Recent Therapeutic Advances in Peptic Ulcer Disease: An Updated Comprehensive Review
Abstract 
Peptic ulcer disease (PUD) is still a major global health concern. Although much is now understood about its causes, such as infection with Helicobacter pylori and long-term use of nonsteroidal anti-inflammatory drugs (NSAIDs), the disease’s patterns continue to evolve as new trends develop. This review summarizes current knowledge about the causes, mechanisms, and symptoms of PUD, and highlights recent advances in its treatment. Treatment options now go beyond just acid suppression and H. pylori eradication. Their composition encompasses novel proton pump inhibitors (PPIs), potassium-competitive acid blockers (P-CABs), advanced quadruple therapies designed to combat antibiotic resistance, and additional supportive treatments like protective agents, antioxidants, probiotics, and phytochemicals. Advances in endoscopic techniques also facilitate better diagnosis, monitoring, and management of complications. These continuous advancements seek to enhance healing, address antibiotic resistance, and prevent recurrence. This review consolidates the latest information on PUD and its evolving management. 
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Introduction
The term “peptic ulcer” describes a digestive tract acid peptic injury that causes a mucosal rupture that reaches the submucosa. Peptic ulcers are usually found in the stomach or the proximal duodenum, but they can also occur in the oesophagus [1]. The development of ulcer disease and related deaths has been linked to urbanisation and interpreted as a birth-cohort effect, with the peak incidence among those born in the late 19th century [2,3]. The majority of peptic ulcers were traditionally thought to be caused by a hypersecretory acidic environment, dietary factors, or stress. But our understanding changed significantly after the discovery of Campylobacter pyloridis (renamed Helicobacter pylori in 1989) by Warren and Marshall in 1982 [4,5]. 
The therapeutic approach for peptic ulcer disease resulted from the collapse of the acid dogma, which was widely accepted during and after the introduction of histamine H₂-receptor antagonists. A short-term antibiotic regimen intended to eradicate Helicobacter pylori infection replaced maintenance acid-suppressive therapy for duodenal ulcers, which had dominated surgical interventions for decades [6,7]. H. pylori eradication as a cure for peptic ulcer gained full recognition when Warren and Marshall received the Nobel Prize in Medicine and Physiology in 2005. However, this recognition has not ended the discussion on peptic ulcers. When H. pylori, NSAIDs, and aspirin are not present, there are additional rare causes of ulcer disease. 
H. pylori infection, smoking, alcohol, pepsin, stress, NSAIDs, bile acids, steroids, and gastric mucin are among the factors that contribute to the development of peptic ulcer disease [8,9]. Several conditions, such as Behcet Disorder, Zollinger-Ellison Syndrome, Liver Cirrhosis, Crohn’s Disease, and signs of coronary heart failure, stomach cancer, and enlargement of the stomach lining or gallbladder, can also be involved [10]. Significant symptoms of peptic ulcer disease include recurrent symptoms like heartburn, diarrhoea, bloating, nausea, epigastric discomfort, and posterior ulcers that can cause back pain; these symptoms are usually relieved by antacids. These symptoms are frequently non-specific and independent of medical history [11].
Complications:
· The most frequent consequences are gastrointestinal bleeding. Large-scale bleeding that occurs suddenly can be fatal [12,13]. It is linked to a mortality rate of 5% to 10% [14].
· Perforation (a hole in the wall of the gastrointestinal tract) resulting from a gastric ulcer often leads to severe consequences if not treated. Erosion of the gastrointestinal wall by the ulcer causes spillage of stomach or intestinal contents into the abdominal cavity, resulting in acute chemical peritonitis [15]. The first sign is typically sudden, severe abdominal pain, as seen in Valentino’s syndrome [14]. The mortality rate for this condition is 20% [14].
· Penetration is a type of perforation where the hole extends into surrounding organs such as the liver and pancreas, and the ulcer continues into them [16].
· Cancer is part of the differential diagnosis (confirmed by biopsy), with H. pylori as the causative agent, increasing the likelihood of developing stomach cancer from the ulcer by three to six times [16]. The likelihood of acquiring gastrointestinal cancer seems to be marginally elevated in those with gastric ulcers [17]. 
Types of peptic ulcer
A. Gastric ulcer: These ulcers form in the stomach and are mainly linked to impaired mucosal defense rather than excess acid. In a gastric ulcer, pain may worsen shortly after eating and might be accompanied by nausea and vomiting. It also has a higher risk of malignancy compared to duodenal ulcers [18]. 
The etiological factors include H. pylori infection, NSAID-induced mucosal injury, bile reflux, and stress or ischemia in critically ill patients.
B. Duodenal ulcer: These ulcers develop in the first part of the duodenum and are usually linked to excess gastric acid production. Patients often experience pain that improves after eating but worsens 2-3 hours later. These ulcers are more common than gastric ulcers and are rarely malignant [19].
The etiological factors involved are H. pylori infection (the most common cause), hyperacidity, and increased gastric emptying.
C. Oesophageal ulcer: Occurs mainly in the lower oesophagus due to gastroesophageal reflux disease (GERD), ingestion of corrosive substances, or infections (especially in immunocompromised patients). The characteristics of an oesophageal ulcer include dysphagia, chest pain similar to reflux, and it may also cause bleeding [20]. 
D. Marginal (Anastomotic) ulcer: Occurs at the gastrojejunal anastomosis after gastric surgery (e.g., gastric bypass). It is associated with bile reflux and loss of mucosal protection. It may also cause recurrent abdominal pain or bleeding [21]. 
Epidemiology
Peptic ulcer disease remains a major global gastrointestinal disorder, although its epidemiology has shifted significantly in recent decades due to improved sanitation, declining H. pylori infection rates, and widespread use of proton pump inhibitors. 
The global prevalence of PUD varies significantly. Estimates indicate that the lifetime risk of developing PUD is between 5% and10% in the general population [22]. The prevalence of H. pylori-related ulcers is higher in developing countries, whereas it has decreased considerably in developed nations due to better hygiene and eradication treatments [23].
Geographical differences are evident, with H. pylori infection rates and associated ulcer prevalence being significantly higher in Asia, Africa, and Latin America compared to Europe and North America [23]. Duodenal ulcers are more frequent in younger individuals, while gastric ulcers mainly occur in older adults [24]. Historically, men were affected more frequently than women; however, this gap has decreased due to rising NSAID use among women [22]. 
Although the overall incidence and mortality from PUD have decreased, the disease still causes significant morbidity due to complications such as gastrointestinal bleeding and perforation [24]. Hospitalizations for ulcer-related bleeding remain common, especially among older adults using NSAIDs or anticoagulants. 
Pathophysiology 
Under typical circumstances, the integrity of the duodenal and gastric mucosa is preserved by the mucus-bicarbonate barrier, neutral pH, and ongoing epithelial cell regeneration [25,26]. PGE2 enhances cell proliferation, mucus, and H₂CO₃ secretion, playing a crucial role in mucosa preservation. A characteristic and essential factor in gastric homeostasis is adequate blood flow. The NO and PGs are accountable for sustaining adequate perfusion to the gastric mucosa, facilitating the supply of oxygen and nutrients, and eliminating harmful metabolites, thereby preventing tissue damage [27].
· Helicobacter pylori: The processes by which H. pylori favour the development of PU are more understood in the duodenal region than in the gastric region [28]. H. pylori damages and degenerates epithelial cells by including an inflammatory response in the mucosal layer that includes neutrophils, lymphocytes, plasma cells, and macrophages. The antrum is frequently more severely affected by gastritis, while the corpus has little to no inflammation. All individuals diagnosed with peptic ulcers must undergo testing for H. pylori [29]. Inflammation linked to H. pylori infection can manifest in instances of both hypochlorhydria and hyperchlorhydria [30], aiding in the identification of the type of peptic ulcer developed [31,32].
· NSAIDs induced ulcers: There are two main mechanisms by which NSAIDs cause injury to the duodenal and gastric mucosa. These pharmaceuticals function as weak, non-ionised acids that readily permeate the mucus layer and infiltrate the epithelial cells. A fundamental result of this is the suppression of the cyclooxygenase enzyme, leading to reduced intracellular levels of prostaglandins. These prostaglandins are essential for preserving the integrity of the gastroduodenal mucosa, as they encourage vasodilation in the mucosa, ensuring optimal function, blood circulation, and aiding the local synthesis of mucus and H₂CO₃, which foster cell turnover and repair [33,34]. NSAIDs are widely used to reduce pain and inflammation; however, some users experience GI side effects. Endoscopic investigation indicates that 15–30% of habitual NSAID users develop gastroduodenal ulcers [35]. Individuals who use aspirin have double the chance of developing peptic ulcers compared to the general population [36]. NSAIDs harm the gastroduodenal mucosa through systemic and local processes, with the systemic suppression of cyclooxygenase 1 (COX-1)-derived prostaglandins considered the main mechanism. Lower mucosal prostaglandin levels are associated with diminished mucus and H₂CO₃ production, inhibition of cell growth, and decreased mucosal blood circulation, all of which are essential for preserving mucosal integrity. COX-2- selective NSAIDs that do not affect COX-1 decrease the likelihood of ulcers [37].
· Stress and diet: Stress caused by serious health issues, such as those requiring management in an intensive care unit, is well known as a cause of peptic ulcers, which are called stress ulcers [38]. Coffee and caffeine are widely considered to alleviate pain and seem to have fewer side effects [39]. Skipping meals allows gastric acid to directly contact the stomach lining, causing irritation that eventually leads to gastric ulcers. Gastric ulcers are often linked with previous abdominal pain, which worsens after meals [40].
· Smoking and alcohol: Consumption of alcohol and smoking are risk factors. Chronic alcohol use disturbs gastric mucosal barriers by inhibiting COX-1 receptor enzymes, which reduce the secretion of cytoprotective prostaglandins. Cigarette smoking decreases circulating epidermal growth factor and increases free radical secretion in the gastric mucosa [40].
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Figure 1: H. pylori and NSAIDs have synergistic effects on gastric mucosal damage
Diagnosis
In order to identify patients who are at risk of bleeding, ulcers, perforations or malignancy, the history and physical examination are essential. Nevertheless, a thorough analysis of risk factors, history, and symptom-based models revealed that they were unable to accurately differentiate between organic disease and functional dyspepsia [41]. Thus, for patients with dyspepsia who do not exhibit alarm symptoms, the test-and-treat approach for H. pylori is advised [42]. The justification for screening asymptomatic patients with a history of PUD is that identifying and managing H. pylori infection can reduce the likelihood of recurrence. The test-and-treat strategy for detecting H. pylori is appropriate in patients with dyspepsia and a low risk of gastric cancer (age younger than 55 years and no alarm symptoms) [42,43,44]. 
· Urea Breath Tests: Urea breath tests need the consumption of urea labelled with nonradioactive isotopes, specifically carbon-13 or carbon-14, achieving specificity and sensitivity near 100%. Urea breath testing is a viable method for the test of cure and should be performed four to six weeks following the completion of eradication therapy. Proton pump inhibitors (PPIs) should be ceased for a minimum of two weeks before the test, as their accuracy diminishes in individuals who have had a distal gastrectomy. The examination is hindered by its cost and inconvenience [41]. 
· Stool Monoclonal Antigen Test: Stool antigen tests using monoclonal antibodies are as accurate as urea breath tests if a validated laboratory-based monoclonal test is used [42,45]. They are more affordable and require less equipment than urea breath tests. Stool antigen tests can be used as a test of cure and only identify active infections, just like urea breath tests.
· Endoscopy with Biopsy: Endoscopy with biopsy is advised to exclude cancer and other significant conditions in individuals aged 55 years or older, or in those exhibiting one or more alarming symptoms. In patients who have not consumed a PPI within one to two weeks before endoscopy, or bismuth or an antibiotic within four weeks, the fast urease test performed on biopsy samples provides an accurate and economical means of detecting H. pylori infection [43].
Treatment and management
The treatment and management of peptic ulcer disease (PUD) concentrate on eradicating the underlying cause, facilitating ulcer healing, and preventing recurrence and consequences. The primary therapeutic approaches are:
· Eradication of Helicobacter pylori: The eradication of H. pylori is the cornerstone of PUD treatment. The standard first-line therapy is the triple therapy regimen, which includes a proton pump inhibitor (PPI) (e.g., omeprazole, pantoprazole), clarithromycin, and amoxicillin (or metronidazole if allergic to penicillin), administered for 10-14 days [46]. If resistance to clarithromycin is high, bismuth-based quadruple therapy (PPI + bismuth + tetracycline + metronidazole) is recommended [47].
· Acid Suppression Therapy: Reducing gastric acid promotes ulcer healing and alleviates symptoms.
Proton Pump Inhibitors (PPIs): The most effective for acid suppression and ulcer healing. Common agents include omeprazole, lansoprazole, and pantoprazole.
H₂-Receptor Antagonists (H₂RAs): Such as ranitidine or famotidine, are alternative agents when PPIs are not available or contraindicated [22].
· Discontinuation of Ulcerogenic Agents: If PUD is caused by NSAIDs, stopping the offending drug is essential. If NSAIDs must be used, co-administration of a PPI or misoprostol (a prostaglandin E1 analogue) can help reduce mucosal injury [22].
· Surgical Intervention: Surgery is now rarely required but may be needed in cases of complications (e.g., perforation, bleeding, gastric outlet obstruction) or if medical therapy fails.
Several recent innovations are being explored to improve treatment outcomes: 
1. Potassium-competitive acid blockers-vonoprazan
· Vonoprazan is a new class that produces faster, stronger, and more consistent acid suppression than conventional PPIs [48].
· Improved acid control enhances ulcer healing and raises H. pylori eradication rates when used in eradication regimens (including vonoprazan-amoxicillin dual therapy or vonoprazan-based triple therapy). Several meta-analyses and regional guidelines now recommend vonoprazan-containing regimens as alternatives to PPI regimens [49].
2. New antibiotic strategies for H. pylori
· Because clarithromycin resistance has formed classic PPI-clarithromycin triple therapy unreliable, options include bismuth quadruple therapy, rifabutin-containing regimens, high-dose dual therapy (amoxicillin + P-CAB/PPI), and susceptibility-guided therapy [50,51].
· These strategies enhance eradication in areas with high resistance and for patients who have experienced previous treatment failures. Rifabutin regimens are increasingly adopted as salvage therapy and sometimes as first-line alternatives. 
3. Advanced endoscopic haemostatic tools for bleeding ulcers
· New or optimised endoscopic options such as over-the-scope clips (OTSC), topical haemostatic powders, and improved electrocautery/clips combinations. New topical sprays can be used as primary or rescue therapy [52]. 
· These tools enhance quick haemostatic effects and aid in managing difficult or recurrent bleeding, reducing the need for surgery and transfusions [53]. 
· These tools are now available for clinical use and are increasingly adopted; evidence from trials and observational studies supports their utility. 
4. Vaccine development against H. pylori
· Multiple antigen/adjuvant strategies (subunit, whole-cell, DNA, new adjuvants, and delivery systems) and computational multi-epitope vaccine designs are under development [54].
· It is a safe, effective vaccine that would prevent infection and thus reduce the burden of H. pylori-related ulcers and gastric cancer, potentially transforming prevention [55]. 
· This is a promising preclinical and early clinical candidate, although no approved vaccine has been developed yet; research has intensified over the past few years.
5. Mucosal protective agents: These substances strengthen the stomach’s natural defense mechanisms by enhancing mucus production, promoting bicarbonate secretion, and aiding epithelial repair. They help safeguard the gastric lining from acid and other irritants [56,57].
Examples: 
i. Sucralfate (forms a protective barrier over the ulcer base)
ii. Rebamipide (increases prostaglandin production and enhances mucosal healing)
iii. Bismuth compounds (provide cytoprotection and possess anti-H. pylori activity)
6. Antioxidant therapies: Oxidative stress significantly contributes to ulcer formation and delayed healing. Antioxidants help neutralise free radicals, reduce inflammation, and support tissue regeneration, thereby accelerating ulcer recovery [58,59].
Examples:
i. Vitamin C (reduces oxidative stress and supports H. pylori eradication)
ii. Vitamin E (protects the gastric mucosa from free-radical damage)
iii. N-acetylcysteine (NAC) (replenishes glutathione and reduces mucosal injury)
7. Probiotic supplementation: Certain probiotic strains can inhibit H. pylori growth, reduce antibiotic side effects, and enhance treatment tolerance. They also help sustain a healthy gut microbiota, which supports mucosal integrity [60].
Examples: 
i. Lactobacillus rhamnosus GG (reduces H. pylori bacterial load and treatment side effects)
ii. Bifidobacterium bifidum (boosts mucosal immunity and improves eradication rates)
iii. Saccharomyces boulardii (decreases antibiotic-associated diarrhoea and improves tolerance)
8. Phytochemicals with gastroprotective potential: Various plant-derived compounds, such as polyphenols, flavonoids, and terpenoids, exhibit anti-inflammatory, antioxidant, and cytoprotective effects. These natural agents are being studied for their ability to enhance mucosal protection and promote ulcer healing [61,62].  
Examples: 
i. Curcumin (anti-inflammatory and anti-ulcer effects)
ii. Quercetin (a flavonoid that reduces acid secretion and enhances mucosal defense)
iii. Aloe vera extracts (promote healing and reduce inflammation)
iv. Green tea polyphenols (antioxidant and anti-H. pylori activity)
Conclusion 
Peptic ulcer disease remains a common gastrointestinal disorder, but significant progress has been made in understanding its pathogenesis and improving therapeutic outcomes. The emergence of potassium-competitive acid blockers, optimised H. pylori eradication regimens, and resistance-guided therapies represents important steps forward in addressing treatment failures and rising antibiotic resistance. Complementary approaches, including probiotics, antioxidants, mucosal protective agents, and bioactive phytochemicals, show promise as supplementary strategies to promote healing and reduce relapse rates. Furthermore, advances in endoscopic techniques continue to improve diagnostic accuracy and the management of complications more effectively. Despite these advances, ongoing research is crucial to find more effective antimicrobial options, enhance patient adherence, and develop personalised treatment strategies. Overall, combining recent innovations with traditional therapies provides a more comprehensive and effective way to manage peptic ulcer disease. 
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