cell types that comprise the human intestinal surface, only Paneth 

cells have been demonstrated to express Gb3 in vivo263,345-348.  When pediatric intestinal 

tissue is cultured and challenged with Stx2 for 24 hours, cells are extruded from the 

intestinal crypts346.  Although Stx1 is unable to mediate significant crypt cytotoxicity in 

this organ culture system, both Stx1 and Stx2 bind to Paneth cells on human small 

intestine biopsies, with binding both in the cytoplasm and on the membrane345,346. 

However, no increased Gb3 expression or Stx binding is observed in inflamed intestinal 

biopsies compared to controls, suggesting that the intestinal epithelial interaction with Stx 

does not change in states of infection263,345. Also, only 30-50% of individuals express Gb3 

and show Stx binding to Paneth cells, intimating that Paneth cell Gb3 expression may 

determine whether STEC gastrointestinal infection progresses to colitis or HUS345.   

The effect of Stx binding on Paneth cell physiology and function remains 

uncharacterized, and it is unclear if this interaction initiates the colitis that occurs in these 

patients, or whether it simply mediates Stx passage into the intestinal stroma.  

Additionally, intestinal epithelial cells including those that lack Gb3 expression have been 

demonstrated capable of transmitting Stx across the intestinal barrier, and this may allow 

systemic Stx entry in vivo without significant epithelial disruption346,348,355,356.  Overall, 

significant pathological breakdown of both small and large intestines occur, with 

resultant hemorrhagic colitis and microangiopathy194.  Although it is unclear precisely 

how the breakdown of the intestinal barrier occurs, and numerous pathogenic 

mechanisms may be at play, the end result is entry of bacterial virulence factors from the 

luminal intestinal contents into the systemic circulation.   
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 Once the intestinal barrier is compromised by the luminal action of STEC and 

their pathogenic products, Shiga toxin and LPS can enter and cause further pathology.  

Surprisingly, the amount of Stx detected in stools of patients with only STEC induced 

colitis is not significantly different from the amount in stool samples from those patients 

that progress to HUS357.  One explanatory model of this phenomenon argues that as more 

Stx is released into the intestinal lumen, more is absorbed by the permeable or susceptible 

epithelial cell types, thus leaving equal Stx levels in the forming stool of the colon.  This 

may be evidence that the primary absorption of Stx from STEC colonization occurs in the 

small intestine where Peyers patches and Paneth cells are present, with the associated 

colitis occurring because of microvascular insult from circulating Stx rather than luminal 

attack by STEC357.  The first Gb3 expressing target encountered by Stx and LPS when 

absorbed is the human intestinal microvasculature, where endothelial cells highly express 

Gb3
346.  Stx also binds to stromal cells and fibroblasts adjacent to the intestinal 

epithelium, providing a variety of additional targets345,346.  Interestingly, although cattle 

do have some intestinal epithelial Gb3, their intestinal microvasculature is devoid of the 

Stx receptor, and this may explain their tolerance to gastrointestinal colonization by 

STEC346.  It is believed that the direct Stx cytotoxic action on the intestinal epithelial 

cells, the secondary direct action of other bacterial products, and the thrombotic 

microangiopathy that develops in the intestinal microvasculature following barrier 

function breakdown, all contribute to the hemorrhagic colitis present in these patients. 

Shiga toxin probably circulates in the bloodstream bound to both blood cells and 

plasma proteins, and it is likely that the delay between bloody diarrhea and HUS 

development is partially due to this circulation time. Human serum amyloid P (HuSAP), 
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a normal component of human blood, has been demonstrated to bind Stx2, though it is 

likely that other molecules participate as well358,359.  HuSAP binds weakly to Stx2 though 

not Stx1, and over a few days the Stx2 gradually released from the protein complex is 

capable of killing target cells358-361.  The concentration of serum HuSAP increases in 

inflammatory conditions, though no relative increase is present in patients with STEC 

infection that develop HUS compared with those that do not360,361.  In patients with HUS, 

Stx1 and Stx2 can be detected bound to all leukocytes by flow cytometry, and remain 

detectable for up to 5 days after resolution of diarrhea77,235-238.  Much of this binding may 

be due to non-specific adherence following activation of the leukocytes and platelets, or 

may be facilitated by HuSAP interaction with Stx238,325,362,363. Stx can also bind to the P 

blood group antigen on erythrocytes364.  The five day time period of Stx persistence in the 

circulation correlates with the lag time between initiation of patient bloody diarrhea and 

development of HUS, and increased neutrophil lifespan in these patients may extend the 

Stx circulation time31,178,236.  Nevertheless, the relative amounts of Stx bound to 

circulating leukocytes and plasma proteins has not been determined, and the mechanistic 

details of Stx plasma transport remain to be explained. 

The Shiga toxin and LPS in the bloodstream circulate to tissues that express Gb3.  

The non-intestinal human tissues that express Gb3 on one or more cell types display 

varying degrees of pathology in these patients. Renal glomerular and tubular injury 

occurs in vivo, and is often the cardinal sign of HUS development.  Urine levels of the 

tubular protein N-acetyl glucosaminidase and ß2-microglobulin, a protein normally 

reabsorbed by the proximal tubule, are increased both during the prodrome and during 

HUS330,365. Glomerular and tubular apoptosis occurs in HUS patients (Figure 10), likely 
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causing the renal and vascular dysfunction195,341.  Furthermore, Shiga toxin binding to 

these Gb3 expressing renal elements has been demonstrated in small studies, connecting 

the toxin with the observed pathology239.  Stx binding and Gb3 expression in the human 

kidney appears on subsets of renal tubules, the glomerular endothelium, and the non-

glomerular vascular endothelium239.   
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Figure 10.  Light micrographs of renal cortical apoptosis from HUS patients. 

Light microscopy (A-C) and TUNEL staining (D, E) of D+HUS (A, B, D) and normal 

renal biopsies (C, E). HUS samples have glomerular thrombi (arrow, A) and interstitial 

inflammatory cells (arrow, B).  HUS patients demonstrate apoptotic TUNEL positive 

cells in glomerular and tubular structures (D). Magnification ×392 (all panels).  (Taken 

from Infect Immun. 1998. 66: 636-644.195) 
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There are various theories as to why the kidney appears to be specifically 

affected by circulating toxins in HUS.  First and foremost, the human kidney expresses 

the Stx receptor Gb3 on both glomerular and tubular cell types107,234. Because the kidneys 

receive 20% of the cardiac output, besides the lungs and heart they likely encounter the 

largest dose of circulating toxins15.  The renal blood flow is far greater than in other 

vascular beds, and additionally, so is the energy consumption needed to process this 

tremendous volume into only a relatively tiny proportion of urine15.  Thus, renal insult 

may be magnified by the large metabolic need of the tissue.  Furthermore, the solute 

concentrating mechanism of the medullary interstitium is prone to collect nephrotoxins as 

well as solutes, and may accumulate toxin concentrations above those present in 

plasma18.  Pro-coagulant ability may also predispose the kidney to excessive thrombosis 

once initial endothelial damage occurs, as the renal glomerular podocytes produce high 

levels of tissue factor366,367. 

Even though it is generally accepted that the renal vasculature is the primary site 

of toxemic damage in D+HUS, the precise location of Gb3 in the human kidney is the 

subject of some controversy.  In situ binding of Shiga toxin to human renal sections 

demonstrates that the renal binding profiles of Stx1, Stx2, and the rat IgM against Gb3 are 

not identical107.  Stx1 binds only some adult human glomeruli, while Stx2 and anti-Gb3 

antibody stain all glomeruli, and all three stain many tubules including collecting ducts 

and loops of Henle107,368.  However all these human studies have been performed with 

sections dehydrated in ethanol, a reagent that is known to remove Gb3 from some tissues 

and create falsely positive staining in others107,369.  Another caveat that may cast dubious 

light on the location of Gb3 in the human kidney is that some studies allow Stx binding at 
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4°C as compared to 37°C.  4°C binding displays 10-fold increased staining of all 

tissues and is more likely non-specific and non-physiological107,234.  Additionally, Stx1 

and Stx2 have different binding kinetics and bind different pools of probably slightly 

altered Gb3
107. Stx1 interacts with a select and distinct group of synthetic monodeoxy Gb3 

analogs assayed by TLC than does the rat IgM or Stx2.  Finally, FITC labeling of the B 

subunit is commonly used to follow Stx, however the FITC alters the binding of Stx1B to 

Gb3
107.  Nevertheless, as stated above, even though not all glomeruli bind Stx1, all 

glomeruli are labeled by Stx2 and the rat IgM anti-Gb3
107.  Thus, the consensus human 

renal targets of Stx include multiple tubular epithelial cell types as well as glomerular 

endothelial cells and podocytes of some patients under some conditions, and all studies 

agree that significant Gb3 is present in the human kidney. 

Irrespective of Gb3 localization, the pathophysiology of renal failure in HUS is 

distinct from that which develops in E. coli induced and endotoxin mediated sepsis.  

Septic renal failure is associated with high cardiac output, increased renal blood flow, and 

decreased renal vascular resistance in contrast with the hypertension that develops in 

HUS26.  It is the renal vascular vasodilation that causes decreased GFR in sepsis because 

the plasma is not pushed across the filtration barrier into the tubular system26.  Normally 

post-glomerular efferent arteriole constriction increases the post-glomerular vascular 

resistance, and causes increased filtration of plasma into the lower pressure tubular 

system26.  In sepsis, the afferent and efferent glomerular arterioles both dilate, increasing 

the renal blood flow but decreasing the GFR26.  Thus, in septic renal failure, the serum 

creatinine and BUN rise because of decreased filtration, and the role of primary intrinsic 

damage to the renal parenchyma is controversial26.   
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Although the primary effect of Shiga toxin likely stems from its interaction 

with endothelial and parenchymal cells, it is known to directly affect some circulating 

cell types as well.  In mice, cattle, and humans Stx is cytotoxic to circulating 

lymphocytes, though the susceptible subsets vary between species116.  Erythrocyte 

binding by Stx may be accompanied by direct red blood cell cytotoxicity, though 

oxidative damage from other vascular complications may also weaken erythrocyte 

membranes to shear stress116,364,370.  Neutrophil apoptosis is inhibited but other functions 

are not affected by either Stx1 or Stx2, and the neutrophilia and subsequent neutrophil 

deactivation in acute HUS is probably due to colitis derived cytokine production and 

inflammation178,362,363,371-373.  In spite of these described interactions, a causative role for 

direct Stx interaction with circulating cell types in HUS patients remains to be 

demonstrated. 

Neurologic dysfunction in HUS patients probably derives from a combination of 

direct cerebrovascular insult by circulating bacterial toxins and metabolic wastes present 

because of decreased or absent renal function31,32.  Typical metabolic abnormalities 

present in states of renal failure include plasma hypotonicity, metabolic acidosis, 

hyperosmolality, hypoglycemia, hypocalcemia, and hypermagnesemia, however even 

when properly dialyzed many patients with severe renal disease still express virulent 

central nervous system disorders31,32.  HUS associated encephalopathy and neurologic 

dysfunction are most strongly correlated with HUS mortality, however the etiology and 

related factors are relatively unexplored180.  Those HUS patients who do develop 

neurologic symptoms have increased serum levels of some inflammatory mediators 

including IL-6, IL-10, soluble TNFR1, and TIMP-1252.  However, there are no significant 
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differences between encephalopathic patients and those without neurologic dysfunction 

in terms of leukocyte counts, thrombocytopenia, BUN, serum creatinine, or other markers 

of disease progression, even though encephalopathy generally occurs in those patients 

who are qualitatively more diseased252.  Because of its strong correlation with poor 

outcomes and the paucity of relevant etiological and therapeutic data, the pathogenesis 

and treatment of CNS dysfunction in Stx mediated HUS represents a necessary focus of 

future research. 

 Metabolic disorders in HUS derive from the renal dysfunction, the acute 

hemolysis that releases normal erythrocyte contents into the systemic circulation, and 

tissue hypoxia.  Hyperkalemia (increased extracellular potassium) occurs in this disease 

from aberrant renal potassium regulation due to hypofiltration, tissue catabolism, and 

from intravascular hemolysis19,176,190.  Hyperkalemia is common in oliguric ARF, and 

HUS patients are at increased risk because of the concurrent intravascular hemolysis21.  

Potassium is the most abundant intracellular cation, and only 2% of bodily potassium is 

normally extracellular374.  In situations of hemolysis, this potassium is released into the 

extracellular space, and a release of only 1% of bodily potassium can double the plasma 

concentration374.  Without a means to effectively remove excess intravascular potassium, 

hyperkalemia ensues.  Lactate dehydrogenase (LDH) is also released by red blood cell 

lysis, and contributes to the lactic acidosis, though tissue hypoxia probably significantly 

mediates increased lactic acid production as well.  Other metabolic disturbances 

including hyperphosphatemia, hypocalcemia, and hyponatremia result from renal failure 

or the resulting intravascular volume dilution190.   
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 Insight into the pathophysiology of HUS can be found in the development of 

Shiga toxin independent thrombotic microangiopathy.  The thrombotic microangiopathies 

have been proposed to result from a similar histopathologic lesion, and can occur during 

post-diarrheal HUS, familial genetic HUS, thrombotic thrombocytopenic purpura (TTP), 

systemic lupus erythematosus (SLE), infection with Streptococcus pneumoniae, renal 

transplantation with immunosuppression, malignancy, various medication usage, and 

after pregnancy associated with preeclampsia83,149.  As mentioned previously, atypical 

familial HUS occurs in patients who have genetic mutations in endothelial-protecting 

complement genes including Factor H, Factor I, membrane cofactor protein (MCP), and 

delay accelerating factor (DAF)83,375.  Mutations in these complement inactivating 

proteins cause abnormal activation of complement component C3 resulting in 

microvascular endothelial damage83.  Also as discussed previously, TMA in TTP occurs 

following the abnormal formation of extra-large vWF that activates intravascular 

coagulation.  In pneumococcal infection, TMA is caused by the bacterial neuraminidase 

exposure of the normally cryptic Thomson-Friedenreich antigen, and subsequent 

autoimmune endothelial damage similar to that found in SLE83,149.  Finally, post-

transplantation TMA results from endothelial dysfunction due to immunomodulatory 

drugs149.  Although the pathological details of these diseases are distinct, and the 

composition of the glomerular thrombi differ between the diseases, the common pathway 

is hypothesized to occur because of disruption of the normal platelet-endothelial cell 

interaction149.   

 Evidence for a similar endothelial etiology among the thrombotic 

microangiopathies comes from case reports of individuals with confirmed STEC 



 93
mediated HUS who also have underlying defects in ADAMTS13 activity.  One patient 

with concurrent STEC induced HUS and decreased ADAMTS13 activity demonstrated 

more severe disease and clinical features more like TTP181.  Specifically, this patient 

displayed the typical HUS findings of anemia, thrombocytopenia, and acute renal failure, 

but also fluctuating neurological signs, fever, and abnormal liver function181.  These data 

suggest that the distinct modes of endothelial damage that normally mediate TMA may 

be able to synergize in some patients, and cause mixed forms of TMA that utilize the 

pathophysiology of both syndromes. 

 Long lasting renal dysfunction in HUS patients follows from initial glomerular 

destruction and subsequent hyperfiltration and hyperperfusion injury224.  Generally in 

cases of renal glomerular damage, glomeruli that are not destroyed in the acute phase of 

disease have to compensate by processing comparatively more blood than they had to 

previously when more functional glomeruli existed211.  These remaining glomeruli are 

thus hyperperfused and this hyperfiltration causes injury211,224.  Specifically, remaining 

glomeruli exhibit increased urinary albumin excretion and decreased ability to 

appropriately deal with systemic protein loading.  These patients also more rapidly lose 

additional function than patients without an initial acute glomerular insult224.  Thus initial 

loss of functional nephrons both decreases the ability of the kidneys to perform their tasks 

normally and increases the future rate of glomerular loss, overall leading to early onset 

chronic renal failure211,224.  

By synthesizing the data from multiple clinical studies of HUS patients in the 

acute state and during other related diseases, it seems that the two major observable 

pathophysiologic changes aside from overt pathology, the inflammation and coagulation, 
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have distinct roles in this disease.  The inflammation usually takes place concurrently 

with the gastrointestinal infection prior to HUS development, and many of the mediators 

found circulating in HUS patient plasma are not different from those found in patients 

who only develop STEC colitis, except in their levels78.  As discussed above, the 

increased inflammatory mediators may correlate with worse disease because they serve 

as a marker for intestinal breakdown, leukocyte trafficking of Shiga toxin, and total toxin 

dose entering the body, and may have no causal role in the syndrome78.  Although the 

inflammation may contribute to the Stx mediated target tissue damage by upregulating 

the Gb3 receptor, weakening the immune system, providing an initial insult to various 

tissues, and perhaps altering parts of the coagulation cascade, there is little evidence that 

the inflammation is the lynchpin to disease development78.   

In contrast, the pathology of microangiopathic hemolytic anemia clearly involves 

dysregulated coagulation, endothelial damage, and overall activation of pro-coagulant 

and fibrinolytic activity.  The changes in coagulation factors are not similar to 

inflammatory DIC.   Not only do the changes in coagulation precede the development of 

HUS, they continue during the acute disease when most inflammation in these patients 

has subsided199.  The coagulation changes typically occur just prior to and during the 

acute phase, with a spike in platelet consumption followed by prolonged 

thrombocytopenia.  Furthermore, the resolution of renal failure usually follows 

normalization of hematologic abnormalities199.  Thus it seems that though the 

inflammation may serve to augment the damaging and hemostatic influences of Shiga 

toxin mediated HUS, and though the inflammation may directly cause part of the 
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coagulopathy, the primary pathologic alterations center around coagulation and 

fibrinolysis.  Thus these are the areas where increased research effort is warranted.   

If the crucial pathologic mechanism is the coagulation, and the coagulation 

abnormalities definitively occur before patients meet the case definition of HUS, then the 

time for therapeutic intervention in these patients occurs before they meet the case 

definition of HUS.  In agreement, because the platelets, leukocytes, and coagulation 

system are in a post-activated state during acute HUS, it follows that activation of these 

systems occurred before the onset of fulminant HUS.  Therefore it seems likely that once 

the threshold of damage has been breached and HUS occurs, treatment options beyond 

supportive therapy are not useful.  This assessment of the data has been borne out by 

trials of therapeutics in HUS patients: only supportive therapy has demonstrated any 

beneficial effect.  The failures of numerous anticoagulant, antiplatelet, and anti-

inflammatory therapies to preempt morbidity and mortality during the acute phase of 

HUS are explained by this interpretation of the disease process, and suggest that the only 

time to attempt novel therapeutics is during the hemorrhagic colitis before the onset of 

significant signs or symptoms of extraintestinal tissue dysfunction.   

 

Treatment for the Hemolytic Uremic Syndrome 

Treatment for post-infectious Shiga toxin mediated HUS is currently entirely limited to 

basic supportive care including intravenous saline and dialysis31,32,35,157,186,376.  Dialysis is 

required because of persistent renal failure in up to 60% of HUS cases, and although 

patients with other forms of TMA may benefit from plasmapheresis, plasma infusions, or 
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platelet infusions, there is no role for these treatments during D+ HUS149,168,196,215.  

Dialysis effectively maintains these patients during renal failure, as evidenced by 

complete recovery of some even after months of dialysis186.  Furthermore, aggressive 

dialysis started within 24-48 hours of oliguria correlates with better outcome, consistent 

with data showing that prompt hospitalization allows better care and improved prognosis 

in these patients186,376.  Indications for dialysis include anuria, hyperkalemia, volume 

overload, and severe acidosis, though those patients with severe renal failure manifested 

by increased BUN and creatinine who still produce urine may do well without renal 

replacement therapy376.  The acute mortality rate in HUS patients has declined from 

greater than 45% to less than 1% over the past 50 years, and improvements in supportive 

care are primarily responsible for this change31,32,157,170,180,377.  Prior to the use of early 

dialysis, many children with HUS died of fluid overload, metabolic abnormalities 

including hyperkalemia and acidosis, hypervolemia, and uremia during the oligoanuric 

phase32,170,377.   

 Besides dialysis, other commonly used treatment procedures for patients 

in the acute phase of HUS include red blood cell transfusions and general maintenance of 

normal extracellular volume in spite of vomiting, diarrhea, declining oral intake, 

hypoalbuminemia, and oliguria31.  During the prodrome, renal perfusion should be 

sustained by increasing blood volume with intravenous fluid; however once HUS begins 

the primary effect of oliguria is volume overload with edema and lung compromise and 

intravenous fluids should be restricted31.  For these reasons diligent monitoring of 

intravascular volume during the course of disease development is crucial31.  Up to 80% of 

patients require one or more erythrocyte transfusions because of anemia during the acute 
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phase of HUS, though these can also contribute to hypertension if administered too 

rapidly31,378.  Blood products should thus be volume reduced and depleted of leukocytes 

to counteract any possible inflammatory aspect to the syndrome31.  Oliguric and anuric 

patients with or without hemolysis may also necessitate potassium restriction to prevent 

hyperkalemia and phosphate binders to prevent hyperphosphatemia31.   If hypertension or 

cardiopulmonary overload occurs fluids are rapidly restricted and patients are treated 

with vasodilators like calcium channel blockers along with dialysis31,190.  Angiotensin 

converting enzyme (ACE) inhibitors are only used after the acute stage of HUS has 

passed.  These patients must be hospital admitted and carefully monitored31.  The average 

hospitalization lasts 23 days though it can continue for months before resolution of renal 

function59.  

 Although direct support for aggressive intravenous volume expansion to treat 

HUS without volume overload comes from only one clinical trial, additional data suggest 

that volume depletion correlates with worse outcome20,31,33,36,177-180.  Specifically, higher 

hemoglobin levels on admission are associated with poor prognosis244.  Even though the 

increased hemoglobin is paradoxical considering the disease consists of microangiopathic 

hemolytic anemia, the most likely cause of the increased hemoglobin is dehydration and 

hemoconcentration from the diarrheal prodrome.  This diarrheal fluid loss occurs before 

the onset of HUS and hemolysis, explaining why both early increased hematocrit and 

later decreased hematocrit are compatible.  Though unresolved, hemoconcentration and 

volume depletion could cause worse disease by increasing the relative concentration of 

systemic toxins, by causing microvascular sludging with increased shear stress followed 

by coagulation and hemolysis, or by augmenting vessel occlusion and decreasing 



 98
appropriate tissue perfusion thus adding secondary ischemic insult to the tissue20.  

Despite the lack of mechanism for the therapeutic effect, isotonic saline volume 

expansion is nephroprotective during STEC infection and should be used, with the 

primary potential side effect being fluid overload with lung edema and effusion20,31.   

Currently, new treatment regimens focus on blocking Stx access to the systemic 

circulation, however little progress has been made.  Antibiotics increase the intestinal 

release of Stx upon bacterial lysis and are contraindicated, oral administration of Stx-

binding agents does not prevent HUS in human studies, and Stx blocking antibodies have 

not yet progressed through clinical trials31,35,38,379-381.  Treatment with antibiotics 

increases the risk of progression from hemorrhagic colitis to HUS up to 50% in 

retrospective studies, and thus current recommendations prohibit the use of antibiotics in 

these patients20,33,35,38,78,379,380.  However, these studies typically used sulfa-containing, ß-

lactam, or fluoroquinolone antibiotics, so other classes may still prove clinically 

useful33,78,379.  Though still not in use, anti-Stx blocking humanized antibodies are in 

advanced clinical trials, and represent the most likely novel improvement coming to the 

field in future years382-385.  Administration of these inhibitory antibodies may be able to 

limit the extent and duration of Stx damage, and lessen the probability of developing 

HUS in STEC infected patients.  Nonetheless, in spite of novel treatments in the pipeline, 

the current regimen still primarily consists of aggressive intravenous rehydration and 

saline volume expansion upon diagnosis of STEC positive bloody diarrhea20,31,381.   

Therapeutics without any beneficial effect also include corticosteroids, diuretics, 

plasmapheresis, and fibrinolytics including urokinase and streptokinase31,170.  

Contraindicated are antimotility agents, narcotics, and nonsteroidal agents, although only 



 99
antimotility agents have been associated with increased risk of developing HUS and 

subsequent neurological complications31,35.  Methylprednisone does not modify acute 

HUS hematological, neurological, or nephrological outcomes in low-power placebo 

controlled patient trials378.  Non-steroidal anti-inflammatory drugs can decrease what 

may be already diminished renal blood flow by blocking afferent glomerular arteriole 

vasodilation23,31.  Diuretics have the theoretical ability to decrease medullary tubular 

energy consumption and oxygen demand, but have shown no consistent ability to 

improve outcomes in any type of acute renal failure31,386.  Unlike TTP, in which abnormal 

or inhibited ADAMTS13 can be replaced by plasmapheresis, no single plasma enzymatic 

disturbance occurs in HUS170,181.  Though thrombin activation is thought to be a critical 

aspect of the pathogenesis of HUS, pharmacologic inhibition of thrombin activity with 

heparin lacks effectiveness and increases lethal hemorrhage in trials32,176,185,186,306,387-389.  

Anticoagulants are most likely ineffective during the acute phase because the acute pro-

coagulant incident has already passed, with these patients then in a hypocoagulant state 

and no longer in need of further anticoagulation306.  Thrombolytic efficacy is difficult to 

evaluate and streptokinase demonstrates little positive effect in small older trials while 

also being associated with deadly hemorrhages388.  Finally, the sporadic nature and rural 

association of most cases of the disease, and the need to often initiate therapy before 

diagnosis is confirmed, makes performing randomized controlled trials on any new 

therapeutic regimens extraordinarily difficult387.  For this reason, significant advances 

must be made in model systems before the effort and resources can be gathered to 

perform the painstaking studies in HUS patients. 
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Treatments for HUS patients who progress to long term renal dysfunction 

have little option other than standard care for renal decline211.  Diligent observation of 

patients after resolution of the acute stage of HUS is necessary yearly for the first decade, 

dropping off to every other year afterwards220.  Hyperfiltration injury manifest by 

microalbuminuria, increased serum creatinine, and rising blood pressure is the primary 

concern220.  Pharmacologic therapy in these patients includes angiotensin-converting 

enzyme (ACE) inhibitors in cases of lasting proteinuria or hypertension170,211,390.  Protein 

restriction to reduce the filterable protein load encountered by the kidney is also advised, 

and its combination with ACE inhibition is associated with improved long term renal 

outcome211,390.  For more severe and persistent renal failure, renal transplant is available, 

and D+HUS patients have very low risk of recurrence170,212,391.  This is in contrast to 

patients with end stage renal disease due to other forms of thrombotic microangiopathy, 

like atypical familial HUS, for which there is a high incidence of recurrence in the 

transplanted kidney391.  Overall, good outcome from long term renal dysfunction 

following acute STEC mediated HUS is determined by prompt and proper treatment of 

declining renal parameters, making appropriate observation and routine testing for renal 

decline vital206.   

Given the lack of therapeutics, the most effective strategy to prevent HUS is to 

prevent infection with Shiga toxin producing Escherichia coli55,73,80,170.  However, 

creation of environments and raw food products completely free from STEC is not 

practically possible, and thus infection is best averted by implementing superb levels of 

hygiene throughout the food production chain49.  Awareness of the signs and symptoms 

of STEC gastrointestinal infection are necessary for when preventative measures fail.  
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Early recognition of STEC infection allows prompt intravenous volume expansion, 

and may in the future allow treatment with new and potent therapeutic regimens.  

Furthermore, in general those patients who develop HUS present to the hospital up to 

three days later than those children with uncomplicated hemorrhagic colitis, suggesting 

that earlier presentation allows better treatment248.  Thus, children with bloody diarrhea 

should be immediately initiated on intravenous fluids and have their stool tested for Stx 

or STEC.  To ensure proper management of the patient, continuous careful monitoring 

for signs of volume overload and deterioration to fulminant HUS should continue past 

resolution of the hemorrhagic colitis in cases of STEC positivity.  Careful supportive care 

has improved the mortality of children in the acute stage of HUS from 45% to less than 

1% in the most current epidemic forms, mostly due to modern fluid administration and 

dialysis techniques170,186.  

After the acute phase, patients should be closely monitored for signs of renal 

decline, specifically for microalbuminuria or hypertension, and aggressively treated with 

dietary protein restriction and ACE inhibition at the first signal of declining 

GFR40,211,215,219.  Those patients who maintain a GFR above 80 mL/min without dipstick 

measured proteinuria above 0.3 g/L and without hypertension have very good 

prognosis216.  Other progressive organ dysfunction associated with HUS should also be 

watched, with particular attention to hyperglycemia and decreased insulin production 

secondary to pancreatic insult205.  The best way to prevent long term complications is to 

decrease the renal damage that occurs in the acute phase because despite that most 

patients recover well with only supportive care, long term severe morbidity remains 

significant and correlates with the severity in the acute phase.  Therefore novel treatment 
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modalities to prevent dire outcomes are still needed for HUS, and can probably best 

be developed and studied in animal model systems. 

 

Animal Models of the Hemolytic Uremic Syndrome 

Although large animal models of Shiga toxin mediated HUS appropriately recapitulate 

the human syndrome, they are expensive and difficult to manipulate392-397. Nevertheless, 

these models serve as proof of principle that the crucial etiologic agent is Shiga toxin.  

Both the dog and the baboon models demonstrate hemolytic anemia with schistocytes, 

acute renal failure with thrombotic microangiopathy, thrombocytopenia, and coagulation 

disorders found in human patients, however their hefty requirements only allow the use 

of small numbers with little repetition of experiments395-397.  The robust investigation of 

pathologic mechanisms and new therapeutics requires a model that is more easily altered 

and can be studied in a variety of precise and large scale manners.  To this end, many 

groups have attempted to use rodents and rabbits to study the pathophysiology and 

treatment of Shiga toxin induced HUS.  Unfortunately, descriptions of these model 

systems remain incomplete or do not accurately recapitulate the human disease (Table 1). 

 In general, recapitulation of HUS may be theoretically accomplished by either 

gastrointestinal infection with STEC or direct administration of Shiga toxin to create 

systemic toxemia85,94,116,119,392-394,398-427.  Though mimicking the route of toxin absorption 

in HUS patients, models utilizing gastrointestinal infection are more variable and less 

reproducible than the controlled administration of specific Stx doses at particular 

times387.  Most of this unpredictability probably derives from the inconsistent absorption 
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of Stx into the enteric circulation.  Gastrointestinal administration of STEC also has 

the added limitation of providing an unrestricted source of LPS and bacteria to the model 

system, which may cause DIC or the Shwartzman reaction, conditions difficult to 

discriminate from the pathophysiology of HUS.  The limitation of direct administration 

of Stx is that this parenteral route does not occur in human disease387.  For the following 

discussion of relevant animal models, systems utilizing both oral STEC infection and 

direct Stx injection are included and compared. 

LPS is a difficult confounding element in all these studies, as all Stx isolations are 

purified from LPS containing bacterial cultures, because it can cause a host of effects 

even at low doses398,402,405.  There is some conflict as to whether LPS sensitizes animals 

to the effects of Stx, whether Stx sensitizes animals to the lethal effects of LPS, or 

whether LPS can desensitize animals to Stx402,403,405,406,408.  These conflicts have been 

borne out in many studies, and thus the relative roles of intentionally or unintentionally 

given LPS and Stx in these models is confusing and complicated.  In most cases LPS 

appears to increase Stx mediated animal toxicity when given concurrently, and can 

desensitize animals by increasing endogenous corticosteroids if given prior to 

Stx403,405,406,408.  Though the most effective way to ensure that outcomes observed in vivo 

are due to Stx and not LPS is to employ LPS resistant TLR4 knockout mice, few reports 

have used these animals401-403,412.   

 Because it is the most complete and physiologically relevant system, the baboon 

(Papio anubis) model of Shiga toxin induced HUS serves as the gold standard for animal 

modeling of this disease.  Baboons possess Gb3 in kidney cortex, kidney medulla, and 

colon, but not in the brain, and where present, Gb3 exists in similar amounts compared to 
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human tissues428.  Intravenous injection of 0.05-2.0 μg/kg Stx1 or 25 ng/kg Stx2 into 

the baboon femoral vein in a single bolus causes the clinical and laboratory features of 

human HUS, with hemorrhagic colitis, acute renal failure, thrombocytopenia, hemolytic 

anemia and death after 36-72 hours429-431.  Injection of the same relative amount of toxin 

in four divided doses over 48 hours causes no pathological change, though injection of 

this sub-pathological Stx1 dose concurrent with 1 mg/kg LPS results in HUS 

features430,432.  There are no differences between the effects of Stx1 and Stx2 except for 

relative potency; the induced pathology is identical431.  Parenteral administration of LPS 

alone causes thrombocytopenia after 24 hours, some schistocytosis, mild anemia, 

increased serum and urine cytokines, and some proteinuria, but no renal failure or 

evidence of thrombotic microangiopathy432.  Serum vWF is increased by LPS in the 

baboon, but not by Stx, and vWF levels are independent of disease progression or 

outcome296.  LPS likely increases baboon sensitivity by increasing the expression of 

tissue Gb3
433.  Although LPS alone causes some hematologic and renal findings 

reminiscent of HUS, there is no associated thrombotic pathology and single LPS injection 

does not cause true HUS features in the baboon model432. 

Stx1 and Stx2 cause some inflammation of the baboon adrenal glands, lungs and 

liver, however the major pathologic findings are hemorrhage, microvascular fibrin-rich 

thrombosis, vascular congestion, endothelial and podocyte swelling, and epithelial 

necrosis, each observed in the gastrointestinal tract, adrenal glands, kidney and 

lungs429,430.  Very little leukocytosis is observed with Stx administration alone429.  The 

symptoms of renal dysfunction include proteinuria, hematuria, increased serum creatinine 

and BUN, hyperkalemia, and oligoanuria after 12-24 hours429-431.  Hematologic disorders 
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include increased fibrinogen concentrations, fibrin split products, and tissue 

plasminogen activator, anemia with some schistocytes and thrombocytopenia after 24 

hours429-431.  Coagulation times including PT and PTT are normal429.  Neurologically, 

these animals exhibit brain edema, demyelinated nerve fibers, and seizures but little overt 

pathology and no microvascular thrombosis, consistent with low cerebral Gb3 

expression428-430.  While little increased serum inflammatory mediators are detected, IL-6 

and TNF-α are found in the urine within 2-6 hours after Stx1 administration429,430.  

Chronologically, increased urine cytokines precede the initial signs of renal damage 

(proteinuria, at 24 hours), which is followed by further hematologic and renal injury 

(hematuria, schistocytosis, thrombocytopenia, at 36 hours), and then by complete renal 

failure (oligoanuria) and death (seizures) after 60 hours430,431.   No amelioration of signs, 

symptoms or pathology occurs if baboons are given prophylactic heparinization prior to 

Stx challenge434. 

The paradoxical finding in the baboon is that increased Stx1 administration (2.0 

μg/kg) is associated with augmented gastrointestinal damage, cerebral damage, renal 

tubular necrosis, serum markers of renal failure, and faster death, but also with 

diminished renal glomerular and hematologic pathology compared to low dose Stx1 (100 

ng/kg)429.  Thus, formation of the critical renal lesion of fibrin-rich thrombotic 

microangiopathy with anemia positive for schistocytes is increased by injecting less Stx1 

to baboons, however decreased renal function, urine output and survival is associated 

with high dose Stx1429.  These data may suggest that the systemic dysfunction described 

by renal failure and survival is unrelated to the unique glomerular and microvascular 

pathology present in these animals and HUS patients, though this contention has not been 
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investigated by any other manner.  The baboon also differs from observations made in 

human HUS patients in that the hematologic abnormalities, such as decreased factor VII, 

increased tPA, and raised fibrin degradation products do not occur until the animals enter 

renal failure and satisfy the case definition of HUS429.  This is in contrast the coagulation 

disorder manifest during the diarrheal prodrome in humans before the onset of 

HUS330,429.  Furthermore, no decrease in coagulation factor VII is observed in humans429.  

Although the cause of these interesting observations in the baboon might be explained 

after repetition of these experiments with a broader range of toxin concentrations and 

controlled manipulation of the model system, the prohibitive cost and difficulty in using 

this system have discouraged those investigations. 

Nonetheless, the baboon model lays the groundwork for other animal model 

systems by demonstrating that injection of the toxins known to be involved in HUS can 

cause a similar syndrome in the absence of STEC gastrointestinal infection.  The baboon 

experiments also suggest that cerebral damage is not necessary to cause animal death, as 

the cerebral pathology in these animals is relatively minor, even though human HUS 

fatalities are most correlated with neurological dysfunction180,429,430.  In this case, it may 

be the renal failure or hematologic abnormalities that lead to the eventual demise of these 

animals, and this could be proved by additional experiments treating them with dialysis. 

Work with the baboon demonstrates that there is a threshold for development of HUS in 

response to Stx1 dose, specifically that 50 ng/kg causes HUS features, while 25 ng/kg 

does not without LPS co-administration429,430,432.  Finally, these data implicate Stx alone 

as being the crucial agent in human HUS, as LPS is not needed for HUS development in 

this system, though it can intensify the effects of sublethal Stx1 doses429,430,432.  However 
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the lack of neurologic damage in these animals suggests that there are crucial 

differences between the human and baboon in this disease context.  The seizures 

observed in these animals may be due to Stx damage, though more likely are due to the 

renal failure and resulting uremia.  Additional differences include the changes in 

coagulation factor VII, and the timing of coagulation changes.  In conclusion, the baboon 

model appears best able to recapitulate the renal and hematologic changes of human 

HUS, with unclear relation to the neurologic changes and coagulation disorders that 

occur in humans. 

 New Zealand White rabbits develop diarrhea and neurologic complications when 

exposed to oral STEC infection or Shiga toxin by injection85,392,393,417-419,421,422,425.  

Rabbits given 2 x 108 STEC or 0.2-20 μg/kg Stx1 or Stx2 intravenously develop 

anorexia, dehydration, diarrhea, weight loss, paresis, and decreased urine output starting 

24 hours post-injection, and die in 3 days392,393,418,419,422,425.  Co-infusion of 30 μg/kg LPS 

increases the Stx mediated lethality, diarrhea, and dehydration, though this enhancement 

only occurs when LPS is given 8-24 hours after Stx2403.  The diarrhea and flaccid 

paralysis in these rabbits is progressive, with edema and hemorrhage as well as 

thrombotic microangiopathy with fibrin thrombi of the intestinal and cerebral 

vasculature392,420.  These changes correlate with Gb3 presence on both intestinal and 

cerebral vascular endothelial, epithelial, and neuronal cell types394.  However, the rabbits 

do not develop anemia, thrombocytopenia, leukocytosis, or schistocytes392,393.  Though 

renal function indicators rise slightly, these rabbits lack renal Gb3 on glomerular and 

tubular cells, and have no renal damage when observed pathologically392-394,419.  The 

anuria and weight loss are due to a combination of diarrheal dehydration, adipsia (lack of 
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drinking), and anorexia (lack of eating)392.  The rabbit model demonstrates that Stx 

alone can cause the bloody diarrhea, neurological complications, and some vascular 

lesions of HUS in the absence of gastrointestinal bacterial infection.  Nevertheless, 

although the rabbit model provides a valid means to evaluate intestinal and neuronal 

damage in Stx mediated TMA, it is insufficient for the study of renal and hematologic 

changes because it fails to replicate human HUS392,393. 

 The Dutch Belted (DB) strain of rabbit infected with STEC develops more 

complete HUS compared to the New Zealand White strain, although not when given Stx2 

alone426. Though lacking total leukocytosis, Dutch Belted rabbits inoculated with 5x108 

bacteria develop neutrophilia, very mild anemia, mild thrombocytopenia, mildly 

increased BUN, rare increased serum creatinine, and hyperkalemia423,424.  Mimicking 

other rabbits, the Dutch Belted develop watery and bloody diarrhea with transmural 

intestinal edema and hemorrhage426.  Fibrin thrombi are found to occlude the 

microvascular glomerular capillaries, along with peripheral blood schistocytes, tubular 

necrosis, and endothelial swelling in some Dutch Belted rabbits given STEC423,424.  

However, the increased BUN without significantly increased serum creatinine suggests a 

pre-renal failure as opposed to renal dysfunction from an intrinsic process, even with 

associated renal lesions423,424.  Because the model utilizes STEC gastrointestinal 

infection, the visible renal lesions may be due to either septic DIC or the LPS induced 

Shwartzman reaction423,424.  Dutch Belted rabbits given 1200 ng/kg Stx2 alone develop 

only diarrhea, neutrophilia, increased fibrinogen concentration, increased IL-8, tPA, PAI-

1, and TNF-α mRNA, glomerular erythrocyte congestion, and some paralysis, with no 

thrombocytopenia or glomerular fibrin thrombi426.  Although these authors describe thin 
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layer chromatography visualization of Gb3 isolated from the cortices of these rabbits, 

the data are not shown424.  Additionally, these authors claim that New Zealand White 

rabbits also have renal Gb3 identified by mass spectrometry, a finding that has previously 

been clearly demonstrated not to be true, thus shedding doubt on their method of Gb3 

detection393.  Until Gb3 can be sufficiently demonstrated in the renal glomerular vascular 

cells of Dutch Belted rabbits, because appropriate pathology does not develop after 

administration of Stx alone, the value of this model will remain in doubt.   

In contrast to rabbits, mice and rats given Stx or STEC do not consistently 

develop diarrhea, colitis or A/E lesions, however they do demonstrate some renal and 

neurologic pathology85,412.  Numerous mouse strains have been tested, including 

C57BL6, CD-1, C3H/HeN, C3H, HeJ, and BALB/c, and the results are comparable 

between strains94,116,119,394,398-413,427.  Rat strains used include Sprague-Dawley and 

Wistar, and again the results are relatively equivalent between strains394,414-416.  

Nevertheless, the responses of mice and rats to Stx or STEC are incomplete in either the 

renal or hematologic aspect of the syndrome, and the relative timing of various findings 

has not been well documented.  Intraperitoneal (i.p.) and intravenous (i.v.) administration 

of Stx appear to only differ in the timing of disease onset, with intravenous 

administration causing symptoms and pathology earlier than intraperitoneal injection, but 

both routes yielding equal calculations for the LD50
94.   

Stx1 and Stx2 administration to rats at between 10-200 ng/kg is lethal over an 

approximately 72 hour time course, though the time to death is extended with lower 

doses of Stx414. In general Stx2 causes more severe damage than Stx1414. When given to 

rats i.v., Stx2 travels to and binds the renal collecting duct epithelium within 3 hours, 
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though there is also weak binding to glomeruli414.  The glomerular binding is 

increased with higher doses of Stx at 200 ng/kg, and significantly diminished at 10 ng/kg, 

whereas the tubular binding is observed at all of these dosages414.  The collecting ducts 

display altered morphology over time, and these rats become polyuric 24-48 hours after 

Stx administration, with dehydration and weight loss414.  Increased aquaporin-2 is found 

in the urine of the polyuric rats, and the levels of aquaporin-2 in the urine better correlate 

with the renal histopathology than the levels of the proximal tubule damage markers N-

acetyl glucosaminidase and ß2-microglobulin414.  Furthermore, these rats are unable to 

concentrate their urine in response to water restriction or exogenous vasopressin 

administration, and during polyuria the urine is abnormally dilute414.  These data imply 

that the primary damage to the rat occurs at the renal tubular system, specifically at the 

collecting duct, without any major sequelae in other organ systems.  Thus, the rat only 

appropriately mimics the renal tubular damage of human HUS, and does not 

appropriately resemble the neurologic, gastrointestinal, hematologic, or renal glomerular 

damage in human patients. 

The rat response to Stx has been further investigated by injecting Stx1 directly 

into the renal vasculature, and thus solely perfusing the kidney with toxin415,416.  Direct 

perfusion of 2 μg/mL Stx1 at 2 mL/min (28 nM, for 6 μg total Stx1 in 1.5 minutes), or 10 

pM Stx1, followed by normal vascular reperfusion removes the role of any circulating 

inflammatory mediators or cells activated by toxin interaction with non-renal cell types.  

Specifically those consequences in response to Stx or LPS acting on other organs are 

eliminated, allowing pathological comparison to the contralateral unchallenged kidney of 

the same animal as a control415.  In these animals renal function can be assessed by 
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removing the contralateral normal kidney, and this demonstrates increased BUN, 

serum creatinine, and fractional excretion of sodium three days after perfusion415,416.  No 

pathologic change is visible in Stx perfused kidneys until the first day after perfusion, and 

on day 3 extensive tubular injury is apparent with vacuolation, pyknosis, nuclear loss, and 

sloughed epithelial cells415,416.  TUNEL stained apoptotic figures are only present in 

tubules and not in glomeruli, and mainly in the medulla but rarely in the cortex.  The 

histopathology of tubular degeneration continues through the 9 days following Stx 

perfusion, however no glomerular changes are observed throughout the same time 

course415.  TNF-α mRNA is specifically upregulated in the medulla of these kidneys, with 

no change in cortical levels, though macrophage infiltration is seen in the medullary 

interstitium as well as the glomeruli415.  Finally, platelet aggregation increases in both the 

glomeruli and interstitial vasculature as measured by platelet specific 

immunohistochemistry and computed densitometry.  These findings suggest that solely 

tubular injury can increase glomerular platelet aggregation415.  Unfortunately, high power 

images are not provided, so it is unclear if the glomerular platelets are singlets or true 

platelet clumps and thrombi415.  Overall, Stx perfusion of isolated rat kidneys 

demonstrates that Stx causes direct tubular injury without significant glomerular 

pathology in the rat, though glomerular changes in cell infiltration do occur.  While it 

seems intuitively likely that changes similar to the rat take place in the mouse, the 

published murine studies are conflicting. 

Labeled Stx2 has a short half life in mouse serum, and when given i.v. rapidly 

travels to the kidney within 1 hour of injection435.  However, the exact cell types bound 

by Stx in the murine kidney have been conflictingly reported, as has the localization of 
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murine renal Gb3 expression.  Targeted knockout of the Gb3 synthase gene eliminates 

the susceptibility of mice to all effects of Stx, demonstrating that Gb3 is the sole Stx 

receptor398.  In addition, the Fabry disease mouse model with approximately 100 fold 

increased tissue Gb3 levels requires 20 times the dose of injected Stx or oral STEC to 

cause disease than in their wild type littermates119.  The injection of recombinant α-

galactosidase to the Fabry mice prior to Stx or STEC challenge reduces the levels of Gb3 

and resensitizes them to the effects of Stx119. Grossly, Gb3 staining and Stx targeting is 

seen in all three main murine renal compartments, the cortex medulla and papilla, 

however the specific cellular localization is disagreed upon94,116.  One group of reports 

describe toxin binding to and Gb3 expression on subsets of proximal, distal, and 

collecting duct tubular cells within the renal parenchyma94,116,408,410,414,427,435.  Other 

publications demonstrate Stx interaction with or Gb3 expression on glomeruli, the renal 

vasculature, and other vascular cells398-400.  Thus the exact localization of the injected 

toxin and its receptor in the murine kidney is controversial and in need of further 

characterization.  Additional sites of published murine Gb3 expression include the spleen, 

lung, skin, neurons, and endothelial cells of the cerebrum, though the endothelial 

expression is controversial here as in the kidney116,410.  Notably, the mouse intestine lacks 

Gb3 production and Stx binding capabilities116,410. 

Mice injected with Stx develop a host of systemic and organ specific signs and 

symptoms of disease.  Distinguishing the systemic and renal consequences of Stx 

administration to mice is difficult, as isolated kidney perfusion has not been performed 

because of the technical trouble cannulating the small mouse renal vasculature.  Systemic 

findings in Stx injected mice include lethality after 72-96 hours post administration, 
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anorexia, lethargy, glycemia, thrombocytopenia in some cases, neutrophilia with 

lymphopenia, and increased serum cytokines including TNF-α and IL-1ß in some 

studies94,398,400-402,405,406,408,427.  However, cytokine levels from these Stx injected mice are 

relatively close to baseline and far lower than in those given LPS alone or in 

combination.  Macrophage elimination from the mouse moderately decreases the lethal 

effect of Stx, perhaps due to the consequent decline in inflammation after toxin 

challenge404.  However, though macrophages have been subsequently demonstrated to 

infiltrate the renal tissue in Stx plus LPS challenged mice, systemic macrophage 

reduction does not alter the Stx plus LPS induced renal pathology (T.R. Keepers, 

unpublished observations)188.  Treatment of nude mice lacking the T-cell compartment 

demonstrates no change from wild type mice, indicating that T-cells are unimportant in 

this model system404.  Finally, the cytokine TNF-α appears to have little role in the 

pathogenesis of Stx mediated murine toxicity.  Even though specific renal upregulation of 

TNF-α mRNA has been reported in response to Stx, anti-TNF-α blocking antibody co-

administration and the use of TNF-α knockout mice do not alter Stx1 mediated 

cytotoxicity402,427.  Furthermore, little TNF-α appears in the serum or urine of Stx 

challenged mice402,427. 

Some coagulation markers increase in Stx challenged mice including the 

formation of thrombin-antithrombin III complexes, PAI-1 release, tissue factor activity, 

and fibrinogen levels, though the primary driving factor in these studies is LPS rather 

than Stx400.  No decreases in hematocrit have been observed even though glomerular 

platelet clumping does occur in some cases406,407.  Urinary dysfunction in some studies is 

characterized by excess glucose in the urine (glucosuria) and proteinuria, which can be 
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signs of glomerular, proximal tubular, or distal tubular dysfunction94,435. Some 

hematuria has also been observed407.  BUN increases in a dose and time dependent 

manner, and though a urinary concentrating defect has been suggested, it has not been 

demonstrated94,405-407,435.  Rather, anuria develops after about 3 days of most Stx 

administration to mice406.   

Renal pathology in Stx1 or Stx2 injected mice consists of tubular dilation and 

flattening, tubular cell death labeled as tubular necrosis, and renal interstitial 

hemorrhage94,427,435.  Also visible in Stx challenged mice are signs of tubular cell 

regeneration including epithelial hypertrophy, mitotic figures, and hyperplasia94.  More 

often those mice that are also exposed to LPS in one or more doses develop glomerular 

pathological changes characterized by endothelial damage and fibrin deposition, though 

endothelial swelling, sloughing, and cell loss have been described in studies that 

purportedly utilized solely pure Stx398-400,407.  Neurologic abnormalities develop within a 

similar 72 hour time course, consisting of seizures, lethargy, anorexia, and paralysis, and 

some reports contend that murine brain microvascular endothelial cells express Gb3
398. 

Pathology is not limited to the kidney and brain, as increased splenic phagocytosis and 

splenic iron deposition from erythrocyte turnover are observed435.  The murine response 

to Stx injection is thus a complex and imprecisely described multi-system disease.  

Careful delineation of the etiology of organ system dysfunction during the acute time 

course of disease progression requires more precise measurements, and must take into 

account any contaminating effect of low dose LPS.  Only once further Stx injected 

experiments are performed will the suitability of the mouse model to improve the 

understanding of human HUS be decided. 
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Mice orally inoculated with STEC display a wider range of findings than 

those given Stx alone, though the etiology of some pathology remains unclear.  Oral 

infection in mice is more difficult than rabbits because the murine gastrointestinal tract 

has to be modified, either by streptomycin treatment or maintenance in a pathogen free 

environment with additional protein calorie malnutrition (PCM), to allow proper STEC 

colonization409-413.  Gastrointestinal symptoms are inconsistent, and may consist of 

watery diarrhea with colonic dilation or vascular congestion412.  Stx can be demonstrated 

by dubious enzyme linked immunoabsorbant assay (ELISA) to enter the circulation of 

mice challenged with 2x106 STEC from the intestinal luminal infection.  Stx ostensibly 

reaches a serum concentration of about 30 pg/mL, and the bacteria cause a host of 

circulating inflammatory signaling including increased TNF-α, IL-10 and IL-1ß409,410.  In 

some cases the bacteria can be shown to invade some intestinal epithelial cells, though 

this has not been demonstrated in humans411.  These mice demonstrate central nervous 

system (CNS) dysfunction with seizures and paralysis, and pathology consisting of 

inflammation, neuronal apoptosis, and occasionally vessel thrombosis409,410.  The increase 

in TNF-α is initial, and appears to coincide most with the intestinal absorption of LPS, 

while IL-10 levels increase days later409.  Hematologic changes in these mice are 

variable, and appear to depend on the dose of STEC and thus the amount of Stx and LPS 

in the circulation.  Lower STEC inoculations do not affect platelet levels while increased 

STEC or LPS doses induce thrombocytopenia and in some cases mild schistocyte 

formation410,412.  Renal pathology in infected mice is also inconsistent.  Most mouse 

models of STEC infection report primarily tubular damage in response to STEC 

inoculation, though models that utilize particularly high doses of STEC inoculum or 
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additional LPS injection demonstrate glomerular damage as well399,412.  Though 

glomerular damage can resemble HUS fibrin rich clotting, it only occurs in mice given 

either a large initial or second separate dose of LPS399. 

A final murine model of HUS utilizes the plant toxin ricin instead of Stx to 

mediate target cell damage436-438.  Ricin is an enzymatically similar subunit toxin in that it 

is an N-glycosidase, however the binding subunit of ricin is far more promiscuous than 

Stx436.  Ricin binds all terminal galactose residues, and does not require the terminal di-

galactose bound by Stx436.  In this way, ricin attacks virtually all mammalian cell 

types436.  However, ricin depurinates the identical site on the 28S rRNA as Stx, and 

causes identical protein synthesis inhibition and ribotoxic stress response in target 

cells436.  The drawback to ricin administration in the whole animal model is the 

widespread tissue action which lacks the specificity of Stx.  Nevertheless, 0.6-100 μg/kg 

ricin administration i.v. with or without LPS to mice and rats causes some renal 

thrombotic microangiopathy, with oliguric renal failure, proteinuria, endothelial 

apoptosis, neutrophilia, anemia, and thrombocytopenia similar to human HUS436-438.  

These ricin injected animals demonstrate ricin binding to glomerular and tubular 

structures, and though there are no schistocytes, decreased erythrocyte numbers and 

hemoglobinuria suggest ongoing hemolysis436.  The glomerular damage is pervasive, with 

greater than 95% of glomeruli from ricin challenged animals demonstrating thrombotic 

changes.  These animals also show increased serum levels of inflammatory molecules 

including MCP-1, TNF-α, IL-1ß, IL-6 and IFN-γ as well as the typical ribotoxic stress 

response demonstrated for ribosomal inhibitors in vitro436,438.  Interestingly, although 

ricin can affect most mammalian cells, significant pathology following intravenous 
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administration is only observed in the kidney, and absent from the brain, liver, spleen, 

pancreas, lung, colon, and intestine437.  Although ricin affects all the cells of the kidney 

and the rest of the body, whereas in human HUS Stx is known to only bind to some cell 

types, these models prove that thrombotic microangiopathy can be developed in the 

murine systems, and can be clinically informative if the additional effects of ricin can be 

distinguished. 
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Table 1.  Features of Stx induced small animal models of human HUS. 

Positive (+), negative (-), contradictory or equivocal (±), or unknown (?) findings in small 

animal models of Stx mediated HUS.  STEC = Shiga toxin producing E. coli; DB = 

Dutch Belted rabbit only; PCD = programmed cell death (apoptosis). 



 119

Table 1.  Features of Stx induced small animal models of human HUS. 
 

MOUSE RAT RABBIT 
Finding Stx 

Injection 
STEC 

Infection 
Stx 

Injection 
Stx 

Perfusion 
Stx 

Injection 
STEC 

Infection 

Dose 0.04-10 
μg/kg 

105-109 
STEC 

0.01-0.2 
μg/kg 

0.01-28 
nM 

0.2-20 
μg/kg 

2-5x108 
STEC 

Lethality + + + - + - (+DB) 
Intestinal  
Diarrhea - ± - - + + 

Gb3 - - - - + + 

Pathology - ± - - TMA, 
PCD 

Colitis, 
A/E  

Neurologic  
Paralysis + + ? - + - 

Neuronal Gb3 + + - - + + 
Endothelial Gb3 ± ± - - + + 
Cerebral TMA ± ± ? - + - 

Neuron Apoptosis ± + ? - + - 
Hematologic  
Leukocytosis ± (LPS?) + ? ? - (+DB) - 

Serum Cytokines ± (LPS?) + ? ? ? (+DB) ? 
↓ Platelets ± (LPS?) - ? ? - - (±DB) 

Anemia (↓ Hct) - ? ? ? - - (+DB) 
Reticulocytosis - ? ? ? - - 
Schistocytosis - ± ? ? - - (+DB) 
Dehydration + + + ? transient - (+DB) 

Renal  
↑ BUN,Creatinine + ↑BUN + + transient - (±DB) 

Oligoanuria + ± - + transient - 
Proteinuria + ? + + - - (+DB) 

Glomerular Gb3 - - ± ? - (DB?) - (DB?) 
Tubular Gb3 + + + + - (DB?) - (DB?) 

Fibrin Deposits ± (+LPS) ± ? - - - (+DB) 
Glomerular 
Pathology ± (+LPS) ±  

(+LPS) ↑RBC ± - - (+DB) 

Tubular Pathology + + + + - - (+DB) 
Tubular Apoptosis + + ? + - - (DB?) 

References 
94,116,119,3

94,398-

408,427 

119,399,409-

413 
394,414 415,416 

392-

394,403,417-

421,426 
85,422-425 
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The current literature describing the mouse model of Shiga toxin mediated 

HUS contains some consistent results, other contradictory information, and a few clues to 

the underlying mechanism of disease in these animals.  Although the mouse does not 

consistently manifest gastrointestinal disease, renal and neurologic dysfunction are 

common.  Even though the cause of death in mice given STEC or Stx is unknown, it 

seems likely that it results from either the neuronal or renal damage, or a combination of 

the two.  The neurologic changes include hind limb paralysis along with anorexia and 

decreased activity412.  The renal pathology varies between the murine models reported.  

However, often only those mice exposed to and sensitive to LPS or whole bacteria appear 

to develop glomerular lesions, while Stx alone seems to target tubules for damage399,401-

403,412. Furthermore, in at least one case of STEC oral inoculation with significant 

systemic damage, blood cultures were positive for growing bacteria, indicating a 

bacteremic sepsis as opposed to a non-septic toxemia found in HUS patients415. Gb3 is 

reliably present in murine renal tubular cell types.  However it is less consistently 

detected in the murine vasculature, and undetectable in the murine glomerulus.  Often it 

is stated that the murine glomerular cells produce far reduced levels of Gb3 than the 

humans, however whether these cells produce Gb3 at all has not been adequately 

assessed187.  Hematologic and inflammatory changes also vary between the models, and 

those without any exposure to LPS more often fail to mediate a decrease in circulating 

platelet numbers or increased cytokine levels408.  These data suggest that 

thrombocytopenia in this model may be due to the effects of LPS and is independent of 

Stx.   
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Goals of the Current Research 

The above data indicate that in the mouse LPS is needed in addition to Stx to 

cause the full triad of clinical findings typically associated with STEC induced HUS, and 

that the underlying mechanism of disease may significantly differ between the human and 

mouse407.  Care has to be taken to not induce the Shwartzman reaction in these 

experimental situations, and to account for the effects of LPS when given alone in the 

model system.  Given the reported incompletely described small animal models of Shiga 

toxin mediated HUS, the lack of appropriate therapeutic modalities, and the failure to 

discern the pathophysiological details of HUS, this current work explains the mouse 

model of Stx and LPS toxemia and its implications.  These data seek to explicate the 

discrepancies reported regarding murine models of HUS, and to further characterize the 

ability of the mouse to appropriately mimic humans in this disease state.  To this end, the 

LPS plus Stx2 murine model of HUS is fully described by utilizing whole-mouse, serum, 

blood, urine, immunohistochemical, and electron micrographic measurements.  While the 

data argue that the mouse is not a productive model of Shiga toxin induced human renal 

failure, the complete description contained in this manuscript provides groundwork for 

powerful experiments to prove the etiology of Stx mediated renal failure. 
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Chapter 2: A Murine Model of HUS: Shiga Toxin with Lipopolysaccharide 

Mimics the Renal Damage and Physiologic Response of Human Disease 

 

This chapter was originally published as a co-authorship with Tiffany R. Keepers.   

Keepers, T.R., Psotka, M.A., Gross, L.K., and Obrig, T.G.  A Murine Model of HUS: 

Shiga Toxin with Lipopolysaccharide Mimics the Renal Damage and Physiologic 

Response of Human Disease. J Am Soc Nephrol, 2006. 17(12): p. 3404-1431,83,439. 

 

Abstract 

Hemolytic uremic syndrome (HUS) caused by Shiga toxin-producing Escherichia coli 

(STEC) infection is the leading cause of acute renal failure in children.  At present, there 

is no complete small animal model of this disease.  We have investigated a mouse model 

using intraperitoneal co-injection of purified Shiga toxin 2 (Stx2) plus lipopolysaccharide 

(LPS).  Through microarray, biochemical, and histological analysis we have found this to 

be a valid model of the human disease.  Biochemical and microarray analysis of mouse 

kidneys revealed the Stx2 plus LPS challenge to be distinct from the effects of either 

agent alone.  Microarrays identified differentially expressed genes previously 

demonstrated to play a role in this disease.  Blood and serum analysis of these mice 

showed neutrophilia, thrombocytopenia, red cell hemolysis, and increased serum 

creatinine and blood urea nitrogen.  In addition, histological analysis and electron 

microscopy of mouse kidneys demonstrated glomerular fibrin deposition, red cell 

congestion, microthrombi formation, and glomerular ultrastructural changes.  We have 
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established that this C57BL/6 mouse is a complete model of HUS that includes the 

thrombocytopenia, hemolytic anemia, and renal failure that define the human disease.  

Additionally, we describe a time course of HUS disease progression that will be useful 

for identification of therapeutic targets and development of new treatments for HUS. 

Introduction 

Shiga toxin-producing E. coli (STEC), also known as enterohemorrhagic E. coli (EHEC), 

is the primary cause of diarrhea-associated hemolytic uremic syndrome (D+ HUS) 440.  

This pathogen is also the major cause of acute renal failure in young children 

31,47,83,439,441.  It is generally accepted that systemic toxemia and subsequent renal disease 

is due to a combined action of Shiga toxins (Stx1, Stx2) that are the primary virulence 

factors of STEC, and bacterial lipopolysaccharide (LPS) 442.  The series of events 

preceding acute renal failure in D+ HUS and the respective roles of Stx and LPS in the 

disease remain to be elucidated.  A complete understanding of these events is essential 

for identification of new drug targets and development of therapeutics for D+ HUS, as 

the latter do not currently exist.  It is hopeful that such therapeutics may be employed in 

the clinical setting where a three to five day “window of opportunity” generally exists 

prior to acute renal failure.  Towards this goal, in the present study we report on the 

temporal series of host response events, including renal gene activation, in a small animal 

model that exhibits the hallmarks of HUS, thrombocytopenia, microangiopathic 

hemolytic anemia, and acute renal failure.  We also demonstrate that both virulence 

factors of STEC, Stx and LPS, are required to elicit the triad of HUS symptoms. 
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Methods 

Shiga toxin purification 

Stx2 was purified by immunoaffinity chromatography from cell lysates (kindly provided 

by Alison O’Brien) of E. coli DH5α containing the Stx2 producing pJES120 plasmid 443.  

Briefly, Stx2 was purified using 11E10 antibody 93,444 immobilized using an AminoLink 

Plus Kit (Pierce Biotechnology, Inc., Rockford, IL) according to manufacturer’s 

instructions.   Endotoxin was removed using De-toxi-Gel (Pierce Biotechnology) as per 

the manufacturer’s instructions.  Stx2 purity was assessed by SDS-PAGE, determined to 

be endotoxin free, and activity was measured in a Vero cell cytotoxicity assay.  Stx2 was 

chosen because it is far more frequently associated with HUS clinical isolates than Stx1 

445. 

 

Animal studies 

C57BL/6 male mice weighing 22-24 grams were purchased from Charles River 

Laboratories (Wilmington, MA).  Mice were injected intraperitoneally (i.p.) with a low 

sublethal dose of LPS at 300µg/kg  (O55:B5, Sigma-Aldrich, St. Louis, MO), 225 ng/kg 

Stx2 (2 times the LD50), or both.  Saline injection was used for control mice.  At 0, 2, 4, 

6, 8, 12, 24, 48, and 72 hours after injection, 2 mice per time point were euthanized and 

kidneys were processed as described below.  These experiments were repeated 3 times.  

In separate experiments, blood samples were obtained from mice at 0, 4, 8, 12, 24, 36, 48, 

60, and 72 hours after injection.  Mice were weighed every 12 hours for 3 days to 
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determine percent weight loss.  All animal procedures were done in accordance with 

University of Virginia Animal Care and Use Committee policies. 

 

Blood Analysis 

Blood was collected from mice with EDTA treated or with non-EDTA treated capillary 

tubes via retraorbital bleed.  Blood collected without anticoagulant was either smeared on 

microscope slides or allowed to clot for 30 minutes at room temperature.  Dried blood 

smears were flooded with Wright-Giemsa stain (Sigma-Aldrich) for 1 minute and rinsed 

with distilled water for 2 minutes.  After clotting, blood was centrifuged at 2,000 x g for 

15 minutes at 4°C.  The serum layer was removed and stored at -80°C until analysis.  

Creatinine was determined using Cayman Chemical Creatinine Assay Kit (Ann Arbor, 

MI) as per the manufacturer’s instructions.  BUN was determined spectrophotometrically 

with VetScan (Idexx Corporation, Westbrook, ME).  For reticulocyte counts, three drops 

of EDTA treated blood was mixed with two drops Reticulocyte Stain (Sigma-Aldrich) for 

10 minutes at room temperature.  Mixtures were then smeared on a microscope slide, 

dried, and coverslipped.  Percentage of reticulocytes was determined by counting the 

number of reticulocytes per 1000 red blood cells.  Complete blood count (CBC) was 

performed on 20µl of the EDTA treated blood using MASCOT HEMAVET 850 (CDC 

Technologies Inc., Oxford, CT) according to the manufacturer’s instructions.    

 

Immunohistochemistry 

One-half mouse kidney was fixed in 4% paraformaldehyde for 24 hours, processed, and 

embedded in paraffin.  Three micron thick sections were cut and placed onto charged 
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slides.  Martius Yellow-Brilliant Crystal Scarlet-Aniline Blue (MSB) differential 

staining procedure was performed as previously described 446.  Martius yellow and 

phosphotungstic acid in alcoholic solution stain red cells, brilliant crystal scarlet stains 

muscle and mature fibrin, and aniline blue stains collagen.  Glomeruli positive for fibrin 

staining were quantified by counting 3 sets of 20 glomeruli per slide and averaging the 

percent positive for fibrin at each time point.  Immunohistochemistry for platelets was 

performed using polyclonal goat anti-human integrin-β3 antibody that cross-reacts with 

the mouse protein (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) 447.  Primary 

antibody was detected using an avidin/biotin horseradish peroxidase system (Vector 

Laboratories, Burlingame, CA) and DAB.  Sections were then counterstained in 

hematoxylin, dehydrated and mounted.  

 

Electron Microscopy 

Kidneys were harvested from euthanized mice 0, 24, 48, and 72 hours after Stx2 plus 

LPS challenge, cut into blocks approximately 1-2mm3, and fixed overnight at 4°C in 4% 

paraformaldehyde and 2.5% gluteraldehyde in 1X PBS.  The fixed tissue was 

subsequently processed by the University of Virginia Advanced Microscopy Facility.  

The tissue blocks were washed with PBS at 24°C and post-fixed for one hour in 1.0% 

osmium tetroxide.  The blocks were then washed in distilled water, dehydrated 

employing a graded acetone series, embedded in epoxy resin (EMBED 812, Electron 

Microscopy Sciences, Inc.), and polymerized for two days at 60°C.  Ultrathin sections 

approximately 70 nm in thickness, obtained with a diamond knife (Diatome, Inc.) on a 

Leica Ultracut UCT ultramicrotome, were collected on 200 mesh copper grids, contrast 
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stained with uranyl acetate and lead citrate according to routine procedures, and 

examined in a JEOL 1230 transmission electron microscope.   Digital images were 

acquired using an SIA L3-C digital camera (Scientific Instruments and Applications, 

Inc.).  At least four glomeruli from each of three mice were examined per time point. 

 

cRNA Synthesis and Microarray Hybridization 

One-half mouse kidney was stored in 2ml RNALater (Ambion, Austin, TX) at 4°C until 

RNA extraction.  Total RNA was isolated using the RNeasy Midi Kit (Qiagen, Santa 

Clarita, CA) according to the manufacturer’s instructions.  Total kidney RNA from saline 

and treated mice was compared with GeneChip® Expression Analysis using Mouse 

Genome 430A 2.0 Arrays (Affymetrix, Santa Clara, CA) by the Biomolecular Research 

Core Facility (University of Virginia, 

http://www.healthsystem.virginia.edu/internet/biomolec/).  

 

Microarray Analysis and Quantitative RT-PCR 

Microarray probe level determinations were made by the Probe Logarithmic Intensity 

Error (PLIER) estimation method, part of the ArrayAssist Lite software package 

(Stratagene, La Jolla, CA).  DNA-Chip Analyzer (dChip) 448 model based estimation was 

used to normalize the signal levels to the median arrays for each series of experiments.  

Multi-class significance analysis across the time course was performed with the 

Significance Analysis of Microarrays (SAM) software 449.  Genes with q-values (False 

Discovery Rate or FDR) of less than 5% were determined to be significantly altered by 

challenge.  From this set, only those genes which were altered 2.0-fold or greater at any 
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time point compared to controls were used for further analysis.  Cluster analysis was 

performed on this data set with GeneCluster 2.0 software 447, and dChip was used for 

gene ontology analysis of the clusters 168,450.  Expression patterns of select genes from 

each cluster were verified by quantitative real-time PCR using the iScript cDNA 

Synthesis Kit, iQ SYBR Green Supermix and iCycler Thermal Cycler (BioRad, Hercules, 

CA). 

 

Statistics 

All statistics (excluding those used for microarray analysis) were performed using single 

factor ANOVA followed by two sample Student’s t-test, and p < 0.05 was considered 

significant. 

 

Results 

Stx2 plus LPS causes diminished renal function. 

Mice were injected i.p. with either a low sub-lethal dose of LPS (300 µg/kg), or  

225 ng/kg Stx2, or both agents.  The dose of Stx2 chosen is the minimum 100% lethal 

dose resulting in lethality within 4 ½ days (Figure 11).  When this dose of Stx2 was 

combined with the sub-lethal dose of LPS, the time to death was decreased by 1 day.  

Mice were weighed every 12 hours to determine percent weight loss caused by the toxins 

(Figure 11).  LPS induced weight loss early in the time course, while Stx2 induced 

weight loss late in the time course.  Stx2 plus LPS caused weight loss both early and late 

in the time course.  Mice were evaluated for kidney function, peripheral cell count 
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abnormalities, and structural kidney changes.  These results are summarized in Table 

2.  We determined that only mice injected with both Stx2 plus LPS exhibited all the signs 

of clinical HUS.  Therefore, we have chosen to present those data relevant to the 

complete Stx2 plus LPS mouse model of HUS.  Stx2 plus LPS co-administration i.p. at 

these doses was used for all subsequent experiments except where noted. 
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Figure 11.  Survival and weight loss of mice challenged with Stx2 plus LPS. 

Survival and weight loss of Stx2, LPS, and Stx2 plus LPS challenged mice.  Mice were 

injected with 225 ng/kg Stx2, 300 µg/kg LPS, or both.  (A) Survival curve representative 

of 3 experiments.  Data contain 6 mice per group.  (B) Mice were weighed every 12 

hours after injection for 72 hours.  Data contain 10-12 mice per group.  * p < 0.002 

significantly decreased from weight at time 0hr and # p< 0.002 significantly increased 

from weight at time 0hr evaluated by ANOVA and Student’s t-test. 

Figure in collaboration with T.R. Keepers.
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Figure 11.  Survival and weight loss of mice challenged with Stx2 plus LPS. 
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Table 2.  Summary of pathological conditions induced by Stx2 plus LPS in mice. 

Summary of pathological conditions induced by Stx2, LPS, or Stx2 plus LPS injection.  

Mice were injected with 225 ng/kg Stx2, 300 µg/kg LPS, or both and evaluated for the 

conditions listed throughout the 72 hour time course as described in materials and 

methods.  A “+” indicates relative severity of the condition, with each additional “+” 

indicating greater change from normal.  Temporally, changes occurring from 0-12 hours 

were designated ‘early,’ 12-36 hours ‘mid,’ and 36-72 hours ‘late.’ 

Table in collaboration with T.R. Keepers. 
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    Treatment  
 Stx2 LPS Stx2+LPS 
 Time Course of Condition Expression 

Condition Early Mid Late Early Mid Late Early Mid Late
Neutrophilia  + ++ ++   +++ ++ + 
Lymphocytopenia  + ++ ++   ++ ++ + 
Monocytosis + +  + +  ++ ++ + 
Renal Platelet 
Aggregation 

++ + ++ ++ + ++ +++ ++ +++ 

Thrombocytopenia    + ++ + + +++ + 
Fibrin Deposition ++ + + + + + + ++ +++ 
Reticulocytosis + ++ +++    + + ++ 
Increased Serum 
Creatinine 

+ + ++    + + ++ 

Weight Loss   + + +  + + ++ 
 

Table 2.  Summary of pathological conditions induced by Stx2 plus LPS in mice. 
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Increases in serum levels of creatinine and blood urea nitrogen (BUN) imply 

decreased glomerular filtration, and were used as indicators of abnormal renal function 

(Figure 12).  After administration of Stx2 plus LPS, creatinine levels were significantly 

increased compared to saline at 12 hours, and continued to rise with a maximal average 

concentration of 0.92 mg/dL at 72 hours.  Similarly, BUN levels were increased in mice 

injected with Stx2 plus LPS in a time-dependent manner.  BUN was significantly 

elevated at 8 hours post-injection and continued to increase until death with a maximal 

average BUN concentration of 114.33 mg/dL by 72 hours. 
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Figure 12.  Serum creatinine and BUN of mice challenged with Stx2 plus LPS. 

Serum creatinine and BUN analysis.  Serum from mice injected with Stx2 plus LPS was 

analyzed for (A) creatinine and (B) BUN concentration.  Each circle represents one 

mouse and data represent 3 separate experiments.  Black bars are the average of all 

mouse samples. * p < 0.05 significantly increased over saline by ANOVA and Student’s 

t-test. 

Figure courtesy of T.R. Keepers. 
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Figure 12.  Serum creatinine and BUN of mice challenged with Stx2 plus LPS. 
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Stx2 plus LPS alters white blood cells. 

A complete blood cell count was performed on Stx2 plus LPS injected mice 

throughout the 72 hour time course (Figure 13A-D).  Mice exhibited neutrophilia, 

lymphocytopenia, and mild monocytosis.  Rise in peripheral neutrophil levels was 

significant at 4 hours and maximal at 8 hours following Stx2 plus LPS injection, after 

which levels gradually returned to normal at 72 hours (Figure 13A).  Neutrophils 

expanded from 0.67 ± 0.17 to 2.09 ± 0.48 K/µl, and increased from 12.4 ± 2.1% of the 

total white blood cell (WBC) population to 56.8 ± 8.9%.  Consequently, the lymphocyte 

population decreased from 82.9 ± 4.7% of total WBC with saline injection to 37.7 ± 5.8% 

at 8 hours post Stx2 plus LPS injection (Figure 13B).  Similarly, total lymphocyte levels 

were minimal at 4-8 hours post-injection with a significant drop from 4.69 ± 0.92 to 1.30 

± 0.28 K/µl.  Lymphocyte levels then gradually increased throughout the time course 

with a recovery at 72 hours to about half the normal level.  The monocyte cell population 

expanded with respect to the other white cell populations as reflected by the increase in 

the percent monocytes of total WBC throughout the time course.  While the total number 

of monocytes was not significantly altered after Stx2 plus LPS injection, the percent 

monocytes increased from 3.17 ± 1.0% with saline injection to 5.92 ± 2.8% 8 hours 

following Stx2 plus LPS injection (Figure 13C).   

Blood smears from mice at various time points after Stx2 plus LPS administration 

demonstrated changes in white blood cell morphology.  Figure 13F is a blood smear 

taken 24 hours following Stx2 plus LPS injection, and depicts a segmented neutrophil as 

well as an activated monocyte.  Monocytes and neutrophils increased in smears 

beginning at 12 hours post-injection and were thereafter present throughout the time 
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course.  Monocytes displayed evidence of activation including, increased cell size, 

linearized chromatin, granules, and pseudopod formation.  Neutrophil activation was 

indicated by increased cell size, granules, and segmentation as well as 

hypersegmentation.  Plasmacytoid lymphocytes were also present in blood smears. 

 

Stx2 plus LPS causes signs of hemolytic anemia. 

Although a complete blood count of Stx2 plus LPS mice over the 72 hour time 

course showed moderately increased hematocrit and hemoglobin levels (data not shown), 

blood smears demonstrated signs of anemia and hemolysis.  Hematocrit reached a plateau 

at 36 hours post injection of 52.0 ± 2.6% compared to the saline injected of 44.3 ± 4.3%.  

However, manual peripheral reticulocyte counts were increased at 12 hours following 

Stx2 plus LPS injection and remained elevated throughout the time course (Figure 

13D,G).  Reticulocytes are newly developed immature red blood cells (RBCs) that appear 

blue/purple and are a sign of anemia.  It was also noted that serum collected from mice 

injected with Stx2 plus LPS had a red discoloration, presumably from hemoglobin due to 

RBC hemolysis. 

Additionally, blood smears revealed several RBC morphological abnormalities 

(Figure 13G,H) compared to normal (Figure 13E).  Howell-Jolly bodies are nuclear 

fragmentations of DNA that appear as small round blue structures in erythrocytes in 

anemic states.  These were found in smears beginning at 8 hours (Figure 13G arrow 

head), were more numerous at 12 hours (Figure 13H arrows), and continued to increase 

through 72 hours following Stx2 plus LPS injection.  Echinocytes are a morphological 
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change in which the RBC has uniform spikes or burrs on its surface, indicating 

uremia.  At 24 hours after Stx2 plus LPS injection, echinocytes were evident in blood 

smears. 
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Figure 13.  Peripheral blood cell changes in mice challenged with Stx2 plus LPS. 

Peripheral blood cells in Stx2 plus LPS injected mice.  (A) Total neutrophil counts 

(closed circles) and percent neutrophils of total WBC (open squares).  * p < 0.01 

significantly increased compared to saline.  (B) Total lymphocyte counts (closed circles) 

and percent lymphocytes of total WBC (open squares).  * p < 0.0001 and # p < 0.05 

significantly decreased compared to saline.  (C) Total monocyte counts (closed circles) 

and percent monocytes of total WBC (open squares).  * p < 0.05 significantly increased 

compared to saline.   (D) Percent peripheral reticulocytes.  * p < 0.05 significantly 

increased compared to saline.  Data are the average of 7-18 mice and 3 separate 

experiments.  All data are the average ± SD and all statistical analysis was performed 

using ANOVA and Student’s t-test.  Blood smears of mice administered Stx2 plus LPS at 

different times following injection: (E) 0 hour control shows no irregularities.  (F) 24 

hours post-injection increased neutrophils (arrow head) and monocytes (arrow).  (G) 8 

hours after injection appearance of reticulocytes as indicated by arrows.  (H) 12 hours 

following injection appearance of red blood cells with Howell-Jolly bodies as indicated 

by arrows.  All pictures were taken under oil immersion at 1000X and (H) was enlarged 2 

fold. 

Figure in collaboration with T.R. Keepers.
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Figure 13.  Peripheral blood cell changes in mice challenged with Stx2 plus LPS. 
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Stx2 plus LPS causes thrombocytopenia in mice.   

Platelet levels significantly decreased in mice administered Stx2 plus LPS 

beginning at 4 hours after injection and continued to decline through the time course 

(Figure 14A).  The minimal platelet level was 392.7 ± 104.9 K/µl at 36 hours post-

injection compared to 820.8 ± 134.6 K/µl with saline injection.  In addition, platelet 

clumping in blood smears was most apparent at 72 hours after Stx2 plus LPS injection.  

In the kidney, glomerular platelet aggregation was increased at 2 hours after Stx2 plus 

LPS injection (Figure 14B).  After a slight decline at 12 hours, platelet clumping began to 

increase again until the end of the time course (Figure 14B-D).   
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Figure 14.  Peripheral and renal platelets in Stx2 plus LPS injected mice. 

Peripheral and kidney platelets in Stx2 plus LPS injected mice.  (A) Peripheral platelet 

levels indicate thrombocytopenia.  Data are the average of 9-14 mice and 3 separate 

experiments, and * p < 0.005 significantly decreased compared to saline.  (B) Glomeruli 

positive for platelet clumping in kidney. * p < 0.05 significantly decreased compared to 

control.   Three sets of 20 glomeruli were counted for platelet clumps per time point at 

400X.  Immunohistochemistry demonstrating platelet clumping in the kidney at (C) 0 

hour and (D) 2 hours after injection.  Platelets are stained brown and arrows indicate 

platelet clumping.  All pictures were taken at 400X magnification, data are the average ± 

SD, and statistics performed using ANOVA and Student’s t-test. 

Figure courtesy of T.R. Keepers.
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Stx2 plus LPS causes changes in the mouse kidney.   

The MSB differential stain for red blood cells, fibrin, and collagen was performed 

on fixed mouse kidney tissue during the time course (Figure 15).  In normal kidney tissue 

(Figure 15A), collagen was distributed throughout the inner tubules of the cortex, 

medulla and papilla as indicated by light blue staining.  There was no significant change 

in collagen levels after Stx2 plus LPS injection. 

 Red blood cells (RBCs), stained yellow, were widely dispersed throughout the 

normal kidney in small numbers.  There was a general increase in RBCs in the entire 

kidney and red cell clustering in the cortex beginning at 4 hours following Stx2 plus LPS 

injection (Figure 15B).  RBC congestion in glomeruli, capillaries, and intertubular spaces 

continued to increase during the time course.  Specifically, RBCs began to accumulate in 

the medulla at 6 hours post-injection, glomerular RBC congestion was evident at 8 hours 

post-injection, and at 24, 48, and 72 hours post-injection large areas of RBC congestion 

and clumping were evident throughout the cortex. 

 Significant changes in fibrin staining were evident at 8 hours after Stx2 plus LPS 

injection.  Fibrin was increased in the cortex of the kidney in the intertubular spaces, 

glomeruli, and capillaries.  It was dispersed throughout the papilla and medulla.  

Glomeruli positive for fibrin also increased at this time point from 23.3% positive at 0 

hour to 75.0% positive for fibrin at 8 hours post-injection.  Fibrin continued to 

accumulate with maximal staining at 48 hours after Stx2 plus LPS challenge (Figure 

15C).  At this time, the medulla and cortex showed a rise in the number and in the size of 

concentrated areas of fibrin deposition, and 93.3% of glomeruli were positive for fibrin.  
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Figure 15.  Fibrin and erythrocyte congestion in Stx2 plus LPS injected mice. 

Fibrin deposition and red blood cell congestion accumulates over time in mice 

administered Stx2 plus LPS.  Martius Yellow-Brilliant Crystal Scarlet-Aniline Blue 

staining of mouse kidneys at (A) 0 hours, (B) 4 hours, (C) 48 hours, and (D) 72 hours 

following injection (arrow indicates thrombi in arteriole).  Bright red staining is fibrin 

deposition, red blood cells are stained yellow, nuclei are stained dark blue/purple, and 

collagen is stained blue.  A-C are 200X magnification and D is 400X magnification. 

Figure in collaboration with T.R. Keepers.
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Figure 15.  Fibrin and erythrocyte congestion in Stx2 plus LPS injected mice. 
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Additionally, thrombi of RBCs and fibrin were seen in the glomerular arterioles 

(Figure 15D). 

 Transmission electron microscopy of glomeruli from Stx2 plus LPS challenged 

mice demonstrated significant ultrastructural change to the capillary loops, endothelial 

cells, and podocytes compared to controls (Figure 16).  RBC congestion and electron 

dense flocculent material, which is likely a combination of collected serum proteins and 

fibrin, was present from 24-72 hours (Figure 16,C).  Increasingly large extranuclear 

endothelial inclusions were observed beginning at 24 hours and extending through 72 

hours post challenge (Figure 16B).  These inclusions are bounded by two membranes and 

are anuclear, which suggests that they are remnants of endocytosed RBCs, platelets or 

other cellular debris.  Furthermore, endothelial cell fenestrations were irregular and 

occasionally partially detached from the glomerular basement membrane (Figure 16C).  

Podocytes appeared swollen, diminishing the urinary space, and some contained 

extensive vacuoles of unknown significance (Figure 16D).  None of the pathological 

findings were observed in control mouse kidneys (Figure 16A). 
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Figure 16.  Glomerular electron micrographs from Stx2 plus LPS injected mice. 

Stx2 plus LPS administration causes glomerular ultrastructural changes in mice.  

Representative transmission electron micrographs of mouse glomeruli from control (A), 

and 72 hour post challenge (B-D).  (B) Endothelial cell with arrows indicating 

extranuclear inclusions. (C) Glomerular capillary loop with endothelial detachment 

(arrow).  (D) Abnormal podocyte with cytoplasmic vacuolation (arrows).  A is 5000X 

magnification and B-D are 10,000X magnification, white bar is 2 µm. Abbreviations: E, 

endothelial cell; P, podocyte; R, red blood cell. 

Figure in collaboration with T.R. Keepers. 
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Figure 16.  Glomerular electron micrographs from Stx2 plus LPS injected mice. 
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Stx2, LPS and Stx2 plus LPS challenges alter renal gene expression. 

Microarrays were used to analyze gene expression in the whole mouse kidney in 

response to Stx2, LPS, or Stx2 plus LPS challenges.  Analysis of the data revealed 136, 

737, and 722 significant differentially expressed genes for the Stx2, LPS, and Stx2 plus 

LPS challenges, respectively (Figure 17). These genes represented approximately 1% 

(Stx2) and 5% (LPS and Stx2 plus LPS) of the 14,000 genes included on the array. The 

Venn diagram in Figure 10 demonstrates that, while many of the genes whose expression 

was altered by each challenge were affected by the other challenges, there was also a 

distinct set of genes that was uniquely significant for each challenge.  For example, of the 

136 genes differentially expressed in response to Stx2 alone, 74 were also differentially 

expressed in response to LPS alone, 75 also in response to Stx2 plus LPS, and 57 were 

also differentially regulated by both LPS and Stx2 plus LPS while 44 were unique to Stx2 

alone.   
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Figure 17.  Venn diagram of mouse renal genes altered by Stx2 or LPS challenge. 

Venn diagram of genes altered 2.0 fold or greater by each challenge with a q-value < 5% 

in multi-class ANOVA analysis. The total genes used from each challenge are outside of 

the circles.  Each challenge alters both an overlapping set of genes and a distinct gene set, 

compared to the other challenges. 
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Figure 17.  Venn diagram of mouse renal genes altered by Stx2 or LPS challenge. 
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Stx2, LPS and combination challenges provoke distinct renal expression patterns. 

The Stx2, LPS and Stx2 plus LPS challenges exhibited distinct temporal 

alterations in gene expression over the time course. Figure 18A is a plot of the number of 

genes whose transcription was altered, either increased or decreased, at each time point 

by each challenge.  LPS affected a rapid early change in gene expression, while Stx2 

caused a later gradual change.  The differentially expressed genes from Stx2 plus LPS 

challenge created a pattern that shared the respective temporally early and late changes in 

gene expression from the individual agents.  To discover classes of genes with similar 

expression patterns, self organizing map (SOM) clustering, an unsupervised learning 

method, was performed with the GeneCluster program.  Within each challenge, genes 

were grouped together based on the similarity of their expression patterns within the 72 

hour time course (Figure 18B). These groups were labeled based on the time point of 

maximum expression change over the course of the pattern.  Six major gene expression 

patterns were observed for LPS challenge.  Genes whose maximum differential 

expression occurred at 2-4 hours post injection were termed ‘immediate,’ those at 6-8 

hours were termed ‘early,’ and those at 12-24 hours were termed ‘late.’  In contrast, Stx2  

challenge created only an upregulated and downregulated pattern, each reaching 

maximum differential expression at 48-72 hours.  These clusters were thus termed ‘very 

late’ to contextualize them in light of the LPS expression patterns.  The Stx2 plus LPS 

challenge creates an arrangement of gene expression patterns that combines each of the 

Stx2 plus LPS patterns together (data not shown).  Supplemental Table 4 contains a list of 

the most differentially expressed genes in each cluster from Figure 18B.  Many of these 
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gene products are upregulated in HUS patients, most notably IL-6 and MCP-1, thus 

adding validity to the HUS mouse model 31,83,439. 
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Figure 18.  Patterns of renal genes altered by Stx2 or LPS challenge in mice. 

(A) The total number of genes altered at each time point by each challenge.  Temporal 

changes in gene expression due to LPS and Stx2 are distinct, and the Stx2 plus LPS time 

course incorporates both of these alterations (time course to scale).  (B) Temporal clusters 

created by GeneCluster for LPS and Stx2 challenges.  The average expression pattern for 

each cluster across the 72 hour time course is shown (time course not to scale).  Inset is 

the number of significant 2.0 fold changed genes in each cluster.  LPS and Stx2 cause 

distinct alterations in patterns of gene expression. 
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Figure 18.  Patterns of renal genes altered by Stx2 or LPS challenge in mice. 
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Stx2 and LPS alter overlapping and unique groups of genes. 

 To discern the functions of those genes differentially expressed in response to 

challenge, each cluster described in Figure 18B was subjected to gene ontology analysis 

(Table 3).  dChip categorizes genes based on molecular function, biological process and 

cellular component using GeneOntology (http://www.geneontology.org/) terms and 

information from the NCBI LocusLink database, and calculates a p-value for 

overrepresentation of that cluster in the gene set.  The LPS upregulated gene clusters 

contained significantly large alterations in genes involved in the following biological 

processes: inflammatory response, immune response, and regulation of transcription, with 

more minor changes of genes involved in apoptosis, cell differentiation, proliferation, and 

regulation of cell cycle.  Molecular function analysis of the LPS upregulated genes 

identified numerous cytokines, transcription factors, cell surface ligands, and complement 

components.  In contrast, those gene biological processes upregulated by Stx2 did not 

include the inflammatory and immune responses, though Stx2 did cause an upregulation 

of genes involved in cell proliferation, differentiation, and regulation of cell cycle and 

transcription.  Molecular function analysis of the Stx2 upregulated genes included some 

cytokines and transcription factors, but not any complement components. Downregulated 

by both challenges were solute and macromolecule transporters necessary for normal 

renal function. The Stx2 plus LPS challenge altered the combined functional groups from 

each of the individual challenges (data not shown). 
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Table 3.  Gene ontology clusters altered by Stx2 or LPS challenge in mice. 

Significant gene ontology clusters as identified by dChip for each gene expression cluster 

described in Figure 11.  LPS and Stx induce both distinct and overlapping gene 

expression responses in the mouse kidney.  LPS induces a large inflammatory and 

defense response not affected by Stx2, while they share many other aspects including 

increased apoptosis and proliferation, cell cycle regulation and transcription factor 

changes.  * indicates p-value < 0.05 as described in methods. 
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Apoptosis 10* 8* 1 0 0 3 5* 1 147 
Cell Differentiation 3 3 0 0 2 0 4* 0 101 
Cell Proliferation 2 10 5* 0 1 2 13* 0 332 
Chemotaxis 8* 4 1 0 1 0 1 0 55 
Cholesterol Metabolism 1 1 2* 0 1 1 3* 1 23 
Defense Response 24* 44* 12* 0 4 1 1 0 338 
Immune Response 22* 37* 10* 0 4 1 2 0 251 
Inflammatory Response 14* 6* 1 0 1 0 2 0 69 
Lipid Metabolism 2 5 3 0 1 7* 5 1 199 
Regulation of Cell Cycle 9* 4 4* 0 1 2 10* 0 123 
Regulation of 
Transcription 22* 19 2 2 4 3 20* 0 720 

Response to Stress 16* 15* 7* 0 3 1 4 0 208 
Response to Wounding 15* 8* 1 0 1 1 3 0 89 

Molecular Function  
Complement Activity 0 3* 3* 2 2* 0 0 0 29 
Chemokine Activity 9* 3 1 0 1 0 3* 0 35 
Cytokine Activity 13* 9* 1 0 2 0 5* 0 160 
DNA Binding Activity 29* 22 2 4 5 6 25* 0 1095
Receptor Binding 
Activity 15* 11 1 1 2 0 5 0 289 

Transcription Regulator 
Activity 12 15 2 2 3 2 12* 0 575 

Transporter Activity 2 14 3 0 11* 10 1 6* 761 
 

Table 3.  Gene ontology clusters altered by Stx2 or LPS challenge in mice. 
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Discussion 

This Stx2 plus LPS mouse model of HUS recapitulates the human disease in both 

its signs and symptoms, including the clinical diagnostic triad of renal failure, 

thrombocytopenia, and hemolytic anemia 438,451,452.  Increased serum creatinine and BUN 

in these mice demonstrate kidney dysfunction.  Low platelet counts found in our model 

are the definition of thrombocytopenia.  Reticulocytes and Howell-Jolly bodies found in 

the blood smears, an increase in the percent reticulocytes, and red discoloration of the 

serum caused by free hemoglobin are evidence of hemolytic anemia.  Although no 

schistocytes were seen in the blood smears, we found that, for unknown reasons, in 

published mouse models of hemolytic anemia, schistocytes are an uncommon finding 78.  

The mice also exhibited the neutrophilia and monocytosis found clinically 162, and fibrin 

and red cell staining of kidneys show thrombus formation in the microvasculature, as 

seen in HUS patients 47,453.  Furthermore, electron microscopy showed ultrastructural 

changes in the glomeruli that are consistent with HUS.  As indicated in Table 2, neither 

Stx2 nor LPS alone was able to mimic HUS in the mouse; however, injection of both 

agents together elicited the diagnostic triad as well as the other associated clinical signs. 

This reinforces evidence from human patients that both Stx and LPS are involved in the 

development of HUS 31. 

Microarray expression analysis reinforces the mouse as a model for human 

disease, and provides new insight into the details of HUS pathogenesis.  Specific gene 

products known to be increased in HUS patients are upregulated in these mice, such as 

IL-6 and MCP-1, and these were shown to be part of a general inflammatory response by 
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evaluation of gene expression clusters.  Furthermore, global expression analysis 

demonstrates that there are temporal waves of transcriptional response for distinct types 

of genes.  A closer look at the specific differentially expressed genes allows formation of 

multiple testable hypotheses that should be useful to the scientific community, such as 

that the formation of the fibrin-rich clots typical of HUS may be heavily impacted by the 

upregulation of all three types of fibrinogen in the kidney (data not shown).  Although 

these gene clusters were formed in an unbiased manner by grouping similar expression 

patterns, it is noteworthy that the quoted classifications of these clusters do not 

necessarily describe the complete functional potential of these genes.  Nevertheless, the 

classifications cited in Table 3 do provide insight into what a transcript or group of 

transcripts does.  It is also important to note that the numbers of genes altered by each 

challenge does not reflect the importance of those genes nor of the challenge.  For 

instance, even though Stx2 alters fewer transcripts than LPS in this model (Figure 17), 

much of the HUS pathology in Table 2 can be attributed to Stx2.  Additionally, this leads 

to the hypothesis that pharmacological or other alteration of relatively few gene products 

may be able to significantly alter the course of this disease.  Overall, the gene expression 

analysis should serve as a starting point for numerous avenues of future research. 

This model may be complicated by dehydration of the mice, a consequence that 

does not occur in the human disease 27.  Although HUS patients normally have decreased 

hematocrit, the Stx2 plus LPS injected mice display moderately increased hematocrit and 

hemoglobin.  In the mouse, this is likely hemoconcentration due to dehydration, as 

suggested by the weight loss sustained after injection (Figure 11).  We contend that all 

our significant findings are evidence of HUS as caused by Stx2 plus LPS, and are distinct 
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from the vascular volume depletion.  Specifically, even though the mice challenged 

with LPS alone lose as much initial weight as the Stx2 plus LPS mice, they exhibit no 

increased serum creatinine and no signs of hemolytic anemia (Table 2).  Furthermore, the 

mice given Stx2 alone develop increased serum creatinine and reticulocytosis at 4-12 

hours post injection, but do not lose weight until 48 hours post injection.  Because LPS 

induces early weight loss without a rise in creatinine, and Stx2 causes a rise in creatinine 

and reticulocytosis 36 hours before weight loss, we conclude that the dehydration 

resulting from combinatorial challenge with Stx2 and LPS is distinct from the signs of 

HUS. 

Based on our model, we propose a time course of disease progression in the 

mouse.  Two hours after Stx2 plus LPS injection, platelet levels rise in the kidney 

followed by peripheral thrombocytopenia that persists throughout the time course.  After 

the rise in renal platelets, red blood cells infiltrate the kidney, form clumps, and congest 

the glomeruli and vasculature of the kidney.  Fibrin deposition follows RBC infiltration 

and leads to thrombus formation in the renal microvasculature.  This thrombosis likely 

causes glomerular filtration failure, uremia, and eventual death of the mouse.  During this 

time course, we have also ascertained the progression of gene expression in the affected 

kidney tissue.  Inflammatory signaling induced primarily by LPS and cellular damage 

and repair pathways induced by both Stx2 and LPS are activated in these model HUS 

kidneys.  Furthermore, the downregulation of genes necessary for normal renal function 

is evidence for activation of a de-differentiation and repair pathway that has been 

described in response to other renal insults 429.  Modulation of upregulated genes 

involved in cell proliferation, apoptosis, the cell cycle, and repair could be able to alter 



 164
this disease course.  This precise establishment of the physiologic and molecular 

progression of HUS in the mouse model will allow identification of novel therapeutic 

strategies to treat this disease. 

While other animal models have been reported, this mouse model of HUS is the 

most economical, practical, and complete model of HUS so far described.  Although the 

baboon 395 and canine 400,407,412,435,436,454 models of HUS mimic the human disease, these 

large animal models are expensive and impractical for the common researcher.  Other 

rodent models of HUS have been described 413, but none have completely investigated the 

full pathophysiology of the disease.  Mouse models utilizing oral bacterial inoculation 

require antibiotic pretreatment and do not result in a one hundred percent rate of infection 

31.  Hence these models can be inefficient and impractical.   Additionally, HUS is a 

toxemia and not a bacteremia and thus a model does not require live bacteria 31,83,439.  In 

summary, we have shown that concurrent intraperitoneal injection of both Stx2 and LPS 

is sufficient to reproduce HUS in the C57BL/6 mouse.  The data indicate this and offer a 

reproducible model with which to study HUS, to identify potential therapeutic targets, 

and for testing of new therapies. 
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Supplemental Data  

Table 4.  Murine renal genes altered by Stx2 or LPS challenge. 

For each cluster in Figure 14B, the 20 most differentially expressed genes are listed.  The 

expression values are given in fold change, and represent the greatest deviation from 

control at any time point during the 72 hour time course.  Positive fold change indicates 

upregulation, while negative indicates downregulation. 

 
Immediate Upregulated 

Gene Accession Max Fold 
Change 

chemokine (C-X-C motif) ligand 10 NM_021274 96.2 
chemokine (C-X-C motif) ligand 1 NM_008176 51.6 

chemokine (C-C motif) ligand 2 AF065933 35.8 
2'-5' oligoadenylate synthetase-like 1 AB067533 31.5 

ubiquitin specific protease 18 NM_011909 23.9 
chemokine (C-X-C motif) ligand 9 NM_008599 22.9 

pyruvate dehydrogenase kinase, isoenzyme 4 NM_013743 20.8 
FBJ osteosarcoma oncogene AV026617 20.5 
interferon activated gene 205 AI481797 20.3 

vascular cell adhesion molecule 1 NM_011693 19.5 
intercellular adhesion molecule BC008626 19.3 

early growth response 1 NM_007913 18.8 
serine (or cysteine) proteinase inhibitor, clade E, member 1 NM_008871 18.6 

thymidylate kinase family LPS-inducible member AK004595 17.6 
cholesterol 25-hydroxylase NM_009890 17.0 

CCAAT/enhancer binding protein (C/EBP), delta BB831146 15.8 
interleukin 6 NM_031168 13.7 

suppressor of cytokine signaling 3 BB241535 13.4 
colony stimulating factor 1 (macrophage) NM_007778 13.4 
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Early Upregulated 
Gene Accession Max Fold 

Change 
interferon-induced protein with tetratricopeptide repeats 1 NM_008331 76.8 

fibrinogen, gamma polypeptide NM_133862 55.1 
interferon-induced protein with tetratricopeptide repeats 2 NM_008332 50.0 

lipocalin 2 X14607 40.4 
guanylate nucleotide binding protein 2 NM_010260 39.9 

interferon-induced protein with tetratricopeptide repeats 3 NM_010501 36.5 
T-cell specific GTPase NM_011579 30.7 

interferon-inducible GTPase BM239828 29.1 
guanylate nucleotide binding protein 3 NM_018734 26.1 
interferon-stimulated protein (15 kDa) AK019325 24.5 

fibrinogen, alpha polypeptide BC005467 22.9 
complement component 3 K02782 22.3 

serum amyloid A 3 NM_011315 20.0 
chemokine (C-C motif) ligand 5 NM_013653 19.0 

2'-5' oligoadenylate synthetase-like 2 BQ033138 18.8 
interferon gamma induced GTPase NM_018738 18.3 
interferon gamma inducible protein NM_008330 17.4 

tripartite motif protein 30 BM240719 15.2 
viral hemorrhagic septicemia virus(VHSV) induced gene 1 BB132493 14.3 

interferon regulatory factor 7 NM_016850 14.0 
 



 167
 

Late Upregulated 
Gene Accession Max Fold 

Change 
serum amyloid A 2 NM_011314 26.2 

fibrinogen, B beta polypeptide AK011118 19.7 
serum amyloid A 1 NM_009117 16.1 

similar to interferon-inducible GTPase BC023105 11.5 
ceruloplasmin BB009037 8.2 

tissue inhibitor of metalloproteinase 1 BC008107 6.1 
ubiquitin D NM_023137 6.0 

3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 BC014714 5.8 
interleukin 18 binding protein AF110803 5.2 

leucine-rich alpha-2-glycoprotein NM_029796 4.8 
chemokine (C-X-C motif) ligand 13 NM_018866 4.7 

aldehyde dehydrogenase family 1, subfamily A2 NM_009022 4.7 
interferon, alpha-inducible protein 27 AY090098 4.5 

arginase type II NM_009705 4.5 
histocompatibility 2, class II, locus DMa NM_010386 3.9 

apolipoprotein H NM_013475 3.7 
serum amyloid A 4 BC019212 3.6 

histocompatibility 2, class II, locus Mb2 NM_010388 3.4 
lipopolysaccharide binding protein NM_008489 3.3 

complement component 1, r subcomponent NM_023143 3.1 
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Very Late Upregulated 
Gene Accession Max Fold 

Change 
growth arrest and DNA-damage-inducible 45 beta AI323528 16.4 

tumor necrosis factor receptor superfamily, member 12a NM_013749 11.5 
activating transcription factor 3 BC019946 11.1 

interferon-related developmental regulator 1 NM_013562 10.6 
chemokine (C-X-C motif) ligand 10 NM_021274 9.4 

growth differentiation factor 15 NM_011819 8.9 
cyclin-dependent kinase inhibitor 1A (P21) AK007630 7.2 

serum-inducible kinase BM234765 6.9 
myeloid differentiation primary response gene 116 NM_008654 6.8 

avian reticuloendotheliosis viral (v-rel) oncogene related B NM_009046 6.5 
early growth response 1 NM_007913 6.3 

v-maf BC022952 4.9 
plasmacytoma variant translocation 1 BE956863 4.8 

chemokine (C-X-C motif) ligand 1 NM_008176 4.7 
FBJ osteosarcoma oncogene AV026617 4.3 

core promoter element binding protein AV025472 4.3 
H4 histone family, member A BC028550 4.3 

Jun oncogene BC002081 4.2 
pyruvate dehydrogenase kinase, isoenzyme 4 NM_013743 4.2 

histone 1, H3a NM_013550 4.1 
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Immediate Downregulated 
Gene Accession Max Fold 

Change 
insulin-like growth factor binding protein 5 NM_010518 -4.3 

SRY-box containing gene 18 NM_009236 -3.8 
vascular endothelial zinc finger 1 BC024610 -3.4 

endothelial-specific receptor tyrosine kinase NM_013690 -2.9 
ETL1 NM_133222 -2.8 

transcription factor 21 NM_011545 -2.8 
solute carrier family 9, isoform 3 regulator 2 

(Na/H exchanger) 
BF468098 -2.7 

serum deprivation response NM_138741 -2.4 
RAS-like, family 11, member B BC008101 -2.4 

paralemmin NM_023128 -2.2 
secreted frizzled-related sequence protein 1 BC024495 -2.2 

centromere autoantigen B BC006628 -2.1 
cask-interacting protein 2 NM_080643 -2.1 

SPRY domain-containing SOCS box 4 BC023083 -2.1 
phosphatidylcholine transfer protein NM_008796 -2.0 

matrix-remodelling associated 8 BB765827 -2.0 
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Early Downregulated 
Gene Accession Max Fold 

Change 
carbonic anhydrase 14 NM_011797 -3.8 

angiopoietin-like 2 BF681826 -3.3 
creatine kinase, brain BG967663 -3.2 

cholecystokinin NM_031161 -3.2 
transcription factor 2 AB008174 -2.9 

insulin-like growth factor 1 BG075165 -2.9 
plasmalemma vesicle associated protein NM_032398 -2.8 

endomucin AB034693 -2.7 
ubiquitin-like 1 AK002312 -2.7 

transmembrane 7 superfamily member 1 BB325447 -2.6 
complement component 1, q subcomponent, alpha  NM_007572 -2.6 

thioesterase, adipose associated NM_025590 -2.5 
ATPase, Na+/K+ transporting, beta 2 polypeptide BG261955 -2.5 

C-type lectin domain family 14, member a BC019452 -2.5 
solute carrier family 4 (anion exchanger), member 1 NM_011403 -2.4 

osteoglycin BC021939 -2.4 
protein phosphatase 1, regulatory (inhibitor) subunit 1B BC026568 -2.4 

semaphorin 4D NM_013660 -2.4 
activating signal cointegrator 1 complex subunit 1 AK007519 -2.4 

septin 4 NM_011129 -2.4 
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Late Downregulated 
Gene Accession Max Fold 

Change 
D site albumin promoter binding protein BB550183 -8.2 

hydroxysteroid dehydrogenase-2, delta<5>-3-beta BC026757 -6.5 
hydroxysteroid dehydrogenase-6, delta<5>-3-beta NM_013821 -5.7 

solute carrier family 9, member 8 (Na/H exchanger) BB408147 -5.2 
carbonic anhydrase 3 AK003671 -4.7 
transferrin receptor NM_011638 -4.2 

mitogen activated protein kinase 10 BB313689 -3.7 
glycine amidinotransferase AW108522 -3.5 

G protein-coupled receptor 91 NM_032400 -3.4 
cholecystokinin A receptor BC020534 -3.3 

branched chain aminotransferase 1, cytosolic X17502 -3.3 
similar to Isopentenyl-diphosphate delta-isomerase BC004801 -3.3 

cytochrome P450, 24 D89669 -3.2 
C-type lectin 1 AK017207 -3.2 

myosin Va AK002362 -3.1 
nuclear receptor subfamily 1, group D, member 1 W13191 -3.1 

profilin 3 BC019455 -3.1 
elastase 1, pancreatic BC011218 -3.1 

growth arrest specific 2 NM_008087 -2.8 
solute carrier family 5, member 11  

(Na/glucose transporter) 
AK008219 -2.6 
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Very Late Downregulated 
Gene Accession Max Fold 

Change 
mitogen activated protein kinase 10 BB313689 -6.5 

hydroxysteroid 11-beta dehydrogenase 2 BC014753 -6.1 
calbindin-28K BB246032 -4.4 

arginine vasopressin receptor 2 NM_019404 -3.9 
aquaporin 2 BC019966 -3.8 

5' nucleotidase, ecto NM_011851 -3.2 
sodium channel, nonvoltage-gated 1 gamma NM_011326 -2.8 

Rhesus blood group-associated C glycoprotein NM_019799 -2.6 
transferrin receptor NM_011638 -2.5 

nucleoplasmin 3 BB811478 -2.5 
FXYD domain-containing ion transport regulator 4 NM_033648 -2.4 

carbonic anhydrase 3 NM_007606 -2.3 
sodium channel, nonvoltage-gated 1 beta NM_011325 -2.3 

similar to Isopentenyl-diphosphate delta-isomerase BC004801 -2.1 
aldo-keto reductase family 1, member B3 BB469763 -2.1 

clusterin BB433678 -2.1 
cholecystokinin A receptor BC020534 -2.1 

procollagen, type III, alpha 1 AW550625 -2.0 
protein related to DAN and cerberus NM_011825 -2.0 

calbindin-D9K NM_009789 -2.0 
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Chapter 3: Shiga Toxin 2 Induced Collecting Duct Apoptosis Causes Renal 

Failure in the Murine Model of the Hemolytic Uremic Syndrome 

 
Abstract 

Hemolytic uremic syndrome (HUS) caused by Shiga toxin producing Escherichia coli 

infection is a leading cause of pediatric acute renal failure. Bacterial toxins produced in 

the gut enter the circulation and cause a systemic toxemia and targeted cell damage. It 

had been previously shown that injection of Shiga toxin 2 (Stx2) and lipopolysaccharide 

(LPS) caused signs and symptoms of HUS in mice, but the mechanism leading to renal 

failure remained uncharacterized. The current study elucidated that murine cells of the 

glomerular filtration barrier were unresponsive to Stx2 because they lacked the 

glycosphingolipid receptor Gb3 in vitro and in vivo. In contrast to the homologous human 

cells, Stx2 did not alter inflammatory kinase activity, cytokine release, or cell viability of 

the murine glomerular cells.  However, murine renal cortical and medullary tubular cells 

expressed Gb3 and responded to Stx2 by undergoing apoptosis. Stx2-induced loss of 

collecting ducts in vivo caused production of increased dilute urine, resulted in 

dehydration, and contributed to renal failure. Stx2 mediated renal dysfunction was 

ameliorated by administration of the non-selective caspase inhibitor Q-VD-OPH in vivo. 

Stx2 therefore targets the murine collecting duct and this Stx2 induced injury can be 

blocked by inhibitors of apoptosis in vivo. 

 

Introduction 
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Shiga toxin producing Escherichia coli (STEC) is the principal etiologic agent of 

diarrhea-associated hemolytic uremic syndrome (D+HUS)31,50,83,439. Renal disease is 

thought to be due to the combined action of Shiga toxins (Stx1, Stx2), the primary 

virulence factors of STEC, and bacterial LPS on the renal glomeruli and tubules444. Of 

these, Stx2 is most frequently associated with development of HUS31,83,439.  Shiga toxin 

enters susceptible cell types after binding to the cell surface receptor glycosphingolipid 

globotriaosylceramide (Gb3), and specifically depurinates the 28S rRNA, thereby 

inhibiting protein synthesis115,328,329,343,349,455-457.  The damage initiates a ribotoxic stress 

response consisting of MAP kinase activation, and can be associated with cytokine 

release and cell death115,124. This cell death is often caspase dependent 

apoptosis107,234,330,349,458,459. Gb3 is expressed by human glomerular endothelial cells, 

podocytes, and multiple tubular epithelial cell types, and damage markers for these cells 

can be detected in HUS patient urine37,195,460.  Shiga toxin binds to these cells in patient 

renal sections, and along with the typical fibrin rich glomerular microangiopathy, these 

sections demonstrate apoptosis of both glomerular and tubular cell types31,330. However, 

despite the multiple distinct categories of renal damage, the primary mechanism leading 

to complete HUS is thought to be glomerular damage with dysregulation of 

coagulation187,412. 

Concomitant development of the most prominent features of HUS: anemia, 

thrombocytopenia, and renal failure, in the murine model requires both Shiga toxin and 

LPS187,412. Nevertheless, our previous work also demonstrated that this renal failure is 

mediated exclusively by Stx2398.  While it is established that Gb3 is the unique Shiga 

toxin receptor94,116,398,435, the current literature regarding the mechanism by which Shiga 
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toxin causes renal toxicity in the mouse is inconsistent.  Even though Gb3 has been 

localized to some murine renal tubules and tubular damage has been observed187,398,412, 

glomerular abnormalities including platelet and fibrin deposition occur as well116,435.  

Furthermore, although multiple groups have been unable to locate the Shiga toxin 

receptor Gb3 in glomeruli on murine renal sections461, one group has published that 

murine glomerular podocytes possess Gb3 and respond to Stx2 in vitro398, and another 

that renal tubular capillaries express the receptor462.  We demonstrate here that murine 

glomerular endothelial cells and podocytes are unresponsive to Stx2 because they do not 

produce the glycosphingolipid receptor Gb3 in vitro or in vivo, and that renal collecting 

duct apoptosis is responsible for Stx2 induced murine renal failure. 

 

Methods 

Shiga Toxin Purification 

Shiga toxin 2 (Stx2) was purified by immunoaffinity chromatography from cell lysates 

(generously provided by Alison O’Brien) of E. coli DH5α containing the Stx2 producing 

pJES120 plasmid462. Lysates were processed using 11E10 antibody443 immobilized with 

an AminoLink Plus Kit, and endotoxin was removed using De-toxi-Gel (Pierce 

Biotechnology, Rockford IL). Stx2 purity was assessed by SDS-PAGE, determined to be 

endotoxin free, and activity was measured in a Vero cell cytotoxicity assay. E. coli 

O55:B5 LPS purified by gel filtration chromatography and gamma irradiation was 

purchased from Sigma-Aldrich (St. Louis, MO).  

 

Cell Lines 
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HUVEC purchased from VEC Technologies (Rensselaer, NY)349, and RPTEC 

purchased from Clonetics (San Diego, CA)463 were cultured as described.  Conditionally 

immortalized human glomerular endothelial cells464, primary murine aortic endothelial 

cells graciously provided by Dr. Lynn Hedrick (University of Virginia, Charlottesville, 

VA)349, immortalized murine proximal tubular epithelial cells kindly provided by Dr. 

Mark Okusa (University of Virginia, Charlottesville, VA)465, conditionally immortalized 

human podocytes466-468, conditionally immortalized murine podocytes generously 

provided by Dr. John Sedor (Case Western Reserve University, Cleveland, OH), and 

conditionally immortalized murine glomerular endothelial cells from Dr. Michael Madaio 

(Temple University, Philadelphia, PA)463,465-467, were all cultured as described.  Briefly, 

conditionally immortalized cells lines were maintained at the permissive 33°C and 

considered undifferentiated. Undifferentiated cells were moved to the non-permissive 

37°C two weeks prior to experimental use, after which point they were considered 

differentiated469. Cells were seeded at 5x105 per well in 6-well plates or 2x104 per well in 

96-well plates.  All experiments were performed on plates coated with rat tail collagen I 

(BD Biosciences, San Jose, CA) in serum-free RPMI (Mediatech, Herndon, VA). Except 

for cytotoxicity assays, cells were challenged with either: no toxin, Stx2, 1 μg/mL LPS, 

or Stx2 and LPS, with 1 pM and 1 nM Stx2 employed for human glomerular and murine 

glomerular cells, respectively. 

 

Thin Layer Chromatography Shiga Toxin Overlay

Each cell type grown to confluency on one 75-cm2 flask was trypsinized and neutral 

glycolipids were isolated470. For some studies, cells were incubated with 1 μg/mL LPS 
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(E. coli O55:B5, Sigma-Aldrich, St. Louis, MO) 24 hours prior. Gb3 content was 

analyzed by thin-layer chromatography (TLC) with Stx1B overlay471. Total neutral lipids 

on a duplicate plate were visualized using CuSO4 along with neutral glycosphingolipid 

standards (Matreya LLC, Pleasant Gap, PA)472.  Images are representative of triplicate 

experiments. 

 

Immunoblotting

Cells were incubated with toxins for 0.5-12 h.  Cells were lysed in modified RIPA 

buffer267. Lysate protein was quantified with a BCA protein assay (Pierce).  Total cell 

lysate was loaded at 5 μg per well, resolved by SDS-PAGE, transferred to PVDF 

membrane, and probed with the following: anti-p38 MAPK and anti-phospho-p38 

antibodies (BD Biosciences), anti-mouse horseradish peroxidase (HRP)-tagged antibody 

(Amersham, Piscataway, NJ), anti-ß-actin (Abcam, Cambridge, MA), and anti-SV40 T-

antigen (Calbiochem, San Diego, CA).  Bound HRP was detected by chemiluminescence 

(Perkin Elmer, Waltham, MA). Images are representative of triplicate experiments. 

 

Cytotoxicity Assay

Cells were treated with between 1 fM and 10 nM Stx2 for 24 h.  CCK-8 cell viability 

assays were performed to determine the CD50
 (Dojindo Molecular Technologies, 

Gaithersburg, MD).  Co-incubation with 1 μg/mL LPS only enhanced HUVEC 

cytotoxicity473. Caspases were inhibited with 100 μM Q-VD-OPH (MP Biochemicals, 

Solon, OH) suspended in dimethyl sulfoxide (DMSO) for 1 h prior to, as well as 
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following, the addition of Stx2474.  The final concentration of DMSO was 0.5%.  Data 

are representative of quadruplicate experiments. 

 

Extracellular Signaling Molecule Quantification 

Cells were incubated with toxins for 12 h.  Extracellular MCP-1, IL-6, VEGF, IL-8 and 

CXCL1/KC release was quantified using DuoSet ELISA kits (R&D Systems, 

Minneapolis, MN).  Because mice do not produce IL-8, CXCL1/KC was used as the 

murine functional homolog 187. Extracellular proteins measured in pg/mL were 

normalized to values from control cells and expressed as percent change.  Data are 

representative of triplicate experiments. 

 

Caspase Activity Assay 

Cells were challenged with toxins for 12 h. Lysates were collected as described above 

and tested for caspase activity with the Caspase 3/7 Assay Kit (Upstate, Lake Placid, NY) 

using the fluorogenic caspase substrate Ac-DEVD-AMC.  Data are representative of 

triplicate experiments. 

 

Murine Model of HUS 

C57BL/6 and CD-1 male mice weighing 22-24 grams were purchased from Charles River 

(Wilmington, MA). C3H/HeJ and BALB/c mice were purchased from Jackson (Bar 

Harbor, ME).  Food and water were provided ad libitum.  Mice were injected 

intraperitoneally with 300 µg/kg LPS (O55:B5, Sigma-Aldrich, St. Louis, MO), 225 

ng/kg Stx2, or both as described475.  Mice were weighed every 12 hours after injection 
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and weight loss was expressed as percent change from the time 0.  At 0, 24, 48, 60, 

and 72 h after injection mice were euthanized. For each mouse, kidneys, blood, and urine 

were collected.  To prevent apoptosis in vivo, mice were intraperitoneally injected with 

two 18 mg/kg doses of Q-VD-OPH in 100 μL 50% DMSO at 24 and 48 h after Stx2 plus 

LPS injection463,465-467.  In separate experiments, normal mice were dehydrated for 20 h 

by withholding access to water.  All animal procedures were done in accordance with 

University of Virginia Animal Care and Use Committee policies (Charlottesville, VA). 

 

Blood Analysis and Urinalysis 

Blood was collected with heparinized capillary tubes (Fisher, Pittsburgh, PA) by retro-

orbital bleed and centrifuged at 840 x g for 15 min at 4°C to collect the plasma layer.  

Blood urea nitrogen (BUN) was determined with VetScan (Idexx Corporation, 

Westbrook, ME). Urine was collected by direct bladder puncture, and osmolality was 

determined with the Vapro vapor pressure osmometer (Wescor, Logan UT).  Each data 

point represents the average from 8 mice. 

 

Immunohistochemistry 

Control and Stx2 plus LPS challenged C57BL/6 mice and normal CD-1, BALB/c, 

C3H/HeN and C3H/HeJ mice were used.  Kidney was fixed in 4% paraformaldehyde, 

processed in acetone for Gb3 or ethanol for TUNEL staining, and embedded in paraffin as 

described369.  Ethanol has been previously demonstrated to both remove endogenous Gb3 

and cause false positive Gb3 staining369. Sections were incubated with anti–Gb3/CD77 

IgM (Beckman Coulter, Fullerton, CA) at 1:40 dilution, isotype-matched rat IgM 
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(Millipore, Billerica, MA), anti-activated caspase 3 (Cell Signaling, Danvers, MA) at 

1:200 or isotype-matched rabbit IgG (Chemicon), and anti-rat IgM biotin conjugate 

(American Qualex, San Clemente, CA) at 1:500 dilution. Terminal deoxynucleotidyl 

transferase biotin-dUTP nick end labeling (TUNEL) was performed with the ApopTag 

Peroxidase In Situ Apoptosis Detection Kit (Chemicon, Temecula, CA), with post-

weaning female rat mammary gland as a positive control. Immunoreactivity was detected 

using Vectastain ELITE ABC kit (VECTOR Laboratories, Burlingame, CA). 

Hematoxylin was the counterstain. Renal apoptosis was quantified by counting the 

number of apoptotic cell nuclei per sixteen 200x fields, and expressed as the average 

number of apoptotic nuclei per kidney.  Each data point represents the average from 8 

mice. 

 

Immunofluorescence 

Kidney tissue was isolated following perfusion fixation in 4% paraformaldehyde. 

Sections were blocked with anti-rat IgM or secondary antibody–matched normal sera, 

incubated with anti–Gb3/CD77 at 1:100 dilution, anti-CD31 (BD Pharmingen) at 1:50, 

anti-aquaporin-1 (Chemicon) at 1:1000, anti-aquaporin-2 (Chemicon) at 1:800, or isotype 

control antibody (Chemicon) at the equivalent concentration in normal goat serum, 

washed, and incubated with fluorescent secondary antibodies (Invitrogen, Carlsbad, CA). 

Specimens were examined with an LSM 510 microscope (Zeiss, Thornwood, NY) and 

analyzed using LSM Image Browser software (Zeiss).    

 

Statistics 
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All data are expressed as means ± standard deviations. Statistics were performed 

using two sample Student’s t-test assuming unequal variances. P< 0.05 was considered 

significant. 

 

Results 

Murine Glomerular Cells Do Not Express Gb3

Human HUS is thought to result from glomerular damage by Shiga toxin.  We began 

investigating the mechanism of renal failure in the mouse model by determining the 

sensitivity of murine glomerular filtration barrier cells to Stx2. Conditionally 

immortalized human and murine glomerular endothelial cells and podocytes have been 

described in detail465,466.  These cells grow indefinitely at 33°C.  When differentiated at 

37°C these cells express cell type specific markers and slow their proliferation.  Whole 

cell lysates were derived from cells grown at permissive and non-permissive 

temperatures and analyzed by immunoblot (Figure 19a).  These cells were compared to 

primary human umbilical vein endothelial cells (HUVEC) that do not express the 

temperature sensitive SV40 large T antigen.  When incubated at non-permissive 

conditions all conditionally immortalized cell types appropriately degraded the transgene 

and slowed or stopped proliferation.  Differentiated human and murine podocytes also 

developed typical arborizations (data not shown)234,458. 

 To test the murine glomerular cells for the presence of the Stx2 receptor Gb3, 

cellular lipids were isolated and separated by thin layer chromatography (TLC). Total 

neutral lipids were visualized on the TLC plate by staining with cupric sulfate (bottom, 

Figure 19b) and Gb3 was specifically identified by overlay with Stx1B (top, Figure 19b).  



 182
Although the lipid profiles differed between cell types, similar loading was verified 

by the slow migrating glycolipid band at the bottom of the TLC plate.  Human glomerular 

endothelial cells and podocytes expressed very high levels of Gb3 consistent with 

previous reports, while murine glomerular endothelial cells, podocytes, and primary cells 

failed to express detectable Gb3
267. Only HUVEC produced more Gb3 when incubated 

with LPS for 24 h (data not shown)115,328,329,343,455-457. 
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Figure 19.  Human and murine glomerular cell SV40 and Gb3 in vitro. 

Human and murine glomerular cell expression of SV40 Large T Antigen and Gb3. (a) 

Whole cell lysates from human glomerular cells and murine glomerular cells grown at 

permissive conditions (33°C), compared to human and murine glomerular cells grown at 

non-permissive conditions (37°C).  Differentiated cells grown for two weeks at non-

permissive conditions degraded the SV40 temperature sensitive large T antigen.  HUVEC 

human primary endothelial cells were used as a control.  (b) Top: thin-layer 

chromatography (TLC) of total neutral lipids with Stx1b overlay to specifically detect 

Gb3.  Bottom: total neutral lipids visualized by cupric sulfate to demonstrate similar 

loading.  The glycosphingolipid standards included: CMH, ceramide monohexoside 

(glucosylceramide); CDH, ceramide dihexoside (lactosylceramide); Gb3, 

Globotriaoslyceramide; Gb4, globotetraosylceramide.
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Figure 19.  Human and murine glomerular cell SV40 and Gb3 in vitro. 
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Murine Glomerular Cells are Insensitive to Stx2 

Stx2 has been demonstrated to have multiple effects on susceptible cell types including 

initiation of inflammatory intracellular signaling, cytokine release, and cellular 

apoptosis267,349. Table 5 summarizes the immortalization status and Stx2 induced 24 h 

50% cytotoxic dose (CD50), for the human and mouse cells used in this study.  Human 

glomerular cells were extremely sensitive to the cytotoxic effects of Stx2, while murine 

glomerular cells were insensitive to Stx2, even at a dose of 10 nM.  Primary cell lines 

from both species were used as controls for the conditional immortalization. Primary 

HUVECs and renal proximal tubule epithelial cells (RPTEC) were sensitive, as 

previously reported, while primary murine aortic endothelial cells were not115,456,457.  The 

sensitivities of cells to the cytotoxic effect of Stx2 generally correlated with their level of 

Gb3 expression (Table 5, Figure 19b). 



 186 
Table 5.  The 24 hour LD50 for human and murine cell types. 

The Stx2 24 hour 50% lethal dose (LD50) and immortalization status for cell types used in 

this study.   

aInsensitive cells did not respond to the maximum dose of 10 nM Stx2 for 48 h. 
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Human Cells Murine Cells Cell Type 
Cell Isolation 24 hour CD50 Cell Isolation 24 hour CD50

Glomerular 
Endothelium 

Conditionally 
Immortalized 0.1 pM Conditionally 

Immortalized Insensitivea

Glomerular 
Podocytes 

Conditionally 
Immortalized 0.5 pM Conditionally 

Immortalized Insensitivea

Proximal Tubules Primary 10 pM Immortalized Insensitivea

Large Vessel 
Endothelium Primary 1 nM Primary Insensitivea

Table 5.  The 24 hour LD50 for human and murine cell types 
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Stx2 increases inflammatory mediator release and MAP kinase activation in 

some cell types, even in the absence of cytotoxicity115,124. Even though the murine cells 

were not sensitive to the cytotoxic effects of Stx2, they might respond by activating 

intracellular kinases or by releasing extracellular signaling molecules. To test this, whole 

cell lysates from human and murine glomerular cells were treated with Stx2 or LPS over 

a 12 hour time course, and immunoblotted for total and activated p38 MAP kinase 

(Figure 20) and JNK (data not shown).  p38 was activated in the human cells by both LPS 

and 1 pM Stx2, though the kinetics were distinct.  LPS caused a rapid increase in p38 

activation from 1-2 hours, while Stx2 began to exert its effect by 2-6 hours and continued 

throughout the experiment.  In contrast, the murine glomerular cells only responded to 

LPS, even at a Stx2 concentration of 1 nM (Figure 20).  The murine glomerular cells 

were more sensitive than the human cells to the effects of LPS, showing a more rapid 

response between 0.5-2 h, but no significant increase in p38 phosphorylation was 

observed in response to Stx2.  JNK activation due to Stx2 and LPS showed similar 

qualitative results as for p38 in all cell types (data not shown). 
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Figure 20.  Western blots for p38 from human and murine glomerular cells. 

Western immunoblots of activated and total p38 from differentiated human and murine 

glomerular cells over a 12 hour time course. Cells were incubated in media alone as a 

control, or challenged with Stx2, 1 μg/mL LPS, or Stx2 plus LPS. For human cells 1 pM 

Stx2 was employed, while 1 nM Stx2 was used for the murine cells.  
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Figure 20.  Western blots for p38 from human and murine glomerular cells. 
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Table 6.  Extracellular signaling molecules altered by Stx2 or LPS in vitro.  

Extracellular signaling molecule concentrations with significant fold change by ELISA 

compared to control media from human and murine glomerular cells.  Control media 

cytokine values are presented in pg/mL, and cytokine concentrations for other treatments 

are reported as fold change from those control baseline values.  aFold change only shown 

if P<0.05 compared to control media values used as baseline; -, P>0.05 and thus not 

significant; nt, not tested. 
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 Human Glomerular 
Endothelium 

Human Glomerular 
Podocytes 

Murine Glomerular 
Endothelium 

Murine Glomerular 
Podocytes 

Fold Changea Fold Changea Fold Changea Fold Changea

Cytokine 

 

Table 6.  Extracellular signaling molecules altered by Stx2 or LPS in vitro.  
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Presented in Table 6 is the relative fold change in extracellular signaling 

molecule release by human and murine glomerular cells in response to 12 h with Stx2 

and LPS.  LPS increased supernatant cytokine release by these cell types.  In contrast, 

Stx2 only affected the Gb3 expressing human cells, and did so by decreasing the signaling 

molecules released.  Stx2 mediated 15±3% and 25±5% cytotoxicity on the human 

podocytes and endothelial cells, respectively, at this time point.  Human glomerular cells 

incubated with the same dose of LPS but a 10-fold lower dose of Stx2 (100 fM) did not 

exhibit significantly decreased cell viability or LPS induced cytokine release by 12 h 

(data not shown).  This suggested that the Stx2 inhibition of inflammatory mediator 

release was secondary to Stx2 mediated cell death. 

 

Stx2 Mediates Caspase Dependent Apoptosis 

It has been reported that Shiga toxin mediates caspase dependent apoptotic cell death in 

certain cell types476. Caspases are cytoplasmic cysteine proteases essential to the 

destructive phase of apoptosis187. Thus, activity of the major effector caspase 3 was 

measured in lysates from cells treated for 12 h with Stx2, LPS, or the combination.  

Caspase activity was increased in human glomerular endothelial cells (Figure 21a) and 

podocytes (Figure 21b) in response to Stx2, but not in murine glomerular cells (data not 

shown). LPS did not have a significant impact on caspase 3 activity in any cell type 

(Figure 21a,b).  In human cells, the non-selective caspase inhibitor Q-VD-OPH rescued 

80% of the cytotoxic effect of Stx2 on endothelial cells (Figure 21c), and 100% of the 

effect on podocytes (Figure 21d).  Although higher and lower concentrations of the 
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caspase inhibitor were tested, the dose reported provided the maximum non-toxic 

effect (data not shown). 
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Figure 21.  Caspase 3 activity and apoptosis inhibition in human glomerular cells. 

Human glomerular cell caspase activity and cell death inhibition by the non-selective 

caspase inhibitor Q-VD-OPH.  Lysates from human glomerular endothelial cells (a) and 

human glomerular podocytes (b) were treated with Stx2, LPS or Stx2 plus LPS for 12 h.  

Cell viability after incubation of human glomerular endothelial cells (c) and human 

glomerular podocytes (d) with Q-VD-OPH was compared to media alone or 0.5% DMSO 

vehicle.  Controls for both Q-VD-OPH and Stx2 treatment are media alone.  *, P<0.05 

compared to control unchallenged with Stx2; **, P<0.05 compared to Stx2 challenge 

without Q-VD-OPH. 
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Figure 21.  Caspase 3 activity and apoptosis inhibition in human glomerular cells. 
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Murine Renal Tubules Produce Gb3

It has previously been shown that Stx2 causes murine renal failure11.  Having 

demonstrated that Stx2 does not directly affect the murine renal glomerular filtration 

barrier cells in vitro, we sought to determine the Stx2 target cells in the mouse kidney.  

Normal mouse renal tissue subjected to immunohistochemistry with anti-Gb3 antibody 

demonstrated Gb3 only on tubular cells, and not in glomeruli or blood vessels (Figure 22).  

Similar qualitative staining was observed in all mouse strains tested, including C57BL/6, 

CD-1, BALB/c, and C3H/HeJ mice (data not shown).  Morphologically, Gb3 appeared to 

strongly stain cells of the collecting duct, with some less robust staining of proximal 

tubules, distal tubules, and parts of the loop of Henle (Figure 22).   

To confirm the identity of the most abundant Gb3-positive cell types, 

immunofluourescence co-localization for Gb3 and aquaporin-2 was performed11.  

Aquaporin-2 is a specific collecting duct cytoplasmic and membrane protein that 

mediates water reabsorption from the tubular lumen11.  High power images of Gb3 and 

aquaporin-2 showed co-localized staining, with Gb3 on the outer membrane, consistent 

with antibody binding the outer carbohydrate moiety, and aquaporin-2 distributed both in 

the membrane and cytoplasm (Figure 23a).  Low power images of the murine renal 

medulla stained for Gb3, aquaporin-2, or both (Figure 23b), depicted almost all Gb3 

expressing medullary tubules to be collecting ducts.  Gb3 staining was not found to co-

localize with the endothelial marker CD31 in the mouse kidney (data not shown). 
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Figure 22.  Immunohistochemistry of Gb3 in mouse kidney. 

Normal untreated mouse renal Gb3 localization by immunohistochemistry.  Isotype 

control shows no renal staining. Sections from cortex, papilla, and medulla demonstrate 

anti-Gb3 staining of the collecting ducts, loops of Henle, and parts of the proximal and 

distal tubules by morphology.  No staining was observed in glomeruli.  Images are 

representative of 8 mice each and are at 200x magnification. 



 199

 

Figure 22.  Immunohistochemistry of Gb3 in mouse kidney. 
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Figure 23.  Immunofluorescence of Gb3 and aquaporin-2 in mouse kidney. 

Immunofluorescence staining of normal mouse renal tissue for Gb3 and aquaporin-2.  (a) 

High power images of medullary tubules stained with anti-Gb3, anti-aquaporin-2, and the 

merged image with overlap colored in yellow, and magnification of boxed region (inset). 

(b) Low power images of renal medulla stained with anti-Gb3, anti-aquaporin-2, and the 

merged image. Bar measures 10 μm in (a) and 100 μm in (b). 
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Figure 23.  Immunofluorescence of Gb3 and aquaporin-2 in mouse kidney. 
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Stx2 Causes Murine Tubular Apoptosis 

To determine if the cells found to produce Gb3 in vivo undergo apoptosis, TUNEL 

staining was performed on renal sections from mice 72 h after Stx2 plus LPS injection.  

Positive TUNEL stain was found only in tubular cell nuclei (Figure 24), and only rare 

TUNEL positive cells were observed in normal mouse renal sections.  Consistent with the 

absence of Gb3, there were no apoptotic cells visualized in the glomeruli or renal 

vasculature of Stx2 plus LPS challenged mice. Analysis of kidneys from mice between 0 

and 72 h after Stx2 plus LPS injection demonstrated increased TUNEL positive cells at 

60 and 72 h post injection (Figure 25a).  LPS alone did not increase renal apoptosis above 

baseline (data not shown). 
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Figure 24.  Renal apoptosis in Stx2 plus LPS challenged mice. 

TUNEL peroxidase staining of renal sections from mice challenged with Stx2 plus LPS.  

Mice were euthanized 72 hours after Stx2 plus LPS injection.  Compared to control saline 

injected mouse cortical and medullary sections, cortical and medullary sections from Stx2 

plus LPS injected mice demonstrated tubular apoptosis.  Images are representative of 8 

mice each and are at 200x magnification. 
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Figure 24.  Renal apoptosis in Stx2 plus LPS challenged mice. 
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Renal Tubular Apoptosis Correlates with Renal Dysfunction 

BUN values in Stx2 plus LPS injected mice increased with a time course similar to 

tubular apoptosis (Figure 25b).  Because the collecting ducts are responsible for water 

reabsorption, we tested whether these mice had a defect in urine concentration187.  It had 

been previously shown that LPS mediated the initial 24 h weight loss and Stx2 the later 

weight loss in these mice437.   Mice challenged with Stx2 plus LPS developed brief 

hyperuria during the first 24 h that led to a renal increase in urine osmolality when 

measured at 24 h post injection (Figure 25c). This initial increased urine osmolality was 

mimicked by injection with LPS alone (data not shown), and as published 

previously94,116,398,435.  Mice given Stx2 plus LPS, or Stx2 alone developed hyperuria and 

osmotically dilute urine between 48 and 72 h post injection (Figure 25c).  Stx2 plus LPS 

challenged mice produced 2.7±0.8 mL of urine between 48 and 72 h compared to 1.1±0.5 

mL urine for controls (P<0.05).  These osmotically dilute hyperuric events correlated 

with the weight loss and signs of dehydration observed in mice given Stx2 plus LPS 

(Figure 25d).  This decreased urine osmolality is in contrast to normal mice dehydrated 

for 20 h by water restriction. Water restricted mice lost 10±0.5% of their body weight and 

produced a minimal volume of urine, all of which was of high osmolality of 3485±762 

mmol/kg (n=4).  



 206 
Figure 25.  Timeline of renal dysfunction in Stx2 plus LPS challenged mice. 

Quantification of renal apoptosis, renal failure, urine osmolality, and weight loss in mice 

injected with Stx2 plus LPS.  (a) The total number of TUNEL stained nuclei were 

counted per sixteen 200x fields per tissue section and averaged.  Renal apoptosis 

increased over the time course, and became significant starting at 60 hours after injection.  

(b) Increased BUN occurred over a similar time course as tubular apoptosis.  (c) Urine 

osmolality was decreased late in the time course although these mice demonstrated an 

initial increase in urine solute concentration. (d) Mice lost substantial weight over the 

time course.  *, P<0.05 compared to control. 



 207
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Renal Tubular Apoptosis Causes Renal Dysfunction 

To test whether tubular apoptosis caused the renal dysfunction, Stx2 plus LPS injected 

mice were given two divided doses of the non-selective apoptosis inhibitor Q-VD-OPH at 

24 and 48 h.  At 72 h after Stx2 plus LPS injection these mice demonstrated significantly 

decreased numbers of renal tubular apoptotic cells, increased urine osmolality, and 

decreased BUN levels (Figure 26a-c).  Although these mice developed the initial 

hyperuria and weight loss mediated by LPS, they exhibited a significant recovery in body 

weight during the time when Stx2 normally caused a loss in body weight (Figure 26d).  

 

Discussion 

Previous studies examining the location of murine renal Gb3 have provided conflicting 

results 94,116,369,398,435. Our data support the conclusion that the primary Gb3 producing 

structure and Stx2 target in the murine kidney is the tubular system. We did not detect 

Gb3 expression by murine endothelial cells, and it is noteworthy that the previous study 

that reported murine renal endothelial production of Gb3 did not perform direct co-

localization 398. Even though not all collecting duct cells appeared TUNEL positive at any 

single time point after Stx2 challenge, it is likely that more cells died than were 

visualized because apoptotic cells only stain with TUNEL for three hours 477. Collecting 

duct dysfunction is in agreement with findings in other murine models of Stx mediated 

injury, and with microarray analysis in this model that revealed Stx2 mediated 

downregulation of collecting duct specific transcripts 37,187,195,414,416,435. LPS has been 

previously shown not to cause tubular damage when administered at similar doses over 

this time course 187,402. Although functional collecting duct damage in response to Stx 
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was postulated in prior reports 406,435, it was probably not observed because little 

morphological change occurs.  In support of our findings, production of dilute urine has 

recently been described in mice inoculated with STEC 478.
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Figure 26.  Caspase inhibition and renal dysfunction in Stx2 and LPS injected mice. 

Quantification of renal apoptosis, renal failure, urine osmolality, and weight loss in mice 

injected with Stx2 plus LPS and the non-selective caspase inhibitor Q-VD-OPH, or 

DMSO vehicle.  Stx2 plus LPS challenged mice treated with the inhibitor demonstrated 

decreased numbers of apoptotic nuclei on TUNEL stained renal tissue sections (a), 

increased urine osmolality (b), decreased BUN (c), and less weight loss (d), than mice 

challenged with Stx2 plus LPS alone. *, P<0.05 compared to control; **, P<0.05 

compared to Stx2 plus LPS challenge alone. 
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The present study confirmed that murine glomerular podocytes lack Gb3 and 

are insensitive to Stx2. Even though identical conditionally immortalized mouse 

podocytes were previously reported to produce Gb3 and respond to Stx2, we failed to 

detect Gb3 by a more specific method, or to demonstrate a response to Stx2, even at 500 

times the reported dose 461,466. These cells are known to express TLR4 and release 

cytokines in response to LPS 479, and our cells responded to LPS by activating p38 in a 

time course similar to that detailed for Stx2 461. Additionally, we have demonstrated that 

these cells lack Gb3 in vivo. Therefore the effects previously ascribed to Stx2 in murine 

podocytes may be due to a small contaminating dose of LPS. Furthermore, the murine 

glomerular endothelial cells displayed similar responses to LPS and insensitivity to Stx2, 

suggesting that murine models reporting glomerular damage are likely due to LPS or 

indirect effects of Stx2; only those models that use live STEC or Stx plus LPS injection 

observe glomerular defects 187,399,400,407,478. Although the Stx2 induced HUS mouse model 

lacks glomerular damage, we believe this difference from human disease does not 

preclude the utility of this system. Murine Stx2 plus LPS challenge results in anemia, 

leukocytosis, thrombocytopenia, and cytokine dependent fibrin deposition, and their 

relationships to HUS patient findings remain to be investigated 187,188. 

The human glomerular cells studied here were exquisitely sensitive to the 

cytotoxic effects of Stx2. Whereas it was previously reported that human glomerular 

epithelial cells were sensitive to Shiga toxin in vitro at a only a much higher dose 343, the 

cells used prior were likely to be glomerular parietal epithelial cells rather than 

podocytes. This supposition is supported by their isolation using a sieving procedure 

shown to create cultures of non-podocyte glomerular epithelial cells, their adoption of 
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cobblestone as opposed to arborized morphology, and their lack of expression of the 

podocyte marker WT-1 466,480,481. 

Human tubular damage does occur in HUS patients, though the glomerular 

dysfunction appears to be predominant 195,330. We showed that Stx2 is more toxic to 

human glomerular compared to tubular cells. This supports studies that have failed to find 

cases of renal disease in the absence of microvascular and hemolytic symptoms following 

STEC bloody diarrhea 482,483. In contrast to the polyuria and dilute urine of the Stx2 plus 

LPS challenged mouse, most HUS patients are oligoanuric 31. However, two case reports 

detail Stx mediated HUS associated with polyuria and persistent production of iso-

osmotic urine 460,484. Thus direct tubular insult by Stx2 may participate in HUS associated 

renal failure, and we hypothesize that collecting duct damage may facilitate dehydration 

that contributes to worse outcome in some patients 180,210. Although not without technical 

difficulty 31, testing prodromal HUS patients for urine concentrating defects may identify 

those with severe disease and at greater risk for dehydration with worse outcome. 

The findings reported here have specific implications for understanding and 

treating human HUS. In contrast to the other human endothelial and epithelial cells 

described previously 144,329,343,455,456, the response of the human glomerular filtration 

barrier to Stx2 appeared distinctly non-inflammatory. Despite causing a ribotoxic stress 

response in the human glomerular cells, Shiga toxin did not increase release of the 

inflammatory mediators tested. This may explain why HUS patients often report a fever 

during the diarrheal prodrome, presumably due to increased circulating inflammatory 

mediators, but are afebrile upon HUS presentation 31,144,168,169,457. However, Stx2 

mediated a decline in human podocyte VEGF release. As decreased podocyte VEGF has 
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been demonstrated to cause renal glomerular thrombotic microangiopathy in mice and 

in patients, this mechanism of Shiga toxin mediated reduction in VEGF may contribute to 

HUS clinically 13. Finally, we have also described how blocking apoptosis can rescue 

direct Stx2 renal insult in vivo, and Stx2 induced human glomerular endothelial and 

podocyte apoptosis can be inhibited by the same anti-apoptotic agent in vitro. Thus a 

clinically approved caspase inhibitor may be able to block Shiga toxin mediated 

apoptosis in patients 37,195,485. 

 

Supplemental Data 

The following data supports the conclusions of Chapter 3, that Shiga toxin 2 induced 

tubular apoptosis causes renal failure in the murine model of the hemolytic uremic 

syndrome.  Electron micrographs of collecting ducts from normal control mice and mice 

after 48 hours of Stx2 plus LPS demonstrate tubular cell destruction, absent tubular 

lumen, loss of normal undulated membrane morphology, membrane blebbing, and 

nuclear loss (Figure 27). This agrees with light microscopy of TUNEL positive collecting 

ducts following Stx2 treatment.  Electron micrographs were obtained as previously 

described above187.  Furthermore, caspase 3 activation, visualized by 

immunohistochemistry of renal sections from control and 72 hour Stx2 plus LPS 

challenged mice (Figure 28), occurs in renal collecting ducts qualitatively similar to those 

positive for Gb3 and TUNEL stained apoptosis (Figures 22,24).  Activated caspase 

immunohistochemistry was performed as above with anti-cleaved caspase 3 antibody 

(Cell Signaling Technology, Danvers MA) followed by DAB staining27.  These Gb3 
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positive murine renal tubules are not proximal tubules or loos of Henle, as they do not 

stain for the marker Aquaporin-1 (Figure 29).  Finally, immunohistochemistry with the 

same antibodies on human cadaveric tissue from a 58 year old male reveals collecting 

duct Gb3 positivity (Figure30).   
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Figure 27.  Electron micrographs of murine renal tubular damage. 

Electron micrographs of a renal collecting duct from a control mouse (A) and a mouse 

challenged for 48 hours with Stx2 plus LPS (B).  Normal collecting ducts display a 

visible lumen “L,” clear cell nuclei “N,” and normal undulated luminal cell membranes. 

Toxin exposed collecting ducts display tubular cell destruction with membrane blebbing 

“B” with nuclear loss and lumen obliteration.  Micrographs are representative of 3 mice 

each.  Bars = 10 um. 
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Figure 28.  Light micrograph of murine renal caspase 3 activation. 

Activated caspase 3 immunohistochemistry from renal sections of cortex (A, B) and 

medulla (C, D) from control mice (A, C) and mice challenged for 72 hours with Stx2 plus 

LPS.  Stx2 plus LPS exposed mice demonstrate brown-stained activated caspase 3 in 

tubular cells of the cortex and medulla, while none is present in control sections.  Images 

are representative of 3 mice each, and at 200x magnification. 



 219

 
 

Figure 28.  Light micrograph of murine renal caspase 3 activation. 
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Figure 29.  Immunofluorescence of Gb3 and aquaporin-1 in mouse kidney. 

Immunofluorescence staining of normal mouse renal tissue for Gb3 and aquaporin-1. (A) 

Cortical and (B) medullary tubules stained with anti-Gb3, anti-aquaporin-1, and the 

merged image with overlap colored in yellow.  Some cortical tubules express only 

aquaporin-1 (single arrow), some express only Gb3 throughout (double arrow), while 

others express aquaporin-1 and Gb3 in a punctuate pattern (arrowhead). Bar measures 20 

μm. 
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 222 
Figure 30.  Human kidney Gb3 and Aquaporin-2.  Human renal medulla stained with 

isotype control for anti-aquaporin-2 (A), anti-aquaporin-2 (B), isotype control for anti-

Gb3 (C), and anti-Gb3 (D) by immunohistochemistry.  Morphologically similar structures 

in the human renal medulla stain for positive for Gb3 and Aquaporin-2. 
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Figure 30.  Human kidney Gb3 and Aquaporin-2.  
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Chapter 4: Conclusions and Perspectives 

 

The Future of the Mouse Model of Hemolytic Uremic Syndrome 

Mice challenged with Stx2 with or without LPS become substantially dehydrated, and 

develop renal failure associated with early dilute polyuria and late anuria. Normally, two-

thirds of mammalian body weight is composed solely of water, of which 66% percent is 

located intracellularly and 33% extracellularly486.  Of the extracellular water, only 25% 

(8% of the total body water) is intravascular, which in the adult 24 gram mouse 

corresponds to 16 grams of total body water, 5.3 grams of extracellular water, and 1.3 

grams intravascular water486,487.  When water is lost from the extracellular space, the 

increased extracellular tonicity forms an osmotic gradient.  Body water then shifts from 

the intracellular to extracellular fluid to maintain equal osmolality in all of the main body 

fluid spaces486.  As discussed earlier, the extracellular fluid volume is maintained at a 

level that allows adequate tissue perfusion.  The acute loss of 10% of the extracellular 

fluid volume can cause tissue hypoperfusion, manifested by renal dysfunction and intense 

body water conservation with oliguria486.  When extracellular fluid is lost, intracellular 

volume shifts to maintain intravascular volume and tissue perfusion in the face of 

increased osmolality inside and outside of cells486.  Thus, to stably lose 10% of the 

extracellular fluid consisting of about 0.5 grams water, approximately 12 times that 

amount needs to be lost in total, or 6 grams of water weight486.  Dehydration mediated by 

Stx2 destruction of the murine renal collecting ducts causes loss of approximately 20-

25% of mouse body weight, or about 5-6 grams.  Hence the dehydration that occurs in 
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Stx treated mice is mathematically severe enough to cause extracellular fluid 

depletion that impairs appropriate tissue perfusion and renal function, and this pre-renal 

failure could be the culprit in the mouse model.   

However, the mouse appears to exhibit intrinsic tubular renal injury in addition to 

the subsequent pre-renal failure.  Direct tubular injury can cause oliguria in some cases, 

although oliguria typically occurs when the damaged tubules are proximal compared to 

distal or collecting duct22.  Nevertheless, because the time between diuresis and renal 

failure as measured by serum markers is brief, distinguishing the contribution to the renal 

failure mediated by these two mechanisms is difficult.  There is some evidence that 

physical tubular blockage in Stx challenged mice may be responsible for the decreased 

urine output (Figure 27).  Other data even suggest that the intrinsic renal injury is 

dominant.  First, ischemic (prerenal) injury usually affects cells of the proximal tubule, 

while mice challenged with Stx2 demonstrate apoptosis in collecting ducts19.  This 

reinforces the idea that the collecting duct apoptosis is caused by direct toxin action 

rather than ischemia, and the lack of proximal tubule apoptosis argues that whatever 

ischemia exists is not severe.  Second, in mice that were dehydrated by water restriction, 

only slight increases in BUN were found even after 20% of their weight had been lost.  

Dehydration alone is therefore not sufficient to mediate the renal failure observed in these 

Stx2 challenged mice.   

Although the effect of arginine vasopressin (AVP) appears mostly blocked during 

Stx2 mediated dehydration, partial urine concentrating ability is still present as the urine 

osmolality does not decrease below normal a plasma osmolality of about 300 mOsm/kg 

H2O.  These data demonstrate that some collecting ducts still function normally, and that 
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even though the underlying cause of the renal failure is the collecting duct apoptosis, 

the combination of the direct tubular blockage and resulting polyuric dehydration with 

decreased perfusion probably together cause the murine renal failure.  The renal 

dysfunction is likely due to the combination of the pre-renal effect and the direct tubular 

damage, and possibly even some additional undiscovered mechanism. 

 It is significant that these mice eventually become anuric, as humans and mice 

that are affected with mutant aquaporin-2 do not become dehydrated to the point of 

anuria unless water restricted488.  This dysfunctional mutation of aquaporin-2, a disease 

called nephrogenic diabetes insipidus in which absolutely no aquaporin-2 is present, 

prohibits the concentration of urine above 300 mOsm/kg H2O488.  However normally 

increased water intake can prevent dehydration in these people.  Because the mice 

challenged with Stx2 have unlimited access to water, it seems likely that the dehydration 

and anuria is due to some decreased water intake as well.  This decline in water intake, 

due to lethargy or paralysis could be the additional factor that combines with renal 

collecting duct urine concentrating defect to facilitate renal failure and anuria. 

 In spite of the uncertain mechanism, dehydration is a significant finding in the 

mouse model of HUS as it probably contributes to the decline in renal function.  

Clinically, as dehydration is associated with worse outcomes in humans with HUS, 

collecting duct damage with polyuria may contribute to this process in patients. 

Abnormal neurologic findings can result from acute renal failure or from direct Stx2 

insult, including encephalopathy, seizure, and coma, and these may form part of a deadly 

feedback loop that drives the mice further and further into dehydration through a mix of 

polyuria and adipsia187,188.  With regards to the relevance of the mouse model to human 
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disease, the role of the collecting duct dysfunction, with possible resulting polyuria 

and dehydration should be more closely investigated in HUS patients.  Testing patients in 

the prodrome or during the acute phase of HUS for production of hypotonic urine may 

allow better classification of patients who require more aggressive volume expansion and 

rehydration to prevent the worse outcomes associated with dehydration.  Whether the 

typical neurologic dysfunction found in Stx2 treated animals is due to direct toxin 

damage or the resulting dehydration and azotemia also remains to be investigated. 

 The inflammation present in the mouse model, both in terms of inflammatory cell 

infiltrates and tubular production of inflammatory mediators, does not appear to alter the 

renal function as measured by serum markers, or be specific to Stx mediated damage.  

However, the relevance of the murine renal fibrin deposition to the human disease 

remains incompletely understood.  Both the LPS and Stx2 cause variable renal fibrin 

deposition in the mouse, both in the glomeruli and interstitium.  Subsequent experiments 

have demonstrated that fibrin deposition in these mice up until 48 hours is dependent on 

renal tubular cytokine production.  Injection of specific cytokine neutralizing antibodies 

prior to and concurrent with Stx2 and LPS prevents the deposition of fibrin by 48 

hours188.  Even though the cytokines MCP-1, MIP-1α, and RANTES, are responsible for 

the fibrin deposition in early the mouse model, no observations from these mice exist at 

72 hours, when the most robust fibrin deposition occurs.  No effect is observed from 

these neutralizing antibodies on the degree of renal dysfunction either, suggesting that the 

fibrin deposition is an independent process from the renal failure.  Additionally, the main 

inducer of these chemokines appears to be LPS, though Stx2 can extend and increase 

their release489.  Thus these changes are not specific to Stx2 mediated HUS and similar to 
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other changes in the mouse kidney following Stx2 plus LPS injection, are dominated 

by the actions of LPS (Figure 18, Table 2).  Analogously, only LPS and not Stx2 causes 

tubular release of the neutrophil chemokines KC and JE and neutrophil influx into the 

murine kidney392,393.  Thus, the coagulation abnormalities and inflammation observed in 

the mouse model appear to be very distinct from those observed in humans, and due to a 

process disconnected from the Stx2 mediated renal failure. 

 The fibrin deposition visible in the LPS plus Stx2 murine model may be explained 

by the combinatorial effect of LPS and Stx2 action on coagulation factors and platelets.  

The inflammatory cytokines demonstrated to induce fibrin deposition during the first 48 

hours of the time course may act either in an autocrine or endocrine manner.  These 

cytokines can signal either to the tubular cells that produce them, to other cells of the 

nephron, or to circulating cell types.  Because anti-inflammatory adenosine receptor 

agonism also blocks this renal fibrin deposition, it is predicted that platelets, which 

express high levels of adenosine receptors are the target cell type (T.R. Keepers, 

unpublished observations).  The only way to definitively prove this hypothesis is to create 

bone marrow transplanted mice between wild type and adenosine receptor knockout 

mice.  If platelets are the underlying agent in the fibrin deposition, then mice with 

adenosine receptor on all the renal tissue but no circulating cell types should still deposit 

renal fibrin when challenged with Stx2 plus LPS and co-treated with adenosine agonists.  

Additionally, if platelets are the underlying cause, then bone marrow transplant of 

adenosine receptor positive circulating cells into adenosine receptor negative mice should 

allow adenosine agonists to still block Stx2 plus LPS mediated renal fibrin deposition.  If 

platelets and any other circulating bone marrow derived cell type are not responsible for 
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the fibrin deposition, then the above bone marrow transplants will generate opposite 

results.  

Despite the data that link tubular cytokine production with renal fibrin deposition, 

other reports have implicated LPS alteration of clotting and fibrinolytic factor expression 

in the murine production of renal fibrin.  Murine challenge with LPS alone causes a large 

increase in PAI-1 expression as demonstrated by microarray (Table 4), and also causes 

increased tissue factor mRNA expression490.  These changes occur within the first 8 hours 

after LPS administration490.  PAI-1 is normally undetectable in kidney, and LPS induced 

expression occurs in the glomeruli and peritubular endothelial cells490.  TF mRNA is also 

undetectable in control kidneys but upregulated in cortical tubular epithelial cells when 

treated with LPS490.  In contrast uPA is normally highly expressed by medullary tubular 

epithelial cells and downregulated there by LPS490.  In these publications, fibrin 

deposition is only found in the kidneys and adrenals, and its deposition correlates with 

changes in uPA but not tPA mRNA and activity490.  Furthermore, no fibrin deposition 

occurs when PAI-1 deficient mice are given LPS490,491.  Renal fibrin formation in these 

animals is transient, peaking at 8 hours and disappearing by 24 hours, and correlates with 

changes in coagulant molecule expression490.  Thus, from these data it seems that murine 

fibrin deposition in response to LPS occurs because of combined increases in PAI-1 and 

TF, with a decrease in uPA490,491.  Fibrinolytic antagonism in these mice by treating with 

the plasminogen inhibitor epsilon-aminocaproic acid causes increased fibrin deposition in 

tissues in addition to the kidney, and extends the duration of the deposition490.  Thus a 

completely distinct mechanism of murine renal fibrin deposition in response to LPS has 
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been delineated, and resolution of the relative roles of LPS mediated and cytokine 

induced fibrin formation will require further experimentation. 

With regards to the role of Stx2 in murine renal fibrin deposition, the data from 

LPS induced coagulation changes offer some insight.  Combining the information that 

fibrinolysis inhibition can prolong LPS mediated induction of fibrin deposition, that uPA 

is produced by the renal tubules, and that the renal tubules are the targets of Stx2 in the 

mouse model, it seems plausible that the increased late fibrin expression with Stx2 and 

LPS is due to Stx2 inhibition of fibrinolysis490,491.  To determine if this is the cause of the 

observed fibrin 72 hour time point deposition, the protein levels and activity of the 

fibrinolysis proteins uPA, tPA, and PAI-1 should be measured by western blot and 

immunohistochemistry, and correlated to the degree of fibrin deposition in the Stx2 plus 

LPS injected mice.  Furthermore, if Stx2 increases renal fibrin by blocking tubular 

fibrinolytic enzyme production, then plasmin inhibitors should further increase Stx2 

mediated fibrin deposition, and exogenous fibrinolytic enzymes administered to the 

kidney should be able to rescue the Stx2 mediated fibrin defect.  To determine the role of 

Stx2 in causing murine renal fibrin production, these experiments should be performed.   

 Regardless of the fibrin deposition, an appropriate small animal model is still 

needed to allow pathophysiologic and therapeutic testing of the renal damage of HUS.  

Because the current mouse models do not properly recapitulate human HUS, new model 

systems are required.  Neither the rat nor the commonly used rabbit have renal Gb3 

expression that is similar to humans, and like the mouse, the rat appears to only express 

Gb3 on renal tubular cells85,392-394,403,414-425.  Although it expresses Gb3 intestinally and 

cerebrally, and develops colitis in response to Stx2, the commonly used New Zealand 



 231
White rabbit does not express any Gb3 in the kidney484.  Thus, the rabbit is only a 

good model for the intestinal and cerebral aspects of the disease, while the mouse and rat 

mimic only the tubular damage and possibly the direct neurological insult by Stx.  

Recently, the Dutch Belted strain of rabbit has been reported to develop renal disease in 

response to Shiga toxin, however the details of the renal Stx sensitivity and Gb3 

expression have not been elucidated423,424.  Because only bacterial infection and not Stx 

injection causes renal pathology similar to the human in the Dutch Belted rabbit model, it 

should be regarded as incomplete until the details of renal Gb3 and purified Stx mediated 

renal pathology can be shown.  To date, only the canine and primate models of Stx 

induced HUS properly recapitulate the human disease, yet they remain expensive and 

unfeasible to perform mechanistic and therapeutic evaluations392-397. 

 Despite its current failings, the mouse may still offer a viable source of 

experimentation in the field of Stx mediated HUS.  Given the detailed description of the 

murine response to Stx2 and LPS reported here, genetic manipulation to create a 

humanized Gb3 mouse should be feasible.  Although the control of Gb3 production is 

complicated because it is not a protein and not encoded by a single gene, altering the 

activity and expression of the anabolic and catabolic enzymes in the Gb3 synthesis 

pathway (Figure 3) should allow murine renal Gb3 expression.  This humanized Gb3 

mouse would be able to definitively prove that Stx mediated renal vascular destruction of 

Gb3 positive cells causes HUS, and should provide a proper model for in depth 

deconstruction of pathophysiology and development of new therapies.  Nevertheless, 

with at least four enzymes directly controlling the cellular levels of Gb3, further research 

must be performed to determine the optimal manipulation.  The unique ability of a mouse 
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with humanized glomerular endothelium to definitively prove the endothelial derived 

etiology of Shiga toxin mediated HUS makes pursuing this valuable goal worthwhile. 

 The available Fabry mouse model may help the development of the humanized 

endothelial Gb3 mouse, as it already bears Gb3 on some endothelial cells.  Although 

normal murine aortic endothelial cells lack detectable Gb3 (Figure 19), aortic endothelial 

cells isolated from α-galactosidase deficient Fabry mice produce significant Gb3
122,492.  

Whether these cells are sensitive to the cytotoxic effects of Stx, or whether the produced 

Gb3 is sequestered into a nonfunctional compartment with regards to Stx, remains to be 

tested.  Because these Fabry mice are still sensitive to the lethal effects of Stx, albeit at a 

much increased dose compared to wild type mice, it may be worth investigating whether 

the pathology of Stx mediated damage is similar to that in wild type mice122.  Fabry mice 

die when dosed with 20 times the Stx dose needed to kill normal mice, though the renal 

pathology has not been investigated119.  It may be that in these Fabry mice glomerular 

endothelial and podocyte Gb3 production is restored, and even though the rest of the 

system has increased Gb3 as well, different pathology may develop than in wild type 

mice119,122.   

In the current flawed mouse model system, significant valuable information 

regarding the actions of Stx in a mammalian setting can still be obtained.  An important 

question that remains to be fully answered is why there is a long time delay between Stx 

administration in the murine model and evidence of pathogenic dysfunction.  This 

question is clinically relevant because the same delay occurs in HUS patients between the 

diarrheal prodrome, when Shiga toxin can be found shed in feces, and the onset of frank 

HUS, when Stx is usually undetectable from the intestinal contents.  In contrast to LPS 
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injection into animals, after which glomerular fibrotic pathology and systemic 

changes occur within two hours, Stx causes most detectable changes after 48-72 hours 

(Figure 18).  Furthermore, this delay occurs in spite of evidence that injected Stx is 

rapidly cleared within minutes from the circulation, presumably to target tissues392,414,435.   

Some insight into the delay process comes from microarray data in the mouse 

model, where Stx injection alone alters the expression of a small subset of renal gene 

transcripts after 12 hours (Appendix I).  These proteins include Cyr61, c-Jun, BTG-2, 

ATF-3, and GDF-15 (Appendix I, Table 7).  Other gene transcripts changed by Stx 

challenge in the mouse model do not demonstrate significant departure from normal 

values until 24-48 hours post challenge.  Cyr61 is a defined marker of renal injury in 

multiple systems22,493,494.  Although these data strongly suggest that this small set of 

transcripts might determine the cellular response to Stx, isolated investigation into the 

role of one of these genes proved uninformative (Appendix I).  Nevertheless, the 

observed transcriptional response of these genes 12 hours after Stx administration 

indicates that Stx reaches the tissue far more rapidly than it causes significant 

pathological effects.  Thus, the lag between Stx toxemia and renal pathology may be due 

to the time it takes for Stx to cause enough dysfunction on the cellular level for it to be 

visible on the tissue, organ, and whole animal level.  In this way therapeutics directed 

specifically at the enzymatic activity of Stx, such as with the few competitive rRNA 

mimics that are currently being investigated, may provide the best opportunity to deter 

tissue damage during this window of opportunity495,496.  Even so, proper delivery of these 

inhibitors at adequate tissue concentrations probably represents a large hurdle to clinical 

implementation. 
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The route of Stx transport in the renal vasculature can also be addressed by the 

current mouse model system.  Although Stx is thought to primarily travel in the 

vasculature, Stx mediated damage to human and murine renal tubules demonstrates that 

in some circumstances Stx exits the circulation37,195,239,330,350,460,484,497.  In the human, Stx 

vascular exit may occur following vascular endothelial damage, detachment, and death, 

allowing Stx access to the underlying tissue.  However this mechanism cannot function in 

mice where the vascular endothelium is insensitive to Stx.  Additionally, Stx has been 

detected in human patients bound to the tubular luminal surface37,195,239.  Combined with 

the murine data, these findings suggest that Stx is able to pass through the glomerular 

filtration barrier into the tubular filtrate.  This conclusion is not completely surprising as 

the Stx size of 70 kDa is at the typically conceived size cutoff for the glomerular filtration 

barrier.  Furthermore, some researchers argue that large amounts of protein of this size 

pass through the filtration barrier regularly3-12.  Stx passage through the filtration barrier 

can be tested in the mouse by either using labeled Stx and looking for its appearance in 

the urine after injection, or by injecting normal Stx and analyzing urine collected at 

various time points afterwards by western immunoblot443. 

 In conclusion, the data presented here demonstrate clearly that the mouse is not an 

adequate model of human hemolytic uremic syndrome even though it still may have 

valuable information to offer.  Although Stx2 plus LPS administration to the mouse 

results in the traditional diagnostic triad of thrombocytopenia, anemia, and acute renal 

failure, the mechanism is distinct from HUS in human STEC infected patients.  In 

contrast to the high sensitivity of the human glomerular filtration barrier cells to the 

cytotoxic effects of Stx, the corresponding mouse cells lack Gb3 and are insensitive to 
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Stx.  The only cell types in the mouse kidney that can be shown to respond to Stx and 

possess Gb3 are tubular, thus indicating that the mouse model of Stx induced renal failure 

primarily consists of parenchymal rather than vascular injury.  Nonetheless these findings 

in the mouse model demonstrate that Stx induced tubular injury alone is detrimental 

enough to cause serious systemic dysfunction and lethality.  Although the reportedly rare 

tubular injury visible in patients may still be secondary to decreased renal blood flow and 

tissue ischemia, these data prove that Stx has the capacity to mediate severe tubular 

damage in vivo by means of a direct cytotoxic effect. 

 

Ribotoxic Stress and Apoptosis 

 The ribotoxic stress response has been demonstrated to occur in various cell types 

in response to ribosomal stresses including Stx and ricin intoxication, however the 

importance of this effect is unresolved.  The ribotoxic stress response typically consists of 

inflammatory MAPK activation and signaling molecule release, though here it is 

demonstrated that this response is not consistent135,140,141,143-145.  Although the 

intracellular component of the ribotoxic stress response is induced by Stx challenge of 

human glomerular endothelial cells and podocytes, no increased inflammatory mediator 

release occurs (Figure 20, Table 4).  This lack of extracellular inflammation is consistent 

with the caspase activation and apoptotic death initiated in these cells.  This disconnect 

may be evidence of some further control on the system, because intracellular MAPK 

activation is not sufficient for inflammatory molecule release.  Alternatively the 

production of inflammatory mediators may be cell type dependent, as this lack of effect is 

only observed in human cells of the glomerular filtration barrier.  In this system the non-
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inflammatory apoptotic response is dominant over the previously described 

inflammatory response of Stx challenge.  The anti-inflammatory effect does not appear to 

be a matter of dose, because at lower concentrations of Stx no increased inflammatory 

mediator release is detected, and at higher doses the cells die even more rapidly.  As 

mentioned above this non-inflammatory response may help explain the lack of fever in 

HUS patients during the acute phase of disease.  Additionally, because the anti-

inflammatory aspect of apoptosis is typically considered to be beneficial, it may be that 

the balance between inflammation and apoptosis partially determines the outcome in 

HUS, or both may be counterproductive.  Future studies should try to determine which of 

these inflammatory or non-inflammatory processes occur in vivo in human kidney cells 

affected by Stx.   

 The importance of the ribotoxic stress response is further undermined by 

experiments detailing that p38 and JNK inhibition do not block Stx2 induced apoptosis 

by human glomerular cells in vitro (Appendix III). When preincubated with either the 

p38 inhibitor SB203580 or the JNK inhibitor SP600125, neither human glomerular 

endothelial cells nor podocytes demonstrate more than 20% reduced cytotoxicity in 

response to Stx2 (Figures 36,37,38,39).  Furthermore, combining these two drugs only 

increases their own direct cellular cytotoxicity and does not augment their ability to 

rescue Stx2 mediated damage (data not shown).  Using these same inhibitors in vivo at 

concentrations comparable to the published literature did not show any effect in the 

mouse model either (Appendix IV).  Mice pretreated with SB203580 or SP600125 did 

not demonstrate any consistent rescue from the lethal effects of Stx2 intoxication, even 

when the inhibitors were used in combination (Figures 40,41,42).  Additionally, a 
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collaborator has demonstrated that treatment of human colonic epithelial cells with 

the inhibitor DHP-2, a compound that blocks activation of the kinase MLK7 that is 

upstream of p38 and JNK, only exhibits moderate 15% rescue of Stx induced 

cytotoxicity498.  Thus while the intracellular component of the ribotoxic stress response 

occurs in multiple cellular contexts, its role in activating inflammatory or apoptotic 

processes in vitro or in vivo is dubious and requires further investigation. 

 Following either the ribotoxic stress pathway or another mechanism, the primary 

outcome of Stx intoxication is apoptosis, therefore new therapeutics that antagonize the 

role of apoptosis in this disease should be investigated.  Both glomerular and tubular cell 

types respond to Stx2 challenge with apoptosis, and the initial endothelial detachment 

leading to vascular activation of coagulation may derive from this apoptotic response.  

Although the compounds normally utilized in vitro are not available for clinical testing, 

one non-selective caspase inhibitor is being used in clinical trials.  IDN-6556 is an anti-

apoptotic non-selective caspase inhibitor that has so far demonstrated few detrimental 

side effects, is able to decrease liver damage in patients with chronic hepatitis, and can be 

administered orally499-501.  The ability of this compound to inhibit Stx2 induced apoptosis 

should be investigated in vitro and in vivo in the mouse, and if successful, may be tried in 

the baboon model system to ameliorate Stx2 induced injury.  Given that this compound 

has already been demonstrated safe and effective in some human clinical trials, the 

likelihood of using it for successful intervention is increased compared to other clinically 

untested compounds. 
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Shiga Toxin Targets: Vascular and Parenchymal Cells 

Most D+HUS research focuses on the role of the vasculature in mediating HUS 

associated pathology.  Whether the mechanism of vascular dysfunction derives from 

primarily endothelial, leukocyte, platelet, or non-cellular coagulation defects, the effect 

on tissue and organ function is thought to follow from vascular occlusion and tissue 

ischemia.  Given the diverse and voluminous data regarding these effects, it is likely that 

vascular damage is a causative lesion in HUS patients, and successive vascular blockage 

and tissue ischemia generate improper organ activity222.  However, animal models and 

some findings in clinical studies suggest that direct parenchymal targeting by Shiga toxin 

or LPS also cause significant organ dysfunction37,222,350.  In the case of the renal tubular 

system, the data presented here clearly confirm the devastating effect Stx induced 

epithelial damage alone can have in mice, and other non-vascular cell types likely share 

similar fates during the course of human HUS. Clinical data suggest that the human 

pancreas, heart, and intestinal cells participate in a similar toxic fate. Though largely 

ignored, direct parenchymal effects of STEC mediated toxemia may contribute 

substantially to the clinical dysfunction that takes place during hemolytic uremic 

syndrome development, as well as the persistence of long term morbid features. 

 Numerous studies demonstrate that human renal tubular epithelial cells are 

sensitive to the cytotoxic and inflammatory effects of Shiga toxin in vitro, however the 

role this toxicity plays in the etiology of human disease remains unclear.  Human 

proximal tubular epithelial cells produce Gb3, and Stx1 and Stx2 cause apoptosis of these 

cells in a dose and time dependent fashion (Figure 19)341,342,349,455,502-506.  Human 

proximal tubular cells also release cytokines in response to Stx1 and Stx2 incubation, 
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increasing TNF-α and interleukins at both the mRNA and protein levels455,507. 

Interestingly, although Stx increases many cytokine mRNAs significantly, IL-6 mRNA 

and protein levels do not increase, and in some cases decrease in response to Stx 

challenge455,507.  This effect may be related to the global anti-inflammatory outcome of 

Stx2 challenge on human cells of the glomerular filtration barrier.  Nevertheless the in 

vitro response of other human renal tubular cell types to the effects of Stx and LPS 

remain to be investigated, including the cells of the loop of Henle, distal tubule and 

collecting duct.  In human cadaveric samples, renal collecting ducts stain positive for Gb3 

suggesting they may be sensitive to Stx in vivo (Figure 30). 

Sparse clinical data indicate that renal tubular damage specifically to the 

collecting duct does occur in some HUS patients.  There are four reported cases of STEC 

confirmed HUS associated with increased urine output and decreased urine osmolality484.  

The first, a 67 year old woman, presented to the hospital with acute renal failure and a 

history of increasing urinary frequency.  On subsequent sequential urinalyses she 

demonstrated iso-osmotic urine with plasma of 309 mOsm/kg H2O on two occasions, 

consistent with a persistent urine concentrating defect484.  Also observed in this case were 

muddy brown casts in the urine.  These granular casts are found with tubular injury.  

Though there was typical HUS glomerular injury, with fibrin deposition and some 

fibrinoid necrosis, the tubules demonstrated localized acute injury consistent with the 

urine concentrating defect484.  E. coli O157:H7 infection was confirmed by the presence 

of specific anti-LPS IgM and not IgG antibodies during the acute phase of the disease484.  

The second case, a 7 year old boy with Stx2 mediated HUS demonstrated nonoliguric 

acute renal failure, increased urinary levels of tubular specific enzymes N-acetyl 
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glucosaminidase and ß2-microglobulin, and decreased urine concentrating ability460.  

Stx2 was found bound primarily to his tubular cells along with tubular cell apoptosis, and 

though he displayed proteinuria, hematuria, and schistocytosis, he never became oliguric 

and persistently produced dilute urine less than 300 mOsm/kg H2O460.  Two additional 

case studies identified patients who presented with a period of polyuria prior to the onset 

of HUS, suggestive of tubular dysfunction similar to that observed in the mouse model313.  

These patients also demonstrated the normal hemolytic anemia, thrombocytopenia, and 

renal failure demonstrating that they did not constitute alternative forms of the disease313. 

These four case reports prove that although Stx toxemia typically targets the renal 

vasculature, cases of renal tubular damage similar to that visible in the mouse model can 

occur. 

There exists some additional evidence of tubular damage in the acute phase of 

human HUS.  Although polyuria is an uncommon finding in most STEC mediated HUS 

cases, medullary hemorrhagic necrosis found in some patients is not normally associated 

with nearby arteriolar thrombosis, and thus likely represents non-ischemic parenchymal 

injury32.  Tubular atrophy with tubulointerstitial nephritis that is observed in biopsy 

specimens from some HUS cases may constitute the pathologic change accompanied by 

direct tubular Stx mediated toxicity350.  Markers of renal tubular epithelial damage, 

specifically ß2-microglobulin and N-acetyl glucosaminidase, have been found in the urine 

from many HUS patients during the acute phase of the disease, suggesting that tubular 

damage generally does occur330,497.  Unfortunately, these studies do not distinguish the 

etiology of the tubular damage, and it may follow from either ischemic insult or direct 

Stx cytotoxicity.   
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Shiga toxin association with and binding to human renal tubular epithelial 

cells on patient biopsies has been demonstrated as well37,195,239.  Tissue from patients 

demonstrate signs of focal tubular necrosis and tissue regeneration, with visible mitotic 

cells239.  Tubules with the greatest pathology also bind the most Stx detected by anti-Stx 

antibody, and Stx binding to the tubular epithelial cells in these patients occurs primarily 

on the apical side37,239.  The binding of Stx correlates with the expression of human 

tubular Gb3, and renal apoptosis takes place both in the glomeruli and tubules of STEC 

mediated HUS patients, suggesting that Stx causes both effects in vivo195,239.  These data 

provide evidence that Stx is able to reach and cause toxicity directly at the human tubular 

epithelium, specifically the collecting duct, and suggest that this injury happens 

clinically.  Nonetheless evidence of renal concentrating defects and polyuria during the 

acute phase of HUS provide the strongest proof that direct tubular injury occurs in this 

disease, as they demonstrate that the nephron is not completely ischemic even though it is 

dysfunctional.  These findings should be monitored in future clinical HUS investigations 

in order to determine their prevalence and relevance to the overall clinical picture and 

patient prognosis. 

Unlike glomeruli, tubular epithelial cells have great potential to regenerate injured 

tissue, and therefore no long term tubular specific damage exists except secondary to 

glomerular loss27-29,508.  If HUS patients do develop a renal concentrating defect during 

the acute phase, it is typically repaired after two years of recovery200.  Prior HUS patients 

have been demonstrated to produce normally concentrated urine, and respond to 

exogenously administered vasopressin by appropriately increasing urine osmolality in 

most studies200.  Increased glomerulosclerosis and tubular degeneration following acute 
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glomerular loss most likely cause the progressive decrease in vasopressin stimulated 

urine concentrating ability in some patients223.  Again, because urine osmolality is not 

typically assessed in HUS patients in the acute phase, the true prevalence of tubular 

concentrating function and relation to subsequent outcome in this disease is currently 

unknown.  Nevertheless, dehydration mediated by a renal tubular concentrating defect 

may be an unrecognized pathogenic mechanism in this disease235,236,363.  It has been 

demonstrated in retrospective analyses that dehydration and hemoconcentration are 

associated with worse outcomes in HUS patients, and the tubular damage may add to 

dehydration caused by the prodromal diarrhea31,33,36,177-180.  Stx2 induced direct tubular 

injury may also contribute to worse later prognosis by synergizing with other 

mechanisms of tissue and organ dysfunction.  Further clinical studies are needed to 

determine the validity of these hypotheses. 

Future studies involving the renal tubular response to Shiga toxin and LPS in the 

context of HUS should employ human and mouse cell types in vitro, as well as additional 

human HUS case data.  A large variety of cultured renal tubular cells exist that can be 

used to determine if the observations and hypotheses made from murine models hold true 

in vitro509.  As the human proximal tubular response has already been described in detail, 

cell lines that represent the human ascending and descending loops of Henle, distal 

convoluted tubules, cortical collecting ducts, and outer and inner medullary collecting 

ducts should be investigated509.  Specifically, both human and murine collecting duct cell 

lines have been isolated and should be used to determine Gb3 content as well as 

cytotoxic, inflammatory, and pro-coagulant responses to Stx and LPS509.  In order to 

demonstrate the presence of this type of tubular damage in HUS patients, urine sample 
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from these individuals should be tested for abnormal dilution, and these findings 

should be correlated with the time when they occur during the acute phase, as well as 

with overall outcome of the patient.  As it is non-invasive and simple, urine collection 

and osmolality testing should be relatively easy to perform and may offer valuable insight 

into the severity of renal damage and need for atypical treatment in some patients.  For 

instance, those patients who demonstrate a renal concentrating defect may be at higher 

risk of dehydration, a finding known to associate with worse risk of developing HUS as 

well as long term morbidity and mortality31,33,36,177-180. 

 In addition to the tubular epithelium, Stx direct effects on glomerular podocytes 

may also play an important pathogenic role.  Although essentially part of the renal 

glomerular vasculature, the role of the podocytes in mediating thrombosis and as an Stx 

target is underappreciated and under investigated151,350.  Markers of increased podocyte 

sloughing from glomeruli are found in the urine of children with HUS, demonstrating that 

podocyte damage occurs in vivo in human patients459.  Glomerular podocyte pathology 

has been observed in the acute phase of HUS patients on biopsy specimens151.  

Furthermore, histopathologic damage consistent with the development of focal segmental 

glomerulosclerosis (FSGS) following HUS also intimates podocyte injury222,350.  Because 

dysregulated podocytes are the key component of FSGS pathology, and because the data 

contained here demonstrate that human podocytes can be directly injured by Stx and LPS, 

it is possible that podocyte damage during the acute phase leads to later FSGS in HUS 

patients.  This pathology is in addition to hyperfiltration and hyperperfusion injury that 

follows destruction of some glomeruli.  Thus, although the loss of glomerular podocytes 
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may occur in response to glomerular endothelial injury or hypoperfusion, Stx can 

have a direct cytotoxic effect on podocytes, and this likely happens in HUS patients. 

 Future work regarding the roles of glomerular podocytes in the pathogenesis of 

HUS should involve in vivo animal models.  Creating mice with cell type specific 

production of Gb3 in glomerular podocytes or endothelium, the humanized Gb3 mice, 

should allow testing of the hypothesis that glomerular podocyte Stx mediated toxicity 

contributes to the endothelial dysfunction in STEC mediated HUS.  As described above, 

the mouse currently represents the vascular Gb3 null state, with no vascular expression of 

Gb3 and thus complete insensitivity to its toxic effects.  As the future of the mouse model 

ideally consists of engineering knock-in mice that appropriately express Gb3 on 

endothelial cell types, a corollary to this is to create mice that specifically express Gb3 on 

podocytes.  Podocyte specific promoter elements exist that allow targeting of genetic 

constructs to the podocytes alone, and should allow murine podocyte specific Gb3 

expression13,510,511.  Thus the research of the immediate future should focus on discerning 

the necessary genetic modifications necessary for appropriate glycosphingolipid enzyme 

production of Gb3 in murine cell types that do not normally express it.  If podocyte 

specific expression of Gb3 can be accomplished, these mice can be challenged with Stx, 

and investigated for the development of vascular pathology.  Furthermore, the vascular 

pathology and coagulation defects in these mice can be contrasted to mice with Gb3 only 

on vascular endothelial cells to determine the relative roles of the podocyte and 

endothelial toxicity in causing overall vascular dysfunction. 
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A Current Model of Shiga Toxin Mediated Hemolytic Uremic Syndrome 

Based on the available evidence, a current pathophysiological mechanism of 

Shiga toxin mediated HUS can be described.  Gastrointestinal infection with STEC and 

intestinal adherence causes watery diarrhea followed by Stx release into the intestinal 

lumen.  This Stx causes apoptosis of parts of the intestinal epithelium, and allows access 

of Stx and LPS to the intestinal substratum and vasculature.  Both this initial intestinal 

destruction and the subsequent intestinal vascular thrombotic microangiopathy probably 

contribute to the clinically observed hemorrhagic colitis. The immune response to the 

bacterial damage and LPS entrance into the circulation ignites a strong inflammatory 

response consisting of cytokine release, fever, and leukocytosis.  Increased leukocyte 

traffic spurred by cytokine release throughout the intestine and systemic vasculature may 

expedite the spread of Stx and LPS235.  Although incompletely characterized, Stx likely 

circulates bound to both blood cells and plasma proteins363.  Dehydration and 

intravascular volume depletion due to the watery and bloody diarrhea concentrate the 

LPS and Stx that enter the systemic circulation.   

Circulating LPS and other cytokines appear to increase the sensitivity of the 

vascular endothelium and parenchymal cells of many organ systems to the cytotoxic 

effects of Stx.  These effects are probably mediated by increasing the expression of Gb3.  

Stx primarily encounters the vascular endothelium prior to parenchymal cells, as it is the 

barrier to all other tissues except in the kidney and brain.  In these two regions, 

fenestrated endothelia exist, allowing Stx and LPS contact with cerebral neurons and 

astrocytes, and renal podocytes and tubular epithelium512.  Additionally, the cerebral and 

renal vasculatures receive comparatively large volumes of the systemic blood supply and 
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are theoretically exposed to the most Stx and LPS molecules.  The fenestrated 

endothelium and the large relative blood supplies to these two organs probably dictate at 

least part of why they are the most affected by Stx and LPS toxemia.  The delay between 

the initiation of Stx and LPS systemic toxemia and clinically detectable tissue and organ 

dysfunction likely occurs while the toxin mediated tissue destruction reaches critical 

mass.  This is similar to the delay between STEC infection with watery diarrhea and the 

development of bloody diarrhea during the prodrome.  A certain percentage of 

endothelial and parenchymal cells likely need to be damaged before normal homeostasis 

cannot be maintained and overt sickness is observed.  The changes in coagulation 

observed prior to the onset of complete HUS support a growing vascular abnormality 

proceeding vascular failure. 

Organ specific dysfunction likely results from both vascular thrombotic 

microangiopathy with associated ischemia, and direct parenchymal damage by the toxins.  

Affected organs may include the spleen, liver, pancreas (leading to increased risk of 

subsequent diabetes), skin (petechial hemorrhages), cerebrum, and the kidney.  Renal 

damage is likely caused by a combination of direct endothelial and podocyte cytotoxicity, 

which effectively delivers a double hit to the glomerular endothelium.  Stx causes both 

direct glomerular endothelial death, and endothelial death secondary to decreasing the 

release of glomerular podocyte VEGF.  This endothelial damage allows abnormal 

activation of the coagulation system, with the formation of pervasive fibrin rich clots and 

platelet activation leading to thrombocytopenia.  Passing red blood cells through the high 

pressure glomerular vasculature in the presence of this extensive fibrin network causes 

the shredding, and the production of schistocytes.   
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Resolution of the vascular and parenchymal damage probably occurs when the 

Stx and LPS finally degrade, are destroyed by phagocyte ingestion and lysosomal 

degradation of apoptotic cells, or are expelled in the urine.  Abnormal erythrocytes are 

captured and removed by the reticuloendothelial system of the spleen, and new 

erythrocytes and platelets are generated and released by the bone marrow.  Macrophages 

and fibroblasts along with endothelial cell precursors help remove abnormal fibrin clots 

and reconstruct the vasculature in many tissues.  Renal tubular epithelial cells 

dedifferentiate and repopulate the renal tubules so they regain normal function.  

However, tissue that has infracted from severe ischemia, or cells that are unable to 

replicate like glomerular podocytes, enter a process characterized by fibrosis and 

scarring.  Sufficiently damaged glomeruli are thus rendered obsolete and will never 

function again, with some partially injured glomeruli segmentally sclerosing and leading 

to FSGS or MPGN.  Finally, hyperfiltration injury in the remaining glomeruli pushes 

these kidneys down a rapid slope of functional decline, culminating in early chronic renal 

failure. 

 

Hemolytic Uremic Syndrome: Current Problems and Future Investigations 

The difference between patients who progress to HUS following STEC bloody 

diarrhea and those who do not is of critical importance for the field, as improved 

understanding of the determinants of disease progression may allow clinical prevention 

of HUS following STEC infection.  Based on the available evidence, it seems that 

progression from the hemorrhagic colitis to HUS occurs on a continuum of vascular and 
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renal injury.  Whether the primary abnormality in HUS patients is thrombotic or 

vasculitic, altered coagulation factors, inflammatory mediators and markers of tissue 

damage are found to dose dependently correlate with progression from colitis to 

fulminant HUS.  Thus it appears that there is a threshold of vascular or parenchymal 

injury that must be surpassed before clinical disease is manifest, and those who pass this 

barrier are considered to have HUS, while those who do not pass the threshold develop 

only sub-clinical disease.  The level of the threshold is probably determined by how 

much of the vasculature needs to be thrombosed before significant ischemia results, how 

many glomeruli must be nonfunctional before renal failure is visible, how many clots 

need to be produced before observable changes in platelet numbers or erythrocyte 

fragmentation occurs, and how much tissue damage and brain edema needs to proceed 

before neurological or nonoliguric renal symptoms develop.  For instance, STEC colitis is 

accompanied by at least some microvascular thrombosis, however when limited it 

resolves without evolving into HUS196.  It seems sensible that this etiology is what has 

allowed significant strides to be made in preventing morbidity and mortality in this 

disease simply by improving supportive care measures for these patients: lessening the 

patient burden of disease decreases their risk of progressing to complete severe HUS.   

The underlying cause of the HUS disease continuum may be a matter of Stx and 

LPS dose, as well as the baseline responsiveness of the patient to these toxins.  These 

attributes may determine where on the disease spectrum an individual falls44.  Patients 

also likely differ in the load of the initial bacterial inoculum, the amount of Stx produced 

by the specific bacterial strain, and their baseline health44.  Unfortunately the level of Stx 

production by different STEC strains, and the amount of Stx present in stool, only rarely 
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correlates well with their disease burden or virulence, and more research needs to be 

performed in this area44,357.  Although they have been investigated, no genetic signatures 

have been uniformly detected in patients who develop HUS compared to those who only 

present with colitis and resolve.  Alterations in common prothrombotic mediators 

including factor V Leiden, the PAI-1 promoter, thrombin, changes in methylene 

tetrahydrofolate reductase, and mutations in PAF acetylhydrolase have demonstrated no 

increased frequency of mutation in HUS patients319,513.  Nevertheless, it seems likely that 

more complicated interactions of inflammatory gene expression, glycosphingolipid 

metabolism, and environmental factors contribute to development of HUS after STEC 

gastrointestinal infection.   

Cytokine and leukocyte levels may correlate with the development of HUS 

because increased inflammation is a marker of increased intestinal barrier disruption, and 

thus increased entrance of the intestinal contents including Stx into the systemic 

vasculature237.  In support of this, increased circulating Stx has been correlated with some 

cases of severe HUS383,384.  The inability of oral corticosteroids to modify the acute HUS 

disease course argues for the lack of direct involvement of inflammatory mediators378.  

Alternatively, increased inflammation may identify patients who are more susceptible to 

toxin induced damage, or who are more prone to produce inflammatory cytokines that 

may be causative in the disease process251.  Systemic volume expansion thus may 

function to ameliorate the development and severity of HUS by both diluting the 

intravascular Stx, and by decreasing the vascular stasis associated with diarrheal 

dehydration.  
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The mechanism that initiates abnormal intravascular coagulation remains to 

be definitively proven.  Endothelial damage followed by detachment and exposure of the 

procoagulant basement membrane, with coincident loss of the anticoagulant normal 

endothelial surface, is the most likely pathogenic process.  However, direct activation of 

the coagulation cascade, inflammatory modulation of anticoagulant endothelial function, 

and some currently undescribed mechanism all persist as viable alternative options.  

Although the prothrombotic abnormalities precede the development of complete HUS, no 

biopsies have been taken from these patients so the source of the dysfunction remains 

unknown. The most plausible theory is that the initial coagulopathy originates with 

subclinical endothelial damage.  In this way, only when enough endothelial damage 

occurs such that the overall balance of the system tilts towards coagulation and platelet 

consumption does detectable microvascular hemolytic anemia and thrombocytopenia 

result. Although some studies have documented the ability of HUS patient plasma to 

activate platelet coagulation directly, the effect is weak and only indirect318,337.  The 

platelet activating activity in the plasma also does not correlate with disease severity, 

indicating that it is unlikely to be pathophysiologically significant, and probably is rather 

due to tissue and cell destruction with release of normally intracellular constituents into 

the vascular space318.  Thus, in spite of some weak arguments to the contrary, it seems 

most likely that the primary abnormality that occurs in HUS is the endothelial vascular 

damage, which causes and is followed by the coagulopathy, platelet consumption, 

erythrocyte shearing, and end organ damage.  Nonetheless, in spite of these assessments, 

proof is needed of the true irreducible antecedent of human STEC mediated HUS. 
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The non-vascular injury caused by circulating LPS and Stx probably also 

occurs on a continuum, with a threshold between clinically detectable and undetectable 

parenchymal organ injury.  While each type of tissue likely has its own response curve to 

these circulating toxins, with increasing doses causing increasing tissue damage, the 

overall progression from only vascular damage to severe extrarenal involvement probably 

depends on a variety of additional factors.  In the current framework the vascular 

endothelial cells are the most sensitive cells to Stx and LPS, and are exposed to the 

highest circulating doses, making them the first and most vigorous to respond.  Extensive 

thrombosis likely contributes to extravascular damage, though multiple non-vascular cells 

respond to Stx and LPS as well, synergizing with the vascular ischemic injury to cause 

tissue and organ failure.  In this way, the most severe HUS cases can be conceptualized 

as being exposed to the highest doses of Stx and LPS, with the most vascular damage, the 

greatest extent of tissue ischemia, and the most severe direct tissue injury, leading to 

major extrarenal symptoms and pathology.   

The most important technological advance to properly evaluate these hypotheses 

would be to develop a method to detect the circulating concentration of Stx in HUS 

patients.  Currently it is undetermined if Stx or LPS dose correlate with increased disease, 

and what the local concentration of Stx is to which various human cell types are exposed.  

Because the response to both Stx and LPS by most cell types is extremely dependent on 

dose, this is a crucial piece of knowledge critical for the advancement of the HUS field.  

The concentrations of Stx used in the published literature may be completely irrelevant to 

those that occur in the course of the human disease, as they may be many-fold different.  

However, accomplishing this technological advance will be difficult, as Stx likely 
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circulates at extraordinarily low concentrations consistent with its very low toxic 

dosing in vitro.  Methods that might be attempted to overcome these limitations include 

ELISAs that utilize multiple levels of signal amplification, assays that can use whole 

blood to detect the level of Stx enzymatic activity, or incubation of whole blood with Stx 

sensitive cell types to measure cytotoxic effect and correlate that with Stx dose.  Thus far, 

similar techniques have been unsuccessful, though the importance of this information to 

the progression of the field indicates that continued attempts are necessary and 

worthwhile. 

The mechanistic explanation of vascular and parenchymal damage on a 

continuum of Stx mediated HUS has implications for its treatment.  Although the best 

means to prevent the development of HUS is still to prevent ingestion of STEC, future 

treatment modalities will likely take advantage of the above mechanisms of damage.  

Dilution of the systemic toxemia by intravascular volume expansion is currently the only 

effective treatment that utilizes these findings.  Anti-Stx antibody administration has 

entered clinical trials, and these antibodies may be able to decrease the circulating dose of 

Stx in the window of opportunity between diarrhea and HUS attainment361.  

Alternatively, increased HuSAP given by injection may be able to dilute and sequester 

Stx in the serum, functionally diluting the toxin499-501,514.  On a different tact, anti-

apoptotic pharmacological intervention may become feasible, as non-selective caspase 

inhibitors have entered clinical trials515.  Although not currently testable in a relevant 

small animal model, these caspase inhibitors may be able to deter the dysregulated 

coagulation and endothelial damage of HUS.  Finally, administration of exogenous 

VEGF to the renal vasculature may be able to partially prevent some of the glomerular 
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endothelial damage by replenishing VEGF normally produced by podocytes.  In 

support of this, VEGF administration helped to protect rats from immune mediated 

glomerular thrombotic microangiopathy82.   

However, there are inherent problems with developing new therapeutics for a 

disease that normally affects young children and is uncommon.  First, because infection 

with STEC is relatively rare and sporadic, large cohorts of patients and multinational 

multicenter consortiums that require vast oversight and administration are needed to 

generate statistically significant clinical data31,216,516.  Second, efforts aimed at preventing 

the transformation of hemorrhagic colitis to fulminant HUS are severely limited because 

many patients do not present to their physician until they have significant intestinal 

damage, and theoretically at this time have high levels of LPS and Stx toxemia31.  Third, 

an additional group of patients do not present to their physicians until they have 

succumbed to renal failure, making prevention of colitis to HUS transition impossible31.  

Fourth, although the best chance for therapeutic intervention may be in preventing severe 

morbidity and mortality during and following the HUS acute phase, because the event 

rate of these adverse clinical outcomes is only 12% (for death or end stage renal disease), 

thousands of patients will be required to generate adequate statistical power to show 

benefits for any therapy216.  Fifth, because the majority of D+HUS patients recover 

normally without significant sequelae, any therapeutic will have to demonstrate 

extremely low toxicity and assuage any fear in parents of making the disease outcome 

worse.  When combined, these considerations suggest that the best course for developing 

new therapeutics is to target the renal vascular or parenchymal pathology using an 

appropriate model system, and with better understanding of the etiology derived therein 
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test novel therapies with good side effect profiles already clinically approved for 

other diseases. 

STEC and HUS are products of our current national food production, processing 

and delivery systems, and the prevalence of this condition will continue to increase unless 

substantial changes are made55. Factors that identify increased risk of STEC infection 

include eating at a table service restaurant and eating undercooked (pink) hamburger 

meat55,166.  Even though strides have been made to decrease STEC contamination of 

crops and of meat at slaughter, its increasing presence worldwide and ability to cripple 

our network of consumables necessitates continued diagnostic and therapeutic research55.  

Though the mouse currently can only provide limited insight into the disease, careful 

modification should allow the development of mice that can propel HUS research rapidly 

forward.  Until that time however, meat and vegetables should be purchased locally to 

decrease cross contamination and long distance STEC spread by the national and global 

food supply systems, they should be well washed and cooked thoroughly, a thermometer 

should be used for cooking, and those handling the food should wash their hands well 

after touching raw meat166.  Children and adults presenting with bloody diarrhea should 

be rushed to a hospital where they can be rapidly diagnosed, quarantined from susceptible 

siblings, and cared for to prevent the dire consequences of hemolytic uremic 

syndrome55,73,80,170. 
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Appendix I: Direct Interactions of Platelets with Stx2 and LPS 

Background 

In HUS, microthrombi are found in the small vasculature (arterioles and capillaries) of 

the kidney, brain, skin, pancreas, spleen and adrenals517.  These thrombi are composed of 

platelets and fibrin, yet their etiology remains unknown.  Platelet dysfunction in the 

context of bacterial sepsis may offer some insight into HUS.  Septic patients have 

thrombocytopenia with some renal dysfunction, usually oliguria.  The principal harmful 

substance in sepsis is bacterial endotoxin produced by bacteria growing in the 

bloodstream82.  In contrast, HUS is a toxemia where toxin-producing E. coli do not 

actively invade the gastrointestinal mucosa, and thus the entirety of the disease process 

can be attributed to bacterial products that disseminate via the circulation.  The main two 

products that enter the blood are LPS and Shiga toxin325.  It is therefore likely that one or 

both of these is responsible for platelet dysfunction in HUS.  

Shiga toxin appears to bind to a subpopulation of activated platelets, however it 

probably does not interact with resting platelets323,324,326.  Furthermore there seems to be 

no direct in vitro effect of Stx on platelet aggregation518.  These data suggest that LPS 

(either alone or in conjunction with Shiga toxin) may cause the platelet activation and 

microthrombus formation in HUS.  There exists a wide body of literature that describes 

the interaction of LPS with platelets, however the data is conflicting.  It has been 

published that LPS alone has no effect on platelet function519.  However, other reports use 

high dose LPS (100-300 μg/mL) and demonstrate a dose dependent inhibition of platelet 

function517.  This latter study is in agreement with older studies employing high dose 
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LPS, however it does not reflect physiologic concentrations of LPS found in 

endotoxemic patients.  Most endotoxemic patients have less than 0.5 ng/mL LPS in the 

bloodstream520.  We sought to determine the effect of lower dose LPS on platelet 

function.  

Molecular recognition of LPS by cells normally requires CD14, LPS Binding 

Protein (LBP), and Toll-Like Receptor 4 (TLR4).  CD14 exists as both a GPI-anchored 

protein and a soluble molecule (sCD14) that likely performs the primary binding of LPS.  

LBP is present only as a serum protein, and is upregulated in inflammatory states.  TLR4 

is the transmembrane signal transducer of the LPS signal to the cell interior521.  Together 

these molecules transducer the inflammatory LPS signal to the cell interior.   

 

Methods 

Preparation of Washed Human Platelets 

Fresh human whole blood was obtained and anticoagulated with acid-citrate-dextrose 

(ACD).  Platelet Rich Plasma (PRP) was isolated by centrifugation at 350g for 3, 3, and 5 

minute cycles in the presence of ACD. Washed platelets were isolated from PRP by 

centrifugation twice at 620g for 20 minutes in a solution of ACD, apyrase, indomethacin 

and prostacyclin.  Platelets were then washed with ACD-containing apyrase, and finally 

resuspended in a modified Eagles buffer without fibrinogen at a concentration of 4 x 

108/ml. Platelets were stored at room temperature until use.  

 

CD14 Depletion 
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Platelets in solution with ACD, apyrase, indomethacin and prostacyclin were rotated 

for 30 minutes at 25°C with 2 x 108 α-CD14 antibody coated M-450 Dynabeads (Dynal 

Biotech ASA, Oslo, Norway) per 1010 platelets.  Beads were removed with a magnet. 

Where used, recombinant sCD14 (R&D Systems, Minneapolis, MN) was replaced at a 

concentration of .5 μg/mL. 

 

Aggregometry 

Platelets at a concentration of 4 x 108/ml were used in a volume of 250 μL on a dual-

sample Chronolog Aggregometer.  Platelet aggregation was measured as an increase in 

light transmission as small platelet clumps fell out of solution.  All samples were 

incubated at 37°C for 30 minutes prior to activation.  Those samples with LPS or Lipid A 

were incubated with platelets for 30 minutes.  100 ng/mL LPS O55:B5 (Alexis, San 

Diego, CA) was used, either directly suspended in 1x PBS or Phenol-purified and 

suspended in 1x PBS. Phenol purification was performed according to Hirschfeld et al102.  

Lipid A (Sigma, St. Louis, MO) was also used at 100 ng/mL in 1x PBS, with 0.1% 

Triethylamine.  

 

Flow Cytometry 

Washed platelets were diluted to a concentration of 1 x 108/ml. Unfixed platelets were 

labeled with PE-Cy5 conjugated anti-CD41a antibody (BD Biosciences Pharmingen, San 

Diego, CA) and incubated with 100 ng/mL Alexa Fluor conjugated LPS O55:B5 

(Molecular Probes).  Incubation for 30 minutes at 37°C. For negative control 100x excess 

LPS O55:B5 was added.  Samples were then fixed and stored overnight in 1% 
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paraformaldehyde, after which they were resuspended in 1x PBS.  Analysis by flow 

cytometry using a FACS-Calibur flow cytometer and Cell Quest software (Beckton 

Dickinson, Mountain View, CA)  

 

Results 

Bacterial LPS, specifically Lipid A, potentiates platelet aggregation by traditional platelet 

mediators (Figure 26).  5-100 ng/mL LPS increased platelet reactivity to ADP (Figure 26) 

and thrombin (data not shown).  Eliminating soluble CD14 (sCD14) with anti-CD14 

antibody beads blocked this induction (Figure 27), demonstrating that platelets recognize 

LPS by a similar mechanism as other inflammatory cells.  Because re-introduction of 

sCD14 rescues potentiation of CD14 depleted platelets, we have demonstrated our effect 

to be specific, and not due to depletion of contaminating inflammatory cells.  This data 

implies that platelet dysfunction in HUS and other diseases may be due to a direct 

response to bacterial LPS.  In agreement with previous data, Stx2 incubation 

demonstrated no effect on platelet reactivity in response to ADP or thrombin, with or 

without the additional presence of LPS (data not shown).   

 

Discussion 

This work demonstrates that at least in some cases, LPS can participate in activating 

human platelets.  This conclusion is justified by a report demonstrating that STEC O157 

LPS binds to platelets in HUS patients, and that LPS mediated platelet exposure of 
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adhesion molecules occurs in vitro522.  These data should encourage further research 

into the role of circulating LPS in causing direct platelet changes in HUS. 



 334

 
Figure 31.  Aggregometry of platelets incubated with LPS and ADP. 

Platelet aggregometry after treatment with ADP and either no co-treatment, crude LPS 

preparation, purified LPS, or isolated Lipid A.  Figure in collaboration with M. 

Marcinkiewicz. 
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Figure 32.  Aggregometry of platelets incubated with LPS and ADP without CD14. 

Platelet aggregometry after treatment with ADP and with antibody mediated depletion of 

CD14 and either no co-treatment, crude LPS preparation, purified LPS, or isolated Lipid 

A.  Figure in collaboration with M. Marcinkiewicz. 
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Appendix II: The Role of Cyr61 in Stx2 Mediated Cell Death 

Background 

A limited number of murine renal gene transcripts are initially altered after Stx2 

challenge (Table 7).  These include the c-jun, cyr61, atf-3, btg-2, and gdf15.  ATF-3 is an 

immediate early transcriptional repressor induced in response to stress by NF-kB, JNK 

signaling, LPS induced TLR signaling, and the unfolded protein response523-526.   

ATF-3 (activating transcription factor 3) regulates the cellular response to toxins 

and stress, and can determine whether apoptosis and inflammation result from cell 

insult523-525,527.  ATF-3 knockout mice and cells demonstrate significantly increased 

inflammation and apoptosis in response to tissue damage525.  

GDF-15 (growth differentiation factor 15) is a secreted autocrine and endocrine 

factor that can be induced by both TNF-α and p53 dependent and independent 

pathways528,529.  GDF-15 is induced following many types of tissue injury, and is an early 

mediator of injury response in a variety of tissues, however the particular response to its 

expression is cell type dependent530-532.  Unfortunately, GDF-15 knockout mice behave 

identically to wild type mice after liver injury even though it is highly upregulated during 

that injury, suggesting that its role in injury response is redundant533.   

Jun is an oncogenic transcription factor that controls target gene transcription by 

homodimerization and heterodimerization with c-Fos, these dimers are called AP-1534,535.  

Jun is regulated by JNK and glycogen synthase kinase 3 (GSK-3), and AP-1 dimers 

control the transcription of numerous factors involved in proliferation, differentiation and 

apoptosis534,535.   
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Btg-2 (B-cell translocation gene 2) is a molecular target of p53 and protein 

kinase C (PKC) that controls cell differentiation and cell cycle progression as an 

intracellular adaptor molecule536-538.  Btg-2 knockout mice exhibit vertebral patterning 

defects likely through Btg-2 interaction with bone morphogenic proteins (BMP)537.  Btg-

2 mediates cell cycle arrest at G2/M, and can induce apoptosis when overexpressed539. 

Cysteine rich protein 61 (Cyr61, CCN1) is a secreted extracellular matrix 

associated protein that has been demonstrated to influence diverse cellular actions, 

including adhesion, migration, mitogenesis, differentiation, angiogenesis, tumorigenesis, 

wound healing and survival540-543.  The pro-angiogenic and pro-repair protein Cyr61 

mediates signals between the extracellular matrix and various cell types by binding to 

multiple varieties of integrins.  42 kDa Cyr61 is secreted by epithelial, endothelial and 

mesenchymal cell types, and seems to be able to direct responses in any cell type with 

appropriate integrin expression.  Cyr61 can mediate adhesion of multiple cell types to 

culture plates.  Initially discovered to allow HUVEC and 3T3 cell attachment to culture 

dishes and fibronectin, it also permits attachment by fibroblasts and human platelets543. 

Platelets however only adhere when activated 522.   

The CCN family of genes are upregulated by growth factors and other stimuli in 

an immediate-early time course, meaning they are among the genes rapidly upregulated 

(within 30 minutes) without additional protein synthesis544.  Expression of cyr61 and 

other immediate early genes have been previously discovered to be modulated by protein 

synthesis inhibition.  Although the half-life of cyr61 mRNA is only 10-20 minutes, 

degradation of the mRNA is blocked by the protein synthesis inhibitor cycloheximide545.  

Cyr61 expression is cell cycle dependent.  Transcriptional upregulation occurs at the 
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transition of G0 to G1 phase, and during logarithmic growth cyr61 levels are 

maintained at a consistent level187.   

 

Methods 

Microarray Analysis 

Microarray samples and analysis were performed as described previously, with four mice 

per time point per treatment group545. 

 

Transfection 

The Amaxa Nucleofector 2 (Amaxa, Gaithersburg, MD) was used for electroporation of 

primary RPTEC (Clonetics) according to the manufacturer’s instructions.  RPTEC were 

grown as above.  Human IMAGE clone 3454581 (MGC-5081) of full length Cyr61 

cDNA in a pCMV-SPORT6 vector was used to transfect in cyr61.  pmax-GFP plasmid 

(Amaxa) was used as a transfection control and evaluated by flow cytometry.  

siGENOME SMARTpool siRNA for human Cyr61 was purchased from Dharmacon 

(Lafayette, CO). Nucleofector program “U-30” and the Primary Mammalian Epithelial 

Cell Kit (Amaxa) was used for all experiments.  1 μg of pmax-GFP, 1 μg of pCMV-

Cyr61-SPORT6, 1.5 μg siRNA were used per reaction.  Under these conditions, 66% of 

the transfected cells died during the procedure, however 90.5% of the remaining cells 

demonstrated robust GFP expression by flow cytometry (data not shown).  siRNA 

knockdown of Cyr61 expression was validated by Western Blot as described above, 

using rabbit anti-Cyr61 generated by Biosynthsis Incorporated (Lewisville, TX). 
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Recombinant Cyr61 

Recombinant GST-tagged Cyr61 was purchased from Abnova Corporation (Taipei City, 

Taiwan) and used at a concentration of 1 μg/mL in RPTEC media.   

 

Results 

Cyr61 is differentially expressed in the mouse kidney in response to Stx2 and LPS 

intraperitoneal administration (Figure 26).  The earliest genes upregulated by Stx include 

the growth promoting genes jun and cyr61, as well as the growth inhibiting gene btg-2, 

the transcriptional repressor atf-3, and the apoptotic gene gdf-15 (mic-1, nag-1) (Table 7). 

These genes demonstrate the initiation of both an apoptotic and a repair response in the 

murine renal tissue in response to Stx2 administration.  cyr61 expression occurs relatively 

rapidly following intraperitoneal injection: at 8 hours with combination treatment, and 12 

hours with Stx alone.  Notably cyr61 also displays an increased effect, both in terms of 

time of induction and level of induction, in response to LPS plus Stx compared to Stx 

alone (3-5 fold increase compared to 5-8 fold increase). Compared to the extensive list of 

other immediate early genes upregulated by LPS and Stx in our model system, including 

c-jun, c-fos, c-myc, junB, egr-1, egr-2, and the cytokines KC (CXCL1 homolog) and JE 

(CCL2 homolog) 115, cyr61 expression is specifically induced by Stx and relatively 

uninduced by LPS alone. 

Confluent RPTEC challenged for 24 hours with Stx2 displayed a CD50 of 10 pM 

Stx2 (Figure 27).  These cells were then used to determine if altering the dose of Cyr61 
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would have an effect on Stx2 mediated cytotoxicity.  Transfection mediated siRNA 

knockdown of RPTEC Cyr61 only slightly synergized with Stx2 induced cytotoxicity 

(Figure 28), and RPTEC incubation with recombinant Cyr61 at a dose of 1 μg/mL did not 

cause any discernable effect either alone or in combination with Stx2 (Figure 29).  

Finally, transfection with the Cyr61 expressing plasmid also caused increased Stx2 

cytotoxicity (Figure 30).  Overall, the data is inconclusive, and suggests that Cyr61 does 

not significantly modulate Stx2 mediated RPTEC cytotoxicity. 
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Figure 33.  Heatmap of murine renal transcripts altered by Stx2 injection. 

Downregulation (blue) and upregulation (red) of transcripts by Stx2 administration.  
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Gene Accession Fold 
Increase Function Ref 

activating 
transcription 

factor 3 
(ATF3) 

BC019946 11.3 
Transcription repressor, regulator 

of cellular stress response, 
inflammation, and apoptosis 

523-

527 

growth 
differentiation 

factor 15 
(GDF15, MIC1, 

NAG1) 

NM_011819 9.2 Secreted immediate early protein 
in response to tissue injury 

528-

533 

c-Jun BC002081 4.3 

Transcription activator involved 
in numerous processes including 
proliferation, differentiation, and 

apoptosis 

534,535

cysteine rich 
protein 61 
(Cyr61) 

BM202770 3.7 
Secreted extracellular matrix 
associated mediator of repair, 

adhesion, and survival 

540-

545 

B-cell 
translocation 

gene 2 
(Btg2, PC3, 

TIS21) 

BG965405 3.2 
Anti-proliferative apoptotic 

signaling molecule that controls 
cell cycle progression 

536-

539 

 

Table 7.  Murine renal transcripts rapidly upregulated by Stx2 challenge. 

Murine renal gene transcripts rapidly upregulated by Stx2 challenge.  These are the only 

transcripts significantly upregulated by Stx2 within the first 12 hours post Stx2 

administration. 
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Figure 34.  RPTEC 24 hour Stx2 mediated cytotoxicity. 

Stx2 24 hour cytotoxicity for primary human RPTEC grown to confluence.  
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Figure 35.  Cyr61 siRNA effect on Stx2 mediated RPTEC cytotoxicity. 

Stx2 mediated 24 hour RPTEC cytotoxicity after Cyr61 siRNA administration by 

electroporation 48 hours prior.  Cyr61 siRNA knockdown marginally increased Stx2 

mediated cell cytotoxicity. 
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Figure 36.  Recombinant Cyr61 effect on Stx2 mediated RPTEC cytotoxicity. 

Stx2 mediated cytotoxicity of RPTEC treated with recombinant Cyr61 either concurrent 

with Stx2 administration (post Cyr61) or treated with Cyr61 prior to and concurrent with 

Stx2 administration (pre and post Cyr61).  Recombinant Cyr61 incubation did not affect 

Stx2 mediated RPTEC cytotoxicity.  Results are representative of quadruplicate 

experiments. 
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Figure 37.  Cyr61 overexpression effect on Stx2 mediated RPTEC cytotoxicity. 

1 pM Stx2 24 hour cytotoxicity following electroporation with the Cyr61-expressing 

pCMV-SPORT6 plasmid.  Increased Cyr61 expression did not increase cell viability, and 

transfection with the plasmid alone caused cell cytotoxicity.  Control cells were 

untreated, Stx cells were incubated with Stx2, Cyr61 cells were transfected with the 

Cyr61 plasmid, and Cyr61/Stx cells were transfected with the Cyr61 plasmid and 24 

hours later incubated with Stx2. 
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Discussion 

Altering the expression levels of Cyr61 in human RPTECs demonstrated no functional 

effect on Stx2 mediated cytotoxicity.  Thus, the role of Cyr61 upregulation in this setting 

remains undefined.  Nevertheless, Cyr61 is becoming a recognized damage marker for 

the kidney in many experimental and clinical settings22,493,494.  It appears that in this way, 

as a detectable sign of intrinsic renal damage, the increase in Cyr61 mRNA in response to 

Stx2 challenge expresses the time course of damage in the murine kidney.   
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Appendix III: The Role of p38 and JNK MAP Kinases in Stx2 Mediated 

Apoptosis 

Background 

JNK and p38 MAP kinases are activated in some cell types in response to Shiga toxin546.  

Small molecule inhibitors for these MAPK pathways can be used to inhibit their activity 

and determine the roles of p38 and JNK in Stx2 induced cell death.   

 

Methods 

The JNK inhibitor SP600125 and the p38 inhibitor SB203580 were purchased from EMD 

Biosciences (La Jolla, CA).  SP600125 was resuspended in 100% DMSO and diluted in 

media.  SB203580 hydrochloride was resuspended in sterile pyrogen free water and 

diluted in media.  Inhibitors were incubated with differentiated human glomerular 

endothelial cells and podocytes for 1 hour prior to challenge with Stx2. 

 

Results 

Each inhibitor alone rescued 10-20% of the Stx2 cytotoxicity in the human glomerular 

endothelial cells (Figures 31 and 32), however they were not able to completely rescue 

the cell death, even in combination (data not shown).  This data suggests that both JNK 

and p38 are involved in Stx2 mediated glomerular endothelial cell death, however other 

signaling pathways are also utilized.  In contrast, neither inhibitor provided any rescue 

from Stx2 induced cell death in the human glomerular podocytes (Figures 33 and 34), 

even in combination (data not shown).  Nevertheless, neither inhibitor is completely 



 349
specific for these signaling pathways, and less broad inhibition is needed to clarify the 

roles of p38 and JNK in Stx2 mediated human glomerular cell death115.
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Figure 38.  Effect of p38 inhibition on glomerular endothelial cytotoxicity. 

Stx2 24 hour human glomerular endothelial cytotoxicity in the presence of the p38 

inhibitor SB203580.  p38 inhibition in this assay does not block Stx2 cytotoxicity. 
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Figure 39.  Effect of JNK inhibition on glomerular endothelial cytotoxicity. 

Stx2 24 hour human glomerular endothelial cytotoxicity in the presence of the JNK 

inhibitor SP600125.  JNK inhibition in this assay partially blocks Stx2 cytotoxicity, 

though it also causes some independent direct cytotoxicity. 
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Figure 40.  Effect of p38 inhibition on glomerular podocyte cytotoxicity. 

Stx2 24 hour human glomerular podocyte cytotoxicity in the presence of the p38 inhibitor 

SB203580.  p38 inhibition in this assay does not block Stx2 cytotoxicity without causing 

independent cytotoxicity. 
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Figure 41.  Effect of JNK inhibition on glomerular podocyte cytotoxicity. 

Stx2 24 hour human glomerular podocyte cytotoxicity in the presence of the JNK 

inhibitor SP600125.  JNK inhibition in this assay does not block Stx2 cytotoxicity, and it 

causes some independent direct cytotoxicity. 
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Appendix IV: The Therapeutic Role of p38 and JNK MAP Kinase Inhibitors 

SB203580 and SP600125 in the Mouse Model of HUS 

Background 

JNK and p38 MAP kinases are activated in some cell types in response to Shiga toxin187.  

Small molecule inhibitors for these MAPK pathways can be used to inhibit their activity 

and determine the roles of p38 and JNK in Stx2 plus LPS induced murine death437.  In a 

ricin mediated model of rat HUS, the p38 MAPK inhibitor FR167652 reduced serum 

cytokine levels, renal failure, and microangiopathy induced by intravenous ricin 

administration187.  If effective, these p38 inhibiting compounds may be useful as 

therapeutics for human HUS. 

 

Methods 

The JNK inhibitor SP600125 and the p38 inhibitor SB203580 were purchased from EMD 

Biosciences (La Jolla, CA).  SP600125 was resuspended in 100% DMSO and diluted to 

30% DMSO in water.  SB203580 hydrochloride was resuspended in sterile pyrogen free 

water.  Mice were injected with Stx2 and LPS as previously described.  Mice were 

pretreated with the inhibitors for 24 hours prior to the administration of Stx2 plus LPS, 

and given 9 mg/kg SB203580 every 24 hours and 15 mg/kg SP600125 every 12 hours.  

Injections were 100 μL total volume for each inhibitor. 
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Results 

Neither inhibitor alone or in combination had any effect on the lethality observed 

following Stx2 plus LPS administration to the mice (Figures 35, 36, and 37).   
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Figure 42.  Effect of p38 inhibition on Stx2 plus LPS mouse lethality. 

Stx2 plus LPS induced murine lethality with co-administration of 9 mg/kg/day 

SB203580.  Very little difference in timing, and no difference in overall lethality was 

observed compared to water control. 



 357

0

1

2

3

4

5

6

7

0 12 24 36 48 60 72 84 96 108 120 132

Hours Post Stx2/LPS

S
ur

vi
vi

ng
 M

ic
e

Control SP600125 (30 mg/kg/day)
 

Figure 43.  Effect of JNK inhibition on Stx2 plus LPS mouse lethality. 

Stx2 plus LPS induced murine lethality with co-administration of 30 mg/kg/day 

SP600125.  Very little difference in timing, and no difference in overall lethality was 

observed compared to DMSO control. 
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Figure 44.  Effect of p38 and JNK inhibition on Stx2 plus LPS mouse lethality. 

Stx2 plus LPS induced murine lethality with co-administration of 30 mg/kg/day 

SP600125 and 9 mg/kg/day SB203580.  Very little difference in time to death, and no 

difference in overall lethality was observed compared to DMSO and water controls. 
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