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ABSTRACT 

Iron deficiency anaemia (IDA) is a serious health problem worldwide, particularly 

in developing countries. Infection with the gastric pathogen Helicobacter pylori is 

more prevalent in developing countries. Additionally, there is strong evidence 

supporting a link between infection and the development of iron deficiency 

anaemia. However, the biological mechanisms involved in this process remain an 

area of controversy. Several mechanisms have been proposed, one of which is that 

the inflammation induced by the infection might involve the redirection of 

circulating iron to the gastric epithelium, which is the site of H. pylori colonisation. 

The research undertaken in this thesis investigated this hypothesis, by first 

determining whether infection with H. pylori is able to induce alterations in iron 

homeostasis in gastric epithelial cells. A series of assays were designed to measure 

changes in total cellular iron (both labile and strongly bound to proteins), the 

cytosolic labile iron pool (that is responsible for regulating the expression of 

proteins involved in iron metabolism through the IRP/IRE system) and the total 

labile iron (that is located mainly in lysosomes, where ferritin is degraded). The 

results from these experiments indicated that labile iron is significantly increased 

in gastric epithelial cells in response to H. pylori infection, as is the level of total 

cellular iron, although this increase is not significant. However, unexpectedly, the 

cytosolic labile iron pool was reduced under these same conditions. 

Further experiments assessed the expression of the transferrin receptor (TfR, 

involved in cellular iron uptake) and H-ferritin (that is in charge of cellular iron 

storage). Whereas no difference in TfR expression was detected, H-ferritin was 

clearly overexpressed in response to H. pylori infection. Furthermore, the 

increased levels of H-ferritin in infected cells localised mainly to subcellular 

compartment that were most likely lysosomes, a finding that correlated with the 

observed increase in total labile iron in these cells. Interestingly, while the 
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expression of TfR was not increased in infected cells, cellular distribution of the 

receptor was altered, with notably more cell-surface associated receptor evident in 

infected cells, and this may account for the increase in total iron detected in these 

cells.  

Many H. pylori strains produce two well characterised virulence factors, CagA and 

VacA, and a role for these proteins in the perturbation of gastric epithelial cell iron 

homeostasis was investigated through the use of H. pylori isogenic mutant strains. 

The results of these experiments implicate the CagA protein in the changes in 

cellular iron homeostasis observed in H. pylori-infected AGS cells. 

In summary, the finding of this research is that H. pylori are able to interfere with 

iron homeostasis in gastric cells and that the CagA protein is involved in this 

process. While these findings remain to be validated in vivo, they provide 

evidence of a novel mechanism that may link H. pylori infection to host iron 

deficiency. 
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CHAPTER 1: INTRODUCTION 

Helicobacter pylori is estimated to infect the stomachs of one half of the global 

population. Infection rates vary from one country to another, and there is a strong 

inverse correlation observed between prevalence of infection and the human 

development index (Correa and Piazuelo 2012, Yan, Hu et al. 2013). Even in the 

absence of overt disease, infected individuals develop a chronic gastritis (Huang 

and Chiou 2014). Without eradication treatment, H. pylori is likely to persist in its 

human host for a lifetime, with a proportion of infected individuals developing 

peptic ulcers, gastric adenocarcinoma and/or mucosa-associated lymphoid tissue 

lymphoma as a result of this infection (Hardbower, Peek et al. 2014).  

In 2010 the global prevalence of anaemia was estimated to be 33% (Kassebaum, 

Jasrasaria et al. 2014), with higher prevalence in preschool children (47%) and 

pregnant women (42%) compared to other groups, and in underdeveloped (43%) 

compared to developed (9%) countries (McLean, Cogswell et al. 2009). 

Accordingly, anaemia is considered by the World Health Organization (WHO) as 

one of the ten most important risk factors responsible for the death of one third of 

the world’s population (WHO 2002). Of all the causes of anaemia (e.g. anaemia of 

chronic disease, vitamin B-12 deficiency, etc.), iron deficiency is considered 

responsible for approximately fifty percent of the reported cases (Steinbicker and 

Muckenthaler 2013). 

There is strong evidence supporting a role of Helicobacter pylori infection in the 

development of iron deficiency anaemia (Muhsen and Cohen 2008, Qu, Huang et 

al. 2010, Yuan, Li et al. 2010). However, the biological mechanisms involved in this 

process remain an area of controversy (Muhsen and Cohen 2008). In this respect, 

the interaction between H. pylori and gastric epithelial cells is of major importance, 

and the aim of this study was to investigate if H. pylori affects the iron homeostasis 
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of AGS cells, a gastric cell line widely used for studying in vitro the pathogenesis 

of H. pylori infection. 

 

1.1 Helicobacter pylori  

1.1.1 Taxonomy  

The use of 16S ribosomal ribonucleic acid (16S rRNA) sequencing taxonomically 

locates H. pylori in the Proteobacteria phylum, class Epsilonproteobacteria, order 

Campylobacterales (Gupta 2006). The presence of Helicobacter species in the 

Campylobacterales order is further supported by proteomic similarities between the 

members of the order, with the identification of forty nine proteins that are 

exclusive to Campylobacterales (Gupta 2006). This proteomic similarity is even 

stronger within the Helicobacteraceae family, where seven proteins are identified as 

shared between members that include Wolinella and Helicobacter species (Gupta 

2006). 

 

1.1.2 Culture properties 

The Helicobacter genus is composed of non-sporulating gram-negative bacteria 

with a curved or spiral morphology that grow slowly in vitro under 

microaerophilic conditions at 37°C. This is highlighted by the observation that it 

can take up to a week for some species to grow as colonies on solid media (Solnick 

and Vandamme 2001, Bury-Mone, Kaakoush et al. 2006).  

H. pylori organisms require CO2 concentrations between 5 to 10% to survive (Bury-

Mone, Kaakoush et al. 2006). When grown in broth, the bacterium has a doubling 

time between 50 minutes and 10 hours, depending on broth composition and the 

number of times the culture has been passaged under the same conditions 

(Shahamat, Mai et al. 1991, Andersen, Elliott et al. 1997, Barry, Asim et al. 2011). 
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Biochemically, H. pylori possess oxidase (Nagata, Tsukita et al. 1996) and catalase 

activities (Wang, Alamuri et al. 2006), and a urease enzyme, which is shown to be 

essential for colonization of the gastric surface (Stingl and De Reuse 2005, Kusters, 

van Vliet et al. 2006). 

H. pylori bacteria mainly exhibit a helical or “S” shaped morphology in situ. 

Likewise, the bacteria are observed as elongated spirals in culture, particularly 

following growth in shaken, liquid broths (Vinette, Gibney et al. 2002). Exposure 

to environmental stressors that include a lack of nutrients and/or exposure to 

antibiotics is associated with a change from helical to coccoid morphology (Bode, 

Mauch et al. 1993, Nilsson, Blom et al. 2002, Bland, Ismail et al. 2004). There is still 

some controversy if the transformation into the coccoid state is a passive and 

irreversible manifestation of bacterial cellular death (Kusters, Gerrits et al. 1997, 

Bumann, Habibi et al. 2004) or evidence of reduced metabolism that enables the 

bacteria to survive when environmental conditions turn hostile (Bode, Mauch et 

al. 1993, Azevedo, Almeida et al. 2007, Saito, Konishi et al. 2008). However, most 

evidence suggests that coccoid forms of H. pylori exist as a dormant state that are 

viable but not culturable, similar to what is observed in the closely-related 

Campylobacter spp. (Kusters, Gerrits et al. 1997), and that this phenotype is 

associated with bacterial persistence in adverse conditions. Support for this 

hypothesis comes from the observation of both helical and coccoid forms of H. 

pylori in the stomach and duodenum of infected patients (Cole, Cirillo et al. 1997). 

Coccoid forms are seen in close association with damaged mucous cells and are 

also observed in biopsied gastric adenocarcinomas (Cole, Cirillo et al. 1997, 

Nilsson, Blom et al. 2002). 
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1.1.3 Helicobacter pylori and humans 

Genetic diversity studies of H. pylori in different populations have shown that 

human beings were colonized by Helicobacter pylori a hundred thousand years ago 

(Moodley, Linz et al. 2012), approximately forty thousand years before the first 

humans migrated from the African continent first to Eurasia and then later to the 

rest of the world (Correa and Piazuelo 2012). This long association with humans 

means that H. pylori shares similar phylogeographic distribution with Homo 

sapiens (Correa and Piazuelo 2012). However, the discovery that H. pylori and 

humans have coexisted for millennia is relatively recent (Moodley, Linz et al. 

2012), and the presence of live bacteria in the stomach was considered impossible 

for over a century, despite evidence of spiral bacteria in animal stomachs at the 

end of the 19th century (Kasai and Kobayashi 1919, Mobley, Mendz et al. 2001).  

In 1896 Salomon found a spirochete-like organism in the stomachs of different 

species (that included dog, cat and rat). Furthermore, he fed uninfected mice with 

gastric mucus from the infected animals and propagated the infection (Kasai and 

Kobayashi 1919, Mobley, Mendz et al. 2001). In 1938, Doenges detected what he 

described as spirochetes in 43% of haematoxylin & eosin-stained gastric biopsies 

collected from patients with gastric disease (Doenges 1938). However, without 

any evidence of a pathogenic role for these bacteria (or an effective way of 

culturing them), the presence of these organisms in gastric tissue was considered 

an anecdote, with some voices even declaring that the results presented by 

Doenges were related to post-mortem contamination of his samples (Warren and 

Marshall 1983). So, over the ensuing forty years, the human stomach was seen as a 

sterile environment and despite general acceptance of spiral bacteria as gastric 

commensal flora in other species, their presence in the human stomach was not 

further investigated.  



5 
Chapter 1. Introduction__________________________________________________________________ 

This changed in 1983 with the publication of two letters in the Lancet that 

constituted the first public appearance of H. pylori (Warren and Marshall 1983). In 

these letters, Robin Warren and Barry Marshall put forward their observation of 

spiral bacteria present in half the biopsies collected from patients having a 

gastroscopy. They saw that these bacteria were present most often in patients 

presenting with active chronic gastritis. However, the bacteria were also evident 

in samples of non-inflamed gastric tissue and in tissue from patients diagnosed 

with chronic gastritis. The first letter described the habitat of the bacteria in the 

stomach as the space “between the cells of the surface epithelium” and beneath 

the mucous layer. In contrast, the second letter analysed the similarities and 

differences between this old-new bacterium and the ones pertaining to the closely 

related Campylobacter genus. Together, the two letters provided the first evidence 

that a bacterium could colonize (and survive) in the acidic environment of human 

stomach and, importantly suggested the possibility of a link between infection 

and gastric disease.  

Initially, these bacteria were given the name Campylobacter pyloridis, but the 

species was soon renamed Campylobacter pylori as the correct latin genitive of the 

word “pylorus”(Marshall and Goodwin 1987). Six years later, C. pylori was 

assigned to its own genus (Helicobacter) based both on phenotype (including 

flagella number and disposition, fatty acids composition and bacterial surface 

rugosity) and 16S ribosomal differences with the Campylobacter genus (Romaniuk, 

Zoltowska et al. 1987, Goodwin, Armstrong et al. 1989).  

In 1994, H. pylori was recognized as the main cause of peptic ulcer disease (NIH 

1994), based on the observation of falling rates of disease in those patients where 

the infection was successfully eradicated. However, clinicians were slow to adopt 

this radical approach to treat peptic ulcer disease and many patients continued to 

die (Penston 1994). This gradually changed over time as scientific interest in H. 

pylori grew (Tomb, White et al. 1997, Alm, Ling et al. 1999) and in 2005 Warren 
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and Marshall received the Nobel prize for their “remarkable and unexpected 

discovery that inflammation in the stomach (gastritis) as well as ulceration of the 

stomach or duodenum (peptic ulcer disease) is the result of an infection of the 

stomach caused by the bacterium Helicobacter pylori” (Nobelprize.org 2005). H. 

pylori infection was subsequently linked to MALT lymphoma (Wundisch and 

Stolte 2006) and gastric cancer (Conteduca, Sansonno et al. 2013), and a role in 

various extragastric diseases was also considered as a consequence of life-long 

infection (Gasbarrini, Fox et al. 2000). 

 

1.1.4 Host-pathogen interaction 

How H. pylori colonises the human stomach is still a matter of controversy, with 

evidence of both an oral-oral and a faecal-oral route (Brown 2000, Megraud and 

Broutet 2000). Once inside the stomach, H. pylori first need to survive the highly 

acidic environment of the gastric lumen. This is where the constitutive production 

of the urease enzyme is crucial to the production of ammonia (NH3) and carbonic 

acid (H2CO3) from urea (CO(NH2)2) present in the stomach lumen at 

concentrations from 1 to 3 mM (Sachs, Scott et al. 2011). The urea is internalized 

through UreI (a urea internalization channel present on the bacterial surface), with 

the resultant ammonia acting inside the cell to limit proton access to the cytosol 

and also crossing the inner membrane, to increase the pH in the periplasm (Sachs, 

Scott et al. 2011).  

H. pylori swims through the mucus layer covering the gastric epithelium and 

forms micro-colonies on the space immediately over the intercellular junctions 

(Warren and Marshall 1983, Schreiber, Konradt et al. 2004), aided in part by the 

presence of multiple flagella plus the spiral shape of the bacteria that combine to 

give the necessary propulsion and dynamics, respectively. The movement of the 

bacteria through the mucus layer is facilitated by the activity of the urease enzyme 
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that is associated with reduced viscosity of the mucus (Schreiber, Konradt et al. 

2004, Salama, Hartung et al. 2013). Also, H. pylori possess an ability to recognize 

its trajectory of movement, avoiding the stomach lumen by detecting the pH 

gradient existent between both sides of the mucus layer (Schreiber, Konradt et al. 

2004).  

While most of the bacteria remain in the gastric mucus, some H. pylori adhere to 

the cell surface, thereby increasing the colonization efficiency by avoiding elution 

of bacteria with the turnover of the gastric mucus (Odenbreit 2005). Multiple 

adhesins facilitate this process, including the blood group antigen-binding 

adhesion (BabA) that binds to Lewis b antigen (Ilver, Arnqvist et al. 1998), sialic 

acid-binding adhesin (SabA) recognized by sialylated antigens (Mahdavi, Sonden 

et al. 2002), and adherence-associated lipoproteins A and B (AlpA/AlpB) that bind 

to laminin (Senkovich, Yin et al. 2011). Various proteins from the cytotoxin-

associated gene pathogenicity island (cagPAI) also reportedly adhere to host 

integrin β1, playing a role in the translocation of bacterial effectors (Noto and Peek 

2012). In addition, the differential expression of host receptors of these bacterial 

adhesins (Ilver, Arnqvist et al. 1998, Mahdavi, Sonden et al. 2002) can also affect 

bacterial adherence to the cell surface. 

In addition to increasing colonization efficiency, the attachment of Helicobacter to 

the gastric cell surface facilitates the delivery of bacterial effector molecules and/or 

the acquisition of nutrients required for bacterial survival (Oleastro and Menard 

2013). The former is associated with activation of the transcription factor nuclear 

factor kappa B (NF-κB) in host cells (Keates, Hitti et al. 1997, Kim, Seo et al. 2000, 

Lamb, Yang et al. 2009, Schweitzer, Sokolova et al. 2010, Lamb, Chen et al. 2013, 

Sokolova, Borgmann et al. 2013) that results in production of pro-inflammatory 

chemokines like interleukin(IL)-8 (Crabtree, Farmery et al. 1994, Nakachi, Klein et 

al. 2000). There is some controversy about the bacterial components involved in 

this inflammatory process, with some authors describing the bacterial cytotoxin-
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associated gene A protein (CagA) as essential for the NF-κB  activation (Lamb, 

Yang et al. 2009), while other suggests that the process is dependent instead on the 

formation of a type IV secretion system in H. pylori (encoded by the cag 

pathogenicity island) (Schweitzer, Sokolova et al. 2010). There is also evidence that 

host genetic differences may alter the inflammatory response to infection (Arbour, 

Lorenz et al. 2000, El-Omar, Carrington et al. 2000). 

The role of diet in H. pylori infection has been widely studied. In this respect, daily 

consumption of fresh fruits and vegetables seem to protect the host against gastric 

malignancies (Jedrychowski, Popiela et al. 1999), whereas high salt intake 

increases susceptibility to malignant conditions (Cover and Peek 2013). Of 

importance, the protective role of some particular foods against H. pylori-induced 

inflammation (Yanaka, Fahey et al. 2009, Keenan, Salm et al. 2012) may be 

responsible for the different outcomes observed in individuals with similar 

genetic background (Ko, Park et al. 2009).  

Iron is considered an essential component of human diet, but it is also 

indispensable for  most bacteria (Nairz, Schroll et al. 2010). Dietary restriction of 

iron is observed to accelerate the development of gastric malignancy as a result of 

H. pylori infection in Mongolian gerbils (Noto, Gaddy et al. 2013), with a 

corresponding increase in virulence and ability to induce inflammatory responses 

seen in bacteria recovered from iron-deficient gerbils and humans (Noto, Gaddy 

et al. 2013). Moreover, dietary iron restriction in H. pylori-infected mice further 

depletes iron stores (Keenan, Peterson et al. 2004).  

Iron uptake by H. pylori has been widely studied in vitro. Ferrous and ferric iron 

molecules are able to cross freely through the outer membrane and enter the 

bacterial cytoplasm through the FeoB transporter present in the inner membrane 

(Velayudhan, Hughes et al. 2000). More recently, Senkovich et al. (Senkovich, 

Ceaser et al. 2010) showed that the bacterium is able to obtain iron from 
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transferrin, lactoferrin and haemoglobin, suggesting that H. pylori is able to use 

both free and protein-bound iron. In vivo, access to dietary iron in the stomach is 

limited due to the rapid transit of gastric contents into the duodenum (Tan, Noto 

et al. 2011) and this is one reason that H. pylori needs to obtain iron at the gastric 

epithelium. Accordingly, these bacteria reportedly obtain iron from lactoferrin 

(Choe, Oh et al. 2003) and transferrin (Tan, Noto et al. 2011) from intact cells, and 

free iron and haemoglobin (Gonzalez-Lopez and Olivares-Trejo 2009) from 

damaged tissues.  

 

1.1.5 Virulence factors 

Besides the expression of urease, flagella and directional movement depending on 

a pH gradient, the influence of a specific H. pylori strain on the host-pathogen 

interaction is strongly determined by the differential expression of virulence 

factors. These factors are defined as characteristic proteins that enable a specific 

strain to cause disease (Atherton 1998) and can include a group of proteins that 

forms a type IV secretion system, responsible for delivering the CagA protein 

and/or peptidoglycan into host cells (Noto and Peek 2012), and VacA, a secreted 

cytotoxic protein whose most recognized effect is the induction of intracellular 

vacuoles in host cells (Atherton, Cao et al. 1995). 

 

1.1.5.1 Cytotoxin-associated gene pathogenicity island  

The cytotoxin-associated gene pathogenicity island (cagPAI) is a genetic element 

of 35 – 40kb that encodes a type IV secretion system (T4SS) whose presence has 

been strongly associated with gastric malignancies (Yin, Grabowska et al. 2010). 

This genetic element is formed by around 30 open reading frames, with higher GC 

content ratio compared to the rest of the H. pylori genome. It contains the cagA 
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gene and the genes required for the formation of the secretion apparatus, which is 

a pilus-like structure that injects the CagA protein into the host cell, as well as 

peptidoglycan and possibly some other bacterial factors, as reviewed by Noto and 

Peek (Noto and Peek 2012). Increased expression of the pro-inflammatory 

chemokine IL-8 is seen in cells exposed to the CagA protein (Crabtree, Farmery et 

al. 1994) and/or peptidoglycan (Viala, Chaput et al. 2004, Hutton, Kaparakis-

Liaskos et al. 2010). Thus, the presence of a cagPAI in an H. pylori strain is likely to 

be a major contributor towards infection-associated gastric inflammation and 

subsequent risk of disease (Shaffer, Gaddy et al. 2011). 

 

1.1.5.2 CagA protein  

A gene sequence that encodes a 120 to 128 kDa protein that is usually observed 

together with the VacA cytotoxin was given the name “cytotoxin-associated gene” 

or cagA (Tummuru, Cover et al. 1993). 

Sixty percent of wild-type H. pylori strains are estimated to possess the cagA gene, 

which has been associated directly with an increased risk of gastric disease that 

includes gastric cancer and peptic ulcers (Atherton 1998). As reviewed by Noto 

and Peek (Noto and Peek 2012), the expressed CagA protein contains repeated 

EPIYA motifs (glutamate-proline-isoleucine-tyrosine-alanine) in regions of 

sequence variation, and four types of EPIYA motifs (A, B, C and D) with different 

susceptibility to phosphorylation have been described based on the amino acids 

surrounding the EPIYA sequence. The number of EPIYA repeats and the extent of 

phosphorylation correlate with increased risk of disease in infected individuals 

(Hatakeyama 2004, Schneider, Krishna et al. 2009). CagA is injected into the cell 

via the T4SS, where it is phosphorylated at the EPIYA motifs by kinases from the 

Src and Abl families (Selbach, Moese et al. 2002, Tammer, Brandt et al. 2007). 

However, an excess of CagA inactivates Src kinase, resulting in a feedback 
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mechanism to limit the phosphorylation of the protein (Tsutsumi, Higashi et al. 

2003).  

As reviewed by Yamaoka (Yamaoka 2010), there are reportedly around 20 host-

derived proteins that interact with CagA inside the cell. However, not all of these 

act exclusively with the phosphorylated form of the protein, suggesting that 

phosphorylation of CagA is not essential to exert a role in the host cell. 

Phosphorylated CagA interacts with SHP-2 (a host tyrosine phosphatase), 

activating the ERK (extracellular-signal regulated kinase) pathway resulting on 

increased cell proliferation and cell elongation, leading to the characteristic 

“hummingbird phenotype” observed in AGS cells infected with cagA positive 

strains of H. pylori (Segal, Cha et al. 1999, Higashi, Tsutsumi et al. 2002, Stein, 

Ruggiero et al. 2013). In contrast, unphosphorylated CagA interacts with Grb2 (an 

adaptor protein responsible for signal transduction of epidermal growth factor 

responses), and this interaction exerts a growth factor-like response, activating 

ERK, and further increasing cell proliferation (Hatakeyama 2004). The expression 

of CagA is also linked to the disruption of the apical and tight junctional 

complexes between cells that are essential to the maintenance of barrier integrity 

though binding to E-cadherin and Par-1b, respectively (Murata-Kamiya, 

Kurashima et al. 2007, Zeaiter, Cohen et al. 2008). 

 

1.1.5.3 Vacuolating cytotoxin  

The vacuolating cytotoxin is a 95 kDa protein that contributes to bacterial 

colonization by different mechanisms (Terebiznik, Vazquez et al. 2006, Wang, Xia 

et al. 2008, Kim and Blanke 2012). It can be released from the bacteria as a soluble 

protein (Atherton, Cao et al. 1995), or associated to outer membrane vesicles 

(OMVs) (Keenan, Day et al. 2000, Ricci, Chiozzi et al. 2005, Chitcholtan, Hampton 

et al. 2008).  
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The most well studied effect of VacA on mammalian cells is the induction of 

vacuolation (Cover, Tummuru et al. 1994, Molinari, Galli et al. 1997, Terebiznik, 

Vazquez et al. 2006). As shown by Atherton et al. (Atherton, Cao et al. 1995), only 

50% of H. pylori strains induce vacuolation, but almost all strains hybridize with 

vacA gene probes. There are 3 different sequences of signal region (s1a, s1b, or s2) 

and 2 from the mid region (m1 or m2), strains, and every combination of these 

alleles occur with the exception of s2m1. Strains with the s1m1 alleles show 

evidence of more cytotoxic activity than s1m2 strains. The s1m1 strains also are 

more likely to be associated with the presence of the cagA gene. In contrast, the 

s2m2 strains do not show any sign of vacuolation (Atherton, Cao et al. 1995).  

The vacuolation seen in cells infected with H. pylori strains that express the s1 

VacA cytotoxin occurs as a result of fusion of late endosomal compartments with 

lysosomes (Molinari, Galli et al. 1997) that involves the inactivation of degradative 

lysosomal enzymes (Terebiznik, Vazquez et al. 2006). However, this process is not 

only VacA-dependent, as the weak bases generated by the reaction of ammonia (a 

product of urease activity) with acid are also thought to contribute (Cover, 

Vaughn et al. 1992), as are a range of host proteins including V-ATPase, Rab7, 

dynamin, syntaxin 7, and VAMP7 (Isomoto, Moss et al. 2010). 

Besides vacuolation, VacA has a number of pleiotropic effects that include 

inhibition of T-cell proliferation (Beigier-Bompadre, Moos et al. 2011), 

mitochondrial inner-membrane channel formation (Kim and Blanke 2012), altered 

antigen processing (Molinari, Salio et al. 1998), disruption in permeability of 

monolayers (Wang, Xia et al. 2008) and induction of apoptosis (Cover, Krishna et 

al. 2003). 
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1.1.6 Diseases associated with Helicobacter infection 

Despite early scepticism from the medical and scientific communities with regards 

the relationship between H. pylori infection and gastric disease, the gradual 

accumulation of compelling evidence to support this association has led to 

worldwide research into these bacteria and their interaction with the human 

gastric mucosa.  

Most (80 to 90%) infected individuals develop an asymptomatic gastritis (Huang 

and Chiou 2014), whereas 1 to 10% of patients develop duodenal or gastric ulcers 

(McColl 2010) and less than 3% develop gastric cancer (Conteduca, Sansonno et al. 

2013). H. pylori predominantly colonises the gastric antrum in subjects with 

normal acid production, while in subjects with decreased acid production, 

colonisation is seen mostly in the stomach body (Kuipers 2006). The localization of 

the infection inside the stomach determines the outcome of the infection and 

further affects gastric pH. Subjects with antral-predominant gastritis hyper-secrete 

acid and have a predisposition to developing duodenal ulcers (McColl, el-Omar et 

al. 1998). In contrast, individuals with corpus-predominant gastritis are at risk of 

developing gastric ulcers because of low acid secretion or aclorhydria as a result 

of mucosal atrophy (McColl, el-Omar et al. 1998). As shown in Figure 1.1, the 

development of gastric atrophy is also considered the first step in the evolution to 

gastric cancer, with intestinal metaplasia and dysplasia as intermediate states 

(Conteduca, Sansonno et al. 2013).  

Another gastric malignancy known as mucosa-associated lymphoid tissue 

(MALT) lymphoma is also associated with H. pylori infection. This is a low-grade 

neoplasia, which is characterized by the infiltration of lymphocytes that destroy 

gastric glands. It is estimated that less than 0.1% of individuals infected with H. 

pylori will develop MALT lymphoma (Wroblewski, Peek et al. 2010). 
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A range of extragastric diseases have also been positively associated with H. pylori 

infection that include autoimmune diseases (Hasni, Ippolito et al. 2011), growth 

retardation (Sauve-Martin, Kalach et al. 1999), cardiovascular diseases (Gasbarrini, 

Cremonini et al. 1999), diabetes (He, Yang et al. 2014), cholangiocarcinoma (Xiao, 

Gao et al. 2014), hepatocellular carcinoma (Wu and Chen 2006), and 

neurodegenerative disorders (Kountouras, Deretzi et al. 2014). In addition, a 

positive association of H. pylori with idiopathic iron deficiency/iron deficiency 

anaemia is also validated and accepted in the current guidelines of treatment for 

this disease (Malfertheiner, Megraud et al. 2012). However, the mechanisms and 

factors involved in this process remain to be fully elucidated.  

 

 

Figure 1.1 Outcomes from Helicobacter pylori infection. Untreated H. pylori infection is associated 

with increased risk of gastric diseases that include duodenal ulcers, gastric ulcers, MALT 

lymphoma, atrophic gastritis, intestinal metaplasia, dysplasia and gastric cancer. Taken from 

Conteduca et al, 2013 (Conteduca, Sansonno et al. 2013). 
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1.2 Iron deficiency and iron deficiency anaemia 

Iron is an essential element in the cellular machinery and this is a reason that 

increased iron consumption occurs during childhood and adolescence as the body 

develops. A similar situation also occurs with adult women during pregnancy, 

when iron consumption must sustain both the mother and baby’s requirements 

(WHO 2002). In the same way, dietary iron absorption must compensate iron 

losses when girls reach menarche. Thus, a decrease in the absorption of iron 

necessary to meet the requirements of an individual results in a higher 

consumption of existing iron reserves that presents as iron deficiency (expressed 

by reduced circulating ferritin).  

The World Health Organisation define iron deficiency as a depletion of iron stores 

that results in a decrease in iron transported into tissues, including erythropoietic 

cells, beginning to affect haemoglobin production (WHO 2002). Iron deficiency 

anaemia occurs when the level of haemoglobin in an individual falls below two 

standard deviations of a mean derived from individuals with the same 

characteristics (gender, age and living at the same height in meters above sea 

level) (WHO 2002). 

In 2010 the global prevalence of anaemia was estimated to be 33% (Kassebaum, 

Jasrasaria et al. 2014). Iron deficiency is the major cause of anaemia in both men 

and women (50% of cases), followed by hookworm infection (around 25%), sickle 

cell disorders, thalassemia and malaria (less than 20% between these 3 causes) 

(Kassebaum, Jasrasaria et al. 2014). Moreover, anaemia has been cited as one of the 

most important factors contributing to the global burden of disease by the WHO 

(WHO 2002). Patients with even mild iron deficiency anaemia may suffer 

impairment in cognitive development, fatigue, impaired immune function, 

enhanced absorption of lead, complications of pregnancy (including maternal and 

perinatal mortality) and impaired physical performance (Beard 2001, Abbaspour, 
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Hurrell et al. 2014). To overcome this deficiency, strategies of food fortification 

and iron supplementation have been recommended with different rates of success 

depending on the execution of these programs (WHO 2002, Abbaspour, Hurrell et 

al. 2014). 

1.2.1 Iron metabolism 

Iron is an essential micronutrient for both animals and microorganisms and is a 

cofactor for enzymes involved in oxygen transport, DNA synthesis and electron 

transport (Conrad and Umbreit 2000). In mammals, iron is absorbed from dietary 

sources as heme-iron (linked to a protoporphyrin ring present in meat), or as free 

iron in the ferric or ferrous form (Fe3+ or Fe2+ respectively), existing at different 

proportions in meat and vegetables (Xue and Shah 2013). Gastric food digestion 

induces the release of free iron from its containing matrix, and in the acid 

environment of the stomach ferric iron is reduced to its ferrous form by ascorbic 

acid (secreted by the stomach) or by other reducing compounds present in the 

digested food that include cysteine or histidine (Sharp and Srai 2007). This step is 

of crucial importance in overall iron metabolism as ferric iron is insoluble at 

physiological pH, meaning it has reduced bioavailability if it passes from the 

stomach to the small intestine in this form (Sharp and Srai 2007, Munoz, Villar et 

al. 2009), despite the presence of a ferrireductase (duodenal cytochrome b, Dcytb) 

that is present on the surface of iron-absorptive cells (Latunde-Dada, Van der 

Westhuizen et al. 2002).  

Ferrous iron and heme-iron are absorbed in the proximal duodenum by 

independent pathways (Munoz, Villar et al. 2009). Ferrous iron enters the 

enterocyte from the intestinal lumen through the divalent-metal transporter 1 

(DMT-1) that is located in the apical surface of these cells (Munoz, Villar et al. 

2009). In contrast, current evidence suggests that heme iron absorption is via a 

heme carrier protein (HCP-1) (Le Blanc, Garrick et al. 2012) and that once inside 
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the cell the heme molecule is degraded by the enzyme hemeoxygenase, releasing 

ferrous iron (Mendiburo, Flores et al. 2006). Ferric iron absorption (independent of 

DMT-1) in enterocytes has also been described (Conrad and Umbreit 2000). 

However, most evidence suggests that ferric iron needs to be reduced to ferrous 

iron by Dcytb prior to be transported into the enterocyte by DMT-1 (Latunde-

Dada, Van der Westhuizen et al. 2002). 

The iron absorbed by the enterocytes is later exported in its ferrous state to the 

plasma circulation through the iron exporter ferroportin (Ward and Kaplan 2012) 

where it is first transformed to its ferric form by a ferroxidase (hephaestin) before 

being rapidly bound by circulating transferrin, the protein in charge of iron traffic 

between tissues (Lawen and Lane 2013).  

As reviewed by Munoz et al. (Munoz, Villar et al. 2009), plasma transferrin 

delivers iron to all tissues in direct contact with circulating blood, including liver 

tissues (where excess iron is stored), reticulocyte precursors (requiring high 

amounts of iron for haemoglobin production) and peripheral tissues (that use iron 

for elemental cellular functions).  

Iron is an essential element for life but in excess it is associated with tissue toxicity 

through its capacity to produce hydroxyl radicals that increase oxidative stress 

(Winterbourn 1995, Weinberg 2009). In the absence of a regulated system of iron 

excretion (body iron is released by sweat, blood loss, or cell sloughing) (Zhang 

and Enns 2009), adequate levels of host iron need to be maintained through 

regulation of intestinal iron absorption. Hepcidin is identified as a peptide 

hormone responsible for systemic iron regulation (Steinbicker and Muckenthaler 

2013). This 25 amino acid-peptide is secreted mainly by the liver in response to 

iron levels, but its expression may also be regulated independently of iron by 

hypoxia, inflammation and erythroid factors (Zhang and Enns 2009). 
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Liver hepcidin, which is increased in response to rising hepatic and plasma iron 

levels (Pantopoulos, Porwal et al. 2012), is secreted into plasma and circulated to 

intestinal enterocytes, macrophages and hepatocytes. The mechanism of 

hepcidin’s action involves binding to ferroportin, resulting in the internalization, 

ubiquitination and degradation of the iron exporter, with iron sequestered inside 

the cells later released from the body through desquamation (Zhang and Enns 

2009).  

There are some genetic disorders that result in altered hepcidin function. 

Mutations that promote hepcidin function are associated with iron deficiency 

anaemia, whereas a reduction in hepcidin activity will result in iron overload or 

hemochromatosis. In hemochromatosis, enterocytes, macrophages and 

hepatocytes are continuously releasing iron into the circulation, due to 

unregulated levels of ferroportin, resulting in iron accumulation in the liver, 

pancreas and heart that in turn triggers oxidative damage increasing the risk of 

carcinomas, diabetes, cardiomyopathies and cirrhosis (Steinbicker and 

Muckenthaler 2013).         

Alteration in hepcidin levels, independent of genetic changes and/or iron result in 

aberrant iron homeostasis (Steinbicker and Muckenthaler 2013). For example, the 

liver is shown to reduce the expression of hepcidin in response to erythroid 

factors such as erythropoietin (EPO), thereby promoting iron uptake from the 

intestinal lumen to the circulating plasma and increasing the iron available for 

erythropoiesis (Ashby, Gale et al. 2010). A similar process occurs in response to 

reduced levels of oxygen, where hypoxia-inducible factors (HIFs) that accumulate 

inside hepatocytes are translocated into the cell nuclei where they bind to the 

promoter of hepcidin transcription, blocking the expression of the hormone 

(Zhang and Enns 2009, Sonnweber, Nachbaur et al. 2014).  
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Importantly, hepcidin expression is also regulated by inflammatory cytokines. In 

this case there is an increased expression of hepcidin, resulting in iron 

sequestration in both enterocytes and macrophages. Accordingly, a prolonged 

inflammatory stimulus may result in systemic iron deficiency and, if there is a 

compromise in erythropoiesis, in the condition known as anaemia of chronic 

disease (Haurani 2006, Zhang and Enns 2009).  

The phenotype of iron sequestration in response to inflammation is known as the 

“iron withholding system”(Weinberg and Miklossy 2008) and involves an increase 

in ferritin production (sequestering iron inside cells or in the circulating plasma) 

and reduction of circulating transferrin (also reducing iron availability in plasma) 

as well as increased hepcidin expression (Nairz, Schroll et al. 2010). This 

mechanism is thought to aid the infected host by reducing growth of infecting 

pathogens and/or by reducing the iron-induced stress on tissues (Weinberg and 

Miklossy 2008).  

 

1.2.2 Cellular iron metabolism  

Like systemic iron, intracellular iron levels need to be tightly regulated in order to 

fulfil the requirements of the cellular machinery while avoiding the deleterious 

effects of excess iron. Inside the cell this regulation is achieved by the iron 

regulatory protein/ iron responsive element (IRP/IRE) system (Rouault 2006). 

Iron responsive proteins 1 and 2 (IRP1 and IRP2) are two proteins that act as labile 

iron pool (LIP) sensors inside the cell (Anderson, Shen et al. 2012). IRPs are unable 

to bind to mRNA when LIP levels are normal or high. However, when the level of 

the LIP is reduced, IRPs recognize specific sequences present in the untranslated 

regions of the mRNA from most proteins involved in cellular iron homeostasis 

called iron responsive elements (IREs). Accordingly, the translation of proteins 

involved in iron uptake (that include DMT1 and TfR) is increased as IRPs 
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recognise IRE sequences at the 3’ region that act stabilizing these mRNAs. 

Increased TfR and DMT-1 expression induces an upsurge in LIP levels that 

stabilizes iron levels inside the cell (Hanson and Leibold 2002, Rouault 2006). In 

contrast, the opposite occurs when LIP levels are high.  

In proteins involved in iron storage or export (e.g ferritin and ferroportin). the 

IRPs recognize IRE sequences at the 5’ region, blocking the translation of proteins 

when LIP levels are low, and allowing it when iron levels are normal or high 

(Tandara and Salamunic 2012).  

 

 

Figure 1.2 Post-transcriptional regulation of the expression of proteins related to iron 

metabolism by the IRP/IRE system. In iron deplete conditions (A and B), IRPs bind to sequences 

in mRNAs of proteins related to iron metabolism, while in high levels of iron (C and D), IRP1 acts 

as aconitase and IRP2 is degraded by the proteasome. Proteins that store excess of iron like fer ritin, 

or export it out of the cell like ferroportin, have IRE sequences on their 5’region (A and C), that 

block its translation when IRP binds to their mRNA in iron deplete conditions. On the other hand, 

proteins that increase iron uptake like transferrin receptor, possess IRE sequences on their 3’ 

regions (B and D) that stabilise the mRNA molecules and avoid degradation by RNAse when IRP 

binds to the responsive element. (reproduced from Tandara et al. (Tandara and Salamunic 2012)). 

 

The labile iron pool (LIP) is a low molecular weight pool of weakly chelated iron 

that rapidly passes through the cell, thus avoiding the generation of reactive 
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oxygen species (ROS), which are free radicals that are generated by iron ions 

through the Fenton reaction (Winterbourn 1995, Kruszewski 2003, Cabantchik 

2014). When LIP levels are high, iron is sequestered by ferritin, an iron storage 

protein that can hold 4500 atoms of Fe3+ per molecule (Picard, Epsztejn et al. 1998). 

However, when intracellular iron is scarce, ferritin is degraded inside the 

lysosomes (Kidane, Sauble et al. 2006, Zhang, Mikhael et al. 2010) and the free iron 

is released to the cytosol (probably through DMT1) where it is used for the 

synthesis of iron-containing proteins that occurs mainly in mitochondria (Zhang, 

Mikhael et al. 2010, Chen and Paw 2012). 

 

1.2.2.1 Transferrin receptor 

Iron uptake in most mammalian cells is via receptor-mediated endocytosis of iron-

loaded (holo-)transferrin (Wang and Pantopoulos 2011). The transferrin receptor 

(TfR) is a glycoprotein of approximately 190 kDa (under non-reducing 

conditions), that is formed by two identical subunits of around 95 kDa when the 

protein is reduced (Schneider, Owen et al. 1984, Speeckaert, Speeckaert et al. 

2011). Each subunit possesses four extracellular glycosylation sites (three for N-

glycosylation at asparagine residues and one for O-glycosylation at a threonine 

residue) that appear crucial for the recognition of the transferrin protein and the 

sorting of the receptor to the cell surface (Ponka and Lok 1999, Enns 2002, 

Speeckaert, Speeckaert et al. 2011).  

The TfR accumulates at specific regions of the membrane that are coated on the 

intracellular side with clathrin that directs the endocytosis of holo-transferrin that 

binds to the receptor (Enns 2002). Importantly, most cells (with the exception of 

fully mature erythrocytes and pluripotent hematopoietic stem cells) express TfR at 

their surface, albeit at different levels (Daniels, Delgado et al. 2006).  
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In addition to transferrin receptor, some human cells express a homologue protein 

called transferrin receptor 2 (TfR2). Both proteins are able to bind transferrin, and 

share 45% identity and 67% similarity of their extracellular regions (Johnson, Chen 

et al. 2007). However, compared to the transferrin receptor (TfR), TfR2 has a 30 

times lower affinity for holo-transferrin and is expressed mainly in liver tissues. 

Also, TfR2 is not regulated by iron levels as it lacks an IRE sequence in its mRNA 

(Johnson, Chen et al. 2007). Instead, TfR2 is involved in regulation of hepcidin 

expression on hepatic tissues, whereas transferrin receptor 1 is responsible for the 

uptake of iron from transferrin into cells (Worthen and Enns 2014). 

During the rest of this thesis, the term transferrin receptor (TfR) will be used to 

describe the transferrin receptor 1 that is present on most mammalian cells, 

including gastric AGS cells. 

 

1.2.2.2 Ferritin 

Ferritins are iron storage proteins that are widely distributed in bacteria, plants, 

invertebrates, vertebrates and mammals (Arosio and Levi 2002). These proteins 

are all related by their function, which is to keep iron in a redox inactive state and 

in solution. Human ferritin is mainly found in the cytosol, which enables it to 

quickly bind excess iron from the LIP. However, ferritin is also found in 

lysosomes, which means that iron is slowly released in these intracellular 

compartments when lysosomal ferritin is degraded (Kidane, Sauble et al. 2006, 

Zhang, Mikhael et al. 2010).  

Human ferritin is a hollow spherical protein, made out of 24 subunits of heavy (H-

ferritin, 21 kDa) or light chain ferritin (L-ferritin, 19 kDa). When cytosolic iron is 

abundant, ferritin oxidizes ferrous ions and stores them in the ferric state, forming 

a compound known as ferrihydrite (Fe2O3●9H2O), avoiding free radical formation 

and subsequent damage to cellular membranes and proteins (Alkhateeb and 
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Connor 2013). Despite being able to store up to 4500 atoms of iron, ferritin usually 

holds approximately 2000 atoms per molecule of protein (Koorts and Viljoen 

2007).  

While both subunits of ferritin have a very similar secondary structure, they only 

have a 55% homology of their amino acid sequence (Worwood 1990). H-ferritin 

has a unique ferroxidase activity centre, allowing the transformation of iron from 

ferrous to ferric form (Levi, Santambrogio et al. 1994). In contrast, L-ferritin does 

not have this enzymatic activity but possess more carboxy groups towards the 

centre of the ferritin protein, which can be used as nucleation sites for the 

formation of the mineral ferric iron nucleus (Levi, Yewdall et al. 1992). 

As a result of its iron sequestering activity, H-ferritin is considered to have a major 

role against oxidative stress inside the cell. In contrast, L-ferritin does not seem to 

have the same effect, even when overexpressed in cells (Cozzi, Levi et al. 2003). 

An unrelated study shows that deletion of H-ferritin gene in mice is associated 

with embryonic death, providing further support for the hypothesis that L-ferritin 

is not able to compensate the enzymatic role of the heavy chain form of ferritin 

(Ferreira, Bucchini et al. 2000). 

There are a number of possible combinations of H- and L-ferritin that give rise to 

multiple forms of isoferritins. Both forms of ferritin are synthesized in free 

polyribosomes depending on the availability of mRNA from each subunit. This 

availability also determines the final subunit composition of the assembled 

ferritin. Accordingly tissues that store high amounts of iron such as the spleen and 

liver are observed to mainly have ferritins with a high L-subunit/H-subunit ratio 

whereas tissues that have low levels of iron (or need to rapidly accumulate and 

release iron from ferritin) have a low L-subunit/H-subunit ratio (Koorts and 

Viljoen 2007). 
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Besides its intracellular location, ferritin can also be exported from cells. The 

process involved is not yet completely understood but is thought to be related to 

the synthesis of ferritin in ribosomes that are located in the endoplasmic reticulum 

(Linder 2013).  

1.2.2.3 Regulation of transferrin receptor and ferritin expression 

The main regulators of iron uptake via transferrin receptor and iron storage 

through ferritin expression are the IRPs (Anderson, Shen et al. 2012). However, 

regulation of these two proteins may also occur by iron-independent mechanisms. 

One of these mechanisms is thought to relate to changes in IRP activity observed 

in response to stimuli such as reactive oxygen and nitrogen species (Hanson and 

Leibold 1999), hypoxia (Christova and Templeton 2007) and the c-Myc 

transcription factor (Wu, Polack et al. 1999). In contrast, another possible iron-

independent mechanism of TfR regulation and/or ferritin expression relates to the 

enhanced transcription of these two proteins that occur in response to 

inflammation (Kwak, Larochelle et al. 1995), hormones (Yokomori, Iwasa et al. 

1991) and/or oxidative stress (Tsuji, Ayaki et al. 2000) in the case of ferritin, and 

hypoxia (Lok and Ponka 1999) in the case of transferrin receptor. However, at a 

post-transcriptional level, regulation by different stimuli seems to be more 

complex. Hypoxia increases the mRNA binding activity of IRP2, but decreases 

activity of IRP1 (Schneider and Leibold 2003). In contrast, nitric oxide (NO) 

increases IRP1 activity and decreases IRP2 (Oliveira, Bouton et al. 1999), so the 

total effect of hypoxia and NO on ferritin and TfR expression is dependent on the 

level of each IRP. c-Myc increases IRP2 activity, increasing TfR expression and 

inhibiting ferritin synthesis (Wu, Polack et al. 1999), whereas the role of ROS 

depends on the species formed, with superoxide inhibiting and hydrogen 

peroxide promoting IRP1 activity (Sureda, Hebling et al. 2005). 
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Figure 3.1 details the iron-dependent and –independent factors that can regulate 

the final expression of ferritin and TfR, as well as the multiple stimuli that 

influence the mRNA transcription of these two proteins and regulate IRP1 and 

IRP2 activity.  

 

 

 

Figure 1.3. Transcriptional and post-transcriptional regulation of ferritin and transferrin 

receptor expression. The expression of these two proteins is tightly regulated mainly by 

cytoplasmic iron levels through the IRP/IRE system, even when both IRP1 and IRP2 activities are 

influenced by some other specific stimuli. However, transcriptional regulation of both proteins is 

unconnected.    

 

It should be noted that the level of TfR on the surface of the cell may also be 

growth-factor dependent. Epidermal growth factor (EGF), platelet derived growth 

factor (PDGF), and insulin-like growth factor 1 (IGF-1) are each shown to increase 

TfR expression at the cell surface, without affecting the total protein expression of 

transferrin receptor (Davis and Czech 1986, Castagnola, MacLeod et al. 1987). The 

increase in transferrin receptors at the cell surface is rapid, occurring as little as 5 

minutes after the cells are exposed to the growth factors (Davis and Czech 1986). 

The levels of the EGF response seem to be transient, with TfR levels returning to 
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normal after 25 minutes. In contrast, TfR levels that increase in response to PDGF 

or IGF-1 remain elevated 2 hours after exposure (Davis and Czech 1986). 

Moreover, there is evidence that the response, particularly to EGF, is likely to be 

cell-dependent (Castagnola, MacLeod et al. 1987). 

 

1.3 H. pylori and iron deficiency anaemia  

Persistent H. pylori infection is associated with host iron deficiency in mice and 

humans (Keenan, Peterson et al. 2004, Muhsen and Cohen 2008) and diminished 

iron stores in mice as a result of limited dietary iron intake are further lowered by 

concurrent infection, indicating that H. pylori compete successfully with the host 

for available iron (Keenan, Peterson et al. 2004). In the absence of occult blood 

loss, specific disease or gastric hypochlorhydria, the mechanisms by which this 

bacterium perturbs cellular iron homeostasis remains unclear.   

The first reports of a relationship between H. pylori infection and iron deficiency 

anaemia (IDA) are from  case studies carried out in the 1990s (Dufour, Brisigotti et 

al. 1993, Carnicer, Badia et al. 1997, Marignani, Angeletti et al. 1997, Barabino, 

Dufour et al. 1999, Muhsen and Cohen 2008). In most of these studies, individuals 

with no apparent blood loss suffered from idiopathic iron deficiency anaemia that 

was non-respondent to iron supplementation. Intriguingly, they were all cured 

after eradication of H. pylori infection, even without iron supplementation in some 

cases (Muhsen and Cohen 2008). 

In 1996, the European Helicobacter pylori study group (EHPSG) organized a 

meeting in Maastricht (Netherlands) to establish consensus guidelines on the 

management of H. pylori infection (EHPSG 1997). At this meeting protocols for 

treatment and eradication of H. pylori at both primary care and specialist levels 

were determined. This meeting has been repeated every 4 to 5 years since then, in 
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order to re-evaluate the guidelines based on the advances in H. pylori research 

(Malfertheiner, Megraud et al. 2012).  

The association between H. pylori and IDA was not analysed in the first report. 

However, by the second meeting, eradication was recommended in patients with 

IDA after full investigation (Malfertheiner, Megraud et al. 2002) and in the third 

report, the detection and eradication of H. pylori was recommended as a guideline 

for cases of unexplained IDA (Malfertheiner, Megraud et al. 2007). This guideline 

remains unaltered, with eradication still highly recommended, and based on the 

strongest type of evidence (defined as “systematic reviews of randomised 

controlled trials of good methodological quality and with homogeneity”) 

(Malfertheiner, Megraud et al. 2012). 

The evidence of a role for H. pylori in IDA that was used in the design of the 

Maastricht consensus guidelines comes from four reviews that have assessed 

randomized controlled trials where this association has been analysed (Muhsen 

and Cohen 2008, Huang, Qu et al. 2010, Qu, Huang et al. 2010, Yuan, Li et al. 

2010). A total of 22 interventional studies were taken into account in these 

reviews. Thirteen of these were written in Chinese language with only one 

Chinese study reported in English (Chen and Luo 2007). Most of the other trials 

were also carried out in Asian countries, with three in South Korea (Choe, Kim et 

al. 1999, Choe, Lee et al. 2000, Choe, Kwon et al. 2001), two in India (Valiyaveettil, 

Hamide et al. 2005, Vijayan, Sundaram et al. 2007) and one in Bangladesh (Sarker, 

Mahmud et al. 2008). The two other reported controlled trials were carried out in 

Turkey (Kurekci, Atay et al. 2005) and the USA (Gessner, Baggett et al. 2006). 

In most of these trials, intervention with anti-microbial treatment per se, with or 

without added iron supplementation, resulted in a statistically significant increase 

in haemoglobin and ferritin (Choe, Kim et al. 1999, Choe, Lee et al. 2000, Choe, 

Kwon et al. 2001, Valiyaveettil, Hamide et al. 2005, Chen and Luo 2007), or serum 
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ferritin only (Kurekci, Atay et al. 2005, Vijayan, Sundaram et al. 2007) when 

compared to control groups that only received iron supplementation. Using this 

protocol, Sarker et al. (Sarker, Mahmud et al. 2008) failed to detect differences 

between the intervention and control groups in Bangladeshi children and a similar 

outcome was also observed in Alaskan children 14 months after intervention 

(Gessner, Baggett et al. 2006). However, with the Alaskan children, a further 

assessment of the same individuals (176 out of 219 original participants) was 

carried out 40 months after the  intervention, and this found a reduced incidence 

of iron deficiency anaemia in H. pylori negative children (Fagan, Dunaway et al. 

2009).  

The fact that most of these randomized controlled trials were carried out in Asian 

countries raises the question whether Asian people are genetically susceptible to 

iron deficiency as a result of H. pylori infection. However, another intriguing 

possibility exists that relates to the observation that East Asian strains of H. pylori 

reportedly express a CagA protein that is associated with increased risk of more 

severe disease than the same protein expressed by Western strains (Abe, Kodama 

et al. 2011). This suggests that the corresponding iron deficiency reported more 

often in Asian populations might likewise be related to these differences in the 

CagA protein.  

The two other studies (from Turkey and the USA) reported similar findings to the 

Asian studies. While geographically located in Europe, Turkey is known to be the 

historical connection between the two continents and the presence of an Asian 

genetic background in both subjects and/or infecting strains is possible. Likewise, 

the participants in the American study were recruited from small Alaskan 

villages. Up to 85% of them self-considered as natives (Gessner, Baggett et al. 

2006) and this gain significance with the observation that H. pylori strains infecting 

American natives possess similar genetic backgrounds to Asian strains (Kersulyte, 

Kalia et al. 2010).  
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To obtain a more global view of the link between H. pylori and IDA it is necessary 

to take into account the observational studies. However, the findings from these 

publications seem to vary considerably, with some studies supporting a role of the 

infection in IDA development (Milman, Rosenstock et al. 1998, Nahon, Lahmek et 

al. 2003, Queiroz, Harris et al. 2013) and others not able to find an association 

(Choi 2003, Hershko, Hoffbrand et al. 2005, Araf, Pereira et al. 2010), even when 

some of these studies were done in the same country with populations of 

supposedly similar characteristics (Araf, Pereira et al. 2010, Queiroz, Harris et al. 

2013). 

 

1.3.1 Biological mechanisms underlying the association between Helicobacter 

pylori infection and iron deficiency anaemia 

To date, the link between H. pylori infection and the development of host iron 

deficiency is not well understood. In 2008, Muhsen and Cohen (Muhsen and 

Cohen 2008) proposed several biological mechanisms that may be involved. These 

include H. pylori directly accessing iron in the stomach from the host diet, thereby 

limiting the amount of iron reaching the duodenum. However, as previously 

discussed, the fast movement of food contents into the duodenum suggests a 

different mechanism. Another hypothesis is that H. pylori affects the 

bioavailability of non-heme iron by reducing the ascorbic acid secretion and/or 

increasing the gastric pH (Annibale, Capurso et al. 2003). Additionally (or 

alternatively) the inflammation induced by the infection might result in increased 

hepcidin levels and anaemia of chronic disease (Pellicano and Rizzetto 2004) or a 

diversion of the host iron into the colonization site (Muhsen and Cohen 2008). 

Current biological evidence suggests that more than one of these mechanisms is 

likely to contribute to the induction of host iron deficiency in infected individuals.  
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H. pylori preferentially colonize the space above the intercellular junctions of 

gastric epithelial cells, making it difficult for the bacteria to obtain iron directly 

from the host’s diet. This suggests instead that iron is obtained through the gastric 

epithelial cells, supporting the idea that iron is diverted to the colonization site 

during inflammation. Further evidence to support the concept of iron diversion 

comes from a study by Barabino et al. (Barabino, Dufour et al. 1999), where 

infected individuals with IDA who were non-responsive to iron supplementation 

were given a dose of radioactive iron straight into plasma in order to quantify the 

incorporation of iron into their red blood cells. Surprisingly, the amount of 

radioactive-labelled iron detected in red blood cells was significantly less than 

would normally be expected in individuals with IDA, a finding that was 

considered to reflect the diversion of the iron to a site other than bone marrow 

that was, possibly the site of infection (Barabino, Dufour et al. 1999). Evidence of 

IDA disappeared in these patients after they received iron supplementation and 

their H. pylori infection was eradicated, suggesting that the infection was the 

underlying cause of the aberrant integration of iron into red blood cells. 

  

1.3.2 Models to study H. pylori and iron deficiency anaemia 

Even when the evidence from interventional studies is considered strong, the 

complexity of confounding factors makes it difficult to fully unravel the 

mechanism(s) underlying the association between H. pylori and IDA. This has led 

to the use of animal models that include hypergastrinemic mice (INS-GAS) 

infected with Helicobacter felis (Thomson, Pritchard et al. 2012), C57BL/6 mice 

infected with Helicobacter pylori mouse-adapted strain SS1 (Keenan, Peterson et al. 

2004), and Mongolian gerbils infected with H. pylori rodent-adapted strain 7.13 

(Tan, Noto et al. 2011, Noto, Gaddy et al. 2013). These models allow researchers to 

standardize conditions between treatment and control groups that include the 
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bacterial strain and the host genetic background (if the animal population is 

sufficiently homogeneous). However, these models are designed to monitor 

systemic effects rather than molecular or cellular events. 

Until recently, there were no publications detailing the effect of H. pylori on iron 

metabolism using cell culture techniques. This changed when Tan et al. (Tan, Noto 

et al. 2011) used the canine kidney cell line MDCK to study how H. pylori obtains 

iron from a polarized epithelium. Their results suggest an important role for the 

H. pylori CagA and VacA virulence factors in this process. However, the use of a 

canine kidney cell line does not take into account any differences in cellular iron 

homeostasis that may occur when human gastric epithelial cells are infected with 

these bacteria. 

Our group has used the human gastric epithelial AGS cell line to study the 

carcinogenic potential of outer membrane vesicles (OMV) shed from the surface of 

an H. pylori strain that expresses an s1m1 vacuolating cytotoxin (Chitcholtan, 

Hampton et al. 2008). In that study, the distribution of ferric iron in AGS cells was 

affected by the addition of OMV with associated VacA cytotoxin but not by the 

addition of OMVs from a non-toxigenic strain of H. pylori. This result suggests that 

H. pylori are able to induce changes to iron homeostasis in gastric cells, and that 

the infection process of H. pylori in AGS cells might be considered as a reductionist 

model to understand how this bacteria might affect host’s iron stores. 

  

1.4 Aims of the study 

 The hypothesis behind the research presented here is that H. pylori are able to 

induce changes to iron homeostasis in gastric epithelial cells that may be linked to 

the observed iron deficiency and/or iron deficiency anaemia on infected subjects. 
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The study is divided into two parts: firstly investigating effects of H. pylori in 

gastric cell iron homeostasis, and secondly the role of VacA and CagA virulence 

factors in this process. 

The first part of the study was designed to identify if H. pylori are able to modify 

the amount and/or distribution of iron and iron-related proteins in gastric 

epithelial cells. This approach incorporated the AGS cell line as a model of the 

human gastric epithelium and the cells were infected with a strain of H. pylori that 

expresses both the CagA and VacA virulence factors. The ferrozine assay was 

used to assess total amount of iron, while calcein-AM assay and sulphide-silver 

stain were used to estimate changes in cytosolic labile iron pool and total labile 

iron, respectively. To assess if the infection with H. pylori might affect the proteins 

involved in iron metabolism, the expression and distribution of transferrin 

receptor and ferritin were used as markers of iron uptake and iron storage 

proteins, respectively. The results of these experiments are presented in Chapters 

3 and 4.  

The second part of the study was designed to investigate the possible role(s) of 

VacA and/or CagA in iron homeostasis in human gastric epithelial cells. The 

experimental approach involved the use of H. pylori isogenic mutants to each of 

these proteins as a means to investigate if their presence is required to exert 

changes in host iron homeostasis. The results for this work are presented in 

Chapter 5. 

 

 

 

 

 

 



33 
Chapter 2. Materials and methods____________________________________________________________ 

CHAPTER 2: MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Bacterial and cell culture 

Roswell Park Memorial Institute 1640 medium (RPMI) 1640) + L-glutamine, trypsin-

EDTA and fetal bovine serum (FBS) were purchased from Life Technologies 

(Carlsbad, CA, USA). To inactivate complement proteins all FBS was incubated at 

56°C for 30 minutes. Disposable pipettes, tissue culture plates and flasks were 

obtained from Becton Dickinson biosciences (Franklin Lakes, NJ, USA), whereas 1.8 

ml Nalgene™ cryotubes were purchased from Sigma (St Louis, MO, USA) and 

Protect™ microorganism preservation system vials were obtained from Technical 

Service Consultants (Lancashire, UK). Columbia sheep blood agar plates were 

purchased from Fort Richard (Auckland, NZ) and syringe filter units were obtained 

from Sartorius (Goettingen, Germany).  

 

2.1.2 Antibodies 

The primary antibodies used were goat polyclonal IgG against Ferritin-heavy chain 

(Abcam Cat. N° ab80587, Cambridge, MA, USA), and mouse monoclonal IgM 

against GAPDH (Cat N° G8795) and monoclonal IgG against transferrin receptor 

(Cat N° 13-6800), both from Life technologies. Secondary antibodies were rabbit anti-

goat IgG (Cat N°A-7650), goat anti-mouse IgG (Cat N°A-3438) and goat anti-mouse 

IgM (Cat N°A-9688). These three secondary antibodies were alkaline phosphatase 

conjugated, and all were from Sigma (St Louis, MO, USA). The secondary antibodies 

used for immunofluorescence microscopy included Alexa 488 goat anti mouse IgG 

(Cat N° A11001) from Life technologies, and biotinylated rabbit anti goat IgG (Cat 

N° E0466) from DAKO (Carpinteria, CA, USA) that was detected by using 
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streptavidin conjugated to phycoerythrin (SAPE, Cat N° 349023) from Becton 

Dickinson biosciences (Franklin Lakes, NJ, USA).   

 

2.1.3 Dyes and stains 

Trichloroethanol, bromophenol blue and trypan blue were obtained from Sigma, 

Hoechst 33342 and Texas Red®-X phalloidin were purchased from Life 

Technologies.  

 

2.1.4 Measurement of iron 

Nitric acid and ammonium acetate were purchased from VWR International 

(Radnor, PA, USA), potassium hexacyanoferrate (II) trihydrate (potassium 

ferrocyanide), thiourea and 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4”-disulfonic 

acid sodium salt (ferrozine) were obtained from Sigma, while potassium 

permanganate was obtained from Fisons Scientific Apparatus (Ipswich, UK). L-

ascorbic acid was purchased from Duchefa Biochemie (Haarlem, The Netherlands) 

and the Multielement calibration standard used for ICP-MS was obtained from 

Agilent technologies (Santa Clara, CA, USA). 

 

2.1.5 Labile iron determination  

Calcein-AM was from Life technologies, isoniazid, salicylaldehyde, hydroquinone, 

gum arabic, Canada balsam, silver lactate and ammonium sulphide were purchased 

from Sigma. Glutaraldehyde, citric acid, formic acid (UHPLC-MS quality) and 

acetonitrile (UHPLC-MS quality) were obtained from Thermo Fisher Scientific (Geel, 

Belgium). Potassium hydroxide and sodium cacodylate were bought from VWR 

International. 
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2.1.6 SDS-PAGE and immunoblots 

Prestained molecular weight markers and 40% Acrylamide/bisacrylamide (29:1) 

were obtained from Biorad (Hercules, CA, USA), while ammonium persulphate 

(APS), NNN’N’-tetramethylethylenediamine (TEMED), sodium orthovanadate, 

phenylmethanesulfonyl fluoride (PMSF), glycine and guanidine hydrochloride were 

purchased from Sigma. Polyvinylidene fluoride (PVDF) membrane (Hybond-P™, 

pore size 0.45 µm) and filter paper (Whatman™ 3030-917) were obtained from GE 

Healthcare (Little Chalfont, UK). Glycerol was obtained from Thermo Fisher 

Scientific. Sodium deoxycholate was purchased from Becton Dickinson biosciences, 

Novex® AP chemiluminiscent substrate was purchased from Life technologies, Non-

fat milk was obtained from Fonterra (Auckland, New Zealand) and cOmplete® mini 

protease inhibitor cocktail tablets were purchased from Roche (Basel, Switzerland).  

 

2.1.7 Immunofluorescence microscopy 

1,4-Piperazinediethanesulfonic acid (PIPES), Triton™ x-100 and paraformaldehyde 

were obtained from Sigma, whereas ProLong® gold antifade mountant was 

purchased from Life Technologies.  

  

2.1.8 Miscellaneous 

Ultrapure water was obtained using a Healforce® water system from Nison 

Instrument Co. Ltd. (Shanghai, China). Bovine serum albumin (BSA) Fraction V IgG 

free was purchased from Life technologies. Hydrochloric acid, sodium hydroxide, 

ferrous sulphate heptahydrate (FeSO4·7H2O), ammonium chloride (NH4Cl), Tween-

20 and nonidet P-40 were from VWR International. Tris base was obtained from 

Applichem (Darmstadt, Germany). Sodium dodecyl sulphate (SDS), sodium 

chloride, 2-mercaptoethanol, dimethyl sulfoxide (DMSO) and 
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ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma, glass cover 

slips were purchased from Esco Optics (Oak Ridge, NJ, USA) whereas sucrose, 

ethanol, methanol and trisodium citrate dihydrate were obtained from Merck 

Millipore (Billerica, MA, USA). 

 

2.2 Methods 

2.2.1 Bacterial strains and culture 

Three H. pylori strains were used in this thesis. Strain 60190 (ATCC 49503, NCTC 

13085) is a well characterized clinical isolate that is widely used to study H. pylori 

pathogenesis. This strain is cagA positive (Tummuru, Cover et al. 1993) and has a 

vacA s1m1 genotype (Atherton, Cao et al. 1995). The other two strains used were 

isogenic cagA (60190:M21) and vacA (60190:v1) mutants of strain 60190, and were 

kindly provided by Drs Rick Peek and Tim Cover (Vanderbilt University School of 

Medicine, USA). Both mutants were originally derived from the 60190 strain by 

insertion of a kanamycin resistance cassette to disrupt cagA (60190:M21) (Tummuru, 

Cover et al. 1994) and vacA (60190:v1) (Cover, Tummuru et al. 1994) genes, 

preventing the formation of CagA and VacA proteins, respectively.  

Bacteria were routinely cultured on Columbia sheep blood agar plates, under 

microaerophillic conditions in a controlled humidified atmosphere incubator (10% 

CO2, 37°C). Colonies that formed after 2 to 3 days under these conditions were 

routinely sub-cultured onto a fresh blood agar plate. To maintain stores of each of 

these three strains, the bacteria were inoculated into Protect™ vials (containing 

porous beads and a nutrient mixture in glycerol) and stored at -80°C. When 

required, a plastic bead was asceptically removed from the vial and streaked onto a 

Columbia blood agar plate. 
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2.2.2 Cell culture 

Two epithelial cell lines, AGS (ATCC CRL-1739) and MDCK (ATCC CCL-34) were 

used in this work. The AGS cell line, which was isolated from a human gastric 

adenocarcinoma in 1979 (Barranco, Townsend et al. 1983), is widely used as a model 

for studying the interaction between H. pylori and the human gastric epithelium 

(Kim, Lim et al. 2001, Cover, Krishna et al. 2003, Keates, Keates et al. 2007, Coray, 

Heinemann et al. 2012). The MDCK cell line was isolated from the kidney of an 

apparently normal Canis domesticus in 1958 (Dukes, Whitley et al. 2011) and has been 

used as a model of H. pylori infection on polarized epithelial cells (Papini, Satin et al. 

1998, Amieva, Salama et al. 2002, Tan, Noto et al. 2011).  

ATCC recommends the use of F-12K and EMEM media to culture AGS and MDCK 

cells, respectively. However F-12K medium contains ferrous sulphate that may 

interfere with experiments on iron homeostasis (Life_Technologies 2014). Instead, 

RPMI-1640 medium was used, based on the absence of iron salts in its formulation 

(Life_Technologies 2014) and previous reports of successful culture of both AGS 

(Peek, Blaser et al. 1999, Murata-Kamiya, Kikuchi et al. 2010) and MDCK cells 

(Palamara, Nencioni et al. 2005, Sokolova, Bozko et al. 2008) in this medium.  

Both AGS and MDCK cells were routinely cultured in RPMI-1640 medium 

supplemented with 10% (v/v) FBS, and grown in cell culture flasks (25cm2 surface, 10 

ml of medium) to subconfluency at 5% CO2 and 37°C in a humidified atmosphere, 

with the medium replaced every 48 hours.  

Adherent cells were washed twice with PBS and lifted from the flask with 0.25% 

trypsin/EDTA at 37°C for 10 minutes. The cell suspension was collected and the cells 

pelleted by centrifugation (1,500 g for 10 minutes). The trypsin/EDTA was removed 

and the cells were resuspended in fresh RPMI-1640. Cell numbers were quantitated 

(as described in 2.2.3.1.2) before seeding new flasks and/or using the cells for 

experimentation.  
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Cells were suspended in RPMI-1640 supplemented with 20% FBS and 10% DMSO, 

and stored at -80°C in Nalgene™ cryotubes to maintain cell line stocks. When 

required, frozen aliquots were thawed at 37°C, and volumes with the desired cell 

density were seeded in flasks with fresh medium. 

For experiments not requiring H. pylori infection, cells were seeded into 6 well tissue 

culture plates (9.5cm2 surface area/well) at 3 x 105 cells per well. To increase the cell 

yield in ICP-MS iron determination, cells were seeded in tissue culture flasks (with 

75cm2 surface area) at 1.5 x 106 cells per flask. For microscopy assays 22 x 22 mm 

glass coverslips were ethanol-sterilized and placed in the wells of a 6 well tissue 

culture plate. Coverslips were then seeded with cells at 8 x 104 cells per well. This 

lower seeding concentration was used to avoid overgrowth of the cells prior to 

imaging. Cells were routinely incubated for 4 days at 37°C and 5% CO2 in RPMI-

1640 medium supplemented with 10% (v/v) FBS prior to experimentation. 

 

2.2.3 Infection of epithelial cells 

2.2.3.1 Enumeration of H. pylori  

For infection experiments, H. pylori colonies grown for 3 to 4 days on Columbia 

sheep blood agar plates were resuspended in RPMI-1640 medium over a range of 

different densities, and the optical density at 620 nm (OD620) of each was determined 

using a SpectraMax® 190 absorbance microplate reader (Molecular devices, 

Sunnyvale, CA, USA). Serial dilutions of each of these suspensions were also plated 

on Columbia sheep blood agar plates and the resultant colonies were counted to give 

colony forming units (CFUs/ml). A standard curve was generated using the results 

from 3 independent experiments (Figure 2.1), and an OD620 of 0.2 was determined to 

reflect approximately 1 x 108 H. pylori CFUs per ml.  
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Figure 2.1 H. pylori colony forming units versus optical density. Optical densities at 620 nm (OD620) 

were graphed against the number of colony forming units in suspensions of H. pylori in RPMI-1640 

medium, and the resultant standard curve was subsequently used to enumerate b acterial numbers by 

absorbance. The figure shows the results of 3 independent experiments. R 2 and p values were 

obtained with the Pearson correlation test.  

 

2.2.3.2 Enumeration of AGS and MDCK cells 

To quantify cell numbers, 1 volume of cell suspension in PBS or RPMI-1640 medium 

was stained with 1 volume of trypan blue solution (0.25% w/v in PBS) and quantified 

using a haemocytometer. 

 

2.2.3.3 Co-culture assays 

Cell lines were cultured as described above, trypsinised and seeded into flat-

bottomed, tissue culture treated, 6 well plates (9.5cm2 surface area) at a density of 3 x 

105 or 8 x 104 cells per well (cells grown directly on plastic or on coverslips for 

microscopy, respectively). The cultures were incubated at 37°C and 5% CO2 in 

RPMI-1640 medium supplemented with 10% (v/v) FBS and after 72 hours the media 

was replaced with fresh media containing H. pylori suspensions at a multiplicity of 
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infection (MOI) of 10:1. The MOI is defined as the ratio of infectious agents (viable H. 

pylori) to infection targets (AGS cells) present in a co-culture.  

Co-cultures were incubated for a further 15 hours. To enumerate the number of 

viable H. pylori in the supernatant, 300 µl aliquots (in duplicate) were serially diluted 

and plated on Columbia sheep blood agar plates. Colony forming units were 

counted after 4 to 5 days of growth in a controlled humidified atmosphere incubator 

(10% CO2, 37°C). Otherwise, the supernatant was discarded and the cells were 

washed four times with PBS to remove non-adherent bacteria before proceeding 

with each experiment as detailed below.  

 

2.2.4 Protocols for measuring iron 

2.2.4.1 Inductively coupled plasma-mass spectrometry 

For the measurement of intracellular iron by Inductively coupled plasma-mass 

spectrometry (ICP-MS), AGS cells from 6 well plates (~1.5 x 106 cells/well) were lifted 

using 1 ml of 0.25% trypsin/EDTA. Cell suspensions were transferred to 15 ml 

Falcon™ conical centrifuge tubes and centrifuged at 1,500 g for 10 minutes. Cell 

pellets were washed twice with 5 ml PBS and resuspended in the same volume of 

PBS. Two 10 µl aliquots were removed from each tube and cell numbers were 

counted (2.2.3.2). The remaining sample was centrifuged (1,500 g for 10 minutes) and 

the pelleted cells were digested overnight in 3 ml of 60% nitric acid (HNO3) at 65°C. 

The next morning the digests were diluted to 10 ml with ultrapure water and the 

concentration of iron in each sample was determined using an Agilent 7700 ICP-

mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). A multi-element 

calibration standard containing 10 mg of Fe/l was used as a reference sample 

(Agilent Technologies).    
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To improve the assay sensitivity, AGS cells numbers were increased by culture in 

75cm2 surface flasks, giving ~8 x 106 cells that were treated in a similar manner. 

However, the cell pellet was digested overnight in 1 ml of HNO3 and the resultant 

digest only diluted to 3 ml with ultrapure water.  

 

2.2.4.2 Generation of an iron standard 

For these assays, a 10 mM iron standard stock was generated by dissolving 0.278 g of 

FeSO4•7H2O (equivalent to 1 mmol) in 100 ml of ultrapure water, with one drop of 

10 M HCl added to the solution to prevent iron precipitation. The concentration of 

iron in this solution was confirmed by ICP-MS analysis, and the solution was 

subsequently used as a standard in the three colorimetric assays developed to 

measure AGS cell iron levels. 

  

2.2.4.3 UV/Visible spectrometry with hydrochloric acid and potassium 

ferrocyanide  

Two standard curves were generated using the 10 mM iron stock solution described 

above. The range of samples in the first standard curve was between 0 to 6 

micromoles, whereas a 1:100 dilution of the stock in ultrapure water was used to 

generate a second set of samples that ranged between 0 to 5 nanomoles of iron per 

tube. Samples (duplicates for each point of the curve) were then processed according 

to the protocols described by Rad et al. (Rad, Janic et al. 2007). First, the samples 

were dessicated at 110°C overnight in 1.6 ml uncapped centrifuge tubes. When dry, 1 

ml of 5 M hydrochloric acid (HCl) was added to every tube and the sample was 

digested in the acid for 4 hours at 60°C (with the lids on to avoid evaporation of the 

acid.) Each sample was then split into two 500 µl aliquots. One aliquot received 500 
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µl of 5 M HCl (HCl protocol) whereas 500 µl of freshly prepared 5% w/v potassium 

ferrocyanide were added to the other aliquot (HCl/KFeCN protocol).  

Aliquots (280 µl) of the HCl protocol samples were added (in duplicate) to the wells 

of a flat-bottomed clear 96 well plate and absorbance was read at 351 nm using a 

SpectraMax® 190 absorbance microplate reader (Molecular devices, Sunnyvale, CA, 

USA). 

In contrast, the duplicate samples (HCl/KFeCN protocol) were incubated for 35 

minutes in the dark before reading absorbance of the solutions at 700 nm (as 

described for the HCl protocol). 

To apply the same protocols to AGS cells, cells from 2 wells of a 6 well tissue culture 

plate (~1.5 x 106 cells per well) were lifted with 1 ml trypsin/EDTA (as described 

above), transferred to 1.6 ml Eppendorf tubes and centrifuged at 1,500 g for 10 

minutes. The cells were washed twice with PBS and centrifuged again to obtain a 

pellet that was dried overnight at 110°C. Each sample was then divided into two 

equal volumes and processed using the same protocols described above.  

 

2.2.4.4 Ferrozine assay 

The ferrozine assay was also used to determine iron concentrations (Davis, Kaufman 

et al. 1986, Riemer, Hoepken et al. 2004). A standard curve containing between 0 to 

24 nmoles of iron was generated by addition of different volumes of a 1:100 dilution 

of the iron stock solution (detailed in 2.2.4.2) to 1.6 ml Eppendorf tubes (in 

duplicate). These aliquots were fully dried at 45°C using a SpeedVac™ SPD111V 

vacuum concentrator (Thermo Fisher Scientific, Waltham, MA, USA), as detailed by 

Fish (Fish 1988) before 200 µl of a freshly prepared digestion reagent (a 1:1 solution 

of 1.4 M HCl and 4.5% (w/v) potassium permanganate) was added to each tube. The 

samples were digested for 2 hours at 60°C, then cooled to room temperature before 
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the addition of 50 µl of a detection reagent (6.5 mM ferrozine, 2.5 M ammonium 

acetate, 1 M ascorbic acid and 2 mM thiourea). Each tube was vortexed and 

incubated for 30 minutes before the samples were transferred to a clear 96 well plate. 

Absorbances were read at 564 nm with a SpectraMax® 190 absorbance microplate 

reader. 

The same protocol was used to measure iron levels in uninfected and H. pylori-

infected AGS cells. After culture (with or without bacteria), the AGS cells were 

washed with PBS (once for uninfected cells, four times for infected) and lifted with 

trypsin/EDTA as described in 2.2.2. The cells were then transferred to 1.6 ml 

Eppendorf tubes, and centrifuged at 1,500 g for 10 minutes. The cells were washed 

once with PBS (to remove trypsin/EDTA) and pelleted (1,500 g for 10 minutes). The 

pelleted cells were then lysed by incubation with 200 µl NaOH (50 mM) for 2 hours 

at 37°C, and two 10 µl aliquots were taken to measure protein concentration (as 

described below). The remainder of each sample was fully dried at 45°C using  a 

SpeedVac™ SPD111V vacuum concentrator before addition of digestion buffer (as 

detailed above).  

 

2.2.5 Protein measurement 

The protein concentration of samples was measured by the Lowry protein assay 

(Lowry, Rosebrough et al. 1951). Standards (5 – 100 µg/ml prepared from a 1 mg/ml 

stock solution of bovine serum albumin (BSA)) and samples (10 µl) were made up to 

100 µl with ultrapure water and 900 µl of solution C (see section 2.2.11) was added to 

each tube. After 1 hour at room temperature, 50 µl of solution D (see section 2.2.11) 

was added the tubes were incubated a further 30 minutes. Every tube was vortexed 

briefly after each addition. Absorbance was measured at 660 nm (SpectraMax® 190 

absorbance microplate reader) by transferring 280 µl volumes (in duplicate) to a 
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clear 96 well plate. The concentration of protein in each sample was calculated from 

the intra-assay standard curve. 

 

2.2.6 Labile iron 

2.2.6.1 Calcein-AM assay  

Calcein-AM was used to quantify changes in cytosolic labile iron pool (cLIP) in cells 

using a previously described method (Epsztejn, Kakhlon et al. 1997). Calcein-AM is a 

non-fluorescent molecule with the capacity to cross cellular membranes 

(Tenopoulou, Kurz et al. 2007). Once inside a cell, calcein-AM is cleaved by cellular 

esterases producing an intracellular accumulation of calcein that is fluorescent and 

unable to leave the cell. The fluorescence of intracellular calcein is reduced after 

binding to weakly chelated iron present in the cell cytosol (cLIP). However, when a 

strong iron chelator is added (see 2.2.6.1.1), calcein-bound iron is released from the 

fluorescent probe, increasing its fluorescence. It is this increase in fluorescence (ΔF) 

that is used to indicate cLIP levels (Epsztejn, Kakhlon et al. 1997, Picard, Epsztejn et 

al. 1998, Kakhlon and Cabantchik 2002, Darbari, Loyevsky et al. 2003, Kruszewski 

2003).   

Ideally, measuring the fluorescence of a solution containing calcein-loaded cells 

requires the use of a calcein-specific antibody to quench any extracellular calcein-

associated fluorescence (Epsztejn, Kakhlon et al. 1997). Initially, the use of flow 

cytometry to detect the ΔF avoided the interference of extracellular fluorescence. 

However, the longer times required to analyse each sample using this method 

(Doulias, Vlachou et al. 2008, Prus and Fibach 2008) was considered a potential 

confounding factor when larger numbers of samples were being analysed. Instead, 

ΔF was detected using a fluorescent plate reader, significantly reducing the amount 

of time necessary to read the samples. To confirm that the absence of calcein-
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antibody did not interfere with the results, a subset of samples analysed by flow 

cytometry were also analysed using the fluorescent plate reader.   

 

2.2.6.1.1 Production of salicylaldehyde-isonicotinoyl-hydrazone 

The assessment of cytosolic labile iron pool (cLIP) requires an iron chelator that is 

able to get into the cytoplasm quickly (to avoid changes in the very fluctuating cLIP), 

and with a stronger affinity for iron than calcein. Salicylaldehyde-isonicotinoyl-

hydrazone (SIH, N'-[(Z)-(6-oxocyclohexa-2,4-dien-1-ylidene)methyl]pyridine-4-

carbohydrazide, molecular weight: 241.24534 g/mol, molecular formula: C13H11N3O2 

(Pubchem 2014)) is a potent, cell membrane-permeable iron chelator, with strong 

antioxidant properties and low toxicity (Kovarikova, Klimes et al. 2005) that is 

shown to remove iron from the calcein molecule with a resultant increase in 

fluorescence proportional to the cLIP content (Epsztejn, Kakhlon et al. 1997).  

SIH, which is unavailable from commercial sources, was produced by Schiff base 

condensation from isoniazid and salicylaldehyde solutions according to the method 

described by Johnson et al. (Johnson, Murphy et al. 1982). The compound was 

prepared by gently adding a solution of salicylaldehyde (2.44 g, 20 mmoles) 

dissolved in 20 ml of ethanol, to a solution of Isoniazid (20 mmoles) dissolved in 40 

ml of ethanol (1:3 in ultrapure water). The mixture was then incubated in a steam 

bath for 20 minutes, cooled, and filtered to recover the solid SIH. The compound was 

dried at room temperature, and recrystallized with ethanol to remove impurities. 

 

2.2.6.1.2 Characterization of isolated SIH 

The compound isolated in 2.2.6.1.1 was a white to yellowish crystalline powder 

corresponding to the described appearance of SIH (Kovarikova, Klimes et al. 2005). 

To characterize the isolated SIH, it was dissolved in DMSO at a concentration of 10 
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mM (assuming a pure compound) and analysed by mass spectrometry in a 4000 

QTrap mass spectrometer (Applied biosystems, Foster city, CA, USA) equipped with 

a Dionex 3000 UHPLC system (Dionex, Sunnyvale, CA, USA) and a Phenomenex 

C18 (100 x 2.1 mm) column (Phenomenex, Torrance, CA, US). Separation was done 

using a mixture of 2 mobile chases that included 0.1% formic acid in ultrapure water 

(chase A) and 0.1% formic acid in acetonitrile (chase B). The mixture varied with the 

elution times as shown in Table 2.1. 

 

Table 2.1 Solvent mixture used in the mass spectrometry of isolated SIH 

Elution 

time 

(minutes) 

% of mobile 

chase A 

% of mobile 

chase B 

0 98 2 

3 98 2 

10 10 90 

12 10 90 

13 98 2 

 

As shown in Figure 2.2A, two peaks with 242 and 482 m/z (mass-to-charge ratio), (or 

241 and 481 g/mol) respectively were detected after 7.55 and 7.88 minutes of elution 

(m/z detection not shown) that corresponded to the expected molecular weight of 

SIH (Pubchem 2014) and most likely a dimer of the same molecule. The relative 

intensity of the observed peaks suggested that the abundance of the monomer was 
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approximately 14 times greater than that of the probable dimer (2.8 x 108 compared 

to 2 x 107, respectively).  

When the isolated compound was fragmented (using a fragmentation power of 25), 

the highest peak was observed to have an m/z of 80, corresponding to the pyridine 

ring (with high stability) present in the SIH structure. Two other peaks, m/z 121 and 

123, were considered to be likely the result of breaking the bond between the two 

nitrogens in the molecule’s center creating isonicotinamide (m/z 123) and (E)-2-

aminomethylidene-3-cyclohexen-1-one (m/z 121), while a fourth peak with m/z of 

105 may reflect the loss of oxygen from this last compound (Figure 2.2B). The 

proposed contribution of these moieties to the molecular structure of SIH, and the 

formation of SIH from salicylaldehyde and isoniazid are shown in Figure 2.3. 

 

 

 

Figure 2.2 Characterization of SIH by mass spectrometry.  The isolated SIH was dissolved in DMSO 

to a final concentration of 10 mM and analysed by mass spectrometry. In (A), the sample was 

separated by liquid chromatography. (B) shows the fragmentation pattern (using a fragmentation 

power of 25) of the 241 g/mol compound. 
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Figure 2.3. Synthesis of SIH and structures of mass spectrometry fragments.  Salicylaldehyde (green) 

and Isoniazid (purple) react by Schiff base condensation producing SIH and water. Blue rings show 

the moieties that may be responsible for the peaks with highest relative intensities when SIH is 

fragmented (Figure 2.2B). M.W. is the molecular weight in g/mol for each compound. 

 

Finally, the potential of the isolated compound to chelate iron was tested. Calcein 

was produced from calcein-AM following the manufacturer’s procedure 

(Life_Technologies 2010). An aliquot of calcein-AM diluted in 50 µl DMSO (final 

concentration 10 µM) was mixed with 50 µl methanol in an Eppendorf tube, before 

being incubated for 1 hour with 25 µl potassium hydroxide (2 M) at room 

temperature and pH adjusted to 7 with concentrated HCl. The resultant calcein had 

a strong green fluorescence that was indicative of considerable capacity to chelate 

iron.  

Calcein was dissolved to 2 µM in PBS and 200 µl aliquots were added to each of 9 

wells on a 96-well plate with black walls and a clear bottom (Becton Dickinson 

biosciences). Fluorescence was measured using a Polarstar Galaxy fluorescent plate 
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reader (BMG Labtech, Ortenberg, Germany) using the following parameters: 

excitation 492 nm, emission 520 nm, gain 10. After 10 minutes of stable fluorescence, 

FeSO4 (final concentration 20 µM) was added to 6 of the 9 wells to quench calcein 

fluorescence. Five minutes later, 100 µM SIH was added to 3 of the iron-quenched 

wells to completely recover the calcein fluorescence, as shown in Figure 2.4.  
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Figure 2.4 Iron chelation capacity of isolated SIH.  After 10 minutes to stabilize fluorescence, FeSO4 

(20 µM final) was added to 2 µM calcein in PBS to reduce the emitted fluorescence, and 5 minutes 

after SIH (100 µM final) were added to remove calcein-bound iron, recovering fluorescence. Empty 

circles correspond to wells with only calcein. Empty squares correspond to wells with calcein  and 

iron addition, whereas solid triangles represent wells with calcein, iron and SIH. Results are 

representative of 2 independent experiments.    

 

Collectively, the results from mass spectrometry, iron chelation capacity, and 

physical appearance of the compound isolated from the Schiff base condensation of 

salicylaldehyde and isoniazid, suggested that this molecule was indeed the iron 

chelator SIH.  

For use in experiments, SIH was diluted in DMSO to 1 M (0.241 g SIH in 1 ml 

DMSO), and this mixture was further diluted with pure ethanol up to 10 ml (100 mM 

SIH). Finally, 100 µl of this stock solution were diluted in PBS containing 10% (v/v) 

FBS up to 50 ml (200 µM SIH, 0.18% ethanol, 0.02% DMSO). 
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2.2.6.1.3 Cytosolic LIP determination using flow cytometry 

The first objective was to optimise the calcein-loading protocol (incubation time and 

calcein-AM concentration) for measuring cLIP levels in AGS cells. To do this, three 

different concentrations of calcein-AM (0.15, 0.3 and 0.6 µM) were tested at two 

different incubation times (15 and 60 minutes). AGS cells were cultured in a 6-well 

plate for 4 days as described in 2.2.2, resulting in ~1.5 x 106 cells per well. Calcein-

AM (2 mM stock, dissolved in DMSO), was diluted to 0.15, 0.3 and 0.6 µM in PBS.  

AGS cells were washed twice with PBS to remove traces of medium, and 2 ml of 

each calcein-AM dilution was added to duplicate wells. One well was incubated for 

15 minutes, while the other was incubated for 60 minutes (at 37°C and 5%CO 2). After 

incubation, cells were washed 3 times with PBS to remove non-internalized calcein-

AM, and lifted using 0.25% trypsin/EDTA, centrifuged and then resuspended in 1 ml 

PBS containing 10% FBS (v/v), 0.2% ethanol and 0.02%DMSO (SIH delivery 

solution). The resuspended solution was separated in two 500 µl aliquots, one 

received an additional 500 µl of delivery solution, whereas 500 µl of 200 µM SIH (in 

delivery solution) was added to the second aliquot of cells. These two samples were 

incubated for 10 minutes and then read to provide levels of basal and final 

fluorescence, respectively. A Cytomics FC500 MPL flow cytometer (Beckman 

Coulter, Brea, CA, USA) was used to count 10,000 events and MXP software was 

used for analysis (Beckman Coulter, Brea, CA, USA). Mean fluorescence intensity 

(MFI) in the FL1 channel (Exc 495 nm, Em 520 nm) was determined for both samples 

and MFI from a set of AGS cells non-loaded with calcein was used as a blank. 

The change in relative fluorescence (ΔF) was calculated as a percentage of basal 

fluorescence as follows: 

ΔF = ((Final MFI – Basal MFI)/Basal MFI) x 100 
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From these experiments the optimal concentration of calcein-AM was determined to 

be 0.15 µM when added to AGS cells for 15 minutes (as detailed in Chapter 3).  

The controls for these experiments included uninfected AGS cells (negative control) 

and uninfected AGS cells incubated with 100 µM FeSO4 for 15 hours as a positive 

control. The measurement of cLIP levels in the controls was the same as that 

described for H. pylori infected AGS cells.  

    

2.2.6.1.4 Cytosolic LIP determination using a fluorescent plate reader 

In subsequent experiments cLIP levels were determined using a fluorescent plate 

reader. This was to enable multiple samples to be assayed in parallel in the shortest 

time possible. The assay was identical to that described when cLIP levels were 

measured using flow cytometry, with one exception. The calcein-loaded cells were 

counted using a haemocytometer (described in 2.2.3.2) after they were lifted from the 

plates and numbers were adjusted to give approximately 1 x 106 cells per ml of 

delivery solution (PBS containing 10% (v/v) fetal bovine serum, 0.2% ethanol and 

0.02% DMSO).  

This time cLIP was determined using a Polarstar Galaxy fluorescent plate reader 

(BMG Labtech, Ortenberg, Germany) to measure changes in fluorescence of calcein 

loaded cells.  

Aliquots (150 µl) of the cell suspensions (containing approximately 1.5 x 105 cells) 

were transferred (in triplicate) to a 96-well plate with flat clear bottom and black 

walls, and the fluorescence was read using a fluorescent plate reader (Polarstar 

Galaxy) with the following parameters:  excitation 492 nm, emission 520 nm and 

gain 10). After checking that fluorescence was stable in all wells, the basal 

fluorescence was registered before 150 µl of SIH (200 µM) suspended in delivery 

solution was added to each well. Final fluorescence was read after 5 minutes of 
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incubation and, similar to flow cytometry, ΔF was determined as a percentage of the 

basal fluorescence, with results expressed as a percentage of uninfected, non-iron 

supplemented cells. 

 

2.2.6.2 Total labile iron 

Despite the importance of the cLIP in regulating the expression of proteins involved 

with cellular iron metabolism (Konijn, Glickstein et al. 1999), most intracellular labile 

iron accumulates inside lysosomes (Kurz, Gustafsson et al. 2006) as a result of the 

proteolytic degradation of ferritin and mitochondrial contents (Zhang, Mikhael et al. 

2010, Kanki and Okamoto 2014). The sulphide-silver method, which was originally 

developed by Timm (Timm 1958), is a staining procedure that allows the detection of 

labile heavy metals in cellular tissues. As iron is the most abundant metal inside the 

cell, this is considered a specific method for detecting total labile iron, with the 

added advantage of using microscopy that enables visualisation of the characteristic 

distribution of the stain in cells that is considered evidence of lysosomal 

accumulation (Kurz, Gustafsson et al. 2006).  

For these experiments, the modifications proposed by Zdolsek et al. (Zdolsek, 

Roberg et al. 1993) to the sulphide-silver method were used. AGS cells (8 x 104) were 

cultured on glass coverslips for 3 days, as described in section 2.2.2. As a positive 

control, FeSO4 (100 µM) was added to uninfected AGS cells (cultured in RPMI 1640 

with 10% (v/v) FBS) for 15 hours that resulted in accumulated iron in lysosomes 

following bulk-phase endocytosis of iron-phosphate complexes (Kurz, Gustafsson et 

al. 2006). Unbound iron was removed by washing the cells with PBS and fresh 

medium was added to the cells for 2 hours to allow internalization of any remaining 

cell-adherent iron. In contrast, NH4Cl (10 mM) added to cells for 4 hours provided a 

negative control for these experiments. This is because the addition of NH4Cl 
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increases lysosomal pH, reducing the release of iron from proteins by inhibition of 

protease activity (Yu, Persson et al. 2003).  

After H. pylori-infected cells were washed four times in PBS to remove non-adherent 

bacteria, and control cells (iron-positive, iron-negative and uninfected cells) were 

washed once in PBS to remove traces of culture medium, cells were fixed with 2% 

(v/v) glutaraldehyde (in 0.1 M cacodylate buffer containing 0.1 M sucrose, pH 7.2) 

for 2 hours at room temperature. After fixation, cells were rinsed in ultrapure water 

five times before sulfidation with 1% (v/v) ammonium sulphide (in 70% ethanol, pH 

9) for 15 minutes, and four additional washes with ultrapure water. The coverslips 

with the fixed cells were removed from the tissue culture plates at this stage and 

transferred to a glass plate before developing the stain. This enabled each cell-coated 

coverslip to be developed in parallel to ensure that differences in staining were 

attributed to labile lysosomal iron content and not to the time of development. 

The coverslips were coated with a physical colloid-protected developer containing 

silver and hydroquinone (see section 2.2.11) for 30 minutes at room temperature in 

the dark, and this reaction was stopped by washing coverslips thoroughly with 

ultrapure water to remove the developer. Samples were then dehydrated on an 

ethanol-graded series: 25% ethanol, 50% ethanol, 70% ethanol, 95% ethanol (twice) 

and 100% ethanol (5 minutes on each solution, all diluted in ultrapure water). 

Finally, the coverslips were mounted with Canada balsam on glass microscope 

slides with cells facing down. The slides were allowed to dry for at least 5 days in the 

dark before images were captured using light microscopy on an Axioimager Z1 

microscope (Zeiss, Oberkochen, Germany), with a 40x EC plan neofluar lens (1.3 

numerical aperture) (Zeiss, Oberkochen, Germany), an Axiocam MRm camera 

(Zeiss, Oberkochen, Germany) and Axiovision software to capture images (Zeiss, 

Oberkochen, Germany). Immersol 518F (Zeiss, Oberkochen, Germany) immersion oil 

was used on all slides.   
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‘ 

2.2.6.2.1 Densitometry analysis of sulphide-silver staining images 

ImageJ software from NIH was used to quantitatively assess the level of sulphide-

silver staining in the cells (Schneider, Rasband et al. 2012), following the procedure 

described by Labno (Labno 2011). Each image was first converted to an 8-bit image 

(Figure 2.5A), necessary for the analysis. After conversion, every single 8-bit image 

was duplicated, and the duplicate was turned into a black and white image, using 

the command “threshold” that covered the whole cell surface in black, leaving the 

space between cells in white (Figure 2.5B). The intensity scale was evaluated from 0 

(completely black pixels) to 255 (completely white pixels), and the modified image 

was then compared to the non-modified version, discriminating cells from 

background by surface area. As a result of this comparative analysis, mean pixel 

intensity (MPI) and standard deviation from each analysed cell, and for the whole 

cell population on each image of the sulphide-silver staining was obtained (Figure 

2.5C). Mean and standard deviation from cell population on each image were 

compared with the same values obtained on each set of cells treated in parallel, and 

were presented as a percentage of control (uninfected cells). To facilitate the 

presentation of the results, the obtained percentages were inverted, which meant the 

darkest images showed the biggest percentage increase in staining intensity when 

compared to the uninfected controls.  
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Figure 2.5. Densitometric analysis of sulphide-silver images. Images from sulphide-silver staining 

were obtained by light microscopy, and treated using the ImageJ software from NIH. Images were 

first converted into an 8-bit image (A) that was later duplicated and converted to a black and white 

image (not a grayscale) with cells in black (B). The original and black and white images were 

compared and mean pixel intensity and standard deviations were obtained for each cell and for the 

whole cell population present in the image (C). 

 

2.2.7 Immunoblotting 

2.2.7.1 Cell lysates 

Protein expression in H. pylori-infected AGS and MDCK cells was evaluated by 

immunoblotting cell lysates. Briefly, cells were cultured with and without H. pylori 
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in 6-well culture plates for 15 hours (as described in section 2.2.3). The cells were 

washed four times with PBS to remove non-adherent bacteria before being lifted (at 

37°C, for 10 minutes) with 1 ml PBS containing 2 mM EDTA only to avoid trypsin-

mediated cleavage of cell membrane receptors (Zhang, Shan et al. 2012). After 

transfer to a 1.6 ml Eppendorf tube, the cell suspension was centrifuged (1,500 g for 

10 minutes), washed with PBS and centrifuged again (1,500 g for 10 minutes). The 

supernatant was discarded and the cell pellet (containing ~1.5 x 106 cells) was 

digested with ice cold-RIPA buffer (see section 2.2.11) for 15 minutes on ice, with 

vortexing every 5 minutes to facilitate lysis. The resultant cell lysates were 

centrifuged at 10,000 g for 10 minutes at 4°C to precipitate cell debris, two 10 µl were 

removed to measure protein concentration as described in section 2.2.5 and the 

remainder was divided into 30 µl aliquots and stored at -80°C.  

 

2.2.7.2 SDS-PAGE  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed using the MiniProtean® chamber system (Bio-Rad, Hercules, CA, USA) 

with running buffer (described in section 2.2.11). Cell lysates containing 15 µg of 

protein were mixed 1:1 with 2x sample loading buffer (see section 2.2.11) and 

denatured at 96°C for 5 minutes. Samples were loaded and electrophoresed for 20 

minutes at 75 V to allow entry into the 4% acrylamide stacking gel (see section 

2.2.11). The voltage was then increased to 150 V and the samples electrophoresed for 

approximately another 60 minutes through the resolving gel (10% acrylamide) 

containing 0.5% (v/v) trichloroethanol (TCE), described in section 2.2.11 (Ladner, 

Yang et al. 2004)) until the bromophenol blue band ran off the bottom of the gel. The 

gel was then transferred to a glass plate and directly exposed to ultraviolet (UV) 

light for 10 minutes (UV transilluminator, UVITEC, Cambridge, UK). This enabled 

the fluorescent detection of TCE-stained proteins (Ladner, Yang et al. 2004).  
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2.2.7.3 Transfer and immunoblot 

Proteins separated by SDS-PAGE were transferred from gels to polyvinylidene 

fluoride (PVDF) membrane, using the Mini Trans-blot® electrophoretic transfer cell 

(Bio-Rad, Hercules, CA, USA) with ice-cold transfer buffer (see section 2.2.11). 

Transfer was carried out at 100 V for 1 hour at 4°C. After transfer, both the gel and 

PVDF membrane were exposed to UV light (as above) to visualise TCE stained 

proteins as a means of confirming protein transfer from one substrate to the other, 

and to demonstrate that protein loading was comparable between samples.  

Non-specific binding sites on the PVDF membrane were blocked by incubating the 

membrane in 5% (w/v) non-fat milk in Tris-buffered saline (TBS, see section 2.2.11) 

with 0.05% (v/v) Tween 20 (TBS-T) for 1 hour at room temperature. The membrane 

was then incubated overnight in primary antibody (see section 2.1.2) diluted in 2.5% 

(w/v) non-fat milk in TBS-T (antibody diluent) at 4°C with gentle agitation. After 

incubation, the membrane was washed 3 times in TBS-T (5 minutes at room 

temperature) before incubation with a secondary antibody conjugated to alkaline 

phosphatase (see section 2.1.2) in antibody diluent for 90 minutes at room 

temperature. Following another 3 washes in TBS-T (5 minutes at room temperature), 

the membrane was incubated for at least 10 minutes in Novex® AP 

chemiluminiscent substrate (Life technologies) and images were captured using a 

UVITEC gel documentation apparatus (UVITEC, Cambridge, UK), and Alliance 

software (UVITEC, Cambridge, UK). The dilutions for each antibody used are 

described in the respective results chapters.  

Densitometric analysis of the intensity of antibody binding and TCE staining was 

performed with ImageJ software from NIH (Schneider, Rasband et al. 2012), where 

the mean pixel intensities (MPIs) of selected rectangular areas of bands were 

compared across different assay conditions.  
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2.2.7.4 Stripping antibodies from PVDF membrane 

A PVDF membrane that was previously probed for a different protein was stripped 

with guanidine hydrochloride before probing for GAPDH as a loading control 

(Yeung and Stanley 2009). The membrane was incubated with the guanidine 

hydrochloride stripping buffer (see section 2.2.11) for 5 minutes at room temperature 

with gentle shaking, washed 3 times with TBS buffer containing 0.05% (v/v) Nonidet 

P40 (with shaking), and then once with TBS-T. The membrane was then reblocked by 

incubating it in a solution of 5% (w/v) non-fat milk in TBS buffer, as above, before 

being reprobed with an antibody specific for GAPDH.  

 

2.2.8 Immunofluorescence microscopy 

Uninfected and H. pylori-infected AGS cells were cultured on sterile glass coverslips 

(described in 2.2.3.3) before being fixed with 4% formaldehyde in PIPES buffer (see 

section 2.2.11) for 45 minutes at room temperature. The cells were then 

permeabilised (or not, depending on the assay) with PIPES buffer containing 0.5% 

Triton X-100 (15 minutes, room temperature) and formaldehyde-induced auto-

fluorescence was quenched with PIPES buffer containing 1.5 mg/ml glycine for 5 

minutes. Non-specific binding sites were blocked by incubating the coverslip-bound 

cells in PIPES buffer containing 5% (w/v) BSA for 45 minutes at room temperature. 

After two washes (5 minutes each) in PIPES buffer, the coverslips were incubated 

overnight in primary antibody (diluted 1:250 in PIPES buffer with 2.5% (w/v) BSA, 

as detailed in section 2.1.2) at 4°C with gentle agitation. After washing four times 

with PIPES, the coverslips were incubated with secondary antibody (diluted 1:1000 

in PIPES with 2.5% (w/v) BSA, see section 2.1.2 for details) for 90 minutes at 37°C.  

The secondary antibody used to detect specific antibody binding to the transferrin 

receptor experiments was conjugated to Alexa Fluor 488 and, after two final washes 

in PIPES buffer with 0.05% (v/v) Tween-20 (5 minutes), actin and cell nuclei in these 
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cells were stained with Texas red X-phalloidin and Hoechst 33342 respectively. For 

H-ferritin experiments, the secondary antibody was biotin-conjugated and detection 

of this antibody was done with streptavidin conjugated to phycoerythrin (SAPE, 1:20 

dilution) at room temperature for 30 minutes. Again, the stained cells were washed 

two times with PIPES buffer with 0.05% (v/v) Tween-20, before the cell nuclei were 

stained with Hoechst 33342. Actin was not able to be visualised in these cells due to 

the signal overlap between phycoerythrin and Texas red X-phalloidin.  

Actin was stained by incubating the cells in Texas red X-phalloidin (5 µl equivalent 

to 1 unit per slide) in PIPES buffer for 30 minutes at 37°C whereas cell nuclei were 

stained with PIPES buffer containing Hoechst 33342 (2.5 μg/ml) for 20 minutes at 

37°C. Unbound dye was removed by washing two times with PIPES buffer (5 

minutes at room temperature) before mounting samples on glass microscope slides 

using Prolong gold® antifade mountant and left to cure for 48 hours. 

Fluorescent imaging was carried out on an Axioimager Z1 microscope (Zeiss, 

Oberkochen, Germany) with a 40x EC plan neofluar lens (1.3 numerical aperture) 

(Zeiss) and an Axiocam MRm camera (Zeiss) was used to capture images with 

Axiovision software(Zeiss). Z-stacks of 30 focal planes were taken separated by the 

Nyquist distance (minimal sampling distance required to obtain to capture all the 

information from the microscope into an image (SVI 2012)) and times of laser 

exposure for each channel (green, red and blue) were kept constant in all pictures 

taken from the same set of experiments. ImageJ software (Schneider, Rasband et al. 

2012) was used to mount Z-projections using the maximum fluorescence intensity, 

keeping brightness and contrast constant in all the pictures from the same set, to 

facilitate visual comparison. 
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2.2.9 Light microscopy 

Light microscopy pictures of live cells (in tissue culture plates) were captured using 

an Olympus CK2 microscope (Olympus, Shinjuku, Tokyo, Japan) equipped with an 

Olympus DP-21 digital camera (Olympus, Shinjuku, Tokyo, Japan). 

 

2.2.10 Statistical analysis 

Unless reported otherwise, results are presented as the mean ± standard error of the 

mean (SEM) for independent experiments repeated in triplicate. All statistical 

analysis was performed using GraphPad Prism version 6.00 (2012) (GraphPad 

Software Incorporated, La Jolla, CA, USA). A paired t-test was used to compare 

differences between two groups of data (or unpaired t-test when the sample size of 

both groups was different) whereas a One-way ANOVA (or two-way ANOVA if 

data used for analysis corresponded to means and standard deviations from a 

previous experiment) with Tukey’s test for multiple comparisons was used to 

compare data between more than two groups. Pearson’s correlation test was used to 

evaluate linear distributions. P-values < 0.05 were considered statistically significant. 

 

2.2.11 Buffers and solutions 

0.5 M Tris HCl buffer: 3 g of Tris base were dissolved in 40 ml ultrapure water, and 

pH was adjusted to 6.8 with HCl (at room temperature). The final volume was 

adjusted to 50 ml with ultrapure water. 

1.5 M Tris HCl buffer: 9 g of Tris base were dissolved in 40 ml ultrapure water, and 

pH was adjusted to 8.8 with HCl (at room temperature). The final volume was 

adjusted to 50 ml with ultrapure water. 
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2x sample loading buffer: 0.4 g of sodium dodecyl sulphate (SDS) was dissolved in 

7 ml of 0.125 M Tris solution (pH adjusted to 6.8 with HCl). Two ml of glycerol and 

0.002 g of bromophenol blue were added and stirred to dissolve before the addition 

of 1 ml of 2-Mercaptoethanol. The resultant buffer was dispensed into 1 ml aliquots 

and stored at –20oC until required.  

4% stacking gel: to prepare two 4.5% stacking gels, 500 µl of 40% 

Acrylamide:Bisacrylamide (29:1) solution were added to a mixture of 1.25 ml Tris 

HCl buffer (0.5 M, pH 6.8), 3.2 ml ultrapure water, 50 µl of 10% (w/v) ammonium 

persulphate solution and 50 µl of 10% (w/v) SDS. Polymerization was initiated by 

adding 10 µl of NNN’N’-tetramethylethylenediamine (TEMED) immediately prior 

to pouring the gel.  

10 mM iron standard stock: 0.278 g of FeSO4•7H2O (equivalent to 1 mmol) were 

dissolved in 100 ml of ultrapure water. One drop of 10 M hydrochloric acid was 

added to the solution in order to avoid iron precipitation 

10% Ammonium persulphate: 10% (w/v) ammonium persulphate in ultrapure 

water. 

10% resolving gel: to prepare two 10% resolving gels, 2.5 ml of 40% 

Acrylamide:Bisacrylamide (29:1) solution were added to a mixture of 2.5 ml of Tris 

HCl buffer (1.5 M, pH 8.8), 4.8 ml ultrapure water, 100 µl of 10% (w/v) ammonium 

persulphate solution, 100 µl of 10% (w/v) SDS and 50 µl trichloroethanol. 

Polymerization was initiated by adding 10 µl of TEMED immediately prior to 

pouring the gel. 

10% sodium dodecyl sulphate solution: 10% (w/v) sodium docecyl sulphate in 

ultrapure water. 
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Guanidine hydrochloride stripping buffer: 143 g guanidine hydrochloride, 0.5 ml 

Nonidet P-40, 0.61 g Tris base and 1.75 ml 2-mercaptoethanol to 250 ml in ultrapure 

water (pH 7.5).  

Hoechst 33342: a stock solution (10 mg/ml) was prepared in ultrapure water. A 

working solution of 2.5 µg/ml was prepared by diluting the stock solution in PIPES 

buffer.  

Lowry protein assay solutions: Solution A: 2 g sodium carbonate, 0.4 g sodium 

hydroxide, 0.16 g potassium sodium tartrate and 1 g SDS diluted to 100 ml in 

ultrapure water. Solution B: 1.42 g copper sulphate pentahydrate in 100 ml ultrapure 

water. Solution C: 100 parts solution A to 1 part solution B. Solution D: Folin-

Ciocalteu’s phenol reagent diluted 1:1 in ultrapure water. 

Paraformaldehyde: a 4% (w/v) solution was made by adding paraformaldehyde to 

100 ml PIPES buffer and heating to 60°C in a fume hood until the solution cleared. 

The pH was adjusted to 6.8 with 0.1 M sodium hydroxide, which also helped 

dissolving the paraformaldehyde. 

PBS: A 10x stock solution was made by mixing 80 g sodium chloride, 2 g potassium 

chloride, 28.42 g di-sodium hydrogen phosphate, and 2 g potassium dihydrogen 

phosphate in 1l ultrapure water (pH 7.4). This solution was diluted 1:10 in ultrapure 

water, as required. 

Physical colloid protected developer: Gum Arabic solution: 100 g gum Arabic 

dissolved in 200 ml ultrapure water with stirring at 60°C. Citrate solution: 9.4 g 

trisodium citrate dehydrate, 10.2 g citric acid monohydrate diluted to 40 ml in 

ultrapure water. Hydroquinone solution: 6.8 g hydroquinone dissolved to 120 ml 

with ultrapure water. Silver lactate solution: 0.493 g silver lactate diluted to 2.5 ml in 

ultrapure water. To prepare the developer 6 ml of gum Arabic solution were mixed 

with 1 ml of citrate solution and 3 ml hydroquinone solution at room temperature 
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with gentle stirring. Silver lactate solution (50 µl) was added to the mixture 

immediately before use. 

PIPES buffer: 9.07 g of 1,4-piperazinediethanesulfonic acid (PIPES) were dissolved 

with 400 ml ultrapure water, 10 M sodium hydroxide was added to adjust pH to 6.8 

(at this point the solution was clear), and the volume was adjusted to 500 ml with 

ultrapure water. 

RIPA lysis buffer: A solution containing 100 mM NaCl, 5 mM EDTA, 1% (v/v) 

Nonidet P-40, 0.2% (w/v) SDS, 1 mM phenylmethanesulfonyl fluoride, 1 mM sodium 

orthovanadate, and 0.5% (w/v) sodium deoxycholate was prepared in 10 ml of 50 

mM Tris HCl (pH 7.5). One cOmplete® mini protease inhibitor cocktail tablet 

(Roche) was added before the buffer was dispensed into 1 ml aliquots and stored at -

20oC until required. 

Running buffer: A 10x stock solution was made up by dissolving 15.125 g of Tris 

base and 72.1 g of glycine in 325 ml of ultrapure water and adding 50 ml of 10% SDS 

before adjusting the volume to 500 ml with ultrapure water. This solution was 

diluted 1:10 in ultrapure water, as required. 

TBS: A 10x stock solution was made up by mixing 12g of Tris base and 44g of 

sodium chloride in 450 ml ultrapure water, pH was adjusted to 7.5 with hydrochloric 

acid and volume adjusted to 500 ml with ultrapure water. This solution was diluted 

1:10 in ultrapure water, as required. 

Transfer buffer: A 10x stock solution was made up by dissolving 14.5 g of Tris base, 

72 g of glycine and 1.875 g SDS up to 500 ml with ultrapure water. To obtain a 

working solution, 50 ml of stock solution and 50 ml methanol were mixed with 400 

ml water (pH 8.3). 

Trypan blue solution: a 0.75% (w/v) solution was prepared in ultrapure water, filter 

sterilized and stored at 4°C. To use, the stock solution was diluted 1:2 in sterile PBS. 
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CHAPTER 3: HELICOBACTER PYLORI INFECTION AND GASTRIC 

EPITHELIAL CELL IRON STATUS 

3.1 Introduction 

Numerous clinical studies describe a link between Helicobacter pylori and iron 

deficiency (ID) or iron deficiency anaemia (IDA) but as described in Chapter 1, the 

findings of these studies vary considerably, even between populations of similar 

background. These differences most likely reflect many factors that may contribute 

to the outcome of this particular host-pathogen interaction. However, the inference 

from the observed link between infection and host iron deficiency is that H. pylori 

accesses host iron in order to survive (and persist) in the human stomach. This iron 

needs to come from the bacterium’s immediate surroundings. Thus, any effect that 

H. pylori might have on host iron stores is likely to occur first at the gastric 

epithelium, where these bacteria persist for a lifetime in an untreated host (Kusters, 

van Vliet et al. 2006). 

Support for this hypothesis comes from two studies which report changes in the 

mucus-producing gastric epithelial cells of infected mice (Mueller, Merrell et al. 

2004), and in a gastric epithelial cell line exposed to H. pylori outer membrane 

proteins (Chitcholtan, Hampton et al. 2008). Gastric epithelial cells from mice 

infected with H. pylori demonstrate up-regulated transcription of lactoferrin and 

ferritin genes (Mueller, Merrell et al. 2004). The role of lactoferrin (Lf) is to sequester 

iron at mucosal surfaces, thus reducing its availability to bacteria (Alexander, Iigo et 

al. 2012) whereas ferritin is an iron-storage protein whose expression is increased in 

response to high levels of iron and/or inflammation (Alkhateeb and Connor 2013). 

There is evidence of Lf-associated internalisation of H. pylori into gastric epithelial 

cells (Coray, Heinemann et al. 2012) and increased Lf expression is seen in gastric 

tissue from patients infected with H. pylori (Dogan, Erkan et al. 2012). To date, there 

are no reports of H. pylori-associated change in gastric ferritin levels in humans. 
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In the second study, an increase in cytosolic ferric iron was observed when AGS 

cells, a gastric epithelial cell line, were exposed for 24 hours to outer membrane 

vesicles constitutively shed from the surface of a toxigenic strain of H. pylori 

(Chitcholtan, Hampton et al. 2008). Collectively, these studies suggest that H. pylori 

may affect iron uptake, storage and/or distribution in gastric epithelial cells that may 

correlate with the observed reduction in circulating iron associated with systemic 

iron deficiency in H. pylori-infected individuals. However, it is unknown whether 

sequestration of iron inside gastric epithelial cells is a means of limiting its 

availability to H. pylori, as reported for other bacteria (Koorts, Levay et al. 2011) or 

instead a bacterial strategy to persist at this site. 

 

3.1.1 Iron metabolism in the gastric cell 

The gastric epithelium obtains iron mainly from plasma through clathrin-dependent, 

transferrin receptor-mediated endocytosis of iron-loaded transferrin (Enns 2002). As 

shown in Figure 3.1, these endocytic vesicles fuse with pre-existing endosomes that 

have a lower hydrogen potential (pH 4 to 5 compared to ~7 on the internalized 

vesicle) because of the presence of a ATP-dependent H+ pump (Steere, Byrne et al. 

2012). This resultant drop in pH when these two compartments fuse is sufficient to 

promote the release of ferric iron from the transferrin molecule. Following reduction 

by ferrireductases such as the 6-transmembrane epithelial antigen of the prostate 

(Steap-3) (Steere, Byrne et al. 2012), the ferrous iron is  transported into the cytosol 

via transporters that include the divalent metal transporter 1 (DMT-1, DCT-1 or 

Nramp2), the Zrt-Irt like protein 14 (ZIP14), and/or the transient receptor potential 

mucolipin 1 (TRPML1) (Gruper, Bar et al. 2005, Zhao, Gao et al. 2010, Chen and Paw 

2012). Inside the cytosol, the ferrous iron is weakly chelated by proteins or 

carbohydrates and forms the cytosolic labile iron pool (cLIP) that, in turn, is used for 
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the synthesis of heme groups and iron-sulphur clusters in the mitochondria 

(Cabantchik 2014) and/or stored in cytosolic ferritin (Picard, Epsztejn et al. 1998). 

 

 

Figure 3.1 Iron uptake, storage and use in a gastric epithelial cell.  Iron is obtained from the 

circulation by clathrin-mediated endocytosis of transferrin/transferrin receptor. The endocytosed 

vesicles fuse with endosomes with a resultant drop in pH that promotes ferric iron release from 

transferrin. The ferric iron is subsequently reduced and transported into the cytosol where it is either 

used for synthesis of heme and Fe-S clusters in the mitochondrion or stored in cytosolic ferritin.  

 

3.1.2 Cellular iron homeostasis 

As described in Chapter 1 of this thesis, iron is essential for all living organisms. 

However, the level and distribution of intra-cellular iron needs to be tightly 

regulated in order to fulfil its role in cellular metabolism without causing toxicity as 

a result of reactive oxygen species (ROS) formed via the Fenton reaction 

(Winterbourn 1995). This regulation is achieved in part by the ability of iron to exist 

in two oxidation states (ferrous and ferric), which allows it to act as a redox catalyst 

in many reactions by giving or receiving electrons. However, not all reactions are 

beneficial (Cassat and Skaar 2013) and, in the absence of an excretion pathway for 

iron, mammals have developed a strict control of systemic iron homeostasis that 
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works mainly by adjusting the level of iron absorption from dietary sources in the 

proximal duodenum.  

As reviewed by Anderson et al. (Anderson, Shen et al. 2012), mammalian cells have 

also evolved a unique mechanism to control intracellular free iron concentration. 

While the systemic control of iron relies on sensing the abundance of the metal 

circulating in plasma (mostly bound to transferrin), the control of intracellular iron is 

based in the composition of an iron sulphur cluster (Fe-S) inside a protein known as 

iron regulatory protein 1 (IRP1) (Haile, Rouault et al. 1992) and the stability 

(dependent on cLIP levels) of a similar protein called iron regulatory protein 2 (IRP2) 

(Samaniego, Chin et al. 1994). These proteins increase or decrease the synthesis of 

iron-related proteins like ferritin, transferrin receptor (TfR), divalent metal 

transporter 1 (DMT-1) and ferroportin (Anderson, Shen et al. 2012).  

When the level of iron in the cLIP gets low, IRP1 loses an atom of iron from its iron-

sulfur cluster (4 Fe and 4 S atoms), thereby increasing its affinity for RNA sequences 

known as iron responsive elements (IREs) that are present in the mRNAs of iron 

metabolism proteins (Haile, Rouault et al. 1992). IRP2 also binds to the same IRE 

sequences, but in contrast to IRP1, its regulation by cLIP is through increased 

degradation of IRP2 in the proteasome in the presence of the metal (Samaniego, Chin 

et al. 1994). Thus, changes in the cLIP concentration will determine the role of IRP1 

and IRP2 regulating the synthesis of proteins associated with iron metabolism 

(Breuer, Epsztejn et al. 1995).  

Not all the labile iron inside the cell is cytoplasmic. Subcellular compartments that 

include nuclei, mitochondria, endosomes and lysosomes can also contain labile iron 

(Fakih, Podinovskaia et al. 2008, Cabantchik 2014). In lysosomes, labile iron is 

accumulated as a by-product of the autophagy of ferritin and mitochondria and/or 

the digestion of endocytosed materials, and the level of low-mass (labile) iron in 

lysosomes can exceed that present in the cytosol (Tenopoulou, Kurz et al. 2007, 
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Zhang, Mikhael et al. 2010). This lysosomal iron can be recycled back to the cytosol 

(Kurz, Terman et al. 2008). Intracellular iron can also be bound to ferritin (Picard, 

Epsztejn et al. 1998). Accordingly, the distribution as well as the level of total 

intracellular iron needs to be taken into consideration when assessing cellular iron 

homeostasis.  

 

3.1.3 Co-culture of H. pylori and AGS gastric cells 

The co-culture of AGS cells and H. pylori has been used as an in vitro model to study 

this gastric infection for decades (Smoot, Mobley et al. 1990), allowing the 

delineation of host-pathogen interactions without the confounders present in clinical 

or animal studies. Using this reductionist system, H. pylori is shown to adhere to the 

surface of these cells (Nilius, Bode et al. 1994) and induce effects that include 

interleukin (IL)-8 secretion (Crabtree, Farmery et al. 1994), cell proliferation (Fan, 

Kelleher et al. 1996), NF-κB  activation (Keates, Hitti et al. 1997), cell vacuolation 

(Garner and Cover 1996), apoptosis (Jones, Day et al. 1999), lipid peroxidation (Kim, 

Seo et al. 2000), DNA damage (Obst, Wagner et al. 2000), and up-regulation of 

epidermal growth factor receptor (EGFR) (Keates, Keates et al. 2007). With so many 

processes induced in gastric epithelial cells following infection with H. pylori, the 

possibility exists that these bacteria might also affect cellular iron homeostasis.  

 

3.1.4 H. pylori and iron homeostasis in AGS cells.  

To date, the effect that H. pylori infection has on iron homeostasis in AGS cells has 

not been investigated. As detailed in Chapter 1, both NF-κB and growth factors are 

known inducers of H-ferritin mRNA expression. Thus, the involvement of H. pylori 

infection in NF-κB activation (Keates, Hitti et al. 1997) and/or the induction of a 

growth factor-like response (Higashi, Tsutsumi et al. 2002) that includes the 



69 
Chapter 3. H. pylori infection and cell iron status_______________________________________________ 

increased expression and transactivation of EGFR in AGS cells (Keates, Keates et al. 

2007) may increase the iron-storage capacity in gastric epithelial cells through ferritin 

overexpression. Support for this hypothesis comes from the observation that H. 

pylori infection of polarized MDCK cells has been shown to be associated with 

increased transferrin internalization (Tan, Noto et al. 2011). With increased 

transferrin internalization and augmented iron storage, a rise in total iron in H. pylori 

infected AGS cells might be expected. On the other hand, H. pylori may reduce the 

amount of iron available to AGS cells by directly competing for this nutrient, thereby 

depleting cellular iron stores.  

The objectives for this chapter were: 

1. To establish methods to measure total iron, cytosolic labile iron pool, and total 

labile iron in AGS cells.  

 

2. To use these assays to determine any change in total iron levels and/or the 

labile iron in AGS cells exposed to H. pylori.  
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3.2 Results 

3.2.1 Measuring total iron levels in gastric epithelial cells 

There are a number of different methods available to measure iron levels in 

biological samples that include inductively coupled plasma-mass spectrometry (ICP-

MS) (Li, Brockman et al. 2012), atomic absorption spectrometry (AAS) (Villarroel, 

Flores et al. 2011), and colorimetric methods based on the generation of compounds 

that relate to the concentration of iron in a solution (LeVine, Wulser et al. 1998, 

Riemer, Hoepken et al. 2004, Rad, Janic et al. 2007). 

Four of these methods were investigated for measuring total iron levels in AGS cells. 

These methods, which included ICP-MS and three colorimetric techniques, are 

detailed in Chapter 2. 

Unless stated otherwise, AGS cells (3 x 105) were grown in culture plates, and 

incubated for 3 days in RPMI-1640 medium supplemented with 10% (v/v) FBS at 

37°C in 5% CO2. The cells from each well were lifted using trypsin, washed with PBS 

and pelleted by centrifugation (1,500 g, for 10 minutes).  

 

3.2.1.1 Inductively coupled plasma-mass spectrometry (ICP-MS) 

ICP-MS involves spraying a solution containing iron into argon heated by 

electromagnetic fields to around 6000°C (inductively coupled plasma). This dries the 

sample, and removes electrons out of the atoms present in the mixture. The ions 

generated during this process are then introduced to a quadrupole mass 

spectrometer (a magnetic device that separates ions based on their mass-to-charge 

ratio, m/z), where the frequency of ions is detected by an electron multiplier (Perkin-

Elmer 2011, Rodushkin, Engstrom et al. 2013). 
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The first step of ICP-MS required complete digestion of the sample to solubilise the 

iron for analysis. This involved digesting AGS cells with 1 ml of 60% nitric acid 

(HNO3) at 65°C overnight. The sample was then diluted with ultrapure water (to 10 

ml) and assayed, with values derived from a standard curve generated using a 

commercial multi-element calibration standard at 10 mg Fe/l (Agilent Technologies, 

CA, USA). 

As shown in Figure 3.2, no difference was observed between the values obtained 

from a cell pellet containing 1.5 x 106 cells (0.12 to 0.14 µmoles Fe/l, mean 0.13 ± 0.003 

µmoles Fe/l) and a control blank (0.13 ± 0.003 µmoles Fe/l). To increase sensitivity the 

assay was modified by using 8 x 106 AGS cells that were diluted to 3 ml with 

ultrapure water  

These modifications resulted in the detection of 1.11 ± 0.07 µmol Fe/l in the AGS cells 

after the blank (0.35 ± 0.003 µmol Fe/l) was subtracted from the total level measured 

in the digested cells (1.46 ± 0.07 µmol Fe/l; Figure 3.2). No iron was detected in the 

ultrapure water used in both assays (results not shown).  
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Figure 3.2. Total AGS cell iron measured by ICP-MS. Suspensions of (A) 1.5 x 106 cells or (B) 8 x 106 

AGS cells were digested in 1 ml of HNO3, and diluted to 10 ml or 3 ml, respectively, with ultrapure 

water. Results are ± SEM of three independent experiments. ****, results are statistically different from 

those of the blank (p < 0.0001) as determined by t -test.  
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The use of ICP-MS was found to be an extremely precise method for estimating iron 

concentration in AGS cells, evidenced by the small standard error of the means 

between experiments (Figure 3.2). The drawback with this method, however, was 

the large number of cells required to discriminate cellular iron from the background 

signal associated with sample digestion. In addition, the need to standardise cell 

numbers by counting on the haemocytometer prior to pelleting and digestion was 

associated with poor assay reproducibility, which in turn meant no significant 

correlation between cell numbers and total iron content was found (Figure 3.3).   
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Figure 3.3. Total AGS cell iron measured by ICP-MS against cell numbers.  AGS cells were counted 

using a haemocytometer and digested prior to measurement of total iron levels by ICP-MS. The figure 

show results of 3 independent experiments done in triplicate. R 2 and p value were obtained with the 

Pearson correlation test.   

 

3.2.1.2 UV/Visible spectrometry with hydrochloric acid and potassium 

ferrocyanide 

Another approach to measuring total iron levels in AGS cells involved exposing 

digested cell solutions to concentrated (5 M) hydrochloric acid (HCl) or a mixture of 

hydrochloric acid with potassium ferrocyanide (HCl/KFeCN), with the resultant 
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coloured compounds (iron chloride and Prussian blue, respectively) detected by 

spectrometry (Rad, Janic et al. 2007). 

Two standard curves that encompassed high (0 to 6 micromoles) and low (0 to 5 

nanomoles) ranges of iron were generated using a 10 mM iron standard (as detailed 

in Chapter 2) and treated with HCl or HCl/KFeCN (Figure 3.4).  

 

 

Figure 3.4. Sensitivity of HCl and HCl/KFeCN methods for iron detection.  HCl (A and C) and 

HCl/KFeCN (B and D) were used to detect iron (Fe) over a range of 0 to 6 micromoles (A and B) or 0 

to 5 nmoles (C and D). The figures are representative of 3 independent experiments. R 2 and p values 

were obtained with the Pearson correlation test. 

 

As shown in Figure 3.4A, the use of HCl to detect soluble iron was highly 

reproducible when the metal was present in the range of 0 to 6 micromoles (p < 
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0.0001). Moreover, HCl appeared a more accurate means of measuring iron when 

compared to duplicate sets of standards treated with HCl/KFeCN method (p = 0.034; 

Figure 3.4B).  

However, when the iron content of the standards was reduced to nanomoles, the 

correlation between known iron content and absorbance was poor when the samples 

were treated with HCl (p = 0.081; Figure. 3.4C) and non-existent when the samples 

were treated with HCl/KFeCN (Figure 3.4D).  

AGS cells (1.5 x 106) were digested and total iron content measured using these two 

protocols. The absorbances for the digested AGS cells in the HCl assay ranged 

between 0.005 and 0.05 after blank adjustment, while the absorbances using 

HCl/KFeCN varied between 0.004 to 0.021 (Figure 3.5), corresponding to total iron 

levels between 0 to 5 nanomoles (Figure 3.4). However, as shown in Figure 3.4, 

neither method was able to reliably measure iron within this range (Figures 3.4C & 

D). Also, the inter-assay variability observed when measuring AGS cell iron levels 

suggests these methods may not be ideal.  
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Figure 3.5. Total AGS cell iron measured by HCl or HCl/KFeCN . Approximately 1.5 x 106 AGS cells 

were digested and iron was detected using hydrochloric acid (HCl, read at 351  nm) or a mixture of 

HCl with potassium ferrocyanide (HCl/KFeCN, read at 700 nm). Results are ± SEM of duplicate 

samples analysed over three independent experiments. 
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3.2.1.3 Ferrozine assay  

Ferrozine (3-(2-pyridyl)-5,6-bis(phenyl sulfonic acid)-1,2,4-triazine) is a compound 

that binds ferrous (but not ferric) iron to produce a magenta-coloured compound 

that absorbs light at a wavelength of 550 nm (Riemer, Hoepken et al. 2004). 

Importantly, the ferrozine assay has been used to measure iron in digested biological 

samples (Davis, Kaufman et al. 1986, Fish 1988, Riemer, Hoepken et al. 2004). 

A standard curve between 0 to 24 nmoles of iron was generated based on the 

measurement of total iron levels in AGS cells using ICP-MS (Figure 3.2) and 

UV/Visible spectrometry with HCl and HCl/KFeCN (Figure 3.5). Iron in these 

samples was measured using the ferrozine protocol detailed in Chapter 2. This is a 

slightly modified version of the original method described by Riemer et al (Riemer, 

Hoepken et al. 2004). One modification was the addition of thiourea instead of 

neocuproin to reduce interference from copper (Smith, Herbert et al. 1984, Paller and 

Hedlund 1994). The other modification was the use of a vacuum concentrator (that 

dries samples at a negative pressure to remove vaporized solvents while spinning 

them to avoid the loss of solutes). This reportedly concentrates the sample prior to 

digestion, thereby increasing the signal (Fish 1988). The advantage of this 

modification is evident in the R2 value of the standard curve (Figure 3.6). 
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Figure 3.6. Sensitivity of the ferrozine method for iron detection. A standard curve with iron (Fe) 

between 0 to 24 nmoles was prepared and absorbance at 564  nm was determined by the ferrozine 

assay. The entire standard curve is shown in (A), whereas (B) is an expansion of the lower end of the 

curve (insert in A). Results are representative of 3 independent experiments. R 2 and p values were 

obtained from the Pearson correlation test using all samples (A) or the values between 0 and 1.5 

nmoles of Fe (B).  

 

As shown above, the modified ferrozine protocol enabled the detection of iron with 

a significant correlation between 0 and 24 nanomoles, and this correlation persisted 

even using a scale between 0 and 1.5 nanomoles. Using this method, AGS cells from 

one well on a 6-well plate (corresponding to approximately 1.5 x 106 cells) were 

shown to contain an average of 6.05 ± 0.14 nmoles of Fe per 107 cells (based on the 

analysis of three independent experiments).  

 

3.2.2 Measurement of the labile iron pool 

Next, assays were developed to measure the cLIP and total labile iron in order to 

determine whether or not H. pylori infection has an effect on post-transcriptional 

regulation through Iron Regulatory Proteins (IRPs). The calcein-AM assay was used 

to measure cLIP (Epsztejn, Kakhlon et al. 1997, Tenopoulou, Kurz et al. 2007), 

whereas staining of AGS cells with the sulphide-silver method (Timm 1958, Zdolsek, 

Roberg et al. 1993) was used to demonstrate total low-mass labile iron. 
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3.2.2.1 Calcein-AM assay  

Calcein is a complex fluorescent molecule with a molecular structure derived from 

fluorescein and modified to contain EDTA moieties (Figure 3.7). For this reason, 

calcein is not only fluorescent, but also possess a high-chelation capacity.  

 

 

Figure 3.7. Comparison of calcein, EDTA and fluorescein molecular structures. Calcein (MW 622) is 

a derivative of fluorescein (MW 332, in red), with the addition of two Bis-(carboxymethyl)-

aminomethyl groups that gives the molecule chelation properties as seen with EDTA (MW 292, in 

blue).  

 

One disadvantage of calcein is its inability to cross membranes. However, a 

modified, non-fluorescent form of calcein (known as calcein-AM) that possess 

acetomethoxy moieties linked through ester bonds is able to cross the plasma 

membrane (Figure 3.8). For this reason calcein-AM is widely used in cell biology 

(Gurwell and Hauser 1993, Epsztejn, Kakhlon et al. 1997, Tenopoulou, Kurz et al. 

2007).  
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Once inside the cell, intracellular esterases cleave the acetomethoxy part of the 

compound, producing calcein with all its fluorescent and binding properties 

(Thompson, Dockery et al. 2012). Moreover, once inside the cell the calcein molecule 

is unable to escape because of its strong ionic nature. 

 

Figure 3.8. Comparison of calcein-AM and calcein molecular structures. The acetomethoxy derivate 

of calcein (calcein-AM) is uncharged and lipophilic, enabling it to cross membranes. Once inside the 

cell, esterases cleave the ester bonds in the molecule (thick lines). The removal of the acetomethoxy 

moieties results in calcein, which is unable to cross membranes.  

 

The high chelation capacity of calcein is accompanied by a reduction in its 

fluorescence, a property that enables it to be used as a fluorescent sensor for the 

presence of metals. Accordingly, at the physiological pH found inside cells, calcein 

fluorescence is strongly quenched by Co2+, Ni2+, Fe2+ and Cu2+, and appreciably 

reduced by Fe3+ and Mn2+ (Breuer, Epsztejn et al. 1995). However, with the exception 

of iron, the concentration of these elements in the cytosol is very low and for this 
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reason the quenching of calcein fluorescence is considered to be mainly due to 

calcein-bound iron (Breuer, Epsztejn et al. 1996). 

The use of salicylaldehyde isonicotinoyl hydrazone (SIH), which is a membrane-

permeant iron chelator (Horackova, Ponka et al. 2000), to induce the release of iron 

from calcein inside cells is associated with increased fluorescence that is 

proportional to the amount of cLIP (Epsztejn, Kakhlon et al. 1997). Thus, the cLIP is 

estimated by comparing the change in fluorescence between SIH-treated and 

untreated samples (Breuer, Epsztejn et al. 1996).    

 

3.2.2.2 Effect of calcein-AM concentration and time of exposure on AGS cells 

There is considerable variability among the different protocols that report the use of 

calcein-AM to estimate labile iron pool in different cell types (Darbari, Loyevsky et 

al. 2003, Tenopoulou, Kurz et al. 2007, Prus and Fibach 2008). These differences are 

reflected in the varying concentrations of calcein-AM and/or incubation times and 

appear to indicate the amount of intracellular esterase activity that is present inside 

the cells.  

To optimise the use of calcein to measure the cLIP in AGS cells, three different 

concentrations of calcein-AM (0.15, 0.3 and 0.6 µM) were tested at two different 

exposure times (15 and 60 minutes). Similar numbers of AGS cells (from the same 

batch) were loaded with calcein-AM in the different conditions, and fluorescence 

was measured by flow cytometry before and after the addition of SIH. The change in 

relative fluorescence, which is reported as a percentage, suggested that the optimal 

conditions for this assay were the use of calcein-AM at 0.15 µM for 15 minutes (Table 

3.1). 
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Table 3.1 Effect of calcein-AM concentration and incubation time on the 

measurement of the cLIP in AGS cells 

Time 

(minutes) 

Calcein-AM 

(µM) 

Basal MFI 

(a. u.)* 

MFI after 

SIH 

(a. u.)* 

Change in 

relative 

fluorescence 

(%) 

15 

0.15 35.72 38.98 9.12 

0.3 58.96 60.72 2.99 

0.6 108.04 108.94 0.83 

60 

0.15 41.08 43.62 6.17 

0.3 66.88 67.9 1.51 

0.6 122.05 122.6 0.43 

*, a.u. = fluorescence intensity measured in arbitrary units using flow cytometry. 

Results are representative of two independent assays.  

 

3.2.3 Total labile iron  

Despite regulation of intracellular iron being based on IRP sensing of levels of 

cytosolic labile iron (Anderson, Shen et al. 2012), it is important to also determine if 

weakly chelated iron is relocated within the cell in response to H. pylori infection. 

This is because a change in total low-mass iron levels (mostly lysosomal) in infected 

cells may reflect differences in degradation of lysosomal contents (Kidane, Sauble et 

al. 2006) and/or oxidative stress (Kurz, Gustafsson et al. 2006), each of which 

reportedly occurs in H. pylori-infected gastric epithelial cells (Molinari, Galli et al. 

1997, Shi and Zheng 2006, Terebiznik, Vazquez et al. 2006, Ding, Minohara et al. 

2007). The calcein-AM method is able to detect differences in cLIP in live cells. 

However, this method is not able to accurately measure the total cellular labile iron 
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because of the acidic pH inside lysosomal compartments that interferes with iron 

binding by calcein (Tenopoulou, Kurz et al. 2007).  

A method to detect and quantify the total cellular low-mass labile iron centres on the 

use of sulphide-silver (Timm 1958, Zdolsek, Roberg et al. 1993, Kurz, Terman et al. 

2008). For these experiments, AGS cells (8 x 104) were cultured on coverslips for 3 

days. For a positive control, iron sulphate (100 µM) was added to the cells for 15 

hours. This is because bulk-phase endocytosis of insoluble hydrated iron-phosphate 

complex (formed with phosphate anions present in medium), results in an 

accumulation of lysosomal iron (Kurz, Gustafsson et al. 2006). For a negative control, 

ammonium chloride (10 mM) was added to the cells for 4 hours to deplete lysosomal 

low-mass iron content. This occurs because the subsequent increase in lysosomal pH 

is associated with reduced protease activity and a corresponding inhibition of iron 

release from autophagocytosed ferritin and/or mitochondrial contents (Yu, Persson 

et al. 2003). 

The sulphide-silver method, which is detailed in Chapter 2, involves exposing fixed 

cells to ammonium sulphide (that forms Fe-S clusters when it gets access to weakly 

chelated iron) before the addition of a physical colloid-protected developer 

containing silver. The original protocol described by Timm (Timm 1958) used 0.1% 

sodium sulphide at neutral pH. However, the reduced sulfidation at this pH is 

associated with reduced sensitivity (Zdolsek, Roberg et al. 1993). An increased pH of 

9 and sulfidation with 1% ammonium sulphide are shown to augment the sensitivity 

(high pH, high S2-), but fixation with glutaraldehyde is necessary to avoid changes in 

cellular structures by incubation at this pH (Zdolsek, Roberg et al. 1993). After 

sulfidation, a developer containing hydroquinone and silver lactate induces the 

deposition of silver around the Fe-S cores. This metallic silver can also act as a 

reducing core for subsequent silver ions, increasing the size of the particle detected 

by light microscopy (Zdolsek, Roberg et al. 1993). Accordingly, the time of exposure 
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to the developer is proportional to the intensity of staining, and it is therefore 

essential to treat all samples identically for comparison. 

Using this method, iron-supplemented AGS cells showed evidence of intense 

staining (Figure 3.9C) when compared to untreated cells (Figure 3.9B) that, in turn, 

showed more staining than cells treated with NH4Cl (Figure 3.9A). Intriguingly, the 

cells treated with NH4Cl were seen to be vacuolated and this most likely reflects 

depressed protease activity with a resultant increase in osmotic pressure leading to 

the formation of vacuoles within lysosomes (Yu, Persson et al. 2003). 
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Figure 3.9. Sulphide-silver stain of labile iron in AGS cells.  AGS cells were cultured on glass 

coverslips and stained with the modified sulphide-silver method to detect total low mass iron. Cells 

were (A) pretreated with NH4Cl, (B) untreated, or (C) preloaded with FeSO4. White arrows indicate 

cell vacuoles induced by ammonium accumulation inside lysosomes, whereas black arrows show the 

low-mass iron within the cells. Each coverslip was stained for 30 minutes to highlight differences in 

staining intensity between the different conditions. Images are representative of 3 independent 

experiments. Bars = 25 µm.   



84 
Chapter 3. H. pylori infection and cell iron status_______________________________________________ 

3.2.4 Measuring iron levels in AGS cells co-cultured with H. pylori 

Having established protocols to measure total cellular iron, cytosolic LIP and total 

low-mass iron in AGS cells, the next objective was to determine if H. pylori infection 

is associated with any change(s) in these markers of cellular iron homeostasis.  

H. pylori were added at a multiplicity of infection (MOI) of 10:1 during these 

experiments. This relatively low ratio of bacteria to cells was chosen to allow the 

experiments to proceed for 15 hours. This time was considered necessary to detect 

any infection-associated changes in cellular iron homeostasis. H. pylori strain 60190, 

which contains the cag pathogenicity island (Tummuru, Cover et al. 1994) and 

expresses the s1m1 VacA cytotoxin (Tummuru, Cover et al. 1994, Atherton, Cao et al. 

1995), is associated with damage to epithelial cells over time (Isomoto, Moss et al. 

2010, Noto and Peek 2012). Thus, keeping the MOI low was considered a way to 

minimise cell damage that may otherwise have confounded results.  

 

3.2.4.1 Total intracellular iron  

The ferrozine protocol (Section 3.2.1.3) was used to measure total intracellular iron in 

AGS cells cultured with H. pylori 60190 at a MOI of 10:1 for 15 hours.  

AGS cells (1 x 105) were cultured in RPMI-1640 supplemented with 10% (v/v) FBS for 

48 hours. The medium was replaced and the cells cultured for a further 24 hours, 

giving approximately 1 x 106 cells per well. The cells were washed in PBS and fresh 

medium was added. A suspension of H. pylori 60190 (in RPMI-1640) equivalent to 1 x 

107 CFUs was added per well. After 15 hours of co-culture, cells were washed 4 times 

with PBS (to remove non-adherent bacteria) before being lifted from the culture 

plates with trypsin. The cells were washed with PBS and pelleted by centrifugation 

(1,500 g for 10 minutes) The resulting pellet was lysed with 200 µl NaOH (50 mM) 

following the protocol of Riemer et al. (Riemer, Hoepken et al. 2004), and two 10 µl 
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aliquots were removed to determine protein concentration (Chapter 2). The 

remainder was dried using a vacuum concentrator (SpeedVac™), and iron was 

measured using the ferrozine protocol detailed above. Protein concentration was 

used to standardize cell number from each sample to reduce inter-sample variability 

(Figure 3.10). 
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Figure 3.10. Total iron measured by ferrozine assay in AGS cells infected with H. pylori. Total 

intracellular iron in AGS cells uninfected (Ctrl) and infected with H. pylori (Hp) was measured by the 

ferrozine assay, with protein concentration used to standardize cell numbers. Results are ± SEM of 4 

independent experiments done in duplicate or triplicate, n = 11 and 10 in controls and Helicobacter 

pylori infected cells, respectively. No significant difference (n.s.) was detected between conditions (t -

test). 

 

Despite failing to detect a significant difference in total iron levels between infected 

and uninfected AGS cells (p = 0.1016, one-way ANOVA), there was clearly evidence 

of increased iron content in the cells cultured with H. pylori for 15 hours compared to 

controls (2.97 ± 0.29 nmoles per mg of protein and 2.28 ± 0.28 nmoles per mg of 

protein, respectively). This raised the question of whether or not this increase in iron 

reflected an increase in cellular iron levels or was instead related to iron present in 

bacteria that remained attached to the cell surface after washing. 

To answer this question, pellets of uninfected AGS cells (1.5 x 106 cells per pellet) 

were spiked with increasing numbers of H. pylori (2 x 106, 1 x 107, or 2 x 107 CFU’s), 
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and the ferrozine assay was used to measure total iron content and protein 

concentration of 10 µl aliquots was used to standardize cell numbers. As shown in 

Figure 3.11, increasing concentrations of bacteria had no effect on total iron levels.  
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Figure 3.11. Total iron measured by ferrozine assay in AGS cells spiked with H. pylori. Total 

intracellular iron was measured by the ferrozine assay in uninfected AGS cells (Ctrl) or the same 

number of cells spiked with 2 x 106 (+ Hp 2e6), 1 x 107 (+ Hp 1e7), or 2 x 107 (+ Hp 2e7) colony forming 

units of H. pylori, with protein concentration used to standardize cell numbers. Results are ± SEM of 3 

independent experiments. No significant difference was detected between conditions (One-way 

ANOVA with Tukey’s test for multiple comparisons). 

 

3.2.4.2 Effect of H. pylori infection on the cytosolic labile iron pool 

AGS cells were loaded with calcein-AM at a concentration of 0.15 µM for 15 minutes, 

washed to remove non-internalized calcein-AM, and lifted from the cell culture 

plate. Each cell population was divided into two tubes. One was incubated with SIH 

(dissolved in 0.02%DMSO and 0.2% ethanol in PBS with 10% FBS (v/v)) at a final 

concentration of 100 µM for 10 minutes, while PBS with 10% FBS (v/v), 0.02%DMSO 

and 0.2% ethanol (vehicle for SIH) was added to the second sample. The cLIP was 

measured in infected and uninfected cells, as well as in cells treated with FeSO4 100 

µM for 15 hours prior to assay (Figure 3.12). 
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Figure 3.12. Cytosolic labile iron pool in AGS cells infected with H. pylori.  The cytosolic labile iron 

pool (cLIP) from AGS cells was determined by measuring the mean fluorescence intensity of calcein 

before and after adding SIH. Results reflect the increase in fluorescence (ΔF) in H. pylori-infected (Hp) 

and iron-treated (Fe) cells as a percentage of uninfected and non-iron supplemented AGS cells (Ctrl). 

Results are ± SEM of 3 independent experiments. *, results are statistically different from those of 

untreated controls (p < 0.01), as determined by paired t -test. n.s. = not statistically significant. 

 

H. pylori-infected AGS cells were found to have a significantly reduced cLIP when 

compared to uninfected cells (p = 0.0221, paired t-test). In contrast, the cLIP was 

increased in iron-supplemented cells although this difference failed to reach 

significance (p = 0.2893, paired t-test). This may, in part, reflect the considerable 

inter-assay variation in cLIP levels observed in the iron-loaded control cells.  

 

3.2.4.3 Effect of H. pylori infection on the total labile iron  

The observation of a decreased cytosolic LIP in H. pylori-infected AGS cells (Figure 

3.12) seems to be at odds with the increase in total intracellular iron detected by the 

ferrozine assay (Figure 3.10). However, as shown previously, intracellular iron can 

also locate with lysosomes (Figure 3.9) and this raised the question of whether 

increased intracellular low-mass iron within these sub-cellular compartments in H. 

pylori-infected AGS cells would explain this difference.  



88 
Chapter 3. H. pylori infection and cell iron status_______________________________________________ 

To determine if H. pylori infection has an effect on lysosomal labile iron content, AGS 

cells (8 x 104) were cultured for 3 days in RPMI-1640 medium supplemented with 

10% (v/v) FBS. The medium was replaced and the cells, estimated to number 5 x 105 

per well, were infected with 5 x 106 H. pylori bacteria, giving a MOI of 10:1. The 

bacteria were cultured with the cells for 15 hours, before being stained with 

sulphide-silver to detect total low-mass iron. Positive and negative controls for these 

experiments included cells pre-treated with iron sulphate and NH4Cl for 15 and 4 

hours, respectively (Fig. 3.9). The cell preparations were all stained for the same 

amount of time (30 minutes) to enable a comparison of staining intensities between 

the different experimental conditions 

As shown in Figure 3.13, uninfected AGS (top) showed less evidence of silver 

staining when compared to H. pylori-infected cells (bottom). Indeed, intensity of 

staining of H pylori-infected cells (Figure 3.13B) was notably similar to that seen 

following iron-loading of AGS cells (Figure 3.9C). Densitometry was used to 

quantify the silver staining. Six images (2 from each set of experiments) were 

analysed using the ImageJ software from NIH. To do this, a threshold was defined in 

every image to differentiate areas with cells from empty spaces, and mean pixel 

intensity (MPI) was determined for each cell. From this analysis, a “MPI” of the cell 

populations from each picture was determined that included an “n” value 

(representing the number of cells analysed on each image) and the standard 

deviation from the mean for each image. These data were used later to obtain a 

percentage difference in MPI means to be compared to those obtained for the 

uninfected control cells and subsequent analysis by ANOVA and Tukey’s multiple 

comparisons test. Figure 3.14 shows the mean ± SEM obtained for this analysis.  

The densitometry analysis confirmed that infected cells have significantly increased 

levels of total labile iron when compared to uninfected cells (p < 0.0001). Moreover, 

the movement of intracellular iron to lysosomal compartments in H. pylori-infected 

cells is similar to that seen when uninfected cells are instead loaded with iron (p < 
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0.0001). This finding adds weight to the result of the ferrozine assay, which showed 

that infected cells have increased total iron levels compared to untreated cells 

(Figure 3.10). In addition, it suggests that the reduced cLIP that occurs with H. pylori 

infection of AGS cells (Figure 3.12) may be a consequence of iron being mobilized 

into the lysosomal compartment.   

 

 

Figure 3.13. Sulphide-silver stain of labile iron in H. pylori-infected AGS cells.  Uninfected AGS 

cells (A) and H. pylori 60190-infected cells (B) were stained using the modified sulphide-silver 

method. Infected cells show a higher intensity of staining compared with uninfected cells. Images 

shown are representative of 3 independent experiments. Bar = 25  µm. 
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Figure 3.14. Analysis of sulphide-silver stain using densitometry.  Analysis of the mean pixel 

intensity (MPI, obtained using ImageJ software) of stained uninfected AGS cells was used as a control 

(Ctrl), and the MPIs of the other conditions that included addition of ammonium chloride, (NH4), iron 

(Fe) or H. pylori infection (Hp) were expressed as a percentage from the control corresponding to each 

set of pictures. Results are ± SEM of 3 independent experiments. ****, results are statistically different 

from those of untreated controls (p < 0.0001), as determined by two wa y ANOVA with Tukey’s 

multiple comparison test. 

 

 

3.3 Discussion 

This thesis is centred on the hypothesis that H. pylori infection may induce changes 

in iron levels in gastric cells. The AGS gastric epithelial cell line is widely used to 

model H. pylori infection in vitro. However, to date, there have been no studies into 

iron metabolism in these cells. Accordingly, the first objective was to establish assays 

to measure total iron content in gastric AGS cells and then use these assays to 

demonstrate any changes in iron concentration in infected cells that might act to 

regulate intracellular iron levels. 

The modified ferrozine assay used in these experiments is able to detect iron levels 

between 0.2 to 24 nmoles. AGS cells were found to contain 2.28 ± 0.28 nmoles of Fe 

per mg of protein (Figure 3.10). In contrast, iron levels reported in astrocytes are 

approximately 10 nmoles of Fe per mg of protein (Hoepken, Korten et al. 2004, 

Riemer, Hoepken et al. 2004). Two unrelated studies that report the measurement of 
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iron levels in gastric and brain tissue support these differences. Using atomic 

absorption spectrometry, brain iron levels are shown to be 4 to 12 times greater 

(House, Esiri et al. 2012) than those reported in gastric tissue (Yaman, Kaya et al. 

2007). With this in mind, a difference of 4.38 times in iron values between AGS cells 

and astrocytes is in the expected range. Importantly, the modified ferrozine assay 

used here is sensitive enough to measure total iron levels in cultured gastric 

epithelial cells. 

H. pylori-infected cells were found to have notably higher levels of total iron than 

uninfected cells. This is intriguing because in the co-culture system used for these 

experiments the amount of iron available to cells may be reduced by the presence of 

bacteria but not increased. Thus, any changes in cellular iron levels that are 

independent of extracellular concentrations of iron must be explained by alterations 

in the control mechanism of cell iron homeostasis that include promoting iron 

uptake from the culture medium. This increase in total iron correlated with an 

increase in lysosomal labile iron, evidenced by the observation of a significant 

increase in iron deposits within intracellular compartments. A similar pattern of iron 

deposition was also observed in the iron-loaded (but uninfected) AGS cells. In 

contrast, the iron loaded (but not the H. pylori-infected cells) also showed evidence of 

increased iron in the cytosolic LIP.  

It seems counter-intuitive that H. pylori infection, which is widely associated with the 

development of iron deficiency in its human host (Muhsen and Cohen 2008), is able 

to increase the amount of iron in cultured gastric cells. However, it is important to 

understand that iron deficiency is a systemic condition determined by measuring 

levels of circulating markers that include haemoglobin, ferritin and/or saturated 

transferrin, and that when the level of circulating iron drops it signals one of two 

things. Either the cause of iron deficiency is loss of total body iron (caused by 

bleeding and/or lack of absorption in the duodenum), or it is the result of 
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redistribution, as seen when circulating iron is sequestered inside cells in response to 

infection (Koorts and Viljoen 2007). 

The body protects itself from infection by inducing immune responses. One aspect of 

the initial innate immune system is the acute-phase response that is triggered when 

products of damaged tissues or pathogen antigens are detected by macrophages, 

dendritic cells or blood monocytes. These cells are activated, releasing cytokines that 

include interleukin (IL)-1, IL-6, IL-8 and tumour necrosis factor-alpha (TNF-α) that 

in turn recruit more immune cells to the site of tissue damage. Moreover, once 

released, these cytokines traffic to the liver where they promote the production of 

acute-phase proteins (Cray 2012).  

The in vitro culture system used here to model the effect of H. pylori infection on 

gastric epithelial cells homeostasis does not include cytokine-producing 

macrophages, dendritic cells or monocytes. However, an acute-phase response to 

infection cannot be discounted. There is evidence of increased IL-8 production by 

AGS cells infected with H. pylori (Nakachi, Klein et al. 2000, Kim, Lim et al. 2001). 

Whereas there is no current evidence that IL-8 can mediate an acute phase response 

in gastric epithelial cells, this type of response has been demonstrated in cultured 

hepatocytes exposed to IL-8 (Wigmore, Fearon et al. 1997). Thus, an extrapolation of 

this finding to non-hepatic epithelial cells is plausible, and is strengthened by the 

observation that IL-1 and IL-6 are capable of eliciting an acute-phase response in 

Caco-2 cells, which are an intestinal epithelial cell line (Molmenti, Ziambaras et al. 

1993). 

Acute phase proteins play a major role in regulating iron levels at the site of tissue 

damage. These include increased expression of hepcidin that acts by blocking iron 

release from macrophages and enterocytes, thus reducing circulating iron (Lawen 

and Lane 2013), increased transcription and secretion of ferritin that reduces the 

concentration of free iron available for pathogens both inside and outside the cells 
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(Koorts and Viljoen 2007), and increased expression of the plasma-circulating 

enzyme ceruloplasmin that reduces iron availability for pathogens by transforming 

plasma-circulating ferrous iron into ferric iron that can then bind to transferrin and 

lactoferrin (White, Conesa et al. 2012). The expression of transferrin, a molecule used 

to deliver iron to cells, is also reduced as part of the acute phase response, again 

potentially limiting a source of iron used by some pathogens (Senkovich, Ceaser et 

al. 2010). Accordingly, the outcome of an acute response in epithelial cells is likely to 

be related to an increase in ferritin expression, which would in turn reduce levels of 

free iron in the cytosolic LIP and, in response to that, an increase in iron uptake.  

A second possibility is that the small number of these normally non-invasive 

bacteria that gain access to gastric epithelial cells (Coray, Heinemann et al. 2012) may 

also affect changes in iron uptake and distribution, as reported in Salmonella 

typhimurium-infected macrophages (Pan, Tamilselvam et al. 2010). In this study the 

labile iron pool was measured in macrophages infected with S. typhimurium and 

Francisella tularensis. Each of these bacterial species enters these cells via endocytosis. 

Whereas S. typhimurium survives inside the cells by subverting the normal endocytic 

process that would normally see the bacteria-containing compartments fuse with 

lysosomes, F. tularensis gains direct access to the cytosol through the lysis of the 

bacteria-containing compartments. Intriguingly, these very different survival 

strategies are associated with notably different effects on macrophage iron 

homeostasis.  

F. tularensis induce an increase in the cLIP whereas the cLIP is reduced in response to 

S. typhimurium 16 hours post-infection. However, a similar decrease in cLIP is not 

seen when a S. typhimurium mutant, unable to block the fusion of endosomes with 

lysosomes, is used to infect macrophages. An increase in labile iron pool is also 

observed when macrophages are infected with Neisseria gonorrhoeae (Zughaier, 

Kandler et al. 2014), which may suggest that most of these bacteria locate to the 

cytosol as reported in F. tularensis-infected cells.  
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These studies gain significance with the observation that a small percentage of H. 

pylori bacteria are internalized by gastric cells (Amieva, Salama et al. 2002, Kwok, 

Backert et al. 2002, Terebiznik, Vazquez et al. 2006, Coray, Heinemann et al. 2012), 

where they locate to vesicular compartments (Amieva, Salama et al. 2002). This 

intracellular compartmentalisation may play a role in the reduction of the cLIP pool 

observed when H. pylori are co-cultured with AGS cells for 15 hours, as reported for 

S typhimurium-infected macrophages (Pan, Tamilselvam et al. 2010). However, it 

remains to be determined if the observed change in cellular iron homeostasis in 

infected cells contributes to the observation of H. pylori survival within vesicular 

compartments in the cells (Amieva, Salama et al. 2002). 

The increase in cLIP in infected macrophages has been justified by increased 

transferrin receptor expression in response to F. tularensis infection (Pan, 

Tamilselvam et al. 2010), and increased hepcidin gene expression in Neisseria 

gonorrhoeae infection (Zughaier, Kandler et al. 2014). Increased hepcidin expression 

has also been observed on AGS cells in response to IL-6 and H. pylori infection 

(Schwarz, Kubler et al. 2012). However, the role of this protein on gastric tissue 

seems to be quite different to that observed in enterocytes or macrophages. This 

may, in part, reflect only one report of ferroportin (protein target of hepcidin) in 

human gastric tissue. In that study ferroportin was detected inside rather than 

outside epithelial cells in gastric biopsies, which may suggest a potential role in 

intracellular iron traffic instead of iron export (Hudson, Curtis et al. 2010). 

Furthermore, hepcidin expression on gastric cells is negatively regulated by iron 

(Ganz 2011), in contrast to the liver where an increase in hepcidin is associated with 

increased iron (Schwarz, Kubler et al. 2012).  

In conclusion, these experiments indicate that H. pylori is able to increase the total 

cellular iron, including total labile iron (present mainly in lysosomes) in AGS cells, 

despite reducing the amount of cytosolic labile iron. Accordingly, H. pylori are able 

to affect the control of cellular iron metabolism.  



95 
Chapter 3. H. pylori infection and cell iron status_______________________________________________ 

A reduction of cytosolic labile iron pool despite increased cellular iron levels is only 

possible through increased storage of this iron by ferritin. Thus, in order to store 

more iron in this form, ferritin levels need to be increased, either by over-expression 

and/or diminished lysosomal proteolysis. Sulphide-silver staining of H. pylori-

infected cells suggests that lysosomal proteolysis of ferritin is active during infection. 

Therefore, ferritin overexpression is the likely explanation for the observed increased 

levels of iron associated with H. pylori infection of AGS cells. However, it remains to 

be determined if the increased expression of transferrin receptor via the IRP/IRE 

system has a role in the augmented levels of iron observed in infected cells.  

To address these questions, changes in transferrin receptor and ferritin protein 

expression were studied in AGS in response to H. pylori infection (Chapter 4).   
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CHAPTER 4: EFFECT OF HELICOBACTER PYLORI ON GASTRIC EPITHELIAL 

CELL PROTEINS RELATED TO IRON METABOLISM 

4.1 Introduction 

Despite reducing the amount of cytosolic labile iron, H. pylori are able to increase the 

amount of total iron in AGS cells, including the amount of labile iron present inside 

lysosomal compartments (Chapter 3). This suggests that H. pylori are capable of 

perturbing the control of iron metabolism in gastric epithelial cells.  

Cellular iron metabolism depends on uptake, use, storage and/or secretion of iron by 

the cell. These four processes are associated with different proteins that include the 

transferrin receptor and divalent metal transporter 1 (both involved in iron uptake), 

ferritin (responsible for iron storage), and ferroportin (in charge of iron export from 

cells). Moreover, the main regulation of these proteins is via the iron regulatory 

protein/iron responsive elements (IRP/IRE) system that is, in turn, dependent on the 

level of the cytosolic labile iron pool (Anderson, Shen et al. 2012).  

 

4.1.1 Iron-metabolism proteins in human gastric epithelial cells 

The proteins and pathways involved in human gastric cell iron homeostasis include 

the transferrin receptor (TfR) and the divalent metal transporter-1 (DMT-1). Both 

participate in the iron uptake process and each is negatively regulated post-

transcriptionally by iron levels through IRPs (Figure 3.1).  

TfR expression has been demonstrated in AGS cells (Ha, Park et al. 2009). Likewise, 

DMT-1 expression has been detected in mouse gastric tissue (Thomson, Pritchard et 

al. 2012) but, unlike the duodenal epithelia where DMT-1 mediates the uptake of 

extracellular ferrous iron (Arredondo, Mendiburo et al. 2014), the role of this iron 

uptake protein in gastric tissue has not been determined. It is thought to be restricted 

to transport of TfR-internalized iron from endosomes into the cytosol and/or 
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between cellular compartments as in most non-intestinal tissues (Gruenheid, 

Canonne-Hergaux et al. 1999, Griffiths, Kelly et al. 2000, Jabado, Canonne-Hergaux 

et al. 2002, Wolff, Ghio et al. 2014). 

Two other proteins, the transient receptor potential mucolipin 1 (TRPML1) and the 

zinc transporter ZRT/IRT-like protein 14 (Zip14), may substitute for and/or 

complement DMT1 in transporting iron out of the endosome (Chen and Paw 2012). 

TRPML1 has been detected in the mouse stomach but there is no evidence yet that 

links it to a role in iron homeostasis at this site (Chandra, Zhou et al. 2011). To date, 

the expression of Zip14 in gastric tissue has not been reported.  

Ferritin, which is the protein responsible for sequestering iron within the cytosol, is 

reportedly present in most cells (Cairo, Bardella et al. 1985, Theil 2003) but there are 

currently no studies delineating ferritin expression in gastric epithelial cells. 

However, based on the low iron content of AGS cells as described in Chapter 3 and 

the reportedly low iron levels in stomach tissues (Yaman, Kaya et al. 2007), it is likely 

that ferritin expression in gastric epithelial cells will be low, as reported for other 

tissues not involved in systemic iron metabolism (Theil 2003). 

This hypothesis would fit with the observation that gastric cells do not have a 

mechanism of iron secretion. This may be related to the observation that ferroportin, 

the only known iron-exporter protein (Ward and Kaplan 2012), is detected inside 

gastric epithelial cells (Hudson, Curtis et al. 2010). In contrast, ferroportin is located 

on the plasma membrane in cells with high-iron content (such as hepatocytes, 

enterocytes and macrophages), where it functions as an iron exporter (Ward and 

Kaplan 2012). The intracellular location of ferroportin in gastric epithelial cells 

suggests an alternative role in intracellular traffic of iron (as suggested for DMT-1) 

but this remains to be confirmed.  
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4.1.2 Effect of H. pylori on cellular iron metabolism 

Currently, the effect of H. pylori infection on iron metabolism in human gastric cells 

is unknown. Ferritin mRNA levels are reportedly increased in gastric mucus-

secreting cells in mice infected with H. pylori strain SS1 (a mouse-adapted strain (Lee, 

O'Rourke et al. 1997)) as little as 2 days post-infection and remain stable over time 

(Mueller, Merrell et al. 2004). Additionally, INS-GAS mice (a transgenic mouse 

model overexpressing gastrin) infected with Helicobacter felis express increased levels 

of TfR, DMT-1 and ferroportin mRNA 9 months post-infection (Thomson, Pritchard 

et al. 2012). However, the use of mRNA levels to measure changes in the expression 

of each of these four proteins when mice are infected with Helicobacter spp. may be 

misleading because the main regulation of TfR, DMT-1, ferritin and ferroportin is 

post-transcriptional (Rouault 2006). This suggests that further study is required to 

determine any effect of H. pylori infection on proteins related to iron uptake and 

storage within the gastric epithelium.  

Accordingly, changes in TfR and ferritin expression were studied in H. pylori-

infected AGS cells. In addition, a subset of these experiments were repeated in 

Madin-Darby canine kidney (MDCK) cells to give an indication of whether the 

changes observed in AGS cells were cell line and/or infection-related. The MDCK 

cell line was chosen because it is widely used to model H. pylori infection on a 

polarized epithelium (Papini, Satin et al. 1998, Amieva, Salama et al. 2002, Bagnoli, 

Buti et al. 2005, Tan, Tompkins et al. 2009, Tan, Noto et al. 2011). Moreover, there is 

evidence of perturbed cellular iron homeostasis when these cells are infected with H. 

pylori (Tan, Noto et al. 2011). 
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The objectives for this chapter were: 

1. To examine the expression of the transferrin receptor and ferritin proteins 

as markers of iron uptake and storage, respectively, in AGS cells infected 

with H. pylori. 

 

2. To evaluate the cellular distribution of the transferrin receptor and ferritin 

proteins in these cells. 

 

3. To determine if H. pylori-infected MDCK cells exhibit similar changes in 

the expression and/or distribution of TfR and ferritin. 
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4.2 Results 

4.2.1 Expression of iron related proteins in H. pylori-infected AGS cells 

Western blotting was used to examine the expression of the TfR and H-ferritin 

proteins in AGS cells infected with H. pylori.  

For these experiments, AGS cells (1 x 105) were seeded onto 6 well plates in RPMI-

1640 medium supplemented with 10% (v/v) FBS and cultured for 3 days until they 

reached 80% confluence (approximately 1 x 106 cells per well). The medium was 

replaced in each well, and test wells were infected with H. pylori (suspended in 

RPMI-1640) at an MOI of 10:1 (1 x 107 CFUs per well). The cell cultures were then re-

incubated. 

After 15 hours of co-culture, the cells were washed with PBS before being incubated 

with PBS containing 2 mM EDTA. This was used instead of trypsin to lift the cells to 

avoid proteolysis of the transferrin receptor as a result of trypsin activity (Zhang, 

Shan et al. 2012). The cells were then pelleted (1,500 g, for 5 minutes) before being 

lysed with RIPA buffer (Chapter 2).  

The protein concentration of each lysate was measured using the Lowry method 

(Lowry, Rosebrough et al. 1951), and aliquots containing 15 µg of protein were 

stored at -80oC until required.  

 

4.2.1.1 Expression of transferrin receptor in H. pylori-infected AGS cells 

The protein-standardised aliquots of lysed AGS cell proteins were pre-mixed with a 

reducing sample buffer and heated at 99°C for 10 minutes prior to separation by 

SDS-PAGE (detailed in Chapter 2). 

Trichloroethanol (TCE, 0.5% (v/v)) was added to the acrylamide gel reagents prior to 

polymerisation (Chapter 2). This chemical modifies tryptophan units to emit 
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fluorescence after exposure to UV light, enabling visualisation of protein separation 

in the gel following electrophoresis and/or after transfer to the PVDF membrane. 

TCE at this concentration does not affect the subsequent recognition of the proteins 

by antibodies (Ladner, Yang et al. 2004) and is a means of comparing protein loading 

on PVDF membranes. The use of TCE treatment as a loading control was validated 

by immunoblotting a membrane for GAPDH, a constitutively expressed cell protein 

that is widely used to control for protein loading on immunoblots (Li and Shen 

2013). 

The SDS-PAGE separated proteins were transferred to PVDF membrane and non-

specific binding sites were blocked by incubating the membrane in 5% (w/v) non-fat 

milk in Tris-buffered saline with 0.05% (v/v) Tween 20 (TBS-T) for 1 hour at room 

temperature. The membrane was then incubated overnight in primary antibody 

(mouse IgG monoclonal antibody raised against human transferrin receptor diluted 

1/3,000 in 2.5% (w/v) non-fat milk in TBS-T) at 4°C with gentle agitation. After 3 five 

minute washes with TBS-T (to remove unbound primary antibody) the membrane 

was incubated in secondary antibody (goat anti mouse IgG antibody conjugated to 

alkaline phosphatase (AP) diluted 1:20,000 in 2.5% (w/v) non-fat milk in TBS-T) for 

90 minutes at room temperature. Following another 3 five minute washes, the 

membrane was incubated for at least 10 minutes in chemiluminescent substrate. 

Images were captured using a gel documentation apparatus, as detailed in chapter 2. 

Visualization of the immunoblot revealed no discernible difference in TfR expression 

in H. pylori-infected AGS cells when compared to uninfected controls (Figures 4.1B & 

4.1C). This was confirmed by densitometric analysis of signal intensity using ImageJ 

software from NIH (Schneider, Rasband et al. 2012), where the mean ratio for signal 

intensity on H. pylori-infected cells / control cells was found to be 0.997 ± 0.03, 

calculated from the mean ± SEM of three independent experiments. 
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To validate the use of TCE as a loading control, one of the PVDF membranes probed 

for transferrin receptor (Figure 4.1C) was stripped with guanidine hydrochloride 

buffer (as detailed in Chapter 2) (Yeung and Stanley 2009) and re-probed using a 

murine antibody directed against GAPDH (diluted 1:20,000), with an AP-conjugated 

goat anti-mouse IgM antibody (diluted 1:20,000) as the secondary antibody. The 

immunoblotting protocol was the same as detailed above.  

As shown in Figure 4.1D, there was no obvious difference in the intensity of GAPDH 

staining in the two lanes and this was confirmed by densitometric analysis, where 

the relative change in GAPDH expression between the lanes was determined to be 

1.01. This was not appreciably different from a similar analysis of the proteins 

detected by TCE stain, calculated as 0.99 ± 0.05 from the mean ± SEM of three 

independent experiments. This suggests that either method (labelling of protein with 

TCE or quantification of GAPDH staining) can be used to control for protein 

loading. 

 

 

Figure 4.1 H. pylori do not increase transferrin receptor expression in AGS cells . H. pylori (Hp) was 

added to AGS cells (Ctrl) for 15 hours. (A) TCE stained gel (loading control) probed for (B) transferin 

receptor (95 kDa). Images (C) & (D) show another set of samples (of a total of three independent 

experiments) probed for transferrin receptor and GAPDH, respectively. 
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4.2.1.2 Expression of H-ferritin in H. pylori-infected AGS cells 

For these experiments, an antibody against the heavy chain subunit of ferritin (H-

ferritin) was used. The decision to probe for this ferritin subunit was based on the 

response of H-ferritin to both iron levels and inflammation, and the importance of 

this protein in regulating iron levels that is attributed to its enzymatic activity 

(Alkhateeb and Connor 2013). In contrast, L-ferritin does not possess enzymatic 

activity, as detailed in Chapter 1. 

Stored aliquots (-80oC) of the same AGS cell lysates used to detect the presence of 

TfR were used to determine the expression of H-ferritin under the same conditions. 

The protocol detailed above (section 4.2.1.1) was used, but in this instance the 

primary antibody was a goat IgG antibody directed against human H-ferritin. The 

antibody was diluted 1:5,000, and binding to the membrane was detected using an 

AP-conjugated secondary antibody raised in rabbit against goat IgG, used at a 

1:2,000 dilution.  

 

 

Figure 4.2. H, pylori increases H-ferritin expression in AGS cells.  H. pylori (Hp) was added to AGS 

cells (Ctrl) for 15 hours. (A) TCE stained gel (loading control) probed for (B) H-ferritin (20 kDa). (C) 

Immunoblots of 3 independent experiments showing the expression of this band occurs in response 

to infection and is not the result of non-specific background staining. 
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Visualisation of the immunoblot revealed a band with a molecular weight of 

approximately 20 kDa present only in H. pylori-infected AGS cells (Figure 4.2B & 

4.2C), which corresponded to the estimated 21 kDa of H-ferritin (Abcam 2014). The 

signal detected in the H. pylori-treated AGS cell lysates was not the result of 

differences in protein loading between the two conditions (Figure 4.2A) or the result 

of non-specific background staining (Figure 4.2C). Densitometric analysis using 

ImageJ software (Schneider, Rasband et al. 2012) confirmed the band at 20 kDa in H. 

pylori-infected cells was significantly increased when compared to uninfected cells 

(p<0.001, using a paired t-test).  

 

4.2.2 Distribution of the transferrin receptor in H. pylori-infected AGS cells 

Western blotting revealed no difference in the total abundance of TfR in the AGS cell 

lysates following H. pylori infection. However, this finding may be misleading 

because there is a suggestion that the localization of this receptor may be as 

important as expression in cellular iron homeostasis (Castagnola, MacLeod et al. 

1987). Thus, a higher proportion of receptors at the cell surface may be associated 

with increased transferrin uptake, even when the total levels of the protein remain 

unchanged.  

To test this hypothesis, AGS cells (8 x 104) were cultured on sterile glass coverslips in 

6-well plates for 3 days. After the 3 days of incubation, test wells were infected with 

a suspension of H. pylori calculated to be equivalent to 5 x 106 CFUs, giving an MOI 

of 10:1. Iron sulphate (FeSO4) was also added to selected wells at a final 

concentration of 100 µM (as an iron-supplemented control). After 15 hours of co-

culture, the cells adhering to the coverslips were washed four times with PBS, 

formaldehyde-fixed (4% (w/v) formaldehyde in PIPES buffer for 45 minutes at room 

temperature) and washed a further four times with PIPES buffer. 
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At this point, the adherent cells were either permeabilized using 0.5% (v/v) triton X-

100 in PIPES buffer (15 minutes at room temperature) or left intact. Cells that were 

permeabilized were washed twice more in PIPES buffer.  

Non-specific binding sites were blocked by incubating the coverslip-bound cells in 

PIPES buffer containing 5% (w/v) BSA for 45 minutes at room temperature. After 2 

five-minute washes in PIPES buffer, the coverslips were incubated overnight in 

mouse IgG antibody against transferrin receptor (diluted 1:250 in PIPES buffer with 

2.5% (w/v) BSA) at 4°C with gentle agitation. The following day, coverslips were 

given 4 five-minutes washes with PIPES buffer before being incubated for 90 

minutes at 37°C with a fluorescent-labelled secondary antibody (goat anti-mouse 

IgG conjugated to Alexa fluor 488, diluted 1:1,000). Unbound secondary antibody 

was removed by 2 five-minute washes with 0.05% (v/v) Tween-20 in PIPES buffer 

before the coverslips were incubated with Texas red X-phalloidin (5 µl equivalent to 

1 unit per slide) for 30 minutes at 37°C to stain actin filaments. After two 5 minutes 

washes with PIPES buffer, the coverslips were incubated for 20 minutes at room 

temperature with Hoechst 33342 (2.5 µg/ml) to stain the cell nucleus. Any unbound 

dye was removed by two more washes with PIPES buffer (5 minutes each) before the 

coverslips were then mounted using Prolong gold® antifade mountant and left to 

cure for 48 hours.  

Staining was visualized with a Zeiss Axioimager 4.1 microscope. Exposure times for 

each channel (green, red and blue) were kept constant in all pictures taken from the 

same set of experiments. To obtain an image representative of all the focal planes, Z-

stacks of 30 focal planes were taken separated by the Nyquist distance (280 nm for 

the 40x objective), then a Z-project was mounted on ImageJ software using the 

maximum fluorescence intensity. Finally, brightness and contrast were adjusted in 

order to have the same minimum and maximum intensities for each colour in all the 

pictures from the same set, to facilitate visual comparison.  
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Imaging of AGS cells permeabilized before staining revealed no obvious difference 

in the localisation and/or intensity of TfR when uninfected and H. pylori-infected 

cells were compared (Figures 4.3A & 4.3C). In both cases the transferrin receptor 

(green) appeared to be evenly distributed throughout the cell, with variable 

expression between cells. AGS cells supplemented with iron exhibited a similar 

staining pattern, although the intensity of fluorescence in these cells was notably less 

than that observed in either the uninfected or the H. pylori-infected cells (Figure 

4.3D). No background staining was observed when the primary antibody was 

omitted during the immunoblotting protocol (Figure 4.3B). 

 

Figure 4.3. Transferrin receptor distribution in fixed and permeabilized AGS cells. Cells infected 

with bacteria (MOI 10:1) for 15 hours were fixed, permeabilized, stained and visualized for Alexa 

transferrin receptor (green), phalloidin-stained actin (red) and Hoechst 33342-stained nuclei (blue). 

The images, which are representative of three independent experiments, denote cells with no b acteria 

(A), infected with H. pylori (C) or supplemented with iron sulphate (100 µM) for 15 hours (D). Image 

(B) shows cells where staining for transferrin receptor was omitted. Images are flattened versions of 

Z-stacks. Bar = 50 µm. 
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This experiment was repeated on intact cells to determine if H. pylori infection of 

AGS cells was instead associated with recruitment of the transferrin receptor to the 

cell surface as a possible means of increasing iron uptake via bound and internalized 

transferrin. Formaldehyde-fixed cells on coverslips were probed with the anti-

transferrin receptor antibody and visualized using the same procedure used to 

image the permeabilized AGS cells. Variability in fluorescence intensity between 

cells was noted in all the samples, irrespective of whether the cells were uninfected, 

H. pylori-infected or iron-supplemented. However, when comparing the three 

conditions, it was apparent the intensity of staining in the uninfected and iron-

supplemented AGS cells was similar and that there was a notable increase in 

membrane-associated TfR in AGS cells infected with H. pylori (Figure 4.4 and 4.5). 

These differences are highlighted in Figure 4.4, where a higher magnification (400X) 

was used to show differences in fluorescence intensities between the three 

conditions (control, iron supplementation and infection), while in Figure 4.5 a 

magnification of 200X was used to illustrate the relative distribution of high 

fluorescence intensity cells in each condition. 

  



108 
Chapter 4. H. pylori and iron metabolism proteins______________________________________________ 

 

 

Figure 4.4. H. pylori increases cell surface expression of transferrin receptor in AGS cells.  Cells 

infected with bacteria (MOI 10:1) for 15 hours were fixed, stained and visualized for Alexa transferrin 

receptor (green), phalloidin-stained actin (red) and Hoechst 33342-stained nuclei (blue). The images, 

which are representative of three independent experiments, denote cells with no bacteria (A,B), 

supplemented with iron sulphate (100 µM) for 15 hours (C,D) or infected with H. pylori (E,F). (B,D,F) 

are images (A,C,E) with the blue channel turned off for better contrast. The images are representative 

of 3 independent experiments. All images were taken with the same exposure times for each channel 

and are flattened versions of Z-stacks. Bar = 50 µm. 
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Figure 4.5. Relative distribution of transferrin receptor on the surface of H. pylori-infected AGS 

cells. Cells infected with bacteria (MOI 10:1) for 15 hours were fixed, stained and visualized for Alexa 

transferrin receptor (green), phalloidin-stained actin (red) and Hoechst 33342-stained nuclei (blue). 

The images, which are representative of three independent experiments, denote cells with no bacteria 

(A,B), supplemented with iron sulphate (100 µM) for 15 hours (C,D) or infected with H. pylori (E,F). 

(B,D,F) are images (A,C,E) with the blue channel turned off for better contrast. The images are 

representative of 3 independent experiments. All images were taken with the same exposure times for 

each channel and are flattened versions of Z-stacks.  Bar = 50 µm. 
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4.2.3 Distribution of H-Ferritin in H. pylori-infected AGS cells 

Western blotting revealed that H-ferritin expression was increased in H. pylori-

infected AGS cells (Figure 4.2). In contrast, TfR expression was not increased. 

However, immunofluorescence microscopy revealed that whereas TfR expression 

was not increased, the distribution of this protein was altered in response to 

infection, and that notably more TfR was evident at the cell surface. Accordingly, 

immunofluorescence microscopy was used to determine if the observed increase in 

H-ferritin expression following H. pylori infection was likewise associated with 

specific subcellular localisation. 

As detailed above for visualizing TfR using immunofluorescence microscopy, AGS 

cells (8 x 104) were grown on glass coverslips for 3 days (reaching around 5 x 105 cells 

per well) and infected with H. pylori (approximately 5 x 106 CFUs, MOI 10:1) for 15 

hours. Controls included uninfected cells with and without iron sulphate (100 µM) 

supplementation during the 15 hour incubation period. The cells were fixed and 

permeabilized (as detailed above), and the coverslips were incubated in a goat anti-

heavy chain ferritin antibody (1:250 dilution) overnight at 4°C. A biotin conjugated 

anti-goat IgG antibody (1:1,000 dilution) was used as the secondary antibody for 

these experiments. The coverslips were incubated in this antibody for 90 minutes at 

room temperature, unbound antibody was removed by washing and the coverslips 

were incubated in streptavidin conjugated to phycoerythrin (SAPE, 1:20 dilution) at 

room temperature for 30 minutes to enable detection of a fluorescent signal.   

One disadvantage of this detection method is that the phycoerythrin fluorescence 

spectrum is very close to Texas red X-phalloidin (Figure 4.6). This meant the actin 

cytoskeleton was unable to be visualised in these experiments.  
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Figure 4.6. Fluorescence excitation and emission spectra of streptavidin-phycoeryhtrin and Texas 

red-X phalloidin fluorescent dyes.  Both excitation (dotted lines) and emission (continuous lines) 

spectra from streptavidin-phycoerythrin (PE, orange) and Texas red-X phalloidin (TxR, red) overlap, 

showing cross-excitation, cross-emission and excitation of Texas red-X phalloidin by phycoerythrin 

emission (Life_Technologies 2014). 

 

In accordance with the western blotting result (Figure 4.2), the fluorescence intensity 

of H-ferritin (first column from left to right) in H. pylori-infected AGS cells (Figure 

4.7D) was notably stronger than in uninfected cells (Figure 4.7A). Orange 

fluorescence was also apparent in the iron-supplemented cells, used here as a 

positive control (Figure 4.7C). In contrast, background fluorescence only was seen in 

cells when the primary antibody was omitted from the staining protocol (Figure 

4.7B).  

Of particular interest was the observation that H-ferritin staining in H. pylori-infected 

cells and iron-supplemented cells exhibited a high-intensity punctate pattern that 

resembled the lysosomal distribution of labile iron detected when infected or iron-

supplemented AGS cells were stained with sulphide-silver (Chapter 3). In contrast, 

H-ferritin staining of uninfected AGS cells was minimal, and staining was evenly 

distributed throughout the cytosol (Figure 4.7A).  
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   H-ferritin         Nuclei          Merged 

 

Figure 4.7. Distribution of H-ferritin in H. pylori-infected AGS cells. Cells infected with bacteria 

(MOI 10:1) for 15 hours were fixed, permeabilized, stained and visualized for H-ferritin (orange, left 

column) and Hoechst 33342-stained nuclei (blue, middle column) with the merged images shown in 

the right column. The images, which are representative of three independent exper iments, denote 

cells with no bacteria (A,B), supplemented with iron sulphate (100  µM) for 15 hours (C) or infected 

with H. pylori (D). Image (B) shows cells where staining for H-ferritin was omitted. All images were 

taken with the same exposure times for each channel and are flattened versions of Z-stacks.  Bar = 50 

µm. 
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4.2.4 Transferrin receptor and H-ferritin in MDCK cells 

The next objective was to determine whether H. pylori-infected MDCK cells exhibit 

similar changes in the expression and/or distribution of TfR and ferritin as observed 

in AGS cells. The American Type Culture Collection (ATCC) recommends culturing 

MDCK cells in Eagle’s minimum essential medium (EMEM) supplemented with 10% 

(v/v) fetal bovine serum (FBS). However, there are reports of MDCK cells being 

successfully grown in RPMI-1640, which is the same medium that is routinely used 

for AGS cell culture in these experiments (Palamara, Nencioni et al. 2005, Sokolova, 

Bozko et al. 2008). Interestingly, neither medium has added iron salts (Sigma-Aldrich 

2014), and MDCK cells grown in RPMI-1640 displayed no obvious morphological 

differences to cells grown in EMEM (Figure 4.8). 

 

 

Figure 4.8. Morphology of MDCK cells.  (A) Morphology of MDCK following continuous culture 

(that included 2 passages) in RPMI-1640 supplemented with 10% (v/v) FBS. (B) MDCK cells  cultured 

in EMEM, with fibroblasts-like cells growing around a population of epithelial-like cells (image 

modified from Lugovtsev et al. (Lugovtsev, Melnyk et al. 2013). Bar = 100  µm and 50 µm in (A) and 

(B), respectively. 

  

The ability to grow AGS and MDCK cells in the same medium meant a direct 

comparison could be made of changes in iron uptake and storage in H. pylori-

infected cells.  
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AGS and MDCK cells (1 x 105) were seeded onto separate 6 well plates in RPMI-1640 

medium supplemented with 10% (v/v) FBS and cultured for 3 days until they 

reached approximately 80% confluence (approximately 1 x 106 cells per well). The 

media was replaced and 3 wells from each cell line were infected with H. pylori in 

RPMI-1640 (1 x 107 CFUs per well, MOI 10:1) while the remaining wells were left 

uninfected. After 15 hours of co-culture the cells were washed with PBS, lifted with 

PBS containing 2 mM EDTA, and lysed with RIPA buffer, as described for the assays 

using AGS cells (section 4.2.1) and detailed in Chapter 2. 

Primary antibodies that reportedly detect both human and canine versions of 

transferrin receptor, H-ferritin and GAPDH were used for these experiments (Priest, 

McDonough et al. 2011, Abcam 2014, Sigma-Aldrich 2014). In this instance, GAPDH 

was used as a loading control because it was unknown whether TCE staining would 

differ between the two cell lines. These antibodies were diluted 1:3,000, 1:5,000 and 

1:20,000, respectively, as described in sections 4.2.1.1 and 4.2.1.2.  

The immunoblotting results revealed differences in the size of the transferrin 

receptor in the human and canine cell lines (Figure 4.9) that most likely reflect 

differential glycosylation patterns between the two species (Priest, McDonough et al. 

2011). Despite this difference, infection with H. pylori had no noticeable effect on 

transferrin receptor expression in MDCK cells. Likewise, H. pylori infection has no 

effect on transferrin receptor expression in AGS cells, as reported earlier (Figure 4.1) 

and shown again here (Figure 4.9). However, unlike AGS cells (Figure 4.2 and Figure 

4.9), H. pylori infection of MDCK did not increase the amount of H-ferritin. Instead, 

densitometric analysis of the bands revealed that uninfected MDCK cells have levels 

of ferritin than do not change significantly when exposed to H. pylori for 15 h (Figure 

4.9). 



115 
Chapter 4. H. pylori and iron metabolism proteins______________________________________________ 

 

 

Figure 4.9. H. pylori increase H-ferritin expression in AGS but not MDCK cells. H. pylori (Hp) was 

added to AGS or MDCK cells (Ctrl) for 15 h. The amount of TfR and GAPDH (loading control) was 

unchanged in both cell lines whereas H-ferritin (Fn) amount increased in AGS but not MDCK cells 

following infection. Images shown are representative of 3 independent experiments.  

 

Interestingly, when observed by light microscopy after 15 h incubation with H. 

pylori, it was clearly apparent that there were more bacteria in the supernatant of the 

MDCK cells when compared to the infected AGS cell cultures. This observation was 

confirmed by taking 300 µl aliquots (in duplicate) from each infected well and 

plating serial dilutions on Columbia sheep blood agar plates to determine the 

number of viable bacteria in the respective cell culture supernatants (Figure 4.10). 

As all co-culture conditions were the same for both AGS and MDCK cells (medium, 

infection time, and multiplicity of infection), the significant increase in the number of 

viable H. pylori in the MDCK cell culture supernatant most likely reflects the 

increased iron stores, as shown by increased H-ferritin levels in uninfected MDCK 

cells (Figure 4.9).  
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Figure 4.10. Number of viable, extracellular H. pylori after 15 hours co-culture with AGS or MDCK 

cells. Serial dilutions of the supernatants from AGS cells and MDCK cells following 15 hours co-

culture with H. pylori were plated on blood agar plates and the number of viable extracellular bacteria 

was determined. Results are the mean ± SEM of three independent experiments. ****, p < 0.0001 (by 

paired t-test).  

 

As shown earlier, H-ferritin expression is increased when uninfected AGS cells are 

supplemented with 100 µM iron sulphate for 15 hours (Figure 4.7C). Therefore, to 

test the hypothesis that the significant increase in H. pylori numbers observed 

following co-culture with MDCK cells is associated with the increased ferritin 

content in the cell, AGS cells were exposed to iron sulphate before infection with H. 

pylori. 

For these experiments, AGS cells (3 x 104) were seeded in 6-well plates and cultured 

with RPMI-1640, supplemented with 10% (v/v) FBS (control wells). Duplicate wells 

were iron-loaded (100 µM FeSO4) or treated with 10 µM SIH (iron reduced). The 

medium was replaced after 48 hours and by day 4 the cells were observed to be 80-

90% confluent. After four PBS washes to remove external iron or SIH, fresh RPMI-

1640 with 10% (v/v) FBS was added and the cells were either incubated with H. pylori 

(added at an MOI of 10:1) or left uninfected for a further 15 h.  
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Light microscopy revealed that addition of iron (Figure 4.12C) or removal of iron 

(Figure. 4.12E) had no obvious effect on AGS cell morphology (Figure 4.12A) over 

the course of this experiment. However, when AGS cells were incubated with H. 

pylori for 15 h, vacuolation was observed within a small number of cells (blue 

arrows) and bacteria were seen between the cells (red arrows; Figure 4.12B). Similar 

changes were also observed in cells treated with the SIH iron chelator prior to 

infection with H. pylori (Figure. 4.12F). In marked contrast, AGS cells that were 

loaded with iron prior to infection with H. pylori were observed to be intensely 

vacuolated (Figure 4.12D). Moreover, increased numbers of bacteria were observed 

associated with the surface (Figure 4.12D insert) and supernatant of these cells 

(Figure 4.11).  
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Figure 4.11. H. pylori increase in number during 15 hours co-culture with iron-loaded AGS cells.  

Serial dilutions of the supernatants from untreated (Ctrl), iron-loaded (Fe) and iron-reduced (SIH) 

AGS cells following 15 hours co-culture with H. pylori were plated on Columbia sheep blood agar 

plates and the number of viable extracellular bacteria was determined. Results are the mean ± SEM of 

three independent experiments. ***, p < 0.001 (by One way ANOVA with Tukey’s test for multiple 

comparisons). 
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Figure 4.12 Increased intracellular iron exacerbates infection-associated vacuolation in AGS cells.  

AGS cells (A, B) were loaded with 100 µM FeSO4 (C, D), or iron reduced with 10 µM SIH (E, F), for 

four days and were then either left uninfected (A, C, E) or infected with H. pylori (MOI 10:1) for 15 h 

(B, D, F) . Red arrows show microcolonies, while blue arrows point to vacuoles in AGS cells after 

infection (B, F). Insert in (D) is 2xs the magnification to show the abundance of microcolonies all over 

the iron-loaded and infected cells. Images are representative of 3 independent experiments. Bar = 100  

µm. 
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4.3 Discussion 

Iron levels inside cells are governed by uptake, usage, storage and export processes. 

Both transferrin receptor (TfR) and ferritin play a major role in maintaining iron 

homeostasis in cells whose principal function is not systemic iron uptake or storage. 

Whereas the TfR is involved in iron uptake, the role of ferritin is to store intracellular 

free iron in a form that avoids deleterious effects, while maintaining availability if 

required. The expression of both proteins is tightly regulated at a post transcriptional 

level by iron stores, but also at a transcriptional level by other stimuli that include 

inflammation and hormones in the case of ferritin (Koorts and Viljoen 2007), and 

hypoxia and cell proliferation with regards the TfR (Enns 2002).  

The increased LIP observed in iron-supplemented cells (Chapter 3) was expected to 

increase ferritin and reduce TfR protein expression by preventing IRP binding to 

their respective mRNAs (Anderson, Shen et al. 2012). Accordingly, our results 

showed that in response to iron supplementation for 15 hours, AGS cells increased 

H-ferritin expression (Figure 4.7C) and reduced TfR expression (Figure 4.3D).   

In contrast, H. pylori infection of AGS cells was associated with a reduced labile iron 

pool (Chapter 3) that most likely reflects the cellular response to bacterial 

components following bacteria-cell contact. Normally, a reduced LIP would be 

reflected in reduced ferritin and increased TfR protein expression over time as a 

result of iron sensing by IRPs (Anderson, Shen et al. 2012). This is because binding of 

the IRPs to TfR mRNA increases molecular stability resulting in an increased pool of 

mRNA molecules, whereas binding of IRPs to H-ferritin mRNA blocks its 

translation, leading to decreased ferritin synthesis. However, despite the observed 

reduction in LIP in response to H. pylori infection (Chapter 3), no significant 

differences in TfR expression were observed when AGS (Figure 4.1 and 4.9) or 

MDCK (Figure 4.9) cell lysates were examined after co-culture with H. pylori bacteria 

for 15 h. 
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The stabilization of transferrin receptor mRNA by IRPs (in order to increase protein 

expression) requires: (i) a reduction in the cytosolic LIP, (ii) regulation of IRP activity 

by changes in iron levels, (iii) binding of IRP to TfR mRNA increasing its half-life, 

(iv) synthesis of new TfR mRNA expanding the pool of this mRNA that finally 

results on increased TfR expression. Accordingly, an increased expression of this 

protein would only occur after enough new TfR mRNA is expressed. It is possible 

that 15 hours was not sufficient time to observe any difference, particularly when the 

cells were infected with approximately ten H. pylori bacteria to one cell. This is a 

comparatively low ratio of bacteria to cells and was chosen specifically to minimise 

the degree of cellular damage that might otherwise occur in cells exposed to these 

bacteria (Isomoto, Moss et al. 2010, Noto and Peek 2012). Further studies are 

necessary in order to determine if the LIP remains low with longer exposure times, 

and promotes an increase in TfR protein expression. However, as shown in Figures 

4.4 and 4.5, the addition of H. pylori to AGS cells for 15 hours was long enough to 

alter the distribution of TfR within these cells, despite the relatively low MOI.  

Cell surface levels of TfR are reportedly increased in cells exposed to growth factors 

as a means of delivering iron to expanding tissues (Davis and Czech 1986). 

Importantly, this augmented uptake of transferrin occurs through increased surface 

exposure of the receptor rather than increased synthesis of the TfR as increased 

binding sites for transferrin are detected at the cell surface start as soon as 5 minutes 

after the exposure to growth factors. Accordingly, the observations reported here of 

increased abundance of TfR on the cell surface in response to H. pylori infection 

(Figures 4.4 and 4.5) despite unchanged total protein levels (Figures 4.1 and 4.9) may 

reflect a similar situation. In support of this hypothesis is the observation that 

intracellular phosphorylation of the CagA protein exerts a growth factor-like 

response on infected epithelial cells (Higashi, Tsutsumi et al. 2002). 

It remains to be determined whether the TfR is redistributed to the surface of the 

MDCK cells but this is likely to occur as a two-fold increase in the internalization of 
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transferrin, independent of total expression of transferrin receptor, is reported in 

response to H. pylori infection by a subtype of MDCK cells (MDCK II) expressing the 

human TfR in stable form (Tan, Noto et al. 2011). These cells differ in the regulation 

of hTfR expression, as the complementary DNA sequence used to generate this 

modification lacks the introns and the 3’ untranslated region with the iron 

responsive elements that are present in the human transferrin receptor mRNA 

(Owen and Kuhn 1987). Furthermore, the location of hTfR on the canine genome in 

these cells is random due to the use of retroviral transfection, which means that the 

inserted gene does not respond to the same promoters to start transcription, as in 

human cells (Odorizzi, Pearse et al. 1996). However, this increased internalization of 

transferrin in H. pylori infected-MDCK II cells that occurs independent of both 

transcriptional and post transcriptional regulation of TfR correlates with our 

observation of increased surface expression of TfR in H. pylori infected-AGS cells 

(Figures 4.4 and 4.5) that is independent of total TfR protein expression (Figures 4.1 

and 4.9).  

There is no previous evidence of increased H-ferritin (or L-ferritin) expression in 

AGS cells in response to H. pylori infection. Thus, increased ferritin expression in 

infected AGS cells determined by western blotting (Figure 4.2) and by 

immunofluorescence microscopy (Figure 4.7) constitutes a new finding and further 

delineates the effect(s) that H. pylori has upon host iron homeostasis. Moreover, the 

observation of increased H-ferritin expression in AGS cells after only 15 hours of co-

culture with H. pylori suggests a mechanism of H-ferritin expression that is 

independent of IRP regulation, given that ferritin levels normally decrease in 

response to reduced LIP, and that TfR expression (also IRP-dependent) seems to be 

stable (Figure 4.1). Consequently, the possibility exists that this increase in ferritin 

expression may, in turn, be responsible for the observed reduction on LIP levels that 

occurs as a result of iron accumulating inside the cavity of nascent cytosolic ferritin 

(Figure 4.13).  
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Figure 4.13. Proposed mechanism of iron regulation in AGS cells induced by H. pylori. H. pylori 

contact with the gastric epithelial cell (A) results.in increased surface transferrin receptor (B), and 

intracellular H-ferritin protein expression (C). This corresponds with a reduction in cLIP (D) and 

accumulation of ferritin inside lysosomes (E). The subsequent degradation of ferritin in these 

compartments release iron (F), that might be used by H. pylori (G) as observed with iron loaded cells. 

The labile iron pool (cLIP) might be increased by the augmented transferrin receptor on the cell 

surface (I), and iron recycled from the lysosomes (H). However the observed reduction on the cLIP 

might reflect that ferritin iron-sequestering activity is stronger than the contribution from these two 

sources.   

 

In support of this hypothesis is the observation that ferritin mRNA is overexpressed 

in mucus-producing gastric cells in H. pylori-infected mice (Mueller, Merrell et al. 

2004). The AGS cells used in our model system are a well-established gastric cell line 

that produces a variety of mucins (Navabi, McGuckin et al. 2013). Accordingly, the 

increase in H-ferritin protein expression in AGS cells reported here in response to H. 

pylori infection may reflect a similar transcriptional response. However, it remains to 

be determined whether this response is a bacterial strategy to obtain iron from the 
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host cell, or a cellular defence mechanism to avoid iron releasing to the extracellular 

space. 

Increased transcription of the H-ferritin gene occurs in response to inflammatory 

cytokines mainly through activation of NF-κB, hormones (growth factors), and 

oxidative stress (Alkhateeb and Connor 2013). There is evidence that H. pylori can 

directly activate the NF-κB  complex through type IV secretion system-mediated 

delivery of CagA and/or peptidoglycan (Lamb, Yang et al. 2009, Schweitzer, 

Sokolova et al. 2010, Lamb, Chen et al. 2013, Sokolova, Borgmann et al. 2013). 

Moreover, activation of the NF-κB signalling pathway in H. pylori-infected AGS cells 

is associated with the production of inflammatory cytokines that include IL-8 and 

TNF-α (Nakachi, Klein et al. 2000, Kim, Lim et al. 2001) and these cytokines may also 

increase ferritin transcription (Waugh and Wilson 2008, Li, Yin et al. 2013).  

Uptake and phosphorylation of the CagA protein can also exert a growth factor-like 

response on infected epithelial cells (Segal, Cha et al. 1999, Higashi, Tsutsumi et al. 

2002), and this response may further increase H-ferritin transcription by a hormone-

like pathway (Koorts and Viljoen 2007). In addition, H. pylori infection-associated 

oxidative stress (Correa 2006, Chitcholtan, Hampton et al. 2008) may also have a role 

increasing H-ferritin transcription. Collectively, these findings suggest that more 

than one transcriptional inducer of ferritin expression may operate in infected AGS 

cells to activate this response. 

The observation of unchanging H-ferritin levels in MDCK cells, irrespective of 

infection status, may reflect a difference in iron stores between the two cell lines, 

given that AGS cells are a human gastric cell line whereas MDCK cells originate 

from a canine kidney (Dukes, Whitley et al. 2011). No evidence of normal iron values 

in canine kidney tissue could be found in the literature. However, in humans, 

normal gastric and renal tissue are shown to respectively contain 146.28 ± 0.98 µg 

and 515 ± 120 µg of iron per gram of dry tissue, as measured by neutron activation 
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analysis (Muramatsu and Parr 1988, Wu, Wei et al. 1996), and iron levels in rat renal 

tissue are nearly double those of rat gastric tissue (191 and 104 µg iron per gram of 

dry tissue, respectively) (Austoni, Rabinovitch et al. 1940).  

The increased iron stores in kidney cells raises the possibility that MDCK cells may 

respond differently to AGS cells when exposed to H. pylori infection, an idea 

supported by a study that found different levels of bacterial adherence, cell 

elongation, CagA phosphorylation, VacA-induced vacuolization and IL-8 secretion 

when various gastric epithelial cell lines were exposed to H. pylori at the same 

multiplicity of infection (Schneider, Carra et al. 2011).  

To explore this hypothesis, AGS cells were pretreated with FeSO4 to increase 

cytosolic iron levels that, in turn, promoted H-ferritin synthesis. Curiously, not only 

was H-ferritin expression increased, but immunofluorescence microscopy revealed a 

significant part of the signal located in compartments that most probably correspond 

to lysosomes (Figure 4.7). This finding correlates with the increase in lysosomal 

labile iron observed by sulphide-silver staining of iron-supplemented cells (Chapter 

3).  

An increase in H-ferritin in lysosomal compartments results in degradation of the 

molecule and release of iron into the lumen of the lysosome (Chapter 3). Moreover, 

this iron is delivered back to the cytosol through ferrous iron transporters 

(represented in Figure 4.13H) (Zhang, Mikhael et al. 2010) without a net effect on 

cytosolic labile iron pool levels. However, the observation of a reduced cLIP in H. 

pylori-infected AGS cells (Chapter 3) suggests that the iron released from ferritin 

following degradation within the lysosomes may be redirected somewhere other 

than the cytosol. This idea gains significance with the observation of increased 

numbers of bacteria in the supernatants (Figure 4.11) as well as increased association 

with the cell surface (Figure 4.12D insert), and cellular vacuolation (Figure 4.12) in 

iron loaded cells. Whereas the increased growth of H. pylori is most likely associated 
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with the increase in host cell iron stores, marked cellular vacuolation may reflect an 

increase in the number of toxin-producing bacteria as well as an increase in 

lysosomal iron. 

Increased lysosomal degradation of ferritin is seen when epithelial cells are infected 

with Neisseria meningitidis (Larson, Howie et al. 2004). Like H. pylori, N. meningitidis 

is considered an extracellular organism that accesses iron by receptor-mediated 

uptake of host iron-containing proteins such as lactoferrin, transferrin and 

haemoglobin. However, in order to get access to the bloodstream, N. meningitidis has 

evolved the means to transcytose the nasopharyngeal epithelial barrier and, in vitro, 

these bacteria are shown to invade and replicate in epithelial cells. Despite being 

unable to use ferritin as a direct iron source, N. meningitidis invasion of cultured 

epithelial cells is associated with ferritin degradation within lysosomal 

compartments, as well as increased intracellular bacterial replication (Larson, Howie 

et al. 2004).  

A similar response may also occur in H. pylori-infected AGS cells because despite 

being considered to live on the surface of gastric epithelial cells, a small number of 

these bacteria are shown to gain access to epithelial cells, where they reside in 

vacuolar compartments (Amieva, Salama et al. 2002, Terebiznik, Vazquez et al. 2006, 

Coray, Heinemann et al. 2012). Moreover, there is evidence that internalised H. pylori 

can leave these compartments and repopulate the cell surface (Amieva, Salama et al. 

2002). Thus, in addition to acquiring iron released from ferritin inside the cell, H. 

pylori may also access iron discharged to the extracellular space by the same route 

that the bacterium uses on its way out of the infected cell that may, in turn, explain 

the increased growth of H. pylori observed in iron-loaded AGS cells.  

If proven, this mechanism would help explain H. pylori persistence in the gastric 

mucosa (Sachs, Scott et al. 2011). In addition, it might also shed some light on gastric 

cancer risk in H. pylori-infected individuals (Conteduca, Sansonno et al. 2013). This is 



126 
Chapter 4. H. pylori and iron metabolism proteins______________________________________________ 

because increased lysosomal labile iron is associated with higher production of free 

radicals (Kurz, Terman et al. 2008, Kurz, Eaton et al. 2011). The lysosomes contain 

reducing agents, such as cysteine, ascorbic acid and glutathione that help keep iron 

in a reduced form. In addition, some hydrogen peroxide has access to the lysosomal 

compartment (Kurz, Terman et al. 2008) and, when present with iron, these species 

generate free radicals via the Fenton reaction (Winterbourn 1995, Kurz, Terman et al. 

2008) resulting in peroxidation of the lysosomal contents and membrane that causes 

the release of lysosomal enzymes and free radicals into the cytosol (Kurz, Terman et 

al. 2008).   

 

In summary, H. pylori infection increases H-ferritin expression in AGS cells that is 

associated with an increase in the lysosomal labile iron, a corresponding increase in 

ferritin degradation within the lysosomes and increased numbers of extracellular 

viable bacteria. Collectively, these results suggest a novel mechanism by which H. 

pylori may obtain iron from the host epithelium. Pathogenic strains of H. pylori (that 

include strain 60190 used for these experiments) produce two well described 

virulence factors, CagA and VacA. There is evidence that increased transferrin 

uptake in MDCK is CagA-dependent (Tan, Noto et al. 2011) and CagA-mediated 

activation of NF-κB may also be linked to increased H-ferritin mRNA transcription 

(Lamb, Yang et al. 2009). In this chapter, VacA-associated vacuolisation was 

increased in iron-loaded AGS cells (Figure 4.12D). This phenomenon may prevent 

lysosomal degradation of ferritin (as observed with ammonium chloride-induced 

vacuolation in Chapter 3), thereby further affecting host iron homeostasis. 

Accordingly, the effect these two virulence factors have on host cell iron homeostasis 

is the focus of the following chapter. 
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CHAPTER 5: HELICOBACTER PYLORI VIRULENCE FACTORS AND 

CELLULAR IRON HOMEOSTASIS 

5.1 Introduction 

As shown in chapter 3, infection with H. pylori strain 60190 promotes changes in iron 

distribution inside gastric epithelial cells, reducing the cytosolic labile iron pool and 

increasing total labile iron, located mainly inside lysosomes. An increased 

abundance of transferrin receptor on the cell surface and an overexpression of H-

ferritin were also observed in AGS cells infected with this strain of H. pylori (Chapter 

4). Collectively, these observations indicate that H. pylori can potentially affect iron 

homeostasis in gastric epithelial cells. However, the bacterial factors involved in this 

process remain to be determined. 

H. pylori bacteria possess well-described, unique characteristics that facilitate its 

successful colonization of the gastric mucosa. These include helical morphology 

(Delahay and Rugge 2012) and the presence of polar flagella (Salama, Hartung et al. 

2013). All strains also possess an enzyme with urease activity. This enzyme is 

considered an essential colonization factor because it liberates ammonium from 

urea, which serves to increase the pH of gastric mucus around the bacteria to near 

neutral, thus protecting them from gastric acid. In addition, the increase in pH 

reduces mucus viscosity, which facilitates H. pylori colonization of this inhospitable 

niche (Salama, Hartung et al. 2013). In addition to these features (that are conserved 

across all wild-type strains), some strains also secrete two well described virulence 

factors, the vacuolating cytotoxin A (VacA) and the cytotoxin-associated gene A 

(CagA) proteins. Both are associated with increased pathogenicity following 

infection (Isomoto, Moss et al. 2010, Ruggiero 2012).   
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5.1.1 Vacuolating cytotoxin A protein  

The vacuolating cytotoxin A (VacA) is a 90 kDa protein, encoded by the vacA gene. 

VacA can be secreted in a soluble form (Garner and Cover 1996) and/or released as a 

component of outer-membrane vesicles shed from the bacterial surface (Ismail, 

Hampton et al. 2003), and there is evidence that both soluble and membrane-

associated form of the toxin are internalised by host cells (Garner and Cover 1996, 

Ismail, Hampton et al. 2003, Ricci, Chiozzi et al. 2005). As reviewed by Isomoto et al. 

(Isomoto, Moss et al. 2010), the toxin exerts multiple actions inside the cell that 

include forming membrane channels, interruption of endosome and lysosome 

activities, modification of the immune response and apoptosis. However, the most 

studied effect (and the one that gives its name) is the induction of intracellular 

vacuolation.  

The vacA gene is present in all wild-type strains of H. pylori (Atherton, Cao et al. 

1995). Despite this, there is a diverse inter-strain cytotoxic activity associated with 

the VacA protein. This has been linked to regions of variability within the gene that 

are named “s” and “m” (located close to the start and in the middle of the gene, 

respectively). Two versions of each region have been identified (s1, s2, m1 and m2) 

and all the possible combinations of these regions have been detected in wild-type 

strains of H. pylori (although the s2/m1 alleles are reportedly scarce (Atherton, Cao et 

al. 1995).  

The s1m1 vacA genotype codes for a protein that is associated with the most 

intracellular vacuolation when the toxin is added to AGS cells. In contrast, the level 

of vacuolation induced by the proteins expressed by the s1/m2 vacA gene is 

moderate and s2/m2 versions of the vacA gene produce a protein that fails to induce 

vacuolation in cultured cells (Atherton, Cao et al. 1995). These differences in 

cytotoxic activity reportedly correlate with the aggressiveness of the infection, where 
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s1 strains are more commonly associated with gastric cancer and epithelial cell 

injury (Memon, Hussein et al. 2014). 

 

5.1.2 Cytotoxin associated gene A protein  

Initially detected as an immunodominant antigen associated with the vacuolating 

cytotoxin (Tummuru, Cover et al. 1993), the cytotoxin-associated gene A (CagA) 

protein has a molecular weight of 120 to 140 kDa and is encoded by the cagA gene. 

This gene is present in the terminal part of the cag pathogenicity island (cagPAI), a 

40kb region that encodes a series of genes involved in the formation of a type IV 

secretion system (T4SS) (Shiota, Suzuki et al. 2013). The CagA protein is injected into 

the host cell by means of a pilus-like structure (Akada, Aoki et al. 2010), where it 

may be phosphorylated by kinases of the Abl and Src families (Lamb, Yang et al. 

2009, Tegtmeyer, Zabler et al. 2009). Phosphorylated CagA is able to activate the 

SHP-2 phosphatase and the extracellular signal-regulated kinases 1 and 2 (Erk 1/2), 

inducing cellular changes that resemble a continuous growth factor stimulation 

response (Higashi, Tsutsumi et al. 2002). These changes include actin reorganization 

and cell scattering that are responsible for the “hummingbird phenotype” observed 

when AGS cells are infected with a CagA positive strain of H. pylori (Tegtmeyer, 

Zabler et al. 2009). When not phosphorylated, CagA is also able to affect some 

functions inside the host cell, including disruption of apical junctions (Amieva, 

Vogelmann et al. 2003), pro-inflammatory responses (Suzuki, Mimuro et al. 2009) 

and loss of cellular polarity (Saadat, Higashi et al. 2007).  

 

5.1.3 Role of CagA and VacA proteins in host cell iron metabolism 

In their work using polarized MDCK cells infected with H. pylori, Tan et al. (Tan, 

Noto et al. 2011) proposed a mechanism where both CagA and VacA proteins play a 
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relevant role in bacterial iron acquisition from this epithelial monolayer. CagA is 

shown to increase transferrin internalization from the basolateral side of these cells 

two-fold after only 30 minutes of exposure to holo-transferrin. This increase depends 

on phosphorylation of CagA by host epithelial cells, and does not represent a 

difference in total expression of the transferrin receptor. MDCK cell monolayers 

infected with a CagA-positive strain also exhibit a 50% increase in transcytosis of 

biotinylated transferrin after 24 hours of basolateral exposure to the bacteria. In 

contrast, VacA seems to be involved in the sorting of the TfR from the basolateral to 

the apical membrane where it can be detected close to bacterial microcolonies 

following infection of polarized MDCK monolayers with a VacA-positive strain. 

Collectively, these results led the authors to propose a new mechanism in which 

CagA and VacA work together to mobilize holo-transferrin from the basolateral to 

the apical membrane of MDCK cells, where the molecule may function as an iron 

source for H. pylori (Tan, Noto et al. 2011). 

The H. pylori strain 60190 used in the experiments thus far in this thesis is a 

cagA+/vacA s1m1 strain (Tummuru, Cover et al. 1994, Atherton, Cao et al. 1995), and 

the results presented in Chapters 3 and 4 suggest these bacteria alter gastric 

epithelial cell iron homeostasis. Tan et al. (Tan, Noto et al. 2011) provide evidence 

that the CagA and the VacA proteins may have a role in these changes. Accordingly, 

this chapter will focus on these two virulence factors and their potential role in the 

perturbed iron homeostasis observed following H. pylori infection of AGS cells. 
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The objectives for this chapter were: 

1. To determine the role of CagA and VacA virulence factors on intracellular 

iron, cytosolic labile iron pool and total labile iron levels in AGS cells 

exposed to H. pylori strain 60190 isogenic mutant strains for vacA or cagA 

genes. 

 

2. To study the effect of exposure to H. pylori strain 60190 isogenic mutants 

for vacA or cagA on transferrin receptor and ferritin distribution in AGS 

cells.  
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5.2 Results 

In this set of experiments, AGS cells were infected with H. pylori strains isogenic to 

60190, but lacking the vacA or cagA genes. The vacA mutant strain (60190:v1) was 

generated by insertion of a kanamycin resistance gene (from Campylobacter coli), in 

the middle of the vacA gene sequence (Cover, Tummuru et al. 1994). On the other 

hand, the cagA mutant (60190:M21), which was generated using a similar 

mechanism, has a kanamycin resistance gene inserted in the cagA gene sequence 

(Tummuru, Cover et al. 1994). The vacA and cagA mutants used here were provided 

by Drs Timothy Cover and Richard Peek (Nashville, TN, USA) and are hereafter 

referred to as “Hp v:1” and “Hp A-“, respectively. For comparison, the wild-type 

strain 60190 will be noted as “Hp”. 

 

5.2.1 Total intracellular iron in AGS cells infected with H. pylori cagA or vacA 

mutants 

The total amount of intracellular iron was determined by the ferrozine assay, as 

described in Chapter 3. Briefly, AGS cells (1 x 105 per well) were cultured for 48 

hours in RPMI-1640 medium supplemented with 10% (v/v) FBS at 37°C and 5% CO2. 

After this, the medium was replaced and cells cultured for a further 24 hours giving 

around 1 x 106 cells/well. Cells were washed in PBS and fresh medium added. 

Suspensions of each H. pylori strain (Hp, Hp v:1 and Hp A-) in RPMI-1640 were 

added to the cells (MOI 10:1), and after 15 hours of co-culture the cells were washed 

4 times with PBS (to remove non-adherent bacteria) before being lifted from the 

plates with trypsin (37°C for 10 minutes). The suspended cells were washed with 

PBS and pelleted by centrifugation (5 minutes at 1,500 g). The resultant cell pellet 

was lysed in 200 µl of 50 mM NaOH  and two aliquots of 10 µl were used for protein 

determination by the Lowry method (Lowry, Rosebrough et al. 1951). The remaining 

lysate was fully dried using a centrifuge evaporator (Speedvac™ concentrator, 
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Thermo Scientific, MA, USA) before measuring iron by the ferrozine assay (Riemer, 

Hoepken et al. 2004) against a standard curve generated by assaying a range of iron 

amounts from a 10 mM iron standard (FeSO4 diluted in deionized water).  

The amount of iron in each sample was then divided by the protein concentration of 

the same sample to standardise the results across the samples and therefore more 

accurately identify any change in total cellular iron in AGS cells following infection 

(Figure 5.1). 
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Figure 5.1. Total intracellular iron in AGS cells infected with H. pylori cagA and vacA mutants. 

Total intracellular iron in uninfected AGS cells (Ctrl) and cells infected with wild-type strain H. pylori 

60190 (Hp), or isogenic mutants of the wild-type strain unable to express VacA (Hp v:1) or CagA (Hp 

A-). Results are ± SEM of three independent experiments . 

 

As observed in chapter 3, no significant difference in total iron was observed 

between uninfected (Ctrl) AGS cells or cells infected with either the wild-type H. 

pylori strain 60190 (Hp) or the cagA and vacA mutant strains (Hp v:1 and Hp A-) 

using a one-way ANOVA analysis with Tukey’s test for multiple comparisons. 

However, infected cells had notably increased levels of total cellular iron when 

compared to uninfected cells and this was more evident in AGS cells cultured with 

the wild-type strain 60190 and the cagA mutant (3.09 ± 0.48 and 2.92 ± 0.49 nmoles of 
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iron per mg of protein, respectively). In contrast, cells cultured with the vacA mutant 

had iron levels that were closer to those of uninfected cells (2.40 ± 0.52 and 2.05 ± 0.47 

nmoles of iron per mg of protein, respectively). 

 

5.2.2 Labile iron pool in AGS cells infected with H. pylori cagA or vacA mutants 

In Chapter 3 flow cytometry was used to demonstrate a reduction in cytosolic labile 

iron pool (cLIP) in AGS cells infected with H. pylori strain 60190 added at a 

multiplicity of infection of 10:1 for 15 hours.  

This method was chosen over the use of a fluorescent plate reader because the 

former reportedly has the capacity to detect cell-related fluorescence only. This was 

considered relevant for these experiments because the fluorescence detected by a 

plate reader does not discriminate between intracellular and extracellular calcein. 

Thus, calcein released into the extracellular space by cell lysis may interfere with the 

fluorescence intensity readings before and after adding the iron chelator 

salicylaldehyde isonicotinoyl hydrazone (SIH) to the cell suspension. In addition, the 

use of flow cytometry gives the means to discriminate between cells and debris in a 

sample using the side-scatter versus forward-scatter distribution.   

However, further investigation into these methods revealed evidence that the release 

of calcein-bound iron by SIH is a quick process (Figure 5.2), with an increase in 

fluorescence intensity detected in a matter of seconds after SIH addition that reaches 

maximum in approximately 4 minutes (Picard, Epsztejn et al. 1998). This finding 

gains significance when the time taken to analyse samples for cLIP by flow 

cytometry is taken into consideration. 
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Figure 5.2. Cytosolic labile iron pool in murine erythroleukemia (MEL) cells modified to 

overexpress H-ferritin. Calcein-AM-loaded MEL cells modified to overexpress H-ferritin (clone 6, 

clone 12 or clone 16) were compared to non-modified MEL cells (Control). Anti-calcein antibody (Ab) 

was added to eliminate fluorescence from extracellular calcein before 20  µM ferrous ammonium 

sulphate (FAS) was added to reduce the fluorescence of intracellular calcein. Iron internalization was 

stopped by adding 100 µM hydroxyethyl starch conjugated deferoxamine (HES-DFO) and the labile 

iron pool was quantitated using SIH (100 µM). Image modified from Picard et al. (Picard, Epsztejn et 

al. 1998). 

 

Flow cytometric analysis of each sample takes approximately one minute, and this 

time may increase depending on the total number of cells to be analysed and/or the 

concentration of cells present in each sample. This means that when there are 

multiple samples to be analysed (uninfected cells plus cells infected with wild-type 

and mutant strains of H. pylori) in duplicate, there is a considerable time lapse 

between analysis of the first and last samples and this may be a confounding factor 

when analysing the results. Accordingly, for this series of experiments, the 

fluorescence of calcein-loaded cells was determined using a fluorescence plate 

reader. 

One disadvantage of using the fluorescent plate reader instead of flow cytometry is 

that without an antibody to quench calcein fluorescence it is not possible to 

discriminate between intracellular and extracellular fluorescence. However, 

extracellular fluorescence may be negligible because it has shown to be as low as 2% 

of the total signal using a similar protocol to the one used here (Epsztejn, Kakhlon et 

al. 1997). 
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To compare the two protocols, AGS cells were exposed to each of the three H. pylori 

strains using the same conditions detailed in Chapter 3. Briefly, the cells were 

cultured in RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum 

and infected (in duplicate) at an MOI of 10:1 with H. pylori suspended in RPMI-1640 

and incubated for a further 15 hours. As a control, duplicate wells of uninfected AGS 

cells were incubated with 100 µM FeSO4.  

After incubation, AGS cells were washed 2 times with PBS, and incubated with 

calcein-AM at a concentration of 0.15 µM for 15 minutes at 37°C (as described in 

Chapter 3). Cells were washed 3 times with PBS to remove non-internalized calcein-

AM, and dissociated from the culture plates with trypsin for 10 minutes. The cell 

suspensions were centrifuged at 1,500 g for 5 minutes, washed with PBS, centrifuged 

again, and resuspended to 1 x 106 cells per ml in PBS containing 10% (v/v) fetal 

bovine serum, 0.2% ethanol and 0.02% DMSO (the same vehicle used to dissolve the 

iron chelator, SIH).   

Aliquots (150 µl) of these suspensions (containing approximately 1.5 x 105 cells) were 

transferred (in triplicate) to a 96-well plate with flat clear bottom and black walls to 

avoid transfer of signal between samples, and the basal fluorescence was read on the 

plate reader with excitation and emission filters of 492 and 520 nm respectively. 

Fluorescence of calcein loaded cells was constant and this value was considered the 

basal fluorescence of each sample. After reading the basal fluorescence, 150 µl of SIH 

(200 µM) dissolved in the same buffer that the cells were suspended in (PBS with 

10% v/v FBS, 0.2% ethanol and 0.02% DMSO) was added to each well and the 

fluorescence was read 5 minutes later. This was considered the final fluorescence. 

The cLIP for each sample was determined by the increase in fluorescence after 

adding SIH (final minus basal fluorescence values), and was expressed as a 

percentage of the uninfected controls (Figure 5.3). 

 



137 
Chapter 5. H. pylori CagA and VacA and cell iron homeostasis___________________________________ 


F

 (
%

 o
f 

c
o

n
tr

o
l)

C tr l F e H p H p  v :1 H p  A-

0

5 0

1 0 0

1 5 0

****

* *

 

Figure 5.3. Cytosolic labile iron pool in AGS cells infected with H. pylori cagA or vacA mutants. 

The cytosolic labile iron pool (cLIP) in AGS cells was determined by measuring the mean fluorescence 

intensity of calcein before and after adding SIH. Results reflect the increase in fluorescence (ΔF) in 

iron-loaded cells (Fe) and cells, infected with the wild-type (Hp), vacA (Hp v:1) and cagA mutant (Hp 

A-) strains of H. pylori presented as a percentage of uninfected cells (Ctrl) and are the mean ± SEM of 3 

independent repeats. *, ****, results are statistically different from those of untreated controls (p < 0.05 

and <0.0001, respectively), as determined by one-way ANOVA with Tukey’s test for multiple 

comparisons. 

 

The same trend of increased cLIP in iron-loaded AGS cells (128.2% ± 3.1) and 

decreased cLIP in H. pylori 60190-infected AGS cells (86.88% ± 2.95) was observed 

when the fluorescent plate reader was used instead of flow cytometry (Chapter 3) to 

measure changes in the cLIP. However, unlike when flow cytometry was used to 

read the assays (Chapter 3), significant differences between the different conditions 

were detected when the results from three independent experiments read using the 

fluorescent plate reader were analysed by one-way ANOVA with Tukey’s test for 

multiple comparisons. The respective increase and decrease in the cLIP in iron-

loaded and wild-type infected AGS cells were significant when fluorescence was 

measured using the plate reader (Figure 5.3).  

Interestingly, while cLIP levels in AGS cells cultured with the vacA mutant (Hp v:1) 

were also significantly lower than those measured in uninfected cells (87.7% ± 3.8 %), 

the same was not seen in cells treated with the cagA mutant (97.32% ± 1.32). This 

result shows that CagA protein has a role in the process of labile iron pool reduction. 
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In contrast, the observation that cLIP levels in Hp v:1 infected AGS cells were similar 

to those in cells treated with wild-type bacteria suggests that VacA may not have a 

major role in this process. 

 

5.2.3 Total labile iron in AGS cells infected with H. pylori cagA or vacA mutants  

An increase in H-ferritin expression was observed in AGS cells infected with the 

wild-type strain 60190 correlated with an accumulation of this protein in vesicles 

that are most likely lysosomes (Chapter 3). Accordingly, the same sulphide-silver 

method was used to stain AGS cells infected with vacA and cagA mutants to 

determine if either (or both) of these virulence factors contribute to this outcome. 

Following the same protocol described in Chapter 3, AGS cells (1 x 104) were 

cultured on coverslips in RPMI-1640 medium with 10% (v/v) FBS, and then infected 

for 15 hours with H. pylori mutants at a multiplicity of infection of 10:1. In parallel, 

AGS cells were incubated with FeSO4 100 µM for 15 hours as a positive control, and 

NH4Cl 10 mM for 4 hours (negative control).  

The addition of NH4Cl to cells inhibits lysosomal degradation of proteins (Tanaka, Li 

et al. 1986, Kurz, Eaton et al. 2011), reducing ferritin degradation and the subsequent 

release of iron into the lysosomal compartment. The depressed autophagocytic 

degradation is accompanied with an increase of osmotic pressure that promotes 

cellular vacuolation, an effect similar to the one observed in cells exposed to VacA 

protein. For this reason it was considered important to minimise VacA-mediated 

vacuolation of the cells, particularly when the cells were being stained for evidence 

of lysosomal iron and this was one reason that a relatively low ratio of bacteria to 

cells (“multiplicity of infection”) was used throughout these experiments.  

Notable differences in the levels of intracellular lysosomal iron were seen in AGS 

cells co-cultured with the wild-type and two H. pylori strain 60190 isogenic mutants 
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(Figure 5.4). Few iron-loaded lysosomes were observed in the sulphide-silver stained 

uninfected cells, and intercellular differences in staining intensity were also seen in 

these cells (Figure 5.4A). A notable increase in staining was evident in cells infected 

with H. pylori 60190 strain (Figure 5.4B) and the Hp v:1 strain (Figure 5.4C). Some 

inter-cell variation was also observed in these cells, although overall there was an 

obvious increase in the staining intensity compared to control cells. In contrast, 

sulphide-silver staining of AGS cells following infection with the H. pylori isogenic 

cagA mutant (Hp A-) revealed the level of staining intensity (Figure 5.4D) to be 

visually indistinguishable from that observed in the uninfected cells (Figure 5.4A). 

Particular attention was paid to staining these cells, with each cell-coated coverslip 

stained in parallel and staining stopped at 30 minutes. Accordingly, the differences 

in staining intensity observed here were considered to reflect differences in 

lysosomal iron content. 
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Figure 5.4. Sulphide-silver stain of labile iron in AGS cells infected with H. pylori cagA or vacA 

mutants.  Uninfected AGS cells (A) and AGS cells, infected with (B) wild-type (Hp), (C) vacA (Hp v:1) 

and (D) cagA mutant (Hp A-) strains of H. pylori were grown on coverslips and stained with silver -

sulphide to detect total low mass iron. Images shown are representative of 3 independent 

experiments. Bar = 50 µm. 

  

To quantitate this difference, the cell-associated mean pixel intensity (densitometry) 

of at least 5 pictures from different slides of each condition was analysed using the 

ImageJ software from NIH (Schneider, Rasband et al. 2012). The resultant intensities 

were estimated as a percentage of the control (uninfected cells) for each set of slides. 

This analysis of the stained cells is shown in Figure 5.5. As observed in Chapter 3, 

the staining intensity in AGS cells infected with the H. pylori 60190 strain (Hp) was 

increased (121.2 % ± 4.47) when compared to the uninfected AGS cells (100%) and 

this difference was significant (p < 0.0001) when analysed by Two-way ANOVA 

followed by Tukey’s test for multiple comparisons. Increased levels of labile iron 

were also detected in AGS cells co-cultured with the vacA mutant (118.8 % ± 10.22) 
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compared to the same controls (p < 0.01). In contrast, the level of labile iron was 

unchanged in AGS cells following infection with the cagA mutant (100.8% ± 9.24). As 

expected, the positive (Fe) and negative controls (NH4) were significantly different 

from uninfected cells (p < 0.0001), with increased (133.2 % ± 7.81) and reduced (74.24 

% ± 2.70) levels of labile iron, respectively.  
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Figure 5.5. Densitometric analysis of total labile iron pool in AGS cells infected with H. pylori 

cagA or vacA mutants. Analysis of the mean pixel intensity (MPI, obtained using ImageJ software) of 

uninfected AGS cells (Ctrl) and AGS cells, infected with wild-type (Hp), vacA (Hp v:1) and cagA 

mutant (Hp A-) strains of H. pylori compared to AGS cells treated with iron (Fe) or ammonium 

chloride (NH4Cl) as positive and negative controls, respectively. Results are ± SEM of at least 5 

pictures analysed from different slides. **, ****, results are statistically different from those of 

untreated controls (p < 0.01 and <0.0001, respectively), as determined by two-way ANOVA with 

Tukey’s test for multiple comparisons.  

 

Thus, iron-loading of AGS cells is associated with increased cytosolic LIP and total 

labile iron, whereas H. pylori infection is associated with a reduced cLIP, despite 

increased total labile iron (located mainly in lysosomal compartments, as suggested 

by Tenopoulou et al. (Tenopoulou, Kurz et al. 2007) and observed by the punctate 

pattern in sulphide-silver staining). This difference alone highlights the effect that 

these bacteria have on cellular iron homeostasis, while the similar pattern of iron 

distribution observed in uninfected AGS cells and cells infected with the cagA 

mutant H. pylori highlight a crucial role for CagA in this process.   



142 
Chapter 5. H. pylori CagA and VacA and cell iron homeostasis___________________________________ 

 

5.2.4 Distribution of transferrin receptor in AGS cells infected with H. pylori 

cagA or vacA mutants 

The next objective was to determine if the CagA protein also has an effect on 

transferrin receptor expression, ferritin levels and/or distribution within infected 

cells.  

AGS cells grown on glass coverslips (as described in 5.2.3) were infected with H. 

pylori (vacA and cagA mutants as well as the wild-type 60190) at the same MOI used 

previously. After 15 hours of co-culture, the cells were fixed with paraformaldehyde 

(excluding the membrane permeabilization step) before being stained for cell 

surface-associated TfR (as described in Chapter 4). Briefly, the TfR was detected 

using a mouse IgG anti-transferrin receptor antibody, followed by an Alexa fluor-488 

conjugated secondary anti-mouse IgG (green), actin filaments were stained with 

Texas red X-phalloidin (red) and nuclei with Hoechst 33342 (blue). Z stack images of 

30 planes separated by the optimal distance (280 nm) were acquired using an 

Axioimager Z1 microscope (Zeiss, Oberkochen, Germany), using the same exposure 

times for each channel (green, red and blue). Flattened image versions of maximum 

intensity were constructed with the ImageJ software from NIH using the same 

brightness and contrast parameter for the whole set (Schneider, Rasband et al. 2012). 

Immunofluorescence microscopy, used to image the cells, revealed increased 

intensity of TfR staining in the plasma membrane of the AGS cells infected with 

wild-type H. pylori 60190 (Figures 5.6C & 5.6D) when compared to uninfected cells 

(Figures 3.6A & 3.6B). This finding was similar to that reported previously (Chapter 

4). Cells infected with the vacA gene mutant isogenic to 60190 (Figures 5.6E & 5.6F) 

also showed evidence of increased fluorescence intensity when compared to 

uninfected controls. Moreover, detailed examination of these cells suggested that the 

level of transferrin receptor at the cell surface of the cells treated with the vacA 
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mutant may be higher than that observed in cells infected with the parent strain of 

bacteria. However, this difference remains to be confirmed. 

In marked contrast, AGS cells infected with the cagA mutant strain were observed to 

have notably reduced staining, which implied that exposure to these bacteria was 

not associated with movement of the TfR to the surface of the cell (Figures 5.6G & 

5.6H). Collectively, these results suggest that the CagA protein may be necessary for 

the redistribution of the transferrin receptor from the cytosol to the cell surface that 

is observed when AGS cells are infected with a strain of H. pylori that expresses this 

protein. Importantly, this finding correlates with the increase in transferrin 

internalization reported in MDCK cells following infection with a CagA positive but 

not with a CagA negative strain of H. pylori (Tan, Noto et al. 2011). 
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Figure 5.6. Cell surface staining of transferrin receptor in AGS cells infected with H. pylori cagA or 

vacA mutants. Cells infected with bacteria (MOI 10:1) for 15 hours were fixed, stained and visualized 

for Alexa transferrin receptor (green), phalloidin-stained actin (red) and Hoechst 33342-stained nuclei 

(blue). The images, which are representative of three independent experiments, denote cells with no 

bacteria (A,B), and cells infected with wild-type (C ,D), vacA (E, F) and cagA mutant (G, H) strains of 

H. pylori. B,D,F & H are the same images shown in A,C,E & G, with the blue channel turned off for 

better contrast. The images are representative of 3 independent experiments. All images were taken 

with the same exposure times for each channel and are flattened versions of Z-stacks. Bar = 50 µm. 
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5.2.5 Distribution of H-Ferritin in AGS cells infected with H. pylori cagA or vacA 

mutants 

Immunofluorescence microscopy was also used to compare H-ferritin distribution in 

AGS cells infected with the wild-type H. pylori 60190 and each of the two isogenic 

mutants. Briefly, AGS cells grown on glass coverslips (as described in 5.2.3) were co-

cultured for 15 hours with H. pylori (vacA and cagA mutants as well as the wild-type 

60190) at the same MOI as used previously. After the incubation, the cells were 

paraformaldehyde-fixed and permeabilized with 0.5% (v/v) triton X-100 in PIPES 

buffer, and H-ferritin was detected with a goat IgG anti-heavy chain ferritin primary 

antibody. The secondary antibody was raised in rabbit and conjugated to biotin, and 

secondary antibody binding was detected using a fluorescent conjugate of 

streptavidin (streptavidin-phycoerythrin, SAPE). As explained in Chapter 4, the use 

of SAPE that fluoresces orange meant that Texas-Red X-phalloidin could not be used 

to stain the actin filaments in the cells. Accordingly, only Hoechst 33342 (blue) was 

used as a nuclear counterstain.  

Z stack images of 30 planes separated by the Nyquist distance were acquired using 

an Axioimager Z1 microscope (Zeiss, Oberkochen, Germany), using the same time of 

exposure to each channel (green, red and blue). Flattened image versions of 

maximum intensity were constructed with the ImageJ software from NIH 

(Schneider, Rasband et al. 2012), with identical brightness and contrast parameters 

for the whole set. 

When stained for H-ferritin, uninfected AGS cells were found to exhibit minimal 

fluorescence (Figure 5.7A) that was not notably different from the level of non-

specific background staining observed when the primary antibody was omitted from 

the staining protocol (Chapter 4). In contrast, AGS cells infected with the wild-type 

strain of H. pylori showed an increase in cytosolic staining as well as a punctated 

pattern that is likely to represent H-ferritin accumulation inside lysosomes (Figure 
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5.7B). Curiously, the vacA mutant showed an increased intensity of fluorescence in 

both the cytosolic space and in these densely-stained compartments within the cell 

(Figure 5.7C). However, in AGS cells infected with the H. pylori cagA mutant (Figure 

5.7D), the punctate staining observed in the wild-type and vacA mutant-infected 

AGS cells was largely absent and while H-ferritin was detected in the cytosol, the 

intensity of staining was notably less in these cells. 

 

 

Figure 5.7. Distribution of H-ferritin in permeabilized AGS cells infected with H. pylori cagA or 

vacA mutants. Cells infected with bacteria (MOI 10:1) for 15 hours were fixed, permeabilized, stained 

and visualized for H-ferritin (orange) and Hoechst 33342-stained nuclei (blue). The images, which are 

representative of three independent experiments, denote uninfected AGS cells (A) and AGS cells, 

infected with (B) wild-type, (C) vacA and (D) cagA mutant strains of H. pylori. All images were taken 

with the same exposure times for each channel and are flattened versions of Z-stacks. Bar = 50 µm. 

 

Collectively, these results suggest that the detection of H-ferritin in subcellular 

compartments that resemble lysosomes in both wild-type H. pylori- and vacA 
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mutant-infected AGS cells may be related to the increase in lysosomal iron that is 

observed when these cell cultures are stained with sulphide-silver. Likewise, the 

paucity of H-ferritin accumulation in subcellular compartments when the cagA 

mutant is used to infect AGS cells is reflected in the negligible staining seen when 

these cells are stained for lysosomal iron.  

 

 

5.3 Discussion 

This chapter explored the effect of CagA and VacA proteins on the changes observed 

in AGS cell iron homeostasis following H. pylori infection that include a reduction in 

the cytosolic labile iron pool, an increase in the amount of total labile iron (mostly 

lysosomal), enhanced levels of transferrin receptor on the cell surface and an 

accumulation of H-ferritin in subcellular compartments that resemble lysosomes.  

Intriguingly, most of the changes that were observed to occur following infection 

with the wild-type H. pylori strain 60190 were ablated when AGS cells were infected 

with the isogenic mutant of 60190 that fails to express CagA. In contrast, the changes 

in cellular iron homeostasis in AGS cells infected with the vacA isogenic mutant were 

for the most part no different from those that occurred in response to infection with 

the parent strain. The finding of a role for the CagA protein in altered epithelial cell 

iron homeostasis is in agreement with an unrelated study which shows increased 

transferrin internalisation in MDCK cells infected with a CagA positive strain of H. 

pylori (Tan, Noto et al. 2011). Collectively, the two studies provide evidence of an 

underappreciated role for this H. pylori protein that is widely considered to be a 

virulence factor. 

Surprisingly, the CagA-related changes in cellular iron homeostasis did not translate 

into a significant change in total cellular iron, as measured by the ferrozine assay. 
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Likewise, levels of iron in AGS cells infected with the vacA mutant strain of H. pylori 

were notably closer to those of uninfected cells, despite evidence of increased 

transferrin receptor expression on the surface of these cells.  

The differences in total iron levels may reflect limitations of the assay because of the 

necessity to standardize the iron values in each of the aliquots of AGS cells following 

the different culture conditions. During the initial phase of this research, several 

assays to measure total iron levels in AGS cells were assessed, these included cell 

counting with the haemocytometer to enable inter-sample standardisation of the 

experimental results. However, this method was associated with widely varying 

results that were considered, in part, to reflect the need to centrifuge and lyse the 

cells after counting. Instead, standardising total iron levels against the protein 

concentration of each sample was considered a more precise means of for these 

experiments. Whereas this method notably reduced inter-assay variability for each of 

the conditions tested, it does not explain why cells infected with the vacA and cagA 

mutants had notably lower levels in total iron than cells infected with the H. pylori 

60190 parent strain.  

One possibility is that H. pylori infection may alter the expression of proteins inside 

AGS cells, a hypothesis supported by evidence of increased H-ferritin levels in 

infected cells (Chapter 4). This remains to be determined, but there is evidence that 

VacA reportedly reduces degradation of proteins (Terebiznik, Vazquez et al. 2006), 

whereas CagA may increase the expression of intracellular proteins related to the 

induced growth-factor-like response (Keates, Keates et al. 2007) or NF-κB activation 

(Lamb, Yang et al. 2009), highlighting the possibility that the use of protein 

concentrations to standardise the results of the ferrozine assay may result in an 

underestimation of the iron levels in H. pylori infected cells. One way to solve this 

problem would be the use of an automated cell counter. This would reduce the bias 

and variability obtained when counting cells with a haemocytometer. However, the 
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problem of needing to centrifuge the cells and remove the supernatant before lysing 

the cell pellet would still remain. 

AGS cells infected with H. pylori strain 60190 were found to have a significantly 

reduced pool of cytosolic labile iron when compared to uninfected controls (p < 

0.05). Infection of AGS cells with the isogenic vacA mutant of H. pylori strain 60190 

also significantly reduced the cytosolic LIP (p < 0.05). In marked contrast, AGS cells 

infected with the cagA isogenic mutant had a level of cLIP that was not significantly 

different to that observed in uninfected cells. These differences may reflect the use of 

a fluorescent plate reader rather than flow cytometry to measure changes in calcein 

fluorescence in the cells. Certainly, reduced variability in signal intensity was 

observed when the plate reader was used and this increase in precision is likely to be 

related to faster measurement of the signal, and analysis of multiple samples in 

parallel. 

The observed reduction in cLIP correlated with an increased expression of H-ferritin 

in cells infected with the vacA mutant strain and in those infected with the wild-type 

strain. However, the same inverse correlation between reduced cLIP levels and 

increased H-ferritin levels was not seen in AGS cells infected with the cagA mutant. 

Cytosolic LIP levels in these cells were no different to controls whereas the H-ferritin 

signal was increased, albeit to a lesser extent than that observed in cells infected with 

the two strains (wild-type and vacA mutant) expressing the CagA protein. This 

difference may reflect a delay in H-ferritin overexpression in the cagA mutant, which 

translated into a retarded reduction in cLIP. However, another intriguing possibility 

relates to the observation that cagA is one of many genes that collectively comprise a 

pathogenicity island (PAI) present in some H. pylori strains (Noto and Peek 2012). 

Generation of the cagA mutant used for these experiments was achieved by the 

insertion of a kanamycin resistance cassette in the middle of the gene, disrupting the 

expression of the protein (Tummuru, Cover et al. 1994). However, this has no effect 
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on the other genes found in the PAI, thus the capacity to assemble the type IV 

secretion system (T4SS) is retained. As previously discussed in Chapter 4, H-ferritin 

expression is transcriptionally increased in the presence of both growth factors and 

inflammatory signals like NF-κB (Alkhateeb and Connor 2013). In fact, the gene for 

H-ferritin possess two recognition sites for NF-κB (Koorts and Viljoen 2007). The 

induction of a growth-factor-like response by H. pylori seems to be dependent on 

phosphorylation of CagA inside the host cell (Higashi, Tsutsumi et al. 2002, Tan, 

Noto et al. 2011). However, the inflammatory response of AGS cells infected with H. 

pylori may not be totally CagA-dependent.  

The activation of NF-κB by H. pylori is well described (Lamb, Yang et al. 2009, 

Schweitzer, Sokolova et al. 2010), but there is controversy over whether the process 

is CagA-dependent (Lamb, Yang et al. 2009, Lamb, Chen et al. 2013) or -independent 

(Schweitzer, Sokolova et al. 2010, Sokolova, Borgmann et al. 2013). Adding to the 

debate is the observation that induction of the pro-inflammatory chemokine IL-8 by 

H. pylori-infected epithelial cells can occur by a CagA dependent as well as a CagA-

independent (but peptidoglycan-dependent) pathway. Importantly, both molecules 

depend on the T4SS to get access to the host cell (Johnson, Gaddy et al. 2012). 

Accordingly, the observed increase in H-ferritin in AGS cells infected with the cagA 

negative strain of H. pylori might be a result of a functional T4SS in these bacteria, as 

seen with the two pathways that co-exist in the induction of IL-8 secretion. If so, then 

strains that express the CagA protein are likely to induce more H-ferritin expression 

than a cagA mutant, as shown here.  

It remains to be determined whether the absence of the CagA protein that is 

associated with reduced (or delayed) H-ferritin overexpression is also the reason 

behind the reduced accumulation of this protein in the subcellular compartments of 

these cells. However, it is likely, given evidence that the cagA mutant strain of H. 

pylori had no effect on the level of lysosomal iron in AGS cells, a result that is in 
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marked contrast to that observed when cells are infected with the wild-type strain 

that expresses the CagA protein. 

The lysosomal labile iron results mainly from the degradation of cytosolic ferritin 

(Kurz, Terman et al. 2008, Zhang, Mikhael et al. 2010), and evidence of H-ferritin 

accumulation in subcellular compartments in AGS cells infected with cagA positive 

strains of H. pylori suggests that CagA is the main protein responsible for H-ferritin 

overexpression in H. pylori-infected AGS cells. This overexpression translates in a 

reduction in the cLIP and subsequent sorting of H-ferritin into lysosomes where it is 

degraded, increasing the lysosomal labile iron.  

Increased expression of the transferrin receptor at the cell surface also appears linked 

to a CagA protein-mediated effect within the AGS cells. This is because cells infected 

with the cagA mutant strain of H. pylori showed no difference in transferrin receptor 

signal compared to control cells, whereas the two strains that express the CagA 

protein (wild-type and vacA mutant) both induced increased expression of the TfR at 

the cell surface. However, the intensity of this signal differed between the two cagA 

positive strains, with notably more staining of the receptor at the cell surface 

(determined by immunofluorescence microscopy) observed in AGS cells co-cultured 

with the vacA mutant when compared to cells exposed to the wild-type H. pylori 

strain 60190.  

It is interesting to speculate whether this is another example of the augmented effect 

that the CagA protein has on host cells when VacA is absent (Tegtmeyer, Zabler et 

al. 2009) and/or where the presence of one of these proteins inside the cell inhibits 

the responses exerted by the other (Oldani, Cormont et al. 2009, Akada, Aoki et al. 

2010, Isomoto, Moss et al. 2010), Also, most of the strains that carry the vacA allele s1 

(with higher cytotoxic activity) are positive for CagA, whereas strains with s2 alleles 

(non-vacuolating) tend to be negative for CagA protein (Akada, Aoki et al. 2010). 

Due to the physical distance that separates both genes, and the high rate of 
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mutations and DNA assimilation observed in H. pylori, this association has been 

suggested to possess a selective pressure, giving benefits to the bacteria that combine 

both proteins in their genome (Akada, Aoki et al. 2010).  

In summary, these results suggest that the CagA protein is likely to play a major role 

in the observed changes in cellular iron homeostasis of H. pylori-infected AGS cells 

by increased iron uptake through transferrin endocytosis, and increased lysosomal 

iron through enhanced expression of H-ferritin that is associated with increased 

degradation of this iron-loaded protein in lysosomes. However, an observed CagA-

independent increase in H-ferritin expression also raises the possibility that more 

than one intracellular pathway may exist to increase levels of this iron storage 

protein. Longer incubation times would be a starting place to explore this 

hypothesis. However, this remains to be done.  

Compared to CagA, VacA does not seem to play a major role in this mechanism of 

altered iron homeostasis. Instead, the absence of VacA appears to increase the 

response of host cells to CagA but further experiments are necessary in order to 

quantify the intensity of this response. Such experiments would include using an 

ELISA-based assay to determine H-ferritin levels in response to wild-type and vacA 

mutant strains. Also, a relatively low MOI of ten bacteria to one cell was used in 

these experiments to avoid cellular damage, specifically VacA-induced vacuolation. 

Titrating the MOI would be a first step to determining whether exposure to more 

bacteria is another factor that contributes to the altered iron homeostasis that occurs 

when AGS cells are infected with H. pylori bacteria that express the CagA protein.  

The general implications of these observed results, together with the results from 

Chapter 3 and 4 will be discussed in detail in the following chapter.   
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CHAPTER 6: GENERAL DISCUSSION 

6.1 Summary of results 

The hypothesis behind the research presented here is that H. pylori are able to induce 

changes to iron homeostasis in gastric epithelial cells. The first step to investigating 

this hypothesis was the development of assays to determine whether H. pylori 

infection of a human gastric epithelial cell line (AGS), used here as a reductionist 

model of the human gastric epithelium, was associated with any change in total iron, 

cytosolic labile iron pool (cLIP) and/or total labile iron inside these cells. The second 

objective was to determine if H. pylori infection altered the expression and/or 

distribution of transferrin receptor (TfR) and/or H-ferritin in AGS cells. These 

proteins are considered indicators of iron uptake and iron storage processes, 

respectively. Finally, the third objective was to examine whether virulence factors 

CagA and/or VacA contribute to any observed changes in cellular iron homeostasis 

following H. pylori infection of AGS cells.  

The first observation was unexpected. The level of iron in AGS cells was found to 

increase following co-culture with H. pylori and this was not related to the presence 

of the CagA or VacA proteins. Whereas this increase in intracellular iron levels was 

not statistically significant in the completed experiments, it indicated that H. pylori 

bacteria have the means to perturb gastric epithelial cell iron homeostasis. This is 

because the increase in cellular iron occurred independently of extracellular 

concentrations of the metal and therefore must reflect alterations in the control 

mechanism of cellular iron metabolism that include promoting the uptake of iron 

from the culture medium. 

The expression of cellular iron metabolism proteins is regulated by levels of cytosolic 

labile iron pool (cLIP) through the IRP/IRE system. The level of the cLIP was 

reduced in AGS cells in response to infection with cagA positive strains of H. pylori in 

the current studies. In contrast, cLIP levels in AGS cells infected with a cagA mutant 
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were similar to levels in uninfected AGS cells. This implies that the CagA protein is 

involved in the reduction of the cLIP observed in AGS cells.  

Transferrin receptor expression was the same in uninfected and H. pylori-infected 

AGS cells. This finding was also unexpected, as expression of this receptor normally 

increases in response to a reduction in cytosolic labile iron pool. However, the 

decrease in the amount of iron in the cLIP was modest and may not have been 

strong enough to drive the IRP/IRE regulation of protein expression within the 15 

hour timeframe used for these experiments.  

Despite no apparent difference in the level of transferrin receptor expression, the 

distribution of the receptor was observed to change in infected AGS cells, with a 

notable increase in receptor density clearly evident on the surface of cells exposed to 

cagA positive strains of H. pylori. The observation of increased transferrin receptor at 

the cell surface (which acts to internalise transferrin-bound iron) is in accordance the 

observation of an increase in total cellular iron in H. pylori-infected AGS cells, as well 

as the finding of increased transferrin uptake in polarized MDCKII cells in response 

to H. pylori infection (Tan, Noto et al. 2011). Despite this apparent similarity between 

AGS and MDCK cells, the subsequent comparison of other proteins involved in 

cellular iron homeostasis suggests that these two cell lines may respond differently 

to H. pylori infection. 

Curiously, an overexpression of H-ferritin was observed in H. pylori-infected AGS 

cells. This increase may be independent of IRP activity as a reduced cLIP is thought 

to inhibit H-ferritin expression via IRP. IRP-independent mechanisms of H-ferritin 

overexpression include the transcriptional induction observed in response to 

inflammatory signals and/or the induction of a growth factor-like response. Both of 

these phenomena are described as part of the host response to H. pylori (Higashi, 

Tsutsumi et al. 2002, Lamb, Yang et al. 2009) and further work may elucidate which 

of these pathways is responsible for this observation.  



155 
Chapter 6. General discussion_______________________________________________________________ 

The H-ferritin overexpression observed in H. pylori-infected AGS cells may also be 

the cause of the reduced cLIP observed in these cells (Picard, Epsztejn et al. 1998). 

Additional experiments using longer co-culture times may establish that falling cLIP 

levels lead to increased expression of transferrin receptor during the later stages of 

infection.  

The observation of a slight increase in H-ferritin expression in cagA mutant-infected 

cells when compared to uninfected AGS cells suggests that the cLIP may also fall in 

AGS cells infected with cagA mutant bacteria for longer periods of time. Again, 

further work is required to determine this. If proven, it would support the 

hypothesis that cellular iron homeostasis in gastric cells may also be associated with 

an inflammatory response that is cagPAI dependent, but not CagA dependent 

(Sokolova, Borgmann et al. 2013). Peptidoglycan, for example, may induce this 

response (Viala, Chaput et al. 2004) but this hypothesis remains to be investigated.  

H-ferritin was not only overexpressed in AGS cells in response to infection with 

cagA positive strains of H. pylori, but it was also found in subcellular compartments 

suggestive of lysosomal distribution. Further experiments are required to verify the 

identity of these compartments, but the observation of increased lysosomal labile 

iron in AGS cells infected with cagA positive strains of H. pylori (shown by sulphide-

silver staining) strongly suggests that increased H-ferritin is responsible for 

sequestering iron in lysosomal compartments at the expense of the cytosolic labile 

iron pool (Zhang, Mikhael et al. 2010). 

The presence of a functional CagA protein correlated strongly with disturbances in 

AGS cell iron homeostasis in response to H. pylori infection. In contrast, cells infected 

with a cagA mutant strain of H. pylori did not differ significantly from uninfected 

cells whereas those infected with a vacA mutant strain showed changes in cellular 

iron metabolism proteins that were reminiscent of those seen in cells infected with 

the wild-type strain.  
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Accordingly, infection with a strain of H. pylori that expresses the CagA protein in 

situ may contribute to the development of iron deficiency. Most randomized 

controlled trials assessing the relationship between H. pylori and IDA have been 

carried out in Asian countries (Muhsen and Cohen 2008, Huang, Qu et al. 2010, Qu, 

Huang et al. 2010, Yuan, Li et al. 2010), and a specific role for the “Asian” version of 

the cagA gene in the development of human iron deficiency should not be 

discounted. Indeed, this observation may be a risk factor for the increased rates of 

gastric cancer observed in countries where carriage of strains that express the East 

Asian CagA protein is common (Yamaoka, Kato et al. 2008, Abe, Kodama et al. 

2011). This form of the CagA protein is more susceptible to phosphorylation 

(Higashi, Tsutsumi et al. 2002), and induce a strong inflammatory response (Argent, 

Hale et al. 2008) that may, in turn, be linked to H-ferritin overexpression.  

 

6.2 Future directions 

Lysosomal iron has been shown to increase the production of reactive oxygen 

species (ROS) in these subcellular compartments (Kurz, Terman et al. 2008). 

Increased ROS are responsible for destabilization of the lysosomal membrane, 

resulting in liberation of ROS, lysosomal enzymes, and lysosomal iron into the 

cytosol (Zdolsek and Svensson 1993) that may lead to cell apoptosis (Repnik, Cesen 

et al. 2013). However, another possible outcome of lysosomal membrane 

destabilization is cellular genomic instability that may result in the development of 

cancer (Kardeh, Ashkani-Esfahani et al. 2014). Accordingly, a mechanism promoting 

the accumulation of iron inside lysosomes as a result of H. pylori infection may 

contribute over time to the development of gastric carcinogenesis through the 

progressive accumulation of ROS in gastric tissue. Further experiments to assess 

levels of ROS and their effect on cell proliferation in this system would help clarify 

this.   
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The observation of a higher number of viable extracellular H. pylori during co-

culture with MDCK compared to AGS cells may be related to inter-cellular 

differences in ferritin expression. This hypothesis is supported by the observation of 

notably more extracellular bacteria in the supernatant when AGS were pre-loaded 

with iron. Furthermore, it suggests that iron accumulation inside lysosomes as a 

result of ferritin overexpression may benefit infecting H. pylori (irrespective of 

whether they are extra- and/or intra-cellular). 

Interestingly, the induction of host ferritin degradation inside lysosomes by Neisseria 

meningitidis is seen as a mechanism for these bacteria to acquire iron at the expense 

of host reserves (Larson, Howie et al. 2004). Helicobacter and Neisseria are both gram 

negative bacteria and despite being considered extracellular bacteria, both have the 

capacity to enter epithelial cells and survive in endolysosomal compartments (Lin, 

Ayala et al. 1997, Coray, Heinemann et al. 2012). Accordingly, it would be interesting 

to know if H. pylori possess a similar mechanism to acquire intracellular iron.  

Ascorbic acid seems to play a fundamental role in the lysosomal degradation of 

ferritin induced by N. meningitidis, abrogating the release of iron from the protein 

when supplemented to infected cells (Larson, Howie et al. 2004). H. pylori infected 

patients reportedly have reduced levels of ascorbic acid (Sobala, Schorah et al. 1993), 

and this is considered a mechanism contributing to the induction of iron deficiency 

because of the effect that ascorbic acid has on iron bioavailability (Annibale, Capurso 

et al. 2003). However, to date, the effect of ascorbic acid on gastric cell iron 

metabolism during H. pylori infection has not been studied. 

In a cell culture model like the one used here, the cells and bacteria obtain the iron 

they require from the same medium. However, in vivo, gastric epithelial cells are 

polarized and obtain iron through their basolateral membranes whereas H. pylori 

colonise the apical surface. Thus, if similar changes to the proteins involved in the 
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uptake and storage of iron were to occur in vivo, one consequence might be an 

associated fall in systemic iron stores.  

This hypothesis could be tested using gastric epithelial cells with the ability to form 

polarized monolayers on double chamber systems (such as Transwells®). However, 

most of the available gastric cell lines do not form functional tight junctions and/or 

have a restricted secretion of mucus, preventing their use in these systems (Navabi, 

McGuckin et al. 2013). 

Alternatively, human or murine gastric tissue loaded into Ussing chambers 

(Lomasney and Hyland 2013) would permit H. pylori infection and delivery of 

nutrients to the apical and basolateral sides of the tissue, respectively, while 

monitoring tissue integrity (evaluated by resistance measurements with electrodes in 

both chambers). This approach has the advantage that multiple conditions can be 

evaluated simultaneously by using different sections of the same tissue in different 

chambers. Also, as normal tissues can be used, any possible confounding factors that 

may be present in the cancer-derived gastric cell lines are removed. Preliminary 

experiments on normal murine gastric tissue have revealed that tissue integrity is 

sustained for at least 4 hours in the Ussing chamber (data not shown). 

In summary, H. pylori strains that express the CagA protein are able to induce 

changes to proteins involved in gastric epithelial cell iron homeostasis, resulting in 

increased cellular iron uptake and storage. This iron is preferentially stored in H-

ferritin, resulting in an accumulation of iron inside lysosomes that may be accessible 

to H. pylori. Further work is required to determine if the observed reduction in 

cytosolic iron can also, over time, lead to increased expression of the transferrin 

receptor. Finally, it will be important to confirm these in vitro observations, using 

human or animal gastric tissue ex vivo in the first instance. 
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