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Preface

The first successful isolation of Helicobacter pylori by Warren and Marshall has brought a
new era in gastric microbiology. Although spiral microorganisms had been observed in the
gastric mucus layer many years before, the isolation of H. pylori in conjunction with in‐
creased interest in the pathogenesis of gastrointestinal diseases, as well as the relatively fre‐
quent availability of clinical specimens via endoscopic biopsy, has led to important
breakthroughs in medical care.

H. pylori remains one of the most common worldwide human infections and, although its
colonization is not a disease in itself, it is a condition that affects the relative risk of develop‐
ing various clinical disorders of the upper gastrointestinal tract, such as chronic gastritis,
peptic ulcer disease, mucosa-associated lymphoid tissue (MALT lymphoma) and gastric ad‐
enocarcinoma. Besides, in the last two decades, H. pylori infection has been associated with
the development of some extradigestive diseases, such as hepatobiliary, cardiovascular and
pancreatic diseases, iron deficiency anemia and idiopathic thrombocytopenic purpura,
among others.

Even though the routes of transmission of H. pylori are not completely clarified, infection is
usually acquired during childhood and is characterized as being chronic, with greater prev‐
alence in developing countries in all ages. Person-to-person transmission and intrafamilial
spread seem to be the main route, based on the intrafamilial clustering. Children are often
infected by a strain with a genetic fingerprint identical to that of their parents, and they
maintain this genotype even after moving to a different environment. Besides, the water‐
borne infection remains possible.

All individuals with H. pylori infection have histological gastritis, which corresponds to clas‐
sical chronic gastritis and is characterized by the infiltration of neutrophils and other inflam‐
matory cells. However, most patients are asymptomatic for life, while only some will come
to develop a digestive disease. Nevertheless, gastric cancer is a disease that continues to be a
major global health problem and still remains the leading cause of cancer-related deaths in
many parts of the world. Gastric cancer development involves the interaction of three major
factors, the agent (in the most part of the cases, H. pylori) and its pathogenicity, the charac‐
teristics of the host, and the external environment. Specifically regarding H. pylori infection,
there are some studies indicating that the eradication of the microorganism could reduce the
incidence of gastric cancer in patients without precancerous lesions or, when lesions are
present, the eradication may or may not reduce this incidence. Also, when the eradication is
done after endoscopic mucosal resection in patients with early gastric adenocarcinoma, it
could decrease the recurrence of metachronous gastric cancer in some patients.
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Various guidelines for the management of H. pylori infection worldwide are available. Gen‐
erally, the eradication of H. pylori in adults is recommended when the bacterium is present
in the gastric mucosa. However, a discussion may arise about whether or not to recommend
specific treatment in asymptomatic individuals that receive positive diagnoses for H. pylori
in routine exams. In these cases, patients should be advised about the therapy, the adverse
effects resulting from the use of the chosen medications, and the importance of H. pylori
eradication in order to prevent some gastric diseases, such as peptic ulcer disease and gas‐
tric cancer. Nowadays, not only several drugs and regimens are in use, but also phytothera‐
py compounds have been associated with healing properties attributed, for instance, to the
inhibition of cytokine-mediated inflammatory mechanism and to antioxidant activities. Be‐
sides, new systems of drug delivery systems have been developed and new regimens have
been studied, considering the antimicrobial resistance.

All these aspects are considered in this book which is divided into following sections: Im‐
munopathology and genetic diversity; Questions concerning possible routes of H. pylori
transmission: water; H. pylori and gastric cancer: molecular epidemiology and possibilities
of prevention; H. pylori infection in children and possible causes of iron deficiency anemia;
Modern methods of bacterial DNA recovering; and Eradication therapy of H. pylori infec‐
tion: new strategies.

Dr. Benghezal and colleagues present an interesting chapter regarding H. pylori genetic and
epigenetic plasticity, discussing the hypothesis that this plasticity promotes H. pylori adapta‐
tion to individual human hosts by generating phenotypically diverse populations. A mathe‐
matical modeling of H. pylori chronic infection, its micro-evolution and related mechanisms
for the generation of diversity including genetic and epigenetic diversity is also described.
Finally, the chapter summarizes important alternatives to antibiotic treatment by targeting
H. pylori persistence based on the urease enzymes.

Dr. Mahdi describes the important mechanisms of host immune response to H. pylori infec‐
tion, which can be divided into innate and adaptive response, also describing the evasion of
bacterium to the immune response. Besides, some aspects of vaccination against H. pylori
infection are also considered.

Dr. Plonka and colleagues present a chapter that highlights the principal possible routes of
H. pylori transmission, especially the evidence for water contamination. The principal sour‐
ces and pathways of transmission are described as well as the methods used for the detec‐
tion of bacterium in waterborne.

Dr. Roesler and Dr. Zeitune present a chapter that can be divided into two sections: the mo‐
lecular characterization of H. pylori strains in Brazilian patients with early gastric adenocar‐
cinoma through molecular techniques, specifically polymerase chain reaction, and the
discussion of the principal aspects of H. pylori infection and the development of precancer‐
ous lesions and early gastric cancer properly, trying to highlight to what extent the microor‐
ganism eradication treatment could be important to preventing the disease progression.

Dr. Sokic-Milutinovic and colleagues describe the principal virulence factors of H. pylori that
have been associated to gastric cancer development, considering that the outcome of the in‐
fection also depends on characteristics of the host and environmental factors. They also dis‐
cussed these important aspects and considered them to suggest if H. pylori eradication is
enough to prevent gastric cancer development.

PrefaceX

Dr. Nicolescu describes the particulars of H. pylori infection in children, and summarizes im‐
portant aspects of this infection, such as the rate of H. pylori infection, prevalence, possibility
of transmission, principal diagnostic methods, incriminatory factors, pathophysiology and
dissemination, among others, concluding the main text considering prospects studies.

Dr. Sarker presents a chapter concerning H. pylori infection, gastric physiology and iron defi‐
ciency anemia in children in developing countries. The main text brings aspects of hyper‐
chlorhydria and hypochlorhydria and the role of H. pylori in gastric acid perturbation in
children. After this, the chapter explains the possible relationship between H. pylori infection
and iron deficiency anemia.

Dr. Rabelo-Gonçalves and colleagues present a research study describing the detection of H.
pylori in liver tissue samples through laser capture microdissection technique (LCM), consid‐
ering that this method can be extensively applied for bacterium identification in samples
with small quantities of DNA.

Dr. Samie and colleagues describe the challenge of antimicrobial chemotherapy and the
emergence of alternative treatments that have been used to eradicate H. pylori infection.
Geographic differences in predominant H. pylori genotypes are delineated and the principal
treatment regimens are discussed. Resistance mechanisms to metronidazole, clarithomycin,
amoxicillin, tetracycline and fluoroquinolone are depicted. Potential treatments with medici‐
nal plants are described, considering the principal plants used in Africa, Europe, South and
North America, Asia and Australia. In addition, honey and probiotics are described as pos‐
sible sources in the treatment and management of H. pylori infection.

Dr. Rajinikanth presents the current and future therapeutic strategies that can be used to
eradicate H. pylori infection. First-line, second-line and third-line therapies are described as
well as future therapeutic strategies, including novel drug delivery approaches, among
them the floating drug delivery systems (FDDS) and the mucoadhesive drug delivery sys‐
tems (MDDS). In addition, the development of vaccine against H. pylori and genome-based
drug discovery are also depicted.

Dr. Javadzadeh and Dr. Hamedeyazdan present a chapter that discusses the importance of
drug delivery systems in treatment of upper gastrointestinal diseases, especially peptic ulcer
disease. The floating drug delivery systems are explained as well as the principal therapies
that are currently used to H. pylori eradication.

Dr. Karczewska and colleagues describe a research concerning the empirical and the target‐
ed treatment of H. pylori infection in Southern Poland according to the results of local anti‐
microbial resistance monitoring. The principal characteristics and virulence factors of H.
pylori are explained as well as the treatment guidelines commonly used to eradicate its infec‐
tion. Antimicrobial resistance in Poland is described and the results obtained suggest the
need for constant monitoring of the resistance to a set of antimicrobial agents routinely used
for empirical therapy.

Finally, Dr. Negrei and colleagues describe the mechanisms of action and resistance to fluo‐
roquinolone in H. pylori infection, including the interaction with bacterial DNA gyrase and
topoisomerase IV, the SOS gene network response and the plasmid mediated resistance,
among other resistance mechanisms. In addition, the clinical and social implications of fluo‐
roquinolone resistance are depicted.

Preface XI



Various guidelines for the management of H. pylori infection worldwide are available. Gen‐
erally, the eradication of H. pylori in adults is recommended when the bacterium is present
in the gastric mucosa. However, a discussion may arise about whether or not to recommend
specific treatment in asymptomatic individuals that receive positive diagnoses for H. pylori
in routine exams. In these cases, patients should be advised about the therapy, the adverse
effects resulting from the use of the chosen medications, and the importance of H. pylori
eradication in order to prevent some gastric diseases, such as peptic ulcer disease and gas‐
tric cancer. Nowadays, not only several drugs and regimens are in use, but also phytothera‐
py compounds have been associated with healing properties attributed, for instance, to the
inhibition of cytokine-mediated inflammatory mechanism and to antioxidant activities. Be‐
sides, new systems of drug delivery systems have been developed and new regimens have
been studied, considering the antimicrobial resistance.

All these aspects are considered in this book which is divided into following sections: Im‐
munopathology and genetic diversity; Questions concerning possible routes of H. pylori
transmission: water; H. pylori and gastric cancer: molecular epidemiology and possibilities
of prevention; H. pylori infection in children and possible causes of iron deficiency anemia;
Modern methods of bacterial DNA recovering; and Eradication therapy of H. pylori infec‐
tion: new strategies.

Dr. Benghezal and colleagues present an interesting chapter regarding H. pylori genetic and
epigenetic plasticity, discussing the hypothesis that this plasticity promotes H. pylori adapta‐
tion to individual human hosts by generating phenotypically diverse populations. A mathe‐
matical modeling of H. pylori chronic infection, its micro-evolution and related mechanisms
for the generation of diversity including genetic and epigenetic diversity is also described.
Finally, the chapter summarizes important alternatives to antibiotic treatment by targeting
H. pylori persistence based on the urease enzymes.

Dr. Mahdi describes the important mechanisms of host immune response to H. pylori infec‐
tion, which can be divided into innate and adaptive response, also describing the evasion of
bacterium to the immune response. Besides, some aspects of vaccination against H. pylori
infection are also considered.

Dr. Plonka and colleagues present a chapter that highlights the principal possible routes of
H. pylori transmission, especially the evidence for water contamination. The principal sour‐
ces and pathways of transmission are described as well as the methods used for the detec‐
tion of bacterium in waterborne.

Dr. Roesler and Dr. Zeitune present a chapter that can be divided into two sections: the mo‐
lecular characterization of H. pylori strains in Brazilian patients with early gastric adenocar‐
cinoma through molecular techniques, specifically polymerase chain reaction, and the
discussion of the principal aspects of H. pylori infection and the development of precancer‐
ous lesions and early gastric cancer properly, trying to highlight to what extent the microor‐
ganism eradication treatment could be important to preventing the disease progression.

Dr. Sokic-Milutinovic and colleagues describe the principal virulence factors of H. pylori that
have been associated to gastric cancer development, considering that the outcome of the in‐
fection also depends on characteristics of the host and environmental factors. They also dis‐
cussed these important aspects and considered them to suggest if H. pylori eradication is
enough to prevent gastric cancer development.

PrefaceX

Dr. Nicolescu describes the particulars of H. pylori infection in children, and summarizes im‐
portant aspects of this infection, such as the rate of H. pylori infection, prevalence, possibility
of transmission, principal diagnostic methods, incriminatory factors, pathophysiology and
dissemination, among others, concluding the main text considering prospects studies.

Dr. Sarker presents a chapter concerning H. pylori infection, gastric physiology and iron defi‐
ciency anemia in children in developing countries. The main text brings aspects of hyper‐
chlorhydria and hypochlorhydria and the role of H. pylori in gastric acid perturbation in
children. After this, the chapter explains the possible relationship between H. pylori infection
and iron deficiency anemia.

Dr. Rabelo-Gonçalves and colleagues present a research study describing the detection of H.
pylori in liver tissue samples through laser capture microdissection technique (LCM), consid‐
ering that this method can be extensively applied for bacterium identification in samples
with small quantities of DNA.

Dr. Samie and colleagues describe the challenge of antimicrobial chemotherapy and the
emergence of alternative treatments that have been used to eradicate H. pylori infection.
Geographic differences in predominant H. pylori genotypes are delineated and the principal
treatment regimens are discussed. Resistance mechanisms to metronidazole, clarithomycin,
amoxicillin, tetracycline and fluoroquinolone are depicted. Potential treatments with medici‐
nal plants are described, considering the principal plants used in Africa, Europe, South and
North America, Asia and Australia. In addition, honey and probiotics are described as pos‐
sible sources in the treatment and management of H. pylori infection.

Dr. Rajinikanth presents the current and future therapeutic strategies that can be used to
eradicate H. pylori infection. First-line, second-line and third-line therapies are described as
well as future therapeutic strategies, including novel drug delivery approaches, among
them the floating drug delivery systems (FDDS) and the mucoadhesive drug delivery sys‐
tems (MDDS). In addition, the development of vaccine against H. pylori and genome-based
drug discovery are also depicted.

Dr. Javadzadeh and Dr. Hamedeyazdan present a chapter that discusses the importance of
drug delivery systems in treatment of upper gastrointestinal diseases, especially peptic ulcer
disease. The floating drug delivery systems are explained as well as the principal therapies
that are currently used to H. pylori eradication.

Dr. Karczewska and colleagues describe a research concerning the empirical and the target‐
ed treatment of H. pylori infection in Southern Poland according to the results of local anti‐
microbial resistance monitoring. The principal characteristics and virulence factors of H.
pylori are explained as well as the treatment guidelines commonly used to eradicate its infec‐
tion. Antimicrobial resistance in Poland is described and the results obtained suggest the
need for constant monitoring of the resistance to a set of antimicrobial agents routinely used
for empirical therapy.

Finally, Dr. Negrei and colleagues describe the mechanisms of action and resistance to fluo‐
roquinolone in H. pylori infection, including the interaction with bacterial DNA gyrase and
topoisomerase IV, the SOS gene network response and the plasmid mediated resistance,
among other resistance mechanisms. In addition, the clinical and social implications of fluo‐
roquinolone resistance are depicted.

Preface XI



“Trends in Helicobacter pylori Infection” will certainly provide an updated set of informa‐
tion in all the principal aspects of H. pylori infection, enriching the knowledge of the whole
scientific community.

The editor expresses her thankfulness for the excellent work of the contributing authors. The
editor thanks Ms. Danijela Duric, head of production at InTech, for her invitation to edit this
book. In addition, the editor is especially thankful for the excellent support given by Ms. Iva
Lipovic, as well as the entire InTech Open Access publishing team.

Dr. Bruna Maria Roesler
Pharmacist Biochemist

Department of Internal Medicine, Center of Diagnosis of Digestive Diseases,
Faculty of Medical Sciences, State University of Campinas,

Campinas, São Paulo, Brazil
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Chapter 1

Persistence of Helicobacter pylori Infection: Genetic and
Epigenetic Diversity

Mohammed Benghezal, Jonathan C. Gauntlett,
Aleksandra W. Debowski, Alma Fulurija,
Hans-Olof Nilsson and Barry James Marshall

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57428

1. Introduction

Helicobacter pylori is a Gram negative bacterium found on the luminal surface of the gastric
epithelium. Infection is generally acquired during childhood and persists life-long in the
absence of antibiotic treatment. H. pylori has a long period of co-evolution with humans, going
back at least since human migration out of Africa about 60, 000 years ago [1, 2]. This co-
evolution is reflected in DNA sequence signatures observed in H. pylori strains of different
geographic origin and has enabled the mapping of human migration out of Africa. This
prolonged and intimate relationship is likely to have shaped the large and diverse repertoire
of strategies which H. pylori employs to establish robust colonization and persist in the gastric
niche. Key challenges that H. pylori encounters are fluctuation of acidic pH of the gastric lumen,
peristalsis of the mucus layer leading to washout in the lower intestine, nutrient scarcity, and
the innate and adaptive immune responses promoting local inflammation or gastritis [3-8].
These challenges, particularly host immune responses, are likely to represent the selective
pressure driving H. pylori micro-evolution during transmission leading to persistence in the
human host.

Host defences against H. pylori have been extensively studied including mechanisms which
H. pylori uses to avoid or inhibit an effective host immune response and review of these related
studies is beyond the scope of this chapter (see reviews [9-24]). Instead, key strategies of H.
pylori immune escape with emphasis on regulation of inflammation are succinctly presented
in the context of H. pylori persistence. H. pylori has evolved to avoid detection by pattern
recognition receptors of the innate immune system, such as toll-like receptors and C-type
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lectins. Indeed, the TLR4 determinant of H. pylori lipopolysaccharide is a very weak stimulus
as a result of its altered and highly conserved lipid A structure [25, 26]. In addition, the
lipopolysaccharide O-antigen mimics Lewis antigen expressed on host cells and has been
shown to regulate dendritic cell function through its binding of DC-SIGN [27-32]. Mutation of
the TLR5 recognition site in the flagellin and the sheath protecting the flagella prevent strong
activation of the TLR5 signalling pathway [33-35]. H. pylori inhibits the adaptive immune
response by blocking T-cell proliferation at different levels via at least three different factors,
the gamma-glutamyltranspeptidase [36], the cytotoxin VacA [37] and its unique glucosyl
cholesterol derivatives [38] (produced from the cholesterol H. pylori extracts from host cells).
A recent study on the role of the inflammasome during H. pylori infection unveiled the pro-
inflammatory and regulatory properties of caspase-1 mediated by its substrates IL-1β and
IL-18, respectively [39]. In light of the acid-suppressive properties of IL-1β [40], the latter
observation exemplifies how seamlessly adapted H. pylori is to its human host in its ability to
balance gastric pH, inflammation and avoid overt gastric pathology to maintain the physiology
of its niche and persist for decades. It would therefore be interesting to note the higher risk for
atrophic gastritis in patients with IL-1β polymorphisms that leads to increased expression of
IL-1β [41-43] as elevated IL-1β levels might interfere with the dual role of caspase-1 and
promote overt inflammation during H. pylori chronic infection. Further studies on the activa‐
tion/regulation of the inflammasome are warranted to gain new insights into gastric cancer
caused by H. pylori infection.

The scope of this chapter is to review H. pylori genetic and epigenetic plasticity and discuss
the hypothesis that this plasticity promotes H. pylori adaptation to individual human hosts by
generating phenotypically diverse populations. Emphasis has been put on mathematical
modelling of H. pylori chronic infection [44], its micro-evolution and related mechanisms for
the generation of diversity including genetic [45-49] and epigenetic diversity [50, 51]. Mecha‐
nisms of horizontal gene transfer and the generation of intra-strain genetic diversity are
reviewed and the implication of phasevarion-mediated epigenetic diversity is discussed in the
context of bacterial population and adaption.

Examples of experimental strategies to study and decipher H. pylori persistence are presented
and include bacterial genetics combined with the use of animal models as well as H. pylori
comparative genomics during chronic and acute infection in humans. The chapter summarises
the mechanism of H. pylori micro-evolution, in particular the tension between generation of
genetic diversity to adapt and genome integrity. Finally, alternatives to antibiotic treatment
by targeting H. pylori persistence are discussed based on the urease enzyme.

2. H. pylori persistence: Mathematical modelling

H. pylori survive in the gastric niche in a dynamic equilibrium of replication and death by
manipulating the host immune system to keep a favourable balance that allows for persistence
and transmission. Blaser and Kirschner developed an elegant mathematical model of H.
pylori persistence based on the Nash equilibrium, specifically that H. pylori uses the evolution‐
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ary stable strategy based on cross-signalling and feedback loop regulations between the host
and the bacteria [44]. In this model, a set of interactions between bacteria and the host is defined
as well as their corresponding rate parameters. Two populations are considered, the non-
replicating free swimming bacteria in the mucus and the adherent bacteria replicating in a
nutrient-rich site. This model predicts clearance of the bacteria in the presence of a strong host
immunological response and persistence if the host response is weaker. However, this model
does not take into account random fluctuations for stochastic phenotype transitions. H.
pylori is likely to exhibit phenotypic and genetic plasticity to adapt to changing gastric
environments but it has relatively few sensors of gastric environment change (e.g. pH,
immunological responses, receptor availability, and nutrients). H. pylori’s apparently limited
gene regulation and its small genome suggest alternative adaptive mechanisms, different from
exclusive maintenance of active sensory machinery that is costly. Possibilities include small
RNA regulation [52], automatic random genetic switches for generating diverse adaptive
phenotypes [53], exemplified by the frameshift-prone repetitive sequences at the beginning of
certain phase variable genes [47, 50, 51], and the numerous duplicate and divergent outer
membrane genes, which could be part of a more general gene regulation network, so far
unidentified. Thus further refinement of this model is required to understand the mechanisms
involved in establishing the optimal balance between sensing changes and random phenotype
switching. Introducing random fluctuations for stochastic phenotype transitions in this model
is highly relevant to phase variation and phasevarion, two mechanisms H. pylori uses to
generate phenotypic changes and adapt.

3. Genetic diversity

The above mentioned mathematical model based on cross-signalling and feedback loop
regulation between the host and the bacteria predicts a unique H. pylori population in every
human host. In other words, H. pylori transmission results in adaptation to a specific host
during the acute phase of transmission as well as in the chronic phase. The Nash equilibrium
model for H. pylori colonization is in line with the genetic diversity of H. pylori populations as
the result of human migration out of Africa and with vertical transmission. Indeed, H. pylori
strains transmitted within families are genetically less diverse than strains from unrelated
infected persons. This highlights the isolation of H. pylori strains within a host and genetic
adaptation to human subpopulations. Multi-locus sequence typing analysis has identified 6
ancestral populations of H. pylori named ancestral European 1, ancestral European 2, ancestral
East Asia, ancestral Africa1, ancestral Africa2 [2], and ancestral Sahul [1].

3.1. Intra-strain generation of genetic diversity

Adaptive evolution of species relies on a balance between genetic diversity and genome
stability promoted by genome maintenance mechanisms and DNA repair preventing muta‐
tions and ensuring cell viability. Intra-strain or intracellular genetic changes have several
origins including spontaneous chemical instability of DNA such as depurination and deami‐
nation, errors during DNA replication and the action of DNA damaging metabolites, either
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endogenous or exogenous. The DNA repair machinery is essential to all living organisms and
has been best studied for the model organism Escherichia coli. The advances in DNA sequencing
technologies and comparative genomics provided a unique opportunity to better understand
genome maintenance beyond E. coli model organism by comparing the DNA repair gene
content in different bacterial species. This is of particular interest for bacterial pathogens that
have to overcome immune responses and associated DNA damaging oxidative stress [54].
Comparative genomics of nine human pathogens (Helicobacter pylori, Campylobacter jejuni,
Haemophilus influenza, Mycobacterium tuberculosis, Neisseria gonorrhoea, Neisseiria meningitidis,
Staphylococcus aureus, Streptococcus pneumonia and Streptococcus pyogenes) revealed a reduced
number of genes in DNA repair, recombination and replication compared to E. coli [54].

During replication DNA polymerase encountering DNA damage could either be blocked or
continue and introduce a mutation into the daughter strand. Maintenance of the template for
DNA replication before the replication fork reaches the DNA lesion is therefore an effective
DNA repair strategy employed by the cell to avoid mutation or replication arrest. A blocked
replication fork requires the homologous recombination machinery to repair the damaged
DNA and to resume replication. DNA template maintenance is achieved through several
mechanisms pre- and post-replication:

• Direct repair that reverses base damage.

• Excision repair that removes the lesion from the DNA duplex. There are three types of
excision repair:

◦ Base excision repair (BER) – PolI dependent [54].

◦ Nucleotide excision repair (NER) – PolI dependent [54].

◦ Alternative excision repair (AER) has been described in a limited number of organisms
such a Schizosaccharomyces pombe and Deinococcus radiodurans – Endonuclease and DNA
ligase dependent [55].

• Mismatch repair (MMR) is a post-replication mechanism which contributes to the DNA
polymerase fidelity by identifying mismatched bases and removing them from the daughter
strand [54].

• Recombinational repair that exchanges the isologous strands between the sister DNA
molecules.

Table 1 shows that nucleotide excision repair is the only fully conserved repair pathway
amongst the nine pathogens mentioned above and that the SOS response related genes are
completely missing from H. pylori [46, 54]. Direct repair and mismatch repair are often
completely absent whereas base excision repair, recombinational repair and replication (dnaA,
dnaB, dnaG, gyrA, gyrB, parC, parE, priA, rep, topA and polA) are often missing one or several
genes. This absence of DNA repair and replication genes suggests either that functional
homologs remain to be discovered or that specific genome dynamics and genome integrity
maintenance strategies are at play in different microbial pathogens to adapt to their niche.
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Pathway Protein H. pylori gene Protein function Bacterial species

Ec Hp

Direct repair

Ada Methyltransferase + -

AlkB Oxidative demethylase + -

Ogt HP0676 Methyltransferase + +

Phr/Spl Photolyase + -

Base excision repair

MutY HP0142 Glycosylase (adenine) + +

MutM Glycosylase (8-oxoG) + -

Nei Endonuclease VIII + -

Nth HP0585 Endonuclease III + +

Tag Glycosylase I (adenine) + -

AlkA Glycosylase II (adenine) + -

Ung HP1347 Glycosylase (uracil) + +

Xth HP1526 Exonuclease III + +

Mpg Glycosylase (purine) + -

YgjF Glycosylase (thymine) + -

Nfo Endonuclease IV + -

MagIII HP0602 Glycosylase ( adenine) - +

Nucleotide excision repair

UvrA HP0705 DNA damage

recognition
+ +

UvrB HP1114 Exinuclease + +

UvrC HP0821 Exinuclease + +

UvrD HP1478 Helicase II + +

Mfd HP1541 Transcription-repair

coupling factor
+ +

Mismatch excision repair

Mismatch recognition MutS1 Mismatch recognition + -

MutS2 HP0621 Repair of oxidative DNA

damage
- +

MutL Recruitment of MutS1 + -

MutH Endonuclease + -
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Pathway Protein H. pylori gene Protein function Bacterial species

Ec Hp

Recombinational repair

RecA HP0153 DNA strand exchange

and recombination
+ +

RecBCD pathway RecB (AddA) HP1553 Exonuclease V, β subunit+ +

RecC (AddB) HP0275 Exonuclease V, γ subunit + +

RecD Exonuclease V, α subunit+ -

RecFOR pathway RecF Gap repair protein + -

RecJ HP0348 5 -́3  ́ssDNA exonuclease + +

RecO HP0951 Gap repair protein + +

RecR HP0925 Gap repair protein + +

RecN HP1393 ATP binding + +

RecQ 3'-5'DNA helicase + -

Branch migration
RuvA HP0883 Binds junctions; helicase

(with RuvB)
+ +

RuvB HP1059 5'-3'junction helicase

(with RuvA)
+ +

RecG HP1523 Resolvase, 3'-5'junction

helicase
+ +

Resolvase RuvC HP0877 Junction endonuclease + +

Chromosome dimer resolution

XerC Recombinase + -

XerD Recombinase + -

XerH HP0675 Recombinase - +

Adapted from References Kang and Blaser, Nat Rev Microbiol. 2006; 4(11):826-36 and Ambur et al., FEMS Microbiol.Rev.
2009; 33:453-470. AP, apurinic/apyrimidinic; ds, double stranded; ss, single stranded.

Table 1. Comparative analysis of DNA repair and recombination pathways in E. coli and H. pylori

H. pylori specific DNA repair and replication pathways and their potential role in colonization,
virulence and persistence are discussed below based on experimental evidence.

3.1.1. DNA repair and mutagenesis

The most striking feature of H. pylori DNA repair gene content is the absence of the mismatch
repair. A distant homolog of mutS was identified [56, 57] and phylogenetic analysis revealed
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that MutS belongs to the MutS2 subfamily of proteins [58] that are not associated with MMR.
Functional analysis of H. pylori MutS2 identified a role of this protein in repair of oxidative
DNA damage and Muts2 is required for robust colonization in the mouse model of H. pylori
infection [59]. Deficiency in MMR activity leads to an increase in mutation rate and is known
as the mutator phenotype in Enterobacteriaceae and Pseudomonas aeruginosa [60, 61]. The
apparent lack of MMR is in line with H. pylori mutation rate that is about 2 orders of magnitude
higher than in E. coli [45]. H. pylori mutator phenotype could confer genetic diversity and a
selective advantage to adapt and persist in the changing gastric niche. Alternatively, the
mutator phenotype of H. pylori might promote transmission as postulated for Neisseria
meningitidis based on the observation of high prevalence of mutations in MMR genes in a N.
meningitidis epidemic [62].

Numerous reports have confirmed H. pylori dependence on DNA repair to establish robust
colonization and to persist, suggesting that the human gastric niche induces bacterial DNA
lesions [63].

Four of the base excision repair proteins only (MutY, Nth, Ung and Xth) are present in H.
pylori [54, 64-67] in addition to a novel 3-methyladenine DNA glycosylase (MagIII) that defines
a new class within the endonuclease III family of base excision repair glycosylases resembling
the Tag protein [68, 69]. magIII and xth mutants were identified in a signature-tagged muta‐
genesis screen based on the mouse model of H. pylori infection suggesting a role during
colonization [70]. Deletion mutants mutY, ung and xth exhibited higher spontaneous mutation
frequencies compared to wild-type, with a mutY mutant displaying the highest frequency of
spontaneous mutation. mutY mutants colonized the stomach of mice less robustly compared
to wild-type, demonstrating a role for MutY in base excision repair in vivo to correct oxidative
DNA damage [64]. The presence of an adenine homopolymeric tract in mutY suggests that
MutY phase varies. This raises an interesting question whether H. pylori can vary its mutation
rate to adapt to its gastric niche, and highlights the tension between mutation and repair.
Deletion of the nth gene also led to hypersensitivity to oxidative stress, reduced survival in
macrophages and an increased mutation rate compared to wild-type [71]. The nth mutant also
colonized the mouse stomach poorly 15 days post challenge and was almost cleared after 60
days [71].

Mutants in nucleotide excision repair genes uvrA, uvrB, uvrC and uvrD have been constructed
in H. pylori [49, 72, 73] and their UV sensitivity phenotype confirmed their role in DNA repair.
Although surprisingly uvrA and uvrB mutants had lower mutation rate and recombination
frequencies [49]. This phenomenon can be explained by nucleotide exchange of undamaged
DNA and was hypothesized to be another mechanism H. pylori uses to generate genetic
diversity [49]. Furthermore, uvrC mutation led to an increase in the length of DNA import,
suggesting that NER influences homologous recombination. UvrD limited homologous
recombination between strains [49, 73]. A mutant deficient in Mfd, the transcription repair
coupling factor, was found to be more sensitive to DNA damaging agents [74], suggesting that
H. pylori may also detect blocked RNA polymerase as a damage recognition signal in addition
to the DNA distortion recognition properties of UvrA and UvrB. In summary, NER has
opposite dual functions; maintenance of genome integrity by excision repair versus generation
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spontaneous mutation. mutY mutants colonized the stomach of mice less robustly compared
to wild-type, demonstrating a role for MutY in base excision repair in vivo to correct oxidative
DNA damage [64]. The presence of an adenine homopolymeric tract in mutY suggests that
MutY phase varies. This raises an interesting question whether H. pylori can vary its mutation
rate to adapt to its gastric niche, and highlights the tension between mutation and repair.
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recombination between strains [49, 73]. A mutant deficient in Mfd, the transcription repair
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to the DNA distortion recognition properties of UvrA and UvrB. In summary, NER has
opposite dual functions; maintenance of genome integrity by excision repair versus generation
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of genetic diversity by increasing the spontaneous mutation rate and controlling the rate of
homologous recombination and corresponding import length of DNA. Full conservation of
the NER pathway in H. pylori contrasts with other lacunar DNA repair pathways and high‐
lights the importance of the dual role of NER for H. pylori during its replication cycle to balance
genetic diversity and genome integrity. To date, the role of NER in genetic diversification has
not been tested in vivo. Only the mfd mutant was identified in a signature-tagged mutagenesis
screen based on the mouse model of H. pylori infection, suggesting a role of NER during
colonization [70].

Finally, recombinant H. pylori overexpressing DNA polymerase I displays a mutator pheno‐
type suggesting a role of replication in generating genetic diversity. Bacterial DNA polymer‐
ases I participates in both DNA replication and DNA repair. H. pylori DNA PolI lacks a
proofreading activity, elongates mismatched primers and performs mutagenic translesion
synthesis. Conversely, the DNA polymerase I deficient mutant exhibited lower mutation
frequency compared to wild-type.

3.1.2. DNA recombination

3.1.2.1. Homologous recombination

Recombination between similar sequences is called homologous recombination (HR). HR
participates in DNA repair of double strand breaks and stalled replication forks. It is dependent
on RecA, a protein that binds and exchanges single stranded DNA. As depicted in Figure 1,
HR is a three-step process involving presynapsis, synapsis and postsynapsis. The presynapsis
pathway is dictated by the nature of the DNA substrate. Two categories of proteins prepare
the single stranded DNA for binding by RecA. A linear DNA duplex with a double-strand end
(that could arise during partial replication of incoming single stranded DNA during conjuga‐
tion, transduction, or DNA damage) is processed by RecBCD. Gapped DNA (that may form
during replication) is processed to single-stranded DNA by RecQ and RecJ, whereas RecFOR
inhibits RecQ and RecJ activities to allow RecA binding. The result is a nucleoprotein filament
that is ready for the search of homologous sequence in the DNA duplex and RecA-mediated
strand exchange once that homologous sequence is found. This synapsis step leads to the
formation of a structure termed the D-loop. Postsynapsis involves D-loop branch migration
and Holliday junction formation catalysed by RuvAB prior to resolution by RuvC or RusA.
RecG has also been shown to be involved in recombination and to catalyse branch migration,
in addition to its role in replication fork reversal. Interestingly, RuvC-mediated Holliday
junction resolution is biased towards non-crossover, avoiding the formation of a chromosome
dimer that requires the Xer/dif machinery for resolution.

H. pylori expresses most of the HR proteins of E. coli including; RecA, AddAB instead of
RecBCD, RecOR (lacking RecF and RecQ), RuvABC (lacking RusA), RecG, and XerH/difH

for chromosome dimer resolution. The presence of most HR genes in H. pylori suggests that
HR plays an important role in H. pylori  gastric colonization. Intragenomic recombination
in  families  of  genes  encoding  outer  membrane  proteins  leads  to  H.  pylori  cell  surface
remodelling to adapt to the human host by adjusting bacterial adhesive properties, antigen
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mimicry [75, 76] and modulation of the immune system [76]. HR was suggested to be the
underlying recombination mechanism for homA/homB and galT/Jhp0562 allelic diversity [77,
78],  whereas  gene  conversion  (non-reciprocal  recombination)  is  responsible  for  sabA
diversity [79]. Mutants in recA, addA or recG had lower rates of sabA adhesin gene conversion
suggesting that RecA-independent gene conversion exists and that this recombination may
be initiated by a double-strand break [79].

The RecA deficient mutants are sensitive to DNA damaging agents such as UV light, methyl
methanesulfonate, ciprofloxacin, and metronidazole [80, 81]. RecA was the first HR protein to
be characterized in H. pylori and it was found not to complement an E. coli RecA deficient
mutant [80]. Lack of cross-species complementation was first attributed to the putative post-
translational modification of RecA [80], however, studies showed that the lack of complemen‐
tation was due to species specific interaction of RecA with proteins involved in presynapsis
such as RecA loading on the single stranded DNA by AddAB [82]. RecA’s role in vivo is
supported by poor colonization of a RecA deficient mutant [82]. Interestingly, RecA was shown
to integrate the transcriptional up-regulation of DNA damage responsive genes (upon DNA
uptake) and natural competence genes (upon DNA damage) in a positive feedback loop. The

Figure 1. Homologous recombination. Two DNA substrates can be processed by the HR machinery a) double strand
break DNA b) gapped DNA. Three stages of HR are presented starting with presynapsis (DNA processing to ssDNA for
RecA loading), synapsis (search of the homologous sequence in the DNA duplex and RecA-mediated strand exchange
leading to the formation of a structure termed D-loop) and postsynapsis (D-loop branch migration and Holliday junc‐
tion formation catalysed by RuvAB before resolution by RuvC or RusA). Proteins involved at the different steps are indi‐
cated in black for the model organism E. coli and in blue for H. pylori.
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lights the importance of the dual role of NER for H. pylori during its replication cycle to balance
genetic diversity and genome integrity. To date, the role of NER in genetic diversification has
not been tested in vivo. Only the mfd mutant was identified in a signature-tagged mutagenesis
screen based on the mouse model of H. pylori infection, suggesting a role of NER during
colonization [70].

Finally, recombinant H. pylori overexpressing DNA polymerase I displays a mutator pheno‐
type suggesting a role of replication in generating genetic diversity. Bacterial DNA polymer‐
ases I participates in both DNA replication and DNA repair. H. pylori DNA PolI lacks a
proofreading activity, elongates mismatched primers and performs mutagenic translesion
synthesis. Conversely, the DNA polymerase I deficient mutant exhibited lower mutation
frequency compared to wild-type.

3.1.2. DNA recombination

3.1.2.1. Homologous recombination

Recombination between similar sequences is called homologous recombination (HR). HR
participates in DNA repair of double strand breaks and stalled replication forks. It is dependent
on RecA, a protein that binds and exchanges single stranded DNA. As depicted in Figure 1,
HR is a three-step process involving presynapsis, synapsis and postsynapsis. The presynapsis
pathway is dictated by the nature of the DNA substrate. Two categories of proteins prepare
the single stranded DNA for binding by RecA. A linear DNA duplex with a double-strand end
(that could arise during partial replication of incoming single stranded DNA during conjuga‐
tion, transduction, or DNA damage) is processed by RecBCD. Gapped DNA (that may form
during replication) is processed to single-stranded DNA by RecQ and RecJ, whereas RecFOR
inhibits RecQ and RecJ activities to allow RecA binding. The result is a nucleoprotein filament
that is ready for the search of homologous sequence in the DNA duplex and RecA-mediated
strand exchange once that homologous sequence is found. This synapsis step leads to the
formation of a structure termed the D-loop. Postsynapsis involves D-loop branch migration
and Holliday junction formation catalysed by RuvAB prior to resolution by RuvC or RusA.
RecG has also been shown to be involved in recombination and to catalyse branch migration,
in addition to its role in replication fork reversal. Interestingly, RuvC-mediated Holliday
junction resolution is biased towards non-crossover, avoiding the formation of a chromosome
dimer that requires the Xer/dif machinery for resolution.
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78],  whereas  gene  conversion  (non-reciprocal  recombination)  is  responsible  for  sabA
diversity [79]. Mutants in recA, addA or recG had lower rates of sabA adhesin gene conversion
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interconnection of natural competence and DNA damage through RecA highlights the role of
HR in persistence and in generating genetic diversity. Alternatively, and not exclusive to a role
in generation of genetic diversity, RecA-mediated genetic exchange might represent a
mechanism for genome integrity maintenance in an extreme DNA-damaging environment.

Several gene deletion studies have shown that H. pylori has two separate and non-overlapping
presynaptic pathways, AddAB and RecOR, contrasting with the redundancy of RecBCD and
RecFOR in E. coli [83, 84]. The single addA mutant and double mutant addA recO exhibit similar
sensitivity to double strand break inducing agents, suggesting that AddAB is involved in the
double strand break repair pathway, and RecOR in gap repair. Finally, RecOR is involved in
intragenomic recombination and AddAB in intergenomic recombination. Both pathways are
required in vivo for robust colonization and persistence based on the lower colonization loads
of single addA, recO, and recR mutants in the mouse model of H. pylori infection with the double
addA recO mutant displaying the lowest bacterial load. As expected for recombinational repair
proteins, RecN mediated DNA double strand break recognition and initiation of DNA
recombination is also required in vivo for robust colonization [85].

Resolution of the Holliday junction formed by the action of RecA is performed by RuvABC in
H. pylori and recA, ruvB, or ruvC mutants exhibited similar UV sensitivities [86, 87]. Coloniza‐
tion of the recombinational repair mutant, ruvC, was affected and 35 days post-infection the
ruvC mutant was cleared by mice. Thus, although dispensable for the initial colonization step,
recombinational DNA repair and HR are essential to H. pylori persistent infection. Further‐
more, the ruvC deletion mutant elicited a Th1 biased immune response compared to a Th2
biased response observed for wild-type, highlighting the role of homologous recombination
in H. pylori immune modulation and persistence [88].

Unexpectedly, the RecG homolog in H. pylori limits recombinational repair [86] by competing
with the helicase RuvB. Mutation of RecG increased recombination frequencies in line with a
role of RecG in generating genetic diversity. The term ‘DNA antirepair’ was coined to highlight
the tension between the generation of diversity and genome integrity maintenance for H.
pylori adaptation to its niche. Further regulation of homologous recombination is mediated by
the MutS2 protein that displays high affinity for DNA structures such as recombination
intermediates thus inhibiting DNA strand exchange and consequent recombination [89].
MutS2 deficient cells have a 5-fold increase in recombination rate [90].

3.1.2.2. Non-homologous recombination

XerH/difH machinery for chromosome dimer resolution was found to be essential for H. pylori
colonization [87]. Deletion of xerH in H. pylori caused: (i) a slight growth defect in liquid culture,
as is typical of xer mutants of E. coli [91], (ii) markedly increased sensitivity to DNA breakage
inducing and homologous recombination stimulating UV irradiation and ciprofloxacin, (iii)
increased UV sensitivity of a recG mutant [86], and (iv) a defect in chromosome segregation.
The inability of the xerH mutant to survive in the gastric niche contrasts with ruvC mutant
colonization and further supports the idea that XerH is not involved in DNA repair but in
chromosome maintenance such as chromosome dimer resolution, regulation of replication and
possibly in chromosome unlinking. This, in turn, suggests that slow growing H. pylori depends
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on unique chromosome replication and maintenance machinery to thrive in their special
gastric niche.

Rearrangement of the middle region of the cagY gene, independent of RecA [92], leads to in
frame insertion or deletion of CagY and gain or loss of function of the CagA type IV secretion
system. Recombination of cagY was proposed to be a mechanism to regulate the inflammatory
response to adapt and persist in the gastric niche [93]. To date the exact recombination
mechanism involving direct repeats in the middle region of cagY remains unknown.

3.1.3. Phase variation

Host adapted human pathogens, such as H. influenzae, Neisseria species and H. pylori, have
evolved genetic strategies to generate extensive phenotypic variation by regulating the
expression of surface bound (or secreted) protein antigens that directly (or indirectly) interact
with host cells. Phenotypic variation of the bacterial external composition will alter the
appearance of the bacterium as sensed by the host immune system. One common regulatory
mechanism to achieve antigen diversity within a bacterial population is known as phase
variation [94, 95].

In pathogens, simple sequence repeats (SSRs) are tandem iterations of a single nucleotide or
short oligonucleotides that, with respect to their length, are hypermutable (Figure 2). Rever‐
sible slipped strand mutation/mispairing of SSRs within protein coding regions cause frame
shifts, resulting in the translation of proteins that vary between being in-frame (on), producing
functional full-length proteins, and out-of-frame (off), where a truncated or non-sense
polypeptide is produced [96]. Additionally, SSRs may occur in the promoter region of genes
where variation in their length may affect promoter strength by mechanisms such as alteration
of the distance between -10 and -35 elements.

In H. pylori, phase variation regulates the expression of genes that are likely to be impor‐
tant for adaptation in response to environmental changes and for immune evasion in order
to establish persistent colonization of the host. Analysis of DNA sequence motifs based on
annotated genomes of H. pylori strains 26695 [57] and J99 [97] revealed substantial occur‐
rence,  intra-  and  intergenic,  of  homopolymeric  tracts  and  dinucleotide  repeats.  Certain
categories of genes (or their promoter region) were particularly prone to contain SSRs, such
as  those  coding  for  LPS  biosynthesis  enzymes,  outer  membrane  proteins  and  DNA
restriction/modification  systems,  and  thus  have  been  identified  as  possible  candidates
regulated by phase variation [98].

Further genome analysis of H. pylori strains 26695 and J99 demonstrated an expanded
repertoire of candidate phase-variable genes. In addition to previous sequence motif analyses
of the annotated genomes by Tomb and Alm, 13 novel putative phase-variable antigens were
identified in silico [99]. Poly-A and poly-T repeats were almost exclusively found in intergenic
regions whereas poly-C and poly-G repeats were mostly intragenic. Five classes of gene
function were described; i) LPS biosynthesis (seven genes), ii) cell surface associated proteins
(22 genes), iii) DNA restriction/modification systems (nine genes), iv) metabolic or other
proteins (three genes), and v) hypothetical ORFs with unidentified homology (five genes). This
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Figure 2. Phase variation and generation of epigenetic diversity by phasevarions. Slipped strand mispairing of short
sequence repeats during DNA replication results in alteration of repeat length in descendants. Figure adapted from
Thomson et al. [316]. Repeat sequences, represented by a white box, may be present in gene promoters or within the
coding sequence of a gene where variation in repeat length alters gene expression, or changes the reading frame
leading to the generation of a premature stop codon, respectively. This leads to phenotypic variation due to the pres‐
ence or absence of the encoded protein. In instances where the phase varying gene encodes a methyltransferase,
phase variable expression of the methylase results in either the methylation, or absence of methylation, of target DNA
sequences of the enzyme. In instances where methylation affects gene promoter activity this results in varied gene
expression. A set of genes, referred to as a phasevarion, may be regulated in this manner resulting in rapid, reversible
epigenetic generation of phenotypic diversity.
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analysis highlights the importance for a bacterial species such as H. pylori to be able to regulate
cell surface antigen expression that is responsible for direct interaction with a changing
environment.

Multi locus sequence typing (MLST) analysis was then applied for analysis of sequence motif
variation in 23 H. pylori strains selected on the basis of ethnicity and country of origin (Table
2). Four strain types were investigated, i) hpEastAsia, ii) hpLadakh, iii) hpEurope, and iv)
hpAfrica1 and hpAfrica2. In conclusion, approximately 30 genes have been identified as likely
phase-variable and it has been postulated that a much higher degree of recombination occurs
for genes under constant selective pressure as opposed to more neutral genes such as those
encoding ‘housekeeping’ functions [99]. DNA sequence analysis of H. pylori strains indicated
that recombination of LPS biosynthesis genes may reflect genetic exchange within the popu‐
lation lineage and that phase variable gene evolution occurs at a high rate [100].

Gene function CDS Repeat Strain variation1

26695 (HP) J99 (jhp) +2 -3 Abs4

LPS biosynthesis

α-1, 3-fucosyltransferase* 0651 0596 A 7 16 0

C 10 13 0

α-1, 3-fucosyltransferase* 0379 1002 A 12 11 0

C 14 9 0

FutC (α-1, 2-fucosyltransferase)* 0093-4 0086 C 23 0 0

A 19 4 0

Lex2B 0619 0563 C 20 0 3

RfaJ (α-1, 2-glycosyltransferase) 0208 0194 GA 20 0 3

RfaJ (α-1, 2-glycosyltransferase) NH5 0820 C 8 11 4

β-1, 4-N-acetylgalactoamyl transferase* 0217 0203 G 21 2 0

G 3 20 0

RfaJ homologue 0159 - Putative6

RfaJ homologue 1416 - Putative

OMP7

FliP (flagellar protein) 0684-5 0625 C 6 16 1

OM adherence protein 1417 1312 GA 14 0 9

Streptococcal M protein 0058 0050 C 12 2 9

HopH (OipA) 0638 0581 CT 16 7 0

TlpB (chemotaxis protein) 0103 0095 G 20 0 3

BabA (Leb binding protein) 1243 0833 CT Putative

Persistence of Helicobacter pylori Infection: Genetic and Epigenetic Diversity
http://dx.doi.org/10.5772/57428

15



Figure 2. Phase variation and generation of epigenetic diversity by phasevarions. Slipped strand mispairing of short
sequence repeats during DNA replication results in alteration of repeat length in descendants. Figure adapted from
Thomson et al. [316]. Repeat sequences, represented by a white box, may be present in gene promoters or within the
coding sequence of a gene where variation in repeat length alters gene expression, or changes the reading frame
leading to the generation of a premature stop codon, respectively. This leads to phenotypic variation due to the pres‐
ence or absence of the encoded protein. In instances where the phase varying gene encodes a methyltransferase,
phase variable expression of the methylase results in either the methylation, or absence of methylation, of target DNA
sequences of the enzyme. In instances where methylation affects gene promoter activity this results in varied gene
expression. A set of genes, referred to as a phasevarion, may be regulated in this manner resulting in rapid, reversible
epigenetic generation of phenotypic diversity.

Trends in Helicobacter pylori Infection14

analysis highlights the importance for a bacterial species such as H. pylori to be able to regulate
cell surface antigen expression that is responsible for direct interaction with a changing
environment.

Multi locus sequence typing (MLST) analysis was then applied for analysis of sequence motif
variation in 23 H. pylori strains selected on the basis of ethnicity and country of origin (Table
2). Four strain types were investigated, i) hpEastAsia, ii) hpLadakh, iii) hpEurope, and iv)
hpAfrica1 and hpAfrica2. In conclusion, approximately 30 genes have been identified as likely
phase-variable and it has been postulated that a much higher degree of recombination occurs
for genes under constant selective pressure as opposed to more neutral genes such as those
encoding ‘housekeeping’ functions [99]. DNA sequence analysis of H. pylori strains indicated
that recombination of LPS biosynthesis genes may reflect genetic exchange within the popu‐
lation lineage and that phase variable gene evolution occurs at a high rate [100].

Gene function CDS Repeat Strain variation1

26695 (HP) J99 (jhp) +2 -3 Abs4

LPS biosynthesis

α-1, 3-fucosyltransferase* 0651 0596 A 7 16 0

C 10 13 0

α-1, 3-fucosyltransferase* 0379 1002 A 12 11 0

C 14 9 0

FutC (α-1, 2-fucosyltransferase)* 0093-4 0086 C 23 0 0

A 19 4 0

Lex2B 0619 0563 C 20 0 3

RfaJ (α-1, 2-glycosyltransferase) 0208 0194 GA 20 0 3

RfaJ (α-1, 2-glycosyltransferase) NH5 0820 C 8 11 4

β-1, 4-N-acetylgalactoamyl transferase* 0217 0203 G 21 2 0

G 3 20 0

RfaJ homologue 0159 - Putative6

RfaJ homologue 1416 - Putative

OMP7

FliP (flagellar protein) 0684-5 0625 C 6 16 1

OM adherence protein 1417 1312 GA 14 0 9

Streptococcal M protein 0058 0050 C 12 2 9

HopH (OipA) 0638 0581 CT 16 7 0

TlpB (chemotaxis protein) 0103 0095 G 20 0 3

BabA (Leb binding protein) 1243 0833 CT Putative
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Gene function CDS Repeat Strain variation1

26695 (HP) J99 (jhp) +2 -3 Abs4

BabB (Leb binding protein homologue) 0896 1164 TC 22 0 1

SabA (sialic acid binding adhesion) 0725 0662 TC 17 2 4

SabB (sialic acid binding adhesion) 0722 0659 TC 7 16 0

HopZ (adhesion) 0009 0007 TC 22 0 1

Oxaluglutarate 0143 0131 A 23 0 0

PldA (phospholipase A) 0499 0451 G 20 3 0

HcpA (cysteine rich protein) 0211 0197 - Putative

HcpB (cysteine rich protein) 0335 0318 G 13 0 10

DNA Restriction/modification

Methyltransferase* 1353-4 1272 G 15 0 8

G 15 0 8

Type III restriction enzyme 1369-70 1284 G 18 3 2

Type II R/M enzyme 1471 1364 G 14 1 8

Type III R/M enzyme 1522 1411 G 6 0 17

HsdR (type I restriction enzyme)* 0464 0416 C 23 0 0

A 2 21 0

MboIIR (type II restriction enzyme) 1366 1422 A 6 12 5

Metabolic proteins

FrxA (NADPH flavin oxidoreductase) 0642 0586 G 6 15 2

Hypothetical ORFs

Hypothetical protein 0744 0681 AG 18 0 5

Hypothetical protein 1433 1326 C 18 2 3

Hypothetical protein 0767 NA8 G 7 0 16

Hypothetical protein NH 0540 A 20 0 3

1Phase variation investigated for 30 genes in 23 H. pylori strains. Adapted from Salaün et al [99, 122]
2Gene present with repeat
3Gene present with repeat absent or stabilized
4Gene absent
5No homolog in genome
6Putative phase variable gene
7Outer membrane protein
8Not annotated

*’on’-‘off’ gene status directed by more than one repeat

Table 2. Phase variation in H. pylori strains from different geographic regions

Trends in Helicobacter pylori Infection16

3.1.3.1. Lipopolysaccharide (LPS) biosynthesis

All Gram-negative bacterial outer membranes contain a structurally important component
called LPS (or endotoxin). H. pylori LPS consists of three major moieties; a lipid A membrane
anchor, a core- and an O-polysaccharide antigen. Although structurally similar to many other
Gram-negative bacteria, H. pylori LPS has low immunological activity [101]. The O-polysacchar‐
ide chain of the LPS of most H. pylori strains contains carbohydrates that are structurally related
to human blood group antigens, such as Lewis a, b, x and y. The structural oligosaccharide
pattern of the LPS of some pathogenic bacteria, including H. pylori, is regulated by phase variable
fucosyl- and glycosyltranferases; enzymes that transfer sugar residues to its acceptor.

H. pylori strain NCTC 11637 (ATCC 43504, CCUG 17874) expresses the human blood group
antigen Lewis x (Lex) in a polymeric form (Lex)n on its core antigen. However, Lex expression
is not stable and can lead to different LPS variants in single cell populations. Loss of α1, 3-
linked fucose resulted in a non-fucosylated (lactosamine)n core antigen, known as the i antigen,
that was reversible. Other LPS variants lost the (Lex)n main chain resulting in the expression
of monomeric (Ley)-core-lipid A or had acquired α1, 2-linked fucose expressing polymeric
Lex and Ley simultaneously. Most H. pylori isolates have been shown to be able to switch back
to the parental phenotype but with varying frequency [102].

Moreover, poly-C tract length variation causes frame shifts in H. pylori α3-glycosyltransferases
that can inactivate gene products in a reversible manner. Serological data suggested that LPS
structural diversification arises from phase variable regulation of glycosyltransferase genes,
provisionally named futA and futB [103]. Phase variation of futA and futB genes independently
has been confirmed and genetic exchange between these loci was shown to occur in single
colonies from the same patient and also during in vitro passage [104].

H. pylori strain NCTC 11637 also has been shown to express blood group antigen H type I. This
epitope demonstrated high frequency phase variation that was reversible. Insertional muta‐
genesis of gene jhp563 (a poly-C tract sequence containing an ORF homologous to glycosyl‐
transferases) in NCTC 11637 showed that LPS then lacked the H type I epitope. DNA sequence
analysis confirmed gene-on and gene-off variation. In H. pylori strain G27 mutagenesis of
jhp563 yielded a mutant expressing Lex and Ley as opposed to wild-type [H type 1, Lea, Lex

and Ley]. Jhp563 may encode a β3-galactosyltransferase involved in H type I synthesis that
phase varies due to poly-C tract changes [105].

H. pylori ORF HP0208, and its homologues HP0159 and HP1416, show homology to the waaJ
gene that encodes a α1, 2-glycosyltransferase required for core LPS biosynthesis in Salmonella
typhimurium. HP0208 contains multiple repeats of the dinucleotide 5ʹGA at its 5ʹ end and
transcription of its gene product has been predicted to be controlled by phase variation. Most
strains examined, including strains 26695, J99 and NCTC 11637, had repeat numbers incon‐
sistent with expression of the gene; i.e. placing the translational initiation codon out-of-frame
with the full length ORF. A ‘phase-on’ HP0208 was constructed in the genome of strain 26695.
Tricine gel and Western blot analysis demonstrated a role for HP0208 as well as HP0159 and
HP1416 in the biosynthesis of core LPS [106]. It is likely that the biosynthesis machinery of not
only the H. pylori LPS O-antigen side chain but also the core oligosaccharide of H. pylori LPS
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is subject to phase variation. These complex processes possibly give rise to the diversification
of LPS observed in clonal populations of H. pylori.

3.1.3.2. Lewis expression in vitro

The α1, 2-fucosyltransferase (futC) of H. pylori catalyses the conversion of Lex to Ley, the
repeating units of the LPS O-antigen. futC is subjected to phase variation through slipped
strand mispairing involving a poly-C tract. Single colonies (n=379) from in vitro cultures have
been examined for Lewis expression and demonstrated equal distribution of Lex and Ley

expression and the phenotypes correlated with futC frame status. The founding population
remained, since phenotypes did not change significantly over additional hundreds of gener‐
ations in vitro [107].

Two single colonies of the same isolate of H. pylori that expressed Ley of different molecular
weights demonstrated wild-type Lewis phenotype after 50 in vitro passages after expansion
of a larger cell mass; however after 50 in vitro passages of single colonies, ~5% of the analysed
strains also expressed considerable levels of Lex in addition to low levels of Ley, suggesting
reduced expression of futC. Successive in vitro passaging of single colonies introduced a much
more frequent phenotypic diversification in terms of O-antigen size and Lex expression [104].

3.1.3.3. Lewis expression in vivo

With a limited number of passages of strains in the laboratory, analysis of the phenotypic
diversity of Lewis antigen expression from 180 clonal H. pylori populations from primary
cultures of 20 gastric biopsies indicated a substantial difference in Lewis expression in 75% of
the patients. The variation of Lewis expression was unrelated to the overall genetic diversity.
In experimentally infected rodents however, Lewis expression was highly uniform [108]. Intra
population diversity of Lewis expression has since been confirmed. H. pylori isolates with
identical DNA signatures (arbitrary primed PCR) from the same chronically infected patient
demonstrated variations in the amount and size (length) of the O-antigen and immunoassays
detected exclusively the presence of Ley, suggesting simultaneous expression of both α1, 2-
and α1, 3-fucosyltransferases. LPS diversification has also been investigated in transgenic mice
expressing Leb on gastric epithelial cells. The challenging strain expressed a high molecular
weight O-antigen and showed a strong antibody response against Ley. More than 90% of the
mouse output isolates produced glycolipids of low molecular weight compared with the input
strain. Subsequent immunoblot analysis demonstrated decreased or no Ley expression [104].

3.1.3.4. Adhesins and cell surface proteins

Expression of bacterial outer membrane proteins can be regulated by environmental changes
through signal transduction as well as the generation of genetic changes controlling protein
function. Cell surface associated proteins are the most abundant group of H. pylori proteins
that is subject to phase variation. Such proteins include so called adhesins, flagellar and
flagellar hook proteins, pro-inflammatory proteins, cysteine-rich proteins as well as some other
categories. With exception of adhesins, most proteins in this group remain uncharacterized.

Trends in Helicobacter pylori Infection18

The outer membrane of H. pylori partially comprises adhesins, which bind to host gastric
epithelial cell surface receptors. Gene functions of H. pylori adhesins, many of which belong
to the so called hop gene family, are regulated through phase variation.

The sialic acid binding adhesin (SabA) of H. pylori adhere to glycosphingolipids that display
sialyl Lewis x antigens. Such antigens have been shown to be upregulated on human epithelial
cell surfaces as a result of gastric inflammation [109]. DNA sequence analysis demonstrated
that locus HP0725 (sabA) of H. pylori strain 26695 contained repetitive CT dinucleotides at the
5ʹ end of the ORF [57]. Translational modification may encounter premature termination (non-
functional protein) or a full length functional adhesion protein. sabA has promoter poly-T as
well as ORF 5ʹ end CT tract repeats. Multiple length alleles have been shown to occur in single
colonies isolated from the same individual and genome sequence analyses of isolates of H.
pylori strains demonstrated genetic and phenotypic variation of SabA [110].

The H. pylori protein HopZ is a candidate to be involved in the adherence to host gastric
epithelial cells and hopZ is likely phase variable due to a CT dinucleotide repeat in the signal
sequence of the gene [111]. Human volunteers have recently been challenged with a H.
pylori strain with hopZ ‘off’ status. Out of 56 re-isolated strains (from 32 volunteers at 3 month
post inoculation) 68% had switched to a hopZ ‘on’ status. After 4 years, paired isolates had 54%
hopZ ‘on’ status. Sequence analysis of hopZ ‘on’ and ‘off’ status in 54 H. pylori strains repre‐
senting seven different phylogeographic populations (hpAsia2, hpEurope, hpNEAfrica,
hpAfrica1, hpAfrica2, hpEastAsia and hpSahul) and 11 subpopulations, demonstrated
variability between and within most populations; only two subpopulations (hspAfrica2SA and
hspAmerind) were exclusively hopZ ‘off’ [112].

Many H. pylori strains bind to the human blood group antigen Leb. This adherence is mediated
by the blood group antigen binding adhesin BabA. Some strains contain two alleles; babA1
which is ‘silent’ and babA2 that expresses the adhesin [113]. Although BabA expression has
not been identified to be phase variable by DNA sequence analysis [99], experimental infection
of rhesus macaques showed that, in some animals, compared with its parent challenge strain,
output strains lost BabA expression due to an alteration in dinucleotide CT repeats in the 5ʹ
coding region. Output strains from other macaques that also had lost Leb binding, had babA
exchanged for babB. Duplication of babB has also been observed in human clinical H. pylori
isolates [75]. babB and babA have very similar 5ʹ and 3ʹ end sequences but babB lacks the mid
region that codes for the Leb binding epitope. BabB is an uncharacterized outer membrane
protein and babB contains repetitive sequence motifs and is likely subject to frameshift-based
phase variation [57, 97].

Gene function of hopH (oipA) depends on slipped strand mispairing in a CT dinucleotide repeat
in the signal sequence of the gene. HopH has been associated with increased interleukin-8
(IL-8) production in epithelial cells and gastric epithelial adherence in vitro [114, 115]. H.
pylori isolates with a hopH ‘in-frame’ status were more common than ‘out-of-frame’ strains in
patients with chronic gastritis, a feature that correlated with the virulence factor status of the
strains, particularly cagA [114]. In a patient setting, hopH (oipA) ‘in-frame’ status was associated
with a higher colonization density of H. pylori and clinical presentation regarding gastric
inflammation and mucosal IL-8 production [116].
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3.1.3.5. Acid adaptation

H. pylori can reversibly change its membrane phospholipid composition, producing variants
with differing concentrations of lysophospholipids. Lysophospholipid-rich cells are more
adherent, secrete more VacA and are more haemolytic. As opposed to neutral culture condi‐
tions, growth at low pH (3.5) renders an accumulation of membrane lysophospholipids. This
variation in lipid composition is mediated by phase variation in the phospholipase A (pldA)
gene. A change in the C-tract length of the ORF results either in a functional full-length or a
truncated non-functional gene product [117].

The structure and composition of LPS adapts to an acid environment. Under acidic growth
conditions (pH 5) in vitro, the LPS core and lipid A moieties seem not to be altered. However,
the O-side chain backbone is partially fucosylated forming Lex, whereas the terminal sugar
residues on the O-side chain are modified differently and terminate with Ley instead of Lex [118].

3.1.3.6. Immune modulation

H. pylori genomes contain a family of genes coding for proteins designated Helicobacter
cysteine rich proteins (Hcp). HcpA, a secreted protein, has partially been characterized.
Recombinant HcpA, as opposed to HcpC, induced maturation of non-adherent human Thp1
monocytes into macrophages (star-like morphology with filopodia) with phagocytic ability
and surface adherent properties [119].

Surfactant protein D (SP-D), a component of innate immunity, is expressed in human gastric
mucosa. SP-D has an affinity for simple sugars and likely functions as a mucosal receptor that
recognizes pathogen associated molecular patterns (PAMPs). SP-D induces aggregation of
microorganisms facilitating pathogen clearance by neutrophil and macrophage phagocytosis.
Some H. pylori strains lack a ligand for SP-D and this ‘escape’ mechanism is associated with
phase variation of the LPS structure. Fucosylation of the O-side chain, determined by slipped
strand mispairing in a fucosyltransferase gene leading to terminal Lex (SP-D binding) or Ley

(escape), controls the H. pylori ligand recognized by SP-D [120].

DC-SIGN, a C-type lectin, is a surface receptor expressed on dendritic cells that captures and
aids the internalization of microbial antigens. H. pylori strains that express Lewis antigens on
their LPS bind DC-SIGN and thereby block T helper cell (Th) 1 development, whereas some
strains that do not express Lewis antigens escape binding to dendritic cells and promote a Th
1 response. Phase variation of LPS in terms of Lewis expression may influence host immunity
through the dendritic cell pathway. Clonal populations of H. pylori, with high frequency of
subclone phase variation in LPS biosynthesis genes, are proposed to manipulate the Th
response for optimal persistence that prevents severe atrophy and destruction of the ecological
niche [29, 121].

3.1.3.7. Experimental infections

Phase variable OMP gene switch status of H. pylori have been investigated in an experimental
mouse model of infection. The gene switch status of several OMPs (hopH, hopZ, hopO and
hopP) influenced H. pylori density in gastric tissue and its ability to colonise mice. If two or
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more of the genes were in the switch ‘off’ mode, the colonization ability was markedly reduced.
These results correlated well with observations in humans; i.e. patients with strains whose hop
genes were in the ‘off’ mode had lower bacterial load [115].

In a murine model of infection, repeat length and function of 31 phase variable genes of several
H. pylori strains were followed for up to one year. At endpoint, 15 genes had a change in repeat
length. However, a third of these did not lead to an alteration in protein expression. Ten genes
demonstrated a frame shift to an ‘on’ mode of the encoded protein. At early time points (3 and
21 days), mixed pldA phenotypes rapidly and exclusively changed to ‘on’ status, followed by
LPS biosynthesis genes modifying terminal sugars. Glycosyltransferases modifying LPS core
structures remained in ‘off’ configuration throughout the study. From 21 days onward some
OMPs (babB and hopZ) switched from ‘on’ to ‘off’. Restriction/modification systems did not
show a particular pattern over time [122].

BabA expression has been shown to be lost during experimental infection in rhesus macaques,
either by allele replacement with babB, or phase variation. A follow up study investigated this
phenomenon in other animal hosts using additional H. pylori strains. Murine and gerbil
experimental infection models further demonstrated loss of Leb binding (as a result of babA
recombination) of output strains by varying mechanisms. In the mouse, BabA expression was
lost due to phase variation in a 5ʹ CT repeat region of H. pylori strain J166 [123].

To conclude, H. pylori randomly exhibits phase variation in sets of genes that directly interact
with the environment. These include LPS biosynthesis genes, adhesins and genes with an
impact on the structural composition of the bacterial outer membrane. Phase variation also
influences the expression of some genes affecting host immune responses. Taken together,
these traits are likely to aid a continuous adaptation to the ecological niche and persistence of
the bacterium.

Selection pressure in terms of host niche physiology and maturation of host immune response
likely contributes to the genetic regulation and diversification of bacterial adherence properties
as well as the composition of the outer membrane. For bacteria such as H. pylori that may cause
life-long colonization, surface antigen diversity likely requires parallel evolution with host cell
subsets over time for continuous adaptation to a dynamic host environment.

3.1.4. Epigenetic diversity: phasevarion

As previously described, phase variation via the high-frequency reversible ON/OFF switch‐
ing of gene expression is beneficial to pathogenic bacteria, including H. pylori, as a means of
rapidly generating the genotypic and phenotypic diversity required for adaptation to the host
environment and evasion from the immune system [124].  However, certain evolutionary
advantages arise when expression of a repertoire of genes is brought under the influence of a
single  phase-variable  gene  as  is  the  case  for  a  phase-variable  regulon or  “phasevarion”
(Figure 2).

The phasevarion is an epigenetic regulatory system whereby the expression of a set of genes
is randomly switched as coordinated by the activity of the modification (Mod) component of
a restriction-modification (R-M) system [51]. R-M systems share two components; the restric‐
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3.1.3.5. Acid adaptation
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gene. A change in the C-tract length of the ORF results either in a functional full-length or a
truncated non-functional gene product [117].

The structure and composition of LPS adapts to an acid environment. Under acidic growth
conditions (pH 5) in vitro, the LPS core and lipid A moieties seem not to be altered. However,
the O-side chain backbone is partially fucosylated forming Lex, whereas the terminal sugar
residues on the O-side chain are modified differently and terminate with Ley instead of Lex [118].

3.1.3.6. Immune modulation

H. pylori genomes contain a family of genes coding for proteins designated Helicobacter
cysteine rich proteins (Hcp). HcpA, a secreted protein, has partially been characterized.
Recombinant HcpA, as opposed to HcpC, induced maturation of non-adherent human Thp1
monocytes into macrophages (star-like morphology with filopodia) with phagocytic ability
and surface adherent properties [119].

Surfactant protein D (SP-D), a component of innate immunity, is expressed in human gastric
mucosa. SP-D has an affinity for simple sugars and likely functions as a mucosal receptor that
recognizes pathogen associated molecular patterns (PAMPs). SP-D induces aggregation of
microorganisms facilitating pathogen clearance by neutrophil and macrophage phagocytosis.
Some H. pylori strains lack a ligand for SP-D and this ‘escape’ mechanism is associated with
phase variation of the LPS structure. Fucosylation of the O-side chain, determined by slipped
strand mispairing in a fucosyltransferase gene leading to terminal Lex (SP-D binding) or Ley

(escape), controls the H. pylori ligand recognized by SP-D [120].

DC-SIGN, a C-type lectin, is a surface receptor expressed on dendritic cells that captures and
aids the internalization of microbial antigens. H. pylori strains that express Lewis antigens on
their LPS bind DC-SIGN and thereby block T helper cell (Th) 1 development, whereas some
strains that do not express Lewis antigens escape binding to dendritic cells and promote a Th
1 response. Phase variation of LPS in terms of Lewis expression may influence host immunity
through the dendritic cell pathway. Clonal populations of H. pylori, with high frequency of
subclone phase variation in LPS biosynthesis genes, are proposed to manipulate the Th
response for optimal persistence that prevents severe atrophy and destruction of the ecological
niche [29, 121].

3.1.3.7. Experimental infections

Phase variable OMP gene switch status of H. pylori have been investigated in an experimental
mouse model of infection. The gene switch status of several OMPs (hopH, hopZ, hopO and
hopP) influenced H. pylori density in gastric tissue and its ability to colonise mice. If two or
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more of the genes were in the switch ‘off’ mode, the colonization ability was markedly reduced.
These results correlated well with observations in humans; i.e. patients with strains whose hop
genes were in the ‘off’ mode had lower bacterial load [115].

In a murine model of infection, repeat length and function of 31 phase variable genes of several
H. pylori strains were followed for up to one year. At endpoint, 15 genes had a change in repeat
length. However, a third of these did not lead to an alteration in protein expression. Ten genes
demonstrated a frame shift to an ‘on’ mode of the encoded protein. At early time points (3 and
21 days), mixed pldA phenotypes rapidly and exclusively changed to ‘on’ status, followed by
LPS biosynthesis genes modifying terminal sugars. Glycosyltransferases modifying LPS core
structures remained in ‘off’ configuration throughout the study. From 21 days onward some
OMPs (babB and hopZ) switched from ‘on’ to ‘off’. Restriction/modification systems did not
show a particular pattern over time [122].

BabA expression has been shown to be lost during experimental infection in rhesus macaques,
either by allele replacement with babB, or phase variation. A follow up study investigated this
phenomenon in other animal hosts using additional H. pylori strains. Murine and gerbil
experimental infection models further demonstrated loss of Leb binding (as a result of babA
recombination) of output strains by varying mechanisms. In the mouse, BabA expression was
lost due to phase variation in a 5ʹ CT repeat region of H. pylori strain J166 [123].

To conclude, H. pylori randomly exhibits phase variation in sets of genes that directly interact
with the environment. These include LPS biosynthesis genes, adhesins and genes with an
impact on the structural composition of the bacterial outer membrane. Phase variation also
influences the expression of some genes affecting host immune responses. Taken together,
these traits are likely to aid a continuous adaptation to the ecological niche and persistence of
the bacterium.

Selection pressure in terms of host niche physiology and maturation of host immune response
likely contributes to the genetic regulation and diversification of bacterial adherence properties
as well as the composition of the outer membrane. For bacteria such as H. pylori that may cause
life-long colonization, surface antigen diversity likely requires parallel evolution with host cell
subsets over time for continuous adaptation to a dynamic host environment.

3.1.4. Epigenetic diversity: phasevarion

As previously described, phase variation via the high-frequency reversible ON/OFF switch‐
ing of gene expression is beneficial to pathogenic bacteria, including H. pylori, as a means of
rapidly generating the genotypic and phenotypic diversity required for adaptation to the host
environment and evasion from the immune system [124].  However, certain evolutionary
advantages arise when expression of a repertoire of genes is brought under the influence of a
single  phase-variable  gene  as  is  the  case  for  a  phase-variable  regulon or  “phasevarion”
(Figure 2).

The phasevarion is an epigenetic regulatory system whereby the expression of a set of genes
is randomly switched as coordinated by the activity of the modification (Mod) component of
a restriction-modification (R-M) system [51]. R-M systems share two components; the restric‐
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tion (Res) component that specifically cleaves unmethylated DNA at a recognition sequence,
and the Mod component that methylates the same recognition sequence to prevent cleavage
by the Res component [125]. Most R-M systems fall within one of three major families (Type
I, II, III). Type II and type III Mod proteins recognise specific DNA sequences whereas type I
Mod proteins require an additional specificity subunit [126]. A role for R-M systems in host-
pathogen interaction was unexpected, as these systems generally function to protect the
genome integrity of bacteria from invasion by foreign DNA by restriction of DNA that does
not share the same modifications as that of the host. However, where the Res component is
absent or not functional, phase variation of the Mod component results in the random
switching of methylation of DNA sequences recognized by the mod encoded methyltransfer‐
ase. For genes where DNA methylation by the phase-variable Mod affects promoter activity,
either by altering the DNA binding affinity of regulatory proteins for promoters [127], or by
other mechanisms, differential gene expression results.

Although phase-variable R-M systems had previously been identified in a number of bacteria
[128], the first experimental evidence for the phasevarion was from H. influenzae, a pathogen
of the upper respiratory tract [51]. The mod gene of the sole type-III R-M system of H. influen‐
za contains tetranucleotide repeats consistent with an ability to phase vary. Microarray analysis
of a mutant in this gene revealed differential expression of 16 genes, including genes implicated
in pathogenicity, in the absence of mod. The differential expression of these genes was shown
by reporter gene fusions to be dependent on the phase variation of mod. Hence the phase
variation of a single gene, mod, was shown to influence the expression of multiple genes,
suggesting the presence of a phase-variable regulon, or “phasevarion.”

Phasevarion mediated gene switching has now been confirmed in H. influenzae [51], N.
gonorrhoeae and N. meningitidis [129], and H. pylori [50]. This wide distribution, and the allelic
diversity of phase-variable methyltransferases, indicates that there is strong selective pressure
on phasevarions. It has been postulated that it may be simpler for a gene to evolve to join a
phasevarion than become phase variable. The evolution of phase-variation requires the
generation of repeat sequences without destroying either promoter or gene function, whereas
joining a phasevarion requires only a few key point mutations to generate the methyltrans‐
ferase recognition site in a region where methylation would affect gene expression [51]. A
further evolutionary advantage of the phasevarion may be that it represents an extension of
the regulation achieved by phase variation. Rather than randomly reversibly switching a single
gene, the phasevarion switches a whole set of genes, thereby differentiating a bacterial
population into two different cell types based on many phenotypic characteristics [50, 130].
This switching between different physiological states, rather than merely individual proteins,
may assist the bacterium in taking advantage of microenvironments within the host.

Genome sequencing of H. pylori 26695 [57] and J99 [97] revealed a surprisingly large number
of R-M systems (22 in 26695) when compared to other sequenced bacterial and archaeal
genomes. Each strain of H. pylori contains its own complement of R-M systems, some of which
may have the potential to phase vary due to the presence of repeat regions [47, 97, 131, 132].
Typically multiple mod genes may be present in any given strain and there may be multiple
different mod alleles for each mod gene within a given species [128]. Diversity of mod genes can
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be driven by recombination of DNA recognition domains between non-orthologous genes and
horizontal gene transfer [133, 134]. Phylogenetic analysis of clinical isolates of H. pylori revealed
a diverse set of 17 alleles of the modH gene that differed in the DNA recognition domain and
phase-varying repeat region. This diversity in mod genes indicates corresponding diversity in
the set of genes regulated by Mod and also indicates that there may be many phasevarions
present in H. pylori [50]. Any R-M system present within the genome with an inactive Res may
represent a phasevarion. Phasevarions may therefore represent common epigenetic mecha‐
nisms for generating rapid reversible phenotypic diversity in bacterial host-adapted pathogens
such as H. pylori.

Functional analysis of the Type-II R-M systems in J99 and 26695 revealed that less than 30%
were fully functional (with both Res and Mod functional) and that there were many functional
Mod enzymes with no apparent functional Res partner [132, 135], indicative of these mod genes
regulating a phasevarion. Repeat sequences and homopolymeric tracts, indicative of phase
variation, where identified in a number of R-M systems (both type-II and type-III) in H.
pylori [47, 57, 97, 98, 130]. Direct experimental evidence of phase variation within an R-M
system was first given by lacZ reporter fusions to a type-III R-M system [136]. An R-M system
has also been shown to phase vary in the mouse model, suggesting a role for these systems in
host-adaptation [122].

Given that H. pylori contains a diverse repertoire of R-M systems that phase vary and R-M
systems with orphaned Mod proteins, it is likely that many of these systems regulate a
phasevarion. The first evidence that the activity of a phase-variable Mod influenced the
transcription of other genes in H. pylori came from the analysis of the type-II methyltransferase
M.HpyAIV in 26695. M.HpyAIV was found to phase vary due to the presence of homopoly‐
meric tract of adenine residues. Analysis of the genomes of 26695 and J99 revealed 60 genes
common to both strains where the M.HpyAIV DNA-methylation sites occurred in the
intergenic region upstream of ORFs, indicating a possible role for these sites in regulating gene
expression. Differential expression of these genes was studied by qPCR and the expression of
catalase encoding katA was shown to be significantly decreased in a 26695 mutant of
M.HpyAIV [137].

Further evidence of the presence of phasevarions in H. pylori came from deletion of the modH5
type-III methyltransferase from H. pylori P12. Microarray analysis of the mutant strain revealed
six genes, including outer membrane protein HopG and flagellar associated proteins, that were
differentially expressed compared to wild-type [50].

A phasevarion regulated by hpyAVIBM may also be present in H. pylori. The presence of AG
repeats in this type-II methyltransferase indicates that this gene may have the potential to
phase vary, although this has not been experimentally demonstrated. Deletion of hpyAVIBM
from H. pylori SS1 and clinical isolate AM5 resulted in differential regulation in a diverse set
of genes, including outer membrane proteins, genes involved in motility, pathogenicity, LPS
biosynthesis, and R-M systems, when compared to WT by microarray analysis. Further
analysis revealed corresponding alterations in phenotype of the hpyAVIBM mutant such as
altered motility, increased expression of CagA as determined by Western blot, altered LPS
profile, improved ability to induce IL-8 production in human AGS cells, and a decrease in

Persistence of Helicobacter pylori Infection: Genetic and Epigenetic Diversity
http://dx.doi.org/10.5772/57428

23



tion (Res) component that specifically cleaves unmethylated DNA at a recognition sequence,
and the Mod component that methylates the same recognition sequence to prevent cleavage
by the Res component [125]. Most R-M systems fall within one of three major families (Type
I, II, III). Type II and type III Mod proteins recognise specific DNA sequences whereas type I
Mod proteins require an additional specificity subunit [126]. A role for R-M systems in host-
pathogen interaction was unexpected, as these systems generally function to protect the
genome integrity of bacteria from invasion by foreign DNA by restriction of DNA that does
not share the same modifications as that of the host. However, where the Res component is
absent or not functional, phase variation of the Mod component results in the random
switching of methylation of DNA sequences recognized by the mod encoded methyltransfer‐
ase. For genes where DNA methylation by the phase-variable Mod affects promoter activity,
either by altering the DNA binding affinity of regulatory proteins for promoters [127], or by
other mechanisms, differential gene expression results.

Although phase-variable R-M systems had previously been identified in a number of bacteria
[128], the first experimental evidence for the phasevarion was from H. influenzae, a pathogen
of the upper respiratory tract [51]. The mod gene of the sole type-III R-M system of H. influen‐
za contains tetranucleotide repeats consistent with an ability to phase vary. Microarray analysis
of a mutant in this gene revealed differential expression of 16 genes, including genes implicated
in pathogenicity, in the absence of mod. The differential expression of these genes was shown
by reporter gene fusions to be dependent on the phase variation of mod. Hence the phase
variation of a single gene, mod, was shown to influence the expression of multiple genes,
suggesting the presence of a phase-variable regulon, or “phasevarion.”

Phasevarion mediated gene switching has now been confirmed in H. influenzae [51], N.
gonorrhoeae and N. meningitidis [129], and H. pylori [50]. This wide distribution, and the allelic
diversity of phase-variable methyltransferases, indicates that there is strong selective pressure
on phasevarions. It has been postulated that it may be simpler for a gene to evolve to join a
phasevarion than become phase variable. The evolution of phase-variation requires the
generation of repeat sequences without destroying either promoter or gene function, whereas
joining a phasevarion requires only a few key point mutations to generate the methyltrans‐
ferase recognition site in a region where methylation would affect gene expression [51]. A
further evolutionary advantage of the phasevarion may be that it represents an extension of
the regulation achieved by phase variation. Rather than randomly reversibly switching a single
gene, the phasevarion switches a whole set of genes, thereby differentiating a bacterial
population into two different cell types based on many phenotypic characteristics [50, 130].
This switching between different physiological states, rather than merely individual proteins,
may assist the bacterium in taking advantage of microenvironments within the host.

Genome sequencing of H. pylori 26695 [57] and J99 [97] revealed a surprisingly large number
of R-M systems (22 in 26695) when compared to other sequenced bacterial and archaeal
genomes. Each strain of H. pylori contains its own complement of R-M systems, some of which
may have the potential to phase vary due to the presence of repeat regions [47, 97, 131, 132].
Typically multiple mod genes may be present in any given strain and there may be multiple
different mod alleles for each mod gene within a given species [128]. Diversity of mod genes can
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be driven by recombination of DNA recognition domains between non-orthologous genes and
horizontal gene transfer [133, 134]. Phylogenetic analysis of clinical isolates of H. pylori revealed
a diverse set of 17 alleles of the modH gene that differed in the DNA recognition domain and
phase-varying repeat region. This diversity in mod genes indicates corresponding diversity in
the set of genes regulated by Mod and also indicates that there may be many phasevarions
present in H. pylori [50]. Any R-M system present within the genome with an inactive Res may
represent a phasevarion. Phasevarions may therefore represent common epigenetic mecha‐
nisms for generating rapid reversible phenotypic diversity in bacterial host-adapted pathogens
such as H. pylori.

Functional analysis of the Type-II R-M systems in J99 and 26695 revealed that less than 30%
were fully functional (with both Res and Mod functional) and that there were many functional
Mod enzymes with no apparent functional Res partner [132, 135], indicative of these mod genes
regulating a phasevarion. Repeat sequences and homopolymeric tracts, indicative of phase
variation, where identified in a number of R-M systems (both type-II and type-III) in H.
pylori [47, 57, 97, 98, 130]. Direct experimental evidence of phase variation within an R-M
system was first given by lacZ reporter fusions to a type-III R-M system [136]. An R-M system
has also been shown to phase vary in the mouse model, suggesting a role for these systems in
host-adaptation [122].

Given that H. pylori contains a diverse repertoire of R-M systems that phase vary and R-M
systems with orphaned Mod proteins, it is likely that many of these systems regulate a
phasevarion. The first evidence that the activity of a phase-variable Mod influenced the
transcription of other genes in H. pylori came from the analysis of the type-II methyltransferase
M.HpyAIV in 26695. M.HpyAIV was found to phase vary due to the presence of homopoly‐
meric tract of adenine residues. Analysis of the genomes of 26695 and J99 revealed 60 genes
common to both strains where the M.HpyAIV DNA-methylation sites occurred in the
intergenic region upstream of ORFs, indicating a possible role for these sites in regulating gene
expression. Differential expression of these genes was studied by qPCR and the expression of
catalase encoding katA was shown to be significantly decreased in a 26695 mutant of
M.HpyAIV [137].

Further evidence of the presence of phasevarions in H. pylori came from deletion of the modH5
type-III methyltransferase from H. pylori P12. Microarray analysis of the mutant strain revealed
six genes, including outer membrane protein HopG and flagellar associated proteins, that were
differentially expressed compared to wild-type [50].

A phasevarion regulated by hpyAVIBM may also be present in H. pylori. The presence of AG
repeats in this type-II methyltransferase indicates that this gene may have the potential to
phase vary, although this has not been experimentally demonstrated. Deletion of hpyAVIBM
from H. pylori SS1 and clinical isolate AM5 resulted in differential regulation in a diverse set
of genes, including outer membrane proteins, genes involved in motility, pathogenicity, LPS
biosynthesis, and R-M systems, when compared to WT by microarray analysis. Further
analysis revealed corresponding alterations in phenotype of the hpyAVIBM mutant such as
altered motility, increased expression of CagA as determined by Western blot, altered LPS
profile, improved ability to induce IL-8 production in human AGS cells, and a decrease in
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transformation efficiency. Differences observed in gene expression and phenotype due to
deletion of hpyAVIBM varied between the two strains investigated potentially due to different
distribution of the methylation recognition site of HpyAVIBM across the genome of the two
strains. The occurrence of the hpyAVIBM allele in H. pylori strains isolated from individuals
with duodenal ulcer and healthy individuals revealed that the methyltransferase was present
in most strains isolated from symptomatic patients but absent in most strains isolated from
healthy individuals, indicating that hpyAVIBM expression may be clinically relevant [138].
Even if hpyAVIBM does not phase vary, this study demonstrates the wide ranging regulatory
capabilities of DNA methyltransferases.

3.2. Inter-strain generation of diversity

3.2.1. Natural transformation

H. pylori is naturally competent, it is able to be transformed by the uptake and incorporation
of foreign DNA into its genome [139]. Potential reasons for natural competence in bacteria are
a matter of discussion. It is postulated that bacteria may utilize the uptake of foreign DNA for
nutrition, for DNA repair, for evolution via horizontal gene transfer, or that DNA-uptake is
an evolutionary spandrel of adhesion and twitching motility [140, 141]. As we will discuss, it
is becoming increasingly clear that natural transformation plays an important role in H.
pylori genome evolution and host adaptation.

3.2.1.1. Quick overview of players in uptake and recombination

A complete picture of the process of DNA uptake followed by integration into the genome
in H. pylori is beginning to emerge, although many details remain to be clarified. Uptake
of foreign DNA into the bacterial cell is achieved by a two-step mechanism as shown in
Figure 3. Firstly, dsDNA is taken up through the outer membrane by the ComB type-IV
secretion system [142].  The ComEC system is then responsible for DNA uptake through
the inner membrane [143, 144]. Transport of DNA by ComEC likely results in the entry of
single-stranded DNA into the cytoplasm based on the function of ComFA in Bacillus subtilis,
although this  has  not  been  directly  experimentally  demonstrated  in  H.  pylori.  Incoming
DNA is at some point subjected to the activity of restriction endonucleases [145]. Once in
the  cytoplasm  DprA  and  RecA  cooperatively  bind  the  incoming  ssDNA  forming  a
heterodimer [146]. During recombination RecA mediates strand invasion of incoming DNA
with chromosomal DNA and this process is subject to interference from UvrD and MutS2
[49,  73,  90,  147].  RecA mediated synapsis with chromosomal DNA results  in the forma‐
tion of four-way branched DNA intermediate structures referred to as Holliday junctions
whose  migration  and  resolution  are  mediated  by  DNA  processing  enzymes.  Branch
migration  of  Holliday  junctions  is  mediated  by  either  the  competing  RuvAB  or  RecG
helicases  [86].  Resolution  of  the  Holliday  junction  is  primarily  by  DprB in  instances  of
natural transformation with homeologous DNA from other H. pylori strains, although RuvC,
the DNA-repair resolvase, can partially compensate for a loss of DprB [148].
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3.2.1.2. Structure of the uptake system

In contrast to other bacterial species where DNA-uptake occurs via systems related to type
IV  pili,  the  ComB  system  of  H.  pylori  is  related  to  type  IV  secretion  systems  and  its
components have been named for their homologues in the Agrobacterium tumefaciens VirB
type IV secretion apparatus [142,  149].  The genes encoding ComB are organized in two
separate loci with an operon consisting of comB6 – 10  and a second operon consisting of
comB2 – 4 [142, 150-152]. All the comB and comEC genes are essential for competence with
the exception of comB7  which is postulated to play a stabilizing role for the comB com‐
plex  [142,  143,  151].  Sequence  homology  with  the  VirB  type  IV  secretion  system  and
topological mapping of the ComB proteins has given some insight into the structure of the
ComB apparatus [151, 153]. ComB2 is postulated to be located as a “stump structure” in
the external membrane and have a role in initial DNA-uptake. It has also been associated
with  adhesion  to  human  gastric  tissue  [152].  ComB7  is  also  associated  with  the  outer
membrane and may serve to stabilize ComB9, which is present in the periplasm with an
anchor to the outer membrane via a disulphide bond. ComB8 contains a large periplas‐
mic domain and spans the inner membrane and may interact with ComB9 and/or ComB10
which is postulated to be anchored in the inner membrane where it may be present as a
homodimer.  ComB4  is  cytoplasmic  and  serves  as  the  ATPase  that  energises  the  ComB
machinery. A role for ComB3 is largely unknown although it is predicted to contain one
transmembrane domain.

3.2.1.3. Process of DNA uptake

The process of DNA uptake by H. pylori has been studied using fluorescently labelled DNA
and single molecule analysis with laser tweezers [143]. The initial step in transformation is
the binding of extracellular DNA to the surface of  the bacterium. The ComB machinery
may play a role in DNA-binding to the cell as mutants lacking inner-membrane compo‐
nents of  the ComB machinery showed impaired DNA-binding [151].  Once bound, DNA
was found to be rapidly taken into the periplasm of the cell through ComB via an ATP-
dependent mechanism likely driven by the ATPase ComB4.  Multiple DNA-uptake com‐
plexes were found to be simultaneously active. Uptake of DNA through the outer membrane
by ComB appears to be non-specific as uptake of DNA was not distinguished on the basis
of DNA sequence. Following transport of DNA into the periplasm by ComB, ssDNA enters
the cytoplasm via ComEC. Transport of DNA by ComB and ComEC appears to be spatially
and temporally uncoupled. The identity of any motor driving uptake of DNA by comEC
remains to be uncovered. Transport of DNA by ComEC appears to be more discriminat‐
ing  than  ComB,  as  covalently  labelled  DNA transported  by  ComB could  not  enter  the
cytoplasm via ComEC. As DNA sequence does not seem to play a role in the initial uptake
of DNA by H. pylori, discrimination of incoming DNA and protection from the potential‐
ly  hazardous  consequences  of  the  incorporation  of  foreign  DNA  may  come  from  the
numerous restriction-modification systems of H. pylori.
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transformation efficiency. Differences observed in gene expression and phenotype due to
deletion of hpyAVIBM varied between the two strains investigated potentially due to different
distribution of the methylation recognition site of HpyAVIBM across the genome of the two
strains. The occurrence of the hpyAVIBM allele in H. pylori strains isolated from individuals
with duodenal ulcer and healthy individuals revealed that the methyltransferase was present
in most strains isolated from symptomatic patients but absent in most strains isolated from
healthy individuals, indicating that hpyAVIBM expression may be clinically relevant [138].
Even if hpyAVIBM does not phase vary, this study demonstrates the wide ranging regulatory
capabilities of DNA methyltransferases.

3.2. Inter-strain generation of diversity
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H. pylori is naturally competent, it is able to be transformed by the uptake and incorporation
of foreign DNA into its genome [139]. Potential reasons for natural competence in bacteria are
a matter of discussion. It is postulated that bacteria may utilize the uptake of foreign DNA for
nutrition, for DNA repair, for evolution via horizontal gene transfer, or that DNA-uptake is
an evolutionary spandrel of adhesion and twitching motility [140, 141]. As we will discuss, it
is becoming increasingly clear that natural transformation plays an important role in H.
pylori genome evolution and host adaptation.

3.2.1.1. Quick overview of players in uptake and recombination

A complete picture of the process of DNA uptake followed by integration into the genome
in H. pylori is beginning to emerge, although many details remain to be clarified. Uptake
of foreign DNA into the bacterial cell is achieved by a two-step mechanism as shown in
Figure 3. Firstly, dsDNA is taken up through the outer membrane by the ComB type-IV
secretion system [142].  The ComEC system is then responsible for DNA uptake through
the inner membrane [143, 144]. Transport of DNA by ComEC likely results in the entry of
single-stranded DNA into the cytoplasm based on the function of ComFA in Bacillus subtilis,
although this  has  not  been  directly  experimentally  demonstrated  in  H.  pylori.  Incoming
DNA is at some point subjected to the activity of restriction endonucleases [145]. Once in
the  cytoplasm  DprA  and  RecA  cooperatively  bind  the  incoming  ssDNA  forming  a
heterodimer [146]. During recombination RecA mediates strand invasion of incoming DNA
with chromosomal DNA and this process is subject to interference from UvrD and MutS2
[49,  73,  90,  147].  RecA mediated synapsis with chromosomal DNA results  in the forma‐
tion of four-way branched DNA intermediate structures referred to as Holliday junctions
whose  migration  and  resolution  are  mediated  by  DNA  processing  enzymes.  Branch
migration  of  Holliday  junctions  is  mediated  by  either  the  competing  RuvAB  or  RecG
helicases  [86].  Resolution  of  the  Holliday  junction  is  primarily  by  DprB in  instances  of
natural transformation with homeologous DNA from other H. pylori strains, although RuvC,
the DNA-repair resolvase, can partially compensate for a loss of DprB [148].
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and temporally uncoupled. The identity of any motor driving uptake of DNA by comEC
remains to be uncovered. Transport of DNA by ComEC appears to be more discriminat‐
ing  than  ComB,  as  covalently  labelled  DNA transported  by  ComB could  not  enter  the
cytoplasm via ComEC. As DNA sequence does not seem to play a role in the initial uptake
of DNA by H. pylori, discrimination of incoming DNA and protection from the potential‐
ly  hazardous  consequences  of  the  incorporation  of  foreign  DNA  may  come  from  the
numerous restriction-modification systems of H. pylori.
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3.2.1.4. The restriction barrier - frequency

The fate of incoming DNA is either one of restriction or recombination. Restriction of foreign
DNA forms the most significant barrier to natural transformation in H. pylori [145]. Like other
bacteria, H. pylori discriminates the DNA of self from non-self by the modification of bases by
methylation. Restriction modification systems (R-M) consist of a methyltransferase that
methylates specific DNA sequences and a restriction endonuclease that cleaves non-methy‐
lated DNA at the same sequence. Incoming foreign DNA that does not share the same
methylation pattern as that of the host is thus digested. In this manner, many R-M systems
function to prevent transformation and protect the host from foreign DNA [125]. The number
and diversity of R-M systems in the H. pylori genome is notable, with many being strain specific
[57]. The diversity of R-M systems can be driven by deletion and acquisition of such systems
by horizontal gene transfer [154]. These strain specific R-M systems may be responsible for the
observation that competence of different H. pylori strains varies [155]. The barrier posed by R-
M systems to competency has been experimentally demonstrated by assessing transformation
frequency in the presence and absence of R-M systems. The removal of four active type-II
restriction endonucleases from H. pylori 26695 lead to higher transformation efficiency both of
donor DNA from E. coli and other H. pylori strains [156]. The removal of two active type-II
restriction endonucleases from NSH57 greatly reduced the barrier to transformation resulting
in greater transformation frequency with DNA from a J99 donor [145].

3.2.1.5. The restriction barrier – integration length

In addition to transformation frequency, restriction of incoming DNA also influences the
length of incoming DNA that is integrated into the host chromosome. It has been proposed
that although H. pylori takes up long DNA fragments by natural transformation, only shorter
fragments are integrated into the genome. Genomic sequencing of isolates revealed that
sequences recombined with imported DNA varied in length from 261 to 629 bp and were
clustered. This observation was suggested to be consistent with the uptake of long stretches
of DNA, corresponding to the length of the region in which recombination sites were clustered,
that has subsequently been broken up and partially integrated [157]. Mutants of H. pylori
NSH57 lacking active type-II restriction endonucleases where found to integrate longer DNA
fragments into their genome following natural transformation than the WT strain [145].

3.2.1.6. DrpA overcomes restriction

Although restriction presents a barrier to transformation, H. pylori achieves a balance between
restriction and recombination. It has been proposed that the concentration of restriction
enzymes in the cell may be limited to produce only partial cleavage of incoming DNA in order
to allow a basal level of transformation [145]. In addition to this proposal, the DNA processing
protein A (DrpA), has been shown to lower the barrier to recombination in a number of
bacterial species and is widely conserved [146]. Deletion of drpA in H. pylori has been reported
to result in either a significant decrease [158, 159], or abrogation of transformation frequency
[145]. In H. pylori DprA has a polar localisation and interacts with incoming DNA, binding
ssDNA and also dsDNA to a lesser extent. DprA protects incoming DNA from restriction by
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both preventing the access of type-II restriction endonucleases to DNA and enhancing
methylation of incoming DNA by direct interaction with methyltransferases. It thus appears
to play a key role in the balance between restriction and recombination [160]. However, the
temporal and spatial aspects of restriction endonuclease cleavage and DprA activity are not
yet clearly understood. Single-stranded DNA is thought to enter the cytoplasm following
uptake by ComEC and DprA binds preferentially to ssDNA, yet restriction enzymes, which
contribute the most significant barrier to transformation, find ssDNA a poor substrate in
preference to dsDNA.

3.2.1.7. DNA processing enzymes and competence

As depicted in Figure 3, following entry into the cytoplasm, incoming DNA is co-operatively
bound by DrpA and RecA. RecA acts to mediate strand invasion of foreign DNA with the host
chromosome and promotes homologous recombination. The nucleotide excision repair
helicase, UvrD, likely disrupts this process by removal of RecA from DNA, preventing
potential recombination events. Mutants in RecA therefore are unable to undergo recombina‐
tion whereas mutants in UvrD display a hyper-recombination phenotype [49, 73]. MutS2 is
also proposed to interrupt RecA-mediated strand invasion. Deletion of MutS2 from H. pylori
results in an increase in transformation efficiency suggesting a role of MutS2 in regulation of
homologous recombination. Analysis of MutS2 indicates that it is not a member of the
mismatch repair pathway but rather has a distinct function in strand displacement of incoming
DNA from RecA-mediated D-loop formation during stand invasion of incoming DNA with
the host chromosome. This function is independent of the degree of homology of the two
strands [90, 147]. Thus in addition to the restriction barrier, enzymes involved in determining
the outcome between formation or dissolution of the D-loop also appear to play a role in
determining the fate of foreign DNA. The influence on transformation of other DNA process‐
ing enzymes acting during the recombination event is less clear. Reports regarding transfor‐
mation efficiency of a recG mutant vary [145, 161] and integration length in a recG mutant was
reported to be decreased [145]. In contrast to an initial report where deletion of ruvC resulted
in a decrease in transformation frequency [162], two reports have found no decrease in
transformation frequency [145, 148] but an increase in integration length in a ruvC mutant was
noted [145]. Reports regarding the phenotype of a mutant in dprB, the recombination specific
Holliday junction resolvase, are consistent that deletion of dprB results in a decrease in
transformation frequency but does not influence integration length [145, 148].

3.2.1.8. Other factors

A further factor required for competence that appears to be unique to H. pylori is ComH.
Mutants in comH could not be transformed with chromosomal or plasmid DNA [163, 164].
ComH is a surface-exposed outer membrane protein that binds ssDNA but whose function in
competence remains to be further characterized [165].

The role of the nuclease NucT in H. plyori competence is also unclear. NucT is an outer
membrane bound nuclease that preferentially cleaves ssDNA. The observation that transfor‐
mation rates are reduced in a nucT mutant leads to the proposal that NucT functions either in
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Although restriction presents a barrier to transformation, H. pylori achieves a balance between
restriction and recombination. It has been proposed that the concentration of restriction
enzymes in the cell may be limited to produce only partial cleavage of incoming DNA in order
to allow a basal level of transformation [145]. In addition to this proposal, the DNA processing
protein A (DrpA), has been shown to lower the barrier to recombination in a number of
bacterial species and is widely conserved [146]. Deletion of drpA in H. pylori has been reported
to result in either a significant decrease [158, 159], or abrogation of transformation frequency
[145]. In H. pylori DprA has a polar localisation and interacts with incoming DNA, binding
ssDNA and also dsDNA to a lesser extent. DprA protects incoming DNA from restriction by
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both preventing the access of type-II restriction endonucleases to DNA and enhancing
methylation of incoming DNA by direct interaction with methyltransferases. It thus appears
to play a key role in the balance between restriction and recombination [160]. However, the
temporal and spatial aspects of restriction endonuclease cleavage and DprA activity are not
yet clearly understood. Single-stranded DNA is thought to enter the cytoplasm following
uptake by ComEC and DprA binds preferentially to ssDNA, yet restriction enzymes, which
contribute the most significant barrier to transformation, find ssDNA a poor substrate in
preference to dsDNA.

3.2.1.7. DNA processing enzymes and competence

As depicted in Figure 3, following entry into the cytoplasm, incoming DNA is co-operatively
bound by DrpA and RecA. RecA acts to mediate strand invasion of foreign DNA with the host
chromosome and promotes homologous recombination. The nucleotide excision repair
helicase, UvrD, likely disrupts this process by removal of RecA from DNA, preventing
potential recombination events. Mutants in RecA therefore are unable to undergo recombina‐
tion whereas mutants in UvrD display a hyper-recombination phenotype [49, 73]. MutS2 is
also proposed to interrupt RecA-mediated strand invasion. Deletion of MutS2 from H. pylori
results in an increase in transformation efficiency suggesting a role of MutS2 in regulation of
homologous recombination. Analysis of MutS2 indicates that it is not a member of the
mismatch repair pathway but rather has a distinct function in strand displacement of incoming
DNA from RecA-mediated D-loop formation during stand invasion of incoming DNA with
the host chromosome. This function is independent of the degree of homology of the two
strands [90, 147]. Thus in addition to the restriction barrier, enzymes involved in determining
the outcome between formation or dissolution of the D-loop also appear to play a role in
determining the fate of foreign DNA. The influence on transformation of other DNA process‐
ing enzymes acting during the recombination event is less clear. Reports regarding transfor‐
mation efficiency of a recG mutant vary [145, 161] and integration length in a recG mutant was
reported to be decreased [145]. In contrast to an initial report where deletion of ruvC resulted
in a decrease in transformation frequency [162], two reports have found no decrease in
transformation frequency [145, 148] but an increase in integration length in a ruvC mutant was
noted [145]. Reports regarding the phenotype of a mutant in dprB, the recombination specific
Holliday junction resolvase, are consistent that deletion of dprB results in a decrease in
transformation frequency but does not influence integration length [145, 148].

3.2.1.8. Other factors

A further factor required for competence that appears to be unique to H. pylori is ComH.
Mutants in comH could not be transformed with chromosomal or plasmid DNA [163, 164].
ComH is a surface-exposed outer membrane protein that binds ssDNA but whose function in
competence remains to be further characterized [165].

The role of the nuclease NucT in H. plyori competence is also unclear. NucT is an outer
membrane bound nuclease that preferentially cleaves ssDNA. The observation that transfor‐
mation rates are reduced in a nucT mutant leads to the proposal that NucT functions either in
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Figure 3. Natural transformation in H. pylori. Schematic representation of the uptake of foreign DNA and its integra‐
tion into the host chromosome in H. pylori. Double stranded DNA is taken up through the outer membrane by the
ComB machinery and through the inner membrane by ComEC. Following DNA uptake ssDNA is bound by RecA and
DprA, which affects the activity of restriction endonucleases and methyltransferases. Strand invasion of the host chro‐
mosome by foreign DNA is mediated by RecA and this process is inhibited by MutS2 and UvrD. Branch migration and
resolution are mediated by RecG and DprB, respectively. NucT may function as a nuclease for the acquisition of pu‐
rines and the exact role of ComH in competence has yet to be determined.
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initial DNA binding, or translocation into the cell [166]. In contrast, a later study found that
deletion of nucT did not influence transformation efficiency, but did result in an increase in
the length of DNA integrated into the chromosome [145]. The presence of NucT as a stable
outer membrane nuclease and the requirement of H. pylori to scavenge purines for growth as
a result of its inability to synthesise purines de novo led to an investigation of the role of NucT
in purine acquisition [167]. NucT was found to be required for growth when exogenous DNA
is the only purine source, indicating that the primary function of NucT is the digestion of
human DNA in the gastric mucosa as a purine source. Digestion of dsDNA in the absence of
its preferred ssDNA substrate in vitro could be responsible for the conflicting results obtained
in assays of transformation efficiency.

3.2.1.9. Regulation of competence is by DNA damage

Competence is usually a tightly regulated and transient feature in bacteria. H. pylori is unusual
in that it displays very high levels of competence. Competence was found to vary across stages
of growth with each strain displaying a different pattern of peaks in transformation efficiency
in different growth phases. The pattern observed was independent of the type of donor DNA
[168]. Competence is upregulated in response to DNA damage by the induction of the
transcription and translation of competence machinery. A marginal increase in transformation
frequency was observed after UV induced DNA damage [73]. Transcription of several genes
involved in competence were found to be upregulated in both cDNA microarrays of cells
where acute double strand break DNA damage had been induced by ciprofloxacin treatment
and in cells where chronic DNA damage had accumulated in addA mutants deficient in double-
strand break repair. These genes include components of the ComB system and a lysozyme
proposed to function by lysing neighbouring cells to provide DNA for uptake. This transcrip‐
tional response was dependent on both recA and the ability to uptake DNA. The authors
proposed a RecA-dependent positive feedback loop in the induction of DNA damage respon‐
sive genes that is initiated by DNA damage and amplified by DNA uptake. This system was
found not to be important in initial mouse colonization but may be of relevance to persistence.
These results demonstrate that unlike other bacteria, H. pylori does not mount an SOS response
to DNA damage but relies on homologous recombination for maintenance of genome integrity
[169]. It seems plausible that H. pylori responds to stress induced by the immune system during
persistence in the human host by increasing competence to not only repair DNA damage but
also to increase genetic diversity in order to continually adapt to a changing host-mediated
niche [63].

3.2.2. Competence in vitro

3.2.2.1. Substrate requirements for transformation

The characteristics of natural transformation in H. pylori in vitro have been studied in detail.
Investigations into the influence of the properties of substrate DNA on natural transformation
of H. pylori 26695 revealed a number of interesting features [155]:
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a result of its inability to synthesise purines de novo led to an investigation of the role of NucT
in purine acquisition [167]. NucT was found to be required for growth when exogenous DNA
is the only purine source, indicating that the primary function of NucT is the digestion of
human DNA in the gastric mucosa as a purine source. Digestion of dsDNA in the absence of
its preferred ssDNA substrate in vitro could be responsible for the conflicting results obtained
in assays of transformation efficiency.

3.2.1.9. Regulation of competence is by DNA damage

Competence is usually a tightly regulated and transient feature in bacteria. H. pylori is unusual
in that it displays very high levels of competence. Competence was found to vary across stages
of growth with each strain displaying a different pattern of peaks in transformation efficiency
in different growth phases. The pattern observed was independent of the type of donor DNA
[168]. Competence is upregulated in response to DNA damage by the induction of the
transcription and translation of competence machinery. A marginal increase in transformation
frequency was observed after UV induced DNA damage [73]. Transcription of several genes
involved in competence were found to be upregulated in both cDNA microarrays of cells
where acute double strand break DNA damage had been induced by ciprofloxacin treatment
and in cells where chronic DNA damage had accumulated in addA mutants deficient in double-
strand break repair. These genes include components of the ComB system and a lysozyme
proposed to function by lysing neighbouring cells to provide DNA for uptake. This transcrip‐
tional response was dependent on both recA and the ability to uptake DNA. The authors
proposed a RecA-dependent positive feedback loop in the induction of DNA damage respon‐
sive genes that is initiated by DNA damage and amplified by DNA uptake. This system was
found not to be important in initial mouse colonization but may be of relevance to persistence.
These results demonstrate that unlike other bacteria, H. pylori does not mount an SOS response
to DNA damage but relies on homologous recombination for maintenance of genome integrity
[169]. It seems plausible that H. pylori responds to stress induced by the immune system during
persistence in the human host by increasing competence to not only repair DNA damage but
also to increase genetic diversity in order to continually adapt to a changing host-mediated
niche [63].

3.2.2. Competence in vitro

3.2.2.1. Substrate requirements for transformation

The characteristics of natural transformation in H. pylori in vitro have been studied in detail.
Investigations into the influence of the properties of substrate DNA on natural transformation
of H. pylori 26695 revealed a number of interesting features [155]:
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• Transformation efficiency decreases with shorter DNA fragments although transformants
could be obtained with fragments as short as 50 bp.

• Although uptake of DNA occurs within minutes of exposure, transformation efficiency
increases with increasing time prior to transformant selection to allow time for uptake,
recombination, and expression of a new phenotype.

• Transformation frequency of selectable alleles decreases with decreasing length of flanking
sequences, although transformants were obtained with as little as 5 bp flanking sequence.

• Transformation frequencies are higher with chromosomal DNA than PCR products.

• Transformants could be obtained with both single stranded and double stranded DNA but
with 1000-fold greater efficiency for double stranded DNA.

• Transformation efficiency is greater with homologous DNA than homeologous DNA.

• Different H. pylori strains vary in their competence.

• DNA uptake could be saturated at high DNA concentrations.

3.2.2.2. Length of insertions

Study of transformation in vitro has also revealed that H. pylori typically imports fragments of
short length into the chromosome in comparison to other bacteria and that these imports are
regularly interrupted by wild-type recipient sequences. Mean lengths of between 1294 and
3853 bp of integrated DNA were observed from transformations of rifampicin sensitive
recipient strains with DNA from resistant donors with different import lengths observed with
different donor/recipient combinations [170]. Transformation of streptomycin sensitive strains
with DNA of streptomycin resistant strains obtained a mean length of integration of 1300 bp.
Furthermore the effect of the restriction barrier may have been observed, as endpoints of
integration were found to be clustered, consistent with restriction of incoming DNA at those
sites [171]. Short length of imported fragments has also been recorded in vivo [157].

3.2.2.3. Why are insertions interspersed?

The region of integrated DNA is commonly reported to be interrupted by short interspersed
sequences of the recipient (ISR) and multiple explanations for this observation are present in
the literature. Lin et al. have suggested ISR could result from two separate but neighboring
strand invasion events that would be consistent with the restriction of an invading strand prior
to recombination [171]. Conversely, Kulick et al. reported that overexpression of the base
excision repair glycosylase MutY increased the occurrence of ISR within imported regions,
implicating it in their formation. MutY was also found to influence integration length. It was
proposed that MutY-mediated DNA repair at impaired bases following recombination results
in the insertion of host sequence within recombined regions [170]. The allelic variation
generated by ISR is a further mechanism increasing genotypic variation.
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3.2.2.4. Promiscuity of DNA uptake

H. pylori is very promiscuous as it does not require incoming DNA sequences for transforma‐
tion to be as closely related as what other bacterium do. This may be due to the absence of a
mismatch repair system, a lack of DNA sequence specificity in DNA uptake machinery,
absence of DNA uptake sequences, and a relaxed restriction barrier. Recombination between
unrelated strains in co-infected hosts has been observed. Analysis of synonymous distance
between recombined alleles within the genomes of H. pylori isolates from two South African
families revealed recombination with sequences from unrelated strains, in contrast to studies
of S. enterica, E. coli, and B.cereus where recombination only occurred between members of the
same lineage [172]. Recombination can also occur between different Helicobacter species.
Transformation of H. pylori 26695 with both homologous and homeologous streptomycin
resistance conferring rpsL DNA derived from 26695 and H. cetorum respectively, yielded
transformants, although with 1.5 log10 greater efficiency with homologous DNA. No trans‐
formants could be obtained with DNA from C. jejuni. Competition between DNA from
different sources for transformation revealed that H. pylori DNA could compete with H.
pylori DNA but DNA from unrelated sources could not compete with H. pylori DNA, indicating
that H. pylori can distinguish DNA from different sources on the basis of DNA sequence [155,
173]. This discrimination does not occur at the level of DNA uptake by ComB/ComEC, as
cytoplasmic uptake of λ-phage DNA was comparable to H. pylori DNA [143], but is likely a
consequence of the restriction barrier. Thus although transformation of H. pylori is efficient
with DNA from unrelated strains, and even to a lesser degree with DNA of other Helicobact‐
er species, it has not been observed with DNA from other bacterial genera.

H. pylori displays considerable allelic diversity and genetic variability. The high degree of
competence facilitates frequent horizontal transfer of genetic material to the extent that the
genome has been found to be in linkage equilibrium [174, 175]. Although genetic variability
typifies H. pylori, with populations being regarded as panmictic, clonality is observed in the
natural transmission of strains within closely related and co-habitating individuals [176]. Also,
H. pylori populations can be grouped according to geographic location as strains located within
a region are more closely related to each other than to strains outside the region [2]. The uptake
of foreign DNA by natural transformation and resulting recombination generates a consider‐
able portion of the genetic diversity observed in H. pylori.

3.2.3. Plasmids and mobilizable transposons conjugation

In many bacterial species plasmid transfer by conjugation is a significant contributor to the
acquisition of genetic material by horizontal gene transfer and often mediates the dissemina‐
tion of genes of particular phenotypic importance such as antibiotic resistance, virulence
determinants, and the ability to utilize certain substrates. Bacterial conjugation can generate
chromosomal rearrangements due to plasmid insertion and excision and can also transfer
chromosomal genetic material when errors in excision occur. Although diversity exists in
bacterial conjugative mechanisms, a generalized overview of the process can be formed.
Initially a mating pair of cells must make contact and be brought into proximity. This is
typically achieved by the expression of the sex pilus, an elongated tubular appendage, by the
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determinants, and the ability to utilize certain substrates. Bacterial conjugation can generate
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bacterial conjugative mechanisms, a generalized overview of the process can be formed.
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donor cell. Once in contact a conjugative pore or some other mechanism for the transfer of
DNA to the recipient must be established. This is commonly achieved by a type-IV secretion
system. In order to transfer plasmid DNA, a relaxase and accessory proteins, the relaxosome,
bind to the plasmid origin of transfer (oriT) where they cleave a single strand. The single strand
and bound relaxase is recognized by a coupling protein and transferred into the recipient cell
in tandem with the rolling circle replication of the intact strand of the plasmid. The relaxase
then circularizes the single strand which is replicated to form an intact plasmid within the
recipient [177].

H. pylori commonly carry plasmids of varying sizes [178], often of low copy number, which
can be divided into two groups [179, 180]. The first are homologous to Gram positive vectors
that replicate via the rolling circle mechanism. The second, more common group, are proposed
to replicate via the theta mechanism predominately utilising the replication protein, RepA,
which binds to short tandem repeats in the plasmid origin of replication. There are several
reports characterising the properties of various plasmids in H. pylori [180-185].

Plasmid transfer has been demonstrated to occur between different strains of H. pylori [186,
187]. Mating experiments with H. pylori P8 and P12 revealed that transfer of two conjugative
H. pylori plasmids could occur through three distinct routes. Firstly, natural transformation,
which was dependent on the ComB type-IV secretion system and was DNaseI sensitive,
secondly, DNaseI insensitive mobilisation which was dependent on both ComB and the
plasmid encoded relaxase (mobA), and finally, an alternative DNaseI resistant (ADR) pathway
that is independent of ComB. No evidence was found for the involvement of chromosomal
relaxases in any pathway [187]. Backert et al. also demonstrated conjugative plasmid transfer
in H. pylori but used two mobilizable vectors containing a broad host range oriT [186]. In this
instance transfer was insensitive to DNaseI and dependent on viable cell contact, indicative of
a conjugative process. No role was found for ComB, indicating that natural transformation
was not taking place, but both the chromosomally encoded TraG coupling protein homolog
and relaxase rlx1 were required. The mechanism of transfer thus appears similar to the ADR
pathway observed by Rohrer et al. It may be that the ADR pathway is a minor pathway for
conjugative plasmids with an endogenous relaxase as utilized by Rohrer et al., but may be the
only pathway for transfer of mobilizable plasmids via the utilization of chromosomal mobili‐
sation genes. Transfer of H. pylori conjugative plasmids was found to occur at a rate orders of
magnitude higher than that for the introduced mobilizable plasmids (10-4 vs 10-7). The obser‐
vation that H. pylori is capable of transferring plasmids with a broad-host range oriT utilising
a chromosomal mobilisation system indicates that H. plyori may be promiscuous in its ability
to uptake foreign plasmids. In both studies the cagPAI and tfs3 type-IV secretion systems were
found to play no role in plasmid transfer. Given that no type-IV secretion apparatus has been
implicated in the ADR pathway, the mode of DNA transfer by this route has yet to be
determined.

The high rate of plasmid occurrence and the presence of three pathways for plasmid acquisition
indicate that genes carried by plasmids may assist in host adaptation and be an important
source of genetic diversity amongst H. pylori strains. The observation of chromosomal
sequences in H. pylori plasmids indicates that they are capable of acquiring genetic material
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from the chromosome [181, 188]. Additionally, the presence of genes, displaying homology to
chromosomal genes of unknown function, flanked by repeat and IS sequences on pHel4 and
pHel5 gave rise to the proposal that H. pylori plasmids have a modular structure where genes
can be integrated from the chromosome or other plasmids at repeat sequences by recombina‐
tion or IS sequences by transposition events. Such shuffling of genes could represent a
mechanism generating inter-strain diversity in H. pylori [180].

A role for plasmid encoded genes in virulence or host adaptation has yet to be clearly dem‐
onstrated as most plasmids characterized to date carry predominately only elements required
for replication and hypothetical genes of unknown function [179]. Genes with homology to
the E. coli microcin toxin operon have been identified in plasmids pHel4 and pHPM8. These
genes function in E. coli to block protein biosynthesis in closely related bacteria, but their
function has yet to be demonstrated in H. pylori. Similarly, both plasmids also contain a gene
with homology to the tetracycline resistance determinant, tetA, but which has been demon‐
strated not to confer tetracycline resistance to host cells and thus remains of unknown function
[179, 180, 188].

Plasmids are not the only entities transferred by conjugation in H. pylori. Initial evidence that
H. pylori may be capable of transferring chromosomal elements by conjugation came from
mating experiments in the presence and absence of DNaseI [189]. Subsequently, the transfer
of chromosomally encoded streptomycin resistance by conjugation was demonstrated from
H. pylori into C. jejuni. The transfer required cell to cell contact and was independent of any
known type-IV secretion system [190].

More recently, the horizontal transfer of H. pylori plasticity zones has been investigated.
Comparison of the first two genome sequences of H. pylori revealed the presence of chromo‐
somal regions, termed plasticity zones, which contained strain specific genes. These regions
vary from the rest of the genome in their G+C content, indicating possible acquisition from a
foreign source [56]. Plasticity zones have been found to contain genes of interest, including
DNA processing enzymes, type IV secretion systems [191, 192], and genes implicated in disease
outcome. Plasticity regions have been found to be diverse in their gene content and presence
in H. pylori strains [191, 193-195]. A large number of studies have implicated plasticity region
localized genes, particularly JHP947 and surrounding genes, as virulence determinants in H.
pylori. The presence or absence of these genes in clinical isolates have variously been correlated
with gastric carcinoma and duodenal ulcer disease status and have been associated with
variations in inflammatory cytokines [194-202]. The plasticity zones of H. pylori have been
found to be able to horizontally transfer as conjugative transposons [191, 193].

Conjugative transposons are a form of integrative and conjugative elements (ICEs). These
elements reside within, and are replicated by, the host chromosome and contain the elements
required for their excision and integration. Following excision they circularize, are replicated
and transferred to a recipient cell by conjugation. Following transfer, the ICE integrates into
the recipient chromosome and the copy remaining in the donor also reintegrates. Many
plasticity zones and genomic islands present in many bacterial species may be functional ICEs
or remnants of mobile elements [203]. Given the importance of genomic and pathogenicity
islands in the physiology of many bacteria, in particular the cag pathogenicity island and genes
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donor cell. Once in contact a conjugative pore or some other mechanism for the transfer of
DNA to the recipient must be established. This is commonly achieved by a type-IV secretion
system. In order to transfer plasmid DNA, a relaxase and accessory proteins, the relaxosome,
bind to the plasmid origin of transfer (oriT) where they cleave a single strand. The single strand
and bound relaxase is recognized by a coupling protein and transferred into the recipient cell
in tandem with the rolling circle replication of the intact strand of the plasmid. The relaxase
then circularizes the single strand which is replicated to form an intact plasmid within the
recipient [177].

H. pylori commonly carry plasmids of varying sizes [178], often of low copy number, which
can be divided into two groups [179, 180]. The first are homologous to Gram positive vectors
that replicate via the rolling circle mechanism. The second, more common group, are proposed
to replicate via the theta mechanism predominately utilising the replication protein, RepA,
which binds to short tandem repeats in the plasmid origin of replication. There are several
reports characterising the properties of various plasmids in H. pylori [180-185].

Plasmid transfer has been demonstrated to occur between different strains of H. pylori [186,
187]. Mating experiments with H. pylori P8 and P12 revealed that transfer of two conjugative
H. pylori plasmids could occur through three distinct routes. Firstly, natural transformation,
which was dependent on the ComB type-IV secretion system and was DNaseI sensitive,
secondly, DNaseI insensitive mobilisation which was dependent on both ComB and the
plasmid encoded relaxase (mobA), and finally, an alternative DNaseI resistant (ADR) pathway
that is independent of ComB. No evidence was found for the involvement of chromosomal
relaxases in any pathway [187]. Backert et al. also demonstrated conjugative plasmid transfer
in H. pylori but used two mobilizable vectors containing a broad host range oriT [186]. In this
instance transfer was insensitive to DNaseI and dependent on viable cell contact, indicative of
a conjugative process. No role was found for ComB, indicating that natural transformation
was not taking place, but both the chromosomally encoded TraG coupling protein homolog
and relaxase rlx1 were required. The mechanism of transfer thus appears similar to the ADR
pathway observed by Rohrer et al. It may be that the ADR pathway is a minor pathway for
conjugative plasmids with an endogenous relaxase as utilized by Rohrer et al., but may be the
only pathway for transfer of mobilizable plasmids via the utilization of chromosomal mobili‐
sation genes. Transfer of H. pylori conjugative plasmids was found to occur at a rate orders of
magnitude higher than that for the introduced mobilizable plasmids (10-4 vs 10-7). The obser‐
vation that H. pylori is capable of transferring plasmids with a broad-host range oriT utilising
a chromosomal mobilisation system indicates that H. plyori may be promiscuous in its ability
to uptake foreign plasmids. In both studies the cagPAI and tfs3 type-IV secretion systems were
found to play no role in plasmid transfer. Given that no type-IV secretion apparatus has been
implicated in the ADR pathway, the mode of DNA transfer by this route has yet to be
determined.

The high rate of plasmid occurrence and the presence of three pathways for plasmid acquisition
indicate that genes carried by plasmids may assist in host adaptation and be an important
source of genetic diversity amongst H. pylori strains. The observation of chromosomal
sequences in H. pylori plasmids indicates that they are capable of acquiring genetic material
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from the chromosome [181, 188]. Additionally, the presence of genes, displaying homology to
chromosomal genes of unknown function, flanked by repeat and IS sequences on pHel4 and
pHel5 gave rise to the proposal that H. pylori plasmids have a modular structure where genes
can be integrated from the chromosome or other plasmids at repeat sequences by recombina‐
tion or IS sequences by transposition events. Such shuffling of genes could represent a
mechanism generating inter-strain diversity in H. pylori [180].

A role for plasmid encoded genes in virulence or host adaptation has yet to be clearly dem‐
onstrated as most plasmids characterized to date carry predominately only elements required
for replication and hypothetical genes of unknown function [179]. Genes with homology to
the E. coli microcin toxin operon have been identified in plasmids pHel4 and pHPM8. These
genes function in E. coli to block protein biosynthesis in closely related bacteria, but their
function has yet to be demonstrated in H. pylori. Similarly, both plasmids also contain a gene
with homology to the tetracycline resistance determinant, tetA, but which has been demon‐
strated not to confer tetracycline resistance to host cells and thus remains of unknown function
[179, 180, 188].

Plasmids are not the only entities transferred by conjugation in H. pylori. Initial evidence that
H. pylori may be capable of transferring chromosomal elements by conjugation came from
mating experiments in the presence and absence of DNaseI [189]. Subsequently, the transfer
of chromosomally encoded streptomycin resistance by conjugation was demonstrated from
H. pylori into C. jejuni. The transfer required cell to cell contact and was independent of any
known type-IV secretion system [190].

More recently, the horizontal transfer of H. pylori plasticity zones has been investigated.
Comparison of the first two genome sequences of H. pylori revealed the presence of chromo‐
somal regions, termed plasticity zones, which contained strain specific genes. These regions
vary from the rest of the genome in their G+C content, indicating possible acquisition from a
foreign source [56]. Plasticity zones have been found to contain genes of interest, including
DNA processing enzymes, type IV secretion systems [191, 192], and genes implicated in disease
outcome. Plasticity regions have been found to be diverse in their gene content and presence
in H. pylori strains [191, 193-195]. A large number of studies have implicated plasticity region
localized genes, particularly JHP947 and surrounding genes, as virulence determinants in H.
pylori. The presence or absence of these genes in clinical isolates have variously been correlated
with gastric carcinoma and duodenal ulcer disease status and have been associated with
variations in inflammatory cytokines [194-202]. The plasticity zones of H. pylori have been
found to be able to horizontally transfer as conjugative transposons [191, 193].

Conjugative transposons are a form of integrative and conjugative elements (ICEs). These
elements reside within, and are replicated by, the host chromosome and contain the elements
required for their excision and integration. Following excision they circularize, are replicated
and transferred to a recipient cell by conjugation. Following transfer, the ICE integrates into
the recipient chromosome and the copy remaining in the donor also reintegrates. Many
plasticity zones and genomic islands present in many bacterial species may be functional ICEs
or remnants of mobile elements [203]. Given the importance of genomic and pathogenicity
islands in the physiology of many bacteria, in particular the cag pathogenicity island and genes
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implicated in disease within the plasticity zones of H. pylori, ICEs may represent a rapid means
of generating genetic diversity of clinical relevance between different H. pylori strains. Deletion
of plasticity zones has been found to decrease the fitness of some strains in vivo and mediate
the induction of inflammatory cytokines in human AGS cells [193].

An investigation into the nature of plasticity zones by sequencing H. pylori strains to identify
their gene content and genomic location lead to the proposal that they were conjugative
transposons termed ‘transposon plasticity zone’ (TnPZ) [193]. The plasticity zones in the
sequenced strains could be classified according to their gene content and arrangement.
Plasticity zones of a particular class could be identified at different genomic contexts in
different strains, indicating their ability to move as a discrete unit. The plasticity zones were
often found to be flanked by direct repeats and contained terminal inverted sequences,
characteristic of transposable elements. There was also evidence of recombination occurring
between different classes of TnPZs and many strains appeared to contain vestigial remnants
TnPZs including J99 and 26695 whose plasticity regions were described as ‘complex mosaics
of TnPZ remnants’. Full length TnPZs were found to contain DNA processing enzymes,
including a candidate transposase, xerT, which displays homology with the recombinases XerC
and XerD of E. coli and the H. pylori dif-specific XerH recombinase. Transfer of TnPZ1 of H.
pylori strain P12 was demonstrated by co-cultivation experiments performed with both WT
and mutant donor and recipient strains [191]. Transfer of the plasticity zone was observed by
a conjugative mechanism that could occur, although at reduced frequency, in the absence of
the TnPZ-encoded type-IV secretion system and was dependent on the TNPZ-encoded xerT.
Circular DNA intermediates from donor strains could be visualised by PCR. Excision of the
TnPZ was found to leave one copy of the direct repeat in the donor chromosome while the
circular intermediate contained the second.

The genes present on TnPZ may represent a pool of genes that can be quickly acquired as a
set, as the conjugative method of transfer is not subjected to the same restriction barrier as
transformation. It seems that plasticity zones have been present in H. pylori for a long time as
similar zones are also found in other Helicobacter species including H. acinonychis and H.
cetorum and many have been subject to gene deletion and recombination over that time.
Plasticity zones are widely present in H. pylori strains with each strain having a unique
combination of such zones and the strain specific genes found within, they thus contribute
significantly to the Helicobacter pan-genome [191]. The transfer of TnPZs may represent a
further method utilized by H. pylori to generate a diverse population that displays fitness in a
diverse set of niches. The physiological function of genes in plasticity zones requires further
investigation to clarify their potential roles in host adaptation and disease outcome. Although
conjugative transfer of TnPZs, other chromosomal elements, and plasmids does occur in H.
pylori, the precise mechanisms of such transfer and their regulation are not completely
understood. The contribution of conjugative processes to genetic diversity in H. pylori may not
be as significant as that contributed by natural transformation but is still of evolutionary
significance.

Trends in Helicobacter pylori Infection34

3.2.4. Transduction of bacteriophage

Phages are often important drivers of genetic diversity and host adaptation. Phages represent
a significant mode of horizontal gene transfer responsible for a large portion of strain-specific
genetic diversity in many bacterial species. The action of temperate phages may play a
significant role in the evolution of bacterial genomes by the disruption of host genes during
insertion events, delivery of bacterial DNA for recombination by transduction, or the intro‐
duction of new genes (morons) that are carried, but not required, by an integrating phage. This
has phenotypic consequences and the presence of prophages in the bacterial genome may alter
bacterial fitness and influence host-bacterial interactions. This is particularly significant in
many instances where morons encode virulence factors such as bacterial toxins [204]. Despite
the significance of phages in the evolution of other bacterial species, the presence of phages in
Helicobacter has drawn little attention until recently.

Bacteriophages are relevant to the physiology of H. pylori in vivo. Early observations of H.
pylori noted the presence of bacteriophage-like particles within cells in electron microscope
images of gastric biopsies [205]. Similarly, electron microscopy of clinical isolate SchReck 290
[206] revealed the presence of the bacteriophage HP1 that could be propagated in a lytic cycle
in vitro [207]. Active H. pylori bacteriophages can be isolated from human faeces [208].

More recently, several bacteriophages have been characterised in H. pylori. Genome sequenc‐
ing of clinical isolate, B45, revealed the presence of a 24.6 kb prophage within the genome [209].
The phage was found to be similar to a previously identified phage in H. acinonychis [210] and
could be induced by UV irradiation, producing phage particles. Screening of a further 341
clinical strains from different geographical regions by PCR revealed that the phage was
widespread, being detected in 21.4% of isolates. This high prevalence could indicate that
bacteriophages play a role in Helicobacter evolution [209].

The bacteriophage 1961P was isolated from a clinical isolate of H. pylori. It has a genome of 27
kb containing 33 genes. Sequence comparison revealed that prophages or prophage remnants
similar to 1961P are likely present in six other sequenced H. pylori strains. Interestingly, 1961P
was demonstrated to be a transducing phage demonstrating that transduction of H. pylori by
bacteriophages does occur [211].

The sequence of two phages isolated from East-Asian-type isolates from Japanese patients has
been reported [212] and one, KHP30, has been characterized further [213]. The phage did not
appear to be integrative and may represent a novel category of bacteriophage.

Although it is becoming clear that bacteriophages may be widely present in H. pylori, with
some recently well characterized, a potential role for bacteriophages in genomic evolution and
host-adaptation in H. pylori remains largely unexplored. Genomic sequencing revealed the
presence of two prophages within the feline-associated H. acinonychis genome which account
for 26% of genes present in the sequenced H. acinonychis but absent in H. pylori J99 and 26695.
Although most of these genes appear to have been acquired after the divergence of the two
species and largely encode hypothetical proteins, three genes from one of the two prophages
were implicated by the authors as potentially having played a role in enabling the host jump
of the H. acinonychis ancestor into felines [210].
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implicated in disease within the plasticity zones of H. pylori, ICEs may represent a rapid means
of generating genetic diversity of clinical relevance between different H. pylori strains. Deletion
of plasticity zones has been found to decrease the fitness of some strains in vivo and mediate
the induction of inflammatory cytokines in human AGS cells [193].

An investigation into the nature of plasticity zones by sequencing H. pylori strains to identify
their gene content and genomic location lead to the proposal that they were conjugative
transposons termed ‘transposon plasticity zone’ (TnPZ) [193]. The plasticity zones in the
sequenced strains could be classified according to their gene content and arrangement.
Plasticity zones of a particular class could be identified at different genomic contexts in
different strains, indicating their ability to move as a discrete unit. The plasticity zones were
often found to be flanked by direct repeats and contained terminal inverted sequences,
characteristic of transposable elements. There was also evidence of recombination occurring
between different classes of TnPZs and many strains appeared to contain vestigial remnants
TnPZs including J99 and 26695 whose plasticity regions were described as ‘complex mosaics
of TnPZ remnants’. Full length TnPZs were found to contain DNA processing enzymes,
including a candidate transposase, xerT, which displays homology with the recombinases XerC
and XerD of E. coli and the H. pylori dif-specific XerH recombinase. Transfer of TnPZ1 of H.
pylori strain P12 was demonstrated by co-cultivation experiments performed with both WT
and mutant donor and recipient strains [191]. Transfer of the plasticity zone was observed by
a conjugative mechanism that could occur, although at reduced frequency, in the absence of
the TnPZ-encoded type-IV secretion system and was dependent on the TNPZ-encoded xerT.
Circular DNA intermediates from donor strains could be visualised by PCR. Excision of the
TnPZ was found to leave one copy of the direct repeat in the donor chromosome while the
circular intermediate contained the second.

The genes present on TnPZ may represent a pool of genes that can be quickly acquired as a
set, as the conjugative method of transfer is not subjected to the same restriction barrier as
transformation. It seems that plasticity zones have been present in H. pylori for a long time as
similar zones are also found in other Helicobacter species including H. acinonychis and H.
cetorum and many have been subject to gene deletion and recombination over that time.
Plasticity zones are widely present in H. pylori strains with each strain having a unique
combination of such zones and the strain specific genes found within, they thus contribute
significantly to the Helicobacter pan-genome [191]. The transfer of TnPZs may represent a
further method utilized by H. pylori to generate a diverse population that displays fitness in a
diverse set of niches. The physiological function of genes in plasticity zones requires further
investigation to clarify their potential roles in host adaptation and disease outcome. Although
conjugative transfer of TnPZs, other chromosomal elements, and plasmids does occur in H.
pylori, the precise mechanisms of such transfer and their regulation are not completely
understood. The contribution of conjugative processes to genetic diversity in H. pylori may not
be as significant as that contributed by natural transformation but is still of evolutionary
significance.
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3.2.4. Transduction of bacteriophage

Phages are often important drivers of genetic diversity and host adaptation. Phages represent
a significant mode of horizontal gene transfer responsible for a large portion of strain-specific
genetic diversity in many bacterial species. The action of temperate phages may play a
significant role in the evolution of bacterial genomes by the disruption of host genes during
insertion events, delivery of bacterial DNA for recombination by transduction, or the intro‐
duction of new genes (morons) that are carried, but not required, by an integrating phage. This
has phenotypic consequences and the presence of prophages in the bacterial genome may alter
bacterial fitness and influence host-bacterial interactions. This is particularly significant in
many instances where morons encode virulence factors such as bacterial toxins [204]. Despite
the significance of phages in the evolution of other bacterial species, the presence of phages in
Helicobacter has drawn little attention until recently.

Bacteriophages are relevant to the physiology of H. pylori in vivo. Early observations of H.
pylori noted the presence of bacteriophage-like particles within cells in electron microscope
images of gastric biopsies [205]. Similarly, electron microscopy of clinical isolate SchReck 290
[206] revealed the presence of the bacteriophage HP1 that could be propagated in a lytic cycle
in vitro [207]. Active H. pylori bacteriophages can be isolated from human faeces [208].

More recently, several bacteriophages have been characterised in H. pylori. Genome sequenc‐
ing of clinical isolate, B45, revealed the presence of a 24.6 kb prophage within the genome [209].
The phage was found to be similar to a previously identified phage in H. acinonychis [210] and
could be induced by UV irradiation, producing phage particles. Screening of a further 341
clinical strains from different geographical regions by PCR revealed that the phage was
widespread, being detected in 21.4% of isolates. This high prevalence could indicate that
bacteriophages play a role in Helicobacter evolution [209].

The bacteriophage 1961P was isolated from a clinical isolate of H. pylori. It has a genome of 27
kb containing 33 genes. Sequence comparison revealed that prophages or prophage remnants
similar to 1961P are likely present in six other sequenced H. pylori strains. Interestingly, 1961P
was demonstrated to be a transducing phage demonstrating that transduction of H. pylori by
bacteriophages does occur [211].

The sequence of two phages isolated from East-Asian-type isolates from Japanese patients has
been reported [212] and one, KHP30, has been characterized further [213]. The phage did not
appear to be integrative and may represent a novel category of bacteriophage.

Although it is becoming clear that bacteriophages may be widely present in H. pylori, with
some recently well characterized, a potential role for bacteriophages in genomic evolution and
host-adaptation in H. pylori remains largely unexplored. Genomic sequencing revealed the
presence of two prophages within the feline-associated H. acinonychis genome which account
for 26% of genes present in the sequenced H. acinonychis but absent in H. pylori J99 and 26695.
Although most of these genes appear to have been acquired after the divergence of the two
species and largely encode hypothetical proteins, three genes from one of the two prophages
were implicated by the authors as potentially having played a role in enabling the host jump
of the H. acinonychis ancestor into felines [210].
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Lehours et al. have raised the hypothesis that plasticity zones in H. pylori could have a phage
origin much as phages mediate the transfer of pathogenicity islands in Staphylococcus [214].
Kersulyte et al. have proposed that plasticity zones transfer as conjugative transposons [193].
Further research will be required to determine if the bacteriophages in Helicobacter have played
any significant role in the evolution of its genome.

4. Small RNAs and regulation

To date only a limited number of transcriptional regulators have been discovered in the small
1.67 Mbp genome of H. pylori, including a mere three sigma factors, namely RpoD, FliA and
RpoN [57]. Consequently H. pylori was thought not to have any extensive regulatory networks.
However, a recent comprehensive analysis of the H. pylori primary transcriptome has revealed
that the compact genome produces an abundant number of antisense and small RNA (sRNA)
transcripts portending a great potential for the use of riboregulation by H. pylori in gene
expression [215].

Small RNAs have emerged as essential regulators that allow organisms to cope with environ‐
mental changes and stresses [216, 217]. Like transcription factors, sRNA can modulate the
expression of multiple target genes and thereby function as key regulators of metabolic
pathways and stress responses. In bacteria, sRNAs have been discovered to regulate processes
as varied as carbon metabolism, iron homeostasis, RNA polymerase function, virulence,
quorum sensing, biofilm formation, as well as response to stresses such as oxidation and outer
membrane perturbation [216, 218-220].

Bacterial sRNAs exhibit a diverse range of molecular mechanisms of action. One class of
bacterial sRNA acts by binding directly to protein targets and modulating their activity [221,
222]. Another group of sRNAs known as riboswitches consist of RNA sequences located in the
5ʹ untranslated regions (UTRs) of mRNAs. Riboswitches regulate gene expression through
their capacity to adopt different conformations that are mediated by factors such as tempera‐
ture or small molecule metabolites that specifically bind to the riboswitch [223, 224].

The most extensively studied class of sRNAs are those that act through antisense base pairing
with target mRNAs. These sRNAs are classified as either cis-encoded, because they are
transcribed from the strand of DNA opposite their mRNA targets and so have extensive
complementarity to their target, or as trans-encoded sRNAs, which are transcribed from a
genomic location different from those of their targets. The base pairing interactions of trans-
encoded sRNAs tend to involve less complementarity with their targets, permitting the
regulation of multiple genes [217]. Furthermore many trans-encoded sRNAs in enteric bacteria
require binding to Hfq, a chaperone protein that aids in sRNA stability and base pairing with
target mRNAs [225]. Antisense base pairing of sRNAs can exert either negative or positive
regulatory effects on their mRNA targets including RNA degradation, termination of tran‐
scription, inhibition of translation and the relief of intrinsic translation-inhibitory structure
formation in the mRNA’s 5ʹ UTR (For detailed reviews of basepairing sRNAs and their
regulatory mechanisms, refer to [220, 226-228]).
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The discovery of substantial antisense transcription as well as a high number (>60) of sRNAs
which included potential regulators of cis- and trans-encoded mRNA targets has revealed a
new class of molecules that should to be considered for their role in mediating H. pylori
persistence. Since sRNAs in H. pylori were discovered only recently, knowledge regarding their
target genes and the mechanism by which they regulate them is still very limited. The current
literature on riboregulation for H. pylori has been recently reviewed [229]. When corrected by
genome size, the sRNA repertoire of H. pylori rivals that of E. coli, the model organism of
bacterial RNA research [220], and thus the mechanisms of sRNA action in H. pylori are likely
to be much more diverse than what is currently known.

With the exception of a handful of housekeeping RNAs, none of the enterobacterial sRNAs
are conserved in H. pylori [215]. H. pylori has no Hfq homolog, an RNA chaperone shown to
be important for mediating sRNA function in enteric bacteria, and H. pylori lacks homologs of
endonucleolytic RNases E/G and other common processing factors of stable RNAs [57, 230].
It has been hypothesized that antisense-mediated processing by double-strand specific
ribonuclease RNase III may compensate for this paucity and act as the major regulator as has
been recently suggested for S. aureus [229, 231]. To date the only sRNA shown to be essential
in H. pylori and required for stress response is tmRNA, which is involved in the rescue of stalled
ribosomes [232].

One of the most abundant transcripts identified in H. pylori is a homolog of 6S RNA [215], a
ubiquitous riboregulator which mimics an open promoter complex and thereby sequesters
RNA polymerase [233, 234]. In E coli, deletion of 6S RNA has no obvious phenotype during
exponential growth, however altered growth phenotypes are observed during stationary
phase and under extreme stress conditions [222]. Whether 6S RNA has a similar role during
stress response, stationary growth, or if it impacts on virulence as seen for Legionella [235] and
therefore has implications in H. pylori persistence in the host still needs to be investigated.

Antisense transcripts have been identified for one third of the putative phase-variable genes
with functions in lipopolysaccharide biosynthesis, surface structure and DNA restriction/
modification [215], raising the possibility of antisense regulation of surface structure and host
interactions. Furthermore, acid-stress-induced antisense RNAs opposite to known acid-stress-
repressed genes have also been detected, suggesting that antisense regulation would also play
an important role in adapting to changing environmental pH. To date only a few physiological
effects of sRNA regulation have been demonstrated in H. pylori. The ureAB operon has been
shown to be negatively regulated by a cis-encoded antisence 5′ ureB-sRNA which is induced
by unphosphorylated ArsR under neutral conditions [236]. The chemotaxis receptor TlpB,
which is involved in pH-taxis, quorum sensing, colonization and gastric mucosa inflammation,
has been shown to be negatively regulated by the trans-encoded HPnc5490 sRNA [237-239].

It has become increasingly clear that sRNAs serve as diverse regulators that impact almost
every aspect of bacterial physiology in response to changes in the environment. It is therefore
highly likely that riboregulation may have a very important role in H. pylori persistence. The
stomach is a highly dynamic environment undergoing constant changes in pH, due to long
periods of fasting interspaced with the intake of various food material, while continual
shedding of gastric mucus, where a majority of the bacteria reside [240], leads to washout into
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Lehours et al. have raised the hypothesis that plasticity zones in H. pylori could have a phage
origin much as phages mediate the transfer of pathogenicity islands in Staphylococcus [214].
Kersulyte et al. have proposed that plasticity zones transfer as conjugative transposons [193].
Further research will be required to determine if the bacteriophages in Helicobacter have played
any significant role in the evolution of its genome.

4. Small RNAs and regulation

To date only a limited number of transcriptional regulators have been discovered in the small
1.67 Mbp genome of H. pylori, including a mere three sigma factors, namely RpoD, FliA and
RpoN [57]. Consequently H. pylori was thought not to have any extensive regulatory networks.
However, a recent comprehensive analysis of the H. pylori primary transcriptome has revealed
that the compact genome produces an abundant number of antisense and small RNA (sRNA)
transcripts portending a great potential for the use of riboregulation by H. pylori in gene
expression [215].

Small RNAs have emerged as essential regulators that allow organisms to cope with environ‐
mental changes and stresses [216, 217]. Like transcription factors, sRNA can modulate the
expression of multiple target genes and thereby function as key regulators of metabolic
pathways and stress responses. In bacteria, sRNAs have been discovered to regulate processes
as varied as carbon metabolism, iron homeostasis, RNA polymerase function, virulence,
quorum sensing, biofilm formation, as well as response to stresses such as oxidation and outer
membrane perturbation [216, 218-220].

Bacterial sRNAs exhibit a diverse range of molecular mechanisms of action. One class of
bacterial sRNA acts by binding directly to protein targets and modulating their activity [221,
222]. Another group of sRNAs known as riboswitches consist of RNA sequences located in the
5ʹ untranslated regions (UTRs) of mRNAs. Riboswitches regulate gene expression through
their capacity to adopt different conformations that are mediated by factors such as tempera‐
ture or small molecule metabolites that specifically bind to the riboswitch [223, 224].

The most extensively studied class of sRNAs are those that act through antisense base pairing
with target mRNAs. These sRNAs are classified as either cis-encoded, because they are
transcribed from the strand of DNA opposite their mRNA targets and so have extensive
complementarity to their target, or as trans-encoded sRNAs, which are transcribed from a
genomic location different from those of their targets. The base pairing interactions of trans-
encoded sRNAs tend to involve less complementarity with their targets, permitting the
regulation of multiple genes [217]. Furthermore many trans-encoded sRNAs in enteric bacteria
require binding to Hfq, a chaperone protein that aids in sRNA stability and base pairing with
target mRNAs [225]. Antisense base pairing of sRNAs can exert either negative or positive
regulatory effects on their mRNA targets including RNA degradation, termination of tran‐
scription, inhibition of translation and the relief of intrinsic translation-inhibitory structure
formation in the mRNA’s 5ʹ UTR (For detailed reviews of basepairing sRNAs and their
regulatory mechanisms, refer to [220, 226-228]).
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The discovery of substantial antisense transcription as well as a high number (>60) of sRNAs
which included potential regulators of cis- and trans-encoded mRNA targets has revealed a
new class of molecules that should to be considered for their role in mediating H. pylori
persistence. Since sRNAs in H. pylori were discovered only recently, knowledge regarding their
target genes and the mechanism by which they regulate them is still very limited. The current
literature on riboregulation for H. pylori has been recently reviewed [229]. When corrected by
genome size, the sRNA repertoire of H. pylori rivals that of E. coli, the model organism of
bacterial RNA research [220], and thus the mechanisms of sRNA action in H. pylori are likely
to be much more diverse than what is currently known.

With the exception of a handful of housekeeping RNAs, none of the enterobacterial sRNAs
are conserved in H. pylori [215]. H. pylori has no Hfq homolog, an RNA chaperone shown to
be important for mediating sRNA function in enteric bacteria, and H. pylori lacks homologs of
endonucleolytic RNases E/G and other common processing factors of stable RNAs [57, 230].
It has been hypothesized that antisense-mediated processing by double-strand specific
ribonuclease RNase III may compensate for this paucity and act as the major regulator as has
been recently suggested for S. aureus [229, 231]. To date the only sRNA shown to be essential
in H. pylori and required for stress response is tmRNA, which is involved in the rescue of stalled
ribosomes [232].

One of the most abundant transcripts identified in H. pylori is a homolog of 6S RNA [215], a
ubiquitous riboregulator which mimics an open promoter complex and thereby sequesters
RNA polymerase [233, 234]. In E coli, deletion of 6S RNA has no obvious phenotype during
exponential growth, however altered growth phenotypes are observed during stationary
phase and under extreme stress conditions [222]. Whether 6S RNA has a similar role during
stress response, stationary growth, or if it impacts on virulence as seen for Legionella [235] and
therefore has implications in H. pylori persistence in the host still needs to be investigated.

Antisense transcripts have been identified for one third of the putative phase-variable genes
with functions in lipopolysaccharide biosynthesis, surface structure and DNA restriction/
modification [215], raising the possibility of antisense regulation of surface structure and host
interactions. Furthermore, acid-stress-induced antisense RNAs opposite to known acid-stress-
repressed genes have also been detected, suggesting that antisense regulation would also play
an important role in adapting to changing environmental pH. To date only a few physiological
effects of sRNA regulation have been demonstrated in H. pylori. The ureAB operon has been
shown to be negatively regulated by a cis-encoded antisence 5′ ureB-sRNA which is induced
by unphosphorylated ArsR under neutral conditions [236]. The chemotaxis receptor TlpB,
which is involved in pH-taxis, quorum sensing, colonization and gastric mucosa inflammation,
has been shown to be negatively regulated by the trans-encoded HPnc5490 sRNA [237-239].

It has become increasingly clear that sRNAs serve as diverse regulators that impact almost
every aspect of bacterial physiology in response to changes in the environment. It is therefore
highly likely that riboregulation may have a very important role in H. pylori persistence. The
stomach is a highly dynamic environment undergoing constant changes in pH, due to long
periods of fasting interspaced with the intake of various food material, while continual
shedding of gastric mucus, where a majority of the bacteria reside [240], leads to washout into
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the lower intestine where the bacteria are exposed to an anaerobic environment and greater
exposure to the host immune system through Peyer’s patches. Here riboregulation may be
very important for the quick changes and modulation, such as initiation of peptidoglycan
remodelling and alterations in the lipid content [241, 242], necessary to transition from the
spiral to coccoid form that is phagocytosed by dendritic cells in Peyer’s patches [243].

5. Experimental strategies to study Helicobacter pylori persistence

A multidisciplinary approach is required to study persistence in vivo, through the combination
of microbiology, immunology, genetics and clinics. Although powerful techniques in cellular
microbiology as well as the flurry of transgenic mouse strains have been instrumental in
investigating H. pylori pathogenesis, in vivo studies are limited to loss of function mutants based
on gene deletion. This prevents the distinction between colonization and/or persistence
functions of the gene of interest. Furthermore, deletion mutants also suffer the drawback of
potential rapid genetic adaption in case of a strong selective pressure (which might often be
the case already in vitro) in vivo, and this is particularly relevant in view of H. pylori‘s genome
plasticity.

5.1. Gene deletion

Both bacterial and host genetics have led to a tremendous progress in our understanding of
H. pylori pathogenesis. However, the mechanisms of persistence of H. pylori have not yet been
rigorously tested in animal models due to the difficulty in assessing the temporal requirement
of virulence factor expression for colonization and/or persistence. Only a few genes have been
strictly shown to be required for persistence based on the inability of mutant strains to colonize
in the long-term despite identical short-term colonization loads compared to wild-type. For
example, the peptidoglycan deacetylase (pgdA) mutant displayed significant attenuation in its
ability to colonize mouse stomachs at 9 weeks infection although it is dispensable for up to 3
weeks during the initial colonization [244]. Furthermore, compared to wild-type H. pylori-
infected mice, elevated levels of MIP-2, IL-10 and TNFα were observed in mice infected with
the pgdA mutant, indicating that peptidoglycan deacetylation modulates the host immune
system [244]. Another study reported the DNA repair ruvC mutant to be spontaneously cleared
from the gastric mucosa of mice between 36 to 67 days of the initial challenge of mice [88].
Interestingly, the ruvC mutant was less efficient in modulating the murine immune system,
suggesting that DNA recombination is critical for immune modulation and persistence of H.
pylori [88]. Catalase (KatA) and the catalase associated proteins (KapA) have also been
implicated in persistence of H. pylori infection [245]. KapA and KatA were proposed to promote
survival of H. pylori in the inflamed gastric mucosa where the concentration of reactive oxygen
species, particularly hydrogen peroxide, is high [245]. Very recently, a comparative analysis
of the colonization loads between wild-type H. pylori and the lpxE isogenic mutant, harbouring
a partial TLR4 determinant restoration, was conducted in C57/BL6J and the corresponding
TLR4 knockout transgenic mice [26]. This two-sided genetic approach demonstrated that
although LpxE-mediated avoidance of TLR4 recognition had little effect on the early coloni‐
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zation phase 15 days) lpxE mutant was prevented from persisting for more than 45 days due
to TLR4 activation [26] that likely led to sterilizing adaptive immunity.

The natural competence of H. pylori has also recently been demonstrated to promote chronic
colonization. A competition experiment between wild-type and comB10 or drpA mutant strains
showed that mutation of either the Com apparatus or a cytosolic competence factor resulted
in reduced persistence despite normal initial colonization [246]. This recent data strongly
suggests that the exchange of DNA between a heterogeneous population and genome
plasticity and integrity are important for H. pylori to maintain chronic infection.

5.2. Gene mutagenesis: The urease example

As an alternative to gene deletion, protein engineering was applied to the urease complex to
investigate its role in the host-pathogen interaction without affecting the enzymes ureolytic
activity which is essential for colonization [247]. Surface exposed loops that display high
thermal mobility were targeted for in-frame insertion mutagenesis (Figure 4). H. pylori
expressing urease with insertions at four different sites retained urease activity and were able
to establish robust infections. Bacteria expressing one of these four mutant ureases, however,
had reduced bacterial loads after longer term (3 to 6 months) colonization. These results
indicate that a discrete surface region of the urease complex, distinct from the ureolytic activity
per se, is important for H. pylori persistence during gastric colonization [247].

H. pylori urease consists of a ball-like supramolecular structure of about 1000 kDa. It is
composed of twelve UreA-UreB subunits (26.5 and 61.7 kDa, respectively), assembled in a high
molecular weight complex of four alpha/beta trimers [248, 249]. Urease is an abundantly
expressed enzyme (10% of the cell weight) that decreases the acidity of H. pylori’s immediate
environment by generating ammonia and carbonate from the urea we secrete as metabolic
waste and is one of the first characterized factors identified as essential for colonization by H.
pylori [250-252]. The majority of the urease is localized in the bacterial cytoplasm, however,
urease is also present on the cell surface and in the extracellular medium. The secretion of
urease is still a matter of debate as both autolysis and specific secretion [250, 253, 254] have
been postulated to be responsible for the release of urease.

Uptake of urea into the cytoplasm is controlled by an acid gated urea channel, UreI, that does
not open until the periplasmic pH decreases below pH 6.5 to avoid alkalization of the cyto‐
plasm [255-257]. The recruitment and interaction of the urease complex with UreI at the inner
membrane is hypothesized to enable coupling of urea transport and urease activity for efficient
pH homeostasis of the periplasm [258]. It is tempting to postulate that the surface properties
of urease plays a key role in the intrabacterial regulation of its enzymatic activity by docking
of the urease complex to the urea channel (UreI) to maintain periplasmic pH.

Although such local control of gastric acidity is considered essential, urease-negative H.
pylori strains were unable to colonize piglets whose acid secretion had been suppressed,
suggesting an additional role for urease [259]. Possible explanations include the utilization of
urease generated ammonia by H. pylori to synthesize essential metabolites, especially amino
acids [260]; protection from peroxynitrite [261], enhanced survival in macrophages [262],
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the lower intestine where the bacteria are exposed to an anaerobic environment and greater
exposure to the host immune system through Peyer’s patches. Here riboregulation may be
very important for the quick changes and modulation, such as initiation of peptidoglycan
remodelling and alterations in the lipid content [241, 242], necessary to transition from the
spiral to coccoid form that is phagocytosed by dendritic cells in Peyer’s patches [243].

5. Experimental strategies to study Helicobacter pylori persistence

A multidisciplinary approach is required to study persistence in vivo, through the combination
of microbiology, immunology, genetics and clinics. Although powerful techniques in cellular
microbiology as well as the flurry of transgenic mouse strains have been instrumental in
investigating H. pylori pathogenesis, in vivo studies are limited to loss of function mutants based
on gene deletion. This prevents the distinction between colonization and/or persistence
functions of the gene of interest. Furthermore, deletion mutants also suffer the drawback of
potential rapid genetic adaption in case of a strong selective pressure (which might often be
the case already in vitro) in vivo, and this is particularly relevant in view of H. pylori‘s genome
plasticity.

5.1. Gene deletion

Both bacterial and host genetics have led to a tremendous progress in our understanding of
H. pylori pathogenesis. However, the mechanisms of persistence of H. pylori have not yet been
rigorously tested in animal models due to the difficulty in assessing the temporal requirement
of virulence factor expression for colonization and/or persistence. Only a few genes have been
strictly shown to be required for persistence based on the inability of mutant strains to colonize
in the long-term despite identical short-term colonization loads compared to wild-type. For
example, the peptidoglycan deacetylase (pgdA) mutant displayed significant attenuation in its
ability to colonize mouse stomachs at 9 weeks infection although it is dispensable for up to 3
weeks during the initial colonization [244]. Furthermore, compared to wild-type H. pylori-
infected mice, elevated levels of MIP-2, IL-10 and TNFα were observed in mice infected with
the pgdA mutant, indicating that peptidoglycan deacetylation modulates the host immune
system [244]. Another study reported the DNA repair ruvC mutant to be spontaneously cleared
from the gastric mucosa of mice between 36 to 67 days of the initial challenge of mice [88].
Interestingly, the ruvC mutant was less efficient in modulating the murine immune system,
suggesting that DNA recombination is critical for immune modulation and persistence of H.
pylori [88]. Catalase (KatA) and the catalase associated proteins (KapA) have also been
implicated in persistence of H. pylori infection [245]. KapA and KatA were proposed to promote
survival of H. pylori in the inflamed gastric mucosa where the concentration of reactive oxygen
species, particularly hydrogen peroxide, is high [245]. Very recently, a comparative analysis
of the colonization loads between wild-type H. pylori and the lpxE isogenic mutant, harbouring
a partial TLR4 determinant restoration, was conducted in C57/BL6J and the corresponding
TLR4 knockout transgenic mice [26]. This two-sided genetic approach demonstrated that
although LpxE-mediated avoidance of TLR4 recognition had little effect on the early coloni‐
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zation phase 15 days) lpxE mutant was prevented from persisting for more than 45 days due
to TLR4 activation [26] that likely led to sterilizing adaptive immunity.

The natural competence of H. pylori has also recently been demonstrated to promote chronic
colonization. A competition experiment between wild-type and comB10 or drpA mutant strains
showed that mutation of either the Com apparatus or a cytosolic competence factor resulted
in reduced persistence despite normal initial colonization [246]. This recent data strongly
suggests that the exchange of DNA between a heterogeneous population and genome
plasticity and integrity are important for H. pylori to maintain chronic infection.

5.2. Gene mutagenesis: The urease example

As an alternative to gene deletion, protein engineering was applied to the urease complex to
investigate its role in the host-pathogen interaction without affecting the enzymes ureolytic
activity which is essential for colonization [247]. Surface exposed loops that display high
thermal mobility were targeted for in-frame insertion mutagenesis (Figure 4). H. pylori
expressing urease with insertions at four different sites retained urease activity and were able
to establish robust infections. Bacteria expressing one of these four mutant ureases, however,
had reduced bacterial loads after longer term (3 to 6 months) colonization. These results
indicate that a discrete surface region of the urease complex, distinct from the ureolytic activity
per se, is important for H. pylori persistence during gastric colonization [247].

H. pylori urease consists of a ball-like supramolecular structure of about 1000 kDa. It is
composed of twelve UreA-UreB subunits (26.5 and 61.7 kDa, respectively), assembled in a high
molecular weight complex of four alpha/beta trimers [248, 249]. Urease is an abundantly
expressed enzyme (10% of the cell weight) that decreases the acidity of H. pylori’s immediate
environment by generating ammonia and carbonate from the urea we secrete as metabolic
waste and is one of the first characterized factors identified as essential for colonization by H.
pylori [250-252]. The majority of the urease is localized in the bacterial cytoplasm, however,
urease is also present on the cell surface and in the extracellular medium. The secretion of
urease is still a matter of debate as both autolysis and specific secretion [250, 253, 254] have
been postulated to be responsible for the release of urease.

Uptake of urea into the cytoplasm is controlled by an acid gated urea channel, UreI, that does
not open until the periplasmic pH decreases below pH 6.5 to avoid alkalization of the cyto‐
plasm [255-257]. The recruitment and interaction of the urease complex with UreI at the inner
membrane is hypothesized to enable coupling of urea transport and urease activity for efficient
pH homeostasis of the periplasm [258]. It is tempting to postulate that the surface properties
of urease plays a key role in the intrabacterial regulation of its enzymatic activity by docking
of the urease complex to the urea channel (UreI) to maintain periplasmic pH.

Although such local control of gastric acidity is considered essential, urease-negative H.
pylori strains were unable to colonize piglets whose acid secretion had been suppressed,
suggesting an additional role for urease [259]. Possible explanations include the utilization of
urease generated ammonia by H. pylori to synthesize essential metabolites, especially amino
acids [260]; protection from peroxynitrite [261], enhanced survival in macrophages [262],
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evasion of phagocytosis [263], complement mediated opsonisation [264], and decreased
viscosity in gastric mucin at high pH facilitating H. pylori motility [265]. An alternative
explanation invokes the existence of urease-host tissue interactions, that are independent of
urease enzymatic activity, and is based on in vitro studies that detected urease mediated

Figure 4. Recombinant regions of urease and selection for enzyme function (Figure adapted from [247]). a) Molecular
structure of urease showing insertion sites on the surface of urease. Urease subunit A (green) and subunit B (blue) asso‐
ciate to form a dodecameric supramolecular molecule [248, 249]. Sites 1 to 8 correspond to residues 102, 231 and 238
from UreA and residues 1, 66, 326, 541 and 549 from UreB, respectively. Insertion sites 1, 3, 4, and 8 are indicated in red.
Urease activity could not be retained when altered at sites 2, 5, 6, and 7 (pink). b) Selection of bacteria producing func‐
tional urease on acidified media supplemented with the urease substrate, urea. Left side: X47 wild type; the colour
change observed on the left side indicated that bacterial colonies were producing functional urease and growing. Right
side: X47 ∆ureA: there was no colour (X47 wild-type). Colour change did not occur on the right side, indicating that ino‐
culated colonies were unable to grow or functional urease was not being produced (X47 ∆ureA). c) A schematic show‐
ing insertion sites at the urease locus of DNA coding epitopes and linkers. Insertions were made in DNA corresponding to
insertion after amino positions 102 (site 1) and 238 (site 3) of UreA (GenBank AAD07144.1), and amino acid positions 1
(site 4) and 549 (site 8) of UreB (GenBank AAD07143.1). Insertions at sites 3 and 4 correspond to the C- and N-termini of
UreA and UreB, respectively. DNA coded HA(T): hemagglutinin T cell eptitope; HA(B) hemagglutinin B cell epitope; SR
linker: semi-random linker; linker: GPSL linker; FLAG: FLAG epitope; STOP: STOP codon.
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activation of macrophages [266], monocytes [267] and blood platelets [266, 267], dysregulation
of gastric epithelial tight junctions [268] and induction of cytokine production from gastric
epithelial cells [269] through binding to CD74 (MHC class II invariant chain) [270].

The above examples highlight the importance of studying the kinetics of colonization so as to
gain deeper insights into the H. pylori persistence mechanisms and revisit the role of well-
known and studied virulence factors such as urease.

5.3. Conditional mutants

The use of conditional H. pylori mutants makes it possible to investigate genes for their role in
persistence by turning off target gene expression in vivo once colonization has been established.
Several H. pylori conditional knockouts based on the lac operon have been constructed to study
essential genes in vitro [271, 272]. So far however, this system has not been tested in the mouse
model of H. pylori infection. Due to certain limitations, including leakiness of transgene
expression and limited bioavailibility of the IPTG transgene-inducers, this lac operon-based
system is not very well suited for in vivo studies. On the contrary, the tetracycline-mediated
gene expression regulation has been extensively used to construct mouse conditional knock‐
outs as well as to study host-pathogen interactions using tetracyline-regulated bacterial
conditional knockouts [273, 274]. Tetracycline gene regulation has recently been developed in
H. pylori [275-277] (Figure 5) and successfully applied in vivo to monitor changes in colonization
load upon the down regulation of ureB gene expression [277].

This system will enable study of the temporal requirements of specific genes during H.
pylori colonization as well as during persistence. More importantly, tetracycline-mediated H.
pylori gene regulation will allow for subtle characterization, in vivo and ex vivo, of changes in
the innate and adaptive immune responses by monitoring the activation of antigen presenting
cells and T cell proliferation, respectively.

The tetracycline gene regulation combined with host genetics will facilitate the investigation
of H. pylori persistence mechanisms and may allow for the discovery of new markers for cancer
risk and for novel therapeutic interventions specifically targeting persistence.

6. Comparative genomics

The genome era created the possibility to study gene contents of individual H. pylori strains,
allelic diversity and related genetic plasticity. The first H. pylori strain, 26695, was sequenced
in 1997 and was isolated from an English patient with chronic gastritis. The chromosome of
strain 26695 is circular and composed of 1 667 867 base pairs [57]. J99, isolated from an
American patient with a duodenal ulcer, was sequenced in 1999 and for the first time, a
comparison of two unrelated genomes was made [97]. Compared to 26695, J99 has a slightly
smaller circular chromosome (1 643 831 base pairs). H. pylori is believed to possess a large
degree of genomic diversity but the overall genomic organization, gene order and predicted
proteomes of the two sequenced strains was found to be similar. The two genomes displayed
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evasion of phagocytosis [263], complement mediated opsonisation [264], and decreased
viscosity in gastric mucin at high pH facilitating H. pylori motility [265]. An alternative
explanation invokes the existence of urease-host tissue interactions, that are independent of
urease enzymatic activity, and is based on in vitro studies that detected urease mediated
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structure of urease showing insertion sites on the surface of urease. Urease subunit A (green) and subunit B (blue) asso‐
ciate to form a dodecameric supramolecular molecule [248, 249]. Sites 1 to 8 correspond to residues 102, 231 and 238
from UreA and residues 1, 66, 326, 541 and 549 from UreB, respectively. Insertion sites 1, 3, 4, and 8 are indicated in red.
Urease activity could not be retained when altered at sites 2, 5, 6, and 7 (pink). b) Selection of bacteria producing func‐
tional urease on acidified media supplemented with the urease substrate, urea. Left side: X47 wild type; the colour
change observed on the left side indicated that bacterial colonies were producing functional urease and growing. Right
side: X47 ∆ureA: there was no colour (X47 wild-type). Colour change did not occur on the right side, indicating that ino‐
culated colonies were unable to grow or functional urease was not being produced (X47 ∆ureA). c) A schematic show‐
ing insertion sites at the urease locus of DNA coding epitopes and linkers. Insertions were made in DNA corresponding to
insertion after amino positions 102 (site 1) and 238 (site 3) of UreA (GenBank AAD07144.1), and amino acid positions 1
(site 4) and 549 (site 8) of UreB (GenBank AAD07143.1). Insertions at sites 3 and 4 correspond to the C- and N-termini of
UreA and UreB, respectively. DNA coded HA(T): hemagglutinin T cell eptitope; HA(B) hemagglutinin B cell epitope; SR
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activation of macrophages [266], monocytes [267] and blood platelets [266, 267], dysregulation
of gastric epithelial tight junctions [268] and induction of cytokine production from gastric
epithelial cells [269] through binding to CD74 (MHC class II invariant chain) [270].

The above examples highlight the importance of studying the kinetics of colonization so as to
gain deeper insights into the H. pylori persistence mechanisms and revisit the role of well-
known and studied virulence factors such as urease.

5.3. Conditional mutants

The use of conditional H. pylori mutants makes it possible to investigate genes for their role in
persistence by turning off target gene expression in vivo once colonization has been established.
Several H. pylori conditional knockouts based on the lac operon have been constructed to study
essential genes in vitro [271, 272]. So far however, this system has not been tested in the mouse
model of H. pylori infection. Due to certain limitations, including leakiness of transgene
expression and limited bioavailibility of the IPTG transgene-inducers, this lac operon-based
system is not very well suited for in vivo studies. On the contrary, the tetracycline-mediated
gene expression regulation has been extensively used to construct mouse conditional knock‐
outs as well as to study host-pathogen interactions using tetracyline-regulated bacterial
conditional knockouts [273, 274]. Tetracycline gene regulation has recently been developed in
H. pylori [275-277] (Figure 5) and successfully applied in vivo to monitor changes in colonization
load upon the down regulation of ureB gene expression [277].

This system will enable study of the temporal requirements of specific genes during H.
pylori colonization as well as during persistence. More importantly, tetracycline-mediated H.
pylori gene regulation will allow for subtle characterization, in vivo and ex vivo, of changes in
the innate and adaptive immune responses by monitoring the activation of antigen presenting
cells and T cell proliferation, respectively.

The tetracycline gene regulation combined with host genetics will facilitate the investigation
of H. pylori persistence mechanisms and may allow for the discovery of new markers for cancer
risk and for novel therapeutic interventions specifically targeting persistence.

6. Comparative genomics

The genome era created the possibility to study gene contents of individual H. pylori strains,
allelic diversity and related genetic plasticity. The first H. pylori strain, 26695, was sequenced
in 1997 and was isolated from an English patient with chronic gastritis. The chromosome of
strain 26695 is circular and composed of 1 667 867 base pairs [57]. J99, isolated from an
American patient with a duodenal ulcer, was sequenced in 1999 and for the first time, a
comparison of two unrelated genomes was made [97]. Compared to 26695, J99 has a slightly
smaller circular chromosome (1 643 831 base pairs). H. pylori is believed to possess a large
degree of genomic diversity but the overall genomic organization, gene order and predicted
proteomes of the two sequenced strains was found to be similar. The two genomes displayed
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a high degree of diversity in terms of insertions and deletions. There are 1406 genes shared by
both strains, but 86 open reading frames are absent from strain 26695. Both strains contain a
complete cag pathogenicity island that codes for a type IV secretion system to deliver the CagA
cytotoxin protein. Comparison of the two genomes revealed between 6 to 7% of the genes were
specific to each strain, with almost half of these genes being clustered in a single hyper-variable
region or plasticity zone. The presence of a variable gene pool is indicative of horizontal gene
transfer. Because strain-specific genes could be involved in gastric adaptation during co-
evolution, this flexible gene pool was extensively investigated in many strains worldwide. In
silico analysis of the two H. pylori genomes revealed that both housekeeping genes and
virulence genes are transferred between H. pylori strains [278, 279].

Figure 5. Using conditional mutants to study the role of genes in persistence. In the top panel the conditional H. pylori
mutant constitutively expresses the tet repressor (orange circles), encoded by tetR, which binds to the tandem tet op‐
erators, tetO, preventing transcription of the target virulence gene. The host immune cells encounter bacteria lacking
a virulence factor and produce a particular measurable response (immune response A). In the bottom panel, the mo‐
lecular inducer of TetR, Tetracycline (Tc), indicated by filled yellow triangles, is administered to the system. Tc diffuses
into the bacterial cell, binds to the repressor-operator complex and triggers a conformational change in TetR resulting
in rapid dissociation of TetR from the DNA and a burst of target gene expression. The host immune cells encounter
bacteria which express the target virulence factor and in turn produce a different response (immune response B).
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Next generation sequencing has enabled the study of unrelated H. pylori strains isolated from
unrelated individuals and further studies have focused on evolution of H. pylori within the
same host. Commonly, isolates have been derived from chronically infected individuals that
have been exposed to H. pylori for decades, such as 26695 and J99. More recently, analysis of
the genetic relationships between strains of H. pylori that had been sequentially isolated from
the same host at different times also showed high mutation rates and genetic diversity.

Inter-strain diversity is represented by variations in the number and contents of genes,
chromosomal rearrangements and allelic diversities, and is not unique to H. pylori [280]. For
H. pylori, each strain contains many strain-specific genes. It has been proposed that a particular
bacterial species contains a core set of genes and auxiliary genes. The core genome contains
genes that are present in all or nearly all of the strains. It determines the properties that are
characteristic for the species. The auxiliary genes are present in some strains, and are deter‐
minants of the biological properties unique to each strain.

6.1. Chronic infection

The first studies of genetic diversity and evolution amongst H. pylori strains were performed
using isolates derived from chronically infected individuals. Early studies of genetic change
during H. pylori chronic infection were restricted to selected housekeeping genes within a
bacterial population in single and mixed infected hosts.

Molecular fingerprinting studies using RAPD [281] and amplified fragment length polymor‐
phisms (AFLP) [282] first showed that strains isolated from single patients were closely related,
but were subtly different. Strains isolated at the same time or months and years apart also
showed similar divergence [281-285]. Thus, while populations diverge within the host,
divergence appears to occur slowly.

Newer technologies allowed for more accurate comparisons of H. pylori genomes. Salama et.
al. reported genetic diversity amongst 15 unrelated H. pylori strains from different geographical
locations and identified strain-specific genes based on whole genome H. pylori DNA microar‐
ray. Analysis of the genomic content of H. pylori strains from chronically infected patients
found that 22% of H. pylori genes were dispensable and defined a minimal core genome of
1,281 H. pylori genes [286]. Of these, more than 300 genes were not homogeneously distributed
and many of the dispensable genes were located in plasticity zones and in the cag pathogenicity
island. Core genes encoded mostly metabolic and cellular processes, while strain-specific genes
included genes unique to H. pylori, restriction modification genes, transposases and genes
encoding cell surface proteins.

Gressmann et al. used a collection of 56 globally representative H. pylori strains that included
examples from all known populations and subpopulations in comparative genome hybridi‐
zations with a microarray representing the genes of the combined genomes of 26695 and J99.
The study found 1, 150 genes were conserved between the 56 strains and estimated that the
core genome conserved in all H. pylori strains is ~1, 111 genes. The remaining 400 genes that
each H. pylori genome contains come from a pool of genes that are strain-specific and located
within the cag pathogenicity island [287], consistent with the findings of the previous study.
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a high degree of diversity in terms of insertions and deletions. There are 1406 genes shared by
both strains, but 86 open reading frames are absent from strain 26695. Both strains contain a
complete cag pathogenicity island that codes for a type IV secretion system to deliver the CagA
cytotoxin protein. Comparison of the two genomes revealed between 6 to 7% of the genes were
specific to each strain, with almost half of these genes being clustered in a single hyper-variable
region or plasticity zone. The presence of a variable gene pool is indicative of horizontal gene
transfer. Because strain-specific genes could be involved in gastric adaptation during co-
evolution, this flexible gene pool was extensively investigated in many strains worldwide. In
silico analysis of the two H. pylori genomes revealed that both housekeeping genes and
virulence genes are transferred between H. pylori strains [278, 279].

Figure 5. Using conditional mutants to study the role of genes in persistence. In the top panel the conditional H. pylori
mutant constitutively expresses the tet repressor (orange circles), encoded by tetR, which binds to the tandem tet op‐
erators, tetO, preventing transcription of the target virulence gene. The host immune cells encounter bacteria lacking
a virulence factor and produce a particular measurable response (immune response A). In the bottom panel, the mo‐
lecular inducer of TetR, Tetracycline (Tc), indicated by filled yellow triangles, is administered to the system. Tc diffuses
into the bacterial cell, binds to the repressor-operator complex and triggers a conformational change in TetR resulting
in rapid dissociation of TetR from the DNA and a burst of target gene expression. The host immune cells encounter
bacteria which express the target virulence factor and in turn produce a different response (immune response B).
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Next generation sequencing has enabled the study of unrelated H. pylori strains isolated from
unrelated individuals and further studies have focused on evolution of H. pylori within the
same host. Commonly, isolates have been derived from chronically infected individuals that
have been exposed to H. pylori for decades, such as 26695 and J99. More recently, analysis of
the genetic relationships between strains of H. pylori that had been sequentially isolated from
the same host at different times also showed high mutation rates and genetic diversity.

Inter-strain diversity is represented by variations in the number and contents of genes,
chromosomal rearrangements and allelic diversities, and is not unique to H. pylori [280]. For
H. pylori, each strain contains many strain-specific genes. It has been proposed that a particular
bacterial species contains a core set of genes and auxiliary genes. The core genome contains
genes that are present in all or nearly all of the strains. It determines the properties that are
characteristic for the species. The auxiliary genes are present in some strains, and are deter‐
minants of the biological properties unique to each strain.

6.1. Chronic infection

The first studies of genetic diversity and evolution amongst H. pylori strains were performed
using isolates derived from chronically infected individuals. Early studies of genetic change
during H. pylori chronic infection were restricted to selected housekeeping genes within a
bacterial population in single and mixed infected hosts.

Molecular fingerprinting studies using RAPD [281] and amplified fragment length polymor‐
phisms (AFLP) [282] first showed that strains isolated from single patients were closely related,
but were subtly different. Strains isolated at the same time or months and years apart also
showed similar divergence [281-285]. Thus, while populations diverge within the host,
divergence appears to occur slowly.

Newer technologies allowed for more accurate comparisons of H. pylori genomes. Salama et.
al. reported genetic diversity amongst 15 unrelated H. pylori strains from different geographical
locations and identified strain-specific genes based on whole genome H. pylori DNA microar‐
ray. Analysis of the genomic content of H. pylori strains from chronically infected patients
found that 22% of H. pylori genes were dispensable and defined a minimal core genome of
1,281 H. pylori genes [286]. Of these, more than 300 genes were not homogeneously distributed
and many of the dispensable genes were located in plasticity zones and in the cag pathogenicity
island. Core genes encoded mostly metabolic and cellular processes, while strain-specific genes
included genes unique to H. pylori, restriction modification genes, transposases and genes
encoding cell surface proteins.

Gressmann et al. used a collection of 56 globally representative H. pylori strains that included
examples from all known populations and subpopulations in comparative genome hybridi‐
zations with a microarray representing the genes of the combined genomes of 26695 and J99.
The study found 1, 150 genes were conserved between the 56 strains and estimated that the
core genome conserved in all H. pylori strains is ~1, 111 genes. The remaining 400 genes that
each H. pylori genome contains come from a pool of genes that are strain-specific and located
within the cag pathogenicity island [287], consistent with the findings of the previous study.
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Other studies also identified the cag pathogenicity island and plasticity zones as regions of
genetic diversity and DNA exchange. Israel et. al. examined the gene content of two H. pylori
strains that had similar virulence genotypes (cagA+ vacA s1a iceA1), but were phenotypically
different and showed by H. pylori whole genome microarray analysis that the gene content
within the cag island differed substantially [288]. Occhialini et. al. examined the composition
of the plasticity zone in a collection of 43 H. pylori strains from diverse clinical origins and
showed that the plasticity zone is highly mosaic and represents a large fragment of foreign
DNA integrated into the genome [194].

Genetic variation can be generated in a bacterial population by mutation and/or recombination
between different strains. The studies described so far focus on unrelated clinical isolates from
unrelated infected individuals. However, to address the question of mutation and recombi‐
nation rates of H. pylori during chronic infection, a comparison of H. pylori isolates from the
same host must be made.

One of the first such studies compared the genome of J99, originally isolated in 1994, with
multiple strains that had been isolated from the same patient six years later [289]. All follow-
up strains differed from the original isolate by one or multiple gene losses or gains. Randomly
amplified polymorphic DNA PCR and DNA sequencing of four unlinked loci revealed that
these isolates were closely related to the original strain. In contrast, microarray analysis
revealed differences in genetic content among all of the isolates that were not detected by
randomly amplified polymorphic DNA PCR or sequence analysis [289]. Whole-genome
microarray revealed a difference in genomic composition in 3% of J99 loci as well as the
relatedness of these isolates to each other when compared with H. pylori isolates from other
individuals.

Subsequent studies observed sequentially isolated H. pylori strains from the same host. One of
the early reports examined the sequences of ten gene fragments (encoding house-keeping
enzymes and virulence associated proteins) of paired sequential isolates from 26 patients in
two geographical areas at between 3 month and 48 month intervals (average 1.8 year interval)
and found that point mutations occur in the stomach of a single host and that mostly small
DNA segments (median size of 417 base pairs) are exchanged with other bacteria in the
stomach [175]. A Bayesian model was used to calculate mutation rate, import size and the
frequency of recombination. On average, pairs of bacteria differed by ~100 DNA imports,
corresponding to three percent of the genome or 50 kb. A mutation rate of 4.1 × 10-5 per year
and base pair was estimated. Recombination occurred at a rate of 60 imports spanning 25, 000
base pair per genome per year. Authors concluded that recombination is so frequent that
appreciable fractions of the entire genome are exchanged during the colonization of a single
human, resulting in a highly flexible genome content and frequent shuffling of sequence
polymorphisms throughout the local gene pool [175].

Kraft et al. examined paired strains of H. pylori with respect to their genomic contents using
the DNA microarray method and also reported evolutionary changes in the H. pylori genome.
Isolates were obtained from the same patients at intervals of 3 to 36 months. Of the 21 pairs of
strains examined, 4 pairs showed differences in their genomic contents, suggesting the
occurrence of evolutionary recombination events. These included a complete deletion and a
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partial loss of the cag pathogenicity island, a replacement of an open reading frame of unknown
function, an acquisition of 14 genes in the plasticity zone, a duplication of the ceuE genes
(HP1561/HP1562) and a truncation of tandem arranged ackA and pta genes resulting in the
formation of pseudo-genes [290].

A more recent study estimated the short-term mutation and recombination rates of H. pylori
by sequencing an average of 39, 300 base pairs in 78 gene fragments from 97 isolates [291].
These isolates included 34 pairs of sequential samples at intervals of 3 months to 10.2 years.
They also included single isolates from 29 individuals from 10 families. The accumulation of
sequence diversity increased with time of separation in a clock-like manner in the sequential
isolates. Approximate Bayesian Computation was used to estimate the mutation and recom‐
bination rates, mean length of recombination tracts, and average diversity in those tracts. The
short-term mutation rate is estimated to be 1.461026 (serial isolates) to 4.561026 (family isolates)
per nucleotide per year and that three times as many substitutions are introduced by recom‐
bination as by mutation. Comparisons with the recent literature show that short-term mutation
rates vary dramatically and can span a range of several orders of magnitude.

The above studies analysed the genetic relationships between strains of H. pylori sequentially
isolated from the same patient. The studies are based mainly on multi-locus sequence analysis
of mostly house-keeping genes and have limitations. Bayesian inference was used to estimate
recombination and mutation but the multi-locus approach did not allow conclusions about the
chromosomal distribution of import events or about the relative frequencies of imports in
different categories of genes.

More recently, mutation and recombination rates have been estimated by a genome-wide
analysis using pyro-sequencing technology. Kennemann et al. analysed the genomes of five
sets of sequential isolates of H. pylori, including four pairs of isolates from the earlier studies
(with isolation intervals of 3 years) and recent follow-up isolates for two of the pairs that were
obtained 16 years after the first isolates. The genome comparisons of the four sets of isolates
confirmed previous estimates of the length of imported fragments and reported an average
length of 394 base pairs, which is in agreement with the previous estimate of 417 base pairs.
The 16-year isolates differed from the initial isolates by far more SNPs and CNPs than the 3-
year isolates, indicating that diversity caused by mutation and recombination had accumu‐
lated over time. The average genome-wide mutation rate for the four 3-year pairs of sequential
isolates from chronically infected individuals was found to be 2.5 × 10-5 (range = 0.5–6.5 × 10-5)
per year per site. This rate is ∼18-fold faster than the mutation rate previously calculated for
serial H. pylori isolates based on analysis of housekeeping genes. The rate of recombination
was 5.5 × 10-5 recombination events per initiation site and year, similar to what was previously
estimated [92], but 122-fold higher than the rate of 4.4 × 10-7 calculated from housekeeping
genes. These differences can be attributed to multiple factors. Faster rates can be expected for
a genome-wide analysis, because housekeeping genes are likely to be under strong purifying
selection, whereas the genome-wide analysis comprises noncoding DNA as well as genes
under diversifying selection. In addition, the rates of mutation and recombination varied
strongly between different infected individuals in both studies, which could be because of
strain properties, the extent of mixed infections that determines the availability of exogenous
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Other studies also identified the cag pathogenicity island and plasticity zones as regions of
genetic diversity and DNA exchange. Israel et. al. examined the gene content of two H. pylori
strains that had similar virulence genotypes (cagA+ vacA s1a iceA1), but were phenotypically
different and showed by H. pylori whole genome microarray analysis that the gene content
within the cag island differed substantially [288]. Occhialini et. al. examined the composition
of the plasticity zone in a collection of 43 H. pylori strains from diverse clinical origins and
showed that the plasticity zone is highly mosaic and represents a large fragment of foreign
DNA integrated into the genome [194].

Genetic variation can be generated in a bacterial population by mutation and/or recombination
between different strains. The studies described so far focus on unrelated clinical isolates from
unrelated infected individuals. However, to address the question of mutation and recombi‐
nation rates of H. pylori during chronic infection, a comparison of H. pylori isolates from the
same host must be made.

One of the first such studies compared the genome of J99, originally isolated in 1994, with
multiple strains that had been isolated from the same patient six years later [289]. All follow-
up strains differed from the original isolate by one or multiple gene losses or gains. Randomly
amplified polymorphic DNA PCR and DNA sequencing of four unlinked loci revealed that
these isolates were closely related to the original strain. In contrast, microarray analysis
revealed differences in genetic content among all of the isolates that were not detected by
randomly amplified polymorphic DNA PCR or sequence analysis [289]. Whole-genome
microarray revealed a difference in genomic composition in 3% of J99 loci as well as the
relatedness of these isolates to each other when compared with H. pylori isolates from other
individuals.

Subsequent studies observed sequentially isolated H. pylori strains from the same host. One of
the early reports examined the sequences of ten gene fragments (encoding house-keeping
enzymes and virulence associated proteins) of paired sequential isolates from 26 patients in
two geographical areas at between 3 month and 48 month intervals (average 1.8 year interval)
and found that point mutations occur in the stomach of a single host and that mostly small
DNA segments (median size of 417 base pairs) are exchanged with other bacteria in the
stomach [175]. A Bayesian model was used to calculate mutation rate, import size and the
frequency of recombination. On average, pairs of bacteria differed by ~100 DNA imports,
corresponding to three percent of the genome or 50 kb. A mutation rate of 4.1 × 10-5 per year
and base pair was estimated. Recombination occurred at a rate of 60 imports spanning 25, 000
base pair per genome per year. Authors concluded that recombination is so frequent that
appreciable fractions of the entire genome are exchanged during the colonization of a single
human, resulting in a highly flexible genome content and frequent shuffling of sequence
polymorphisms throughout the local gene pool [175].

Kraft et al. examined paired strains of H. pylori with respect to their genomic contents using
the DNA microarray method and also reported evolutionary changes in the H. pylori genome.
Isolates were obtained from the same patients at intervals of 3 to 36 months. Of the 21 pairs of
strains examined, 4 pairs showed differences in their genomic contents, suggesting the
occurrence of evolutionary recombination events. These included a complete deletion and a
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partial loss of the cag pathogenicity island, a replacement of an open reading frame of unknown
function, an acquisition of 14 genes in the plasticity zone, a duplication of the ceuE genes
(HP1561/HP1562) and a truncation of tandem arranged ackA and pta genes resulting in the
formation of pseudo-genes [290].

A more recent study estimated the short-term mutation and recombination rates of H. pylori
by sequencing an average of 39, 300 base pairs in 78 gene fragments from 97 isolates [291].
These isolates included 34 pairs of sequential samples at intervals of 3 months to 10.2 years.
They also included single isolates from 29 individuals from 10 families. The accumulation of
sequence diversity increased with time of separation in a clock-like manner in the sequential
isolates. Approximate Bayesian Computation was used to estimate the mutation and recom‐
bination rates, mean length of recombination tracts, and average diversity in those tracts. The
short-term mutation rate is estimated to be 1.461026 (serial isolates) to 4.561026 (family isolates)
per nucleotide per year and that three times as many substitutions are introduced by recom‐
bination as by mutation. Comparisons with the recent literature show that short-term mutation
rates vary dramatically and can span a range of several orders of magnitude.

The above studies analysed the genetic relationships between strains of H. pylori sequentially
isolated from the same patient. The studies are based mainly on multi-locus sequence analysis
of mostly house-keeping genes and have limitations. Bayesian inference was used to estimate
recombination and mutation but the multi-locus approach did not allow conclusions about the
chromosomal distribution of import events or about the relative frequencies of imports in
different categories of genes.

More recently, mutation and recombination rates have been estimated by a genome-wide
analysis using pyro-sequencing technology. Kennemann et al. analysed the genomes of five
sets of sequential isolates of H. pylori, including four pairs of isolates from the earlier studies
(with isolation intervals of 3 years) and recent follow-up isolates for two of the pairs that were
obtained 16 years after the first isolates. The genome comparisons of the four sets of isolates
confirmed previous estimates of the length of imported fragments and reported an average
length of 394 base pairs, which is in agreement with the previous estimate of 417 base pairs.
The 16-year isolates differed from the initial isolates by far more SNPs and CNPs than the 3-
year isolates, indicating that diversity caused by mutation and recombination had accumu‐
lated over time. The average genome-wide mutation rate for the four 3-year pairs of sequential
isolates from chronically infected individuals was found to be 2.5 × 10-5 (range = 0.5–6.5 × 10-5)
per year per site. This rate is ∼18-fold faster than the mutation rate previously calculated for
serial H. pylori isolates based on analysis of housekeeping genes. The rate of recombination
was 5.5 × 10-5 recombination events per initiation site and year, similar to what was previously
estimated [92], but 122-fold higher than the rate of 4.4 × 10-7 calculated from housekeeping
genes. These differences can be attributed to multiple factors. Faster rates can be expected for
a genome-wide analysis, because housekeeping genes are likely to be under strong purifying
selection, whereas the genome-wide analysis comprises noncoding DNA as well as genes
under diversifying selection. In addition, the rates of mutation and recombination varied
strongly between different infected individuals in both studies, which could be because of
strain properties, the extent of mixed infections that determines the availability of exogenous

Persistence of Helicobacter pylori Infection: Genetic and Epigenetic Diversity
http://dx.doi.org/10.5772/57428

45



DNA, or varying selective forces in infected hosts. This study of H. pylori genomic evolution
during human infection shows genome-wide recombination in H. pylori colonizing humans in
a high-prevalence area with a high rate of mixed infections. Genome-wide analyses of the
length of individual import events were in good agreement with earlier estimates, but two
important findings have emerged: 1) imports were often clustered and 2) imports frequently
affected genes coding for outer membrane proteins of the Hop family.

Taken together, these provide evidence of genetic variability and DNA exchange among H.
pylori strains and demonstrate that gene contents of H. pylori isolates from the same and
different individuals displays between 3% and 22% variability, respectively. Data indicate that
within an apparently homogeneous population, remarkable genetic differences exist among
single-colony isolates of H. pylori and provide direct evidence that this bacterium has the
capacity to lose and possibly acquire exogenous DNA and is consistent with the theory of
continuous microevolution within a cognate host.

H. pylori are naturally competent for transformation [151] and non-random distributed
repetitive sequences are found in the genome, which leads to frequent recombination events
[92]. Calculations of mutation and recombination frequencies with respect to insert sizes
revealed that genetic diversity displayed by the panmictic population structure is a result of
continuous DNA exchange between parental strains and daughter strains, which have
accumulated mutations. This was supported by gene content analysis of isolates taken from
single patients at different time points, which demonstrated that the great majority of genetic
changes were caused by homologous recombination, indicating that adaptation of H. pylori to
the host individual is more frequently mediated by sequence changes acquired by recombi‐
nation events rather than loss or gain of genes [290].

The comparative studies of the H. pylori genome reveal the genomic changes during the cycle
of invasion, colonization and transmission to a new host. Invasion into a new host seems to
have little effect on the gene composition of H. pylori, suggesting that the current genome of
H. pylori has sufficient capacities for permitting bacterial invasion into a human host. Once the
infection is established, the bacterium has to cope with the dynamic changes of the physio‐
logical environment during the long-term coexistence with the host. Genomic diversifications,
or gain and/or loss of genes, occur in response to these changes. The diversifications involve
genes that are mainly those strain-specific genes observed from comparative studies of
unrelated strains of H. pylori. Intra-host evolution of H. pylori, thus, results in the creation of a
unique and strain-specific combination of genes enabling persistence in individual hosts.

6.2. Acute infection and human challenge studies

Most studies of H. pylori adaptation to the human host have relied on samples from adults who
had most likely been infected since childhood thus showing changes only after a long adaption
of the bacterium to the individual host. It is also of interest to understand the evolution of the
H. pylori genome in the first weeks and months after infection to reflect the selective pressure
occurring during adaptation to a new host.
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A limited number of H. pylori challenge studies in humans have been performed over the past
2 decades, mainly to support the development of anti-Helicobacter vaccines. These studies
have provided valuable samples for the study of intra-host adaptation of H. pylori during the
acute phase of H. pylori infection.

The first human challenge study was documented by Graham et al. to develop a reliable
challenge model to evaluate H. pylori vaccine candidates [292]. Healthy human volunteers were
infected with the H. pylori strain BCS 100 and H. pylori clones were re-isolated from stomach
biopsies 3 months after challenge. The Baylor challenge strain (BCS 100) is cag pathogenicity
island negative, and positive for vacA s1c-m1.

Another challenge study using the same BCS 100 strain study was reported for the develop‐
ment of a vaccine against H. pylori [293]. Performed in Germany at the Paul Ehrlich Institute,
a live vaccine against H. pylori was tested in human volunteers sero-negative for, and without
evidence of, active H. pylori infection. Volunteers (n=58) were immunised orally with Salmonella
enterica serovar Typhi Ty21a expressing H. pylori urease or HP0231, or solely with Ty21a, and
then challenged with H. pylori. Gastric biopsies were taken before and after vaccination and
pre- and post-challenge.

A third unpublished acute human challenge study using a CagA positive H. pylori strain was
reported by Malfertheiner et al. at the AGA Annual Meeting 2011 (AGA abstract #432, S-86).
In brief, 34 healthy subjects that tested negative for H. pylori infection received an experimental
vaccine or placebo prior to subsequent challenge with H. pylori isolate at a dose of 5x106 CFU.
The isolate was susceptible to all current antibiotics used in H. pylori therapy. Subjects were
evaluated at 2, 4 and 12 weeks after challenge and the published data revealed changes in
pepsinogen I and II and gastrin-17 levels. Authors concluded that challenge with a CagA
positive H. pylori strain induced moderate dyspeptic symptoms that resolve within a few days
and profoundly affected gastric physiology with a distinct reactive pattern of serum pepsin‐
ogen I and II and gastrin-17.

With the challenge strain BCS 100 and the reisolate 8A3, the analysis of a pair of isolates for
which the time elapsed between the infection and reisolation was exactly known, allowed the
rate of genetic changes occurring in the early phase of H. pylori infection to be addressed. The
genomes of the challenge strain (BCS 100) of the vaccine trial and a reisolate (8A3) from a
volunteer (non-vaccinated control group) who had been infected with BCS 100 for 3 months
[293] were sequenced. Whole-genome sequence comparison revealed very few differences
between the two isolates [157]. Three point mutations were identified and confirmed by Sanger
sequencing. All three were nonsynonymous mutations, leading to predicted single amino acid
changes in the proteins δ-1- pyrroline-5-carboxylate dehydrogenase (PutA; HP0056), pyridoxal
phosphate biosynthetic protein J (PdxJ; HP1582), and HP1181 (a predicted multidrug efflux
transporter). In addition to point mutations, noted were repeat length differences (RLDs) in
two different dinucleotide repeat sequences and one repeat consisting of multiple copies of an
8-basepair motif.

In striking contrast to the pairs from the earlier study of isolates from chronically infected
individuals, no single recombination event was detected. This is most likely due to the lack of
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DNA, or varying selective forces in infected hosts. This study of H. pylori genomic evolution
during human infection shows genome-wide recombination in H. pylori colonizing humans in
a high-prevalence area with a high rate of mixed infections. Genome-wide analyses of the
length of individual import events were in good agreement with earlier estimates, but two
important findings have emerged: 1) imports were often clustered and 2) imports frequently
affected genes coding for outer membrane proteins of the Hop family.

Taken together, these provide evidence of genetic variability and DNA exchange among H.
pylori strains and demonstrate that gene contents of H. pylori isolates from the same and
different individuals displays between 3% and 22% variability, respectively. Data indicate that
within an apparently homogeneous population, remarkable genetic differences exist among
single-colony isolates of H. pylori and provide direct evidence that this bacterium has the
capacity to lose and possibly acquire exogenous DNA and is consistent with the theory of
continuous microevolution within a cognate host.

H. pylori are naturally competent for transformation [151] and non-random distributed
repetitive sequences are found in the genome, which leads to frequent recombination events
[92]. Calculations of mutation and recombination frequencies with respect to insert sizes
revealed that genetic diversity displayed by the panmictic population structure is a result of
continuous DNA exchange between parental strains and daughter strains, which have
accumulated mutations. This was supported by gene content analysis of isolates taken from
single patients at different time points, which demonstrated that the great majority of genetic
changes were caused by homologous recombination, indicating that adaptation of H. pylori to
the host individual is more frequently mediated by sequence changes acquired by recombi‐
nation events rather than loss or gain of genes [290].

The comparative studies of the H. pylori genome reveal the genomic changes during the cycle
of invasion, colonization and transmission to a new host. Invasion into a new host seems to
have little effect on the gene composition of H. pylori, suggesting that the current genome of
H. pylori has sufficient capacities for permitting bacterial invasion into a human host. Once the
infection is established, the bacterium has to cope with the dynamic changes of the physio‐
logical environment during the long-term coexistence with the host. Genomic diversifications,
or gain and/or loss of genes, occur in response to these changes. The diversifications involve
genes that are mainly those strain-specific genes observed from comparative studies of
unrelated strains of H. pylori. Intra-host evolution of H. pylori, thus, results in the creation of a
unique and strain-specific combination of genes enabling persistence in individual hosts.

6.2. Acute infection and human challenge studies

Most studies of H. pylori adaptation to the human host have relied on samples from adults who
had most likely been infected since childhood thus showing changes only after a long adaption
of the bacterium to the individual host. It is also of interest to understand the evolution of the
H. pylori genome in the first weeks and months after infection to reflect the selective pressure
occurring during adaptation to a new host.
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A limited number of H. pylori challenge studies in humans have been performed over the past
2 decades, mainly to support the development of anti-Helicobacter vaccines. These studies
have provided valuable samples for the study of intra-host adaptation of H. pylori during the
acute phase of H. pylori infection.

The first human challenge study was documented by Graham et al. to develop a reliable
challenge model to evaluate H. pylori vaccine candidates [292]. Healthy human volunteers were
infected with the H. pylori strain BCS 100 and H. pylori clones were re-isolated from stomach
biopsies 3 months after challenge. The Baylor challenge strain (BCS 100) is cag pathogenicity
island negative, and positive for vacA s1c-m1.

Another challenge study using the same BCS 100 strain study was reported for the develop‐
ment of a vaccine against H. pylori [293]. Performed in Germany at the Paul Ehrlich Institute,
a live vaccine against H. pylori was tested in human volunteers sero-negative for, and without
evidence of, active H. pylori infection. Volunteers (n=58) were immunised orally with Salmonella
enterica serovar Typhi Ty21a expressing H. pylori urease or HP0231, or solely with Ty21a, and
then challenged with H. pylori. Gastric biopsies were taken before and after vaccination and
pre- and post-challenge.

A third unpublished acute human challenge study using a CagA positive H. pylori strain was
reported by Malfertheiner et al. at the AGA Annual Meeting 2011 (AGA abstract #432, S-86).
In brief, 34 healthy subjects that tested negative for H. pylori infection received an experimental
vaccine or placebo prior to subsequent challenge with H. pylori isolate at a dose of 5x106 CFU.
The isolate was susceptible to all current antibiotics used in H. pylori therapy. Subjects were
evaluated at 2, 4 and 12 weeks after challenge and the published data revealed changes in
pepsinogen I and II and gastrin-17 levels. Authors concluded that challenge with a CagA
positive H. pylori strain induced moderate dyspeptic symptoms that resolve within a few days
and profoundly affected gastric physiology with a distinct reactive pattern of serum pepsin‐
ogen I and II and gastrin-17.

With the challenge strain BCS 100 and the reisolate 8A3, the analysis of a pair of isolates for
which the time elapsed between the infection and reisolation was exactly known, allowed the
rate of genetic changes occurring in the early phase of H. pylori infection to be addressed. The
genomes of the challenge strain (BCS 100) of the vaccine trial and a reisolate (8A3) from a
volunteer (non-vaccinated control group) who had been infected with BCS 100 for 3 months
[293] were sequenced. Whole-genome sequence comparison revealed very few differences
between the two isolates [157]. Three point mutations were identified and confirmed by Sanger
sequencing. All three were nonsynonymous mutations, leading to predicted single amino acid
changes in the proteins δ-1- pyrroline-5-carboxylate dehydrogenase (PutA; HP0056), pyridoxal
phosphate biosynthetic protein J (PdxJ; HP1582), and HP1181 (a predicted multidrug efflux
transporter). In addition to point mutations, noted were repeat length differences (RLDs) in
two different dinucleotide repeat sequences and one repeat consisting of multiple copies of an
8-basepair motif.

In striking contrast to the pairs from the earlier study of isolates from chronically infected
individuals, no single recombination event was detected. This is most likely due to the lack of
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co-infection, more commonly observed in chronic infection. H. pylori prevalence has fallen in
most Western countries, including Germany where the study was conducted, reducing the
risk of acquiring multiple strains. A recent study of two pairs of sequential H. pylori isolates
from Sweden also did not detect any evidence of recombination during chronic infection [294].
Likewise, there was no evidence of recombination during 3 months of infection of a volunteer
in Germany, providing evidence that H. pylori can establish chronic infection after infection
with a single strain and that its genome can be stable in the absence of mixed infection.

In addition, H. pylori isolates from four healthy adults (patients 101, 103, 104, and 105) who
participated in the BCS 100 human challenge study [292] collected 15 days or 90 days post-
infection were examined. Adult volunteers were not related to each other and were not related
to the patient from which the challenge strain was obtained. Therefore, if host-specific
differences select for genetic changes in the bacteria, such conditions would be present during
this human challenge experiment. Comparative genome array analysis with single colony
isolates demonstrated that their genomic contents were identical to the challenge strain. No
rapid changes in gene content or sequence divergence up to 3 months after transmission was
observed [295].

To date, no data has been published on the infectivity and colonisation rate of vaccinated and
non-vaccinated subjects challenged with the CagA positive strain, or the genetic sequence of
isolates collected at post-challenge time-points compared to the original challenge strain. This
type of genome sequence analysis would provide new information on the adaptation of H.
pylori during the acute phase of infection in the host and would allow comparison of genetic
events occurring in the presence or absence of virulence genes such as CagA.

A fourth H. pylori human challenge study has recently been performed by investigators at
Ondek Pty. Ltd. for the development of mucosal delivery technology based on live H. pylori
(Benghezal et al. unpublished data). Five genotypically different strains of H. pylori, including
CagA positive strains, were used to challenge healthy human volunteers in a Phase I study
(clinical trial reference: SCGH HREC #2009-062). Briefly, 36 H. pylori sero-negative subjects
were screened and randomised into 6 groups to receive either one of the 5 H. pylori strains or
placebo. Subjects were monitored for the duration of the 12 week study and stomach biopsies
were collected at 2 and 12 weeks post challenge, time points that depict an acute and start of
the chronic phase of infection, respectively. Single colony isolates collected at the 2 and 12 week
time points represent a unique resource for the investigation of H. pylori adaptation in humans
based on a multi-strain, multi-person experimental study. Indeed, humans differ in physio‐
logic and immunologic traits, and these traits change with age and in response to H. pylori
infection. Such host diversity should select for adaptive changes in H. pylori genes important
for host interaction. Yet the types of adaptive changes that H. pylori undergo during colonisa‐
tion, the underlying mechanisms and functional significance and the resulting changes in the
host response remain largely unknown. Thus a sweeping characterization of H. pylori
adaptation is now made possible by the unique opportunity to access strains from the Ondek-
sponsored clinical trial in which 6 subjects per group were each challenged with one of several
H. pylori strains. H. pylori recovered during the acute (2 week) and chronic (12 week) phases
of infection will be compared with input strains by genome sequencing to gain new perspec‐
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tives on bacterial adaptation to different human traits. Of note, comparative genomic analysis
of the input/output strains of H. pylori will provide insight into the genome plasticity and
stability of a live bacterial vector after human challenge for further development of a novel
mucosal delivery technology.

7. Perspectives

7.1. Insight into bacterial pathogenesis and microbial evolution

7.1.1. Genomic diversity

The sequencing of H. pylori host isolates has revealed the nature and extent of recombination
arising from inter-strain horizontal transfer in vivo. Generation of genetic diversity by recom‐
bination likely relies on the presence of co-infection with multiple strains. Individuals who are
already colonised are able to be infected with new additional strains [296]. A study of 127
individuals from three regions in Venezuela found evidence of mixed colonization in 55% of
subjects [297]. Genome sequencing of sequential H. pylori isolates from chronically infected
individuals in Columbia revealed high rates of recombination attributable to uptake of DNA
from unrelated strains during co-infection [157]. Thus co-infection with multiple strains is
likely to be common, at least in areas with endemic H. pylori infection [172, 298], as was the
case through most of human history. Where recombination occurs between strains it has been
found to introduce 100-fold more genetic alterations than mutation [172] and occurs genome-
wide [157].

However, co-infection may be less pervasive in most Western countries where H. pylori
prevalence is low. In the absence of mixed infection recombination has little effect on genetic
diversity [172]. No evidence of recombination was found in a German individual experimen‐
tally infected with a single strain [157] or in sequential H. pylori isolates from Sweden [294].
The genome sequencing of H. pylori isolates from 52 members of two South African families
found both high and low rates of recombination which the authors attributed to the presence
of co-infection with multiple strains or infection with only a single strain, respectively [172].
Thus it is hypothesized that in instances of co-infection recombination can introduce genomic
diversity but that a single strain of H. pylori can still establish a robust colonization and stably
maintain its genome in the absence of recombination of DNA between strains, suggesting that
intra-strain genetic diversity is a sufficient driver to adapt to the changing host. However, lack
of opportunity for horizontal transfer between strains in mixed infections in developed
countries may be accelerating the disappearance of H. pylori in these regions [176]. Indeed
transient and self-clearing infections do occur [299] suggesting, in these instances, an inability
of the bacterium to adapt to the host or a role of multiple infections in H. pylori transmission.

The competence of H. pylori likely confers evolutionary advantages. Competence has been
found to confer a fitness advantage over non-competent strains in vitro  [164].  Wild-type
G27 was able to adapt to laboratory conditions more rapidly than a competence null comH
mutant. Although competence is not required for gastric colonization in the gerbil model
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co-infection, more commonly observed in chronic infection. H. pylori prevalence has fallen in
most Western countries, including Germany where the study was conducted, reducing the
risk of acquiring multiple strains. A recent study of two pairs of sequential H. pylori isolates
from Sweden also did not detect any evidence of recombination during chronic infection [294].
Likewise, there was no evidence of recombination during 3 months of infection of a volunteer
in Germany, providing evidence that H. pylori can establish chronic infection after infection
with a single strain and that its genome can be stable in the absence of mixed infection.
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participated in the BCS 100 human challenge study [292] collected 15 days or 90 days post-
infection were examined. Adult volunteers were not related to each other and were not related
to the patient from which the challenge strain was obtained. Therefore, if host-specific
differences select for genetic changes in the bacteria, such conditions would be present during
this human challenge experiment. Comparative genome array analysis with single colony
isolates demonstrated that their genomic contents were identical to the challenge strain. No
rapid changes in gene content or sequence divergence up to 3 months after transmission was
observed [295].

To date, no data has been published on the infectivity and colonisation rate of vaccinated and
non-vaccinated subjects challenged with the CagA positive strain, or the genetic sequence of
isolates collected at post-challenge time-points compared to the original challenge strain. This
type of genome sequence analysis would provide new information on the adaptation of H.
pylori during the acute phase of infection in the host and would allow comparison of genetic
events occurring in the presence or absence of virulence genes such as CagA.

A fourth H. pylori human challenge study has recently been performed by investigators at
Ondek Pty. Ltd. for the development of mucosal delivery technology based on live H. pylori
(Benghezal et al. unpublished data). Five genotypically different strains of H. pylori, including
CagA positive strains, were used to challenge healthy human volunteers in a Phase I study
(clinical trial reference: SCGH HREC #2009-062). Briefly, 36 H. pylori sero-negative subjects
were screened and randomised into 6 groups to receive either one of the 5 H. pylori strains or
placebo. Subjects were monitored for the duration of the 12 week study and stomach biopsies
were collected at 2 and 12 weeks post challenge, time points that depict an acute and start of
the chronic phase of infection, respectively. Single colony isolates collected at the 2 and 12 week
time points represent a unique resource for the investigation of H. pylori adaptation in humans
based on a multi-strain, multi-person experimental study. Indeed, humans differ in physio‐
logic and immunologic traits, and these traits change with age and in response to H. pylori
infection. Such host diversity should select for adaptive changes in H. pylori genes important
for host interaction. Yet the types of adaptive changes that H. pylori undergo during colonisa‐
tion, the underlying mechanisms and functional significance and the resulting changes in the
host response remain largely unknown. Thus a sweeping characterization of H. pylori
adaptation is now made possible by the unique opportunity to access strains from the Ondek-
sponsored clinical trial in which 6 subjects per group were each challenged with one of several
H. pylori strains. H. pylori recovered during the acute (2 week) and chronic (12 week) phases
of infection will be compared with input strains by genome sequencing to gain new perspec‐
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tives on bacterial adaptation to different human traits. Of note, comparative genomic analysis
of the input/output strains of H. pylori will provide insight into the genome plasticity and
stability of a live bacterial vector after human challenge for further development of a novel
mucosal delivery technology.

7. Perspectives

7.1. Insight into bacterial pathogenesis and microbial evolution

7.1.1. Genomic diversity

The sequencing of H. pylori host isolates has revealed the nature and extent of recombination
arising from inter-strain horizontal transfer in vivo. Generation of genetic diversity by recom‐
bination likely relies on the presence of co-infection with multiple strains. Individuals who are
already colonised are able to be infected with new additional strains [296]. A study of 127
individuals from three regions in Venezuela found evidence of mixed colonization in 55% of
subjects [297]. Genome sequencing of sequential H. pylori isolates from chronically infected
individuals in Columbia revealed high rates of recombination attributable to uptake of DNA
from unrelated strains during co-infection [157]. Thus co-infection with multiple strains is
likely to be common, at least in areas with endemic H. pylori infection [172, 298], as was the
case through most of human history. Where recombination occurs between strains it has been
found to introduce 100-fold more genetic alterations than mutation [172] and occurs genome-
wide [157].

However, co-infection may be less pervasive in most Western countries where H. pylori
prevalence is low. In the absence of mixed infection recombination has little effect on genetic
diversity [172]. No evidence of recombination was found in a German individual experimen‐
tally infected with a single strain [157] or in sequential H. pylori isolates from Sweden [294].
The genome sequencing of H. pylori isolates from 52 members of two South African families
found both high and low rates of recombination which the authors attributed to the presence
of co-infection with multiple strains or infection with only a single strain, respectively [172].
Thus it is hypothesized that in instances of co-infection recombination can introduce genomic
diversity but that a single strain of H. pylori can still establish a robust colonization and stably
maintain its genome in the absence of recombination of DNA between strains, suggesting that
intra-strain genetic diversity is a sufficient driver to adapt to the changing host. However, lack
of opportunity for horizontal transfer between strains in mixed infections in developed
countries may be accelerating the disappearance of H. pylori in these regions [176]. Indeed
transient and self-clearing infections do occur [299] suggesting, in these instances, an inability
of the bacterium to adapt to the host or a role of multiple infections in H. pylori transmission.

The competence of H. pylori likely confers evolutionary advantages. Competence has been
found to confer a fitness advantage over non-competent strains in vitro  [164].  Wild-type
G27 was able to adapt to laboratory conditions more rapidly than a competence null comH
mutant. Although competence is not required for gastric colonization in the gerbil model
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[300],  competence  may be  important  for  host  adaptation.  Natural  transformation gener‐
ates  diversity  by  the  introduction of  new alleles  and mosaic  alleles  in  recipient  strains.
Greater genetic diversity amongst strains acts to increase the pool of variants available from
which selection can act  to  confer  an advantage on those who are fitter  in the changing
environment of the host or in different individuals. In the presence of co-infection recombi‐
nation occurs throughout the time-course of infection. The continued requirement for host-
adaptation results in the in vivo selection for genes that have undergone recombination that
favour persistence [157, 172, 284, 301]. Evidence for recombination is often found in genes
related to virulence and persistence.

Analysis of a mixed infection from a Lithuanian patient found that recombination between
strains resulted in the loss of the cag pathogenicity island and changes in alleles encoding VacA
and outer membrane proteins [301]. Genome sequencing of H. pylori strains isolated sequen‐
tially from chronically infected individuals demonstrated that the number of clustered
nucleotide polymorphisms (CNPs), attributable to genetic recombination with DNA from
different strains during co-infection, was much greater in strains isolated later in infection (16
years) than in those isolated earlier (3 years), demonstrating that recombination continues
through the time-course of infection. CNPs occurred more regularly in some gene families
than others; most notably in genes encoding outer membrane proteins, particularly those of
the hop family [157] whose proteins are known to play key roles in adhesion [24]. This indicates
that diversifying selection acts in vivo on recombined genes [157]. Indeed, genetic evidence of
low effective population sizes in isolates from South Africa may reflect population bottlenecks
arising from selection pressures imposed by the host immune system [172].

Horizontal gene transfer by natural transformation in the presence of multiple strains is a key
driver in the genetic diversity of H. pylori. Evidence has emerged that this generation of genetic
diversity plays a role in the ability of Helicobacter to continually adapt to the host throughout
prolonged infection. Recombination has the advantage of allowing multiple beneficial
mutations to be combined within the same genetic background by horizontal transfer rather
than by sequential mutation. This would allow more rapid fixation of beneficial alleles [164].
Indeed, evidence is also emerging that H. pylori experiences selective pressure for fitter variants
by the host immune system.

7.1.2. Epigenetic diversity

Recently, SMRT sequencing has been utilized to sequence the methylomes of H. pylori 26695
and J99. Analysis of the methylome following genetic manipulation of candidate methylases
has allowed characterisation of a number of methyltransferases in H. pylori. Interestingly, a
methyltransferase (HP1353) has been identified that contains two phase-variable repeat
sequences. One phase variable repeat appears to function canonically to regulate expression
of the methyltransferase. Phase variation of the second repeat appears to switch the protein
between two forms that vary in their methylation recognition sequence. The protein thus has
three different phase-variable states; off, methylation of recognition sequence 1, and methyl‐
ation of recognition sequence 2 [302]. It is tempting to speculate that this represents an
additional layer of complexity to the phasevarion. Should this methyltransferase regulate the
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transcription of other genes, it could, as a single methyltransferase, function to regulate two
separate phasevarions.

Phase-variable methyltransferases have been identified in H. pylori and the investigation of
their corresponding phasevarions has been initiated. The coordinated reversible switching of
many genes within a phasevarion is postulated to play a role in host adaptation, immune
evasion and pathogenicity. However, given the potential significance of the phasevarion,
experimental evidence is lacking regarding the role of the phasevarion in vivo in host coloni‐
zation, persistence, and disease pathology. In one study investigating the significance of
methylation by the iceA-hpyIM R-M system, expression levels of hpyIM as determined from
RT-PCR and/or RNA slot-blot analysis of RNA isolated from gastric biopsy specimens could
not be correlated with iceA expression, disease sequelae, colonization density, or mucosal IL-8
levels. However, this methyltransferase has not been identified as having the potential to
phase-vary and appears to be a stationary growth phase regulator [303].

Phase variation of individual genes and phasevarions impart to the bacterium an ability to
rapidly and reversibly switch between a vast array of different phenotypes. It is postulated
that for pathogenic bacteria, there is significant pressure to constantly avoid detection by the
immune system. The ability to generate epigenetic and phenotypic variation in this way may
enable a bacterial population to play a lottery against the human immune system in which at
least the phenotype of one individual imparts sufficient fitness within a changing environment
to allow persistence. Thus, both the continued characterisation of phasevarions and their in
vivo relevance for host adaptation and virulence is of importance in our understanding of H.
pylori persistence and pathogenesis.

7.1.3. H. pylori regulation of genetic diversity and evolution constraints?

The ability of H. pylori to generate genetic diversity is likely to be regulated so as to achieve a
subtle balance between the generation of genetic diversity and maintaining the integrity of its
small genome to establish persistent infection. The different mutation rates reported to date
are in line with regulation of generation of genetic diversity in H. pylori. Phase variation of
DNA glycosylase MutY, an enzyme of the base excision repair process, represents further
evidence for regulation of genetic diversity [66, 67]. Alternatively, a constitutive high mutation
rate (named the mutator phenotype in E. coli) could be counterbalanced by efficient mecha‐
nisms to maintain genome integrity, such as homologous recombination using DNA template
from neighbouring cells by natural competence. This possibility has gained some support due
to recent reports describing an increase of DNA uptake and RecA homologous recombination
upon DNA damage [169] and poor persistence of the dprA mutant deficient in natural
competence, although the initial colonization level was comparable to wild-type [246].

The ability of H. pylori to genetically adapt to the human host is remarkable based on adaptation
to human subpopulations with 6 ancestral populations of H. pylori named ancestral European
1, ancestral European 2, ancestral East Asia, ancestral Africa1, ancestral Africa2 [2], and
ancestral Sahul [1]. As described above, H. pylori genetic plasticity is the result of several
mechanisms ranging from poor replication fidelity, lack of DNA repair genes and horizontal
gene transfer promoted by natural competence, bacteriophage transduction, conjugation of
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[300],  competence  may be  important  for  host  adaptation.  Natural  transformation gener‐
ates  diversity  by  the  introduction of  new alleles  and mosaic  alleles  in  recipient  strains.
Greater genetic diversity amongst strains acts to increase the pool of variants available from
which selection can act  to  confer  an advantage on those who are fitter  in the changing
environment of the host or in different individuals. In the presence of co-infection recombi‐
nation occurs throughout the time-course of infection. The continued requirement for host-
adaptation results in the in vivo selection for genes that have undergone recombination that
favour persistence [157, 172, 284, 301]. Evidence for recombination is often found in genes
related to virulence and persistence.

Analysis of a mixed infection from a Lithuanian patient found that recombination between
strains resulted in the loss of the cag pathogenicity island and changes in alleles encoding VacA
and outer membrane proteins [301]. Genome sequencing of H. pylori strains isolated sequen‐
tially from chronically infected individuals demonstrated that the number of clustered
nucleotide polymorphisms (CNPs), attributable to genetic recombination with DNA from
different strains during co-infection, was much greater in strains isolated later in infection (16
years) than in those isolated earlier (3 years), demonstrating that recombination continues
through the time-course of infection. CNPs occurred more regularly in some gene families
than others; most notably in genes encoding outer membrane proteins, particularly those of
the hop family [157] whose proteins are known to play key roles in adhesion [24]. This indicates
that diversifying selection acts in vivo on recombined genes [157]. Indeed, genetic evidence of
low effective population sizes in isolates from South Africa may reflect population bottlenecks
arising from selection pressures imposed by the host immune system [172].

Horizontal gene transfer by natural transformation in the presence of multiple strains is a key
driver in the genetic diversity of H. pylori. Evidence has emerged that this generation of genetic
diversity plays a role in the ability of Helicobacter to continually adapt to the host throughout
prolonged infection. Recombination has the advantage of allowing multiple beneficial
mutations to be combined within the same genetic background by horizontal transfer rather
than by sequential mutation. This would allow more rapid fixation of beneficial alleles [164].
Indeed, evidence is also emerging that H. pylori experiences selective pressure for fitter variants
by the host immune system.

7.1.2. Epigenetic diversity

Recently, SMRT sequencing has been utilized to sequence the methylomes of H. pylori 26695
and J99. Analysis of the methylome following genetic manipulation of candidate methylases
has allowed characterisation of a number of methyltransferases in H. pylori. Interestingly, a
methyltransferase (HP1353) has been identified that contains two phase-variable repeat
sequences. One phase variable repeat appears to function canonically to regulate expression
of the methyltransferase. Phase variation of the second repeat appears to switch the protein
between two forms that vary in their methylation recognition sequence. The protein thus has
three different phase-variable states; off, methylation of recognition sequence 1, and methyl‐
ation of recognition sequence 2 [302]. It is tempting to speculate that this represents an
additional layer of complexity to the phasevarion. Should this methyltransferase regulate the
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transcription of other genes, it could, as a single methyltransferase, function to regulate two
separate phasevarions.

Phase-variable methyltransferases have been identified in H. pylori and the investigation of
their corresponding phasevarions has been initiated. The coordinated reversible switching of
many genes within a phasevarion is postulated to play a role in host adaptation, immune
evasion and pathogenicity. However, given the potential significance of the phasevarion,
experimental evidence is lacking regarding the role of the phasevarion in vivo in host coloni‐
zation, persistence, and disease pathology. In one study investigating the significance of
methylation by the iceA-hpyIM R-M system, expression levels of hpyIM as determined from
RT-PCR and/or RNA slot-blot analysis of RNA isolated from gastric biopsy specimens could
not be correlated with iceA expression, disease sequelae, colonization density, or mucosal IL-8
levels. However, this methyltransferase has not been identified as having the potential to
phase-vary and appears to be a stationary growth phase regulator [303].

Phase variation of individual genes and phasevarions impart to the bacterium an ability to
rapidly and reversibly switch between a vast array of different phenotypes. It is postulated
that for pathogenic bacteria, there is significant pressure to constantly avoid detection by the
immune system. The ability to generate epigenetic and phenotypic variation in this way may
enable a bacterial population to play a lottery against the human immune system in which at
least the phenotype of one individual imparts sufficient fitness within a changing environment
to allow persistence. Thus, both the continued characterisation of phasevarions and their in
vivo relevance for host adaptation and virulence is of importance in our understanding of H.
pylori persistence and pathogenesis.

7.1.3. H. pylori regulation of genetic diversity and evolution constraints?

The ability of H. pylori to generate genetic diversity is likely to be regulated so as to achieve a
subtle balance between the generation of genetic diversity and maintaining the integrity of its
small genome to establish persistent infection. The different mutation rates reported to date
are in line with regulation of generation of genetic diversity in H. pylori. Phase variation of
DNA glycosylase MutY, an enzyme of the base excision repair process, represents further
evidence for regulation of genetic diversity [66, 67]. Alternatively, a constitutive high mutation
rate (named the mutator phenotype in E. coli) could be counterbalanced by efficient mecha‐
nisms to maintain genome integrity, such as homologous recombination using DNA template
from neighbouring cells by natural competence. This possibility has gained some support due
to recent reports describing an increase of DNA uptake and RecA homologous recombination
upon DNA damage [169] and poor persistence of the dprA mutant deficient in natural
competence, although the initial colonization level was comparable to wild-type [246].

The ability of H. pylori to genetically adapt to the human host is remarkable based on adaptation
to human subpopulations with 6 ancestral populations of H. pylori named ancestral European
1, ancestral European 2, ancestral East Asia, ancestral Africa1, ancestral Africa2 [2], and
ancestral Sahul [1]. As described above, H. pylori genetic plasticity is the result of several
mechanisms ranging from poor replication fidelity, lack of DNA repair genes and horizontal
gene transfer promoted by natural competence, bacteriophage transduction, conjugation of
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TnPZs and plasmid transfer. An extreme example of H. pylori’s adaptive ability is exemplified
by the host jump from humans to large felines, predicted to have occurred some 200, 000 years
ago that resulted in a new species; Helicobacter acinonychis. This particular host jump was
accompanied by relative conservation of the core genome, inactivation by different mecha‐
nisms of genes encoding surface proteins and acquisition of genes involved in sialyation of the
bacterial surface to evade immune responses in the new host [210].

Altogether H. pylori micro-evolution within the human host and the above host jump con‐
served the core genome with changes affecting mainly hotspots and accessory genes. This
suggests that constraints in the genome architecture and gene repertoire exist and these limit
the evolutionary trajectories of H. pylori. Recent advances in evolutionary biology suggest a
plurality of constraints on evolution, including the sequence type (coding sequence, structural
RNAs, micro RNA and else) and genome architecture and gene repertoire underlying the sum
of all phenotypic traits of the organism or phenome [304]. Thus to make sense of H. pylori’s
high mutation and recombination rates and investigate the role of genetic diversity in pheno‐
typic adaptation to the human host, it is important to investigate the constraints, their networks
and interactions limiting H. pylori evolvability.

7.1.4. Robustness and evolvability

Robustness of systems is the resistance to change under perturbation. Robustness, either
mutational, or phenotypic, has been proposed to make biological systems more evolvable
[305-308]. Studying H. pylori mutational and phenotypic robustness is a highly attractive
approach to understand its adaptation to, and persistence in, the human host based on the
latest findings and concepts of evolutionary biology.

The evolvability, or capacity of biological systems for adaptive evolution, was proposed to
depend on their genotype-phenotype maps [309]. Evolutionary change takes place in a
population with each population member having some genotype defining a collection of
genotypes in the genotype space [308]. Through mutations, members of the population can
change their location in the genotype space. In the population some individuals have a
phenotype either superior, or inferior to the existing well-adapted phenotype. Natural
selection, while eliminating poorly adapted individuals, preserves the well-adapted ones and
selects superior ones. The genotype space reconciles the key problem of evolutionary adapta‐
tion of finding the rare superior genotype while preserving the population of well-adapted
ones. A first characteristic of the genotype space is the existence of a set of genotypes with the
same phenotype or connected genotype networks. The second characteristic of the genotype
space is the number of genotypes that can be derived from any one genotype via mutation.
The set of these genotypes is named neighbourhood genotype and its size is a simple measure
of phenotypic variability of a genotype in response to mutation. In summary, the first feature
of the genotype space allow individuals in a population to preserve their phenotype while
changing their genotype and the neighbourhood genotype allows exploration of novel
superior phenotypes in the population. Thus robustness is beneficial to both the individual
and the population. As a consequence, robustness in the presence of genetic mutation/

Trends in Helicobacter pylori Infection52

recombination allows cryptic genetic diversity to accumulate (in the sense of a capacitor) and
promotes evolutionary adaptation through greater phenotypic variability in the population.

Robustness as a variability principle in the context of the mutator phenotype of H. pylori (due
to its high mutation and recombination rates) would reconcile the interest of the single cell and
the cell population and may underlie H. pylori persistence in the gastric niche. A robust cell
phenotype during persistent colonization of the gastric mucosa would not easily be disturbed
by mutations, would be beneficial to single cells and would allow greater phenotypic varia‐
bility to be achieved at the cell population level on a (micro-) evolutionary time scale by
accumulation of cryptic genotypic diversity.

The presence of phasevarions in H. pylori raises the possibility to influence robustness by
dramatically increasing phenotypic variability of the neighbourhood genotype by simple
mutation. Greater robustness of H. pylori would enhance adaptation and persistence in the
changing human gastric niche. Other interesting questions related to evolutionary dynamics
are the size of the H. pylori population and its mutation rate and how these parameters influence
robustness and adaptation to the host. For example, one could hypothesize that the lack of
inter-strain recombination weakens the robustness of H. pylori leading to its disappearance in
Western countries where multiple infections are rare.

To conclude, the investigation of H. pylori robustness to better understand the adaptation of
this bacterium to the human host will require both computational modelling and experimental
data on genotype-phenotype maps of H. pylori populations made accessible by the latest
sequencing and high-content technologies.

7.1.5. Refining H. pylori persistence mathematical model

H. pylori apparently lacks active and costly sensory machinery gene regulation and its small
genome suggests alternative adaptive mechanisms including small RNA regulation [52],
automatic random genetic switches for generating diverse adaptive phenotypes [47, 50, 51,
53], and the numerous duplicate and divergent outer membrane genes, which could be part
of a more general gene regulation network so far unidentified. Introducing random fluctua‐
tions for stochastic phenotype transitions in the H. pylori mathematical model of persistence
published by Blaser and Kirshner [44] is highly relevant to the robustness principle of biolog‐
ical systems and their evolvability. Thus further refinement of this model by introducing
random fluctuations for stochastic phenotype transitions in the spirit of Kussell and Leibler
[310], could help to further our understanding of how H. pylori establishes the optimal balance
between sensing changes and random phenotype switching to adapt to its niche. Model
predictions could be tested experimentally in animal models, using the power of molecular-
bacterial genetics, including tetracycline-based gene regulation [275, 277], to validate or
invalidate aspects of the model and gain insight into the dynamics of H. pylori populations.

7.2. Therapeutic potential of targeting persistence mechanisms

H. pylori chronic infection remains a significant health burden, a long regimen of triple or
quadruple antibiotic therapy is currently the only available treatment and antibiotic resistance
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TnPZs and plasmid transfer. An extreme example of H. pylori’s adaptive ability is exemplified
by the host jump from humans to large felines, predicted to have occurred some 200, 000 years
ago that resulted in a new species; Helicobacter acinonychis. This particular host jump was
accompanied by relative conservation of the core genome, inactivation by different mecha‐
nisms of genes encoding surface proteins and acquisition of genes involved in sialyation of the
bacterial surface to evade immune responses in the new host [210].

Altogether H. pylori micro-evolution within the human host and the above host jump con‐
served the core genome with changes affecting mainly hotspots and accessory genes. This
suggests that constraints in the genome architecture and gene repertoire exist and these limit
the evolutionary trajectories of H. pylori. Recent advances in evolutionary biology suggest a
plurality of constraints on evolution, including the sequence type (coding sequence, structural
RNAs, micro RNA and else) and genome architecture and gene repertoire underlying the sum
of all phenotypic traits of the organism or phenome [304]. Thus to make sense of H. pylori’s
high mutation and recombination rates and investigate the role of genetic diversity in pheno‐
typic adaptation to the human host, it is important to investigate the constraints, their networks
and interactions limiting H. pylori evolvability.

7.1.4. Robustness and evolvability

Robustness of systems is the resistance to change under perturbation. Robustness, either
mutational, or phenotypic, has been proposed to make biological systems more evolvable
[305-308]. Studying H. pylori mutational and phenotypic robustness is a highly attractive
approach to understand its adaptation to, and persistence in, the human host based on the
latest findings and concepts of evolutionary biology.

The evolvability, or capacity of biological systems for adaptive evolution, was proposed to
depend on their genotype-phenotype maps [309]. Evolutionary change takes place in a
population with each population member having some genotype defining a collection of
genotypes in the genotype space [308]. Through mutations, members of the population can
change their location in the genotype space. In the population some individuals have a
phenotype either superior, or inferior to the existing well-adapted phenotype. Natural
selection, while eliminating poorly adapted individuals, preserves the well-adapted ones and
selects superior ones. The genotype space reconciles the key problem of evolutionary adapta‐
tion of finding the rare superior genotype while preserving the population of well-adapted
ones. A first characteristic of the genotype space is the existence of a set of genotypes with the
same phenotype or connected genotype networks. The second characteristic of the genotype
space is the number of genotypes that can be derived from any one genotype via mutation.
The set of these genotypes is named neighbourhood genotype and its size is a simple measure
of phenotypic variability of a genotype in response to mutation. In summary, the first feature
of the genotype space allow individuals in a population to preserve their phenotype while
changing their genotype and the neighbourhood genotype allows exploration of novel
superior phenotypes in the population. Thus robustness is beneficial to both the individual
and the population. As a consequence, robustness in the presence of genetic mutation/
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recombination allows cryptic genetic diversity to accumulate (in the sense of a capacitor) and
promotes evolutionary adaptation through greater phenotypic variability in the population.

Robustness as a variability principle in the context of the mutator phenotype of H. pylori (due
to its high mutation and recombination rates) would reconcile the interest of the single cell and
the cell population and may underlie H. pylori persistence in the gastric niche. A robust cell
phenotype during persistent colonization of the gastric mucosa would not easily be disturbed
by mutations, would be beneficial to single cells and would allow greater phenotypic varia‐
bility to be achieved at the cell population level on a (micro-) evolutionary time scale by
accumulation of cryptic genotypic diversity.

The presence of phasevarions in H. pylori raises the possibility to influence robustness by
dramatically increasing phenotypic variability of the neighbourhood genotype by simple
mutation. Greater robustness of H. pylori would enhance adaptation and persistence in the
changing human gastric niche. Other interesting questions related to evolutionary dynamics
are the size of the H. pylori population and its mutation rate and how these parameters influence
robustness and adaptation to the host. For example, one could hypothesize that the lack of
inter-strain recombination weakens the robustness of H. pylori leading to its disappearance in
Western countries where multiple infections are rare.

To conclude, the investigation of H. pylori robustness to better understand the adaptation of
this bacterium to the human host will require both computational modelling and experimental
data on genotype-phenotype maps of H. pylori populations made accessible by the latest
sequencing and high-content technologies.

7.1.5. Refining H. pylori persistence mathematical model

H. pylori apparently lacks active and costly sensory machinery gene regulation and its small
genome suggests alternative adaptive mechanisms including small RNA regulation [52],
automatic random genetic switches for generating diverse adaptive phenotypes [47, 50, 51,
53], and the numerous duplicate and divergent outer membrane genes, which could be part
of a more general gene regulation network so far unidentified. Introducing random fluctua‐
tions for stochastic phenotype transitions in the H. pylori mathematical model of persistence
published by Blaser and Kirshner [44] is highly relevant to the robustness principle of biolog‐
ical systems and their evolvability. Thus further refinement of this model by introducing
random fluctuations for stochastic phenotype transitions in the spirit of Kussell and Leibler
[310], could help to further our understanding of how H. pylori establishes the optimal balance
between sensing changes and random phenotype switching to adapt to its niche. Model
predictions could be tested experimentally in animal models, using the power of molecular-
bacterial genetics, including tetracycline-based gene regulation [275, 277], to validate or
invalidate aspects of the model and gain insight into the dynamics of H. pylori populations.

7.2. Therapeutic potential of targeting persistence mechanisms

H. pylori chronic infection remains a significant health burden, a long regimen of triple or
quadruple antibiotic therapy is currently the only available treatment and antibiotic resistance
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is emerging [311]. Since no prophylactic or therapeutic vaccine has been successfully devel‐
oped to date, new target ideas are needed for the development of innovative drug therapies
to achieve H. pylori eradication. Targeting H. pylori persistence mechanisms is one such strategy
that could encompass immune evasion, micro RNA regulation (of urease for example [52]),
genetic and phenotypic diversity generation underlying host adaptation and robustness of
biological systems. In this regard, phasevarions, recombination (XerH for example [312]), DNA
repair, replication (low fidelity Polymerase I for example [48]) and competence would
represent target pathways of choice. Also a drug targeting discrete sites on the urease complex
surface shown to be required for infection [247] would have several advantages over eliciting
site-specific urease antibodies to inhibit H. pylori persistence; e.g. better bioavailability in the
mucus layer and a higher concentration that is more likely to achieve inhibition of the large
amount of urease produced by H. pylori. Other potential targets are the UreI channel (whose
structure is available for drug design [313]) that is required for buffering the periplasm during
colonization [255-257], the gamma-gltutamyltransferase required for immune modulation and
bacterial metabolism to maintain colonization [36], H. pylori LPS biosynthetic proteins
contributing to gastric adaptation, adhesion and modulation of the host immune response by
changing antigen expression in the same human host over time [314]. Compounds targeting
the biosynthesis of glycolipids that H. pylori uses for immune evasion showed promising
inhibition in vitro and further work is required to assess their potential [315]. With the recent
adaptation of the tetracycline-based gene regulation system in H. pylori and its functionality
in vivo [275, 277], potential targets can now be validated in animal models using tetracycline-
based conditional knockouts. Furthermore, conditional knockouts will be instrumental in
testing the rate of emergence of resistance for target candidates to select targets less prone to
genetic adaptation before embarking on a long and costly drug discovery and development
path. H. pylori-specific drugs targeting persistence mechanisms would have the advantage of
leaving the gastrointestinal microbiota intact, avoiding side effects such as diarrhoea and
increased patient compliance. Based on the use of triple and quadruple antibiotic therapies
and the genetic plasticity of H. pylori, it is likely that more than one H. pylori-specific drug
targeting persistence will be required to avoid emergence of resistance and achieve high
eradication rate.
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1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative microaerophilic spiral bacterium previously
known Campylobacterpylori. It has a significant attention since its isolation and characterisa‐
tion in 1983 [1]. It colonizes the gastrointestinal mucosa of its host in spite of a strong persistent
humoral and cellular immune response to H. pylori at the local and systemic level, the organism
persists for the lifetime of its host.

It is a pathogen, playing an important role in the aetiology of gastritis (especially active antral
gastritis). Gastritis is a histopathologic term characterized by chronic inflammation of the
stomach mucosa. It is classification based on the underlying cause (eg, H. pylori, that cause
atrophic gastritis, bile reflux, nonsteroidal anti-inflammatory drugs [NSAIDs], autoimmunity,
or allergic response) [2]. Gastritis is also classified as erosive or nonerosive based on the
severity of mucosal injury by endoscopy. Other classification is according to the site of
involvement (cardia, body, antrum). Histological classification is acute or chronic based on the
inflammatory cell type. Acute gastritis is characterized by PMN infiltration of the mucosa of
the antrum and body. Chronic gastritis implies some degree of atrophy or metaplasia. It
predominantly involves the antrum with subsequent loss of G cells and decreased gastrin
secretion or the corpus with loss of oxyntic glands, leading to reduced acid, pepsin, and
intrinsic factor [3, 4, 5].

H. pylori causes more than half of peptic ulcers worldwide. The bacterium causes peptic ulcers
by damaging the mucous membrane of the stomach and duodenum. Damage to the mucous
membrane causing stomach acid to get through to the sensitive lining layer. Together, the
stomach acid and H. pylori irritate the lining of the stomach or duodenum and cause an ulcer
[6].Ulcers in the stomach and duodenum result when the consequences of inflammation allow
stomach acid and the digestive enzyme pepsin to overwhelm the mechanisms that protect the
stomach and duodenal mucous membranes. The location of colonization of H. pylori, which
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affects the location of the ulcer, depends on the acidity of the stomach [7].The majority of
patients with duodenal ulcer (DU) are infected with H. pylori [8].

H. pylori infection is a major cause of gastric adenocarcinoma, specifically non-cardia gastric
cancer. H. pylori infection also causes gastric mucosa-associated lymphoid tissue (MALT)
lymphoma [9]. Some H. pylori bacteria had a toxin produced by a gene called cytotoxin-
associated gene A (cagA) injected into the junctions where cells of the stomach lining. This toxin
(known as CagA) alters the structure of stomach cells and allows the bacteria to attach to them
more easily. Long-term exposure to the toxin causes chronic inflammation [10]. Other type of
cancer is gastric MALT lymphoma is a rare type of non-Hodgkin lymphoma that is charac‐
terized by the slow multiplication of B lymphocytes. Normally, the lining of the stomach lacks
lymphoid tissue, but growth of this tissue is often stimulated in response to colonization of H.
pylori [11]. Nearly all patients with gastric MALT lymphoma show signs of H. pylori infection,
and the risk of developing this tumor is more than six times higher in infected people than in
uninfected people [12]

The prevalence of gastric cancers among H. pylori-infected patients varies between individuals,
countries, and geographic areas, H. pylori disease-related outcomes are believed to be deter‐
mined by interaction between host factors, bacterial factors, and their interaction with the
environment [13] produces different diseases in different persons. High and low acid secretion
rates probably contribute to duodenal ulceration and gastric carcinogenesis, respectively. H.
pyloriproducts and certain cytokines released in gastritis release gastrin from G-cells but inhibit
parietal cells. Also tumour necrosis factor alpha inhibits somatostatin-cells and interleukin 1
beta inhibits enterochromaffin-like cells. The net result is that antral gastritis tends to increase,
whilst corpus gastritis tends to decrease acid secretion. Corpus atrophy further lowers acid
through loss of parietal cells. Factors postulated to increase corpus gastritis include: host
genetics, early acquisition of bacteria, more aggressive strains, poor general health and diets
high in salt or lacking in antioxidant vitamins [14]. Other factor is environmental factors that play
an important role in the manifestation, course, and prognosis of diseases of H. pylori-induced
gastritis. This disease is the outcome of allelic group of a host and the microbial (microflora)
and physical environments. Host alleles predisposing to a disease in one genomic and/or
environmental surroundings may not be deleterious in other group, in addition to that microbes
can have different effects in different hosts and under different environmental conditions [15].
H. pylori eradication may not eliminate the risk of gastric cancer. Therapy of this bacteria may
be used in high-risk populations to reduce gastric cancer incidence. It can reverse many
biochemical, genetic, and epigenetic changes that H. pylori infection induces in the stomach
[16]. The major factors playing a pathogenic role in H. pylori-related non-cancer diseases are
host polymorphisms in genes involved in inflammation and protection against oxidative
damage, host exposure to dietary genotoxic agents, and bacterial genetic polymorphisms [17].
The study of host-bacterial interaction is key to detection the molecular and cellular pathways
involved and will lead to developing preventive and therapeutic modules against this
pathogen [18].
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Gastric inflammation nearly always precedes the development of peptic ulceration, and is a
critical component in initiating the multi-step progression towards gastric carcinogenesis due
to this interaction between these three factors [19].

H. pylori is spread from person to person by two routes, oral-oral and faecal-oral route [20].Food
prepared under less ideal conditions or exposed to contaminated water or soil may increase
the risk. Inadequate sanitation practices, low social class, and crowded or high-density living
conditions seem to be related to a higher prevalence of H. pylori infection. Therefore poor
hygiene and crowded conditions may facilitate transmission of infection among family
members Understanding the route of H. pylori transmission is important if public health
measures to prevent its spread. Iatrogenic transmission of H. pylori following endoscopy is the
only proven mode. The person-to-person mode of transmission is supported by the higher
incidence of infection among institutionalized children and adults and detection of H. pylori
DNA in vomitus, saliva, dental plaque, gastric juice, and feces. Waterborne transmission,
probably due to fecal contamination or contaminated well water, may be an important source
of infection, especially in parts of the world in which untreated water is common. H. pylori has
been isolated in domestic cats, housefly. However, evidence is lacking that H. pylori can be
transmitted to humans from flies that have been in contact with H. pylori-infected feces. Mode
of transmission of H. pylori is important to prevent its spread and identifying high-risk
populations [21, 22].

The pathogenesity of this bacterium depend on the production of several virulence factors.
The most important ones are CagA (cytotoxic associated gene A) and VacA (vacuolizating
cytotoxin A). The immunodominant CagA protein is encoded by genes called the cagA-PAI
(pathogenicity island), a 40 kb genomic fragment containing ORFs (open reading frames)
encoding approximately 31 genes that forms a type IV secretion system, which is found in 60–
70% of H pylori strains and can be divided into two regions, cag I and cag II, according to a
novel insertion sequence [23] This secretion system (T4SS) forms a pilus that delivers CagA,
an oncoprotein, into the cytosol of gastric epithelial cells through a rigid needle structure
covered by CagY, a VirB10-homologous protein and CagT, a Virb7-homologous protein, at the
base [24]. This is accomplished by a specialized adhesin of the pilus surface, the CagL protein,
which binds to and activates host cell integrins for subsequent delivery of CagA across the
host cell membrane. Injected CagA becomes tyrosine-phosphorylated by Src and Abl family
kinases and mimics a host cell protein in binding and activation of multiple signalling factors.
After the induction of membrane dynamics, actin cytoskeletal rearrangements and the
disruption of cell-to-cell junctions as well as proliferative, pro-inflammatory and anti-
apoptotic nuclear responses. All these signalling cascades contribute in H. pylori pathogenesis
[25]. Therefore, CagA remains the only identified effector mechanism that is translocated by
the T4SS of H. pylori into gastric epithelial cells where it induces host cell kinases that phos‐
phorylate tyrosine residues in CagA adjacent to the site of bacterial adhesion on the host gastric
epithelial cells, which in turn activate eukaryotic signal transduction pathways and cytoske‐
letal plasticity [26]. Wild-type H pylori ( not phosphorylation-resistant CagA )induced a growth
factor-like response in gastric epithelial cells. CagA formed a physical complex with the SRC
homology 2 domain (SH2)-containing tyrosine phosphatase SHP-2 in a phosphorylation-
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dependent manner and stimulated the phosphatase activity. On the other hand, the CagA
effect on cells was reproduced by constitutively active SHP-2. Thus, upon translocation, CagA
perturbs cellular functions by deregulating SHP-2 [27]. Injected CagA associates with the
epithelial tight-junction scaffolding protein ZO-1 and the transmembrane protein junctional
adhesion molecule, causing an ectopic assembly of tight-junction components at sites of
bacterial attachment, and altering the composition and function of the apical-junctional
complex. Long-term CagA delivery to polarized epithelia caused a disruption of the epithelial
barrier function and dysplastic alterations in epithelial cell morphology [28].

Regarding VacA, there is a significant polymorphism in this gene (vacA s, vacA i and vacA
m). There are two types of the s (s1 and s2), i (i1 and i2), and m (m1 and m2) regions of vacA
[29]. Three polymorphic subtypes, namely m1T, m1Tm2 and m2. The s1a/i1/m1Tm2 genotype
had a higher frequency of lymphoid follicle formation in the corpus than the s1a/i1/m1T and
s1a/i1/m2 strains while vacA s1/m1 strains are most closely associated with gastric carcinoma
[30]. The method PCR- genotyping from gastric biopsy had advantages over routine diagnostic
tools such as histological H. pylori detection, which has high interobserver variation, very much
depending on the experience of the pathologist, and over H. pylori culture, which is more time-
consuming, requires expertise, and is not always successful. In general, PCR-based techniques
show high sensitivity for H. pylori detection and permit further characterization of bacteria
virulence-associated genotypes. In archive materials, the genotyping of the vacA i region
allows the analysis of the H. pylori strains in the same biopsy specimen that can also be used
for histopathological evaluation, conferring a more reliable measurement of the effects of local
infecting strains. Another advantage of the use of archive materials is that it permits retro‐
spective studies to be performed without the need of H. pylori isolation from fresh biopsy
specimens [31].

In  most  cases,  the  infection  is  asymptomatic  and clinical  manifestation  appears  in  only
10-15% of infected individuals. This is due to virulence of H. pylori strains and host immune
response  to  this  bacterium  [32].  The  different  clinical  outcomes  may  be  explained  by
bacterial factors and the host immune responses. H. pylori induce a strong immune response
with infiltration of neutrophils, B- and T-cells into the gastroduodenal mucosa that fails to
clear the infection. Several virulence factors have been associated with the development of
gastroduodenal disease, e.g. the cytotoxin-associated gene A (CagA) and a vacuolating toxin
[33] individuals infected with strains lacking these genetic markers may still develop peptic
ulcers, and that many individuals infected with bacterial strains bearing these genotypes do
not develop any symptoms [34]. On other hand, the lower epithelial cytokine responses may
be  of  importance  for  the  pathogenesis  of  H.  pylori-induced  ulcers,  most  likely  can  be
explained  by  host  factors,  i.e.  mainly  a  decreased  ability  of  the  epithelium  to  produce
cytokines,  but  possibly  partly  also  down-regulation  by  regulatory  T  cells  [35].  H.  pylo‐
riinfection  induces  strong  antibody  responses  in  the  human  gastric  mucosa,  both  in
asymptomatic carriers and in ulcer patients [36].

This will shed a light on the immune response to H. pylori colonization and its effect on clinical
outcomes.
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2. Host immune response to H. pylori

The immune response towards bacterial pathogens can be divided into an innate and an
adaptive response.

2.1. Innate immune response to H. pylori

Recognition of bacterial antigenic molecules is mediated by TLRs (Toll-like receptors) that are
expressed by distinct cell types throughout the gastrointestinal tract, and play an important
role in regulation of the innate immune response especially TLR4 It is expressed on antigen-
presenting cells such as monocytes and dendritic cells. Bacterial contact with monocytes and
other APCs leads to the secretion of proinflammatory cytokines such as TNF-α (tumour
necrosis factor-α), IL (interleukin)-1β and IL-8. H. pylori infection has been shown to be
associated with increased levels of these cytokines which, in turn, act as local chemoattractants,
inducing granulocytic infiltration [37]. The gastric epithelia of children respond to H. pylori
infection by increasing the expression of TLR2, TLR4, TLR5, TLR9 and the cytokines IL-8, IL-10
and TNF-α that participate actively in innate immune responses [38]. Their role in the
progression of gastric lesions leading to cancer is associated with decreasing levels of TLRs
inhibitors and elevated TLRs levels throughout all the spectrum of lesions [39].

Figure 1. H. pylori pathogenesis, the inflammatory immune response and some of escape mechanisms [54].
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2.1. Innate immune response to H. pylori

Recognition of bacterial antigenic molecules is mediated by TLRs (Toll-like receptors) that are
expressed by distinct cell types throughout the gastrointestinal tract, and play an important
role in regulation of the innate immune response especially TLR4 It is expressed on antigen-
presenting cells such as monocytes and dendritic cells. Bacterial contact with monocytes and
other APCs leads to the secretion of proinflammatory cytokines such as TNF-α (tumour
necrosis factor-α), IL (interleukin)-1β and IL-8. H. pylori infection has been shown to be
associated with increased levels of these cytokines which, in turn, act as local chemoattractants,
inducing granulocytic infiltration [37]. The gastric epithelia of children respond to H. pylori
infection by increasing the expression of TLR2, TLR4, TLR5, TLR9 and the cytokines IL-8, IL-10
and TNF-α that participate actively in innate immune responses [38]. Their role in the
progression of gastric lesions leading to cancer is associated with decreasing levels of TLRs
inhibitors and elevated TLRs levels throughout all the spectrum of lesions [39].

Figure 1. H. pylori pathogenesis, the inflammatory immune response and some of escape mechanisms [54].
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2.2. Adaptive immunity: cellular immune response and humoral response

2.2.1. Cellular immune response

Adaptive immune responses towards H. pylori infection have been developed after failure of
innate immune response to eliminate the pathogen. The immune response to Helicobacter
pylori is a versatile group of mechanisms involving responses that are both protective and
damaging to the host. The innate and the adaptive immune responses lead to damaging
inflammatory responses allowing for persistence of many infections [40]. H. pylori associated
inflammatory reaction is characterized by a mucosal infiltration of different cells like poly‐
morphonuclear leukocytes (PMN), T cells, macrophages, and plasma cells [41] in addition to
that H. pylori adheres to the cells of gastric mucosa and secretes different molecules that can
change gastric epithelial cell function [42]. Chronic active gastritis is associated with an
increased CD4/CD8 T-cell ratio within the gastric mucosa and accumulation of CD4+ T-helper
lymphocytes in the lamina propia of the gastric mucosa. H. pylori infection results in a Th1-
predominant host immune response in the gastric mucosa and induction of IFN- γ (interferon-
γ) and IFN-γ -related genes. A Th1-predominant immune response is associated with elevated
levels of the pro-inflammatory cytokines IL-12, IL-18 and TNF-α( [43]. Other cell that infiltrates
the gastric mucosa was Th17 which are CD4+ T cells associated with infections and inflamma‐
tion. Th17 are induced during both H. pylori infection and gastric cancer in the inflammatory
process of gastric stroma and may be an important link between inflammation and carcino‐
genesis [44]. The host genetic milieu contributes to the inflammatory response to H. pylori
infection is IL-1B. The IL-1B gene encodes the expression of IL-1β, a potent pro-inflammatory
cytokine and powerful inhibitor of gastric acid secretion that had a most important responsi‐
bility in initiating and amplifying the inflammatory response to H. pylori infection [45]. It had
been that IL-1 polymorphism had an effect on IL-1 production in gastric mucosa infected with
H. pylori [46]. This indicate that individual genetic polymorphism had an effect on disease
expression.

Yuceyar etal 2002 [47] found that there is no alteration in total T and B lymphocytes and CD4+
T, CD8+ T lymphocytes and natural killer cells of both duodenal ulcer and chronic antral
gastritis patients compared to normal persons. Although there was a slight increase in the
proportion of active T lymphocytes in duodenal ulcer and chronic antral gastritis groups
comparing to healthy subjects the difference was not statistically significant. This indicate that
there is no systemic alteration in the specific immune system in response to H. pylori in patients
with duodenal ulcer and chronic antral gastritis. Other study confirmed the systemic immune
response to helicobacters at the cellular level in patients with Helicobacter pylori infection by
leukocyte migration inhibition test was performed and a highly significant inhibitory effect on
leukocyte migration was found in patients with Helicobacter pylori infection [48].

2.2.2. Humoral immune response

H. pylori induce a strong specific systemic and local antibody response and infected individual
had antibodies against whole bacteria or part of it [49]and increase in plasma cells in gastric
mucosa which produce IgA [50]. Other important antibody was IgG that binds to H. pylori and
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enhance phagocytosis [51].This antibodies lead to complement activation by either classical or
alternative pathways [52]. In addition to that, the role of the secretory IgA is important in
neutralizing urease and VacA as well as inhibiting adherence of H. pylori to gastric mucosa
[53].The immune response to H. pylori can be summarized by figure -1- [54]. There is high
seroprevalence of H. pylori antibodies undervalue of past infection, the relation of the H.
pylori cytotoxin to gastric precancerous lesions is warranted. There is a strong mucosal IgA
response to H. pylori in non-neoplastic antral mucosa of gastric cancer patients irrespective of
the biopsy urease results [55].

2.2.2.1. Evasion of immune response by H. pylori

Helicobacter pylori is a gastric bacterial pathogen that evades host immune responses in vivo
by different mechanisms like inducing apoptosis of macrophages in association with altera‐
tions in the mitochondrial pathway [56].

Elimination of this key immunomodulatory cell may represent a mechanism employed by the
bacterium to evade host immune responses. It can survive intracellularly within macrophages
by interfering with lysosomal proteins, similar to Mycobacterium tuberculosis [57]. H. pylori like
many other pathogen escape the immune system by production an enzyme arginase that
prevent nitrous oxide production [58].

Vacuolating cytotoxin secreted by H. pylori has turned out to be a potent immunomodulatory
toxin. VacA-deficient H. pylori induced significantly higher expression of integrin-linked
kinase (ILK) and endothelial nitric oxygen synthase (eNOS), and significantly more production
of reactive oxygen species (ROS) in monocyte/macrophage-like U937 cells, as compared with
isogenic vacA+ H. pylori. Thus, vacA-deficient H. pylori appears to upregulate ILK expression,
which modulates the expression of eNOS and as a result, stimulates the production of ROS. It
is VacA that prevents such a process by inhibiting ILK expression, helping H. pylori escape host
immunoreaction and persist in gastric mucosa [59].

In addition to that, H. pylori LPS exhibits a reduced endotoxic potency in terms of pyrogenicity,
lethality, toxicity, mitogenicity and the lower immune response elicited by H. pylori LPS in
comparison with other enterobacterial LPS may represent an escape mechanism from the host
[60]. H. pylori, possess flagellin molecules that cannot be recognized by TLR5 that is important
for its survival [61]. H. pylori infection could alter cellular gene expression processes that evade
host immune mechanism by activating NF-κB and Wnt/β-catenin signaling pathway, disturb
metal ion homeostasis, and induce carcinogenesis [62].

VacA of H pylori act as an immunomodulator by interfering with the IL-2 signalling pathway
in T-cells by blocking Ca2+ mobilization and the activity of the Ca2+/calmodulin-dependent
phosphatase calcineurin [63]. It also interferes with antigen presentation mediated by MHC
class II [64]. VacA by itself act as immunosuppressive by a direct action on T-cells rather than
APCs [65]. VacA is a crucial element for H. pylori to escape from host immune defense by means
of differentially regulating the expression of some related genes by altering their mRNA
expression at different times [66].
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prevent nitrous oxide production [58].
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which modulates the expression of eNOS and as a result, stimulates the production of ROS. It
is VacA that prevents such a process by inhibiting ILK expression, helping H. pylori escape host
immunoreaction and persist in gastric mucosa [59].

In addition to that, H. pylori LPS exhibits a reduced endotoxic potency in terms of pyrogenicity,
lethality, toxicity, mitogenicity and the lower immune response elicited by H. pylori LPS in
comparison with other enterobacterial LPS may represent an escape mechanism from the host
[60]. H. pylori, possess flagellin molecules that cannot be recognized by TLR5 that is important
for its survival [61]. H. pylori infection could alter cellular gene expression processes that evade
host immune mechanism by activating NF-κB and Wnt/β-catenin signaling pathway, disturb
metal ion homeostasis, and induce carcinogenesis [62].

VacA of H pylori act as an immunomodulator by interfering with the IL-2 signalling pathway
in T-cells by blocking Ca2+ mobilization and the activity of the Ca2+/calmodulin-dependent
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class II [64]. VacA by itself act as immunosuppressive by a direct action on T-cells rather than
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expression at different times [66].
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2.2.2.2. Vaccination against H. pylori infection

Helicobacter pylori can persist in the gastric mucosa of infected individuals for life, in the face
of chronic inflammation and low pH. Efforts to develop vaccines have largely failed and, in
the wake of emerging antibiotic resistance, novel therapeutic approaches have developed [67].

There is a consent that vaccines are essential to limit the severity of this infection. Great
development has been made since its detection 25 years ago the virulence factors and several
aspects of the pathogenesis of the H. pylori gastric diseases. Several key bacterial factors have
been identified: urease, vacuolating cytotoxin, cytotoxin-associated antigen, the pathogenicity
island, neutrophil-activating protein, and among others. These proteins, in their native or
recombinant forms, have been shown to confer protection against infectious challenge with
H. pylori in animal models. However, a quantity of clinical trials in healthy volunteers have
been conducted using urease given orally as a soluble protein or expressed in bacterial vectors
with limited results or a mixture of H. pylori antigens was reported to be highly immunogenic
in H. pylori-negative volunteers following intramuscular administration of the vaccine with
aluminium hydroxide as an adjuvant [69].

H. pylori is a mucosa-associated organism, it was initially thought that an IgA type anti-
Helicobacter antibody response would be essential for protective immunity [69]. An adjuvant
is an important component of any oral/mucosal vaccine as it is responsible for stimulating
immune system, but due to toxicities associated with these agents, there are currently no
suitable and safe adjuvants available for use in humans. Another important limitation to
effective oral immunization is that it requires multiple doses and a large amount of antigen
administration. These studies showed that mucosal immunity can be induced by oral or
intranasal routes of immunization. The intranasal route of immunization is similar to the oral
route in that it also requires the administration of bacterial antigen in conjunction with an
adjuvant multiple times [70].

Considering the side effects of oral adjuvants, researches have focused attention on making
oral immunization safe and effective for human usage. Thus, E. coli LT heat-labile toxin that
was used as an oral adjuvant in humans did show a significant decrease in gastric H. pylori
density but was associated with cramping and diarrhea [71]. Another approach is to use other
mucosal routes such as the nasal mucosa and the rectal mucosa for effective immunization.
When mice were immunized orally, rectally and intranasally in combination with E. coli heat-
labile toxin (LT) and subsequently challenged with purified H. pylori antigen, mice immunized
by either of the routes were found to be protected against this challenge compared with
controls. These studies showed that mucosal immunity can be induced by oral or intranasal
routes of immunization. The intranasal route of immunization is similar to the oral route in
that it also requires the administration of bacterial antigen in conjunction with an adjuvant
multiple times [72].

Although the intransal route of immunization seems the most efficient and effective route of
mucosal immunization, it still has some disadvantages histologic inflammation in the olfactory
bulb and cause paralysis of facial nerves [72]. Intranasal route could also result in oral ingestion
thus exposing the subject to various side effects and toxicities. Eriksson et al. [73] found that
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CTA1-DD adjuvant was to be safe for intranasal administration without any accumulation in
the nervous tissue.

Other modalities of administering vaccines such as the intraperitoneal (i.p.) and subcutaneous
(s.c.) routes are also being done. Mice were vaccinated i.p. using H. pylori antigen in combi‐
nation with aluminum hydroxide and upon rechallenge with H. pylori were found to confer
protection that was shown by absence of bacteria, both histologically and in culture of gastric
biopsy tissues. This immunity was noted to be antibody independent and achieved by IL-5-
secreting T cells [74]. The results of these experiments suggest that until a safe, effective, and
inexpensive mucosal (oral/nasal) vaccine becomes available, systemic immunizations should
be a consideration.

Urease is important as a vaccine antigen has been confirmed by numerous studies in mice,
ferrets, and non-human primates [75]. Urease conferred protection against helicobacter
infection when delivered either as a native protein or as an enzymatically inactive recombinant
protein [76]. Therapeutic immunisation with urease has recently been reported in ferrets
naturally infected with H. mustelae. [77]. Infection with H. mustelaeoccurs in ferrets soon after
weaning, persists for life, induces active chronic gastritis, and is associated with the develop‐
ment of ulceration in a subgroup of infected animals [78]. Thus, therapeutic immunisation is
possible in a natural setting of helicobacter infection, confirming that the inability of the natural
immune response to clear helicobacter infection can be overcome.

Other method of delivery of the antigen used in mice by immunisation with genetically
engineered bacteria expressing H. pylori antigens elicits a protective immune response against
gastric helicobacter infections. Immunisation with live bacterial vaccines usually requires only
one or two doses, does not depend on the addition of extra mucosal adjuvant, and the vaccine
can be produced at very low cost. Additional improvements to the vaccine should result from
a better understanding of the natural immune responses to helicobacter infection and of the
mechanisms by which vaccination restores protection [79].

Zhang etal, 2013 [80] used recombinant technology, Lactococcus lactis (L. lactis) could serve
as an antigen-delivering vehicle for the development of edible vaccine. They produced edible
UreB (urease B) vaccine derived from L. lactis against H. pylori. The UreB subunit is the most
effective and common immunogen of all strains of H. pylori. The UreB was produced as a
chimeric protein fused with IL-2 (human interleukin 2) as the mucosal adjuvant. Mucosal
immunization of mice with recombinant L. lactis NZ9000 containing the UreB-IL-2 protein
elicited more anti-UreB antibody that specifically bounded to the purified bacterial UreB
protein and more cytokines such as IFN-γ, IL-4, and IL-17, and had a lower H. pylori burden
and urease activity than control mice. These results suggest that the recombinant L. lactis
expressing UreB-IL-2 can be potentially used as an edible vaccine for controlling H. pylori
infection.

Altman etal, 2013 [81] demonstrated that synthetic glycoconjugates based on delipidated
lipopolysaccharide (LPS) of Helicobacter pylori and containing an α(1-6)-glucan chain induced
broadly cross-reactive functional antibodies in immunized animals. Thus, they prepared
glycoconjugates based on dextrans produced by lactic acid bacteria Leuconostoc mesenter‐
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oides B512F and consisting of linear α(1-6)-glucan chains with limited branching. Three
dextrans with averaged molecular masses of 5, 000 Da, 3, 500 Da and 1, 500 Da, respectively,
were modified with a diamino group-containing linker and conjugated to a carrier protein,
tetanus toxoid (TT) or diphtheria toxoid (DT. The conjugates were immunogenic in both rabbits
and mice and induced specific IgG responses against α(1-6)- glucan -expressing H. pylori LPS.
Studies performed with post-immune sera of mice and rabbits immunized with dextran-based
conjugates demonstrated cross-reactivity with LPS from typeable and non-typeable strains of
H. pylori and selected mutants. The post-immune sera from rabbits that received the conjugates
exhibited functional activity against α(1-6)-glucan-positive strains of H. pylori. These data
provide evidence that dextran-based conjugates may offer a simplified approach to the
development of carbohydrate-based vaccines against H. pylori.

Helicobacter pylori neutrophil-activating protein (NAP) is a toll-like receptor 2 (TLR2) agonist
and potent immunomodulator inducing Th1-type immune response. Iankov etal 2013
[82]studied the humoral immune response against NAP-tagged antigens, encoded by attenu‐
ated measles virus (MV) vector platform, in MV infection susceptible type I interferon receptor
knockout and human CD46 transgenic (Ifnarko-CD46Ge) mice. Immunogenicity of MV
expressing a full-length human immunoglobulin lambda light chain (MV-lambda) was
compared to that of MV expressing lambda-NAP chimeric protein (MV-lambda-NAP). MV-
lambda-NAP immunized Ifnarko-CD46Ge mice developed significantly higher (6-20-fold)
anti-lambda ELISA titers as compared to the MV-lambda-immunized control animal group,
indicating that covalently-linked NAP co-expression significantly enhanced lambda immu‐
nogenicity. In contrast, ELISA titers against MV antigens were not significantly different
between the animals vaccinated with MV-lambda or MV-lambda-NAP. NAP-tagged antigen
expression did not affect development of protective anti-measles immunity. Both MV-lambda
and MV-lambda-NAP-immunized groups showed strong virus neutralization serum titers in
plaque reduction microneutralization test. They concluded that MV-encoded lambda-NAP is
highly immunogenic as compared to the unmodified full-length lambda chain. Boost of
immune response to poor immunogens using live vectors expressing NAP-tagged chimeric
antigens is an attractive approach with potential application in immunoprophylaxis of
infectious diseases and cancer immunotherapy.

An important consideration in the development of subunit vaccines is the loss of activity caused
by physical instability of the protein. CagL is a protein present in strains of H. pylori. It
contributes to bacterial adherence via α5β1 integrin, thereby making it an attractive subunit
vaccine candidate. Choudhari etal, 2013 [83] used CagL in different pH and temperature
conditions using a variety of spectroscopic techniques. Stability was assessed in terms of
transition temperature with the accumulated data, and then incorporated into an empirical
phase diagram (EPD) that provided an overview of CagL physical stability. These analyses
indicated maximum CagL stability at pH 4-6 up to 40°C in the absence of excipient. Using this
EPD analysis, aggregation assays were developed to screen a panel of excipients with some
found to inhibit CagL aggregation. These analyses will help in the formulation of a stable
vaccine against H.pylori.
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Helicobacter pylori is a major human pathogen that colonizes the stomach and is the lead
etiological agent for several pathologies. Sutton P and Chionh YT 2013 [84] demonstrated that
effective vaccine against these bacteria would be invaluable for protecting against gastric
adenocarcinoma. However, the development of such a vaccine has stalled and the field has
progressed little in the last decade. The key problems that are preventing the development of
a H. pylori vaccine. Primarily, this involves the inability to produce a completely protective
immune response. The knock-on effects of this include a loss of industry investment. Over‐
coming these problems will likely involve defeating the immune-evasion defenses of H.
pylori, in particular the mechanism(s) by which it evades antibody-mediated attack.

Chronic H. pylori infection can be successfully eradicated by intragastric vaccination with H.
pylori antigens such as recombinant VacA and CagA, which were administered together with
a genetically detoxified mutant of the heat-labile enterotoxin of Escherichia coli (referred to as
LTK63), in which the serine in position 63 was replaced by a lysine. The therapeutic vaccination
confers efficacious protection against reinfection [85]. Vaccines against Helicobacter pylori could
circumvent the problem of increasing antibiotic resistance. They would be particularly useful
in developing countries, where re-infection rates are high following standard eradication
regimes. The vaccine could be given orally with an H. pylori whole cell sonicate preparation
and cholera toxin adjuvant. Protection was associated with increased serum H. pylori IgG
antibodies. In this type of vaccine the levels of gastric IL-12p40 and IFN-gamma transcripts
were significantly decreased. Gastric IL-10 and TGF-beta transcripts were found only at
relatively low levels [86]. Other type of vaccines were used a recombinant antigen ureB138 (a
segment of the beta-subunit of urease) against Helicobacter pylori infection [87]. Using mucosal
vaccination with H. pylori antigens when given together with cholera toxin (CT) adjuvant, but
not without adjuvant, can induce protective immune responses against H. pylori infection.
However, the toxicity of CT prevents its use as a mucosal adjuvant in humans. The using a
nontoxic double mutant Escherichia coli heat-labile toxin, LT(R192G/L211A) (dmLT), as a
mucosal adjuvant in an experimental H. pylori vaccine and compared it to CT in promoting
immune responses and protection against H. pylori infection. Immunization via the sublingual
or intragastric route with H. pylori lysate antigens and dmLT resulted in a significant decrease
in bacterial load after challenge. Cellular immune responses in the sublingually route resulting
in enhanced in vitro proliferative and cytokine responses from spleen and mesenteric lymph
node cells to H. pylori antigens. Thus, dmLT is an attractive adjuvant for inclusion in a mucosal
vaccine against H. pylori infection [88].

3. Conclusions

Helicobacter infection is an important cause of cancer development. Immune response to this
bacterial infection is playing an important role in gastric inflammation. The infection may be
innocent or subclinical. Therefore, frequent patients screening for this bacteria and eradication
of Helicobacter spp. is very crucial. Researches about these bacteria are very essential starting
from laboratory animal to application of the researches from lab bench to clinic. Innate and
adaptive immune responses of the host are seriously significant for the development of new
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vaccination with H. pylori antigens when given together with cholera toxin (CT) adjuvant, but
not without adjuvant, can induce protective immune responses against H. pylori infection.
However, the toxicity of CT prevents its use as a mucosal adjuvant in humans. The using a
nontoxic double mutant Escherichia coli heat-labile toxin, LT(R192G/L211A) (dmLT), as a
mucosal adjuvant in an experimental H. pylori vaccine and compared it to CT in promoting
immune responses and protection against H. pylori infection. Immunization via the sublingual
or intragastric route with H. pylori lysate antigens and dmLT resulted in a significant decrease
in bacterial load after challenge. Cellular immune responses in the sublingually route resulting
in enhanced in vitro proliferative and cytokine responses from spleen and mesenteric lymph
node cells to H. pylori antigens. Thus, dmLT is an attractive adjuvant for inclusion in a mucosal
vaccine against H. pylori infection [88].

3. Conclusions

Helicobacter infection is an important cause of cancer development. Immune response to this
bacterial infection is playing an important role in gastric inflammation. The infection may be
innocent or subclinical. Therefore, frequent patients screening for this bacteria and eradication
of Helicobacter spp. is very crucial. Researches about these bacteria are very essential starting
from laboratory animal to application of the researches from lab bench to clinic. Innate and
adaptive immune responses of the host are seriously significant for the development of new
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plans to prevent the development of H. pylori-induced gastroduodenal disease and production
a vaccine to eradicate this infection. It will be necessary to determine the feasibility of using
different epitopes extracted from H. pylori in a vaccine design.
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1. Introduction

This review was designed to highlight the available evidence that suggests drinking water and
possible survival in water as a probable transmission mode for H. pylori.

Although the natural niche for H. pylori is the human stomach, for widespread infection to
occur the organism may need to survive in the external environment [1]. Documented evidence
relating to the survival of H.pylori outside the gastric niche is extremely limited. However,
there are no established culture methods for the detection of viable H. pylori in the environment,
in particular drinking water supplies, preventing the development of true epidemiological and
risk assessments [2]. A number of drinking water studies have identified H. pylori in water pre-
and post-chlorination [3]. Baker and colleague [4] found that H. pylori were more resistant to
low levels of free chlorine than E. coli or C. jejuni. Moreno and colleagues [5] have shown that
H. pylori could survive disinfection procedures that are normally used in drinking water
treatment when bacterium H. pylori was found in the viable but not-culturable (VBNC) state.
However, they did find that culture of H. pylori was lost after 5 min in water despite free
chlorine levels of 0.96 mg/2l of water. Children born into high-income families supplied with
municipal water are considered 12 times more likely to become colonized with H. pylori than
those supplied from community wells. This suggests that municipal water is a possible risk
factor in the transmission and acquisition of H. pylori. It is plausible to suggest that breaks in
municipal pipes allow for infiltration of contaminated surface water [6].

© 2014 Plonka et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Helicobacter pylori — sources and pathways of transmission

2.1. A Brief history

It has been over a century since Walery Jaworski at Cracow University detected a spiral bacteria
named Vibrio rugula, in the sediment after gastric washing from patients with gastric cancer
and over a quarter of century since Marshall and Warren drew attention to the spiral bacteria,
H. pylori as a pathogen in various gastric diseases. The Nobel Prize was awarded to Marshall
and Warren in 2005 for the discovery of H. pylori within the gastric mucosa and its role in
gastritis and peptic ulcer disease [7].

H. pylori infecting almost half of the worldʹs population, has become the cause of one of the
most common infections. It is a pathogen of constant interest among researchers still looking
for the answers to many questions. One of them is the question: "How are H. pylori transmitted
and what is its source?”

The answer to this question hangs within the realm of conjecture, because - so far - no dominant
route of infection by H. pylori has been defined. The following routes of transmission are
currently taken into consideration: oral - oral transmission, fecal - oral transmission, iatrogenic
transmission and vector-borne transmission (Fig. 1). The most likely way in which the H.
pylori infection is spread has been found to be by passing from person to person by oral- oral
or fecal - oral transmission [8, 9]. All the scientists involved in research on the etiology of H.
pylori infection are unanimous about the fact that this bacterium has to get invaded into the
stomach through the mouth - this is a non-invasive micro-organism, and therefore cannot
colonize the gastric mucosa in any other way.

2.2. Oral-oral transmission

Data for the confirmation of oral - oral transmission is based on various observations that are
related to, among others, research on infection within the family. Research showed that if one
person in the family was found to be infected with H. pylori, the probability of infecting the
other family members was significantly higher [10, 11]. By studying the frequency of infected
couples, Italian and German epidemiologists have shown the relationship between the
prevalence of infection among uninfected spouses and the length of time in which they live
with an infected partner [12, 13]. German studies [14, 15] have also demonstrated particularly
strong dependence of the cross-infection between mother and child, with emphasis on the key
role of the mother in this form of transmission. Evidence for the dominance of the oral- oral
and fecal - oral transmissions was also provided by research conducted in closed institutions
such as care facilities for the mentally and physically handicapped, nursing homes, preschools/
kindergartens and orphanages. Research conducted by Lambert and others [16], carried out
on adult residents of a home for mentally and physically handicapped persons in Australia,
reported a higher prevalence rate of H. pylori infection in the population of the institution, than
in the general population, as well as the relationship between the prevalence of infection and
the length of stay in such a care facility. Similar conclusions were reached by Dutch and
Japanese researchers [17, 18]. Indeed, a higher degree of H. pylori infection was also detected

Trends in Helicobacter pylori Infection100

in closed institutions: in England [19, 20], Russia [21], and France [22]. The oral - oral route of
transmission is confirmed by the presence of bacteria in the saliva, the dental plate and dental
pockets. Evidence that the bacterium H. pylori can be transmitted by saliva come from studies
conducted by Mègraund`s [23], Pytko - Polonczyk et al [24] and Parsonnet et al [25]. Mègraund
in the cited work [23] also reported an increased risk of transmission associated with the
chewing of food by mothers in West Africa before the feeding it to their children. The trans‐
mission of bacteria through vomiting up the stomach contents into the mouth was confirmed
in clinical trials by Parsonnet et al [25] who bred H. pylori from all samples collected from 16
vomiting seropositive asymptomatic patients.

2.3. Fecal -oral transmission

An important argument for transmission of H. pylori by the fecal - oral route was the isolation
and growth of the bacteria from human faeces by Thomas et al [26]. Another proponent of the
spreading of the H. pylori infection by the fecal - oral route is a David Graham, who demon‐
strated the transmissionʹs similarity to other bacterial gastrointestinal infections transmitted
in this way, in particular hepatitis A (HAV) [27].

An important factor in the acquisition of H. pylori infection by the fecal - oral route may be the
contamination of water with faeces (Fig. 2). The active, spiral form of H. pylori can survive in
river water for at least a week, and coccoid of the bacteria can survive for a year or more. Klein
et al [28] also demonstrated that H. pylori can survive in water, and then penetrate into
particular parts and organs of the gastrointestinal tract through the contaminated water. They

Transmission of H. pylori  infection

fecal-oral

gastric-oral oral-oral

water

zoonotic

Transmission

Lee A et al., 1999, Brown LM et al., 2000 Konturek PC et al. 2009

Figure 1. The different mode of transmission of H.pylori in humans.
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H. pylori infecting almost half of the worldʹs population, has become the cause of one of the
most common infections. It is a pathogen of constant interest among researchers still looking
for the answers to many questions. One of them is the question: "How are H. pylori transmitted
and what is its source?”

The answer to this question hangs within the realm of conjecture, because - so far - no dominant
route of infection by H. pylori has been defined. The following routes of transmission are
currently taken into consideration: oral - oral transmission, fecal - oral transmission, iatrogenic
transmission and vector-borne transmission (Fig. 1). The most likely way in which the H.
pylori infection is spread has been found to be by passing from person to person by oral- oral
or fecal - oral transmission [8, 9]. All the scientists involved in research on the etiology of H.
pylori infection are unanimous about the fact that this bacterium has to get invaded into the
stomach through the mouth - this is a non-invasive micro-organism, and therefore cannot
colonize the gastric mucosa in any other way.

2.2. Oral-oral transmission

Data for the confirmation of oral - oral transmission is based on various observations that are
related to, among others, research on infection within the family. Research showed that if one
person in the family was found to be infected with H. pylori, the probability of infecting the
other family members was significantly higher [10, 11]. By studying the frequency of infected
couples, Italian and German epidemiologists have shown the relationship between the
prevalence of infection among uninfected spouses and the length of time in which they live
with an infected partner [12, 13]. German studies [14, 15] have also demonstrated particularly
strong dependence of the cross-infection between mother and child, with emphasis on the key
role of the mother in this form of transmission. Evidence for the dominance of the oral- oral
and fecal - oral transmissions was also provided by research conducted in closed institutions
such as care facilities for the mentally and physically handicapped, nursing homes, preschools/
kindergartens and orphanages. Research conducted by Lambert and others [16], carried out
on adult residents of a home for mentally and physically handicapped persons in Australia,
reported a higher prevalence rate of H. pylori infection in the population of the institution, than
in the general population, as well as the relationship between the prevalence of infection and
the length of stay in such a care facility. Similar conclusions were reached by Dutch and
Japanese researchers [17, 18]. Indeed, a higher degree of H. pylori infection was also detected
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in closed institutions: in England [19, 20], Russia [21], and France [22]. The oral - oral route of
transmission is confirmed by the presence of bacteria in the saliva, the dental plate and dental
pockets. Evidence that the bacterium H. pylori can be transmitted by saliva come from studies
conducted by Mègraund`s [23], Pytko - Polonczyk et al [24] and Parsonnet et al [25]. Mègraund
in the cited work [23] also reported an increased risk of transmission associated with the
chewing of food by mothers in West Africa before the feeding it to their children. The trans‐
mission of bacteria through vomiting up the stomach contents into the mouth was confirmed
in clinical trials by Parsonnet et al [25] who bred H. pylori from all samples collected from 16
vomiting seropositive asymptomatic patients.

2.3. Fecal -oral transmission

An important argument for transmission of H. pylori by the fecal - oral route was the isolation
and growth of the bacteria from human faeces by Thomas et al [26]. Another proponent of the
spreading of the H. pylori infection by the fecal - oral route is a David Graham, who demon‐
strated the transmissionʹs similarity to other bacterial gastrointestinal infections transmitted
in this way, in particular hepatitis A (HAV) [27].

An important factor in the acquisition of H. pylori infection by the fecal - oral route may be the
contamination of water with faeces (Fig. 2). The active, spiral form of H. pylori can survive in
river water for at least a week, and coccoid of the bacteria can survive for a year or more. Klein
et al [28] also demonstrated that H. pylori can survive in water, and then penetrate into
particular parts and organs of the gastrointestinal tract through the contaminated water. They
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Figure 1. The different mode of transmission of H.pylori in humans.
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found that the water resources in Lima (Peru) may be responsible for the bacterium H. pylori
infection, especially if it is stored in tanks or extracted from urban scenes.
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Figure 2. Major epidemiologic risk factors for acquisition of H.pylori in humans.

2.4. Iatrogenic and vector-borne transmission

In view of the widespread use of the gastroscopy as a means for diagnosing the upper gastro‐
intestinal tract disorders, the iatrogenic transmission of H. pylori could be a potential risk factor
for infecting patients undergoing colonoscopies. Tytgat [29] proposed that the major cause of
this phenomenon is the complex structure of gastroscope and the difficulties involved in its
disinfection. It should be noted, however, that the risk of bug infection in this way is negligi‐
ble. Lin et al [30, 31] believe that the medical staff performing endoscopic examinations are at
greater risk of becoming infected with H. pylori, as opposed to dentists and dental nurses whose
level of risk is negligible. This suggests that infected gastric mucosa may play a more impor‐
tant role in the spread of infection than infected saliva. Although the principal reservoir for H.
pylori infection seems to be a human being, there may be other reservoirs of H. pylori, such as
livestock. Handt et al [32] isolated H. pylori from cats and implied that this so called “pet
transmission” may have public health implications. However, there is no convincing epidemio‐
logical data of H. pylori infection in cats, which is why the current risk of infection from cats is
considered to be rather small. Other animal organisms that were found to be colonized with H.
pylori are monkeys [33]. The monkey to human mode of transmission of H. pylori could be,
however, unlikely due to limited human contact with monkeys. However, a much more likely
vector in the transmission of H. pylori is a housefly. It was Grubel et al [34, 35] who found that
houseflies infected with H.pylori in the laboratory may be a reservoir of living bacteria, found
both in the gut and on the hairs covering the flyʹs body. The probability that flies can carry H.
pylori  from infected faeces to food or human mucosal surfaces is indirectly confirmed by
numerous epidemiological studies conducted in countries with particularly difficult sanitary
conditions such as Colombia, Peru and Japan (Fig. 3). However, there is no direct evidence that
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the flies which have been in contact, under natural conditions, with faeces infected by H. pylori
are the source of infection or that this microorganism can be transferred from contaminated
flies to food in an amount sufficient enough to infect humans [36]. Goodman et al [37] have
found interesting results on the risk of H. pylori infection in children from the Colombian Andes,
who played with sheep (Fig. 3). A study by Dore et al [38] revealed a significantly higher
prevalence of H. pylori infection among Sardinian sheep herders, but not among members of
their families. Papiez et al [39] and Plonka et al [40] detected an increased risk of H. pylori infection
in both Polish sheepherders from the Tatra Mountains, as well as entire families in that region.
Despite the significance of issue at hand, the epidemiology of the H. pylori infection still remains
obscure. Studies often present conflicting results, especially when it comes to sources and modes
of transmission of infection and associated risk factors. In world literature, authors of various
studies emphasize the high volatility of risk, depending on environmental and geographical
factors. They also emphasize the lack of a sufficient number of epidemiological studies in the
countries of Central and Eastern Europe, including Poland.

Evidence for waterborne H. pylori transmission

� Bacterial survival in laboratory aquatic envinroments

� Risk of H. pylori transmission from drinking well

water in Japan

� H. pylori detection by polymerase chain reaction in water

samples from Colombia and Peru

� Association with drinking water source in Andean countries

� Association with raw vegetable consumption in

Andean countries

� Detection with swimming in rivers and swimming pools

Hopkins RJ et al., 1994, Goodman KJ et al., 1996, Karita M et al., 2003, Plonka M et al., 2011, Twing KI et al., 2011

Figure 3. Literature evidence that water may serve as a potential source and reservoir of H.pylori.

2.5. Water serves as a potential reservoir of H. pylori

The breakthrough discovery that water can be a source and route of the H. pylori infection
resulted in a flurry of research. The fact that water can be a source of H. pylori infection was
reported in a study, conducted in the Colombian Andes, by Goodman and others [37]. They
found that drinking water from streams, bathing and swimming in streams and pools
significantly increases the risk of infection in children in Colombia (Fig. 3). Similar conclusions
were reached by Klein et al [28] on the basis of the abovementioned studies conducted in Lima.
However, Teh et al [41] of Taiwan and Hopkins et al [42] in Chile found no increased risk in
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pylori  from infected faeces to food or human mucosal surfaces is indirectly confirmed by
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subjects who acquired their drinking water from rivers, and even in those that swam near the
polluted beaches in local rivers, irrigation canals or lakes. The problem of H.pylori contamina‐
tion of water resources requires further studies with a proper way of assessment of bacteria in
water environment.

3. Methods for the detection of waterborne H. pylori

The following methods are used in order to detect the presence of H. pylori in water samples
taken from a variety of intakes:

1. Culturable methods – that utilize the specialized media bacterial growth, and

2. The methods of molecular assessment of H. pylori using the polymerase chain reaction
(PCR).

3.1. Culturable methods in the culturing of H. pylori

H. pylori is a Gram-negative bacterium, measuring 2 to 4 μm in length and 0.5 to 1 μm in width.
Culturing H. pylori from areas outside the human stomach has been difficult because of a
morphological change in the bacterium and overgrowth by competing microorganisms. H.
pylori rapidly transforms into a coccoid form which is in a viable but nonculturable (VNBC)
state. The VBNC state could be responsible for the difficulty in isolating H. pylori from water
samples [43]. Coccoid forms are repeatedly observed in several environments, but since it is
not known if they represent cell death or a resistant state, their role in the transmission pathway
of H. pylori, especially by animals and food, is still controversial [44, 45].

We found only a few studies that report successful isolation of H. pylori from environmental
water samples [46]. In one case, the bacterium was isolated from a municipal wastewater canal
on the US-Mexico border, which is compatible with a fecal – oral route of contamination [47].
This canal was found to be heavily contaminated with untreated raw sewage in an area know
to have a high H. pylori prevalence. The authors used a combination of non standardized
immunomagnetically separation (IMS) and culturing techniques. Following separation the
bead-H. pylori conjugates were streaked onto Columbia blood agar plates and incubated for 3
to 5 days in microaerophilic condition at 37°C, the small, gray colonies were selected and
stained with Gram stain to verify morphology. Colonies with Gram-negative rods or coccoid
forms were tested by three diagnostic techniques: a rapid urea test, of cytochrome oxidase test
and catalase test. In order to fully confirm detection of H. pylori one should remember that
besides to be positive in all the three mentioned tests, H. pylori is a Gram-negative bacterium.
A total of 37 out of 132 isolates from culture were selected as putative H. pylori and then 23 out
of 37 isolates were confirmed to be H. pylori by 16S rRNA PCR (Fig. 4).

In the second case, H. pylori was isolated from a seawater sample [48]. Colonies were only
obtained in residues on 200 μm filters but not in residues on 0.64 and 0.22 μm filters. H.
pylori could only be isolated from fractionated seawater samples, containing large zooplankton
organisms; without zooplankton, H. pylori cells could not be recovered from any other fractions
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by growth-dependent detection protocols [48, 49]. This suggests that bacterium H. pylori
requires an organic or proteins matrix to remain culturable. This should be further investigated
and other studies attempting to isolate H. pylori from water sources using similar approaches
are needed.

In another study [50] drinking water samples (n= 600) were collected from ground-drilled
water supplied by water and sanitation agencies in different localities within the Lahore
metropolitan area, Pakistan, and were used within six hours for culturing of H. pylori. Water
Samples with isolated bacteria was cultured on modified H. pylori medium and detected by
biochemical tests. The culture-based method sometimes may lead to false negative results due
to contamination of microbial species present in the environment that contain the combination
of antibiotic resistant genes. In order to remove this discrepancy the grown bacterial cultures
were rechecked on another H. pylori agar plate followed by urease and catalase tests and was
also checked under a microscope to minimize the probability of mixed microbial growth. It
was found that 225 out of 600 drinking water samples (37.5%) were positive for H. pylori on
the H. pylori agar medium. The samples that were positive for H. pylori were selected on the
basis of the formation of a discrete red color zone around the bacterial colony during incubation
in 5% CO2 at 37oC for 3-5 days. And then PCR analysis showed that 90 out of 225 H. pylori
positive drinking water samples were confirmed 139 bp gene segment of 16S rRNA H. pylori
strains from water in the Lahore metropolitan area were studied to find the presence of
virulence genes and also to correlate with the global genetic structure and evolution of H.
pylori. The presence of H. pylori in drinking water samples of Lahore metropolitan city was
approximately 40%, which is an alarming situation. The presence of a high percentage of H.
pylori contamination in different water sources may be due to low socioeconomic factors such
as a lack of public health education, poverty, overcrowding, poor sanitation and unsafe water
supplies (Fig. 2). The results for the presence of H. pylori in the test samples are in agreement
with the results of other studies [51]. The epidemiological survey also suggests that water is
the potential source for the transmission of H. pylori infection [52] suggesting that water is one
of the vectors required for prevalence and transmission of H. pylori.

Survival studies in water samples demonstrate that H. pylori can be cultured for a limited
period of time in a temperature dependent manner [53, 54]. Elevated temperature results in
loss of cultivability [55]. The presence of H. pylori associated with biofilm from wells, rivers
and water distribution systems has been reported recently [56, 57]. Biofilms are slimy films of
bacteria, other microbes and organic materials that cover underwater surfaces, particularly
inside plumbing. This makes them rather inaccessible and provides a matrix difficult to be
reached by disinfectants. The detachment of biofims is the principal form of contamination of
treated water [58, 59]. Aside from these studies, positive culture of H pylori from drinking water
has not been successful, despite efforts to produce a culture-specific media sensitive and
selective enough to isolate and grow this organism. A simple plating medium for the detection
of H. pylori in the environment was investigated independently by Stoodley et al [59], however,
the culturable methods employed were unsuccessful in the culturing of H. pylori.
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3.2. The methods of molecular assessment of H. pylori

3.2.1. Fluorescent in situ hybridization (FISH)

Fluorescent in situ hybridization (FISH) with rRNA oligonucleotide probes has been used
for detection and identification of VBNC forms of bacteria [62]. In addition to PCR, FISH
was validated as a quick and sensitive method for detection of H. pylori in environmental
samples [63].

In the United States, actively respiring H. pylori from surface and well water has been detected
using fluorescent antibody - tetrazolium reduction (FACTC) microscopy [64] and confirmed
using species-specific PCR [65]. Sen et al. [66] investigated the development of internal controls
for PCR assays by spiking drinking water with 100 cells of H. pylori and demonstrated similar
cycle thresholds to those of recombinant Escherichia coli during chlorine disinfection. In
addition to PCR, FISH was validated as a quick and sensitive method for detection of H.
pylori in environmental samples [63]. These findings suggest the presence of H. pylori in the
natural environment and a possible waterborne route of transmission.

3.2.2. The determination of gene expression by PCR method in the biological material collected from
humans and from water sources

This method allows the identification of DNA which is specific for H. pylori in biological
material: gastric juice, saliva, feces and as shown, this method could be useful to detect the
presence of H. pylori in water. The application of this technique to test for H. pylori has allowed
the cloning and sequencing of important genes involved in colonization and pathogenesis, and
for the development of simple patterns to determine a sequence of H. pylori-specific genes. It
also allows for the detection of the protein CagA and VacA which are encoded by the patho‐
genic genes of cagA and vacA found in particular strains of H. pylori bacteria that cause serious
gastric disorders including chronic gastritis, peptic gastric and duodenal diseases and /or even
gastric cancer.

Despite the numerous research findings identifying H. pylori in water, it is important to
consider the fact that the use of PCR and other molecular methods for the detection of
pathogens in environmental samples has limitations. This is principally due to the inability of
PCR to differentiate between naked DNA from dead and living cells. Consequently, to
scientifically interpret data regarding the epidemiology of H. pylori, cultured bacteria from
appropriate water sources are necessary (Fig. 4).

H. pylori rapidly transforms into VBNC state which is induced by low nutrient and hyperos‐
motic conditions [67 - 69]. Such stressed conditions are commonly found in water and the
watery environment. Nayak and Rose [70] demonstrated that quantitative polymerase chain
reaction (qPCR) could determine H. pylori concentrations in water. In this study real time qPCR
was shown to be a specific, sensitive and rapid method to quantify H. pylori in sewage. Prior
to these studies a two-stage in vitro method for detection of H. pylori in spiked water and fecal
samples.
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Janzon et al [71] developed tested and optimized two complementary H. pylori specific real-
time PCR assays for quantification of H. pylori DNA in water. The minimum detection level of
the assays including collection procedures and DNA extraction was shown to be approxi‐
mately 250 H. pylori genomes per water sample. They analyzed samples of drinking and
environmental water (n = 75) and natural water biofilms (n = 21) from a high-endemic area in
Bangladesh. They could not identify H. pylori DNA in any of the samples, even though other
pathogenic bacteria have been found previously in the same water samples by using the same
methodology. A series of control experiments were performed to ensure that the negative
results were not falsely caused by PCR inhibition, nonspecific assays, degradation of template
DNA, or low detection sensitivity. Their results suggest that it is unlikely that the predominant
transmission route of H. pylori in this area is waterborne.

3.2.2.1. H. pylori DNA is not detected in environmental and wastewater samples

Since H. pylori DNA was not detected in the household waters, the presence of H. pylori DNA
in different environmental water sources in Dhaka was evaluated. A total of 15 water samples
from ponds and lakes and 6 wastewater samples were collected in the larger Dhaka area
between November 2005 and March 2006. The sample volumes ranged between 150 ml and
1,000 ml. Also, these samples were all negative for the presence of H. pylori DNA.

Characterization of H. pylori DNA detection methods

1 L of water was 

poured into 

smaller tubes

Then water was

concentrated by 

centrifugation

DNA extraction was 

performed using 

Genomic Mini AX Bacteria

Water samples were 

subjected to PCR for the 

presence of Hp using 

primer pair targeting 

the hypervariable region 

flanking the 16S rRNA 

gene in Hp.

Figure 4. H.pylori detection by the assessment of H.pylori DNA and 16S rRNA by PCR technique. Proposed steps of
detection of H.pylori in municipal water.
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3.2. The methods of molecular assessment of H. pylori

3.2.1. Fluorescent in situ hybridization (FISH)

Fluorescent in situ hybridization (FISH) with rRNA oligonucleotide probes has been used
for detection and identification of VBNC forms of bacteria [62]. In addition to PCR, FISH
was validated as a quick and sensitive method for detection of H. pylori in environmental
samples [63].

In the United States, actively respiring H. pylori from surface and well water has been detected
using fluorescent antibody - tetrazolium reduction (FACTC) microscopy [64] and confirmed
using species-specific PCR [65]. Sen et al. [66] investigated the development of internal controls
for PCR assays by spiking drinking water with 100 cells of H. pylori and demonstrated similar
cycle thresholds to those of recombinant Escherichia coli during chlorine disinfection. In
addition to PCR, FISH was validated as a quick and sensitive method for detection of H.
pylori in environmental samples [63]. These findings suggest the presence of H. pylori in the
natural environment and a possible waterborne route of transmission.
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humans and from water sources

This method allows the identification of DNA which is specific for H. pylori in biological
material: gastric juice, saliva, feces and as shown, this method could be useful to detect the
presence of H. pylori in water. The application of this technique to test for H. pylori has allowed
the cloning and sequencing of important genes involved in colonization and pathogenesis, and
for the development of simple patterns to determine a sequence of H. pylori-specific genes. It
also allows for the detection of the protein CagA and VacA which are encoded by the patho‐
genic genes of cagA and vacA found in particular strains of H. pylori bacteria that cause serious
gastric disorders including chronic gastritis, peptic gastric and duodenal diseases and /or even
gastric cancer.

Despite the numerous research findings identifying H. pylori in water, it is important to
consider the fact that the use of PCR and other molecular methods for the detection of
pathogens in environmental samples has limitations. This is principally due to the inability of
PCR to differentiate between naked DNA from dead and living cells. Consequently, to
scientifically interpret data regarding the epidemiology of H. pylori, cultured bacteria from
appropriate water sources are necessary (Fig. 4).

H. pylori rapidly transforms into VBNC state which is induced by low nutrient and hyperos‐
motic conditions [67 - 69]. Such stressed conditions are commonly found in water and the
watery environment. Nayak and Rose [70] demonstrated that quantitative polymerase chain
reaction (qPCR) could determine H. pylori concentrations in water. In this study real time qPCR
was shown to be a specific, sensitive and rapid method to quantify H. pylori in sewage. Prior
to these studies a two-stage in vitro method for detection of H. pylori in spiked water and fecal
samples.
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Janzon et al [71] developed tested and optimized two complementary H. pylori specific real-
time PCR assays for quantification of H. pylori DNA in water. The minimum detection level of
the assays including collection procedures and DNA extraction was shown to be approxi‐
mately 250 H. pylori genomes per water sample. They analyzed samples of drinking and
environmental water (n = 75) and natural water biofilms (n = 21) from a high-endemic area in
Bangladesh. They could not identify H. pylori DNA in any of the samples, even though other
pathogenic bacteria have been found previously in the same water samples by using the same
methodology. A series of control experiments were performed to ensure that the negative
results were not falsely caused by PCR inhibition, nonspecific assays, degradation of template
DNA, or low detection sensitivity. Their results suggest that it is unlikely that the predominant
transmission route of H. pylori in this area is waterborne.

3.2.2.1. H. pylori DNA is not detected in environmental and wastewater samples

Since H. pylori DNA was not detected in the household waters, the presence of H. pylori DNA
in different environmental water sources in Dhaka was evaluated. A total of 15 water samples
from ponds and lakes and 6 wastewater samples were collected in the larger Dhaka area
between November 2005 and March 2006. The sample volumes ranged between 150 ml and
1,000 ml. Also, these samples were all negative for the presence of H. pylori DNA.
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3.2.2.2. Determination of inhibitors in samples subjected for PCR.

To evaluate the possibility that the absence of H. pylori DNA in the water samples was caused
by substances inhibiting the PCR process, two H. pylori strains, Hel513 and Hel703, were
incubated at approximately 107 bacteria per ml in water samples from three drinking water
sources and one pond in Dhaka and in PBS as a control and sampled after 1 and 21 days. The
detection rates of less than 100% compared to the level for the control incubated in PBS
indicated that PCR inhibitors were present in one of the drinking water sources and in the
pond water. However, ten-fold dilution of the purified DNA was shown to remove the effect
of the PCR inhibitors.

To further determine the presence of inhibitory factors in the field study water and biofilm
samples from Dhaka, the real-time PCR analysis was repeated on all field samples but spiked
with 1,000 genomes of H. pylori strain J99 in each PCR. Detection rates lower than 30% were
found in 41% of the drinking water samples. However, 10-fold dilution of the DNA was shown
to remove the inhibitory effect in 90% of samples, but still without positive results. These
analyses showed that levels of H. pylori DNA were below 250 genome copies in 38% of the
samples and below at least 2,500 genome copies in another 52% of the samples. Similar results
were found in biofilm and environmental water samples. Interestingly, fewer than 10% of the
wastewater samples showed presence of inhibitors, presumably because these were extracted
using the Qiagen stool kit, which removes PCR inhibitors but decreases the DNA yield.

3.2.2.3. H. pylori DNA and RNA stability during long-term incubation in tap water and seawater

Possible degradation of H. pylori DNA in water was studied using two different H. pylori
strains, Hel513 and Hel703. Because of the possible confounding effect of inhibitors in the water
in Dhaka, water was taken from Gothenburg, Sweden, for this experiment. Morphology,
culturability, hpaA and glmM gene numbers, and RNA integrity were analyzed at different
time points. A majority of the initially spiral-shaped H. pylori bacteria converted into the
coccoid shape within 24 h, and on day 7, no spiral-shaped bacteria were detected and no viable
bacteria were recovered. Real-time PCR assays revealed that the copy numbers of both H.
pylori genes were constant in tap water for up to 35 days, followed by small decreases at 100
days, whereas copy numbers in seawater decreased up to 50-fold after 100 days. However, gel
electrophoresis of total RNA showed that RNA was degraded in tap water within 7 days, with
no visible 23S or 16S fragments.

4. Evidence that biofilms in water distribution systems may harbor H.
pylori

It is well known that waterborne bacteria can attach to surfaces by aggregating in a hydrated
exopolymer known as a biofilm [72, 73]. The association of bacteria, particularly pathogens,
with biofilm communities within a water distribution system may offer vulnerable and
susceptible bacteria protection from disinfection and protozoan predation [74]. In fact
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microorganisms in drinking water are predominantly associated with biofilms rather than in
the planktonic state [72, 73, 75]. There is evidence that biofilms in water distribution systems
may harbor H. pylori [76-78]. In addition a study undertaken in Western Africa, utilizing 16S
rDNA sequences, has shown evidence that H. pylori can be detected in natural biofilms [79].
A more recent study by Watson and colleagues [80] showed a close link between Helicobacter
DNA in showerhead biofilm used in domestic households.

4.1. Cultivability of H. pylori in water and water-associated biofilms and implications for
transmission

Adams et al. [81] have shown that in pure culture H. pylori cells remain cultivable longer at
15°C than at 20°C, but in their study it was not possible to recover cultivable H. pylori from
water samples and biofilms. However, considering the shape of the cells detected by PNA-
FISH (peptide nucleic acid fluorescence in situ hybridization) and considering that cultivable
cells are spiral shaped, while coccoid cells are VBNC and therefore likely to be non-cultivable,
the expectation is that there should be more cultivable H. pylori cells at 20°C. It is assumed
demonstrating that the behavior of this pathogen in heterotrophic biofilms might be com‐
pletely different than its behavior in pure culture. Additionally, the PNA probe used in this
work targets sites on the 16S rRNA molecule, and it is known that the RNA content of a cell
can be indicative of viability which suggests that the cells detected were still viable [82]. It has
been shown that the concentration of all H. pylori cells in the biofilms formed in this work is
either higher than or very similar to the concentrations found when pure-culture biofilms were
formed [83]. In addition, the detection of H. pylori embedded in biofilms suggests that there is
a close association with other bacteria present in the biofilms. These two factors, together with
the persistence of a bright PNA-FISH signal, which is indicative of a high rRNA content,
suggest that the heterotrophic bacteria present in the biofilms formed in this study were not a
negative influence on H. pylori but only induced its transformation to the more robust coccoid
morphology [84-86].

4.2. The existence of H. pylori in the drinking water

The evidence based medicine regarding H. pylori transmission is not convincing, making it
difficult to avoid the notion that the burden/inconvenience accounts for this bacterial infection.
The microbiological and epidemiological studies confirmed that in certain conditions the
intake of water contaminated with H. pylori might be considered as potential source of human
infection with this bug. The water could be considered as a reservoir of H. pylori [87].

In the U.S. the problem of drinking water pollution is handled by the Environmental Protection
Agency (EPA). On the basis of a survey which was carried out, the Agency has developed and
issued a list of microbiological contaminants of water, which are likely to significantly affect
the public health of consumers of drinking water. The list includes three species of bacteria:
Aeromonas, Mycobacterium avium and H. pylori.

The water contamination of bacteria was documented specially in suburban areas because the
number of systems for discharging sewage to sewage treatment plants is inadequate. The
reason of these bacterial contaminations is not fully understood but some mechanisms were
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Possible degradation of H. pylori DNA in water was studied using two different H. pylori
strains, Hel513 and Hel703. Because of the possible confounding effect of inhibitors in the water
in Dhaka, water was taken from Gothenburg, Sweden, for this experiment. Morphology,
culturability, hpaA and glmM gene numbers, and RNA integrity were analyzed at different
time points. A majority of the initially spiral-shaped H. pylori bacteria converted into the
coccoid shape within 24 h, and on day 7, no spiral-shaped bacteria were detected and no viable
bacteria were recovered. Real-time PCR assays revealed that the copy numbers of both H.
pylori genes were constant in tap water for up to 35 days, followed by small decreases at 100
days, whereas copy numbers in seawater decreased up to 50-fold after 100 days. However, gel
electrophoresis of total RNA showed that RNA was degraded in tap water within 7 days, with
no visible 23S or 16S fragments.

4. Evidence that biofilms in water distribution systems may harbor H.
pylori

It is well known that waterborne bacteria can attach to surfaces by aggregating in a hydrated
exopolymer known as a biofilm [72, 73]. The association of bacteria, particularly pathogens,
with biofilm communities within a water distribution system may offer vulnerable and
susceptible bacteria protection from disinfection and protozoan predation [74]. In fact
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microorganisms in drinking water are predominantly associated with biofilms rather than in
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may harbor H. pylori [76-78]. In addition a study undertaken in Western Africa, utilizing 16S
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A more recent study by Watson and colleagues [80] showed a close link between Helicobacter
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Adams et al. [81] have shown that in pure culture H. pylori cells remain cultivable longer at
15°C than at 20°C, but in their study it was not possible to recover cultivable H. pylori from
water samples and biofilms. However, considering the shape of the cells detected by PNA-
FISH (peptide nucleic acid fluorescence in situ hybridization) and considering that cultivable
cells are spiral shaped, while coccoid cells are VBNC and therefore likely to be non-cultivable,
the expectation is that there should be more cultivable H. pylori cells at 20°C. It is assumed
demonstrating that the behavior of this pathogen in heterotrophic biofilms might be com‐
pletely different than its behavior in pure culture. Additionally, the PNA probe used in this
work targets sites on the 16S rRNA molecule, and it is known that the RNA content of a cell
can be indicative of viability which suggests that the cells detected were still viable [82]. It has
been shown that the concentration of all H. pylori cells in the biofilms formed in this work is
either higher than or very similar to the concentrations found when pure-culture biofilms were
formed [83]. In addition, the detection of H. pylori embedded in biofilms suggests that there is
a close association with other bacteria present in the biofilms. These two factors, together with
the persistence of a bright PNA-FISH signal, which is indicative of a high rRNA content,
suggest that the heterotrophic bacteria present in the biofilms formed in this study were not a
negative influence on H. pylori but only induced its transformation to the more robust coccoid
morphology [84-86].

4.2. The existence of H. pylori in the drinking water

The evidence based medicine regarding H. pylori transmission is not convincing, making it
difficult to avoid the notion that the burden/inconvenience accounts for this bacterial infection.
The microbiological and epidemiological studies confirmed that in certain conditions the
intake of water contaminated with H. pylori might be considered as potential source of human
infection with this bug. The water could be considered as a reservoir of H. pylori [87].

In the U.S. the problem of drinking water pollution is handled by the Environmental Protection
Agency (EPA). On the basis of a survey which was carried out, the Agency has developed and
issued a list of microbiological contaminants of water, which are likely to significantly affect
the public health of consumers of drinking water. The list includes three species of bacteria:
Aeromonas, Mycobacterium avium and H. pylori.

The water contamination of bacteria was documented specially in suburban areas because the
number of systems for discharging sewage to sewage treatment plants is inadequate. The
reason of these bacterial contaminations is not fully understood but some mechanisms were
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already proposed. Moreover, many farms and households either have their own small
wastewater treatment plants, which do not always function properly, or in worse cases, waste
is disposed of by releasing pollutants into nearby rivers, streams or roadside ditches. Some
farms have leaky septic tanks often built near wells from which they derive all their household
water.

Recent advances in the role of the particular ionic concentrations and the possible correlation
between the presence or absence of contamination of water samples tested for H. pylori may
be an important contribution for tracing the presence of this microorganism in environmental
conditions and attempting to define the role of microelements regarding the inhibition or
stimulation of H. pylori proliferation in water environment.

Determining the concentrations of the suggested ions and the possible correlation between the
presence and absence of contamination of water samples tested for H. pylori may be an
important contribution for tracing the development of this organism in environmental
conditions and to attempt to define the role of microelements on the inhibition or stimulation
of H. pylori proliferation.

4.2.1. Sample preparation

The samples were collected, cooled and stored in polyethylene containers prior to analyses.
Before quantitative elemental analysis, if appropriate the samples were filtered and diluted
adequately to fit the analytical signal to the linear range of calibration curve.

4.2.2. Quantitative determination of metals

Quantitative determinations of sodium and potassium were made using flame photometry
method in air acetylene flame in standard conditions (Perkin Elmer AAS spectrometer Model
3110, USA).

Determinations of Fe, Mg and Zn were performed by means of atomic absorption spectrom‐
etry, flame technique (air acetylene flame) using Perkin Elmer AAS spectrometer Model 3110,
USA. In both methods, analyses were preceded by thorough optimization of measurement
conditions (flame characteristic, burner position, and nebulizer performance). Spectral
conditions are given in Table 1.

Element Method Lamp type Wavelength (nm) Slit (nm)

K AES 766.5 0.7

Na AES 589.0 0.2

Fe F AAS HCL 248.3 0.2

Mg F AAS HCL 285.2 0.7

Zn F AAS HCL 213.9 0.7

Table 1. Spectral conditions of elements determination.
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All measurements were made using the calibration curve technique. In case of Mg measure‐
ments, the samples characterized by high Na concentration were quantified using the method
of standard additions calibration. Measurements were made in triplicate.

4.2.3. The methods of molecular assessment of H. pylori

We have collected 150 water samples from different municipal water distribution systems
(n=49), rivers (n=48), water reservoirs (n=39) and drinking water tanks and wells (n=14) and
they were analyzed between June and December 2012. Samples of 1000 ml water were poured
into smaller tubes water and were processed to remove organic matter by centrifugation at
121xg for 5 min. The supernatant was concentrated by centrifugation at 7740xg for 15 min. The
resultant pellet was dissolve in 1 ml of PBS, followed by centrifugation at 10 000Xg for 5 min.
Finally the pellet was stored at -20°C. Total DNA from concentrated samples for PCR was
purified using Genomic Mini or Genomic Mini AX Bacteria (A & A Biotechnology, Gdynia,
Poland). DNA was stored at -20°C. All PCR amplifications were performed using the GoTaq
DNA Polymerase (Promega, WI, USA) in Thermo cycler T3 (Biometra, Gottingen, Germany).

A negative control with sterile water and positive control with H. pylori 43504 DNA were
included.

PCR with primers specific for Helicobacter spp. and H. pylori (Table 2) were used to screen
samples for potential presence of H. pylori.

First, samples were analyzed for Helicobacter species with phosphoglucosamine mutase gene
and 23S rRNA Helicobacter spp. and then were further tested with primer specific for 16S rRNA
hyper variable flanking region of H. pylori.

For DNA visualization, electrophoresis or PCR products was performed through 2% agarose
gel containing ethidium bromide and gels were photographed under UV light. A 100 bp and
50 bp ladder were used as a molecular weight marker.

Primer Target site Sequence (5’→3’) Ref*

GlmM-forward phosphoglucosamine mutase

gene

AGG CTT TTA GGG GTG TTA GGG GTT T
[85]

GlmM-reverse AAG CTT ACT TTC TAA CAC TAA CGC

Cluster2 16S rRNA hyper variable

flanking region of H. pylori

GGC GTT ATC AAC AGA ATG GC
[86]

B1J99 CTC AGT TCG GAT TGT AGG CTG C

HelGen-forward
23S rRNA Helicobacter spp.

AAC GGG GCT AAG ATA GAC
[87]

HelGen-reverse TCT CAT CTA CCT GTG TCG

*References

Table 2. PCR primer used in this study.

Can Drinking Water Serve as a Potential Reservoir of Helicobacter pylori? Evidence for Water…
http://dx.doi.org/10.5772/57568

111



already proposed. Moreover, many farms and households either have their own small
wastewater treatment plants, which do not always function properly, or in worse cases, waste
is disposed of by releasing pollutants into nearby rivers, streams or roadside ditches. Some
farms have leaky septic tanks often built near wells from which they derive all their household
water.

Recent advances in the role of the particular ionic concentrations and the possible correlation
between the presence or absence of contamination of water samples tested for H. pylori may
be an important contribution for tracing the presence of this microorganism in environmental
conditions and attempting to define the role of microelements regarding the inhibition or
stimulation of H. pylori proliferation in water environment.

Determining the concentrations of the suggested ions and the possible correlation between the
presence and absence of contamination of water samples tested for H. pylori may be an
important contribution for tracing the development of this organism in environmental
conditions and to attempt to define the role of microelements on the inhibition or stimulation
of H. pylori proliferation.

4.2.1. Sample preparation

The samples were collected, cooled and stored in polyethylene containers prior to analyses.
Before quantitative elemental analysis, if appropriate the samples were filtered and diluted
adequately to fit the analytical signal to the linear range of calibration curve.

4.2.2. Quantitative determination of metals

Quantitative determinations of sodium and potassium were made using flame photometry
method in air acetylene flame in standard conditions (Perkin Elmer AAS spectrometer Model
3110, USA).

Determinations of Fe, Mg and Zn were performed by means of atomic absorption spectrom‐
etry, flame technique (air acetylene flame) using Perkin Elmer AAS spectrometer Model 3110,
USA. In both methods, analyses were preceded by thorough optimization of measurement
conditions (flame characteristic, burner position, and nebulizer performance). Spectral
conditions are given in Table 1.

Element Method Lamp type Wavelength (nm) Slit (nm)

K AES 766.5 0.7

Na AES 589.0 0.2

Fe F AAS HCL 248.3 0.2

Mg F AAS HCL 285.2 0.7

Zn F AAS HCL 213.9 0.7

Table 1. Spectral conditions of elements determination.

Trends in Helicobacter pylori Infection110

All measurements were made using the calibration curve technique. In case of Mg measure‐
ments, the samples characterized by high Na concentration were quantified using the method
of standard additions calibration. Measurements were made in triplicate.

4.2.3. The methods of molecular assessment of H. pylori

We have collected 150 water samples from different municipal water distribution systems
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121xg for 5 min. The supernatant was concentrated by centrifugation at 7740xg for 15 min. The
resultant pellet was dissolve in 1 ml of PBS, followed by centrifugation at 10 000Xg for 5 min.
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Poland). DNA was stored at -20°C. All PCR amplifications were performed using the GoTaq
DNA Polymerase (Promega, WI, USA) in Thermo cycler T3 (Biometra, Gottingen, Germany).
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5. Conclusions that arise in relation to the presented results

On the basis of a chemometric analysis that involved the use of multidimensional data analysis
known as multivariate data analysis it was possible to distinguish water samples containing
DNA H. pylori and from samples that did not contain the DNA (Fig. 4). At the same time a
correlation was demonstrated between the presence of H. pylori DNA in water samples and
phosphate, ammonia and iron concentrations.

In analyzing the results of water sampling conducted in the framework of the project “Detec‐
tion of Helicobacter pylori in drinking water samples. In what way is the water contaminated
and what is the source of contamination?” we have reached the conclusion that we cannot yet
say with certainty whether water can be considered as a source of H. pylori infection. Questions,
therefore, arise to which the answers would be helpful in solving the abovementioned
problem.

As the results of our study confirmed the presence of the bacteria in tap water only (i.e., after
the process of purification/water treatment), but was not found in rivers, reservoirs and in
wells where the water is completely untreated, the first question concerns the existence of a
link between the amount of bacteria and the degree and process of the water treatment. The
link between the amount of bacteria present in tap water and the distance from the point of
chlorination can also be taken into consideration (the farther from the treatment, the smaller
the concentration of bactericidal chlorine).

On the basis of these results it can be concluded that the presence of H. pylori in water is affected
by the season. Confirmation of the presence of H. pylori in the water samples taken in June,
while there was no evidence of it in October, may also result from the fact that each of the
water treatment plants in Krakow uses a number of technological processes for water treat‐
ment, depending on the quality of the water collected. Accordingly, further examinations
should be conducted to ascertain whether the presence of H. pylori is actually related to the
time of year, or to other factors.

This raises the question - if the bacteria can survive for so long in distilled water, does this
mean that the physiologically important endogenous pool of metals is enough for them?

If so we can expect that the metals in the water around them will be important for their
survival? On the other hand, there is no doubt about the effects of toxic metals, but these levels
are continuously monitored in water - as is the bacterial cell toxicity of heavy metals. And do
the levels of acceptable standards for drinking water have anything to do with this.

6. Further research

1. Determination of H. pylori interaction with co-occurring elements in water by enriching
their culture media with in the laboratory experiment.
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2. Understanding the effects of dissolved organic carbon in the survival of bacteria during
water treatment.

3. Taking into account the differences in the composition and concentration studied seasonal
elements for the possible coexistence of H. pylori.

These relationships can be used to develop a better method of treating water in order to
minimize the exposure of humans to infection
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5. Conclusions that arise in relation to the presented results

On the basis of a chemometric analysis that involved the use of multidimensional data analysis
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say with certainty whether water can be considered as a source of H. pylori infection. Questions,
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problem.

As the results of our study confirmed the presence of the bacteria in tap water only (i.e., after
the process of purification/water treatment), but was not found in rivers, reservoirs and in
wells where the water is completely untreated, the first question concerns the existence of a
link between the amount of bacteria and the degree and process of the water treatment. The
link between the amount of bacteria present in tap water and the distance from the point of
chlorination can also be taken into consideration (the farther from the treatment, the smaller
the concentration of bactericidal chlorine).

On the basis of these results it can be concluded that the presence of H. pylori in water is affected
by the season. Confirmation of the presence of H. pylori in the water samples taken in June,
while there was no evidence of it in October, may also result from the fact that each of the
water treatment plants in Krakow uses a number of technological processes for water treat‐
ment, depending on the quality of the water collected. Accordingly, further examinations
should be conducted to ascertain whether the presence of H. pylori is actually related to the
time of year, or to other factors.

This raises the question - if the bacteria can survive for so long in distilled water, does this
mean that the physiologically important endogenous pool of metals is enough for them?

If so we can expect that the metals in the water around them will be important for their
survival? On the other hand, there is no doubt about the effects of toxic metals, but these levels
are continuously monitored in water - as is the bacterial cell toxicity of heavy metals. And do
the levels of acceptable standards for drinking water have anything to do with this.

6. Further research

1. Determination of H. pylori interaction with co-occurring elements in water by enriching
their culture media with in the laboratory experiment.
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2. Understanding the effects of dissolved organic carbon in the survival of bacteria during
water treatment.

3. Taking into account the differences in the composition and concentration studied seasonal
elements for the possible coexistence of H. pylori.

These relationships can be used to develop a better method of treating water in order to
minimize the exposure of humans to infection
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1. Introduction

Helicobacter pylori (H. pylori) is an universally distributed bacterium that affects more than half
of the world population and is considered an important public health problem. Although
colonization with H. pylori is not actually a disease, it is a condition that affects the relative risk
of developing various clinical disorders of the upper gastrointestinal tract, as chronic gastritis,
peptic ulcer disease, mucosa-associated lymphoid tissue (MALT lymphoma) and gastric
adenocarcinoma, and, possibly, extradigestive diseases.

Colonization with H. pylori virtually leads to infiltration of the gastric mucosa in both antrum
and corpus with neutrophilic and mononuclear cells. Gastritis can be classified as an acute or
chronic gastritis and it can involve all parts of the stomach or just the fundus, corpus or antrum.
The chronic active gastritis is the primary condition related to H. pylori colonization, and other
H. pylori-associated disorders, in particular, resulting from this chronic inflammatory process,
as atrophic gastritis, causing an elevated risk of gastric cancer. Considering this association,
in 1994 the bacterium was classified as a group I carcinogen by the International Agency for
Research on Cancer, World Health Organization.

Molecular techniques have revealed that H. pylori possesses a remarkable degree of genetic
diversity, which could be responsible for its adaptation in the host stomach and for its
pathological characteristics, in addition to the clinical outcome of the infection, although this
aspect remains unclear.

In Brazil, it is estimated that only about 10 to 15% of the gastric cancer cases are diagnosed at
an early stage, aspect that directly impact the prognosis of the disease, which presents low

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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survival rates. Unlike patients with advanced gastric cancer, that ones diagnosed at the early
stage of the disease present an excellent prognostic, in which a five-year survival rate is more
than 90%.

Many early gastric cancers are believed to go through a life cycle consisting of ulcerations,
followed by healing, then reulceration, and some tumors remain at this early stage for years
even without treatment. Nevertheless, some of these tumors rapidly advanced, perhaps one
of the principal questions concerning the gastric carcinogenesis.

Consequently, some questions can be considered about it. Is the H. pylori presence important
for the evolution of the early lesions in advanced ones? To what extent H. pylori eradication
could prevent the progression of lesions from one to another stage? Are the genetic charac‐
teristics of H. pylori strain that is colonizing the patient with early gastric cancer important for
the progression of the disease in a faster or in a slower way?

The principal aim of our book chapter is to identify the genetic characteristics of H. pylori
strains in Brazilian patients diagnosed with early distal type intestinal gastric adenocarcino‐
ma,  trying  to  determine  the  genotypic  pattern  of  bacterium in  our  population  through
molecular techniques. Besides, other aim of our study is to discuss the principal aspects of
the H. pylori infection and then correlate them with the development of the precancerous
lesions and the development of the early gastric cancer properly, trying to understand to
what extent the microorganism eradication treatment could be important to preventing the
disease progression.

2. Helicobacter pylori

2.1. General characteristics

Helicobacter pylori (H. pylori) is a spiral-shaped Gram-negative flagellate bacterium that
colonizes the human stomach and can establish a long-term infection of the gastric mucosa [1].
In gastric biopsy specimens, H. pylori organisms are 2.5 to 5.0 μm long and 0.5 to 1.0 μm wide,
with four to six unipolar sheated flagella, which are essential for bacterial motility. When
cultured on solid medium, the bacteria assume a rod-like shape and spiral shapes are infre‐
quent or absent [2]; after prolonged culture on solid or liquid medium, coccoid forms, that are
metabolically active, tipically predominate [3].

Gastric colonization with H. pylori affects at least half the world´s population, and, while the
infection is on a fast decline in most of the western countries, mainly due to the success of
therapeutic regimens and improved personal and community hygiene that prevents re-
infection, the situation is exactly opposite in many of the developing countries due to failure
of treatment and emergence of drug resistance [4,5]. Most studies suggest that males and
females are infected at approximately the same rates [6] and, probably, the infection occurs in
the childhood. In developed countries, persons of higher socioeconomic status have lower
infection rates, although among certain ethnic minorities, high rates persist despite economic
advancement [7].

Trends in Helicobacter pylori Infection124

The routes of transmission of H. pylori still remain unclear. Person-to-person transmission and
intrafamilial spread seem to be the main route, based on the intrafamilial clustering observed
in some studies [8,9]. Children are often infected by a strain which a genetic fingerprint
identical to that of their parents, and they maintain this genotype even after moving to a
different environment [10]. Animals harbor organisms that resemble H. pylori, but with the
exception of nonhuman primates [11] and, under particular circumstances, perhaps cats [12]
and houseflies (Musca domestica) [13], none harbor H. pylori. In the same way, food-borne
transmission has not been substantiated [14]. Nevertheless, the waterborne infection remains
possible [15,16].

H. pylori remains one of the most common worldwide human infections and its isolation by
Marshall and Warren (1984) [17] has markedly improved our understanding about the nature
of chronic gastritis and other important upper gastrointestinal disorders, such as peptic ulcer
disease, mucosa-associated lymphoid tissue (MALT) lymphoma and gastric adenocarcinoma
[18]. In 1994, the bacterium was classified as a group I carcinogen by the International Agency
for Research on Cancer and is regarded as a primary factor for gastric cancer development [19].
For their revolutionary discovery, Marshall and Warren received the Nobel Prize in Physiology
or Medicine in 2005.

In addition, in the last years, H. pylori infection has also been associated with some extradi‐
gestive diseases, such as iron-deficiency anemia [20], idiopathic thrombocytopenic purpura
[21,22], cardiovascular diseases [23,24], hepatobiliary diseases [25,26], and diabetes mellitus
[27], among others.

2.2. Virulence factors of H. Pylori

H. pylori populations are highly diverse and constantly change their genome, which can be an
important factor in its adaptation to the host stomach and also for the clinical outcome of the
infection. The changes in its genome occur mainly due to point mutations, substitutions,
insertions, and/or deletions of their genome. Moreover, mixed infections are frequent and lead
to exchange of DNA fragments between different H. pylori strains in a single host [28,29].
Experience with other bacterial pathogens suggests that H. pylori-specific factors may exist that
influence the microorganism pathogenicity, and, these factors, together with the host genetic
characteristics and the external environment, can contribute to the clinical outcome of the
infection. Among the most studied virulence factors of H. pylori are the urease gene, the
vacuolating cytotoxin gene (vacA), the cytotoxin associated gene-Pathogenicity Island
(cagPAI) and the duodenal ulcer promoting gene (dupA).

Urease is  an important  enzyme which is  produced by H. pylori  to  counteract  the acidic
environment of the stomach. Urease causes damage to the epithelium through the produc‐
tion of ammonia, that, in conjunction with neutrophil metabolites, forms carcinogenic agents
that  might  participate  in  the  development  of  gastric  malignances  [30,31].  Ammonia  is
capable to cause different cell alterations, including swelling of intracellular acidic compart‐
ments, alterations of vesicular membrane transport, repression of protein synthesis and ATP
production, and cell-cycle arrest [32]. Urease might also help to the recruitment of neutro‐
phils and monocytes in the mucosa and to the production of proinflammatory cytokines

Molecular Epidemiology of Helicobacter pylori in Brazilian Patients with Early Gastric Cancer and...
http://dx.doi.org/10.5772/58328

125



survival rates. Unlike patients with advanced gastric cancer, that ones diagnosed at the early
stage of the disease present an excellent prognostic, in which a five-year survival rate is more
than 90%.

Many early gastric cancers are believed to go through a life cycle consisting of ulcerations,
followed by healing, then reulceration, and some tumors remain at this early stage for years
even without treatment. Nevertheless, some of these tumors rapidly advanced, perhaps one
of the principal questions concerning the gastric carcinogenesis.

Consequently, some questions can be considered about it. Is the H. pylori presence important
for the evolution of the early lesions in advanced ones? To what extent H. pylori eradication
could prevent the progression of lesions from one to another stage? Are the genetic charac‐
teristics of H. pylori strain that is colonizing the patient with early gastric cancer important for
the progression of the disease in a faster or in a slower way?

The principal aim of our book chapter is to identify the genetic characteristics of H. pylori
strains in Brazilian patients diagnosed with early distal type intestinal gastric adenocarcino‐
ma,  trying  to  determine  the  genotypic  pattern  of  bacterium in  our  population  through
molecular techniques. Besides, other aim of our study is to discuss the principal aspects of
the H. pylori infection and then correlate them with the development of the precancerous
lesions and the development of the early gastric cancer properly, trying to understand to
what extent the microorganism eradication treatment could be important to preventing the
disease progression.

2. Helicobacter pylori

2.1. General characteristics

Helicobacter pylori (H. pylori) is a spiral-shaped Gram-negative flagellate bacterium that
colonizes the human stomach and can establish a long-term infection of the gastric mucosa [1].
In gastric biopsy specimens, H. pylori organisms are 2.5 to 5.0 μm long and 0.5 to 1.0 μm wide,
with four to six unipolar sheated flagella, which are essential for bacterial motility. When
cultured on solid medium, the bacteria assume a rod-like shape and spiral shapes are infre‐
quent or absent [2]; after prolonged culture on solid or liquid medium, coccoid forms, that are
metabolically active, tipically predominate [3].

Gastric colonization with H. pylori affects at least half the world´s population, and, while the
infection is on a fast decline in most of the western countries, mainly due to the success of
therapeutic regimens and improved personal and community hygiene that prevents re-
infection, the situation is exactly opposite in many of the developing countries due to failure
of treatment and emergence of drug resistance [4,5]. Most studies suggest that males and
females are infected at approximately the same rates [6] and, probably, the infection occurs in
the childhood. In developed countries, persons of higher socioeconomic status have lower
infection rates, although among certain ethnic minorities, high rates persist despite economic
advancement [7].

Trends in Helicobacter pylori Infection124

The routes of transmission of H. pylori still remain unclear. Person-to-person transmission and
intrafamilial spread seem to be the main route, based on the intrafamilial clustering observed
in some studies [8,9]. Children are often infected by a strain which a genetic fingerprint
identical to that of their parents, and they maintain this genotype even after moving to a
different environment [10]. Animals harbor organisms that resemble H. pylori, but with the
exception of nonhuman primates [11] and, under particular circumstances, perhaps cats [12]
and houseflies (Musca domestica) [13], none harbor H. pylori. In the same way, food-borne
transmission has not been substantiated [14]. Nevertheless, the waterborne infection remains
possible [15,16].

H. pylori remains one of the most common worldwide human infections and its isolation by
Marshall and Warren (1984) [17] has markedly improved our understanding about the nature
of chronic gastritis and other important upper gastrointestinal disorders, such as peptic ulcer
disease, mucosa-associated lymphoid tissue (MALT) lymphoma and gastric adenocarcinoma
[18]. In 1994, the bacterium was classified as a group I carcinogen by the International Agency
for Research on Cancer and is regarded as a primary factor for gastric cancer development [19].
For their revolutionary discovery, Marshall and Warren received the Nobel Prize in Physiology
or Medicine in 2005.

In addition, in the last years, H. pylori infection has also been associated with some extradi‐
gestive diseases, such as iron-deficiency anemia [20], idiopathic thrombocytopenic purpura
[21,22], cardiovascular diseases [23,24], hepatobiliary diseases [25,26], and diabetes mellitus
[27], among others.

2.2. Virulence factors of H. Pylori

H. pylori populations are highly diverse and constantly change their genome, which can be an
important factor in its adaptation to the host stomach and also for the clinical outcome of the
infection. The changes in its genome occur mainly due to point mutations, substitutions,
insertions, and/or deletions of their genome. Moreover, mixed infections are frequent and lead
to exchange of DNA fragments between different H. pylori strains in a single host [28,29].
Experience with other bacterial pathogens suggests that H. pylori-specific factors may exist that
influence the microorganism pathogenicity, and, these factors, together with the host genetic
characteristics and the external environment, can contribute to the clinical outcome of the
infection. Among the most studied virulence factors of H. pylori are the urease gene, the
vacuolating cytotoxin gene (vacA), the cytotoxin associated gene-Pathogenicity Island
(cagPAI) and the duodenal ulcer promoting gene (dupA).

Urease is  an important  enzyme which is  produced by H. pylori  to  counteract  the acidic
environment of the stomach. Urease causes damage to the epithelium through the produc‐
tion of ammonia, that, in conjunction with neutrophil metabolites, forms carcinogenic agents
that  might  participate  in  the  development  of  gastric  malignances  [30,31].  Ammonia  is
capable to cause different cell alterations, including swelling of intracellular acidic compart‐
ments, alterations of vesicular membrane transport, repression of protein synthesis and ATP
production, and cell-cycle arrest [32]. Urease might also help to the recruitment of neutro‐
phils and monocytes in the mucosa and to the production of proinflammatory cytokines

Molecular Epidemiology of Helicobacter pylori in Brazilian Patients with Early Gastric Cancer and...
http://dx.doi.org/10.5772/58328

125



[33]. It has been demonstrated that this enzyme plays and important hole in the H. pylori
colonization,  being observed that  urease-defective bacteria mutants are not  able to colo‐
nize the gastric environment [32].

VacA is a cytotoxin secreted from H. pylori as a large 140kd polypeptide and latter trimmed
at both ends to finally deliver it in an active form to host cells, where it exerts its activity
[34]. The gene encoding VacA is present in all H. pylori strains and displays allelic diversity
in three main regions: s (signal), i (intermediate) and m (middle); consequently, the activity
of the toxin varies between strains [35]. Different combinations of two major alleles of each
region (s1, s2, i1, i2, m1, m2) may exist, which results in VacA toxins with distinct capability
of inducing vacuolating in epithelial  cells  [36].  VacA induces multiple cellular activities,
including the alteration in the endosomal maturation which consequently leads to vacuolat‐
ing  of  epithelial  cells,  the  induction  of  membrane-channel  formation,  the  cytochrome  c
releasing  from  mitochondria  and  the  binding  to  cell-membrane  receptors  activating  a
proinflammatory response [35].

The cagPAI is a 40kb region of chromosomal DNA encoding approximately 31 genes that forms
a type IV secretion system that forms a pilus that delivers CagA, an oncoprotein, into the
cytosol of gastric epithelial cells through a rigid needle structure covered by CagY, a VirB10-
homologous protein and CagT, a VirB7-homologous protein, at the base [37,38]. cagA is a
polymorphic gene that presents different numbers of repeat sequences located in its 3´region
and each repeat region of the CagA protein contains Glu-Pro-IIe-Tyr-Ala (EPIYA) motifs,
including a tyrosine phosphorylation site [39]. Upon delivery into host cells, CagA undergoes
Src-dependent tyrosine phosphorylation and activates an eukaryotic phosphatase (SHP-2),
leading to dephosphorylation of host cell proteins and cellular morphologic changes [40].
CagA has also been shown to dysregulate β-catenin signaling [41] and apical-junctional
complexes [42], events that have been linked to increased cell motility and oncogenic trans‐
formation in a variety of models [43]. In addition, some studies have been reported that the
cagPAI appears to be involved in the induction of gastric interleukin-8 (IL-8) production, a
potent neutrophil-activating chemokine [44]. Consequently, the presence of the cagA gene has
been associated with higher grades of inflammation, which may lead to the development of
the most severe gastrointestinal diseases, such as peptic ulcer disease and gastric cancer [45-48].

H. pylori duodenal ulcer promoting gene (dupA), located in the plasticity region of bacterium
genome, has been initially described as a risk marker for duodenal ulcer development and a
protective factor against gastric cancer [49]. It was the first putative specific marker whose
association was described using strains obtained from in both Asian (Japan and Korea) and
Western (Colombia) regions and it is though to be a virB4 homologue [49, 50]. dupA gene
encompasses two continuous sequences, jhp0917 and jhp0918, as described in strain J99. The
jhp0917 gene encodes a protein of 475 amino acids, but lacks a region homologous to the C-
terminus of virB4, while jhp0918 gene encodes a product of 140 amino acids that is homologous
to the missing virB4 region [51]. Since its discovery, dupA gene has been studied by various
authors, and the results of their researches suggest that, in some places, dupA gene is not
associated with an specific disease [52], or it is suggested that it can be associated with gastric
cancer development [53-55], or it is directly associated with the development of duodenal ulcer
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disease [50,56]. Considering all these results, it is suggested that there must be diversity in gene
content that can contribute to bacterial adaptation to genetically different ethnic groups that
make up de human population [57].

3. Gastric cancer

3.1. Epidemiology

Cancer is a worldwide full-scale problem as it will affect one in three men and one in four
women during their lifetime [58]. Nowadays, this disease represents one in eight deaths
around the world. The global cancer rate has doubled in the last 30 years of the 20th century,
and will almost triple by 2030, a year in which it is foreseen that 20.3 million people will be
diagnosed cancer and 13.2 million will die as a result of this disease [59].

World Health Organization estimates that 43% of cancer deaths are due tobacco, diet and
infection. One-fifth of cancers worldwide are due to chronic infections, mainly from hepatitis
viruses (liver), papillomaviruses (cervix), H. pylori (stomach), schistosomes (bladder), the liver
fluke (bile duct), and human immunodeficiency virus (Kaposi sarcoma and lymphoma) [60].

Gastric cancer continues to be a major global health problem [61] and, despite the decreasing
incidence and mortality rates observed worldwide over the last 50 years, it still ranks as a
leading cause of cancer-related deaths in many parts of the world [62]. As symptoms are often
absent or nonspecific in patients with the early stages of the disease, gastric cancer is usually
diagnosed in an advanced stage, when curative options are limited. With exceptions in
countries that have developed screening programs for early diagnoses, as example Japan, most
patients reach treatment with cancers already in advanced stages [63]. Consequently, gastric
cancer carries a poor prognosis, with an overall five-year survival rate of less than 20% [64].

Besides, one study assessed the survival of gastric cancer in population-based registries
obtained in cities from four continents and concluded that the large differences observed
among these areas were exclusively due to the different types of stomach cancer, highlighting
the importance of the stage of the disease as an indicator of the effect of delayed diagnosis on
the prognosis of these patients [65].

In Brazil, in 2005, the highest incidence rates, adjusted by age, were found in São Paulo (male,
38,8/100.000; female, 15,0/100.000) and the Federal District (male, 32,7/100.000; female
14,7/100.000) [66]. The National Institute of Cancer in Brazil estimates that, in 2014, there will
occur 580.000 new cases of cancer. The most frequent cancers in Brazilian population will be
non-melanoma skin (182.000), prostate (69.000), breast (57.000), colon and rectum (33.000), lung
(27.000) and stomach (20.000). Considering Brazilian regions and gender, gastric cancer will
be the fourth most common cancer in Brazil. In male gender, it is the second most common
tumour in the North (11/100.000 cases) and Northeast (10/100.000 cases) regions; it is the fourth
most common tumour in the Midwest (11/100.000 cases) and in the South (16/100.000) regions
and the fifth most common in the Southeast region (15/100.000 cases). Concerning the female
gender, gastric cancer is the fifth most common cancer in Brazil, the third most frequent in the
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North region (6/100.000 cases), and the fifth most frequent in the Northeast (6/100.000 cases)
and Southeast (8/100.000 cases) regions [67].

The chances of surviving the onset of some common cancers depend largely on how early they
are detected and how well they are treated. Early detection is based on the observation that
treatment is more effective when cancer is detected early. It includes awareness of early signs
and symptoms of cancer and screening, which is the mass testing of people who appear to be
healthy. In many developing countries, where these are not feasible, several other low
technology approaches are being studied and look promising. The success of public health
programmes in detecting cancer early depends on the allocation of resources, availability of
qualified specialists and access to follow-up treatment [60].

3.2. Classification of gastric cancer

The vast majority of gastric cancers are adenocarcinomas. Two histologically distinct variants
of gastric adenocarcinoma have been described, each with different pathophysiological
features: the diffuse type and the intestinal type [68], which corresponds, respectively, to the
undifferentiated or poorly-differentiated type and to the well-differentiated type, in the
Japanese classification [69].

Diffuse type gastric adenocarcinoma is often associated with familial distribution and more
commonly affects younger people. It consists of individually infiltrating neoplastic cells that
do not form glandular structures and arises closer to the advancing border of inflammation
but without any identifiable histological precursor lesion [62,70,71].

Gastric adenocarcinoma of the intestinal type is preceded by a prolonged precancerous
process. In 1975, Correa and colleagues proposed a model of gastric carcinogenesis, postulating
that the intestinal type of gastric cancer was the end result of progressive changes in the gastric
mucosa, starting with chronic gastritis, followed by multifocal atrophic gastritis and intestinal
metaplasia [72]. This model was updated in 1988 and 1992 [73,74] and the following steps were
recognized: normal gastric mucosa → superficial gastritis (later renamed non-atrophic
gastritis) → multifocal atrophic gastritis without intestinal metaplasia → intestinal metaplasia
of the complete (small intestine) type → intestinal metaplasia of the incomplete (colonic) type
→ low-grade dysplasia (low-grade noninvasive dysplasia) → high-grade dysplasia (high-
grade noninvasive dysplasia) → invasive adenocarcinoma [75]. These lesions are well-
characterized histopathologically and represent a continuum of changes depicting multiple
events that increase in intensity and extension with time [76].

Both diffuse and intestinal types are associated with H. pylori infection, which plays an
initiating role in the pathogenesis of gastric cancer by changing many important factors,
including antioxidant agents, reactive oxygen metabolites, and the balance between epithelial
cell proliferation and apoptosis [77]. H. pylori infection induces cell apoptosis, stimulates cell
proliferation in the gastric epithelium, and causes alterations or mutations of apoptosis/
proliferation-related genes [78].
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3.3. Helicobacter pylori and gastric cancer — The precancerous cascade

Exposure of gastric epithelial cells to H. pylori results in an inflammatory reaction with the
production of reactive oxygen species and nitric oxide that, in turn, deaminates DNA causing
mutations [62]. The complex interplay among H. pylori strain, inflammation and host charac‐
teristics, besides the external environment, may directly promote diffuse type gastric cancer
or induce the cascade of morphological events that leads to intestinal type gastric cancer.

Specifically regarding to intestinal type gastric adenocarcinoma, evidence that H. pylori
increases the risk of gastric cancer development via the sequence of atrophy and metaplasia
originates from various studies, in which it was shown that H. pylori positive subjects develop
these conditions more often than do uninfected controls [79]. Consequently, since H. pylori
isolation, many investigators have emphasized its role in gastric carcinogenesis [80,81].
Epidemiological studies have determined that the attributable risk for gastric cancer conferred
by H. pylori is approximately 75% [82]. Besides, in respect to localization in the stomach,
premalignant lesions are most frequently localized in the antrum in the transitional zone
between the antrum and corpus [83].

As explained before, Correa and colleagues (1975) proposed a model of gastric carcinogenesis,
considering that the intestinal type gastric cancer probably is the result of histological contin‐
uum changes that occur especially due to H. pylori infection: chronic active nonatrophic
gastritis, multifocal atrophic gastritis, intestinal metaplasia, dysplasia, and, finally, invasive
adenocarcinoma. Consequently, the principal characteristics of each one of these stages are
report below.

3.3.1. Chronic active non-atrophic gastritis

Gastritis is characterized by increased infiltration of the lamina propria with mononuclear
leukocytes (chronic inflammation) and polymorphonuclear neutrophils (acute inflammation).
Additionally, scattered eosinophils and mast cells can be observed. The gastritis is called
“active” when polymorphonuclear neutrophils are found, representing acute inflammation.
This phase of the precancerous process does not show loss of glands (atrophy) and is called
“nonatrophic gastritis” in the updated Sydney classification of gastritis, adopted by most
pathologists (Figure 1) [84].

The most frequent cause of gastritis is H. pylori infection and the severity of inflammation may
vary according to the infected H. pylori strain [75].

3.3.2. Multifocal atrophic gastritis

Loss of normal glandular tissue is the first specific recognizable step in the precancerous
cascade. Usually it is the result of a prolonged inflammatory process and tends to be multifocal,
giving rise to the so-called multifocal atrophic gastritis (Figure 2). The foci of atrophy are
present in the mucosa of gastric antrum and body, and their extension progresses with time
[75]. More virulent bacterial strains and a permissive host immune response are strongly
associated with atrophy and progression to severe disease [84].
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Figure 2. Atrophic gastritis

3.3.3. Intestinal metaplasia

At this stage of the gastric precancerous process, the original glands and the foveolar epithe‐
lium are replaced by cells with intestinal phenotype [84]. Intestinal metaplasia (Figure 3) is
considered to be an advanced stage of atrophy because the metaplastic glands replace the
original glands and chronologically the metaplastic glands appear after the gastric glands are
lost. Intestinal metaplasia has been classified on the basis of morphology and enzyme histo‐
chemistry in two main types: the small intestine or complete type, and the colonic or incom‐
plete type [75].

(Copyright © Center of Diagnosis of Digestive Diseases, State University of Campinas, SP, Brazil. All rights reserved)

Figure 1. Chronic gastritis
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Up to  this  point  in  the  cascade,  the  epithelium in  the  atrophic  and metaplastic  lesions
remains  well  differentiated,  with  normal  nuclear-cytoplasmic  ratio,  normal  nuclear
morphology, and normal tissue architecture. The dynamics of the precancerous process to
this point shows a gradual phenotypic transformation from normal epithelium to metaplas‐
tic  cells  with  small  intestinal  morphology and then to  cells  resembling  colonic  mucosa,
additionally expressing gastric and colonic mucins. This process usually takes decades and
is  progressive,  supporting  the  notion  that  although  environmental  alterations  (bacterial
factors and cytokine environment, loss of cell signaling) may have initially driven differen‐
tiation decisions, with time, permanent changes in the stem cell compartment have occurred.
In some patients with incomplete metaplasia, a mild degree of nuclear atypia and architec‐
tural distortion is observed, leading some investigators to consider incomplete metaplasia
as a mild form of dysplasia [84,85].

(Copyright © www.gastrolab.net/pawelcom.htm. All rights reserved)

Figure 3. Intestinal metaplasia (antrum)

3.3.4. Dysplasia

Also called intraepithelial neoplasia or noninvasive neoplasia, dysplasia is characterized by a
neoplastic phenotype, both in terms of cell morphology and architectural organization [75].
The nuclei of the dysplastic epithelium are enlarged, hyperchromatic, irregular in shape, and
devoid of polarity [84]. The Padova classification is focused on gastric dysplasia and was
developed by an international group of experienced gastrointestinal pathologists and recog‐
nizes five categories of lesions, utilizing mostly western nomenclature and grouping them
numerically following the prevailing Japanese system: 1. negative for dysplasia; 2. indefinite
for dysplasia; 3. noninvasive neoplasia (sub-classified in low grade or high grade); 4. suspicious
for invasive carcinoma; and 5. invasive carcinoma [86].
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The management of low-grade dysplasia is not well defined and there is a recommendation
of annual endoscopic monitoring with rebiopsy [87]. Nevertheless, patients with high-grade
dysplasia confirmed at least two gastrointestinal pathologists should undergo surgical or
endoscopic resection because of the high probability of coexisting or metachronous invasive
carcinoma [88].

3.3.5. Invasive adenocarcinoma

Invasive adenocarcinoma is the next stage in the cascade and requires the penetration of
neoplastic cells into the surrounding stroma (Figure 4). Recent evidence suggests that this step
demands that neoplastic cells acquire the capability of degrading the stromal matrix sur‐
rounding the neoplastic cells [75.

(Copyright © Center of Diagnosis of Digestive Diseases, State University of Campinas, SP, Brazil. All rights reserved)

Figure 4. Gastric adenocarcinoma

3.4. Early and advanced lesions

Follow-up of patients with precursor lesions in populations at high gastric cancer risk has
thrown light on the dynamics of the process. The progression of the precursor lesions described
before follows a pattern of steady state, with episodes of progression to more advanced lesions
and episodes of regression to less advanced lesions.

Unlike patients with advanced gastric cancer, patients diagnosed in an early stage of the
disease present an excellent prognostic, in which a five-year survival rate is more than 90%.
Early gastric cancer lesions are defined as the adenocarcinoma that is confined to the mucosa
or submucosa, irrespective of lymphonode invasion (Figure 5). Many early gastric cancers are
believed to go through a life cycle consisting of ulcerations, followed by healing, then reul‐
ceration, and some lesions remain at this early stage for years even without treatment [89].
Nevertheless, some early tumours rapidly became advanced and it is one of the principal
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questions concerning the gastric carcinogenesis. Are H. pylori virulence factors important to
influence these alterations? To what extent H. pylori eradication treatment would be important
to prevent the continued progression of the disease? To what extent H. pylori eradication in
the early stage of cancer would be important to prevent the appearance of new lesions?

(Copyright © Center of Diagnosis of Digestive Diseases, State University of Campinas, SP, Brazil. All rights reserved)

Figure 5. Early gastric adenocarcinoma

Considering these important questions, our chapter is divided into two sections: 1. the
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The management of low-grade dysplasia is not well defined and there is a recommendation
of annual endoscopic monitoring with rebiopsy [87]. Nevertheless, patients with high-grade
dysplasia confirmed at least two gastrointestinal pathologists should undergo surgical or
endoscopic resection because of the high probability of coexisting or metachronous invasive
carcinoma [88].
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Invasive adenocarcinoma is the next stage in the cascade and requires the penetration of
neoplastic cells into the surrounding stroma (Figure 4). Recent evidence suggests that this step
demands that neoplastic cells acquire the capability of degrading the stromal matrix sur‐
rounding the neoplastic cells [75.
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disease and positive for H. pylori were used as positive controls for all the reactions carried out
in this study. The study was approved by the Ethics Committee of the Faculty of Medical
Sciences, State University of Campinas.

4.1.2. Methods

Paraffin wax-embedded tissue DNA extraction was carried out with xylene and ethanol
washes for paraffin removal; successive steps using proteinase K, phenol, chloroform, and
isoamyl alcohol were carried out in order to isolate and purify the DNA [90]. Quantification
of the obtained product and polymerase chain reaction (PCR) for human betaglobin gene [91]
were carried out to guarantee the quality of all the results.

After DNA extraction, PCR for ureaseC [92], vacA (s and m) [93,94,95], cagA [96], cagT [97]
and dupA (jhp0917 and jhp0918) [49] genes were performed. Primers pairs for all the genes as
well as the length of the fragments are described in Table 1. PCR for ureaseC gene was carried
out to confirm the positivity for H. pylori in all the samples.

After amplification, each PCR product was analyzed by eletrophoresis on a 2% agarose gel
stained with ethidium bromide with a 0.5 X tris-acetate-EDTA buffer. A 100-bp ladder was
used as standard.

Gene Strand Primer sequence (5´ - 3´) Length (bp)

betaglobin
+

-

ACAAACTGTGTTCACTAGC

CAACTTCATCCACGTTTCACC
110

ureaseC
+

-

AAGCTTTAGGGGTGTTAGGGGTTT

AAGCTTACTTTCTAACACTAACGC
294

vacA (s1/s2)
+

-

ATGGAAATACAACAAACACAC

CTGCTTGAATGCGCCAAAC

s1: 259

s2: 286

vacA m1
+

-

GGTCAAAATGCGGTCATGG

CCATTGGTACCTGTAGAAAC
290

vacA m2
+

-

ATGCTTTAATATCGTTGAGA

GAACATGTTTTAGTGAAAGC
198

cagA
+

-

GATAACAGGCAAGCTTTTGAGG

CTGCAAAAGATTGTTTGGCAGA
349

cagT
+

-

CCATGTTTATACGCCTGTGT

CATCACCACACCCTTTTGAT
301

dupA (jhp0917)
+

-

TGGTTTCTACTGACAGAGCGC

AACACGCTGACAGGACAATCTCCC
307

dupA (jhp0918)
+

-

CCTATATCGCTAACGCGCGCTC

AAGCTGAAGCGTTTGTAACG
276

Table 1. Sequence of synthetic oligonucleotide primers used to characterization of H. pylori strains
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Then, for each specific reaction, products obtained were classified in vacA s1m1, s2m1, s1m2
or s2m2; cagA positive or negative; cagT positive or negative; and dupA positive or negative.
dupA gene was considered positive when its two regions (jhp0917 and jhp0918) were positive
simultaneously.

After all amplifications, a table with absolute frequencies (n) and percentages (%) was made
in order to determine genotypes combinations.

4.2. Analysis of the principal manuscript references concerning the study of eradication
treatment of H. pylori in precancerous lesions and early gastric cancer

After determination of the principal genotype presented in Brazilian patients with early gastric
cancer, a review concerning the importance of eradication of H. pylori in precancerous lesions
and in early gastric adenocacinoma was done.

5. Results

5.1. Determination of principal genotypes of H. Pylori in Brazilian patients with early gastric
adenocarcinoma

PCR for ureaseC gene of H. pylori was positive for all 31 samples obtained from patients with
early distal type intestinal gastric adenocarcinoma. As regards to vacA gene region s, of 31
samples, 71.0% (22 cases) were s1 and 29.0% (9 cases) were s2. Related to the vacA region m,
all the samples were m1. Following this analysis, samples were classified in s1m1 or s2m1. So,
71.0% (22 cases) were s1m1 and 29.0% (9 cases) were s2m1.

Classification

UreaseC 31 (100.0%)

vacA s1

vacA s2

22 (71.0%)

9 (29.0%)

vacA m1

vacA m2

31 (100.0%)

0 (0.0%)

vacA s1m1

vacA s2m1

22 (71.0%)

9 (29.0%)

cagA positive

cagA negative

19 (61.3%)

12 (38.7%)

cagT positive

cagT negative

17 (54.8%)

14 (45.2%)

dupA (jhp0917/jhp0918) positive

dupA (jhp0917/jhp0918) negative

11 (35.5%)

20 (64.5%)

Total 31 (100.0%)

Table 2. Frequencies and percentages of the principal genes of H. pylori studied in samples of early gastric cancer
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As regards to gene cagA, 61.3% (19 cases) were cagA positive and, for cagT gene, 54.8% (17
cases) were positive. For dupA (jhp0917/jhp0918) gene, there were 35.5% (11 cases) of posi‐
tivity. All these results can be seen in Table 2.

Genotypes combinations where then analyzed and the most prevalent genotype for gastric
samples obtained from Brazilian patients with early distal type intestinal gastric adenocarci‐
noma was vacA s1m1, cagA positive, cagT positive and dupA negative (Table 3).

Genotype combinations:

vacA s/m cagA cagT dupA (jhp0917/jhp0918)

Early gastric cancer

s1m1 neg neg neg 4 (12.90)

s1m1 neg neg pos 1 (3.23)

s2m1 neg neg neg 1 (3.23)

s2m1 neg neg pos 0 (0.00)

s1m1 neg pos neg 2 (6.45)

s1m1 neg pos pos 1 (3.23)

s2m1 neg pos neg 2 (6.45)

s2m1 neg pos pos 1 (3.23)

s1m1 pos neg neg 3 (9.68)

s1m1 pos neg pos 2 (6.45)

s2m1 pos neg neg 2 (6.45)

s2m1 pos neg pos 1 (3.23)

s1m1 pos pos neg 5 (16.13)

s1m1 pos pos pos 4 (12.90)

s2m1 pos pos neg 2 (6.45)

s2m1 pos pos pos 0 (0.00)

Total 31

Table 3. Genotype combinations for early gastric adenocarcinoma samples

5.2. Analysis of the principal manuscript references concerning the study of eradication
treatment of H. pylori in precancerous lesions and early gastric cancer

Epidemiological studies have established a strong causal relationship between H. pylori
infection and gastric cancer. H. pylori eradication is therefore likely to be one of the most
promising approaches to gastric cancer prevention. Animal studies have shown that eradica‐
tion of H. pylori infection, especially at the early stage, is effective in preventing H. pylori-related
gastric carcinogenesis. However, the available data from human studies show that H. pylori
eradication does not completely prevent gastric cancer and that it might be useful in patients
without atrophic gastritis or intestinal metaplasia at baseline [77].

Considering these important issues, the present chapter book analized and discussed some
studies that assessed the possible relationship between the eradication of H. pylori infection
and the prevention of gastric cancer even if the precancerous cascade has started. Obviously,
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there should be a point which there is no return in this process and the presence of H. pylori
could not be more decisive to continue the progression of the precancerous lesions. With the
aim to analyze these topics, we discussed some important questions concerning H. pylori
infection, precancerous cascade and H. pylori eradication treatment, both in the precancerous
lesions (atrophic gastritis, metaplasia intestinal and dysplasia) and in the early gastric cancer
stage.

6. Discussion

Molecular techniques may be applied to the measurement of host or agent factors and of
exposures.  Molecular  techniques  help  to  stratify  and  to  refine  data  by  providing  more
sensitive  and  specific  measurements,  which  facilitate  epidemiologic  activities,  including
disease  surveillance,  outbreak  investigations,  identifying  transmission  patterns  and  risk
factors  among  apparently  disparate  cases,  characterizing  host-pathogen  interactions,
detecting uncultivatable organisms, providing clues for possible infectious causes of cancer
and other chronic diseases, and providing better understanding of disease pathogenesis at
the molecular level [98].

Our study determined the principal genotype of H. pylori strains in Brazilian patients with
early distal type intestinal gastric adenocarcinoma, which is vacA s1m1, cagA positive, cagT
positive and dupA negative. It provides to the scientific community important information
concerning the epidemiology of gastric cancer in Brazil, as regards to the infecting strains. This
principal H. pylori genotype was also the principal found in advanced gastric cancer samples,
but, when considering the cagA gene in an isolate evaluation, it was more incident in patients
with advanced gastric cancer [48].

Many factors, including a high-salt diet [99], genetic abnormality [100] and autoimmune
gastritis [101], among others, have been reported concerning gastric carcinogenesis; however,
it is clear that H. pylori infection is the most important gastric carcinogen [60, 102].

Currently recommended anti-H. pylori infection therapies achieve eradication rates of up to
90% [103]. Several studies have indicated that H. pylori screening and eradication is a cost-
effective strategy for the prevention of gastric cancer in middle-aged adults, even if the
treatment prevents only 20%-30% of H. pylori-associated cancers, and that the strategy is
particularly beneficial in high-risk populations and in the long term [77,104,105,106], although
the feasibility, safety and appropriated timing of this strategy for cancer prevention in the
general population remains to be determined [77].

Some studies focused on patients with gastric precancerous lesions such as gastric atrophy,
intestinal metaplasia and dysplasia and evaluated the effect of eradicating H. pylori on the
intermediate lesions in the carcinogenic cascade rather than using gastric cancer as the primary
end points [107].

Conflicting results have been reported on whether or not these precancerous lesions were
reversible following successful eradication of H. pylori infection.
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The investigation of Uemura et al. (2001) [108] is considered the first study providing some
evidence that H. pylori eradication has an impact in gastric cancer. In this study, none of the
253 treated patients developed cancer, whilst there were 36 gastric cancer cases among 993
untreated patients. However, it is of note that the mean duration of follow-up after eradication
was significantly shorter than the mean duration for patients who were not treated (4,8 vs. 8,5
years; p < 0.001). Therefore, the risk of gastric cancer development could have been understated
in the treated group [107].

In a randomized placebo controlled study in China, gastritis (acute and chronic) decreased in
both the antrum and the corpus at one year after H. pylori eradication and a slight regression
of intestinal metaplasia was observed [109]. With similar results, a follow-up study developed
by Zhou et al. (2003) [110] demonstrated that H. pylori eradication significantly reduced the
severity and activity of chronic gastritis. Besides, while the proportion of intestinal metaplasia
in the H. pylori positive group increased significantly, intestinal metaplasia in the antrum either
regressed or had no progression in the H. pylori negative group.

In Colombia, a randomized, controlled chemoprevention trial with patients with confirmed
multifocal nonmetaplastic atrophy and/or intestinal metaplasia demonstrated that, after H.
pylori eradication therapy and/or dietary supplementation with ascorbic acid or beta-carotene,
or their placebos, it was observed a significant increase in the rate of regression of the precursos
lesions [111].

Other follow-up studies also identified that H. pylori eradication in patients with intestinal
metaplasia could be important in the regression of the lesions [112-118]. In the same way, other
randomized studies identified that H. pylori eradication in intestinal metaplasia could be
important in the regression of this precancerous lesion [76,109-111,119,120]. Oppositely, other
trials, both follow-up and randomized control, had not identified regression of intestinal
metaplasia when H. pylori eradication was administrated [121-129].

Concerning to patients with gastric atrophy, the most part of the studies have identified that
this lesion presents a regression when H. pylori eradication occurs [76, 109, 111, 119, 120,
128-130]. In Japan, where there is a significant ability in diagnostic, with a detection of 94% of
early gastric cancers, one important multicenter randomized controlled trial by the Japan Gast
Study Group enrolled patients undergoing previous endoscopic therapy for gastric cancer and
demonstrated that eradication therapy significantly reduced the prevalence of secondary
gastric cancer in a 3-year follow-up period [131]. However, this study does not demonstrate
that eradication therapy can prevent newly developed gastric cancer even in secondary cancer,
because the follow-up period was too short.

As well as other authors mentioned before, Ito (2009) [132] considered that theoretically H.
pylori eradication therapy should be beneficial for cancer prevention. However, attention
should be drawn to the fact that the gastric cancer risk is not similar between noninfected and
eradicated people. Until now, many human studies have demonstrated that some patients
develop gastric cancer even if they have undergone successful eradication therapy [133].
Considering it, we can conclude that eradication therapy may have an effect on cancer
prevention if the therapy is administrated before a single cancer cell has transformed or before
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cancer tissue shows invasive growth. It is likely that eradication therapy has no effect if the
cancer has progressed to an advanced stage.

Wong et al. (2004) [134], with the aim to determine whether eradication of H. pylori infection
reduces the incidence of gastric cancer, carried out a randomized, placebo controlled trial with
1630 H. pylori infected patients in a high-risk region of China. Their results indicated that H.
pylori eradication can reduce the incidence of gastric cancer in patients without precancerous
lesions at entry. Besides, the eradication therapy had no statistically significant effect on the
incidence of gastric cancer in patients with precancerous lesions on presentation. It appears
that there is a point of no return for patients with precancerous lesions and a chemoprevention
strategy may work only in a subset of H. pylori infected subjects [135].

As regards to animal models, they are useful because they represent tractable systems that
permit insights into the effects of host, pathogen and environmental factors on gastric
carcinogenesis [136]. Nevertheless, the use of animals does not completely reflect H. pylori-
induced cancer in humans. Romero-Gallo et al. (2008) [137], using a population of gerbils that
received antibiotics for H. pylori treatment, demonstrated that the timing of intervention
influences the magnitude of suppression of pro-inflammatory cytokine expression, inflam‐
mation, pre-malignant, and neoplastic lesions. These findings have demonstrated that
treatment of H. pylori decreases the incidence and the severity of pro-inflammatory cytokine
expression, as well as premalignant and malignant lesions. However, the effectiveness of
eradication is dependent upon the timing of intervention [137].

A 5-year study in Japanese monkeys (Macaca fustata) demonstrated that H. pylori infection can
cause gastric atrophy, increased cell proliferation, and mutation of p53 in gastric epithelial cells
[138]. In other study, with Mongolian gerbils, it was demonstrated that the resulting patho‐
logical changes in gastric mucosa are similar to those in humans [139]. Some studies demon‐
strated that when the animals were infected with H. pylori together with a carcinogen (N-
methyl-N-nitrosourea or N-methyl-N-nitro-N-nitrosoguanidine), they developed gastric
cancer (both diffuse and intestinal types) that were at significantly higher frequencies than
animals receiving either H. pylori or the carcinogen alone [140-142]. Gastric cancer incidence
was reduced at 75 weeks to 6.7%, 27.3%, and 38.2% in Mongolian gerbils receiving eradication
treatment at early (15 weeks), middle (35 weeks) and late (55 weeks) stages, respectively. These
results suggest that eradication at an early stage might be effective in preventing carcinogen‐
esis. Other study demonstrated that application of antimicrobial therapy at 8 weeks postino‐
culation of bacterium attenuated inflammation, but did not completely prevent the
development of premalignant and malignant lesions, indicating that the H. pylori eradication
therapy is effective when administered at an early stage after infection [143]. Nevertheless, it
is important to remember that the carcinogenic potential of H. pylori is strain dependent and
some results of these studies could be caused by the use of an H. pylori strain that lacked
carcinogenic potential.

In the mouse model, both H. pylori infection and gastric atrophy increase the serum concen‐
tration of polypeptide hormone gastrin, a hormone that controls secretion of gastric acid by
the stomach´s parietal cells and hypergastrinemia is regarded to play a role in the development.

Molecular Epidemiology of Helicobacter pylori in Brazilian Patients with Early Gastric Cancer and...
http://dx.doi.org/10.5772/58328

139



The investigation of Uemura et al. (2001) [108] is considered the first study providing some
evidence that H. pylori eradication has an impact in gastric cancer. In this study, none of the
253 treated patients developed cancer, whilst there were 36 gastric cancer cases among 993
untreated patients. However, it is of note that the mean duration of follow-up after eradication
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cancer tissue shows invasive growth. It is likely that eradication therapy has no effect if the
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culation of bacterium attenuated inflammation, but did not completely prevent the
development of premalignant and malignant lesions, indicating that the H. pylori eradication
therapy is effective when administered at an early stage after infection [143]. Nevertheless, it
is important to remember that the carcinogenic potential of H. pylori is strain dependent and
some results of these studies could be caused by the use of an H. pylori strain that lacked
carcinogenic potential.

In the mouse model, both H. pylori infection and gastric atrophy increase the serum concen‐
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The results obtained indicated that the timing of antimicrobial eradication therapy is very
important as early application can prevent the progression of gastric cancer [144].

Finally, for cancers detected early, endoscopic mucosal resection can conserve the noncancer‐
ous gastric mucosa, but it can not eliminate the recurrence of metachronous gastric cancer
[145]. Fukase et al. (2008) [131], in a randomized control trial, studied a group of patients
submitted to H. pylori eradication therapy following endoscopic resection of early gastric
cancer. These patients were monitored at different time intervals: at 3 years, metachronous
gastric cancer had developed in 9 of 225 patients in the eradication group compared with 24
of 250 patients in the control group, suggesting that prophylactic eradication of H. pylori in a
high-risk population can substantially reduce gastric cancer rates.

Briefly, the most part of the studies suggests that H. pylori eradication is able to induce
regression of precancerous lesions in most of the treated subjects, and particularly in those
with baseline, early and non-severe lesions. However, it also seems that a proportion of treated
subjects will still show progression of preneoplastic lesions. So, we can consider that they really
are other factors that contribute to the progression of these lesions. So, H. pylori eradication is
an effective strategy in reducing the risk of gastric cancer; however, it is not efficient enough
to eradicate gastric cancer. Prevention of the infection, H. pylori immunization, H. pylori
eradication in the youth, selection of the high-risk population, and alternative chemopreven‐
tive measures may be essential for optimal management of malignancy of the stomach.

7. Conclusions

All the available evidence suggests that H. pylori eradication might represent a primary chemo-
preventive strategy in a subset of subjects. However, H. pylori eradication in those patients
who have already developed advanced preneoplastic lesions does not prevent gastric cancer
development, and endoscopic follow-up should always be performed.

More research is needed to elucidate mechanisms underlying the H. pylori-induced gastric
carcinogenesis. As the infection usually depends on the characteristics of the infecting strain,
studies that determine the genotypes in gastric cancer, as we presented in our study, are
necessary. Besides, more trials concerning the interaction among the infecting strain, the host
characteristics and the external environment are also needed to explaining the complex gastric
carcinogenesis. An understanding of biochemical, genetic and epigenetic changes following
eradication therapy would be helpful to develop strategies to identify high-risk individuals,
thereby contributing to effective management in gastric cancer prevention.

Finally, it is important to gain more insight into the pathogenesis of H. pylori-induced gastric
adenocarcinoma, not only to develop more effective treatments for this cancer, but also because
it might serve as a paradigm for the role of chronic inflammation in the genesis of other
malignancies.
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1. Introduction

Helicobacter pylori (H. pylori) is a gram negative, microaerophilic spiral bacterium with a clear
role in the pathogenesis of gastric and duodenal ulcer, low grade B cell gastric lymphoma
(MALT lymphoma) and gastric cancer. The bacterium was successfully cultivated by Warren
and Marshall in 1982. Their discovery led to completely different therapeutic approach to
patients with peptic ulcer disease and gastric MALT lymphoma. Despite initial skepticism
concerning H. pylori role in gastric carcinogenesis, in 1991 two epidemiological studies [1,2]
confirmed previously published reports suggesting higher incidence of gastric cancer in H.
pylori infected individuals [3-5]. Furthermore, cohort studies in California, Hawaii and Great
Britain confirmed increased risk for gastric cancer in H. pylori infected individuals. As a result
of accumulated scientific evidence Helicobacter pylori was marked as human carcinogen by
International Agency for Research on Cancer in 1994. Gastric cancer is the third most common
cancer among males and fifth most common among females. The incidence of gastric cancer
is declining in developed countries, but the global burden is rising due to cases occurring in
developing countries. The five-year survival for advanced stage gastric cancer is below 20%
even in developed countries [6].

Different outcomes of Helicobacter pylori infection are to be expected depending on distinct
patterns of gastritis that were identified and described in detail. Namely, antrum-predominant
gastritis leads to duodenal ulcer formation while chronic corpus predominant and multifocal
atrophic gastritis lead to increased risk for gastric cancer formation [7-9].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The outcome of Helicobacter pylori infection depends on characteristics of the microorganism,
characteristics of the host and environmental factors.

2. Helicobacter pylori virulence factors

Helicobacter pylori virulence depends on different factors enabling it to colonize gastric mucosa
and induce tissue damage. Epidemiological studies revealed so far six distinct H. pylori strains
(hpEurope, hpEastAsia, hpAsia2, hpAfrica 1, hpAfrica2 and hpNEAfrica) that are related to
geographic regions and correlate well with the incidence of gastric cancer [10].

H. pylori is a highly heterogeneous bacterium [11,12]. Several H. pylori virulence factors are
thought to contribute to gastric cancer development and this review will focus on cytotoxin-
associated gene A and CagA protein (CagA), vacuolating cytotoxin (VacA) and outer inflam‐
matory protein (OipA) (Figure 1) with a brief comment on possible role of duodenal ulcer–
promoting gene (dupA).

Figure 1. Mechanism of Helicobacter pylori induced host cell injury
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2.1. cagA

There are two types of clinical H. pylori isolate: CagA-producing (cagA positive) strains and
CagA-nonproducing (cagA negative) strains. Results of studies obtained on animal model
revealed that gastric cancer developed only in animals infected with cagA positive H. pylori
strains or when CagA protein was artificially introduced into the host [13,14] and authors
concluded that CagA protein was important factor in gastric carcinogenesis. Further investi‐
gations revealed that cagA gene polymorphisms could at least partly explain why only some
cagA positive individuals develop gastric cancer. Namely, there are different number of repeat
sequences located on 3` region of the cagA gene in different H. pylori strains. It is now well
known that sequences of these repeat regions differ significantly between strains isolated in
East Asia and Western strains [15]. Each repeat region of the CagA protein contains Glu-Pro-
Ile-Tyr-Ala (EPIYA) motifs. The first repeat region is termed EPIYA-A and EPIYA-B and
second repeat region EPIYA-C or EPIYA-D segments [11]. Western type CagA has EPIYA ABC,
ABCC or ABCCC, while East Asian CagA has EPIYA ABD segments [11].

CagA protein is composed of a disordered C-terminal region that contains the EPIYA motifs and
a structured N-terminal region with several conserved regions. When the bacterium contacts the
host cell CagA is injected into the host cell via the cag pathogenicity island (cagPAI)-encoded type
IV secretion system (T4SS). Upon injection, CagA is linked to the inner leaflet of the cell mem‐
brane probably via an electrostatic interaction with phosphatidylserine [16]. When injected into
the cytoplasm via the T4SS, CagA can be phosphorylated by the host and alter host cell signal‐
ing in both phosphorylation-dependent and phosphorylation-independent manner. CagA is
phosphorylated on EPIYA motifs [17]. Induction of heme oxygenase 1, which exhibits anti-
inflammatory and antioxidant effects, reduced CagA phosphorylation during H. pylori infec‐
tion of gastric epithelial cells in vitro. However, there is data suggesting that the bacterium
developed a strategy to diminish heme oxygenase 1 gene expression in gastric epithelial cells [18].

Recently it was demonstrated that another protein component of T4SS termed CagL induces
hypergastrinemia, which is a major risk factor for the development of gastric adenocarcino‐
ma [17].

2.2. vacA

VacA induces vacuolation of the host cell, membrane-channel formation, cytochrome c release
from mitochondria leading to apoptosis, induces autophagy and alters host immune response
[17,20,21]. VacA also inhibits T-cell activation and proliferation [22]. All H. pylori strains have
a functional vacA gene. There is a variation in the vacuolating activity among different H.
pylori strains [23] related to differences in the vacA gene structure at the signal (s1 and s2)
region, middle region (m1 and m2) and intermediate (i1 and i2) region. Combination of subtype
of these three regions influences the levels of VacA activity and is related to risks for different
gastrointestinal diseases.

The most cytotoxic are s1/m1 strains, followed by s1/m2 strains, whereas s2/m2 strains have
no cytotoxic activity and s2/m1 strains are rare [24]. Individuals infected with s1 or m1 H.
pylori strains have an increased risk of peptic ulcer or gastric cancer compared with individuals
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infected with s2 or m2 strains [11]. In East Asia most H. pylori strains are s1 type that led to
conclusion (based on epidemiological data) that in East Asia presence of m1 region leads to
increased risk for gastric cancer [11] and its typing is the best marker for gastric cancer risk out
of all vacA regions.

Intermediate region of vacA is identified between s and m regions few years ago. All s1/m1
strains belong to the type i1, and all s2/m2 strains are type i2. Strains tha contain s1/m2 can be
type i1 or i2. Strains with i1 region are more pathogenic. In some populations typing of i-region
is superior in predicting gastric cancer risk than typing of s region, while in other populations
it has no predictive value [25].

The deletion (d) region—was identified between the i-region and the m region [26]. The d
region is divided into d1 and d2. The study of Western strains demonstrated that d1 was a risk
factor for gastric mucosal atrophy; however, almost all East Asian strains are classified as
s1/i1/d1 [11].

2.3. oipA

Outer membrane proteins (OMPs) are coded by different genes in Helicobacter pylori genome.
One of the OMPs that can function as adhesin is OipA, which was identified in 2000 [11].

OipA is a protein that induces proinflammatory response and its activity leads to increase in
mucosal interleukin-8 (IL8) levels. OipA is involved in the attachment of H. pylori to gastric
epithelial cells in vitro [27]. Results from animal studies demonstrated that OipA alone plays
a role in the development of gastric cancer [13].

The production of CagA, VacA and OipA is linked and the majority of H. pylori strains produce
either all of these proteins or none of them. Almost all East Asian strains of H. pylori are
classified as CagA-producing, VacA-producing (vacA s1), and OipA-producing strains and are
highly pathogenic. In addition, CagA, VacA and OipA are all thought to be involved in the
development of both gastric cancer and duodenal ulcer [11].

2.4. dupA

Duodenal ulcer–promoting gene dupA was described in 2005. It is localized in the plasticity
zone and it is involved in T4SS formation. Initial report suggested it to be the first disease-
specific H. pylori virulence factor that induced duodenal ulcer formation and had a suppressive
action on gastric cancer (DupA) [28]. After this report multiple studies failed to demonstrate
correlation between dupA gene and specific gastroduodenal disease [10,29,30]. This gene
is,however, highly polymorphic, and that could explain the conflicting data obtained in
different studies [17].

2.5. Geographic differences in gastric cancer incidence related to Helicobacter pylori strains

Multilocus sequence typing (MLST) of the housekeeping genes revealed six H. pylori strains
(hpEurope, hpEastAsia, hpAsia2, hpAfrica 1, hpAfrica2 and hpNEAfrica) that are related to
geographic regions and correlate well with the incidence of gastric cancer.

Trends in Helicobacter pylori Infection158

Sequence differences among the examined housekeeping genes of the six major genotypes
probably have no influence on the disease outcome but serve as a marker for other virulence
factors related to the disease outcome (i.e cagA and vacA) [10]. In 2003, Falush et al analyzed
370 H. pylori isolates and assigned the strains to four main clusters: hpEurope, hpEastAsia,
hpAfrica1 and hpAfrica2 due to their obvious geographical associations [31]. HpEurope is
common in Europe and countries colonized by Europeans and most isolates from East Asia
belong to hpEastAsia. HpAfrica2 is very distinct and has only been isolated in South Africa.
Four years later Linz et al expanded the analysis using 769 H. pylori isolates and assigned the
isolates to six distinct groups, adding to previously descried clusters (hpEurope, hpEastAsia,
hpAfrica1 and hpAfrica2) two new clusters termed hpAsia 2 and hpNEAfrica. Cluster hpAsia2
was isolated in South and Southeast Asia. Cluster hpNEAfrica is predominant among isolates
from Northeast Africa [12].

Populations with high rates of gastric cancer correspond with regions presenting hpEastAsia
strains. In contrast, incidence of gastric cancer is very low in Africa, where most strains are
hpNEAfrica, hpAfrica1 or hpAfrica2, and in South Asia, where most strains are hpAsia2. The
differences in H. pylori isolates in different populations are considered to be an explanation of
the both African and Asian enigma. Namely, populations with high incidences of Helicobacter
pylori infection in East Asian countries have high incidences of gastric cancer, as opposed to
low incidence of gastric cancer in other highly infected populations in Africa (African enigma)
and South Asia (Asian enigma) [10].

3. Host factors

Host characteristics and immune response to Helicobacter pylori infection also play a role in
gastric carcinogenesis. Different gene polymorphisms that affect host immune response and
extent of cell proliferation are described and linked to gastric carcinogenesis together with
gene polymorphisms for growth factors and growth factor receptors. Majority of these
polymorphisms are single nucleotide polymorphisms (SNP). In recent years, host genetic
polymorphisms involved in inflammatory response, carcinogen metabolism, antioxidant
protection, mucosal protection and cell proliferation regulation have been widely studied as
potential biomarkers to predict gastric cancer risk.

4. Cytokine gene polymorphisms

Cytokines modulate inflammatory response to Helicobacter pylori infection and indirectly the
risk for gastric cancer. Gene polymorphisms for interleukin-1 beta and its receptor antagonist,
tumor necrosis factor alpha, interleukin-8 and interleukin-10 were extensively studied and
reported as relevant in determining gastric cancer risk.
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4.1. Interleukin-1

Interleukin-1 beta (IL-1β) is a potent inhibitor of gastric acid secretion. Reduced gastric acid
secretion on the other hand promotes development of H. pylori induced pangastritis, gastric
mucosa atrophy and subsequently, in a subset of individuals, gastric cancer development. El-
Omar et al described in 2000 polymorphisms in the pro-inflammatory IL-1B gene (encoding
IL-1β) and IL-IRN (encoding IL-1β receptor antagonist) associated with elevated risk for
hypochlorhydria and gastric cancer in the persons with H. pylori infection [32] (El-Omar).
Presence of IL-1B-31C or -511T and IL-IRN*2/*2 polymorphisms is associated with a 2-3-fold
increase in risk for intestinal and diffuse non-cardia gastric cancer among H. pylori-infected
persons [33]. These genetic polymorphisms modulate gastric cancer risk by increasing
expression of pro-inflammatory cytokine IL-1β. It was later established that these polymor‐
phisms interact synergistically with bacterial virulence factors (cagA positive, vacA s1 and vacA
m1). Gastric cancer risk is highest among those with both host and bacterial high-risk geno‐
types [34].

Results of meta-analysis provided by Persson et al. based on available data from epidemio‐
logical studies showed strongest association of IL1RN2 polymorphism with increased risk for
gastric cancer [35] in non-Asian populations for both intestinal and diffuse cancers. The
IL1RN22 genotype has been reported to cause high circulating IL-1receptor antagonist and
IL-1β levels resulting in a severe and prolonged inflammatory response. IL1B-511T carriers
were found to have an increased risk of gastric cancer in non-Asian populations. Possible
explanation is that stronger inflammatory reaction may increase the risk of cancer through
damage to gastric cells and bacterial overgrowth and accumulation of toxic byproducts [32].
These findings are supported by results of some [36,37], but not all previously published meta-
analysis [38]. Surprisingly, according to Persson et al IL-1B-31C polymorphism was associated
with a reduced overall risk for gastric cancer in Asian populations [35].

4.2. Tumor necrosis factor alpha

Tumor necrosis factor alpha (TNF-α) is another proinflammatory cytokine produced in gastric
mucosa in response to H. pylori infection. Polymorphisms in TNF-A gene, especially presence
of the high producing A allele of TNF-A at position 308 (G→A) is considered to be associated
with increased risk for non-cardia gastric cancer [6]. This finding is supported by majority
[39-41], but not all of available meta-analysis [35].

4.3. Interleukin 10

Interleukin 10 is an anti-inflammatory cytokine that down-regulates IL-1B, TNF-A, and
interferon-γ gene expression. Previously published studies suggested that individuals
carrying the IL-10 ATA haplotype associated with low IL-10 production (-592, -819, -1082) have
an increased risk for non-cardia gastric cancer [33]. Nevertheless meta-analysis failed to
confirm these observations except for IL10-1082G where the effect of polymorphism depends
on ethnicity of the host. It seems that this polymorphism increases gastric cancer risk in Asians,
but has no significant effect in non-Asian populations [39].
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4.4. Interleukin 8

IL-8 is a CXC family cytokine that is a potent chemoattractant for neutrophils and lymphocytes
affecting proliferation, migration, and tumor angiogenesis. However, not all studies have
replicated the positive associations between pro-inflammatory cytokines polymorphisms and
gastric cancer risk [42]. A polymorphisms in IL-8 (-251 T→A) is associated with increased
production of IL-8 in H. pylori infected gastric mucosa and with precancerous gastric abnor‐
malities in Caucasians and gastric cancer in Asian populations [43]. Nevertheless, studies in
Asian populations [44,45] have failed to confirm relevance of this polymorphism and meta-
analysis supported this finding [35], but this can be attributable to small sample size in these
studies and limited number of the high quality studies available for the meta-analysis.

4.5. Presence of multiple high-risk cytokine gene polymorphisms

Possession of multiple high-risk host polymorphisms is associated with increased risk for
gastric cancer. Presence of 3-4 of the polymorphisms (IL-B1-511*T, IL-IRN*2/*2, TNF-A-308*A
and IL-10 ATA/ATA) confers a 27-fold increase in risk of non-cardia gastric cancer [33].

5. Polymorphisms in innate immune response genes

H. pylori attaches to gastric epithelium via receptors. Thus, polymorphisms in the innate
immune response genes, which interact with these receptors, could influence outcome of
infection and potentially the risk of gastric cancer.

5.1. Toll like receptor 4 (TLR4)

TLR4 is a cell-surface signaling receptor involved in the recognition and host response to
Helicobacter pylori. Toll-like receptor 4 gene codes for a lipopolysaccharide (LPS) receptor
molecule involved in innate immune recognition of microbe pathogen-associated molecular
patterns. The TLR4+896A>G polymorphism linked with impaired reactivity to bacterial
lipopolysaccharide may play a role in gastric carcinogenesis [44] and is associtaed with
hypochlorhydria and upper gastrointestinal cancer. TLR4 896 polymorphisms results in
changed conformation of the extra cellular domain of the TLR4 receptor and carriers are unable
to adequately respond to LPS challenge. The defective signaling through TLR4 leads to an
exaggerated inflammatory response with severe tissue destruction that causes gastric atrophy
and severe hypochlorhydria. Two independent case-control studies have demonstrated that
TLR4+896G carriers have eightfold increase in odds ratio for hypochlorhydria and gastric
atrophy, and over two-fold increase for gastric cancer [44,45]

6. Cell proliferation-related gene polymorphisms

Meta-analysis by Gao et al identified 23 polymorphisms significantly related to gastric cancer
in at least one published study suggesting the importance of polymorphisms in genes
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4.1. Interleukin-1
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4.4. Interleukin 8
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implicated in cell proliferation in development of gastric cancer. The overall effect of these
polymorphisms is probably modest but should not be neglected [46].

6.1. Cell cycle and apoptosis regulators

Cell cycle and apoptosis regulators are directly involved in the initiation of malignant
proliferation of the cell. Polymorphisms of functional regulators of TP53, TP53BP2 (tumor
protein P53 binding protein 2) and MDM2 (gene encoding Mouse double minute 2 homolog,
an important negative regulator of the p53 tumor suppressor) were found to be related to the
development of gastric cancer. TP3 gene encodes a multi-purpose protein (P53) that takes part
in regulating the cell cycle, carrying out programmed cell death, initiating DNA repair, and
regulating the transcription of a large number of genes that cells use for various biological
purposes. Given its many essential functions, P53 is frequently found inactivated in tumor
cells. Results of meta-analysis confirm that association of TP3 gene polymorphisms vary by
population and type of gastric cancer. The TP3 Arg allele carriers of Asian origin have an
increased risk for gastric cancer, while same polymorphism seems to have protective effects
in Caucasians [43]. Possible explanation is difference in environmental factors that act together
with either apoptotic or DNA repairing mechanisms. Data obtained for other two polymor‐
phisms in cell-cycle related genes that were extensively studied are inconsistent, both for Lmyc
(nuclear oncogen) EcoRI polymorphism and p21 (gene encoding P21/ cyclin-dependent kinase
inhibitor 1) polymorphism (Arg31Ser), probably due to relatively small sample sizes and
underestimated importance of environmental factors and their interplay with host genetics.

PPAR-γ (peroxisome proliferator-activated receptors γ) is a member of the nuclear hormone
receptor family that plays an important role in cell differentiation and regulation of metabo‐
lism. A potential interplay between PPAR-γ Pro12Ala polymorphism and H. pylori infection
was observed in the development of gastric cancer [47,48].

6.2. Growth factors and growth factor receptors

Polymorphisms determining higher level of growth factors and related receptors, which are
important for tissue repair, were associated with reduced risk of gastric cancer. Such associa‐
tions were observed for gene encoding epidermal growth factor (EGF) EGF 5′ UTR 61G>A,
[49], polymorphisms for transforming growth factor beta (TGFB) i.e. TGFB1 -509C>T,
TGFBR2-875G>A [50] and gene encoding insulin-like growth factor-binding protein 3 IGFBP3
-202A>C and Gly32Ala [51,52].

7. Environmental factors

Environmental regulation of virulence factors could be an interesting concept explaining why
not all infected individuals develop severe complications of disease despite infection with
pathogenic Helicobacter pylori strains.

Recent study demonstrated that high salt diet could influence H. pylori protein expression [53].
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7.1. Diet

In 2007 World Cancer Research Fund declared that high intake of vegetables and fruit probably
decrease risk of gastric cancer, and that high intakes of salt and salty food probably increase
risk of gastric cancer [54]. The proposed underlying mechanism for the inverse association of
gastric cancer risk with vegetable and fruit/rich diet is related to the presence of antioxidants.
Salt on the other hand acts directly on the stomach lining, destroying the mucosal barrier,
causes gastritis and increased epithelial cell proliferation [55]. A synergistic interaction
between diet and Helicobacter pylori infection with risk of gastric cancer has been proposed [56].
Recent study demonstrated that high salt diet could influence Helicobacter pylori protein
expression leading to increased risk of gastric cancer [53]. Salt responsive increase in cagA
expression attributable to increased CagA transcription was described that could lead to
increased risk of gastric cancer.

7.2. Smoking

Tobacco smoking is the risk factor associated with the largest number of cancer cases world‐
wide and the causal link with stomach cancer is recognized [54]. A recent meta-analysis found
significant positive associations of smoking with risk of both cardia and non-cardia gastric
cancer among the majority of studies, overall increasing risk by 62% for male and 20% for
female current smokers [57]. It is possible that tobacco smoke carcinogens affect gastric cancer
risk directly through contact with the stomach mucosa or indirectly through the blood flow
[54]. In a large population-based study in Europe (EPIC), 17.6% of gastric cancer cases were
attributed to smoking [56]. The cancer risk in past smokers can remain up to 14 years after
cessation of smoking [57,58]. The effect of smoking on gastric cancer is dose-dependent and
additive in the presence of other risk factors [59,60]. However, passive smoking does not seem
to increase the risk [61].

7.3. Non-steroidal anti-inflammatory drugs

Protective effect of regular use of non-steroidal anti-inflammatory drugs (NSAIDs) and
particularly aspirin on risk of gastric cancer was repeatedly reported in observational studies
and then results of meta-analysis [62] confirmed these finding. According to Algra et al regular
NSAID users have up to 20% reduced risk of gastric cardia adenocarcinoma and up to 36%
reduced risk of distal gastric adenocarcinoma [62]. NSAIDs suppress the production of
cyclooxygenase enzymes. Data on clinical efficacy of NSAIDs in prevention of gastric cancer
first suggested that aspirin reduces risk for both proximal and distal gastric cancer [63]. Recent
results from population-based intervention trial by Wong et al revealed that celecoxib
treatment or Helicobacter pylori eradication alone had beneficial effects on the regression of
advanced gastric lesions. Nevertheless no favourable effects were seen for H. pylori eradication
followed by celecoxib treatment [64]. Meta-analysis by Tian et al suggests significant protective
effects of NSAIDs against gastric cancer [65].
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7.4. Socioeconomic status

Lower socioeconomic status is associated with at least two-fold greater risk of gastric cancer
irrespective of the country incidence of gastric cancer [54]. Possible explanation is related to
increased likelihood of transmission and re-infection with H. pylori (large family, poor
sanitation, less frequent use of antibiotics). Also, low socioeconomic status is related to a diet
lower in fresh fruits and vegetables.

8. Importance of Helicobacter pylori eradication in prevention of gastric
cancer development-current knowledge and evidence

Helicobacter pylori infection is mainly associated with distal forms and intestinal-type gastric
carcinoma [7-9]. Namely, there are two distinct sites of gastric adenocarcinoma: proximal
(cardia) and distal (non-cardia), with different epidemiological and clinical characteristics.
Main risk factors for cardia gastric cancer are obesity, gastro-oesophageal reflux disease and
Barrett’s oesophagus [66] and its incidence is increasing over last decades. On the contrary,
main risk factors for development of distal gastric cancer are H.pylori, low socioeconomic
status, smoking, salty and smoked food intake, low consumption of fruits and vegetables and
a family history of gastric cancer. Clear decline in incidence of distal gastric cancer is observed
in the last decades [67].

Histologically gastric cancer is, according to Lauren classification, divided into two subtypes:
intestinal and diffuse type. The intestinal type is related to corpus-predominant gastritis with
intestinal metaplasia and is closely related to long-lasting H.pylori infection, whereas the
diffuse originates from superficial pangastritis without atrophy [7-9].

Intestinal type gastric adenocarcinoma results from a prolonged precancerous process. The
link between gastric intestinal metaplasia and cancer was proposed by pathologists in Java
and Sumatra in 1938. This idea was over time only occasionally revisited by scientists until in
1975 Correa et al proposed a model of gastric carcinogenesis. This model postulated that
intestinal type of gastric cancer was a result of progressive changes in the gastric mucosa [68].
Authors updated their model in 1988 and 1992. In Correa cascade the following consecutive
steps are now recognized: normal gastric mucosa, superficial (non-atrophic) gastritis, multi‐
focal atrophic gastritis (MAG), complete (small intestine type) intestinal metaplasia followed
by intestinal metaplasia of the incomplete (colonic) type, low-grade dysplasia, high-grade
dysplasia and invasive adenocarcinoma. [7-9, 68]. Loss of normal glandular tissue is the first
specific recognizable step in the precancerous cascade. However, the changes of the precan‐
cerous lesions over time remain an issue difficult to assess leading to the fact that the point of
no return, although of critical importance for timely eradication, still remains unidentified.

Five randomized controlled trials (RCT) reported effects of H.pylori infection eradication on
invasive gastric cancer or premalignant histological lesions of gastric mucosa. [69-75]

Study by Wong et al. was designed as RCT conducted in a high-risk gastric cancer region in
China that evaluated gastric cancer incidence as a primary outcome [69]. Authors identified
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healthy individuals with H. pylori infection and treated them either with eradication therapy
or placebo. During a follow-up period of 7.5 years authors failed to demonstrate overall
decrease in gastric cancer incidence. The study concluded that incidence of gastric cancer
development in the general population was similar between subjects receiving H. pylori
treatment and placebo. The study, however, suggested the possible protective role of H.
pylori eradication in participants without precancerous lesions, including gastric atrophy,
intestinal metaplasia, or dysplasia.

Other above cited trials were not designed to assess gastric cancer as a primary outcome [70,
71] or had low numbers of gastric cancer cases [69, 72] to provide an informative assessment
of the effects of eradication on cancer occurrence. Nevertheless, recently an important study
was published by Ma et al [74] with the long-term follow-up results of a randomized trial in
which 2258 H. pylori seropositive adults from a general population in China were randomly
assigned to three interventions (H. pylori eradication, garlic supplements, supplemental
vitamins) or control groups. After 15 years there were 34 new gastric cancers in H. pylori
eradication group and 52 in the corresponding control group (relative risk of 0.61, 95 %
confidence interval 0.38-0.96) that clearly demonstrated benefit of eradication therapy in
gastric cancer prevention.

This year Lee et al [76] evaluated the benefit of mass eradication of H. pylori infection started
in Taiwanese population with high incidence of H. pylori infection. Individuals who were aged
30 years and older were tested for the presence of H. pylori infection and those positive
underwent endoscopic screening and subsequent eradication therapy. Authors demonstrated
the success of eradication in 78.7%. Gastric atrophy incidence decreased in over 77% after
successful eradication of H. pylori with no significant change in intestinal metaplasia. Gastric
cancer incidence during the chemoprevention period was reduced by 25%. Based on these
findings authors suggest that ultimate benefit in reducing gastric cancer incidence and its
mortality should be validated by a further long-term follow-up.

Over a decade ago Uemura et al. [77] first reported that H. pylori eradication could reduce the
subsequent development of metachronous gastric cancer after endoscopic resection of early
gastric carcinoma. Namely, 132 H. pylori serology-positive patients who underwent endo‐
scopic resection were assigned to the H. pylori-treatment group or the no treatment group
according to the patients’ preference. Regular endoscopic follow-up for up to 4 years found
no metachronous cancer in H. pylori-treated patients compared to 9% in the no treatment
group.

Some years later, Fukase et al. [75] reported the results of a trial in which more than five
hundred patients in Japan who had previously undergone endoscopic resection for treatment
of early gastric cancer were randomized to either H. pylori eradication or usual care. They
demonstrated statistically significant 65 % reduction in the risk of metachronous gastric
carcinoma compared with the control group.

The evidence from more recent trial reports [74-76], taken together with the epidemiological
and experimental evidence for the carcinogenic activity of chronic H. pylori infection, provides
support for a protective effect of H. pylori eradication in gastric cancer.
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9. Conclusion

H. pylori infection contributes 5.5% to global cancer burden and is the single most important
cause of infection-associated cancer globally [6]. It is therefore reasonable to consider eradi‐
cation therapy as optimal preventive approach in infected individuals. Interrupting transmis‐
sion of infection is primary prevention, secondary should be eradication therapy and tertiary
prevention includes identification of the individuals with early gastric cancer. However data
from large study in China that included 1630 healthy carriers of H. pylori infection that were
given eradication therapy or placebo detected no difference of gastric cancer incidence between
these two groups [69]. Benefit would probably be seen in patients where gastric cancer cascade
did not cross the point of no return, which would explain results of recently published studies
[74,76]. Namely, intestinal-type gastric cancer results from a multistep process of mucosal
alterations leading from chronic inflammation (gastritis) to glandular atrophy followed by
development of intestinal metaplasia and dysplasia resulting in invasive carcinoma. Clinical
studies should aim to identify a ʹpoint of no returnʹ, a situation when mucosal alterations are
no longer reversible after H. pylori eradication and progression to gastric cancer became
independent of presence of the bacterium.

Higher risk for gastric cancer might be modulated by an overall pro-inflammatory host genetic
profile in the adaptive and innate immune systems genes (e.g. IL-1B, TNFA, IL-10, IL-8, and
TLR4) [77]. This pro-inflammatory profile might drive the immune response to H. pylori
infection to a severe chronic inflammatory phenotype, reduced gastric acid secretion, bacterial
overgrowth, and oxidative stress to the gastric mucosa.

Therefore timely eradication of H pylori infection especially in individuals with proinflamma‐
tory genetic profile could prevent development and in long term possibly decrease incidence
of gastric cancer.
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9. Conclusion

H. pylori infection contributes 5.5% to global cancer burden and is the single most important
cause of infection-associated cancer globally [6]. It is therefore reasonable to consider eradi‐
cation therapy as optimal preventive approach in infected individuals. Interrupting transmis‐
sion of infection is primary prevention, secondary should be eradication therapy and tertiary
prevention includes identification of the individuals with early gastric cancer. However data
from large study in China that included 1630 healthy carriers of H. pylori infection that were
given eradication therapy or placebo detected no difference of gastric cancer incidence between
these two groups [69]. Benefit would probably be seen in patients where gastric cancer cascade
did not cross the point of no return, which would explain results of recently published studies
[74,76]. Namely, intestinal-type gastric cancer results from a multistep process of mucosal
alterations leading from chronic inflammation (gastritis) to glandular atrophy followed by
development of intestinal metaplasia and dysplasia resulting in invasive carcinoma. Clinical
studies should aim to identify a ʹpoint of no returnʹ, a situation when mucosal alterations are
no longer reversible after H. pylori eradication and progression to gastric cancer became
independent of presence of the bacterium.

Higher risk for gastric cancer might be modulated by an overall pro-inflammatory host genetic
profile in the adaptive and innate immune systems genes (e.g. IL-1B, TNFA, IL-10, IL-8, and
TLR4) [77]. This pro-inflammatory profile might drive the immune response to H. pylori
infection to a severe chronic inflammatory phenotype, reduced gastric acid secretion, bacterial
overgrowth, and oxidative stress to the gastric mucosa.

Therefore timely eradication of H pylori infection especially in individuals with proinflamma‐
tory genetic profile could prevent development and in long term possibly decrease incidence
of gastric cancer.
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1. Introduction

Helicobacter pylori (H. pylori) is an important pathogen in human gastroenterology. H. pylori is
commonly acquired during early childhood and it is more common among people in devel‐
oping countries. Globally, over 50% of the population is infected with this bacteria, being
practically evenly distributed between the two genders, in spite of a few studies showing a
slight predisposition in males.

The clinical consequences of H. pylori infection in children are yet to be fully understood. H.
pylori infection in children differs from the same infection in adults, both in terms of the
percentage of infected individuals, symptoms, degree of complication towards peptic ulcer
disease or malignancy, the gastric areas affected, the degree of compliance to therapeutic
management or bacterial resistance to treatment.

2. Context

Helicobacter pylori (H. pylori) is a Gram - negative bacillus responsible for one of the most
commonly diagnosed infections, namely gastritis, in humans worldwide. [1]

In 1983 Robin Warren, an Australian pathologist, described an S-shaped bacteria for the first
time, that was found in the gastric mucosa. Together with Barry Marshall, they managed to
isolate thid micro-organism from biopsy samples taken during endoscopy, and called it
Campylobacter pyloridis, to be called H. pylori later on. [2]

Although the presence of bacteria in the stomach had been known as early as the 19th century,
these microbes were considered simply a consequence of gastric mucosa contamination from
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food intake and not colonizing species in the true sense of the word. The current in thinking
had been so controversial from the very beginning, that, about 30 years later, when H. pylori
was discovered and proposed as the causative agent for gastritis and peptic ulcer disease, the
scientific community rejected and even ridiculed the new theory. Survival of microbes in the
acidic pH conditions of the stomach was considered impossible.

In one of the boldest scientific approaches of the last century, Barry Marshall self-administered
an H. pylori dose in 1984. Although the researcher physician expected to develop peptic ulcer
disease in the coming months, the symptoms emerged much sooner: only 3 days later, Marshall
displayed dizziness, halitosis and vomiting, and in another 8 days, pangastritis was diagnosed
endoscopically, meaning inflammation of a large areas of the stomach.

Shortly after the publication of results in Warren and Marshall’s research, H. pylori was also
detected in biopsy specimens taken during digestive endoscopy performed in children with
chronic gastritis and / or duodenal ulcers; at the same time, resolution of gastric pathology in
children was also demonstrated with bacterial eradication. [3] Overall, these discoveries have
demonstrated the important role of H. pylori in gastric pathology both in adults and children.

The discovery of H. pylori, the demonstration of causality between the infection and gastric
pathology and improvement of the bacteria eradication methodology increased the living
quality for a large number of patients. If, in the past, peptic ulcer disease surgery used to
be  one  of  the  most  common  forms  of  surgery  performed,  management  of  ulcers  by
eradication of H. pylori is so effective nowadays that very few patients require surgery. The
merit  of  Warren  and  Marshall’s  pioneering  research  was  awarded  the  Nobel  Prize  for
medicine in 2005.

Goals of current and future research of H. pylori equally require better understanding of
immune-pathogenics of gastric disease associated with H. pylori infection, clarification of
modes of transmission, as well as improving the safety and effectiveness of vaccines for
prevention of H. pylori infection.

Children  are  different  from adults  regarding  H.  pylori  infection,  in  terms  of  the  preva‐
lence  of  the  infection,  the  complication  rate,  the  almost  complete  absence  of  gastric
malignancy, age-specific issues, with diagnostic tests and medication as well as a higher
rate of resistance to antibiotics. The former and other differences as well can explain why
some of the recommendations for adults cannot be applied to children. [4]

3. Description of H. pylori

Phylogenetic classification of H. pylori is: Helicobacter genus, Helicobacteraceae family, Campy‐
lobacterales order, Proteobacteria subdivision.

H. pylori is a Gram - negative type bacterium, able to colonize the gastric mucosa in the majority
of the population in the context of very low pH and low partial pressure of oxygen (pO2). H.
pylori has a curved shape and is 2-4 microns long and 1 micron wide. It displays 2-6 flagella of
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about 3 microns in length, ensuring it high mobility. [5] Optimal development of this organism
requires reduced O2 pressure, high humidity, 37° C temperature and neutral pH. The metab‐
olism of the microbe can process glucose but not any other sugars.

The bacterium displays a  range of  extraordinary adaptations needed for  survival  in the
extreme conditions of the gastric environment. H. pylori is one of the most efficient animal
species, capable of degrading urea. The abundance of the urease enzyme allows rapid urea
hydrolysis  in  the  gastric  environment,  with release  of  bicarbonate  and ammonia,  which
neutralize the gastric pH and provide for the optimum conditions for bacterial life. At the
same time,  the  ammonia  generated  is  used in  the  metabolism of  the  bacterium for  the
synthesis  of  amino acids.  [6]  Initially,  the  urease  enzyme is  solely  localized in  the  cyto‐
plasm, however, in the case of exposure to acid in vivo, autolysis of the cell wall takes place
and release of the enzyme, which is subsequently fixed on the H. pylori surface. At the same
time, increased motility allows the bacterium to penetrate and become fixed in the layers
of the gastric mucosa. [7]

Outside the host organism, however, H. pylori is fragile and unable to survive when stored at
low and ultra-low temperatures as compared with other intestinal bacteria. Although healthy
individuals’ manner of infection of is not yet fully understood, it is assumed that transmission
is largely by direct contact of individuals and less by contaminated objects.

4. The rate of H. pylori infection

H. pylori infection global rate differs by region, ethnicity, age, and socio-economic level of the
population. The percentage of infected individuals is higher in disadvantaged socio-economic
categories and increases with age. Large infection percentages (about 80%) may be found in
Asian countries, in Eastern and South-Eastern Europe, in Latin America, whereas much
smaller percentages (about 40%) are characteristic to Western countries. [8-10]

Regardless of the geographic area analysed, one finds that H. pylori infection is usually
acquired in early childhood both in developed and developing countries.

5. Prevalence

Overall, about one third of the population is infected with H. pylori, and the frequency increases
with age.

In general, the prevalence is higher in developing countries, and the infection is contacted at
an early age. The incidence is 3-10% of the population every year in developing countries, as
compared to 0.5% in developed countries. [11]

The prevalence of H. pylori infection is not only lower in industrialized countries than in
developing countries, but the incidence of H. pylori infection, gastric cancer, peptic ulcer
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disease and related diseases are also declining. Worldwide, more than 1 billion people are
estimated to be infected with H. pylori. [4]

6. Possibility of transmission

H. pylori does not tolerate increased O2 partial pressure, high temperatures or nutrients poor
environments outside the host organism. In other words, H. pylori is excellently adapted to
gastric existing parameters, but it is a fragile organism, non-viable outside the host. One study
highlights the possibility for Helicobacter pylori infection from a water supply. For these reasons,
although the exact H. pylori mode of transmission is not completely understood, the type of
transmission is accepted by primarily direct contact of healthy individuals with an infected
person. Transmission of infection may also be the result of transport vectors.

H. pylori isolated strains are found more often in staff performing endoscopies than the general
population.

H. pylori has been isolated and cultivated from faeces, indicating the possibility of faecal-oral
transmission. Also, H. pylori was found in the oral cavity in both saliva and the plaque,
suggesting oral-oral transmission variant. Therefore, transmission of H. pylori can occur by
oral-oral, faecal-oral transmission or a combination thereof. [12]

Horizontal transmission is favoured by overcrowding found in densely populated human
communities. This version is the most likely in the case of infection transmission among family
members. Thus, children of H. pylori infected mothers run an 8 times higher risk of acquiring
the bacterium. [13]

7. Diagnosis of H. pylori

Correct diagnosis of H. pylori is possible through a wide range of working methods. However,
the opportunity to diagnose H. pylori and the working method chosen should be evaluated
according to the specificity of each case.

H. pylori infection generated symptoms is nonspecific, including abdominal pain, gastro-
oesophageal reflux with or without heartburn, halitosis, vomiting or hematemesis.

Because symptoms caused by H. pylori are general (nonspecific), the H. pylori infection may
overlap with another digestive or abdominally located disorder. Therefore, the primary
purpose of investigating gastrointestinal symptoms should be elucidating their real ethyology
and not just determining the presence of H. pylori infection. This consideration is especially
important in the case of H. pylori infection in children under the age of 12, because the latter
are unable to accurately describe the location, nature or intensity of their discomfort. [14]

Assessment of patients infected with H. pylori should pay particular attention to anorexia and
weight loss, pallor or laboratory tests to identify anaemia, vomiting, abdominal pain or pain
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associated with meals and night-time, as well as to any descriptions of gastrointestinal
haemorrhage.

In children suspected of H. pylori infection, history should include the following:

• Abominable pain nature, location, frequency, duration, severity, exacerbation and alleviat‐
ing factors;

• The intestinal transit and description of the stool;

• Appetite, diet, changes in weight;

• Halitosis, vomiting and description of the gastric material;

• Ulcer disease or gastrointestinal disorders (e.g. Crohnʹs disease) running in the family;

• Medications (on-prescription and OTC);

• Previous diagnostic tests and gastrointestinal tract specific therapy.

Physical examination of an asymptomatic H. pylori infected child usually ends in confusing
results. In children with chronic gastritis, duodenal and peptic ulcer, important findings
include epigastric tenderness or gastrointestinal bleeding (e.g., positive guaiac stools, tachy‐
cardia, pallor).

Children with peptic ulcer can develop complications (e.g., severe blood loss in the gastroin‐
testinal tract, perforation, obstruction) and may show signs of hemodynamic instability or
signs of acute abdomen. Children with long-term peptic ulcer caused by H. pylori may become
anaemic from undetected and asymptomatic chronic bleeding. In such children, the following
should be considered:

• The child’s overall appearance;

• Assessment of perfusion, paying special attention to the child’s mental status, heart rate,
pulse as well as refill of capillaries.

• Evaluation of the child’s skin as well as conjunctivae in order to check pallor.

• Careful cardiac and pulmonary scrutiny.

• Abdomen inspection, auscultation and palpating.

• Making a rectal exam and the guaiac test of the stool. [4]

For accurate diagnosis of H. pylori infection, several methods are available with varying
degrees of accuracy:

7.1. Histopathological methods

Isolation and cultivation of H. pylori in biopsy specimens taken during endoscopy is the golden
standard in diagnosing the infection. In addition, this method also has the advantage of
providing information about tissue pathology as caused by H. pylori infection. Since distribu‐
tion of H. pylori concentration on the gastric mucosa is not uniform but has rather the appear‐

Particulars of the Helicobacter pylori Infection in Children
http://dx.doi.org/10.5772/58326

181



disease and related diseases are also declining. Worldwide, more than 1 billion people are
estimated to be infected with H. pylori. [4]

6. Possibility of transmission

H. pylori does not tolerate increased O2 partial pressure, high temperatures or nutrients poor
environments outside the host organism. In other words, H. pylori is excellently adapted to
gastric existing parameters, but it is a fragile organism, non-viable outside the host. One study
highlights the possibility for Helicobacter pylori infection from a water supply. For these reasons,
although the exact H. pylori mode of transmission is not completely understood, the type of
transmission is accepted by primarily direct contact of healthy individuals with an infected
person. Transmission of infection may also be the result of transport vectors.

H. pylori isolated strains are found more often in staff performing endoscopies than the general
population.

H. pylori has been isolated and cultivated from faeces, indicating the possibility of faecal-oral
transmission. Also, H. pylori was found in the oral cavity in both saliva and the plaque,
suggesting oral-oral transmission variant. Therefore, transmission of H. pylori can occur by
oral-oral, faecal-oral transmission or a combination thereof. [12]

Horizontal transmission is favoured by overcrowding found in densely populated human
communities. This version is the most likely in the case of infection transmission among family
members. Thus, children of H. pylori infected mothers run an 8 times higher risk of acquiring
the bacterium. [13]

7. Diagnosis of H. pylori

Correct diagnosis of H. pylori is possible through a wide range of working methods. However,
the opportunity to diagnose H. pylori and the working method chosen should be evaluated
according to the specificity of each case.

H. pylori infection generated symptoms is nonspecific, including abdominal pain, gastro-
oesophageal reflux with or without heartburn, halitosis, vomiting or hematemesis.

Because symptoms caused by H. pylori are general (nonspecific), the H. pylori infection may
overlap with another digestive or abdominally located disorder. Therefore, the primary
purpose of investigating gastrointestinal symptoms should be elucidating their real ethyology
and not just determining the presence of H. pylori infection. This consideration is especially
important in the case of H. pylori infection in children under the age of 12, because the latter
are unable to accurately describe the location, nature or intensity of their discomfort. [14]

Assessment of patients infected with H. pylori should pay particular attention to anorexia and
weight loss, pallor or laboratory tests to identify anaemia, vomiting, abdominal pain or pain

Trends in Helicobacter pylori Infection180

associated with meals and night-time, as well as to any descriptions of gastrointestinal
haemorrhage.

In children suspected of H. pylori infection, history should include the following:

• Abominable pain nature, location, frequency, duration, severity, exacerbation and alleviat‐
ing factors;

• The intestinal transit and description of the stool;

• Appetite, diet, changes in weight;

• Halitosis, vomiting and description of the gastric material;

• Ulcer disease or gastrointestinal disorders (e.g. Crohnʹs disease) running in the family;

• Medications (on-prescription and OTC);

• Previous diagnostic tests and gastrointestinal tract specific therapy.

Physical examination of an asymptomatic H. pylori infected child usually ends in confusing
results. In children with chronic gastritis, duodenal and peptic ulcer, important findings
include epigastric tenderness or gastrointestinal bleeding (e.g., positive guaiac stools, tachy‐
cardia, pallor).

Children with peptic ulcer can develop complications (e.g., severe blood loss in the gastroin‐
testinal tract, perforation, obstruction) and may show signs of hemodynamic instability or
signs of acute abdomen. Children with long-term peptic ulcer caused by H. pylori may become
anaemic from undetected and asymptomatic chronic bleeding. In such children, the following
should be considered:

• The child’s overall appearance;

• Assessment of perfusion, paying special attention to the child’s mental status, heart rate,
pulse as well as refill of capillaries.

• Evaluation of the child’s skin as well as conjunctivae in order to check pallor.

• Careful cardiac and pulmonary scrutiny.

• Abdomen inspection, auscultation and palpating.

• Making a rectal exam and the guaiac test of the stool. [4]

For accurate diagnosis of H. pylori infection, several methods are available with varying
degrees of accuracy:

7.1. Histopathological methods

Isolation and cultivation of H. pylori in biopsy specimens taken during endoscopy is the golden
standard in diagnosing the infection. In addition, this method also has the advantage of
providing information about tissue pathology as caused by H. pylori infection. Since distribu‐
tion of H. pylori concentration on the gastric mucosa is not uniform but has rather the appear‐

Particulars of the Helicobacter pylori Infection in Children
http://dx.doi.org/10.5772/58326

181



ance of distinct lower or higher concentration islands, taking at least 2 biopsies is
recommended, one of the gastric body and the other from the antrum. [15]

7.2. Breath analysis

Diagnosis of H. pylori infection may also be performed by breath analysis after oral adminis‐
tration of a urea solution. If the urea used is provided with a 13C- labelled carbon atom, this
isotope dosage can be performed, but the method is both very precise and demanding in terms
of the equipment involved. Alternatively, unmarked urea can be administered to qualitatively
detect the presence of H. pylori by identification of NH3 (ammonia) in the air expired. [4]

7.3. Immunological methods

H. pylori infection causes emergence of specific antibodies: anti - H. pylori antibodies (IgA and
IgG) in serum, blood, urine and / or saliva. Although cheap and fast, detection of these
antibodies is not relevant to assess the current status of infection or success of the eradication
therapy. Because of immunological memory, antibodies may persist for months and years even
in the host organism after eradication of the infection. [16-18]

7.4. Detection of antigens

Identification of H. pylori antigen in faeces is an accurate way of establishing the diagnosis, as
a non-invasive method and easier to apply in children than administration of urea solution or
endoscopy.

In addition, the method has the advantage that even after the passage of five days from sample
harvest, diagnosing H. pylori is as accurate. Thus, sampling of biological material can be
performed without the active participation of children and their visit to the medical centre, as
the sample may be dispatched by courier. [4]

Colonization of gastric mucosa by H. pylori does not automatically mean onset of the disease,
but the infection correlates with increased risk of infection during the onset of peptic ulcers
and gastric cancer. The materialization of this risk depends on a summation of factors related
to the genome of the bacterium, the host and environmental factors.[19]

A wide range of extra-gastrointestinal disorders are thought to be associated with H. pylori
infection, e.g. otitis media, upper respiratory tract infections, periodontitis, food allergies,
Sudden Infant Death Syndrome (SIDS). However, there is currently no convincing scientific
evidence regarding the causal relationship between H. pylori infection and such disorders.

Symptoms associated with H. pylori infection may be absent even in some cases where the
presence of H. pylori was proved by histological analysis. In other cases however, infection is
followed by the occurrence of peptic ulcer and its complications. The general pathology of H.
pylori includes phenomena such as dyspepsia and refractory anaemia. [15]
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8. Incriminatory factors

To determine their causal relationship with H. pylori infection, epidemiological studies have
addressed various factors such as a bacterial cause, the host, genetic and environmental factors.
Data are related to the spread of infection from person to person (e. g. dental plaque), but the
origin and the mode of transmission is incomplete known. [4]

H. pylori infection causes include the following:

• We can observe that the transmission of H. pylori is possible person to person.

Groups of infection are under observation, particularly within families of infected children.
Possible routes are faecal-oral, oral-oral and gastro-oral. Mother to child transmission has been
suggested in a study analysing DNA of H. pylori strains. [20] Studies have shown identical H.
pylori strains in mothers and their younger children. Maternal symptoms of nausea and
vomiting and pacifier use were associated with the risk of H. pylori infection in children.

Cervantes et al. participated a study performed at the US-Mexico border and they have shown
that a younger brother is 4 times more prone to H. pylori infection if the mother was H. pylori
infected, compared to an uninfected mother. Younger brothers are 8 times more likely to
acquire the infection if an older brother had persistent H. pylori infection. [13]

Absence or poor personal hygiene may also play a role. Increase in H. pylori infection may be
observed in developing countries, which may reflect the combined effects of poor living
conditions, poor hygiene and overcrowded cities.

The status of H. pylori infection in the United States, a comparatively higher socio-economic
setting, shows that the higher the social and economic level, the lower the incidence of H.
pylori infection, a finding that may reflect also the same factors as those mentioned in the case
of developing countries.

• In the clinical manifestations of H. pylori infection the bacterial factors may play an important
role. Patients infected with H. pylori may have two basic phenotypes reported the presence
or absence of cytotoxin vacuole.

Inflammation is more pronounced in people with cytotoxin - positive infection, confirmed at
endoscopy, than in those infected with H. pylori cytotoxin - negative.

As far as bacterial factors are involved, presence of two fundamental phenotypes has been
shown in H. pylori infected patients, i.e. vacuolating cytotoxin positive and negative, respec‐
tively. Endoscopy performed on cytotoxin-positive infected patients has proved inflammation
more marked than in patients where the cytotoxin was absent.[13]

The significance of host dependent factors has been demonstrated by such observations as the
fact that adults are less capable of solving acute infections than children.

A different such factor may be the presence of hypochlorhydria in the host, which allows
specific H. pylori colonization of the stomach.

In addition, H. pylori may only persist if the metaplastic epithelium of the stomach is atrophied.[4]
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• One study highlights the possibility for H. pylori infection from a water supply. [21]

• Transmission of infection may also be the result of transport vectors. [22]

• H. pylori isolated strains are found more often in staff performing endoscopies than the
general population.

9. Pathophysiology

H. pylori organisms are spiral Gram - negative bacteria, highly mobile due to their multiple
unipolar flagella. They are microaerophilic powerful urease producers. These organisms
inhabit the mucus adjacent to the gastric mucosa.

Important adaptive features improve survival of the organism in an acidic environment
include its shape and motility, its low oxygen needs, its adhesion molecules serving a feeding
role in certain gastric cells and urease production. Bacterial urease converts urea to ammonia
and bicarbonate, therefore neutralizing gastric acid and providing protection from a hostile
environment. Some of the lipopolysaccharides of the organism mimic the Lewis blood group
antigens structure. This molecular mimicry also helps the survival of H. pylori in the unfav‐
ourable gastric environment. [23]

H. pylori generates disease triggers, including urease, vacuolating cytotoxin, catalase and
lipopolysaccharide (LPS). Urease is a potent antigen inducing increased production of immu‐
noglobulin G and immunoglobulin A. Expression of vacuolating cytotoxin generating
inflammatory cytokines may be associated with more pronounced inflammation and marked
tendency of disease triggering.

The most important virulence factor in H. pylori infection is cytotoxin - associated antigen
(CagA). A person infected with CagA -negative strains is likely to develop chronic gastritis
and have little chance to develop peptic ulcer disease or gastric cancer.

On the other hand, infection with CagA -positive strains greatly increases the risk of peptic
ulcer and gastric cancer.  Movement of CagA protein into gastric epithelial  cells leads to
rearrangement  of  the  host  cytoskeleton,  alters  signalling  cell  and disturbs  the  cell  cycle
control. [24]

In children with H. pylori infection, who have peptic ulcer disease, in situ expression of CagA
is increased and may play an important role in the pathogenesis of peptic ulcer disease. [25]

The bacteria H. pylori localises in the stomach, induces inflammatory cytokines formation and
causes gastric inflammation. People with H. pylori gastritis associated with increased gastric
acid gastritis are prone to peptic ulcer disease. [26] In contrast, people infected with H. pylori
associated with corpus gastritis, with decreased gastric acid production are more prone to
developing gastric atrophy (intestinal metaplasia and gastric adenocarcinoma).
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The infection with H. pylori has been associated with iron deficiency anaemia. The two main
assumptions underlying this theory are iron sequestration because of antral H. pylori infection
and decrease of non- hemin iron absorption caused by hypochlorhydria.

H. pylori infection and its association with gastric malignancies have been well described in
several epidemiological studies. [27] However, the evolution from inflammation to cancer
remains unclear.

There exists a model describing the progressive evolution of H. pylori infection to hypochlo‐
rhydria, chronic gastritis, atrophic gastritis, dysplasia, intestinal metaplasia and gastric cancer.
[28, 29, 30, 31]

A newer hypothesis suggests that H. pylori infection may protect against self - inflammatory
diseases such as asthma or inflammatory bowel disease. For instance, epidemiological data
suggest that infection with Helicobacter pylori is less common in patients with inflammatory
bowel disease, which leads to research for defining potential mechanisms underlying these
clinical findings. [27]

10. Morbidity

Most H. pylori infected children are asymptomatic. Antral gastritis is the most common
manifestation in children. Duodenal and gastric ulcers may be associated with H. pylori
gastritis in adults, but is less common in children. The risk of gastric cancer, including non -
Hodgkin lymphoma (i.e. associated to the lymphoid tissue mucosa MALT]) and adenocarci‐
noma is increased in adults.[4]

The relationship between H. pylori gastritis and recurrent abdominal pain (RAP) is controver‐
sial. The incidence of H. pylori gastritis in patients with RAP is not significantly higher than
the incidence of H. pylori infection in the general population. Although certain studies have
shown an improvement in symptoms in children with RAP and Helicobacter pylori gastritis
after eradication therapy for H. pylori, data from a recent double-blind controlled trial have
not confirmed this finding. [32]

According to the North American Society for Paediatric Gastroenterology, Hepatology and
Nutrition no results were sufficiently reliable to support routine testing for H. pylori in children
with RAP. [33]

Data published so far highlight an association between H. pylori infection and gastrointestinal
symptoms in children, but no association has been found between RAP and H. pylori infection.
Conflicting evidence has been found however concerning the association of H. pylori infection
with epigastric pain. [34]

There are studies suggesting that H. pylori protects the human body from developing gastro‐
esophageal reflux disease, while others affirm a causal association between them. Analysis of
studies in conducted in adults has found no association between H. pylori eradication and
development of new cases of gastroesophageal reflux disease in dyspeptic patients. [35]
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According to a pediatric retrospective study, there was a significantly higher prevalence of
reflux esophagitis in H. pylori infected children. [36]

H. pylori infection was also associated with extraintestinal manifestations such as short stature,
immune thrombocytopenic purpura and migraine, with different levels of causation. [37, 38].
This infection is also associated with coronary diseases, iron-deficiency anemia and hepato‐
biliary diseases among others. [39, 40, 41, 42, 43, 44]

11. Dissemination (population category)

The predominance H. pylori infection is increased in black, Hispanic, Asian, and Native
American populations.

The infection with H. pylori affect more than a half of the worldʹs population, which is acquired
almost always within the first 5 years of life [45]. In the developed world, the prevalence rates
vary from 1.2% to 12.2% [46-49]. In developing countries, the prevalence rates are much higher.
The serological prevalence rates of H. pylori were 45% among Indian children [40,51]. In Bolivia
and Alaska, at the age of 9 years, the seroprevalence was 70% and 69%, respectively [52]. The
seroprevalence in preschoolers in Brazil was found to be 69.7% [53]. An age-related increase
of the prevalence of H. pylori, irrespective of the economic state of the country, was observed
by several independent studies across the world [47-51, 54, 55].

In a study of Prof Dr Sibille Koletzko et al [15] was presented that during the first years of life
in both developing and industrialized countries the H. pylori infection is usually acquired.The
epidemiology of H. pylori infection in children, in Europe and North America has changed in
recent decades. In the northern and western European countries are founding low incidence
rates, resulting in prevalence far below 10% in children and adolescents. In contrast, the
infection is still common in certain geographic areas such as southern or eastern Europe,
Mexico, and certain immigrant populations from South America, Africa, and most Asian
countries, and aboriginal people in North America. The different prevalence of infection and
the corresponding effect on health care resources in industrialized compared with developing
countries require different recommendations with respect to testing and treating children.
These guidelines apply only to children living in Europe and North America, but not to those
living in other continents, particularly in developing countries with a high H. pylori infection
rate in children and adolescents and with limited resources for health care [15].

Infection rates are similar in men and women alike.

Many study present that less than 10% of children under 12 years of age are infected in
developed countries, but seropositivity increases with age, to a rate of 0.3-1% per year.
Seropositivity studies in developed countries in adults showed a prevalence of 30-50%.

In the US, estimated prevalence is 20% for people under 30 and 50% for persons over 60.
In  developing  countries,  prevalence  rates  are  much  higher.  H.  pylori  serological  preva‐
lence  rates  have  been  15% and 46% for  Gambian  children  under  20  months  and 40-60
months, respectively. [56]
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12. Laboratory methodology

An important study of Prof Dr Sibille Koletzko et al was presented by using the testing
guidelines recently provided by the European Society for Paediatric Gastroenterology
Hepatology and Nutrition (ESPGHAN) and the North American Society for Paediatric
Gastroenterology, Hepatology and Nutrition (NASPGHAN) for H. pylori infection in children
[15]. These recommendations are:

• The primary purpose of clinical investigation of gastrointestinal symptoms is to determine
the primary cause of the symptoms, and not the presence of H. pylori infection only.

• Diagnostic tests for H. pylori infection are not recommended in children with functional
abdominal pain. Currently, in the absence of ulcer disease, there is insufficient evidence to
justify a causal relationship between H. pylori gastritis and abdominal symptoms. Therefore,
cases of abdominal pain consistent with diagnostic criteria for functional pain should not
be investigated for H. pylori, unless upper endoscopy is conducted during diagnostic, in
search of some organic disease.

• In children with first-degree relatives with gastric cancer, H. pylori testing may be consid‐
ered.

• In children with refractory iron deficiency anaemia in whom other causes have been
excluded, H. pylori testing can be considered.

• There is insufficient evidence that H. pylori infection is causally linked with otitis media,
respiratory tract infections, periodontal diseases, food allergies, sudden infant death
syndrome, idiopathic thrombocytopenic purpura and short stature.

• To confirm eradication in children selected with disease complicated by peptic ulcer or
lymphoma and in children who remain symptomatic.

For diagnostic tests to be applied, the recommendations are as follows:

• For the diagnosis of H. pylori infection during esophagogastroduodenoscopy (EGD), it is
recommended to obtain gastric biopsy samples (antrum and corpus gastritis).

• It is recommended that the initial diagnosis of H. pylori infection rely on positive histopa‐
thology examination and a rapid urease positive test or a positive culture.

• The 13C - urea breath test (UBT) is a non-invasive test to determine successful eradication of
H. pylori.

• A positive enzyme immunoassay (ELISA) for the detection of H. pylori antigen in the stool
is a noninvasive test to determine whether H.pylori has been eradicated. Several methods
are available for detection of the H. pylori antigen in stool, such as the enzyme immunoassay
test (EIA) based on polyclonal or monoclonal antibodies and immunochromatographic tests
(the so-called rapid tests).

Stool tests are generally much more convenient in children than UBT. Neither storage of
evidence at room temperature for up to 5 days nor freezing them for months or even years
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appears to influence the accuracy of the stool tests. So far, only EIA based on monoclonal
antibodies has equalled UBT accuracy.

• Tests relying on antibody detection (IgG, IgA) against H. pylori in the blood serum, urine
and saliva are not viable for use in the clinic setting.

• Physicians are recommended to wait for at least 2 weeks after end of the proton pump
inhibitors (IPP) therapy and for 4 weeks after end of antibiotics before conducting biopsy
and non-invasive tests (UBT, stool test) for H. pylori.

It should be noted that these guidelines only apply to children in Europe and North America,
not in other continents, particularly developing countries, with a high rate of paediatric H.
pylori infection and limited health resources.

Another studies / tests

• Imaging studies are not useful in the diagnosis of H. pylori infection. They can be useful in
patients with complicated diseases (e.g., ulcer, gastric cancer, MALToma).

• Urea breath test: The patient ingests a test meal containing carbon-13 (13C) labelled urea,
which is a nonradioactive isotope. H. pylori urease activity produces 13C-labelled carbon
dioxide, detectable in the breath. A positive result confirms urease activity and H. pylori
infection. This is a highly specific test, sensitive in patients over 6 years of age. It is useful
to check eradication of H. pylori after treatment. Experience in children 5 years or younger,
in infants particularly, is relatively limited and needs further validation.

Detection of Helicobacter pylori

The procedure of choice for detecting gastritis, duodenitis and PUD in the paediatric popula‐
tion is upper endoscopy (EGD)

• EGD allows direct visualization of the mucosa, for locating the source of bleeding, to detect
H. pylori by biopsy, culture and cytology analysis and DNA testing using PCR.

• In addition, a rapid test based on detection of urease activity (a H. pylori highly specific
marker) may be performed. The test, called the Campylobacter test (CLO) allows diagnosis
of H. pylori infection within 24 hours.

• Two modified urea rapid test kits are currently available on the market and reported as
more accurate, with shorter reaction time and of better value for money than the CLO test.

• Endoscopy in children may reveal a nodular appearance in the gastric antrum resulting
from lymphoid hyperplasia [34]. Approximately 50% of affected children have displayed
endoscopic evidence of changes of H. pylori gastritis.

The appearance of an active ulcer is round or oval lesion in shape, the perforated base being
smooth and white, with a red and oedematous surrounding mucosa. In H. pylori infection, the
most common site for ulcer is the duodenal bulb.
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Biopsy obtained from the prepiloric antrum has the highest yield in H. pylori infection. Often,
tissue samples are also obtained from the body and the transition areas of the stomach,
especially when the patient has recently taken acid suppressing medications.

• Endoscopic biopsy is indicated for the following reasons:

• Histological examination of gastric tissue;

• Rapid urease test (e.g. CLO test)

• Culture of organisms;

• PCR test for identification of H. pylori DNA

• Histological findings include infiltration of a substantial number of plasma cells and
lymphocytes into the gastric mucosa and Giemsa, Diff-Quick visible bodies or haematoxylin
and eosin. Sensitive colouring of a small number of bacteria is possible with a silver staining
method such as Genta or Warthin-Starry.

Stages

• Multiple stages in the progression of the disease are well described in the literature, although
no stages system for H. pylori infection has been established.

• The first step is chronic gastritis, followed by a second step, atrophic gastritis. The third step
is intestinal metaplasia, which can evolve to dysplasia. The last step in this process is gastric
adenocarcinoma.

• This is a very slow process (which may take decades, for example), and can stop at any step
because gastric cancer probably requires several other factors to grow, not just H. pylori
infection.

Treatment measures of Helicobacter pylori infection

Let us mention the new treatment rules recommended for the following patient groups [15]:

• In the presence of H. pylori-positive PUD, eradication of the microorganism is recommend‐
ed.

• On detection of H. pylori infection by biopsy based methods in the absence of PUD, H.
pylori treatment may be considered. The decision to treat H. pylori associated gastritis
without duodenal or gastric ulcer is subject to the clinician’s judgment and deliberation is
undertaken with the patient and family, taking into account potential risks and benefits of
treatment for the patient.

• In H. pylori infected children, whose next of kin suffer from gastric cancer, treatment can be
offered.

• The "test - and-treat" strategy is not recommended for children. The main purpose of the
tests is to diagnose the cause of the clinical symptoms.

Currently practiced therapeutic approach takes the following into account:
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• H. pylori acquired resistance to antibiotics, which requires bacterial strain susceptibility
testing to a certain class of antibiotics in geographic areas where resistance is seen in
encountered in a percentage of patients;

• Success rate in eradication of infection is directly dependent on the dose and duration of
medication administered. In practice however, this is less apparent because of lower
compliance in long cures and because of adverse effects (vomiting, nausea, malaise) in high
doses;

• Bismuth (Bi3+) salts preparations are effective but difficult to accept by children because of
their bad taste;

• Therapeutic management aims not at eradication of H. pylori infection only but also at
resolution of the pathology is determines (gastritis, reflux, dyspepsia etc.) and therefore
triple therapy may be associated with prokinetics and hygienic-dietary regime to spare
digestion;

• Unwanted side effects of the antibiotics cure can be reduced by administration of probiotic
preparations that restore normal intestinal flora.

The following treatments should be implemented [15]:

• First line eradication regimens are: triple therapy with a PPI + amoxicillin + imidazole, or
PPI + amoxicillin + clarithromycin + amoxicillin or bismuth salts + imidazole or sequential
therapy. Sequential therapy involves dual therapy with a PPI and amoxicillin for 5 days,
successively followed by five days of triple therapy (a PPI with clarithromycin and metro‐
nidazole / tinidazole). In fact, this scheme may be considered as quadruple therapy provided
in a sequential manner. It is speculated that the initial use of amoxicillin reduces bacterial
load and provides protection against resistance to clarithromycin.

• Clarithromycin antibiotic susceptibility testing is recommended prior to clarithromycin
triple therapy in areas / populations definable as clarithromycin highly resistant (> 20%) to
H. pylori.

• The recommended period for triple therapy is 7-14 days. Costs, compliance and adverse
effects should be taken into account.

• A reliable non-invasive test for eradication is recommended at least 4-8 weeks after treat‐
ment.

In cases of treatment failure, the following 3 options are recommended:

• EGD with culture and sensitivity tests, including alternative antibiotics if not performed
prior to standard treatment.

• Insitu fluorescence hybridization (FISH) on paraffin-embedded biopsies, if clarithromycin
susceptibility testing was not performed before standard therapy.

• Therapy changing by addition of an antibiotic, using various antibiotics, as well as addition
of bismuth, and / or increase of the dose and / or treatment duration.
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If not possible to perform a primary culture, the following regimens are suggested as second-
line or rescue therapy [15]:

• Quadruple therapy consists of metronidazole + amoxicillin + PPI + bismuth. In most
guidelines, quadruple therapy is the recommended second-line therapy, but this is a
complicated regimen to administer. In addition, bismuth salts are not universally available.

• Triple therapy consists of PPI + levofloxacin (moxifloxacin) + amoxicillin. Regimen evalua‐
tion using fluoroquinolones, including levofloxacin, as second-line therapy in children is
limited. In studies in adults, the treatment seems to be effective.

Although studies during ideal therapy duration for second-line treatment are not conclusive,
a longer treatment duration is recommended, up to 14 days.

Other procedures

• Surgical procedures are rarely needed in treatment of patients with H. pylori infection.
However, the ulcer, surgery may be required for certain complications unresponsive to
medical treatment, including difficult to treat abdominal pain, gastric outlet obstruction,
perforation and severe bleeding.

• Consultations pediatric gastroenterologists: For evaluation, endoscopy and biopsy to
confirm Helicobacter pylori infection and rule out other causes for abdominal pain or
bleeding;

• Surgeon - For intervention in patients with severe or intractable pain or bleeding or patients
with intestinal perforation or obstruction of the gastro-intestinal tract;

• Radiologist - For patients requiring upper gastrointestinal imaging with contrast-enhanced
studies.

Hygienic-dietary regime

A sparing digestive hygienic-dietary regime is recommended, including meals and snacks
every 3-4 hours with correct chewing and avoidance of food aggressors. Foods such as fruit
juices and certain dairy products may have a modest bacteriostatic effect on H. pylori. Active
principles (sulforaphane and indole-3-carbinol) of the Brassicaceae family are also included
here.

• Two randomized, placebo-controlled studies have evaluated the effect of probiotic food as
an adjunct to standard triple therapy for eradication of H. pylori infection in children and
have had conflicting results [58, 59].

• In a recent prospective study in adults, it was suggested that the addition of vitamin C to a
regimen of H. pylori with amoxicillin, metronidazole, and bismuth can significantly increase
the H. pylori eradication rate [60].
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13. Medicines used in H. pylori eradication therapy [61-73]

Antibiotics, beta-lactamases

Beta-lactamases used to treat H. pylori infected patients are stable in an acidic environment,
binding to proteins in bacterial cell walls, inducing direct lysis in the wall, and inhibiting cell
wall synthesis.

Amoxicillin (Amoxil®, Polymox®, Trimox®, Wymox®)

Bacterially active against Helicobacter pylori. Available as GTT 50mg/ml; susp.125, 200, 250, or
400mg/5ml; caps 250 and 500 mg chewable tablets and 125, 200, 250, or 400mg.

Antibiotics, macrolides

Macrolides used to treat H. pylori infection are stable in the stomach, entering the bacterial cell,
binding to receptors on the ribosomal subunits and inhibiting bacterial protein synthesis.

Clarithromycin (Biaxin®, Fromilid®)

This displays bactericidal activity against H. pylori antimicrobial spectrum similar to that of
erythromycin but stable in acid and with fewer adverse gastrointestinal effects. Available as
125 or 250mg/5ml granules for suspension and 250 or 500 mg film-coated tablets.

Antibiotics, antiprotozoans

Used in the treatment of H. pylori infected patients, this antibiotic generates intracellular
products affecting bacterial DNA.

Metronidazole (Flagyl®, Protostat®)

Metronidazole diffuses well into all tissues, is stable in an acidic environment, and provides
bactericidal activity against H. pylori. Available as ex tempore 50 sau100mg/5ml suspension,
250 or 500mg tablets and 375 mg capsules.

Antibiotics, tetracyclines

Tetracyclines bind to ribosomal subunits and inhibit protein synthesis of susceptible bacteria.
Use in paediatric patients should be limited in cases where other antibiotic regimens fail.

Tetracycline hydrochloridum (Achromycin®, Sumycin®, Terramycin®)

Bacteriostatic but may be bactericidal in high concentrations. Also available as 250 or 500mg
tablets, 100, 250, or 500 mg capsules, and 125mg/5ml suspension.

H2 receptor antagonists

H2 receptors are located on acid-producing parietal cells. Blocking the action of the histamine
suppresses gastric acid secretion.

Ranitidine (ranitidinum) or Famotidine (famotidinum)

H2 antagonists prescribed for 8 weeks, when most H. pylori associated ulcers are cured. H2

blockers have no antibacterial effect, therefore antibiotics should be used to eradicate H.
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pylori. Available as 15mg/ml syrup, 75, 150, or 300 mg tablets, as well as effervescent tablets
150mg.

Proton Pump Inhibitors

This class of medicinal products includes acid inhibitors more potent than H2 receptor
antagonists; they block the secretion of gastric acid proton pump (Na + / H +-ATP-ase), the
final common path of the secretion. This class is recommended as part of a regimen of
medications in symptomatic patients with H. pylori infection. Similar to H2-receptor blocking
treatment, proton pump inhibitor (PPI) treatment only does not eliminate the H. pylori
infection, but increases the bacteriostatic activity against H. pylori.

Examples of trade names depending on the active substance:

• Omeprazole: Omeprazole®, Prilosec®, Omez®, Omeran®, Ulto® (available within 10, 20 or 40
mg per tablet)

• Esomeprazole: Nexium®, Emanera®, Helide®, Esomeprazole Sandoz® (20 or 40 mg)

• Pantoprazole: Controlo®, Nolpaza® (20 or 40 mg per tablet)

• Lansoprazol: Prevacid®, Lanzul® 30mg

Proton Pump Inhibitors are potent gastric acid blockers. For best effectiveness, to be admin‐
istered before the first meal of the day. Enteric film-coated granules in capsules, they ensure
adequate bioavailability. For children unable to swallow whole capsules, the grains are opened
and put in acid substances (e.g. apple juice), which is preferable to administer to the lower
bioavailability suspension. Available as 10 or 20 mg SR capsules and granules for suspension
per os 20 or 40 mg/package.
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Potent gastric acid blocker. Best administered just before the first meal of the day. Enteric film-
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Bismuth

Bismuth subsalicylate and bismuth subcitrate have complementary effects with most antimi‐
crobials. Bismuth disrupts enzymatic activity in bacterial cell walls. Bismuth is particularly
effective in the lysis of the cell wall of the microorganism when close to the gastric epithelium
and relatively inaccessible to most antimicrobial agents.

Bismuth subsalicylate (Pepto-Bismol®)

These lyse bacterial cell walls, prevent microorganism adhesion to epithelium and inhibit
urease.

Available as 262 mg chewable tablets (bismuth subsalicylate) and 262mg or 525mg/15ml
solution.
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blockers have no antibacterial effect, therefore antibiotics should be used to eradicate H.
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Bismuth subcitrate (De - Nol®) acts similarly. The patient should be warned against normal
black stools during the treatment administration.

Patient care

In children with H. pylori and complications of the peptic ulcer disease (PUD), including
bleeding, severe pain, perforation, or obstruction, care must include the following [86-106]:

• Attention to the airway, breathing and circulatory status

• Monitoring of fluid resuscitation, with consideration for transfusion

• Careful nasogastric lavage in stabilization of upper gastro-intestinal bleeding

• Antacid therapy with proton pump inhibitors (PPIs), maximum dosage

• Appropriate consultation with specialists in endoscopy or other procedures

• In children with stress-induced PUD, the treatment of the severe disease or traumatic injury

• additional outpatient care includes monitoring the patientʹs symptoms, assessment of
patient tolerance to treatment regimen, and follow-up tests to confirm the effectiveness of
the treatment. The tests should be conducted at least 6 weeks and preferably 3 months after
treatment.

Outpatient treatment of patients

• Patients should avoid all irritating drugs, including anti-inflammatory drugs (NSAIDs),
aspirin, and preparations with corticosteroid

• It is necessary for the treatment of iron deficiency anaemia.

Prophylactic measures

• The transmission mode of H. pylori infection is not fully understood.

• Data from epidemiological studies suggest that the following measures may be helpful to
reduce transmission:

• Policies supporting improvement of living conditions, particularly in developing countries;

• For all patients with chronic symptoms of the gastro-intestinal tract, appropriate reference
for definitive diagnosis and treatment, which may also help to prevent exposure of family
members and close contacts.[103-111]

• H. pylori infection vaccines: several studies performed with urease -based vaccines have
shown limited efficacy in humans. Vaccines based on recombinant CagA-VacA-0AP
proteins display good immunogenicity of CagA - based cow - 0AP good immunogenicity
and safety profile in phase I, but no subsequent efficacy studies have been reported. No
further results from clinical trials on H. pylori vaccines have been reported in recent years.
Currently, there is no authorised anti - H. pylori vaccine [74].

H. pylori Complications

• PUD - perforation, gastrointestinal bleeding
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• Iron deficiency anaemia

• Malignancies of:- The gastric mucosa associated to lymphoid tissue (MALT) - Adenocarci‐
noma of the gastric corpus, and the antrum

• Gastric outlet obstruction

• Increased sensitivity to enteric infections such as salmonella and giardiasis because of H.
pylori-induced hypochlorhydria [92, 96]

14. Prospects study

1. Prospects for the eradication of H. pylori infection with multidrug therapy are good, with
up to 95% reported efficacy rates.

2. Treatment is often unsuccessful because of lack of patient compliance and antibiotic
resistance.

3. When cleaning is completed, long-term reinfection rates are low. Among children living
in developing countries or among families with infected members, reinfection rates may
be increased.

4. In this moment, the nature of H. pylori infection transmission is not fully understood.
Therefore, the ability to implement appropriate preventive measures to control the
infection is limited.

5. The theory concerning H. pylori person-to-person transmission, supported by data from
epidemiological studies, may prove useful in promoting policies to improve the living
and hygiene conditions and reduce crowdedness.

6. The true effect of educational authorities to reduce transmission of H. pylori in the patientʹs
family (e.g., teaching children about proper hygiene and toilet practices) is unknown.
However, such efforts may be part of a sensible approach to reducing the transmission of
all infection pathogens in the infection of the gastrointestinal tract [109-111].

15. Conclusions

The infection with H. pylori is a common problem in pediatric practice and its origin is related
with poor socio-econo-mic conditions. Only a small number of children with well-defined
clinical syndromes are benefited at present from testing and treatment.

The first line eradication regimens are triple therapy with a PPI, amoxicillin and imidazole, or
PPI, amoxicillin, clarithromycin and amoxicillin or bismuth salts and imidazole or sequential
therapy.
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Each country may need to be adapted the recommendations guidelines to national health care
systems, because certain tests or treatment regimens may not be available and /or reimbursed
by health insurance programs.
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1. Introduction

At least half the worldʹs population are infected by Helicobacter pylori (H. pylori), making it the
most widespread infection in the world [1]. Although infection occurs worldwide, there are
significant differences in the prevalence of infection both within and between countries [2-4].
The overall prevalence of H. pylori infection in developed countries is lower than that in
developing countries [3, 5]. The increased infection rate in developing countries is likely due
to poor sanitary and/or living conditions. In such communities the incidence of H pylori
infection in infancy is also high [6, 7], and has also been associated with malnutrition and
growth faltering [8]. Epidemiological data suggest the prevalence of H. pylori infection in
children under 10 years resident in developed countries to be 0 to 5% compared to 13 to 60%
in their developing country counterparts [9]. The age at which this bacterium is acquired seems
to influence the possible pathologic outcome of the infection - people infected at an early age
are likely to develop more intense inflammation that may be followed by atrophic gastritis
with a higher risk of gastric ulcer, gastric cancer or both. Acquisition at an older age brings
different gastric changes that are more likely to result in duodenal ulcer. Individuals infected
with H. pylori have a 10 to 20% lifetime risk of developing peptic ulcers and a 1 to 2% risk of
acquiring stomach cancer [10]

H. pylori infection also exerts diverse effects of gastric physiology - it may increase or reduce
gastric acid secretion or result in no overall change in the acid output [11]. It is important to
know why H. pylori infection produces different aberrations in gastric physiology, and
consequently gastric or duodenal ulcer or gastric cancer. H. pylori infection has also been
suggested to be associated with a variety of conditions outside of the alimentary tract. The list
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of the proposed ‘extragastric’ association continues to grow despite the fact that H. pylori is a
non-invasive organism and as such the infections are essentially confined to the surface of
gastric-type mucosa. In an initial overview of the non-gastrointestinal manifestations of H.
pylori [12], some biological plausibility has been suggested that underlie its association with
iron deficiency anemia (IDA); cross sectional studies have demonstrated a relatively strong
association. [13]

In this chapter, we will review and update the consequence of H. pylori infection, its role on
the gastric acid secretion and some other conditions, notably IDA and iron absorption in
children. The relationship between H. pylori infection and vitamin C levels in the blood and
gastric juice will also be reviewed.

2. Consequences of initial H. pylori infection in children

There are not enough studies on the natural history of gastric infections in childhood years. In
older children and adolescents, and adults it appears that H. pylori infection and the accom‐
panying gastritis are lifelong unless specific eradication therapies are employed. However,
several epidemiological studies, using serology [14, [15] and breath tests ( [16, 17] as indirect
markers of gastric infection reported spontaneous clearance in the pre-school aged children.
Current evidence suggests that the overwhelming majority of H. pylori infected children and
adolescents develop a chronic-active, antral- predominant gastritis) [18]. There is a single
report suggesting the potential for H. pylori colonization of stomach of children without
mucosal inflammation in antrum or gastric fundus [19]. Although, infection with the Cag A-
positive strain was associated with more pronounced changes in the gastric physiology,
limited studies in children reported no association between Cag A status and the severity of
gastritis [20].

Some studies reported pan-gastritis involving both body and antrum in children infected with
H. plyori [21, 22]. However, a formal mapping study to delineate the extent and the severity of
bacterial colonization of the stomach, as well as the accompanying host cells mucosal inflam‐
matory response to infection is lacking. To date there are not enough studies in children
evaluating the healing of mucosal inflammation following eradication therapy. There are
indirect evidences to suggest that resolution of inflammatory response may occur more rapidly
in children than had been reported for adults [23]. In France, Ganga-Zandzou and colleagues
prospectively monitored the consequences of untreated H. pylori infection in a group of
asymptomatic children [24]. Although the density of bacterial colonization was not changed,
there was both marked antral nodularity and more severe mucosal inflammation in the antrum
over the 2-year follow-up of the children. However, there is the lack for comparable studies in
other pediatric population, e.g. among those residing in developing countries and a greater
length of follow-up. Further studies are needed to delineate the inflammatory and immune
responses during development in order to provide additional insights into the interactions
between the H. pylori and the host in such populations.
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2.1. H. pylori infection and gastric acid perturbation

Acid secretion by the gastric parietal cell is regulated by paracrine, endocrine, and neural
pathways. The physiological stimuli for acid secretion include histamine, acetylcholine, and
gastrin, each of which binds to receptors located on the basolateral plasma membranes of the
cells. The antral region of stomach contains G cells which release hormone gastrin. When meal
is ingested, the protein component stimulates G cell to release Gastrin, which travels through
the bloodstream to parietal cells in the body region (fundus) to secret acid [25]. Gastrin directly
does not stimulate parietal cells but stimulates the adjacent enterochromafin-like cell (ECL
cells) to release histamine, which in turn stimulates the parietal cells. Stimulation of acid
secretion typically involves an activation of a cAMP-dependent protein kinase cascade that
triggers the translocation and insertion of the proton pump enzyme, H,K-ATPase, into the
apical plasma membrane parietal cells [26]. As the acid accumulates and overcome the
buffering effects of the food, the fall in intragastric pH inhibits further release of gastrin and
thus prevents secretion of excessive amount of acids (negative feedback control).

Helicobacter pylori infection exerts diverse effects on gastric physiology. In acute H pylori
infection transient hypochlorhydria in adults is well documented [27, 28]. However, the
relationship between chronic H. pylori infection and gastric acid secretion is not fully under‐
stood. It may increase gastric acid secretion, reduce it or results no overall changes in acid
output. [11]. These alterations in acid secretion depend on the degree and distribution of
gastritis caused by the infection [29, 30]. In subjects with an antral predominant gastritis,
without atrophy, acid secretion is normal or increased. This is the pattern of gastritis seen in
patients who develops duodenal ulceration. When gastritis is body predominant, a situation
leading to gastric atrophy, H. pylori infection lead to markedly reduced acid secretion or
achlorhydria which is also seen in patients who develops non-cardiac gastric cancer. Finally,
when gastritis is mixed antral or body, H. pylori may have no effect on acid secretion.

2.2. H. pylori infection and increased acid output (hyperchlorhydria)

H. pylori infection in the antral region of the stomach disrupts the negative feedback control
of gastrin release, resulting inappropriately high and sustained levels of gastrin following meal
[31, 32]. In those subjects, the gastritis is non-atrophic and, therefore, the increased gastrin
release stimulates the healthy body region of stomach to secret excessive amounts of acid [33,
34]. The increased amount of acid output produced by this pattern of gastritis results in an
increased duodenal acid loads damaging the duodenal mucosa, which may eventually result
in ulcers formation [35]. Eradicating H. pylori infection in subjects with this type of gastritis
leads to lowering of serum gastrin with concomitant reductions in acid output.

2.3. H. pylori infection and low acid output (hypochlorhydria)

In subjects with atrophic gastritis or body predominant gastritis, there also is increased gastrin
release, but that is not accompanied with increased acid secretion. In such subjects, acid
secretion is reduced or completely absent (achlorhydria) [36, 37]. The low acid secretion,
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despite increased gastrin levels, indicates markedly impaired ability of oxyntic mucosa to
secret acid in response to gastrin. Following eradication of H. pylori infection in patients with
this pattern of gastritis, there is recovery in acid secretion [36, 37]. However, the degree of
recovery in acid outputs is variable – acid output resumes to normal level in some patients
while very small increase occur in others [36]. The recovery in acid outputs following eradi‐
cation of infection coincides with the disappearance of organism as well as resolution of
inflammation of the body mucosa. However, there is little evidence of resolution of the atrophy
of body mucosa. Capurso et al. (23) observed that both pangastritis and pangastritis-induced
hypochlorhydria were more prevalent in adult patients with H. pylori who had anemia than
in those who did not have anemia.

3. Role of H. pylori infection in gastric acid perturbation in children

There are only a few pediatric case reports on gastric acid secretion in H. pylori infection. Several
studies in the pre-H. pylori era [38, 39] and very recently [40] studies observed the maximal
acid output higher in children with duodenal ulcer than in the children without peptic-ulcer
disease. However, no study has examined the relationship between gastric acid secretion and
H. pylori infection in asymptomatic young children living in developing countries. The effect
of H. pylori on gastric acid production can be examined by studying individuals with and
without infection or, more directly by examining before and after eradication of H. pylori [41]
In an attempt to see if H. pylori infection is associated with gastric acid perturbation in
Bangladeshi children, basal gastric acid output (GAO-B) and stimulated gastric acid output
(GAO-S) just before and after pentagastrin stimulation in age matched H. pylori-infected and
non-infected children were measured. Experiments were repeated in infected children 8 weeks
after completing a 2-week course of anti-H. pylori therapy to evaluate the influence of H.
pylori on gastric acid secretion. Comparison of acid output between infected and non-infected
children both before and after eradication therapy is shown in Table 1. Both the basal acid
output (GAO-B) and the stimulated gastric acid outputs (GAO-S) were significantly lower in
H. pylori infected children compared to H. pylori negative group. The mean GAO-B and GAO-
S of the infected children were estimated to be 30% and 50% respectively of that of non-infected
children. Successful eradication therapy was associated with a significant rise of both the basal
and the stimulated acid output values reaching equivalence to those in the H. pylori-negative
children. Improvement of GAO following anti- H. pylori therapy suggests a causal link of H.
pylori infection and depressed GAO in this population. Whether the observed reversibility of
acid secretion to normal level within a relatively short term period of eradication therapy was
associated with recovery from corpus gastritis is not known as gastric biopsy for histological
examination was not performed. It is also important to know the acid secretory status after a
long term period of eradication in settings with possibilities of having re-infection by the
organism as a consequence of poor hygiene and environmental contamination.
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Non-infected

(n=30)
p

Infected before

treatment (n=30)
p

Infected after

treatment (n=28)

Basal Acid Output (BAO) 0.23 ± 0.30 0.06 0.62 ±0.9 NS 0.65 ± 0.65

Stimulated Acid Output 2.04 ±1.4 0.001 3.4 ±2.5 NS 3.3 ±2.1

Table 1. Comparison of acid outputs (mMol/h between infected and non-infected children along with effect of anti-
H. pylori therapy

4. Potential mechanisms of H. pylori-induced hypochlorhydria

H pylori induced hypochlorhydria might be due to the bacterium releasing some substances
that can directly inhibit acid secretion. Several candidate substances have been identified,
which inhibits parietal cell function in vitro, but the evidence for involvement of these sub‐
stances for the in-vivo effects remains weak. H. pylori infection also produces ammonia, which
may uncouple the proton pump [42]. But the ammonia produced by H. pylori infection in
hypochlorhdric subjects is relatively small [43]. Another problem in attributing the impairment
of oxyntic mucosal function to the presence of H. pylori organisms is that density of colonization
of the gastric mucosa with the organism is similar or lower in subjects with hypocholorhydria
than in subjects with normal or high acid secretion [36]. Therefore, current knowledge
precludes attributing impaired function of oxyntic mucosa as a direct effect of some bacterial
factor.

An alternative explanation for the impaired acid secretory function is infection-induced
inflammation of the oxyntic mucosa, since the severity of inflammation of the body mucosa is
more marked in subjects with H. pylori associated hypochlorhydria than in subjects with H.
pylori infection with normal or increased acid secretion [44]. This raises the possibility that a
product of inflammatory response following infection might inhibit acid secretion.

The molecular mechanisms underlying H. pylori-induced hypochlorhydria is not completely
understood. However, it has been shown that H. pylori–induced pro-inflammatory factors,
such as interleukin-1β, may contribute to hypochlorhydria [26, 45].The increased production
of this cytokines may be important because it is very potent inhibitor of acid secretion [46] and
and may play a role in chronic H. pylori-induced hypochlorhydria. Polymorphisms in IL-1β
gene cluster may control the extent and the duration of hypochlorhydria with initial H. pylori
infection [47], which has been noted to be linked to increased risk for atrophy and consequently
gastric cancer [48]. It is possible that inflammatory factors, such as IL-1β cause an inhibition
of acid secretion from parietal cells via paracrine pathways. Using freshly isolated rabbit gastric
glands and culture parietal cells, Fang and colleague observed that Vac-A toxin treatments
inhibits gastric acid secretion by preventing the recruitment of gastric H, K-adenosine
triphosphatase (H, K-ATPase), the parietal cell enzyme mediating acid secretion. [49]. This
was the first evidence that H. pylori Vac-A toxin impairs gastric parietal cell physiology by
disrupting the apical membrane cycloskeletal linkers of the gastric parietal cells. Studies in
animal models as well as epidemiologic studies of H. pylori isolates from humans have
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pylori infection and depressed GAO in this population. Whether the observed reversibility of
acid secretion to normal level within a relatively short term period of eradication therapy was
associated with recovery from corpus gastritis is not known as gastric biopsy for histological
examination was not performed. It is also important to know the acid secretory status after a
long term period of eradication in settings with possibilities of having re-infection by the
organism as a consequence of poor hygiene and environmental contamination.
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Non-infected

(n=30)
p

Infected before

treatment (n=30)
p

Infected after

treatment (n=28)

Basal Acid Output (BAO) 0.23 ± 0.30 0.06 0.62 ±0.9 NS 0.65 ± 0.65

Stimulated Acid Output 2.04 ±1.4 0.001 3.4 ±2.5 NS 3.3 ±2.1

Table 1. Comparison of acid outputs (mMol/h between infected and non-infected children along with effect of anti-
H. pylori therapy

4. Potential mechanisms of H. pylori-induced hypochlorhydria

H pylori induced hypochlorhydria might be due to the bacterium releasing some substances
that can directly inhibit acid secretion. Several candidate substances have been identified,
which inhibits parietal cell function in vitro, but the evidence for involvement of these sub‐
stances for the in-vivo effects remains weak. H. pylori infection also produces ammonia, which
may uncouple the proton pump [42]. But the ammonia produced by H. pylori infection in
hypochlorhdric subjects is relatively small [43]. Another problem in attributing the impairment
of oxyntic mucosal function to the presence of H. pylori organisms is that density of colonization
of the gastric mucosa with the organism is similar or lower in subjects with hypocholorhydria
than in subjects with normal or high acid secretion [36]. Therefore, current knowledge
precludes attributing impaired function of oxyntic mucosa as a direct effect of some bacterial
factor.

An alternative explanation for the impaired acid secretory function is infection-induced
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pylori infection with normal or increased acid secretion [44]. This raises the possibility that a
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The molecular mechanisms underlying H. pylori-induced hypochlorhydria is not completely
understood. However, it has been shown that H. pylori–induced pro-inflammatory factors,
such as interleukin-1β, may contribute to hypochlorhydria [26, 45].The increased production
of this cytokines may be important because it is very potent inhibitor of acid secretion [46] and
and may play a role in chronic H. pylori-induced hypochlorhydria. Polymorphisms in IL-1β
gene cluster may control the extent and the duration of hypochlorhydria with initial H. pylori
infection [47], which has been noted to be linked to increased risk for atrophy and consequently
gastric cancer [48]. It is possible that inflammatory factors, such as IL-1β cause an inhibition
of acid secretion from parietal cells via paracrine pathways. Using freshly isolated rabbit gastric
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suggested that VacA toxin enhances the ability of H. pylori to colonize in the stomach and
contributes to the development of symptomatic diseases (15).

4.1. Potential consequences of H. pylori induced hypochlorhydria

H. pylori, by producing hypochlorhydria or impaired gastric barrier may contribute to
childhood malnutrition in developing countries through malabsorption or increased suscept‐
ibility to enteric infections [50]. Several observations demonstrated a correlation between H.
pylori and malabsorption of essential nutrients; epidemiological studies have shown an
association between H. pylori infection and iron deficiency anemia, while the absorption of
some vitamins such as vitamin B12, vitamin A, vitamin C, folic acid and Vitamin E may also
be affected by the infection [51]. The main mechanism related to malabsorption of these
components is the modified intragastric pH (hypo or achlorhydria) due to H. pylori infection.
On the other hand, H. pylori eradication has been shown to improve serum level of iron and
vitamin B12, and some effects on Vitamin A and Vitamin E absorption as well as late effects
on ghrelin levels [51].

5. H. pylori infection and iron deficiency anemia

5.1. Iron deficiency and iron deficiency anemia

Iron deficiency (ID) and iron deficiency anemia (IDA) are major public health problems,
especially in children and women of childbearing age in developing countries [52], and is
considered one of the ten leading global risks factors in terms of its attributable disease burden
[53]. It has been estimated that globally approximately 1.6 billion people, representing 25% of
the total population are anemic [54]. ID is considered to account for 50% of identified anemia,
and 800,000 deaths worldwide can be attributed to IDA. Deficiency of this trace element has
adverse implications on health at all stages of life. When iron deficiency occurs during critical
windows of brain development, the resultant cognitive deficits may be irreversible and
unresponsive to subsequent improvements in the iron status [55]. In adults, ID and IDA can
adversely impact physical work capacity and work productivity - variables that may have a
detrimental impact on their economic potential [56].

5.2. H. pylori and iron deficiency anemia

Several reports have demonstrated an association between H. pylori infection and anemia, ID,
and IDA, although the mechanisms of the interactions have not been well defined [13, 57-60].
A few case reports indicate that successful eradication of H. pylori results in improving iron
status and anemia [61-63]. Other studies implicate H. pylori as a cause of IDA, refractory to oral
iron treatment (refractory iron deficiency or sideropenic anemia); similarly eradication of H.
pylori has resulted in improved iron status in children [58, 64-67]. Overall, these findings
suggest that a substantial proportion of global ID and IDA might be attributed to H. pylori
infection, leading to a recommendation by some for H. pylori eradication therapy in infected

Trends in Helicobacter pylori Infection210

individuals with unexplained IDA [68]. However, methodological limitations, including small
sample sizes and lacks of control groups, among others, do not allow conclusive interpretation
of the results. No previous study has examined whether or not active H. pylori infection is
causally linked to IDA in young children living in less developed countries. Although the
mechanisms for H. pylori-associated IDA is not fully understood, H. pylori-induced chronic pan
gastritis with resultant achlor-or hypo-chlorhydria [41, 69] and reduced ascorbic acid secretion
in the gastric mucosa [70, 71] may lead to reduced iron absorption since they are essential for
alimentary iron absorption; they not only convert ferric iron to the ferrous form, which
maintains solubility at the alkaline pH of the duodenum, but also chelates with ferric chloride
that is also stable at a pH >3. Uptake of iron by H. pylori is also suggested [72]. Whether H.
pylori is a cause or associated with ID or IDA is not fully elucidated.

In Bangladesh, a randomized controlled community based study was conducted to deter‐
mine whether or not H. pylori is a cause of IDA or a reason for treatment failure of iron supple‐
mentation in children with IDA [73]. The population consisted of 260 children, 2-5 years (200
H. pylori infected, detected by positive urea breath test [UBT], and 60 uninfected) with IDA. IDA
was defined as a combination of low hemoglobin (Hb <110 g/L) and a low serum ferritin (SF
<12 μg/L) plus elevated serum transferrin receptor (sTfR >8.3 mg/L) [74]. ID was defined as Hb
<110 g/L and SF <12 μg/L, or sTfR >8.3 mg/L. They were randomly assigned to one of 4 regimens:
(i)2-week course of anti-H. pylori (anti- H. pylori) triple therapy (amoxicillin 15mg/kg.dose and
clarithromycin 7.5mg/kg.dose, both administered twice daily; and a single 20 mg dose of
omeprazole per day) plus a 90-day course of oral ferrous sulfate in elixir (3 mg/kg elemental
iron daily) (anti- H. pylori therapy plus iron);(ii) a 2-week’s anti- H. pylori therapy plus place‐
bo for iron for 90 days (anti- H. pylori alone);(iii) 2-week’s course of placebo for anti- H. pylori
therapy but ferrous sulfate (3 mg/kg for 90 days) (Fe alone); and (iv) 2-week’s placebos for anti-
H. pylori therapy and a 90-day course of placebo for iron (positive control). For precisely
determining the role of H. pylori infection in the treatment failure of iron supplementation, the
study included a fifth group of children with IDA but without H. pylori infection (negative
control), who were treated with open iron therapy alone for 90 days. Iron status was reas‐
sessed after 90 days in all children; those with continued IDA/ID were given a 60-day course of
ferrous sulfate.

The results of the study indicated that iron status, as reevaluated on day-90, improved in all
groups. However, the improvement was significantly higher among 3 groups receiving iron
(anti- H. pylori plus iron, iron alone or negative control receiving iron). A greater proportion
of infected children receiving iron experienced correction of IDA than those receiving placebo
or anti- H. pylori alone (68% for anti- H. pylori plus iron, 76%)for iron alone, 25% for placebo
and 36% for anti- H. pylori alone, F=49, p <0.0001 (Figure 1). The results suggest no role of anti-
H. pylori in IDA. Regarding ID, iron therapy had the most pronounced effect - correction
occurred in 100% of children receiving iron compared to only 50% of children receiving anti-
H. pylori alone or placebo. It is important to note that compared to placebo or iron therapy,
anti- H. pylori therapy did not improve iron status or decrease IDA and ID prevalence.
Therefore, the study concluded that H. pylori is neither causally linked with IDA nor is a reason
for treatment failure of iron supplementation in children. The findings were in contrast with
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determining the role of H. pylori infection in the treatment failure of iron supplementation, the
study included a fifth group of children with IDA but without H. pylori infection (negative
control), who were treated with open iron therapy alone for 90 days. Iron status was reas‐
sessed after 90 days in all children; those with continued IDA/ID were given a 60-day course of
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The results of the study indicated that iron status, as reevaluated on day-90, improved in all
groups. However, the improvement was significantly higher among 3 groups receiving iron
(anti- H. pylori plus iron, iron alone or negative control receiving iron). A greater proportion
of infected children receiving iron experienced correction of IDA than those receiving placebo
or anti- H. pylori alone (68% for anti- H. pylori plus iron, 76%)for iron alone, 25% for placebo
and 36% for anti- H. pylori alone, F=49, p <0.0001 (Figure 1). The results suggest no role of anti-
H. pylori in IDA. Regarding ID, iron therapy had the most pronounced effect - correction
occurred in 100% of children receiving iron compared to only 50% of children receiving anti-
H. pylori alone or placebo. It is important to note that compared to placebo or iron therapy,
anti- H. pylori therapy did not improve iron status or decrease IDA and ID prevalence.
Therefore, the study concluded that H. pylori is neither causally linked with IDA nor is a reason
for treatment failure of iron supplementation in children. The findings were in contrast with
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a randomized controlled trial by Choe and colleague who showed that treatment of the
infection was associated with a more rapid response to oral iron compared with iron supple‐
mentation alone, and that H. pylori eradication led to enhanced iron metabolism even in those
not receiving oral iron therapy, suggesting a causal relationship between H. pylori infection
and IDA [62]. A recent meta-analysis of 12 case reports and series, 19 observational epidemio‐
logic studies and 6 interventional trials, concluded H. pylori infection to be a major risk factor
for iron deficiency or IDA especially in high-risk groups [75]. Several other meta-analyses of
randomized controlled clinical trials suggested that treatment of H. pylori infection could be
effective in improving anemia and iron statue in IDA patients infected by H. pylori, particularly
in patients with moderate or severe anemia [76], [77], [78]. Although an association between
the pathogenesis of IDA and H. pylori infection has been well recognized, a causal link is yet
to be established.

Figure 1. Treatment failure (%) of anemia, IDA, and ID in children receiving different therapies. *Value of zero for the
Fe-alone group (Adapted from Sarker et. al. 2008)
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5.3. H. pylori and iron absorption

Non-heme iron absorption requires an acidic milieu. Non-water-soluble iron compounds, e.g.
ferrous and ferric pyrophosphate are often used in the fortification programs because they
cause no unacceptable organoleptic changes in the fortified food. However, these compounds
need gastric acid for their solubilization and absorption. Therefore, if gastric acid output is
compromised as a consequence of H. pylori infection in a large proportion of the target
population, the effect of food fortification programs using ferrous fumarate might be less than
expected due to reduced absorption of iron from fortified foods. Keeping this in mind, a study
was conducted in 12 Bangladeshi children to measure iron absorption from a non-water-
soluble iron compound (ferrous fumarate) and from a water-soluble iron compound (ferrous
sulfate) before and after treatment of their H. pylori infections. For comparison, 12 uninfected
age matched children were studied in parallel; all children had IDA [79]. Iron absorption from
ferrous fumarate was compared with that from a highly bioavailable, water-soluble iron
compound (ferrous sulfate) in a randomized, crossover study using a double stable-isotope
technique. Incorporation of 57Fe and 58Fe into erythrocytes 14 days after administration was
used as an index of iron absorption [80]. The study noted geometric mean of iron absorption
from ferrous sulfate and ferrous fumarate to be 19.7% and 5.3% respectively (P < 0.0001; n =
12) before treatment and 22.5% and 6.4% respectively after treatment (P < 0.0001; n = 11) of H.
pylori-infected children (Table 2). The corresponding values for uninfected children were 15.6%
and 5.4% (P < 0.001; n = 12). Geometric mean relative absorption (absorption of ferrous fumarate
compared to ferrous sulfate) was 26.9% and 34.8% in H. pylori-infected and uninfected children
respectively, and 28.3% in H. pylori-infected children after treatment. The results clearly
indicate that iron absorption from ferrous fumarate was significantly lower than that from
ferrous sulfate in both H. pylori-infected and uninfected Bangladeshi children and also that H.
pylori infection, per se, does not influence iron absorption in young children. The efficacy of
ferrous fumarate in iron fortification programs to prevent iron deficiency in young children
should, therefore, be further evaluated. The results of iron absorption tests may rule out the
possibility of H. pylori induced hypochlorhydria in interfering iron absorption in Bangladeshi
children.

5.3.1. Mechanism of IDA

The interaction between H. pylori and iron metabolism, based on clinical, ferrokinetic and
microbiological evidences has generated increasing interest. Iron is an essential micronutrient
for virtually all organisms, and H. pylorus is no exception. H. pylori may cause iron deficiency
anemia by competing with the host for the acquisition of alimentary iron. In the stomach,
ingested food provides iron in heme and nonheme forms. The low pH and the digestive
enzymes in the stomach release iron from ligands to the gastric lumen. H. pylori and the host
both compete for the free iron by deploying mechanisms specifically devised to sequester and
facilitate the acquisition of iron as well as other essential metals. H. pylori seems particularly
adept at competing for iron [81]; it has been established that H. pylori competes for iron in
murine hosts to an extent so as to cause iron deficiency when the dietary iron intake is poor
[82]. In order to ensure a sufficient supply of iron from the environment, H. pylori cells display
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a repertoire of high-affinity iron-uptake systems. It seems that H. pylori strains isolated from
patients with IDA demonstrates enhanced iron-uptake activity and may be more adept at
competing with the host for iron [83]. So far, little is known about how H. pylori cells acquire
iron bound to host-binding proteins. In-vitro studies indicate that human lactoferrin (LF)
supports full growth of H. pylori in media lacking other iron sources [72]. LF is released from
neutrophil, which captures iron from transferrin in conditions with iron-poor state (hypofer‐
rimia) and has been observed to be abundant in human stomach resection specimens from
patients with superficial or atrophic gastritis [84], [84]. The iron uptake by H. pylori via a specific
human LF receptor may thus play a major role in the virulence of H. pylori infection in its
uptake of iron. A 70-kDa LF-binding protein from the outer membrane proteins of H. pylori
was identified in bacterium grown in an iron-starved medium, implicating the protein in iron
uptake [85]. Comparative binding experiments with bovine or human LF, and with transferrin
of horse, bovine or human origin indicated that this protein is highly specific for human LF.
By means of this LF-binding protein, H. pylori is able to by-pass the human hypoferremic
defensive response -a phenomenon when total extracellular iron is reduced in the host limiting
bacterial growth. Further in vivo studies demonstrated increased concentration of LF in the
biopsy specimen [86] and in the gastric juice [86] of patients with H. pylori-related gastritis,
and also that LF tissue levels correlate significantly with the degree of inflammation of the
gastric mucosa. Two outer membrane proteins, FrpB1 and FrpB2 have also been implicated in
hemoglobin binding [81]. In keeping with this, the ability of H. pylori to use hemoglobin as an
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mean
5.3 19.7 26.9 6.4 22.5 28.3 5.4 15.6 34.8

+1SD 13.5 32.9 49.0 12.9 33.0 47.7 12.7 30.1 64.3

-1SD 2.1 11.8 14.8 3.2 15.4 16.8 2.3 8.1 18.8

P1 <0.0001 <0.0001 <0.001

1P value for iron absorption from ferrous fumarate compared with that from ferrous sulfate within each group.

Adapted from Sarker et al. 2004

Table 2. Fractional iron absorption from ferrous fumarate and ferrous sulfate in uninfected children with iron
deficiency anemia (IDA) and in Helicobacter pylori infected children with IDA before and after treatment
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iron source is well documented [87]. Several iron-repressible outer membrane proteins from
H. pylori, including FrpB1, seem to be responsible for heme utilization [88]

5.4. H. pylori and vitamin C

Ascorbic acid is the reduced form of the vitamin, which can act as a potent antioxidant for
neutralizing nitrite-derived mutagens protecting against gastric carcinogenesis [90]. Vitamin
C is first absorbed and then is actively secreted, mainly in the antral mucosa, from plasma into
gastric juice. Once there, it is able to react with nitrosating agents preventing N-nitroso
compounds formation; however, vitamin C in the stomach interacts with iron improving its
absorption. In children, H. pylori infection was associated with reduced gastric juice ascorbic
acid concentration, and the effect was more pronounced in patients with the CagA positive
strain [20]. In adults, H. pylori infection is also recognized to lower the concentration of vitamin
C in gastric juice as evident from a study involving randomly chosen 25-74 years old men and
women of north Glasgow, UK. Compared to the non-infected, the H. pylori infected had 20%
lower concentration of vitamin C in their plasma. [91]. The mechanism whereby H. pylori
infection lowers vitamin C concentration in gastric juice is unclear, but there are several
possibilities. Infection has been associated with significant reduction of gastric juice vitamin
C concentration due to chronic gastritis and/or H pylori oxidase activity [92]. Study in Korean
children also demonstrated significant negative correlation between vitamin C level in gastric
juice and the degree of active and chronic inflammation in the antral mucosa. Vitamin C levels
in whole blood, plasma, and gastric juice and the gastric juice pH were also closely related to
the severity of H. pylori infection and the histologic changes in the stomach in those children
[93].H. pylori has been noted to potentiate the polymorphonuclear leukocyte oxidative burst
[94], accompanied by a considerable production of reactive oxygen metabolites. Within the
microcirculation of the gastric mucosa ascorbic acid may be consumed during scavenging of
these reactive oxygen metabolites as vitamin C is the first line of defense against the oxygen
free radical damage in the human body [95]. Low level of Vitamin C may be a consequence of
an irreversible inactivation of the ingested vitamin C in the intestinal lumen prior to its
absorption. Studies have demonstrated that H. pylori produces reductions in stomach vitamin
C due to its degradation to dehydroascorbic acid (DHAA) - a metabolite that may be oxidized
afterwards irreversibly to 2,3- Diketo- 1-gluconic acid. DHAA is unstable at high pH values,
and thus hypochlorhydria or achlorhydria may reduce the stability even further and thus the
bioavailability of this vitamin.

In developing countries, low intake of vitamin C-enriched food is associated with higher
prevalence of H. pylori infection, and together will lead to significantly reduced systemic
availability of this vitamin. Therefore, prolonged H. pylori infection, as it is frequent in
developing countries, may impact absorption of several micronutrients including vitamin C.
The impact of H. pylori infection on the prevalence of micronutrient malnutrition is not
currently known, but it is known that there is a strong correlation of both high prevalence of
H. pylori infection and micronutrient deficiency in developing regions. Various fortification
programs are being carried out in developing regions using iron and/or zinc sources e.g.
electrolytic iron, ferric pyrophosphate, and zinc oxide. They need secretion of an adequate
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a repertoire of high-affinity iron-uptake systems. It seems that H. pylori strains isolated from
patients with IDA demonstrates enhanced iron-uptake activity and may be more adept at
competing with the host for iron [83]. So far, little is known about how H. pylori cells acquire
iron bound to host-binding proteins. In-vitro studies indicate that human lactoferrin (LF)
supports full growth of H. pylori in media lacking other iron sources [72]. LF is released from
neutrophil, which captures iron from transferrin in conditions with iron-poor state (hypofer‐
rimia) and has been observed to be abundant in human stomach resection specimens from
patients with superficial or atrophic gastritis [84], [84]. The iron uptake by H. pylori via a specific
human LF receptor may thus play a major role in the virulence of H. pylori infection in its
uptake of iron. A 70-kDa LF-binding protein from the outer membrane proteins of H. pylori
was identified in bacterium grown in an iron-starved medium, implicating the protein in iron
uptake [85]. Comparative binding experiments with bovine or human LF, and with transferrin
of horse, bovine or human origin indicated that this protein is highly specific for human LF.
By means of this LF-binding protein, H. pylori is able to by-pass the human hypoferremic
defensive response -a phenomenon when total extracellular iron is reduced in the host limiting
bacterial growth. Further in vivo studies demonstrated increased concentration of LF in the
biopsy specimen [86] and in the gastric juice [86] of patients with H. pylori-related gastritis,
and also that LF tissue levels correlate significantly with the degree of inflammation of the
gastric mucosa. Two outer membrane proteins, FrpB1 and FrpB2 have also been implicated in
hemoglobin binding [81]. In keeping with this, the ability of H. pylori to use hemoglobin as an
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Adapted from Sarker et al. 2004

Table 2. Fractional iron absorption from ferrous fumarate and ferrous sulfate in uninfected children with iron
deficiency anemia (IDA) and in Helicobacter pylori infected children with IDA before and after treatment
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iron source is well documented [87]. Several iron-repressible outer membrane proteins from
H. pylori, including FrpB1, seem to be responsible for heme utilization [88]

5.4. H. pylori and vitamin C
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absorption. In children, H. pylori infection was associated with reduced gastric juice ascorbic
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strain [20]. In adults, H. pylori infection is also recognized to lower the concentration of vitamin
C in gastric juice as evident from a study involving randomly chosen 25-74 years old men and
women of north Glasgow, UK. Compared to the non-infected, the H. pylori infected had 20%
lower concentration of vitamin C in their plasma. [91]. The mechanism whereby H. pylori
infection lowers vitamin C concentration in gastric juice is unclear, but there are several
possibilities. Infection has been associated with significant reduction of gastric juice vitamin
C concentration due to chronic gastritis and/or H pylori oxidase activity [92]. Study in Korean
children also demonstrated significant negative correlation between vitamin C level in gastric
juice and the degree of active and chronic inflammation in the antral mucosa. Vitamin C levels
in whole blood, plasma, and gastric juice and the gastric juice pH were also closely related to
the severity of H. pylori infection and the histologic changes in the stomach in those children
[93].H. pylori has been noted to potentiate the polymorphonuclear leukocyte oxidative burst
[94], accompanied by a considerable production of reactive oxygen metabolites. Within the
microcirculation of the gastric mucosa ascorbic acid may be consumed during scavenging of
these reactive oxygen metabolites as vitamin C is the first line of defense against the oxygen
free radical damage in the human body [95]. Low level of Vitamin C may be a consequence of
an irreversible inactivation of the ingested vitamin C in the intestinal lumen prior to its
absorption. Studies have demonstrated that H. pylori produces reductions in stomach vitamin
C due to its degradation to dehydroascorbic acid (DHAA) - a metabolite that may be oxidized
afterwards irreversibly to 2,3- Diketo- 1-gluconic acid. DHAA is unstable at high pH values,
and thus hypochlorhydria or achlorhydria may reduce the stability even further and thus the
bioavailability of this vitamin.

In developing countries, low intake of vitamin C-enriched food is associated with higher
prevalence of H. pylori infection, and together will lead to significantly reduced systemic
availability of this vitamin. Therefore, prolonged H. pylori infection, as it is frequent in
developing countries, may impact absorption of several micronutrients including vitamin C.
The impact of H. pylori infection on the prevalence of micronutrient malnutrition is not
currently known, but it is known that there is a strong correlation of both high prevalence of
H. pylori infection and micronutrient deficiency in developing regions. Various fortification
programs are being carried out in developing regions using iron and/or zinc sources e.g.
electrolytic iron, ferric pyrophosphate, and zinc oxide. They need secretion of an adequate
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amount of hydrochloric acid for optimal absorption. Higher prevalence of H. pylori infection
is associated with low levels of vitamin C in serum and in gastric juice in children [20]; however,
there is no consensus about the usefulness of vitamin C supplementation in the management
of H. pylori infection. In review of the current literature, it may be concluded that high
concentration of vitamin C in gastric juice might inactivate H. pylori urease [98], the key enzyme
for survival of the pathogen and its colonization into acidic stomach. However, it is not certain
if vitamin C will be useful in regions with high prevalence of iron and/or zinc deficiency as
well as high H. pylori contamination rates.

6. Conclusion

The combination of micronutrient deficiency and more frequent enteric infections consequent
to H pylori–induced hypochlorhydria is likely to have a profound impact on health of children
in developing countries with high prevalence of H pylori and lower intake of reliable nutritional
sources of bioavailable iron and ascorbic acid. Thus, prevention of H pylori infection could
potentially have an important impact on iron deficiency anemia or other micronutrient
deficiencies in the developing world.
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there is no consensus about the usefulness of vitamin C supplementation in the management
of H. pylori infection. In review of the current literature, it may be concluded that high
concentration of vitamin C in gastric juice might inactivate H. pylori urease [98], the key enzyme
for survival of the pathogen and its colonization into acidic stomach. However, it is not certain
if vitamin C will be useful in regions with high prevalence of iron and/or zinc deficiency as
well as high H. pylori contamination rates.

6. Conclusion

The combination of micronutrient deficiency and more frequent enteric infections consequent
to H pylori–induced hypochlorhydria is likely to have a profound impact on health of children
in developing countries with high prevalence of H pylori and lower intake of reliable nutritional
sources of bioavailable iron and ascorbic acid. Thus, prevention of H pylori infection could
potentially have an important impact on iron deficiency anemia or other micronutrient
deficiencies in the developing world.
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary tumor of the liver in humans
[1]. It is the fifth most common cancer in men (523,000 cases per year, 7.9% of all cancers) and
the seventh among women (226,000 cases per year, 3.7% of all cancers) [2], with over a half of
million new cases diagnosed annually. It is the second leading cause of the cancer related
mortality in the world [3,4,5] and its prevalence differs according to geographic location,
gender, age and ethnicity [6].

In general, the distribution of HCC cases presents great geographic variation, with higher
incidence  in  Easter  Asia  and sub-Saharan  Africa  where  infection  with  hepatitis  B  virus
(HBV) is endemic with rates of over 20 per 100,000 individuals. Mediterranean countries
such as Italy, Spain and Greece have intermediate rates of 10 to 20 per 100,000 individu‐
als. The North and South America have a relatively low incidence (< 5 per 100,000 individ‐
uals) [4], although a rising incidence was observed in the USA, probably associated with
the rise in hepatitis C virus (HCV) infection. Recent decreases in the incidence of HCC were
reported  among  Chinese  populations  in  Hong  Kong,  Shangai  and  Singapore;  the  inci‐
dence in Japan is also decreasing [3].

In Brazil, there are few reports on the prevalence of HCC [7]. It was suggested that the
prevalence was considered low according to epidemiologic and retrospective studies [8]. In

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In Brazil, there are few reports on the prevalence of HCC [7]. It was suggested that the
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1997, Brazilian researchers showed that HVB was the most common cause of liver disease in
patients with HCC [9]. After that, another survey demonstrated that in Southeastern and
Southern Brazil, HCV accounted for over 55% of cases. In the Northeast and North, HCV
accounted for less than 50% and HBV accounted for 22-25% of cases; hepatitis B was more
prevalent in the Northern than in the Southern regions [10].

The development of HCC has been attributed to several risk factors. In general, chronic viral
infection with HBV and HCV is considered the major cause of HCC in 75-80% of cases [1],
although HBV is globally considered the leading risk factor responsible for 50% of cases [11].
Furthermore, cirrhosis [12], exposure to the carcinogenic fungal aflatoxin B1 [13], inherited
diseases [14], Wilson’s disease [15] and heavy alcohol consumption [16] are also risk factors
attributed to its development. Recently, upcoming risk factors for HCC include obesity,
diabetes and related nonalcoholic fatty liver disease [3].

In 1994, researchers described the infectious agent Helicobacter (H.) hepaticus and its role in
causing active hepatitis and associated liver tumors in mice [17]. Since then, several studies
related to H. hepaticus experimental infection have demonstrated that this bacterium may
induce a strong inflammatory change in the liver leading to HCC. Considering that H. pylori
was classified as a class I carcinogen [18] and Helicobacter spp. DNA was detected in hepatic
tissue  from  patients  with  different  hepatobiliary  diseases,  it  has  been  proposed  that  in
humans,  as  in  animals,  Helicobacter  spp.  may  also  colonize  and  induce  chronic  hepatic
diseases mainly HCC.

In fact, studies related to the possible association between H. pylori and hepatobiliary diseases
have been developed since 1998, when Helicobacter DNA was identified in Chilean patients
with chronic cholecystitis [19]. After that, a variety of researches have been conducted to verify
the role of H. pylori in the development of HCC [20, 21, 22, 23, 24, 25, 26 e 27]. Considering the
role of chronic inflammation and infection in the development of cancer, in the case of HCC,
future studies should be performed to verify the role of Helicobacter infection in the liver
pathophisiology [28]. However, whether this bacterium causes liver tumor or acts as a cofactor
in the process of carcinogenesis needs to be confirmed.

The mechanism by which H. pylori colonizes the human liver is not totally enlightened. The
H. pylori DNA detected in the liver tissue may result from bacterial translocation from the
stomach into the blood through the portal system, especially in the later stages of chronic liver
disease when portal hypertension occurs [1, 29, 30]. In addition, the bacteria may reach the
liver by phagocytes and macrophages or circulating retrograde transfer from the duodenum
[31]. However, the studies involving the growth of H. pylori from the HCC liver reinforce the
bacterial colonization ruling out the possibility of retrograde contamination [32, 33]. Addi‐
tionally, no other bacteria from the digestive tract are associated with human hepatocarcino‐
genesis [23, 34].

Several researchers have suggested that H. pylori may damage hepatocytes in vitro by a
cytopathic effect in a liver and HCC cell lines [35, 36]. Furthermore, it was demonstrated in a
HCC cell line (Huh7) that an inoculum of H. pylori was able to adhere and internalize into
hepatocytes and this result was also dependent on virulence factors of bacteria [37]. Proteomic
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analysis of human hepatic cell line (HepG2) co-cultured with H. pylori have revealed that
bacteria may exert the pathological effect on HepG2 cells by up-regulating the expression of
some proteins enrolled in transcription regulation, signal transduction and metabolism [38].

In most pathology laboratories, archives of formalin-fixed paraffin-embedded (FFPE) tissues
represent the only tissue specimens available for routine diagnostics. A major advantage of
such archives is that long-term clinical data is often available [39]. Furthermore, another benefit
of using FFPE tissues is that they are the easiest to store and transport [40]. Because of this,
FFPE tissues have been used in PCR-based studies related to cancer research, genetics,
infectious diseases and molecular epidemiology [41]. Additionally, the use of FFPE tissue also
allows employing modern transcriptomic and epigenomic methods with nucleic acids [39].

However, isolating high-quality genomic DNA from FFPE sections remains a challenge for
researchers. Formalin is the most commonly used tissue fixative worldwide because it offers
the best compromise between cost, practicality and morphological fixative properties [39, 42].
However, the fixation of tissue in formalin leads to extensive protein-DNA cross-linking of all
tissue components and nucleic acids isolated from these specimens are highly fragmented [43].
This is particularly troublesome when long DNA regions are amplified, old paraffin blocks
are used or fixation time is over three days [41, 44]. Because of this, FFPE tissue requires special
protocols in order to extract small amounts of DNA suitable for amplification [45]. Neverthe‐
less, methods of DNA extraction from FFPE tissue are generally laborious and time consuming.

Although studies on the role of the H. pylori in the development of HCC were more frequent
in the last decade [46], most of them presents a prospective nature. This probably occurs
because the retrospective studies frequently employ FFPE liver tissue and DNA extraction is
a limiting factor in this type of sample. However, several researchers have detected H. pylori
and its virulence factors (vacA genes and 26 kDa) in paraffin embedded liver samples [21, 27,
34, 47, 48].

Laser capture microdissection (LCM) is a technique that has recently become available for
isolation of individual or groups of cells from a heterogeneous tissue sections by microscopic
visualization. The technique was first described in 1996 by researchers of the National
Institutes of Health (NIH) in Bethesda, MD [49] and allows the isolation of cells reducing the
interference from nontarget cell population. The method allows selection of unmixed starting
material for DNA, RNA or protein extraction for further downstream analyses [50].

The LCM system is based on an inverted light microscope fitted with a laser device to facilitate
the visualization and procurement of cells [51]. The PALM MicroBeam System (Carl Zeiss,
MicroImaging GmbH, Göottingen, Germany) was used in this study and it is based on the
Laser Microdissection and Pressure Catapulting technology. This system consists of an
inverted microscope with a motorized stage and a pulsed “cold” nitrogen ultra-violet (UV)
laser. The laser is focused through the objective lenses to a micron-sized spot diameter. The
narrow laser focal spot allows the ablation of the material while the surrounding tissue remains
fully intact. The microscope stage and UV laser are controlled by a PC, and a video camera
allows for tissue sections to be displayed on the PC screen. Cells or regions of interest are then
identified and manually delineated on the computer screen using the software program. The
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microscope is then instructed to collect delineated regions. The noncontact capture of homo‐
geneous tissue samples or individual cells is achieved by means of catapulting using PALM’s
patented Laser Pressure Catapulting technology. With the same laser, the separated cells, or
the selected tissue area, can be directly catapulted into the eppendorf cap containing a
depressed lid [52, 53]. The Figure 1 shows the LCM technology employed in this study.

LCM has been used in a wide variety of applications, including pathology [54, 55], organ
transplantation [56, 57], gene expression [52, 58] and molecular characterization of cancer cells
[59, 60, 61]. LCM is compatible with most stains and tissue preservation techniques including
frozen sections, FFPE tissues, cytology preparations and cultured cells [52, 62]. Because of its
high precision and accuracy LCM has been successfully employed to isolation of bacterial cells
in FFPE tissues including H. pylori [48, 61, 62, 64, 65].

(a) (b) 

) 

Figure 1. Images of LCM technology used in the study. In A is represented the complete PALM MicroBeam system. In B
is illustrated the path of the laser beam passing through the objective lens to reach the tissue slice and the catapulting
process for capturing the cells of interest into the Eppendorf cap. Source of the images: www.zeiss.de.

2. Clinical samples, methods and results

2.1. Clinical samples

This study was carried out utilizing six cases of FFPE liver tissue from patients with HCC
from Department of Anatomic Pathology, Faculty of Medical Sciences, State University of
Campinas (UNICAMP), Campinas, São Paulo, Brazil. The mean ages of patients was 56.0
years, with 4 male cases (66,6%) and 2 female cases (33,4%). All the fragments of liver were
obtained  during  hepatic  surgery  (either  transplantation  or  partial  hepatectomy).  These
samples were H. pylori  positive previously detected by polymerase chain reaction (PCR)
with H. pylori specific 16S rRNA primers [27]. The selection criteria for the paraffin blocks
included specimens archived for 5 years (2008 to 2012). The present study was approved
by the Ethics Committee of the Faculty of Medical Sciences, UNICAMP (CEP 616/2009).
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2.2. Methods

2.2.1. Tissue preparation for LCM

Six H. pylori positive samples were cut into 10μm-thick sections and mounted on 0.17mm PEN
membrane-covered slides (Carl Zeiss, MicroImaging GmbH, Göttingen, Germany). After
slicing, the sections were placed at 60°C for 30 minutes, then deparaffinized in 3 xylene baths
(3x1min), rehydrated in decreasing alcohols (100%, 95% e 70%, each for 30 seconds) and
washed for 30 seconds in tap water. Further, the routine staining with carbol fuchsin was
performed [66]. At this step the sections have remained in the dye for at most 15 seconds. The
stained sections were observed under the microscope for the identification of bacteria.

2.2.2. Bacterial microdissection

Stained bacteria were microdissected using a PALM MicroBeam system (Carl Zeiss, MicroI‐
maging GmbH, Göttingen, Germany) (Figure 1A). The areas with target bacteria were traced
around and microdissected together with the pieces of thin membrane by laser microbeam
and then ejected into the Eppendorf tube cap by a single laser shot (Figure 1B). The tube was
stored at -80°C until DNA extraction.

2.2.3. DNA extraction

After microdissection, the cap was inserted into an Eppendorf tube containing 100μl digestion
buffer, prepared with 10mM Tris-HCl (pH 8.0), 1mM EDTA, 1% Tween 20 and 0.3% proteinase
K. After that, samples remained in a water bath at 56°C for 3 hours and the tube was heated
to 95°C for 5 min to inactivate proteinase K. The crude lysate was directly employed as template
for PCR. All of these procedures were previously described with minor modifications [48].

2.2.4. PCR amplification

The samples were further amplified by PCR using H. pylori 16S rRNA primers. The sequence
of the sense primer (JW21) was 5’-GCGACCTGCTGGAACATTAC-3’(position 691-710) and
the antisense primer (JW22) was 5’-CGTTAGCTCCATTACTGGAGA-3’ (position 829-809)
and they amplified a product of approximately 129bp [27]. Briefly, 1μl of DNA extracted
was added to 25μl PCR mix containing deoxynucleoside triphosphates (dNTPs) at concen‐
trations of  200 μM each,  2.0μl of  25mM MgCl2,  0.25 μl  of  GoTaq Hot Start  Polymerase
(Promega Corp., Madison, WI, USA), 4.0 μl of 5X GoTaq Flexi Buffer (supplied with the
enzyme) and 20 pmol each primer (Life Technologies, Carlsbed, CA, USA). Amplification
reactions included an initial 2-minute denaturation step at 94ºC, followed by 40 cycles of
30 seconds at 94ºC, 30 seconds at 55ºC and 45 seconds at 72ºC. A final extension step for 7
minutes at 72ºC was performed. The DNA extracted from H. pylori from FFPE gastric tissue
was used as positive control and distilled water in place of the DNA samples was used as
negative control for PCR assays.
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2.2.5. Detection of PCR products

For analysis of the amplified products, 5μl of the amplicons were put on 1,5% agarose gels
containing 1μg of ethidium bromide per ml. The amplicons were visualized by UV transillu‐
mination.

2.2.6. Sequence analysis

The 16S rRNA amplicons were further identified by sequence analysis using ABI Prism Dye
Terminator sequencing kit with AmpliTaq DNA polymerase and the ABI 3500xL Sequencer
(Applied Biosystems, Foster City, CA, USA). Sequence comparison was then carried out using
the Blast program and GenBank databases.

2.3. Results

Analyzing the tissue sections stained with carbol fuchsin, we visualized microorganisms
resembling H. pylori mainly in hepatic sinus from HCC samples. The number of cocci was
greater than of bacilli (Figure 3).

Our PCR results showed that all six microdissected samples were positive for 16S rRNA gene
(Figure 2) and showed 98% similarity to H. pylori 16S rRNA gene by sequence analysis
(GeneBank accession number CP003419.1) (Figure 4).

MM 3 1 2 4 5 PC NC 

Figure 2. Results of amplification of H. pylori 16S rRNA gene. 1, 2 and 5 are positive samples; 3 and 4 are negative
samples. MM: molecular marker, PC: positive control and NC: negative control.
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Figure 3. Optical microscopy of FFPE liver fragments of HCC patients with PCR-positive H. pylori 16S rRNA and stained
with carbol fuchsin. In (A) and (C) bacteria are represented within sinusoid (arrows) before microdissection (magnifica‐
tion: 610X). In (B) and (D) the same samples are represented after bacterial microdissection (magnification: 610X).

Figure 4. Electropherogram sequence of H. pylori 16S rRNA gene and alignment results of the BLAST databases.
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3. Conclusion

The results described here confirm the identification of H. pylori in FFPE liver tissue from
patients with HCC. Although specific primers were used for amplification of the H. pylori
16S rRNA gene, we cannot exclude the possibility of cross-reaction of these primers with
other Helicobacter spp [65].
Considering the difficulty of DNA extraction from paraffin embedded samples, the use of LCM
simplified the achievement of specific DNA because the DNA extraction process was reduced
to a single digestion step of bacterial cells without further purification. Consequently, the crude
lysate was used directly as template for PCR amplification. This is particularly advantageous
when compared to traditional methods of DNA extraction that are generally laborious, toxic
and time consuming [67].
Another advantage of using LCM is that it allowed the exact location of H. pylori in the liver,
since bacteria were mainly found in the peritumoral tissue. Considering that our samples
presented tumoral and peritumoral tissue in the same paraffin block, the technique was highly
effective for obtaining a target bacterial population within a selected area in the HCC tissue.
This is very important when we consider that the necrotic state and nuclease content of tissues
may influence in recovering intact DNA specially when performing traditional methods for
DNA extraction [68].
Furthermore, LCM was useful to reduce the interference from nontarget cell population
considering that bacteria were found in small quantities in the liver tissue (Figure 3). In relation
to nontarget cell population, it is important to consider that the major obstacle in the analysis
of tumoral tissue is that it is composed by different cell types including stroma and inflam‐
matory cells [69, 70, 71] and there is a potential dilution effect of the larger quantities of
nontarget DNA found in whole tissue sections [64]. Thus, the employment of LCM was very
efficient in isolating H. pylori despite of the reduced bacterial quantity in the HCC tissue.
In summary, we suggest that LCM can be extensively applied for identification of H. pylori in
FFPE liver tissue. Further studies will be performed in order to amplify virulence genes of
bacteria as well as to isolate H. pylori from other tissues using LCM technique.
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3. Conclusion

The results described here confirm the identification of H. pylori in FFPE liver tissue from
patients with HCC. Although specific primers were used for amplification of the H. pylori
16S rRNA gene, we cannot exclude the possibility of cross-reaction of these primers with
other Helicobacter spp [65].
Considering the difficulty of DNA extraction from paraffin embedded samples, the use of LCM
simplified the achievement of specific DNA because the DNA extraction process was reduced
to a single digestion step of bacterial cells without further purification. Consequently, the crude
lysate was used directly as template for PCR amplification. This is particularly advantageous
when compared to traditional methods of DNA extraction that are generally laborious, toxic
and time consuming [67].
Another advantage of using LCM is that it allowed the exact location of H. pylori in the liver,
since bacteria were mainly found in the peritumoral tissue. Considering that our samples
presented tumoral and peritumoral tissue in the same paraffin block, the technique was highly
effective for obtaining a target bacterial population within a selected area in the HCC tissue.
This is very important when we consider that the necrotic state and nuclease content of tissues
may influence in recovering intact DNA specially when performing traditional methods for
DNA extraction [68].
Furthermore, LCM was useful to reduce the interference from nontarget cell population
considering that bacteria were found in small quantities in the liver tissue (Figure 3). In relation
to nontarget cell population, it is important to consider that the major obstacle in the analysis
of tumoral tissue is that it is composed by different cell types including stroma and inflam‐
matory cells [69, 70, 71] and there is a potential dilution effect of the larger quantities of
nontarget DNA found in whole tissue sections [64]. Thus, the employment of LCM was very
efficient in isolating H. pylori despite of the reduced bacterial quantity in the HCC tissue.
In summary, we suggest that LCM can be extensively applied for identification of H. pylori in
FFPE liver tissue. Further studies will be performed in order to amplify virulence genes of
bacteria as well as to isolate H. pylori from other tissues using LCM technique.
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1. Introduction

Classified as a class one carcinogen, Helicobacter pylori is a gram-negative coccobacillus (0.5
μm wide by 2 - 4 μm long), microaerophilic, flagellated organism that has chronically infected
more than 50% of the world’s population [1, 2, 3, 4]. Significant evidence exist that links the
bacterium to the pathogenesis and development of certain diseases such as gastric ulcers,
chronic gastritis and stomach cancers, although most of the people harboring this organism
are asymptomatic [5, 6]. The prevalence of infection caused by this organism increases with
advancing age and is reported to be higher in developing countries and among low socio-
economic populations, probably owing to conditions that favor the infection such as poor
hygiene, crowded living conditions, and inadequate or no sanitation. The prevalence of this
infection in human varies with geographical location and socio-demographic characteristics
of the population; however does not parallel the incidence of morbidity caused by the infection
[7, 8]. Studies have highlighted inconsistencies in the prevalence rates for Helicobacter and
disease. In industrialized countries there is generally a low prevalence of H. pylori infection
and yet a relatively high prevalence of gastric cancer. On the other hand, some countries with
high Helicobacter prevalence rates have low gastric cancer prevalence [9].

Over the years, different treatment regimens have been proposed for eradication of H. pylori.
Eradication of the organism has proven to be the first therapeutic approach and constitutes a
reliable long-term prophylaxis of peptic ulcer relapse, accelerating ulcer healing and reducing
the rate of ulcer complications [10]. Successful regimens generally require two or more
antibiotics coupled with a proton pump inhibitor [11]. A proton pump inhibitor (PPI) or

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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bismuth compounds and two antibiotics most commonly clarithromycin and metronidazole
and/or amoxicillin [12]. However, problems related to poor patient compliance, undesirable
side effect and resistance are presenting with numerous challenges as far as treatment failure
is concern. Antibiotic resistance is a growing global concern both in the developing and in
developed countries. Resistance to this organism has been delineated worldwide [13]. Many
H. pylori strains have been reported to show resistance to the limited range of antibiotics used
in its treatment in vitro. Of particular interest, resistance to metronidazole and clarithromycin
has increased recently with more than 90% resistance reported against metronidazole and up
to 36% against clarithromycin depending on regions [14, 15]. Emerging resistance of the
bacterium to tetracycline, fluoroquinolones, and rifampicins, which are alternative antibiotics
with known anti-H. pylori activity, have also been reported [14].

The emerging resistance to these antibiotics limits their use in the treatment of these infections
[6, 16, 17]. Resistance to the antibiotics commonly used for treatment has been associated with
mutations in specific genes which have been shown to be associated with these antibiotics.
Clarithromycin resistance for example has been associated with point mutations in the
peptidyl transferase-encoding region of 23S rRNA which affects the binding of macrolides to
the bacterial ribosome, while rdxA and frxA are genes whose mutation has been associated
with metronidazole resistance. Other genes such as the P-glycoprotein (P-gp) as well as
mutations of GyrA, GyrB, and 16SrRNA in H. pylori have also been associated with resistance
fluoroquinolone and tetracycline respectively [18, 19].

With the problem of resistance to currently recommended antibiotics; there is the need to seek
alternative compounds from other sources with proven antimicrobial activity to overcome the
problem. This has encourage the search of active agents from natural products, with the
ultimate aim of discovering potentially useful active ingredients that can serve as template for
the synthesis of new antimicrobial drugs [20]. These include medicinal plants, honey and
probiotics which have been variously described to be associated with increase success rates in
the eradication of H. pylori both in vitro and in vivo [21, 22, 23, 24]. Several plants have been
investigated for their anti-H. pylori activity. Some of these plants with proven activity include
Combretum molle, Calophyllum brasiliense, Sclerocarya birrea, Garcinia kola, Alepidea amatymbica,
Bridelia. Micrantha, Peltophorum africanum, Cyrtocarpa procera Kunth and some Strychnos
species [25, 26, 27]. The antimicrobial activity of honey is now well documented [28, 29]. Manyi-
Loh and co-workers investigated the anti-H. pylori activity of three South African honeys; Pure
honey, citrus blossom and gold crest and found that all honey varieties demonstrated varying
levels of anti-H. pylori activity [24]. Evidence exists that probiotics may inhibit growth of H.
pylori, stimulate an immunological response and reduce inflammatory effect of infection by
bacteria increasing the rate of H. pylori eradication [21]. Some probiotics that have been tested
either singly or in combination include Lactobacillus acidophilus, Lactobacillus rhamnosus,
Lactobacillus bulgaricus, Lactobacillus casei, Streptococcus thermophilus, Bifidobacterium infantis and
Bifidobacterium breve [30]. In this communication, we provide information on the prevalence,
epidemiology and antimicrobial chemotherapy and challenges in treatment of H. pylori in an
effort to continuously highlight the clinical and epidemiological significance.

Trends in Helicobacter pylori Infection244

2. Helicobacter pylori infections, disease and prevalence

Helicobacter pylori (H. pylori) inhabit various areas of the human stomach [17]. The ability of
this organism to convert the stomach acidic environment, a bactericidal barrier with protection
against many infections, makes the environment suitable for its survival [4, 31]. Infection starts
in the gastric antrum and spreads to the corpus, after extensive mucosal damage. Upon
invasion, mucosa damage is caused that is eventually worsened by the acid produced in the
stomach and this may lead to complications (ulcers and cancers) [16, 14]. Half of the world’s
population is infected by this gastric organism [32]. Since its discovery in 1983 by Marshall
and Warren, infection with H. pylori has been shown to be strongly associated with chronic
gastritis, peptic ulcer and gastric cancer using technologies available at the time and others
(fibre endoscopy, silver staining of histological sections and culture techniques for microaer‐
ophilic bacteria). These authors proved beyond reasonable doubts that made an indisputable
link between the bacteria and the diseases mentioned [3, 33].

Confirmed is the fact that this organism causes of 90% of all duodenal ulcers, 75% of all gastric
ulcers and two forms of stomach cancer; adenocarcinoma and mucosa-associated lymphoid
tissue (MALT) lymphoma [34]. The evidence of its association with gastric cancer, led to its
classification as a class 1 carcinogen by the International Agency for Research on Cancer and
the World Health Organization [35]. H. pylori is the first bacterium, and the second infectious
organism after hepatitis B virus to be classified a carcinogen. A majority of H. pylori-infected
individuals of (80–90%) have clinically asymptomatic gastritis, 10–15% develop peptic ulcer,
and 1–2% gastric malignancies [36, 37]. Until the discovery of Marshall and Warren, diet, stress
and life-style factors were considered major causes of gastritis and peptic ulcer, and the
stomach, a sterile environment [38, 39].

Clinical outcome of long-term infection is variable and is considered to relate to bacterial
virulence factors along with host genotype, physiology and environmental factors [40, 41, 42,
43]. The cytotoxin-associated gene, cagA, a marker for the cag pathogenicity island (PAI), is
present in many but not all H. pylori strains. Its presence is associated with more severe clinical
outcomes [44, 45]. H. pylori infection confers around a two-fold increase in the risk of devel‐
oping gastric cancer particularly with strains expressing the cytotoxin-associated gene A
antigen (cagA) [46]. The vacA gene is far from the cag PAI. At least some forms of vacA protein
generate vacuoles in epithelial cells, disrupt tight junctions between epithelial tissues, interfere
with antigen processing, etc. [47]. The vacA gene is present in all H. pylori strains and contains
two importantly variable regions, s and m [40].

Geographic differences in predominant H. pylori genotypes, based either on virulence associ‐
ated genes such as vacA and cagA or “housekeeping genes” have been delineated [40, 48].
Several other H. pylori genes that are related to the risk of disease have been identified some
of which include, iceA and several other housekeeping genes” such as ureA, ureC, ureAB, flaA,
flaB, atpA, efp, mutY, ppa, trpC, ureI, yphC etc, which may not be directly linked to disease [49,
50]. The cytotoxin-associated gene, cagA, a marker for the cag pathogenicity island (PAI), is
present in many but not all H. pylori strains. Its presence is associated with more severe clinical
outcomes [44, 45].
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H. pylori is the principal species of the genus Helicobacter and a common human pathogen that
is responsible for a variety of gastro–duodenal pathologies with high prevalence reported both
in the developed and developing world since its discovery in 1983 by Marshall and Warren
[51, 52]. Different studies worldwide have demonstrated the presence of this organism in their
population. Substantial morbidity and mortality have been reported to be associated with H.
pylori infection [15, 17, 42]. Fallen prevalence values has been observed in most developed
countries; with rates from 25–50% in developed countries to 70–90% in the second and third
world countries, this however varies [2, 7, 16, 53]. With improvements in treatments modalities,
gastrointestinal pathology related to H. pylori is still ever present and remains a major burden
on Western health systems. Populations like African American, Hispanic, Asian and Native
American have experienced increased prevalence and infection rates are similar in males and
females [54].

Rate of acquisition, rate of loss of infection and the length of persistence period all seem to
determine the prevalence of this highly inflicting pathogen [7]. The prevalence of H. pylori
infection has also been reported to vary widely by geographic area, age, socioeconomic status
and even between ethnic groups of the same region [8, 15]. All these factors including envi‐
ronmental factors all play a role in the acquisition and transmission of H. pylori and further
influence the wide variation in prevalence observed in the different population [55]. For
example, variation exist the prevalence between more affluent urban populations and rural
population. A lack of proper sensitization, drinking water and basic hygiene as well as poor
diet and overcrowding all play a role in determining the overall prevalence of infection [2].
Although there is geographical and socio–demographic variation in the prevalence of human
infection, prevalence does not parallel the incidence of morbidity caused by the infection [2,
16, 56]. Astoundingly high prevalence of H. pylori infection is observed in developing countries
which does not commensurate the low prevalence of gastric cancer compared to the developed
nations with a relatively low prevalence and yet a high prevalence of gastric cancer. For
example, in Africa, the prevalence of infection is very high but the incidence of gastric
carcinoma and other H. pylori-associated morbidities is relatively low. An anomality termed
the African enigma’ [6, 42]. Apparently, coinfection with other organisms is known to
modulate the H. pylori immune reaction and has been proposed to explain the “African
enigma” [57]. The organism is ubiquitous with childhood acquisition seemingly being the role
and may last for years or decades however, it is difficult to ascertain when infection occurs
clinically hence seroprevalence data are the source of information of H. pylori rates both in
geographically and demographically diverse populations [2, 52, 58, 59, 60]. Retrospective sero-
epidemiological studies have shown a cohort effect consistent with the hypothesis that
infection is mainly acquired in early childhood [59, 61]. Seroprevalence values of (61%–100%)
have been described from various studies conducted in Africa and these values vary among
countries and between different racial groups present within each country [2, 42, 53]. Sero‐
prevalence studies in the western world have depicted rates not as high as those elaborated in
Africa. Most individuals harbour specific antibodies for most of their lives especially in Africa
[42].
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In a rural village of Linqu Country, Shandong Province, China, a study of 98 children found
that nearly 70 percent of those aged 5-6 years were infected with H. pylori, a rate equivalent to
that reported for adults in that area, suggesting that most infection takes place early in
childhood [61]. Generally, 50% of all children are infected by the age of 10 years, with preva‐
lence rising to 80% in adults [7]. In their study of Kenyan school children, Nabwera and co-
workers observed high prevalence among their subjects who were only aged 3–5 years,
indicating that most children in the study area were infected before they reached their third
birthday [62]. The highest rates of H. pylori prevalence have been reported in Eastern Europe,
Asia, and many developing countries and developing populations in developed countries (for
example, Native Americans) [63].

3. Repository of infection and transmission

Accurately assessing the incidence or route of transmission of H. pylori has been difficult
because of the inaccuracy and cost of detecting (non-invasively) H. pylori [59]. Studies with
regards to environmental factors and animal reservoirs as possible sources of infection have
been examined. DNA has been extracted from food, animals and water sources suggesting
they could be reservoirs of this organism [37]. However, there is no definitive evidence that
they are natural or primary vehicles of transmission. Various studies have remarked a variety
of factors such as bacterial host, genetic and environmental factors to determine the causative
links to H. pylori infection, but knowledge of reservoirs and transmission still remains elusive
[61]. Some routes of transmission have been described this include iatrogenic, oral-oral or
faecal-oral routes [64, 65].

The host range of H. pylori is narrow and is found almost exclusively in humans and some non-
human primates [66]. Humans been the only known reservoir of infection, hence the possibility
of picking the infection from siblings, parents predominates via gastro-oral route [67]. Using
specific culture approaches the organism has been isolated from vomitus [68, 69]. Perhaps the
most important transmission route is faecal-oral transmission. Typically, isolation of this
organism from faeces is not common though its isolation from faeces is established [61]. Sexual
transmission of these organisms has not been observed [70].

Oral-oral transmission is regarded as a plausible route [39]. It has been shown to be potentiated
by specific eating habits, such as the premastication of food by mothers before feeding children
in some African countries. In Burkina Faso, premastication of food was common amongst
families with high sero-positivity H. pylori status for both mother and child [71]. The impor‐
tance of this cannot be over emphasized considering that childhood appears to be the critical
period during which H. pylori is acquired, especially in areas of over-crowding and socio-
economic deprivation [3, 24]. Possibility of dental plaque been a route of transmission has been
proposed but this has failed in other studies though [72, 73]. In a recent study in South Africa,
it was deduced that the oral cavity is unlikely to contribute to the spread of this organism as
oral cavities were found not to favour prolonged colonization by the organism [53, 74].
Repeated use of gastric tubes from one patient to another by enodoscopists without proper
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H. pylori is the principal species of the genus Helicobacter and a common human pathogen that
is responsible for a variety of gastro–duodenal pathologies with high prevalence reported both
in the developed and developing world since its discovery in 1983 by Marshall and Warren
[51, 52]. Different studies worldwide have demonstrated the presence of this organism in their
population. Substantial morbidity and mortality have been reported to be associated with H.
pylori infection [15, 17, 42]. Fallen prevalence values has been observed in most developed
countries; with rates from 25–50% in developed countries to 70–90% in the second and third
world countries, this however varies [2, 7, 16, 53]. With improvements in treatments modalities,
gastrointestinal pathology related to H. pylori is still ever present and remains a major burden
on Western health systems. Populations like African American, Hispanic, Asian and Native
American have experienced increased prevalence and infection rates are similar in males and
females [54].

Rate of acquisition, rate of loss of infection and the length of persistence period all seem to
determine the prevalence of this highly inflicting pathogen [7]. The prevalence of H. pylori
infection has also been reported to vary widely by geographic area, age, socioeconomic status
and even between ethnic groups of the same region [8, 15]. All these factors including envi‐
ronmental factors all play a role in the acquisition and transmission of H. pylori and further
influence the wide variation in prevalence observed in the different population [55]. For
example, variation exist the prevalence between more affluent urban populations and rural
population. A lack of proper sensitization, drinking water and basic hygiene as well as poor
diet and overcrowding all play a role in determining the overall prevalence of infection [2].
Although there is geographical and socio–demographic variation in the prevalence of human
infection, prevalence does not parallel the incidence of morbidity caused by the infection [2,
16, 56]. Astoundingly high prevalence of H. pylori infection is observed in developing countries
which does not commensurate the low prevalence of gastric cancer compared to the developed
nations with a relatively low prevalence and yet a high prevalence of gastric cancer. For
example, in Africa, the prevalence of infection is very high but the incidence of gastric
carcinoma and other H. pylori-associated morbidities is relatively low. An anomality termed
the African enigma’ [6, 42]. Apparently, coinfection with other organisms is known to
modulate the H. pylori immune reaction and has been proposed to explain the “African
enigma” [57]. The organism is ubiquitous with childhood acquisition seemingly being the role
and may last for years or decades however, it is difficult to ascertain when infection occurs
clinically hence seroprevalence data are the source of information of H. pylori rates both in
geographically and demographically diverse populations [2, 52, 58, 59, 60]. Retrospective sero-
epidemiological studies have shown a cohort effect consistent with the hypothesis that
infection is mainly acquired in early childhood [59, 61]. Seroprevalence values of (61%–100%)
have been described from various studies conducted in Africa and these values vary among
countries and between different racial groups present within each country [2, 42, 53]. Sero‐
prevalence studies in the western world have depicted rates not as high as those elaborated in
Africa. Most individuals harbour specific antibodies for most of their lives especially in Africa
[42].
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In a rural village of Linqu Country, Shandong Province, China, a study of 98 children found
that nearly 70 percent of those aged 5-6 years were infected with H. pylori, a rate equivalent to
that reported for adults in that area, suggesting that most infection takes place early in
childhood [61]. Generally, 50% of all children are infected by the age of 10 years, with preva‐
lence rising to 80% in adults [7]. In their study of Kenyan school children, Nabwera and co-
workers observed high prevalence among their subjects who were only aged 3–5 years,
indicating that most children in the study area were infected before they reached their third
birthday [62]. The highest rates of H. pylori prevalence have been reported in Eastern Europe,
Asia, and many developing countries and developing populations in developed countries (for
example, Native Americans) [63].

3. Repository of infection and transmission

Accurately assessing the incidence or route of transmission of H. pylori has been difficult
because of the inaccuracy and cost of detecting (non-invasively) H. pylori [59]. Studies with
regards to environmental factors and animal reservoirs as possible sources of infection have
been examined. DNA has been extracted from food, animals and water sources suggesting
they could be reservoirs of this organism [37]. However, there is no definitive evidence that
they are natural or primary vehicles of transmission. Various studies have remarked a variety
of factors such as bacterial host, genetic and environmental factors to determine the causative
links to H. pylori infection, but knowledge of reservoirs and transmission still remains elusive
[61]. Some routes of transmission have been described this include iatrogenic, oral-oral or
faecal-oral routes [64, 65].

The host range of H. pylori is narrow and is found almost exclusively in humans and some non-
human primates [66]. Humans been the only known reservoir of infection, hence the possibility
of picking the infection from siblings, parents predominates via gastro-oral route [67]. Using
specific culture approaches the organism has been isolated from vomitus [68, 69]. Perhaps the
most important transmission route is faecal-oral transmission. Typically, isolation of this
organism from faeces is not common though its isolation from faeces is established [61]. Sexual
transmission of these organisms has not been observed [70].

Oral-oral transmission is regarded as a plausible route [39]. It has been shown to be potentiated
by specific eating habits, such as the premastication of food by mothers before feeding children
in some African countries. In Burkina Faso, premastication of food was common amongst
families with high sero-positivity H. pylori status for both mother and child [71]. The impor‐
tance of this cannot be over emphasized considering that childhood appears to be the critical
period during which H. pylori is acquired, especially in areas of over-crowding and socio-
economic deprivation [3, 24]. Possibility of dental plaque been a route of transmission has been
proposed but this has failed in other studies though [72, 73]. In a recent study in South Africa,
it was deduced that the oral cavity is unlikely to contribute to the spread of this organism as
oral cavities were found not to favour prolonged colonization by the organism [53, 74].
Repeated use of gastric tubes from one patient to another by enodoscopists without proper
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sterilization may be a possible means of transmission. H. pylori infection has been shown to
follow socio- other studies [73]. Gastroenterologists are occupationally at risk, however has
proven the least common form of transmission [75].

4. Helicobacter pylori treatment

The need for an adequate prophylactic or therapeutic measures for H. pylori is very important
being a serious, chronic, progressive and transmissible infection associated with significant
morbidity and mortality especially in the developing world [76]. Over the years, several
treatment regimens have been proposed for the eradication of H. pylori. However, develop‐
ment of a successful treatment for H. pylori infection has been fraught with difficulties; owing
to its location within the stomach (that is, the mucus lining the surface epithelium, deep within
the mucus secreting glands of the antrum, attached to cells and even within the cells) providing
a great challenge to therapeutic measures [77]. The hostile environment in the gastric mucosa
poses additional challenges reasons being the antibiotic therapy need to be active at pH values
below neutral [24]. In addition, the ever existing presence of emerging resistant strains presents
a formidable challenge which is at the verge of frustrating every attempt to a solution provision
[78]. Infection with H. pylori will persist for life and may result in severe gastro duodenal
complications without the intervention of antimicrobial therapy (treatment) [52, 79]. Complete
eradication of the organism from the gut or stomach is the ultimate goal to treatment. A
negative test for the bacterium four weeks or longer after treatment defines eradication [80].

There has been evolution with regards to treatment regimen for H. pylori infection since the
early 1990s, when monotherapy was first recommended. However, employment of single
agent is unacceptable because of extremely low eradication rates. H. pylori infections are treated
with antibiotics, H2 blockers which reduces stomach acidicity and a proton pump inhibitor
(PPI) that protects the stomach lining (bismuth compounds). This triple drug regimen
involving; two antibiotics, bismuth salt and a proton pump inhibitor (PPI) or H2 blockers has
been used as a standard treatment [13, 77, 81]. Bismuth compounds (colloidal bismuth sub
citrate and bismuth subsalicylate) act by reducing intracellular ATP levels and interfere with
the activity of urease enzyme, a key enzyme of H. pylori [77]. They also induce the formation
of an ulcer-specific coagulum, preventing acid back diffusion and inhibit protein and cell wall
synthesis as well as membrane function [82, 83]. Detachment of H. pylori from the gastric
epithelium and a reduction in capsular polysaccharide production is the enabling function of
bismuth compounds [77]. Typically, two types of acid reducers exist and include a proton
pump inhibitor (PPI) and H2 blockers. H2 blockers include cimetidine, ranitidine, famotidine
and nizatidine and this function by blocking histamine, which stimulates acid secretion. The
PPI (omeprazole, lansoprazole, rabeprazole, pantoprazole and esomeprazole) on its part
suppresses acid production by halting the mechanism that pumps the acid into the stomach
[84]. PPI also increases antibiotic stability and efficacy [85].

The most commonly used antibiotics include metronidazole (MET), clarithromycin (CLR),
amoxicillin (AMOX) and tetracycline (TET) all of which H. pylori is susceptible too except in

Trends in Helicobacter pylori Infection248

cases of drug resistance [13, 86, 87]. Clarithromycin (500 mg twice a day [b.i.d.]) and amoxicillin
(1 g b.i.d.) plus PPI for 7 days (treatment 1) are the most commonly used treatment combination
the world over. Other regimens employed for 7-day include clarithromycin (500 mg b.i.d.) and
metronidazole (500 mg b.i.d.) (treatment 2) and a double dose of PPI plus or amoxicillin (1 g
b.i.d.) and metronidazole (500 mg b.i.d.) (treatment 3) a double dose of PPI plus [88]. Efficacy
of the agents range from 85% - 95%. Susceptibility of H. pylori to these drugs has been reported
to change with time, ethnicity, ulcer status, geographical location and test method [14].
Consequently, antibiotic recommended for patients may soon differ across regions of the
world because different areas have begun to show resistance to particular antibiotics. These
factors therefore have to be considered in making a prescription for the eradication of the
infection.

5. Challenges to Helibacter pylori treatment regimens

The recommended regimens for H. pylori treatment and eradication pose a number of diffi‐
culties to patients such as poor compliance; coping with unpleasant adverse effects do little to
encourage patient cooperation [15, 78]. Apart from patient non-compliance, antibiotic resist‐
ance is the major cause of treatment failure leaving clinicians with a limited list of drugs to
choose from [14, 15, 89]. This can seriously affect attempts to eradicate the bacterium. Bacterial
resistance to antimicrobials could be either primary (that is, present before therapy) or
secondary (that is, develop as the result of failed therapy [77]. In different countries primary
resistance in H. pylori has been reported in MET (6-95%), CLR (0-17%), and TET (0-6%) [90,
91]. Fairly recently, resistance to amoxicillin has been reported in many countries across the
globe especially countries in Africa like Cameroon, Nigeria and South Africa where stringent
control of drugs is lacking [17]. On the other hand metronidazole-containing regimens have
recently been shown to have limited effectiveness owing to the alarming increase in the
prevalence of resistance to this drug. Resistance to this antibiotic varies from 10% to 90% in
different countries [92]. For example, Studies by Boyanova and colleagues reported a resistance
rate of 28.6% for metronidazole against clinical isolates of H. pylori circulating in Sofia, Bulgaria
[17, 90]. In our study in South Africa we reported a rate of 95.5% resistant. In Cameroon, studies
have documented a very high resistance to metronidazole. Studies in Australia showed a
resistance level of 36% of H. pylori isolates against metronidazole [93]. High resistance to
metronidazole is attributed to the frequent and uncontrolled use of nitroimidazole derivatives
for the treatment of protozoan infections and gynecological problems [17]. Clarithromycin
resistance is referred to as the corner stone for treatment failure and is increasing worldwide
[94]. A prevalence rate of 12.9% was recorded for Clarithromycin resistance in the U.S and
rates as high as 24% were some European countries [91]. Resistance to clarithromycin fre‐
quently develops after treatment failure and more recently due to its increasing use in the
treatment of upper respiratory tract infection [92]. Increasing prevalence of resistance to
antimicrobial jeopardizes the success of therapeutic regimens aimed at the eradication of the
infection making it sensitivity testing imperative prior to appropriate antibiotic selection [95].
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sterilization may be a possible means of transmission. H. pylori infection has been shown to
follow socio- other studies [73]. Gastroenterologists are occupationally at risk, however has
proven the least common form of transmission [75].

4. Helicobacter pylori treatment

The need for an adequate prophylactic or therapeutic measures for H. pylori is very important
being a serious, chronic, progressive and transmissible infection associated with significant
morbidity and mortality especially in the developing world [76]. Over the years, several
treatment regimens have been proposed for the eradication of H. pylori. However, develop‐
ment of a successful treatment for H. pylori infection has been fraught with difficulties; owing
to its location within the stomach (that is, the mucus lining the surface epithelium, deep within
the mucus secreting glands of the antrum, attached to cells and even within the cells) providing
a great challenge to therapeutic measures [77]. The hostile environment in the gastric mucosa
poses additional challenges reasons being the antibiotic therapy need to be active at pH values
below neutral [24]. In addition, the ever existing presence of emerging resistant strains presents
a formidable challenge which is at the verge of frustrating every attempt to a solution provision
[78]. Infection with H. pylori will persist for life and may result in severe gastro duodenal
complications without the intervention of antimicrobial therapy (treatment) [52, 79]. Complete
eradication of the organism from the gut or stomach is the ultimate goal to treatment. A
negative test for the bacterium four weeks or longer after treatment defines eradication [80].

There has been evolution with regards to treatment regimen for H. pylori infection since the
early 1990s, when monotherapy was first recommended. However, employment of single
agent is unacceptable because of extremely low eradication rates. H. pylori infections are treated
with antibiotics, H2 blockers which reduces stomach acidicity and a proton pump inhibitor
(PPI) that protects the stomach lining (bismuth compounds). This triple drug regimen
involving; two antibiotics, bismuth salt and a proton pump inhibitor (PPI) or H2 blockers has
been used as a standard treatment [13, 77, 81]. Bismuth compounds (colloidal bismuth sub
citrate and bismuth subsalicylate) act by reducing intracellular ATP levels and interfere with
the activity of urease enzyme, a key enzyme of H. pylori [77]. They also induce the formation
of an ulcer-specific coagulum, preventing acid back diffusion and inhibit protein and cell wall
synthesis as well as membrane function [82, 83]. Detachment of H. pylori from the gastric
epithelium and a reduction in capsular polysaccharide production is the enabling function of
bismuth compounds [77]. Typically, two types of acid reducers exist and include a proton
pump inhibitor (PPI) and H2 blockers. H2 blockers include cimetidine, ranitidine, famotidine
and nizatidine and this function by blocking histamine, which stimulates acid secretion. The
PPI (omeprazole, lansoprazole, rabeprazole, pantoprazole and esomeprazole) on its part
suppresses acid production by halting the mechanism that pumps the acid into the stomach
[84]. PPI also increases antibiotic stability and efficacy [85].

The most commonly used antibiotics include metronidazole (MET), clarithromycin (CLR),
amoxicillin (AMOX) and tetracycline (TET) all of which H. pylori is susceptible too except in
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cases of drug resistance [13, 86, 87]. Clarithromycin (500 mg twice a day [b.i.d.]) and amoxicillin
(1 g b.i.d.) plus PPI for 7 days (treatment 1) are the most commonly used treatment combination
the world over. Other regimens employed for 7-day include clarithromycin (500 mg b.i.d.) and
metronidazole (500 mg b.i.d.) (treatment 2) and a double dose of PPI plus or amoxicillin (1 g
b.i.d.) and metronidazole (500 mg b.i.d.) (treatment 3) a double dose of PPI plus [88]. Efficacy
of the agents range from 85% - 95%. Susceptibility of H. pylori to these drugs has been reported
to change with time, ethnicity, ulcer status, geographical location and test method [14].
Consequently, antibiotic recommended for patients may soon differ across regions of the
world because different areas have begun to show resistance to particular antibiotics. These
factors therefore have to be considered in making a prescription for the eradication of the
infection.

5. Challenges to Helibacter pylori treatment regimens

The recommended regimens for H. pylori treatment and eradication pose a number of diffi‐
culties to patients such as poor compliance; coping with unpleasant adverse effects do little to
encourage patient cooperation [15, 78]. Apart from patient non-compliance, antibiotic resist‐
ance is the major cause of treatment failure leaving clinicians with a limited list of drugs to
choose from [14, 15, 89]. This can seriously affect attempts to eradicate the bacterium. Bacterial
resistance to antimicrobials could be either primary (that is, present before therapy) or
secondary (that is, develop as the result of failed therapy [77]. In different countries primary
resistance in H. pylori has been reported in MET (6-95%), CLR (0-17%), and TET (0-6%) [90,
91]. Fairly recently, resistance to amoxicillin has been reported in many countries across the
globe especially countries in Africa like Cameroon, Nigeria and South Africa where stringent
control of drugs is lacking [17]. On the other hand metronidazole-containing regimens have
recently been shown to have limited effectiveness owing to the alarming increase in the
prevalence of resistance to this drug. Resistance to this antibiotic varies from 10% to 90% in
different countries [92]. For example, Studies by Boyanova and colleagues reported a resistance
rate of 28.6% for metronidazole against clinical isolates of H. pylori circulating in Sofia, Bulgaria
[17, 90]. In our study in South Africa we reported a rate of 95.5% resistant. In Cameroon, studies
have documented a very high resistance to metronidazole. Studies in Australia showed a
resistance level of 36% of H. pylori isolates against metronidazole [93]. High resistance to
metronidazole is attributed to the frequent and uncontrolled use of nitroimidazole derivatives
for the treatment of protozoan infections and gynecological problems [17]. Clarithromycin
resistance is referred to as the corner stone for treatment failure and is increasing worldwide
[94]. A prevalence rate of 12.9% was recorded for Clarithromycin resistance in the U.S and
rates as high as 24% were some European countries [91]. Resistance to clarithromycin fre‐
quently develops after treatment failure and more recently due to its increasing use in the
treatment of upper respiratory tract infection [92]. Increasing prevalence of resistance to
antimicrobial jeopardizes the success of therapeutic regimens aimed at the eradication of the
infection making it sensitivity testing imperative prior to appropriate antibiotic selection [95].
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Also, current antimicrobial susceptibility profiles of the isolates within the region should be
known as this will act as a guide to clinician [96].

Resistance mechanisms to the commonly used antibiotics have been elaborated. Selection
pressure may progressively increase resistance with the use of these antibiotics [88]. Plasmid
associated resistance is rare. Drug efflux proteins can contribute to natural insensitivity to
antibiotics and to emerging antibiotic resistance as is the case of many bacteria [97].

5.1. Metronidazole resistance mechanisms

Resistance to metronidazole (Mtz) has shown to limit the effectiveness of Mtz containing
regimens [98, 99]. Mtz, a synthetic nitroimidazole is a prodrug and becomes active when
reduced in the cytosol of the microorganism to a toxic metabolite. Unstable Mtz radicals react
rapidly with proteins, RNA and DNA, eventually resulting in cell death [88, 99, 100]. Most Mtz
sensitivity in H. pylori accounted for by NADPH nitroreductase a non-oxygen sensitive
encoded by the rdxA gene reduces Mtz by a two-electron transfer step into a toxic metabolite
that cannot be retransformed to its parent by molecular oxygen [99]. Resistance to Mtz is
associated with mutation somewhere in the rdxA coding sequence [101]. Mutation of a second
reductase NAD (P) H flavin oxidoreductase encoded by frxA could also confer low-level Mtz
sensitivity in some strains [102]. Such resistance has been linked mostly to genetic mutations
in the rdxA and frxA genes of the bacterium [100]. Based on gene sequencing and other reports
concluded that most Mtz resistance in H. pylori depend on rdxA inactivation, of which
mutations in frxA can enhance resistance, and that genes conferring Mtz resistance without
rdxA inactivation are rare or nonexistent in H. pylori populations [100].

5.2. Resistance mechanisms to clarithromycin

Clarithromycin is part of the combination therapy used as the first-line therapy against H.
pylori. Resistance to clarithromycin therefore is important ingredient for treatment failure.
Clarithromycin acts by binding to the peptidyl transferase region of 23SrRNA and inhibits
bacterial protein synthesis just like other macrolides Clarithromycin resistance has been linked
to mutation in the 23S rRNA gene [103]. Several reports have demonstrated that more than
90% of macrolide resistance in H. pylori is mediated by either of two transition mutations
Adenine to Guanine (A→G) at adjacent positions 2142 and 2143 in the bacterium’s 23SrRNA
gene [103]. A transversion mutation (A→C) at position 2143 has been reported to be the cause
of resistance in 7% of the resistant isolates. Other mutation observed in clarithromycin resistant
H. pylori isolates include A2515G and T2717C, A2116G, G2141A, A2144T, T2182C, G2224A,
C2245T

5.3. Amoxicillin resistance mechanisms

H. pylori resistance to amoxicillin is not common. Deloney and schiller, showed that amoxicillin
resistance in H. pylori could develop because of amino acid substitutions in the penicillin
binding proteins (pbp) leading to structural alterations in the protein or interference with
peptidoglycan synthesis [104]. Resistance to amoxicillin and related drugs is usually as a result
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of decreased permeability to the drug; increased efflux of the drug from the bacterial cell,
modification of the PBPs that diminish the affinity of the drug for the protein, and the presence
of β-lactamases that inactivate the antibiotic by hydrolyzing its ring structure [105]. Amoxi‐
cillin-resistant H. pylori strains harbour mutations on the pbp-1a gene with amino acid
substitution Ser-414→Arg appears to be involved, leading to a blockage of penicillin transport.
Resistance to amoxicillin may also result from the production of β -lactamases by the bacterium
[106]. Colonization of the stomach with β -lactam- resistant bacteria of other species may lead
to the transfer of amoxicillin resistance to H. pylori [17]. Mutations in hopB and hopC genes of
the outer membrane have also been associated with resistance in amoxicillin [107].

5.4. Tetracycline resistance mechanism

Tetracyclines are often used as a second line therapy when H. pylori infections are not cured
by the first line drug regimen. Tetracycline is a protein synthesis inhibitor. This is achieved by
disrupting codon-anticodon interaction on the ribosome. It binds to the 30S ribosomal subunit,
preventing attachment of aminoacyl-tRNA to the acceptor site [108]. Thus bacterial peptide
synthesis is stopped leading to cell death. Resistance to tetracycline has been linked to mutation
in 16SrRNA-encoding genes that affect the binding site of tetracycline. The change in a
nucleotide triplet (AGA-926 to 928→TTC), cognate of the positions 965 to 967 in Escherichia
coli, has been associated with resistance to these compounds maybe because of the absence of
the h1 loop; the binding site of tetracyclines. Strains resistant to tetracycline and no mutation
in position 926 to 928 have also been described [14, 86, 109].

5.5. Resistant Mechanism to Fluoroquinolone

Fluoroquinolones have proven their worth in the treatment of most infections. In the man‐
agement of H. pylori infection, they are used as salvage therapy when all other therapies cannot
help (Chisholm and Owen, 2009). Their mode of action is based on inhibition of A and B
subunits of the gene encoding DNA gyrase (gyrA or gyrB) in the bacterial cell [110], automat‐
ically interfering with DNA replication. Resistance to quinolones is associated mutations in
gyrA at positions 87 and 91 [105, 111].

5.6. Resistance associated to plasmid and Efflux mechanisms

Approximately half of H. pylori strains possess a plasmid with size ranging 1.8-63 kbp though
the standard strain NCTC 11637 is plasmid free [112]. Plasmid size and number may vary
appreciably amongst strains with a gross majority of strains possessing just one plasmid. H.
pylori plasmids have also been associated with drug resistance though in their study indicated
resistance was unlikely to be attributed to plasmid coded determinants [52, 113]. Drug efflux
mechanism could be responsible for the observed resistance in H. pylori as well. Organisms
get protected from possible toxic effects of metabolite accumulation or external compounds
using the efflux mechanism. Compound efflux which is mediated through specific pumps
could result in decreased susceptibility for a variety of antibiotic [114, 115]. Some families of
multidrug efflux transporters have been described these include small multidrug resistance
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Also, current antimicrobial susceptibility profiles of the isolates within the region should be
known as this will act as a guide to clinician [96].

Resistance mechanisms to the commonly used antibiotics have been elaborated. Selection
pressure may progressively increase resistance with the use of these antibiotics [88]. Plasmid
associated resistance is rare. Drug efflux proteins can contribute to natural insensitivity to
antibiotics and to emerging antibiotic resistance as is the case of many bacteria [97].

5.1. Metronidazole resistance mechanisms

Resistance to metronidazole (Mtz) has shown to limit the effectiveness of Mtz containing
regimens [98, 99]. Mtz, a synthetic nitroimidazole is a prodrug and becomes active when
reduced in the cytosol of the microorganism to a toxic metabolite. Unstable Mtz radicals react
rapidly with proteins, RNA and DNA, eventually resulting in cell death [88, 99, 100]. Most Mtz
sensitivity in H. pylori accounted for by NADPH nitroreductase a non-oxygen sensitive
encoded by the rdxA gene reduces Mtz by a two-electron transfer step into a toxic metabolite
that cannot be retransformed to its parent by molecular oxygen [99]. Resistance to Mtz is
associated with mutation somewhere in the rdxA coding sequence [101]. Mutation of a second
reductase NAD (P) H flavin oxidoreductase encoded by frxA could also confer low-level Mtz
sensitivity in some strains [102]. Such resistance has been linked mostly to genetic mutations
in the rdxA and frxA genes of the bacterium [100]. Based on gene sequencing and other reports
concluded that most Mtz resistance in H. pylori depend on rdxA inactivation, of which
mutations in frxA can enhance resistance, and that genes conferring Mtz resistance without
rdxA inactivation are rare or nonexistent in H. pylori populations [100].

5.2. Resistance mechanisms to clarithromycin

Clarithromycin is part of the combination therapy used as the first-line therapy against H.
pylori. Resistance to clarithromycin therefore is important ingredient for treatment failure.
Clarithromycin acts by binding to the peptidyl transferase region of 23SrRNA and inhibits
bacterial protein synthesis just like other macrolides Clarithromycin resistance has been linked
to mutation in the 23S rRNA gene [103]. Several reports have demonstrated that more than
90% of macrolide resistance in H. pylori is mediated by either of two transition mutations
Adenine to Guanine (A→G) at adjacent positions 2142 and 2143 in the bacterium’s 23SrRNA
gene [103]. A transversion mutation (A→C) at position 2143 has been reported to be the cause
of resistance in 7% of the resistant isolates. Other mutation observed in clarithromycin resistant
H. pylori isolates include A2515G and T2717C, A2116G, G2141A, A2144T, T2182C, G2224A,
C2245T

5.3. Amoxicillin resistance mechanisms

H. pylori resistance to amoxicillin is not common. Deloney and schiller, showed that amoxicillin
resistance in H. pylori could develop because of amino acid substitutions in the penicillin
binding proteins (pbp) leading to structural alterations in the protein or interference with
peptidoglycan synthesis [104]. Resistance to amoxicillin and related drugs is usually as a result
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of decreased permeability to the drug; increased efflux of the drug from the bacterial cell,
modification of the PBPs that diminish the affinity of the drug for the protein, and the presence
of β-lactamases that inactivate the antibiotic by hydrolyzing its ring structure [105]. Amoxi‐
cillin-resistant H. pylori strains harbour mutations on the pbp-1a gene with amino acid
substitution Ser-414→Arg appears to be involved, leading to a blockage of penicillin transport.
Resistance to amoxicillin may also result from the production of β -lactamases by the bacterium
[106]. Colonization of the stomach with β -lactam- resistant bacteria of other species may lead
to the transfer of amoxicillin resistance to H. pylori [17]. Mutations in hopB and hopC genes of
the outer membrane have also been associated with resistance in amoxicillin [107].

5.4. Tetracycline resistance mechanism

Tetracyclines are often used as a second line therapy when H. pylori infections are not cured
by the first line drug regimen. Tetracycline is a protein synthesis inhibitor. This is achieved by
disrupting codon-anticodon interaction on the ribosome. It binds to the 30S ribosomal subunit,
preventing attachment of aminoacyl-tRNA to the acceptor site [108]. Thus bacterial peptide
synthesis is stopped leading to cell death. Resistance to tetracycline has been linked to mutation
in 16SrRNA-encoding genes that affect the binding site of tetracycline. The change in a
nucleotide triplet (AGA-926 to 928→TTC), cognate of the positions 965 to 967 in Escherichia
coli, has been associated with resistance to these compounds maybe because of the absence of
the h1 loop; the binding site of tetracyclines. Strains resistant to tetracycline and no mutation
in position 926 to 928 have also been described [14, 86, 109].

5.5. Resistant Mechanism to Fluoroquinolone

Fluoroquinolones have proven their worth in the treatment of most infections. In the man‐
agement of H. pylori infection, they are used as salvage therapy when all other therapies cannot
help (Chisholm and Owen, 2009). Their mode of action is based on inhibition of A and B
subunits of the gene encoding DNA gyrase (gyrA or gyrB) in the bacterial cell [110], automat‐
ically interfering with DNA replication. Resistance to quinolones is associated mutations in
gyrA at positions 87 and 91 [105, 111].

5.6. Resistance associated to plasmid and Efflux mechanisms

Approximately half of H. pylori strains possess a plasmid with size ranging 1.8-63 kbp though
the standard strain NCTC 11637 is plasmid free [112]. Plasmid size and number may vary
appreciably amongst strains with a gross majority of strains possessing just one plasmid. H.
pylori plasmids have also been associated with drug resistance though in their study indicated
resistance was unlikely to be attributed to plasmid coded determinants [52, 113]. Drug efflux
mechanism could be responsible for the observed resistance in H. pylori as well. Organisms
get protected from possible toxic effects of metabolite accumulation or external compounds
using the efflux mechanism. Compound efflux which is mediated through specific pumps
could result in decreased susceptibility for a variety of antibiotic [114, 115]. Some families of
multidrug efflux transporters have been described these include small multidrug resistance
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(SMR) proteins, multidrug and toxic compound extrusion (MATE) proteins, the major
facilitator superfamily (MFS), the ATP-binding cassette (ABC) superfamilies, and the resist‐
ance-nodulation-cell division (RND) family (helfF, hefC, and hefI) [116]. These active multi‐
drug efflux mechanism and therefore compound efflux needs to be taken into account when
determining resistance mechanisms in this organism. The therapy used for salvage of H.
pylori has as one of its medications rifampicin and rifabutin [105]. Due to their irreversible
blockage of DNA-dependent RNA polymerase; they are bactericidal. The β-subunit of the
polymerase encoded by rpoB gene is inhibited by these medications and annuls protein
synthesis of the bacteria [35, 117]. Resistance of H. pylori to these medications has been
attributed to point mutations in the rpoB gene at positions 530, 540 and 545 [118].

6. Substitutes to circumvent challenges to treatment regimens

Due to the shortcoming presented by antibiotics with regards to treatment of H. pylori; Research
towards development of new antimicrobial agents/ in a bid to scavenge for possible alterna‐
tives to overcome the problem of antibiotic resistance in this bacterial pathogen has been
encouraged, such as research with plant extract and other natural products that possess
antimicrobial potential like honey and probiotics with or without antibiotic both in-vitro and
in-vivo to test for the antimicrobial activity [22, 24, 29, 119, 120].

6.1. Plants as a potential source of H. pylori treatment

Plant and plant products have repeated shown awesome hope in the treatment of recalcitrant
infection. Medicinal plants usage all over the world preface the introduction of antibiotics and
other modern drugs. It is estimated that plant materials are present in or have provided the
models for about 50% of Western drugs [121]. Herbal medicines remain a normal part of life
for most people worldwide especially amongst Africans and Asians and remains a component
of healthcare in most countries worldwide especially Africa [121, 122]. WHO (World Health
Organization) estimates 3.5 million people in developing countries rely on plant-based
medicine for their primary healthcare and their usage has offered great benefit [122, 123, 124].
Research on herbal product has great significance for plants components could provide lead
products for the development of new drugs hence leading to improvement of therapeutic
results [124].

The demand to use natural products such as plants based products for the management of
intractable infections has increased over the years [22]. Great attention has been directed to the
screening of medicinal plants all over the world as a means to identify cheap sources of new
drugs against H. pylori, a human gastric pathogen with high morbidity rate [2]. Scientific
literature is rich on plant based studies on anti-H. pylori activity. A number of plants belonging
to various families as well as compounds have been screened in the search for their anti-H.
pylori potential worldwide. For example, Garlic (Allium sativum L) particularly allium vegeta‐
bles have been shown exhibit a broad range of antibiotic spectrum against both Gram–positive
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and Gram negative bacteria including susceptibility to H. pylori antibiotic resistant strains
[125]. Zeyrek and Oguz demonstrated in vitro anti-H. pylori activity of capsaicin at a concen‐
tration of 50μg/ml against metronidazole resistant and metronidazole-susceptible clinical
isolates [126]. This plant also known as hot pepper is consumed as a flavoring spice and is
reputed for its pharmacological, physiological and antimicrobial effects [127]. There is lower
ulcer prevalence in people consuming higher amount of pepper compared to controls [128].
Studies by Zhang and colleagues in the Linqu County of Shandong Province, China, suggested
that dietary consumption of cranberry (Vaccitnium macrocarpon) juice may reduce H. pylori
infections in adults, which remains an important public health issue worldwide [129]. More
plants which have been tested and proven to exhibit anti- H. pylori activity from their different
continents in the world are listed (Table 1).

Analysis of tested plant extract revealed the presence of varying numbers of components
depending on different solvent combination used for extraction. For example, 52 compounds
were identified from acetone extract of S. birrea (which has been reported with anti- H. pylori
activity) with n-octacosane being the most abundant (41.68%). Other compounds such as
pyrrolidine, terpinen-4-ol, n-eicosane, cyclopentane, n-triacontane, aromadendrene and α-
gujunene were delineated in S. birrea. Terpinen-4-ol and pyrrolidine however demonstrated
strong antimicrobial activity against H. pylori at all concentrations tested. The identified
compounds Terpinen-4-ol could be considered for further evaluation as therapeutic or
prophylactic agents in the treatment of H. pylori-related infections [130]. Other compounds
including quinones, flavones, flavonoid, flavonols, tannins, coumarins, traces of alkaloid,
gallotannins, steroids (including β-sitosterol), phenolics and polyphenols, Terpenoids and
essential oils Alkaloids, lectins and polypeptides have been isolated from most plants and
found to exhibit profound antimicrobial activities in-vitro against an array of organisms
although most of these compounds have not been tested against H. pylori [131].

The stem bark of the South American trumpet tree (Tecoma ipe Mart) has been reported as an
important source of active quinone compound against H. pylori furanonaphthoquinone was
isolated from this plant and has proven activity against H. pylori with (MIC 0.1μg/mL).
idebenone, duroquinone, menadione, juglone and coenzyme Q1 are other quinines that have
been reported with anti- H. pylori at low concentration of 0.8 to 3.2 μg /mL [132]. Anti-H. pylori
activity of a number of flavonoids has been reported. In Turkey for example, Cistus laurifo‐
lius flower buds which is used traditionally in folk medicine to treat gastric ailments have been
shown to possess significant anti-H. pylori activity with the flavonoid; quercetin 3-methyl ether
(isorhamnetin) as the active component [133]. Inhibition of urease is recorded as the mecha‐
nism of action of some flavonoids as hesperidin [134]. Antimicrobial activity of coumarins
isolated from the roots of Ferulago campestris against H. pylori isolates in Italy [135]. Kawase
and others, found that a number of hydroxycoumarins;7- hydroxy-4-methylcoumarin, 6, 7-
dihydroxy-4-methylcoumarin, 6-hydroxy-7-methoxy-4-methylcoumarin and 5, 7- dihydrox‐
ycyclopentanocoumarin showed comparable anti-H. pylori activity with metronidazole [136].
Generally, data about specific antibiotic properties of coumarins against H. pylori are scarce.
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and Gram negative bacteria including susceptibility to H. pylori antibiotic resistant strains
[125]. Zeyrek and Oguz demonstrated in vitro anti-H. pylori activity of capsaicin at a concen‐
tration of 50μg/ml against metronidazole resistant and metronidazole-susceptible clinical
isolates [126]. This plant also known as hot pepper is consumed as a flavoring spice and is
reputed for its pharmacological, physiological and antimicrobial effects [127]. There is lower
ulcer prevalence in people consuming higher amount of pepper compared to controls [128].
Studies by Zhang and colleagues in the Linqu County of Shandong Province, China, suggested
that dietary consumption of cranberry (Vaccitnium macrocarpon) juice may reduce H. pylori
infections in adults, which remains an important public health issue worldwide [129]. More
plants which have been tested and proven to exhibit anti- H. pylori activity from their different
continents in the world are listed (Table 1).

Analysis of tested plant extract revealed the presence of varying numbers of components
depending on different solvent combination used for extraction. For example, 52 compounds
were identified from acetone extract of S. birrea (which has been reported with anti- H. pylori
activity) with n-octacosane being the most abundant (41.68%). Other compounds such as
pyrrolidine, terpinen-4-ol, n-eicosane, cyclopentane, n-triacontane, aromadendrene and α-
gujunene were delineated in S. birrea. Terpinen-4-ol and pyrrolidine however demonstrated
strong antimicrobial activity against H. pylori at all concentrations tested. The identified
compounds Terpinen-4-ol could be considered for further evaluation as therapeutic or
prophylactic agents in the treatment of H. pylori-related infections [130]. Other compounds
including quinones, flavones, flavonoid, flavonols, tannins, coumarins, traces of alkaloid,
gallotannins, steroids (including β-sitosterol), phenolics and polyphenols, Terpenoids and
essential oils Alkaloids, lectins and polypeptides have been isolated from most plants and
found to exhibit profound antimicrobial activities in-vitro against an array of organisms
although most of these compounds have not been tested against H. pylori [131].

The stem bark of the South American trumpet tree (Tecoma ipe Mart) has been reported as an
important source of active quinone compound against H. pylori furanonaphthoquinone was
isolated from this plant and has proven activity against H. pylori with (MIC 0.1μg/mL).
idebenone, duroquinone, menadione, juglone and coenzyme Q1 are other quinines that have
been reported with anti- H. pylori at low concentration of 0.8 to 3.2 μg /mL [132]. Anti-H. pylori
activity of a number of flavonoids has been reported. In Turkey for example, Cistus laurifo‐
lius flower buds which is used traditionally in folk medicine to treat gastric ailments have been
shown to possess significant anti-H. pylori activity with the flavonoid; quercetin 3-methyl ether
(isorhamnetin) as the active component [133]. Inhibition of urease is recorded as the mecha‐
nism of action of some flavonoids as hesperidin [134]. Antimicrobial activity of coumarins
isolated from the roots of Ferulago campestris against H. pylori isolates in Italy [135]. Kawase
and others, found that a number of hydroxycoumarins;7- hydroxy-4-methylcoumarin, 6, 7-
dihydroxy-4-methylcoumarin, 6-hydroxy-7-methoxy-4-methylcoumarin and 5, 7- dihydrox‐
ycyclopentanocoumarin showed comparable anti-H. pylori activity with metronidazole [136].
Generally, data about specific antibiotic properties of coumarins against H. pylori are scarce.
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Continent and Species Parts Used Reference

Africa Country

Combretum molle (Combretaceae) South Africa Stem bark [172]

Bridelia micrantha (Hochst, Baill., Euphorbiaceae). South Africa Stem bark [173]

Lippia javanica South Africa Leaves [174]

Hydonora africana South Africa check [175]

Sclerocarya birrea (Anacardiaceae) South Africa Stem bark [130]

Garcinia kola Heckel (Guttiferae) South Africa Seeds [176]

Peltophorum africanum (Sond, Fabaceae) South Africa Stem bark [23]

Ageratum conyzoides (Linn) Cameroon Whole plant [176]

Lycopodium cernuum (Linn) Pic. Serm Cameroon check [17]

Enantia chlorantha Oliver (Annonaceae) Cameroon Stem bark [177] [178]

Eucalyptus camaldulensis Dehnh. Nigeria Leaves [179]

Eucalyptus torelliana F. Muell. (Myrtaceae), Nigeria Stem bark [179]

Europe

South America/ North America

Byrsonima intermedia A. Juss. (Malpighiaceae) Brazil Leaves [180]

Croton cajucara Benth. (Euphorbiaceae) Brazil Stem bark [181]

Piper carpunya Ruiz & Pav. (syn Piper lenticellosum

C.D.C.) (Piperaceae)
Ecuador Leaves [182]

Calophyllum brasiliense (Camb.) Brazil Stem bark [25]

Artemisia douglasiana Besser (Asteraceae) Argentina Leaves [183]

Alchornea triplinervia Brazil Leaves [184]

Hancornia speciosa Gomez (Apocynaceae). Brazil Bark [185]

Olea europaea L. (Oleaceae) Mexico Leaves/stem [186]

Tagetes lucida Cav. (Asteraceae) Mexico Leaf/stem [186]

Amphipterygium adstringens (Schltdl.) Standl.

(Anacardiaceae)
Mexico Bark [186]

Priva grandiflora (Ortega) Moldenke (Verbenaceae) Mexico Aerial parts [186]

Eupatorium petiolare Moc. ex DC. (Asteraceae) Mexico Aerial parts [186]

Monarda austromontana Epling (Lamiaceae) Mexico Aerial parts [186]

Gnaphalium canescens DC. (Asteraceae) Mexico Aerial parts [186]

Larrea tridentata (Sessé & Moc. ex DC.) Coville

(Zygophyllaceae)
Mexico Aerial parts [186]
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Continent and Species Parts Used Reference

Tithonia diversifolia (Hemsl.) A.G. Asteraceae) Mexico Aerial parts [186]

Grindelia inuloides Willd. (Asteraceae) Mexico Aerial parts [186]

Buddleja perfoliata Kunth (Loganiaceae) Mexico Aerial parts [186]

Heterotheca inuloides Cass. (Asteraceae) Mexico Aerial parts [186]

Mirabilis jalapa L. (Nyctaginaceae) Mexico Aerial parts [186]

Cyrtocarpa procera Kunth (Anacardiaceae) Mexico Bark [186]

Teloxys graveolens (Willd.)W.A.Weber

(Chenopodiaceae)
Mexico Aerial parts [186]

Annona cherimola Mill. (Annonaceae) Mexico Leaf/stem [186]

Mentha×piperita L. (Lamiaceae) Mexico Leaf/stem [186]

Cuphea aequipetala Cav. (Lythraceae) Mexico Aerial parts [186]

Ludwigia repens J. R. Forst. (Onagraceae) Mexico Aerial parts [186]

Artemisia ludoviciana Nutt. subsp. mexicana (Willd. Ex

Spreng.) Fernald (Asteraceae)
Mexico Leaf/stem [186]

Qualea parviflora Mart. Brazil bark [187]

Calophyllum brasiliense Brazil stem bark [25]

North America

Cyrtocarpa procera Kunth (Anacardiaceae) Mexico Bark [27]

Amphipterygium adstringens (Schltdl.) Standl.

(Anacardiaceae)
Mexico Bark [186]

Casimiroa tetrameria Leaves [188]

ASIA

Wasabia japonica Japan Leaves [189]

Impatiens balsamina L Asia
Root/stem/leaf, seed,

and pod
[190]

Rhizopus oligosporus Asia fenugreek extracts [191]

Plumbago zeylanica L China Leaves [192]

Glycyrrhiza aspera Iran n/a [193]

Juglans regia Iran n/a [193]

Ligustrum vulgare Iran n/a [193]

Thymus kotschyanus Iran n/a [193]

Trachyspermum copticum Iran n/a [193]

Xanthium brasilicum Iran n/a [193]
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Continent and Species Parts Used Reference
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Continent and Species Parts Used Reference

Bacopa monniera [194]

Carthamus tinctorous L.( Asteraceae) Khorasan Flowers [195]

Satureja hortensis L.( Lamiaceae)
Mashhad-

Khorasan
Leaves [195]

Artemisia dracunculus L. (Asteraceae)
Mashhad-

Khorasan
Leaves [195]

Citrus sinensis L (Rutaceae) North of Iran Peel of fruit [195]

Punica granatum L. (Punicaceae) Saveh- Markazi Peel of fruit [195]

Apium petroselinum L (Apiaceae)
Neishabur-

Khorasan
Seeds [195]

Carum bulbocastanum Iran Fruit [196]

Carum carvi Iran Fruit [196]

Mentha longifolia Iran Aerial [196]

Saliva limbata Iran Aerial [196]

Saliva sclarea Iran Aerial [196]

Ziziphora clinopodioides Iran Aerial [196]

Glycyrrhiza glabra Iran Root [196]

Thymus caramanicus Iran Aerial [196]

Xanthium brasilicum Iran Aerial [196]

Trachyspermum copticum Iran Fruits [196]

Acacia nilotica (L.)) (Fabaceae) Pakistan Leaves, flowers [197]

Calotropis procera (Aiton)( Apocynaceae) Pakistan Leaves, flowers [197]

Adhatoda vasica Nees (Zygophyllaceae) Pakistan Whole plant [197]

Fagoniaar abica L(Acanthaceae Pakistan Whole plant [197]

Casuarina equisetifolia L. (Casuarinaceae) Pakistan fruits [197]

AUSTRALIA

Pistacia (Mastic, Kurdica, Mutica and Cabolica) Sydney gums [198]

Others

Allium sativum L USA Leaves [125]

Capsaicin Pepper fruits [126]

Vaccitnium macrocarpon, C Cranberry [129]

Prunus mume Japan Juice [199]

Table 1. Anti-H. pylori medicinal plants occurring in more than one country worldwide
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6.2. Honey as a control measure of H. Pylori infections

Honey has been used in folk-medicine in many countries since antiquity [137]. It is mentioned
for healing purposes in the Bible, the Koran, and the Torah. Research related to honey has
revealed the promising effects of honey as an alternative source of H. pylori treatment [138].
Its beneficial qualities have been endorsed to its antimicrobial, antioxidant, anti-inflammatory
properties added to its phytocomponents [139]. Documentations now exist with proven ability
of Honey to inhibit microbial growth, and honey has been successfully used on infections that
do not respond to standard antiseptic and antibiotic therapy [28, 137]. In addition, In New
Zealand and Saudi Arabia it was observed that concentrations of honey at approximating 20%
v/v can inhibit the growth of H. pylori in vitro, grounded with the fact that MedihoneyTM and
manuka honeys have in vivo activity against ulcers, infected wounds and burns are significant
findings which merits further and extensive investigations [138]. Honey obtained from
different floral sources and different geographical region seem to vary in their antimicrobial
potency due to inherent differences in their chemical composition which is greatly influenced
by the prevailing climatic conditions and soil characteristics in the different geographical areas
influencing the plants as well the type of honey composition produced by the foraging bees
[140, 141]. Undoubtedly, several factors like floral source used to collect nectar, seasonal and
environmental factors, as well as processing and storage conditions might influence the
chemical composition of honey [142].

Honey is becoming acceptable as a reputable and effective therapeutic agent by practitioners
of conventional medicine and by the general public [139] Honey can be used as an antiseptic
for wounds, burns and ulcers, improving the assimilation of calcium and magnesium and
decreasing acidity [29, 143]. Stimulation of inflammatory- cytokine production by monocytes
and hydrogen peroxide produced as a result of injury or infection is likely the mechanism by
which wounds are healed with the use of honey [137, 144]. Motivated by these findings,
scientist sought out to investigate the activities of honeys further. Previously, the activity of
honey has been reported to differ with types [145]. The presence of hydrogen peroxide, osmotic
effect of honey, its naturally low pH, phenolic acids, lysosomes and flavanoids in honey are
all thought to help inhibit bacterial growth when honey is applied to a wound. Its low content
of water facilitates wound healing by hygroscopic absorption of water molecules on wound
surfaces and by soothing of the wound [137]. Honey does not only contain sugars but also an
abundance of minerals, vitamins, enzymes and amino acids [6, 137].

Anti- H. pylori activities of honey have been investigated with various honey types in different
parts of the world. Honey with proven anti- H. pylori activity is listed on (Table 2). Different
variety of honeys (crude) and solvent extracted honey have been shown to possess potential
compounds with therapeutic activity which could be exploited further as lead molecules in
the treatment of H. pylori infections [24]. Chemical analysis of the chloroform extract of the
pure honey led to the identification of 24 volatile compounds belonging to known chemical
families present in honey. Astoundingly, thiophene and N-methyl-D3-aziridine were identi‐
fied as novel compounds [146].

Helicobacter pylori Infection — Challenges of Antimicrobial Chemotherapy and Emergence of Alternative Treatments
http://dx.doi.org/10.5772/57462

257



Continent and Species Parts Used Reference
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Others

Allium sativum L USA Leaves [125]

Capsaicin Pepper fruits [126]

Vaccitnium macrocarpon, C Cranberry [129]

Prunus mume Japan Juice [199]

Table 1. Anti-H. pylori medicinal plants occurring in more than one country worldwide
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6.2. Honey as a control measure of H. Pylori infections

Honey has been used in folk-medicine in many countries since antiquity [137]. It is mentioned
for healing purposes in the Bible, the Koran, and the Torah. Research related to honey has
revealed the promising effects of honey as an alternative source of H. pylori treatment [138].
Its beneficial qualities have been endorsed to its antimicrobial, antioxidant, anti-inflammatory
properties added to its phytocomponents [139]. Documentations now exist with proven ability
of Honey to inhibit microbial growth, and honey has been successfully used on infections that
do not respond to standard antiseptic and antibiotic therapy [28, 137]. In addition, In New
Zealand and Saudi Arabia it was observed that concentrations of honey at approximating 20%
v/v can inhibit the growth of H. pylori in vitro, grounded with the fact that MedihoneyTM and
manuka honeys have in vivo activity against ulcers, infected wounds and burns are significant
findings which merits further and extensive investigations [138]. Honey obtained from
different floral sources and different geographical region seem to vary in their antimicrobial
potency due to inherent differences in their chemical composition which is greatly influenced
by the prevailing climatic conditions and soil characteristics in the different geographical areas
influencing the plants as well the type of honey composition produced by the foraging bees
[140, 141]. Undoubtedly, several factors like floral source used to collect nectar, seasonal and
environmental factors, as well as processing and storage conditions might influence the
chemical composition of honey [142].

Honey is becoming acceptable as a reputable and effective therapeutic agent by practitioners
of conventional medicine and by the general public [139] Honey can be used as an antiseptic
for wounds, burns and ulcers, improving the assimilation of calcium and magnesium and
decreasing acidity [29, 143]. Stimulation of inflammatory- cytokine production by monocytes
and hydrogen peroxide produced as a result of injury or infection is likely the mechanism by
which wounds are healed with the use of honey [137, 144]. Motivated by these findings,
scientist sought out to investigate the activities of honeys further. Previously, the activity of
honey has been reported to differ with types [145]. The presence of hydrogen peroxide, osmotic
effect of honey, its naturally low pH, phenolic acids, lysosomes and flavanoids in honey are
all thought to help inhibit bacterial growth when honey is applied to a wound. Its low content
of water facilitates wound healing by hygroscopic absorption of water molecules on wound
surfaces and by soothing of the wound [137]. Honey does not only contain sugars but also an
abundance of minerals, vitamins, enzymes and amino acids [6, 137].

Anti- H. pylori activities of honey have been investigated with various honey types in different
parts of the world. Honey with proven anti- H. pylori activity is listed on (Table 2). Different
variety of honeys (crude) and solvent extracted honey have been shown to possess potential
compounds with therapeutic activity which could be exploited further as lead molecules in
the treatment of H. pylori infections [24]. Chemical analysis of the chloroform extract of the
pure honey led to the identification of 24 volatile compounds belonging to known chemical
families present in honey. Astoundingly, thiophene and N-methyl-D3-aziridine were identi‐
fied as novel compounds [146].
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Honey type Country References

Goldcrest honey South Africa [146]

Pure honey South Africa [146]

Citrus blossom South Africa [146]

Goldcrest South Africa [146]

Black forest Germany [137]

Langnese Germany [137]

Langnese Natural Bee Honey Germany [137]

Blossom Bee Honey Switzerland [137]

Al-Shifa Natural Honey Iran [137]

Al-Nada Clove Honey Oman [137]

Al-Nada Chestnut Honey Oman [137]

Manuka honey Zealand, [137]

Capillano Australia [137]

Table 2. Honey with Anti-H. pylori activity worldwide.

6.3. Use of probiotics in the treatment and management of H. pylori infections

According to an expert consultation conducted by the Food and Agriculture Organization and
the World Health Organization, probiotics are "live microorganisms which when administered
in adequate amounts confer a health benefit to the host." The regular intake of probiotic
microorganisms has been demonstrated to prevent several disorders including diarrhea and
inflammatory bowel disease [147]. Other advantages of the use of probiotics include the
inhibition of enteric pathogens such as Salmonella, Shigella and Citrobacter, the decreasing of
the luminal pH through the production of lactic acid or through competition with gut
pathogens for host surface receptors [148]. The usefulness of probiotics on the eradication of
H. pylori remains controversial. It has been suggested that the use of probiotic might have a
positive impact on Helicobacter eradication. However, some studies have demonstrated that
there was no change while some have shown an increase in the eradication rate of the bacteria
from about 60% to 83% [21, 149]. In vivo models demonstrated that pre-treatment with a
probiotic can prevent H. pylori infection and/or that administration of probiotics markedly
reduced an existing infection [150]. Probiotics are often administered as supplemental
treatment for the eradication of H. pylori. In this regard, a meta-analysis of 14randomized
clinical trials was conducted by [151]. This study evaluated the role of supplemental probiotics
in H. pylori eradication therapy and showed that the cure rates for standard antibiotic treatment
when used alone and eradication co-therapy with probiotics, were 74.8% and 83.6%, respec‐
tively. The analysis further showed that the combined treatment, had not only increased the
eradication rate, but had also decreased the occurrence of adverse effects due to antibiotics,
like diarrhea. Several probiotics have been shown to have a beneficial effect on H. pylori
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infection [150, 151]. However, the exact mechanisms of action have not been clearly elucidated
yet [152].

It is believed that probiotics may play an important role in the eradication and possibly the
prevention of H. pylori infection and could serve as adjunctive treatment. Several probiotics
have been shown to have beneficial effects on the treatment and eradication of H. pylori the
majority of these probiotics known as the lactic acid-producing bacteria. Among these
Bifidobacterium is one of the favorite genera, particularly in studies focused on the prevention
of gastrointestinal infection and is often used in fermented dairy products or food supplements
[153]. Some studies have been done in vitro (in test tubes or petri dishes) showing bifidobac‐
terial activity against H. pylori. Examples include Bifidobacterium lactis which has been dem‐
onstrated to have an enhancing activity on the phagocytic capacity of polymorpho-nuclear
cells [154]. Bifidobacterium spp have been shown to have positive effects of H. pylori infections.
These are generally administered in dairy products such as yogurt and milk. Clinical trial
studies have shown that probiotics-containing yogurt can offer benefits to restore Bifidobacte‐
rium spp ⁄ E. coli ratio in children and suppress the H. pylori load with increment of serum IgA
but with reduction in IL-6 in H. pylori-infected children [155]. The Lactobacillus group
constitutes an important source of probiotics that have been demonstrated to have a positive
effect on H. pylori treatment. Strains with this ability include Lactobacillus acidophilus, L. casei,
L. johnsonii, L. salivarius some of which are used as dairy starters [156]. Most studies have shown
that lactobacilli or their cell-free cultures can inhibit or even kill H. pylori by preventing its
adhesion to mammalian epithelial cells and preventing interleukin-8 release [157].

Fungal organisms particularly some strains of yeast have been used as probiotic as well.The best studied
example is S. boulardii which is a live yeast that has been used extensively as a probiotic and
often marketed as a dietary supplement [158]. It is a non-pathogenic yeast that has been
prescribed for prophylaxis and treatment of diarrheal diseases caused by bacteria (Reference).
Several clinical trials and experimental studies strongly suggest that Saccharomyces boulardii
has a biotherapeutic capacity for the prevention and treatment of several gastrointestinal
diseases including H. pylori infections [159]. S. boulardii mediates responses resembling the
protective effects of the normal healthy gut flora. In a study conducted in Turkey, S. boulardii
improved anti-H. pylori antibiotherapy-associated diarrhea, epigastric discomfort, and
treatment tolerability. However, S. boulardii had no significant effect on the rate of H. pylori
eradication in that study [160]. Importantly, S. boulardii has demonstrated clinical and exper‐
imental effectiveness in gastrointestinal diseases with a predominant inflammatory compo‐
nent, indicating that this probiotic might interfere with cellular signaling pathways common
in many inflammatory conditions [161]. In another study by Cremonini probiotic supplemen‐
tation significantly lowered the incidence of diarrhea and taste disturbance during H. pylori
eradication compared to the placebo group.

Generally, probiotics can be administered as single microbial species. However, in some cases
a combination of several types of probiotic species might yield a much more satisfactory result.
In a study by Dylag and colleagues, the combination of Lactobacillus, Bifidobacterium, Saccha‐
romyces boulardi and the treatment with Escherichia coli Nissle were found to be beneficial in
inducing and maintaining remission of disease activity of gut inflammation and moderately
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often marketed as a dietary supplement [158]. It is a non-pathogenic yeast that has been
prescribed for prophylaxis and treatment of diarrheal diseases caused by bacteria (Reference).
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protective effects of the normal healthy gut flora. In a study conducted in Turkey, S. boulardii
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imental effectiveness in gastrointestinal diseases with a predominant inflammatory compo‐
nent, indicating that this probiotic might interfere with cellular signaling pathways common
in many inflammatory conditions [161]. In another study by Cremonini probiotic supplemen‐
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severe ulcerative colitis [162]. Preparations containing certain Lactobacillus, Bifidobacterium
strains or Saccaromyces boulardii could enhance by 5-10% the rate of successful eradication
of H. pylori and reduce the incidence and severity of the side effects [163]. Instead of considering
the probiotics alone, they have been considered in some studies as a safe adjuvant when added
to triple eradication therapy against the symptoms induced by the major gastric pathogen,
Helicobacter pylori.

Several mechanisms by which probiotic bacteria inhibit H. pylori have been proposed and
include immunological mechanisms, antimicrobial substances, competition for adhesion, and
the production of mucosal barrier [164]. Proposed mechanisms underlying the beneficial
interaction between probiotics and H. pylori, and the modulation of the colonization of the
gastric mucosa by this pathogen, include the production of lactic acid with H. pylori inhibition
because of decreasing gastric pH; the direct killing of H. pylori through secreted metabolites
with antimicrobial properties, including bacteriocins, autolysins, and organic acids; the
interference with H. pylori adhesion to epithelial cells, both through the secretion of antimi‐
crobial molecules and through direct competition for adhesion; and the ability to reduce H.
pylori-induced gastritis through the stabilization of the mucosal barrier, the secretion of
mucins, and the modulation of the host immune response to the infection [149]. Infection by
H. pylori, often induce and inflammatory response which in turn exacerbate the disease
through the increase production of inflammatory cytokines such as IL8 and TNF alpha. The
subsequent inflammatory processes as well as the bacterial infection generally persist for
decades resulting in mucosal damage, gastritis, and finally gastric neoplasm further potenti‐
ated by the failure of macrophages to eliminate H. pylori [165, 166]. One of the mechanisms by
which, probiotics reduce H. pylori infections is through the production of conjugated linoleic
acids. Conjugated linoleic acids (CLA) produced by Lactobacillus acidophilus for example was
reported to decrease the activation of nuclear factor-kappa B. In fact strains of probiotic bacteria
are known to convert linoleic acid to conjugated linoleic acid which has an immunomodulatory
activity [167]. A study conducted by Hwang and colleagues showed that conjugated linoleic
acid decreased the expressions of IL-8mRNA/protein as well as that of TNF-a mRNA [168].
This in turn, reduces the inflammation and therefore increases the cure rate of H. pylori
infection. Some probiotics such as L. acidophilus induce a Th1-polarizing response character‐
ized by high expression of interferon beta (IFN-β) and interleukin 12 (IL-12) [169]. This anti-
inflammatory effect is contrary to the inflammatory response induced by H. pylori and
therefore might reduce the effect of the infection on the host and increase the eradication of
the pathogen although H. pylori contain a pathogenic feature known as vac A which can block
the effect of the probiotic [170]. Studies by Yang and colleagues showed that higher doses of
L. acidophilus pre-treatment reduced H. pylori-induced inflammation through the inactivation
of the Smad7 and NFκB pathways by reversing the effect of H. pylori infection which often
induces Smad7, NFκB, IL-8, and TNF-a production [171].

Helicobacter pylori treatment has evolved tremendously over the past decade. The use of
different antibiotics has resulted to antibiotic resistance which has led to the adaptation of new
ways of controlling the organism. The use of medicinal plants has proven its worth. However,
much still need to be done, while very few clinical trials have been conducted over the last
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decade. Clinical trials for the use of medicinal plants for the control of H. pylori infections are
still awaited. The application of probiotics remains controversial although the tendency would
be that these organisms are helpful in increasing the eradication rate as well as the reduction
of the side effects of the infection.
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1. Introduction

Helicobacter pylori (H pylori) is a spiral-shaped bacterium that is attached to or just above the
gastric mucosa. The organism can persist in the stomach indefinitely and may not cause clinical
illness for many years after infection [1]. Indeed, a large number of infected patients never
develop any symptoms [2, 3]. However, literature has also associated H pylori infection with
gastritis and gastric malignancies (gastric adenocarcinoma and MALT-lymphoma) [4].
Chronic H pylori infection has also been associated with several extra intestinal diseases, such
as autoimmune thrombocytopenia, sideropenic anemia and chronic urticaria but the patho‐
genesis is still not known [5]. H pylori gastric infection is one of the most prevalent infectious
diseases worldwide with an estimate of 40%-50% of the world population [3]. Remarkable
differences are due to geographical, socio-economic and demographic factors [6]. H pylori
transmission is still not completely understood. In addition, among infected patients, the
reasons why only some develop symptoms is still a matter of speculations. Studies suggested
that H.pylori is also transmitted from domestic animals like cat and sheep, but humans are the
primary reservoir of H pylori infection [7, 8]. Several tests are available to detect H pylori in
patients with ulcer or dyspepsia. The more commonly used tests are the evaluation of biopsy
specimens during upper gastrointestinal tract (GI)I endoscopy, the detection of serum anti H
pylori antibodies and breath tests with 13C-labeled urea (9-11) The discovery that most upper
gastrointestinal diseases are the consequence of H pylori infection that can be treated with
antibacterials, is an important medical advance [12]. Although, in the last few decades, H
pylori eradication has been standardized, occurrence of resistance to therapeutic regimens is a
growing problem [3, 14]. The purpose of this paper is to provide an appraisal of the most
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effective, current treatments available for H pylori, and to speculate on the potential for newer
approaches in treatment and prophylaxis in future.

2. Epidemiology and prevalence

Humans are the only host for H.pylori, which is found in stomach, duodenum, esophagus
and rectum on areas of metaplastic gastric epithelium [15]. Other H.pylori species have been
isolated from the animals [16].  Animal models of Helicobacter  infection have been devel‐
oped due to shared characteristics of other H.pylori like H.mustelae and H. felis with H.pylori.
H.pylori exists the world over and its prevalence in the population increases with age [17,
18] In developed countries, prevalence increases with rate of 1% per year of age, where as
it  is  rare  in  children,  and reaches  70% in  the  seventh decade [19].  In  developing coun‐
tries, more than 50% children acquire the infection by the age of 10 years, and more than
80%  of  the  population  gets  infected  by  the  age  of  20  years  [20-22].  In  asymptomatic
individuals prevalence of H.pylori infection varies from 31%-84% [22]. H.pylori infection is
chronic and once acquired remains life long, unless eradicated by antibiotics given for some
other  conditions  [22].  Humoral  and tissue  immune response  by  the  host  is  usually  not
sufficient to clear the infection. Though the mode of transmission is not yet well establish‐
ed, most probably it occurs by oral-oral or faeco-oral route and important risk factors are
socioeconomic status and age [7, 8]. Overcrowding, poor socio-economic status and poor
hygiene are associated with high infection rate. Re-infection rate after eradication is quite
high in developing countries due to above mentioned risk factors [23].

Colonization of H.Pylori occurs by producing urease and gastric acid inhibitory protein. It
can colonize only in gastric type epithelium and cannot stay anywhere else in the GI in the
absence of gastric mucosa [24]. Metaplasia, which is present in more than 90% of patients
of duodenal ulcer, occurs by replacing the columnar cells, normally covering the duode‐
nal villi, by gastric type epithelium. Adhesion of H.pylori to the gastric epithelium occurs
by tissue specific proteins. Colonization of the duodenal bulb by H.pylori leads to mucos‐
al inflammation which makes it vulnerable to attack by acid or pepsin or bile resulting into
ulceration,  however,  factors  leading  to  gastric  metaplasia  in  the  duodenal  bulb  are  not
known. Stimulation of the immune system of H.pylori  contributes to host damage and it
evades the immunological clearance [25-2]).

3. Diseases associated with H.pylori

H.pylori infection is found to be associated with gastritis, non-ulcer dyspepsia (NUD), duode‐
nal ulcer, gastric ulcer, gastric cancer, gastric lymphoma of mucosa associated lymphoid tissue
(MALT) and even coronary heart disease [28, 29]. It has now been well established that H.pylori
is the cause of almost all duodenal ulcers (DU) and chronic benign gastric ulcers (GU) which
are not associated with nonsteroidal anti-inflammatory drugs (NSAID) [30]. More than 95%
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of DU and 90% of GU are associated with H.pylori infection and there is a dramatic decrease
in their relapse rate after the H.pylori eradication. Right now there is no convincing evidence
that NUD symptoms are due to H.pylori infection. Prevalence of H.pylori infection is compa‐
rable between healthy individuals and patients with the symptoms of NUD. Recurrent
abdominal pain in children suggestive of NUD subsides after the eradication of H.pylori which
indirectly associates H.pylori infection with NUD. However, further studies are necessary to
eradicate H.pylori completely in NUD. [31]

4. Current therapy of H.pylori infection

The objective of H. pylori treatment is the complete elimination of the organism from the GI of
patients and once this has been achieved then the rate of reinfection is low. Development of a
successful treatment for H. pylori infection has been fraught with difficulty. The survival
capabilities of the H.pylori organism over a wide pH spectrum within the stomach make the
task of eradication difficult [32]. The organism must be eradicated from each of these potential
niches and this is a daunting task for any single antibiotic. Initial attempts to cure the infection
showed that the presence of antibiotic susceptibility in vitro did not necessarily correlate with
successful treatment. It was rapidly recognized that the therapy with a single antibiotic led to
a poor cure rate and various antimicrobial mixtures were tried resulting in several effective
combinations of antibiotics, bismuth and antisecretory drugs [33, 34].

It is vital that the infection be treated optimally with clinically relevant H.pylori– eradica‐
tion regimens that has an acceptably high eradication rate and without major side effects
and with minimal induction of bacterial resistance. The reasonable eradication targets would
be ≥90% cure rate on per-protocol analysis, and ≥80% cure rate on intent-to-treat analysis
[35]. Such goals have not been achieved with antibiotics alone. Because of luminal acidity
influences the effectiveness of some antimicrobial agents that are active against H. pylori.
In order to achieve the desirable eradication rate, the antibiotics are combined with proton-
pump inhibitors or ranitidine bismuth citrate.  So-called triple therapies,  combinations of
one  anti  secretory  agent  with  two  antimicrobial  agents  for  7  to  14  days,  have  been
extensively evaluated, and several regimens have been approved by the Food and Drug
Administration (FDA). Combination drug regimens are essential to maximize the chance
of  eradicating  the  infection  and  to  minimize  the  risk  of  promoting  antimicrobial  (to
metronidazole and clarithromycin) resistance [35].

The most widely used antimicrobials in these regimens are amoxicillin, clarithromycin,
metronidazole, tetracycline, and bismuth. Resistance of H pylori to the limited range of
antibiotics that have efficacy in its treatment can severely affect attempts to eradicate the
bacteria. Resistance to tetracycline or amoxicillin is extremely rare [36, 37]. The issue of
resistance primarily concerns the nitroimidazoles (metronidazole or tinidazole) and macro‐
lides (clarithromycin) [38, 39]. Prevalence of H pylori resistance to metronidazole is approxi‐
mately 25% in developing countries, because of the frequent use of nitroimidazoles to treat
other diseases% [40, 41]. Increasing the dosage of metronidazole administered (e.g., from 1.0
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to 1.5 g/day) generally improves the results of therapy when treating metronidazole-resistant
H.pylori strains. Resistance to clarithromycin is becoming more prevalent in some European
countries, where the prevalence may be as high as 17% [40, 41]. The clinical effect of clarithro‐
mycin resistance is essentially complete loss of any clarithromycin anti-H pylori effect; outcome
of therapy can generally be predicted on the basis of what could be expected if only the other
antimicrobials in the regimen are used [39].

4.1. First-line therapy of H.pylori infection

First-line H. pylori therapy should ideally be short, easy to administer, well tolerated and
relatively cheap [42]. However, over and above these considerations, the prime objective of
any treatment is to eradicate the infection in the maximum number of patients [43]. Some of
the best validated first-line treatments for H pylori include amoxicillin or clarithromycin-based
triple therapies, which consists of a proton pump inhibitor PPI (standard dose twice daily)
combined with clarithromycin (500 mg twice daily) and either amoxicillin (1 g twice daily) or
metronidazole (500 mg twice daily) for a minimum of 7 days. Bismuth-based quadruple
therapies consisting of a histamine receptor antagonist or PPI combined with bismuth,
tetracycline, and metronidazole [42, 43]. Another alternative approach is to include ranitidine
bismuth citrate (RBC) in place of a PPI in clarithromycin triple therapy. These regimens have
the propensity to eradicate 70 to 85% of the infection. However, the regimen, which employs
a PPI with clarithromycin and amoxicillin is the most widely endorsed first-line regimen for
H pylori [42, 43]. Any of the currently available PPIs may be used with equivalent treatment
efficacy [44, 45] with the exception of esomeprazole as it is prescribed once daily because it is
imperative that the standard dose of a PPI be prescribed twice daily in order to maximize
treatment efficacy [46]. RBC is sometimes used in place of a PPI in countries outside the United
States with at least equal and perhaps greater efficacy [47]. Metronidazole can be used as an
alternative to amoxicillin, particularly in the setting of penicillin allergy or intolerance [42, 43].

Bismuth-based quadruple therapy is another option in penicillin allergic patients which yields
similar eradication rates to clarithromycin triple therapies [48, 49]. A recent meta-analysis
including five randomized trials reported intention-to-treat (ITT) and per protocol (PP)
eradication rates of 79% and 85% for clarithromycin triple therapy and 80% and 87% for
bismuth quadruple therapy, respectively [50]. Recently, simplified twice-daily dosing regi‐
mens for bismuth quadruple therapy have been successfully used in clinical trials [51].It is
worth noting that the dosing of metronidazole used in the various bismuth quadruple
therapies has not been consistent across studies. As higher doses of metronidazole (500 mg)
may provide better cure rates than lower doses (250 mg), caution must be exercised when
interpreting the data from comparative studies and pooled analyses involving quadruple
therapies. Although there is no universal standard, there has been a desire to decrease the
duration of therapy, particularly in countries outside the United States where treatment
durations of at least 7 days have been recommended [42]. Until very recently, the recom‐
mended treatment duration in the United States has been 10–14 days due to lower eradication
rates with 7-day regimens [52]. However, a large randomized US trial, rabeprazole-based triple
therapy for 7 days was found to be as effective as 10 days of therapy (ITT eradication rates of
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77% [ 71%–83%] vs. 78% [ 72%–84%], respectively) [53]. Based upon these results, 7-day
rabeprazole-based triple therapy has been approved by the Food and Drug Administration
for use in the United States. However there is some minor disagreement on the duration of
treatment; the US guidelines recommend a 14-day course, whereas in Europe, a 7-day course
is considered to be sufficient and Canadian and Asia–Pacific guidelines correspond largely to
the Maastricht 2–2000 guidelines [54].

4.2. Second-line therapy of H.pylori infection

The choice of second-line treatment depends on which treatment approach was used initially,
because retreatment with the same regimen is not recommended. If a clarithromycin-based
regimen was used initially, a metronidazole-based regimen should be used as follow-up (in
combination with a PPI, tetracycline, and bismuth), and vice versa. Prolonging the treatment
period to 14 days is probably necessary. Because bacterial resistance to metronidazole or
clarithromycin results primarily from previous treatment failures, first-choice treatment
should never combine clarithromycin and metronidazole in the same regimen [55]. Second-
line therapy has been extensively reviewed by several authors [55-57]. The assessment of H
pylori sensitivity to antibiotics may be useful only after failure of the second-line therapy [58]

The most widely recommended second-line treatment for persistent H pylori infection is
quadruple therapy with a PPI (standard dose twice daily), bismuth salt (subsalicylate or
subcitrate 120 mg 4 times daily), metronidazole (500 mg thrice daily) and tetracycline (500 mg
4 times daily) for minimum of 7 days. Further failures should be managed by specialists. The
Table 1 summarizes the suggested therapeutic regimens for eradication of H pylori infection.
No other second-line treatment strategies have been widely endorsed; however, -line therapy
should be [59] rifabutin-based triple therapy and furazolidone-based triple therapy [59, 60]
have been investigated and suggested as alternatives to bismuth quadruple therapy (Table
1). As second-line therapy, the Maastricht 2-2000 Consensus Report suggests a quadruple
therapy based on bismuth (120 mg, q.i.d.), tetracycline (500 mg, q.i.d.), metronidazole (500 mg,
t.i.d.) and antisecretive agent (PPI, b.i.d.) for a minimum of 7 days [34]. Further trials have
shown that replacing the proton pump inhibitor and the bismuth compound of the quadruple
therapy by RBC also achieves good results, with an eradication rate ranging between 57%-95%
[61, 62]. The failure of second line quadruple therapy is associated with its discontinuation
because of high incidence of side effects (6%-68%) [63]. A triple therapy with the combination
of levofloxacin, rabeprazole and tinidazole or amoxicillin has been proposed as an alternative
to Maastricht. This protocol shows an eradication rate higher than 90% compared to quadruple
therapies given for 7 days (63%) with a lower incidence of side effects [64]. Rifabutin has been
shown to have a good eradication rate (87%), if administered at a high dose (300 mg) in
combination with amoxicillin and PPI, as compared to quadruple therapy. Wong et al [65]
showed that a combination of levofloxacin, rifabutin and rabeprazole has a high efficacy with
an eradication rate >90%. Furazolidone is also used to replace metronidazole in quadruple
therapy [66]. Different in vivo studies have confirmed the efficacy of regimens containing a
high-dose furazolidone [200 mg, b.i.d.] as the second-line therapy in patients with metroni‐
dazole-resistance [66]. Many other combinations have been used with various rates of success.
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mended treatment duration in the United States has been 10–14 days due to lower eradication
rates with 7-day regimens [52]. However, a large randomized US trial, rabeprazole-based triple
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77% [ 71%–83%] vs. 78% [ 72%–84%], respectively) [53]. Based upon these results, 7-day
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line therapy has been extensively reviewed by several authors [55-57]. The assessment of H
pylori sensitivity to antibiotics may be useful only after failure of the second-line therapy [58]
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therapy by RBC also achieves good results, with an eradication rate ranging between 57%-95%
[61, 62]. The failure of second line quadruple therapy is associated with its discontinuation
because of high incidence of side effects (6%-68%) [63]. A triple therapy with the combination
of levofloxacin, rabeprazole and tinidazole or amoxicillin has been proposed as an alternative
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an eradication rate >90%. Furazolidone is also used to replace metronidazole in quadruple
therapy [66]. Different in vivo studies have confirmed the efficacy of regimens containing a
high-dose furazolidone [200 mg, b.i.d.] as the second-line therapy in patients with metroni‐
dazole-resistance [66]. Many other combinations have been used with various rates of success.
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Bacterial eradication may fail in up to 40% of cases after the suggested second-line regimens.
As a consequence, to treat patients who have already undergone the first- and second-line
therapies is a common challenge [67]. A recent rifabutin based triple therapy shown eradication
rates of 100 and 87.5 % (Per Protocol and Intention-to-Treat analysis) in primary resistance to
clarithromycin and tinidazole and 82.2 and 78.5% in secondary resistance [68].

4.3. Third-line rescue therapy for persistent H.pylori infection

Patients who fail both first- and second-line therapy are a clinical challenge. New modified
eradication regimes involve the substitution of antibiotics used with other drugs, such as
rifabutin, levofloxacin, and furazolidone [58-65] These antibiotics should be considered for
third-line treatment. Currently, no widely endorsed treatment regimens are available, for
persons with persistent H.pylori infection despite two or more previous courses of antibiotics
(third-line therapy). A number of third-line regimens such as bismuth quadruple therapy,
rifabutin-based triple therapy, levofloxacin-based triple therapy furazolidone-based triple
therapy and Doxycycline-based therapy have been investigated and shown in Table 2.

The new fluoroquinolone, levofloxacin, has shown an excellent activity against a variety of
Gram-positive and Gram-negative organisms which are resistant to the established agents
Matsuzaki et al [69] studied several strains and reported that levofloxacin had an excellent and
wide spectrum antibacterial activity compared with other fluoroquinolones and antibiotics
tested [69]. A previous study has shown efficacy and safety of levofloxacin based triple therapy
in H.pylori infection first-line therapy [70]. Recently, Gatta et.al [71] have proposed a third-line
treatment after two eradication failed courses without fluoroquinolones, with standard dose
of PPIs (b.i.d.), levofloxacin (250 mg, b.i.d.) and amoxicillin (1 g, b.i.d.) for 10 days. The
eradications rates of 76.2% and 84.6% according to ITT and PP anlysis, respectively, have been
achieved. The levofloxacin-based treatment could eradicate most of the strains (92.3%) which
are resistant in vitro to both clarithromycin and metronidazole, but susceptible to levofloxacin.
Furthermore, this drug combination, successfully employed as rescue therapy, is well tolerated
and has no major side-effects [72].

Rifabutin, a spiropiperidyl derivative of rifamycin, has been shown to exhibit high in vitro
activity against H.pylori [73, 74]. Furthermore, clinical trials have suggested that rifabutin may
be a possible candidate for second or third line eradication combination therapy [75]. Further‐
more, rifabutin is chemically stable at a wide pH range [74]. Recently, rifabutin-based rescue
therapies (twice-daily standard-dose PPI plus amoxicillin 1 g twice daily or levofloxacin 500
mg once daily plus rifabutin 300 mg daily, for 7 days) have been shown to represent an
encouraging strategy for eradication failures because they are effective against H pylori strains
resistant to clarithromycin or metronidazole [75, 76]. However, rifabutin is very costly, and
concerns still remain about the widespread use of this drug because of the possibility for
accelerating development of drug resistance. Results of a recent study [59] suggest that a 10-
day rescue therapy regimen based on the use of rabeprazole (20 mg twice daily) plus amoxi‐
cillin (1 g twice daily) plus levofloxacin (500 mg once daily) is more effective than standard
quadruple regimen as a second-line option for H.pylori eradication. Additionally, a 7-day
quadruple-therapy regimen containing amoxicillin and tetracycline has recently been proven
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more effective than standard quadruple therapy with metronidazole and tetracycline to rescue
failed triple therapy, by overcoming the antimicrobial resistance of H.pylori [77-81].

Doxycycline is a widely used tetracycline antibiotic for eradicating several infections. With
respect to tetracycline, Doxycycline requires the administration of only two tablets per day,
leading to a better compliance in patients undergoing eradication therapies. Furthermore,
Heep et.al [82] have found no secondary resistance to doxycycline in H.pylori patients who
failed one or more eradication therapies. Quadruple regimens represent the most widely used
rescue therapy. Induction of metronidazole resistance has suggested a new protocol, namely
replacing tetracycline with doxycycline (because it requires the administration of only two
tablets per day) and metronidazole with amoxicillin (because its resistance is less 1%), one
week quadruple therapy with doxycycline (100 mg, b.i.d.), amoxicillin (1 g, b.i.d.), omeprazole
(20 mg, b.i.d.) and bismuth salts (120 mg, two tablets b.i.d). This treatment has proved to be a
highly effective third-line ‘rescue’ therapy, achieving 91% eradication rate in patients har‐
bouring metronidazole and clarithromycin resistant H pylori strains (by ITT analysis) [83].
This regimen shows excellent compliance (99%) with mild side-effects.

1.

Bismuth subsalicylate (120 mg q.i.d ) + metronidazole (500 mg t.i.d) + tetracycline (.500 mg q.i.d ) + proton pump

inhibitor

( standard dose b.i.d) for a minimum of 7 days

2. Levofloxacin (250 mg b.i.d) + amoxicillin (1g mg b.i.d) + proton pump inhibitor ( standard dose b.i.d) for 10 days

o.d = once daily; b.i.d = twice daily; t.i.d = three times daily; q.i.d = four times daily

Table 1. Second line therapy regimens of H.pylori infection.

1 Rifabutin (300 mg o.d ) + amoxicillin (1g b.i.d )+ proton pump inhibitor ( standard dose b.i.d) for 10 days

2 Furazolidone 200 mg bid + amoxicillin (1g b.i.d) + proton pump inhibitor ( standard dose b.i.d) for 14 days

3
Furazolidone 200 mg bid + tetracycline ( 1g b.i.d) + proton pump inhibitor ( standard dose b.i.d)+ bismuth (140

mg b.i.d) for 7 days

4
Doxycycline (100 mg, b.i.d.) + amoxicillin (1g b..id) + omeprazole (20 mg, b.i.d)+ bismuth salts (120 mg, b.i.d) for

7 days.

o.d = once daily; b.i.d = twice daily; t.i.d = three times daily; q.i.d = four times daily

Table 2. Third line rescue therapy regimens of H.pylori infection.

4.4. Failure of therapy

The reasons behind failure of these antibacterial treatments are not very clear, but are likely
multifactorial [85-87]. Failure of therapy is most frequently associated with drug resistance
and non-compliance, due to complexity of rgimens and associated side effects, e.g., nausea,
diarrhea, taste disturbances, mucositis, and pseudo membranous colitis. The continuing
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concerns still remain about the widespread use of this drug because of the possibility for
accelerating development of drug resistance. Results of a recent study [59] suggest that a 10-
day rescue therapy regimen based on the use of rabeprazole (20 mg twice daily) plus amoxi‐
cillin (1 g twice daily) plus levofloxacin (500 mg once daily) is more effective than standard
quadruple regimen as a second-line option for H.pylori eradication. Additionally, a 7-day
quadruple-therapy regimen containing amoxicillin and tetracycline has recently been proven
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more effective than standard quadruple therapy with metronidazole and tetracycline to rescue
failed triple therapy, by overcoming the antimicrobial resistance of H.pylori [77-81].

Doxycycline is a widely used tetracycline antibiotic for eradicating several infections. With
respect to tetracycline, Doxycycline requires the administration of only two tablets per day,
leading to a better compliance in patients undergoing eradication therapies. Furthermore,
Heep et.al [82] have found no secondary resistance to doxycycline in H.pylori patients who
failed one or more eradication therapies. Quadruple regimens represent the most widely used
rescue therapy. Induction of metronidazole resistance has suggested a new protocol, namely
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tablets per day) and metronidazole with amoxicillin (because its resistance is less 1%), one
week quadruple therapy with doxycycline (100 mg, b.i.d.), amoxicillin (1 g, b.i.d.), omeprazole
(20 mg, b.i.d.) and bismuth salts (120 mg, two tablets b.i.d). This treatment has proved to be a
highly effective third-line ‘rescue’ therapy, achieving 91% eradication rate in patients har‐
bouring metronidazole and clarithromycin resistant H pylori strains (by ITT analysis) [83].
This regimen shows excellent compliance (99%) with mild side-effects.
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Bismuth subsalicylate (120 mg q.i.d ) + metronidazole (500 mg t.i.d) + tetracycline (.500 mg q.i.d ) + proton pump
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( standard dose b.i.d) for a minimum of 7 days
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4.4. Failure of therapy

The reasons behind failure of these antibacterial treatments are not very clear, but are likely
multifactorial [85-87]. Failure of therapy is most frequently associated with drug resistance
and non-compliance, due to complexity of rgimens and associated side effects, e.g., nausea,
diarrhea, taste disturbances, mucositis, and pseudo membranous colitis. The continuing
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emergence of resistance to the conventional antibacterials used to treat H. pylori infections is
of major concern [85]. Resistance to nitroimidazoles (e.g. metronidazole) is extremely high in
the developing world and rates of resistance( >50%) have been described in Western countries
[39-41]. Strains of H. pylori which are resistant to clarithromycin are also now widespread e.g.,
10–17% in most part of Europe [39].

5. Future therapeutic strategies

Resistance in H. pylori is anticipated to increase because the currently effective drugs are used
to treat many other infections where also develops the drug resistance in body. So there is an
urgent need for improvement over current regimens due high resistance over no of antibiotics
using in current therapy and moreover current triple and quadruple therapies are may not be
desirable for widespread eradication of H. pylori infection in future. The next generation of
H.pylori therapeutic regimens should be simpler, novel and specific. There are some novel
approaches available to achieve this goal, such as development of therapeutic vaccine,
geonome bsed drug discovery, pathogen –host tissue adhesion inhibitor, and novel site specific
drug delivery at specific site of H.pylori infection.

5.1. Vaccine development

The success of eradication of H.pylori by antibiotic therapy is being hampered by the increasing
occurrence of antibiotic resistance H.pylori strains and patience compliance. Consequently
investigative attention has been focused on development of an effective therapeutic vaccine.
From mathematical [88] and animal models [89] of H. pylori colonization, the host response
has been suggested to play an important role in bacterial growth regulation. Immunization
against H. pylori may thus be considered as a strategy to deviate the immune response
programmed by infection, i.e., the re-direction of a host response from natural infection leading
to persistence of infection and gastric disease, to another state in the host response capable of
attenuating or eliminating H. pylori and its associated gastric inflammatory sequelae. Evidence
from both animal models and humans implicate H. pylori in the activation of B cell and T cell
functions leading to heterogeneous systemic and local antibody responses, lymphoid follicle
hyperplasia, and significant recruitment of CD4+and CD8+ T cells [90, 91].

Vaccination against H. pylori has been performed in several animal models. Although several
studies showed the benefit of prophylactic as well as therapeutic vaccination in animals,
bacterial eradication was not observed in humans [92]. Knockout studies in mice revealed that
the Th2 response can be absent but immunization is still possible when using urease as an
antigen [93, 94].

A number of novel approaches to delivery of H. pylori vaccine have been reported recently.
Smythies et.al [95] reported on H.pylori vaccination based on a modified polio virus vector
where the capsid genes are replaced with H.pylori urease B. Poliovirus UreB replicons were
co-administered with a recombinant vaccinia virus engineered to express polio virus capsid
proteins, resulting in a vaccine which can only undergo one round of infection. Mice which
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are transgenic for the human poliovirus receptor (C57BL/ 6/DAB) are susceptible to infection
with poliovirus via the systemic route. Replicon vaccination resulted in clearance of an
established H.pylori infection in 73% of mice compared to 31% of vector-immunized controls.
Furthermore, immunization prevented an infection from becoming established in 80% of
immunized mice. Bacterial ghosts (Gram-negative bacterial cell envelopes, devoid of cyto‐
plasmic envelopes) have also been shown to have good adjuvant properties [96]. H. pylori
ghosts induced protection in a mouse model without the use of an additional adjuvant,
although batch-to-batch variations were observed and improvements are therefore required
before this approach could have practical applications [97]. Sodium alginate microbeads have
also been tested for controlled release of a model H. pylori vaccine [98]. Alginate beads are
widely used for encapsulation of drugs, and the mild formulation conditions, and their
reported muco-adhesive properties should make them ideal carriers for vaccine antigens.
Recombinant urease encapsulated in alginate beads was administered to mice via the subcu‐
taneous, nasal and oral routes. Unexpectedly, only subcutaneous delivery induced a signifi‐
cant antibody response and led to reductions in H. pylori colonization (as determined by urease
test) indicating that this approach also needs further improvement [98].

DNA vaccines are a potentially attractive approach to vaccination, and a genomic library
approach has shown encouraging preliminary results in mice [99]. Two recent studies have
investigated the adjuvant properties of CpG motifs in the context of DNA immunization.
Interestingly, a prototype immunization construct encoding the UreB subunit which included
CpG motifs [100] induced significant increases in the expression of IL-10 and beta-defensins
in the gastric mucosa. In an approach that aimed to induce and modulate the immune response
by triggering a specific Toll-like receptor (TLR), Sommer et.al [101] immunized C57BL/6 mice
with H. pylori lysate mixed with a synthetic CpG oligonucleotide targeted at TLR-9 (CpG
oligonucleotide 1688). Immunization induced a Th1-biased immune response as expected, and
immunized mice had 10-fold reduced levels of H.pylori in the gastric mucosa after challenge.
Synthetic CpGs have recently been approved for human use as a therapy for genital warts
[102], and so given the encouraging results from mice, this approach might also be applicable
for a human H.pylori vaccine. However, DNA vaccination studies in human volunteers have
reported only suboptimal immune responses [103] and it appears that the barriers to DNA
uptake may be more difficult to overcome in humans [104]. To return to our original question
regarding what we have learned from the mouse model, the data from animal models of H.
pylori infection support the feasibility of both therapeutic and prophylactic vaccination, for
neonates and adults. Furthermore, a variety of routes of application and adjuvants are
effective. It is, however, clear that only a better understanding of the underlying immune
mechanisms will make it possible to improve efficacy and to address the issue of post immu‐
nization gastritis.

5.2. Genome-based drug discovery

The recent availability of the genome sequences of two different isolates of H.pylori [105, 106]
has provided much stimulus to research aimed at discovering and developing novel thera‐
peutics to eradicate H. pylori. H pylori is a relatively simple organism with a small genome of
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circa 1.7 × 106 nucleotides, varying slightly according to the strain of the organism, and encoding
around 1600 genes [107]. Of these, depending on the stringency of the comparison, roughly
55% have homologs of putative known identity in other organisms, while another 10% have
database homologs of unknown identity. The remaining 35% are unique to H pylori at this time.
This complement of 1600-1700 gene contain a relatively small number which encode proteins
whose functions are essential to the viability of the bacterium. A genome-based strategy
facilitates the expeditious advanced selection of novel lethal targets not used by current
antimicrobials, thus providing the opportunity to identify novel classes of antibacterials. In
the case of vaccine discovery and development, comparison of two genomes has allowed the
identification of a “common set” of H.pylori genes, among which genes encode antigens [108].

The principle underlying genome based drug development is to identify those essential
proteins which are specific to H.pylori, and then to isolate, identify and synthesize a small
molecule chemical which inhibits the essential activity of such proteins [105]. This approach
is designed both to identify a drug that will work as a monotherapy, which would be specific
for H pylori and would not interfere with other organisms. In case of H. pylori drug discovery,
the task is to identify those essential proteins which are specific for and conserved in H.
pylori. Identification of essentiality involves a process whereby attempts are made to mutate a
gene performed using an allelic recombination method via homologous recombination and
so” knock-out” its function [106]. If a particular mutant can be generated, the disrupted gene
does not code for a biological process that is required for viability in vitro. “Knock-out”
mutagenesis experiments with selected members of the “common set” of H. pylori genes have
allowed the identification of targets for drug discovery in a variety of H. pylori physiological
functions [107, 108]. These targets include proteins involved in cell envelope synthesis/
integrity, cell division, protein synthesis, nucleic acid biosynthesis, gene expression and
regulation, cell metabolism and energetics, as well as proteins encoded by H. pylori genes of
unknown function [109]. Because many essential proteins are enzymes, it is possible to
establish in vitro assays to detect the ability of compounds to interfere with their enzymatic
activity. The selected essential protein target is overproduced in E.coli, purified, and employed
to identify inhibitory compounds by High Throughput Screening [110, 111]. This involves the
automated micro assay screening of the ability of large numbers of compounds (>200, 000) to
inhibit the enzymatic activity of the target protein. Conformed “hits” are then tested for their
ability to selectively kill H.pylori in vitro, and to eradicate H.pylori infection in an animal model.
Lead compounds are subjected to chemical structure-activity relationship studies to improve
antibacterial potency and selectivity, as well as solubility, oral bioavailability, duration of
action and pharmacokinetic properties [101]. Understanding the mechanism of action of a
particular target enzyme or molecular modeling based on three-dimensional crystal structure
of the protein, with or without bound inhibitor(s), can be used to facilitate medicinal chemistry
studies [112, 113]. As lead compounds are identified, the classical medicinal chemistry and
combinatorial chemistry approaches are applied to improve the potency and the desired
microbiological properties, with the ultimate goal of producing compounds suitable for
human trials.
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5.3. Novel drug delivery approaches

One of the reasons for incomplete eradication of H.pylori is probably due to the short residence
time of antimicrobial agents in stomach so that effective antimicrobial concentration cannot be
achieved in the gastric mucus layer or epithelial cell surfaces where H.pylori resides [114-116].
Conventional tablets and capsules are, in general used for eradication therapy but these do
not remain in stomach for prolonged time therefore it is difficult to reach minimum inhibitory
concentration in gastric mucus where H.pylori colonize. To overcome the problem, a new
concept is proposed based on gstroretentive concept (Floating drug delivery systems and
Mucoadhesive drug delivery systems) with site specific drug delivery [117]. It is expected that
the topical delivery of narrow spectrum antibiotic through floating and bioadhesive drug
delivery system may result in complete removal of organism from stomach.

5.4. Floating drug delivery systems (FDDS)

Floating drug delivery systems have a bulk density less than gastric fluids and so remain
buoyant in the stomach without affecting the gastric emptying rate for a prolonged period
of time. The FDDS can be divided into effervescent and non-effervescent systems. Efferves‐
cent floating dosage forms are matrix type systems prepared with the help of swellable
polymers such as methylcellulose and chitosan and various effervescent compounds, such
as sodium bicarbonate,  tartaric acid,  and citric acid.  They are formulated in such a way
that  when  comes  in  contact  with  the  acidic  gastric  contents,  CO2 is  liberated  and  gets
entrapped in swollen hydrocolloids, which provides buoyancy to the dosage forms. Non-
effervescent floating dosage forms use a gel forming or swellable cellulose type of hydro‐
colloids,  polysaccharides,  and matrix-forming polymers  like  polycarbonate,  polyacrylate,
polymethacrylate,  and  polystyrene  [118].  The  formulation  method  includes  a  simple
approach  of  thoroughly  mixing  the  drug  and  the  gel-forming  hydrocolloid.  After  oral
administration this  dosage form swells  in  contact  with gastric  fluids  and attains  a  bulk
density of < 1. The air entrapped within the swollen matrix imparts buoyancy to the dosage
form.  The so formed swollen gel-like  structure  acts  as  a  reservoir  and allows sustained
release of drug through the gelatinous mass. While the system floats on the gastric contents,
the drug is released slowly at the desired rate from the system. After release of drug, the
residual system is emptied from the stomach. The FDDS greatly improve the pharmacother‐
apy of the stomach through local drug release, leading to high drug concentrations at the
gastric mucosa for eradicating H.pylori from the submucosal tissue of the stomach, making
it possible to treat stomach and duodenal ulcers, and gastritis [119-121].

In our previous study [114] we have developed the floating in situ gelling system of amoxicillin
and evaluated in vivo efficiency in Mongolian gerbil model, the result indicated that the
floating in situ gel has promising potential for eradicating H.pylori infection. In this study the
gelled solution floated in stomach for >20 h, and the in vivo H.pylori clearance efficiency was
10 time more than that of amoxicillin solution in gerbils model.

Yang et al [119] developed a swellable asymmetric triple-layer tablet with floating ability to
prolong the gastric residence time of triple drug regimen (tetracycline, metronidazole, and
clarithromycin) in H.pylori–associated peptic ulcers using hydroxy propyl methyl cellulose
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(HPMC) and poly ethylene oxide (PEO) as the rate-controlling polymeric matrix. The design
of the delivery system was based on the swellable asymmetric triple-layer tablet approach.
Tetracycline and metronidazole were incorporated into the core layer of the triple-layer matrix
for controlled delivery, while bismuth salt was included in one of the outer layers for instant
release. According to the authors, the aim of such a device was to obtain a simple regimen for
a standard triple therapy. Indeed, they obtained in vitro a duration of buoyancy and sustained
release of metronidazole and tetracycline over prolong time of period. The rapid effect of the
device would be due to the rapidly dissolving layer containing the bismuth salt, which
disintegrated within 10–15 min in vitro. However, no in vivo data are available concerning the
floating characteristics of the drug delivery system or its effect against H.pylori.

Umamaheshwari et al (120) developed several drug delivery systems especially designed to
improve efficiency against H.pylori. In all of them, they used an antiurease drug, acetohy‐
droxamic acid (AHA), as an active agent against the bacterium. H. pylori urease hydrolyses
urea present in the gastric juice and extracellular fluid to generate ammonia and bicarbonate,
which effectively neutralize an acidic pH in its environment [121, 122]. Thus, urease inhibitors
hinder the bacterium to protect itself against low pH and avoid thus the problem of treatment
of antibiotic-resistant strains [123].

The same authors developed polycarbonate microballoons by an emulsion (o/w) solvent
evaporation technique. In vitro (i.e. in simulated gastric fluid) 74% to 85% of microballoons
stayed buoyant up to 12 h and exhibited a sustained drug release profile. In vitro and in vivo
growth inhibition studies were performed using cultures of H. pylori and H. pylori-infected
Mongolian gerbils, respectively. Microballoons showed 10 times higher anti-H. pylori activity
compared with AHA solution [124].

Umamaheshwari et al. [125] developed cellulose acetate butyrate coated floating microspheres
of cholestyamine for targeting to H.pylori infection In vitro (drug release, buoyancy) and in
vivo studies (gastric mucoadhesion in the rat stomach) led the authors to conclude that this
drug delivery system possessed both floating and bioadhesive properties, and may be
successful in the treatment of H.pylori. Katayama et al [126] deveolped a susrtained release
liquid preparation of ampicillin using sodium alginate for the treatment of H.pylori infection.
The gastroretentive property of the device was provided by the ability of sodium alginate to
form a firm gel when an acid or di-or trivalent metal ions (Ca2+, Ba2+, Sr2+) were added. The
authors expected the solution to be able to spread out, adhere to the gastric mucosa, and release
the antibiotic continuously (ampicillin). The alginate formulation gelled in stomach and
delivered ampicillin locally in stomach and showed significant anti H.pylori effect in rat model.

5.5. Mucoadhesive drug delivery systems (MDDS)

Bioadhesive drug delivery systems are used to localize a delivery device within the lumen to
enhance the drug absorption in a site-specific manner. Mucoadhesive drug carrier may
prolong the residence time of drug in stomach because they adhere to mucus surface, resulting
in an effective localizing drug concentration. Mucoadhesion is a very complex process and
several theories have been put forward to explain the mechanism, including electrical,
adsorption, and wetting and diffusion theories [127]. Because the mucosal surface is negatively
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charged, a positive charge on polymer might facilitate the mucoadhesion process. Some of the
most promising charged excipients used commonly in these systems include polycarbophil,
carbopol, lecithins, chitosan, carboxy methyl cellulose and gliadin, etc. Some investigators
have tried a synergistic approach between floating and bioadhesion systems [120, 124, 128].
Among the mucoadhesive formulation, mucioadhesive microspheres have gained considera‐
ble attention due to their ability to adhere to mucus layer as well as release drugs locally at the
infected cell line.

Nagahara et al [128] formulated mucoadhesive microspheres containing amoxicillin. They
dispersed the drug and bioadhesive polymers (carboxyvinyl polymer and curdlan [polysac‐
charide]) in melted hydrogenated castor oil. They compared these microspheres with an
amoxicillin suspension in infected Mongolian gerbils under feeding conditions. The micro‐
spheres with an amoxicillin dose of 1.0 mg/kg provided the same clearance rate (20%) as the
amoxicillin suspension with a dose of 10 mg/kg. This means that the amoxicillin-microspheres
provided 10 times greater anti-H.pylori activity than the amoxicillin suspension. Moreover,
adhesion of microspheres on the stomach wall was observed (°47% and °20% remained in the
stomach after 2 and 4 h, respectively). The authors concluded that these mucoadhesive
microspheres containing an appropriate antimicrobial agent should be useful for the eradica‐
tion of H. pylori.

Wang et al. [129] studied positively charged gelatin microspheres as gastric mucoadhesive
drug delivery system for eradication of H.pylori. Umamaheshwari et.al [130] developed
nonoparticles bearing amoxicillin using gliadin polymer rand evaluated in-vivo the anti
H.pylori efficiency of nanoparicles in gerbil model, results were found to be promising molecule
to eradicate of H.pylori infection. Radiet et.al [131] developed tetracycline-loaded crosslinked
chitosan microspheres to increase the local concentration of the antibiotic in the stomach and,
thus eradicate H.pylori infection. The microspheres were examined for gastric residence time
and local tetracycline concentrations in fasted gerbils. The microspheres were found to reside
in the stomach even after 10 h of administration.

Recently, Zhepeng et.al [132] also published a study on mucoadhesive microspheres contain‐
ing amoxicillin by an emulsification/evaporation method, using ethylcellulose as matrix and
carbopol 934P as a mucoadhesive polymer. This work showed that free amoxicillin was rapidly
degraded in acidic medium; however, amoxicillin entrapped in the microspheres micro‐
spheres kept stable. Furthermore, studies on the in vivo clearance of H.pylori revealed that, in
a single-dosage administration, the mucoadhesive microspheres had a better effectiveness
than that of amoxicillin powder.Finally this study showed a complete eradication of H.pylori
with microspheres in five of six rat stomachs, whereas amoxicillin powder showed four times
less effectiveness. The authors found a tendency for an effective anti-H.pylori activity induced
by mucoadhesive microspheres, but concluded that larger groups of animal are required to
confirm these results.

Among all the drug delivery approaches (Dosage forms) described herein, some provide
interesting solutions, although many of them present drawbacks. In the particular case of
H.pylori eradication, the ideal dosage form should, to be really effective, not only stay in the
stomach, but also target the bacterium. However, knowledge about this pathogen discovered
twenty years ago is still poor. More data are necessary, for example, to identify an ‘‘ubiquitous’’
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receptor (i.e. for all H.pylori strains) at the surface of the bacterium, which could provide a
strong interaction with a ligand [133-135]. Thus, the development of an efficient gastroretentive
dosage form against H. pylori is closely linked to a better understanding of its pathogenicity
mechanisms.

6. Conclusion

Considerable advances have been made in understanding the evolution of the organism and
pathogenesis of disease. Although combination therapies have high rates of eradication, the
preferred therapy would be one which use a low dose of a single drug with a short duration
treatment and without any adverse effect. The sequencing of two strains of H.pylori has
provided a wealth of data that will be useful in understanding the pathogenesis of disease,
microbial evolution and highlight potential therapeutic targets and potential vaccine candi‐
dates. In future, it is likely to advance understanding of disease progression and aid in the
development of novel therapies. First aspect of research is that genomic studies are arousing
considerable interest, and will certainly be followed up in future research for development of
new therapies. A second area of research that is becoming increasingly important is the
development of novel targeted drug delivery systems for H.pylori infection. The floating and
mucoadhesive formulation of antibacterial drugs have shown good H. pylori clarence effect in
both in-vitro and in-vivo animal model studies. However, extensive clinical studies are
required in human to establish a correlation.
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receptor (i.e. for all H.pylori strains) at the surface of the bacterium, which could provide a
strong interaction with a ligand [133-135]. Thus, the development of an efficient gastroretentive
dosage form against H. pylori is closely linked to a better understanding of its pathogenicity
mechanisms.

6. Conclusion

Considerable advances have been made in understanding the evolution of the organism and
pathogenesis of disease. Although combination therapies have high rates of eradication, the
preferred therapy would be one which use a low dose of a single drug with a short duration
treatment and without any adverse effect. The sequencing of two strains of H.pylori has
provided a wealth of data that will be useful in understanding the pathogenesis of disease,
microbial evolution and highlight potential therapeutic targets and potential vaccine candi‐
dates. In future, it is likely to advance understanding of disease progression and aid in the
development of novel therapies. First aspect of research is that genomic studies are arousing
considerable interest, and will certainly be followed up in future research for development of
new therapies. A second area of research that is becoming increasingly important is the
development of novel targeted drug delivery systems for H.pylori infection. The floating and
mucoadhesive formulation of antibacterial drugs have shown good H. pylori clarence effect in
both in-vitro and in-vivo animal model studies. However, extensive clinical studies are
required in human to establish a correlation.
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1. Introduction

Peptic ulcer (gastric or duodenal ulcer) is one of the most common disorders affecting the
gastrointestinal system. The lifetime cumulative incidence of peptic ulcer disease is more than
10% of adult population in western countries (Ofman et al., 2000). The pathophysiology of
peptic ulcer disease is an imbalance between mucosal defense factors (bicarbonate, mucin,
prostaglandin, nitric oxide and other peptides and growth factors) and injurious factors (acid
and pepsin). The management and prevention of these acid-related disorder are possible either
by decreasing the level of gastric acidity or by enhancing mucosal protection (Brunton et al.,
2008). Various factors, including genetic, diet, pharmacologic and psychologic might contrib‐
ute to peptic ulcers (Wyatt, 1989). Helicobacter pylori (H. pylori) is a prominent etiologic factor
influencing peptic ulcer disease (Hauser et al., 2005). Regarding the fact that H. pylori play a
dominant role in the majority of peptic ulcers, prevention of relapse is focused on eradication
of this organism from the stomach.

Nowadays it is believed that, H. pylori and non-steroidal anti-inflammatory drugs (NSAID)
are the two major contributing factors causing peptic ulcer disease (Graham, 1996). H. pylori
is found in approximately 100% of chronic active antral gastritis cases; 90% to 95% of duodenal
ulcer patients and 50% to 80% of gastric ulcer patients (Kluwer, 2004). Owing to the fact that
chronic infection with H. pylori weakens the natural defenses of the lining of the stomach
against the ulcerating action of acid, medications that neutralize stomach acid, antacids, and
medications that decrease the secretion of acid in the stomach such as H2-blockers and proton
pump inhibitors (PPIs) have been used effectively for many years to treat ulcers. Obviously,
antacids, H2-blockers and PPIs not only would have no effect on H. pylori eradication from the
stomach, but also the ulcers are frequently returned promptly after these medications are
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discontinued. Accordingly, eradication of H. pylori also is important in the treatment of the
pylori-related ulcers which could be achieved through the commonly used antibiotics.

Figure 1. H. pylori in peptic ulcers.

Not surprisingly, the wide range of effective medicinal agents available today is one of the
greatest scientific achievements. Regardless of the effectiveness and safety of the medicines
embedded in dosage forms, the pharmaceutical concept of the latter is growing to be ever more
eminent in the management of different diseases. The oral dosage forms of the medications
available for H. pylori eradication, typically, possess several physiological restrictions such as
non-uniform drug absorption profiles, incomplete drug release and shorter residence time of
the dosage form in the stomach (MotlekarYouan, 2006; Adibkia et al., 2011; GisbertCalvet,
2011). Rate of the transition for a dosage form through the gastrointestinal (GI) tract is highly
affected by the physiological properties of the GI tract as well as the formulation properties
(Bardonnet et al., 2006a; Khobragade et al., 2009). Hence, suitable pharmaceutical dosage forms
in H. pylori eradication is also an important basic principle of the drug delivery system
dominating these constraints and offering a proper delivery strategy that would function
independent of the digestive state, clinical condition, or GI motility of the individual. Since the
bioavailability of drugs often depends on the GI transit rate of the dosage form, it appears
necessary to establish an appropriate sustained release system for drug delivery (Hu et al.,
2010; JavadzadehHamedeyazdan, 2012).
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2. Prolongation of GI retention

Scientific and technological advancements have been made in the research and development
of different types of drug delivery systems. Keeping up with the rapid development in
designing novel drug delivery systems, it is advisable to explore the existing delivery concept
and new intra gastric delivery systems which would be expected to overcome the current
medication limitations of the treatment of H. pylori associated peptic ulcer. It is obvious that
formulating dosage forms that retained in the stomach for a prolonged and predictable period
of time seem to be advantageous in H. pylori eradication.

The most feasible method for achieving a prolonged and predictable drug delivery in the GI
tract is to control the gastric residence time by gastro retentive and sustained release dosage
forms that have some beneficial in safety and efficacy over normal release systems. This
method of application is especially helpful in delivery of sparingly soluble and insoluble drugs
used in H. pylori eradication. It is acknowledged that, as the solubility of a drug decreases, the
time available for drug dissolution becomes less adequate and so the transit time becomes an
important factor affecting drug absorption in drugs with lower solubility. Other drug candi‐
dates suitable for gastroretentive drug delivery systems include those drugs that are locally
active in the stomach, drugs with narrow absorption window in GI tract, drugs that are
unstable in the intestinal or colonic environment, drugs that act locally in the proximal part of
GI tract or disturb normal colonic microbes like antibiotics and also drugs that exhibit low
solubility at high pH values. Concerning the pharmacotherapy of the stomach through local

Figure 2. Major factors causing mucosal damage and ulceration (Peura, 2004).
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drug release of gastroretentive dosage forms, bringing about high levels of drug concentrations
at the gastric mucosa (eradication of H. pylori from the submucosal tissue of the stomach), and
treating stomach and duodenal ulcers, gastritis and oesophagitis, the risk of gastric carcinoma
would be drastically reduced. In contrast, there are drugs that do not fit in gastroretentive drug
delivery systems; Drugs that have very limited acid solubility, drugs that suffer instability in
the gastric environment, and drugs intended for selective release in the colon should follow
other techniques of drug delivery to reach for their intended site of action. Hence, gastrore‐
tentive dosage forms despite providing rather constant drug concentrations in the bloodstream
for longer periods of time do not fulfill this benefit with several groups of drugs (Javadzadeh‐
Hamedeyazdan, 2012; Pahwa et al., 2012b).

One of the advantages of the sustained release dosage forms is that medication is administered
less often than other dosage forms reducing fluctuations of drug concentration in the blood‐
stream. As a result, the patient is not repeatedly subjected to different levels of drug which are
less or more than adequate. Nor does the blood chemistry undergo frequent chemical imbal‐
ances, which might be risky to the patientʹs health. Additionally, through gastroretentive
dosage forms not only the bioavailability and therapeutic efficacy of drugs are improved but
also it may allow for a possible reduction in the dose because of the steady therapeutic levels
of drugs. Drugs that have poor solubility in higher pH, absorption windows in stomach,
requiring local delivery in stomach could be delivered ideally to the site of action by the
gastroretentive formulations. On the other hand, drugs that cause irritation to gastric mucosa
and the ones meet first-pass metabolism or have stability problems in gastric fluids are not
appropriate for these kinds of drug delivery systems (JavadzadehHamedeyazdan, 2012;
Pahwa et al., 2012a; Pawar et al., 2012).

In brief, gastric retention is a means to enable a delivery strategy that will function irrespective
of the digestive state, clinical condition, or GI motility of the individuals with longer drug
residence time in the stomach being advantageous in superior drug bioavailabilities and also
in certifying local action of some drugs in the upper part of the GI tract, that are used in H.
pylori eradication (Bardonnet et al., 2006b; Nama et al., 2008; Badhan et al., 2009; Shah et al.,
2009; AdebisiConway, 2013).

3. H. pylori associated peptic ulcer

3.1. Acidic condition of stomach

The human stomach can produce and secrete about 2.2 to 3 L of gastric acid per day with basal
secretion levels being typically highest in the evening. Normally no bacteria or viruses can
survive in this medium that is composed of digestive enzymes and concentrated hydrochloric
acid. Consequently, stomach has been regarded as a sterile ingestion organ for its hostile and
acidic environment that could be considered as a barrier for invasion of various microorgan‐
isms. However, this notion has been totally changed since H. pylori as a major cause of peptic
ulcer disease and gastritis in human was firstly isolated by Marshall and Warren in 1983 (Yang
et al., 1999). H. pylori, a spiral-shaped gram-negative rod, is classified as Campylobacter
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pyloridis due to its similar histological and growth properties to the Campylobacter species.
Based on the unique morphological and biochemical characteristics, Campylobacter pyloridis
was regrouped into a new genus Helicobacter (Brooks et al., 2004).

3.2. Pathogenesis of H. pylori

H. pylori is associated with antral gastritis, peptic ulcer disease (gastric and duodenal ulcer
disease) and gastric carcinoma, however, it initially induces chronic gastritis to develop peptic
ulcer rather than directly causing the ulcer disease (Wyatt, 1989). Ever since, H. pylori grows
optimally at a pH of 6-7, it would not grow at the pH of the gastric lumen. Gastric mucus is
relatively impermeable to acid and has a strong buffering capacity so deep mucus layer near
the epithelial surface where the pH is about physiologic of 7.4 is an appropriate place for H.
pylori growth. The bacterium produces a protease modifying the gastric mucus to reduce the
ability of acid to diffuse through the mucus. In addition, H. pylori also has potent urease
activity, which yields production of ammonia and further buffering of acid, which may directly
damage the cells, too (Brooks, Butel et al., 2004; Abe et al., 2011). Although, the mechanisms
by which H. pylori causes mucosal inflammation and damage, are not well known but they
may involve both bacterial and host factors. Compared to other infectious diseases, the H.
pylori associated morbidity is relatively high, which is about 10% for peptic ulcer disease and
0.5% for gastric adenocarcinoma (Kusters, 2001). Once H. pylori eradication has been achieved,
re-infection rates are less than 0.5% per year, and ulcer recurrence rates are dramatically
reduced (Kluwer, 2004). Since, there is not any clear hypothesis about spread of H. pylori,
prevention is rather difficult issue. Then in treatment of peptic ulcer disease, clinicians are
logically focusing on the eradication of H. pylori (Ables et al., 2007; Yamaoka, 2010).

Figure 3. Pathogenesis of H. pylori (Kusters et al., 2006).
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3.3. Treatments for H. pylori associated peptic ulcer disease

Basically, the goals for peptic ulcer treatments have been defined as: alleviation of symptoms,
healing of the ulceration, prevention of recurrence of ulcer. Primarily, before the bacterium
was found, it was believed that stomach ulcers occur when excess acid damaged the gastric
mucosa so the treatment was based on reduction or neutralization of that acid (Gisbert et al.,
2010; GisbertPajares, 2010). Patients were treated with long-term suppressive therapy by
giving acid-blocking medications, for instance, H2-blockers and, more recently, proton pump
inhibitors (BreuerGraham, 1999). This kind of treatment could certainly relieve ulcer-related
symptoms, heal gastric mucosal inflammation and even heal the ulcer. Unfortunately, it has a
high recurrence rate just owing to the lack of basic treatment of the infection and eradication
of the bacterium, H. pylori (Brunton, Parker et al., 2008). The identification of H. pylori, and
understanding of H. pylori associated peptic ulcer disease have greatly changed therapeutic
regiments covering peptic ulcer disease. Eradication of H. pylori is now recognized to be the
correct approach in the treatment of the disease (Yang, Eshraghi et al., 1999; Chuah et al.,
2011). The treatment of peptic ulcer with antibiotics is recognized as the choice treatment for
patients (Beales, 2001). Savings of costs and time are the major benefits of this protocol to
therapy with acid reducing medications. The same drug and dosage regimens could be applied
to the treatment for both gastric and duodenal ulcer as there are no important differences
between these two ulcer diseases (DzieniszewskiJarosz, 2006). Antibiotics and agents used to
eradicate H. pylori, attack three main areas, i.e. the bacterium cell wall, the ribosome and
nuclear DNA. For instance, metronidazole, a nitroimidazole antiprotozoal drug that also has
potent antibacterial activity against anaerobes, including bacteroides and clostridium species,
can disrupt the bacterial DNA helix preventing replication and interrupting gene expression,
bismuth salt may disrupt bacterial cell wall or membrane (Malfertheiner, 1996).

3.3.1. Combination therapy

Although H. pylori is sensitive to many antibiotics in vitro, this sensitivity is not correlated with
eradication of the organism in vivo (Drumm, 1990). Recurrence of the infection is common after
treatment of H. pylori by bismuth alone or monotherapy antibiotic (Rauws et al., 1988; Oderda
et al., 1989; Chang et al., 2009). It has been postulated that the failure of antibiotic monotherapy
to clear H. pylori in vivo may be due to the lack of efficacy of the antibiotics in the acid envi‐
ronment of the stomach (Drumm, 1990). Other possible reason of failure could be the area that
H. pylori colonized and resistance to bacteria. As a result of failure of single antibiotic therapies,
combination regiments are suggested to increase the rate of H. pylori eradication. Nonetheless,
many regimens for H. pylori eradication have been proposed, the ideal regimen in this setting
should achieve a cure rate of >80% (Brunton, Parker et al., 2008).

3.3.2. Triple combination therapy

Triple combination therapy, using two antibacterial antibiotics and a proton pump inhibitor,
had achieved a high eradication rate and seems to be the most effective regimens for H.
pylori eradication (AxonMoayyedi, 1996; Ishizone et al., 2007). Proton pump inhibitors promote
eradication of H. pylori through several mechanisms: direct antimicrobial properties (minor);
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raising intra-gastric pH and lowering the minimal inhibitory concentrations of antibiotics
against H. pylori. One of the principal treatment regimens consists of a 10–14 day regimen of
"triple therapy": a proton pump inhibitor (standard dose, b.i.d.), clarithromycin, (500 mg, b.i.d.)
and amoxicillin (1 g, b.i.d.). For patients who have allergy to penicillin, metronidazole, 500 mg
twice daily, should be substituted for amoxicillin. Moreover, after completion of triple therapy,
the proton pump inhibitor has been recommended to be continued once daily for a total of 4–
6 weeks to ensure complete ulcer healing (Katzung, 2006). Other triple therapies that are being
mentioned in other reference includes combinations of bismuth salts and various antibiotics
(Rauws, Langenberg et al., 1988).

3.3.3. Quadruple combination therapy

In the case of H. pylori eradication quadruple therapy has been offered for 14 days: Proton
pump inhibitor twice a day, metronidazole 500 mg three times daily, bismuth subsalicylate
525 mg, tetracycline 500 mg four times daily or H2-receptor antagonist twice a day, bismuth
subsalicylate 525 mg, metronidazole 250 mg, tetracycline 500 mg four times daily (Brunton,
Parker et al., 2008). Antibiotics from systemic circulation have to traverse the epithelial layer
(Malfertheiner, 1996; Hsu et al., 2011). Seeing as, in systemic administration of drugs the gastric
emptying makes the effective local concentrations of drugs difficult to maintain, the effects of
drug is not local and is through its systemic absorption, the frequent doses of oral antibiotics
are required leading to higher drug dosages, lower patient compliance, and adverse drug
effects.

3.4. Drug delivery systems for H. pylori eradication

3.4.1. Importance of drug delivery systems in treatment of diseases

It is judicious to be reminiscent of the GI tract being a primary site for the absorption of drugs
with a variety of limitations making the in vivo performance of drug delivery systems uncer‐
tain. Despite tremendous advancement in drug delivery, the oral rout still remains the
preferred route for the administration of therapeutic agents in consequence of the low cost of
therapy, and ease of administration, as well as patient compliance. However, oral dosage forms
hold several physiological restrictions like non-uniform absorption profiles, incomplete drug
release and shorter residence time of the dosage form in the stomach (Adibkia, Hamedeyazdan
et al., 2011). Undoubtedly, rate of drug transition through the gastrointestinal (GI) tract is
highly controlled by the physiological properties of the GI tract as well as the formulation
properties. Since, bioavailability of drugs in this route of administration often depends on the
GI transit rate of the dosage form it is of value to distinguish between an appropriate drug
delivery system for an especial objective in treatment of diseases. Acquiring a clear notion of
why certain medications are prone to problems in reaching the desired efficiency and bioa‐
vailability, to dominate the relative constraints offering successful medication therapy
recalling some fundamental characteristics of the stomach would be of note.
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had achieved a high eradication rate and seems to be the most effective regimens for H.
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delivery system for an especial objective in treatment of diseases. Acquiring a clear notion of
why certain medications are prone to problems in reaching the desired efficiency and bioa‐
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3.4.2. Stomach and drug delivery systems

As far as we know, the stomach is a muscular, hollow, dilated part of the alimentary canal
which functions as an important organ of the human body located between the esophagus and
the small intestine. Surface epithelium of stomach retains its integrity throughout the course
of its lifetime, even though it is constantly exposed to a high concentration of hydrochloric acid
and powerful enzymes. This self protection mechanism is due to the fact that the specialized
goblet cells located in the stomach and continuously secrete a large amount of mucus that
remains closely applied to the surface epithelium (Chein, 1992). In general, stomach is an
important site of enzyme production with small surface area, offering an imperfect site of
absorption (Chein, 1992). The main function of stomach is to store food temporarily, grind it,
and then release it slowly in to the duodenum. The process of gastric emptying occurs both
during fasting and fed states; however, the pattern of motility differs markedly in the two
states. Fasted state is characterized by an inter-digestive series of electrical events which cycle
both through the stomach and small intestine every 2–3 h which is called the inter-digestive
myoelectric cycle or migrating myoelectric complex (Fell, 1996). In the fed state, the gastric
emptying rate is slowed since the feeding results in a lag time prior to the onset of gastric
emptying, depending upon the physiological state of the subject and the design of pharma‐
ceutical formulation, the emptying process can last from a few minutes to 12 h. Alterations in
gastric emptying occurs due to factors such as age, race, sex, and disease states, as they may
seriously affect the release of a drug from the drug delivery system (SinghKim, 2000).

The complex and highly variable nature of gastric emptying process making the in vivo
performance of conventional drug delivery systems uncertain draw researchers’ attention to
find a clue and dominate these constraints and present suitable drug delivery strategies that
would serve independent of the digestive state, clinical condition, or GI motility of the
individual. Conventional oral dosage forms provide a specific drug concentration in the
systemic circulation without offering any control over the rate of drug delivery, whilst
controlled-release drug delivery systems provide drug release at a predetermined, predictable,
and controlled rate of drug release (Hwang et al., 1998). Nevertheless, in some cases the
insufficient residency of drugs in the vicinity of absorption site for the life time of drug delivery
restricts the use of controlled-release drug delivery systems. The inadequate drug residence
in the vicinity of absorption site might arise from differences in GI transit time of drugs in
individuals, and physical properties of the object ingested as well as the physiological
conditions of the alimentary canal. Correspondingly, medications with sustained drug release
forms have some benefits over normal release systems in safety and efficacy in reducing the
frequency of drug dosage, together with the diminished incidence of adverse drug reactions.
Hence, if medications used in H. pylori eradication therapy are used in terms of sustained
release dosage forms some advantages are fulfilled seeing as the medications are administered
less often than other dosage forms, fluctuations of drug concentration in the blood would be
reduced, and the patient is not repeatedly subjected to amounts of the drug which are less or
more than adequate, nor the blood chemistry experience frequent chemical imbalances, which
might be detrimental to the patientʹs health (Klausner et al., 2003; Javadzadeh et al., 2007; Tang
et al., 2007; Javadzadeh et al., 2009; Javadzadeh et al., 2012). Several methods have been
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developed for extension of GI transit time via enhancing the residence time of drug delivery
systems in the stomach.

3.4.3. Floating drug delivery systems

One of the approaches followed to extend the residency of medications in the stomach is
floating dosage forms with lower density than the gastric fluids to be capable of floating on
the gastric juice in the stomach (SinghKim, 2000; Adibkia, Hamedeyazdan et al., 2011).
According to the mechanism of buoyancy, two evidently different technologies are applied in
development of floating dosage forms, effervescent and non-effervescent systems. In general,
the principle rule is indelible in all approaches and that is to float on gastric juice with a specific
density of less than 1.004 g/cm of the gastric juice in the stomach.

Figure 4. Effervescent floating drug delivery system in the stomach

Besides, multi-particulates of floating dosage forms consisting of small discrete units in which
the active substance is offered as a number of small independent subunits are less reliant on
gastric emptying, bringing about less inter and intra-subject variability in GI transit time.
Moreover, they are also well distributed and less likely to cause local irritation. Nowadays,
much emphasis is being laid on the development of multi particulate dosage forms rather than
single unit systems due to potential benefits of them such as increased bioavailability, reduced
risk of systemic toxicity, reduced risk of local irritation as well as predictable gastric emptying
(MohamadDashevsky, 2007; GuptaPathak, 2008).

A number of factors that affect gastric emptying of a dosage form, such as density, size, and
shape of dosage form, concomitant intake of food and drugs such as anticholinergic agents
(e.g., atropine, propantheline), opiates (e.g., codeine), prokinetic agents (e.g., metoclopramide,
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developed for extension of GI transit time via enhancing the residence time of drug delivery
systems in the stomach.
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floating dosage forms with lower density than the gastric fluids to be capable of floating on
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the principle rule is indelible in all approaches and that is to float on gastric juice with a specific
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Besides, multi-particulates of floating dosage forms consisting of small discrete units in which
the active substance is offered as a number of small independent subunits are less reliant on
gastric emptying, bringing about less inter and intra-subject variability in GI transit time.
Moreover, they are also well distributed and less likely to cause local irritation. Nowadays,
much emphasis is being laid on the development of multi particulate dosage forms rather than
single unit systems due to potential benefits of them such as increased bioavailability, reduced
risk of systemic toxicity, reduced risk of local irritation as well as predictable gastric emptying
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A number of factors that affect gastric emptying of a dosage form, such as density, size, and
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(e.g., atropine, propantheline), opiates (e.g., codeine), prokinetic agents (e.g., metoclopramide,
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cisapride), and biological factors like gender, posture, age, body mass index, and disease states
(e.g., diabetes, Crohn’s disease) could be controlled by these floating dosage forms providing
a more convenient medication therapy (SinghKim, 2000).

These systems are also appropriate for drugs which are locally active to the gastric mucosa in
the stomach, such as administration of metronidazole (MZ) as an antibiotic for H. pylori
eradication in the treatment of peptic ulcer disease (Murata et al., 2000; Rajinikanth et al.,
2007; RajinikanthMishra, 2007; RajinikanthMishra, 2008). Treatment of H. pylori infection by
topical administration of antimicrobial agents has been reported. In order to avoid the side
effects of standard triple therapy, Satoh used a technique of instilling a combination of bismuth
subnitrate, amoxicillin and metronidazole into the stomach via a naso-gastric tube for 1 hour.
He found that topical therapy was highly successful with high eradication rate of H. pylori and
none-ulcer dyspepsia as well. Although this local administration successfully avoids some of
the side effects of standard triple therapy, it is inconvenient and still complicated to patient
when compared to oral dosage delivery system (Satoh, 1996). Elsewhere, the hydrodynami‐
cally balanced delivery system of Clarithromycin was developed which, after oral adminis‐
tration had the ability of prolonged gastric residence time with the desired in vitro release
profile for the localized action in the stomach, in the treatment of H. pylori mediated peptic
ulcer. In this study, wet granulation technique was applied for preparing of floating tablets of
Clarithromycin. The proportion of sodium bicarbonate was varied to get the least possible lag
time, also the polymer part varied to get the desired release. The formulation that developed
using 66.2% Clarithromycin, 12% HPMC K4M polymer, 8% sodium bicarbonate gave floating
lag time less than 3 min with a floating time of 12 h, and an in vitro release profile very near to
the desired release. In vivo radiographic studies also suggested that the tablet had increased
gastric residence time for the effective localized action of the antibiotic (Clarithromycin) in the
treatment of H. pylori mediated peptic ulcer. The mechanism of release of Clarithromycin from
the floating tablets was anomalous diffusion transport and followed by zero order kinetics
(Nama, Gonugunta et al., 2008). In another study by Pornsak Sriamornsak, oil-entrapped
calcium pectinate gel floating beads were prepared using selected oils that were floated
immediately and remained floating for 24 hours. They concluded that this lasting intra-gastric
buoyancy of a controlled release dosage form may also provide a suitable manner to deliver
drugs that are locally active to the gastric mucosa in the stomach and, hence, achieve a site-
specific therapeutic action (e.g., antibiotic administration for H. pylori eradication in the
treatment of peptic ulcer disease (Sriamornsak et al., 2004). Then again, in another study
Sriamornsak et al. evaluated the effects of some variables on release behavior of metronidazole
from floating emulsion gel beads of calcium pectinate. They detected a notable prolongation
drug release profile by coating the beads with Eudragit or by hardening with glutaraldehyde,
whereas no clear effect on drug release was obtained using PEG10000, glyceryl monostearate
and Eudragit as additives in the formulations (Sriamornsak, Thirawong et al., 2004; Sriamorn‐
sak et al., 2005).

Considering the fact that prolongation of the local availability of the antibacterial agents show
positive effects of increasing in the effectiveness of H. pylori treatment ensuring a high drug
concentration in the gastric mucosa, we had tried to formulate metronidazole in floating
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pharmaceutical dosage forms to encounter higher concentrations of the antibacterial agent in
the gastric mucosa and clarify the mechanism of the release obtaining a general kinetic model
for drug release profiles. In our previously published papers, we had reported the use of two
different mechanisms in preparation of metronidazole floating matrix tablets including: A low
density producing agent (gas generating agent/porous agent) and hydrocolloid-forming
polymer(s) (Asnaashari et al., 2011). Carbonate acted as the gas generating agent when it came
into contact with an acidic environment of the stomach under fed condition which got
entrapped inside the system, producing bubbles, decreasing the density of the formulation.
Preparing a low-density system using calcium silicate a characteristically porous structure
with many pores and a large pore volume which forms a porous buoyant system (Jain et al.,
2005). The hydrocolloids such as HPMC, carbopol, psyllium in the metronidazole formulations
were hydrated and formed a colloid gel barrier that controled the rate of drug release, around
its surface with thickness growing by time and increasing of volume due to hydration that in
a bulk density less than 1 g/cm3 remaining buoyant on the gastric fluid. The established
suitable release metronidazole floating matrix tablets could ensure a more localized drug
concentration which might be useful for H. pylori eradication. In other survey, we had prepared
alginate beads of metronidazole employing gas generating and porous agents followed by
physicochemical evaluations for the prepared formulations (Javadzadeh et al., 2010). Alginates
due to their high biocompatibility and nontoxic nature in oral administration that also
demonstrate protective effect on the mucous membranes of the upper GI tract are a remarkable
natural polymers found in brown algae that have been studied for a variety of biomedical
applications. Sodium-Alginate beads (Na-Alg) have been developed in recent years as a unique
vehicle for drug delivery. Alginates, which are naturally substances, are found in brown algae
and can be considered as block polymers, which mainly consist of mannuronic acid (M),
guluronic acid (G) and mannuronic-guluronic (MG) blocks. Alginate is known to be nontoxic
when taken orally and also have protective effect on the mucous membranes of the upper
gastrointestinal tract. The alginate beads with the structure of spherical gels are taken shape
through dropwise addition of aqueous alginate solution to the aqueous solution containing
calcium ions and/or other di and polyvalent cations (10). The pH dependent reswelling
property of dried alginate beads let them to be administrated as controlled release system in
gastrointestinal tract. The drug release from pharmaceutical dosage forms is a major determi‐
nant in their biological effect, thus evaluation of drug release kinetic is of paramount impor‐
tance in the field. The findings of our study revealed high compatibility of the alginate beads
in achieving a suitable floating pharmaceutical dosage forms which could control metronida‐
zole release from the beads with a definite kinetic of drug release. Identifying drug release
kinetics of a drug which is an important variable in obtaining one or two physically meaningful
parameters in relating the drug release parameter with important parameters such as in vivo
drug bioavailability is of substantial value in pharmaceutical manufacturing.

Hence, developing an efficient floating dosage form is reliant to a better understanding of the
relation among the physiological properties of the GI tract, formulation variables and the
performance of these floating systems in vivo and clinical stages, leading to a superior floating
drug delivery system in special cases like H. pylori eradication.
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vehicle for drug delivery. Alginates, which are naturally substances, are found in brown algae
and can be considered as block polymers, which mainly consist of mannuronic acid (M),
guluronic acid (G) and mannuronic-guluronic (MG) blocks. Alginate is known to be nontoxic
when taken orally and also have protective effect on the mucous membranes of the upper
gastrointestinal tract. The alginate beads with the structure of spherical gels are taken shape
through dropwise addition of aqueous alginate solution to the aqueous solution containing
calcium ions and/or other di and polyvalent cations (10). The pH dependent reswelling
property of dried alginate beads let them to be administrated as controlled release system in
gastrointestinal tract. The drug release from pharmaceutical dosage forms is a major determi‐
nant in their biological effect, thus evaluation of drug release kinetic is of paramount impor‐
tance in the field. The findings of our study revealed high compatibility of the alginate beads
in achieving a suitable floating pharmaceutical dosage forms which could control metronida‐
zole release from the beads with a definite kinetic of drug release. Identifying drug release
kinetics of a drug which is an important variable in obtaining one or two physically meaningful
parameters in relating the drug release parameter with important parameters such as in vivo
drug bioavailability is of substantial value in pharmaceutical manufacturing.

Hence, developing an efficient floating dosage form is reliant to a better understanding of the
relation among the physiological properties of the GI tract, formulation variables and the
performance of these floating systems in vivo and clinical stages, leading to a superior floating
drug delivery system in special cases like H. pylori eradication.
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4. Conclusion

Overall, developing an efficient floating dosage form for H. pylori eradication could be
established by the combination of two buoyancy mechanisms, gas generating systems with
swellable polymers, being advantages in view point of obtaining an appropriate floating lag
time and duration of buoyancy which guarantees the optimum efficiency of the pharmaceut‐
ical dosage form. Nonetheless, further investigations may focus on the compatibility of the
mentioned concepts in the interplay of the pharmacokinetic and pharmacodynamic parame‐
ters in vivo and also in clinical aspect to provide the effectiveness of the floating drug delivery
systems in H. pylori eradication therapies.
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1. Introduction

1.1. General information

Helicobacter pylori  (H. pylori) is a spiral-shaped, Gram-negative, microaerophilic bacterium
inhabiting human gastric mucosa and playing an essential role in dyspepsia, gastritis, gastric
ulcer disease and duodenal ulcer disease [1-6]. Moreover, in 1994 the International Agency
for Research on Cancer of the World Health Organization (IARC/WHO) concluded that H.
pylori  is a class I carcinogen, involved in gastric cancer and mucosa-associated lymphoid
tissue (MALT) lymphoma [2, 7-11]. Furthermore, increasing number of studies showed the
association between H. pylori infections and pathogenesis of extragastric diseases. The most
convincing data appeared in case of iron-deficiency anemia (IDA) of unknown origin and
idiopathic thrombocytopenia purpura (ITP) [12].  Eradication of H. pylori  in IDA patients
resulted in  normalization of  hemoglobin level  while  in  ITP patients  lead to  a  favorable
platelet response [13].  Moreover,  the findings and ongoing research concerning H. pylori
infections suggest  its  association with other  diseases  such as:  heart  or  vascular  diseases
(ischemic heart disease, coronary artery disease, cardiac syndrome x), neurological diseases
(stroke, Alzheimer’s or Parkinson’s diseases) as well as obesity, diabetes mellitus, asthma
or diseases of oral mucosa [1, 14-18].
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distribution, and reproduction in any medium, provided the original work is properly cited.
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H. pylori infection is one of the most common bacterial infections, with the estimated prevalence
reaching 50% of the human population worldwide. Nevertheless, the occurrence of H. pylori
infections correlate with the socioeconomic status and are often reflected in their geographical
distribution. The frequency of this infection is markedly higher in the developing countries
(80-90%) rather than in the developed countries (<40%) [4]. In Europe the incidence of H.
pylori varies and can be associated with geographical location and the percentage of compa‐
triots of non-European origin [19]. Current studies show the declining trend in the prevalence
of H. pylori infections in developed countries such as Denmark or Czech Republic [20, 21],
while the frequency of this infection in Asia–Pacific region ranges from 15.5% in Australia,
71.7% in Shanghai China, to 94.3% in Eastern Siberia [6].

The Polish multi-center study performed between 2000 and 2003 revealed that the incidence
of H. pylori infections was 84% in adult patients [22], whereas our research, conducted in
southern Poland between 2009 and 2011, showed that the rate of H. pylori infection among
adults was 23% [23].

H. pylori has evolved numerous strategies for survival in the gastric niche (especially due to
the release of urease, an enzyme, which increases the pH value of the environment around the
bacterial cells) [24]. Furthermore, the clinical course of H. pylori infection depends from both
the bacterial virulence factors and the host susceptibility (e.g. diet, genetic predispositions,
degree of the immune response to infection) [3, 7, 25].

It was concluded that untreated H. pylori infection led to acid-related disorders of the digestive
system. Great majority of individuals colonized by H. pylori developed co-existing chronic
gastritis, which in subsets of patients could evolve to duodenal or gastric ulcer as well as gastric
cancer [7, 8, 26, 27]. Experiments performed in animal models (Mongolian gerbils) confirmed
the progressive sequence of lesions from chronic gastritis to gastric cancer by gastric atrophy,
intestinal metaplasia, and dysplasia [28]. Figure 1 illustrates the sequential steps of diseases
resulting from H. pylori infection.

H. pylori infection significantly enhances the risk of development of peptic ulcer disease (up
to 15 times) as well as gastric cancer (up to 6 times) [1, 7, 24]. Peptic ulcer disease (PUD) –
gastric and/or duodenal ulcer – develops in about 15% of H. pylori infected patients, whereas
the progression to neoplastic lesions may occur only in a small fraction of patients with H.
pylori infection. Gastric cancer arises in about 1-5% of patients and MALT cancer in <1% of
infected subjects [7, 8, 27, 29].

The information presented above highlights the importance of an effective treatment against
H. pylori. Furthermore, the increasing resistance of H. pylori to antibiotics/chemotherapeu‐
tics  currently used in empirical  therapy justifies  the need for continuous surveillance of
antibiotic resistance as well as compliance to guidelines of the European Helicobacter Study
Group (EHSG) [1].
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Figure 1. Sequential steps of diseases resulting from H. pylori infection (based on fig. 3 Konturek et. al J Physiol Phar‐
macol. 2009 [8]).

1.2. Virulence factors (VF)

The pathogenesis of H. pylori is determined by wide spectrum of virulence factors, which can
be divided into two major groups:

1. VF secreted into the bacterial extracellular environment (e.g. immunogenic protein CagA,
vacuolating cytotoxin VacA, secreted enzymes: urease, aliphatic amidase, catalase,
oxidase, superoxide dismutase, phospholipases, glycosulfatase and proteolitic enzymes).

2. VF associated with the bacterial surface (e.g. outer membrane proteins, adhesins, flagella,
LPS) [24, 25].

CagA. One of the most important H. pylori virulence factors is highly immunogenic protein
CagA. It is encoded by cytotoxin associated gene (cagA gene), which is located on the cag
pathogenicity island (cag PAI) and carried by 56-90% of H. pylori strains [8, 24, 29-32]. CagA
protein (after translocation into the host cells by the type IV cag secretion system) stimu‐
lates epithelial cells to produce the following cytokines: interleukin IL-8 (strong chemotac‐
tic factor and activator of inflammatory process on the mucous membrane), IL-6, IL-1β, and
tumor necrosis factor α (TNF-α; enhances the inflammatory process) [31, 33, 34] and is also
responsible for changes in the host cells such as proliferation, motility,  and polarity [25,

Empirical Versus Targeted Treatment of Helicobacter pylori Infections in Southern Poland According to...
http://dx.doi.org/10.5772/57387

323



H. pylori infection is one of the most common bacterial infections, with the estimated prevalence
reaching 50% of the human population worldwide. Nevertheless, the occurrence of H. pylori
infections correlate with the socioeconomic status and are often reflected in their geographical
distribution. The frequency of this infection is markedly higher in the developing countries
(80-90%) rather than in the developed countries (<40%) [4]. In Europe the incidence of H.
pylori varies and can be associated with geographical location and the percentage of compa‐
triots of non-European origin [19]. Current studies show the declining trend in the prevalence
of H. pylori infections in developed countries such as Denmark or Czech Republic [20, 21],
while the frequency of this infection in Asia–Pacific region ranges from 15.5% in Australia,
71.7% in Shanghai China, to 94.3% in Eastern Siberia [6].

The Polish multi-center study performed between 2000 and 2003 revealed that the incidence
of H. pylori infections was 84% in adult patients [22], whereas our research, conducted in
southern Poland between 2009 and 2011, showed that the rate of H. pylori infection among
adults was 23% [23].

H. pylori has evolved numerous strategies for survival in the gastric niche (especially due to
the release of urease, an enzyme, which increases the pH value of the environment around the
bacterial cells) [24]. Furthermore, the clinical course of H. pylori infection depends from both
the bacterial virulence factors and the host susceptibility (e.g. diet, genetic predispositions,
degree of the immune response to infection) [3, 7, 25].

It was concluded that untreated H. pylori infection led to acid-related disorders of the digestive
system. Great majority of individuals colonized by H. pylori developed co-existing chronic
gastritis, which in subsets of patients could evolve to duodenal or gastric ulcer as well as gastric
cancer [7, 8, 26, 27]. Experiments performed in animal models (Mongolian gerbils) confirmed
the progressive sequence of lesions from chronic gastritis to gastric cancer by gastric atrophy,
intestinal metaplasia, and dysplasia [28]. Figure 1 illustrates the sequential steps of diseases
resulting from H. pylori infection.

H. pylori infection significantly enhances the risk of development of peptic ulcer disease (up
to 15 times) as well as gastric cancer (up to 6 times) [1, 7, 24]. Peptic ulcer disease (PUD) –
gastric and/or duodenal ulcer – develops in about 15% of H. pylori infected patients, whereas
the progression to neoplastic lesions may occur only in a small fraction of patients with H.
pylori infection. Gastric cancer arises in about 1-5% of patients and MALT cancer in <1% of
infected subjects [7, 8, 27, 29].

The information presented above highlights the importance of an effective treatment against
H. pylori. Furthermore, the increasing resistance of H. pylori to antibiotics/chemotherapeu‐
tics  currently used in empirical  therapy justifies  the need for continuous surveillance of
antibiotic resistance as well as compliance to guidelines of the European Helicobacter Study
Group (EHSG) [1].

Trends in Helicobacter pylori Infection322

Figure 1. Sequential steps of diseases resulting from H. pylori infection (based on fig. 3 Konturek et. al J Physiol Phar‐
macol. 2009 [8]).

1.2. Virulence factors (VF)

The pathogenesis of H. pylori is determined by wide spectrum of virulence factors, which can
be divided into two major groups:

1. VF secreted into the bacterial extracellular environment (e.g. immunogenic protein CagA,
vacuolating cytotoxin VacA, secreted enzymes: urease, aliphatic amidase, catalase,
oxidase, superoxide dismutase, phospholipases, glycosulfatase and proteolitic enzymes).

2. VF associated with the bacterial surface (e.g. outer membrane proteins, adhesins, flagella,
LPS) [24, 25].

CagA. One of the most important H. pylori virulence factors is highly immunogenic protein
CagA. It is encoded by cytotoxin associated gene (cagA gene), which is located on the cag
pathogenicity island (cag PAI) and carried by 56-90% of H. pylori strains [8, 24, 29-32]. CagA
protein (after translocation into the host cells by the type IV cag secretion system) stimu‐
lates epithelial cells to produce the following cytokines: interleukin IL-8 (strong chemotac‐
tic factor and activator of inflammatory process on the mucous membrane), IL-6, IL-1β, and
tumor necrosis factor α (TNF-α; enhances the inflammatory process) [31, 33, 34] and is also
responsible for changes in the host cells such as proliferation, motility,  and polarity [25,

Empirical Versus Targeted Treatment of Helicobacter pylori Infections in Southern Poland According to...
http://dx.doi.org/10.5772/57387

323



35].  Patients  infected  with  cagA  positive  strains  usually  exhibit  a  higher  inflammatory
response and are at a higher risk of developing gastric ulcer disease, atrophic gastritis, or
gastric cancer [3, 8, 24, 36, 37].

VacA. Another major H. pylori virulence determinant is vacuolating cytotoxin A (VacA). This
protein is involved in various mechanisms of programmed cell death (including apoptosis and
necrosis) in the target host cells [38]. While VacA encoding gene (vacA) occurs in almost all H.
pylori strains, only approximately 50% of isolates express active protein. Moreover, variations
in the vacA gene structure considering signal (s) as well as middle (m) region result in
differences in vacuolating activity of this cytotoxin [7, 8, 24, 34, 39]. H. pylori strains carrying
s1/m1 allelic form of vacA gene have higher vacuolating activity than isolates with s1/m2 or
s2/m1 alleles. Furthermore, polymorphisms among the vacA signal region (s1, s1a, s1b, s2) and
middle region (m1, m2) are also correlated with the intensity of inflammation process and the
severity of gastric epithelial cell injury, respectively. While strains possessing vacA s1a
genotype cause stronger inflammation process than isolates carrying vacA s1b or vacA s2
genotype, the strains harboring vacA m1 genotype cause more severe gastric epithelial cell
injury than the vacA m2 strains [34, 40]. Moreover, the infection with H. pylori strains possessing
vacA s1/m1 allele is strongly associated with peptic ulcer disease and gastric cancer [7, 40]. A
third polymorphic determinant of vacuolating activity of vacA gene was described in mid
region and termed the intermediate (i), but its role in the pathogenesis of H. pylori infection
remains debatable [41].

H. pylori is described as one of the most important risk factors contributing to the development
of gastric cancer in more than 50% of cases, while CagA and VacA as major virulence deter‐
minants play an important role in this process [2, 7, 8]. Due to the presence/absence of CagA
and VacA, H. pylori strains were divided into two types: type I (possessing cagA gene and
expressing vacuolating cytotoxin) and type II (lacking the cagA gene and with no expression
of vacuolating cytotoxin). Strains belonging to the type I (CagA+, VacA+ phenotype) are more
virulent, as their infections are associated with increased risk of peptic ulcer disease and gastric
cancer. Strains of the type II (CagA-, VacA- phenotype) are less virulent. Furthermore, an
intermediate type of H. pylori strain has been described. Isolates belonging to this group have
independent expression of CagA and VacA cytotoxins and represent a moderate level of
virulence [24, 34, 42].

Urease and aliphatic amidase. Remarkable capacity of H. pylori to colonize highly acidic
environment of stomach is mostly attributed to the production of urease. This enzyme
hydrolyzes urea (to ammonia and carbon dioxide), which results in an increase of pH value
in the environment surrounding the bacterium. A similar effect is produced by aliphatic
amidase, which also contributes to the pH value of the gastric environment [43]. Furthermore,
ammonia which is the product of enzymatic hydrolysis of urea, shows toxicity against
epithelial cells [24, 25, 32].

Other pathogenic enzymes.H. pylori produces many other groups of enzymes responsible for
the pathogenesis. While catalase, oxidase, and superoxide dismutase play a role in protecting
the bacterial cells from phagocytosis, phospholipase A2, phospholipases C, and glycosulfatase
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damage the cells of the mucous membrane [44-48]. Furthermore, H. pylori secretes numerous
proteolytic enzymes responsible for the gastric mucus degradation [49].

Adhesins. Adherence of H. pylori to the host cell receptors triggers cellular changes, which
include signal transduction cascades, leading to infiltration of inflammatory cells and to
persistence of the organism. H. pylori adhesins are proteins, glycoconjugates, or lipids, which
are involved in the initial stages of colonization by mediating the interactions between the
bacterium and the host cell surface (AlpA, AlpB, BabA, Hsp60, Hsp70, LPS core, LPS O antigen
(Lewis X), Nap) [8, 50, 51].

Outer membrane proteins. Outer inflammatory protein (OipA) is an outer membrane
inflammatory-related protein significantly associated with the development of duodenal
ulcers and gastric cancer. OipA plays an important role in induction of the mucosal cytokines
and in gastric mucosal inflammation [7, 8, 36]. The outer membrane proteins contributing to
the adherence of H. pylori are represented by: SabA, AlpAB [32, 36].

Flagella.H. pylori possess up to 6 unipolar flagella composed of two proteins: FlaA and FlaB
[24, 52]. Due to the flagella, H. pylori is motile and can move within stomach niche between
regions of low pH value to regions with higher pH value, which is more hospitable for these
bacteria [8, 53]. The motility is also necessary for the successful colonization of the stomach
mucosa [52].

LPS. Lipopolysaccharide of H. pylori is a unique and a potent immunogen. LPS of H. pylori
contains O-antigen structures, which resemble human glycosphingolipids due to the presence
of common host carbohydrate residues [54]. LPS contains structures like Lewis X and Lewis
Y antigens, which are similar to antigens of human blood groups, which occur also in the
human gastric epithelium. Due to molecular mimicry, bacteria are able to escape the host
immune response. Moreover, the specific structure of H. pylori LPS is crucial for the adhesion
to epithelial cells and colonization process of the human stomach by H. pylori [24, 54, 55].

While in the majority of people H. pylori colonization is asymptomatic, long-term carriage
significantly increases the risk of development of site-specific diseases [7, 8, 34, 36]. It was also
concluded that untreated H. pylori infection may lead to serious implications such as gastritis,
gastric ulcer disease and gastric cancer, therefore it is crucial to provide effective treatment.
Moreover, it was proved that introduction of early effective treatment of H. pylori infection in
cases of peptic ulcer disease can prevent these patients from developing gastric cancer [1, 26].

1.3. Treatment guidelines

Several recommendations concerning diagnosis and treatment regimen were issued as the
infection treatment is often unsuccessful. The first guidelines on diagnostic and therapeutic
approaches for the H. pylori infection were issued in the United States of America. The second
recommendations were introduced by Polish Society of Gastroenterology Helicobacter pylori
Working Group (PSG-E/HPWG) in 1996. The next guidelines of the PSG-E/HPWG on diag‐
nostic and therapeutic approaches for the H. pylori infection were issued in 2000, 2004 and 2008
[22, 56, 57]. The European Helicobacter Study Group (EHSG) took the initiative of introducing
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s2/m1 alleles. Furthermore, polymorphisms among the vacA signal region (s1, s1a, s1b, s2) and
middle region (m1, m2) are also correlated with the intensity of inflammation process and the
severity of gastric epithelial cell injury, respectively. While strains possessing vacA s1a
genotype cause stronger inflammation process than isolates carrying vacA s1b or vacA s2
genotype, the strains harboring vacA m1 genotype cause more severe gastric epithelial cell
injury than the vacA m2 strains [34, 40]. Moreover, the infection with H. pylori strains possessing
vacA s1/m1 allele is strongly associated with peptic ulcer disease and gastric cancer [7, 40]. A
third polymorphic determinant of vacuolating activity of vacA gene was described in mid
region and termed the intermediate (i), but its role in the pathogenesis of H. pylori infection
remains debatable [41].

H. pylori is described as one of the most important risk factors contributing to the development
of gastric cancer in more than 50% of cases, while CagA and VacA as major virulence deter‐
minants play an important role in this process [2, 7, 8]. Due to the presence/absence of CagA
and VacA, H. pylori strains were divided into two types: type I (possessing cagA gene and
expressing vacuolating cytotoxin) and type II (lacking the cagA gene and with no expression
of vacuolating cytotoxin). Strains belonging to the type I (CagA+, VacA+ phenotype) are more
virulent, as their infections are associated with increased risk of peptic ulcer disease and gastric
cancer. Strains of the type II (CagA-, VacA- phenotype) are less virulent. Furthermore, an
intermediate type of H. pylori strain has been described. Isolates belonging to this group have
independent expression of CagA and VacA cytotoxins and represent a moderate level of
virulence [24, 34, 42].

Urease and aliphatic amidase. Remarkable capacity of H. pylori to colonize highly acidic
environment of stomach is mostly attributed to the production of urease. This enzyme
hydrolyzes urea (to ammonia and carbon dioxide), which results in an increase of pH value
in the environment surrounding the bacterium. A similar effect is produced by aliphatic
amidase, which also contributes to the pH value of the gastric environment [43]. Furthermore,
ammonia which is the product of enzymatic hydrolysis of urea, shows toxicity against
epithelial cells [24, 25, 32].

Other pathogenic enzymes.H. pylori produces many other groups of enzymes responsible for
the pathogenesis. While catalase, oxidase, and superoxide dismutase play a role in protecting
the bacterial cells from phagocytosis, phospholipase A2, phospholipases C, and glycosulfatase
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damage the cells of the mucous membrane [44-48]. Furthermore, H. pylori secretes numerous
proteolytic enzymes responsible for the gastric mucus degradation [49].

Adhesins. Adherence of H. pylori to the host cell receptors triggers cellular changes, which
include signal transduction cascades, leading to infiltration of inflammatory cells and to
persistence of the organism. H. pylori adhesins are proteins, glycoconjugates, or lipids, which
are involved in the initial stages of colonization by mediating the interactions between the
bacterium and the host cell surface (AlpA, AlpB, BabA, Hsp60, Hsp70, LPS core, LPS O antigen
(Lewis X), Nap) [8, 50, 51].

Outer membrane proteins. Outer inflammatory protein (OipA) is an outer membrane
inflammatory-related protein significantly associated with the development of duodenal
ulcers and gastric cancer. OipA plays an important role in induction of the mucosal cytokines
and in gastric mucosal inflammation [7, 8, 36]. The outer membrane proteins contributing to
the adherence of H. pylori are represented by: SabA, AlpAB [32, 36].

Flagella.H. pylori possess up to 6 unipolar flagella composed of two proteins: FlaA and FlaB
[24, 52]. Due to the flagella, H. pylori is motile and can move within stomach niche between
regions of low pH value to regions with higher pH value, which is more hospitable for these
bacteria [8, 53]. The motility is also necessary for the successful colonization of the stomach
mucosa [52].

LPS. Lipopolysaccharide of H. pylori is a unique and a potent immunogen. LPS of H. pylori
contains O-antigen structures, which resemble human glycosphingolipids due to the presence
of common host carbohydrate residues [54]. LPS contains structures like Lewis X and Lewis
Y antigens, which are similar to antigens of human blood groups, which occur also in the
human gastric epithelium. Due to molecular mimicry, bacteria are able to escape the host
immune response. Moreover, the specific structure of H. pylori LPS is crucial for the adhesion
to epithelial cells and colonization process of the human stomach by H. pylori [24, 54, 55].

While in the majority of people H. pylori colonization is asymptomatic, long-term carriage
significantly increases the risk of development of site-specific diseases [7, 8, 34, 36]. It was also
concluded that untreated H. pylori infection may lead to serious implications such as gastritis,
gastric ulcer disease and gastric cancer, therefore it is crucial to provide effective treatment.
Moreover, it was proved that introduction of early effective treatment of H. pylori infection in
cases of peptic ulcer disease can prevent these patients from developing gastric cancer [1, 26].

1.3. Treatment guidelines

Several recommendations concerning diagnosis and treatment regimen were issued as the
infection treatment is often unsuccessful. The first guidelines on diagnostic and therapeutic
approaches for the H. pylori infection were issued in the United States of America. The second
recommendations were introduced by Polish Society of Gastroenterology Helicobacter pylori
Working Group (PSG-E/HPWG) in 1996. The next guidelines of the PSG-E/HPWG on diag‐
nostic and therapeutic approaches for the H. pylori infection were issued in 2000, 2004 and 2008
[22, 56, 57]. The European Helicobacter Study Group (EHSG) took the initiative of introducing
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recommendations for the clinical management of H pylori infection in 1996 in Maastricht and
since then four consensus reports have been issued (1997, 2000, 2005, 2012) [1, 5, 58, 59].

Recommendations for the management of H. pylori infection are constantly evolving along
with the development of knowledge concerning this bacterium and its infections [1]. Current
guidelines on the management of H. pylori infections were produced by EHSG in 2012
(Maastricht IV/Florence Consensus Report) and should be introduced in the management of
this infection in European countries. Despite that fact, the recent Polish recommendations
issued in 2008 still support the Third Maastricht Consensus Report (2005). Nevertheless, the
new Polish guidelines are under development and will be issued in the near future.

The European Helicobacter Study Group and the Polish Society of Gastroenterology recom‐
mend therapeutic regimens, which include three types of drugs: 1) antisecretory (proton pump
inhibitors (PPI)), 2) cytoprotectants (drugs containing bismuth salts), and 3) antibiotics/
chemotherapeutics (clarithromycin, amoxicillin, metronidazole, tetracycline, levofloxacin, and
rifabutin) [1, 22].

The treatment regimens of H. pylori infections according to the PSG-E guidelines (2008) [22]
are presented in Table 1.

Treatment strategy Time of treatment

The First-Line Treatment (one of the following):

PPI, amoxicillin (1000 mg) and metronidazole (500 mg) twice a day

10–14 daysPPI, clarithromycin (500 mg), and metronidazole (500 mg) twice a day

PPI, amoxicillin (500 mg), and clarithromycin (500 mg) twice a day

The Second-Line Treatment (one of the following):

PPI, amoxicillin (1000 mg), and metronidazole (500 mg) twice a day and tetracycline (250

mg) three times a day
10–14 days

PPI, amoxicillin (1000 mg), and metronidazole (500 mg) twice a day and bismuth salts (120

mg) four times a day

The Third-Line Treatment:

Evaluation of the susceptibility of the strains to the currently used antimicrobial agents:

amoxicillin, metronidazole, clarithromycin, and tetracycline 14 days

(prolonged if the previous

treatments were shorter)
Possible introduction of levofloxacin

Adding a probiotic

Table 1. Proposed strategy of the first, second and third – line treatment of H. pylori infection (table based on the
guidelines of PSG-E Consensus Report, 2008 [22])

According to the Maastricht IV/Florence Consensus Report guidelines, the treatment regimen
should be selected according to the areas of low (<20%) and high (>20%) clarithromycin
resistance, to provide the most effective therapy. Figure 2 presents the current EHSG guide‐
lines.
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PPI – proton pump inhibitor, CH – clarithromycin, MZ – metronidazole, AC – amoxicillin, LE – levofloxacin
Bismuth quadruple therapy: PPI, bismuth, metronidazole, and tetracycline (10 days)
Non-bismuth quadruple sequential therapy: 5-day period with PPI, amoxicillin, followed by 5-day period with PPI,
clarithromycin, and metronidazole (or tinidazole)
Non-bismuth quadruple concomitant therapy: clarithromycin, amoxicillin, and metronidazole + PPI (10-14 days)

Figure 2. Treatment schemes of Helicobacter pylori infection considering the regions of low and high prevalence of
clarithromycin-resistant strains (based on the Maastrich/Florence IV Consensus Report) [1].

In regions with high prevalence of resistance to clarithromycin (>20%), it is recommended
to abandon clarithromycin in the empirical treatment of H. pylori infections, if the antibiotic
susceptibility cannot be tested. As the first line empirical treatment, the bismuth–containing
quadruple therapy is recommended. If the bismuth salts are not available in certain countries
(e.g. Poland), then non-bismuth quadruple therapies (sequential or concomitant) could be
prescribed. Non-bismuth quadruple sequential therapy consists of 5-days of PPI plus amoxi‐
cillin, followed by 5-day period with PPI, clarithromycin, and metronidazole (or tinidazole),
whereas non-bismuth quadruple concomitant therapy comprises simultaneous use of clari‐
thromycin, amoxicillin, metronidazole, and PPI for 10-14 days. Although both non-bismuth
quadruple therapies contain clarithromycin, these regimens could be applied only as targeted
therapy based on testing of the bacterial susceptibility to clarithromycin. In regions, where
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recommendations for the clinical management of H pylori infection in 1996 in Maastricht and
since then four consensus reports have been issued (1997, 2000, 2005, 2012) [1, 5, 58, 59].

Recommendations for the management of H. pylori infection are constantly evolving along
with the development of knowledge concerning this bacterium and its infections [1]. Current
guidelines on the management of H. pylori infections were produced by EHSG in 2012
(Maastricht IV/Florence Consensus Report) and should be introduced in the management of
this infection in European countries. Despite that fact, the recent Polish recommendations
issued in 2008 still support the Third Maastricht Consensus Report (2005). Nevertheless, the
new Polish guidelines are under development and will be issued in the near future.

The European Helicobacter Study Group and the Polish Society of Gastroenterology recom‐
mend therapeutic regimens, which include three types of drugs: 1) antisecretory (proton pump
inhibitors (PPI)), 2) cytoprotectants (drugs containing bismuth salts), and 3) antibiotics/
chemotherapeutics (clarithromycin, amoxicillin, metronidazole, tetracycline, levofloxacin, and
rifabutin) [1, 22].

The treatment regimens of H. pylori infections according to the PSG-E guidelines (2008) [22]
are presented in Table 1.

Treatment strategy Time of treatment

The First-Line Treatment (one of the following):

PPI, amoxicillin (1000 mg) and metronidazole (500 mg) twice a day

10–14 daysPPI, clarithromycin (500 mg), and metronidazole (500 mg) twice a day

PPI, amoxicillin (500 mg), and clarithromycin (500 mg) twice a day

The Second-Line Treatment (one of the following):

PPI, amoxicillin (1000 mg), and metronidazole (500 mg) twice a day and tetracycline (250

mg) three times a day
10–14 days

PPI, amoxicillin (1000 mg), and metronidazole (500 mg) twice a day and bismuth salts (120

mg) four times a day

The Third-Line Treatment:

Evaluation of the susceptibility of the strains to the currently used antimicrobial agents:

amoxicillin, metronidazole, clarithromycin, and tetracycline 14 days

(prolonged if the previous

treatments were shorter)
Possible introduction of levofloxacin

Adding a probiotic

Table 1. Proposed strategy of the first, second and third – line treatment of H. pylori infection (table based on the
guidelines of PSG-E Consensus Report, 2008 [22])

According to the Maastricht IV/Florence Consensus Report guidelines, the treatment regimen
should be selected according to the areas of low (<20%) and high (>20%) clarithromycin
resistance, to provide the most effective therapy. Figure 2 presents the current EHSG guide‐
lines.
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PPI – proton pump inhibitor, CH – clarithromycin, MZ – metronidazole, AC – amoxicillin, LE – levofloxacin
Bismuth quadruple therapy: PPI, bismuth, metronidazole, and tetracycline (10 days)
Non-bismuth quadruple sequential therapy: 5-day period with PPI, amoxicillin, followed by 5-day period with PPI,
clarithromycin, and metronidazole (or tinidazole)
Non-bismuth quadruple concomitant therapy: clarithromycin, amoxicillin, and metronidazole + PPI (10-14 days)

Figure 2. Treatment schemes of Helicobacter pylori infection considering the regions of low and high prevalence of
clarithromycin-resistant strains (based on the Maastrich/Florence IV Consensus Report) [1].

In regions with high prevalence of resistance to clarithromycin (>20%), it is recommended
to abandon clarithromycin in the empirical treatment of H. pylori infections, if the antibiotic
susceptibility cannot be tested. As the first line empirical treatment, the bismuth–containing
quadruple therapy is recommended. If the bismuth salts are not available in certain countries
(e.g. Poland), then non-bismuth quadruple therapies (sequential or concomitant) could be
prescribed. Non-bismuth quadruple sequential therapy consists of 5-days of PPI plus amoxi‐
cillin, followed by 5-day period with PPI, clarithromycin, and metronidazole (or tinidazole),
whereas non-bismuth quadruple concomitant therapy comprises simultaneous use of clari‐
thromycin, amoxicillin, metronidazole, and PPI for 10-14 days. Although both non-bismuth
quadruple therapies contain clarithromycin, these regimens could be applied only as targeted
therapy based on testing of the bacterial susceptibility to clarithromycin. In regions, where
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bismuth salts are not available and high clarithromycin resistance occurs, targeted therapy
with clarithromycin seems to be the best option.

After failure of the first line treatment, the second line treatment regimen with PPI, levoflox‐
acin, and amoxicillin should be prescribed. It should be emphasized that levofloxacin cannot
be used in patients with chronic bronchitis or pneumonia, who may have taken fluoroquino‐
lones, hence it is recommended to perform susceptibility testing to levofloxacin. Moreover,
increasing resistance rate to antimicrobial agents should be taken into account [1], for instance
in Poland we noted an increasing resistance rate to levofloxacin [23]. Susceptibility testing
conducted before treatment, can protect against increasing resistance rate.

If the second line regimen failed, a third line treatment based on antimicrobial susceptibility
testing should be introduced. If susceptibility testing is not available, the empirical third line
regimen should contain antimicrobials not used previously. Except for the drugs already
mentioned, rifabutin is a therapeutic option (its use is limited to mycobacterial infections) [1].

Taking into account the EHSG recommendations, the rationale is to perform susceptibility
testing whenever possible to prevent the increase of drug resistance, especially in regions
where the resistance to clarithromycin is high.

1.4. Antimicrobial agents and bacterial resistance

Recent data show that combination of standard therapeutic strategies have lost some efficacy.
This fact is attributed to increasing antimicrobial resistance of H. pylori strains.

Clarithromycin. Among antimicrobial agents used in the treatment of H. pylori infections,
clarithromycin was considered to be one of the most effective drugs; nonetheless emergence
of clarithromycin resistance became the major risk factor of the treatment failure. In susceptible
strains, the eradication rates amounted to 87.7%, whereas in resistant strains the rates de‐
creased to 18.3% [5]. One of the most significant factors contributing to clarithromycin
resistance is the extensive use of macrolides, particularly in the treatment of upper and lower
respiratory tract infections in children [60]. Furthermore, studies conducted between 2001 and
2008 in 18 European countries confirmed the correlation between antibiotic resistance of H.
pylori strains and outpatient antibiotic consumption in adults. According to this multi-center
study, H. pylori clarithromycin resistance rates in Europe amounted to 17.5% and were
considerably higher in western/central and southern Europe (>20%) than in the northern
European countries (<10%) [61]. In Poland, the prevalence of H. pylori resistance to clarithro‐
mycin was 28% (data published by PSG-E) [22]. Nevertheless, according to our recent study
conducted in the years 2006-2008 and 2009-2011, resistance of H. pylori strains isolated in
southern Poland was also high and amounted to 34% and 22%, respectively [23, 62].

The major mechanism responsible for H. pylori clarithromycin resistance is associated with the
decrease in the binding of the antibiotic to the ribosome which is caused by the occurrence of
the point mutations within the peptidyltransferase-encoding region of 23S rRNA. The most
frequently reported point mutation is A-G transition at position 2143 (A2143G), which occurs
in 69.8% of H. pylori strains resistant to clarithromycin, while the less common mutations are
represented by A2142G and A2143C. Furthermore, other mutations, such as A2115G, G2141A,
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C2147G, T2190C, C2195T, A2223G, and C2694A, might also be associated with clarithromycin
resistance. Molecular assays have a significant impact on improving the availability and
accuracy of the data concerning H. pylori clarithromycin resistance, resulting in faster and
better selection of effective therapy [60, 63].

Metronidazole. Another antimicrobial agent, recommended in the therapy of H. pylori
infection is metronidazole. Metronidazole has a higher resistance rate than clarithromycin, but
it is of secondary importance and can be partly overcome. Treatment with this antimicrobial
agent is effective, however, with the exception of the regions where metronidazole resistance
reaches 40%. The resistance of H. pylori strains to metronidazole amounted to 34.9%, in Europe
[5, 61]. In Poland, the resistance rate to metronidazole is higher (46%), according to PSG-E data
(2008) [22], whereas in southern Poland, according to our recent study, it is 44% [62].

Common use of metronidazole in parasitic as well as gynecological diseases results in high
resistance rates of H. pylori strains isolated from both tropical residents and female patients
and contributes to overall resistance of the bacterium population [60].

Mechanism of metronidazole resistance in H. pylori is not completely understood and,
according to some authors, it is related to mutations in rdxA (which encodes an oxygen-
insensitive NADPH nitroreductase) and frxA genes (which encode NADPH flavin oxidore‐
ductase) [60, 64].

Levofloxacin. Levofloxacin is another antimicrobial agent recommended in H. pylori treat‐
ment, however rapid acquisition of levofloxacin resistance may contribute to the reduction of
its future efficiency. In Europe, the resistance rate of H. pylori to levofloxacin amounted to
14.4% between 2001 and 2008. Increasing rates of quinolone resistance are attributed to
frequent use of these agents in the therapy of the respiratory and urinary tract infections. While
in countries with lower quinolone consumption (e.g. Norway) the resistance rate of H. pylori
strains remains lower, in countries with high use of quinolones (e.g. Italy) the resistance rate
is higher [61]. According to data published by PSG-E, the population of H. pylori strains in
Poland is susceptible to ciprofloxacin [22]. Nevertheless, we reported that levofloxacin
resistance rate in southern Poland amounted to 16% in 2011 and in comparison with previous
years, the figure had grown [23].

The resistance to fluoroquinolones in H. pylori strains is due to the point mutations occurring
in gyrA gene at the 87 and 91 positions. Furthermore, some studies revealed a correlation
between the resistance to levofloxacin and norfloxacin and the point mutation in the position
463 of gyrB gene [60, 65].

Amoxicillin and Tetracycline. According to current surveys, the resistance to amoxicillin as
well as tetracycline is either very low or even absent, indicating their present clinical irrele‐
vance. While amoxicillin resistance is most likely associated with mutational changes in the
penicillin-binding encoding gene (pbpD), the tetracycline resistance is based on changes in
three nucleotides in the 16S rRNA (AGA 926-928→TTC) [22, 60, 62].

Rifabutin. Rifabutin is one of the antimicrobial agents recommended as an alternative in the
third line treatment, after two treatment failures. Prevalence of H. pylori resistance to this
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bismuth salts are not available and high clarithromycin resistance occurs, targeted therapy
with clarithromycin seems to be the best option.

After failure of the first line treatment, the second line treatment regimen with PPI, levoflox‐
acin, and amoxicillin should be prescribed. It should be emphasized that levofloxacin cannot
be used in patients with chronic bronchitis or pneumonia, who may have taken fluoroquino‐
lones, hence it is recommended to perform susceptibility testing to levofloxacin. Moreover,
increasing resistance rate to antimicrobial agents should be taken into account [1], for instance
in Poland we noted an increasing resistance rate to levofloxacin [23]. Susceptibility testing
conducted before treatment, can protect against increasing resistance rate.

If the second line regimen failed, a third line treatment based on antimicrobial susceptibility
testing should be introduced. If susceptibility testing is not available, the empirical third line
regimen should contain antimicrobials not used previously. Except for the drugs already
mentioned, rifabutin is a therapeutic option (its use is limited to mycobacterial infections) [1].

Taking into account the EHSG recommendations, the rationale is to perform susceptibility
testing whenever possible to prevent the increase of drug resistance, especially in regions
where the resistance to clarithromycin is high.

1.4. Antimicrobial agents and bacterial resistance

Recent data show that combination of standard therapeutic strategies have lost some efficacy.
This fact is attributed to increasing antimicrobial resistance of H. pylori strains.

Clarithromycin. Among antimicrobial agents used in the treatment of H. pylori infections,
clarithromycin was considered to be one of the most effective drugs; nonetheless emergence
of clarithromycin resistance became the major risk factor of the treatment failure. In susceptible
strains, the eradication rates amounted to 87.7%, whereas in resistant strains the rates de‐
creased to 18.3% [5]. One of the most significant factors contributing to clarithromycin
resistance is the extensive use of macrolides, particularly in the treatment of upper and lower
respiratory tract infections in children [60]. Furthermore, studies conducted between 2001 and
2008 in 18 European countries confirmed the correlation between antibiotic resistance of H.
pylori strains and outpatient antibiotic consumption in adults. According to this multi-center
study, H. pylori clarithromycin resistance rates in Europe amounted to 17.5% and were
considerably higher in western/central and southern Europe (>20%) than in the northern
European countries (<10%) [61]. In Poland, the prevalence of H. pylori resistance to clarithro‐
mycin was 28% (data published by PSG-E) [22]. Nevertheless, according to our recent study
conducted in the years 2006-2008 and 2009-2011, resistance of H. pylori strains isolated in
southern Poland was also high and amounted to 34% and 22%, respectively [23, 62].

The major mechanism responsible for H. pylori clarithromycin resistance is associated with the
decrease in the binding of the antibiotic to the ribosome which is caused by the occurrence of
the point mutations within the peptidyltransferase-encoding region of 23S rRNA. The most
frequently reported point mutation is A-G transition at position 2143 (A2143G), which occurs
in 69.8% of H. pylori strains resistant to clarithromycin, while the less common mutations are
represented by A2142G and A2143C. Furthermore, other mutations, such as A2115G, G2141A,
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C2147G, T2190C, C2195T, A2223G, and C2694A, might also be associated with clarithromycin
resistance. Molecular assays have a significant impact on improving the availability and
accuracy of the data concerning H. pylori clarithromycin resistance, resulting in faster and
better selection of effective therapy [60, 63].

Metronidazole. Another antimicrobial agent, recommended in the therapy of H. pylori
infection is metronidazole. Metronidazole has a higher resistance rate than clarithromycin, but
it is of secondary importance and can be partly overcome. Treatment with this antimicrobial
agent is effective, however, with the exception of the regions where metronidazole resistance
reaches 40%. The resistance of H. pylori strains to metronidazole amounted to 34.9%, in Europe
[5, 61]. In Poland, the resistance rate to metronidazole is higher (46%), according to PSG-E data
(2008) [22], whereas in southern Poland, according to our recent study, it is 44% [62].

Common use of metronidazole in parasitic as well as gynecological diseases results in high
resistance rates of H. pylori strains isolated from both tropical residents and female patients
and contributes to overall resistance of the bacterium population [60].

Mechanism of metronidazole resistance in H. pylori is not completely understood and,
according to some authors, it is related to mutations in rdxA (which encodes an oxygen-
insensitive NADPH nitroreductase) and frxA genes (which encode NADPH flavin oxidore‐
ductase) [60, 64].

Levofloxacin. Levofloxacin is another antimicrobial agent recommended in H. pylori treat‐
ment, however rapid acquisition of levofloxacin resistance may contribute to the reduction of
its future efficiency. In Europe, the resistance rate of H. pylori to levofloxacin amounted to
14.4% between 2001 and 2008. Increasing rates of quinolone resistance are attributed to
frequent use of these agents in the therapy of the respiratory and urinary tract infections. While
in countries with lower quinolone consumption (e.g. Norway) the resistance rate of H. pylori
strains remains lower, in countries with high use of quinolones (e.g. Italy) the resistance rate
is higher [61]. According to data published by PSG-E, the population of H. pylori strains in
Poland is susceptible to ciprofloxacin [22]. Nevertheless, we reported that levofloxacin
resistance rate in southern Poland amounted to 16% in 2011 and in comparison with previous
years, the figure had grown [23].

The resistance to fluoroquinolones in H. pylori strains is due to the point mutations occurring
in gyrA gene at the 87 and 91 positions. Furthermore, some studies revealed a correlation
between the resistance to levofloxacin and norfloxacin and the point mutation in the position
463 of gyrB gene [60, 65].

Amoxicillin and Tetracycline. According to current surveys, the resistance to amoxicillin as
well as tetracycline is either very low or even absent, indicating their present clinical irrele‐
vance. While amoxicillin resistance is most likely associated with mutational changes in the
penicillin-binding encoding gene (pbpD), the tetracycline resistance is based on changes in
three nucleotides in the 16S rRNA (AGA 926-928→TTC) [22, 60, 62].

Rifabutin. Rifabutin is one of the antimicrobial agents recommended as an alternative in the
third line treatment, after two treatment failures. Prevalence of H. pylori resistance to this
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antibiotic is not well known but it is presumed to be very low, because its use is limited to
mycobacterial infection [1]. Moreover, rifabutin is very expensive and causes adverse events
like leukopenia, thrombocytopenia or clinically important impairment of liver functions [66,
67]. However, increase in rifabutin consumption may contribute to rapid emergence of
resistance. The mechanism of resistance to this antibiotic is mediated by mutations in the rpoB
gene [1, 60].

1.5. Resistance rate in Poland

Summing up the current and previous data concerning the prevalence of H. pylori resistance
in Poland, we revealed some differences. The results presented in Polish multi-center study
performed between 2000 and 2003 revealed that 28% of the analysed H. pylori strains were
resistant to clarithromycin, 46% to metronidazole, while all strains were susceptible to
amoxicillin and tetracycline [22].

Our studies conducted in the years 2006-2009 and 2010-2012 showed that the resistance rates
of H. pylori to clarithromycin in southern Poland were 34% and 22%, respectively [23, 62].
Moreover, we reported that the percentage of H. pylori strains resistant to metronidazole and
levofloxacin accounted for 44% and 6%, respectively. Furthermore, we confirmed the coexis‐
tence of resistance to more than one antimicrobial agent: a) resistance to metronidazole and
clarithromycin in 23% of the strains, b) resistance to metronidazole, clarithromycin, and
levofloxacin in 4% of the strains [62]. Additionally, in our recent studies we demonstrated that
in southern Poland the number of H. pylori strains resistant to levofloxacin increased signifi‐
cantly; from 5% in the years 2006-2008 to 16% in 2009-2011 [23].

As it  was  previously  emphasized,  the  Maastricht  IV/Florence  Consensus  Report  recom‐
mends that  treatment regimen should be selected according to areas of  low (<20%) and
high (>20%) clarithromycin resistance [1]. Referring to available data concerning clarithro‐
mycin resistance rates in Poland, this country should be classified as a high clarithromy‐
cin resistance region [22, 23, 62].

Although the current Polish guidelines (PSG–E, 2008) on diagnostic and therapeutic ap‐
proaches to the H. pylori infection recommend clarithromycin in the first line treatment, the
rationale is to either abandon clarithromycin in an empirical treatment or apply clarithromycin
in therapy, but only with prior susceptibility testing.

2. Problem statement

Dynamic growth of H. pylori resistance to antimicrobial agents used in empirical treatment
becomes an increasingly important problem. While H. pylori resistance is often associated with
the antibiotic consumption and may vary according to region, it is recommended to constantly
monitor the resistance rates of this bacterium. Furthermore, in the areas of high clarithromycin
resistance rates as well as increasing resistance to other antibiotics/chemotherapeutics (used
in H. pylori treatment), it is worth consideration to replace empirical therapy with targeted
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therapy based on prior susceptibility testing. Moreover, early effective treatment of H. pylori
infection in patients with peptic ulcer disease can prevent gastric cancer.

3. Aplication area

Data concerning H. pylori resistance rates enable to introduce the most effective schemes of
infection treatment [5].

4. Research course

1. Monitoring of H. pylori resistance to antimicrobial agents used in empirical therapy
(according to the Maastricht IV/ Florence Consensus Report) in southern Poland.

2. Selection of the appropriate treatment regimen in H. pylori infections in southern Poland,
according to the current recommendations and local clarithromycin resistance rates
(Maastricht IV/ Florence Consensus Report).

3. Introduction of treatment guided by antimicrobial susceptibility testing in H. pylori
infections in southern Poland, taking into account: a) high level of clarithromycin
resistance, b) increasing resistance rates to levofloxacin, c) persisting high metronidazole
resistance rate.

4. Application of molecular method in detection of clarithromycin resistance.

5. Materials and methods

Clinical specimens. The study covered a group of 316 adult dyspeptic patients with thera‐
peutic indications for gastroscopy, who applied to the Falck Medycyna Outpatient Clinic of
Gastroenterology (Krakow, Poland) and the Chair of Gastroenterology, Hepatology and
Infectious Diseases, Jagiellonian University Medical College (Krakow, Poland).

All patients enrolled to the study underwent gastroscopy in the years 2010-2013. Two biopsy
specimens (one from antrum and the second from the body of the stomach) were taken from
each patient during gastroscopy. The biopsy specimens were transferred into transport
medium (Portagerm Pylori, bioMérieux, France) and transported to the laboratory (Depart‐
ment of Pharmaceutical Microbiology, Jagiellonian University Medical College, Krakow,
Poland) for further investigations.

Analysis of endoscopy and histopathological examination enabled to qualify patients into two
groups:

1. Subjects with peptic ulcer diseases (PUD) including individuals with peptic and/or
duodenal ulcers.
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antibiotic is not well known but it is presumed to be very low, because its use is limited to
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therapy based on prior susceptibility testing. Moreover, early effective treatment of H. pylori
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2. Subjects with non-ulcerous dyspepsia (NUD) comprising patients without any patholog‐
ical changes found in endoscopy and patients with erosive and non-erosive diseases
including esophagitis, gastritis or duodenitis.

H. pylori microbiological culture and identification. Gastric biopsy specimens were homo‐
genized in glass sterile mortars and inoculated onto both non selective (Schaedler agar with
5% sheep blood, bioMérieux, France) and selective (Schaedler agar with 5% sheep blood and
selective supplement Dent, Oxoid, UK) media. Simultaneously, direct Gram-stained slides and
urease tests were performed from the biopsy specimens to confirm the presence of H. pylori.

The culture was carried out for 3 to 10 days under microaerophilic conditions at 37°C. The
cultured strains were identified according to:

1. Macroscopic appearance of the colonies;

2. Gram–stained slides prepared from bacterial colonies;

3. Biochemical tests (urease, catalase, and oxidase).

The study was approved by the Bioethical Commission of the Jagiellonian University (Krakow, Poland).
Before entering our study, each patient signed the informed consent document.

Susceptibility testing. Susceptibility of H. pylori strains to the recommended antimicrobial
agents (clarithromycin, metronidazole, levofloxacin, tetracycline, and amoxicillin) was
quantitatively assessed by the use of strips impregnated with antimicrobial agents gradient
(E-test, bioMérieux, France), which enabled to determine the minimal inhibitory concentration
(MIC). The colonies from pure H. pylori culture were suspended in 0.85% aqueous NaCl
solution in order to obtain an equivalent of 3.0 McFarland units. The bacterial suspension was
spread onto Schaedler agar medium with 5% sheep blood (bioMérieux, France) with sterile
cotton swabs. Single E-test stripes were applied onto the separate, inoculated agar plates and
incubated according to the manufacturer recommendations (E-test technical manual, bioMér‐
ieux, France).

Results of the susceptibility testing were interpreted according to EUCAST guidelines
(breakpoint values were presented in Table 2) [68].

Quality control of the susceptibility testing was performed with H. pylori ATCC 43504 strain.

DNA extraction.H. pylori culture (incubated for 72 hours on solid medium) was suspended in
1 ml of 0.85% aqueous NaCl solution and centrifuged (12000 rpm/3 min.). Genomic DNA was
extracted using the Sherlock AX isolation kit (A&A Biotechnology, Poland) according to the
manufacturer’s recommendations. DNA quantification was performed by spectrophotometry
at 260 nm. The purity of DNA was evaluated by the ratio of the absorbance at 260 and 280 nm
(A260/A280). The obtained DNA was stored at -20°C.

PCR identification of H. pylori. To confirm H. pylori microbiological identification, all
analysed strains were subjected to 16S rRNA PCR assay using primers HP-1 and HP-2
described by Kargar et al. [69]. PCR reaction was performed in a final volume of 25 μl
containing: 2 μl of genomic DNA, 2 μl of each primer, 5 μl of GoTaq® Flexi Buffer, 1.5 μl of
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MgCl
2
 (25 mM), 0.5 μl of PCR Nucleotide Mix (10 mM each), 0.125 μl of GoTaq® DNA

Polymerase (5u/μl) and Nuclease-Free Water (Promega, USA). The following amplification
conditions were used: the initial denaturation at 95°C for 2 min., 35 cycles of 95°C for 60 s, 58°C
for 60 s, 72°C for 60 s and the final elongation at 72°C for 5 min. The expected 109-base-pair
PCR product was visualized after electrophoresis on an 2% agarose gel stained with ethidium
bromide.

cagA and vacA genes detection. The DNA from analysed H. pylori strains was subjected to
PCR assay detecting the cagA gene with the use of primers D008 and R008 described previously
by Chen et al. [70]. The PCR reaction was carried out as described above for the 16s rRNA PCR
assay. PCR cycling conditions consisted of initial denaturation at 94°C for 5 min., 33 cycles:
94°C for 60 s, 60°C for 60 s, 62.5°C for 60 s, 72°C for 60 s and the final elongation at 72°C for 5
min. The expected product of 298-base-pairs was visualized after agarose gel electrophoresis.
Furthermore, we performed the PCR assay to detect the vacA gene. A 229-base-pair fragment
of vacA was amplified with the primer pair VAC3624F and VAC3853R described previously
by Chisholm et al. [71]. The PCR reaction was carried out in the total volume of 25 μl as
described above. The following amplification conditions were used: the initial denaturation at
95°C for 2 min., 35 cycles of 95°C for 30 s, 53°C for 30 s, 72°C for 30 s and the final elongation
at 72°C for 5 min. The expected product was visualized after agarose gel electrophoresis.

Detection of clarithromycin resistance by RFLP-PCR analysis. The most prevalent point
mutations responsible for clarithromycin resistance (A2143G and A2142G) were detected by
PCR followed by RFLP analysis. A 425-base-pair fragment of the 23S rRNA was amplified with
the primers K1 and K2 described by Agudo et al. [63]. PCR amplification of DNA was
performed in a final volume of 25 μl as described above for the 16S rRNA PCR assay. The
cycling program was: 1 cycle at 95°C for 2 min.; 35 cycles of 95°C for 30 s, 60°C for 30 s, 72°C
for 30 s and a final elongation step at 72°C for 5 min. The amplicon was digested with Eco31I
(BsaI) enzyme (Thermo Scientific, USA) for 30 min. at 37°C and 5 min. at 65°C to detect A2143G
mutation [63] or with BbsI enzyme (New England Biolabs, USA) for 24 h at 37°C to detect
A2142G mutation [72]. The restriction products were analysed by electrophoresis on an 2%
agarose gel. Enzyme Eco31I digested the A2143G-positive H. pylori PCR amplicon into 304-
and 101-base-pair fragments, while BbsI enzyme cut the A2142G-positive H. pylori PCR
product into 332- and 93-base-pair fragments.

Antibiotic agent
MIC breakpoints (mg/L)

S ≤ R >

Amoxicillin 0.12 0.12

Clarithromycin 0.25 0.5

Levofloxacin 1 1

Metronidazole 8 8

Rifampicin 1 1

Tetracycline 1 1

Table 2. EUCAST clinical breakpoint for H. pylori [68].
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at 260 nm. The purity of DNA was evaluated by the ratio of the absorbance at 260 and 280 nm
(A260/A280). The obtained DNA was stored at -20°C.
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(BsaI) enzyme (Thermo Scientific, USA) for 30 min. at 37°C and 5 min. at 65°C to detect A2143G
mutation [63] or with BbsI enzyme (New England Biolabs, USA) for 24 h at 37°C to detect
A2142G mutation [72]. The restriction products were analysed by electrophoresis on an 2%
agarose gel. Enzyme Eco31I digested the A2143G-positive H. pylori PCR amplicon into 304-
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6. Results

Prevalence of H. pylori infection. Among 316 patients with dyspeptic symptoms admitted to
the study between November 2010 and June 2013, the presence of H. pylori infection was
confirmed in 73 cases (according to rapid urease test and bacterial culture). Therefore, the
prevalence of H. pylori infection in patients with dyspeptic symptoms from southern Poland
amounted to 23.1% (73/316). Taking into account the analysis of endoscopy and histopatho‐
logical examination among 73 H. pylori-positive patients, 26% (19/73) were qualified into the I
group (patients with PUD), whereas 74% (54/73) patients were qualified into the II group
(patients with NUD).

Susceptibility testing. The susceptibility testing of 73 H. pylori strains to the recommended
antimicrobial agents showed that 51.7% of isolates were resistant to one or more drugs, while
49.3% of strains were susceptible to all tested antibiotics/chemotherapeutics. The resistance
rates of H. pylori strains to the assayed antimicrobial agents were presented in Table 3 (data
include strains resistant to one, two or four antibiotics/chemotherapeutics).

The rate of resistance of H. pylori strains to clarithromycin amounted to 23.3% (17/73). Accord‐
ing to the Maastricht/Florence IV Consensus Report, southern Poland should be qualified as
an area of high clarithromycin resistance. Consequently, the use of clarithromycin in H.
pylori infections in this region should be either abandoned (as an empirical treatment) or
applied but only with prior susceptibility testing. Due to this fact, it seems reasonable to change
the current Polish recommendation (PSG-E, 2008) concerning clarithromycin use in the
treatment of H. pylori infections.

Furthermore, the resistance rates to metronidazole and levofloxacin were 39.7% (29/73) and
12.3% (9/73), respectively.

Antimicrobial agents N (%) of resistant strains (n = 73)

Clarithromycin 17 (23.3)

Metronidazole 29 (39.7)

Levofloxacin 9 (12.3)

Amoxicillin 1 (1.4)

Tetracycline 0 (0)

Table 3. Resistance rates of H. pylori to clarithromycin, metronidazole, levofloxacin, amoxicillin, and tetracycline in
southern Poland (the data include strains resistant to one, two or four antibiotics/chemotherapeutics).

We also reported the presence of one strain (1,4%; 1/73) resistant to amoxicillin. Resistance to
amoxicillin is an uncommon phenomenon and it is the first report of an amoxicillin-resistant
strain in southern Poland. All examined H. pylori strains were susceptible to tetracycline.

Moreover, we analysed the co-occurrence of resistance to more than one antimicrobial agent
among H. pylori isolates (Table 4).

Trends in Helicobacter pylori Infection334

Our studies showed the presence of 35.6% (26/73) of single-resistant, 8% (13/73) of double-
resistant and 1.4% (1) of quadruple-resistant strains (susceptibility testing for each tested
isolate included: clarithromycin, metronidazole, levofloxacin, and amoxicillin).

Antimicrobial agents N (%) of resistant strainsn n=73

single-resistant strains

Clarithromycin 6 (8.2)

Metronidazole 16 (21.9)

Levofloxacin 4 (5.4)

double-resistant strains

Clarithromycin + Metronidazole 9 (12.3)

Metronidazole + Levofloxacin 3 (4.1)

Clarithromycin + Levofloxacin 1 (1.4)

quadruple-resistant strains
Clarithromycin + Metronidazole + Levofloxacin +

Amoxicillin
1 (1.4)

Table 4. Co-occurrence of resistance to various antibiotics/chemotherapeutics among H. pylori strains isolated in
southern Poland.

The MICs obtained in our study ranged from 0.016 mg/L to 256 mg/L for clarithromycin [Figure
3], from 0.016 mg/L to 256 mg/L for metronidazole [Figure 4], from 0.002 mg/L to 12 mg/L for
levofloxacin [Figure 5], and from 0.016 mg/L to 0.125 mg/L for both amoxicillin [Figure 6] and
tetracycline [Figure 7].

The mean MIC values were as follows: 19.2 mg/L for clarithromycin, 75.2 mg/L for metroni‐
dazole, 0.61 mg/L for levofloxacin, 0.018 mg/L for amoxicillin, and 0.024 mg/L for tetracycline.
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Figure 3. The distribution of clarithromycin MICs among H. pylori strains (Clinical breakpoints according to EUCAST:
resistant MIC>0.5 mg/L; susceptible MIC≤0.25 mg/L); * strains with MIC value of 0.5 mg/L were considered as resistant
to clarithromycin according to the results of PCR–RFLP analysis.
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applied but only with prior susceptibility testing. Due to this fact, it seems reasonable to change
the current Polish recommendation (PSG-E, 2008) concerning clarithromycin use in the
treatment of H. pylori infections.
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12.3% (9/73), respectively.
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southern Poland (the data include strains resistant to one, two or four antibiotics/chemotherapeutics).

We also reported the presence of one strain (1,4%; 1/73) resistant to amoxicillin. Resistance to
amoxicillin is an uncommon phenomenon and it is the first report of an amoxicillin-resistant
strain in southern Poland. All examined H. pylori strains were susceptible to tetracycline.
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3], from 0.016 mg/L to 256 mg/L for metronidazole [Figure 4], from 0.002 mg/L to 12 mg/L for
levofloxacin [Figure 5], and from 0.016 mg/L to 0.125 mg/L for both amoxicillin [Figure 6] and
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Figure 4. The distribution of MICs among H. pylori strains (Clinical breakpoints according to EUCAST: resistant MIC>8
mg/L; susceptible MIC≤8 mg/L).
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Figure 5. The distribution of levofloxacin MICs among H. pylori strains (Clinical breakpoints according to EUCAST: re‐
sistant MIC>1 mg/L; susceptible MIC≤1 mg/L).
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Figure 6. The distribution of amoxicillin MICs among H. pylori strains (Clinical breakpoints according to EUCAST: resist‐
ant MIC>0.12 mg/L; susceptible MIC≤0.12 mg/L).
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Figure 7. The distribution of tetracycline MICs among H. pylori strains (Clinical breakpoints according to EUCAST: re‐
sistant MIC>1 mg/L; susceptible MIC≤1 mg/L).

The quantitative E-test method allowed us to observe the dynamically increasing resistance of
H. pylori to antimicrobials during the monitoring.

In Poland, H. pylori resistance rate to clarithromycin exceeded 20% [22, 23, 62]. Our recent study
revealed that this rate remained at the same high level or even increased to 23.3%. Therefore
the current Polish guidelines (PSG–E, 2008) should be changed according to EHSG (2012).
EHSG recommended abandoning clarithromycin in empirical treatment or susceptibility
testing prior to the administration of this drug in regions with high prevalence of resistant H.
pylori strains (>20%).

Moreover, it is worth emphasizing that our study showed that 6.8% of analysed strains
demonstrated high clarithromycin MIC values: 256 mg/L.

Furthermore, we revealed persistent, high-level resistance to metronidazole (39.7% of isolates).
Twenty-six percent of H. pylori strains displayed the metronidazole MIC values as high as 256
mg/L. Additionally, the resistance rate to levofloxacin increased in comparison to our previous
studies (5% in the years 2006-2008 [62] vs. 12.3% currently).

Although the amoxicillin MIC values are still low, emergence of a resistant H. pylori isolate
was a new phenomenon. It was the first amoxicillin-resistant H. pylori strain isolated in
southern Poland.

The reason as to why H. pylori resistance to antibiotics/chemotherapeutics has to be monitored,
are the results of our study. Moreover, in order to obtain effective regimen for the cure of H.
pylori infection, it seems reasonable to perform susceptibility testing prior to the treatment.

PCR identification of H. pylori. Microbiological identification of all 73 H. pylori isolates was
confirmed by PCR targeting the 16S rRNA gene (representative samples are presented in
Figure 8).
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The quantitative E-test method allowed us to observe the dynamically increasing resistance of
H. pylori to antimicrobials during the monitoring.

In Poland, H. pylori resistance rate to clarithromycin exceeded 20% [22, 23, 62]. Our recent study
revealed that this rate remained at the same high level or even increased to 23.3%. Therefore
the current Polish guidelines (PSG–E, 2008) should be changed according to EHSG (2012).
EHSG recommended abandoning clarithromycin in empirical treatment or susceptibility
testing prior to the administration of this drug in regions with high prevalence of resistant H.
pylori strains (>20%).

Moreover, it is worth emphasizing that our study showed that 6.8% of analysed strains
demonstrated high clarithromycin MIC values: 256 mg/L.

Furthermore, we revealed persistent, high-level resistance to metronidazole (39.7% of isolates).
Twenty-six percent of H. pylori strains displayed the metronidazole MIC values as high as 256
mg/L. Additionally, the resistance rate to levofloxacin increased in comparison to our previous
studies (5% in the years 2006-2008 [62] vs. 12.3% currently).

Although the amoxicillin MIC values are still low, emergence of a resistant H. pylori isolate
was a new phenomenon. It was the first amoxicillin-resistant H. pylori strain isolated in
southern Poland.

The reason as to why H. pylori resistance to antibiotics/chemotherapeutics has to be monitored,
are the results of our study. Moreover, in order to obtain effective regimen for the cure of H.
pylori infection, it seems reasonable to perform susceptibility testing prior to the treatment.

PCR identification of H. pylori. Microbiological identification of all 73 H. pylori isolates was
confirmed by PCR targeting the 16S rRNA gene (representative samples are presented in
Figure 8).
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Figure 8. Representative samples of 16S rRNA PCR assay. Lines: 1-11 - selected H. pylori strains isolated from patients
enrolled to the study, 12 - positive control (109 bp), 13 - negative control; M - molecular weight marker (O'GeneRuler
50 bp DNA Ladder, Thermo Scientific, USA).

cagA and vacA genes distribution.cagA and vacA genes have been identified as being
virulence-associated and may have important clinical and epidemiological implications [73].
While cagA is carried by 56-90% of H. pylori strains [8, 24, 29-32], vacA is present in all identified
H. pylori isolates [74]. The occurrence of cagA and vacA genes was tested in all 73 strains.

Figure 9. Representative samples of cagA and vacA genes detection. A) cagA detection: lines: 1-4 - selected H. pylori
strains isolated from patients enrolled to the study, 5 - positive control (298 bp), 6 - negative control; B) vacA detec‐
tion: lines: 7-10 - selected H. pylori strains isolated from patients enrolled to the study, 11 - positive control (229 bp),
12 - negative control; M - molecular weight marker (O'GeneRuler 50 bp DNA Ladder, Thermo Scientific, USA).

The cytotoxin associated gene - cagA - was detected in 80.8% of H. pylori strains (59/73), whereas
cagA-negative strains accounted for 19.2% (14/73) (representative samples are shown in Figure
9). The occurrence of vacA gene was confirmed in 89% (65/73) of strains, while 11% (8/73) of
strains were vacA-negative. The absence of vacA gene in 11% of assayed H. pylori strains was
associated with limited sensitivity of the method used in this study [71].
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Table 5 shows the relationship between the distribution of cagA and vacA genes and the clinical
diagnosis.

Among 19 patients with peptic ulcer disease (PUD), 78.9% (15/19) were infected with H.
pylori cagA-positive strains, while 21.1% (4/19) with strains cagA-negative. Moreover, 84.2%
(16/19) of patients with PUD were infected with H. pylori vacA-positive strains and 15.8% (3/19)
with strains vacA-negative. Double positive H. pylori strains (cagA-positive and vacA-positive)
occurred in 63.2% (12/19) of patients with peptic ulcer disease.

Among the group of patients with NUD, 81.5% (49/54) of isolated H. pylori strains carried
cagA gene, but only 18.5% (10/54) were cagA-negative. Although none of these patients
developed ulceration during the study, it is probable that these infections, if untreated, may
lead to serious consequences such as peptic ulcer disease or even gastric cancer, due to the fact
that the cagA-positive H. pylori strains increase the likelihood of developing these diseases.

The cagA-positive, vacA-positive H. pylori genotype was the most common one in both: groups
of patients: with PUD as well as with NUD, whereas the duble-negative genotype was not
found.

Genotype
N (%) of strains

PUD n=19 NUD n=54

cagA + 15 (78.9) 44 (81.5)

cagA - 4 (21.1) 10 (18.5)

vacA + 16 (84.2) 49 (90.7)

vacA - 3 (15.8) 5 (9.3)

cagA + vacA + 12 (63.2) 39 (72.5)

cagA + vacA - 3 (15.8) 5 (9.3)

cagA - vacA + 4 (21.1) 10 (18.5)

cagA - vacA - 0 (0) 0 (0)

PUD – peptic ulcer disease

NUD – non-ulcer dyspepsia

Table 5. Relationship between distribution of cagA and vacA genes and the clinical diagnosis.

PCR-RFLP analysis of H. pylori resistance to clarithromycin. Molecular analysis of clarithro‐
mycin resistance mechanism was conducted on 73 H. pylori strains. The results of PCR-RFLP
analysis are shown in Figure 10 and Table 6.

Among the 17 clarithromycin-resistant isolates, Eco31I (BsaI) digested PCR amplicons of 12
(70.6%) strains to 304-base-pair and 101-base-pair, indicating that the strains contained A2143G
mutation in the 23S rRNA gene. Furthermore, BbsI enzyme cut products of 3 (17.6%) strains
to 332-base-pair and 93-base-pair suggesting that the isolates had A2142G mutation.
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The cytotoxin associated gene - cagA - was detected in 80.8% of H. pylori strains (59/73), whereas
cagA-negative strains accounted for 19.2% (14/73) (representative samples are shown in Figure
9). The occurrence of vacA gene was confirmed in 89% (65/73) of strains, while 11% (8/73) of
strains were vacA-negative. The absence of vacA gene in 11% of assayed H. pylori strains was
associated with limited sensitivity of the method used in this study [71].
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Table 5 shows the relationship between the distribution of cagA and vacA genes and the clinical
diagnosis.

Among 19 patients with peptic ulcer disease (PUD), 78.9% (15/19) were infected with H.
pylori cagA-positive strains, while 21.1% (4/19) with strains cagA-negative. Moreover, 84.2%
(16/19) of patients with PUD were infected with H. pylori vacA-positive strains and 15.8% (3/19)
with strains vacA-negative. Double positive H. pylori strains (cagA-positive and vacA-positive)
occurred in 63.2% (12/19) of patients with peptic ulcer disease.

Among the group of patients with NUD, 81.5% (49/54) of isolated H. pylori strains carried
cagA gene, but only 18.5% (10/54) were cagA-negative. Although none of these patients
developed ulceration during the study, it is probable that these infections, if untreated, may
lead to serious consequences such as peptic ulcer disease or even gastric cancer, due to the fact
that the cagA-positive H. pylori strains increase the likelihood of developing these diseases.

The cagA-positive, vacA-positive H. pylori genotype was the most common one in both: groups
of patients: with PUD as well as with NUD, whereas the duble-negative genotype was not
found.

Genotype
N (%) of strains

PUD n=19 NUD n=54

cagA + 15 (78.9) 44 (81.5)

cagA - 4 (21.1) 10 (18.5)

vacA + 16 (84.2) 49 (90.7)

vacA - 3 (15.8) 5 (9.3)

cagA + vacA + 12 (63.2) 39 (72.5)

cagA + vacA - 3 (15.8) 5 (9.3)

cagA - vacA + 4 (21.1) 10 (18.5)

cagA - vacA - 0 (0) 0 (0)

PUD – peptic ulcer disease

NUD – non-ulcer dyspepsia

Table 5. Relationship between distribution of cagA and vacA genes and the clinical diagnosis.

PCR-RFLP analysis of H. pylori resistance to clarithromycin. Molecular analysis of clarithro‐
mycin resistance mechanism was conducted on 73 H. pylori strains. The results of PCR-RFLP
analysis are shown in Figure 10 and Table 6.

Among the 17 clarithromycin-resistant isolates, Eco31I (BsaI) digested PCR amplicons of 12
(70.6%) strains to 304-base-pair and 101-base-pair, indicating that the strains contained A2143G
mutation in the 23S rRNA gene. Furthermore, BbsI enzyme cut products of 3 (17.6%) strains
to 332-base-pair and 93-base-pair suggesting that the isolates had A2142G mutation.
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RFLP analysis of 11.8% (2/17) clarithromycin-resistant isolates gave negative results for both
assayed mutations. Resistance to clarithromycin in these isolates (negative for both A2413G
and A2142G) might be associated with other mutations in the 23S rRNA such as A2142C,
T2245C, T2717C, A2115G, G2141A, T2182G, or T2182C as well as efflux pump [63].

Digestion of PCR products of 100% (56/56) strains not resistant to clarithromycin revealed the
absence of the tested mutations. Moreover, our studies suggest that the presence of A2142G
mutation is more related to the high clarithromycin MIC level than the A2143G mutation.

Type of mutation

N (%) of strains

Clarithromycin–resistant

n=17

Clarithromycin–susceptible

n=56

A2143G 12 (70.6) 0 (0)

A2142G 3 (17.6) 0 (0)

not detected 2 (11.8) 56 (100)

Table 6. Prevalence of A2143G and A2142G mutations in the group of 73 tested H. pylori strains.

7. Conclusions

Results of our studies concerning the resistance rates of H. pylori strains isolated from subjects
in southern Poland suggest the need for constant monitoring of the resistance to a set of

Figure 10. Restriction endonuclease analysis of 23S rRNA amplicons (425 bp) digested with Eco31I (BsaI) and BbsI en‐
zymes. A) detection of A2143G mutation: lines: 1-4 - selected H. pylori strains isolated from patients enrolled to the
study, 5 - positive control (digestion products of 304 and 101 bp), 6 - negative control; B) detection of A2142G muta‐
tion: lines: 7-10 - selected H. pylori strains isolated from patients enrolled to the study, 11 - positive control (digestion
products of 332 and 93 bp), 12 - negative control; M – Molecular Weight Marker (50 bp O’Gene Ruler, Thermo Scien‐
tific, USA).
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antimicrobial agents routinely used for empirical therapy. We observed high level of clari‐
thromycin resistance rate (>20%), which resulted in the necessity of either to abandon clari‐
thromycin in an empirical treatment or to perform susceptibility testing prior to application
of clarithromycin-containing treatment.

We also noted the increase in H. pylori resistance to levofloxacin and persistent high level
resistance to metronidazole, which resulted in the necessity of treatment guided by antimi‐
crobial susceptibility testing.

To conclude, antimicrobial susceptibility testing can improve treatment outcomes and reduce
the outpatient antibiotic consumption, while the introduction of molecular methods for
clarithromycin resistance testing allows better and more efficient management of H. pylori
infections.

8. Further research

Our further investigations will be concerned with the application of the PCR-RFLP method in
detection of less frequent 23S rRNA gene mutations associated with clarithromycin resistance.
Furthermore, we will focus on direct detection of H. pylori in biopsy specimens as well as
characterization of the resistance determinants.
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Chapter 13

The Mechanisms of Action and Resistance to
Fluoroquinolone in Helicobacter pylori Infection

Carolina  Negrei and Daniel  Boda

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57081

1. Introduction

The discovery of the Helicobacter pylori (H. pylori) infection and its role in various diseases (from
chronic gastritis to gastric cancer) has been a radical change in the therapeutic conduct of
patients suffering from this condition [1, 2].

Figure 1. Helicobacter pylori infection

Unfortunately though, the purpose of inducing a cure of all first intention treated patients, as
is the case in most ordinary infectious diseases, has not occurred in the H. pylori infection
(Figure 1).

Current guidelines recommend triple therapy of a double dose proton pump inhibitor and two
antibiotics chosen from among amoxicillin, clarithromycin and metronidazole for four to seven
days, which is conducive to an eradication rate between 70-80%. Resistance to antibiotics, to
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clarithromycin and metronidazole in particular, is a major factor contributing to failure of the
therapy [3, 4]; resistance to clarithromycin may lead to a decrease in efficiency to 70%, where‐
as the infection may persist up to about 20% of patients under treatment [5]. Such limitations
have resulted in development of alternative therapies - "rescue" therapies – using medicines
which have not been used as a first or second intention, such as fluoroquinolones (moxifloxa‐
cin, levofloxacin) and rifabutin (a derivative of rifamycin),  which are commonly used in
treatment of mycobacterial infections and are also highly efficient against H. pylori [5, 6].

Quinolones have been the focus of considerable scientific and clinical interest, since their very
development in the early 1960s. This happened because such drugs possess many of the
attributes of an ideal antibiotic, combining high potency, a broad spectrum of activity, good
bioavailability, oral and intravenous formulations, high serum levels, a large volume of
distribution, indicating concentration on a tissue level and potential low incidence of adverse
reactions.

Nalidixic acid was the first quinolone to be developed. Subsequent medicines have been
derived by manipulation at the level of their side chain and nucleus [7]. Development of the
fluoroquinolone class may be described in terms of generations, each generation sharing
similar characteristics or antimicrobial spectrum. The activity of first-generation medicines is
more effective against gram-negative aerobic bacteria and less effective against gram-positive
aerobic bacteria or anaerobic bacteria. Original fluoroquinolones are second-generation agents
and they owe their name to the addition of a fluorine atom in the C6 position; they provide
improved coverage against gram-negative bacteria and moderately improved coverage
against gram-positive ones. Third-generation agents have greater efficacy against gram-
positive bacteria, particularly against pneumococci, which is combined with good activity
against anaerobic bacteria. Fourth generation fluoroquinolones provide superior coverage
against pneumococci and anaerobic bacteria [8].

2. Clinical indications of fluoroquinolones

Fluoroquinolones such as levofloxacin are indicated in: acute bacterial sinusitis (diagnosed
according to national guidelines on treatment of infections of the respiratory tract and where
use of antibacterial agents commonly recommended for initial treatment of this infection is
considered inappropriate or in case of their failure to cure the infection), acute bacterial
exacerbations of chronic bronchitis (diagnosed according to national guidelines on treatment
of respiratory tract infections and where use of antibacterial agents commonly recommended
for initial treatment of this infection is considered inappropriate or in case of their failure to
cure the infection), community acquired pneumonia (where use of antibacterial agents
commonly recommended for initial treatment of this infection is considered inappropriate),
uncomplicated urinary tract infections (including pyelonephritis), chronic bacterial prostatitis
and skin and soft tissue infections.
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Figure 2. Diseases involving Helicobacter pylori

At the same time, as mentioned before, fluoroquinolones are implicated in H. pylori eradication.
Indications for a H. pylori eradication therapy are defined in consensus guidelines. These
indications include peptic ulcer disease, low-grade gastric mucosa-associated lymphoid tissue
lymphoma, atrophic gastritis and after resection of early gastric cancer (Figure 2).

The following are included in the H. pylori elimination:

First-line treatment: should be considered as the first-line therapy in areas with high prevalence
of H. pylori resistance to clarithromycin, in the frame of the new sequential ten-day scheme.
Sequential therapy includes a dual therapy (proton pump inhibitor and amoxicillin for five
days), followed by triple therapy with a proton pump inhibitor, clarithromycin and metroni‐
dazole for five days. The eradication rate achieved by sequential therapy has shown higher
values, than those obtained with standard therapy [9, 10]. However, sequential therapy has
been shown ineffective in eradicating H. pylori in patients with dual resistance to clarithro‐
mycin and metronidazole [11, 12]. A new aspect of the scheme as concomitant therapy is a
fourth medicine – a non-bismuth-containing regimen (proton pump inhibitor, clarithromycin,
amoxicillin and metronidazole), which seems more appropriate for patients in highly endemic
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areas and with dual resistance. Clinically speaking, this is much easier than sequential therapy
and can improve compliance, because medicines are administered concurrently, instead of
changed in mid therapy An intention-to-treat analysis demonstrated that sequential or
concomitant therapy with a PPI, amoxicillin, clarithromycin and an imidazole agent has similar
rates for eradication of H. pylori infection [10]. As far as dual resistance is concerned, several
attempts have been made such as extension of sequential therapy and continuation with
amoxicillin therapy for all 14 days, in order to improve effectiveness of standard triple therapy
and proton pump inhibitors. A hybrid sequential-concomitant therapy has been recently
designed by Hsu et al. [13]. Data have shown promising success rate: 99% by per-protocol
analysis and 97% by intention-to-treat analysis. However, it should be noted this may not be
effective in all geographic areas and results will have to be confirmed in areas where different
patterns of resistance are present.

Second-line therapy: bismuth is a component of quadruple therapy and/or rescue therapy
recommended by the Maastricht IV/Florence Consensus Report [7]. Several multicentre
studies regarding quadruple therapy using a single triple medicine (bismuth, metronidazole
and tetracycline), in a capsule pharmaceutical formulation together with a proton pump
inhibitor have shown good efficacy in H. pylori eradication [14-16]. With regard to adverse
reactions, bismuth induced toxic effects are still one of the unnecessary safety concerns in
relation to quadruple therapy [17]; therefore, a reasonable bismuth dose regimen needs to be
established to ensure maximum eradication. In patients where first-line treatment has failed,
e.g., clarithromycin-based triple therapy, levofloxacine-based triple therapy (levofloxacin,
amoxicillin and a proton pump inhibitor), a meta-analysis has shown this therapy to be
superior to quadruple therapy and be accompanied by fewer adverse reactions than rescue
therapy [18]. In addition, the study has shown that antibiotics (e.g., levofloxacin) in this triple
therapy should not be changed randomly and then switched to first-line treatment. As far as
antibiotic resistance is concerned, growth rates of levofloxacin resistance, particularly in
developing countries, are to be taken into account, since resistance to quinolones is related to
the status of patients having used fluoroquinolones for other indications [19].

Third-line treatment: the third-line treatment standard for refractory H. pylori infection has not
been established. The Maastricht IV/Florence Consensus Report recommends conducting anti-
H. pylori therapy according to results of susceptibility testing after failure of second-line
therapy, whenever possible [7]. Unfortunately, antimicrobial sensitivity data for patients in
whom eradication therapy has failed are not yet widely available in clinical practice.

Practitioners need a few simple strategies for empirical management. A prospective study has
assessed the efficacy and safety of levofloxacin, amoxicillin, bismuth and rabeprazole, as a
quadruple therapy, with regard to third-line treatment in patients where eradication of H.
pylori infection has failed. In this study, the ten-day quadruple rescue therapy, based on
levofloxacin and amoxicillin, ensured better eradication with a significant additional clinical
benefit involving improvement of tolerability due to fewer adverse reactions [18]. Other
alternative agents that are candidates for third-line treatment are rifabutin and quinolones,
which also have promising results [20-22], although the optimal dose and the combination
require further study (Table 1).
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Treatment
Regimens Duration

of
treatmentA C M T L R F B PPI

First line
therapy

Standard triple
therapy

1g b.i.d.
0. 5g
b.i.d.

SD
b.i.d.

7-14 days

Concomitant therapy
1g
b.i.d.

0. 5g
b.i.d.

0. 5g
b.i.d.

SD
b.i.d.

7-10 days

Bismuth-containing
quadruple therapy

0. 25g
q.i.d.

0. 5g
q.i.d.

0. 48g
q.i.d.

SD
b.i.d.

10-14 days

Sequential
therapy

First
phase

1g
b.i.d.

SD
b.i.d.

5 days

Second
phase

0. 5g
b.i.d.

0. 5g
b.i.d.

SD
b.i.d.

5 days

Hybrid
therapy

First
phase

1g
b.i.d

SD
b.i.d.

7 days

Second
phase

1g
b.i.d.

0. 5g
b.i.d.

0. 5g
b.i.d.

SD
b.i.d.

7 days

Second
line
therapy

Bismuth-containing
quadruple
therapy

0. 5g
t.i.d.

0. 5g
q.i.d.

0. 48g
q.i.d.

SD
b.i.d.

10-14 days

Levofloxacin-based
triple
therapy

0. 5g
b.i.d.

0. 5g
q.i.d.

SD
b.i.d.

10 days

Third line
therapy

Culture guided
therapy

Sensitivity tests – two antibiotics selected
0. 48
q.i.d.

SD
b.i.d.

NA

Levofloxacin-based
quadruple
therapy

0. 5g
q.i.d.

0. 5g
q.i.d.

0. 48
q.i.d.

SD
b.i.d.

10 days

Rifabutin-based triple
therapy

1g
b.i.d.

0. 15g
b.i.d.

SD
b.i.d.

14 days

Furazolidone-based
quadruple
therapy

1g
b.i.d.

0. 2g
b.i.d.

0. 24g
b.i.d.

SD
b.i.d.

NA

A = amoxicillin, C = clarithromycin, M = metronidazole, T = tetracycline, L = levofloxacin, R = rifabutin, F = furazolidone, SD =
standard dose, B = bismuth, PPI = proton pump inhibitor

Table 1. Recommended regimens for the treatment of H. pylori infections in adults

3. Safety of fluoroquinolones

3.1. Overview

As a class of medicines, fluoroquinolones are generally well tolerated; most adverse reactions
are mild, self-limiting and rarely require treatment discontinuation [23]. The most frequently
occurring adverse reactions class consists of gastrointestinal trouble (nausea, vomiting,
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SD
b.i.d.

7 days

Second
phase

1g
b.i.d.

0. 5g
b.i.d.

0. 5g
b.i.d.

SD
b.i.d.

7 days

Second
line
therapy

Bismuth-containing
quadruple
therapy

0. 5g
t.i.d.

0. 5g
q.i.d.

0. 48g
q.i.d.

SD
b.i.d.

10-14 days

Levofloxacin-based
triple
therapy

0. 5g
b.i.d.

0. 5g
q.i.d.

SD
b.i.d.

10 days

Third line
therapy

Culture guided
therapy

Sensitivity tests – two antibiotics selected
0. 48
q.i.d.

SD
b.i.d.

NA

Levofloxacin-based
quadruple
therapy

0. 5g
q.i.d.

0. 5g
q.i.d.

0. 48
q.i.d.

SD
b.i.d.

10 days

Rifabutin-based triple
therapy

1g
b.i.d.

0. 15g
b.i.d.

SD
b.i.d.

14 days

Furazolidone-based
quadruple
therapy

1g
b.i.d.

0. 2g
b.i.d.

0. 24g
b.i.d.

SD
b.i.d.

NA

A = amoxicillin, C = clarithromycin, M = metronidazole, T = tetracycline, L = levofloxacin, R = rifabutin, F = furazolidone, SD =
standard dose, B = bismuth, PPI = proton pump inhibitor

Table 1. Recommended regimens for the treatment of H. pylori infections in adults

3. Safety of fluoroquinolones

3.1. Overview

As a class of medicines, fluoroquinolones are generally well tolerated; most adverse reactions
are mild, self-limiting and rarely require treatment discontinuation [23]. The most frequently
occurring adverse reactions class consists of gastrointestinal trouble (nausea, vomiting,
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diarrhoea, constipation and abdominal pain, about 7% of all adverse reactions). Less common
are adverse reactions include those involving the central nervous system (less than 5%), kidney
disorders (approximately 4. 5%), skin hypersensitivity reactions and photosensitivity reactions
(approximately 2%). In rare cases, convulsions, psychosis and tendonitis have been reported
[24]. Some of these events may not be directly attributed to fluoroquinolone therapy, but to
other underlying conditions in the patient, including additional therapies not related to the
microbial infection but still contributing to adverse reactions. Phototoxicity could be observed
over a longer period in relation to administration of lomefloxacin, sparfloxacin and clinaflox‐
acine, which has been determined to be a dose-dependent phenomenon requiring direct or
indirect exposure to UVA rays and also closely correlated with the presence of a habide in the
C8 position.

Serious adverse reactions have been developed following introduction to the use of the
following three agents: temafloxacin, grepafloxacin and trovafloxacine.

Temafloxacin syndrome has been characterized by haemolytic anaemia, renal failure, hepa‐
totoxicity, disseminated intravascular coagulation and hypoglycaemia [28]. Approximately
two thirds of patients with "temafloxacin syndrome" develop acute renal failure. In addition,
slight hepatobiliary changes have been observed in half of patients, whereas coagulopathy has
been observed in a third of patients. Development of such adverse reactions resulted in
withdrawal of temafloxacin from the market in 1992 [26]. Adverse reactions to temafloxacin
not shown in the clinical trials conducted were observed at a rate of 1/3500 patients after
placement on the market. In contrast, rare adverse reactions similar to those seen in temaflox‐
acin have been reported with ciprofloxacin. This is significant, considering that ciprofloxacin
has the largest database regarding fluoroquinolone safety information. Further analysis of
such specific temafloxacin events have demonstrated that data involving norfloxacin and
ofloxacin have been similar to those of ciprofloxacin. Specifically, such effects have been
observed in 1/17000 patients treated with ciprofloxacin, in 1/25000 patients treated with
norfloxacin and in 1/30000 patients treated with ofloxacin [25].

Grepafloxacin was placed on the market in 1997 and subsequently withdrawn in 1999 because
of serious cardiovascular reports of adverse reactions in patients who had been administered
this medicine [27]. The association between grepafloxacin and serious cardiovascular adverse
reactions became evident after extended clinical use. Starting with grepafloxacin placement
on the market to its withdrawal in 1999, torsades de pointes were observed in 7/3.7 million
patients [27]. Trovafloxacin was authorized based on clinical efficacy trials conducted on
batches including more than 6000 patients treated with this medicine. In these studies, 5% of
patients discontinued trovafloxacin treatment because of adverse events, the most common of
which included those on the central nervous system and gastrointestinal tract levels. As with
temafloxacin, adverse reactions had not been clearly associated with use of the medicinal
product before extended clinical use. Serious adverse reactions associated with trovafloxacin
included liver eosinophilia and hypoglycaemia [29], observed post-marketing.

All the adverse reactions described above have resulted in limiting the use of these medicines
to hospital use only, in cases of severe life-threatening infections [29]. Whereas withdrawal of
temafloxacin and grepafloxacin from the market has raised concerns about the safety of
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fluoroquinolones, in considering the evaluation of their safety and efficacy, several aspects
have required balancing. Despite rigorous preclinical studies, once a medicine is placed on the
market for widespread clinical use, the likelihood of observing rare but serious adverse
reactions is significantly increased [29]. It is important to recognize the low incidence of
adverse reactions and serious adverse reactions in other agents of the same class, which
generally demonstrates the relative safety of this class of medicines [23].

3.2. Categorization of adverse effects

Adverse reactions of levofloxacin consist of: disorders such as tachycardia, ventricular
arrhythmia and torsades de pointes (reported predominantly in patients with risk factors for
QT prolongation), ECG QT prolonged, leukopoenia, eosinophilia, thrombocytopenia, neutro‐
poenia, dizziness, headaches, drowsiness, convulsion, tremors, paraesthesia, vertigo, impaired
hearing, bronchospasm, dyspnoea, diarrhoea, nausea, vomiting, abdominal pain, dyspepsia,
flatulence, constipation, increased blood creatinine, rashes, pruritis, urticaria, tendon disorders
including tendinitis (e.g., in the Achilles tendon), arthralgia, myalgia, anorexia, fungal
infections (and proliferation of other resistant microorganisms), hypotension, asthenia,
increased hepatic enzymes (aspartate aminotransferase/alanine aminotransferas, alkaline
phosphatise and gamma-glutamyl transpeptidase) and increased blood bilirubin [30].

Many of the fluoroquinolone adverse reactions are associated with quinolone pharmacore in
positions one, seven and eight. In the following sections, the discussion focuses on class specific
reactions regarding structural modifications in positions one, seven and eight [25].

Adverse reactions on the central nervous system level: although much information about the
pathophysiology of fluoroquinolone induced central nervous system adverse reactions remain
less well defined, one hypothesis suggests that drug interactions with the gamma-amino-
butyric acid (GABA) receptor, an inhibitory neurotransmitter, may explain the stimulant
effects at this level.

Affinity for the GABA receptor seems to be triggered by the R7 side chain substituent,
unsubstituted piperazinyl and pyrrolidinyl moieties in particular. In this respect, agents with
an unsubstituted piperazinyl ring (ciprofloxacin, enoxacine and norfloxacin) display high-
affinity binding to GABA as well as interference with GABA binding to its receptor. It has been
demonstrated that biphenyl acetic acid, which is an active metabolite of fenbufen, a nonster‐
oidal anti-inflammatory medicine, enhances binding of fluoroquinolones to GABA receptors.

Concurrent administration of fenbufen and fluoroquinolones has been shown to be capable of
inducing seizures in mice; certain researchers however have observed that alterations in GABA
receptor binding mediated by quinolone are weak and may not fully explain reactions at the
central nervous system level [31]. It was noted that seven Japanese patients developed seizures
following concurrent administration of enoxacine and fenbufen. Studies have also shown that
penetration of quinolones at the CNS level does not seem to be correlated with the incidence
of adverse reactions at this level [25]. A possible understanding of such discrepancies is that
fluoroquinolones may also induce excitatory effects by means of direct activation of N-methyl-
D-aspartate (NMDA) and adenosine-receptor mechanisms. It is therefore possible that the

The Mechanisms of Action and Resistance to Fluoroquinolone in Helicobacter pylori Infection
http://dx.doi.org/10.5772/57081

355



diarrhoea, constipation and abdominal pain, about 7% of all adverse reactions). Less common
are adverse reactions include those involving the central nervous system (less than 5%), kidney
disorders (approximately 4. 5%), skin hypersensitivity reactions and photosensitivity reactions
(approximately 2%). In rare cases, convulsions, psychosis and tendonitis have been reported
[24]. Some of these events may not be directly attributed to fluoroquinolone therapy, but to
other underlying conditions in the patient, including additional therapies not related to the
microbial infection but still contributing to adverse reactions. Phototoxicity could be observed
over a longer period in relation to administration of lomefloxacin, sparfloxacin and clinaflox‐
acine, which has been determined to be a dose-dependent phenomenon requiring direct or
indirect exposure to UVA rays and also closely correlated with the presence of a habide in the
C8 position.

Serious adverse reactions have been developed following introduction to the use of the
following three agents: temafloxacin, grepafloxacin and trovafloxacine.

Temafloxacin syndrome has been characterized by haemolytic anaemia, renal failure, hepa‐
totoxicity, disseminated intravascular coagulation and hypoglycaemia [28]. Approximately
two thirds of patients with "temafloxacin syndrome" develop acute renal failure. In addition,
slight hepatobiliary changes have been observed in half of patients, whereas coagulopathy has
been observed in a third of patients. Development of such adverse reactions resulted in
withdrawal of temafloxacin from the market in 1992 [26]. Adverse reactions to temafloxacin
not shown in the clinical trials conducted were observed at a rate of 1/3500 patients after
placement on the market. In contrast, rare adverse reactions similar to those seen in temaflox‐
acin have been reported with ciprofloxacin. This is significant, considering that ciprofloxacin
has the largest database regarding fluoroquinolone safety information. Further analysis of
such specific temafloxacin events have demonstrated that data involving norfloxacin and
ofloxacin have been similar to those of ciprofloxacin. Specifically, such effects have been
observed in 1/17000 patients treated with ciprofloxacin, in 1/25000 patients treated with
norfloxacin and in 1/30000 patients treated with ofloxacin [25].

Grepafloxacin was placed on the market in 1997 and subsequently withdrawn in 1999 because
of serious cardiovascular reports of adverse reactions in patients who had been administered
this medicine [27]. The association between grepafloxacin and serious cardiovascular adverse
reactions became evident after extended clinical use. Starting with grepafloxacin placement
on the market to its withdrawal in 1999, torsades de pointes were observed in 7/3.7 million
patients [27]. Trovafloxacin was authorized based on clinical efficacy trials conducted on
batches including more than 6000 patients treated with this medicine. In these studies, 5% of
patients discontinued trovafloxacin treatment because of adverse events, the most common of
which included those on the central nervous system and gastrointestinal tract levels. As with
temafloxacin, adverse reactions had not been clearly associated with use of the medicinal
product before extended clinical use. Serious adverse reactions associated with trovafloxacin
included liver eosinophilia and hypoglycaemia [29], observed post-marketing.

All the adverse reactions described above have resulted in limiting the use of these medicines
to hospital use only, in cases of severe life-threatening infections [29]. Whereas withdrawal of
temafloxacin and grepafloxacin from the market has raised concerns about the safety of
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fluoroquinolones, in considering the evaluation of their safety and efficacy, several aspects
have required balancing. Despite rigorous preclinical studies, once a medicine is placed on the
market for widespread clinical use, the likelihood of observing rare but serious adverse
reactions is significantly increased [29]. It is important to recognize the low incidence of
adverse reactions and serious adverse reactions in other agents of the same class, which
generally demonstrates the relative safety of this class of medicines [23].

3.2. Categorization of adverse effects

Adverse reactions of levofloxacin consist of: disorders such as tachycardia, ventricular
arrhythmia and torsades de pointes (reported predominantly in patients with risk factors for
QT prolongation), ECG QT prolonged, leukopoenia, eosinophilia, thrombocytopenia, neutro‐
poenia, dizziness, headaches, drowsiness, convulsion, tremors, paraesthesia, vertigo, impaired
hearing, bronchospasm, dyspnoea, diarrhoea, nausea, vomiting, abdominal pain, dyspepsia,
flatulence, constipation, increased blood creatinine, rashes, pruritis, urticaria, tendon disorders
including tendinitis (e.g., in the Achilles tendon), arthralgia, myalgia, anorexia, fungal
infections (and proliferation of other resistant microorganisms), hypotension, asthenia,
increased hepatic enzymes (aspartate aminotransferase/alanine aminotransferas, alkaline
phosphatise and gamma-glutamyl transpeptidase) and increased blood bilirubin [30].

Many of the fluoroquinolone adverse reactions are associated with quinolone pharmacore in
positions one, seven and eight. In the following sections, the discussion focuses on class specific
reactions regarding structural modifications in positions one, seven and eight [25].

Adverse reactions on the central nervous system level: although much information about the
pathophysiology of fluoroquinolone induced central nervous system adverse reactions remain
less well defined, one hypothesis suggests that drug interactions with the gamma-amino-
butyric acid (GABA) receptor, an inhibitory neurotransmitter, may explain the stimulant
effects at this level.

Affinity for the GABA receptor seems to be triggered by the R7 side chain substituent,
unsubstituted piperazinyl and pyrrolidinyl moieties in particular. In this respect, agents with
an unsubstituted piperazinyl ring (ciprofloxacin, enoxacine and norfloxacin) display high-
affinity binding to GABA as well as interference with GABA binding to its receptor. It has been
demonstrated that biphenyl acetic acid, which is an active metabolite of fenbufen, a nonster‐
oidal anti-inflammatory medicine, enhances binding of fluoroquinolones to GABA receptors.

Concurrent administration of fenbufen and fluoroquinolones has been shown to be capable of
inducing seizures in mice; certain researchers however have observed that alterations in GABA
receptor binding mediated by quinolone are weak and may not fully explain reactions at the
central nervous system level [31]. It was noted that seven Japanese patients developed seizures
following concurrent administration of enoxacine and fenbufen. Studies have also shown that
penetration of quinolones at the CNS level does not seem to be correlated with the incidence
of adverse reactions at this level [25]. A possible understanding of such discrepancies is that
fluoroquinolones may also induce excitatory effects by means of direct activation of N-methyl-
D-aspartate (NMDA) and adenosine-receptor mechanisms. It is therefore possible that the
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events mentioned may occur at this level only under special circumstances, when sufficient
penetration is possible in the CNS, coupled with threshold antagonism of inhibitory pathways
(GABA) and stimulation of excitatory pathways (NMDA, adenosine).

Ofloxacin and levofloxacin, its levorotatory isomer, have been observed to induce a number
of adverse reactions at the central nervous system level, including headaches (9% ofloxacin,
6% levofloxacin), dizziness (5% ofloxacin, 3% levofloxacin) and less common events such as
confusion, impaired thinking, insomnia and psychosis, in rare cases. Such reactions were
induced even in the absence of concomitant medications such as NSAIDs [25] and they tend
to occur more frequently with ofloxacin than levofloxacin.

Genetic Toxicology: quinolones have been shown to inhibit mammalian cell topoisomerase II,
a mechanism correlating with the occurrence of in vitro cytotoxicity, on the level of these cells
[30]. Substitutions and positions one, seven and eight have the greatest potential cytotoxicity
and the effect is additive. However, chromosomal disruption or clastogenicity usually occurs
only at very high concentrations of the medicine (300 to 10000 times the therapeutic dose) and
in post-marketing studies was not shown to have carcinogenic potential.

Cardiovascular adverse reactions: cardiovascular adverse reactions, particularly prolongation
of the heart rate corrected QT interval (the QTc interval) have been reported with quinolone
therapy [30]. Sparfloxacin increases the QTc interval in up to 3% of patients [32]. Such
significant results involving serious cardiac events have led to the withdrawal of grepafloxacin.
Sparfloxacin is not recommended for administration in patients with a history of QT prolon‐
gation or patients receiving concomitant therapy likely to increase the interval, induce
bradycardia or cause torsades de pointes (e.g., class Ia and III antiarrhythmics, bepridil,
cisapride, erythromycin, terfenadine or tricyclic antidepressants). It seems possible that this
effect may be more predictable with medicines administered concurrently with quinolones
inhibiting cytochrome P450-mediated metabolizing, because of drug accumulation. So far, no
specific structural change has been associated with adverse cardiovascular outcomes, includ‐
ing those possibly affecting cytochrome P450-involving metabolism. Currently, the only
possible specific structural changes that may be associated with increased incidence of serious
cardiovascular events in relation to grepafloxacin or sparfloxacin therapy consist of a methyl
or amino moiety in position C5 (of grepafloxacin, sparfloxacin, respectively) [32]. In light of
experience acquired with sparfloxacin and grepafloxacin concerning adverse cardiovascular
outcomes, more recent members of this class of medicines have been studied with particular
focus on these reactions [30].

4. Basic antimicrobial activity

4.1. Pharmacokinetics

Fluoroquinolones have favourable pharmacokinetic properties, which have encouraged their
extensive use. They are well absorbed and show good tissue penetration, which favours their
use in many clinical syndromes. Whereas ciprofloxacin requires frequent administration, the
long half-life of new generation fluoroquinolones allows use in daily single doses.
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Most fluoroquinolones are eliminated renally. Moxifloxacin elimination involves the liver and
this is one of the fluoroquinolones lacking effectiveness in treatment of genitourinary infec‐
tions. In general, because they are not as highly bound to plasma proteins and because of
CYP1A2 enzyme-limited inhibition of CYP450, drug interactions are somewhat minimized
[33-35]. Fluoroquinolones have been shown to interact with xanthines, theophylline and
caffeine, which is matter of concern with older generation agents [36]. Concurrent use of
fluoroquinolone and warfarin may result in excessive anticoagulation [37]. Probably the most
common interactions involve cationic di- and trivalents. Administration with antacids may
result in subtherapeutic fluoroquinolone levels, thus raising potential therapeutic failure. This
may be particularly relevant in an "inpatient setting", because of the frequent fluoroquinolone
and antacids association; co-administration of agents mentioned previously has raised the
issue of emergence of resistance to fluoroquinolones [38, 39].

In terms of levofloxacin involved in H. pylori eradication therapy, oral administration is rapidly
and almost completely followed by levofloxacin absorption, with a peak concentration
achieved within one hour. Absolute bioavailability is approximately 100% and food has a low
impact on levofloxacin absorption.

Approximately 30-40% of levofloxacin is bound to plasmatic proteins and a therapy involving
a 500mg dose once daily for several days has shown non-significant accumulation. However,
there is modest but predictable accumulation after therapy involving 500mg twice daily, with
a balance reached within three days. Levofloxacin metabolism is very scarce and its metabolites
are "desmethyl-levofloxacine" and "levofloxacin N-oxide". These metabolites contribute to less
than 5% of the urine-excreted dose. Levofloxacin is stereochemically stable and undergoes no
chiral inversion. Following oral or intravenous administration, levofloxacin is relatively slowly
eliminated from plasma (t1/2 = 6-8 hours). The chief route of excretion is mainly renal (>85%
of the dose administered). There are no major differences in levofloxacin pharmacokinetics in
terms of oral versus intravenous administration, which leads to the conclusion that oral and
intravenous administration are interchangeable.

4.2. Pharmacodynamics

Pharmacokinetics (PK) regards the time course of antimicrobial concentrations in the body; on
the other hand, pharmacodyamics (PD) provides insight into the relationship between such
concentrations and the effect on antimicrobial level.

Traditionally, doses of antibiotic therapeutic schemes only determined the pharmacokinetics;
however, pharmacodynamics plays an equally, if not more important, role.

In this period of increased antimicrobial resistance, pharmacodynamics is becoming perhaps
the most important because it can be used in the design of a dosage regimen to prevent
resistance [40, 41].

The primary parameter of antibiotic activity is the minimum inhibitory concentration (MIC).
MIC is the lowest concentration of an antibiotic able to completely inhibit in vitro microor‐
ganism growth. Whereas MIC is a reliable indicator of antibiotic potency, it has no relevance
in terms of the time course of antimicrobial activity.
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therapy [30]. Sparfloxacin increases the QTc interval in up to 3% of patients [32]. Such
significant results involving serious cardiac events have led to the withdrawal of grepafloxacin.
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cisapride, erythromycin, terfenadine or tricyclic antidepressants). It seems possible that this
effect may be more predictable with medicines administered concurrently with quinolones
inhibiting cytochrome P450-mediated metabolizing, because of drug accumulation. So far, no
specific structural change has been associated with adverse cardiovascular outcomes, includ‐
ing those possibly affecting cytochrome P450-involving metabolism. Currently, the only
possible specific structural changes that may be associated with increased incidence of serious
cardiovascular events in relation to grepafloxacin or sparfloxacin therapy consist of a methyl
or amino moiety in position C5 (of grepafloxacin, sparfloxacin, respectively) [32]. In light of
experience acquired with sparfloxacin and grepafloxacin concerning adverse cardiovascular
outcomes, more recent members of this class of medicines have been studied with particular
focus on these reactions [30].

4. Basic antimicrobial activity

4.1. Pharmacokinetics

Fluoroquinolones have favourable pharmacokinetic properties, which have encouraged their
extensive use. They are well absorbed and show good tissue penetration, which favours their
use in many clinical syndromes. Whereas ciprofloxacin requires frequent administration, the
long half-life of new generation fluoroquinolones allows use in daily single doses.
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CYP1A2 enzyme-limited inhibition of CYP450, drug interactions are somewhat minimized
[33-35]. Fluoroquinolones have been shown to interact with xanthines, theophylline and
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fluoroquinolone and warfarin may result in excessive anticoagulation [37]. Probably the most
common interactions involve cationic di- and trivalents. Administration with antacids may
result in subtherapeutic fluoroquinolone levels, thus raising potential therapeutic failure. This
may be particularly relevant in an "inpatient setting", because of the frequent fluoroquinolone
and antacids association; co-administration of agents mentioned previously has raised the
issue of emergence of resistance to fluoroquinolones [38, 39].

In terms of levofloxacin involved in H. pylori eradication therapy, oral administration is rapidly
and almost completely followed by levofloxacin absorption, with a peak concentration
achieved within one hour. Absolute bioavailability is approximately 100% and food has a low
impact on levofloxacin absorption.

Approximately 30-40% of levofloxacin is bound to plasmatic proteins and a therapy involving
a 500mg dose once daily for several days has shown non-significant accumulation. However,
there is modest but predictable accumulation after therapy involving 500mg twice daily, with
a balance reached within three days. Levofloxacin metabolism is very scarce and its metabolites
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than 5% of the urine-excreted dose. Levofloxacin is stereochemically stable and undergoes no
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eliminated from plasma (t1/2 = 6-8 hours). The chief route of excretion is mainly renal (>85%
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terms of oral versus intravenous administration, which leads to the conclusion that oral and
intravenous administration are interchangeable.
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Pharmacokinetics (PK) regards the time course of antimicrobial concentrations in the body; on
the other hand, pharmacodyamics (PD) provides insight into the relationship between such
concentrations and the effect on antimicrobial level.

Traditionally, doses of antibiotic therapeutic schemes only determined the pharmacokinetics;
however, pharmacodynamics plays an equally, if not more important, role.

In this period of increased antimicrobial resistance, pharmacodynamics is becoming perhaps
the most important because it can be used in the design of a dosage regimen to prevent
resistance [40, 41].

The primary parameter of antibiotic activity is the minimum inhibitory concentration (MIC).
MIC is the lowest concentration of an antibiotic able to completely inhibit in vitro microor‐
ganism growth. Whereas MIC is a reliable indicator of antibiotic potency, it has no relevance
in terms of the time course of antimicrobial activity.
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Pharmacokinetic parameters quantify the time course of an antibiotic level. The three phar‐
macokinetic parameters most important in evaluating effectiveness of the antibiotic are the
peak serum level (Cmax), the minimum level (Cmin) and the area under the serum concen‐
tration time curve (AUC). Whereas these parameters quantify the serum level over a certain
period of time, they describe the destruction activity of an antibiotic.

Integration of pharmacokinetic parameters and MIC provides three pharmacokinetic/
pharmacodynamic (PK/PD) parameters quantifying the activity of an antibiotic: the peak/MIC
ratio, the T>MIC and the ratio 24h-AUC/MIC

• the peak / MIC ratio is Cmax divided by MIC

• the T>MIC (time above MIC) is the percentage of a dosing interval when the serum level
reaches MIC

• the 24h-AUC/MIC ratio is determined by dividing the 24-hour-AUC by MIC [40, 41].

The three pharmacodynamic properties of antibiotics best describing the destruction activity
are time-dependent, concentration-dependent and the presence of persistent effects. The
destruction rate is determined by either the time needed for destruction (time-dependent) or
the effect of increased concentration (concentration-dependent). Persistent effects include
post-antibiotic effect, which is the persistence of suppression of bacterial growth after exposure
to antibiotics.

For fluoroquinolones, the best dosing regimen would maximize the concentration, as higher
concentrations cause a superior and faster degree of destruction, therefore the "24h-AUC/MIC
ratio" and the "peak/MIC ratio" are important predictors for antibiotic efficacy.

In this case, as far as fluoroquinolones are concerned, the "24h-AUC/MIC ratio" for Gram-
negative bacteria (H. pylori included) is about 125 and 40, respectively, for Gram-positive
bacteria. For Gram-negative bacteria, however, the "24h-AUC/MIC ratio" for the group of
medicines described above, the reports vary widely in the literature [40, 41].

4.3. Mechanisms of action

The process of fluoroquinolone interference in cell replication, transcription and DNA repair
consists in disabling DNA gyrase (previously topoisomerase II) and topoisomerase IV, two
processes essential to bacterial enzymes (Figure 3).

Essentially a tetramer of two A and two B subunits, DNA gyrase is subject to encoding
performed by gyrA and gyrB [42]. It brings in negative DNA supercoils, also removing both
positive and negative supercoils and acts on chromosomal material by catenating and
decatenating it [43].

The other bacterial enzyme mentioned above is topoisomerase IV, which is a homologue of
DNA gyrase. This consists of two E and two E subunits, both subject to parC- and parE-
encoding [42]. Similarly to its homologue, topoisomerase IV this is also able to remove both
negative and positive supercoils; however, its main involvement remains contribution to
separating of the daughter chromosome [33, 43] (Figure 4).
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Figure 3. Mechanisms of action/Mechanisms of resistance

Figure 4. Fluoroquinolones bind the two nuclear enzymes, inhibiting DNA replication
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encoding [42]. Similarly to its homologue, topoisomerase IV this is also able to remove both
negative and positive supercoils; however, its main involvement remains contribution to
separating of the daughter chromosome [33, 43] (Figure 4).
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Figure 3. Mechanisms of action/Mechanisms of resistance

Figure 4. Fluoroquinolones bind the two nuclear enzymes, inhibiting DNA replication
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The binding of fluoroquinolones to the complex made up of enzyme–DNA determines the
change in enzyme conformation. This results in enzyme cleaving of the DNA, while ligation
of  broken DNA strands is  prevented by the continued presence of  the fluoroquinolone.
Continuation of DNA replication is inhibited by the process in which the enzyme on the
DNA  is  “trapped”  by  fluoroquinolone  as  a  complex  of  fluoroquinolone–enzyme–DNA.
DNA cleavage is generally held responsible for the destructive action of fluoroquinolones
on bacteria [42, 43].

5. General mechanisms of fluoroquinolone resistance

Regarding quinolone resistance reported during treatment, it has been observed that, in the
context of its rather extended use during the twenty years after its placement on the market,
it was not commonly observed except for cases involving Staphylococcus aureus and notably
P. aeruginosa and S. aureus, which were resistant to methicillin.

These two species have been observed to rapidly develop resistance to fluoroquinolones,
which has been attributed to clonal spread occurring in immunocompromised patients and
nursing home settings [44].

Starting around 1995 however, increased quinolone resistance has been noted in most Gram-
negative (H. pylori) and Gram-positive species. At the same time, it has become evident that
species were broadly varied (from ≤0.015 up to ≥128 mg/l [45-47]) by minimal concentrations
(MICs) that inhibited 90% of the strains under study; this showed the common character of
resistant subpopulations over the same period of time after placement on the market, which
had however not been noticed.

In light of more recent studies involving surveillance of the issue, resistance rates have been
shown to further increase and therefore have an impact on the management of patients.

5.1. Interaction with bacterial DNA gyrase and topoisomerase IV

From among antimicrobial agents in common clinical use, fluoroquinolones are the only class
that directly inhibit synthesis of bacterial DNA. There are two bacterial enzymes with distinct
and essential roles in DNA replication, called DNA gyrase and topoisomerase IV, which are
inhibited by fluoroquinolones. The respective process involves binding quinolones to the
complex with DNA of each such enzyme, which results in a ternary complex of topoisomerase-
quinolone-DNA. Subsequently, this complex induces the generation of double-stranded
breaks in DNA, further blocking progress of the DNA replication enzyme complex.

The final result of this action is damaged bacterial DNA and ultimately death of bacterial cells
[48-51].

The responsibility for quinolones resistance lies with mutation in chromosomal genes. This
occurs by means of two mechanisms: the altered target mechanism, on one hand, involving
encoding DNA-gyrase and topoisomerase IV subunits and the altered permeation mechanism,
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on the other hand, regulating expression of proteins or cytoplasmic membrane efflux pumps,
both of which make up the channels for outer membrane diffusion.

A further mechanism for the generation of low-level quinolone resistance has been considered,
reduced target expression [52].

5.2. Response of the SOS gene network

Inhibition of bacterial type II topoisomerases activates repair mechanisms in response. This is
because each piece of DNA damage activates an SOS gene network, which initiates the
generation of repair proteins of various kinds [53-57]. There are over 40 genes making up this
so-called SOS system, which is under the control of regulatory RecA and LexA proteins. The
former is in charge of generating a signal triggering the SOS response, whereas the latter has
a repressor function. The process consists of gene repressor LexA binding, which results in the
unmasking of its autoproteolytic activity and subsequent ending of repression of the 40 SOS
genes. The respective LexA binding takes place in the sequence up from qnrB (but not qnrS or
qnrA). Therefore, in response to DNA damage, the SOS-system regulates qnrB as well [58].
Furthermore, the SOS response has recently been shown to promote qnrB expression [59].

Bacterial DNA-topoisomerases are protected from quinolone inhibition by the QnrB peptide,
which also renders low-level resistance to quinolone. On the contrary, high-level resistance
emerges with facilitation of the Qnr-determinants. It should also be noted that, in the case of
E. coli, this particular effect directly depends on the increased ability for mutation due to action
of nonessential polymerases Pol II, Pol IV and Pol V over the de-repression of the genes polB,
dinB and umuDC, respectively, mediated by the LexA-cleavage.

In this way, the same signal of the SOS response triggers both increased mutation ability and
qnrB-mediated quinolone resistance.

Because of the RecA/LexA-dependent manner in which ciprofloxacin upregulates the qnrB
quinolone resistance gene, the development of quinolone resistance is integral to their action
mode in bacteria harbouring qnrB.

LexA positive wild-type strains are much more liable to elicit ciprofloxacin resistant mutants
than their mutant counterparts [60, 61]. The reverse is also true – prevention of LexA cleavage
results in bacterial inability to develop fluoroquinolone resistance [60, 61].

The  ability  of  the  SOS  response  to  induce  persistent  fluoroquinolone  should  also  be
mentioned [62].

From the above outcomes inference may occur in the role of fluoroquinolones as more than
simply selectors of resistant variants, as well as on the active role of bacteria themselves in
their own genomes’ mutation.

Resistance to quinolone is acquired by means of both mutations in the target site and by the
SOS system induced de-repression of genes, whose products increase rates of mutation.

The emergence of resistance may generally be reduced by interference with the response of
bacterial stress [63].
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A further mechanism for the generation of low-level quinolone resistance has been considered,
reduced target expression [52].
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Inhibition of bacterial type II topoisomerases activates repair mechanisms in response. This is
because each piece of DNA damage activates an SOS gene network, which initiates the
generation of repair proteins of various kinds [53-57]. There are over 40 genes making up this
so-called SOS system, which is under the control of regulatory RecA and LexA proteins. The
former is in charge of generating a signal triggering the SOS response, whereas the latter has
a repressor function. The process consists of gene repressor LexA binding, which results in the
unmasking of its autoproteolytic activity and subsequent ending of repression of the 40 SOS
genes. The respective LexA binding takes place in the sequence up from qnrB (but not qnrS or
qnrA). Therefore, in response to DNA damage, the SOS-system regulates qnrB as well [58].
Furthermore, the SOS response has recently been shown to promote qnrB expression [59].
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which also renders low-level resistance to quinolone. On the contrary, high-level resistance
emerges with facilitation of the Qnr-determinants. It should also be noted that, in the case of
E. coli, this particular effect directly depends on the increased ability for mutation due to action
of nonessential polymerases Pol II, Pol IV and Pol V over the de-repression of the genes polB,
dinB and umuDC, respectively, mediated by the LexA-cleavage.

In this way, the same signal of the SOS response triggers both increased mutation ability and
qnrB-mediated quinolone resistance.

Because of the RecA/LexA-dependent manner in which ciprofloxacin upregulates the qnrB
quinolone resistance gene, the development of quinolone resistance is integral to their action
mode in bacteria harbouring qnrB.

LexA positive wild-type strains are much more liable to elicit ciprofloxacin resistant mutants
than their mutant counterparts [60, 61]. The reverse is also true – prevention of LexA cleavage
results in bacterial inability to develop fluoroquinolone resistance [60, 61].

The  ability  of  the  SOS  response  to  induce  persistent  fluoroquinolone  should  also  be
mentioned [62].

From the above outcomes inference may occur in the role of fluoroquinolones as more than
simply selectors of resistant variants, as well as on the active role of bacteria themselves in
their own genomes’ mutation.

Resistance to quinolone is acquired by means of both mutations in the target site and by the
SOS system induced de-repression of genes, whose products increase rates of mutation.

The emergence of resistance may generally be reduced by interference with the response of
bacterial stress [63].
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In E. coli, ciprofloxacin has recently been shown to stimulate recombination of divergent DNA
sequences that is independent from the SOS system.

Genetic variation may also be increased by fluoroquinolones by means of a second mechanism,
which is SOS independent [64] and may also favour acquisition, evolution and the spread of
resistance determinants.

Besides quinolones as DNA damaging agents, the SOS gene network response is triggered by
other factors as well, such as beta-lactams interfering with penicillin binding protein 3 [65,
66], zidovudine or trimethoprim [67] and rifampicin [60].

As shown by these data, persistence and evolution of resistance in general is facilitated by
induction of the SOS response by means of any of these medicines classes.

Given the above, speculation becomes possible concerning the ability of these agents to also
affect quinolone activity and/or development of resistance via the expression of qnrB as
promoted by the SOS system.

In turn, the SOS system further promotes horizontal dissemination of antibiotic-resistance
genes [68] or mutations, thus contributing to the spread of antibiotic resistance.

5.3. Plasmid mediated resistance

Usually, genetic information for the efflux resistance mechanisms or the targeted site is
chromosomally encoded.

In this context however, there have been reports of resistance to fluoroquinolones mediated
by plasmids, which renders such resistance transferable (Figure 5).

This involves a number of mechanisms, such as:

1. Qnr

2. Aminoglycoside acetyltransferase AAC(6_)-Ib-cr

3. OqxAB, QepA [69-72]

Plasmid-mediated resistance to quinolone was first found in 1998, emerging in strains of
Klebsiella pneumoniae in one US region [73]. The emergence was determined to be induced
by one of the members of the pentapeptide repeat (PPR) family of proteins, Qnr (subsequently
referred to as QnrA).

Later on, several related plasmid-mediated Qnr determinants were communicated in Entero‐
bacteriaceae (QnrB, QnrC, Qnr D, QnrS) that were distantly related [74, 75].

These have been further found in the entire world and almost invariably in association with
expanded spectrum β-lactamases production [76-78].

Gram-positive bacteria M. smegmatis Mycobacterium tuberculosis, M. avium [79], E. faecalis
[80], C. perfringens, Listeria monocytogenes, C. difficile and E. faecium [81] have been found
to display Qnr-like peptides (that share a 16 to 22% amino-acid identity with QnrA).
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Stenotrophomonas maltophilia has recently shown the emergence of a new quinolone
resistance gene of the PPR family that was chromosomally encoded, which has accordingly
been called Smqnr [82]. Serratia marcescens has never been found to display the smaqnr
gene[83].

Quinolone inhibition is prevented by the interaction of topoisomerase IV and DNA-gyrase
with Qnr [69, 84].

The Qnr protein induces resistance to nalidixic acid and diminished susceptibility to fluoro‐
quinolone resistance or low-levels of fluoroquinolone resistance [84].

Identification of Qnr-genes in isolates susceptible to ciprofloxacin and isolates displaying
resistance to quinolones has made it possible to infer from laboratory results that because of
chromosomal mutation, presence of Qnr-genes promotes higher-level resistance.

That is why there exists the possibility that development of quinolone resistance in clinically
relevant species of both Gram-negative and Gram-positive bacteria can be fostered by presence
of qnr genes.

Figure 5. Plasmid mediated resistance
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In addition, the qnrA and qnrB genes usually make up integrons containing genes such as
aminoglycoside inactivating enzymes or β-lactamases, which are responsible for resistance to
other antibiotics.

Integrons do not contain qnrS genes, but these genes however associate with TEM-1 type β-
lactamases-containing transposons [85].

As a result, the association of genes that encode resistance to both quinolone and other
medicine classes like aminoglycosides and β-lactams are favourable to selection and subse‐
quent dissemination by chemically unrelated medicines classes of strains that are resistant to
fluoroquinolones.

The reverse is also found concerning fluoroquinolones selecting and disseminating amino‐
glycoside or β-lactam resistant strains (please see the sections related to resistance to fluoro‐
quinolones for issues regarding the tight correlation between and quinolone resistance and
production of extended spectrum β-lactamases (ESBL)).

The chromosome of Shewanella algae, a bacterium found in environmental water has also been
found to display Qnr genes.

The discovery of other qnr homologs in the genome sequences characterizing several Photo‐
bacterium profundum and Vibrio spp. suggests the possibility of water-borne Vibrionaceae as
a source of qnr genes and also a reservoir [86-88].

Recent in vitro tests have shown the possibility for transfer of the plasmid borne Shewanella
algae qnr gene to Enterobacteriaceae [86].

A further discovery envisages a plasmid-encoded determinant of resistance to quinolones, a
variant of the aac(6_)Ib gene that encodes an aminoglycoside acetyltransferase.

The process of acetylation of both medicine classes is catalysed by AAC(6_)-Ib-cr, the bifunc‐
tional fluoroquinolone and aminoglycoside active variant [89].

This variant enzyme has become able to acetylate norfloxacin and ciprofloxacin as well as to
determine a fourfold reduction of ciprofloxacin activity [90, 91].

Because of the absence in position C-7 of a piperazinyl substituent, levofloxacin and moxi‐
floxacin do not undergo acetylation.

Interestingly, S. marcescens, the first clinical isolate determined as ciprofloxacin resistant, was
found prior to the introduction of quinolone treatment in a patient treated with an aminogly‐
coside and a β-lactam. In that context, ciprofloxacin MIC during pre-therapy was 0.06, whereas
the respective post-therapy MIC was 4mg/L.

The strain in question underwent changes in the composition of its outer-membrane and
produced an aminoglycoside acetyltransferase [92].

It is possible that Qnr- determinants are less widespread than AAC(6_)-Ib-cr.
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ESBL production is associated with the production of both AAC(6_)-Ib-cr- and Qnr-, which
may therefore be considered a second mechanism for co-selection of drug-resistance induced
by exposure to agents that are chemically unrelated.

A third type of plasmid-mediated resistance to quinolones has been recently identified,
consisting of the quinolone efflux pumps Qep and OqxAB, [70-72, 93, 94].

The QepA and OqxAB proteins are responsible for the induction of resistance to hydrophilic
fluoroquinolones such as ciprofloxacin, norfloxacin and enrofloxacin, leading to a 32- to 64-
fold MIC increase [93-96].

As far as QepA is concerned, in addition to quinolones, this extrudes a restricted range of
agents such as ethidium bromide, erythromycin and acrifliavine.

In turn, OqxAB is responsible for the export of a wider range of agents among which are
tetracyclines, chloramphenicol, ethidium bromide, olaquindox, trimethoprim and disinfec‐
tants such as triclosan [85, 96, 97].

However, the issue here is the presence of a transposable element also consisting of an
aminoglycoside ribosome methyltransferase and the qepA gene [94]. This allows for the
possibility for both aminoglycosides to select QepA determinants and for quinolones to select
aminoglycoside resistance, which is also true in what concerns aac(6_)Ib gene mediated
resistances.

A third mechanism for cross-resistance consists of extrusion by efflux-pumps of chemically
unrelated agents.

To conclude, it appears that, even in the absence of exposure to this medicine, class resistance
to fluoroquinolones can emerge. This can be explained by the action of several co-selection
mechanisms, which all support emergence of quinolone resistance.

Identification in 50–70% of E. coli clinical isolates displaying high-level quinolone resistance
(MICs up to 1500-fold higher than expected) of the multidrug efflux pump AcrAB, as well as
of known plasmid- and chromosomally- mediated resistance mechanisms, makes it reasonable
to infer the existence of additional mechanisms inducing quinolone resistance that have yet to
be discovered

5.4. Other resistance mechanisms

In order to reach its target, all antibacterial agents that interact with an intracellular target have
to cross the bacterial cell wall and then the cytoplasmic membrane. The process continues with
active efflux of most antibacterial agents taken up.

This explains why permeation barriers and efflux pumps affect fluoroquinolones as well,
whether accompanied by target modifications or just by themselves.

As indicated earlier, there are many, many Gram- positive and Gram-negative mutant strains
resistant to fluoroquinolone, which did not display mutation in the region determining
quinolone resistance (QRDR).
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For instance, absence of classical QRDR mutations was observed in 70% of E. coli mutant
variants recovered from besifloxacin selection plates [99]. At the same time, 39% of wild type
E. coli accumulated higher levels of ciprofloxacin than high-level ciprofloxacine-resistant
isolates. To this, one must add the gyrA mutations detected in all [100].

In addition, fluoroquinolone susceptibilities of E. coli were also affected by chemically
unrelated substances such as salicylate, tetracycline and cyclohexane.

In this respect, it was determined that 21 of 57 clinical isolates of E. coli showing high level
fluoroquinolone-resistance displayed tolerance to cyclohexane, which suggests a presence of
elevated broad spectrum efflux activity [101]. Efflux of a wide range of chemically unrelated
compounds, among which are different medicine classes of antibacterials, is determined by
the so-called mar (multiple antibiotic resistance) genes [102], which suffer the influence of an
assortment of chemically unrelated substances.

The role of the mar genes is the regulation of accumulation of quinolones and thus their
intracellular concentrations, which is achieved by changing the expression of efflux pumps
and porins [100, 102].

To this, one must add the extrusion of quinolones out of the bacteria by AcrAB, a different
efflux pump.

The mar gene exerts partial control over the pump, which seems the most important mecha‐
nism of resistance for mar mutant variants [103].

Salicylate stimulates fluoroquinolone resistance selection because the production of MarA, a
positive regulator of acrAB transcription, is induced by salicylate and tetracycline.

Resistance is visible in either mar expression alone or if combined with type II topoisomerase
mutations [102]. The combination of topoisomerase mutations with AcrAB over-expression
results in high-level resistance to fluoroquinolone. In this respect, increased production of
AcrA has been noted in over 60% of high-level ciprofloxacine-resistant isolates [104-106].

Patterns of quinolone resistance may be altered by further nontopoisomerase resistance
mechanisms, over which the mar exerts no control. The quinolone entry into the cell is
decreased because of the nfxB gene action to code for a modified outer cell membrane protein
F [107].

Fluoroquinolone activity is further affected by the action of soxRS gene products involved in
bacterial adaptation to superoxide stress [101].

Fluoroquinolone-resistant E. coli, other Enterobacteriaceae and nonfermenters display a
relatively wide range of diminished antibiotic accumulation, efflux and target enzyme
modification [100, 108].

Because of their limited substrate specificity, increased expression of efflux pumps is associ‐
ated with cross-resistance between fluoroquinolones and antibacterials of chemically unrelat‐
ed medicine classes. This is the case of, for instance, MexAB, which induces resistance to
nonfluorinated and fluoroquinolones, chloramphenicol and tetracycline in MexCD, rendering
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resistance to fluoroquinolones, trimethoprim, triclosan and erythromycin in MexEF and
providing resistance to triclosan, imipenem, chloramphenicol and triclosan in MexXY, which
gives resistance to fluoroquinolones, aminoglycosides and erythromycin.

There are a number of reviews available, which provide a comprehensive view on the impact
of fluoroquinolone resistance and extrusion [108-111].

A fourth type of cross-resistance can be represented by the selection of a fluoroquinolone
resistant or even multidrug-resistant phenotype by exposure to a broad range of chemically
unrelated drug classes. All the above are illustrations which underline the complex character
of mechanisms inducing resistance to fluoroquinolone, selection by fluoroquinolones and co-
selection of resistance by chemically unrelated classes of antibacterials and antiseptics.

All general mechanisms of fluoroquinolone resistance have been presented for an overview
of the issue. Regarding fluoroquinolone resistance in the case of H. pylori infection, this is due
mainly (99%) to mutations in the QRDR of gyrA (Figure 3).

Antibiotic bacterial resistance is a result of the inhibition of binding between the enzyme and
the antibiotic, determined by point mutations in QRDR of gyrA. In various studies, the
following H. pylori loci have been found to be involved: (1) position 88 (Ala88Val), (2) position
91 (Asp91Gly, Asn, Ala, or Tyr) and (3) position 87 (Asn87Lys). In 100% of levofloxacin
resistant isolates there have been observed mutations in both position 91 and 87. In addition,
a new mutation has been identified, which consists of Tyr substituting Asn in position 87.
Position 86 (Asp86Asn) is involved in infrequent mutations; the same position usually
associates with mutations at positions 87 and 91, which diminishes its role in MIC values. In
a similar manner, it is most likely that gyrB constantly associating with gyrA 87-91 mutations
reduce to a minimum the role gyrB mutations hold in emergence of quinolone resistance.
Actually, the involvement of gyrA and gyrB gene mutations has been observed in levofloxacin
resistance as 83.8% and 4.4%, respectively.

There are also other factors that are involved in levofloxacin resistance, such as occurrence in
codon 87 of gyrA of an amino acidic polymorphism, which consists of the presence of various
asparagine-threonine residues. Specifically, presence of threonine in the J99 strain and
asparagine residues in the 26695 strain associated with a higher antibiotic susceptibility has
been identified due to the complete sequencing genome of two strains, namely the J99 and the
26695. Other Helicobacter types interestingly preserve the presence of threonine residue in
codon 87, which therefore indicates the likelihood of the occurrence of a “philogenic” type
evolution of the Helicobacter species.

6. Clinical and social implications of fluoroquinolone resistance

The increased incidence of fluoroquinolone resistance is a major reason for concern in
medicine. Identification of and subsequent familiarisation with plasmid-mediated quinolone
resistance (PMQR) has revealed a new and more dangerous mechanism of resistance allowing
bacteria to adapt to and survive therapeutic concentrations of fluoroquinolones. As mentioned
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reduce to a minimum the role gyrB mutations hold in emergence of quinolone resistance.
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26695. Other Helicobacter types interestingly preserve the presence of threonine residue in
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6. Clinical and social implications of fluoroquinolone resistance

The increased incidence of fluoroquinolone resistance is a major reason for concern in
medicine. Identification of and subsequent familiarisation with plasmid-mediated quinolone
resistance (PMQR) has revealed a new and more dangerous mechanism of resistance allowing
bacteria to adapt to and survive therapeutic concentrations of fluoroquinolones. As mentioned
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above, PMQR only provides low-level resistance, not enough to enable classification as clear
resistance (MIC ≥4g/ml), according to the Clinical and Laboratory Standards Institute (CLSI)
breakpoint criteria for quinolone resistance. With these low MICs, such isolates, although
transporting mutations conferring low sensitivity to quinolones, are to be classified as sensitive
(MIC ≥1g/ml), meaning that physicians can further prescribe this class of medicines.

This in itself is a dilemma, because PMQR allows such “sensitive” organisms to survive even
under therapeutic concentrations, easily circulating their genes afterwards. Continued
exposure to these antibiotics determines high selection for plasmid-carrying pathogens, then
rapidly conducing to general development of high-level clinically significant degrees of
resistance. It has been shown that PMRQ-conferred low resistance levels can still remain
undetected by current CLSI criteria and therefore are still conducive to failure of therapy. This
is reason for concern with regard to the safety of prescribing fluoroquinolones for treatment
of PMRQ gene-bearing organisms, even if they do not qualify as “resistant”.

In such cases, the problem arises whether clinical breakpoints should be reviewed with regard
to plasmid-carrying pathogens.

There is a strong association between fluoroquinolone resistance and resistance to other
antibiotics, particularly wide spectrum β-lactamases and aminoglycosides. This indicates that
gene-carrying plasmid organisms conferring quinolone resistance increase the likelihood of
developing multi-drug resistant bacteria and prescription of a quinolone may be selective of
not only quinolone resistance but also resistance to other classes of medicines.

The discovery of plasmid-mediated resistance genes in some non-Typhi serotypes of Salmo‐
nella enterica in animals has raised a major public health concern. The presence of such
resistance genes from plasmid-mediated resistance genes in some non-Typhi serotypes of
Salmonella enterica suggests an unsettling potential for horizontal transmission of resistance
genes among animals and of infection-causing human pathogens, by means of food. Fluoro‐
quinolone resistance prolongs hospitalisation and may further determine complications
because of the selected therapy. The following can be mentioned among strategies imple‐
mented in some geographic areas: prohibited use as animal food and restricted use of fluoro‐
quinolones in agriculture and their use for therapeutic purposes only, development of
programmes for antibiotics management in hospitals (by drug rotation, cycling and restriction)
as well as carrying out educational campaigns addressing physicians and patients, whose aim
should be to increase awareness of inappropriate antibiotics.

The current breakpoints allow continuation of the quinolone treatment, whereas the organisms
carrying these plasmid-mediated resistance genes remain undetected, which results in further
dissemination of these plasmids, because of the selection pressure. The aim is a review of CLSI
quinolone and fluoroquinolone breakpoints, against the background of the new mechanism
(PMQR). Lower clinical breakpoints will help physicians to detect the low-level-resistance
phenotype as rendered by such genes as well as avoidance of resumed prescription of
quinolones as a treatment.

Identification of the PMQR mechanism is indicative of an increased risk of spreading resistance
not only to fluoroquinolones but also, because of co-transmission, to other significant antimi‐
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crobial classes. Tackling this issue by judicious use of antibacterials and re-evaluation of clinical
breakpoints will constitute an important step in preserving the efficiency of this important
class of medicines.

Concerning the H. pylori infection, an encouraging strategy to approach cases of multiple
failures in prior H. pylori eradication is quinolone-based treatment as a rescue therapy.
According to European guidelines, before selecting a third-line treatment, which is based on
microbial sensitivity to antibiotics, culture is recommended. Quinolones for third-line therapy
should be selected based on results of drug susceptibility tests or analysis of gyrA.

If available, further alternatives have also been suggested for rescue therapy, consisting of
furazolidone-based therapy, triple rifabutin-based therapy or high-dose amoxicillin/PPI
therapy.
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