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Abstract: Inhibition of gastric acid secretion is necessary to treat many 

gastrointestinal diseases. Proton Pump Inhibitors (PPIs) are very effective 

drugs, used for gastric acid inhibition and therapy of important erosive and 

non-erosive gastrointestinal disorders in animals as well as humans. In this 

review, general properties of PPIs, their mode of action, pharmacokinetics, 

efficacy, adverse effects, drug interactions and clinical and alternative uses 

in veterinary medicine were evaluated. 
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Introduction 

Gastric acid is the secretion of parietal cells of 

stomach and it is controlled by paracrine, endocrine and 

neuronal systems. An important enzyme, H
+
/K

+
 ATPase, 

is the main actor to pump hydrogen ions into the 

stomach lumen (H
+
/K

+
 proton pump) (Shin and Sachs, 

2008; Hori et al., 2011; Garcia-Mazcorro et al., 2012). 

The Proton Pump Inhibitors (PPIs) provide an 

irreversible inhibition of the gastric pump in parietal 

cells (Papich, 2009; Kosma et al., 2016). 

Thanks to this effect, PPIs are widely used for treatment 

of many erosive and non-erosive gastrointestinal 

disorders, such as peptic ulcers, Gastro-Oesophageal 

Reflux Disease (GERD), Barrett’s oesophagus, Zollinger-

Ellison syndrome, dyspepsia and Helicobacter pylori 

infection in humans and different animal species (Shin and 

Sachs, 2004; 2008; Papich, 2009). The pharmacological 

acid suppression in these diseases, especially in ulcers 

and GERD, causes very important benefits, such as 

abolition of elective surgery and reduction in non-steroidal 

anti-inflammatory drugs-associated gastropaties 

(Scarpignato and Pelosini, 2006). 

The first registered PPI is omeprazole for humans in 

1989. Afterwards, lansoprazole, rabeprazole, 

pantoprazole, esomeprazole and tenatoprazole were 

released to the market. Clinical usage of PPIs 

dramatically increased year by year in humans and 

animals (Papich, 2009; Ortiz de Garcia et al., 2014; 

Kosma et al., 2016).  

All clinically used PPIs contain a pyridyl 

methylsulfinyl benzimidazole group and differ only type 

of substituents on the pyridine and benzimidazole rings 

(Kosma et al., 2016). Some important physicochemical 

properties of PPIs are shown in Table 1.  

Mode of Action 

The gastric H
+
/K

+
 ATPase is in the cytoplasmic 

tubuler membranes of the parietal cells in the resting 

state. After the activation of the parietal cells by a 

stimulant (acetylcholine, histamine etc.), H
+
/K

+
 

ATPase appears to be in the microvilli of the 

expanded secretory canalicus and an ATP-dependent 

hydrogen-potassium exchange and gastric acid 

secretion occurs (Shin and Sachs, 2008). 

PPIs are weak bases and potent acid suppressing 

prodrugs. Due to their weak base features (pKa 1 values 

are between 3.8 and 4.9), they can accumulate in the 

acidic environment of the secretory canalicus of the 

parietal cells. In this compartment, PPIs becomes active 

after two protonation (pyridine and benzimidazole). 

Protonated drug split to sulfenic acid and sulfenamide 

active forms. Sulfenamide covalent binds to H
+
/K

+
 

ATPase and the effect occurs (Shin et al., 2006; Papich, 

2009; Huttunen et al., 2011). Conversion of omeprazole 

to sulfenamide in the parietal cells and covalent 

interaction of sulfenamide to H+/K+ ATPase are shown 

in Fig. 1. 
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Table 1. Important physical and chemical properties of PPIs 

PPI Structural formula Molecular formula Molecular weight Melting point (°C) 

Omeprazole  C17H19N3O3S 345.42 156.2-157.2 

Lansoprazole  C16H14F3N3O2S 369.36 178-182 

Rabeprazole  C18H21N3O3S 359.44 99-100 

Pantoprazole  C16H15F2N3O4S 383.37 139-140 

Esomeprazole  C17H19N3O3S 345.42 155 

Tenatoprazole  C16H18N4O3S 346.40 178-180 

 

Table 2. Clinical use of PPIs in veterinary medicine 

Gastrointestinal disorder PPI Animal species Treatment 

Gastric ulcers Omeprazole Dog 0.5-1 mg/kg/day PO (total 20 mg−1) 

  Cat 0.5-1.5 mg kg−1 once or twice a day 
  Horse 4 mg/kg/day PO for treatment (4 weeks) 
   2 mg/kg/day PO for prevention 

  Swine 40 mg−1 total 
 Pantoprazole Dog/Cat 0.5-1 mg/kg/day IV 
Acute gastritis Omeprazole Dog/Cat 0.7-2 mg/kg/day PO 
 Pantoprazole Dog/Cat 1 mg/kg/day IV 
Helicobacter pylori Omeprazole Dog 0.66 mg/kg/day (combination with amoxicillin or tetracycline, 
   metronidazole and bismuth subsalicylate) for 2-3 weeks 

Abomasal ulcers Omeprazole Ruminants 2 mg kg−1 IV 

  Milk-fed calves 4 mg kg−1 PO 

 

Pharmacokinetics  

After the oral administration, PPIs are rapidly and 

highly absorbed in the small bowel. Approximately 

70% of omeprazole is absorbed from the 

gastrointestinal system. An acidic pH in the parietal 

cells is required for activation of PPIs and food 

stimulates acid production. Therefore, PPIs should be 

administered about 30 min before meals and feeding. 

PPIs are highly protein bound drugs. Omeprazole 

extremely (95%) binds to plasma proteins, α1-acid 

glycoprotein and albumin. It reaches plasma peak 

concentration within 30-120 min in humans. Volume 

of distribution values 0.3 L kg
−1
 in humans and 

excretion half-life is about 50 min in humans and 30 

min in dogs. (Kaya, 2007; Wallacei and Sharkey, 

2011; Kosugi et al., 2015). 

PPIs are rapidly and broadly metabolized by 

hepatic cytochromes (CYPs). Especially, CYP2C19 

and CYP3A4 have important roles in the 

biotransformation of PPIs. Several metabolites were 

determined for each PPI, for example at least six 

metabolites of omeprazole were identified. The main 

excretion route is urine; however they are also 

eliminated by excretion in the bile (Kaya, 2007; 

Wallacei and Sharkey, 2011; Zullo et al., 2012; 

Kosma et al., 2016). 
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Fig. 1. Conversion of omeprazole to sulfenamide in the parietal cells and covalent interaction of sulfenamide in the proton pump 

(Huttunen et al., 2011) 
 

Efficacy 

The H
+
/K

+
 ATPase is the last stage of the gastric acid 

secretion. Therefore, PPIs are accepted as more effective 

than receptor antagonists in suppressing gastric acid 

secretion (Shin and Sachs, 2008; Papich, 2009). It was 

reported that PPIs are 10-30 times potent acid 

suppressing drugs than cimetidine. Therefore, PPIs are 

evaluated as a superior alternative to H2 receptor 

antagonists and other anti-secretory drugs for treatment 

and prevention of ulcers caused by NSAIDs, some other 

types of ulcers, esophagitis and H. pylori. Many studies 

showed that there are no differences in efficacy among 

PPIs (Kaya, 2007; Papich, 2009). However, some 

researchers reported that esomeprazole and tenatoprazole 

are more effective with a longer period for the acid 

suppression (Liu et al., 2007; Shin and Sachs, 2008). 

The efficacy of PPIs depends on their covalent 

binding to the pump and therefore their effect is longer 

than their plasma residence time above minimum 

effective level, which is about 10-120 min.  

An important point for the activation of PPIs is that 
the parietal cells of stomach have to secret the gastric 

acid at the time of the administration. Therefore, PPIs 
cannot inhibit all gastric acid pumps with oral dosing, 

because all pumps are not active during the 90-min half-
life of many PPIs (except tenatoprazole, its half-life is 9 

h). Because of short half-life of PPIs only 70% of the 

pump enzymes can be inhibited. Especially, due to all 
pumps are not activated by breakfast or other meals and 

the cumulative effect of PPIs, reaching steady state 
inhibition of the acid secretion on once a day 

administration takes about 2-3 days. Increasing of the 

dose has virtually no effect after the optimal dosage 
(Shin and Sachs, 2004; 2008; Shin et al., 2006).  

Another problem is the fast reversal of the acid 

secretion. After omeprazole treatment, gastric acid 

secretion and H
+
, K

+
-ATPase activity returned with a 

half-life of only 15-20 h in rats and about 17 h in dogs. 

These values are about three times faster than the half-

life of the α-subunit of the pump (54 h in rats). The 

newly synthesis of the proton pump is generally greater 

at night than day and PPIs are less effective during the 

night. Also, inhibition of the H
+
/K

+
-ATPase can be 

recovered either by new synthesis of the enzyme or 

reduction of the disulfide bond between the PPI and the 

protein (Shin et al., 2006; Hori et al., 2011). 
There are some approaches to increase the plasma 

half-life of the PPIs and improve the acid inhibition. One 
of them is replacement of the benzimidazole with 
imidazopyridine for slowing metabolism and prolonging 
the half-life of PPIs. Tenatoprazole is a good example 
for this path. It has an important advantage in 
suppressing of the pump during the night, however its 
slow activation is a disadvantage for daytime acid 
suppression. Although this disadvantage, it has been 
reported that the anti-secretory and anti-ulcer effects of 
tenatoprazoleare 2-4 times more potent than omeprazole 
(Liu et al., 2007; Shin and Sachs, 2008).  

Adverse Effects and Drug Interactions 

PPIs are relatively safe drugs and very few adverse 
effects were reported. Nausea, abdominal pain, 
constipation, flatulence and diarrhea are common side 

effects in humans (1.5-3% of patients for omeprazole), but 
most of these effects are not observed in animals (Kaya, 
2007; Papich, 2009; Wallacei and Sharkey, 2011). 
Säfholm et al. (1994) orally administered at a dose of 0.17 
mg kg

−1
 to Beagle dogs and a detailed clinical and 

gastroscopic examination including gastric mucosal biopsy 

were regularly performed for 7 years. It was concluded that 
7 years’ treatment with omeprazole in dogs, in a dose 
resulting in clinically relevant plasma concentrations, did 
not cause any adverse effects in any of the animals. 
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PPIs can inhibit acid secretion completely and it 

causes a bacterial overgrowth in stomach and intestines. 

There are several studies regarding PPI induced 

alterations of the microbiome throughout the 

gastrointestinal tract (from oral cavity to colon) and its 

potential results in humans (Freedberg et al., 2014; 

Tsuda et al., 2015). However, the true cause-effect 

relationship between PPIs and gastrointestinal bacterial 

overgrowth has not been established in animals (Kaya 

2007; Papich, 2009; Wallacei and Sharkey, 2011; 

Garcia-Mazcorro et al., 2012) reported that orally 

administered omeprazole can change the quantitation of 

various bacteria groups in the gastrointestinal tract of 

healthy dogs (a decrease in Helicobacter spp. and an 

increase of other bacteria in the stomach and an increase 

in Lactobacillus in the duodenum and faeces (only in 

males)). However, omeprazole administration did not 

cause major qualitative alteration in the phylogenetic 

composition of the stomach and the duodenum. The 

authors noticed that detailed experiments should be 

performed for the investigation of clinical importance of 

these findings (Garcia-Mazcorro et al., 2012). 

Bacterial growth in stomach as a result of gastric acid 

suppression may also produce a risk of aspiration 

pneumonia (aspiration of stomach content) in animals. It 

could be observed particularly in dogs with 

megaesophagus (Papich, 2009).  

Another important risk is gastric tumors after the 

long-term usage of PPIs in animals. Because, lack of 

negative feedback produces higher gastrin levels and it 

has increased risk of gastric tumors in rats. However, 

there is no unequivocal evidence about this adverse 

effect in domestic animals and humans (Kaya, 2007; 

Papich, 2009; Wallacei and Sharkey, 2011). 

It was reported that long-term use of PPIs may 

increase the fracture risk and side effects on bone 

mineral density in humans and experimental animals. 

The reasons of these effects were reported as 

hypochlorhydria, reduced intestinal calcium absorption 

and subsequent negative calcium balance caused by 

PPIs. The possibility of fracture risk is particularly 

important in horses treated by PPIs (Caston et al., 2015; 

Yanagihara et al., 2015). However, a recent study 

showed that administration of omeprazole for 60 days was 

not significantly affect serum total calcium and ionized 

serum calcium concentrations and bone density or bone 

mineral density in normal horses (Caston et al., 2015). 

PPIs may also cause some abnormalities in blood 

biomarkers, due to decreasing of the gastric pH    

(Mélo et al., 2014). This issue has not been widely 

investigated in animals, but Mélo et al. (2014) reported 

that a maximum of 11 days oral administration of 

omeprazole affected biomarkers corporated with 

digestion and lipid, protein and mineral metabolism in 

healthy horses. However, detailed and longer studies 

should be carried out for evaluation of the clinical 

importance of the changes of the blood parameters. 

Since PPIs are metabolized by hepatic CYPs, they 

may interfere with many drugs. PPIs decreased excretion 

of some drugs by bile, such as warfarin, diazepam and 

phenytoin. Also, omeprazole can adversely interact with 

anticlotting agent, clopidogrel and inhibit conversion of 

this agent to the active anticoagulant form. But, these 

problems were determined in humans and the clinical 

significance in veterinary medicine has not been 

investigated. Because of the acid suppression, oral 

availability of vitamin B12, itroconazole, ketoconazole 

and domperidone which need a low pH for the 

absorption, may decrease (Kaya, 2007; Papich, 2009; 

Wallacei and Sharkey, 2011). 

Clinical Use in Veterinary Medicine 

PPIs are used for treatment of gastrointestinal 

disorders generally in dogs and horses. However, 

indications of PPIs are also reported in other species. 

Common clinical use of PPIs is shown in Table 2.  

PPIs and particularly omeprazole are widely used in 
dogs for potent and long-acting gastric acid suppression. 
It is also very effective in dogs with NSAID-induced 
ulcers and in case of insufficient effectiveness of other 
antiulcer drugs (Papich, 2009; Tolbert et al., 2011). 
Preventive effects of omeprazole on the exercise-induced 
gastric lesions in racing dogs were found superior to 
famotidine and routine administration of omeprazole was 
recommended to prevent stress-associated gastric disease 
in exercising and racing dogs (Davis et al., 2003; 
Williamson et al., 2010). Also, it was reported that the 
preoperative administration of omeprazole (1 mg kg

−1
 

PO, at least 4h before the operation) is effective in 
reducing the incidence of gastro-oesophageal reflux 
during anaesthesia in dogs (Panti et al., 2009). Common 
oral form of omeprazole is capsules containing granules. 
This form protects the drug from acid degradation. 
Usage of PPIs in cats is not common compared to dogs. 
But, PPIs are considered as safe drugs in cats and 
generally used similar doses to those used in dogs (Table 
2) (Kaya, 2007; Papich, 2009). 
Omeprazole is also used for therapy and prophylaxis of 

ulcers in horses. Generally, 1 mg/kg/day dose is needed for 

inhibition of gastric acid suppression. However, common 

dose is orally 4 mg/kg/day for 4 weeks for treatment and 2 

mg/kg/day for prevention of the ulcers (Table 2) (Kaya, 

2007; Papich, 2009; Rabuffo et al., 2009). Omeprazole is 

effective with healing rates of 73-80% and improvement 

rates of up to 92% following 25 to 56 days of 

treatment in horses with ulcers (Kerbyson et al., 

2016). In addition, orally single doses of 40 or 80 mg 

of esomeprazole magnesium (Nexium) was 

investigated in horses with gastric ulcer syndrome and 

both doses were found effective in elevating the pH of 

the gastric secretion above the recommended 
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threshold (pH 4) and maintaining the elevated pH 

level (pH> 5) in 100% of the measurement times. 

Esomeprazole could be an alternative for treatment of 

gastric ulcers in horses, however further clinical 

studies are needed (Pereira et al., 2009). Oral paste is 

usually used pharmaceutical form of PPIs in horses 

(Papich, 2009; Rabuffo et al., 2009).  

Other Uses of PPIs 

Beside the regular clinical usage of PPIs, some other 

effects or combination with other drugs have been 

evaluated generally in experimental animals. For 

example, a combination of a gamma-aminobutyric acid 

derivative (baclofen) and omeprazole was investigated 

for the treatment of reflux esophagitis in rats. The 

beneficial effects of the combination on the healing of 

the esophagitis were determined (Khinchi et al., 2014).  

An important recent research topic regarding PPIs is 

their effects on preventing anti-cancer drug resistance. 

Chemoresistance is one of the biggest challenges in 

cancer therapy. There are several factors of anti-cancer 

drug resistance, such as impaired drug uptake, increased 

drug efflux, deletion of receptors, altered drug 

metabolism, quantitative and qualitative alterations in 

drug targets, increased DNA damage repair and various 

mechanisms of anti-apoptosis (Taylor et al., 2015). In 

addition, recent studies showed that another reason of the 

chemoresistance is the highly acidic microenvironment of 

tumors. Almost all anti-cancer drugs are weak bases and 

they are quickly protonated and neutralized in this acidic 

environment (Daniel et al., 2013; Taylor et al., 2015; 

Walsh et al., 2015; Chueca et al., 2016). In this frame, to 

be provide the increased pH of the tumor microenvironment 

may be a good strategy and PPIs may be used for buffering 

the acidic pH and enhancing tumor chemosensitivity 

(Daniel et al., 2013; Spugnini et al., 2011; 2014; 

Taylor et al., 2015; Walsh et al., 2015; Chueca et al., 

2016). There are in vitro studies regarding positive effects 

of PPIs on the enhancing the sensitivity of neoplastic 

agents (Luciani et al., 2004; Azzarito et al., 2015; 

Chueca et al., 2016). Also, positive effects of PPIs 

against chemoresistance in cancer treatment were 

reported in veterinary clinical trials. Spugnini et al. 

(2011) administered high dose of lansoprazole to 27 

dogs and 7 cats with different neoplasms. Lansprazole 

was applied 5 mg/kg/day for three days after each 

chemotherapy administration. After the first medication 

lansprazole was administered 1 mg/kg/day to prevent 

gastric hyperacidity rebound for four days. The results 

showed that high dose lansoprazole induced reversal of 

tumor chemoresistance and most of the treated animals 

were well tolerated. Another study of the same group, 

lansoprozole was applied at the dose of 5 mg kg
−1
 from 

Monday to Wednesday and 1 mg kg
−1
 from Thursday to 

Sunday, combined with metronomic chemotherapy to 22 

dogs and 2 cats with different solid tumors over a 30 

months period. Similarly, administration of PPIs was 

well tolerated and benefical to increase tumor response 

to metronomic chemotherapy (Spugnini et al., 2014). 

Walsh et al. (2015) reported a case report regarding 

beneficial effects of addition of PPIs in cancer therapy. 

A 15 year old dog with bronchogenic carcinoma was 

treated metronomic chemotherapy with alkalinisation (a 

combination of daily cyclophosphamide, proxicam, 

lansoprazole and a water alkalizer). The patient well 

tolerated the therapy and it was in a stable condition of 

disease after 14 months.  

These results are very promising data for more 

effective therapy of cancers with PPIs in animals as well 

as in humans. However further studies are needed to add 

PPIs in the regular therapy protocol of different 

carcinoma types. 

PPIs also have anti-inflammatory effects. PPIs have 

anti-oxidant properties and direct effects on neutrophils, 

monocytes and other endothelial and epithelial 

inflammation cells (Kedika et al., 2009). Also, protective 

effects of omeprazole on gastric mucosal of cirrhotic 

portal hypertension were investigated in rats and it was 

found that omeprazole played a protective role in the 

gastric mucosa by improving the gastric environment, 

through the influence of inflammatory cytokines to slow 

down its further damage the gastric mucosa (Gao et al., 

2014). However, the anti-inflammatory effect 

mechanisms of PPIs are not well established, in vivo 

studies are not sufficient and therefore further 

investigations are needed to prove the role of PPIs as 

anti-inflammatory agents (Kedika et al., 2009).  

Conclusion 

PPIs are used for treatment of many gastrointestinal 

disorders in animals as well as humans. All PPIs have 

similar chemical structure and effectiveness. PPIs are 

prodrugs and they must be converted to active forms in 

the body for gastric acid inhibition. Because of the H
+
/K

+
 

ATPase is the last stage of the gastric acid secretion, 

PPIs are accepted as more effective than receptor 

antagonists in suppressing gastric acid secretion. After 

the oral administration, PPIs are rapidly and highly 

absorbed and metabolized. Half-lives of PPIs are short, 

except tenatoprazole. PPIs are relatively safe drugs and very 

few adverse effects were reported. Although their some side 

effects, such as a bacterial overgrowth in stomach and 

intestines, these adverse effects are not so important in the 

clinical practice. PPIs are metabolized by hepatic CYPs, 

therefore they may interfere with many drugs.  

Omeprazole is the common PPI in veterinary 

medicine. Omeprazole and other PPIs are used for 

long-acting gastric acid suppression and treatment of 

ulcers, particularly in dogs and horses. Also, some 

other usage areas, such as prevent the resistance to 
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anti-cancer drugs and therapy of some inflammations 

have been investigated. These researches are very 

valuable for the future but further studies are needed 

for a detailed evaluation. 
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