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The mechanisms associated with colonization of human gastroduodenal mucosa by 
Helicobacterpylori remain unclear. To colonize gastric-type epithelium H. pylori must 
enter the gastric lumen, resist damage by all bactericidal factors operating within the 
acidic gastric milieu, penetrate the mucus gel despite highly viscous and hydrophobic 
properties of the mucus layer, and, finally, secure optimal conditions for its further 
multiplication. Since the H. pylori microorganism has been seen freely spread 
throughout the entire mucus layer thickness as well as in intimate contact with surface 
epithelium. thc interrelationship between this spiral microorganism and the mucus 
sccms to be of paramount importance. H. pylorihas been shown to affect adversely the 
chemical and physical properties of the mucus layer. Therefore, the mucus layer 
compromised by the presence of this microorganism may become an easy target for 
acid and peptic damage, which ultimately leads to mucosal pathology, inflammation 
and/or peptic ulcer disease. 
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Mucus, a viscoelastic, highly cohesive and ad- 
hesive gel covering the surface of the epithelium 
within the alimentary, respiratory, and genito- 
urinary tracts, is considered to be the vanguard of 
protection and to function as a link between the 
outer or luminal milieu and inner or cellular 
compartment. Mucus also serves as a barrier 
against invasion by various pathogenic micro- 
organisms, while providing a suitable micro- 
environment for the growth of indigenous non- 
pathogenic microbial flora. Helicobacter pylori 
seems to contradict this paradigm. H .  pylori. 
although considered a human pathogen, has 
found a way not only to  counteract successfully 
physicochemical forces of the mucus gel but also 
to inoculate the mucus gel layer and perhaps also 
to utilize its physicochemical qualities to further 
its own pathogenetic goals. It seems to  mas- 
querade within the mucus layer as indigenous 

flora while inducing pathogenetic changes within 
the colonized mucosa. 

THE ROLE OF MUCUS CONSTlTUENTS 
IN MUCOSAL PROTECTION 

One unique feature of gastric secretion is its high 
content of physiologic components that are poten- 
tially destructive to the stomach's own protective 
structures and defensive mechanisms. This makes 
the study of the gastroduodenal mucosal barrier 
fascinating and intellectually challenging. 

The gastroduodenal mucosa of most humans is 
able to withstand a gradient of over 1,000,000 
hydrogen ions combined with the strong proteo- 
lytic activity of pepsin. This implies phylogenetic- 
ally and ontogenetically well developed and well 
balanced protective mechanisms. Within the 
gastroduodenal mucosa one of the best defined 

Sc
an

d 
J 

G
as

tr
oe

nt
er

ol
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

W
es

te
rn

 A
us

tr
al

ia
 o

n 
06

/1
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



48 J .  Sarosiek et al. 

and explored protective mechanisms is the ability 
of the epithelial cells to generate an extracellular 
layer of mucus. Mucus gel firmly adhering t o  
surface epithelial structures is considered to be a 
primary target for all the damaging factors applied 
to  the luminal surface, including acid and pepsin. 
The discovery of H .  pylori within this mucus layer 
raises interesting questions concerning the effect 
of this microorganism on the chemical and 
physical properties of mucus and, ultimately, on 
the mucosal protective barrier. 

Composition of mucus 
Mucus gel can be separated into organic and 

inorganic components. Several endogenous 
organic components seem to play an important 
role in determining a functional equilibrium or  
disequilibrium between aggressive and protective 
factors. Although there are also numerous cations 
and anions present within the mucus layer, the 
dominant inorganic components, as hallmarks of 
mucosal damage and protection, are hydrogen 
and bicarbonate ions, respectively. 

Since the mucus gel covers the surface of the 
epithelium, its composition is affected by both 
luminal and mucosal factors. Among luminal 
factors that may influence its composition are 
components of salivary secretion, food ingredi- 
ents, and solubilized mucus components ad- 
sorbed secondarily to the surface of the mucus 
gel. 

Although procedures to isolate gastric mucus 
are always confounded by the possible contamin- 
ation with constituents of luminal origin, most 
mucus gel components originate within the 
glandular mucosa. Components originating 
within the gastric mucosa can be divided into the 
three broad categories (1-3): 

1. Secretory components: mucus glycoprotein 
(mucin), secretory IgA, IgM, vitamin BI2-binding 
proteins, pepsinogens, and pepsins. 

2. Transudatory Components: serum albumin, 
serum glycoproteins, lipoproteins, serum IgG, 
IgM, and IgA. 

3. Exfoliatory components: plasma membrane 
glycoproteins, phospholipids, glycosphingolipids, 
nucleic acids, integrins, and ligands for integrins. 

of the surface epithelium consists of approx- 
imately 70% proteins, 14% sugars, and 16% lipids 
(4). Mucus glycoprotein, so-called mucin, is a 
major constituent and a leading determinant of 
chemical composition and the physical properties 
of mucus. This glycoprotein is composed of 6@ 
8OYO carbohydrates, 20-40% protein, and 0.3- 
0.4% covalently bound fatty acids (1, 2). Mucin 
exists as a polymer, with an approximate mol- 
ecular weight 2x10h, which is formed of four 
subunits covalently bound to  a linking protein. To 
its protein core, rich in threonine, serine, glycine, 
and proline, are linked carbohydrate chains com- 
posed of N-acetylglucosamine, N-acetylgalactos- 
amine, galactose, fucose, and sialic (N-acetyl- 
neuraminic) acid (2,3).  There is controversy with 
regard to the spacial organization of mucus mol- 
ecules, and the ‘coiled thread’ model, ‘windmill’ 
organization with ‘bottle brush’ shape of subunits, 
and subunits rotated 120” along the linking protein 
are the most widely accepted three-dimensional 
configurations (1-3, 5 ) .  Only the last confor- 
mation, however, considers the modulating role 
of lipids (1). 

Function of mucus 
The polymeric structure of mucin and its highly 

hydrophilic and expanded molecular configura- 
tion enables it to  form a gel. This gel provides a 
viscoelastic, spinnable, and permselective mucus 
layer, crucial for protection of the surface epi- 
thelium against exogenous or endogenously 
elaborated damaging luminal factors. In addition, 
mucus is the most physiologic lubricant. It also 
agglutinates and aggregates microorganisms, 
binds bacterial toxins, and modifies the activity of 
pepsin (1, 3, 16-19). Bicarbonate secreted by the 
glandular mucosa is trapped into the mucus gel 
architectural network and permits the mucus layer 
to maintain the p H  gradient between the acidic 
gastric luminal milieu and the neutral epithelial 
cell surface (20). 

Various factors, such as lipids, especially phos- 
pholipids, albumin, IgA, and prostaglandins, 
further enhance the protective physical properties 
(viscosity, retardation of hydrogen ion diffusion) 
of mucus (6-8). Also various ulcer-healing drugs 

Mucus gel adhering to the plasma membranes have been shown to improve the physicochemical 
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properties of gastric mucus, thereby implement- 
ing more favorable conditions for restoration ‘ad 
integrum’ of the surface epithelium, damaged 
during ulcerogenesis (12-15). However, both 
viscosity and permselectivity of gastric mucus and 
mucin can be impaired through interaction with 
damaging compounds such as acetylsalicylic acid, 
lysophosphatidylcholine, or pepsin (9-11). 

The luminal surface of the mucus gel is subject 
to a continuous erosive activity by various agents 
and factors within the gastric luminal milieu. 
Pepsin, especially a t  a low pH,  remains the 
leading mucus-degrading factor. Since mucous 
cells can vigorously secrete newly synthesized 
mucin and restore their mucin stores, an equili- 
brium is maintained between degradation and the 
restoration of a mucus gel layer during conditions 
considered physiologic. This balance, however, 
dynamically changing with the pace of continu- 
ously modifying stimuli and challengers, may 
undergo disequilibrium if aggressive forces over- 
come protective factors. H .  pylori may lead to 
such an imbalance. 

80 
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H E L I C O B A C T E R  P Y L O R l - R E L A T E D  
FACTORS INFLUENCING THE MUCUS 
LAYER 

Mucus, covering the surface epithelium of the 
gastroduodenal mucosa, may because of its 
multiple components and structural diversity 
serve both to repell and to  attract various surface- 
exposed structures of the H .  pylori microorgan- 
ism. Since exfoliated epithelial cells with specific 
H .  pylori adhesion receptors are continuously 
shed into the mucus layer, one  may expect that 
some receptor molecules would be exposed on the 
surface of a mucus gel. Therefore, initial docking 
of H .  pylori o n  the surface of the mucus gel could 
potentially be mediated by gel-embedded rnem- 
brane fragments with intact receptor molecule. 
This initial stage may enable H .  pylori to contact 
and to anchor within the mucus gel. 

The high metabolic activity of the micro- 
organism may also help to restore its new ad- 
hesion molecules within the cell membrane and 
begin a new search for the receptor on the plasma 

7 
1 
** 1 ** 

* p<0.05 
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* *** p<o.oo 
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FLUORESCENCE P R O B E  (BE-ANS)  

CONCENTRATION (pM) 

Fig. 1.  Hydrophobicity of human gastric juice from patients with or without 
concomitant Helicobacter pyiori colonization (mean +SD). 
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membrane of an intact cell within the mucosa. 
Short-range forces such as hydrogen, ionic, and 
hydrophobic binding may also permit the micro- 
organism to anchor within the mucus layer if the 
cell plasma membrane receptor density and 
affinity do not favor direct H .  pylori adhesion. 
Hydrophobic regions of H. pylori have recently 
been described by two independent groups using 
hydrophobic interaction chromatography (21, 
22). Moreover, strongly hydrophilic H. pylori 
surface structures have been described by salt 
aggregation testing, contact angle determination, 
and adherence to sulfonated polystyrene (21). 
Therefore, both hydrophilic and hydrophobic 
H. pylori membrane structures may play some 
role in adhesion of the microorganism to mucous 
cell plasma membranes and in colonization of the 
mucus gel. 

The potential clinical role, in H .  pylori colon- 
ization, of hydrophobic or lipophilic domains has 
also recently been underscored by Spychal et al. 
(23), who described a decrease in hydrophobicity 
of the surface of the mucus layer in patients with 
H. pylori infection. Furthermore, we have re- 
cently found that the gastric juice of patients with 
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non-ulcer dyspepsia (NUD) colonized with H .  
pylori has significantly enhanced ability to bind a 
hydrophobic probe, BIS-ANS (l-anilinonaphth- 
alene-8-sulfonic acid), than the gastric juice of 
NUD patients without H .  pylori colonization 
(Fig. 1). Although our method of measuring 
hydrophobicity is based on recording relative 
fluorescence generated by BIS-ANS bound to 
hydrophobic binding sites and is different from 
the method utilized by Spychal, both suggest 
excessive loss of hydrophobicity from the mucus 
layer into the gastric lumen. This may be due to 
enzymes such as protease and phospholipase 
described in some strains of H. pylori (24, 25). 
How this relates to gastritis and peptic ulcer still 
remains to be determined. 

We have also observed differences in the 
physical property of gastric mucus in patients with 
NUD with or without H. pyloricolonization. Both 
groups of selected patients showed the same 
proteolytic profile of gastric juice. As is shown in 
Fig. 2, patients whose gastric mucosa is colonized 
by H. pylori have viscosity of mucus in the gastric 
juice significantly lower than that of H .  pylori- 
negative patients. It seems, therefore, that the 

12 ** 

I !** 
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Fig. 2. The viscosity of the gastric mucus from patients with (HP+) and with- 
out (HP-) Helicobacrer pylori colonization within the mucosal compartment 
(meantSD). 
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gastric mucosal barrier in patients with H. pylori 
is physically compromised by H. pylori-related 
pathogenetic mechanisms. The decrease in the 
viscosity of gastric mucus may at least partly 
explain why the gastroduodenal mucus gel thick- 
ness in H .  pylori-positive patients with NUD 
was significantly impaired as compared with H. 
pylori-negative NUD patients. In those with con- 
firmed H. pylori infection the thickness of the 
mucus layer (mean SD) was 0.093 k 0.033 mm 
in duodenal, 0.085 f 0.027mm in antral, and 
0.105 +- 0.033 mm in corporal mucosa. In those 
without concomitant H. pylori colonization the 
thickness of the mucus gel was0.162 k 0.045 mm, 
0.175 k 0.067mm, and 0.161 2 0.064mm in 
duodenum, antrurn, and corpus, respectively. 
These differences were statistically significant 

As we have recently shown, H. pylori exhibits 
either predominantly diffuse or predominantly 
focal adherence to the surface of human gastric 
epithelium isolated from patients with NUD and 
maintained in culture for 3-14 days (27). We 
evaluated our samples in an inverted microscope 

(26). 

equipped with Hoffmann modulation contrast 
and differential interference contrast (Axiomat- 
Zeiss). We could clearly see that during physical 
contact between H. pylori and the surface of 
mucous cells, mucin granules were released, 
acting as a major repelling force on the surface of 
epithelium. Final adhesion of H .  pylori, mediated 
by an intimate contact of H. pylori and the cell 
membrane or through flagella (SEM magnifi- 
cation, X 7,500-15,000) (Figs. 3 and 4), occurred 
only when cells were depleted of their mucin 
stores and reduced in sue by approximately 40- 
50%. Some H .  pylori became entrapped by mucin 
granules (Figs. 3 and 5). Coaggregation, in which 
many H. pylori microorganisms bind to those 
already attached to the epithelial cell surface in 
a focal pattern of adhesion, can also be seen 
(Fig. 5). 

Considering all available data, we should like to 
present a scheme by which the H .  pylori micro- 
organisms may mediate potential damage to the 
gastric mucosal barrier, especially to a mucus 
layer (Fig. 6). There are two types of H. pylori- 
related epithelial damage: direct and indirect. 

Fig. 3. Scanning electron microscopy ( X  15,000) of the human gastric epithelial cell 
with depletion of its mucin stores and diminished size. There are two Heticobncter 
pylori adhering to the cell through cell membrane structures and one H .  pytori 
adhering to the cell through its flagella. In the vicinity of the cell some of H .  pytorz 
microorganisms seem to be entrapped by mucin granules released by the cell. 
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Fig. 4. Scanning electron microscopy ( x 9000) of the human gastric epithelial cell 
releasing its mucin granules on the physical contact between Helicobacterpylori and 
the cell membrane. There are two types of adhesion of H .  pylori to  the cell, one 
mediated by cell membrane5 and the other by flagella. Coaggregation of H .  pylori in 
the proximity of the cell may be partially mediated by mucin granules entrapping 
microorganisms by thin threads of viscoelastic mucus due to spinnability. 

Fig. 5.  Scanning electron microscopy ( X  7500) of the human gastric epithelial cells 
with focal adhesion of Helicobacrer pylori to the surface of epithelium. H .  pylori 
microorganisms adhering to the cell surface tend to  coaggregate within mucin 
granules released by the cell. 
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COLONIZATION OF THE GASTRODUODENAL MUCOSAL COMPARTMENT BY HP , 

/ /  PROTEOLYSIS L L Y S h  

DEGRADATION OF GLYCOPROTEIN-LIPID COMPLEX IN MUCUS -0 

COMPROMIZED HYDROPHOBICITY OF A MUCUS LAYER 

I 
DECREASE OF VISCOSITY INCREASE OF PERMEABILITY DECREASE OF THE THICKNESS 

I \'---- DISSIPATION OF A pH GRADIENT IN THE MUCUS LAYER 

+ 
GASTRITIS AND/OR ULCER 

Fig. 6 .  The direct and indirect effects of Helicobacter pylori on the gastric mucosal barrier. 

Both direct and indirect weakening of the mucosal 
barrier may generate the optimal conditions re- 
quired for H .  pylori colonization and replication. 
During direct contact betwekn the H .  pylori 
microorganism and the cell, membrane structures 
are exposed to extremely high concentrations of 
potential cytotoxins, ammonia generated by 
H .  pylori urease, proteases, and phospholipases, 
inevitably leading to cell damage. The injury 
induced may sometimes far exceed expected 
changes, leading to a total disruption of the 
mucosal barrier. This exaggerated damage may 
lead to the elimination of the organism or force 
H .  pylori to move to surrounding, less damaged 
areas to ensure survival. 

Numerous H .  pylori reside in the mucus gel, 
however, freely spread throughout the entire 
mucus layer. Damaging factors secreted by the 
microorganism into the surrounding milieu lead 
through lipolysis and proteolysis to degradation of 
the glycoprotein-lipid complex in mucus. This 
compromises the hydrophobicity of the mucus 
layer, with a subsequent decrease of viscosity, 
attenuation of the mucus gel thickness, and facili- 

tation of the back-diffusion of hydrogen ion. Such 
changes may subsequently cause dissipation of the 
pH gradient in the mucus layer, exposing the 
surface epithelium to excessive hydrogen ions. 
These in turn may lead to the damaging impact of 
hydrogen ion and pepsin on epithelium already 
compromised by the direct effect of H .  pylori ,  
with the subsequent development of inflam- 
mation and/or ulcer. 

FUTURE IMPLICATIONS 

There are numerous questions that need to be 
answered: 

1. Will the changes in hydrophobicity, viscosity, 
and the thickness of the mucus layer clear, 
diminish, or remain unchanged after eradication 
of H .  pylori? If abnormalities persist, are they 
genetically determined, thus predisposing the 
mucosa to recolonization or related to environ- 
mental or iatrogenic factors? 

2. Does the mucus layer prevent or facilitate 
colonization by H. pylori? What are the factors 
within the mucus layer facilitating or preventing 
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colonization of the gastroduodenal mucosa by 
H .  pylori? 

3. Would mucolytic drugs or the agents modi- 
fying the physicochemical properties of the gas- 
troduodenal mucus help to  eradicate H .  pylori  or 
promote further damage? 

4. Does H .  pylori require the mucus blanket to 
protect itself? 

5. Does the gastroduodenal mucus layer protect 
the mucosa, H .  pylori ,  or both? 

Answers to these questions will assist us in our 
future design of preventive and therapeutic 
regimens. 
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