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Abstract 

Clostridium difficile (C.diff) is a toxin-secreting bacterium and leading cause of infectious 

colitis in humans. C.diff toxins (TcdA and TcdB) rapidly induce intestinal injury and 

inflammation via disruption of the intestinal epithelial barrier and induction of 

proinflammatory mediators. The hypoxia-inducible factor-1 (HIF-la) is a stress-induced 

transcription factor that impacts the expression of mucosal and barrier protective 

genes. Initial studies have demonstrated that C.diff toxins alter the expression and 

activity of the HIF-la. Nitric oxide (NO), reactive oxygen species (ROS), and the factor-

inhibiting HIF-la (FIH-1) are well-known modulators of HIF-la stabilization and 

signaling. Therefore, we hypothesize that NO and ROS produced during C.diff toxin-

induced intestinal injury act as an important signal to influence HIF-la and subsequent 

protection against intestinal damage. In the context of C.diff toxin exposure, it was 

determined both in vitro and in vivo that stabilization occurred via nitrosylation of HI F-

la by NO. Inhibition of iNOS activity by selective inhibitors or genetic iNOS-deficiency in 

mice attenuated HIF-la stabilization, which identifies iNOS as an essential source of NO 

in this context. Studies performed with N-acetylcysteine (NAC, a well-known ROS 

scavenger) in vitro have demonstrated a potential for ROS involvement in the 

stabilization of HIF-la. Pre-treatment of cells with NAC followed by C.diff toxin 

exposure attenuated HIF-la expression despite the fact that nitrosylation still occurred. 

This study is the first to propose a synergistic action between NO and ROS to stabilize 

. HIF-la in the context of C.diff toxin-mediated epithelial damage. 
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1.0 Introduction 

1.1 An overview of Clostridium difficile 

i) Background and Impact 

Clostridium difficile (C.diff) is an anaerobic gram-positive, rod-shaped, bacterium that is 

ing cause of severe hospital-acquired colitis and diarrhea; otherwise known as 

C.diff-associated disease {CDAD) [1-3]. C.diff-related mortality rates are steadily rising in 

e United States and Canada. C.diff-related deaths in the US have increased from 

5.3 per million population (1999) to 23.7 per million (2004) over the course of only 5 

years throughout which the rates have also been steadily climbing. In Quebec, Canada 

there have also been reports of increased CDAD incidence especially among the elderly 

population over 65 years of age. The rate of incidence has increased from 35.6 per 

100,000 population in 1991 to 156.3/100,000 in 2003 [4, 5]. Our current understanding 

C.diff containment and elimination requires immediate attention as outbreaks of 

hypervirulent strains are still occurring. Such was the case in Quebec in 2003 and to a 

lesser extent in Calgary, Alberta in the same year. Hospitals in Quebec City and Calgary 

battled with the antibiotic-resistant infections for at least 18 months before bringing 

C.diff incidence levels close to baseline [5, 6]. C.diff infection rates are continuously 

rising and US hospitals are reporting anywhere between 250,000 to 300,000 cases of 

CDAD a year and associated health care costs of up to $1 billion US per year. A typical 

C.diff patient requires anywhere between 1-2 weeks of treatment totaling up to $10,000 



in health care costs [7]. This cost assumes that the patient is successfully treated 

without relapse, which is becoming an increasing problem especially among elderly 

populations [4, 7]. With C.diff becoming increasingly resistant to antibiotic treatments 

and with health care costs steadily rising, alternative methods of combating this 

infectious bacteria are needed. 

ii) C. difficile and the gastrointestinal environment 

3 

C.diff itself is an opportunistic colonizer, with infections often occurring in patients 

following broad-spectrum antibiotic treatments (such as clindamycin [1, 2], 

cephalosporins [1] and fluoroquinolones [1, 51) and chemotherapeutic agents [1, 3]. 

Studies have shown C.diff to be the primary isolate in the feces of clindamycin-treated 

patients [2, 3]. By eliminating the majority of healthy bacterial flora within the colon, the 

antibiotics and chemotherapeutic agents create ideal conditions for C.diff bacteria to 

out-compete other bacterial strains [2, 3, 7]. Two important characteristics of C.diff are 

its ability to produce toxins and form spores [1-3]. When conditions are unfavorable for 

the growth and proliferation of the bacteria, they begin forming spores and enter into a 

dormant state that allows for survival until more favorable environmental conditions 

occur. C.diff spores are highly resistant to adverse conditions including acidic 

environments (thus they cannot be destroyed by gastric secretions), chemical cleaning 

agents and many alcohol-based sanitizers which are commonly used in hospitals. As a 

result of this resilience, C.diff spores can survive on surfaces for extended periods (e.g., 
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months), allowing C.diff outbreaks and infections to persist [3, 7, 8]. Once spores are 

ingested, they survive the harsh conditions of the stomach [3, 7] to enter into the 

intestine where pH is approximately 6 (still slightly acidic) providing a favorable 

environment for the beginning of germination. Spores continue to travel to the large 

intestine where they rapidly germinate and outcompete other bacterial species [8]. 

Once C.diff begins to colonize the large intestine it begins producing potent toxins which 

are the effectors of COAD and mucosal inflammation. 

In order to thoroughly understand the effects of C.diff within the gastrointestinal 

environment, we must first investigate the environment itself as well as the cells most 

directly affected by the bacteria. The entire intestinal tract is lined with a single, 

continuous layer of columnar cells known as epithelial cells. These cells are an integral 

part of the barrier which regulates the absorption of material from the lumen of the 

intestine into the tissues themselves. The intestinal epithelial cells are situated atop a 

bed of loose connective tissue perfused with capillaries and lacteals known as the 

lamina propria, and the combination of these two structures is collectively known as the 

intestinal mucosa. The epithelial cell layer along with secreted layers of mucus serve to 

separate the intestinal lumen from the underlying lamina propria and the subsequent 

layers of intestinal tissue [9, 10]. The epithelial barrier is a dynamic structure which is 

regularly replaced approximately every 2 to 5 days. Regular maintenance of this barrier 

is absolutely essential for maintaining homeostasis, normal intestinal function, and 

protection from disease [9, 11]. 
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An extremely important aspect of the epithelial barrier are the junctions between 

the epithelial cells. The most apical portion of these junctions are collectively known as 

tight junctions (TJs) and they are comprised of a number of different proteins that are 

associated with the plasma membranes of the epithelial cells. Membrane proteins such 

as the claudins, occludins, and junctional adhesion molecules (JAMs) span the inter-

membrane space and form tight connections between adjacent epithelial cells. Plaque 

proteins such as the zonula occludens (ZO) family of proteins (i.e., ZO-1, -2, and -3), 

function to anchor the membrane proteins together within the cell and connect them to 

an intracellular structure known as the actomyosin ring [9, 10, 12]. The actomyosin ring 

is a belt-like structure that is situated at the apical end of the epithelial cell and is 

composed of actin and myosin II. This structure is capable of contracting and is known 

to be involved in regulating the TJ. During contraction, it is able to pull adjacent cells 

together in order to maintain barrier integrity [10]. These contractions are also involved 

in the regular maintenance of the barrier by "squeezing out" dead epithelial cells and 

closing the gaps that are left behind [10, 13]. The ZO family of proteins can directly 

.interact with protein filaments of the actin cytoskeleton; which is a structure that is 

composed of actin filaments and is present throughout the cytosolic component of all 

eukaryotic cells. One of its primary functions is to maintain the structure of the cell as a 

whole [10, 14, 15]. Both the TJ and the adherens junction (located beneath the TJ and is 

involved in cell to cell adhesion) interact directly with the actin cytoskeleton, effectively 

linking the structure of an individual cell with its connections to adjacent cells [10, 14]. 



The TJ, along with the epithelial cells, acts as a selectively permeable barrier that 

determines which molecules enter the gut based on their size and charge [12]. It is this 

crucial barrier that acts as the primary target for C.diff toxins, and it is the disruption in 

barrier which subsequently results in massive cellular damage and uncontrolled 

inflammation [2, 3, 11, 16}: 

iii) C. difficile toxins: structure and function 

6 

The two primary toxins produced by C.diff are Toxin A (TcdA) and Toxin B (TcdB), which 

both exhibit cytotoxic effects. TcdA and TcdB have been classified as large clostridial 

toxins as they are long, single-chain proteins with sizes of 308 kDa and 270 kDa 

respectively [2, 3, 16, 17]. Encoded on the same pathogenicity locus of C.diff, TcdA and 

B both contain 4 key domains; the biologically active N-terminal domain, the C-terminal 

oligosaccharide receptor binding domain, the autocatalytic cysteine protease domain, 

and the hydrophobic transmembrane domain [3, 7, 16, 17]. Once the toxins have been 

released from the bacteria, the C-terminal receptor binding domains bind to 

oligosaccharide-type receptors (usually containing galactose ~1-4 linkages) and are 

taken up into the mucosal cells via endocytosis [3, 17]. Within the acidic endosome, a 

conformational change occurs whereby the transmembrane domain is inserted into the 

endosome and the active N-terminal domain (which contains glucosyltransferase 

activity) is cleaved off and exits through a pore in the endosome [3, 7, 17]. Although the 

structure of the transmembrane domain is largely unknown at this point, it is thought to 
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be involved in formation of the endosomal pore [17]. Acidification of the endosome is 

crucial in order for the toxins to be able to undergo the necessary conformational 

change. Also, preventing the fusion of a lysosome with the newly formed endosome has 

been shown to attenuate TcdB activity [3]. 

iv) Mechanisms of barrier breakdown 

Once inside the cytosol, the glucosyltransferase activity of the C.diff toxin protein 

proceeds to remove a glucose moiety from UDP-glucose (which acts as a co-substrate) 

and transfers it to small GTPase proteins such as Rho, Rae, and Cdc42 [2, 3, 7, 16, 17]. 

These proteins are involved in cell cycle pathways and their inhibition causes an increase 

in two different types of cell death, known as apoptosis and necrosis [3, 16]. While both 

result in the death of cells, necrosis is characterized by the release of cytoplasmic 

contents which initiates a local inflammatory response [16]. In addition, Rho proteins 

are also known to control the structure of the actin cytoskeleton within cells. 

Inactivation of Rho proteins results in condensation of actin (i.e., the breakdown or 

depolymerization of actin filaments), destabilization of the cytoskeleton and eventual 

change in cell morphology (i.e., cell rounding) [3, 16, 17]. Rho proteins also maintain the 

tight junctions between epithelial cells, and when combined with the apoptotic effects 

of TcdA/8, the mucosa I layer becomes compromised as its permeability to various fluids 

becomes increased. This results in an increase in fluid influx into the mucosal layer [2, 3, 

7, 16, 17]. The toxins are also responsible for causing an increase in pro-inflammatory 



cytokines from intestinal epithelial cells such as lnterleukin-8 (IL-8) and other 

inflammatory mediators such as Tumor Necrosis Factor-Cl (TNF-Cl). This leads to 

neutrophilic infiltration and the stimulation of the mucosa I immune system to initiate a 

key inflammatory response, a primary effector of intestinal injury [18, 19]. As the 

colonization of C.diff continues, severe inflammation results as well as the formation of 

pseudomembranous plaques, which are composed of mucous and necrotic epithelial 

cells. This condition is known as pseudomembranous colitis (PMC) and it is the primary 

pathogenic condition resulting from C.diff infection [2]. 

1.2 Hypoxia-Inducible Factor-1 

i) Molecular composition: The Cl and subunits of HIF-1 

8 

Within the intestinal epithelial cells, there are many different genes which are 

responsible for encoding proteins that are directly (or indirectly) involved in barrier 

maintenance and repair. Proteins known as transcription factors have been shown to 

bind to specific regions of these genes (known as response elements) in order to 

activate the subsequent production of mRNA transcripts which eventually lead to the 

formation of these proteins. The hypoxia-inducible factors, or HIFs, are important 

regulatory transcription factors made up of Cl and~ subunits which are members of the 

basic helix-loop-helix/PAS (per-arnt-sim homology) family of transcription factors. The Cl 

and subunits must combine to form a heterodimer in order to become 
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transcriptionally active and modify gene expression (Summary Figure 1). The subunit 

of HIF is also referred to as the aryl hydrocarbon receptor nuclear translocator (Arntl), 

and it is a constitutively expressed nuclear protein. There are 3 different forms of the 

subunit termed Arntl, Arnt2, and Arnt3. There are also 3 different isoforms of the a 

subunit known as, HIF-la, HIF-2a, and HIF-3a [20-23]. The a subunit of HIF, unlike the~ 

subunit, is regulated in a manner directly dependent on oxygen availability. Despite the 

fact that HIF-a is expressed at a constant rate, the cellular levels of HIF-a tend to be 

extremely low in normoxic conditions. When oxygen is readily available, the HIF-a 

subunit is targeted for proteosomal degradation and this usually happens in a very rapid 

manner as HIF-a remains in the cell for less than 10 minutes. This proteosomal 

degradation is controlled by a domain which exists within the HIF-a structure known as 

the Oxygen-Dependent Degradation Domain (ODDD). Within this domain reside two 

key proline residues (P-402 and P-564) that are targeted for hydroxylation by enzymes 

(prolyl hydroxylases - PHD) that are specific for the HIF-a subunit [20, 24-26]. It is 

important to note that the PHDs which are specific for HIF-a are oxygen-dependent 

themselves. Thus, when oxygen is abundant, the enzymes are stable and able to carry 

out the hydroxylation of the HIF-a subunit [25]. The hydroxylation of the key pro line 

residues on the HIF-a subunit creates a binding site for the von Hippel-Landau (VHL) 

protein which is part of the VHL ubiquitin ligase complex (an E3 ubiquitin ligase). The 

VHL complex binds to HIF-a by forming hydrogen bonds with the two hydroxylated 

proline residues. Upon binding, the VHL complex proceeds to polyubiquitinate the HIF-a 
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subunit; thus, marking the transcription factor for proteosomal degradation [25, 27]. In 

contrast, under conditions of low oxygen levels within the cell, a general stabilization of 

HIF-a levels occurs. When the cell experiences hypoxia, the PHDs are no longer able to 

hydroxylate HIF-a subunits due to inhibition from low oxygen concentrations, thus 

preventing the subsequent proteosomal degradation [28]. 

ii) Activity of Hypoxia-Inducible Factor-la 

In the event that HIF-a is stabilized, it is able to translocate into the nucleus of the cell 

[20, 28]. Once inside the nucleus, it proceeds to dimerize with the HIF-1~ subunit to 

form an active HIF transcription factor. This heterodimerization step is essential for 

allowing HIF to bind to a domain on target genes known as the Hypoxia Response 

Element (HRE) with a core sequence of 5'-TACGTG-3'. Once bound, HIF would go on to 

modify gene transcription in response to hypoxic conditions [20, 21, 24]. As opposed to 

HIF-la and -2a, HIF-3a while still able to form a heterodimer with HIF-1~, appears to 

have an inhibitory role. HIF-3a is thought to accomplish this by sequestering the 

available HIF-1~, thus preventing the subsequent gene transcription that usually 

accompanies HIF dimerization and activation [20]. 

Both a and subunits of the HIF complex contain two transactivation domains 

which are also important in regulating the activity of HIF. The C-terminal transactivation 

domain (CTAD) and the N-terminal transactivation domain (NTAD) recruit the help of 

transcriptional coactivators, p300 and CREB binding protein {CBP). These coactivators 
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are necessary in order to form complexes with other coactivators and transcriptional 

machinery. Once the complex is formed it is able to effectively upregulate transcription 

of downstream genes. A key regulator of the CTAD is an asparaginyl hydroxylase known 

as Factor Inhibiting HIF-la (FIH-1). In normoxic conditions, the oxygen-dependent 

enzyme FIH-1, inhibits the CTAD's ability to recruit p300/CBP by hydroxylating an 

asparagine residue (asn 803), thus providing another level of oxygen-dependent control 

[20, 21, 27-29]. 

iii) HIF-la in the context of inflammation and the GI tract 

In early experiments carried out in vivo with animals exposed to hypoxia, an increase of 

HIF-la mRNA transcription was observed [30]. In the HIF-la studies that followed it was 

determined that, depending on the conditions used, many substances were able to 

influence HIF-la transcription. These results defied the convention that HIF-la 

stabilization and modification were strictly post-translational events. In studies 

performed in human monocytes (both differentiated and undifferentiated), stimulation 

with bacterial lipopolysaccharide (LPS) was found to increase the HIF-la mRNA 

transcription as well as protein concentration in normoxic conditions [30, 31]. LPS 

activity influences HIF-la directly at the transcriptional level since the inhibition of 

transcription eliminates LPS effects on HIF-la under normoxic conditions. With respect 

to inflammatory pathways, this is important since LPS, which binds to surface receptors, 

is also known to induce immune response-related transcription factors NF-KB and AP-1. 
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Analysis of upstream promoters of HI F-la revealed binding sites for both of these 

transcription factors and without NF-KB, continuous transcription of HIF-la mRNA is not 

possible. In studies relating to downstream HIF-1 effects, it was found that p65 (an NF-

KB subunit) and IKKa (a kinase which phosphorylates NF-KB inhibitors causing their 

dissociation from NF-KB) are both gene targets of the HIF-1 complex suggesting that the 

interaction between NF-KB and HIF-1 is part of a hypoxia and inflammation-induced 

enhancing cycle [30]. 

These findings are particularly relevant to inflammatory diseases such as colitis. 

Epithelial tissues in the intestines are known to be somewhat hypoxic due to the large 

oxygen gradient formed between epithelial tissues and subepithelial tissues. This 

gradient is formed as a result of the distance between the epithelium and the vascular 

blood flow, which causes most of the oxygen to be taken up by the subepithelial layer. 

Epithelial tissues demonstrate a nearly 2-fold increase in the expression of HIF-1 target 

genes relative to surrounding tissues [32, 33]. At the tissue level, it has been shown that 

inflammation and hypoxia are closely associated with each other, which is perhaps why 

Crohn's disease (an inflammatory disease) is characterized by alterations in tissue 

oxygen and energy levels [33, 34]. Without adequate oxygen and energy, the epithelial 

transport and barrier functions can quickly become compromised. A clinically important 

symptom shared by Crohn's disease, ulcerative, ischemic, and C.diff-mediated colitis 

seems to be the loss of barrier function via disruption of tight junctions [16, 32-34]. HIF-

1 however, demonstrates a protective function in the epithelium. Through murine 
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models of colitis, it has been observed that mice that had decreased levels of HIF-1 also 

experienced the most severe symptoms. If HIF-1 was constitutively active, loss of 

epithelial barrier function was decreased in vivo and therefore damage to the mucosa 

was decreased. Further studies in colons that constitutively expressed HIF-1 also 

showed an increased expression of HIF-1 target genes including CD73, COSS, intestinal 

trefoil factor (ITF), multidrug resistance gene-1, and the adenosine A2B receptor; all of 

which are involved in increasing the protection afforded by the epithelial barrier [33, 

34]. It is important to note that despite the heavy influence of oxygen on the regulation 

and control of HIF-la, other factors, such as nitric oxide (NO) have also been found to 

play an essential role in mediating HIF-la activity [24, 27, 35]. 

1.3 An overview of nitric oxide 

i) Nitric oxide synthase - isozymes I, II, and Ill 

NO is produced in the tissues by an enzyme known as nitric oxide synthase (NOS). 

Depending on the cellular location within the body, NO can be produced by one of three 

different NOS isozymes; neuronal (nNOS, NOS I}, endothelial (eNOS, NOS Ill} or inducible 

(iNOS, NOS II} nitric oxide synthase [36, 37]. 

The first enzyme to be purified, nNOS, is a constitutively active enzyme in the 

body. Despite its constant expression, nNOS is only capable of producing very small 



quantities of NO, typically within the picomolar range [36, 38]. In terms of regulation, 

nNOS activity is highly dependent upon Ca2
+ concentrations within the cell [36]. 
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The third isozyme to be purified, eNOS, shares certain key features in common with the 

nNOS isozyme. The eNOS isozyme is also constitutively expressed, but like nNOS, it is 

short-lived and produces a very small (picomolar) amount of NO [36, 38]. Also, eNOS 

activity is dependent on intracellular Ca2
+ concentrations, but to an even greater extent 

than nNOS in their respective tissue types. The eNOS protein is primarily found in the 

particulate (membrane-bound) fraction, whereas nNOS and iNOS are primarily in the 

soluble fraction [36]. 

The second isozyme to be purified, iNOS, demonstrates key differences from 

both nNOS and eNOS. Unlike the other two isozymes, iNOS is not a constitutively active 

enzyme, and was originally purified from murine macrophages. In addition to 

macrophages, iNOS can also be induced in epithelial cells, eosinophils, neutrophils, 

hepatocytes, and smooth muscle cells. Unlike nNOS and eNOS, iNOS is long-lived and 

produces NO at much higher concentrations; nanomolar as opposed to pico molar levels. 

Another key difference between the constitutively active NOS enzymes (cNOS) and iNOS 

is their sensitivity to Ca2
+. Regulation of iNOS is Ca2

+ independent and induction of iNOS 

typically occurs in the presence of bacterial endotoxins (such as LPS) and inflammatory 

cytokines (such as IL-1~, TNF-a, and IFN-y); thus making it clinically relevant in 

pathological conditions [37-39]. The presence of iNOS in normal intestine is to be 

expected as the intestinal tissues often make "first contact" with respect to foreign 
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antigens. Also, the intestine is home to many different species of bacteria whose 

byproducts can act as potent stimulators for the induction of iNOS in the tissues [40]. 

Due to the relative volumes of NO produced by the three enzymes, iNOS has often been 

associated with inflammation and damage. Whereas, the smaller volumes of NO 

produced by cNOS have been deemed beneficial in maintaining homeostasis [40, 41]. 

To reiterate and summarize the roles of each NOS isozyme, cNOS is typically associated 

with normal regulatory functions within the cell, whereas iNOS is associated with 

disease-state or pathological conditions [36-39]. 

ii) Formation and action of nitric oxide , 

It is believed that the mechanism of generating the small NO radical is quite likely to be 

consistent across all three isozymes of NOS due to similar cofactor requirements [36]. 

The NOS enzyme, in conjunction with molecular oxygen and NADPH as co-substrates, 

carries out an oxidation of the terminal guanido nitrogen from the amino acid, L-

arginine. The final result of the aforementioned reaction are the two products, NO and 

L-citrulline [37, 38, 42, 43]. This enzymatic reaction is highly specific as structural 

analogs of L-arginine, such as L-NG-monomethyl-arginine (L-NMMA) and L-N-nitro-

arginine methyl ester (L-NAME) act as competitive inhibitors of NOS [38, 44]. NO is 

quite lipophilic, which allows it to pass through cell membranes, but it also has a very 

short biological half-life {3-5 seconds); therefore it has a rapid, localized effect on 

surrounding tissues [44]. The action of NO however is quickly attenuated by the 
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conversion to either N02- or N03-, which are both much less potent in terms of 

regulating specific biological processes [42, 44]. The majority of NO (90%) undergoes a 

spontaneous oxidation to form N02- and the remaining NO is converted to N03- in a 

reaction with the superoxide anion (02l It is important to mention that N02- can also 

be oxidized to N03-. The presence of N03- is rare due to the fact that superoxide 

dismutase enzymes typically keep levels of 0 2- very low; however this may change and 

have an increased relevance in various pathological conditions [44]. It is important to 

note that both NO and N02- are able to react with thiol groups in order to form more 

chemically complex nitroso-donating compounds such as S-nitrosothiols. These 

compounds are potentially relevant in clinical applications as they are known to have a 

much longer biological half-life than NO (anywhere from 30 seconds to 1 hour 

depending on the compound) [27, 44]. The actual biological action of NO is based on 

the use of various NO donating compounds such as Deta-NONOate, S-nitrosoglutathione 

(GSNO), S-nitroso-N-acetylpenicillamine (SNAP), or sodium nitroprusside (SNP) [24, 27, 

35, 45]. Many of these NO derivative compounds (as mentioned above) are able to 

nitrosylate (post-translational protein modification with NO), nitrate (addition of a nitro 

group, N02, on a chemical compound), nitrosate (addition of NO group on an organic 

compound), or even oxidize various target molecules/proteins. This can lead to changes 

in gene transcription and/or translation. NO, however, is not consistent in its action on 

the cell as its effects can vary depending on the timing of NO action, NO concentrations, 



and even redox states of the cell. One important example of varying NO effects deals 

with its interaction with HIF-la in normoxic versus hypoxic environments [24, 35]. 

iii) Nitric oxide in the context of the GI tract 
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Before we explore the different interactions of NO with HIF-1, it is important to 

understand the role of nitric oxide in the context of the gastrointestinal tract. There is 

definitely an extensive body of work which implicates the three isoforms of NOS as 

critical contributors to many physiological processes throughout the body. However, for 

the purposes of this thesis, only the functions relating to the GI tract will be discussed, 

particularly those of iNOS. 

One of the first studies to characterize the role of NO in the intestine involved the use of 

51Cr-labeled EDTA in feline ileum. This study successfully demonstrated that NO plays a 

role in regulating intestinal permeability. A local intra-arterial infusion of the broad 

spectrum NOS inhibitor (i.e. acts as a competitive inhibitor of all three isoforms of NOS), 

L-NAME, caused a significant increase in the blood-to-lumen clearance of 51-Cr EDTA. 

This increase in permeability was nearly six times that of the control treatment and was 

such that the presence of macromolecules (such as fluorescently-labeled dextran) was 

increased from the interstitial space to the lumen. These effects of L-NAME on 

intestinal permeability were effectively countered by the addition of L-arginine (which 

would compete against L-NAME for the active site on the NOS enzyme) or the nitric 

oxide donating compound, sodium nitroprusside (SNP). In addition, the infusion of a 
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structural isomer of L-NAME, D-NAME, had no effect on permeability in the feline small 

intestine. It is important to note however that the increase in permeability due to NO 

inhibition was not necessarily the result of increased injury to the epithelium. In this 

particular study, there was no evidence of overt intestinal damage such as the presence 

of blood or mucosal lesions [46]. 

In terms of NO's direct effects on intestinal permeability, it has been previously 

postulated that the relaxation mechanisms of cells may be involved. It has been well-

characterized that one of NO's main functions is the activation of the enzyme guanylate 

cyclase (GC). GC activity involves the conversion of guanosine triphosphate (GTP) into 

cyclic guanosine monophosphate (cGMP). The formation of cGMP has been implicated 

in a number of physiological processes as it reacts together with cGMP-dependent 

protein kinase and triggers an important signaling cascade. This signaling event is 

known to be involved in altering the phosphorylation state of many different proteins, 

which includes the dephosphorylation of myosin light chain. This dephosphorylation is 

responsible for inducing a relaxation response in the cells [47, 48]. Therefore, by 

inhibiting NO synthesis and preventing the activation of GC, this results in cell 

constriction and the increase in the interepithelial spaces. Also, this can prevent the 

stimulation of certain gastric mucus secretions by soluble GC. Through these 

mechanisms, it is possible that NO may be directly involved in regulating intestinal 

epithelial permeability [37, 49, SO]. 

l 
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Studies which investigated the role of NO synthesis inhibitors in rat intestinal 

permeability have demonstrated a potential role of reactive oxygen species and mast 

cells [49]. In this study, permeability was once again determined to increase roughly 

sixfold in rats that were treated with the NOS inhibitor, L-NAME. Along with an increase 

in permeability, the tissues also demonstrated a significant increase in mast cell 

degranulation; which has been associated with the release of a number of inflammatory 

mediating factors such as oxidants, platelet-activating factor (PAF), and histamine. 

Pretreatment of rat jejunum with Su peroxide dismutase (SOD - an antioxidant enzyme), 

dexamethasone (causes mast cell depletion), PAF inhibiting compounds, or mast cell 

stabilizing compounds, prior to the addition of L-NAME all resulted in an attenuation of 

the increased permeability that was seen with L-NAME treatment alone. 

Another important role for NO is its association with neutrophils. Neutrophils act as a 

source of oxidant molecules and their recruitment to sites of inflammation are a regular 

occurrence in many different inflammatory pathologies [39]. Studies performed in 

postischemic tissue have demonstrated that NO is capable of inhibiting neutrophil 

adhesion and emigration by inhibiting the expression of various molecules required for 

adhesion [51, 52]. Furthermore, NO has also been shown to act specifically on the 

enzymatic processes in neutrophils which are responsible for oxidant production. In a 

cell-free system, it was demonstrated that exposing plasma membrane elements of the 

NADPH-oxidase enzyme complex prior to assembly of the entire complex, resulted in a 
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significant reduction in the amount of ROS generated by the enzyme upon stimulation 

with NADPH [53]. 

It is important to mention that many of these studies investigating the role of NO in the 

intestine, particularly the studies which focus on NO synthesis inhibition, only look at 

the general effects of the NOS enzymes as a whole. As mentioned previously, L-NAME 

and L-NMMA are broad spectrum inhibitors which, at best, implicate all three isozymes 

of NOS in regulating epithelial permeability. One study, which examined the effects of 

endotoxin in rats, found interesting results pertaining to iNOS and its role in affecting 

intestinal permeability. When exposing rat colonic tissues to LPS, it was found that co-

incubation with EGTA (a calcium chelating agent) suppressed NOS activity only up until 

the 3 hour mark, beyond which EGTA provided only partial suppression of NOS activity 

suggesting the presence of a calcium-independent NOS enzyme (a primary characteristic 

of iNOS) after 3 hours of LPS exposure. In this same study, if the NO synthesis was 

inhibited with L-NMMA prior to the initial induction of NOS activity (i.e. 0-3 hours) it 

proved to have detrimental effects with respect to the endotoxin-induced colonic 

damage. However, if the L-NMMA was added prior to the induction of iNOS, the 

damage was attenuated and it seemed to have a protective effect. Therefore, it was 

suggested that the larger quantities of NO that are produced by iNOS are associated 

with exacerbated intestinal injury [54]. However, the debate on the contribution of 

iNOS to intestinal injury does not end there. There have been studies published which 

investigate the effects of iNOS in iNOS-deficient (iNOS-1-) mice with exposure to different 
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strains of bacteria. For example, one group investigated the effects of LPS on iNos-1· 

mice and found that at higher concentrations of LPS, there were no differences in the 

levels of inflammation and injury between the wild-type and deficient mice. Also, when 

mice were pretreated with heat-inactivated bacteria prior to exposure with LPS, the 

overall mortality rate of iNos-1· mice was no different than that of the wild-type mice 

[55]. There have been a number of other studies that have shown contrasting results 

with respect to LPS treatment in mice. Some studies have demonstrated an increase in 

resistance to LPS in iNos·I· mice, and yet other studies have shown no resistance iNos-1-

mice. However, a consistent finding across each of these studies has been the fact that 

lethal doses of bacterial exposure have been have been at least 5-10 fold lower in iNos· 

I- mice than in wild type mice (reviewed in [39] and [411). In terms of the infection 

model, it would seem that results tend to favour the presence of iNOS in mice with 

respect to maintaining intestinal integrity and permeability. One possible explanation 

for this effect in mice is the microbicidal effects of NO. Although the NO radical itself is 

ineffective with respect to certain organisms, it has been shown that S-nitrosothiols, 

peroxynitrite (NO3"), or even RNI can have bacteriostatic, antimicrobial, and DNA-

altering effects depending on the species of bacteria [56, 57]. These effects of NO, in 

combination with the fact that iNOS produces far more NO than cNOS (as mentioned 

previously), may offer a possible explanation for the role of iNOS in the context of 

pathogen-induced intestinal injury. This brief overview of NO with respect to infection 

however has been greatly simplified as the literature supporting opposing views is 
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certainly extensive. Although the effects of NO in the gut have been fairly well-studied, 

the relative contributions of the different NOS enzymes, especially iNOS, have not been 

definitively characterized as different conditions can result in vastly different responses. 

iv) Interactions with HIF-la 

It comes as no surprise that NO, with its ability to affect a vast number of essential 

physiological responses, has also been shown to have implications with respect to 

oxygen sensing and hypoxic signaling. It was determined that HIF-1 and its associated 

proteins contained thiol groups which act as targets for NO-related interactions. Also, 

the transport of NO from the hemoglobin complexes has also been shown to be 

dependent on oxygen availability [45]. Thus, studies pertaining to the effects of NO on 

HIF-1 and its related proteins began to emerge. Early experiments have shown that NO 

has an inhibitory role with respect to stabilization and activation of HIF-la [35]. 

However, more recent studies have demonstrated that NO donors which are chemically 

diverse (such as GSNO for example) or increased endogenous NO (produced via iNOS) in 

normoxic conditions have been found to enhance HIF-la stabilization, DNA-binding, and 

transcriptional activation of target genes [27, 35, 45, 58]. 

Since the HIF-la subunit must translocate to the nucleus and dimerize with HIF-1~ in 

order to become transcriptionally active, samples of nuclear extracts should contain 

detectable amounts of HIF-la. Metzen et al., using cultured Human Embryonic Kidney 

cells (HEK293}, exposed the cells to CoCh (which is used as a hypoxia mimic and 
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stabilizes the HIF-la subunit, thus acting as a positive control), and the NO-donating 

compound, GSNO. The control cells, as expected, demonstrated a lack of HIF-la (as it is 

degraded in normoxic conditions). However, the GSNO treated cells demonstrated an 

almost equipotent response with the CoCli positive control. It is important to note that 

these results were observed using a constant concentration of GSNO (lmM) [58]. Park 

et al. conducted similar experiments in Hela cells (immortalized cervical cancer cells) 

using NO-donors to induce HIF-la in both normoxic and hypoxic conditions. They 

demonstrated that each of these NO-donors were able to induce HIF-la in both 

conditions [27]. 

Experimentation proceeded to determine whether or not HIF-la induction was 

influenced in a dose- and time-dependent manner. Metzen et al., demonstrated that 

HIF-la signal increases with increasing concentrations of GSNO but also with prolonged 

exposure to constant GSNO. Park et al. demonstrated similar findings using SNAP and 

that the intensity of the HIF-la signal was equal (if not slightly greater) to that of the 

hypoxic response [27, 58]. Palmer et al., also illustrates similar results using bovine 

pulmonary artery endothelial (BPAE) cells. The BPAE cells were exposed to an NO donor 

and this resulted in a stabilization of HIF-la in a dose- and time-dependent manner, but 

also an increase in HIF-1~ (similar to HIF-la) [45]. These findings provide evidence that 

the HIF-1 subunits, especially HIF-la, are stabilized in the cell by NO in a dose- and time-

dependent manner under normoxic conditions (as HIF-la is normally undetectable in 

normoxic conditions). 
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Park et al. went on to test the DNA-binding stability of HIF-1 in Hela cells. The Hela 

cells experienced increases in HIF-1 DNA-binding in a dose- and time- dependent 

manner using SNAP. Metzen et al., performed a similar experiment with GNSO. HIF-1 

DNA binding activity was measured at one 16 hour time point and showed a doubling of 

activity in GSNO and CoCli compared to control cells [58]. Also, to add to the evidence 

supporting stabilized DNA-binding, Park et al. also performed quantitative real-time PCR 

on the mRNA of known HIF-1 targets; vascular endothelial growth factor {VEGF) and 

carbonic anhydrase 9 {CA9). Levels of VEGF and CA9 were shown to increase in a dose-

and time-dependent manner with respect to SNAP [27]. This suggests that in spite of 

normoxic conditions of the cell, HIF-1 DNA-binding is also stabilized by NO, since these 

proteins would not normally be transcribed at all by HIF-1 under these conditions. 

There are two other important levels of control for HIF-lct which include interactions 

with PHO and VHL protein complexes. HIF-lct degradation depends on its hydroxylation 

at two key proline residues by PHO enzymes and then subsequent binding to the VHL 

protein complex. Metzen et al. postulated that NO was able to prevent hydroxylation 

by inhibiting PHO enzymes [58], however more recent studies performed by Park et al., 

demonstrate this to be false with data gathered via mass spectrometry. PHD2 enzyme 

was added to a biotin-HIF-lct peptide and a single peak {which represented a 

hydroxylated form of HIF-lct) was observed. Despite the addition of increasing 

concentrations of SNAP, this peak remained the same suggesting that NO-donors could 

not interfere with the hydroxylation of HIF-lct [27]. These results have not fully 
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answered the question concerning hydroxylation-dependent binding of VHL and 

subsequent polyubiquitination. Both Metzen et al. and Park et al., in similar studies 

using co-immunoprecipitation of HIF-la and ubiquitinated HIF-la provided evidence 

that NO-donors were indeed able to downregulate the ubiquitination of HIF-la to levels 

similar to that of cells which were not exposed to ubiquitin, or were administered with 

ubiquitination blockers. The protease inhibitor, MG132, was also administered to make 

it possible to precipitate the ubiquitinated proteins [27, 58]. Park et al., using bacterially 

expressed and purified HIF-la with 35S labeled VHL, introduced SNAP and PHD2. The 

results of this experiment showed that PHD2 was still able to hydroxylate HIF-la, 

however, in the absence of reducing agents (Fe(II) and vitamin C), SNAP was able to 

inhibit recruitment of VHL to HIF-la. In order to determine whether this inhibition was 

based on S-nitrosylation, the cysteine 520 residue was mutated to alanine. This point 

mutation eliminated the effects of SNAP on HIF-la with respect to VHLrecruitment 

suggesting that cysteine 520 is indeed nitrosylated at this point, thus preventing the VHL 

recruitment and subsequent degradation. Although this indicates that NO-donors can 

prevent the polyubiquitination by VHL, it also indicates that these interactions are redox 

dependent as SNAP could not inhibit VHL recruitment unless reducing agents were in 

limiting amounts (low vitamin C in this case). Similarly, Metzen et al. observed that 

GSNO stabilization of HIF-la could be inhibited by addition of Dithiothreitol (a reducing 

agent) in the middle and at the end of the incubation with GSNO [58]. As demonstrated 
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in these two studies, NO is able to interact and stabilize HIF-la on many different levels 

of control. 

In an interesting set of data presented by Metzen et al., it was found that by analyzing 

total RNA levels in cells treated with CoClz and GSNO after 2 hour incubation (to 

coincide with their protein treatments}, levels of mRNA showed no change in response. 

Also, in a second experiment, Metzen et al. inhibited transcription by incubating with 

actinomycin D {30 min}, followed by 4 hour incubation with GSNO. The levels of HIF-la 

protein present did not appear to change relative to cells that were not treated with 

actinomycin D. From these results, Metzen et al. concluded that elevated HIF-la levels 

due to GSNO were not influenced by transcription of HIF-la mRNA. In similar 

experiments performed by Palmer et al., it was determined that other NO donors had 

no effect on HIF-la stabilization in a transcriptional manner. It is important to note that 

these results however, do not completely eliminate the possibility of mRNA's influence 

on HIF-la, or its clinical importance. 

1.4 An overview of reactive oxygen species 

i} Structure and production 

The phrase "reactive oxygen species" functions as a blanket term to describe a number 

of different molecules that can act as oxidants [59, 60]. It was not until the discovery of 

superoxide dismutase (i.e. an enzyme specifically designed to breakdown superoxide 
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radicals) that the effects of ROS were linked to a multitude of cellular events [59]. 

Although UV and ionizing radiation both contribute to the formation of oxidative free 

radicals, the primary source of ROS actually originates from a number of different 

reactions ranging from enzyme-mediated catalysis to electron leak from certain enzyme 

complexes. Originally thought to be just a byproduct of oxygen metabolism (via 

cytochrome enzymes) in the mitochondria, it was later found to be a primary effector 

molecule of certain immune-related cells such as neutrophils (via NADPH oxidase -

NOX) [53, 59-62]. Many of the protein complexes involved in respiration will leak 

electrons to oxygen, resulting in the formation of ROS [59-62]. Another well-

documented source of ROS is the enzyme, xanthine oxidase, which is primarily located 

in the serum and pulmonary tissue [59-61, 63]. Typically formed by the reduction of 

oxygen by a single electron, the superoxide anion (SOA- 0 2•-) acts as a mediator in 

many oxidative reactions and is a well-known precursor for the majority of different ROS 

and even Reactive Nitrogen Species (RNS). Due to the instability and reactivity of the 

SOA, the enzyme SOD can convert the free radical into the less damaging hydrogen 

peroxide (H20 2}. This conversion to H20 2 has also been known to occur spontaneously. 

H20 2 has two possible fates in that it can either be further reduced to water (H20) or 

partially reduced into an even more powerful oxidant, the hydroxyl radical (OH•) [60]. 

ROS are also involved in a number of important antimicrobial defenses within 

the body. Phagocytic cells (e.g. polymorphonuclear neutrophils and macrophages) for 

example, contain an important enzyme complex located on the cell membrane known 
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as the NOX enzyme. These enzymes are composed of regulatory subunits, 

flavoproteins, and cytochrome b. Once the cells are activated in response to infection 

or inflammation, the NOX complex begins to assemble on the cell membrane where 

they reduce oxygen to form SOA. These newly formed species are released into the 

phagosomal space where they are then converted by enzymes like myeloperoxidase 

(MPO) into more powerful oxid~nts such as hypochlorous acid. These acidic compounds 

are some of the most effective oxidants in a neutrophil's antimicrobial arsenal [53, 59, 

60, 62, 64]. 

It is important to note that basal levels of ROS (i.e., what is normally produced 

by respiration and other sources) are not toxic to the cells, and small fluctuations in 

their levels have been known to influence cell signaling events. If the steady-state level 

of SOA increases, this increased production leads to interactions with other effector 

molecules such as transition metals or NO. These subsequent reactions cause the 

formation of some of the most powerful oxidants in nature such as OH• and 

peroxynitrite respectively [60]. Although minute amounts of these oxidants are not 

particularly harmful, increases in their levels during certain chronic inflammatory 

conditions can have deleterious effects. The dysfunctional regulation of ROS production 

leads to a condition known as "oxidative stress" and is typically associated with 

increased levels of SOA, OH•, and NO3-, which are capable of indiscriminately targeting 

proteins, lipids and DNA with damaging consequences [59-62, 65]. These instances of 

oxidative stress and injury have been associated with a number of different intestinal 



pathologies such as ischemia-reperfusion injury and inflammatory bowel disease. The 

increased presence of oxygen radicals has also been implicated in the increased 

permeability of the endothelium and mucosa [61, 66, 67]. 

ii) Reactive oxygen species in the context of the GI tract 
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Within the GI environment, ROS can play a significant role in mediating both infection 

and inflammation. As previously described, NOX enzymes (namely, NOX2) are heavily 

involved in the antimicrobial actions of phagocytic cells. However, ROS production is 

not limited to phagocytic cells of the intestine. In a recent study [681, the expression of 

another member of the NOX family, NOX4, was found to be expressed in the intestinal 

epithelial cells themselves. In this study, intestinal epithelial cell monolayers were 

exposed to Listeria monocytogenes (LM). Upon infection, the cells began producing ROS 

in a NOX4-dependent fashion as early as 5 minutes following bacterial exposure. The 

group suggests that these data are in accordance with previous data that link the 

production of ROS with the activation of MAP kinase and the initiation of certain 

signaling events. These events are thought to be involved in horizontal cell-to-cell 

communication and the coordination of innate immune responses with neighbouring 

cells against bacterial challenge. Another study investigated ROS production in 

epithelial cells in response to signals from enteric commensal bacteria [62]. Using 

intestinal epithelial cells, this group focused on the induction of ROS by bacterial 

exposure and the subsequent effects on wound repair. The results of this study 
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demonstrated that when exposed to enteric commensal bacteria, ROS generation was 

increased in the epithelial cells. The increase in ROS resulted in the inactivation of the 

redox-sensitive tyrosine phosphatase proteins, which subsequently led to the increased 

activation of focal adhesion kinase (which is required for epithelial mobility in wound 

repair) [62]. 

iii) Interactions with nitric oxide 

There have been a number of studies that have investigated the often opposing effects 

of ROS and NO. As stated previously, NO can, through its interactions with proteins in 

the NOX complex, prevent the generation of ROS [65]. Elevated concentrations of NO 

have been associated with many different (patho)physiological states (e.g. certain 

inflammatory conditions or ischemic injury). Moreover it is important to note that the 

elevations in NO can occur concurrently with increased ROS production [63, 65]. Studies 

investigating the effects of ROS on Chinese hamster lung fibroblasts and primary 

cultures of rat mesencephalic neurons demonstrated deleterious effects in each cell 

type when incubated with H2O2 or xanthine oxidase. The damage caused by ROS was 

significantly attenuated when co-incubated with an NO-donating compound. The NO-

donating compound alone (at 1 mM concentrations) did not cause any damage to the 

cells but demonstrated a protective effect against ROS. This suggests that even at 

higher concentrations, NO alone does not seem to be sufficient to cause any real 

damage [63]. This is however an in vitro effect and does not necessarily depict what 



would happen in vivo where NO is free to diffuse into many surrounding tissues [65]. 

Also, in vivo, NO is the only biological molecule that is present in high enough 

concentrations to actually compete with SOD for the SOA [63, 65]. 
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It has been well-characterized that SOA, at physiological conditions, will readily 

react with NO to form peroxynitrite. This highly reactive product has also been shown 

to nitrosylate tyrosine residues of many different proteins, including structural proteins 

such as actin [65]. This tyrosine nitrosylation of structural proteins can have seriously 

deleterious effects, and these nitrotyrosine residues (that often act as a marker or 

footprint) have been found in many different pathological conditions including 

inflammatory bowel disease [65, 69]. Individually, ROS and NO appear to have 

beneficial if not necessary effects in maintaining homeostasis. This delicate balance 

however can easily be upset with the introduction of an infection or the initiation of an 

inflammatory response. Since both have been closely associated with GI tract, it is 

important to consider the interactions between these two crucial effector molecules 

when dealing with intestinal injury. 
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Summary Figure 1- Mechanisms of HIF-la regulation. The purpose of this figure is 

simply to summarize the regulatory mechanisms of HIF-la discussed in the introduction. 

The alpha subunit of the HIF-1 transcription factor exists in the cytosol and is regulated 

by an Oxygen-dependent degradation domain (ODDD} and a C-terminal transactivation 

domain (CAD}. Under [normoxia] - Proline hydroxylation occurs in the ODDD via Prolyl 

hydroxylase (PHD} and Asparagine hydroxylation occurs in the CAD via Factor-Inhibiting 

HIF-1 (FIH-1). Proline hydroxylation allows for the recruitment of the Von-Hippel Lindau 

protein complex (pVHL, an E3 ubiquitin ligase}, which results in the polyubiquitination 

and proteosomal degradation of HIF-la. Asparagine hydroxylation still allows HIF-la to 

enter the nucleus, dimerize with HIF-1~ and bind to target genes. However, the 

hydroxylated asparagine prevents recruitment of transcriptional co-activators 

(p300/CBP}, thus preventing downstream target gene activation. Under [hypoxia] -

Since oxygen concentrations are low, neither PHD nor FIH-1 have the necessary co-

factor requirement to carry out hydroxylation of HIF-la. This allows HIF-la to 

translocate to the nucleus and dimerize with HIF-1~ in order to regulate transcription of 

downstream genes. During [nitrosylation] - Nitric oxide concentrations are increased in 

the cell allowing NO to nitrosylate HIF-la on cysteine residues (S-nitrosylation}. This 

prevents the recruitment of ubiquitin ligating enzymes (pVHL}. Nitrosylation is also 

thought to interfere with FIH-1. Nitrosylated HIF-la is considered stabilized from 

ubiquitination and asparagine hydroxylation. It can now enter the nucleus, dimerize 

with HIF-1~, and initiate transcription of downstream target genes 
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2.0 Hypothesis and objectives 

As stated previously, HIF-1 is a highly regulated transcription factor that demonstrates 

protective functions within intestinal inflammatory pathologies such as colitis. Its 

activity as a transcription factor influences key target genes such as VEGF, ITF, MDR-1, 

and CD73 which are involved in mucosa I barrier maintenance and restitution. Since the 

majority of regulatory control lies with the a-subunit, it would be advantageous to keep 

the studies specifically focused on the various control mechanisms that potentially 

regulate its expression and biological activity. HIF-la levels were tested in patients with 

C.diff-mediated injury and the findings have shown an upregulation of HIF-la levels. In 

addition, studies performed by Hirota et al. [70] have demonstrated the protective 

effects of HIF in the context of C.diff toxin-mediated damage in mice. Moreover, mice 

that were genetically deficient in HIF-la were more susceptible to C.diff-induced 

damage when compared to wild type mice. These results implicate an essential role 

for HIF-la in modulating the innate protective functions of the intestinal epithelial 

mucosa in response to C.diff-mediated intestinal injury. Due to the suggested 

importance of the HIF-1 transcription factor, studies were performed to determine key 

mechanisms of stabilization (i.e. interactions with NO). For the intents and purposes of 

this thesis, it was hypothesized that NO and ROS produced during C.diff toxin-induced 

intestinal injury may act as important signals to influence HIF-la and initiate 

protection against C.diff toxin-induced intestinal damage. 



The 3 primary objectives of this study are as follows: 

2.1 Assess the effect of C.diff toxins on HIF-1a on a post-translational level 

2.2 Assess the effects of NO on HIF-1a in the presence of C.diff toxins 

2.3 Assess the relationship between reactive oxygen species and NO and how it 

affects HIF-1a expression. 
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3.0 Materials and Methods 

3.1 Inoculation of C. difficile cultures and production of toxin 

The bacterial toxin used in these experiments was extracted from the NAP-1/027 strain 

of C.diff (positive for both TcdA and TcdB}, which was obtained from Dr. Tom Louie's 

laboratory at the Foothills Hospital, Calgary, AB, Canada. The toxin production and 

extraction protocol was previously described by Sullivan et al. 1982 [71], where cultures 

were inoculated in brain-heart infusion media and grown in sterile, anaerobic 

conditions. Approximately 5 days after inoculation, C.diff cultures were harvested by 

centrifugation at 10,000 x g for 1 hour. The culture supernatant (i.e. the mixture of 

toxins A and B -TcdA/B} was placed in a Steriflip® Filter Unit (Millipore, USA} in order to 

remove any remaining bacteria or bacterial spores. The supernatant (containing TcdA 

and TcdB} was then transferred to an Amicon Ultra-15 Centrifugal Filter Unit with a 100-

kDa cutoff filter (Millipore, USA} in order to exclude anything below the size of the large 

clostridial toxins. The remaining filtrand (i.e., any protein above 100-kDa} was carefully 

extracted from the filter. Approximately half of the concentrated supernatant was set 

aside for the purification of individual toxins TcdA and TcdB. The protein concentration 

of the final TcdA/B mixture was determined by Bradford assay, and the TcdA/B mixture 

used as the toxin source for both in vitro and in vivo experiments. 
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3.2 C. difficile toxin purification 

The toxin purification protocol using ion exchange chromatography was described 

previously in Sullivan et al. 1982 [71]. Concentrated TcdA/B supernatant (500 µl) was 

injected onto a DEAE Sepharose Cl-6B anion exchange column at 4°C that was 

previously equilibrated in Buffer A (SO mM Tris, OM NaCl, pH 7.4). Clostridial proteins 

were eluted with a linear gradient of Buffer B (SO mM Tris, 1 M NaCl, pH 7.4) at a flow 

rate of 0.3 ml/min. Fractions (0.9 ml) were collected over a total time of 3 hours. The 

fractions which appeared around 0.10 - 0.25 M NaCl and the fractions which appeared 

around 0.3 - 0.6 M NaCl were analyzed on an 8% SDS-PAGE (recipe described in Section 

3.9). The gels were stained with Coomassie Brilliant Blue G-250, and the 0.10-0.25M 

NaCl fractions containing high molecular weight bands (i.e. >2SOKDa) were pooled and 

concentrated using 100-kDa cutoff centrifugal filters. This concentrated supernatant 

was immunoblotted with anti-TcdA antibody (Meridian Bioscience, UK) and confirmed 

to be C.diff TcdA. The same procedure was carried out for fractions containing 0.3-0.6 

M NaCl to generate a pure pool of C.diff TcdB. Again, the purity was confirmed by 

immunoblotting with antibody specific forTcdB protein (Meridian Bioscience, UK). 
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3.3 Cell culturing and maintenance of Caco-2 intestinal epithelial cells 

The in vitro experiments were carried O!Jt on the Caco-2 colorectal adenocarcinoma cell 

line (ATCC, USA - cell#: HTB-37, designation: Caco-2). Cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM; lnvitrogen, USA} with 20% Fetal Bovine Serum (FBS; 

lnvitrogen, USA}, 1% Penicillin-Streptomycin solution (PenStrep; lnvitrogen, USA}, 1% 

non-essential amino acid solution (NEAA; lnvitrogen, USA} and 1% sodium pyruvate 

solution (lnvitrogen, USA}. Cell cultures were incubated at 37 °C under 5% CO2 in 75 cm2 

culture flasks or 10 cm petri dishes (BD Biosciences, USA}. 

The cells were passaged every 4-5 days by decanting the cell media, washing 

twice with lx sterile PBS and adding 1 ml of 0.25% trypsin-EDTA solution (lnvitrogen, 

USA}. The cells were incubated at 37°C (with trypsin still added} in order to allow the 

adherent cells to be separated from the flask/plate. Cells were then re-suspended with 

9 ml of culture media (described above} and diluted to the desired concentration 

(typically 1:10}. The culture media and trypsin-EDTA solutions were heated to 37 °C 

prior to coming in contact with the cells. 

Stably expressing HIF-la siRNA knockdown Caco-2 cells (Caco-2HIF-KD} were 

obtained from the laboratory of Dr. Sean Colgan (University of Colorado, Denver, USA} 

and used as control cells for some experiments. The siRNA in these Caco-2 cells 

functions to decrease the transcription of HIF-la within the cell. Caco-2HIF-KD cells were 

cultured in DMEM (Cellgro - Mediatech, Inc. USA}, with 10% FBS, 1% PenStrep, 1% l-

glutamine (lnvitrogen, USA} and 3 µg/ml of puromycin (lnvitrogen, USA}. The 
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puromycin, which is an inhibitor of protein translation, is needed for the specific 

selection of cells containing the appropriate siRNA. Maintenance of the Caco-2HIF-KD cells 

followed the same protocol as described for the wild-type (WT) Caco-2 cells. 

3.4· Cell plating and experiment preparation 

Caco-2 IECs were plated onto 6-well and 12-well plates (BD Falcon, USA) or 8-well 

chamber slides (lab-Tek- Nalgene Nunc, USA) depending on which experiments were to 

be performed. Cells were seeded by harvesting a 125 µl volume of cells ready for 

passaging (i.e., cells suspended in 1 ml of trypsin-EDT A solution and 9 ml of cell media). 

At this dilution, cells grew to 85 - 95% confluence in approximately 3 days. Confluence 

was determined qualitatively, where experiments were carried out upon formation of a 

Caco-2 monolayer which covered 85 - 95% of the well. The treatments that were added 

to the cells were as follows; C.diff toxin mixture (contains both TcdA and TcdB), 1400W 

dihydrochloride (1400W, dissolved in PBS; SIGMA-Aldrich, USA), and N-acetyl l-cysteine 

(NAC, dissolved in PBS and pH adjusted to 7.0 with 10 M sodium hydroxide; SIGMA-

Aldrich, USA). Treatments were added directly to the cell media and plates were then 

lightly agitated to ensure an even distribution of the treatment. For the majority of the 

experiments, C.diff toxin was added at a concentration of 70 µg/ml. Treatments (i.e., 

1400W, 100 µM and NAC, 25 mM) were added 1 hour prior to exposure with C.diff 

toxin. For example, if an experiment was testing the effects of a 4 hour C.diff toxin 

exposure, the drug would be placed on the cells for a total of 5 hours; therefore the 



control for the drug (i.e. the cells treated with the drug alone) would also have to be 

treated for 5 hours in order to accommodate for the 1 hour pre-treatment. 

3.5 Light microscope images of Caco-2 cell monolayers 
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Digital images of Caco-2 cell monolayers were captured with a standard light 

microscope (Nikon, USA) using a digital camera (Canon Powershot SD-1000). Caco-2 

cells that were plated and treated with different conditions (control, toxin, drug, etc.) on 

the multi-well plates were viewed under a light microscope at 20X magnification. 

Images were taken with the following digital camera settings: optical zoom (3X) 

exposure level (O), auto white balance, evaluative capture mode, superfine quality, 2048 

x 1536 resolution and auto ISO. The digital camera images were used to qualitatively 

analyze the integrity of the mono layer; for this reason, images were inverted (i.e., a 

negative image was created) in Adobe Photoshop to provide a better contrast with 

respect to the cell-to-cell junctions. 

3.6 Caco-2 cell lysis with cytosolic and nuclear extract preparation 

The treated media was decanted from the cells in the sterile hood using a vacuum pump 

and a Pasteur pipette. Cells were washed once with an equal volume of sterile PBS to 

ensure all the serum and growth factors of the media did not contaminate the cell 

extract. Once the PBS was decanted from the cells, HEN/2 lysis buffer (125 mM HEPES, 

pH 7.7, 0.5 mM EDTA, and 0.05 mM neocuproine with 0.2% (v/v) NP-40 and Complete 
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Protease Inhibitor) at 150 µL/well for a 12-well plate was added to each well in 

accordance with (Jaffrey et al, 2001). The lysis buffer was allowed to incubate at room 

temperature for 2-3 minutes, after which the cells were stirred with an inverted 10 µL 

pipette tip. Cell extracts were placed into a pre-chilled 1.5 ml Eppendorf tube and flash 

frozen with liquid nitrogen or dry ice. The extracts were stored at -80 °C for 12 hours. 

The extracts were allowed to thaw completely on ice and then were clarified with 

centrifugation at 17,500 x g at 4 °C for 5 minutes. The supernatants (i.e., cytosolic 

fraction) were removed and placed into a separate pre-chilled tubes. The pellet was 

then reconstituted in 150 µL nuclear extract buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 

mM EDTA, 10% (v/v) glycerol, and 0.1 mM Neocuproine). As with the lysis buffer, 

Complete Protease Inhibitor was added to the buffer just prior to use. The 

reconstituted pellets were then incubated for at least 2 hours at 4 °C, followed by high-

speed centrifugation at 17,500 x g for 5 minutes at 4 °C. The resulting supernatant 

represented the nuclear fraction of the cell extract. These samples were also stored at -

80 °C until use. Due to the light-sensitive nature'of nitric oxide and its associated 

modifications, the Eppendorf tubes used in the cell extraction were amber-colored. 

3. 7 Bradford Assay for protein concentration 

Bradford protein assay reagent (Bio-Rad, USA) was diluted 1:10 (v/v) and used with BSA 

as a standard to measure the protein concentrations of cell extracts. Absorbance 

readings of samples and standards (0 -10 µg/µL BSA in PBS) were taken using a 
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spectrophotometer set to 600 nm. The equation of the linear regression analysis of the 

corresponding BSA standard curve was used to calculate the concentration of unknown 

protein samples. 

3.8 Electrophoretic Mobility Shift Assay (EMSA) 

The EMSA protocol used for these experiments was previously described by Hellman 

and Fried 2007 [72]. The DNA sequences used were derived from the human 

erythropoietin (EPO) gene that contains a known HRE sequence (as characterized by 

Semenza et al, 1992 [73]). Both a wild type (WT; GCCCTACGTGCTGTCTCA) and mutant 

(M18; GCCCTAAAAGCTGTCTCA) were used, where the sequence written represents the 

sense strand. The underlined portion represents the 8bp HRE and the balded portions 

represent the nucleotides that are mutated in the M18 strand. Oligonucleotides were 

synthesized at the University of Calgary DNA sequencing labs. 

During the preparation of the binding reaction, a large size, 5% native gel 

(without stack gel) was cast and run using the Protean II gel system (Bio-Rad, USA). At a 

constant 300 V setting, the gel was pre-run for 30 minutes. In the actual binding 

reaction, 15 µg of nuclear extract was used. The tube was tapped lightly and left to 

incubate at room temperature for 5 minutes to eliminate any non-specific binding that 

may occur. After the incubation, 1 µL of the [gamma 32P]-labeled probe was added and 

the mixture was incubated at room temperature for 20 minutes. The samples were 

then loaded onto the pre-run 5% native gel and run at 300 V until the bromophenol blue 



dye (dark blue) was approximately 4 cm from the bottom of the gel. The gel was then 

vacuum dried onto a proportionately-sized piece of Wattman filter paper (VWR, 

Canada) and placed into an autoradiography cassette (Kodak, USA) with a phosphor 

screen (Kodak, USA) for 12 hours. The phosphor screen was imaged using a STORM 
I 

scanner (Amersham biosciences/GE healthcare, USA). 

3.9 Sodium Dodecyl Su/fate-Polyacrylamide Gel Electrophoresis (SOS-PAGE) 
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Gels 8-10% acrylamide (with 33:1.8 ratio of acrylamide:bisacrylamide) were cast using 

the Bio-Rad Mini PROTEAN gel casting syst~m (Bio-Rad Inc., USA). Once polymerized, 

the gels were placed into the Bio-Rad mini protean gel system (Bio-Rad, USA) and the 

gel box was filled to the top with SDS-PAGE running buffer (25 mM Tris, 192 mM glycine, 

and 0.1% SDS). In preparation for running samples through SOS-PAGE, 1 of 2 different 

types of sample buffer were used depending on the experiment: 

For standard SOS-PAGE and Western blotting 

4X laemmli sample buffer (2.4 ml 1 M Tris pH 6.8, 0.8 g SDS, 4 ml 100% glycerol, 0.01% 

bromophenol blue, 0.5 ml ~-mercaptoethanol, 3.3 ml water) 

For the Biotin Switch Assay 

2X non-reducing buffer (2.4 ml 1 M Tris pH 6.8, 0.8 g SDS, 4 ml 100% glycerol, 3.3 ml 

water) 

The buffers were added to the sample so that their final concentration is lX. The 

sample Eppendorf tubes were boiled on a heating block for 10 minutes, placed briefly 



on ice, and then centrifuged at 17,500 x g for 2 minutes. Samples were then loaded in 

the wells of the gel and run at a constant voltage of 150 V until the dye front ran off 

(approx. 1.5 - 2 hrs). 
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For standard SDS-PAGE (i.e. no Western blotting), gels were stained overnight using the 

Coomassie brilliant blue solution {0.2% w/v Coomassie blue, 7.5% glacial acetic acid, and 

50% ethanol - in 500ml). 

3.10 lmmunoprecipitation of HIF-1a from Caco-2 nuclear extracts 

In 1.5ml Eppendorf tubes, Protein G agarose bead slurry (25 µL; diluted 1:2 with the 

HEN/2 buffer) was combined with 100 µL of nuclear extract sample. These samples 

were gently rocked at 4 °C for 15 minutes in order to remove any proteins that may bind 

non-specifically to the beads. The samples were then centrifuged at 17,500 x g for 5 

minutes at 4 °C. The protein concentration of the resulting supernatant was determined 

by the Bradford assay and samples were normalized according to their protein 

concentrations. HIF-la antibody (1 µg; Hlalpha67 (abl), Abeam, USA) was added to 

each sample followed by gentle rocking at 4°C for at least 12 hours. Protein G agarose 

bead slurry (25 µL) was added, and the samples were incubated again at 4 °C for 4 

h<;>urs. The beads were collected by centrifugation at 12,879 x g. The supernatant was 

carefully extracted and discarded, and the beads were washed 4 times with cold PBS. 

After the last wash, the beads were stored in cold PBS. At this stage, the samples were 

used for either immunoblotting or the biotin-switch assay. 
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3.11 lmmunob/otting (Western blotting) 

The Mini Trans-Blot system from Bio-Rad (Bio-Rad, USA} was used for Western blotting. 

The SDS-PAGE gels were placed into transfer cassettes along with 0.2µm Nitrocellullose 

membranes {GE Healthcare, USA}. Transfer cassettes were submerged in chilled 

,sfer Buffer (25 mM Tris, pH 8.3, 192 mM glycine and 20% methanol} and run at 100 

V for 2 hours at 4 °C. The membranes were then placed blocked with 5% w/v milk (non-

r ,. , Jm milk powder} in Tris-buffered saline with Tween (TBST; 25 mM Tris, 150 mM 

NaCl, 2 mM KCI and pH-adjusted to 7.4} for 1 hour on the rocker at room temperature. 

Membranes were then incubated with a specific primary antibody diluted 1:1000 in 

TBST containing 5% milk overnight at 4°C. The following primary antibodies were used: 

HIF-1 a. (abl/hlalpha67 -Abeam, USA}, iNOS (ab3523 -Abeam, USA}, FIH-1 

(ab63163/HIF1AN-Abcam, USA}, and ~-actin (A5316/AC-74-SIGMAAldrich, USA}. The 

membranes were given 5, 3-minute washes with TBST and then incubated with a 

specific secondary antibody (anti-mouse or anti-rabbit depending on in the source of 

the primary antibody} for 1 hour at room temperature. The following secondary 

antibodies were used: HRP conjugated goat anti-mouse lgG (Bio-Rad, USA} and HRP-

conjugated donkey anti-rabbit lgG {GE Healthcare, UK}. The membranes were then 

given 10, 3-minute washes with TBST and developed with enhanced chemiluminescent 

reagent (ECL} and exposed to Hyperfilm {GE Healthcare, USA} in the darkroom. 
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3.12 Biotin Switch Assay 

The biotin switch assay was conducted using the S-nitrosylated protein detection kit 

(Cayman Chemical, USA}. Although the assay had been optimized for use in a kit, the 

protocol follows the original method as published by Jaffrey et al. 2001 [74]. The 

protocol was performed in very low-light conditions to protect the light-labile, 

nitrosylated residues. The manufacturer's suggested protocol was modified slightly to 

incorporate the HIF-la IP samples instead of whole cell extracts. In brief, the PBS-

suspended HIF-la IP samples were centrifuged (200 x g, 4 °C} to pellet the G protein 

agarose beads. The PBS was slowly decanted off the beads, and the samples were 

placed on ice. Blocking Buffer was added to each sample (250 µL of Blocking Buffer for 

25 µL of beads} prior to incubation at 4 °C for 30 minutes. The blocking buffer contained 

methyl methanethiosulfonate (MMTS}, which methylates all free thiol residues. The 

beads were then washed extensively with ice-cold PBS before incubation with Reducing 

and Labeling Buffer for 1 hour at room temperature. The reducing agent (ascorbate} 

functions to remove NO groups from nitrosylated thiol residues, and the labeling agent 

(Biotin-HPDP} covalently tags the previously nitrosylated residues with a biotin moiety. 

After extensive washing with PBS, the supernatant was decanted from the beads and 

discarded. An equal volume of 2X Non-reducing Buffer was added to the samples and 

then heated to boiling for 5 minutes, placed on ice for 5 minutes, and then centrifuged 

at 17,500 x g. The supernatant was carefully decanted from the ~eads and then loaded 

onto a 10% SOS-PAGE gel. The gel was then subjected to standard immunoblotting 
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protocol (see Section 3.11) onto 0.2 µm Nitrocellulose membranes up until the blocking 

step. In this case, membranes were blocked overnight in 5% (w/v) bovine serum 

albumin (BSA) in TBST. After washing with TBST, the membranes were incubated with 

Streptavidin-HRP (Millipore, USA) at 1:1000 dilution in 5% (w/v) BSA in TBST. 

Membranes were developed using ECL and film as previously described. 

3.13 Nitric oxide detection assay 

For detection of NO in cytosolic cell extracts, the Bioxytech Nitric Oxide Assay kit (OXIS 

Health Products Inc., USA) was used. Although the assay had been optimized for use in 

a kit format, the protocol follows the well-established Griess reaction for detection of 

nitrite in a sample (described in[75]). A standard concentration curve of KNO3 (0-100 

µM) was prepared. Both standards and samples were added in duplicate to a 96-well 

plate to a total volume of 85 µL. In each well, nitrate reductase (10 µL) and 2 mM NADH 

(lOµL) were added followed by a 20-minute incubation at room temperature with 

continuous shaking. After the incubation, sulfanilamide (Color reagent #1, S0µL) was 

added to each well followed by a brief 10-second mixing. N-(1-Naphthyl) 

ethylenediamine dihydrochloride (Color Reagent #2, S0µL) was then added to each well 

followed by a 5-minute incubation at room temperature with continuous shaking. 

Absorbance values at 540nm were recorded with a plate reader. The concentration of 

nitrite in each s,;1mple of cell extract was determined frorn the standard curve and then 
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related to the initial protein concentration of each sample as determined previously by 

the Bradford assay. 

3.14 lmmunocytochemistry {Z0-1 staining) 

Caco-2 cells were grown to confluence in 8-well chamber slides as previously described 

(Section 3.4). The DMEM media was aspirated, and the cells were washed twice with 

ice-cold PBS. Cells were fixed with methanol (400 µL/well} for 30 minutes at 4 °C. 

Briefly, cells were incubated overnight at 4 °C with rabbit anti-2O-1 primary antibody 

(Zymed, USA} diluted 1:200 in 2% FBS in PBS. Cells were washed twice with cold PBS 

and then incubated with CY-3 conjugated AffiniPure goat anti-rabbit secondary antibody 

(Jackson lmmunoresearch labs Inc., USA}, diluted 1:200 in 2% FBS in PBS for 1 hour at 

room temperature. After a final 2 washes with cold PBS, chambers were carefully 

removed from the slides and a glass coverslip was placed on top of the cells using a slide 

mount solution. The glass coverslips were allowed to adhere to the slides overnight. 

Cells on each slide were excited using a mercury fluorescent lamp (Nikon, USA} and cell 

images were captured using the Nikon Digital Sight and NIS-elements capture system 

(Nikon, USA}. Using the NIS-elements software, ZO-1 fluorescence intensity was 

quantified according to the method described by Zehendner et al. 2011 [76]; where the 

intensity was measured at two points on the periphery of the cell, expressed as an 

average intensity and then divided by the overall intensity between the two points. 
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3.15 Mouse surgical procedures 

Two different surgical procedures were used - the Ilea I-loop method and the intra-

rectal installation method. Although both methods have been described in previous 

studies, the specific protocols used herein were characterized by Dr. Simon Hirota while 

working in the Beck/MacDonald labs. 

lleal-loop surgical protocol - a laparotomy is performed on the mouse (under 

isofluorane anesthetic) in order to gain access to the intestine. To keep the surgery as 

clean as possible, the cecum was quickly located and the terminal end of the ileum was 

exposed. A small suture was placed on the anal/rectal end of the ileum and 100 µL of 

treatment solution (sterile PBS or TcdA/B -100 µg) was injected towards the oral end 

of the ileum using a lee syringe. While simultaneously removing the syringe, the suture 

was tied tight to close off access to the cecum and colon. The intestine was then gently 

placed back into the peritoneum of the mouse and the abdominal wall was sutured 

closed. The skin was also closed over the sutures using surgical grade staples. Mice 

were laid down on a heating pad and placed on oxygen to facilitate recovery from the 

surgery. The treatments were left to incubate for 4 hours in the mice before they were 

sacrificed and ileal tissue was harvested for analysis. Mice were briefly placed under 

anesthesia and a cervical dislocation was quickly performed to euthanize the mouse. 

The abdominal cavity was then re-exposed at the suture site and the ileal tissue sample 

was removed and sectioned into pieces for various analyses. The samples were 

immediately placed in round-bottom culture tubes on dry ice to snap freeze the tissue. 



The tissues were stored at -80 °C prior to analysis. The ilea I loop method was 

performed on both WT mice for PBS vs Toxin treatments, and iNOS KO mice (with 

appropriate controls) for WT toxin vs iNOS KO toxin treatments. 
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Intra-rectal installation protocol - a non-invasive method which involved placing a 

lubricated feeding tube approximately 2cm into the rectum of the mouse. The 

treatment solution (sterile PBS or TcdA/B - l00µg) was then injected using a lee syringe. 

The anus was then tilted upwards and slight pressure was applied to the rectal area to 

increase rectal retention of the treatment. The treatment was left to incubate for 4 

hours and the mice were quickly euthanized using the cervical dislocation method. 

Colonic tissue was then removed and sectioned into pieces for various analyses. 

Samples were placed in round-bottom culture tubes on dry ice to snap freeze the tissue. 

Tissues were stored at -80 °C. It is important to note that these steps were performed 

by Dr. Simon Hirota, whereas I carried out the subsequent tissue processing and 

analysis. The intra-rectal installation method was only performed on the WT strain of 

mice. 

Most of the studies involved wild-type (WT) mice of the C57BL/6N strain (general 

multipurpose model - strain code 027) obtained from Charles River Laboratories. The 

studies involving mice that were genetically deficient for iNOS (iNOS KO) were obtained 

from Jackson Laboratories and were the standard iNOS KO mouse of the strain 

B6.129P2-Nos2tmlLau /J (Stock number 002609). The corresponding controls for the iNOS 



KO mice were also obtained from Jackson Laboratories in the B6 background of the 

strain CS7BL/6J (Stock number 000664). 

3.16 Statistics 
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All numerical data are reported as the mean ± standard error of the mean (SEM). All 

graphical data and associated statistical analyses were generated with GraphPad PRISM 

4 (Graph Pad, USA). Statistics for experiments comparing 2 sets of parametric data were 

calculated using the Student's t-test. Experiments comparing more than 2 sets of 

parametric data were calculated using a 1-way ANOVA followed by the Neuman-Keuls 

post-hoc test. Statistical significance was assigned to values where p<0.05 between 

groups. 
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4.0 Results 

C.diff toxin disrupts epithelial monolayer morphology 

It has been previously shown that C.diff toxins can act on intestinal epithelial cells to 

cause a disruption of the cell monolayer. In order to verify the activity of our isolated 

bacterial toxin, Caco-2 intestinal epithelial cells were exposed to 70 µg/mL of the crude 

toxin preparation (i.e., TcdA/8). As demonstrated in Figure 4.1, the Caco-2 monolayer 

experienced increasing disruption as exposure to TcdA/B was prolonged. This 

qualitative assessment of the toxin's temporal effects not only verified the action of the 

toxin but also provided an approximation of the toxin's potency at a given 

concentration. 

C.diff toxin modulates HIF-la expression and signaling 

In a previous study performed by Hirota et al. 2010 [70], it was determined that HIF-la 

expression and signaling were possibly linked to the nitric oxide generated by iNOS. In 

order to establish a point of origin for further investigation, it was necessary to 

recapitulate these results. To confirm the association between HIF-la and iNOS 

expression, Caco-2 cells were exposed to TcdA/B over a time course of 12 hours. 

Looking at HIF-la stabilization, HIF-la expression was elevated 2-fold compared to 

control at 4 hours (Figure 4.2A). Since HIF-1 is a transcription fac;tor, it was necessary to 

determine whether or not increases in its expression translated into increases in its DNA 
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binding capability. FIH-1, a known inhibitor of HIF-1 signaling, was also analyzed when 

cells were exposed to toxin. Over the course of a 12 hour toxin exposure, cells 

experienced a significant 2-fold decrease in FIH-1 expression compared to control 

beginning at the 4 hour mark, and continuing through to 12 hours (Figure 4.2B}. This 

initial decrease at 4 hours suggested that the increase in HIF-la expression may be 

associated with an increase in downstream signaling. This was confirmed by EMSA data 

(Figure 4.3}, which demonstrated an increase in HIF-la binding activity to 32P-

radiolabeled DNA with prolonged exposure to TcdA/B (most notably between 4-8 

hours}. A typical EMSA can only determine whether an increase in general DNA binding 

has occurred. The supershift experiment however (Figure 4.3, bottom panel} identifies 

the binding partner to be HIF-la due to the presence of the supershift band. This band 

represents a complex between the DNA probe, HIF-la, and the HIF-la antibody as . . 

opposed to just HIF-la and the probe itself (HIF-DNA band}. Due to the nature of the 

EMSA and its requirement for smaller volumes, it was necessary to maximize the 

amount of viable cell protein (i.e. live cells} in a given volume for use in the assay. 

Therefore, the TcdA/B preparation was applied to the cells at a reduced concentration 

(SO µg/mL} in order to increase the levels of protein harvested from cells that were 

exposed for longer periods of time. 

With respect to iNOS expression, a 2-fold increase relative to control was also observed 

at 4 hours indicating a possible correlation with HIF-la expression (Figure 4.4A}. As 

mentioned previously, NO is capable of nitrosylating HIF-la on specific cysteine 
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residues, which results in the stabilization of the a subunit. In order to determine if this 

was the case with C.diff toxin exposure, the nitrosylation of HIF-la was determined by 

the Biotin switch assay (Figure 4.4B). Levels of nitrosylated HIF-la reached a peak at 4 

hours suggesting that the nitrosylation events were happening in concordance with 

iNOS expression. At this point, we immediately turned our attention to the. toxin itself 

and the presence of secondary metabolites which may be in the crude preparation. 

Before continuing any further, it was necessary to establish these protein effects as 

being toxin-specific, and not those of other Clostridial metabolites. Fractions of pure 

TcdB were generated (Figure 4.5) and applied to Caco-2 cell monolayers (Figure 4.3a, b, 

c). As demonstrated previously with the TcdA/B preparation, expression levels of both 

HIF-la (Figure 4.6) and iNOS (Figure 4.7A) were elevated by a factor of approximately 2-

fold compared to control. Elevated levels of NO (Figure 4. 7B) were also detected in 

these cells suggesting that the increase in iNOS was linked to a direct increase in NO 

concentration. 
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The effect of C. difficile toxin on Caco-2 epithelial cell monolayers 

TcdA/8 
Control 2 hrs 4 hrs 8 hrs 12 hrs 

Figure 4.1 - Evaluation of Caco-2 cell monolayer morphology following application of 

C. difficile toxin. Light microscope images of Caco-2 cell monolayers that were exposed 

to C. difficile toxin (TcdA/B - 70 µg/ml) over a period of 12 hours (n=3). These images 

were taken at 20X magnification. 
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The temporal effect of C.difficile toxin on HIF-la expression and signaling 
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Figure 4.2 - Assessment of HIF-la stabilization in Caco-2 cells exposed to C. difficile 

toxin. Caco-2 cells were exposed to C.difficile toxin (TcdA/B - 70 µg/ml) and harvested 

at 2, 4, 8 and 12 hours with control cells being harvested at the 12 hour mark. Cytosolic 

and nuclear cell extracts were prepared for each sample (n=3). (A) HIF-la was 

immunoprecipitated from the nuclear extracts and then immunoblotted for HIF-la and 

expression levels were measured relative to antibody heavy chain . (B) Cytosolic 

fractions of each sample were immunoblotted for FIH-1 and expression levels were 

measured relative to 13-actin . Statistical analysis involved a one-way ANOVA followed by 

Neuman-Keuls post-hoc test where * represents p < 0.01 compared to control. 
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Figure 4.3 - Electrophoretic Mobility Shift Assay of HIF-1 DNA binding activity 

following exposure to C. difficile toxin. Caco-2 cells were exposed to TcdA/B over a 

period of 12 hours (n=2). Nuclear extracts were generated and used in an EMSA and 

60 

compared to the probe alone (P), a 12-hour control {Ctrl), C. difficile toxin (TcdA/B)-

exposed cells (1, 2, 4, 8 and 12 hours - 50 µg/ml), and a 12-hour TcdA/B treatment 

incubated with a mutated DNA binding sequence (M). The supershift experiment 

followed the same protocol as the standard EMSA along with 1 µg of anti-human HIF-la 

antibody. 
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Figure 4.4 - Examination of iNOS expression and HIF-la nitrosylation in Caco-2 cells 

exposed to C. difficile toxin. Caco-2 cells were exposed to C. difficile toxin {TcdA/B - 70 

µg/mL) and harvested at 2, 4, 8 and 12 hours with control cells being harvested at the 

12 hour mark. Cytosolic and nuclear cell extracts were prepared for each sample {n=3). 

(A) Cytosolic fractions of each sample were immunoblotted for iNOS where expression 

levels were measured relative to ~-actin . Statistical analysis involved a one-way ANOVA 

followed by Neuman-Keuls post hoc test, where * represents p < 0.01 compared to 

control. (B) HIF-la was immunoprecipitated from the nuclear extracts and subjected 

to the biotin switch assay where nitrosylated residues were biotinylated. lmmunoblot 

quantification is presented as biotin signal relative to HIF-la protein levels. 
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Purification of TcdA and TcdB from C. difficile crude toxin isolate 

A TcdA/B Ted A Ted B 
1/10 1/20 1/20 1/50 1/20 1/50 

250 kDa• 

B 
TcdA/B Ted A Ted B 

1/10 1/20 1/20 1/50 1/20 1/50 

anti-Ted A (308 kDa) 

anti-Ted B (270 kDa) 

Figure 4.5 - Purification of TcdA and TcdB from C. difficile crude toxin isolate: (A) 

Chromatographic purification of TcdA and TcdB - FPLC fractions of TcdA and TcdB were 

resolved on an 8% SOS-PAGE at two separate dilutions (1/20, 1/50) and compared to 

two dilutions of TcdA/B preparation (1/10, 1/20). (B) Assessment of Toxin purity with 

TcdA and TcdB antibodies - Fractions containing crude and purified toxin were 

separated with 8% SOS-PAGE and then immunoblotted using anti-TcdA (308 kOa) or 

anti-TcdB antibodies (270 kOa) to confirm the purity of each fraction. 
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Figure 4.6 - Examination of HIF-la expression in Caco-2 cells exposed to purified C. 

difficile toxin B. Caco-2 cells were exposed to purified Ted B (lOng/mL) for a period of 4 

hours. Cells were harvested and whole cell extracts were generated (n=3). Samples 

were immunoblotted for HIF-la where expression levels were measured relative to~-

actin. Statistical analysis involved the Student's t-test where* represents p < 0.05 

compared to control. 
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Figure 4. 7 - Examination of iNOS expression and nitric oxide concentration in Caco-2 
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cells exposed to purified C. difficile toxin B. Caco-2 cells were exposed to purified Ted B 

{lOng/mL) for a period of 4 hours. Cells were harvested and whole cell extracts were 

generated (n=3). (A) Samples were immunoblotted for iNOS where expression levels 

were measured relative to ~-actin. (B) NO levels were detected in the whole cell extract 

using the colorimetric Griess assay. Detected nitrite concentration in the cells were 

measured relative to total protein content of the extract used in the assay. Statistical 

analysis involved the Student's t-test where * represents p < 0.05 compared to control. 
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C.diff toxin modulates HIF-1a expression via iNOS-generated nitric oxide 

The results of experiments presented in Figure 4.8 - 4.10 suggested that the 

TcdA/B effects on iNOS expression could influence HIF-la stabilization. The highly 

selective iNOS inhibitor, 1400W [77], was applied in order to verify that HIF-la 

nitrosylati~n, and therefore HIF-la protein stabilization, was directly linked to NO 

derived from iNOS. Similar to previous experiments, we observed significant 

stabilization (2-fold above control) of HIF-la protein following exposure of IECs to 

TcdA/B for 4 hours. FIH-1 expression was suppressed approximately 3-fold relative to 

control with TcdA/B exposure. However, when cells were pre-incubated with 1400W 

then exposed to TcdA/B, HIF-la expression was suppressed (to control levels) but FIH-1 

expression was elevated to control (Figure 4.8). These results suggest that the levels of 

FIH-1 protein might also be influenced by iNOS-generated NO. 

With respect to iNOS expression and subsequent NO concentration within the 

cells, TcdA/B exposure resulted in 2-fold and 3-fold increases respectively. However, 

when IECs were pretreated with 1400W and then exposed to TcdA/B, these responses 

were significantly attenuated (Figure 4.9). In addition, the nitrosylation of HIF-la, which 

was elevated 2.5-fold above control with TcdA/B exposure, was also attenuated with 

iNOS inhibition (Figure 4.10). Taken together the data strongly support that the 

nitrosylation and subsequent stabilization of HIF-la were dependant on iNOS-generated 

NO. 
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C.diff toxin disrupts Caco-2 epithelial monolayer tight junctions 

As mentioned previously, C.diff toxins are able exert their effects on the 

cytoskeleton (via the Rho family of GTPase proteins) and cause the disruption of tight 

junctions between adjacent cells. One of the key tight junction proteins found along the 

periphery of the epithelial cells is known as 2onula Occludens 1 (20-1} [78]. The C.diff 

toxin-induced disruption in the epithelial barrier was measured with 

immunocytochemistry of 20-1. Due to the presence of 20-1 in the tight junction, the 

relative intensity of 20-1 immunofluorescence was used as an indicator of cytoskeleton 

and tight junction integrity (Figure 4.11). Inhibition of iNOS alone appeared to have no 

effect on cellular structure or barrier function as neither 20-1 intensity nor overall 

appearance of the Caco-2 monolayer was altered. As expected, exposure to TcdA/B 

resulted in noticeable changes to cell morphology as the cells were much smaller with 

significant rounding occurring at the edges. The continuity of the monolayer was also 

compromised as large gaps were seen between cells that were not previously present in 

either control or 1400W treatments. The intensity of 20-1 at the periphery of the cells 

was also reduced by approximately 60% with TcdA/B exposure. Interestingly, the 

combination of the iNOS inhibitor with TcdA/B resulted in the same decrease in 

intensity seen with TcdA/B alone. Since iNOS has been shown to be responsible for the 

nitrosylation and stabilization of HIF-la, it was anticipated that the inhibition of iNOS 

would result in increased levels of damage caused by the toxin. However, this was not 

the case since the relative intensity of 20-1 was not significantly different with 1400W + 
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TcdA/B compared to TcdA/B by itself. The 20X magnification is shown to illustrate 

overall monolayer continuity, and the 40X magnification is shown to illustrate individual 

cells in terms of 20-1 distribution and morphology. 

Effects of reactive oxygen species on C.diff toxin-mediated modulation of HIF-la 

From the data presented, it is likely that iNOS-generated NO is indeed a key 

effector molecule for the modulation of HIF-la stabilization and signaling during 

exposure of Caco-2 cells to C.diff toxin. For this reason, it is also important to consider 

the role of ROS in this system. It has been identified in previous studies [79] that 

exposure to C.diff results in elevated concentrations of ROS in vivo. As discussed earlier, 

ROS and NO exert opposing effects as the two groups of molecules are capable of 

directly inactivating each other in a concentration-dependent manner. Since iNOS is the 

dominant contributor of NO, it was reasonable to assume that any decrease in the 

available NO (i.e., for the nitrosylation of HIF-la) result from increases in ROS. Studies 

have previously demonstrated a protective effect for the ROS-scavenging compound, N-

acetylcysteine (NAC), in the context of C.diff toxin-induced damage [80]. In this study 

however, it was proposed that NAC was protecting the cell by acting as a precursor 

compound to prevent an oxidative imbalance associated with exposure to C.diff toxin. 

In an effort to investigate another possible mechanism of protection by NAC, it was 

hypothesized that adding a ROS-scavenging compound could increase the bioavailability 

of NO and provide needed for the nitrosylation of HIF-la. This in turn could result in the 
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increased downstream signaling activity of HIF-1 and the subsequent protection of the 

epithelial barrier. 

The effect of inducible nitric oxide synthase inhibition on Caco-2 cells exposed to C. 

difficile toxin 
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Figure 4.8 - Assessment of iNOS inhibition on HIF-la stabilization in Caco-2 cells 

exposed to C. difficile toxin. Caco-2 cells were treated for 4 hours with 1400W (100 

µM), TcdA/B (70 µg/mL), or a 1 hour pre-treatment with 1400W followed by a 4 hour 

TcdA/B exposure. Cells were harvested and cytosolic and nuclear extracts were 

generated (n=3). Cytosolic extracts of each sample were immunoblotted for HIF-la (A) 

and FIH-1 (B) where expression levels were measured relative to ~-actin. Statistical 

analysis involved a one-way ANOVA followed by Neuman-Keuls post hoc test where* 

represents p < 0.01 relative to control and# represents p < 0.01 relative to TcdA/B. 
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Figure 4.9 - Examination of iNOS-selective inhibition on iNOS expression and nitric 

oxide concentration in Caco-2 cells exposed to C. difficile toxin exposure. Caco-2 cells 

were treated for 4 hours with 1400W (100 µM), TcdA/B (70 µg/mL), or a 1 hour pre-

treatment with 1400W followed by a 4 hour TcdA/B exposure (n=3). (A) Cytosolic 

extracts of each sample were immunoblotted for iNOS where expression levels were 

measured relative to ~-actin. (B) NO levels were detected in cytosolic extracts using the 

colorimetric Griess assay. Detected nitrite concentration in the cells was measured 

relative to total protein content of the extract used in the assay. Statistical analysis 

involved a one-way ANOVA followed by Neuman-Keuls post hoc test where* represents 

p < 0.01 relative to control and # represents p < 0.01 relative to TcdA/B. 



70 

1400W 
+ 

Ctrt 1400W TcdNB TcdNB 

Biotin 

HIF-1a 

* 0.3 
c ·-0 Ill 

•- C ... Q) 

co -- C >, ,_ 0.2 
1/1 C 
0 ·- # ...... 
!:!0 
C ·-.0 
tl Q) 0.1 ..... > I•-

u.. -- co :c G) 
0:: - o. 

Control 1400W TcdA/B 1400W 
+ 

TcdA/B 

Figure 4.10 - Examination of iNOS inhibition on HIF-la nitrosylation (biotinylation) in 

Caco-2 cells exposed to C. difficile toxin. Caco-2 cells were treated for 4 hours with 

1400W (100 µM), TcdA/B (70 µg/mL), or a 1 hour pre-treatment with 1400W followed 

by a 4 hour TcdA/B exposure (n=3). HIF-la was immunoprecipitated from the nuclear 

extracts then subjected to the biotin switch assay for measurement of nitrosylation. 

Statistical analysis involved a one-way ANOVA followed by Neuman-Keuls post hoc test 

where * represents p < 0.01 relative to control and # represents p < 0.01 relative to 

TcdA/B. 
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Figure 4.11 - lmmunocytochemistry of ZO-1 staining and epithelial monolayer integrity 

following C. difficile toxin exposure and iNOS inhibition - Caco-2 cells were treated for 

4 hours with 1400W (100 µM), TcdA/B (70 µg/mL), or a 1 hour 1400W pre-treatment 

followed by 4 hour TcdA/B exposure. Cell monolayers were immunoblotted for Z0-1 

followed by Cy3-conjugated fluorescent secondary antibody. Cells were visualized with 

a fluorescent microscope. The pictures shown are a representative quadrant from 1 of 3 

co-culture preparations. 
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Figure 4.12 - Quantification of Caco-2 epithelial monolayer integrity following C. 

difficile toxin exposure and iNOS inhibition 
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Figure 4.12- Relative intensity of 20-1 fluorescence was quantified using 60 arbitrarily 

chosen cells from 3 co-culture preparations. The representative intensity profiles (line 

traces) are shown for each treatment. Statistical analysis involved a one-way ANOVA 

followed by a Neuman-Keuls post-hoc test where *** represents p < 0.001 compared 

to control. 
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For the studies investigating the effects of NAC, Caco-2 cells with a constitutive 

siRNA-mediated knockdown (HIF-KD) of HIF-la were used [81]. Using these Caco-2 

cells, it would also be possible to determine whether the protective effects of NAC were 

HIF-1-dependent. Prior to performing any experiments involving NAC or TcdA/B, it was 

important to confirm that these cells, along with the scrambled siRNA (HIF-Scr) control 

cells, demonstrated the appropriate HIF-la response. It was determined that only the 

HIF-Scr Caco-2 cells showed the expected increase in HIF-la (Figure 4.13) when a HIF-la 

stabilizing compound {CoCl2, 500 µM) was applied. It should be noted that these cells 

do not represent a complete genetic deletion of HIF-la; therefore it is not surprising 

that some basal levels of HIF-la are expressed even in the HIF-KD cells. The siRNA KD in 

the HIF-KD cells only serves to decrease the amount of HIF-la mRNA available for 

translation. Since HIF-la protein is regularly degraded in the normoxic environment, it 

is possible that both HIF-Scr and HIF-KD cells may demonstrate a similar and negligible 

baseline of HIF-la expression. What makes these cells such an effective tool for 

monitoring the role of HIF-la expression is that different HIF-la stabilizers do not 

increase detectable protein expression in the HIF-KD cell line. 

With the Caco-2 cells responding as expected, the cells were exposed to NAC {25 

mM) and TcdA/B {70 µg/ml) and analyzed according to the same parameters described 

for previous experiments. The HIF-Scr cells demonstrated the same HIF-la stabilization 

and FIH-1 responses as seen previously with TcdA/B exposure alone (Figure 4.14A, Al). 

NAC alone did not elicit any response from either protein, however NAC + TcdA/B 
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suppressed the increase in HIF-lcx expression seen with TcdA/B alone. The combination 

of NAC and TcdA/B however still resulted in the same 2-fold suppression in FIH-1 as 

seen with TcdA/B alone. Conversely, the HIF-KD cells showed the reverse effect with 

HIF-cx but not FIH-1 (Figure 4.14B, Bl), where HIF-lcx expression was suppressed 3-fold 

below control with TcdA/B, and no change from control with NAC + TcdA/B. FIH-1 

exoerienced the same approximate 2-fold decrease with both TcdA/B and NAC + 

,cdA/ ,. Taken together, the data provided by the HIF-Scr cells with respect to FIH-1 

(Figure 4.14Al}, iNOS, and NO (Figure 4.15A, Al) supports the hypothesis that FIH-1 

c;,;. ;.:::.:,ion,, "'<ed to NO. However, since a 2-fold suppression of FIH-1 was also seen 

in the HIF-KD cells, it was possible that FIH-1 was being regulated in an NO-independent 

manner. 

Taking the iNOS expression and NO levels into consideration in the HIF-Scr cells 

(Figure 4.15A, Al), TcdA/B caused a significant increase in both iNOS (30% increase) and 

NO (3-fold increase) (as seen before, Figure 4.9). Interestingly, both NAC stimulation 

alone and in combination with TcdA/B caused 2-fold increases in NO concentration. The 

increases seen in iNOS and NO are both attenuated in HIF-KD cells (Figure 4.15B, Bl). 

Although NO levels are increased with NAC treatments, the proportion of nitrosylated 

HIF-lcx only appears to be elevated when TcdA/B is present (Figure 4.16A}. Although 

TcdA/B exposure results in a numerically larger (2-fold) increase in nitrosylation, the 

nitrosylation stimulated by NAC + TcdA/B (1.5-fold increase) is not significantly different. 

In the HIF-KD cells, the elevation in NO concentration was completely abolished 



regardless of the treatment, which coincides with the lack of a measurable increase in 

nitrosylated HIF-la in the HIF-KD cells (Figure 4.16B). On the surface, these findings 

suggest a possible connection between TcdA/B-stimulated NO production and the 

expression of HIF-la. 
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Due to the increased susceptibility of HIF-la KD cells to TcdA/B (Hirota et al. 

2010), cells plated for immunocytochemistry were exposed to a reduced concentration 

of TcdA/B at 7 µg/mL (Figure 4.17). For the immunocytochemistry data, the overall 

appearance of HIF-Scr (Figure 4.17A) and HIF-KD (Figure 4.17B) cells differs with respect 

to the damage caused by TcdA/B exposure. Although the 20-1 distribution was 

noticeably more diffuse with TcdA/B alone and in combination with NAC, HIF-Scr cells 

appeared to have a much less damaged monolayer compared to HIF-KD cells. In both 

HIF-Scr and HIF-KD cells, TcdA/B and NAC + TcdA/B treatments resulted in a 60% 

reduction in 20-1 intensity. NAC + TcdA/B intensity levels were not significantly 

different from those of TcdA/B alone in either cell type. Interestingly, exposure to 

TcdA/B in the presence of NAC did not provide a protective effect on the epithelial 

barrier as initially hypothesized. As reported earlier (Figure 4.11), TcdA/B treatments 

elicited changes to cell morphology with Caco-2 cells becoming much smaller with 

rounded edges. The morphological changes were more apparent in the HIF-KD cells 

compared to the HIF-Scr cells. Looking at the immunofluorescence data alone, it would 

seem that the HIF-Scr cells maintained a more cohesive barrier overall, however this did 

not seem to be reflected in the quantified data. It should be mentioned that in the HIF-



Ser 20-1 stains, not only was the 20-1 intensity greater, but so was the background 

fluorescence. Since the quantification was measured relative to background signal 

intensity, this could explain why the graphical data did not accurately reflect a 

protective effect. 

77 



Assessment of HIF-la siRNA scrambled vs knockdown Caco-2 response to a HIF-la 

stabilizing compound 
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Figure 4.13 - HIF-la protein expression in scrambled and knockdown Caco-2 cells 

upon stimulation with CoClz. Scrambled {HIF-Scr) and knockdown {HIF-KD) HIF-la 

siRNA cells were treated with 500 µM of CoCl 2 for a period of 4 hours. Whole cell 

extracts were generated and immunoblotted for HIF-la (n=3). The expression levels 

were reported relative to 13-actin. Statistical analysis involved a one-way ANOVA with 

Neuman-Keuls post-hoc test where * represents p < 0.01 compared to control. 

The effect of N-acetylcysteine on Caco-2 cells with C. difficile toxin exposure (with 

scrambled and knockdown HIF-la siRNA Caco-2 cells) 
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Figure 4.14 - Assessment of N-acetylcysteine on HIF-la stabilization in HIF-la 

scrambled (A) and knockdown (B) Caco-2 cells exposed to C. difficile toxin 
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Figure 4.14- Caco-2 cells (both scrambled and knockdown siRNA cells) were treated for 

4 hours with N-acetylcysteine (NAC - 25 mM), TcdA/B (70 µg/mL), or a 1 hour pre-

treatment with NAC followed by a 4 hour TcdA/B exposure. Cells were harvested and 

cytosolic and nuclear extracts were generated (n=3}. Cytosolic extracts of each sample 

were immunoblotted for HIF-la (A, B) and FIH-1 (Al, Bl) where expression levels were 

measured relative to ~-actin. Statistical analysis involved a one-way ANOVA followed by 

Neuman-Keuls post hoc test where * represents p < 0.01 compared to control. 
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Figure 4.15 - Examination of N-acetylcysteine on iNOS expression and nitric oxide 

concentration in HIF-la scrambled (A) and knockdown (B) Caco-2 cells exposed to C. 

difficile toxin 
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Figure 4.15- Caco-2 cells (both scrambled and knockdown siRNA cells} were treated for 

4 hours with N-acetylcysteine (NAC- 25 mM}, TcdA/8 (70 µg/mL}, or a 1 hour pre-

treatment with NAC followed by a 4 hour TcdA/B exposure. Cells were harvested and 

cytosolic and nuclear extracts were generated (n=3}. (A, B) Cytosolic extracts of each 

sample were immunoblotted for iNOS where expression levels were measured relative 

to ~-actin. (Al, Bl) NO levels were detected in.cytosolic extracts using the colorimetric 

Griess assay. Detected nitrite concentration in the cells was measured relative to total 

protein content of the extract used in the assay. Statistical analysis involved a one-way 

ANOVA followed by Neuman-Keuls post hoc test where * represents p < 0.01 and ** 

represents p < 0.001 compared to control. 
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Figure 4.16 - Examination of N-acetylcysteine on HIF-la nitrosylation (biotinylation) in 

HIF-la scrambled (A) and knockdown (B) Caco-2 cells exposed to C. difficile toxin. 

Caco-2 cells (both scrambled and knockdown siRNA cells) were treated for 4 hours with 

N-acetylcysteine (NAC- 25 mM), TcdA/B (70 µg/ml), or a 1 hour pre-treatment with 

NAC followed by a 4 hour TcdA/B exposure (n=3). Cells were harvested and cytosolic 

and nuclear extracts were generated. HIF-la was immunoprecipitated from the nuclear 

extracts then subjected to the biotin switch assay where nitrosylated residues were 

biotinylated (B). lmmunoblot quantification is presented as biotin signal relative to HI F-

la protein levels. Statistical analysis involved a one-way ANOVA followed by Neuman-

Keuls post hoc test where* represents p < 0.01 compared to control. 
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Figure 4.17 - lmmunocytochemistry of Z0-1 as an indicator of epithelial monolayer 

integrity following exposure to C. difficile toxin and N-acetylcysteine in HIF-la 

scrambled cells (A) and knockdown (B) cells 
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Figure 4.17 - Caco-2 cells (both scrambled and knockdown siRNA cells) were treated for 

4 hours with N-acetylcysteine (NAC- 25 mM), TcdA/B (7 µg/ml), or a 1 hour NAC pre-

treatment followed by 4 hour TcdA/B exposure. Cell monolayers were immunoblotted 

for 20-1 followed by Cy3-conjugated fluorescent secondary antibody. Cells were 

visualized with a fluorescent microscope. The pictures shown are a representative 

· mt from 1 of 3 01"1"'.U!ti WP. nr •r·;:-irntions. 
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Figure 4.18 - Quantification of Caco-2 epithelial monolayer integrity following 

C.di/ficife toxin and N-acetylcysteine in HIF-la scrambled (A) and knockdown (B) cells 

Relative intensity of 20-1 fluorescence was quantified using 30 arbitrarily chosen cells 

from 3 co-culture preparations. The representative intensity profiles (line traces) are 

shown for each treatment. Statistical analysis involved a one-way ANOVA followed by a 

Neuman-Keuls post-hoc test where * represents p < 0.05 and *** represents p < 0.001 

compared to control. 
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C.diff toxin modulates HIF-la expression via iNOS-generated nitric oxide in vivo 

The effect of iNOS-generated NO was investigated in an in vivo environment 

with two different models. Initially, studies performed by Hirota et al. 2010 [70], 

characterized the ilea I-loop surgical model of TcdA/B-induced damage in mice. The 

ileal-loop procedure on wild-type mice showed an approximate 3-fold increase in HIF-la 

expression in mice that were exposed to TcdA/B {Figure 4.19}. Using the same 

procedure, WT mice and iNOS-deficient {iNOS KO) mice were both injected with TcdA/B, 

and HIF-la expression was compared between the two sets of mice {Figure 4.20). Mice 

that were deficient in iNOS demonstrated a 3-fold decrease HIF-la expression 

compared to WT mice, suggesting that HIF-la stabilization was dependent on iNOS in 

vivo. It needs to be said however that there was no PBS vs TcdA/B control performed in 

the iNOS KO mice, so it is possible that TcdA/B still causes an induction of HIF-la 

compared to basal levels. The experimental procedure was altered from that reported 

in Hirota et al. 2010 [70]. The amount of TcdA/B injected into the ilea I loop was 

decreased {from 100 µg to 70 µg) and the incubation time was shortened due to an 

increased susceptibility of the iNOS-KO animals to the toxin. The iNOS-KO animals were 

still noticeably distressed at 3 hours as their movements were very limited and they 

showed little response to stimulation of the enrichment items in their habitat. A 

qualitative visual assessment of the ilea I tissues after animal sacrifice also revealed 

differences between WT and iNOS-KO mice. The KO mice appeared to have more 

intestinal damage as evidenced by increased bleeding and redness of the tissues. 
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In an effort to more accurately emulate the effects of C. difficile toxin in vivo, an 

intra-rectal injection model that directly exposed colonic tissues (as opposed to ilea I 

tissues) to TcdA/B was used (Figure 4.21). With the intra-rectal procedure, mice that 

were exposed to TcdA/B once again demonstrated a significant 40% increase in HIF-la 

compared to WT mice in harvested colonic tissue samples. This increase in HIF-la 

expression was also correlated with a 40% increase in nitrosylated HIF-la, suggesting 

that the stabilization·of HIF-la via nitric oxide was also occurring in vivo. 
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Figure 4.19 - lleal-loop surgical procedure - HIF-la lmmunoprecipitation in toxin 

versus PBS-treated WT mice. The ileal-loop surgical procedure was performed on 12 
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wild-type (WT) mice where 6 mice were injected with 100 µL of phosphate-buffered 

saline (PBS) as a control, and the other 6 mice were injected with 100 µg of TcdA/B 

(diluted to 1 µg/µL in sterile PBS). After a 4 hour incubation period, mice were sacrificed 

and ileal tissues were harvested. HIF-la was immunoprecipitated from the tissue 

homogenates and immunoblotted for HIF-la where expression was measured relative 

to antibody heavy chain . Statistical analysis involved a Student's t -test where * 

represents p < 0.05 compared to PBS treatment. 
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Figure 4.20 - lleal-loop surgical procedure - HIF-la lmmunoprecipitation in toxin-

treated WT versus iNOS-/- mice. The ilea I-loop surgical procedure was performed on 
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16 wild-type (WT) mice where 8 mice were injected with 100 µL of phosphate-buffered 

saline (PBS) as a control, and the other 8 mice were injected with 70 µg of TcdA/B 

(diluted to lµg/µL in sterile PBS). After a 3 hour incubation period, mice were sacrificed 

and ileal tissues were harvested. HIF-la was immunoprecipitated from the tissue 

homogenates and immunoblotted for HIF-la where expression was measured relative 

to antibody heavy chain. Statistical analysis involved a Student's t-test where * 

represents p < 0.05 compared to PBS treatment. 
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Figure 4.21 - Intra-rectal surgical procedure - HIF-la protein expression and 

nitrosylation in PBS versus Toxin-treated C57 /B16 mice. The intra-rectal surgical 

procedure was performed on 8 wild -type (WT) mice where 4 mice were injected with 

100 µL of phosphate-buffered saline (PBS) as a control, and the other 4 mice were 

injected with 100 µg of TcdA/B (diluted to 1 µg/µL in sterile PBS). After a 4 hour 

incubation period, mice were sacrificed and colonic tissues were harvested. Colonic 

tissue homogenates were immunoblotted for HIF-la where expression was measured 

relative to ~-actin (A). HIF-la was immunoprecipitated from tissue homogenates and 

subjected to the biotin switch assay where nitrosylated residues were biotinylated. 

91 

lmmunoblot quantification is presented as biotin signal relative to HIF-la protein levels 

(B). Statistical analysis involved a Student's t-test where * represents p < 0.05 

compared to PBS treatment. 
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5.0 Discussion 

5.1 Analysis and Interpretation 

To reiterate the initial hypothesis, it was proposed that the NO generated as a 

result of C.diff toxin-induced damage acted as an important signal to stabilize and 

activate HIF-la. In this study, it was demonstrated using both in vitro and in vivo 

models of C.diff intoxification that HIF-la stabilization occured via NO that was 

generated by iNOS. In Caco-2 intestinal epithelial cells, both TcdA/B and TcdB were 

capable of inducing iNOS expression, which in turn, was associated with subsequent 

increases in NO concentrations. The elevation in iNOS expression, which occurred after 

a 4 hour incubation period, was also associated with a significant increase in HIF-la 

protein expression. When cells were pre-treated with the selective iNOS inhibitor, 

1400W [77], the increase seen in both iNOS and HIF-la was effectively abolished along 

with the increase in NO itself. Further examination of the HIF-la subunit demonstrated 

that the protein itself was subjected to a post-translational modification (i.e., 

nitrosylation) when cells were exposed to TcdA/B. In. the mouse in vivo models, the 

ileal-loop method of TcdA/B exposure also demonstrated a significant increase in HIF-la 

expression in the ileum of mice that had been exposed to toxin. This increase in HIF-la 

also appeared to be dependent on iNOS since exposure of iNOS-deficient mice to toxin 

did not elicit increases in HIF-la expression relative to WT mice. In the arguably more 

relevant intra-rectal model of toxin exposure, mice exposed to TcdA/B not only 
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experienced an increase in HIF-la expression but also were found to experience HIF-la 

nitrosylation. These findings suggest that iNOS-generated NO was necessary for the 

nitrosylation and stabilization of HIF-la both in vitro and in vivo and are particularly 

important as they represent the first attempt to elucidate the exact mechanism by 

which HIF-la protein levels are elevated in the presence of C.diff toxin. These results 

· 1firm nd elaborate on previous studies conducted on HIF-la in the context of C.diff-

induced intestinal injury by Hirota et al. 2010 [70]. 

Due to the increased susceptibility of HIF-la KD Caco-2 cells to TcdA/8, cells 

~,lated for immunocytochemistry were exposed to a reduced concentration of toxin at 7 

µg/mL. This increase in susceptibility to C. difficile toxin was characterized in previous 

studies performed by Hirota et al. 2010 [70], that demonstrated an increased 

susceptibility to TcdA/8 In mice that were genetically deficient in HIF-la. The increased 

susceptibility in HIF-la-1-mice was determined via increased histological damage scores 

(global intestinal trauma) and elevated MPO activity, which represents a measure of 

neutrophilic infiltration into the tissues and provides a surrogate measure for 

inflammation [70]. These findings were in general agreement with the 

immunocytochemistry data presented herein (Figure 4.17) as the overall appearance of 

HIF-Scr vs HIF-KD Caco-2 cells differs with respect to damage caused by TcdA/8 

exposure. Although the 20-1 distribution was noticeably more diffuse with TcdA/8 

alone and in combination with NAC, the HIF-Scr cells appeared to have less damaged 
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monolayer when compared to HIF-KD cells. In the aforementioned study by Hirota et 

al., it was also demonstrated that an inhibition of iNOS resulted in an attenuation of HI F-

la expression in Caco-2 cells. In our current study, experiments with HIF-1a-KD cells . 

exposed to TcdA/B have shown an attenuation of iNOS and NO concentration, whereas 

Hirota et al. have shown an increase in serum NO levels in HIF-la-1- mice (an intestinal 

epithelium-specific KO) exposed to TcdA/B. These results do not necessarily conflict 

with our findings as NO levels in our experiments have been taken from the HIF-1a-

deficient epithelial cells themselves, whereas Hirota et al. have looked at global NO 

present in the serum of the mice. Within the GI tract alone, there are a number of 

different potential sources of NO which may contribute to an overall increase in 

systemic NO including macrophages, mast cells, neuronal cells of the myenteric plexus, 

and smooth muscle cells (reviewed in [82]). 

If we focus specifically on iNOS regulation, it has been shown in previous studies 

that TcdB and other actin cytoskeleton-disrupting agents are capable of inducing iNOS 

expression [83], [84]. This coincides with our results as we have demonstrated the same 

events occurring in Caco-2 cells with TcdB treatment. In addition, it was previously 

shown that the TcdB-mediated induction of iNOS was markedly increased in the 

presence of cytokines [85]. Within intestinal epithelial cells, Kim et al. demonstrated 

that TcdA was capable of rapidly inducing cytokine and chemokine production in an NF-

KB-dependent fashion [86]. The increase in NF-KB activity and subsequent chemokine 
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production was seen as early as 10 minutes with a peak response occurring after 2 hours 

of exposure with TcdA. This is a fairly significant finding with respect to our current 

study as iNOS expression levels were significantly increased (2.5-fold compared to 

control) after 4 hours of TcdA/B exposure. This suggests that both TcdA and TcdB are 

involved in the induction of iNOS in our experimental model. The study by Kim et al. 

[86], along with another conducted by Taylor et al. [87] identified NF- KB as being a 

major inducer of cytokine-mediated iNOS expression. However, another study 

performed by Hattori et al. [84] revealed that iNOS could also be induced by disruption 

of the actin cytoskeleton in an NF-KB-independent fashion. It is important to note that 

this study was conducted using cytoskeletal disrupting agents that did not include TcdA 

or TcdB. However, since the major action of the Clostridial toxins is to facilitate the 

disruption of the cytoskeleton, it may be possible for TcdA/B to induce iNOS expression 

without NF-KB. 

In addition to these mechanisms, the results gathered from HIF-KD Caco-2 cells 

add yet another dimension to iNOS regulation in the context of C.diff toxin exposure. 

When treated with TcdA/B alone, HIF-Scr cells demonstrate opposite effects to those 

observed for the HIF-KD cells. In the Ser cells, significant increases in both HIF-la 

stabilization and iNOS induction were present as with WT Caco-2 cells. As for the cells 

deficient in HIF-la, along with an attenuated HIF-la response, iNOS induction was also 

completely abolished. As discussed previously, HIF-1 regulates the transcription of 
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downstream gene targets by binding to a specific DNA sequence known as the Hypoxia 

Response Element (HRE). With HIF-1 activity being implicated in a number of different 

cellular processes (including epithelial barrier maintenance) [70, 88], it comes as no 

surprise that iNOS also contains an HRE within its promoter region [89]. Peyssonnaux et 

al. conducted studies investigating the HIF-la-mediated induction of bactericidal factors 

,,. , 'ich include NO). These studies were performed in mice expressing macrophages 

that were deficient in HIF-la. The HIF null mice harbored greater amounts of colonized 

bacteria (2-fold increase in bacterial CFUs) compared to WT suggesting their bactericidal 

response was suppressed by the lack of HIF-la [90]. Taken together, these findings 

provide support for our conclusions which suggest that HIF-la may be necessary to 

induce iNOS expression in colonic epithelial cells in response to C.diff toxin exposure. 

While still in the realm of iNOS regulation, an interesting result to consider was 

the response of HIF-Scr cells with NAC treatment (Figure 4.lSAl). This result was rather 

unexpected as treatment of HIF-Scr cells with NAC alone resulted in increased NO 

production. To this result, I can only speculate as to the mechanisms that may be 

involved. One possible explanation may be found with HIF-2a. The HIF-2a protein 

belongs to the HIF-a family and is also an oxygen-regulated protein that responds to 

hypoxic stabilization. It is fairly similar to HIF-la (with a 48% sequence similarity), and it 

is capable of binding to the same HRE as HIF-la on downstream target genes [28]. 

Although the role of HIF-2a is tissue specific, its expression and signaling has been 
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associated with the GI tract. Most recently, a report has implicated the protein in the 

regulation of iron absorption in rat small intestine epithelial cells [91]. Studies which 

have utilized NAC in cell cultures have determined that NAC creates a reducing 

environment [80], and Chen et al. demonstrated that a NAC-induced redox shift favored 

the expression of HIF-2a over HIF-la in neuroblastoma cells [92]. As a result of the 

change in redox conditions brought on by NAC, it is possible that the HIF-Scr Caco-2 cells 

adjust to favor the expression of HIF-2a over HIF-la. While speculative, this possibility 

would coincide with the lack of HIF-la expression seen with this treatment. HIF-2a, 

with its HRE-binding capability, may induce iNOS expression to increase NO production. 

However, due to the absence of cytokines (as TcdA/B is absent) or cytoskeleton 

disruption, the induction of iNOS may be relatively short-lived, but still sufficient to 

cause an increase in NO concentration. Due to the presence of inhibitory siRNA in the 

HIF-KD cells, it's possible that both HIF-la and HIF-2a transcription may be affected, 

which may explain why the increase in NO is absent in HIF-KD cells with NAC treatment 

alone. In the study by Ahmad et al. [81], which utilizes the HIF-la-KD siRNA cells, there 

doesn't appear to be any conclusive evidence to suggest that HIF-2a is unaffected by the 

siRNA. Although they demonstrate increased HIF-2a-mediated signaling of a protein in 

the HIF-la-KD cells, there is no evidence to directly connect the two proteins (i.e. there 

is no immunoblot data showing HIF-2a expression in HIF-la-KD cells). It is also possible 

that their protein of interest may be more sensitive to HIF-2a expression, meaning that 

less HIF-2a may be required to stimulate a downstream response. Taking these factors 
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into consideration, it may be possible that the siRNA is interfering with both HIF-la. and 

HIF-2a. in our HIF-KD cells. 

One interesting finding in our study relates to the interaction between ROS and 

HIF-1a Nhen HIF-Scr cells were exposed to TcdA/B in combination with NAC, the 

ove1 ession of HIF-la. was attenuated. NAC was demonstrated in a number of 

t:ffarem experimental models to have a cytoprotective effect by acting as a potent ROS 

,.,..-. · ,,. f93J [94]. There have also been studies in which NAC was shown to be 

protective against TcdB exposure. Fiorentini et al. hypothesized that the protective 

effect of NAC resulted from its ability to create a reducing environment. Since NAC is 

also a precursor for glutathione, they measured the proportion of oxidized glutathione 

versus reduced glutathione to determine the redox state of the cell. Their findings 

suggested that TcdB treatment on both human epithelial cells and small intestinal cells 

created an oxidizing environment (represented by an increase in oxidized glutathione) 

and that this was rectified with NAC pre-treatment. This shift towards a reducing 

environment was posited as the mechanism of cytoprotection [80]. These results 

however seem to contradict the effects that we observe with NAC treatment. In the 

HIF-Scr cells, pre-treatment with NAC in combination with TcdA/B provided no extra 

protection since significant differences between 20-1 immunostaining with TcdA/B 

alone compared to NAC with TcdA/B were not observed. In addition, HIF-la. expression 

was also significantly attenuated with NAC pre-treatment. Assuming that NAC can act 



as a potent ROS scavenger in our system, the findings suggest that ROS may be an 

essential factor in the stabilization of HIF-lcx in the context of C.diff toxin exposure. 

Looking at the specific effects of the different C.diff toxins, it has been 
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dc ··1onstrated that TcdA is capable of inducing ROS production. Studies performed by 

Kim et al. in human colonocytes demonstrated that exposure to TcdA caused a 

significant increase in ROS production in as early as 10 minutes, and this effect seemed 

to carry over to 90 minutes with ROS levels reaching a maximum of almost 6-fold above 

control [95]. Looking again at studies of human colonocytes, He et al. also showed an 

increase in ROS production with TcdA exposure, and this increase was attenuated upon 

pre-treatment with antioxidants. These studies also investigated the effect of pre-

treatment with a potent inhibitor of mitochondrial DNA and RNA synthesis. They 

discovered that TcdA-induced increases in ROS production were dependent on normal 

mitochondrial function [18]. In an in vivo system, Qiu et al. examined the effects of 

TcdA in rats using the ilea I-loop method of toxin exposure. Not only did TcdA exposure 

result in the development of enteritis, but more importantly, significant increases in 

hydrogen peroxide and hydroxyl radical formation were detected in mucosal scrapings 

[79]. This toxin-mediated induction of ROS seems to be specific for TcdA as there are 

currently no studies which implicate TcdB as having a direct effect in stimulating the 

production of ROS. In fact, TcdB has been used in certain studies as an inhibitor of 

NADPH-oxidase activity [96] due to its ability to inhibit Rac-GTPases, which in turn are 
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needed to activate NADPH-oxidase-induced ROS generation [97]. Referring back to the 

study performed by Fiorentini et al., which investigated overall oxidative imbalances 

with C.diff toxins, the key finding indicated that both TcdA and TcdB possessed 

overlapping effects with respect to the presence of oxidized glutathione [80]. This 

suggests that TcdB could possibly have a role in ROS generation, although this direct 

mechanism has yet to be elucidated. 

Currently, there is a growing body of evidence to support the hypothesis that 

ROS play a critical role in the regulation of HIF-lu during normoxia and hypoxia 

(reviewed in [981}. Studies performed by Jung et al. have analyzed the effects of 

exogenous H20 2 in a number of different cancer cell lines, including colon carcinoma 

cells. Their results indicated that in the presence of ROS (i.e., H20 2), HIF-lu expression 

was elevated and this effect appeared to be the result of AMP-dependent protein kinase 

(AMPK)-induced increases in HIF-lu transcription [99]. Although other studies have also 

demonstrated ROS-induced increases in HIF-lu transcription, a much more relevant 

mechanism has also been shown that deals with HIF-lu protein stabilization. Recent 

studies performed in melanoma cells have demonstrated that HIF-lu protein expression 

was increased during hypoxia in a mitochondrial ROS-dependent fashion. When cells 

were pre-treated with NAC or mitochondrial inhibitors during hypoxia, both HIF-lu 

protein expression and downstream HIF-1 signaling were attenuated [100]. A study 

performed in human lung epithelial cells demonstrated the same effect using cells 
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lacking mitochondrial DNA (p0 cells). Hypoxia-induced stabilization of HIF-la was 

suppressed such that p0 cells under hypoxia (1.5% 0 2} expressed the same amount of 

HIF-la as WT cells in normoxia (21% 0 2} [101]. Finally, an important study performed 

by Bell et al. investigated this mechanism in both lung epithelial carcinoma cells and 

osteocarcinoma cells. Once again, using siRNA directed at mitochondria complex Ill, 

they demonstrated that ROS-dependent stabilization of HIF-la was reliant upon normal 

functioning mitochondria (specifically, complex Ill). Also, using antibodies directed 

against hydroxylated HIF-la, they also determined that hydroxylation of the a subunit 

(presumably in the praline region) was abolished by mitochondrial ROS [102]. This 

suggested that HIF-la stabilization under hypoxia was dependent upon the ability of 

mitochondrial ROS to prevent PHD enzymes from hydroxylating the regulatory pralines 

of the a subunit. Experiments performed by Tian et al. have illustrated both PHD 

enzymes and FIH-1 as requiring iron as a cofactor in order to perform their 

hydroxylating duties, and each of these enzymes was inhibited in the presence of iron 

chelating agents [103]. By taking an electron from iron and converting Fe2+ to Fe3+, PHD 

and FIH-1 enzymes are able to hydroxylate HIF-la. The presence of mitochondrial ROS, 

however, causes oxidation of iron which subsequently prevents the enzymatic activity of 

the hydroxylating enzymes [102] [104]. 

These results have significant implications with re~ard to our findings. In the 

HIF-Scr cells, we demonstrated that the stabilization of HIF-la in the presence of NAC 
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with TcdA/B was attenuated such that HIF-la levels were similar to those found in 

control t~eatments. That being said, the HIF-Scr cells also contained significant amounts 

of nitrosylated HIF-la (1.5-fold above control). This suggests that a greater proportion 

of HIF-la was present in the nitrosylated form. Taking into account the evidence for 

both NO and ROS stabilization of HIF-la, it is possible that in the context of C.diff toxin 

exposure, NO and ROS are acting synergistically to stabilize the HIF-la protein. As 

demonstrated in our experiments both in vitro and in vivo, nitrosylation of HIF-la occurs 

in the presence of TcdA/B. With the evidence provided by previous studies combined 

with our own NAC data, it can be posited that TcdA/B may also stimulate an increase in 

mitochondrial ROS which prevents the hydroxylation of HIF-la. This, in turn, would 

cause an increase in the amount of HIF-la available for nitrosylation, which would 

ultimately result in an overall increase in HIF-la protein and subsequent HIF-1 

downstream signaling. This coincides with our data as incubation of cells with both NAC 

and TcdA/B causes a reduction of HIF-la expression in the cell, but since NO was still 

upregulated, a significant reduction in the nitrosylation of HIF-la was not observed. So, 

TcdA/B-induced mitochondrial ROS generation could prevent the hydroxylation-

dependent degradation of HIF-la such that a greater amount of HIF-la could be 

stabilized via nitrosylation. Despite this newly suggested importance of ROS in the 

context of C.diff toxin exposure, it is important to refer back to our data both in cell 

cultures and in mice that have demonstrated that HIF-la is also very much dependent 

upon iNOS. An inhibition of iNOS resulted in an abolished HIF-la response in our in 
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vitro AND in vivo model systems in response to TcdA/B. This effect, at least in vitro, was 

associated with an attenuation of HIF-la nitrosylation, where pre-incubation with 

1400W caused a complete attenuation of nitrosylation. 

With regard to HIF-la protein stabilization, it is important not to forget that 

we're ultimately dealing with a transcription factor; therefore, the presence of HIF-la 

protein is only as significant as the downstream signaling activity it is able to stimulate. 

With respect to HIF-la signaling, FIH-1 as mentioned previously, is a well-known 

asparagine hydroxylase enzyme that is involved in the suppression of HIF-1 downstream 

transcriptional activity. Experiments performed in Caco-2 cells demonstrate a possible 

connection between NO and FIH-1. In our Caco-2 cells that have been exposed to 

TcdA/B, a significant decrease in FIH-1 expression was also detected. When cells were 

pre-incubated with 1400W, FIH-1 expression was restored to control levels. This 

suggests that NO might also be involved in destabilizing FIH-1 and preventing its 

hydroxylation of HIF-la. Studies performed by Park et al., using Hela cells, have 

demonstrated that NO donors were actually able to directly inhibit FIH-1, which allowed 

HIF-la to interact with transcriptional co-activators. It was initially suspected that 

nitrosylation of the Cys-800 site on HIF-la protected against this asparagine 

hydroxylation. However, their data suggested that NO was directly inhibiting FIH-1 itself 

[27]. These data support our findings concerning FIH-1 regulation in the presence of 

TcdA/B and 1400W. However, in the HIF-KD cells, NO levels were not altered in any 
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significant manner, yet FIH-1 expression was still suppressed with both TcdA/B and NAC 

+ TcdA/B treatments. Since NAC alone does not affect FIH-1 expression, it is possible 

that FIH-1 levels could also be suppressed by TcdA/B in an NO-independent manner. A 

recent study that Koike et al. performed in smooth muscle cells demonstrated that TcdB 

was capable of activating membrane-type 1 matrix metalloproteinase (MTl-MMP), a 

protein that is involved in the breakdown of the extracellular matrix [105]. Another 

recent study by Sakamoto et al. performed in breast cancer cell lines has demonstrated 

that MTl-MMP is capable of inhibiting FIH-1 expression, which was consequently shown 

to stimulate the increased transcription of VEGF (a downstream target of HIF-1 

signaling) [106]. This may be important to consider as MTl-MMP expression was shown 

in colonic epithelial cells [107]. Although this is very much speculation, FIH-1 may be 

inhibited by TcdB in our model system via MTl-MMP in an NO-independent manner. 

It is important to emphasize that there are currently very few studies related to 

the nitrosylation of HIF-la. in the context of the GI tract. As such, the findings presented 

herein represent the first evidence for the nitrosylation of HIF-la. in the context of C.diff 

toxin exposure. That being said, if we consider the significance of nitrosylation events 

occurring within the gut, it is important to analyze the effect of iNOS inhibition on 

epithelial barrier integrity. According to our 20-1 immunofluorescence data in Caco-2 

cells, pre-treatment with 1400W followed by TcdA/B exposure resulted in no additional 

damage when compared to TcdA/B exposure alone. In a recent study conducted by 
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Riafio et al [88], the effects of NO with respect to HIF were investigated in rats that were 

subjected to intestinal damage via indomethacin {IM). Rats were treated with IM over a 

period of 24- 96h in order to induce ulcers in the jejunum. Within this time frame, it 

was found that iNOS, HIF, Intestinal Trefoil Factor (ITF; a downstream gene target of 

HIF), and a number of nitrated proteins all reached a peak in terms of their protein 

expression levels. It was determined that HIF-la was being nitrosylated in the animals 

that were given the IM treatment compared to control animals. Even more interesting, 

is that when rats were given 1400W in conjunction with IM, this caused a reduction in 

the amount of HIF-la being detected, as well as other nitrated proteins. This 

attenuation did not significantly modify the damage induced by IM; however, it did 

serve to impede ITF function with respect to epithelial barrier restitution. This resulted 

in a delayed healing response in mice treated with both 1400W and IM, compared to 

those treated with just IM. These findings seem to agree with our study in that iNOS is 

necessary for the induction of HIF-la stabilization via nitrosylation. Also, similar effects 

in terms of epithelial damage were seen with respect to iNOS inhibition. Both our 

results and those of Riafio et al. have demonstrated that iNOS inhibition does not result 

in an overt increase in epithelial damage. These findings may also explain why 20-1 

distribution was not different between TcdA/B treatment alone and NAC + TcdA/B for 

the HIF-Scr Caco-2 cells. If ROS do in fact stabilize the HIF-la subunit, then like iNOS 

inhibition, the absence of stabilized HIF-la via NAC in the presence of TcdA/B may not 

result in an overt increase in Caco-2 epithelial cell damage. Riafio et al. suggest that the 
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decrease in HIF-la nitrosylation (and subsequent stabilization) was connected to a 

decrease in barrier restitution via HIF-1-mediated signaling of ITF. Therefore it is 

possible that the decrease in stabilized HIF-la has a greater consequence with respect 

to downstream signaling and wound healing following C.diff toxin exposure rather than 

the immediate damage response. 

With respect to S-nitrosylation in general, a recent study by Savidge et al. 

performed in Caco-2 cells and mice have demonstrated that NO was capable of directly 

nitrosylating C.diff toxins themselves. It was determined that trans-nitrosylation· of 

different cysteine residues, including ones located in the catalytic cysteine protease 

'"'"'•:m, inhibited both autocatalysis and cell entry of the toxin [108]. These studies, 

along with our current study, demonstrate the increasing importance of NO in mounting 

a crucial cellular defense response. 

In summary, using both in vitro and in vivo model systems, this thesis provides novel 

findings that suggest an essential role for iNOS-generated NO in the stabilization of HI F-

la in the context of C.diff toxin exposure (Summary Figure 2). Additionally, this study is 

the first to propose a synergistic action for two important stabilization mechanisms of 

HIF-la in the context of C.diff toxin-mediated epithelial damage. 
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5.2 Future directions 

The future directions of this study are arguably found in its limitations. This 

study, for example, does not analyze the specific nitrosylation events that are occurring 

on HIF-la itself. It may be worthwhile to examine which residues are specifically being 

nitrosylated on HIF-la and whether or not certain residues are important for the 

stabilization of the protein. Riafio et al. for example, detected the presence of both 

nitrosylated cysteine and nitrosylated tyrosine suggesting that multiple nitrosylation 

events are occurring on HIF-la outside of the well-characterized cysteine residues (i.e., 

Cys-520 and Cys-800) [88]. This goal could be accomplished using antibodies specific for 

nitrosocysteine or nitrosotyrosine; however, the most accurate method would be to 

provide direct identification of post-translational modifications via mass spectrometry. 

Another limitation is the lack of mRNA analysis of downstream target genes. 

HIF-la downstream signaling provides important transcriptional regulation of a plethora 

of genes involved in a number or processes including angiogenesis, erythropoiesis, and 

cell fate decisions just to name a few [109]. Although we have performed EMSAs and 

used FIH-1 expression as a surrogate for HIF-1 signaling, verification of direct 

transcriptional activity would be valuable. This study would benefit immensely with 

quantitative real-time analysis of mRNA demonstrating increases in HIF-1 downstream 

barrier protective genes such as VEGF, CD-73, and ITF. Lastly, in order to provide 

additional supporting evidence for the involvement of a ROS-dependent stabilization 



effect, direct analysis of ROS levels both in cell culture and mouse mucosa! scrapings 

would be advantageous. Also, analyzing the hydroxylation of HIF-la would help to 

confirm whether or not stabilization of the a subunit was the primary mechanism 

involved where ROS is concerned. 
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In closing, it is my sincere hope that this thesis represents an important piece of a much 

lei:._,,., sJUZzle - one that defines HIF-la as an essential therapeutic target in the defense 

against Clostridium difficile-mediated intestinal damage. 
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Summary Figure 2 - Mechanisms of Clostridium difficile-mediated HIF-1a regulation 
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Summary Figure 2 - Mechanisms of Clostridium difficile-mediated HIF-la regulation. 

The purpose of this figure is to summarize the mechanisms of HIF-la stabilization 

discussed in the analysis and interpretation. Upon exposure to Clostridium difficile 

(C.diff), toxins are taken up into the cell via receptor-mediated endocytosis. Once inside 

the cell, C.diff toxin A (TcdA) and C.diff toxin B (TcdB) can initiate an array of different 

events with respect to HIF-la stabilization. 

[l] -TcdA stimulates the production of reactive oxygen species (ROS) from the 

mitochondria 

[2] - Both TcdA and TcdB, through their enzymatic activity, begin to glucosylate small 

GTPase proteins that are involved in maintaining the actin cytoskeleton. Glucosylation 

of these proteins results in their inactivation and the subsequent disruption of the 

cytoskeleton. This disruption can lead to the induction of inducible nitric oxide synthase 

(iNOS), which then begins producing nitric oxide (NO). TcdA and TcdB can also stimulate 

iNOS activity via NF-KB. 

[3]- HIF-la begins to accumulate inside the cell due to the increased concentration of 

ROS. The mitochondrial ROS causes the oxidation of Fe2+, which is needed for the 

hydroxylation of HIF-la. This oxidation of Fe2+ to Fe3+ suppresses the activity of HIF-la 

hydroxylating enzymes, prolyl hydroxylase (PHD) and Factor inhibiting-HIF-1 (FIH-1- an 

asparagine hydroxylase). 

[4]- Due to the increase in NO concentration and HIF-la protein, more HIF-la becomes 

available for nitrosylation on cysteine residues. 
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[5]- Nitrosylation of the a subunit results in the stabilization of HIF-la by protecting it 

from interacting with ubiquitinating proteins such as the von Hippel-Lindau protein 

complex (pVHL). NO is also thought to be capable of interacting with FIH-1 which results 

in its inactivation. Nitrosylation, however, does not prevent HIF-la from being 

hydroxylated. Therefore it is still possible for praline hydroxylation events to occur after 

S-n itrosylation. 

[6] - S-nitrosylated HIF-la is considered stabilized and protected from degradation. It is 

now capable of entering the nucleus, dimerizing with HIF-1~, and upregulating the 

transcription of downstream barrier protective genes. 
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"Your beginnings will seem humble, 

So prosperous will your future be." 

-Job 8:7 




