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Abstract The structural and functional integrity of the gastric
and duodenal mucosa represents equilibrium between aggres-
sive factors and protective mechanisms. Mucus-buffers-
phospholipid layer as pre-epithelial barrier, enhanced by pros-
taglandins and epidermal growth factor, remains a vanguard
of mucosal protection. It maintains a neutral pH at the surface
epithelial luminal interface, facing luminal pH dropping to
1.0, i.e., hydrogen ion concentration gradient equal 1,000,
000. The surface epithelial cells, elaborating mucins, buffers,
phospholipids, prostaglandins, trefoil peptides, peptide
growth factor and their receptors, heat shock proteins,
cathelicidins, andβ-defensins form the second line of defense.
Endothelium exerts mucosal protection through production
of potent vasodilators like nitric oxide and prostacyclins
and through release of angiogenic growth factors, securing
adequate blood flow and representing the third and an
ultimate line of mucosal protection. This microcirculation
is instrumental for supply of oxygen, nitric oxide, hydro-
gen sulfide and removal of ad hoc generated toxic sub-
stances as well as for continuous mucosal cell renewal
from progenitor cells, secured by growth factors accompa-
nied by survivin preventing early apoptosis.
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Introduction

The upper alimentary tract especially stomach and its two
anatomical neighbors, duodenum and esophagus, are unique
in terms of their physiological challenge that quite often turn
into pathophysiology. This phenomenon takes place owing to
a capacity of the gastric mucosa to secrete gastric acid
resulting in hydrogen (H+) ion concentration gradient of one
million between its lowest pH 1.0 within the lumen at peak
secretion and pH 7.0 within the apical aspect of the gas-
tric mucosal surface epithelium. This H+ ion concentration
gradient represents the most potent bactericidal barrier in
human body.

Gastric and duodenal mucosal integrity is maintained due
to a balance between the so-called aggressive factors of en-
dogenous or exogenous in origin and a number of protective
mechanisms [1]. A unique property is its ability to withstand
the corrosive action of not only endogenous hydrochloric acid
together with pepsins within the luminal contents but also
exogenous factors such as alcohol, smoking, and drugs [1].
Although the exact nature of the protective mechanisms re-
mains elusive, it is multi-factorial [1–3].

Aggressive endogenous factors are acid, pepsin, and
refluxed bile acids. The precursor of pepsins called pepsino-
gens or inactive polypeptide proenzymes are produced by the
chief cells and mucous neck cells of gastric mucosa. Pepsin-
ogens can be electrophoretically separated into 7 isoenzymes.
Pepsinogens 1–5 are referred as group I and pepsinogens 6
and 7 as group II. Acetylcholine, cholecystokinin, gastrin, and
gastrin-releasing peptide are the most important physiologic
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stimulants for their secretion. These pepsinogens are converted
to pepsin by gastric acid in the gastric lumen, which is optimal
at a pH of 1.6 to 3.5 or auto-catalytically by already active
pepsins. At pH 5.0 they are inactivated reversibly but at pH
7.0 denaturated and inactivated irreversibly. If large amounts
of acid and pepsins are secreted, mucus layer will be gradually
proteolytically degraded by pepsins, and the presence of H+ ions
creates low pH at the cell surface causing cellular damage [4].
Refluxed bile acids like hydrophobic deoxycholic acid (DCA)
contribute to cytotoxic and epithelial tissue injury of gastric and
especially esophageal mucosa in the setting of duodeno-
gastroesophageal reflux [5, 6, 7•]. Aggressive factors which
are exogenous in origin that play an important role in mucosal
damage are non-steroidal anti-inflammatory drugs (NSAIDs),
smoking, alcohol consumption, and emotional stress. NSAIDs
inhibit prostaglandin synthesis, thereby reducing mucus pro-
duction, bicarbonate secretion, and mucosal blood flow [4].

The gastric protective factors can act at various levels like
mucus layer, mucosal surface epithelium, and mucosal vascula-
ture. Despite the exposure to acid and pepsins under normal
conditions, gastrointestinalmucosamaintains structural integrity
and resists injury because of an entire array of defense mecha-
nisms. They include a pre-epithelial component (mucus-buffers-
phospholipid barrier) as the first line of defense [7•, 8••, 9, 10].
An epithelial component represents the second line of defense
with continuous epithelial cell renewal accomplished by prolif-
eration of progenitor cells, regulated by growth factors, prosta-
glandins, and survivin [7•, 8••]. Continuous blood flow through
mucosal vasculature (provides oxygen and nutrients) and the
endothelial microvascular barrier is recognized as the third line
of defense [7•, 8••, 9]. This article aims at the review of various
protective factors and their contribution towards the protection
of gastric and duodenal mucosa against mucosal injury
(summarized in Fig. 1 and Table 1) [11].

Protective Factors of the Mucus Layer

The mucus-buffers-phospholipid layer is the first line of pro-
tection that tenaciously adheres to the epithelial surfaces [2,
12, 13]. The surface mucus maintains a dynamic equilibrium
with the preformed intracellular mucus within the secretory
granules of the surface epithelial and crypt cells, forming the
Bmucous barrier^ [2, 14, 15]. The major protective compo-
nents of this layer is constituted by mucus glycoprotein so-
called mucin, surfactant phospholipids, prostaglandins,
bicarbonate-forming mucus-buffers-phospholipids trio ac-
companied by non-bicarbonate phosphate buffers and peptide
growth factor (EGF) [9].

Mucus Gel

Mucus gel is generated by mucin granules through their apical
expulsion from surface epithelial cells and it contains 95 %

water, 5 % mucin as products of mucin genes (MUC2,
MUC5AC, MUC5B, and MUC6). The gel-forming mucin
units polymerize into large mucin multimers essential for gel
formation [9, 10, 16–18]. The efficiency of the mucus depends
on its gel structure and thickness of the adherent mucus layer
[19]. MUC5AC and MUC6 are gastric mucin gene products
in alternate layers of the mucus layer [19, 20]. This gel layer
provides a structural protection by creating a stable, unstirred
layer with imbedded buffers to support surface neutralization
of acid and also prevents the potential diffusion of luminal
pepsin molecules reaching the underlying epithelium [19]. In
addition, gastric mucin molecules are structurally bound to
fatty acids making them more hydrophobic thus slowing the
H+ ion back diffusion.

Phospholipids

Lipids account for up to 25 % of the dry weight of the gastric
mucus and they comprise of neutral lipids, glycolipids, and
phospholipids [2]. The mucus is coated with a film of surfac-
tant phospholipids on the luminal surface which creates a
potent hydrophobic nature that slows hydrogen ion diffusion
[9, 10, 21]. Among the lipid components of mucus, the
greatest effect on the retardation capacity of hydrogen ion
diffusion is exhibited by phospholipids followed by glyco-
lipids and neutral lipids [2, 15]. Phospholipids significantly
enhance the viscosity and permeability of the mucus layer,
determining the protective quality of gastric mucin [22, 23].
Ulcerogenic substances such as aspirin and bile salts disrupt
the mucus gel and phospholipid layer, promoting mucosal
injury [9, 24]. Furthermore, Helicobacter pylori proteolyses
and lipolyses the mucin-lipid network, thus impairing de-
fense mechanism establishing a strong causal relationship
to gastritis, duodenitis, gastric ulcer, and duodenal ulcer
[12, 17, 22, 25, 26].

Trefoil Factor Family (TFF) Peptides

TFF peptides are present in mucin secretory vesicles and in-
volve in intracellular assembly and packaging of mucins [9].
They play an important role in epithelial defenses through
their promotion of mucosal epithelial restitution and re-
epithelialization [27•]. Three trefoil factor family peptides
TFF1, TFF2, and TFF3 are expressed throughout the gastric
mucosa [27•]. TFF1 is co-secreted with MUC5AC mucin in
gastric epithelial cells, TFF2 with MUC6 mucin in glands of
stomach and duodenum and TFF3 with MUC2 mucin in gob-
let cells [19]. TFF2 increases the viscosity of the mucosal
layer and stabilizes the gel network [28]. Recently, Castro-
Combs et al. demonstrated that impaired viscosity of gastric
secretion and its mucin content might diminish lubrication
within the gastrointestinal tract setting the stage for the devel-
opment of symptoms related to chronic constipation [29].
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Bicarbonate Buffers

The main role of bicarbonate secretion and its retention within
the mucus gel layer is to neutralize the acid and pepsin [19,
30]. It forms a pH gradient from highly acidic luminal surface
to neutral epithelial surface of stomach and duodenum
forming the mucus-buffer barrier and acts as the first line of
mucosal defense along with highly hydrophobic phospho-
lipids [10, 19]. Mucus gel minimizes luminal loss of bicarbon-
ate sufficiently to maintain a neutral pH at the apical surfaces
[30]. Sodium-bicarbonate co-transport play an important role
in importing bicarbonate at the basolateral membrane [9].

In the stomach, prostaglandin E synthase (PGES) catalyzes
the conversion of prostaglandin H2 to prostaglandin E2 (PGE2)

which is a key reaction [27•]. PGE2 increases intracellular cal-
cium and cyclic adenosine monophosphate (AMP) to ultimate-
ly increase bicarbonate secretion [27•, 31]. Luminal acid,
corticotrophin-releasing factor (CRF), melatonin, uroguanylin,
and orexin A also stimulate bicarbonate secretion [9, 10]. Pari-
etal cells simultaneously secrete bicarbonate along with hydro-
chloric acid into the mucosal interstitium and blood vessels
which forms the alkaline tide [8••, 19]. Secreted bicarbonate
is imported by the surface epithelial cells and significantly en-
hances the mucosal and surface alkalinity [8••, 19].

In duodenum, the epithelium secretes bicarbonate in addi-
tion to mucin at higher rates up to fivefold than stomach and
distal small intestine, when exposed to acid and pepsin. Fur-
thermore, melatonin released by the enterochromaffin cells of

Fig. 1 This illustration depicts the major protective factors of gastric and
duodenal mucosa (from reference 9 and 32). (1) Mucus layer constitutes
mucin, phospholipids, bicarbonate and non-bicarbonate buffers, forming
mucus-buffers-phospholipids layer, a pre-epithelial barrier. (2) Surface
epithelial cells are interconnected by tight junctions forming a selectively
permeable barrier preventing back diffusion of acid and pepsin. They
form second line of defense. (3) Continuous epithelial cell renewal from
mucosal progenitor cells. (4) Alkaline tide is created by the concurrent
secretion of bicarbonate by gastric parietal cells from the basolateral

membrane, during acid secretion. (5) Mucosal vasculature provides
oxygen and nutrition, forms endothelial barrier, and generates potent
vasodilators such as nitric oxide and prostacyclin, which protect from
mucosal injury. (6) Sensory nerves sense the mucosal acid and activate
the secretion of bicarbonate secretion. Sensory nerve stimulation
leads to the release of neurotransmitter calcitonin gene related peptide
(CGRP), which causes vasodilation and enhances mucosal blood
flow. (7) Prostaglandins enhance all mucosal defensive mechanisms
and maintain mucosal integrity
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gastric mucosa enhances bicarbonate secretion through
enterocyte membrane receptors [19]. Thus, mucus-buffers-
phospholipid layer is an important pre-epithelial barrier with
many integrated components, operating solely between lumen
and epithelium. When it breaks down in any disease, the
next series of protective mechanisms have to come into
play, otherwise, severe injury to surface epitheliumwill follow
[9, 19, 24].

Non-Bicarbonate Buffers

Although bicarbonate buffers represent the major neutralizing
capacity of hydrogen ions and/or gastric acid, the non-

bicarbonate buffers formed by various proteins/glycoproteins
and mostly inorganic phosphates within the gastric and
duodenal secretions play an important supportive role as
well [2, 4, 17].

Protective Factors of the Mucosal Surface Epithelium

The second line of mucosal defense is formed by a continu-
ously renewed layer of surface epithelial cells, which secrete
mucus and bicarbonate, and synthesize prostaglandins, heat
shock proteins, TFF peptides, antimicrobial cathelicidins,
and β-defensins [8••, 9, 24]. Surface epithelial cells are inter-
connected by tight junctions and gap junctions forming a reg-
ulated selectively permeable or permselective Bbarrier^
preventing back diffusion of acid and pepsin [7, 9, 10, 24,
32••]. The permeability of the surface epithelial cells is mainly
regulated by apical intercellular junction referred as tight junc-
tion. Tight junction molecules contain filamentous F- actin
that maintains mucosal integrity, and E-cadherin that
regulates intestinal permeability forming strands between
the cells [32••].

The epithelial cells are hydrophobic and repel acid and
water soluble damaging agents because of presence of phos-
pholipids on their surface [9, 10]. EGF may also regulate
permeability and furthermore increases the time in which the
epithelial layers resist acidification and maintains transmural
epithelial electrical resistance (TEER) during the phase of
acidification. The duodenal mucosa has only 5 % of TEER
when compared to stomach [32••, 33].

Heat shock proteins (HSP) also contribute to the intestinal
epithelial barrier [32••]. Increased temperature, stress, and cy-
totoxic agents stimulate the secretion of HSP by gastric epi-
thelial cells [32••]. HSP prevents protein denaturation and
promotes intestinal permeability during temperature elevation,
thereby protecting cells from injury [9, 32••]. Activation of
HSP is one of the major defense mechanisms of the antacid
hydrotalcite [9, 24]. TFF peptides regulate re-epithelialization
and play an integral role in the epithelial defenses through
their promotion of mucosal restitution after injury to surface
epithelium [9, 27•, 28]. Cathelicidins and β-defensins are cat-
ionic peptides that play roles in the innate defensive system at
mucosal surfaces preventing bacterial colonization [24]. They
have been previously demonstrated in gastric epithelial cells
accelerating ulcer healing [9, 24].

Protective Factors Enhancing the Mucosal Vasculature

Continuous blood flow through the microvessels is very cru-
cial for the function and maintenance of structural integrity of
the gastrointestinal tract [7•]. The critical role of microcircu-
lation is to deliver oxygen and nutrients to all tissues and cells
and to remove ad hoc generated toxic metabolites [7•, 34, 35].

Table 1 Summary of protective factors of gastric and duodenal mucosa

I. Protective factors of the mucus layer

• Mucus gel forms a stable, unstirred layer to support surface
neutralization of acid

• Phospholipids retard hydrogen ion diffusion and enhance viscosity of
the mucus layer

• Trefoil factor family (TFF) peptides stabilize the mucus gel network

• Bicarbonate buffers neutralize the acid and maintain a neutral pH at the
luminal interface

• Epidermal growth factor (EGF)

• Prostaglandins

II. Protective factors of the surface epithelium

• Surface epithelial cells secrete mucus, bicarbonate, surfactant
phospholipids, and prostaglandins

• TFF peptides regulate re-epithelialization and promote mucosal
restitution

• Antimicrobial cathelicidins and β-defensins

• Stress-induced heat shock proteins (HSP) prevent protein denaturation
and cell injury

III. Protective factors of the mucosal vasculature

• Microcirculation delivers oxygen and continuously remove ad hoc
generated toxic substances

• Endothelial barrier

• Angiogenic growth factors such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF) and angioproteins

• Vasodilators such as nitric oxide (NO), hydrogen sulfide (H2S) and
prostacyclin (PGI2)

IV. Protective factors involved in continuous cell renewal

• Growth factors such as EGF and its receptor (EGF-R), transforming
growth factor-α (TGF-α) and insulin-like growth factor-1 (IGF-1)

• Survivin is an anti-apoptosis protein in the progenitor cells and prevents
cell death

• Prostaglandins and their receptors (EP1, EP2, EP3, EP4)

V. Other protective factors within ENS, CNS, and endocrine system

• Sensory nerve innervation

•Neuropeptides like calcitonin gene-related peptide (CGRP), substance P,
and leptin

• Hormones such as gastrin, cholecystokinin, thyrotropin-releasing
hormone, bombesin

• Ghrelin
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Endothelial Barrier

Endothelial cells of the mucosal vasculature are interconnect-
ed by adhesion junctions forming an endothelial Bbarrier^
which prevents diffusion between cells [10]. A characteristic
feature of gastric endothelial cells is the presence of fenestra-
tions and pinocytotic vesicles involved in the transport of sub-
stances through the barrier [7•]. In addition, special vesicles
termed Weibel-Palade bodies are present inside epithelium
which stores von Williebrand factor (that helps in blood co-
agulation), P-selectin (that helps in the recruitment of leuko-
cytes and migrate to the site of injury), chemokines, interleu-
kin-8, endothelin-8, and angiopoietin-2 [7•, 36].

Angiogenesis

Angiogenesis is an excellent mechanism of repair and resto-
ration of microvascular network through the formation of new
capillaries at the site of injury. Angiogenesis is triggered by
basic fibroblast growth factor (bFGF), vascular endothelial
growth factor (VEGF), and angioproteins, which are called
as angiogenic growth factors [8••].

Endothelial Mediators

Endothelial cells generate potent vasodilators such as nitric
oxide (NO) and prostacyclin (PGI2), which protect the gastric
mucosa against injury and oppose the mucosal damaging ac-
tion of vasoconstrictors such as leukotriene C4, thromboxane
A2, and endothelin [3, 7•, 35]. The protective action of endo-
thelial cells is also mediated by PGE2, carbon monoxide, tis-
sue plasminogen activator (t-PA), VEGF, and bFGF. These
protective endothelial mediators reduce adhesion of platelets
and leukocytes, prevent thrombi formation, promote throm-
bolysis, maintain tissue perfusion, and protect the microvas-
cular wall from acute damage [7•]. NO is responsible for
maintaining gastric epithelium integrity and mucus barrier.
NO inhibits hydrochloric acid secretion from parietal cells,
thereby protecting the mucus barrier and gastric epithelial in-
tegrity [3, 37]. Hydrogen sulfide is another endogenously gen-
erated vasodilator that exerts strongmucosal protective action.
It decreases leukocyte adherence to endothelium, reduces tu-
mor necrosis factor α (TNF α) expression, and inhibits
NSAID-induced gastric mucosal injury [3, 9, 38].

In the stomach, the presence of luminal acid increases bi-
carbonate secretion onto the overlying mucus layer by the
mucosal microcirculation, thereby neutralizing hydrogen ions
invading from the lumen [39, 40]. This protective hyperemia
is mediated by stimulation of capsaicin-sensitive extrinsic sen-
sory nerve fibers, release of calcitonin gene-related peptide
(CGRP), and subsequent formation of NO, which is termed
as the capsaicin pathway [32••, 39, 40].

Protective Factors Involved in Continuous Cell Renewal
and Regeneration

Continuous cell renewal is one of the most important defense
mechanism maintaining mucosal integrity. The epithelium is
renewed every 2–4 days by a well-coordinated and controlled
proliferation of the progenitor cells that replaces damaged or
aged surface epithelial cells. Complete replacement of the
gastric epithelium usually takes 3–7 days [3, 9, 24]. Growth
factors promote mesenchymal to epithelial cell signaling to
secure progenitor cell survival and thus regulate the cell pro-
liferation of progenitor cells [41]. Re-epithelialization and
gland reconstruction occur within minutes after injury by mi-
gration of preserved epithelial cells in the neck area of gastric
glands to the site of injury [3, 8••, 9, 10, 42].

Growth Factors

Epidermal growth factor receptor (EGF-R) is the most im-
portant growth factor receptor expressed in progenitor cells
of gastric epithelium [43]. The major mitogenic growth fac-
tors that activate this receptor are transforming growth
factor-α (TGF-α) and insulin-like growth factor-1 (IGF-1)
[9, 41]. PGE2 and gastrin activate EGF-R and trigger the
mitogen-activated protein kinase pathway stimulating cell
renewal and mucosal repair preventing the progression of
the chronic atrophic gastritis to metaplasia and ultimately
adenocarcinoma of the stomach [41, 44]. It has been demon-
strated that gastric PGE2, EGF, and TGF-α can be tested in
patients with already proven chronic atrophic gastritis, as
these potential markers may be helpful to identify the disease
progression to gastric adenocarcinoma during follow-up
visits [45]. Furthermore, gastric EGF and its salivary com-
ponent are powerful protective factors in patients with
Zollinger-Ellison syndrome facing abnormally very high rate
of gastric acid secretion [13].

Stress Proteins Induced by Mucosal Injury

When the mucosa is stressed by NSAIDs, inflammation, eth-
anol, acid, pepsin or other factors, stress proteins like matrix
metalloproteinase, survivin, leptin, annexin, and heme oxy-
genase are induced that repair mucosal injury by a variety of
mechanisms (like surface re-epithelialization) since expres-
sion of these proteins correlates with mucosal protection. Fur-
thermore, all of these stress-induced proteins mitigate the ox-
idative stress imposed on the mucosa by injurious agents such
as indomethacin [32••].

Survivin

Survivin is a 16.5-kDa anti-apoptosis protein from gastric
progenitor cells, broad spectrum suppressor of cell death,
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and a protein-promoting mitosis [46]. It inhibits apoptosis by
binding to caspase-3 and 7, and also inhibits caspase-
independent cell death [46]. Thus, it plays an important role
in protecting gastric mucosa against cell death [7•, 9]. It has
been previously demonstrated that survivin expression is de-
creased by a non-selective NSAID like indomethacin predis-
posing gastric mucosal cells to greater severity of injury [46].

Prostaglandins

Prostaglandins maintain mucosal integrity and enhance al-
most all mucosal defensive mechanisms [9]. They regulate
gastric acid and mucus-bicarbonate secretion, mucosal blood
flow and motility through E-type prostaglandin (EP) recep-
tors 1–4 that may contribute to gastric cytoprotection [9,
32••, 47]. PGE2 inhibits hydrochloric acid secretion by pari-
etal cells directly and histamine release by enterochromaffin-
like cells indirectly through EP3 receptors [32••]. PGE2 in-
creases mucus and bicarbonate secretion through EP4 and
EP1 receptors. Mucosal blood flow is increased by EP2
and EP4 receptors. EP1 receptors affect gastric motility and
provide mucosal protection against gastric lesions [32••, 47,
48]. Prostaglandins also increase surface active phospho-
lipids, accelerate epithelial restitution and mucosal healing
[10]. Furthermore, they inhibit mast cell activation, leukocyte
and platelet adherence to the vascular endothelium and pre-
vent free radical formation and microvascular ischemia [9,
49, 50].

Prostaglandins are produced from arachidonic acid
metabolism produced by the stomach and duodenum through
the cyclooxygenase (COX) enzymes [45, 49, 50].
Cyclooxygenase-1 (COX-1) is notably involved in the gastric
functional responses such as increase in the blood flow and
decrease in the acid secretion even after barrier disruption
[32••, 50, 51]. These functional changes after barrier disrup-
tion are gastric adaptive responses that protect mucosa against
acid by disposing hydrogen ions and maintaining a favorable
microclimate for cellular restitution [32••, 47, 49, 51].

The protective action of various neuropeptides and hor-
mones like gastrin, thyrotropin-releasing hormone, cholecys-
tokinin, estrogen, CGRP, gastrin-releasing peptide, leptin,
and ghrelin against damage induced by corrosive substances,
has been attributed to the release of prostaglandins and
activation of sensory nerves, promoting mucosal repair and
ulcer healing [24, 52–54]. Prostaglandins play a very impor-
tant role in maintaining gastric mucosal integrity especially
when neuronal defense mechanisms are impaired [54].
Furthermore, PGE2 inhibits gastric motility through EP1 re-
ceptors, the exact mechanism needs to be explored [32••].
PGE2 relaxes circular smooth muscle but contracts the lon-
gitudinal muscle of the stomach mediated by EP1 receptors
[32••, 55].

Other Protective Factors Within Enteric Nervous System
(ENS), Central Nervous System (CNS), and Endocrine
System

Sensory Nerve Innervation

Gastric mucosa and submucosal vessels are innervated by
primary afferent sensory neurons and nerves forming a dense
plexus at the mucosal base [24]. These nerve endings can
sense the luminal content and entry of acid into mucosa via
acid-sensing channels [9, 32••]. Activation of these nerves
directly affects the tone of the submucosal vessels, regulating
the blood flow [9]. Stimulation of sensory nerves leads to the
release of CGRP and substance P, which causes mucosal pro-
tection by NO-mediated vasodilation [9, 10, 39].

Neurohormonal Regulation

Nervous system and hormonal factors have a vital role in
regulating gastric mucosal defense mechanisms. Central
corticotropin releasing factor (CRF) signaling pathways
are involved in visceral responses to stress and peripheral
CRF receptors play a protective role by inhibiting apoptosis
[9]. Various hormones such as gastrin, cholecystokinin,
thyrotropin-releasing hormone, bombesin, and intragastric
peptone exert gastroprotection through NO synthase, CGRP
receptors, and afferent nerve pathways [54]. Ghrelin is a
peptide hormone of the gastric mucosa that enhances mu-
cosal expression after exposure to ethanol and exhibits a
strong gastroprotection, mediated by prostaglandins [56]. It
also increases gastric mucosal blood flow through stimula-
tion of NO production and CGRP release from sensory
afferent nerves [9, 57, 10].

Conclusions

The structural integrity of the gastroduodenal mucosa is con-
stantly challenged by harmful agents like acid, pepsin, bile
acids, alcohol, and drugs. Many multi-componential protec-
tive mechanisms are activated for mucosal protection. Mucus
layer acts as a first line of defense against luminal pepsin by
forming a pre-epithelial mucus-buffers barrier along with
phospholipids. It provides a stable unstirred layer that sup-
ports surface neutralization of acid by bicarbonate buffers.
PGE2 increases intracellular calcium and cyclic AMP, and
ultimately stimulate bicarbonate secretion. Increased intersti-
tial bicarbonate forms the alkaline tide enhancing the mucosal
and surface alkalinity which provides further protection
against acid.

Phospholipids coat the luminal surface of the mucus and
retard hydrogen ion diffusion with strong hydrophobic prop-
erties. Helicobacter pylori damages this mucin-phospholipid
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layer through proteolysis and lipolysis, thus impairs mucosal
protection. Surface epithelial cells secrete mucus, bicarbonate,
prostaglandins, HSP, TFF peptides and form a second line of
defense. Surface epithelial cells are interconnected by tight
junctions and gap junctions forming a regulated selectively
permeable Bbarrier^ preventing back diffusion of acid and
pepsin. Endothelial cell lining microvessels constitute not on-
ly an important endothelial barrier, but also facilitate the ex-
change of oxygen and nutrients and generation of many vaso-
active substances like PGE2, VEGF, and bFGF.

Continuous cell renewal from mucosal progenitor cells is
regulated by growth factors along with survivin, which pro-
motes re-epithelialization and reconstruction. Prostaglandins
maintain mucosal integrity and enhance all mucosal defense
mechanisms. Elucidating and understanding these protective
factors may help identify potential therapeutic targets, leading
to effective prevention and treatment options for mucosal in-
jury in the future.

The interrelationship between the first, second, and third
lines of mucosal defense mechanisms in prevention as well as
response to injury leading to restitution and repair of the
afflicted mucosa remains to be explored setting the stage for
the best health of the gastric and duodenal mucosa, thus en-
hancing the quality of life of our communities.
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