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Introduction 
Gastric acid secretion is stimulated by meals, mainly by protein, 

calcium (both major fractions of milk), and carbohydrates. Pepsin 
activation and enzymatic protein digestion depend on a pH<3.0 to 
3.5. Mean gastric fasting pH is 2.15 for men and 2.8 for women [1]. 
As a result of its logarithmic scale, this apparently small pH difference 
corresponds to a nearly 5-fold excess of gastric protons in males. Higher 
proton release in men seems to be justified by the physiological need to 
support muscle mass. The use of proton pump inhibitors (PPIs) to treat 
disorders such as gastroesophageal reflux disease (GERD), bleeding 
peptic ulcers, or severe reflux disease, changes gastric pH permanently 
to >4.0 [2]. In pharmacotherapy, to prevent peptic ulcers arising 
from non-steroidal anti-inflammatory drugs, it is widely accepted to 
combine them with PPIs. This combination treatment may last over 
several months or years in the case of arthrosis and degenerative 
rheumatic diseases.

Peptide bonds of proteins and acetal bonds of carbohydrates are 
both hydrolyzed enzymatically and non-enzymatically in an acidic 
environment. A major problem of raising gastric pH permanently is 
impaired non-enzymatic as well as acid catalyzed cleavage of peptide 
and glycosidic bonds, i.e. malfunction of proteolysis and hydrolysis of 

di-, oligo-, and polysaccharides. In the modified gastric environment, 
drugs and nutritional components may be differently soluble, differently 
dissociated, and/or differently hydrolyzed, and therefore have 
modified absorption and bioavailability profiles. The topic is of major 
public health importance due to high prevalence of gastrointestinal 
pathologies and number of PPI prescriptions worldwide, estimated to 
some 120 million annually [3,4]. 

Multiple factors have an impact on bioavailability of drugs, i.e. [5] 

• The drug’s profile related to solubility and dissolution, i.e.

o Dissociation degree

o Hydrogen bond building

Abstract
Background: Proton pump inhibitors change gastric pH from around 2.0 to 2.5 to more than 4.0 for up to 16 

hours per day and suppress gastric function widely. Risk factors assigned to long-term inhibition of gastric acidity 
arise from cleavage-resistance of peptides and glycosides, mucosal degeneration and leak, loss of bactericidal 
action, and modification of absorption kinetics of medicines and nutrients.

This article aims to contribute to wisely use of proton pump inhibitors and to recommend nutritional options. 

Methods: A systematic online literature research was performed on usual platforms. Recommendations rely 
on a multidisciplinary focus group assessment. Explanations arising from the retrieved references were tested for 
consistency by titration of iron solution from acidic to basic pH while observing precipitation.

Results and discussion: Literature describes bacterial overgrowth, community and hospital-acquired 
pneumonia, childhood asthma related to PPI treatments of mothers in pregnancy, sensitization to food allergens in 
the elderly and in pregnant women (as progesterone slows down gastric emptying), deterioration of intolerances, and 
various diseases such as celiac and inflammatory diseases. In addition to pathologies, bioavailability of medicines 
may be modified dramatically. For micronutrients, aquo-complexes of metal ions revealed to be a neglected issue in 
research of food-drug interactions arising from PPI treatments.

To prevent these complications, a focus group from a clinical support team recommends intermittent and on-
demand strategies, alternative antacids, avoidance of high allergenic food, buffering, pepsin replacement, stimulation 
of digestion and peristalsis, and physical activity, and medicines review and reconciliation.

Conclusion: Proton pump inhibitor safety profiles are troubled by risk factors arising from inappropriate long-
term use. Drugs’ bioavailability may increase as a result of mucosal hyperpermeability, or decrease as a result of 
altered dissociation. Care should be given to substrates with pKa<4.5 as well as to micronutrient supply. At least 
children and pregnant women should prefer alternative antacids.
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o Polar van der Waals surface area

o Molecular weight, size, shape

o Polar functions (hydrophilic – lipophilic balance)

o Molecular flexibility

• The drug’s permeability relying on physiological factors, i.e.

o Preferred absorption site

o Mechanisms of membrane crossing

■ By passive transport according to Fick’s law

■ By active mono- and/or bidirectional (efflux) transporters

• Lipid / bile acid transporters

• Monocarboxylate (organic anion) transporters

• Organic cation transporter

• Nucleoside transporters

• Intestinal dipeptide transporters

• Amino acid transporters

• Vitamin transporters

• Phosphate transporters

• P-glycoprotein transporters

■ Food effects with fat content

■ Surfactants

■ Gastric emptying

■ Transmucosal fluid flow (known as “solvent drag”)

■ Metabolism by CYP450 isoenzymes (mainly CYP3A4,5,7)

pH used to be measured either by potentiometry or by titration
in older methods and reflect a value at a specific moment [6-8]. 
Results are differently integrated by the authors to the percentage 
of time intragastric pH is below 4. Thus, these studies are of limited 
comparability. A more recent and refined approach to measure 
gastric acidity proposes to use an acidity index. This index weighs true 
molecular amounts of protons rather than pH [9].

The consequences of decreased long-term safety of PPIs and the 
stop of gastric functioning on nutrition are still understudied and 
conversely discussed. 

The aim of this work is to assess the impact of permanent gastric 
acidity modification on the bioavailability of nutrients and medicines, 
and to propose alternative pharmaco-therapeutic and nutritional 
treatment options.

Materials and Methods 
A systematic literature research was performed on Cochrane 

Library@, Medline®, Google Scholar®, CC Med®, Medpilot®, and 
DIMDI®. Keywords were PPI, drug-induced hypochlorhydria, 
digestibility, safety, pregnancy, allergy, in vivo, human, acidity, 
replacement, and/or nutrient. More specific biochemical mechanisms 
were researched in a further manually performed ad hoc search. 
Further data was retrieved from product monographies dedicated for 
hospital pharmacy medicines information services. 

Explanations arising from the references’ interpretation were tested 
by titration of iron solution from acidic to basic pH conditions while 
observing precipitate formation. These simple tests were performed to 
confirm precipitation formation beginning around pH = pKa.

Therapeutic options are relying on a focus group approach 
integrating an interdisciplinary team of physicians, hospital 
pharmacists, and nutritionists.

Results and Discussion
Some risk factors of PPI-induced long-term inhibition of gastric 

acidity are of particular importance for nutritional assessment or 
nutrition support, i.e. [4] 

• Loss of bactericidal effect

o Bacterial overgrowth

• Mucosal degeneration

o Transmucosal leak

o Hyperpermeability

• Modified absorption kinetics

o Reduction or increase of bioavailability of nutrients such as 
vitamins and oligoelements

o Reduction or increase of bioavailability of medicines

Ad loss of bactericidal effect

Peptic digestion is incomplete in the first two years of life. The 
antiseptic effect of acidity in the stomach develops within a few hours 
after birth. In full-term babies, the gastric acidity changes within one 
hour from 6.1 to 5.4, within 2 hours to 3.1 and within six hours to 
2.2. pH increases afterwards for 10 days and decreases again slowly and 
slightly. Acid output similar to adults is reached by 24 weeks. Full adult 
values are not reached before an age of approximately 2 years [10]. Pre-
term born babies have a gastric pH>4 for 80-90% of time, the acidity 
rising slowly with age [11]. 

As bactericidal effect decreases with raising pH, the risk for 
bacterial, viral, and prion-associated infections increases. An increase 
in gastric pH to around 4.0 is observed for infants aged 1 to 12 months 
with chronic diarrhea and protein malnutrition, combined with 
bacterial overgrowth, which contains essentially Gram-negative bacilli 
in 57% of the cases. This bacterial overgrowth happens at the moment 
of the evolution of the disease to a chronic state. Breast-fed babies do 
not have bacterial overgrowth of gram-negative bacilli and no diarrhea, 
although they have a similar gastric pH to bottle-fed babies. This may be 
related to the transfer of protective factors e.g. immunoglobulines from 
lactating mothers. Therefore, an adequate gastric pH is determinant for 
complication-free adaption, mainly if babies are not breast-fed [12]. 

Children of 4 to 36 months suffering from GERD and treated 
with H2 antagonists or PPIs for 8 weeks showed a higher risk for acute 
gastroenteritis and community and/or hospital acquired pneumonia, 
although otherwise healthy. These risks sustain on stopping the 
therapy [13]. Alteration of gastric acid secretion may also bring with 
it chronic Helicobacter pylori infections. As acidity is also reduced 
in the upper aerodigestive tract, pneumonia is arising from increased 
bacterial larynx and esophagus colonization. In addition, Clostridium 
difficile – associated diarrhea is a complication of PPI treatment in 
adults and in children increasing in combination with statins. On 
behalf of microbiology, an acidic gastric pH of <3 is determinant for 
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bactericidal activity and thus protection against bacterial overgrowth of 
Clostridium difficile, Capylobacter jejuni, and Salmonella ssp [13]. This 
is also true for the inflammation, ulcer, and stomach cancer associated 
Helicobacter pylori which produces big amount of urease leading to a 
shift in gastric pH from between 2.2-2.8 to a range of 6-7 [14].

Ad mucosal degeneration

Alterations of gastric pH increases the risk for polyps, 
enterochromaffin-like (ECL) cell hyperplasia, carcinoid, 
gastrinoma, and cancer, in combination with transmucosal leak and 
hyperpermeability proximal to duodenum, occurring within a few 
days after PPI therapy start and being reversible within a few days of 
discontinuation. Undigested persisting proteins, peptides, allergenes 
and drugs may be absorbed more readily. Digestion-resistance and 
persistence of food protein during gastric transit are documented risk 
factors for sensitization to food allergens for elderly patients around 
65 years or pregnant women, who suffer also from slower gastric 
emptying due to progesterone. Concomitant PPI use and degradation 
of various pathologies such as lactose intolerance, celiac disease, 
atrophic gastritis, rheumatoid arthritis, and/or diabetes mellitus, are 
reported being correlated positively. Some are gender-different as well 
as a result of estradiol-receptor-dependent mast-cell activation [15-19]. 
Community and hospital-acquired pneumonia show an increased risk 
ratio of 1.89 in PPI patients. An increase of asthma among children 
is also associated with PPI treatments of their mothers in pregnancy. 
The association is evident as a result of increasing food-specific IgE 
antibodies within 3 months and is postulated to arise from increased 
type 2 helper cell bias in the offspring, thus from predisposition to 
increased atrophy [20]. 

Ad modified absorption kinetics

In addition to allergens, higher and potentially dangerous amounts 
of drugs may be available in the course of long-term PPI treatment as 
a result of drug-drug and food-drug interactions. On the other hand, 
a decreased bioavailability due to long-term PPI pharmacotherapy 
is described for vitamins’ and for oligoelements’ absorption, e.g. of 
ascorbic acid (pKa 4.19), cyanocobalamin, zinc, iron, magnesium, 
folate, and calcium depending on their salt and thus pH-dependent 
solubility [21-25]. Calcium depletion is likely to induce osteoporosis, 
while the risk of hypomagnesemia due to long-term PPI treatment has 
been subject of an FDA notification to healthcare professionals and the 
public in March 2011 [26]. Some of these deficiencies are reported to 
be not significant while short-term treatments. However, such studies 
include in general very few patients. 

Modification of absorption kinetics is described for many 
drugs such as ketoconazole, itraconazole, atazanvir, cefpodoxime, 
cinnarizine, enoxacin, or dipyridamole, which are less bioavailable as 
a result of altered dissociation, and of nifedipine, digoxin, penicillins, 
erythromycin, or alendronate, which are more bioavailable as a 
result of mucosal hyperpermeability [27]. The reason for altered 
absorption kinetics of medicines can be explained by the change of 
both solubility and charge. As a result of gradually increasing pH in 
the gastrointestinal tube and depending on their acid dissociation 
constant pKa, drugs and nutritional components are differently soluble 
and differently available for absorption in various parts of the tube. 
Uncharged solubilized molecules will be readily absorbed by passive 
diffusion. At pKa = pH, 50% of a molecule is dissociated and 50% 
undissociated. In a dissociated and charged form, a molecule is worse 
passively absorbed in the GI tube. Thus, all weak acids bases with pKa<4 
can give rise to undesirable effects, if gastric pH will no longer remain 

in a physiological range but rather be over 4. In this milieu, the fraction 
of the readily absorbable undissociated amount decreases and the 
deprotonated form will markedly increase. Generally speaking, weak 
acids retain a lower fraction of their undissociated state if pH raises 
and are therefore less bioavailable as a result of lower passive diffusion. 
Functional groups with an acid dissociation constant pKa<4 such as 
carboxylic acids, vinylogous carboxylic acids, acid halides, -I-mono- or 
disubstituted phenols, or sulfonic acids are those who can lead to a loss 
of bioavailable medicine under PPI treatment, e.g. many non-steroidal 
anti-inflammatory drugs and ascorbic acid. On the other hand, weak 
bases will have a higher fraction of undissociated state if pH raises and 
are therefore more bioavailable as a result of higher diffusion (Table 1 
and Figure 1). 

For oligoelements, apart from dietary factors, another reason for 
malabsorption must be found [28]. At first sight, their charge does not 
seem to depend on pH. However, both acidic pH and ascorbic acid 
(in fruit juice) stabilize iron in its ferrous state by ascorbate chelation. 
Rapid re-oxidation occurs at neutral pH. Fe(+III) has a high charge 
density, a small ionic radius (0.067 nm) and easily excited outer 
electrons, thus prefers oxygen ligands, e.g. phenolate, carboxylate, 
whereas Fe(+II) has a lower charge density, a larger ionic radius (0.083 
nm) and less easily excited outer electrons, thus prefers nitrogen and 
sulfur ligands, e.g. imidazole, pyrrole, thiolate, or methionine. Metal 
salts dissolved in water are hydrolyzed. Oligoelement cations exist 
as aquo-complexes and are therefore weak acids. Polarization of the 
coordinated water molecules depends on the oxidation state and 
the size of the cation. Ferric aquo-complexes are more acidic than 
the ferrous. Deprotonation of coordinated water from ferric aquo-
complexes occurs immediately at pH going towards basic, whereas 
ferrous aquo-complexes remains longer undissociated due to the 
absence of oxygen and other oxidizing agents. Iron will exist at acidic 
conditions in the stomach as hexaaquairon(III) ion, [Fe(H2O)6]

3+. As 
pH raises, this aquo-complex is deprotonated to [Fe(H2O)5(OH)]2+ as a 
result of pKa = 2.2, to [Fe(H2O)4(OH)2]

+ as a result of pKa = 3.5, and to 
[Fe(H2O)3(OH)3]

0 as a result of pKa = 6.0. Thus, already at weakly acidic 
pH and increasingly above approximately pH 5, significant amounts 
of secondary colloidal iron (III) hydroxides and an amorphous red-
brown ferric hydroxide precipitate are formed. After elimination of 
water from the aquohydroxo complexes, ferric iron will condensate 
by formation of hydroxo bridges. These mechanisms occurring at 
natural pH make ferric iron more and more insoluble and unsuitable 
for absorption. 

[Fe(H2O)6]
3+ in its deprotonated form is reduced in the distal 

duodenum to [Fe(H2O)6]
2+ at pH between 5 and 6 at the duodenojejunal 

junction. A first pKa of the ferrous iron aquo-complex is situated at 6.74 
and a second at 9.5. Ferrous condensates form only above pH 6 [29-31]. 
It is well known that iron is mainly actively absorbed as ferrous iron 
Fe(II+) in the upper duodenal part of the GI tube where the luminal 
pH gradient raises steeply in the proximal 10 cm of the duodenum. 
Acidity passes at this site from pH 2 to pH 5 in the fasting state and 
from pH 1.7 to pH 4.3 in the second and third postprandial hour [32]. 
Iron absorption is known to be enhanced almost 3fold by ascorbic acid 
or orange juice. The juice’s acidity is able to override the lack of the 
diminished acidity produced by the proton pump. On the other hand, 
the absorption is competed by binding to tannins and components of 
many beverages derived from tea or coffee. As a result, ferric iron tends 
to be lost on current PPI treatment and loss of acidity, mainly due to 
formation of iron (III) hydroxides as colloids or precipitates, therefor 
lost for reduction to the ferrous state and absorption. 
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Classes / Drug Generic Name (pKa) Structure 
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Antipyretics, Analgesics 
Acetaminophen/Paracetamole (9.38[phenol]/2.2[amide])
Phenacetin (2.2)

Benzodiazepines 
Bromazepam (2.9[4-N]/11.0[1-N])
Chlodiazepoxide (4.8[1-N])
Clonazepam (1.5[4-N]/10.5[1-N])
Diazepam (3.4[4-N])
Flunitrazepam (1.8[4-N])
Flurazepam (1.9[4-N]/8.2[1-N])
Lorazepam (1.3[4-N]/11.5[1-N])
Nitrazepam (2.94[4-N]/11.0[1-N])
Oxazepam (1.7[4-N]/11.6[1-N])

Skeletal muscle relaxants, anticonvulsants, GABA agonists 
Valproic Acid (4.8)
Baclofen (3.9[hydroxyl]/9.8[amine])
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Anti-arrhytmic agents 
Quinidine (4.2[quinoline-N]/8.3[quinuclidine-N])

Various anti-hypertensives 
Captopril (3.7/9.8)
Minoxidil (4.61)
Timolol (3.9)
Nifedipine (3.93)

L
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Mucolytic and anti-asthmatic agents
Bromhexine (4.0)
Cromoglicate (1.1)

G
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Gastrointestinal agents
Bisacodyl (4.47[pyridine-N])
Sulfasalazin (0.6[amine]/2.4[carboxyl]/9.7[sulfonamide]/11.8[phenol])

K
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Diuretics
Ethacrynic acid (3.5)
Furosemid (3.9/4.7)
Torasemid (4.0)

B
lo

od

COX-1 selective and platelet aggregation inhibitors
Acetylsalicylic acid (3.49)

Antifibrinolytics
Aminocaproic Acid (4.43)
Tranexamic acid (4.3/10.2)

Anticoagulants – Coumarines and Indandiones
Acenocoumarol (4.7)
Phenprocoumone (4.2)

M
et

ab
ol

ism

Photosensitizing agent and intraoperative tumour identifyer
δ-Aminolaevulinic acid (4.6)

Vitamins and derivatives
Vitamin C (4.17/11.6)
Folic acid (4.17)
Isotretinoin (4.0)

COX-2 selective inhibitors
Etoricoxib (4.5)

Low-selective COX-2 inhibitors - Oxicams
Meloxicam (4.08)
Piroxicam (1.86/5.46)

Non-selective COX inhibitors - Anthranilic acid derivatives
Flufenamic acid (3.9)
Mephenamic acid (4.2)

Non-selective COX inhibitors – Phenyl- and heteroarylacetic acid derivatives
Diclofenac (4.15)
Etodolac (4.65)
Indomethacin (4.5)
Ketorolac (3.5)
Sulindac (4.7)

Non-selective COX inhibitors – Propionic and arylpropionic acid derivatives
Fenoprofen (4.5)
Ibuprofen (4.91)
Ketoprofen (4.45)
Naproxen (4.15)

Non-selective COX inhibitors – Pyrazolones
Metamizol-Na (Dipyrone) (2.0)

Histamine H1 receptor antagonists
Hydroxyzine (1.8/2.1/7.1)

Antimetabolites
Methotrexate (3.8/4.7/5.5)
Flucytosine (3.26[amine]/10.7[amide])

Tubulin modulator
Colchicine (1.85)

Uricosuric agents
Probenecid (3.4)
Sulfinpyrazon (3.25)

Biphosphonates

Sulfonamides
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Sulfamerazine (2.3/7.1)

Penicillins
Penicillin V (2.79)
Amoxicillin (2.4/7.4/9.6)
Ampicillin (2.7/7.3)
Cloxacillin (2.7)
Dicloxacillin (2.8)
Flucloxacillin (2.7)
Methicillin (2.8)
Oxacillin (2.8)
Propicillin (2.7)

Cephalosporins
Cefalexin (4.5)
Cefazolin (2.3)
Cefixim (3.26)

Tetracyclines
Tetracycline (3.3)
Chlortetracycline (3.3/7.4)
Doxycycline (3.4/7.7/9.3)
Minocycline (2.8/5.0/7.8/9.5)
Oxytetracycline (3.3/7.3/9.1)

Antituberculosis agents / Antifungal agents / Antiprotozoal agents / Leprostatic agents
p-Aminosalicylic Acid (1.7[amine]/2.05/3.9)
Salicyclic acid (2.97/13.4)
Quinine (4.2[quinoline-N]/8.8[quinuclidine-N])
Dapsone (1.3/2.41)
Isoniazid (2.0/3.9/10.8[pyridine]/11.2[hydrazide])
Rifampicin (1.7[C-8 phenol]/7.9[piperazine-N])
Ketoconazole (2.94/6.51)
Itraconazole (3.7)
Posaconazole (3.6/4.6)
Voriconazole (1.76)

Quinolones
Enoxacin (6.31)
Nalidixic acid (1.0/6.0)

Nitroimidazoles
Metronidazole (2.6)
Ornidazole (2.6)

Antiviral agents / Nucleoside reverse transcriptase inhibitors
Emtricitabine (2.65)
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Antidote to folic acid antagonists
Leucovorin / Ca folinate (3.1/4.8)

• Alendronate (2.72)
• Ibandronate (1.42)
• Pamidronate (1.43)
• Risedronate (1.44)
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Phenprocoumone (4.2)

M
et
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Photosensitizing agent and intraoperative tumour identifyer
δ-Aminolaevulinic acid (4.6)

Vitamins and derivatives
Vitamin C (4.17/11.6)
Folic acid (4.17)
Isotretinoin  (4.0)

COX-2 selective inhibitors
Etoricoxib (4.5)

Low-selective COX-2 inhibitors - Oxicams
Meloxicam (4.08)
Piroxicam (1.86/5.46)

Non-selective COX inhibitors - Anthranilic acid derivatives
Flufenamic acid (3.9)
Mephenamic acid (4.2)

Non-selective COX inhibitors – Phenyl- and heteroarylacetic acid derivatives
Diclofenac (4.15)
Etodolac (4.65)
Indomethacin (4.5)
Ketorolac (3.5)
Sulindac (4.7)

Non-selective COX inhibitors – Propionic and arylpropionic acid derivatives
Fenoprofen (4.5)
Ibuprofen (4.91)
Ketoprofen (4.45)
Naproxen (4.15)

Non-selective COX inhibitors – Pyrazolones
Metamizol-Na (Dipyrone) (2.0)

Histamine H1 receptor antagonists
Hydroxyzine (1.8/2.1/7.1)

Antimetabolites
Methotrexate (3.8/4.7/5.5)
Flucytosine (3.26[amine]/10.7[amide])

Tubulin modulator 
Colchicine (1.85)

Uricosuric agents
Probenecid (3.4)
Sulfinpyrazon (3.25)

Biphosphonates

Sulfonamides
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Sulfamerazine (2.3/7.1)

Penicillins
Penicillin V (2.79)
Amoxicillin (2.4/7.4/9.6)
Ampicillin (2.7/7.3)
Cloxacillin (2.7)
Dicloxacillin (2.8)
Flucloxacillin (2.7)
Methicillin (2.8)
Oxacillin (2.8)
Propicillin (2.7)

Cephalosporins
Cefalexin (4.5)
Cefazolin (2.3)
Cefixim (3.26)

Tetracyclines
Tetracycline (3.3)
Chlortetracycline (3.3/7.4)
Doxycycline (3.4/7.7/9.3)
Minocycline (2.8/5.0/7.8/9.5)
Oxytetracycline (3.3/7.3/9.1)

Antituberculosis agents / Antifungal agents / Antiprotozoal agents / Leprostatic agents
p-Aminosalicylic Acid (1.7[amine]/2.05/3.9)
Salicyclic acid (2.97/13.4)
Quinine (4.2[quinoline-N]/8.8[quinuclidine-N])
Dapsone (1.3/2.41)
Isoniazid (2.0/3.9/10.8[pyridine]/11.2[hydrazide])
Rifampicin (1.7[C-8 phenol]/7.9[piperazine-N])
Ketoconazole (2.94/6.51)
Itraconazole (3.7)
Posaconazole (3.6/4.6)
Voriconazole (1.76)

Quinolones
Enoxacin (6.31)
Nalidixic acid (1.0/6.0)

Nitroimidazoles
Metronidazole (2.6)
Ornidazole (2.6)

Antiviral agents / Nucleoside reverse transcriptase inhibitors
Emtricitabine (2.65)
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Antidote to folic acid antagonists
Leucovorin / Ca folinate (3.1/4.8)

• Alendronate (2.72) 
• Ibandronate (1.42) 
• Pamidronate (1.43) 
• Risedronate (1.44) 
•

•

•
•
•
•
•
•
•
•
•

•
•
•

•
•
•
•
•

•
•
•
•
•
•
•
•
•
•

•
•

•
•

•

•

Zoledronate (1.42) 
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•
•
•
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•
•
•
•

•
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•

•
•

•
•
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•

•
•

•
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•
•

•
•

•
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•
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•

•

•

•

•

•
•

•
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Classes / Drug Generic Name (pKa) Structure
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Antipyretics, Analgesics
Acetaminophen/Paracetamole (9.38[phenol]/2.2[amide])
Phenacetin (2.2)

Benzodiazepines 
Bromazepam (2.9[4-N]/11.0[1-N])
Chlodiazepoxide (4.8[1-N])
Clonazepam (1.5[4-N]/10.5[1-N])
Diazepam (3.4[4-N])
Flunitrazepam (1.8[4-N])
Flurazepam (1.9[4-N]/8.2[1-N])
Lorazepam (1.3[4-N]/11.5[1-N])
Nitrazepam (2.94[4-N]/11.0[1-N])
Oxazepam (1.7[4-N]/11.6[1-N])

Skeletal muscle relaxants, anticonvulsants, GABA agonists
Valproic Acid (4.8)
Baclofen (3.9[hydroxyl]/9.8[amine])
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Anti-arrhytmic agents 
Quinidine (4.2[quinoline-N]/8.3[quinuclidine-N])

Various anti-hypertensives
Captopril (3.7/9.8)
Minoxidil (4.61)
Timolol (3.9)
Nifedipine (3.93)

L
un

g

Mucolytic and anti-asthmatic agents
Bromhexine (4.0)
Cromoglicate (1.1)

G
IS

ys
te

m

Gastrointestinal agents
Bisacodyl (4.47[pyridine-N])
Sulfasalazin (0.6[amine]/2.4[carboxyl]/9.7[sulfonamide]/11.8[phenol])

K
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Diuretics
Ethacrynic acid (3.5)
Furosemid (3.9/4.7)
Torasemid (4.0)

B
lo

od

COX-1 selective and platelet aggregation inhibitors
Acetylsalicylic acid (3.49)

Antifibrinolytics
Aminocaproic Acid (4.43)
Tranexamic acid (4.3/10.2)

Anticoagulants – Coumarines and Indandiones
Acenocoumarol (4.7)
Phenprocoumone (4.2)

M
et
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ol

ism

Photosensitizing agent and intraoperative tumour identifyer
δ-Aminolaevulinic acid (4.6)

Vitamins and derivatives
Vitamin C (4.17/11.6)
Folic acid (4.17)
Isotretinoin (4.0)

COX-2 selective inhibitors
Etoricoxib (4.5)

Low-selective COX-2 inhibitors - Oxicams
Meloxicam (4.08)
Piroxicam (1.86/5.46)

Non-selective COX inhibitors - Anthranilic acid derivatives
Flufenamic acid (3.9)
Mephenamic acid (4.2)

Non-selective COX inhibitors – Phenyl- and heteroarylacetic acid derivatives
Diclofenac (4.15)
Etodolac (4.65)
Indomethacin (4.5)
Ketorolac (3.5)
Sulindac (4.7)

Non-selective COX inhibitors – Propionic and arylpropionic acid derivatives
Fenoprofen (4.5)
Ibuprofen (4.91)
Ketoprofen (4.45)
Naproxen (4.15)

Non-selective COX inhibitors – Pyrazolones
Metamizol-Na (Dipyrone) (2.0)

Histamine H1 receptor antagonists
Hydroxyzine (1.8/2.1/7.1)

Antimetabolites
Methotrexate (3.8/4.7/5.5)
Flucytosine (3.26[amine]/10.7[amide])

Tubulin modulator
Colchicine (1.85)

Uricosuric agents
Probenecid (3.4)
Sulfinpyrazon (3.25)

Biphosphonates

Sulfonamides
A

nt
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Sulfamerazine (2.3/7.1)

Penicillins
Penicillin V (2.79)
Amoxicillin (2.4/7.4/9.6)
Ampicillin (2.7/7.3)
Cloxacillin (2.7)
Dicloxacillin (2.8)
Flucloxacillin (2.7)
Methicillin (2.8)
Oxacillin (2.8)
Propicillin (2.7)

Cephalosporins
Cefalexin (4.5)
Cefazolin (2.3)
Cefixim (3.26)

Tetracyclines
Tetracycline (3.3)
Chlortetracycline (3.3/7.4)
Doxycycline (3.4/7.7/9.3)
Minocycline (2.8/5.0/7.8/9.5)
Oxytetracycline (3.3/7.3/9.1)

Antituberculosis agents / Antifungal agents / Antiprotozoal agents / Leprostatic agents
p-Aminosalicylic Acid (1.7[amine]/2.05/3.9)
Salicyclic acid (2.97/13.4)
Quinine (4.2[quinoline-N]/8.8[quinuclidine-N])
Dapsone (1.3/2.41)
Isoniazid (2.0/3.9/10.8[pyridine]/11.2[hydrazide])
Rifampicin (1.7[C-8 phenol]/7.9[piperazine-N])
Ketoconazole (2.94/6.51)
Itraconazole (3.7)
Posaconazole (3.6/4.6)
Voriconazole (1.76)

Quinolones
Enoxacin (6.31)
Nalidixic acid (1.0/6.0)

Nitroimidazoles
Metronidazole (2.6)
Ornidazole (2.6)

Antiviral agents / Nucleoside reverse transcriptase inhibitors
Emtricitabine (2.65)
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Antidote to folic acid antagonists
Leucovorin / Ca folinate (3.1/4.8)

• Alendronate (2.72)
• Ibandronate (1.42)
• Pamidronate (1.43)
• Risedronate (1.44)
•

•

•
•
•
•
•
•
•
•
•

•
•
•

•
•
•
•
•

•
•
•
•
•
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Zoledronate (1.42)
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Table 1: Examples of weak acids and bases prone to a drop of bioavailability in the course of long-term PPI treatment (ascorbic acid, ketoconazole, itraconazole, 
atazanavir, cefpodoxime, cinnarizine, enoxacin, dipyridamole, …). The solubility of weak acids are particularly concerned by altered pH conditions in the gastrointestinal 
tube. Missing acidity leads to deprotonation and decreased absorption of the charged molecules.

Log-conc-diagram of meloxicam (as a representative of weak acids) and its deprotonated form (Mr 351.4, pKa 4.08), and of protons and hydroxides from auto-protolysis 
of water, as a function of pH. The log-conc diagram demonstrates the change of the ratio between undissociated and dissociated molecules. The concentration of 
meloxicam / deprotonated meloxicam is c = 0.35 mM  corresponding to a dose of 15 mg in 125 ml gastric juice (mean value of fluid volume for both genders). The 
graph is also applicable for a weak base and its protonated form instead of the vinylogous carboxylic acid meloxicam. In case of PPI treatment, acidic gastric pH of 
less than about 4 is no longer achieved. As a result, acids and bases with pKa ≤ 4.5 (shadowed range) are differently dissociated, thus differently soluble and therefore 
may be differently bioavailable than presumed. Passing from an acidic pH towards a basic pH decreases the absorbable undissociated form and increases the charged 
dissociated form which is likely to be absorbed worse.

Figure 1: log-conc-diagram.
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Log-conc-diagram of meloxicam (as a representative of weak acids) and its deprotonated form (Mr 
351.4, pKa 4.08), and of protons and hydroxides from auto-protolysis of water, as a function of pH. 
The log-conc diagram demonstrates the change of the ratio between undissociated and dissociated 
molecules. The concentration of meloxicam / deprotonated meloxicam is c = 0.35 mM  corresponding 
to a dose of 15 mg in 125 ml gastric juice (mean value of fluid volume for both genders). The graph is 
also applicable for a weak base and its protonated form instead of the vinylogous carboxylic acid 
meloxicam. In case of PPI treatment, acidic gastric pH of less than about 4 is no longer achieved. As 
a result, acids and bases with pKa ≤ 4.5 (shadowed range) are differently dissociated, thus differently 
soluble and therefore may be differently bioavailable than presumed. Passing from an acidic pH 
towards a basic pH decreases the absorbable undissociated form and increases the charged dissoci-
ated form which is likely to be absorbed worse.

Figure 1: log-conc-diagram.
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Similar contemplations are applicable for copper, cobalt, zinc, 
manganese and further elements with important co-factor functions 
in metabolism. Transportation across the membrane can be further 
antagonised competitively by other metal ions such as manganese, 
cobalt, nickel, chrom, or zinc which use the same symporters. pKa 
values for copper (II+) hexaquo-complexes are 6.8 and 8.5, for cobalt 
(II+) hexaquo-complexes 8.8 and 12.4, manganese (II+) hexaquo-
complexes 10.7 and 12.0,  and for zinc hexaquo-complexes 8.96 and 
10.1 [33,34]. 

Discussion of coping strategies for prevention and 
intervention

Proton pump inhibitors are beneficial for many patients as well as 
a risk factor for others. Their prescription and use must be carefully 
assessed. A risk-benefit ratio must be evaluated on a personalized 
nutrition and medicine basis. 

•	 Alternative antacids, step-down, intermittent and on-
demand strategies

o MgCO3 and H2-antagonists have a shorter onset and time
of pH>3-4 than pantoprazole 40 mg (median pH = 3.7,
pH>4 for 10.8 h) or esomeprazole 40 mg (median pH = 4.7, 
pH>4 for 16.1 h).

•	 To avoid high allergenic food

o i.e. Crustacean, eggs, fish, milk, peanuts, soybeans, tree
nuts or fruits, and wheat

•	 Buffering, pepsin replacement, stimulation of digestion and
peristalsis

o Carbonated beverages, quinine water, aperitifs, appetizers,
and bitter substances (amara)

o Prokinetic agents (domperidone, bromopride, 
metoclopramide, quinine, erythromycin)

o Mucosal protectors (curcumin, quercetin, alginates,
pectins, glycyrrhizin)

o Melatonin (regulates digestion and has structural similarity 
to omeprazole)

o Pepsin in HCl preparations

•	 Nutrition and dietary approach combined with physical
activity

o High-dietary fiber

o Low-fat diet

o Low-carb diet, i.e. <20 g/d

•	 Reassessment of pharmacotherapy

o Weak acids (pKa<4.5) lose their undissociated state
required for diffusion across membranes.

o Absorption is impaired by membrane-bound CYP3A4,5,7
and efflux transporter P-gp.

Use of antacids (alternatives, step-down, intermittent and on-
demand strategies) 

Carbonates available over the counter, e.g. in a dose of 1360 mg as 
calcium-magnesium-salt, will have an onset of about 6 minutes and a 

time with pH values over 3.0 of about 2½ hours. For an H2-antagonist, 
e.g. ranitidine 75 mg, the onset is 65 minutes and the time of pH>3.0 is 13 
hours and 36 minutes [35]. For pantoprazole 40 mg and esomeprazole
40 mg, the most widely used PPIs, the median 24 h pH are 3.7 versus
4.7 respectively after 5 days of treatment and the times of pH>4 are
16.1 hours (esomeprazol) and 10.8 hours (pantoprazol) respectively.
The values have been measured after oral administration to volunteers
of Western European countries and New Zealand. Acid production
by the proton pump can only be restored through biosynthesis of the
H+K+-exchanging ATPase. The production half-life is approximately
50 hours. On PPI stop, a strong rebound hypersecretion is reported,
increasing secretory capacity compared to the one existing before the
introduction of PPI [2,36-39]. It may be wise to restrictively prescribe
antacids which shift pH to >3-4 permanently, mainly in the treatment
of pregnant women and children.

Beware of high allergenic food groups

Under PPI treatment special attention has to be paid to the eight 
food groups which account for 90% of food-allergic reactions, i.e. 
crustacean, eggs, fish, milk, peanuts, soybeans, tree nuts or fruits, and 
wheat. 

Buffering and substituting gastric juice, stimulation of 
peristalsis, alternative GERD therapies

After a complete nutrient drink, gastric pH and buffer capacity 
increase from between 7 and 18 mmol L-1 ∆pH-1 to between 14 and 28 
mmol L-1 ∆pH-1. Gastric pepsin levels are doubled. Duodenal values 
are initially pre- and post-prandial similar, but duodenal pH decreases 
slowly to 5.2, and buffer capacity increases from between 5.6 mmol L-1 
∆pH-1 to between 18 and 30 mmol L-1 ∆pH-1. Bile salt levels are two 
to four times higher postprandial. In case of hypoacidity, it may be 
wise to precondition gastrointestinal pH preprandial by carbonated 
beverages or a buffering aperitif and/or appetizers. However, protein, 
carbohydrates, and calcium should be restricted due to their intense 
stimulation of gastric acidity and secretion. Supply of strong acidic 
drinks are not recommended due to high sensitivity of patients to 
acids. Peristalsis may be stimulated by drugs, e.g. domperidone, 
bromopride, metoclopramide, quinine, or erythromycin (beware 
of adverse drug reactions), or by bitter substances and amara which 
are in general terpenoids extracted from officinal plant preparations, 
e.g. Absinthii herba, aurantii immaturi pericarpium, Cardui benedicti
herba, Centaures herba, Citri rec. pericarpium, Condurango cortex,
Gentiana radix, Lichen islandicus, Quassiae lignum. These plants may
be even more promising in combination with flavonoids due to anti-
inflammatory and anti-ulcer effects.

Due to its analogy to a partial structure of omeprazole, melatonin, 
orally given or induced by light exposure, is reported to an alternative 
to PPI treatment, providing control of the lower esophageal sphincter 
and neutralization of gastric acid secretion by induction of bicarbonate 
secretion in the duodenal epithelium. Curcumin and Quercetin have 
not been explored in human GERD trials, but in vitro and animal data 
suggest more potential than older medications with alginates, pectins, 
and glycyrrhizin analogs.

Nutrition and dietary approach 

High-dietary fat is increasing GERD risk, while high-dietary fiber 
is decreasing GERD risk. It is unclear if high-dietary fat effects are 
independent of obesity. Low-carb diet, i.e. <20 g/d, in obese individuals 
with GERD significantly reduces acid exposure. Carbonated beverages 
may be a treatment option on an individual basis, alone or combined 
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with modifying lifestyle and increasing physical activity. 

To provide sufficient amounts of micronutrients, combination 
with ascorbic acid and, as far as supported, acidic beverages is likely to 
facilitate absorption [40].

Replacement of pepsin

If pepsin secretion is too low, classical pepsin / hydrochloric acid 
preparations can deliver 2 to 20 mmol protons per single dose.  

Reassessment of pharmacotherapy

Absorption upon oral intake is only possible if a substrate can 
migrate across double-layered membranes by either active carrier 
driven transport, ion pair or particulate absorption, facilitated or passive 
diffusion, or hydrophilic diffusion within pores filled with water. Most 
drugs pass membranes by diffusion. Only undissociated fractions are 
lipid soluble and can pass membranes by diffusion (Figure 2). Very 
polar drugs such as poly-alcohols are as a rule hardly bioavailable 
upon oral intake and may have a laxative effect instead. This is not the 
case for (primary) nutrients. Monosaccharides, aminoacids, as well 
as other physiological ingredients of a living cell, or closely related 
derivatives however, although highly polar as well, are absorbed due to 
carriers. These membrane passages, above all diffusions, are obviously 
qualitatively and quantitatively altered with modified acidic-alkaline 
condition. This situation is even complicated by membrane-bound 
enzymes such as CYP3A4,5,7 and the efflux transporter P-glycoprotein.

Extraction of substrates from the gastrointestinal tract into 
circulation is comparable to toxicological-pharmaceutical analytics 
techniques for extraction of undissociated analytes from a solution 
using the Stas-Otto separation-procedure [41]. The dissociation degree 
of a substance can be modified by changing pH conditions of the 
solution. At a pH corresponding to the pKa, 50% of a component is 
dissociated and 50% not. At a pH of + 1 or – 1 of the pKa value, the ratio 
is 90% to 10%, at pH of + or -2 this ratio is 99% to 1%. This principle 
demands that the pH of the aqueous analyte is gradually varied from 
1 to 4-5 to 11-12 and to 9-10. On each extraction step, depending on 

the substances’ pKa, not-dissociated molecules can be extracted using 
organic solvents. At the end, only very polar, e.g. charged, substances 
remain in the aqueous fraction. 

As a result of gradually increasing pH in the gastrointestinal 
tube and depending on their acid dissociation constant pKa, drugs 
and nutritional components are differently soluble and available for 
absorption in the corresponding part of the tube. Weak acids and 
weak bases are concerned as long as most of their undissociated form 
exists at pH ≤ 4. These molecules contain functional groups such as 
carboxylic acids, acid halides, phenols mono- or disubstituted by 
-I-groups, sulfonic acids. Weak acids will have a lower fraction of
their undissociated state if pH raises and are therefore less bioavailable
as a result of lower diffusion, whereas weak bases will have a higher
fraction of undissociated state if pH raises and are therefore more
bioavailable as a result of higher diffusion (Table 1 and Figure 1). The
functional lack of the gastric absorption possibility at pH<4 may be
partly compensated in lower parts of the tube at pH>4, if and where the 
substrate regains its undissociated absorbable form.

Conclusion
In spite of a good short-term safety profile and of the relief PPIs 

provide to affected patients, it is unanimously accepted that long-term 
PPI treatment and permanent acidic secretion inhibition brings along 
some risk factors, e.g. bacterial overgrowth, mucosal degeneration, 
hyper permeability, altered bioavailability as a result of modified 
absorption kinetics. Drugs may be more bioavailable as a result of 
mucosal hyper permeability, or less bioavailable as a result of the 
missing acid part of the gastrointestinal tube and therefore altered 
dissociation. Care should be given to substrates with pKa of about 
pH<4.5. Micronutrients having a function as co-factors in metabolism 
may be partially lost as dissociation of their aquo-complexes change 
depending on pH conditions.  Whereas the loss of oligoelements such 
as iron on current PPI treatment may become critic, the loss of NSAID 
has less consequences as these medicines are given at higher doses 
eventually still sufficiently above the minimal therapeutic threshold. 

Structure comparison melatonin – omeprazole. Melatonin has a slight similarity to PPIs which is however not sufficient for a structure-activity-relationship. Heterocycles 
as well as N-N distances are determinant for similar responses on the gastrointestinal tract mucosa as related to their protective effect. There is no pyridine-methyl-
substituted sulfoxide and its indole-N is not protonable as are benzimidazoles. Thus, melatonin acts rather as an antioxidant than as inhibitor of the H+/K+-ATPase-
pump.

Figure 2: Structure comparison melatonin – omeprazole.
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Structure comparison melatonin – omeprazole. Melatonin has a slight similarity 
to PPIs which is however not sufficient for a structure-activity-relationship. 
Heterocycles as well as N-N distances are determinant for similar responses 
on the gastrointestinal tract mucosa as related to their protective effect. There 
is no pyridine-methyl-substituted sulfoxide and its indole-N is not protonable as 
are benzimidazoles. Thus, melatonin acts rather as an antioxidant than as 
inhibitor of the H+/K+-ATPase-pump.

Figure 2: Structure comparison melatonin – omeprazole.
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Inappropriate long-term PPI therapies should be avoided or 
replaced in some at risk cases by antacids with a shorter effect. 
Therapeutic options include alternative antacids, avoiding high 
allergenic food groups, buffering, stimulation of peristalsis, replacement 
of pepsin, and reassessment of drug therapy.  
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