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Background: Gastric acid secretion by parietal cells depends on the trafficking and exocytosis of H'/K"-ATPase-rich tubulovesicles
(TVs) to the apical membrane in response to histamine stimulation via cyclic AMP elevation. However, the role of parietal cell’s
protein sorting machinery [eg, coat protein (COP) II/COP I vesicle proteins, soluble NSF attachment protein receptors (SNAREs), Rab
GTPases, clathrin-adaptor proteins, etc.] in the dysregulation of gastric acid homeostasis remains poorly understood. This review
synthesizes available evidence on the role of protein sorting machinery in gastric proton pumpopathy, leading to dysregulation of
gastric acid secretion.

Methods: A thorough search was conducted on PubMed, with Wiley and African Journal Online as supplementary sources, and 15
original research articles published between January 1988 and July 2025 in English were included.

Results: Misfolding of a- and B-subunits within the endoplasmic reticulum (ER) results in retention and degradation of the pump,
leading to impaired acid secretion. Defective coat protein (COP) II/I vesicular transport disrupts Golgi processing and slows the
delivery of proton pumps to tubulovesicles, while impaired Rab GTPase activity interferes with vesicle targeting toward the apical
canalicular membrane. Also, dysregulation of SNARE complexes and adaptor proteins prevents effective vesicle docking and fusion,
further compromising membrane insertion. In addition, abnormalities in endosomal recycling pathways hinder the retrieval and
reinsertion of proton pumps, destabilizing long-term acid secretion.

Conclusion: Defects in sorting machinery lead to gastric proton pumpopathy, causing impaired acid secretion. Thus, protein sorting
regulators represent promising therapeutic targets to restore proper pump localization, which is a paradigm shift toward disease-
modifying therapies that act upstream of the pump, potentially offering solutions for proton pump inhibitor (PPI)-resistant cases and
congenital gastric acid disorders.
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Introduction
The regulation of gastric acid secretion is crucial for gastrointestinal homeostasis, as it contributes to food digestion,
nutrient absorption, microbial defense, and maintaining optimal pH levels within the stomach.' At the core of this process
lies the gastric proton pump, a P-type ATPase also known as the H'/K'-ATPase, predominantly located in the apical
membrane of gastric parietal cells.” This enzyme is a heterodimer composed of an a-subunit, which carries the catalytic
activity and ion transport function, and a B-subunit, which plays a critical role in stabilizing and trafficking the a-
subunit.> Both subunits are synthesized in the rough endoplasmic reticulum (ER) and require proper folding and
assembly before being transported to the apical membrane of gastric parietal cells.® This specialized ion transporter
functions by exchanging intracellular H" ions for extracellular K" ions, utilizing energy from ATP hydrolysis to establish
the highly acidic environment characteristic of the gastric lumen.* Overstimulation of this pump can cause several
gastrointestinal diseases, including peptic ulcer disease (PUD).

Globally, the incidence and prevalence of PUD have consistently increased from 1990 to 2021 by 11.05% and 8.77%,
respectively, though deaths and disability-adjusted life years (DALYs) related to PUD have reduced by 15.94% and

https://doi.org/10.2147/CEG.S573016 Clinical and Experimental Gastroenterology 2026:19 573016 |
Received: 9 October 2025 © 2026 Niyomugabo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
Accepted: 30 January 2026 TR terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creativecommons.org/licenses/by-nc/4.0/). By accessing

Published: 8 February 2026 the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0003-1327-8722
http://orcid.org/0000-0002-5462-9950
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Niyomugabo et al

Graphical Abstract

Defective COP vesicular transport

Misfolding of ATPase subunits
Impaired Rab function

g -

A
Transport blockage Vesicle misrouting

2 —— (@ T Misdirected delivery

N\ o —
ER retention
Degradation

Gastric proton pump dysfunction .
— ) Redsced acﬁ'.l segre¥ion SNARE Dysregulation
Endosomal recycling disruptions
Fusion failure

Trapped ATPase

Faulty adaptor proteins/Sorting signals

©o 1 AP ‘ 33100 Sorting defects
o Mislocalization

Recycling defect
ATPase retention

27.8%, respectively, within this period. Furthermore, the global age-standardized rates (ASRs) have also reduced within
this period for PUD-associated incidence (40.3%), prevalence (41.1%), death (61.5%), and DALY (63.1%), with men
exhibiting a higher number and ASRs of these PUD-associated metrics than women across most age cohorts.’

Traditionally, research has focused on the biochemical and electrophysiological properties of this proton pump, with
an emphasis on its catalytic mechanism and pharmacological inhibition, particularly through proton pump inhibitors
(PPIs).® However, recent discoveries in molecular cell biology have shifted attention toward the subcellular trafficking
and localization mechanisms that govern the correct functioning of this pump, implicating protein sorting machinery as
key players in the maintenance of gastric physiology.” The proper biosynthesis, folding, post-translational modification,
and apical targeting of the H'/K"-ATPase depend on the integrity of protein sorting pathways, which involve a complex
network of chaperones, coat proteins, small GTPases (eg, Rabs), SNAREs, and adaptor complexes.® This set of sorting
machinery ensures that the a-subunit (ATP4A) and B-subunit (ATP4B) of the proton pump are correctly assembled in the
endoplasmic reticulum, processed in the Golgi apparatus and trafficked via vesicular pathways to the canalicular
membrane of parietal cells.” Any defect in these trafficking processes, whether genetic, acquired, or environmentally
induced, can result in misfolding, mistargeting, or retention of the proton pump, thereby compromising its function.'’
These molecular abnormalities are referred to as channelopathies, a term traditionally used for ion channel dysfunction
but increasingly extended to include transporters and pumps whose behavior is influenced by intracellular trafficking
machinery, though recent studies have suggested that pumpopathy is more appropriate for disorders of a pump like the
proton pump. '’

Disruption of the gastric proton pump’s normal trafficking can manifest clinically in several ways. Loss-of-function
pumpopathy, due to improper delivery of the H"/K"-ATPase to the apical membrane, may contribute to hypochlorhydria
or achlorhydria, which are associated with iron and vitamin Bj, deficiency, gastrointestinal infections, autoimmune
gastritis, and pernicious anemia.” Conversely, gain-of-function mutations or trafficking dysregulation resulting in
constitutive activation or overexpression of the proton pump may exacerbate acid-related diseases such as gastroeso-
phageal reflux disease (GERD), Barrett’s esophagus, or peptic ulcer disease.'® Notably, mutations in genes encoding
trafficking regulators such as Rabl1, clathrin adaptors, and SNARE complexes have been shown to impair acid pump
trafficking in experimental models, directly linking protein sorting machinery dysfunction to pathogenesis.”

Despite the widespread clinical use of PPIs and histamine (H,) receptor antagonists to manage hyperacidity, these
drugs target the luminal activity of the proton pump and do not address underlying intracellular defects.'* Moreover,
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long-term acid suppression has been linked with adverse events, including those related to acid inhibition (eg, ischemic
cardiac diseases, cerebral ischemic disease, dementia, acute intestinal nephritis, chronic kidney diseases) and those not
related to acid inhibition (pneumonia, gastric carcinoid tumor, gastrointestinal infection, changes in gastric microbiome,
iron and vitamin B12 deficiency, bone fracture, etc).'> '® These disadvantages of the current PPI treatment underscore the
need for novel approaches that target upstream mechanisms in acid regulation. The investigation of protein sorting
machinery as a regulatory checkpoint in acid secretion presents an innovative paradigm for therapeutic intervention, one
that offers the possibility of correcting proton pump mislocalization, restoring membrane integrity, and ultimately
rebalancing acid secretion at the cellular level."’

Currently, there is no review comprehensively evaluating the role of the protein sorting machinery in gastric proton
pumpopathy. Therefore, this review aims to comprehensively explore the pathophysiological link between protein sorting
machinery dysfunction and gastric proton pumpopathy, shedding light on how intracellular trafficking defects can give
rise to or exacerbate gastric acid disorders. This understanding may not only improve diagnostic precision but also
facilitate the development of targeted therapies that go beyond symptomatic relief and address the cellular origins of
gastric proton pumpopathy.

Methodology
Study Design and Search Strategy

This study employed a narrative synthesis. An initial literature review was performed using databases such as PubMed, African
Journal Online, and Wiley Online Library, focusing on studies published from January 1988 to July 2025. The search targeted
publications on gastric H'/K"-ATPase, commonly referred to as the gastric proton pump, with particular attention to pumpopathy
and disorders associated with its dysfunction. Key search terms included “gastric proton pump”, “H'/K"-ATPase”, “channelo-

LEINT3

pathies”, “pumpopathy”, and “proton pump disorders”. To explore the molecular mechanisms underlying these conditions, the
review incorporated terms such as “protein trafficking”, “vesicular transport”, “protein sorting machinery”, “apical membrane
targeting”, and “parietal cells”. Because the correct localization and function of the gastric proton pump depend on precise
intracellular transport pathways, the review also included related cellular processes and structures such as “endosomes”, “SNARE

proteins”, “Rab GTPases”, and “cytoskeletal elements” (Supplementary File S1). Both human and experimental model studies

CEINNTS EEINNT3

(including “mice”, “rats”, “cell lines”, and “in vitro” systems) were included. Articles were selected based on inclusion and

exclusion criteria focused on the functional relevance of protein sorting defects in gastric proton pump-related pathologies.

Eligibility Criteria

The inclusion and exclusion criteria for the selection of the articles are summarized in Table 1.

Table | Inclusion and Exclusion Criteria for Articles

Category Inclusion Exclusion
Time Frame Studies published from January 1988 to July 2025 Studies published before 1988
Study Focus Studies examining gastric H*/K*-ATPase pumpopathy and associated defects | Studies unrelated to gastric proton pump or
in protein sorting or trafficking protein sorting
Models Human studies, animal models (eg, mice, rats), and in vitro cell-based Studies using only computational or theoretical
Studied models models without experimental validation
Study Types Basic research, genetic studies, clinical trials, cohort studies, case reports Reviews, editorials, commentaries, conference
abstracts

Outcomes of Data on protein misfolding, trafficking defects, membrane localization, and | Studies with no data on protein sorting or

Interest acid secretion dysfunction membrane trafficking mechanisms
Language English Non-English publications
Accessibility Full-text available Abstract-only or inaccessible full text
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Data Extraction and Analysis

From each included study, the following data were extracted from the full text: (i) first author and year of publication, (ii) type
of study (human and animal); (iii) model details (eg, transgenic mice, parietal cells, gastric mucosa biopsies, patient-derived
samples, etc.); (iv) type of intervention (eg, genetic knockout or mutation of sorting machinery proteins, pharmacological
inhibition, overexpression, CRISPR/Cas9 gene editing, etc.); (v) target proteins or pathways (eg, H'/K-ATPase, coat protein
(COP) II/COP 1 vesicle proteins, SNAREs, Rab GTPases, clathrin-adaptor proteins, etc.); (vi) Key outcome measures (eg,
acid secretion levels, intracellular trafficking efficiency, proton pump localization, endoplasmic reticulum stress markers,
protein expression or degradation, etc.); and (vii) mechanisms of dysfunction (eg, defective vesicle budding, misfolding and
ER retention, impaired membrane targeting, autophagy, or proteasomal degradation pathways). All data were extracted

20-28

manually by all reviewers using a pre-designed and piloted standardized data collection form (Supplementary File S2).

Discrepancies in interpretation or categorization were resolved by mutual consensus after discussion among the review team.

Mechanistic Categorization and Thematic Analysis

The synthesis of findings has been structured as follows. First, the mechanistic categorization would group results based
on the cellular location of the defect, distinguishing between sorting machinery defects (issues with protein synthesis and
trafficking within the cell) and true pumpopathy (problems with the pump’s function at the membrane). This is further
categorized by clinical context, contrasting normal acid secretion with pathological states like congenital hypochlorhy-
dria and autoimmune gastritis. The review would then map mechanisms to specific cellular pathways, such as ER/Golgi
trafficking and vesicular transport involving Rab GTPases, which guide the proton pump to the parietal cell’s apical
membrane. For the thematic analysis, findings were synthesized into functional categories, including proton pump
synthesis and folding, vesicle trafficking and docking, and final apical membrane insertion and function. The review
highlighted contradictory findings, such as how mutations in the same sorting protein might lead to different clinical
outcomes. Finally, it addressed significant knowledge gaps, emphasizing the need for more research into receptor-specific
functions of different sorting proteins and the circadian influence on gastric acid secretion.

Results

Initially, we identified 165 articles (94 from Wiley Online Library, 52 from the African Journal Online, and 19 from
PubMed). Among the 165 articles, 35 were duplicates from all search databases, and the duplicates were removed before
screening, leaving 130 for titles and abstracts screening. Thereafter, some 60 articles that were not relevant to the study
were removed, leaving 70 articles that underwent full-text screening for inclusion eligibility. Following the full-text
screening, 55 articles were excluded, while only 15 articles that fully met our inclusion criteria were selected for the
review process (Figure 1).

From the 15 studies reviewed, various targets for the effects of gastric proton pumpopathy associated with protein
sorting machinery were noted, including misfolding of H"/K"-ATPase Subunits (n = 2 study), Defective COPII/COPI
vesicular transport (n = 2 studies), impaired Rab GTPase-mediated targeting (n = 2 studies), SNARE complex
dysregulation (n = 3 studies), faulty adaptor proteins and sorting signals (n = 3 studies), and the disruption in endosomal
recycling pathways (n = 3 studies).

Misfolding of H'/K"-ATPase Subunits

Protein folding within the ER is tightly regulated by a network of molecular chaperones, such as BiP (GRP78), calnexin,
and calreticulin, which ensure that newly synthesized proteins acquire their correct three-dimensional structure.” If the
a- or B-subunits of the H/K"-ATPase are misfolded due to genetic mutations, environmental stress, or disruptions in ER
homeostasis, they are recognized by the ER quality control system and are retained within the ER.*° Genetic mutations in
the ATP4A (o-subunit) or ATP4B (B-subunit) genes can result in amino acid substitutions or truncations that prevent
proper folding or assembly,®’ thereby rendering the proton pump non-functional.*> Environmental or cellular stressors,
such as oxidative stress, glucose deprivation, calcium imbalance, or viral infections, can impair the function of ER
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Figure | PRISMA flow chart of the article selection process.

chaperones, thereby increasing the likelihood of protein misfolding.** Additionally, overproduction of either subunit may
overwhelm the ER’s capacity to manage protein folding, contributing to misfolding and aggregation.>”

Once identified as misfolded or unassembled, the defective H/K™-ATPase subunits are directed toward ER-
associated degradation (ERAD).?° This process involves tagging proteins with ubiquitin, retro-translocating them
from the ER into the cytosol via translocon channels, such as Sec61, and then degrading them in the 26S
proteasome.® The functional consequence of misfolded H'/K"-ATPase subunits is a loss of gastric acid secretion,
which clinically manifests as hypochlorhydria or achlorhydria.** These conditions are associated with impaired
digestion and nutrient absorption, especially of iron and vitamin B),, leading to anemia.*® In severe cases, such as
in individuals with congenital mutations in ATP4A, lifelong achlorhydria occurs.’®> Autoimmune atrophic gastritis

may also target the subunits, leading to their misfolding or degradation via immune-mediated mechanisms.>”

Defective COPII/COPI Vesicular Transport

Defective COPII and COPI vesicular transport can severely impair the intracellular trafficking and functional expression of the
gastric H'/K'-ATPase in parietal cells.*® Normally, the COPII complex, comprising key proteins such as Sec23/Sec24 and
Sec13/Sec31, mediates the anterograde transport of newly synthesized H'/K'-ATPase a- and B-subunits from the ER to the
Golgi apparatus for maturation and glycosylation.* Disruption in COPII function, whether due to mutations, protein misfold-
ing, or ER stress, leads to retention of the pump subunits within the ER, triggering ERAD and preventing their delivery to the
apical canalicular membrane.* Conversely, the COPI complex is responsible for retrograde transport from the Golgi to the ER,
ensuring retrieval of mislocalized or unassembled subunits, recycling of vesicle components, and maintenance of ER-Golgi
homeostasis.’” Defects in COPI function result in mis-sorting, loss of essential trafficking machinery, and reduced recycling
efficiency, which ultimately diminishes the pool of functional proton pumps available for acid secretion.*® Together, impaired
COPII/COPI trafficking disrupts the precise vesicular cycling required for the recruitment and retrieval of H'/K'-ATPase in

response to secretory stimuli, contributing to hypochlorhydria and related gastric pathologies.*>°
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Impaired Rab GTPase-Mediated Targeting

Impaired Rab GTPase-mediated targeting disrupts the precise delivery and recycling of the gastric H/K'-ATPase to the
apical canalicular membrane of parietal cells, which is essential for regulated acid secretion.* Rab GTPases function as
molecular switches, cycling between an active GTP-bound state and an inactive GDP-bound state, thereby orchestrating
vesicle docking, tethering, and fusion with specific membrane compartments.* In gastric parietal cells, Rab11 and Rab27
are particularly important for targeting tubulovesicles containing H'/K'-ATPase to the canalicular membrane during
stimulation. At the same time, Rab2, Rab6, and Rab8 contribute to Golgi-to-plasma membrane trafficking and
recycling.** Defects in Rab protein expression, mutations impairing their GTP-binding/hydrolysis cycle, or disruptions
in their interaction with effectors (eg, motor proteins, tethering factors, SNARESs) cause mistargeting or retention of the
proton pump in cytoplasmic vesicles or incorrect compartments.®> This mislocalization reduces the number of functional
pumps at the apical membrane, leading to diminished gastric acid secretion and contributing to conditions such as
hypochlorhydria or achlorhydria.*' Additionally, impaired Rab-mediated recycling can disturb the rapid retrieval of the

pumps during the resting phase, altering vesicle homeostasis and potentially triggering cellular stress responses.***?

SNARE Complex Dysregulation

SNARE complex dysregulation interferes with the final step of vesicular fusion.> Under normal conditions, vesicle-
associated v-SNAREs (such as VAMP2 or VAMPS) interact with target membrane t-SNAREs (such as syntaxin 3/4 and
SNAP-23) to form a tight four-helix bundle that brings the vesicle and plasma membranes into proximity, enabling
membrane fusion and insertion of the proton pump into the membrane.** This process is tightly regulated by accessory
proteins like Munc18 and synaptotagmin, which ensure that fusion occurs only upon appropriate secretory stimuli (eg,
histamine, gastrin, acetylcholine).’® Dysregulation of the SNARE machinery,” whether due to altered expression, post-
translational modifications, mutations, or defects in regulatory proteins, can disrupt complex assembly or disassembly.’
Such impairments prevent efficient fusion, causing the H'/K'-ATPase to remain trapped in the cytoplasmic vesicle pool
instead of being deployed to the functional site.*' Over time, this not only reduces gastric acid secretion (hypochlorhy-
dria) but can also disturb vesicle turnover, leading to abnormal parietal cell morphology and triggering compensatory or

pathological cellular responses.**

Faulty Adaptor Proteins and Sorting Signals

Faulty adaptor proteins and sorting signals compromise the accurate trafficking of H'/K'-ATPase subunits through the
secretory pathway in gastric parietal cells, ultimately impairing acid secretion.** Under normal circumstances, adaptor
protein complexes such as AP-1, AP-2, and AP-3 recognize specific sorting motifs within the cytoplasmic tails of the
proton pump’s a- and B-subunits.>* These motifs (eg, dileucine [LL] signals) direct the recruitment of clathrin coats and
guide vesicles toward the correct intracellular compartments, such as tubulovesicles in the cytoplasm during the resting
state or the apical canalicular membrane upon stimulation.** Mutations in the sorting motifs or structural defects in
adaptor proteins can disrupt this recognition, leading to the mistargeting of the proton pump to incorrect membranes (eg,
basolateral instead of apical) or its retention in the trans-Golgi network or endosomal compartments. Additionally, failure
of adaptor proteins to interact with accessory trafficking machinery can hinder clathrin-mediated vesicle formation,
reducing the pool of correctly packaged H'/K'-ATPase available for stimulus-induced exocytosis.*> This misrouting
reduces the number of functional pumps at the site of acid secretion, causing hypochlorhydria and potentially contribut-
ing to gastric mucosal dysfunction.*®

Disruption in Endosomal Recycling Pathways

Disruption in endosomal recycling pathways hinders the retrieval and re-targeting of H'/K'-ATPase-containing mem-
branes from the canalicular surface back to the intracellular tubulovesicle pool in gastric parietal cells, impairing the
dynamic regulation of acid secretion.>* Normally, during the resting phase, endocytic retrieval pathways internalize
excess proton pumps from the apical canalicular membrane via clathrin-mediated or clathrin-independent endocytosis.*
These vesicles enter early endosomes, from which the pumps are sorted either for degradation in lysosomes or, more
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importantly, for recycling through Rab11- and Rab4-regulated recycling endosomes back to the cytoplasmic tubulove-
sicle reserve. Disruption in this pathway, due to defects in key regulators (eg, Rab GTPases, retromer complex, ESCRT
machinery) or cytoskeletal transport systems, can cause pumps to be misrouted to late endosomes and lysosomes,
resulting in their degradation instead of reuse.® This reduces the available pool of functional pumps for rapid redeploy-
ment upon stimulation, leading to blunted acid secretory responses.*’ Chronic impairment in recycling not only
diminishes gastric acid output but can also alter endosomal morphology, disrupt membrane homeostasis, and trigger
stress signals within the parietal cell.*®

Discussion

Functional Consequences of Sorting Defects

Sorting defects in the trafficking of the gastric proton pump result in loss of parietal cell polarity and equilibrium,*
mislocalization to incorrect cellular compartments or retention within the trans-Golgi network, endosomes, or
lysosomes,* leading to significant functional consequences that reduce functional parietal cell membrane pumps and
impair gastric acid secretion.®® Clinically, this manifests as hypochlorhydria or achlorhydria, conditions associated with
digestive inefficiency, bacterial overgrowth, and increased susceptibility to infections such as Helicobacter pylori.’’
Impaired recycling and degradation pathways cause accumulation of misfolded or mistargeted pumps, triggering cellular
responses like ER stress or autophagy, which contribute to parietal cell dysfunction or death,*® impairment of gastric
mucosal integrity, and increased risk of gastric diseases like chronic gastritis and gastric atrophy.* Furthermore, the
resulting hypochlorhydria or achlorhydria causes nutrient malabsorption (iron, calcium, vitamin Bj,), anemia, osteo-
porosis, and neurological problems. Consequently, the enterochromaffin-like cell hyperplasia increases the chance of
polyps and neoplasia, hypochlorhydria causes hypergastrinemia, and damaged cells emit damage-associated molecular
patterns (DAMPs), which intensify inflammation.?’

Future Perspectives for Diagnostics and Therapeutics

Emerging insights into the molecular mechanisms underlying defective trafficking and sorting of the gastric H'/K'-
ATPase have important diagnostic and therapeutic implications.”” On the diagnostic front, identifying specific muta-
tions or dysregulations in adaptor proteins, Rab GTPases, or SNARE components through genetic screening or
biomarker assays could enable early detection of parietal cell dysfunction and related hypochlorhydria.***®
Advances in molecular imaging techniques may also allow for visualization of proton pump mislocalization in gastric
tissue biopsies, thereby improving diagnostic precision.”** The current therapeutic landscape for acid-related disorders
relies heavily on PPIs and H, receptor antagonists, which act downstream by suppressing the pump’s luminal activity.’
However, these approaches do not address the underlying intracellular defects in protein sorting machinery that may
drive disease progression. The evidence synthesized in this review indicates that modulation of the activities of protein
sorting machinery represents promising therapeutic targets,'® as they can restore proper pump localization and
normalize gastric acid secretion without complete suppression, potentially offering solutions for PPI-resistant cases
and congenital gastric acid disorders.?’**

Hypothetically, gene therapy approaches might correct underlying genetic defects causing trafficking
impairments.*® Such targeted interventions hold promise for treating refractory gastric acid disorders, reducing side
effects associated with long-term acid suppression, and potentially preventing progression to more severe gastric
diseases.* Continued research into the trafficking machinery will thus pave the way for personalized medicine
strategies tailored to specific molecular defects in gastric acid regulation.’” Nanomedicine-targeted therapy, including
nanoparticles loaded with peptides and RNA or CRISPR reagents as drugs around primary parietal cells to correct
proton pump trafficking defect without side effects from knockdown/long-term PPIs for rebound acid hypersecretion,
is another hypothetical but hopeful direction.*” The use of these combinations will evolve, especially as we develop
more personalized medicine strategies that combine genetic, proteomic, and imaging information to refine therapy

further.
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Strengths and Limitations

One of the major strengths of this review lies in the mechanistic depth of its analysis: rather than restricting focus to the
catalytic activity of the proton pump, the review highlights the role of protein sorting machinery, providing a novel
perspective that expands the definition of proton pumpopathy. The inclusion of diverse study models, ranging from
human clinical samples to animal models and in vitro systems, adds robustness to the findings by integrating molecular,
genetic, and pathophysiological evidence. Finally, the thematic categorization of results into synthesis, trafficking,
docking, and apical insertion creates a structured framework that not only clarifies mechanisms but also identifies
where therapeutic intervention may be most effective.

Despite these strengths, certain limitations must be acknowledged. First, the number of studies directly investigating
protein sorting machinery in gastric proton pump dysfunction remains limited, which constrains the ability to draw
definitive mechanistic conclusions. The heterogeneity of included studies spanning genetic, pharmacological, and cellular
approaches introduces variability that complicates direct comparison of outcomes. Another limitation is the reliance on
experimental models, which may not fully replicate human gastric physiology or disease progression. Additionally, the
exclusion of non-English publications and inaccessible full texts may have introduced language and publication bias,
potentially overlooking important contributions from other regions. Lastly, while the review proposes protein sorting
machinery as a therapeutic target, clinical evidence supporting this approach is currently lacking, meaning that transla-
tional application remains largely speculative at this stage.

New Findings

Expansion of Pumpopathy Concept

Traditionally, gastric proton pumpopathy has been defined in terms of mutations directly affecting the H'/K"-ATPase
subunits or their catalytic properties.’® However, this review highlights a conceptual expansion of the term, demonstrat-
ing that dysfunction in protein sorting machinery can equally disrupt gastric proton pump function by impairing its
correct localization.'**® This finding suggests that gastric proton pumpopathy should be considered not only in the
context of the proton pump dysfunction but also as “sortopathies”, where intracellular transport defects phenocopy
classic ion channel or pump dysfunction.

Dual Clinical Outcomes from Sorting Defects

A striking insight from this review is the recognition that defects in sorting pathways can lead to diametrically opposite
clinical outcomes. On one hand, the misfolding or retention of H'/K'-ATPase in the ER contributes to hypochlorhydria
or achlorhydria, which can manifest as iron and vitamin B, deficiency, recurrent gastrointestinal infections, or pernicious
anemia.** On the other hand, trafficking dysregulation that enhances constitutive apical localization may promote
hyperacidic states such as GERD or PUD.* This duality highlights the importance of evaluating protein sorting defects
not as unidirectional errors, but as context-dependent events that can either suppress or exacerbate gastric acid
secretion.

Molecular Convergence Across Disorders

Another novel observation is the convergence of gastric proton pump trafficking defects with broader protein misfolding
and degradation pathways seen in systemic diseases such as neurodegeneration.*® Mislocalization of ATP4A or ATP4B
subunits can activate ER stress responses and proteasome-mediated degradation, echoing mechanisms described in
conditions like Parkinson’s or Alzheimer’s disease.*> This overlap suggests that gastric acid disorders may not be
isolated pathologies but part of a wider spectrum of protein misfolding syndromes.®>* Such convergence opens the
possibility of cross-disciplinary therapeutic strategies, where interventions developed for neurodegenerative diseases
could be repurposed to restore gastric acid homeostasis.

Unresolved Contradictions

The review also highlights contradictions in how mutations of the same protein sorting regulators can yield variable
outcomes across studies.®” For instance, alterations in Rab GTPases or adaptor proteins sometimes lead to hypochlorhy-
dria in one model but exacerbate hyperacidity in another.’® These discrepancies suggest a strong dependence on
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contextual factors such as circadian rhythm, hormonal regulators like ghrelin and somatostatin, or the metabolic state of
the parietal cell.? This variability emphasizes the need for more nuanced research into the conditional roles of sorting
proteins, as their effects may be shaped by dynamic interactions rather than static pathways.

Conclusions and Recommendations

Conclusions

This review underscores the critical role of protein sorting machinery in the (dys)function of the gastric proton pump. By
broadening the concept of gastric proton pumpopathy to include defects in intracellular trafficking pathways, it highlights
that mislocalization and misfolding of H'/K"-ATPase is as clinically significant as its catalytic dysfunction.

Recommendations

Future research should prioritize detailed mechanistic studies to clarify how specific sorting proteins influence proton
pump trafficking under physiological and pathological conditions. Greater emphasis should also be placed on identifying
biomarkers of pump mislocalization to improve early diagnosis of gastric acid disorders. Clinically, translational efforts
are needed to explore therapeutic strategies targeting protein sorting pathways, which may provide disease-modifying
alternatives to conventional acid suppression. Longitudinal human studies that integrate molecular biology with clinical
outcomes will be especially valuable for bridging the gap between bench and bedside. Finally, expanding research into
underexplored areas, such as circadian regulation of sorting machinery and its impact on gastric secretion, may reveal
additional therapeutic windows and enhance patient-specific management approaches.
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