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Abstract

Heartburn is the most common and characteristic symptom of gastroesophageal reflux disease. It
ultimately results from contact of refluxed gastric acid with nociceptors within the esophageal
mucosa and transmission of this peripheral signal to the central nervous system for cognition.
Healthy esophageal epithelium provides an effective barrier between refluxed gastric acid and
esophageal nociceptors; but this barrier is vulnerable to attack and damage, particularly by acidic
gastric contents. How gastric acid is countered by defensive elements within the esophageal
mucosa is a major focus of this discussion. When the defense is successful, the subject is
asymptomatic and when unsuccessful, the subject experiences heartburn. Those with heartburn
commonly fall into one of three endoscopic types: nonerosive reflux disease, erosive esophagitis
and Barrett's esophagus. Although what determines endoscopic type remains unknown; it is
proposed herein that inflammation plays a key, modulating role.
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Introduction

Gastroesophageal reflux is a common daily occurrence in healthy subjects — and these by
definition experience no symptoms. The reasons for this are mulitfactorial. For instance, the
number and volume of episodes of reflux are limited by the antireflux barriers, principally
the lower esophageal sphincter and the diaphragm, and, after an episode of reflux, the time
of contact between the noxious elements in the refluxate, principally hydrochloric acid and
pepsin, and the esophageal epithelium limited to a few minutes by luminal clearance
mechanisms. Contributing to luminal clearance are gravity and peristalsis, for volume
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clearance, and secretions from salivary and esophageal submucosal glands, for acid
clearance. Since reflux frequency and acid clearance are far from zero, particularly at night
when both gravity, peristalsis and glandular secretions ebb during sleep, the esophageal
epithelium routinely comes into contact with acidic refluxates. The mechanisms available to
the epithelium for defense against acid injury during this time have come to known
collectively as ‘tissue resistance’. In a sense, tissue resistance, as defense against the acidic
refluxate, is the final arbiter of health and (reflux) disease because when ineffective, it leads
to the most commonly recognized symptoms and signs of gastroesophageal reflux disease
(GERD), that is heartburn and esophageal erosions(1,2).

Offensive Factors in the Refluxate

The refluxate contains numerous products with noxious potential, including: hydrochloric
acid (HCI), pepsin, bile salts, and pancreatic enzymes(3). However, it is clear that the most
noxious of these is HCI whose gastric secretion can produce values as low as pH 1.0.
Support for this is provided by the general effectiveness of anti-acid medications in
controlling the symptoms and signs of GERD while absence of acid is associated with
general lack of injury in the upper gastrointestinal tract, including the esophagus.
Additionally, support for the noxious acidity within the esophagus being derived from the
stomach through reflux rather than through ingestion of acidic products with meals is
provided by the effectiveness of both medications that reduce gastric acid secretion, e.g.
histamine-2 receptor antagonists and proton pump inhibitors (PPIs), and surgical
fundoplication. Other factors such as pepsin and conjugated bile salts may, in selected
individuals, contribute to the noxious quality of acidic refluxates. This is based on studies
showing that pepsin and conjugated bile salts increase esophageal damage at acidic pH
(4-6).

Defensive Factors in Esophageal Mucosa

Since the major injurious agent in the refluxate is gastric acid, this section will focus on
those factors within the esophageal mucosa that provide defense against acidity. That this
tissue defense can be formidable is best illustrated by revisiting the Bernstein Test. During
the Bernstein test, the esophagus of a healthy subject can be continuously perfused with
HCI, pH 1.0, for up to 30 min and this without producing heartburn(7). Since this technique
bypasses both antireflux and luminal clearance mechanisms for protection against acid
injury, it speaks directly to the presence and effectiveness of mucosal factors for protection
when in contact with luminal acid. And among these factors, the most important are those
contained within the esophageal epithelium proper, a non-keratinized stratified squamous
epithelium (see Table 1). This is because, unlike stomach and duodenum, the esophagus has
no viscoelastic surface mucous layer and its epithelial cells secrete no bicarbonate(2).
Consequently, the esophagus has no effective means of trapping luminal bicarbonate that
can serve as a means for buffering gastric acid as it back diffuses from lumen toward
epithelium.

Esophageal Epithelium

The multilayered, non-keratinized stratified squamous epithelium, has several surface layers
of flat cells constituting the stratum corneum, several more layers of actively transporting
cells constituting the stratum spinosum, and a single or double cell layer of mitotically-
active cells constituting the stratum (basalis) germinativum. The cells of the most luminal
layers, the stratum corneum, initially provide defense in the form of a permeability
barrier(8,9). This permeability barrier is comprised of apical cell membranes and apical
junctional complexes (AJCs) that prevent the diffusion of luminal acid directly into the cells
or intercellular spaces, respectively. The apical cell membrane does this because of its
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hydrophobicity and because its cation (sodium) channels, though non-selective, are inhibited
at acidic luminal pH; and the apical junctional complex does this by creating an aqueous
permselective pathway formed by tight junctions, adherens junctions and desmosomes that
greatly limits the rate of paracellular ion diffusion(8-11). In particular the tight junction
forms the narrowest component of the pathway, a function supported by the underlying
adherens junction, while structural integrity with close apposition of adjacent cell
membranes is provided by the desmosomes. Within the intercellular space of esophageal
epithelium is also a matrix of glycoproteins that was once considered an aide to the apical
junctional complex in limiting paracellular ion diffusion(8). Recent studies, however, have
shown that their removal by enzymatic digestion had no effect on the esophageal electrical
resistance, a sensitive marker of paracellular permeability to ions. In contrast disruption of
desmosomal binding to intermediate filaments was shown to markedly increase paracellular
permeability(12). Taken together, the combination of apical junctional complexes and apical
cell membranes in the stratum corneum are largely what account for the esophageal
epithelium being ‘electrically tight” with resistances in human and animal esophageal
epithelium of >1000 ohms.cm? (13,14). [Note: the electrical resistance of healthy human
esophageal epithelium is much lower when measured in esophageal biopsies mounted in
mini-Ussing chambers, i.e. ~345 ohms.cm?2(15). This difference is largely technical and due
to the greater ratio of circumferential edge damage to epithelial surface area in mini-
chambered specimens compared to standard-chambered specimens(14). The greater the ratio
the lower is the recorded electrical resistance.]

Apical Junctional Complex

The trio of tight junctions, adherens junctions and desmosomes, comprising the apical
junctional complex, are individually highly complex organelles. While detailed descriptions
of each are beyond the scope of this discussion (and can be found elsewhere — (16,17)), each
has an extracellular (equivalent of intercellular), transmembrane and intracellular domain
useful for cell signaling as well as barrier function. Noteworthy is that the barrier function
for these junctions ultimately falls to those proteins that bridge the intercellular space. For
the tight junctions these proteins are occludin, and members of a family of claudins(18). In
esophageal epithelium, claudin 1 and claudin 4 are the most prominent(19). For the adherens
junction, the major protein is e-cadherin(20,21); and for the desmosome, the major proteins
are desmogleins and desmocollin(22). Importantly, the proteins of the tight junction and
adherens junction encircle the entire perimeter of the cell creating a seal that separates the
lumen from intercellular space of the epithelium. The desmosome, however, produces only a
‘spot weld’ that does not encircle the cell. Nonetheless, the desmosome contributes to barrier
function indirectly by maintaining close apposition of adjacent cell membranes throughout
the multilayered epithelium. In effect, the desmosomes enable formation of a long
serpiginous intercellular pathway that contributes to barrier function by its narrow width,
long length and electrical charges present within the membranous proteins of adjacent
cells(12).

Acid Buffering and Neutralization

Although the apical cell membrane and apical junctional complex provide the structural
barriers that prevent penetration of luminal ions, particular hydrogen ions (H+) derived from
refluxed gastric acid, into the cell or intercellular space, this defensive alignment remains
imperfect. Therefore, H+ can diffuse slowly into the cell cytosol or into the intercellular
space requiring an alternative defense to prevent acidification of these two compartments.
This is accomplished by the presence within these compartments of substances that buffer
and/or neutralize H+. Such substances include proteins, phosphates and bicarbonate, with
bicarbonate being the most versatile and replenishable(2). This is because bicarbonate can
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readily diffuse from blood into the extracellular space and so intercellular spaces within the
epithelium and then be transported by proteins located in the basolateral cell membranes
from extracellular space to cell cytosol. In addition to diffusion from blood to extracellular
space and transport from extracellular space to cell cytosol, bicarbonate can also be
generated de nova within the cell cytosol and intercellular compartments by an enzymatic
reaction. This reaction is mediated by carbonic anhydrases and converts water and carbon
dioxide to carbonic acid and carbonic acid ionizes to H+ and bicarbonate(23). In effect, slow
rates of H+ back diffusing from the lumen to the cell cytosol and intercellular spaces are
buffered or neutralized and so in a healthy epithelium have little to no impact on cytosolic or
intercellular pH.

Acid Transport

Blood Flow

When H+ generated metabolically and/or diffusing into the cell cytosol by back diffusion
from refluxed gastric acid overwhelm cell buffer capacity, cytosolic pH declines to acidic
levels. To keep such acidity from injuring the cell, cell membranes come equipped with ion
transporters capable of removing excess H+ from the cell and restoring pH to neutrality. In
esophageal epithelial cells, these transporters are localized to the basolateral membrane and
include a sodium-dependent, chloride-bicarbonate, exchanger and a sodium-hydrogen ion
exchanger of isotype-1(24-27). As noted by the nomenclature, these transporters utilize the
transmembrane gradient for sodium ions to move sodium into the cell either to promote the
exchange of intracellular chloride for extracellular bicarbonate ions to neutralize cytosolic H
+, or to promote the exchange of extracellular sodium directly for removal of intracellular H
+. In both instances, the end result of the action of these transporters is to increase cytosolic
pH toward neutrality. Moreover, if these actions overshoot their mark, i.e. cytosolic pH
exceeds its set point of ~ 7.4, the basolateral membrane of esophageal cells possess a third
acid transporter known as the Na-independent, chloride-bicarbonate exchanger(25).
However, and in contrast to the other two exchangers, this transporter operates to bring H+
into the cell by promoting the exchange of extracellular chloride for intracellular bicarbonate
—and removal of intracellular bicarbonate is effectively the same as the addition of H+ to
the cell cytosol. Thus, these three transporters cooperate in esophageal cells to tightly
regulate the cytosolic pH within the neutral range.

The barrier and transport functions of the esophageal epithelium are integral processes for
protection of the tissue against injury upon exposure to gastric acid. These processes,
however, would not be durable were it not for an adequate blood supply. For it is the blood
supply that provides the oxygen and nutrients for growth and repair and for acid-base
balance the delivery of electrolytes and removal of carbon dioxide. Moreover, the blood
supply can adapt to such threatening environments as acid exposure and acid injury to
esophageal epithelium with an increase in flow rate. This process is mediated both neutrally
and non-neural chemical signaling and serves an important protective function(28,29).

Pathophysiology of Reflux Esophagitis

The ability of luminal acid to injure the esophageal epithelium is well established. In
humans, this is based on the positive clinical response to acid suppressing agents such as
proton pump inhibitors; and in animals this is based on morphologic and functional changes
to the esophageal epithelium induced by acid perfusion. In the rabbit model, it has been
shown that acid (HCI) initially injures the esophageal epithelium by altering the AJC; and
this in turn causes an early increase in paracellular permeability and a morphologic lesion
known as dilated intercellular spaces (DIS)(2). DIS is a sensitive marker of GERD(30-34);
but it is not specific, having been produced by acidified bile salts, hypertonic media, cold
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water-restraint stress and exposure to the zwitterionic detergent, empigen. It is also observed
in patients with eosinophilic esophagitis, candida esophagitis, and esophageal
cancer(6,12,33,35-39). To date the alterations in the AJC of acid-damaged esophagi include
changes in the tight junction proteins, occludin and claudins 1,3, and 4, changes in the
number of desmosomes and changes to the adherens junction protein, e-cadherin(40-43). As
a consequence, paracellular permeability increases and this enables greater concentrations of
luminal H+ to diffuse into and acidify the intercellular space. In addition, there is an increase
in paracellular diffusion of chloride ions that results in an osmotic gradient for water
movement into the intercellular spaces(44). It is the hydrostatic force created by this osmotic
action that is responsible for generation of DIS. [Note: When carefully sought in subjects
with GERD or in animal models of acid damage to esophageal epithelium, DIS are evident
in all layers. However, they are particularly prominent and so more readily apparent in the
basal layers. While not formally studied, this is likely a reflection of greater compliance and
so separation of basal cell membranes versus luminal cell membranes in response to the
increase in intercellular hydrostatic force. Unlike basal cells, differentiation produces
luminal cells that are flat, rigid and tightly compacted, thus yielding little room for
membrane separation.] Further, acidification of the intercellular space by paracellular
diffusion of H+ triggers the firing of pH-sensitive nociceptors within the esophageal
mucosa, e.g. the transient receptor potential vanilloid channel, type 1 and acid sensing ion
channel, type 3(45-48). Where in the mucosa these nerve endings reside has not been
resolved; but evidence exists in both primates and humans that sensory fibers can extend
into the intercellular spaces of the epithelium(45,49). Also unresolved is how luminal acidity
activates these sensory nerves; that is, do back diffusing H+ acidify the intercellular space
and so directly activate the nociceptors as proposed above or are the nociceptors activated
by carbon dioxide formed after the reaction of luminal or back diffusing H+ with
bicarbonate ions(50)? In either case, transmission of this peripheral signal to the brain then
results in the symptom of *heartburn’(51). Acidification of the intercellular space not only
triggers heartburn but can cause cell acidification, the latter the proximate cause of cell
injury and necrosis. The reason this occurs is because, unlike apical cell membranes, the
basolateral cell membranes contain an acid-absorbing transporter, that is, the Na-
independent, chloride/bicarbonate exchanger(2). Because this transporter is driven by the
transmembrane concentration gradients for chloride and bicarbonate, a low intercellular pH
is readily translated into low intracellular pH(52,53). It is persistence of a low intracellular
pH that sets in motion a series of events leading to cell injury and necrosis.

Tissue Repair

Although prolonged acidification results in cell injury and necrosis, this process can be
contained by two epithelial reparative mechanisms. One is epithelial restitution and the other
is epithelial replication. Restitution is a rapid form of repair, 30 — 60 minutes, because it
doesn't require deoxyribonucleic acid (DNA) and protein synthesis; instead it relies on the
migration of viable cells adjacent to those that are necrotic to maintain the barrier function
of the epithelium(54,55). In contrast, regeneration is a slower form of repair, days to weeks
depending upon the size of the necrotic area, because it depends on mitosis and so synthesis
of DNA and proteins(56). Notably, during repair, injury may still be ongoing if acid
exposure is repeated and prolonged. Consequently, the balance between rate of injury and
rate of repair determine whether the epithelial changes remain microscopic or are magnified
into the macroscopic changes of erosive esophagitis.

Inflammation

Following acid-induced cell injury, there is an important modulator of the rate of cell injury
and repair — and this is inflammation. Inflammation is a well-established tissue response
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whose pattern varies with the degree, extent, type and duration of injury. It is triggered by
the release of chemokines and cytokines from injured cells, and these chemicals through
diffusion to adjacent areas and to the systemic circulation attract immune cells to the area.
Within the area of injury, immune cells are capable of digestion and removal of necrotic
debris, and by so doing help ultimately in repair of the area. Inflammation, however, is not a
highly tuned process, such that the influx of immune cells may result in additional damage
even while acting as the means of repair. This phenomena was first shown in the acid-
perfused rabbit esophagus and more recently in a rat model where damage was induced by
creation of a esophagoduodenostomy(57-59). In the rabbit model, esophageal injury was
reduced by blocking white blood cell migration to the area with ketotifen and, by blocking
their production of oxygen-derived free radicles with either superoxide dismutase or
catalase. In the rat model, release of interleukin-8 was shown to be one of the signaling
molecules released from esophageal squamous cells for recruitment of inflammatory cells to
the area of injury. These data indicate that inflammation, per se, is a double-edged sword
with the capacity to directly injure as well as to repair squamous epithelium. Moreover, and
perhaps more importantly, inflammation promotes and perpetuates injury indirectly; this is
done by altering neuromuscular transmission of esophageal smooth muscle(60-67).
Consequently, inflammation can reduce lower esophageal sphincter pressure, impair
peristaltic contractility, and contract longitudinal muscle, the latter a means of promoting
creation of a hiatal hernia (see Figure 1). In effect, inflammation can both augment acid
reflux and delay acid clearance, producing a vicious cycle in which ‘reflux-induced cell
damage begets inflammation which begets more reflux-induced cell damage which begets
more inflammation’. As cornerstone of this cycle, inflammation is an attractive candidate to
serve as modulator of endoscopic type of GERD (see below).

Endoscopic Types in GERD

The fact that there is such seeming stability among the three common endoscopic types of
GERD — NERD, erosive esophagitis, and Barrett's epithelium — has lead to the concept that
these are different disorders rather than a continuum that progresses from NERD to erosive
esophagitis to Barrett's epithelium(68,69). Yet, there is clear evidence in support of the
continuum among types. Certainly NERD progresses to erosive esophagitis and erosive
esophagitis can revert to NERD(70,71). Barrett's esophagus is more of an enigma since it is
typically present fully-formed on initial endoscopy rather than appearing to progress
gradually in those with erosive disease(72). Nonetheless, Barrett's has been produced in a rat
model of reflux, is more commonly found in GERD than in healthy subjects and is reported
to appear in those with erosive esophagitis that did not initially have Barrett's
esophagus(73-75). Moreover, there is evidence that NERD, erosive esophagitis and Barrett's
esophagus share a common histopathologic feature within esophageal (squamous)
epithelium, that is DIS(34,76). Since DIS is a reflection of a break in barrier function, it
supports the concept that these three forms of GERD share a common pathogenesis (see
Figure 2). As proposed above, the type and extent of inflammation induced by acid injury to
esophageal epithelium that may be the modulating key as to who develops NERD, erosive
esophagitis and Barrett's esophagus. For instance, subjects in which esophageal acid
exposure, either by quantity of acid reflux, environmental factors that can amplify mucosal
injury such as alcohol, stress, smoking, or by a programmed host (genetic) response,
produces little or no inflammation presents as NERD while those with significant
inflammation present with erosive esophagitis. Barrett's esophagus, an aberrant form of
repair, emerges in those with erosive esophagitis as a means of defense against acid
injury(74,77). Based on differences in frequency between Caucasian and African American
populations in the United States, the emergence of Barrett's esophagus likely involves a
distinct set of host genetics(78,79).
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Heartburn is the most common and characteristic symptom of GERD. It results from
sufficient contact of refluxed gastric acid with the esophageal epithelium that it ‘breaks the
barrier’. The break in the barrier is manifest functionally by an increase in paracellular
permeability and structurally by the appearance of DIS. The increase in paracellular
permeability provides a pathway for luminal acid to diffuse into the esophageal mucosa
where it can acidify the intercellular space. Acidification of this space is hypothesized to
trigger the sensory nociceptors responsible for heartburn and to enable acid to penetrate the
cell across the basolateral membrane on a sodium-independent, chloride/bicarbonate
exchanger. Cell acidification leads to cell injury and necrosis. Cell injury and necrosis lead
to activation of cell reparative phenomena, a component of which is tissue inflammation.
Inflammation, however, is a double-edged sword, producing additional injury even as it aids
repair. Moreover, inflammation alters esophageal motor function, promoting greater reflux
and delaying acid clearance. This creates a vicious cycle that may serve to modulate the
outcome as to endoscopic type of GERD.

Research Agenda

e Research is needed to define the mechanisms that cause alteration in the apical
junctional complex in those with GERD and strategies for their restoration
beyond acid suppression.

e Research is needed to better define the nature of the esophageal nocieptors
responsible for the symptom of heartburn.

¢ Research is needed to better define the mechanisms that determine whether
subjects with GERD have NERD or erosive esophagitis and whether subjects
with GERD progress to Barrett's esophagus.
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cellinjury.
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Figure 1.

The diagram depicts a proposed means by which acid injury to esophageal epithelium is
perpetuated by inflammation. Inflammation is shown to alter both longitudinal and circular
smooth muscle function in distal esophagus, resulting in impairment in both antireflux
mechanisms [reduction in lower esophageal sphincter (LES) pressure and creation of a hiatal
hernia] and luminal clearance (impaired peristalsis). These defects in turn are shown to
create more damage and inflammation by cycling back to induce more acid reflux.
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Figure 2.

The diagram depicts a proposed means by which acid injury to esophageal epithelium leads
to the three common endoscopic types of gastroesophageal reflux disease (GERD):
nonerosive reflux disease (NERD), erosive esophagitis, and Barrett's esophagus. Notably, all
three have in common the histopathologic lesion of dilated intercellular spaces within
esophageal ‘squamous’ epithelium; and inflammation is shown to be the promoter of
progression from NERD to erosive esophagitis. Barrett's esophagus is an aberrant form of
repair that occurs in some subjects and this is shown to extend from erosive esophagitis.
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TABLE 1
Properties within the esophageal epithelium for protection against luminal acidity

Apical Cell Membrane
Hydophobic lipid bilayer
Nonselective sodium channel

Apical Junctional Complex
Tight junction
Adherens junction
Desmosome

lon Transport
Na*/H* exchanger
Na*-dependent CI/HCO3™ exchanger

Buffers
Bicarbonate ions
Phosphate ions
Basic proteins

Reparative Processes
Cell replication
Cell regeneration

Inflammation
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