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ABSTRACT

Proton pump inhibitors (PPIs) are widely prescribed for the treatment of acid-related gastrointestinal disorders, including peptic
ulcers, gastroesophageal reflux disease (GERD), and Helicobacter pylori infection. Their therapeutic action is based on the
irreversible inhibition of gastric H'/K*-ATPase, resulting in sustained acid suppression. Despite their application, PPIs exhibit
several pharmacological limitations such as delayed onset of action, short plasma half-life, inter-individual metabolic variability,
and inadequate nocturnal acid control, which can compromise therapeutic outcomes. To address these issues, potassium-competitive
acid blockers (P-CABs) have emerged as promising alternatives, offering rapid, metal-independent acid suppression with improved
pharmacodynamic profiles. This review explores the pharmacological mechanisms, clinical applications, and long-term safety
concerns associated with PPIs, including nutrient malabsorption, increased infection risk, and idiosyncratic hepatotoxicity. This
article emphasizes the role of computational drug design tools like molecular docking, QSAR modelling, and ADMET prediction
in accelerating the discovery and optimization of next-generation acid suppressants. Case studies and experimental strategies are
discussed to focus on the therapeutic potential of both PPIs and P-CABs. The article also addresses regulatory considerations, ethical
implications, and future directions in precision drug design, emphasizing the need for a balanced approach to efficacy, safety, and
individualized therapy in acid-related gastrointestinal diseases.

Keywords : Proton pump inhibitors (PPIs), H/K*-ATPase inhibition, Mechanism of PPIs, Potassium-Competitive Acid Blockers
(P-CABs), Computational drug design, Future perspectives on acid suppression therapy.

INTRODUCTION

Gastric acid secretion is a fundamental physiological process essential for digestion, nutrient absorption, and work against ingested
pathogens. This function is primarily mediated by parietal cells in the stomach, which secrete hydrochloric acid (HCI) through
activation of the gastric H'/K*-ATPase. This is commonly known as the proton pump. Although tightly regulated by neural,
hormonal, and paracrine signals, dysregulation of acid secretion contributes to a wide range of gastrointestinal disorders, like
gastroesophageal reflux disease (GERD), peptic ulcer disease, erosive esophagitis, and Zollinger-Ellison syndrome.

The introduction of proton pump inhibitors (PPIs) in the late 20th century marked a big step in the management of acid-related
diseases. By irreversibly inhibiting the H'/K*-ATPase, PPIs suppress the final step of acid secretion, offering sustained acid
suppression. Agents such as omeprazole, lansoprazole, pantoprazole, rabeprazole, and esomeprazole rapidly became the basis of
therapy, exceeding Hz-receptor antagonists in healing and symptom control. Today, PPIs are among the most widely prescribed drug
classes globally, significantly reducing peptic disorders.

Despite their widespread use and clinical efficacy, PPIs show a wide range of limitations. Challenges include inter-individual
variability due to cytochrome P450 polymorphisms, short plasma half-lives, and suboptimal control of nocturnal acid secretion.
Moreover, concerns have emerged regarding long-term safety, with studies linking chronic PPI use to infections, bone fractures [1],
renal impairment [2—4], micronutrient deficiencies, and even cognitive decline. The prevalence of inappropriate prescribing and
over-the-counter availability further underlines the need for critical reassessment.

In response, potassium-competitive acid blockers (P-CABs) have emerged as promising alternatives [5]. These agents offer rapid,
reversible inhibition of acid secretion, independent food intake, and demonstrate superior pharmacokinetic profiles [6,7].
Concurrently, advances in computer-aided drug design (CADD) like molecular docking, pharmacophore modelling, and in silico
ADMET profiling are accelerating the discovery of novel acid suppressants with improved safety and efficacy.
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Apart from gastroenterology, PPIs are gaining attention to other potential activities like immunomodulatory and anticancer
properties [8], expanding their therapeutic applications. This article provides a comprehensive analysis of PPIs, encompassing their
mechanisms, clinical applications, limitations, and safety concerns. It also explores emerging trends like P-CABs and the role of
computational tools in drug development, aiming to illuminate future directions in precision acid-suppressive therapy.

Figure 1: Cryo-EM structure of gastric H+,K+-ATPase with bound rubidium
Mechanism of Gastric Acid Secretion and Target Biology

A basic physiological function common to all vertebrates; gastric acid secretion is necessary for nutrient absorption, microbial
defense, and digestion. The gastric H'/K*-ATPase, a proton pump found in the secretory canaliculus, is activated by the stomach's
parietal cells to produce hydrochloric acid (HCI) [9]. This process is tightly regulated by neural, hormonal, and paracrine signals,
and its dysregulation contributes to disorders such as GERD, peptic ulcers, and Zollinger-Ellison syndrome.

In the past, morphological research helped to clarify the cellular source of acid secretion. The secretory canaliculus growth in
stimulated parietal cells was initially reported by Golgi [9]. Bayliss and Starling introduced the idea of hormonal regulation [10],
while Pavlov's experiments later illustrated the function of vagal stimulation. By the 1920s, several theories had surfaced, including
those based on redox and those involving hormones and neurotransmitters such as histamine, acetylcholine, and gastrin.

Both central and peripheral pathways are used to coordinate acid secretion [11]. Enteric neurons are triggered by vagal stimulation
and release acetylcholine, which directly stimulates parietal cells [12]. In reaction to food and amino acids, G cells release gastrin,
which attaches to enterochromaffin-like (ECL) cells' CCK-B receptors to cause the release of histamine [13,14]. Acid secretion is
then increased when histamine activates parietal cells Hz receptors. Additionally, acetylcholine activates ECL cells, enhancing
histamine-mediated communication.

The interplay between G cells, ECL cells, and D cells forms a regulatory triad [15]. D cells release somatostatin, which provides
negative feedback by preventing the release of histamine and gastrin. To prevent excessive acid production, somatostatin secretion
is further modulated by luminal acid and peptides such as CGRP. Acid secretion is mediated by three important G protein-coupled
receptors on parietal cells: CCK- (gastrin), Ms (acetylcholine), and Ha (histamine). Despite parallel pathways, histamine is thought
to be the last common mediator. Acid stimulation is counteracted by inhibitory receptors such as the EGF receptor and EPs
(prostaglandin).

The last effector of acid secretion is the H/K*-ATPase. It lives in cytoplasmic tubules in cells that are at rest. The pump is moved
to the canaliculus' microvilli by cytoskeletal reorganization upon stimulation [16—18], where it converts cytoplasmic H* into luminal
K" [19-21]. This causes fluid secretion into the gastric lumen and produces an extremely acidic environment (pH ~0.8). Osmotic
gradients and K/CI permeability are also involved in activation.
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Figure 3: Regulation of gastric acid secretion
Pharmacology of Proton Pump Inhibitors (PPIs)

Omeprazole, esomeprazole, lansoprazole, Dex lansoprazole, pantoprazole, and rabeprazole are among the benzimidazole derivatives
that make up most proton pump inhibitors (PPIs). A methyl sulfinyl group connects the heterocyclic pyridine and benzimidazole
rings in these compounds. While tenatoprazole, a more recent imidazopyridine derivative, has shown promise in preclinical studies
due to its prolonged half-life, it is still not approved for clinical use [22]. Omeprazole was the first PPI to receive clinical approval
[23].

PPIs are weak bases and administered as prodrugs. The small intestine absorbs them in their inactive state, and the systemic
circulation carries them to the gastric parietal cells. PPIs are protonated, and their sulfoxide bond is rearranged to form an active
electrophilic species, such as sulfenamide or sulfenic acid, in the acidic environment of the secretory canaliculus (pH 1.5-3.5). The
drug can covalently bind via disulfide bonds to cysteine residues on the H/K*-ATPase enzyme thanks to this pH-dependent
transformation, which permanently stops acid secretion until new pumps are made (usually within 36 hours).
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Figure 4: The mechanism of activation of omeprazole.
Cysteine Targets of PPIs
e Omeprazole: Cys813, Cys892
e Esomeprazole: Cys813

e Lansoprazole: Cys813, Cys822, Cys892, Cys321

Pantoprazole: Cys813, Cys822 (noted for high selectivity and stable binding)

Rabeprazole: Cys813, Cys892 (rapid activation due to high reactivity)

This covalent inhibition blocks the final step of acid secretion, making the H*/K*-ATPase a central therapeutic target in acid-related
disorders.

Metabolism and Pharmacokinetics

Hepatic cytochrome P450 enzymes, particularly CYP2C19 [24], are the main enzymes responsible for the metabolism of PPIs. Drug
response varies from person to person due to genetic variations in CYP2C19. People of Asian heritage, for instance, frequently have
higher bioavailability, requiring lower starting doses. PPI metabolism is also impacted by aging, necessitating dose modifications
for senior citizens.

Omeprazole and esomeprazole, which are heavily metabolized by CYP2C19, exhibit the most noticeable drug-drug interactions.
Although they also involve CYP2C19, lansoprazole, dexlansoprazole, and rabeprazole have a strong affinity for CYP3A4, which
leads to fewer interactions. Pantoprazole is mostly broken down by CYP2C19-mediated O-demethylation and sulfate conjugation,
and it has the least potential for cytochrome induction or inhibition [25].

Excretion Pathways
Most PPIs are excreted renally, except for lansoprazole and dexlansoprazole, which are eliminated via the biliary route [26]. Despite
their shared mechanism of action, individual PPIs differ in their pharmacokinetic profiles, metabolic pathways, and interaction

potential, which can influence clinical activity and patient outcomes [27].

Table 1: Characteristics of substituted benzimidazoles

Characteristics Omeprazole | Esomeprazole | Lansoprazole | Dexlansoprazole | Pantoprazole | Rabeprazole

Time to peak plasma | 0.5-3.5 1.5 1.7 1-2,4-5 2-3 2-5

level (tmax, hr)

Half-life, hr 0.5-1 1-1.5 1.6 1-2 1-1.9 1-2

Bioavailability, % 3040 64-90 80-85 - 77 52

Protein binding, % 95 97 97 96 98 96.3

Liver metabolism CYP2C19 CYP2C19 CYP2C19 CYP2C19 CYP2C19 CYP2C19
CYP3A4 CYP3A4

Primary excretion Hepatic Hepatic Hepatic Hepatic Hepatic Hepatic
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Figure 5: Time course of inhibition
Clinical Applications of Proton Pump Inhibitors (PPIs)

Because of their strong and long-lasting acid-suppressive properties, proton pump inhibitors are frequently used in the treatment of
gastrointestinal disorders associated with acid reflux. Among their clinical uses are:

1. Recovery from Peptic Ulcer Disease PPIs facilitate ulcer resolution by decreasing the production of gastric acid, which aids in
mucosal healing.

2. Treatment of Gastrointestinal Bleeding Associated with Peptic Ulcers In upper gastrointestinal hemorrhage, high-dose PPIs
stabilize clots and lower the risk of rebleeding.

3. Helicobacter pylori eradication by raising stomach pH, PPIs improve the effectiveness of antibiotics and are essential to triple or
quadruple therapy regimens.

4. Preventing Gastroduodenal Ulcers Caused by NSAIDs PPIs lower the chance of mucosal damage in patients who need long-term
NSAID treatment.

5. The Syndrome of Zollinger-Ellison in gastrin-producing tumors, high-dose PPIs are used to regulate excessive acid secretion.
6. For repairing oesophageal mucosal damage brought by acid reflux, PPIs are the preferred treatment for erosive esophagitis.

7. PPIs for Nerosive Reflux Disease (NERD) reduce symptoms in patients who have reflux-related issues but no obvious
oesophageal damage.

8. Dyspepsia with Function Patients with epigastric pain syndrome may benefit from PPIs, especially if acid suppression is a
contributing factor [23].

Strategies to Re-engineer Irreversible into Reversible Binders

While PPIs are generally considered safe and effective, their widespread use and irreversible mechanism of action have prompted
interest in developing reversible alternatives [6].

1.0veruse and Safety Profile PPIs are overprescribed and used without obvious indications because they are frequently thought of
as harmless "stomach protectors." This has sparked worries about needless exposure and possible long-term hazards.

2. Principles of Rational Use PPIs should only be administered under medical supervision, at the lowest possible effective dose, and
for the shortest amount of time when clinically indicated.

3. Extended Safety Issues Chronic PPI use has been linked to several possible negative consequences, such as:

e Acute interstitial nephritis and chronic kidney disease; osteoporotic fractures brought on by calcium malabsorption; and
deficiencies in iron, magnesium, and vitamin B12.
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o A higher chance of gastrointestinal infections, such as those caused by Clostridium difficile.

o Potential correlations between gastric neoplasia and dementia

However, most of the associations are derived from observational studies, which are prone to confounding and can be biased.
Pharmacogenomic Considerations: Genetic polymorphisms, particularly in CYP2C19 [28-32], influence PPI metabolism. Poor

metabolizers may experience higher drug exposure and increased risk of adverse effects, highlighting the need for personalized
dosing strategies [33].
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Figure 6: Potential harms of long-term use of PPIs
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Role for Potassium-Competitive Acid Blockers (P-CABs)

Although proton pump inhibitors (PPIs) are frequently used to treat disorders related to acidity, they have drawbacks such as poor
nocturnal acid control, meal-dependent activation, short plasma half-life, and delayed onset. It takes a few days for delayed-release
PPIs (DR-PPIs) to consistently suppress acidity, and they must be activated in acidic environments [34]. The timing of meals affects
how effective they are, and they frequently fall short of maintaining sufficient plasma levels during the day and night.

New a flexible dosing, and quick onset to overcome these obstacles [35]. To provide rapid, dose-dependent acid suppression without
the need for acid activation or meal coordination, P-CABs reversibly bind to the H"/K*-ATPase at the potassium site. They work
well with extended-release formulations, are acid-stable, and can be taken twice a day for best control [36]. Antisecretory drugs
must provide 24-hour acid control.

PPIs are still the gold standard for treating GERD [37—40], especially erosive esophagitis (EE) [37,39], but they are not always
successful, especially when it comes to atypical symptoms. P-CABs have similar safety profiles but show better healing rates and
quicker symptom relief. Their pharmacokinetics provide more predictable results by avoiding CYP2C19 variability [41].

Because P-CABs [42] suppress acid, they promise improved mucosal protection for Helicobacter pylori eradication and NSAID-

induced ulcer prevention. P-CABs can provide true 24-hour control [43], meeting unmet clinical needs, in contrast to PPIs, which
have coverage gaps. Their function in long-term safety and primary prevention is being assessed in ongoing trials.
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Table 2: Comparison P-CABs vs PPIs: Differences in the mechanism of action [35]

P-CABS

PPI

Directly (after protonation) affects the H+,K+-ATPase enzyme.

requires conversion to sulfenamide, the active form

P-CABs attach itself to the K+ binding site of H+,K+-ATPase in a
competitive manner.

Sulfenamide and H+,K+-ATPase form a covalent bond.

To the proton pump, reversible binding occurs.

Permanent attachment to the proton pump.

super-concentrates in the acid space of parietal cells (100,000
times higher than in plasma).

Concentrate in the acid space of parietal cells (1000 times
more than in plasma).

The duration of the effect is correlated with the drug's plasma
half-life.

Effect duration is correlated with the sulfenamide-enzyme
complex half-life.

Complete impact from the initial dose.

Complete effect following several doses.

Full and fast onset of effect
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Figure 7: Time course of acid inhibition by P-CABs and PPIs

Mechanism of Action of Potassium-Competitive Acid Blockers (P-CABs)

Through a reversible, potassium-competitive mechanism, P-CABs, a class of acid-suppressing agents, inhibit gastric H/K*-ATPase
without the need for prior activation in acidic environments [36]. P-CABs have a faster onset, meal-independent dosing, and more

reliable acid control than PPIs, which are prodrugs that require acid-mediated conversion.

These substances are weak bases, and their protonated forms preferentially gather in the parietal cells' acidic canaliculi. There, they
attach to the proton pump's K-binding site and prevent the last stage of acid secretion. Their gradual rise in plasma concentration

and dose-dependent action help to provide long-lasting suppression [44].

The potency of P-CABs correlates with their pKa values, which influence protonation and canalicular retention [45—47]:

e SCH28080: pKa 5.6
e Linaprazan: pKa 6.1
e Vonoprazan: pKa 9.3 (highly protonated and potent)

Computational Methods

Computational approaches have rapidly evolved as essential complements to experimental techniques for predicting protein—protein
interactions (PPIs) and accelerating drug discovery [48]. Despite their accuracy, traditional experimental techniques are constrained
by their high expense, labor-intensive nature, and insufficient proteome coverage [49]. Computational models, on the other hand,
use sophisticated algorithms and a wealth of biological data to produce predictions that are more accurate, reproducible, and
economical [48]. These techniques have made significant contributions to contemporary computer-aided drug design (CADD),
which has resulted in the identification of new drug candidates that are currently undergoing clinical testing [50].
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Current research also explores new electrophiles to selectively modify less reactive residues like histidine or tryptophan.
Computational chemistry and activity-based protein profiling have been instrumental in designing such inhibitors and identifying
new druggable sites [51,52].

COMPUTER-AIDED DRUG DESIGN (CADD)

CADD employs structure-based (SB) and ligand-based (LB) strategies to optimize drug discovery. The choice depends on the
availability of a target’s three-dimensional (3D) structure.

Structure-Based Drug Design (SBDD)

Utilizes experimentally derived protein structures (X-ray, NMR, or cryo-EM) to model and optimize ligand—receptor interactions.
Virtual high-throughput screening, molecular docking, and energy minimization are applied to identify small molecules that best
complement the binding site. Minor structural modifications enhance steric fit, van der Waals interactions, and electrostatics,
improving affinity and selectivity [50,53].

Ligand-Based Drug Design (LBDD)

Used when 3D structures are unavailable. It relies on known active ligands to infer essential chemical features. Methods like
pharmacophore modelling and Quantitative Structure—Activity Relationship (QSAR) analyses identify molecular patterns and
physicochemical properties associated with biological activity, enabling rational design of new ligands [50,53,54].

Modeling of Pharmacophores

The fundamental spatial arrangement of chemical characteristics needed for molecular recognition by a biological target is
represented by a pharmacophore. Models may be ligand-based (derived from active compounds) or structure-based (derived from
receptor—ligand interactions). Pharmacophore-based virtual screening has become a key component of lead discovery due to
advancements in computational tools. The design of molecules that mimic the essential characteristics that cause binding and
bioactivity is guided by these models [50,53].

Relationship between Quantitative Structure and Activity (QSAR)

Biological activity and molecular descriptors (like steric parameters, electronic distribution, and lipophilicity) can be quantitatively
correlated using QSAR techniques. While 3D-QSAR (such as CoOMFA and CoMSIA) integrates spatial and electrostatic information,
2D-QSAR uses basic descriptors. These methods are still very useful because they enable quick predictions of pharmacokinetic
behaviour, toxicity, and activity, particularly in situations where receptor structures are not available [50,53,55].

Molecular Docking

Docking predicts the optimal orientation and binding affinity of ligands within a target’s active site. It serves as a core step in SBDD,
enabling high-throughput virtual screening and ranking of potential inhibitors based on binding energies. Docking tools reduce large
chemical libraries to smaller subsets of likely binders, providing reliable starting points for synthesis and biological validation
[50,53].

In Silico ADMET and Selectivity Filters

Predicting Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) properties is critical for drug optimization [56].
Computational ADMET profiling accelerates development by reducing experimental workload, refining drug-likeness, and
minimizing animal testing. Filters such as Lipinski’s Rule of Five help pre-screen candidates for desirable physicochemical
properties (e.g., molecular weight <500 Da, LogP <5, hydrogen bond donors <5, acceptors <10) [57-59].

Comprehensive platforms like SwissADME, pkCSM, and ADMETlIab integrate these functions. SwissADME evaluates oral
bioavailability and pharmacokinetics [57]; pkCSM uses graph-based signatures to model ADMET outcomes [57]; and ADMETlab
combines over 30 predictive models with an extensive curated database for systematic evaluation [60,61]. Together, these tools form
a robust pipeline for virtual screening and preclinical prioritization.
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Experimental Validation
Computational predictions are validated through biochemical and cellular assays to confirm inhibitory activity and safety.
Enzymatic Assays

Used for evaluating covalent inhibitors, these assays measure parameters like K; and &k _inact to determine binding affinity and
inactivation kinetics.

e Direct observation via mass spectrometry provides accurate measurements of enzyme—inhibitor complexes.
¢ Continuous (Kitz—Wilson) assays track real-time enzyme activity changes.

¢ Discontinuous and pre-incubation assays measure reaction endpoints or time-dependent inhibition [48].
Cell-Based Assays

PPIs such as omeprazole and lansoprazole have demonstrated anti-cancer properties by inhibiting FASN thioesterase (TE) activity.
Validation involves:

¢ Fluorogenic assays using fluorescent substrates (e.g., 4-MUH) to measure enzyme inhibition.
e Colony formation assays to assess long-term cancer cell proliferation.

e Apoptosis assays (DNA fragmentation ELISA, Western blot for cleaved PARP-1) to confirm dose-dependent cell death
mechanisms [49].

Safety Profiling

Comprehensive validation includes:

In vitro enzyme inhibition, assays for gastric H/K*ATPase to assess drug mechanism and selectivity.

Cytotoxicity and biomarker assays for dose-dependent toxicity and inflammatory responses.

Clinical biomarker studies (gastrin levels, calcium absorption, bone density) to monitor adverse outcomes.

Microbiome monitoring, since chronic PPI use may increase infection risk through altered gut acidity [50,51].

Computational approaches have become indispensable in modern drug discovery, bridging experimental limitations with predictive
modeling. By integrating CADD, QSAR, pharmacophore modeling, docking, and in silico ADMET screening, researchers can
efficiently design, optimize, and validate new therapeutic agents before clinical testing. Combined with experimental assays, these
strategies form a cohesive framework for accelerating the discovery of selective, safe, and effective drug candidates.

Table 3: Computational Methods in PPI Design [48,50,53,55,56,66—68]

Method Purpose Application in PPI Design
Molecular Docking Predicts binding orientation and affinity of | Identifies optimal binding of sulfenamide
ligands to target proteins intermediates to cysteine residues on H/K*-ATPase
Pharmacophore Defines essential chemical features Helps design new benzimidazole scaffolds with
Modeling required for biological activity improved activation and binding characteristics
Virtual Screening Filters large compound libraries to identify | Screens prodrug candidates for acid stability and
potential hits selective pump targeting
QSAR Modeling Correlates molecular structure with Predicts potency and guides chemical modifications of
biological activity PPI analogs
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Molecular Dynamics Simulates molecular motion and stability | Evaluates conformational changes in H'/K*-ATPase

(MD) of drug—target complexes and drug binding under acidic conditions

ADMET Prediction Assesses absorption, distribution, Optimizes pharmacokinetic profiles and minimizes
metabolism, excretion, and toxicity CYP2C19-related variability

Density Functional Analyzes electronic structure and Supports understanding of sulfenamide formation and

Theory (DFT) reactivity thiol reactivity

Homology Modeling Builds 3D structures of proteins when Constructs models of H/K*-ATPase for docking and
crystal structures are unavailable structure-based design

Binding Free Energy Estimates thermodynamic favorability of | Refines docking predictions and ranks PPI candidates

Calculations ligand binding based on binding strength

Machine Learning Learns patterns from data to predict drug | Predicts efficacy, metabolism, and potential side effects

Models properties of new PPI candidates

Case Studies: PPIs vs P-CABs in Clinical and Pharmacological Context

Case studies are essential for bridging theoretical pharmacology with real-world therapeutic outcomes. Given the widespread and
long-term use of proton pump inhibitors (PPIs), it is critical to evaluate their broader physiological effects and compare them with
emerging alternatives like potassium-competitive acid blockers (P-CABs).

e PPIs irreversibly inhibit H'/K*-ATPase via covalent binding, requiring new enzyme synthesis for recovery.

e P-CABs reversibly block the potassium-binding site of the same enzyme, offering rapid, potent, and meal-independent acid
suppression.

Key Case Studies
H. pylori Eradication: P-CAB vs PPI

A network meta-analysis showed that a 2-week vonoprazan regimen achieved high eradication rates. While tegoprazan-based
regimens showed comparable efficacy to PPIs, vonoprazan demonstrated a more consistent outcome [2].

D
)/NH
Figure 8: Tegoprazan-d6 (CJ-12420-d6) | Tegoprazan Isotope

>\NH
N

Figure 9: Tegoprazan
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Health Care Cost Analysis in GERD
A Japanese real-world study found that PPI-first treatment incurred higher overall healthcare costs compared to P-CAB-first
treatment, largely due to non-GERD-related hospitalizations. However, excluding hospitalization, PPI-first therapy was more cost-
effective [3].
Potent Acid Suppression Profiles
New-generation PPIs (e.g., dexlansoprazole MR, IR-omeprazole) and P-CABs (e.g., vonoprazan) address limitations of delayed-
release PPIs, such as short half-life and poor nocturnal control. P-CABs offer rapid, reversible, and food-independent acid
suppression with prolonged pH elevation [4].

7- vs 14-Day Quadruple Therapy for H. pylori

A comparative study found that both 7- and 14-day P-CAB-based bismuth quadruple regimens were effective, with similar or fewer
adverse effects compared to 14-day PPI-based regimens, especially in clarithromycin-resistant infections [5].

P-CABs as Next-Generation Acid Suppressants
P-CABs like vonoprazan are acid-stable, fast-acting, and effective in treating GERD, peptic ulcer disease (PUD), and H. pylori

infection. Their ability to elevate gastric pH to >6.0 and maintain consistent suppression positions them as superior alternatives to
PPIs [6].
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Challenges, Risks, and Ethical Considerations

Because of their established effectiveness and good safety records, proton pump inhibitors (PPIs) are among the most often
prescribed drugs. However, a few clinical, legal, and ethical issues have been brought up by their extensive and frequently
unsupervised use. The need for careful administration, better monitoring, and ethical compliance in both research and clinical
practice is highlighted by the growing number of reports of side effects and methodological difficulties in PPI studies.

1. Idiosyncratic Hepatotoxicity: A Rare but Serious Concern

Rare cases of idiosyncratic drug-induced liver injury (DILI) have been documented, even though PPIs are usually well tolerated.
This problem is demonstrated by the hepatotoxicity linked to pantoprazole: a 35-year-old man who was treated for acute gastritis
experienced systemic side effects, including nephritis, pancytopenia, and generalized edema, which ultimately led to hepatic
dysfunction. Such reactions, though uncommon, highlight the unpredictable nature of idiosyncratic toxicity, necessitating
individualized monitoring during long-term therapy.[1]

2. Potential Long-Term Adverse Effects of PPIs

PPI therapy is still safe for short-term use, but prolonged, unsupervised use can lead to several problems. Due to self-medication
and overuse, over-the-counter availability has resulted in negative consequences like hypomagnesemia, bone demineralization, and
potential gastrointestinal infections. Chronic PPI use has also been linked to microscopic colitis, small intestinal bacterial
overgrowth, and Clostridium difficile infection (CDI). Although evidence linking PPIs to CDI remains inconclusive, meta-analyses
indicate a modest but statistically significant increase in risk (pooled OR = 1.5). Thus, long-term use should be carefully considered,
particularly in patients who are susceptible or have cirrhosis [2].

3. Regulatory Perspectives on Covalent Drugs

PPIs are well-known examples of covalent inhibitors and understanding how they are regulated can help us understand the larger
issues this drug class faces. These days, organizations like the FDA and EMA stress the need to strike a balance between efficacy
and off-target reactivity. By facilitating transient covalent bonding with target residues, developments in reversible covalent
inhibition (RCI) have allayed worries about immunological reactions and indiscriminate reactivity. Future regulatory focus will
likely involve improved computational modelling to identify reactive amino acids, refined reactivity guidelines, and sensitive assays
to predict immunogenic or electrophilic stress responses. Research into the creation of new, trackable electrophilic warheads is still
ongoing [4].

4. Chemical Reactivity—Selectivity Trade-Offs

The effectiveness of PPIs, such as omeprazole, depends on a finely tuned balance between chemical reactivity and site-specific
selectivity. Omeprazole functions as a prodrug, activated only in the acidic environment of the gastric parietal cell, where it
covalently inhibits H/K*-ATPase and carbonic anhydrase, while also exerting cytoprotective effects. This pH-dependent activation
minimizes systemic reactivity, exemplifying how rational prodrug design can optimize both selectivity and safety [5].

5. Practical Limitations in Molecular Docking Studies

Molecular docking, a crucial tool in drug discovery, continues to face difficulties despite tremendous advancements. It is necessary
to address problems with protein flexibility, scoring function accuracy, and entropy or desolvation effects to accurately predict ligand
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binding modes. Even though ligand sampling algorithms have significantly improved, dynamic and thermodynamic complexities
are still difficult for current scoring functions to capture. Furthermore, protein conformational change modelling is still a
computationally demanding and undeveloped field. Continued refinement of benchmark datasets (e.g., DUD, CSAR) and hybrid
simulation approaches integrating molecular dynamics and machine learning are essential for improving docking reliability.

PPIs and covalent inhibitors are still very useful in therapeutic medicine, but careful management is necessary due to their long-
term use, unpredictable idiosyncratic reactions, and methodological difficulties in computational modelling. Ethical
considerations—including patient safety, informed prescribing, and responsible drug design—must guide future research and
clinical application. Enhancing computational accuracy, refining toxicity prediction, and ensuring regulatory vigilance will be
pivotal in minimizing risks while maximizing therapeutic benefits [6].

Future Perspectives and Recommendations
Advancements in Docking and Drug Discovery

Enhancing protein flexibility modelling, considering ligand-induced conformational changes, and employing quicker grid-based
methods will be the main goals of future docking research. Charge transfer and metal coordination simulations will be more accurate
thanks to quantum mechanics (QM) [76,77] and hybrid QM/MM techniques. More dependable large-scale drug screening [78] will
be made possible by customized docking techniques for protein families [79] and the combination of molecular mechanics and QM.

Development of In Silico Modeling and ADMET Profiling

In order to predict drug-like properties early on, ADMET profiling is moving toward integrated in silico—in vitro—in vivo platforms
[80]. Advanced data-mining tools and automated, high-throughput assays will simplify the candidate selection process and lower
attrition rates [81]. With Al-driven models and visual outputs for improved interpretation, tools such as SwissADME, pkCSM,
ADMET lab, and admet SAR will increase their predictive capabilities [82].

Environmental Safety in the Design of Drugs

In order to guarantee environmental safety, future drug development will place a strong emphasis on ecotoxicity assessment using
tools like FAF-Drugs and admet SAR. This will encourage the development of pharmaceuticals that are both environmentally
friendly and effective for people [83].

In Drug Design, Covalent Docking Covalent docking provides access to difficult protein sites, high selectivity, and long-lasting
effects by simulating irreversible drug—target interactions [84,85]. This strategy is demonstrated by medications [86] such as
Dacomitinib, Zanubrutinib, and Aspirin. Although accuracy varies, tools like AutoDock, GOLD, and FlexX are utilized [87-90]. It
is anticipated that Al-enhanced techniques will increase prediction accuracy and broaden their applicability to intricate molecules
such as peptides [91].

Conclusion

PPIs have revolutionized the treatment of acid-related disorders, but they have drawbacks regarding long-term safety, nocturnal
control, and onset. Many of these gaps are filled by P-CABs, which provide faster, reversible, and more reliable acid suppression.
Early-stage drug development is being revolutionized by computational drug design, which uses docking, QSAR, pharmacophore
modeling, and ADMET prediction. When combined, these developments offer treatments that are safer, more efficient, and more
ecologically friendly.
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