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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 

 
 
Urinvägsinfektion är en av de vanligaste förekommande bakteriella infektionerna 
hos människan och orsakas av att mikroorganismer etablerar sig i urinvägarna som 
i normala fall är en steril miljö. Patogena (sjukdomsalstrande) stammar av 
Escherichia coli (E. coli) kallas med ett samlingsnamn uropatogena E. coli (UPEC) och 
ger upphov till ca 80 % av alla urinvägsinfektioner. Sjukdomsförloppet inleds 
vanligtvis genom att UPEC koloniserar urinrörets mynning för att därefter migrera 
upp genom urinröret till urinblåsan där de orsakar blåskatarr (cystit). Vissa UPEC 
stammar kan även vandra vidare upp och infektera njurarna vilket leder till 
njurbäckeninflammation (pyelonefrit). Detta är ett allvarligt tillstånd som före 
antibiotikans tidevarv hade en dödlighet på runt 15 %. Urinvägarna är täckta med 
en slemhinna som fungerar som en barriär men har också visat sig spela en aktiv 
roll vid bekämpningen av infektioner. Epitelcellerna bildar slemhinnans yttersta 
lager och är de celler som först kommer i kontakt med UPEC vid en infektion. För 
att kunna binda in till värdcellerna har UPEC utskott på sin yta som kallas fimbrier. 
Inbindning till urinvägsepitelet är viktigt eftersom bakterierna annars riskerar att 
sköljas ut med urinen. Förekomsten av bakterier i blåsan gör att epitelcellerna 
aktiveras och signalmolekyler, som kallas cytokiner, frisätts. Detta leder till att ett 
komplicerat vävnadsförsvar aktiveras.  
   En viktig komponent av immunförsvaret innefattar gasen kväveoxid (NO) som 
bildas av ett enzym som kallas kväveoxidsyntas (NOS). Målet med min avhandling 
har varit att försöka klargöra varför NO bildas vid en urinvägsinfektion och hur 
UPEC reagerar vid NO exponering. NO är en viktig komponent av 
immunförsvaret och har visat sig ha antimikrobiella effekter på en rad olika 
bakterier. Enzymet NOS finns i tre olika isoformer, varav två är konstitutivt 
(ständigt) aktiverade samt ett som är inducerbart (iNOS) och är det som aktiveras 
vid vävnadsförsvar. Effekten av NO är beroende på mängden som bildas samt på 
hur NO reagerar med omgivande molekyler. Studier har visat att NO 
koncentrationen i urinblåsan stiger kraftigt vid en urinvägsinfektion. Man har även 
sett att epitelceller har förmågan att aktivera iNOS vid urinvägsinfektion i möss. 
NO produceras inte enbart från våra celler utan bakterier som kan leva i syrefattiga 
miljöer såsom E. coli bildar även NO som en biprodukt från nitrat. Detta innebär 
att E. coli stammar generellt är i behov av enzym som oskadliggör NO, och dessa 
enzymer kan även användas att skydda patogena bakterier som utsätts för NO via 
immunförsvaret. Ett exempel på ett sådant enzym är flavohemoglobin (Hmp).  
   Vi undersökte om UPEC har utvecklat en bättre motståndskraft mot NO än 
icke-patogena E. coli stammar. Förmågan att överleva NO-exponering har 
studerats genom att tillsätta en NO-donator, DETA/NO, i odlingsmediet till 
bakteriekulturer av UPEC stam J96 och en icke-patogen stam HB101 och därefter 
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undersöktes överlevnaden av bakterierna. Resultaten visade att J96 var mindre 
känslig för NO än HB101. Därefter undersöktes hur NO känsligheten påverkades 
då vi konstruerade en mutant av J96 (J96∆hmp) som saknade genen för Hmp, och 
därför inte kan tillverka detta enzym. Det visade sig att J96∆hmp var både mer 
känslig för NO och sämre på att etablera sig i urinvägarna hos möss i jämförelse 
med J96. Uttrycket av hmp-genen visade sig vara högre i UPEC från urinprover 
som samlats från patienter med urinvägsinfektion jämfört med när samma 
bakterier fick växa i kontrollurin. Detta tyder på att ökat uttryck av Hmp skulle 
kunna vara en viktig skyddsmekanism för bakterierna under en pågående 
urinvägsinfektion. För att studera iNOS uttryck på cellulär och molekylär nivå 
användes odlade epitelceller från human njure. Det visade sig att stimulering med 
cytokiner, men inte med UPEC, ledde till iNOS uttryck och NO produktion. En 
möjlig orsak till att bakterier i sig inte stimulerar NO produktion är att 
njurepitelceller kan behöva aktivera skyddande system innan cellerna själva börjar 
producera NO. NO visade sig även minska interaktionen mellan P-fimbrierade 
UPEC och epitelceller. Eventuellt skulle en funktion av NO-produktion från 
urinvägsepitel kunna vara att begränsa etableringen av bakterier genom att störa 
inbindningen. NO påverkar inte bara bakterier utan kan även vid hög och 
okontrollerad produktion, såsom vid en infektion, skada kroppsegna celler. Vi fann 
att njurepitelceller bildade ett enzym, hemoxygenas-1 (HO-1) då de exponerades 
för NO. HO-1 hade en skyddande effekt genom att minska NO-produktion från 
cellerna samt genom att minska skador som uppkom vid NO exponering.  
   Mer information om virulensegenskaper hos UPEC skulle kunna leda till att nya 
läkemedel utvecklas vilket är ytterst angeläget då traditionella antibiotika genom 
resistensutveckling riskerar att bli verkningslösa i framtiden. UPEC har utvecklat 
mekanismer som skyddar mot NO och en ny strategi skulle kunna vara att inhibera 
Hmp eller liknande skyddssystem, för att på så sätt öka den antimikrobiella 
effekten av NO.  
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1. INTRODUCTION 
 
 
 
1.1  BACTERIA-HOST INTERACTIONS 
 
 
Like other higher organisms, humans have evolved in the continuous presence of 
various microbes such as bacteria, fungi and viruses. A complex and dynamic 
collection of bacteria colonize our bodies without causing any symptoms, many 
being beneficial or even vital for survival. The human body is exposed to bacteria 
at four major mucosal linings including the skin, the gastro-intestinal tract, the 
airways and the urogenital tract (Madigan et al. 2000). The mucosal layer was 
traditionally considered simple a mechanic barrier that kept bacteria from entering 
the body. Now, however, it has become clear that the mucosal linings have 
important and complex functions and are an important part of the innate immune 
response (Aldridge et al. 2005). Whether bacteria are pathogenic or non-pathogenic 
is to some degree dependent on how our immune system responds to the 
particular bacterium (Merrell and Falkow 2004). Bacteria–host interactions that 
result in detectable symptoms (eg. disease) may even be considered to be a result 
of unsuccessful interactions where the pathogen triggers a host response 
detrimental to both parties (Aldridge et al. 2005). Commensals on the other hand 
have evolved potentially more successful strategic mechanisms for persisting 
without causing an overt host response.  
   The bacteria and host have different survival strategies. Multi-cellular organisms 
such as humans have a complex immune system consisting of highly diverse sets 
of molecular and cellular effectors. The bacteria on the other hand have an 
advantage in numbers with a short generation time. Nitric oxide (NO) is a free 
radical gas released from host cells in response to infection and is a key player of 
innate immunity (Bogdan 2001). The strategies of pathogens for protection against 
NO include interfering with host cell NO synthesis, and production of enzymes 
for NO detoxification (Nathan and Shiloh 2000). Reduced adherence and uptake 
of Pseudomonas aeruginosa to iNOS expressing bronchial epithelial cells have been 
demonstrated (Darling and Evans 2003). Entero-pathogenic Escherichia coli (E. coli) 
was shown to inhibit NO production from intestinal epithelial cells (Maresca et al. 
2005). Citrobacter rodentium was shown to avoid adherence to NO producing 
intestinal epithelial cells (Vallance et al. 2002). Helicobacter pylori inhibits NO 
production by metabolizing the substrate needed for enzymatic NO production 
(Gobert et al. 2001). The importance of microbial NO detoxification has been 
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established in a wide variety of pathogens including Salmonella, Mycobacterium, 
Candida albicans and E. coli (Pathania et al. 2002; Stevanin et al. 2002; Ullmann et al. 
2004; Richardson et al. 2006; Stevanin et al. 2007).  
 
 

         
 
Figure 1. Bacteria-host interaction. Type 1 fimbriated E. coli adhering to bladder 
epithelium of C57/BL6 mice. A. Scanning electron micrograph, bar=3 µm B. and high 
resolution electron micrograph, bar=0.5 µm. Picture adapted from (Mulvey et al. 2000) and 
reprinted with permission from PNAS. Copyright (2000) National Academy of Sciences, U.S.A. 
 
 
Urinary tract infection 
Urinary tract infection (UTI) refers to the presence of pathogens in the urinary 
tract and is considered to be the most commonly occurring bacterial infection in 
humans. Uropathogenic E. coli (UPEC) causes more than 80 % of UTIs, followed 
by Klebsiella, Enterobacter, Proteus and Staphylococcus (Ronald 2003). The presence of 
pathogens, but no symptoms, is a common carrier stage defined as asymptomatic 
bacteriuria (ABU). Symptomatic bacteriuria includes infection of the bladder 
(cystitis) and kidneys (pyelonephritis). UTI is generally an ascending infection 
where the bacteria migrate from the natural reservoir in the colon and colonize the 
perineum and the periurethral area and access the urinary tract from the urethra 
(Figure 2). Information regarding the specific mechanisms of how UPEC can 
migrate from the intestinal tract to the urinary tract is lacking, but has been 
suggested to involve known virulence factors (Xie et al. 2006). UPEC use an array 
of virulence factors for adhesion, colonization, invasion, survival and host damage 
(Kaper et al. 2004). Adherence of bacteria to host receptors is mediated by bacterial 
filamentous surface organelles termed fimbriae (Johnson 1991). Fimbria is also 
involved in activation of the inflammatory response where the release of pro-
inflammatory mediators causes a recruitment and activation of inflammatory cells 
(Hedlund et al. 1999). 
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   Bacterial colonization of the bladder results in cystitis with local symptoms such 
as dysuria, frequency and urgency of urination. Pyelonephritis is a much more 
severe state that gives systemic symptoms of flank pain, nausea, fever, malaise and 
an increased risk for irreversible kidney damage and renal failure. Women are more 
prone to be affected by this disease. Reasons are primarily anatomical, including 
the closer distance between the rectum and the urethra as well as the surrounding 
milieu making it easier for pathogens to access the female urinary tract. It is 
estimated that one out of three women will suffer from a UTI before the age of 24 
years, and almost half of all women will experience one UTI during lifetime. These 
numbers highlight the medical and financial consequences of UTI for society 
(Foxman 2002). Another important issue is the increase in antibiotic resistance 
(Gupta 2003) which motivates research on alternative and more specific ways of 
managing UTI. 
        

 
Figure 2. Pathogenesis of UTI caused by UPEC. The faecal-perineal-urethral 
hypothesis has been widely recognised to explain the ascending UTI. Bacterial colonization 
triggers a rapid host response where the uroepithelial cells release pro-inflammatory 
cytokines resulting in a rapid influx of inflammatory cells, mainly polymorphonuclear 
(PMN) cells. Apoptosis and exfoliation of bladder epithelial cells occur in order to clear the 
urinary tract of the attacking UPEC. Reprinted by permission from Macmillan Publishers Ltd: 
Nature reviews Microbiology, (Kaper et al. 2004), copyright (2004). 
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1.2  NITRIC OXIDE  
 
 
Despite the structural simplicity of NO it has a complex chemistry and is one of 
the few known gaseous signalling molecules. NO became a well-known even 
famous molecule after Furchgott, Ignarro and Murad were rewarded the Nobel 
Prize in Medicine in 1998 “for their discoveries concerning nitric oxide as a 
signalling molecule in the cardiovascular system” (ref HYPERLINK 
http://www.nobel.se). Since the initial discovery that the endothelium-derived 
relaxing factor was NO (Ignarro et al. 1987; Palmer et al. 1987) this intriguing 
molecule has been implicated in a wide variety of physiological functions such as 
neurotransmission, vasodilatation and immune response (Moncada and Higgs 
1993). The chemical properties of NO facilitate its role as a signalling molecule. 
NO is a small, un-charged molecule that can diffuse rapidly across cell membranes 
without the need of a transport system or receptor on the target cell in order to 
activate intracellular processes (Denninger and Marletta 1999). For example, NO 
reacts with the ferrous iron in the heme prosthetic group of the soluble guanylate 
cyclase in smooth muscle cells and increases the concentrations of the second 
messenger cyclic guanosine monophosphate resulting in vascular muscle relaxation 
(Waldman and Murad 1988). Much of NO mediated toxicity depends on the 
formation of secondary intermediates such as peroxynitrite (ONOO-) that is 
typically more reactive than NO itself (Radi 2004).  
 
Nitric oxide synthase  
NO is synthesised by NO synthases (NOS), a family of enzymes that catalyze the 
reduced nicotinamide adenine dinucleotide phosphate (NADPH)-dependent 
conversion of L-arginine and O2 to yield NO and the amino acid L-citrulline 
(Marletta 1993). For full enzymatic activity NOS needs cofactors such as heme, 
flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), 
tetrahydrobiopterin (BH4) and NADPH (Knowles and Moncada 1994).  
   Three isoforms of NOS have been identified in mammals (Alderton et al. 2001). 
Neuronal NOS (nNOS), predominantly expressed in neurons in the brain and 
peripheral nervous system (Boissel et al. 1998), and endothelial NOS (eNOS), 
mainly expressed in endothelial cells (Shaul 2002) are constitutive (cNOS), 
calcium-dependent isoforms. The activation of cNOS occurs rapidly by stimuli 
that increases intracellular calcium levels such as the arrival of an action potential at 
a nerve ending, or activation of muscarinic receptors on endothelial cells (Moncada 
et al. 1991). The inducible isoform of NOS (iNOS) has calmodulin tightly bound at 
all times and is not dependent on changes in the intracellular calcium levels (Cho et 
al. 1992; Coleman 2001). iNOS is generally not expressed under normal conditions 
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but can be induced in response to pro-inflammatory cytokines and 
lipopolysaccharide (LPS) (Nussler et al. 1992). The iNOS protein can produce NO 
until the enzyme becomes degraded (MacMicking et al. 1997; Geller and Billiar 
1998). The control of expression and mRNA stability seem to be the main 
regulatory mechanisms for iNOS levels. Regulation of iNOS appears to be cell and 
species specific. Murine cells generally express iNOS in response to LPS or 
cytokines such as interferon-γ (IFN-γ), interleukine-1β (IL-1β), tumor necrosis 
factor-α (TNF-α) or IL-6, while most human cells require a combination of 
cytokines such as IFN-γ, IL1-β and TNF-α (Poljakovic et al. 2002). Cytokines 
synergize to induce iNOS gene expression via activation of transcriptional factors 
such as NF-κB, AP-1 and IRF-1, thus ensuring maximal transcription from the 
iNOS promoter (MacMicking et al. 1997; Bogdan 2001). iNOS activation results in 
production of large amounts of NO that may last for many hours. iNOS mRNA 
expression can also be negatively regulated by cytokines such as TGF-1β and IL-4 
in order to control the inflammatory response once the infection is stabilized 
(Bogdan 2001; Nathan 2002). iNOS protein and activity have been found in 
phagocytic cells as well as in other cells participating in the inflammatory processes 
such as epithelial and endothelial cells, fibroblasts, hepatocytes and keratinocytes 
(Nathan 1992). When the concentrations of substrate or BH4 become limiting 
(below saturation of the enzyme) iNOS may generate both NO and superoxide 
anion (O2-) which combine and form peroxynitrite (Xia and Zweier 1997; Stuehr et 
al. 2001).  
 
NOS-independent NO production 
NOS-independent NO production often originates from nitrite, or indirectly from 
nitrat as a result of reduction to nitrite by commensal bacteria. The two major 
sources of nitrate are the diet and the NOS-pathway, where NO is oxidized to 
nitrate in the blood and tissues (Moncada and Higgs 1993; Lundberg et al. 2004). 
Facultative anaerobic and aerobic bacteria found on mucosal surfaces often 
expresses nitrate reductases that allow the bacteria to utilize nitrate as an electron 
acceptor resulting in nitrite formation during oxygen-limiting conditions (Cole 
1996). In mammals NOS-independent NO production may be produced from a 
number of different sources including the stomach, oral cavity, skin and bladder 
(Lundberg et al. 2004). Nitrate is generally excreted in the urine but a large part is 
reabsorbed and accumulated in the salivary glands (Lundberg and Govoni 2004), 
where the oral flora reduces nitrate to nitrite (Duncan et al. 1995). NO release in 
the stomach may have antimicrobial effects and may protect against ulcers by 
inhibiting Helicobacter pylori (Dykhuizen et al. 1998). The urinary nitrite 
concentration is normally low but infected urine contains nitrite as a result of 
bacterial nitrate reductase activity (Carlsson et al. 2003). Acidified urine has been 
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shown to release NO from nitrite in a pH-dependent manner (Lundberg et al. 
1997). The growth of the common urinary pathogens E. coli, Pseudomonas aeruginosa 
and Staphylococcus saprophyticus is inhibited by the addition of nitrite to acidified urine 
(Carlsson et al. 2001).  
 
Biochemistry of nitric oxide 
As a relatively non-polar uncharged molecule with an small Stokes radius, NO 
would be predicted to cross membranes easily and studies indicate that the 
diffusion of NO resembles that of oxygen, with the exception that oxygen is more 
lipophilic (Denicola et al. 1996). The diffusion distance of NO from an NO 
releasing cell is relatively large, on the order of 100-200 µm, possibly because 
diffusion of NO is more rapid than its biological actions (Lancaster 1997). The 
relationship between the chemistry and the biological activity of NO is complex, as 
NO reacts in the cellular environment to form reactive species with modified 
activity and functions (Figure 3).  

 
Figure 3. Common NO reactions. Nitric oxide reacts with transition metals such as iron 
(Fe), copper (Cu) and manganese (Mn). Ferrous iron (Fe2+) in the heme moiety of 
hemoglobin is oxidised to ferric iron (Fe3+), forming methemoglobin (MetHb) and nitrate 
(NO3-). NO reacts with superoxide anion (O2-) to form peroxynitrite (ONOO-). In aqueus 
solution, NO reacts with oxygen to form nitrite (NO2-). When NO is oxidised to 
nitrosonium (NO+), thiol-groups can be nitrosated to nitrosothiols. Figure is modified from 
(Hart 1999). 
   
 
Nitrogen and oxygen are neighbours in the periodic table and share several 
properties in common, especially a high affinity for heme and other iron-sulphur 
groups. NO itself is not a powerful oxidation or nitrating agent, but functions 
mostly in reversible interactions with iron-centres, and radical-radical reactions to 
form other more reactive compounds (Radi et al. 2001). Reactive nitrogen 
intermediates (RNI) includes among others nitrate, nitrite, nitrogen dioxide (NO2), 
NO, nitrogen tetroxide (N2O4), S-nitrothiols and peroxynitrite (Nathan and Shiloh 
2000). Reactions of NO in biological systems depend on timing, location and the 

Transition MetalsNitrosothiols

MetHb + NO3
-NO2

- 

PeroxynitriteNO
O2

-

O2 
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rate of its production. NO reacts with oxygen to form NO2, which dimerizes to 
N2O4. N2O4 dismutates spontaneously in water and in buffer to yield mainly nitrite 
with little or no formation of nitrate (Ignarro et al. 1993). In vivo, the major part of 
NO will be oxidised to nitrate by hemoglobin in the blood or tissue (Doyle and 
Hoekstra 1981).  
 
NO in innate immunity 
NO is one of the key players in the innate immunity against infection. Superoxide 
produced by phagocytic NADPH oxidase, combines chemically with NO to 
produce the potent bactericidal substance peroxynitrite (Radi et al. 2001). 
Peroxynitrite rapidly decomposes to the highly-reactive hydroxide radical (OH-) 
and NO2 which cells use to kill a number of different microbes (Chakravortty and 
Hensel 2003). It may seem strange that the body produces such non-specific and 
toxic molecules, but in a multicellular organism the perspective would be to 
sacrifice parts to save the whole organism. NO is produced by immune cells but 
also by many other cell-types including epithelial cells in the gastrointestinal tract, 
airways and the urinary tract (Barnes 1995; Jaiswal et al. 2001; Morcos et al. 2001; 
Mount and Power 2006). The advantage of using NO and NO metabolites as part 
of host response is that the microbe can not readily evade them by dispersing with 
the targets, because the targets are atomic rather than macromolecular. Much like 
broad spectrum antibiotics, NO metabolites are able to target an array of vital 
functions in the bacteria such as cell division and respiration (Fang 2004) (Figure 
4). 
 

                   
 
Figure 4. Reactive nitrogen intermediates and microbial targets. A simplified picture 
of a microbial cell is shown. RNI have been shown to modify DNA, proteins and lipids. 
Reactions with proteins involve thiols (-SH), heme-groups, iron-sulphur clusters (Fe-S), 
aromatic amino acid residues and amines. Figure is modified from (Fang 1997). 
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1.3  ESCHERICHIA COLI  
 
 
E. coli belong to a large family, Enterobacteriaceae, which are facultative anaerobic 
gram-negative rods found naturally in the intestinal tracts of all humans and many 
other animal species. There are several highly adapted E. coli clones that have 
acquired specific virulence attributes resulting in an adaptation to different niches 
within the body. Pathogenic E. coli can be divided into three major pathotypes 
based on general clinical symptoms: enteric/diarrhoeal, sepsis/meningitis and UTI. 
The enteric group includes enteropathogenic E. coli (EPEC), enterohemorrhagic E. 
coli (EHEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EAEC) and 
diffusely adherent E. coli (DAEC) (Kaper et al. 2004). The extraintestinal groups 
include meningitis-associated E. coli (MNEC) and uropathogenic E. coli (UPEC) 
(Kaper et al. 2004). Although they all belong to the same species, a study 
comparing the genomes of a non-pathogenic K-12 strain, an EHEC strain and an 
UPEC strain revealed that less than 40% of their combined set of predicted 
proteins are common to all three stains, underlining the diversity among E. coli 
(Welch et al. 2002). Interestingly, genomes of the pathogen are as different from 
each other as each pathogen is from the non-patogenic strain.  
 
Bacterial virulence in the urinary tract  
Most of the E. coli strains coexist peacefully with the human host as part of the 
commensal flora, while others cause disease. The severity of the UTI is to a certain 
extent reflected by the virulence of the infecting strain. An asymptomatic carrier 
state, denoted asymptomatic bacteriuria (ABU), resembles commensalism and is 
believed to be the result of colonization by a former UPEC strain where certain 
virulence genes have been inactivated as the result of evolutionary force (Klemm et 
al. 2007). When entering the urinary tract, the UPEC will be exposed to a 
multitude of both constitutive and inducible host defence strategies such as the 
bulk flow of urine, antimicrobial molecules secreted from the urothelium and 
influx of inflammatory cells. Analysis of virulence-associated traits expressed in 
two different UPEC strains, together with genomic analysis, suggested that there is 
an obvious genetic and phenotypic variability among UPEC making it difficult to 
describe specific UPEC virulence factors (Brzuszkiewicz et al. 2006). UPEC as well 
as other pathotypes of E. coli differ from non-pathogenic E. coli by the presence of 
virulence factors often associated with large mobile genetic elements called 
pathogenic islands (Brunder and Karch 2000; Oelschlaeger et al. 2002). The 
repertoire of virulence factors present in a specific strain determines the location of 
infection (eg. cystitis or pyelonephritis) and the severity of disease. Common 
virulence characteristics among UPEC consist of bacterial surface structures and 
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secreted proteins and include adhesins, toxins, LPS, capsule and iron acquisition 
systems (Oelschlaeger et al. 2002; Johnson 2003).   
 
Fimbriae-mediated adherence 
Attachment of bacteria to host receptors are mediated by bacterial filamentous 
surface organelles termed pili or fimbiae (Johnson 1991). Adherence is a key event 
for the uropathogen and adhesins initiate the intimate contact needed in order to 
be able to establish the infection (Hagberg et al. 1983). UPEC express a number of 
adherence factors including P, type 1, Dr and S fimbriae (Johnson 1991). Different 
fimbrial types share the overall structure, but differ in receptor specificity 
depending on the molecular properties of the adhesin. Inhibition of pili biogenesis 
by small molecular inhibitors of pili assembly has been suggested to prevent critical 
bacteria-host interactions necessary for UPEC virulence (Pinkner et al. 2006). The 
fimbriae-associated adhesins in UPEC are lectins (carbohydrate-binding proteins) 
which bind to different glycoconjugates displayed by the urothelium (Figure 5). 
The two fimbriae most commonly associated with UPEC are type 1 and P 
fimbriae. The expression is phase variable and typically there is one fimbrial type 
expressed at a time (Nowicki et al. 1984; Snyder et al. 2004) most likely due to 
regulatory cross-talk between the two adhesin operons (Xia et al. 2000; Holden et 
al. 2006). In the early stages of the infection, type 1 fimbriae seems to be important 
for establishment in the bladder by the attachment to mannose moieties of the 
uroplakin receptors on the surface of the bladder uroepithelial cells (Wu et al. 
1996)(Figure 5). Type 1 fimbriae are present on almost all E. coli strains whether 
they are uropathogenic or not (Oelschlaeger et al. 2002). Type 1 fimbriae have been 
shown to increase sloughing of urothelial cells by inducing apoptosis (Mulvey et al. 
1998) and mediate invasion of the urothelium (Martinez et al. 2000). Some 
controversy regarding the function of type 1 fimbriae in host-cell activation still 
exists. Although, type 1 fimbriae were shown to contribute to the pathogenesis of 
E. coli in a mouse UTI model (Connell et al. 1996), type 1 fimbriae failed to 
promote an inflammatory response in a human UTI model (Bergsten et al. 2007).  
   The host cell receptors for P fimbriae are glycosphingolipids that consist of a 
ceramide lipid moiety linked to different externally-oriented oligosaccharide 
structures. The binding specificity is determined by the PapG adhesin located at 
the tip of the fimbrial rod structure (Svenson et al. 1983; Lindberg et al. 1987) 
(Figure 5). Receptors for P fimbriae have been found throughout the human 
kidneys (Karr et al. 1989) and P fimbriae-mediated attachment to the 
oligosaccharide receptors has been shown to induce epithelial cell activation 
(Hedges et al. 1995). P-fimbriated E. coli may activate the toll-like receptor 4 
(TLR4) resulting in transmembrane signalling and induction of a pro- 
inflammatory response where ceramide has been proposed to act as a signalling 
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intermediate (Hedlund et al. 1996; Frendeus et al. 2001). The designation P is based 
on the fact that P-fimbriated UPEC are more associated with pyelonephritis, and 
that the globoseries of glycolipids that act as receptors are antigens in the P blood-
group system. The P fimbriae is encoded by the pap operon containing structural 
genes, papA, E, F, G, H, L and K the usher gene papC, chaperone papD and the 
two regulating proteins encoded by papB and papI (Soto and Hultgren 1999; 
Blomfield 2001). Multiple P fimbriae clusters are common among more virulent 
isolates (Holden et al. 2006). There are four classes of the PapG adhesin 
representing three different isoreceptor binding variants (PapGI, PapGII and 
PapGIII) (Lund et al. 1988; Stromberg et al. 1990). The G adhesin of the papGIA2 
type (class II) dominates among pyelonephritis isolates while the prsGJ96 (class III) 
are more associated with cystitis but less prevalent among clinical isolates 
(Johanson et al. 1993; Marrs et al. 2002).  
 
 
 
                                    

 
       
Figure 5. Fimbriae associated with uropathogenic E. coli. P-fimbriated E. coli bind to 
Galα1-4Galβ-glycosphingolipids displayed on the surface of epithelial cells in the upper 
urinary tract. Attachment of type 1 fimbriae to α-methyl-D-mannosides on glycoproteins 
mediates the early establishment of the infection in the bladder. Reprinted by permission from 
Macmillan Publishers Ltd: Kidney International, (Godaly and Svanborg 2007), copyright (2007). 
 
 
NO-defense mechanisms in E. coli  
During respiration of E. coli and many other bacteria in oxygen-limiting conditions, 
nitrate and nitrite may become the predominant electron acceptors (Cole, 1995). E. 
coli have membrane-associated, periplasmatic and cytosolic nitrate reductases 
(Lundberg et al. 2004). Accumulation of nitrite would be toxic for the bacteria and 
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the two nitrite reductases; NirBD and NrfA metabolize nitrite to ammonia in the 
cytosol and periplasm, respectively. NrfA has been suggested to have a dual role in 
NO-homeostasis as being responsible for NO production (Corker and Poole 
2003), but also in detoxification and protection against nitrosative stress (Poock et 
al. 2002; van Wonderen et al. 2008). The fact that microbes produce NO provides a 
physiological rationale for the bacteria to detoxify NO and NO metabolites. The 
same strategies may also be adapted as defense mechanisms by pathogenic bacteria 
that are exposed to NO from the host response. UPEC have been shown to have 
increased tolerance to nitrosative stress compared to non-pathogenic E. coli strains 
(Bower and Mulvey 2006; Svensson et al. 2006). NO-detoxifying systems such as 
NO dioxygenases or NO reductases, that oxidize or reduce NO to less toxic 
molecules exist in a variety of bacteria (Spiro 2007). E. coli have evolved a diverse 
collection of strategies to defend themselves against damage caused by oxidative 
and nitrosative stress. There are several regulators associated with protection 
against nitrosative stress. These include SoxR, OxyR, Fnr, MetR and Fur though in 
each case the principal function of the regulation is to sense another signal; 
superoxide, hydrogen peroxide, oxygen, homocysteine and iron, respectively 
(Hausladen et al. 1996; Ding and Demple 2000; Cruz-Ramos et al. 2002; 
D'Autreaux et al. 2002; Flatley et al. 2005).  
   Specific antioxidant regulons, like the soxRS (Nunoshiba et al. 1993) and oxyR 
regulons (Hausladen et al. 1996) are involved in response to nitrosative stress. 
SoxRS is a sensor and regulating system of the adaptive response to superoxide 
and nitric oxide and OxyR is a transcriptional regulator of genes induced by 
hydrogen peroxide (H2O2). However, OxyR does not respond to NO per se 
(Hausladen et al. 1996; Justino et al. 2005) but responds to nitrosating agents such 
as S-nitrosoglutathione (GSNO) (Kim et al. 2002). The two major NO-detoxifying 
systems in E. coli are flavohemoglobin (Hmp) and flavorubredoxin (NorV) (Figure 
6). The Hmp functions as a dioxygenase by catalysing the oxidation of NO to 
nitrate by NAD(P)H (Poole and Hughes 2000; Gardner and Gardner 2002). In 
anaerobic conditions, the enzyme may also function as a denitrosylase where NO 
is reduced to nitrous oxide (N2O) (Hausladen et al. 2001). Expression of norV and 
its associated oxidoreductase norW are regulated by the product of the divergently 
transcribed regulatory gene norR (Gardner et al. 2003). The NorV enzyme is 
considered to dominate during anaerobic or microaerobic conditions by reducing 
NO to N2O in the presence of NADH (Gardner et al. 2002; Gardner et al. 2003).  
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Figure 6. NO detoxifying systems in E. coli. Hmp is mainly expressed in aerobic 
conditions where it functions as a dioxygenase that metabolizes NO to nitrate. In anerobic 
or microaerobic conditions the NO reductase NorV converts NO to N2O. Together Hmp 
and NorV are able to function as protection against NO throughout the physiological 
oxygen concentration range. Figure modified from (Gardner et al. 2003). 
 
 
 
Flavohemoglobin 
Hemoglobins are globin proteins that reversibly bind oxygen and exist in 
vertebrate as well as non-vertebrate organisms. Besides oxygen, it has also been 
suggested that hemoglobins are able to transport NO in the form of S-
nitrosothiols (Rassaf et al. 2002). Flavohemoglobins occur in a wide variety of 
bacteria and yeast and consist of an N-terminal heme binding domain integrated 
with a C-terminal flavin binding reductase (Poole and Hughes 2000). The best 
characterized of the bacterial globins is the E. coli Hmp and was the first to be 
cloned and sequenced (Vasudevan et al. 1991). The subcellular localization of Hmp 
is mainly cytoplasmatic (Vasudevan et al. 1995). Despite the high degree of 
conservation among a variety of organisms the function(s) of the Hmp remained 
elusive for a long time. Due to the oxygen-binding properties, it was initially 
proposed as being an oxygen sensor (Poole et al. 1994). The first proof that Hmp 
could be involved in the protection against nitrosative stress was in 1996 when the 
hmp transcription was shown to be up-regulated both aerobically and anaerobically 
in response to NO, sodium nitroprusside, GSNO and other related species (Poole 
et al. 1996). Subsequently, a NO-consuming activity by Hmp was demonstrated 
(Gardner et al. 1998; Hausladen et al. 1998). However, over-production of Hmp is 
linked to oxidative stress due to the production of superoxide and peroxide 
(Membrillo-Hernandez et al. 1996; Mills et al. 2001) suggesting that the expression 
needs to be strictly regulated. Indeed, hmp expression is repressed, both aerobically 
and anaerobically (Poole et al. 1996; Bodenmiller and Spiro 2006) (Figure 7).  
   The regulation of hmp transcription is complex involving the regulator of 
fumarate and nitrate reduction, Fnr (Poole et al. 1996), the methionine regulator, 
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MetR (Membrillo-Hernandez et al. 1999) and nitrite-sensitive repressor (NsrR) 
(Rodionov et al. 2005; Bodenmiller and Spiro 2006). NsrR is the first described 
NO-sensitive transcriptional regulator of hmp and represses hmp expression in the 
absence of NO or nitrite (Bodenmiller and Spiro 2006) (figure 7). The hmp 
promoter is also regulated by MetR. In the absence of homocysteine, MetR binds 
at a site proximal to the hmp-promotor and induces the hmp transcription. A 
mechanism for the up-regulation of the hmp promoter, that most likely is not 
regulated by NO itself, has been proposed in which GSNO nitrosates 
homocysteine and thereby deprives MetR of its co-regulator (Membrillo-
Hernandez et al. 1998) (Figure 7). Although the major activity of Hmp is as a 
dioxygenase, a consistent up-regulation has been shown in response to NO under 
aerobic conditions (Poole et al. 1996; Justino et al. 2005). The global transcriptional 
regulator Fnr regulates E. coli transcription during anaerobic growth and has been 
shown to repress hmp transcription (Poole et al. 1996) (Figure 7).  
 
           
 

 
Figure 7. Regulators of hmp-gene expression in E. coli. Schematic illustration of the 
intergenic region between the divergently transcribed glyA and hmp genes. Nitrosation of 
homocysteine depletes cellular levels of homocysteine and its preferential binding to MetR 
causing activation of hmp-transcription. NsrR is a transcriptional repressor of hmp 
containing a NO-labile [Fe-S] cluster involved in the deactivation of NsrR. Fnr regulates E. 
coli transcription during anaerobic growth and represses hmp transcription. Figure is modified 
from (Bodenmiller and Spiro 2006). 
 
 
 
The relevance of Hmp for NO-protection was shown when hmp-deficient mutants 
were more sensitive to NO and nitrosative stress (Gardner et al. 1998; Membrillo-
Hernandez et al. 1999). The importance of Hmp as a mechanism for protection 
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from NO-mediated killing by human macrophages has so far been shown in 
Salmonella enterica and non-pathogenic E. coli (Stevanin et al. 2002; Stevanin et al. 
2007). NO exposure in anaerobic conditions resulted in a more severe growth 
arrestment for a double hmp and norV- deficient mutant compared to the individual 
mutants (Justino et al. 2005). In vitro microarray studies have been performed of E. 
coli transcriptome in response to different conditions such as aerobic/anaerobic, 
complex or defined media or different strategies to induce nitrosative stress. 
Exposing bacteria to acidified nitrite, GSNO, NO solution, showed that the hmp 
and also norVW transcripts were up-regulated by the experimental treatments in all 
four studies (Mukhopadhyay et al. 2004; Flatley et al. 2005; Justino et al. 2005; 
Pullan et al. 2007). In a mouse experimental UTI model, hmp was among the top-50 
genes up-regulated (Snyder et al. 2004). Interestingly, the same study showed a 3-
fold increase in hmp transcript when bacteria were grown in urine relative to 
growth in rich media. Moreover, increased transcription of hmp and norV was 
reported in an ABU strain from three patients based on microarray analysis (Roos 
and Klemm 2006). These findings suggest a potential involvement of Hmp in 
protecting UPEC against nitrosative stress during a UTI. 
 
 
 
1.4    HOST RESPONSE IN THE URINARY TRACT 
 
 
The urothelium is a specialized epithelial lining of the urinary tract, extending from 
the renal pelvis to the urethra. The urothelium is composed of at least three layers; 
a basal layer attached to the basement membrane, an intermediate layer, and a 
superficial layer composed of large hexagonal umbrella cells forming a firm carpet 
of highly differentiated epithelial cells (Lewis 2000) (Figure 8). The apical surface 
of the umbrella cells is folded, the cells are connected with tight junctions and 
covered with scallop-shaped plaques consisting of uroplakin-proteins (Lewis 2000). 
In contrast, the epithelial cells lining the kidneys are mainly organized in one cell 
layer where the renal tubular cells function as a filter unit with complex transport, 
metabolic and endocrine function (Chromek and Brauner 2008).   
   The uroepithelial cells constitute a mechanical barrier for protection against 
infection and have also been shown to play an active role in producing a wide 
variety of antimicrobial molecules (Saemann et al. 2007; Chromek and Brauner 
2008)(Figure 8). A number of mucosal antimicrobial molecules are constitutively 
produced by the epithelial cells in the urinary tract. Secretory mucosal antibody 
IgA has been demonstrated to be present in urine of healthy individuals 
(Bienenstock and Tomasi 1968). Tamm-Horsfall protein is the most abundant 
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protein in urine produced by renal tubular cells and is suggested to have immune-
regulatory functions as well as the ability to inhibit adhesion of type 1-fimbriated 
bacteria (Pak et al. 2001; Weichhart et al. 2005).  
   Uroepithelial cells are the first cells to make contact with invading bacteria. The 
inflammatory response can be triggered by a direct interaction of the pathogen 
with epithelial cells (Figure 8). Pattern recognition receptors such as TLRs are 
expressed on many cells of the innate immune response including epithelial cells 
(Basset et al. 2003). The presence of TLR4 on human bladder epithelial cells 
enables the urothelium to rapidly respond to LPS. Activation of TLR4 initiates a 
complex cascade of signalling transduction, resulting in the degradation of NF-κB 
inhibitor I-κB and in activation of transcription of pro-inflammatory genes (Basset 
et al. 2003). A rapid release of the antimicrobial cationic peptide cathelicidin is 
important for maintaining the integrity of the urinary tract (Chromek et al. 2006). 
Activated uroepithelial cells also produce various cytokines such as IL-6 and IL-8 
that result in the recruitment of cells of the innate immune response to the site of 
the infection (Khalil et al. 1997; Svanborg et al. 1999). UPEC-induced host 
activation has been associated with fimbriae expression and P- or type 1-fimbriated 
E. coli were shown to induce IL-6 and IL-8 production (Samuelsson et al. 2004). 
IL-6 is regarded as a pro-inflammatory and immunomodulatory cytokine and may 
be involved in the transition from a neutrophilic to a monocytic response (Hurst et 
al. 2001) but its precise role during a UTI is still unknown. IL-6-deficient mice 
showed increased mortality and increased bacterial load in the kidneys compared to 
wild-type mice when infected with a UPEC strain (Khalil et al. 2000). The clearance 
of bacteria is primarily through the action of inflammatory cells, particularly by 
PMN cells (Haraoka et al. 1999). In a murine UTI model using IL-8 receptor 
deficient mice the neutrophils were trapped under the mucosal lining unable to 
reach and destroy the invading bacteria thus resulting in acute bacteremic 
pyelonephritis and renal scaring (Hang et al. 2000; Svensson et al. 2005).   
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Figure 8. UPEC-induced host activation of the urothelium. Attachment is the first 
step of pathogenesis of UTI. When bacteria adhere to the host tissue, the uroepithelium is 
triggered to release IL-6 and IL-8 followed by recruitment and activation of inflammatory 
cells. The uroepithelium may also play an active role in limiting bacterial growth by 
secretion of antimicrobial molecules such as cathelicidin, defensins and NO. The right side 
of the figure shows exfoliation of bladder epithelial cells in order to eradicate the adhering 
bacteria. Reprinted with permission from Oxford University Press, Neprology Dialysis Transplantation,  
(Saemann et al. 2007), copyright (2008).  
 
 
 
NO-production in response to UTI 
UTI patients have elevated urinary nitrite levels and iNOS expression in urinary 
pellet compared to healthy controls (Smith et al. 1996). Augmented iNOS 
expression has been detected in human neutrophils during bacterial UTI (Wheeler 
et al. 1997). Gaseous NO levels have been documented to increase in the bladder 
of patients suffering from UTI (Lundberg et al. 1996). Increased iNOS expression 
in rat kidney tubules has also been shown in the early stages of E. coli-induced 
ascending pyelonephritis (Kabore et al. 1999). The neutrophils up-regulate iNOS 
early in the infection (Wheeler et al. 1997; Poljakovic et al. 2001) while induction of 
iNOS in the urothelial cells is delayed and attributed to cytokines secreted by 
infiltrating inflammatory cells (Poljakovic et al. 2001; Poljakovic et al. 2002). The 
numerous documentations of increased iNOS expression and NO production 
during UTI suggest that NO may be an important mediator in the host response. 
However, NO does not appear to be part of the first line of host response in UTI 
(Mysorekar et al. 2002). If iNOS-derived NO has antibacterial effects in UTI, 
iNOS-deficient mice would be expected to be more susceptible to infection than 
the wild-type mice. However, in murine models E. coli-induced UTI showed that 
iNOS-deficient and wild-type mice were equally susceptible to bacterial 
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colonization of bladder and kidneys (Jones-Carson et al. 1999; Poljakovic and 
Persson 2003). 
 
iNOS and HO-1 
The heme oxygenase (HO) system catalyzes the rate-limiting step in heme 
degradation, producing equimolar amounts of biliverdin, CO and iron (Tenhunen 
et al. 1968; Maines 1997). Two main isoforms have been characterized; an inducible 
isoform, HO-1 and a constitutive isoform, HO-2 (Maines 1997). The HO-1 is 
ubiquitously expressed in mammalian tissues and is an important mediator in the 
modulation of adaptive and protective responses in renal injury (Agarwal and Nick 
2000). The products released by the HO reaction have anti-inflammatory and anti-
apoptotic properties (Otterbein et al. 2003). HO-1 is up-regulated in response to 
heme, oxidants, LPS, pro-inflammatory cytokines and other stressors, many of 
which also stimulate iNOS expression (Sikorski et al. 2004). RNI also induce HO-1 
expression and NO itself is a potent inducer of HO-1 (Motterlini et al. 2002). 
Studies on porcine renal epithelial cells demonstrate that priming cells with low 
concentrations of NO cause protection against subsequent higher NO 
concentrations and that HO-1 may be responsible for the protection (Chen et al. 
2004). Increased HO-1 expression has been documented to limit NO production 
in human intestinal, porcine and rat kidney cells (Datta et al. 1999; Cavicchi et al. 
2000; Chen et al. 2004). 
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1.5    AIMS 
 

 
 

I. To compare the nitric oxide (NO)-tolerance of uropathogenic E. coli 
(UPEC) and non-pathogenic E. coli strains, and to examine the 
involvement of the NO–detoxifying enzyme flavohemoglobin. 

 
 
II. To examine the significance of flavohemoglobin and flavorubredoxin 

in protecting UPEC against nitrosative stress in vitro and in urinary 
tract infection (UTI). 

 
 

III. To investigate the effect of NO on adherence of P-fimbriated E. coli 
strains to human kidney epithelial cells. 

 
 
IV. To investigate the effect of different strains of UPEC and 

proinflammatory cytokines on the inducible NO synthase (iNOS) 
response in human kidney epithelial cells. 

 
 
V. To investigate whether UTI-associated stimuli regulate heme 

oxygenase-1 (HO-1) expression in human kidney epithelial cells and 
to asses the significance of HO-1 in protecting uroepithelial cells 
against NO-induced damage. 
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2. METHODOLOGICAL CONSIDERATIONS 
 
 
 
2.1   BACTERIA 
 
 
Reference strains 
HB101 and DH5α: non-pathogenic E. coli K-12 derivates. HB101 is phenotypically 
negative for P- and type 1 fimbiae (Svensson et al. 2003). 
 
Clinical isolates 
AD110: cystitis isolate of serotype O6:K2:H1 (Vandie et al. 1983). IA2: isolate 
from a female patient with acute UTI of serotype O6:H- (Clegg 1982). J96: 
pyelonephritis isolate of serotype O4:K6:H+ (Hull et al. 1981). 
 
Recombinant strains and constructs 
LS001: HB101 harbours the pBR322 with the hmp-gene from HB101 cloned into 
the BamH1/EcoR1 site. The hmp-gene is under its native promoter. 
AAEC191pKL4: AAEC191(fim-) carries the entire fim-gene cluster from E. coli 
PC31 in the tet site of pBR322 (Klemm et al. 1985). HB101pPIL-75: HB101 
harbours the pPIL110-75 that carries the AD110 pap DNA sequence (Vandie et al. 
1983). J96∆hmp: hmp-deficient J96 mutant. J96∆hmp:km: hmp-deficient J96 mutant 
containing the kanamycin-resistance cassette. J96∆norV: norV-deficient J96 
mutant. 
 
Single-gene deletion 
Deletion mutants were constructed using homologous recombination and the FLP 
recombinase (Datsenko and Wanner 2000). The hmp and norV deficient mutants 
were constructed from wild type (wt) J96 using published primers (Baba et al. 
2006). This method does not require the creation of a gene disruption on a suitable 
vector before recombining it onto the chromosome. Instead, a linear PCR product 
from a selectable resistance cassette flanked with homology extension of the target 
gene is transformed into the bacteria, and recombination is accomplished by a 
plasmid encoded λ-Red recombination system. After selection the resistance gene 
can be eliminated using a helper plasmid expressing the FLP recombinase. 
Plasmids carry temperature sensitive replicons and can be cured by growth at 37ºC. 
Mutations were verified using colony PCR with hmp/norV- specific primers. In the 
mouse UTI model, the kanamycin resistance cassette was not removed in order to 
be able to separate wild-type from hmp-deficient mutant (J96∆hmp:km). The hmp 
gene is a monocistonic transcript making polar effects and unrelated phenotypes 
unlikely and therefore complementation of the hmp-mutant was not attempted. 
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Bacterial growth conditions 
Bacteria were cultured on tryptic soy agar (TSA) plates, luria broth (LB) or in 
pooled human urine with appropriate selection when needed. Urine samples were 
collected and pooled from 3 to 5 healthy female volunteers aged 25-50, with no 
history of UTI or antibiotic use in the prior 2 months. The urine was sterilized 
using filters with 0.22 µm pore size and stored at -20ºC for use within two weeks. 
 
 
 

2.2   CELL CULTURE AND ANIMAL MODEL 
 
 
Cell culture model  
The human kidney epithelial cell line A498 (ATCC HTB-44) has been used 
frequently for in vitro studies of UPEC-induced host-defense in epithelial cells 
(Godaly et al. 1997). A498 cells are known to express functional glycosphingolipid 
receptors for P fimbriae and have previously been used for functional bacterial 
adhesion studies (Svensson et al. 2003). Moreover, A498 cells have the ability to 
express iNOS mRNA and protein, and to produce NO (Poljakovic et al. 2003).  
 
Mouse UTI model  
Murine UTI models are well established for investigation of ascending UTI. Mice 
have vesicoureteral reflux (Hagberg et al. 1983) and express Galα1-4Galβ 
containing glycolipids (Lyerla et al. 1986). In order to minimize the impact of 
mouse-to-mouse variations in our experimental setting, a well established 
competition model (Redford et al. 2003; Johnson et al. 2006; Haugen et al. 2007) 
was used to investigate the urinary tract colonizing ability of J96 compared to 
J96∆hmp:km. Competition models also reduce the number of animals needed 
compared to single-infection models. 

Female C3H/HeN mice at 10-12 weeks of age were used. Three days before the 
infection, urine samples were collected and examined for bacterial growth and 
leukocyte content. Animals with > 50 x 104 leukocytes/ml in urine samples or with 
a positive bacterial culture were excluded from the experiment. Under isofluran 
anaesthesia, 100 µl of the mixed bacterial suspension (J96wt and J96∆hmp:km in 
proportion 1:1) was instilled into the bladder using a soft polyethylene catheter. 
Urine was collected and animals were sacrificed by cervical dislocation at 6, 12, 24 
and 48 hours post-infection. Bladder and kidney were aseptically harvested and 
homogenized in phosphate-buffered saline (PBS) using sterile 1.5 ml 
homogenisation tubes. Serial dilutions were spread on TSA plates for 
determination of bacterial load. The ratio of the two test strains 
(J96∆hmp:km/J96wt) in post-mortem tissue-homogenates (out-put ratio) was 
adjusted for the test strains ratios in the inoculum suspension (input ratio) to 
calculate the competitive index (CI) for each sample. Strain identity in post-
mortem colonies was verified using colony PCR with hmp specific primes. 
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The experimental protocol was approved by The Animal Ethics Committee of 
the Linköping University, Sweden. 
 
Measurement of NO  
NO is rapidly converted to more stable end products and in water and buffers the 
main end product is nitrite (Ignarro et al. 1993). NO production was determined 
indirectly as nitrite in cell culture supernatants or in urine. For cell culture 
experiments Dulbecco’s Modified Eagle’s Medium was used since this medium 
contains small amounts of nitrite (<1 µM) compared to other cell culture media. 
Much of the circulating nitrate from dietary sources is eventually excreted in the 
urine (Lundberg et al. 2008). To be able to measure nitrite associated with NO 
production from the host defense rather than nitrite derived from bacterial 
conversion of urinary nitrate, the mice were fed a nitrite/nitrate free diet starting 
one week before the infection. The nitrite concentrations were compared to a 
standard curve of sodium nitrite with a lower detection limit of 1 µM nitrite.  
 
 
 
2.3   BACTERIAL RESPONSE TO NO 
 
 
Bacterial viability  
DETA/NO (DETA/NONOate, (2, 2'-(hydroxynitrosohydrazono)bis-ethanimine) 
is a NO-donor belonging to the family of diazeniumdiolates. DETA/NO 
spontaneously dissociates in a pH-dependent, first-order process with a half-life of 
20 hours at 37°C, pH 7.4 (Keefer et al. 1996). The addition of 0.5 mM DETA/NO 
corresponds to ∼ 1 µM NO, and a continuous NO delivery is achieved for 24 
hours, as demonstrated during cell culture conditions (Gegg et al. 2003). The 
advantages with  DETA/NO as a NO-donor is that the decomposition does not 
require initial biotransformation (Hanson et al. 1995), and that it is considered to be 
a rather pure NO donor. The NO producing capacity of iNOS is generally 
considered to be within the µM range (Laurent et al. 1996). In our experiments, 
bacteria were exposed to DETA/NO in the exponential growth phase in order to 
mimic the clinical situation where the host response, including the urinary flow, 
may prevent bacteria from reaching the stationary growth phase (Norden et al. 
1968). Bacteria were exposed to DETA/NO statically in closed vials in order to 
keep the milieu less aerobic. Bacterial viability was determined by serial dilution 
plated on TSA plates. Following over night culture at 37ºC, plates with bacterial 
colonies were scored and bacterial numbers (CFU/ml) determined after 
adjustment for the dilution factor.  
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Hmp and norV expression  
For in vitro evaluation of hmp and norV expressions real-time and reverse-
transcriptase PCR were used. Urine samples were collected from 39 female UTI 
patients. Urine was transferred to a tube containing RNAprotect Bacteria Reagent, 
mixed and kept at 4ºC. RNA extraction was performed using Qiagen RNeasy 
minikit with a 1 hour on-column DNAse treatment. Reactions were carried out by 
two-step real-time PCR using SYBR Green assay in an ABI 7500 thermocycler. 
Each run was completed with a melting curve. All samples were run in duplicates 
or triplicates and DNA contamination was evaluated in reactions without the 
reverse transcriptase and non-template controls were included as negative controls. 
Since DNA contamination was detected in all samples standard methods where 
gene expression is correlated to an internal control such as 16S could not be 
performed. As an alternative, samples were adjusted for DNA background by 
subtracting mean cycle threshold (Ct) of the sample without reverse transcriptase 
from the corresponding sample. The cycle threshold is the number of cycles 
required for the fluorescent signal to exceed the background level. Ct levels are 
inversely proportional to the amount of target nucleic acid in the sample. Samples 
that did not differ significantly from the DNA background control were not 
evaluated. Fold increase in in vivo samples, compared to in vitro samples, was 
calculated as 2∆Ctin vivo/ 2∆Ctin vitro.  

The clinical study was approved by the Medical Ethics Committee of the 
Linköping University, Sweden. Informed consent was obtained from all patients. 
 
NO consumption and respiration rate 
NO consumption studies were performed to investigate possible differences in the 
NO-detoxifying capacity between the wild-type and mutant strains. Inhibition of 
respiration is a well known effect of NO (Stevanin et al. 2000; Hernandez-Urzua et 
al. 2003; Flatley et al. 2005). Concentrations of dissolved oxygen and NO were 
simultaneously measured using a Clark-type polarographic oxygen electrode system 
in combination with an ISO NOP sensor (Stevanin et al. 2000; Corker and Poole 
2003; Gilberthorpe et al. 2007). NO was delivered using a NO-saturated solution 
made by acidified nitrite (Poole et al. 1996) and used for one to three days 
depending on the NO signal. PBS buffer was put into the oxygen electrode 
chamber and saturated with air before the bacterial suspension was added. After 
respiration had reduced oxygen levels by approximately 60 %, the NO-saturated 
solution was injected to the chamber. Levels of NO and oxygen levels were 
monitored until the chamber contents became anaerobic. Respiratory inhibition (in 
minutes) was calculated from the time point when NO was added to the time point 
when the respiration resumed. NO consumption rate was calculated from 
normalized NO traces and expressed as the half-time (in seconds) when 50 % of 
added NO had disappeared. To demonstrate the responsiveness of the oxygen 
electrode, the reducing agent sodium dithionite was added to air-saturated PBS in 
order to achieve anoxia. The NO electrode was calibrated by sequential addition of 
50 µM sodium nitrite to acidified potassium iodide.  
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3. RESULTS AND DISCUSSION 
 
 
 
3.1   PAPER I  
 
 
Uropathogenic Escherichia coli and tolerance to nitric oxide - role of 
flavohemoglobin 
 
This study was performed to investigate the effect of NO on the viability of 
uropathogenic E. coli (UPEC) compared to non-pathogenic E. coli. We also 
assessed the role of the NO-detoxifying enzyme flavohemoglobin (Hmp). The 
results demonstrate that UPEC strains are more tolerant to NO than non-
pathogenic strains and that the expression of Hmp in UPEC and non-pathogenic 
strains increased in a similar manner after DETA/NO exposure. 

Clinical UPEC isolates used in this study are J96 and IA2 and the non-
pathogenic E. coli K-12 strains are DH5α and HB101. In the stationary growth 
phase, HB101 and J96 showed significantly reduced viability compared to 
untreated controls following exposure to the NO-donor DETA/NO. The UPEC 
strain J96 was significantly more tolerant to DETA/NO compared to HB101 
(Figure 1A). When bacterial cultures in the exponential growth phase were exposed 
to DETA/NO, the viability of HB101, DH5α and IA2, but not of J96, was 
significantly reduced (Figure 1B). The UPEC strains were significantly more 
tolerant to DETA/NO than the E. coli K-12 strains (Figure 1B). In order to 
evaluate the role of Hmp in the protection against nitrosative stress an hmp-
overexpressing HB101 derivate (LS001) was constructed. At low concentrations 
(0.5 and 1 mM), LS001 showed significantly increased tolerance to DETA/NO 
compared to HB101 (Figure 3). However, at 2.5 mM DETA/NO the viability of 
LS001 and HB101 was markedly affected while the viability of the UPEC strain 
J96 was only moderately suppressed.  
   We next examined whether a more pronounced expression of the NO-
detoxifying enzyme Hmp in UPEC could explain why UPEC strains are more 
tolerant to NO than non-pathogenic strains. The hmp gene expression increased 
after DETA/NO exposure in HB101 and J96 (Figure 4A). The Western blot data 
were in agreement with the Northern blot data and confirmed an increased protein 
expression of Hmp after DETA/NO exposure (Figure 4C). However, there was 
no difference in DETA/NO-induced flavohemoglobin transcription or protein 
expression between HB101 and J96. 
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Additional experiments 
In order to determine whether the reduced NO-tolerance of HB101 was due to 
decreased expression of Hmp over time or degradation of Hmp, bacterial protein 
was extracted after 1, 3, 10 and 24 hours of DETA/NO exposure. The results 
show that the expression of Hmp in HB101 was maintained throughout the time 
period of 24 hours (Figure 9), although the viability was markedly impaired. When 
examining the effect of DETA/NO on an hmp-deficient mutant (HB101∆hmp), a 
decreased NO-tolerance of HB101∆hmp compared to the parental strain was 
observed (Figure 10). This suggests that Hmp to some extent provides protection 
against NO in HB101. The functional NO consumption activity of 
flavohemoglobin cannot be estimated based on data from gene or protein 
expression experiments. Therefore, we compared the functional NO detoxifying 
ability of UPEC and HB101 by measuring the NO consumption. No apparent 
difference in NO consumption ability between HB101 and J96 was found (data 
not shown).  
 
 

 
Figure 9. Western blot analysis showing the 
time-course of flavohemoglobin expression in 
the E. coli K-12 strain HB101. Untreated (ctrl) 
bacteria or bacteria exposed to 0.5 mM 
DETA/NO for 1h, 3h, 10h or 24h are shown.  
 
 
 
 

 
 
 

HB101wt HB101∆hmp
0

20

40

60

80

100

*

Vi
ab

ili
ty

(%
 o

f c
on

tr
ol

)

 
Figure 10. Effect of DETA/NO on the viability (% of control) of hmp-deficient HB101 
(HB101∆hmp). Wild-type HB101 (HB101wt) and HB101∆hmp were exposed to 1.0 mM 
DETA/NO for 5 hours. Untreated controls are set to 100%.  Data are expressed as mean 
± SEM (n = 4-8), *p<0.05 
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Discussion 
The level of hmp expression has previously been found to be highest in the 
stationary growth phase (Membrillo-Hernandez et al. 1997). Nevertheless, our 
results show that the toxic effect of NO on J96 was higher in the stationary phase 
compared to the exponential growth phase. This could be due to the fact that 
bacteria are less able to adapt to the changing environment in the stationary growth 
phase. Subsequent experiments were performed in the exponential growth phase 
as this phase may more resemble the clinical situation where a constant flow of 
urine and other host-response mechanisms may prevent bacteria from reaching a 
stationary growth phase. The main finding in this paper was that UPEC strains 
were more tolerant to NO than non-pathogenic E. coli strains. A protective 
function of bacterial flavohemoglobins in situations of nitrosative stress has been 
demonstrated for a wide diversity of microbes including non-pathogenic E. coli 
(Poole and Hughes 2000). Moreover, when flavohemoglobin from various 
bacterial species was expressed in an E. coli K-12 derivate, the ability to detoxify 
NO was higher in the K-12 derivates containing flavohemoglobin from pathogenic 
bacteria (Frey et al. 2002). The possible association between Hmp and NO-
tolerance was examined in the UPEC strain J96 and HB101. The Hmp gene- and 
protein expression in the UPEC and K-12 strains was similar, suggesting that 
differences in Hmp expression cannot explain the differences in NO-tolerance 
between UPEC and HB101. The NO consumption data imply that the low NO-
tolerance of HB101 is not caused by the inability of HB101 to detoxify NO. 
However, a role of Hmp in NO-protection in non-pathogenic E. coli cannot be 
ruled out since an hmp-deficient HB101 mutant was more sensitive to NO than 
wild-type HB101. Facultative anaerobic bacteria such as E. coli produce 
endogenous NO during nitrate respiration (Corker and Poole 2003) and the ability 
to detoxify NO is also needed in non-pathogenic strains.  

Exposure of E. coli K-12 strains to different inducers of nitrosative stress such as 
acidified nitrite, GSNO or NO-solution showed that hmp was among the highest 
up-regulated genes (Mukhopadhyay et al. 2004; Flatley et al. 2005; Justino et al. 
2005; Pullan et al. 2007). Although Hmp is well studied in E. coli K-12 strains, its 
role in pathogenicity is unknown. The results in our study do not exclude the 
possibility that Hmp may be important in protecting UPEC against nitrosative 
stress. Our study is the first to demonstrate that Hmp is induced in pathogenic E. 
coli strains. The polyamine cadaverine, known to be involved in acid tolerance 
(Soksawatmaekhin et al. 2004), has also been implicated in protection of UPEC 
against nitrosative stress (Bower and Mulvey 2006).  

The results from this study show that UPEC are more tolerant to NO-induced 
stress than non-pathogenic E. coli, suggesting a correlation between virulence and 
NO-tolerance. Indeed, pathogenic bacteria would benefit more than non-
pathogenic bacteria by evolving protective mechanisms against host-derived NO. 
Hmp expression increased after NO exposure and flavohemoglobin may be one of 
several proteins that contribute to the protection against nitrosative stress in 
UPEC. The chemistry of NO and NO-metabolites is multifaceted and it is likely 
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that several NO-detoxifying systems synergise in order to provide UPEC with 
more efficient protections against nitrosative stress than non-pathogenic E. coli.   
 
 
 
3.2    PAPER II  
 
 
Flavohemoglobin protects uropathogenic Escherichia coli against 
nitrosative stress; implication for urovirulence  
 
This study investigated the role of the NO-detoxifying enzymes flavohemoglobin 
(Hmp) and flavorubredoxin (NorV) for protection of uropathogenic Escherichia coli 
(UPEC) against nitrosative stress. The results showed that hmp and norV 
participate in protecting UPEC against nitrosative stress in vitro. Screening UPEC 
isolates from UTI patients revealed an increased hmp expression. Furthermore, the 
ability to colonize the mouse urinary tract was impaired in an hmp-deficient UPEC 
compared to the wild-type strain. 

Mutants of the UPEC strain J96 lacking hmp (J96∆hmp) or norV (J96∆norV) 
were constructed using a single-gene deletion strategy. Results showed an increased 
expression of hmp and norV mRNA and protein in response to the NO-donor 
DETA/NO in J96 wild-type (wt) (Figure 1A and B). When exposed to 
DETA/NO, J96∆hmp and J96∆norV did not upregulate hmp or norV, confirming 
that the mutations had been successfully accomplished (Figure 1C). The levels of 
hmp were similar in J96wt and J96∆norV, while J96∆hmp showed an increased 
norV expression compared to J96wt (Figure 1C). Studies on the effect of 
DETA/NO on the viability of the mutants demonstrated that the viability of 
J96∆hmp and J96∆norV was significantly reduced compared to J96wt in both LB 
media and urine (Figure 3A and B). In urine there was a more prominent effect of 
NO exposure compared to in LB and the survival of J96wt was decreased by 
approximately 40 % (Figure 3B). NO-induced inhibition of respiration was 
significantly prolonged in J96∆hmp compared to J96wt (Figure 4A and B). The 
NO consumption activity was also significantly impaired in J96∆hmp compared to 
J96wt (Table 2). NO consumption activity or the time of respiratory inhibition was 
not affected in J96∆norV (Table 2). 

The hmp and norV expression in UPEC isolated from women with symptomatic 
UTI was investigated using real time-PCR. The results showed an increased hmp 
expression in all UPEC isolates, while norV expression increased in 50 % of the 
isolates (Table 3). The hmp expression was consistently higher in UPEC isolated 
directly from the patients (in vivo) compared to when the same isolate was 
maintained in urine from healthy volunteers (in vitro).  Urinary nitrite was detected 
in 65 % of the UTI patients (Table 3).  

The possible role of Hmp as a factor for UPEC virulence was investigated using 
a competition model where mice were infected with a mix (1:1) of J96wt and 



 31 

J96∆hmp:km (containing a kanamycin resistance cassette). The colonizing ability 
was assessed 6, 12, 24 and 48 hours post-infection. Influx of PMN cells peaked 12 
hours after bacterial infection and coincided with a slight increase in urinary nitrite 
concentrations (Figure 5A and B). The hmp mutant was significantly out-competed 
by the wild-type strain in the bladder (p<0.05) and in the kidney (p<0.05) when 
evaluating the whole experiment including all time-points (Figure 6). The 
decreased viability of J96∆hmp:km appeared to be time-dependent as there was no 
significant decrease at 6 and 12 hours post-infection but after 24 hours the J96wt 
significantly out-competed the mutant in the kidney (Figure 6A).  
 
Discussion 
In both LB media and urine from healthy volunteers, the survival of J96∆hmp and 
J96∆norV was significantly reduced when exposed to NO as compared to the 
wild-type. The hmp-deficient mutant showed a compensatory up-regulation of norV 
expression when exposed to DETA/NO. This may be a result of a more 
prolonged exposure time to NO owing to impaired NO-detoxification in 
J96∆hmp. However, the increase in norV expression in J96∆hmp was not able to 
compensate for the lack of hmp. The NorV protein is considered to detoxify NO 
mainly during anaerobic or microaerobic conditions (Gardner et al. 2002; Gomes et 
al. 2002). The decreased viability of J96∆norV may indicate that the oxygen level in 
the static culture in our experiments is microaerobic rather than aerobic. The 
decreased tolerance to DETA/NO in J96∆hmp and J96∆norV suggest that both 
Hmp and NorV are important in protecting UPEC from the harmful effect of NO 
under the conditions used. A reason for the inability of Hmp to compensate for 
the norV-deficiency may be that the NO-detoxifying activity of Hmp seems to be 
reduced in oxygen limiting environments (Gardner et al. 2000). A severe growth 
arrest was reported in a ∆hmp/∆norV double mutant E. coli K-12 strain (Justino et 
al. 2005). Attempts were made to construct a UPEC mutant lacking both hmp and 
norV but unfortunately these experiments were not successful. If NO-resistant 
colonies are found in experiments with a ∆hmp/∆norV UPEC strain, additional 
defense mechanisms, besides Hmp and NorV, are likely to be involved in NO-
tolerance of UPEC. In non-pathogenic E. coli, the global regulators NsrR, NorR 
and Isc were upregulated in response to NO in aerobic and anaerobic conditions 
(Pullan et al. 2007). Thus, the genes under the control of these regulators will be 
interesting candidates for further studies concerning NO-tolerance in UPEC. So 
far no studies have been performed addressing the global changes in gene 
expression in response to nitrosative stress among pathogenic E. coli.  

In this paper we extended our in vitro observations on hmp and norV expression 
to include bacteria isolated from infected urine of women with symptomatic 
cystitis. An increase in hmp expression was detected in all UPEC isolates from 
patients with UTI and 50 % of the patients showed increased norV expression. 
Recently, there have been two independent studies where genes connected to NO-
detoxifying mechanisms have been implicated during the course of UTI. In a 
mouse UTI model hmp was among the top 50 genes upregulated in vivo (Snyder et 
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al. 2004). The hmp and norV transcripts were increased in a ABU strain sampled 
from three infected individuals (Roos and Klemm 2006). Taken together, the 
findings that flavohemoglobin and flavorubredoxin are upregulated in infected 
human urine strongly suggest that UPEC encounter nitrosative stress during UTI.  

To be able to establish a role for Hmp in urovirulence it is necessary, according 
to Koch’s postulates for microbial pathogenicity (Falkow 1988), to show that 
inactivation of the hmp gene diminishes virulence. Our data suggest that a lack of 
functional Hmp results in decreased viability of UPEC in the mouse urinary tract. 
The data showed a competitive advantage for the wild-type over the hmp-deficient 
mutant in approximately 70 % of the mice. In a similar UTI infection model as in 
our study, iNOS immunoreactivity was found in neutrophils and uroepithelial cells 
in the bladder and kidney 6 to 72 hours post-infection (Poljakovic et al. 2001). The 
decreased viability of the hmp-mutant was most obvious after 24 hours, suggesting 
that the nitrosative stress response increases over time and results in more 
disadvantages for the hmp-mutant in the late phase of the infection. The data may 
also suggest that hmp is a urovirulence-facilitating factor of importance for bacterial 
persistence rather than for the early establishment of a UPEC infection. This 
assumption is supported by studies demonstrating that NO is not part of the first 
line of host defense in UTI (Mysorekar et al. 2002)  

In summary, we found that hmp and norV contribute to the protection of UPEC 
against NO-mediated toxicity in vitro. UPEC isolates from UTI patients exhibited 
an increased hmp expression suggesting that the hmp gene is associated with UTI 
diseases in humans. A competitive mouse infection model demonstrated reduced 
colonization of the hmp-deficient mutant, suggesting that Hmp may be a virulence-
facilitating factor in UPEC.  
 
 
 
3.3    PAPER III 
 
 
The effect of nitric oxide on adherence of P-fimbriated uropathogenic 
Escherichia coli to human renal epithelial cells 
 
In the present study we investigated the effects of NO on the binding of P-
fimbriated UPEC to human renal epithelial cells. We show that NO disrupts the 
attachment of P-fimbriated uropathogenic E. coli (UPEC) to renal epithelial cells 
and decreases the expression of the papG adhesin. 

We initially attempted to study bacterial binding to renal epithelial cells when 
grown in monolayer, but the variability was high and the method considered 
unreliable for quantification. Functional adherence of bacteria was instead 
examined after infection of detached A498 cells in suspension (Figure 3). Attempts 
were made to perform the functional adhesion assay in urine, but aggregation of 
A498 cells occurred in urine and a PBS-buffer was used instead. Bacterial 
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adherence to the A498 cells was fimbriae-dependent and the ability to agglutinate 
human erythrocytes in a P1 blood group-dependent manner confirmed that the 
strains expressed P-fimbriae (Table 2). The UPEC strains AD110 and IA2 attached 
by a mean of 8 bacteria/cell and 20 bacteria/cell, respectively (Table 3), and when 
exposed to the NO-donor DETA/NO the adherence was significantly decreased 
by approximately 40 % (Table 3). However, adherence of the P-fimbriated 
recombinant HB101pPIL110-75 to the cells was unaffected by DETA/NO (Table 
3). HB101 which lack fimbriae was used as a negative control and as expected, no 
adherence of HB101 to the kidney epithelial cells was observed (Figure 3A, Table 
3). We next examined whether the reduced attachment of AD110 and IA2 after 
DETA/NO exposure could be associated with a down-regulation of the pap-gene 
cluster that encodes the P fimbriae. The expression of papB, encoding a regulatory 
protein, and papG relative to 16S was investigated using semi-quantitative RT-PCR 
in urine cultures (Figure 4 A). Expression of papB decreased non-significantly while 
the relative expression of papG in AD110 was significantly reduced after 
DETA/NO-exposure (Figure 4B and C). These experiments were also performed 
in PBS with similar results (data not shown).   
 
Discussion 
Adherence is an important step in the pathogenesis of UTI as the bacteria have to 
attach to the host uroepithelial cells in order to colonize the urinary tract (Wright 
and Hultgren 2006). The effect of DETA/NO was examined on pre-adherent 
bacteria, as iNOS-derived NO-production from uroepithelial cells seems to occur 
late in the infection (Poljakovic et al. 2001), when bacterial colonization is expected 
to be established. Previous experiments have shown that UPEC are able to tolerate 
high levels of nitrosative stress and the used concentration and exposure time of 
DETA/NO do not affect the viability of the bacteria (Svensson et al., 2006). 
Exposure to DETA/NO caused adherent UPEC to dissociate from kidney 
epithelial cells and the attachment was reduced by approximately 40 % compared 
to control. It has previously been demonstrated that the attachment of 
HB101pPIL110-75, IA2 and AD110 to A498 cells was inhibited by an inhibitor of 
glycosphingolipid biosynthesis, verifying that the attachment was P fimbriae-
dependent (Svensson et al. 2003). There was no effect of DETA/NO on the 
recombinant P-fimbriated HB101pPIL-11075 suggesting that the recombinant 
strain, with its higher number of P fimbriae was more able to counteract the NO 
effect. Another possibility is that NO affects attachment mainly at the level of 
transcription. Given that the pap-gene cluster of the HB101pPIL110-75 is located 
on a plasmid transcriptional regulation by NO is unlikely. The exact mechanisms 
for the effect of NO on bacterial adherence to uroepithelial cells are not known. 
Reactive NO metabolites are known to be able to modify structural proteins, lipids 
and carbohydrates (Ischiropoulos 1998; Dedon and Tannenbaum 2004) and it is 
possible that host glycosphingolipid receptors are affected by NO. Several studies 
have reported reduced adhesion of Pseudomonas aerginousa, Citrobacter rodentium and 
enteropathogenic E. coli to NO-producing host cells but no specific mechanism 
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has been suggested (Vallance et al. 2002; Darling and Evans 2003; Maresca et al. 
2005). Interestingly, NO exposure of an E. coli K-12 strain was shown to cause 
changes in the transcription levels of multiple genes, including genes encoding for 
fimbriae (Justino et al. 2005). Low levels of papB induce expression of the pap-
operon (Nowicki et al. 1984), suggesting that the NO-induced decrease in papB 
expression observed in our study should result in increased rather than decreased 
expression of the pap-gene cluster. However, we found that the papG expression 
was consistently down-regulated after DETA/NO exposure. PapG adhesin is 
crucial for P fimbriae-mediated attachment (Lindberg et al. 1987), and the reduced 
adherence observed in our experiments may involve effects of NO on papG 
expression.  

We conclude that NO seems to disrupt the attachment of P-fimbriated UPEC 
strains to kidney epithelial cells. The decreased expression of the papG adhesin 
implies that NO may affect attachment at the level of fimbriae transcription. The 
exact mechanisms for the effect of NO on bacterial adherence to uroepithelial cells 
need to be further studied. This study suggests that uroepithelial NO-release may 
have an antimicrobial role by limiting the attachment and persistence of UPEC at 
the mucosal surface. 
 
 
 
3.4    PAPER IV 
 
 
The influence of uropathogenic Escherichia coli and proinflammatory 
cytokines on the iNOS response in human kidney epithelial cells 
 
This study was performed to investigate the effect of different strains of UPEC 
and proinflammatory cytokines on the iNOS response in human kidney epithelial 
cells. The results demonstrated that cytokine-stimulated, but not UPEC-stimulated, 
kidney epithelial cells expressed iNOS mRNA and produced NO. Furthermore, 
UPEC failed to activate NF-κB-dependent signalling pathways needed for iNOS 
transcription. 

NO-production was measured indirectly as accumulated nitrite in the cell 
supernatant. A498 cells did not produce nitrite in response to LPS, UPEC or 
recombinant P or type 1-fimbriated E. coli (Figure 1). The UPEC strain AD110 
and the recombinant type 1-fimbriated E. coli caused a minor increase in nitrite 
production in the presence of IFN-γ (Figure 1). A cytokine mixture (CM) 
consisting of IL-1β, TNF-α and IFN-γ caused a 12-fold increase in nitrite 
compared to unstimulated cells (Figure 1). To investigate whether iNOS activation 
was dependent on binding of NF-κB to the iNOS promoter region (Taylor et al. 
1998), a electrophoretic motiliy shift assay (EMSA) was performed. The EMSA 
revealed that UPEC-stimulated A498 cells demonstrated a weak NF-κB band, 
while nuclear proteins from CM-stimulated cells produced a strong NF-κB band 
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(Figure 2). RT-PCR studies confirmed iNOS transcription in A498 cells stimulated 
with CM, but not when stimulated with UPEC (Figure 3). UPEC are known to 
induce IL-6 and IL-8 release from A498 cells (Hedlund et al. 1999), and the 
possibility exists that these mediators modulate iNOS induction and NO-
production by autocrine mechanisms. However, A498 cells stimulated with IL-6, 
IL-8 or TGF-β in combination with IFN-γ did not increase nitrite levels (Figure 4). 
Pre-treatment of the A498 cells with IL-6, IL-8 or TGF-β did not inhibit NO-
production evoked by CM (Figure 4).  
 
Discussion 
A cytokine combination of TNF-α, IL-1β and IFN-γ induced iNOS transcription 
and stimulated NO-production from A498 cells, as previously shown (Poljakovic et 
al. 2003). By EMSA, a strong interaction of NF-κB with the iNOS promoter was 
detected in cells stimulated with cytokines. Stimulation of A498 cells with different 
UPEC strains did not activate an iNOS response, although a weak response was 
noted in the presence of IFN-γ. IFN-γ is known to be fundamental for iNOS 
transcription in human cells (Linn et al. 1997), but IFN-γ is not produced 
constitutively in the human urinary tract (Hang et al. 1998). If the release of IFN-γ 
occurs primarily in the late phase of the infection, this may well explain why iNOS 
expression in uroepithelial cells in vivo is delayed (Poljakovic et al., 2001). In 
addition, the EMSA data suggest that UPEC do not activate NF-κB-dependent 
signalling pathways needed for iNOS transcription (Taylor et al. 1998). A recent 
study demonstrated that LPS of serotype O6 caused iNOS induction in porcine 
renal proximal tubular cells, suggesting that bacterial toxins may participate in the 
activation of iNOS independently of fimbriae or other bacterial virulence factors 
(Chen et al. 2004). However, LPS per se did not stimulate NO-production in A498 
cells, suggesting species differences in iNOS regulation between human and 
porcine kidney epithelial cells.  

A virulence strategy where UPEC actively interact with the kidney epithelium in 
order to down-regulate the synthesis of bactericidal NO-production is possible. In 
preliminary experiments we did not find any evidence that UPEC inhibit NO-
production in A498 cells, but this possibility will be interesting to explore in more 
detail. A recent study demonstrated that UPEC are able to suppress NF-κB activity 
by stabilizing the IκB-NF-κB complex as a possible component of the 
uropathogenic programme (Schaeffer et al. 2004). Enteropathogenic E. coli were 
shown to specifically inhibit iNOS transcription by inhibition of phosporylation-
associated activation of NF-κB in human intestinal epithelial cells (Maresca et al. 
2005). As a consequence of blocking NF-κB activation, UPEC may alter the 
expression dynamics of proinflammatory cytokines and disturb the NF-κB-
dependent inflammatory response including neutrophil infiltration and iNOS 
expression. However, given that NO-production in excess causes cellular injury in 
kidney epithelial cells (Chen et al. 2004; Du et al. 2006), paper V), it may also be an 
advantage for the host cells to limit iNOS expression. Finally, the results did not 
support our hypothesis that IL-6, IL-8 and TGF-β, known to be expressed and 
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secreted from kidney epithelial cells (Hedges et al. 1994; Hang et al. 1998), were 
able to modulate or suppress iNOS induction.  

We conclude that UPEC, independent of fimbrial expression, are weak inducers 
of iNOS in human kidney epithelial cells owing to insufficient binding of NF-κB 
to the iNOS promoter. The significance of iNOS expression and NO-production 
from urinary tract epithelial cells in UTI is not clear, but it is possible that both the 
host epithelium and the bacteria may benefit by delaying iNOS induction.  
 
 
 
3.5    PAPER V 
 
 
Up-regulation of heme oxygenase-1 as a host mechanism for protection 
against NO-induced damage in human renal epithelial cells 
 
The renal epithelial cell line A498 was used to examine whether UTI-associated 
stimuli could regulate heme oxygenese-1 (HO-1) expression, and to asses the 
significance of HO-1 in protecting urinary tract epithelial cells against NO-
mediated damage. The results demonstrated that the expression of HO-1 increases 
in A498 cells in response to the NO-donor DETA/NO, but not in response to 
uropathogenic E. coli (UPEC) or cytokines. We also showed that HO-1 induction 
decreased endogenous NO production and protected renal epithelial cells from 
NO-induced damage.   

The transcriptional response of HO-1 in A498 cells exposed to proinflammatory 
cytokines, UPEC, NO and oxidative stress was examined using reverse 
transcriptase-PCR. A low basal expression of HO-1 transcript was observed in 
unstimulated cells. DETA/NO and hemin, a known inducer of HO-1, caused an 
increased HO-1 transcription, while stimulation with a cytokine mixture (CM) or in 
vitro infection with UPEC failed to induce HO-1 expression (Figure 1A). The HO-
1 induction by DETA/NO was time-dependent and most predominant after 24 
hours (Figure 1B). The expression of iNOS was only observed in response to CM 
(Figure 1A). Buthionine sulfoximine (BSO) is an agent that induces oxidative stress 
by depleting cells of glutathione. Glutathione depletion increased HO-1 
transcription and protein expression in response to DETA/NO and hemin (Figure 
2A and B). Nitrite levels in the cell supernatant increased in response to CM and 
pre-treating the cells with hemin before adding CM suppressed nitrite production 
by 33 % (Figure 2 C). The cell viability in response to NO was assessed by the 
trypan blue exclusion test and light microscopy. In these experiments, DETA/NO 
caused changes in cell morphology and decreased viability by approximately 75 %. 
Pre-treatment of the cells with hemin reduced the DETA/NO-induced cell 
damage (Figure 3A and B). 
Discussion 
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Nitrogen species produced during inflammation are thought to primarily exert 
antimicrobial effects (Fang 2004) but exaggerated production of NO may cause 
damage to the host tissue. In this study we show that DETA/NO increased the 
expression of HO-1 mRNA and protein in human renal epithelial cells, which is in 
line with other studies using porcine renal epithelial cells (Liang et al. 2000; Chen et 
al. 2004). The induction of HO-1 appears to be protective, since products released 
by the HO reaction, like CO, has anti-inflammatory and anti-apoptotic properties 
(Otterbein et al. 2003). We found that cytokine-induced nitrite production in A498 
cells was significantly reduced after induction of HO-1, suggesting a regulatory role 
of HO-1 on NO production. Priming porcine renal epithelial cells with low 
concentrations of NO was reported to cause protection against higher NO 
concentrations later on (Chen et al. 2004). Interestingly, a rapid upregulation of 
eNOS in the urothelium was demonstrated in a mouse UTI model and NO 
produced by eNOS was suggested to play a beneficial role in the early phase of 
UTI (Kang et al. 2004). It may be speculated that low amounts of NO produced by 
eNOS may induce HO-1 in uroepithelial cells early in the infection and before the 
release of potentially harmful iNOS-derived NO.  

Pro-inflammatory cytokines induced iNOS expression and nitrite production in 
A498 cells but HO-1 was not induced. The level of NO produced by DETA/NO 
is higher than the NO levels generated by cytokines after induction of iNOS 
(unpublished observations). However, the response of HO-1 to cytokines has been 
suggested to primarily be due to direct actions of cytokines and to a less extent 
NOS-derived NO (Donnelly and Barnes 2001). A recent study demonstrated that 
bacterial verotoxin abrogated the hemin-induced HO-1 expression, a mechanism 
that possibly contributes to the renal pathology in patients with E. coli associated 
haemolytic uremic syndrome (Bitzan et al. 2004). We did not find any evidence 
indicating that UPEC were able to either stimulate HO-1 or inhibit hemin–induced 
HO-1 expression in A498 cells (data not shown). During the inflammatory process 
cells are depleted of intracellular glutathione and undergo oxidative stress (Rahman 
2005). Depletion of glutathione by BSO–treatment was found to increase 
DETA/NO-induced HO-1 expression in A498 cells, suggesting that NO-induced 
HO-1 expression may be increased under conditions of oxidative stress. In a 
mouse model of acute pyelonephritis, an exaggerated inflammatory response was 
shown to cause epithelial cell damage and renal scarring (Svensson et al. 2005). A 
pathological accumulation of neutrophils, known to produce NO, was identified as 
the key factor of the kidney damage. This study and earlier studies (Glynne et al. 
2001; Poljakovic et al. 2002) have shown that high concentrations of NO are 
detrimental for renal epithelial cells The DETA/NO-induced cell damage was 
attenuated after pre-stimulation with hemin, suggesting that HO-1 activity may 
protect A498 cells against NO-induced damage. Other studies suggest that CO, at 
least in part, may be responsible for HO-1 mediated protection of porcine renal 
epithelial cells (Chen et al. 2006).  

In conclusion, a host defense mechanism to NO may need to be established 
early in the infection in order to protect the urinary tract epithelial cells against 
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nitrosative stress. The present study showed that HO-1 induction protects human 
renal epithelial cells against NO-mediated damage and decreases endogenous NO- 
production.  
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4. CONCLUDING REMARKS 
 
 
 
4.1   CONCLUSIONS 
 
 

I. Uropathogenic E. coli (UPEC) strains were more tolerant to 
nitrosative stress than non-pathogenic strains suggesting a correlation 
between nitric oxide (NO)-tolerance and bacterial virulence. The 
expression of flavohemoglobin (Hmp) increased after NO exposure 
and Hmp may be one of several proteins that contribute to protection 
against nitrosative stress in UPEC. 

 
II. The NO-detoxifying enzymes Hmp and flavorubredoxin (NorV) were 

involved in protecting UPEC against NO in vitro. Screening UPEC 
isolates from patients with urinary tract infection (UTI) confirmed 
that hmp expression occurred in UPEC isolated from the infected 
human urinary tract. An hmp-deficient UPEC strain demonstrated 
reduced colonization ability of the mouse urinary tract compared to a 
wild-type strain, suggesting that Hmp may be a urovirulence-
facilitating factor. 

 
III. The functional adhesion of P-fimbriated UPEC strains to kidney 

epithelial cells was reduced by NO exposure. A decreased expression 
of the papG adhesin implies that NO may affect attachment at the 
level of transcription. NO-production from host epithelial cells in the 
urinary tract may have an antimicrobial role and reduce colonization at 
the mucosal surface.  

 
IV. In vitro infection of human kidney epithelial cells with UPEC caused a 

minor increase in NO-production. The explanation may be that 
UPEC do not activate NF-κB-dependent signalling pathways needed 
for iNOS transcription. It is possible that both the host and the 
bacteria may benefit by delaying iNOS induction. 

 
V. The expression of HO-1 increased in human kidney epithelial cells in 

response to NO. Induction of HO-1 protected kidney epithelial cells 
against NO-mediated damage and decreased the endogenous NO-
production.  
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4.2   FUTURE ASPECTS 
 
 
The main objective of this thesis was to explore the significance of NO in bacteria-
host interactions in UTI. A possible role of uroepithelial-derived NO in UTI may 
be to reduce the crucial interaction between UPEC and host cells. More detailed 
studies in order to investigate the effect of NO on UPEC fimbriae expression and 
the host glycosphingolipid receptors are of interest. It may also be interesting to 
examine whether UPEC may avoid attaching to NO-producing uroepithelial cells. 
A virulence strategy where UPEC actively interact with uroepithelial cells in order 
to down-regulate the synthesis of bactericidal NO-production is possible and of 
interest to explore. Our findings suggest that NO-tolerance may be correlated to 
bacterial virulence and that Hmp and NorV protect UPEC against nitrosative 
stress. Since UPEC have been shown to survive high levels of NO, chemical 
inhibition of NO-detoxifying enzymes may be an interesting approach for 
treatment of UTI. A recent study demonstrated that imidazole derivates, used in 
treatment of fungal infections, inhibit the NO-dioxygenase activity of Hmp in 
bacteria and yeast (Helmick et al. 2005). Ingestion of nitrate followed by 
acidification of urine in order to induce NO-release from nitrite has been proposed 
as a new treatment concept for UTI (Carlsson et al. 2003). In addition, NO has 
been shown to be effective against E. coli in an in vitro model for intravesical 
delivery of NO (Carlsson et al. 2005). Inhibition of NO-detoxifying enzymes may 
possibly be more appealing than exogenous administration of NO since high 
concentrations of NO may damage urinary tract epithelial cells (Glynne et al. 2001; 
Chen et al. 2004); paper V).  
   The rapidly growing problem of antibiotic resistance among UPEC isolates 
(Gupta 2003), emphasizes the need to identify novel targets for antibacterial 
strategies in the near future. Enzymes that enable the bacteria to resist the host 
defense have emerged as attractive targets for drug development. Inhibitors of 
flavohemoglobin and flavorubredoxin may find applications as antibacterial agents 
by disable the resistance mechanisms of UPEC and enhance the toxicity of host-
derived NO. 
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