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ABSTRACT

Proton pump inhibitors (PPIs) are known as a
class of pharmaceutical agents that target H?/
K?-ATPase, which is located in gastric parietal
cells. PPIs are widely used in the treatment of
gastric acid-related diseases including peptic
ulcer disease, erosive esophagitis and gastroe-
sophageal reflux disease, and so on. These drugs
present an excellent safety profile and have
become one of the most commonly prescribed
drugs in primary and specialty care. Except for
gastric acid-related diseases, PPIs can also be
used in the treatment of Helicobacter pylori
infection, viral infections, respiratory system
diseases, cancer and so on. Although PPIs are
mainly used short term in patients with peptic

ulcer disease, nowadays these drugs are
increasingly used long term, and frequently for
a lifetime, for instance in patients with typical
or atypical symptoms of gastroesophageal reflux
disease and in NSAID or aspirin users at risk of
gastrotoxicity and related complications
including hemorrhage, perforation and gastric
outlet obstruction. Long-term use of PPIs may
lead to potential adverse effects, such as osteo-
porotic fracture, renal damage, infection
(pneumonia and clostridium difficile infection),
rhabdomyolysis, nutritional deficiencies (vita-
min B12, magnesium and iron), anemia and
thrombocytopenia. In this article, we will
review some novel uses of PPIs in other fields
and summarize the underlying adverse
reactions.

Keywords: Adverse effects; Erosive esophagitis;
Gastric acid-related diseases; Gastroenterology;
Gastroesophageal reflux disease; Helicobacter
pylori infection; Peptic ulcer disease; Proton
pump inhibitors

INTRODUCTION

Proton pump inhibitors (PPIs) were first
available in 1989 with the discovery of
omeprazole; since then they have become one
of the most widely prescribed drugs. Currently
available PPIs in the USA include omeprazole,
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esomeprazole, lansoprazole, pantoprazole,
rabeprazole and dexlansoprazole. Another one
called ilaprazole was developed in Korea and
is available in China. These drugs have
achieved success both clinically and commer-
cially and are indicated for treating various
acid-related disorders. Their high potency in
increasing gastric pH coupled with minor side
effects has made them very popular.

PPIs are mainly eliminated by the hepatic
route and cytochrome P450 (CYP450) system
[1]. Polymorphic CYP2C19 and CYP3A4 are
the primary enzymes involved in their
metabolism [2]. Omeprazole and pantopra-
zole are metabolized mainly through
CYP2C19, which will result in an interaction
with other drugs that are also metabolized by
the same enzyme such as warfarin and
clopidogrel. Lansoprazole is equally metabo-
lized by both CYP2C19 and CYP3A4 and
enhances the bioavailability by 30% by
changing the structure to improve the lipo-
tropy. Rabeprazole combines with H?/
K?-ATPase reversibly, causing two- to three-
fold anti-secretory activity than omeprazole.
It is mainly metabolized through non-enzy-
matic pathways; thus, it has little interaction
with other medications [3]. The CYP3A4-se-
lective inhibitors troleandomycin and keto-
conazole can significantly increase ilaprazole
concentrations in vitro, suggesting that
ilaprazole might be dominantly metabolized
by CYP3A4 and partly by CYP2C19 [4]. The
particular pharmacokinetic and pharmaco-
dynamic characteristics of PPIs are list in
Table 1.

Furthermore, except for acid-related diseases,
PPIs are also useful in the treatment of eosino-
philic esophagitis, Helicobacter pylori infection,
gastric cancer, respiratory system disease and
even viral infections. But with extensive appli-
cation, concerns are raised about serious adverse
reactions in long-term use of PPIs. This review is
based on previously conducted studies and does
not involve any new studies of human or ani-
mal subjects performed by any of the authors.
In this article, both new applications and
adverse reactions of PPIs are reviewed and
summarized.

MANAGEMENT OF EOSINOPHILIC
ESOPHAGITIS

Eosinophilic esophagitis (EoE) is now recog-
nized as a chronic allergic inflammatory reac-
tion involving an abnormal Th2-type
immunological response. Compared with Wes-
tern countries, EoE is an uncommon condition
in Asia. The prevalence of EoE has been
increasing over the past several decades, and
reports of this disease are increasingly emerging
in both Western and Asian countries [5]. Previ-
ously, according to the diagnostic guidelines in
2007, typical EoE did not respond to PPI ther-
apy, and PPIs were considered a diagnostic tool
for distinguishing GERD from EoE. However,
since the development of the diagnostic guide-
lines, a growing body of evidence has shown
that PPIs might benefit both GERD and EoE
patients and has recognized a new potential
phenotype of the disease termed PPI-responsive
esophageal eosinophilia (PPI-REE) [6].

Since 2005, several case series have reported
that patients with clinical, endoscopic and his-
tologic features of EoE were able to achieve high
rates of complete remission after an 8-week
course of PPIs. Many such cases have been
reported, as expected [7]. A systematic review
containing 10 randomized clinical trials (RCTs)
enrolling 437 patients was performed to assess
the efficacy of topical steroids compared with
placebo or PPIs for the management of EoE [8].
By analyzing the results, it is not too difficult to
see that budesonide was superior to fluticasone
(OR 0.96; 95% CI 0.09–3.92). PPI was superior to
fluticasone (OR 0.61; 95% CI 0.13–1.86) but not
to budesonide (OR 1.64; 95% CI 0.08–8.50). The
findings from a meta-analysis even showed that
there is no difference between topical steroids
and PPIs for most of the symptoms of EoE.
There are multiple plausible mechanisms
whereby EoE patients benefit from PPI-induced
acid suppression: first, acid suppression as well
as antiinflammatory effects of PPIs might
decrease acid injury-related cytokines, pain, and
esophageal permeability. Second, PPIs can
inhibit Th2 cytokine-induced eotaxin-3 secre-
tion in esophageal epithelial cells, potentially
reducing eosinophil recruitment. Third, PPIs

Adv Ther (2017) 34:1070–1086 1071



can also exhibit antioxidant properties and
inhibit certain functions of immune cells that
may contribute to EoE. In conclusion, a trial of
PPI therapy might not be suitable for diagnostic
purposes, but could be a therapeutic option for
EoE [9]. Therapy with PPIs would benefit at least
one-third of patients with esophageal
eosinophilia, but a case series also reported that
EoE might develop during therapy with PPIs
[10]. Therefore, it is also necessary to apply
other therapies at the same time for some
patients.

With the development of treatment for
eosinophilic esophagitis in clinical practice,
approximately four therapeutic options have
become available for treating patients with
eosinophilic esophagitis, including dietary
modifications (elemental diet, allergy-testing
based elimination diet and empiric elimination
diet), proton pump inhibitors, topical corticos-
teroids and endoscopic esophageal dilation. EoE
has been recognized as a specific form of food
allergy, and dietary modification is straightfor-
ward and effective. Corticosteroid therapy as

first-line therapy is currently considered the
most effective way to treat EoE.

TREATMENT OF HELICOBACTER
PYLORI INFECTION

Helicobacter pylori (H. pylori) is a gram-negative
bacillus that parasitizes the human stomach
and is the main pathogenic bacterium in pro-
tracted gastritis and peptic ulcer disease. H.
pylori infection is closely connected to chronic
active gastritis, peptic ulcer and gastric
mucosa-associated lymphoid tissue (MALT)
lymphoma. It also plays a crucial role in the
pathogenesis of gastric cancer. Eradication of H.
pylori can not only accelerate ulcer healing, but
also reduce the recurrence of ulcers and the risk
of gastric cancer. A multicenter, open-label,
randomized controlled clinical trial containing
544 patients with early gastric cancer indicated
that prophylactic eradication of H. pylori pre-
vented the development of metachronous gas-
tric carcinoma. The odds ratio (OR) for

Table 1 Pharmacokinetic and pharmacodynamic characteristics of PPIs [82–85]

Agent Omeprazole Lansoprazole Pantoprazole Rabeprazole Esomeprazole Ilaprazole

Dosage (mg/day) 20 30 40 20 40 10

Protein binding (%) 96 97–99 98 95–98 97 95–96

Bioavailabiliy 30–40 91 77 52 64–90 35

Metabolism by

CYP450 system

CYP2C19[
CYP3A4

CYP2C19 =

CYP3A4

CYP2C19[
CYP3A4

CYP2C19 =

CYP3A4

CYP2C19[
CYP3A4

CYP3A4[
CYP2C19

AUC (lmol h/l) 1.04–2.23 6.52–8.96 5.22–14.90 4.37–4.79 3.88–4.32 4.90–6.00

t1/2 (h) 0.50–1.00 1.96–4.21 0.55–2.17 1.76–2.40 0.83–1.20 8.10–10.10

Tmax (h) 0.50–3.50 1.49–3.28 1.10–3.10 2.0–5.00 1.00–3.50 3.40–3.70

Urinary excretion

(%)

77 14–23 71–80 90 80 80

Time of pH[ 4

(%)

49.16 47.98 41.94 50.53 58.43 68.90

Mean pH (24 h) 3.54 3.56 3.33 3.70 4.04 4.80

AUC area under the plasma concentration-time curve, t1/2 elimination half-time, Time of pH[4 (%) percentage of time
that intragastric pH is higher than 4 during 24 h
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metachronous gastric carcinoma was 0.35 (95%
CI 0.16–0.76; P = 0.009), and the hazard ratio
(HR) was 0.34 (95% CI 0.16–0.73; P = 0.003),
respectively [11].

Benzimidazoles such as omeprazole and
lansoprazole show strong activity against H.
pylori strains in vitro [12] (activities listed in
Table 2). The antibacterial activity of PPIs may
reside in their structural similarity to imidazoles
(metronidazole for instance) and/or in the
anti-urease effect they exert [13]. In addition, all
of the substituted benzimidazole derivatives
with a pyridine ring exhibited activity to H.
pylori although the efficacy differs among
derivatives. Moreover, the antibacterial activity
of the metabolic product of PPIs was stronger
than that of their prototypes in vitro [13–15].
The antibacterial activity in vitro is strongest
with rabeprazole, followed by lansoprazole,
esomeprazole, omeprazole and pantoprazole in
that order.

Various antimicrobial agents and PPIs have
shown their activity against H. pylori in vitro.
However, clinical trials of these drugs failed to
eradicate H. pylori successfully with monother-
apy [15]. This phenomenon could be explained
as follows: first, most drugs are unstable in the
low-pH situation of gastric acid; second, the
drug concentration is not high enough to be
effective in the deep gastric mucus where the
bacterium exists; third, the retention time of
PPIs in the stomach is very short [16].

There are mono, dual and triple therapies
based on PPIs for treating H. pylori infections in
the clinic. PPIs not only suppress the germs
directly, but also increase the gastric pH, which
would improve the activity of antimicrobials.
The current first-line treatment is triple therapy
based on one PPI with two other antibiotics
[17]. Triple therapies are commonly used, and
their eradication rates are listed in Table 3.
Other PPIs showed a better eradication effect
compared to omeprazole: the most effective
combination is based on lansoprazole.
Replacement with pantoprazole resulted in
fewer adverse reactions, and substitution with
rabeprazole led to a higher rate of ulcer healing.
Saito et al. conducted a clinical trial involving
80 Japanese patients with gastritis and reported
that the H. pylori eradication rate of esomepra-
zole-based triple therapy was similar to those
based on other first-generation PPIs [18].

However, the eradication rate of standard
triple therapy is declining in most parts of the
world [19]. As a general rule, clinicians should
prescribe therapeutic regimens that have a
per-protocol eradication rate C90% for anti-H.
pylori therapy [20]. With the rising incidence of
antimicrobial resistance, the success rate of
standard triple therapy reaches almost 80% in
many countries [21]. In two recent randomized
controlled trials, the 7-day standard triple
therapy had a cure rate of 82%, and the 14-day
standard triple therapy achieved an eradication
rate of 87%, which implied that new thera-
peutic methods are needed [22, 23]. Currently,
bismuth-containing quadruple therapy,
non-bismuth quadruple therapy and

Table 2 Anti-H. pylori strain activity of various PPIs
in vitro [5, 6, 8, 83]

PPIs MIC (lg/ml) Range (lg/ml)

50% 90%

Omeprazole 25.00 50.00 12.50–50.00

Lansoprazole 6.25 12.50 3.13–12.50

Rabeprazole 0.25 1.00 0.16–1.00

Esomeprazole 16.00 32.00 8.00–32.00

Pantoprazole 50.00 100 25.00–100

MIC minimal inhibitory concentration

Table 3 Standard triple therapy scheme with eradication
rate [2, 14, 15]

PPIs Antibiotics Eradication rate (%)

Omeprazole Amoxicillin ? Clindamycin 79.0–96.0

Lansoprazole Amoxicillin ? Clindamycin 85.5

Rabeprazole Amoxicillin ? Clindamycin C85.0

Esomeprazole Amoxicillin ? Clindamycin C85.0

Pantoprazole Amoxicillin ? Metronidazole 67.0–86.0

Ilaprazole Moxifloxacin ? Clindamycin C90.5
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susceptibility-guided therapy are the new
trends for patients who fail to eradicate H.
pylori with standard triple therapy. Non-bis-
muth quadruple therapy usual includes
sequential, concomitant therapy, hybrid ther-
apy [24] (proposed by Graham and Hsu) and
reverse hybrid therapy. Hsu et al. conducted a
randomized controlled trial comparing the
effect of triple, sequential and concomitant
therapies, concluding that the 7-day concomi-
tant therapy had a higher eradication rate than
the 7-day triple therapy, but there were no
significant differences between sequential and
standard triple therapies [25]. Another ran-
domized controlled study involving 440
patients infected with H. pylori showed that
reverse hybrid therapy resulted in a higher
eradication rate with similar tolerability and
lower pharmaceutical costs [26]. However, a
pooled data analysis revealed that the 10-day
sequential treatment regimen achieved higher
eradication rates than standard triple therapies
[27]. The eradication rate, compliance to the
therapy, side effects and cost implications were
also compared in this study, and the eradica-
tion rate of sequential treatment was con-
stantly higher than 90%.

It is well known that both clarithromycin
and metronidazole resistances are the main
determinants of treatment failure. The result
of a recent study conducted by Liou et al.
suggests that H. pylori eradication rates are not
affected by host CYP2C19 polymorphisms
[23]. However, the metabolism of PPIs is
considered to be affected by the CYP2C19
genotype to varying degrees, which may also
make a difference in the results with the triple
therapy. The metabolism of esomeprazole is
considered to be little affected by the
CYP2C19 genotype: recent studies reported
that there were no significant differences in H.
pylori eradication rates by esomeprazole-based
therapy among EM (extensive metabolizer),
IM (intermediate metabolizer) and PM (poor
metabolizer) of the CYP2C19 genotype, while
in another study conducted by Saito, the H.
pylori eradication rate was significantly lower
in CYP2C19 EMs than non-EMs [18]. There-
fore, individualized treatment might be very
effective in the clinic.

TREATMENT OF VIRAL
AND RESPIRATORY SYSTEM
DISEASES

Currently, there are few options for treating
viral infections. The most widely used drugs in
therapeutic regimens are zidovudine, acyclovir
and foscarnet [28]. However, conventional
antiviral drugs have shown limitations includ-
ing a narrow scope of application, serious
adverse reactions and drug resistance. There is a
great need for new therapies for viral infection.
A patent registered by Moorman et al. demon-
strated that PPIs exert an antiviral function by
effectively inhibiting virus-specific serine pro-
teases [29]. Antiviral effects of PPIs on the her-
pes virus, major-type rhinovirus and minor-type
rhinovirus were later confirmed in other studies
[30, 31]. Omeprazole and esomeprazole were
demonstrated to be able to inhibit the entry of
Marburg virus and avian influenza H5 in vitro,
but the drug concentrations were too high to
achieve in vivo [31]. Rhinovirus (RV) can cause
the common cold in adults, and patients with
bronchitis, bronchopneumonia or chronic res-
piratory diseases and infants might be particu-
larly vulnerable to it. A randomized,
single-blind study was performed and showed
that lansoprazole (15 mg/day) therapy reduces
the frequency of common colds and delays the
development of chronic obstructive pulmonary
disease (COPD) in patients [32].

Concerning the mechanism of the above
phenomenon, RV RNA enters across acidic
endosomes and increase the mRNA expression
of cytokines (including interleukin-1 b,inter-
leukin-6, interleukin-8 and TNF-a) and inter-
cellular adhesion molecule-1 (ICAM-1), which is
the major RV receptor. Lansoprazole was
reported to have suppressing effects on the
expression of ICAM-1 mRNA in a way similar to
dexamethasone and erythromycin: reducing
ICAM-1 expression and increasing endosomal
pHby inhibiting Na?/H?-antiporters and V-
ATPase as well as mitigating the viral infection
[30].

Moreover, PPIs might have antiinflamma-
tory and antioxidative stress effects [33–35]. The
antiinflammatory effects of PPIs are possibly by
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inhibiting production of proinflammatory
cytokines [34]. Besides, omeprazole and lanso-
prazole have been reported to protect human
gastric epithelial and endothelial cells against
oxidative stress [35]. Exposure to PPIs resulted
in a strong induction of heme oxygenase-1
(HO-1) mRNA and protein expression, leading
to increased activity of this enzyme. Hence, PPIs
might be able to prevent COPD exacerbations,
but conclusive evidence is still needed.

Furthermore, H?/K?-ATPase inhibitors are
useful in the treatment of Widal’s syndrome as
well as related diseases, including nasal polyps,
asthma and aspirin intolerance [28]. A possible
reason for the treatment of coughs or other
respiratory or gastrointestinal complaints
caused by gastroesophageal reflux (GER) is that
PPIs can decrease the production of proinflam-
matory cytokines such as IL-6, IL-8 and TNF-a in
cultured airway epithelial cells [34]. PPIs are also
prescribed to patients with pancreatic diseases
such as cystic fibrosis (CF) and pancreatitis as an
adjuvant therapy. Among individuals with CF,
PPIs are likely initiated for a variety of reasons,
but the primary cause is the improved efficacy
of pancreatic enzymes in a higher pH environ-
ment [34, 36].

TREATMENT OF CANCER

Tumors are serious problems for human
health, and the development of drug resis-
tance has caused widespread failures in cancer
treatment. Moreover, recent therapy
improvements have been achieved by dose
enhancement, but this can lead to severe
toxicity and secondary malignancies. There-
fore, looking for an effective therapy strategy
with low toxicity is the highest priority.
PPI-induced tumor cell apoptosis has become
a crucial issue worldwide. A previous study
suggested that PPIs exert selective apoptosis
induction and cytoprotective actions beyond
gastric acid suppression [37]. Besides, many
studies have demonstrated that PPIs showed
antitumor activity both in vitro and in vivo.
These remind us that treating tumors could be
a novel application for PPIs, especially on
multi-drug resistant tumors.

PPIs showed a significant antitumor effect as
a single agent in treating melanomas, lym-
phomas and gastric adenocarcinomas, B cell
tumors, multiple myeloma, colorectal cancer,
pancreatic cancer and metastatic breast cancer
[38–41]. Recently, omeprazole was considered a
modulator of tumor chemoresistance, increas-
ing the sensitivity of drug-resistant cancer cells
to chemotherapy drugs. Compared to cytotoxic
drugs, treatment with PPIs has been proposed as
a valid and feasible approach because of their
relatively low toxicity and potential selectivity
[42]. Because of the acidic microenvironment, it
seems conceivable that PPIs may specifically get
to the tumor site.

Various studies have been conducted to
prove the antitumor effect of PPIs in vitro.
Milito et al. showed that PPIs combined with
vinblastine could increase the sensitivity to
vinblastinein, a pre-B acute lymphoblastic leu-
kemia (ALL) cell line, and dose-dependently
inhibit proliferation of tumor B cells, even used
alone [38]. Another experiment also revealed
that treating human gastric cancer cells with
PPIs significantly attenuated cell viability in a
time- and dose-dependent manner [39]. A single
use of omeprazole can decrease developed
multiple colorectal tumors and the incidence of
colitis-associated cancer from 75% to 25% in
mice [37]. The combination of omeprazole and
paclitaxel significantly increased the cytotoxic-
ity of paclitaxel. The same effect was found in a
chemoresistant epithelial ovarian cancer (EOC)
animal model and a patient-derived engraft
(PDX) model of clear cell carcinoma [43].

In addition to the in vitro and animal model
experiments, PPIs were prescribed both in clin-
ical combination therapy and as a first-line
treatment of metastatic melanoma, breast car-
cinoma and osteosarcoma [44, 45]. Falk et al.
confirmed that PPIs plus high-dose aspirin pre-
vented esophageal adenocarcinoma in patients
with Barrett’s esophagus [46]. The proposed
mechanism was that PPIs combined with
aspirin may eliminate acid and bile salt reflux or
block the activation of gastrin-cholecystekinin
(CCK)-cyclooxygenase-2 (COX-2)-mediated
pro-carcinogenic signal pathways and regulate
PGE2 production. Therapy with PPIs would be a
better choice because selective COX-2 inhibitors
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have been shown to increase the risk of
thrombotic cardiovascular events.

A multicenter, randomized, phase III clinical
trial was conducted to investigate the efficacy of
PPIs in terms of improving the clinical outcome
of docetaxel combined with a cisplatin regimen
in patients with metastatic breast cancer (MBC)
[45]. The results of this pilot study showed that
intermittent high doses of PPIs enhanced the
antitumor effects of antineoplastic drugs with
no evidence of additional toxicity. Moreover,
the PPI treatment was proven to be particularly
efficient in triple-negative breast cancer (TNBC),
which currently unfortunately has very limited
treatment options. These pilot clinical trials
provided a definitive validation for the use of
PPIs in future strategies against breast cancer
and hopefully in other poorly treatable cancers.

The tumor incidence of the omeprazole
group was significantly lower at 63%, while that
of the vehicle group was 95% in an experiment
on rats [47]. Gastrin may play an important part
in the development of colorectal cancer, and
the gastrin concentrations with omeprazole
treatment increased nine- to tenfold, which
could inhibit cell growth in rats. A recent study
confirmed that gastric HKa1 and HKb subunits
(ATP4A, ATP4B) and non-gastric HKa2 subunits
(ATP12A) of H?/K?-ATPase are expressed in
human pancreatic cells, which might be a pos-
sible reason for PPIs to regulate the acid-base
homeostasis in pancreatic adenocarcinoma
[48]. However, not all organizations or cells
express H?/K?-ATPase, and the antitumor effect
of PPIs may have other mechanisms.

The Warburg effect is important in tumor
growth: cancer cells take in glucose and form
lactic acid, which dissociates largely into lactate
ions and protons [49]. The acidic metabolites
produced from aerobic glycolysis efflux into the
extracellular fluid, leading to a low extracellular
and high intracellular pH of cancer cells
[50, 51]. The hypoxic condition and consequent
acidity of the tumor microenvironment play a
key role in tumor progression, chemoresistance
and metastatic behavior [38]. The most proba-
ble mechanism of the antitumor effects of PPIs
could be explained by inhibiting the acidic
microenvironment in cancer. PPIs remarkably
disturb the acidic microenvironment and

inhibit phosphorylation of the extracellular
signal, which regulates kinase 1/2 (ERK1/2),
Akt/Src kinases and pyruvate kinase M2 (PKM2),
which might also contribute to the induction of
apoptosis in cancer cells [52].

Vacuolar-type H?-ATPase (V-ATPase), Na?/
H? exchanger and Na?-dependent Cl-/HCO3

-

are important in alternative or adjunctive
strategies for correcting extracellular pH [53]. A
key mechanism of controlling cellular pH is
mediated by V-ATPase, which is located on the
surface of the plasma membrane and acidic
vesicles such as lysosomes and endosomes [38].
V-ATPase is hypothesized to create a proton
efflux and lead to an acidic pericellular
microenvironment, promoting the invasive
behavior of cancer cells [54]. Several studies
have reported that V-ATPase inhibitors such as
bafilomycin A and concanamycin A strongly
induce apoptotic cell death [55]. Similarly,
another study showed that archazolid, another
V-ATPase inhibitor, induces anoikis-related
pathways in invasive cancer cells [56]. The
detected upregulated V-ATPase activity and
increased membrane V-ATPase expression in
some human tumors are also involved in the
chemoresistance and metastatic behavior of
cancer cells. Besides targeting the gastric proton
pump, PPIs also inhibit the activity of V-ATPase,
which can regulate the lysosomal pH, accumu-
late in lysosomes and perhaps increase the cell
sensitivity to cytostatic treatment [41].
Destruction of the acidic microenvironment
can not only enhance the effects of cytotoxic
agents and reduce multidrug resistance (MDR),
but also create domino effects and ultimately
lead to the apoptosis of tumor cells [39, 43].

PPIs were previously shown to mediate cell
death via reactive oxygen species (ROS)-depen-
dent mechanisms. Nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase and p38
MAPK were reported to be associated with
PPI-induced ROS accumulation [40]. In pancre-
atic cancer cells, omeprazole works as a selective
aryl hydrocarbon receptor (AhR) modulator,
while tranilast inhibits invasion through a
nongenomic AhR pathway [57]. T-cell-origi-
nated protein kinase (TOPK) is a serine-thre-
onine kinase, confirmed to be highly expressed
in multiple types of cancer cells such as
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melanoma, lymphoma, colorectal, cholangio-
carcinoma, breast, lung cancer and leukemia.
TOPK inhibitor has a remarkable antitumor
effect [58]. A study containing 1420 patients
showed that inhibiting TOPK could benefit
30–40% patients with metastatic colorectal
cancer [58]. However, because of toxicity and
poor solubility, two TOPK inhibitors
(HI-TOPK-032 and OTS964) have not been used
in clinics [59, 60]. Recent studies indicated that
pantoprazole acted as a TOPK inhibitor by
directly binding with TOPK both in vitro and
in vivo [59]. The inhibition effect of cancer cells
by PPIs may indicate a new direction in
searching for target therapy, and other mecha-
nisms of the cancer-inhibiting effect are also
being investigated.

SOME POTENTIAL ADVERSE
EFFECTS OF PPIs

Generally speaking, PPIs are safe and indicated
for multiple well-established and evi-
dence-based diseases. However, patients with
gastroesophageal reflux disease need long-term
use of PPIs, which are commonly prescribed at
large dosages for up to months of administra-
tion [61].

A safety alert about a possible increased risk
of osteoporosis-related fractures and hypomag-
nesemia was issued by the FDA in 2010 and
2011, respectively [62, 63]. With the wide use of
PPIs, concerns about adverse drug reactions
(ADRs) to them have been raised worldwide.
The most common adverse reactions to PPIs are
abdominal pain, diarrhea, constipation, nausea
and vomiting. Symptoms of these above-men-
tioned side effects are tolerable and fade away
after stopping the medication. Long-term use of
PPIs is also associated with a number of rare but
serious adverse effects including nutritional
deficiencies (vitamin B12, magnesium and
iron), rebound acid hypersecretion, osteo-
porotic fractures, acute and chronic interstitial
nephritis, chronic kidney disease, infection
(pneumonia and clostridium difficile infection),
rhabdomyolysis, anemia and thrombocytope-
nia [62–65]. Abundant literature has described

the side effects of PPIs by now, and we focus on
some of the major ADRs.

Infection

Recent studies have indicated an increased
incidence of community-acquired pneumonia
and Clostridium difficile-associated diarrhea in
long-term PPI users compared with non-PPI
users. A systematic review of eight observational
studies found that the overall risk of pneumonia
(either community or hospital acquired) was
higher among people using PPIs (OR 1.27; 95%
CI 1.11–1.46) [66]. All nested case-control
studies showed an increased risk of commu-
nity-acquired pneumonia associated with PPI
use (OR 1.36; 95% CI 1.12–1.65) [67]. However,
a meta-analysis containing 96,870 exposed and
4,141,634 unexposed patients with PPIs indi-
cated that PPIs were not associated with eleva-
tion of the risk of community-acquired
pneumonia [68]. Therefore, the relationship
between PPIs and pneumonia still needs further
study.

Another infection associated with PPI ther-
apy is Clostridium difficile infection (CDI), which
is a common cause of nosocomial diarrhea,
leading to a high risk of morbidity and mortal-
ity. A study on 136 patients (19% community
acquired; 81% healthcare acquired) showed that
one of the major risk factors of infection is
long-term treatment with PPIs [69]. Mechanis-
tically, the risk of pneumonia and Clostridium
difficile infection caused by PPIs remains
unclear. One proposed mechanism behind this
potential adverse effect is that overgrowing
bacteria increase the risk of bacterial aspiration
in the stomach and esophagus. More clinical
and mechanism studies on the relationship
between PPIs and infections are needed.

Hypomagnesemia

PPI-related hypomagnesemia is rare, but it is
recognized as a clinical conundrum because of
potential fatal complications. Serious hypo-
magnesemia-related adverse reactions include
tetany, seizure, delirium and cardiac
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arrhythmias. The first case of PPI-induced
hypomagnesemia and hypocalcemia was
reported in 2006; since then many relevant
cases have been published [70–74]. A
meta-analysis of nine studies reported a statis-
tically significant effect of PPI therapy on the
risk of developing hypomagnesemia (OR 1.76;
95% CI 1.08–2.92) in 2015 [71].

The average daily intake of magnesium is
300 mg (12 mmol), mostly from green vegeta-
bles, nuts, cereals, milk and almonds in partic-
ular. There are two main ways of intestinal
absorption of magnesium. One is passive
transportation via paracellular channels, by
which about 7.0% of magnesium is absorbed;
another way is to control active intestinal
absorption and possibly to alter the action of
transient receptor potential channels (TRPM
6/7). TRPM6/7 protein plays an important role
in the absorption of magnesium, maintaining
the magnesium homeostasis when the serum
magnesium concentration is low.

The mechanism of hypomagnesemia caused
by PPIs is not clear yet. Previous studies dis-
covered that patients with PPI-induced hypo-
magnesemia also have low fractional excretion
of magnesium in the urine, which suggests an
extra-renal cause for this electrolyte abnormal-
ity [73, 74]. One possible reason is that
TRPM6-mediated magnesium absorption is
stimulated by an extracellular proton. A study
showed that the amount of intestinal protons
increased 3.2 fold in the mid and distal small
bowel after esomeprazole administration for
over 1 week, which might lead to a compen-
satory increase in colonic magnesium absorp-
tion [75]. PPIs may also lead to an electrolyte
abnormality through the effect of hormone
levels such as parathyroid hormone.

Osteoporosis

Many clinical studies have shown a correlation
between PPIs and osteoporosis or osteoporo-
sis-related fractures, and PPI therapy increases
the risk of osteoporosis-related fractures signifi-
cantly. Yang et al. conducted a nested
case-control study to evaluate the correlation
between long-term use of high-dose PPIs and

hip fracture, and the results showed that the
adjusted odds ratio (AOR) for hip fracture asso-
ciated with PPI therapy (more than 1 year) was
1.44. The strength of the association improved
with increasing duration of PPI therapy (the
AOR for 1 year was 1.22 versus 1.59 for 4 years)
[76]. Another study proposed a different view,
finding that the risk of hip fracture increases
mildly after PPI therapy for at least 5 years and
the risk of osteoporosis-related fractures increa-
ses significantly after PPI use for 7 or more years
[77].

A prospective randomized study recruited 26
patients aged between 55 and 85 (PPI group,
n = 13; revaprazan group, n = 13) and showed
that PPIs might directly alter the bone meta-
bolism after an 8-week therapy in elderly
patients [78]. Another meta-analysis showed
that there was no significant statistical differ-
ence between fracture risk and histamine 2
receptor antagonists (H2RAs) in 11 studies [79].
The influence on bone metabolism by PPIs is
still controversial and has not been fully evalu-
ated. Further studies are required to evaluate the
bone-protective treatments for patients with
long-term use of PPIs.

Most conclusions about the long-term use of
PPIs were based on epidemiological studies, but
none of the above-mentioned studies could
establish a causal relationship between the PPIs
and bone metabolism. Hypotheses about the
mechanism of osteoporosis caused by long-term
PPI use are as follows: First, decreasing calcium
absorption has become the leading cause.
According to clinical studies, hypochlorhydria
caused by PPI therapy leads to a decrease in
calcium absorption in the small intestine and
then lower blood calcium [80, 81]. A fall in the
blood calcium concentration not only affects
bone formation, which is regulated by osteo-
blasts, but also promotes bone resorption by
osteoclasts, followed by a decrease in bone
mineral density [81, 82]. Second, PPIs could
inhibit the V-ATPase of osteoclasts in the same
way that PPIs inhibit gastric H?/K?-ATPase,
having a direct deleterious effect on bone cells,
with the possibility of decreased bone turnover
[83]. Third, long-term use of PPIs could cause a
homocysteine concentration and parathyroid
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hormone increase, which interfere with colla-
gen cross-linking and weaken bone [82].

Renal Adverse Reactions

The first case in the literature on acute inter-
stitial nephritis (AIN) due to omeprazole was
published by Ruffenach in 1992. Subsequent
cases have been reported more than 10 years
later, such as AIN due to lansoprazole and
pantoprazole in 2004 and to rebaprazole and
esomeprazole in 2005. Omeprazole was men-
tioned mostly in the reports of AIN induced by
PPIs. An increasing number of studies have been
conducted to evaluate the relation between PPIs
and the risk of AIN. A population-based cohort
study involving nearly 600,000 patients found
that those who commenced treatment with PPIs
had a twofold greater risk of AIN than patients
who were not prescribed this kind of drug [84].
Another study found that relative to past users,
current users of PPIs were associated with a
significantly increased risk of AIN [85]. Some
AIN patients have developed varying degrees of
chronic kidney disease (CKD) [86–88]. The risk
of CKD is increased in PPI users compared to
non-PPI users, and the prevalence is related to
the dose and duration of administration.

At present, most scholars believe that com-
mon drug-induced AIN has an immunologic
basis. Tamm-Horsfall protein, megalin or tubu-
lar basement membrane (TBM) may possibly act
as endogenous antigens in the development of
AIN in some humans. PPI-induced AIN may
relate to an immunologic reaction, as indicated
by the relatively common appearance of extra-
renal manifestations of hypersensitivity. As
tubular cells have the capacity to hydrolyze and
process exogenous proteins, medications may
bind to a normal component of TBM, behaving
as a hapten, or mimic an antigen normally
present within the TBM and then activate T
helper cells with some stimulating factor by
antigen-presenting cell uptake [89]. Finally,
they generate a variety of effects, such as acti-
vation of killer effect cells and promotion of B
cell differentiation, and result in specific anti-
bodies. Renal tubular cells, especially proximal
renal tubular cells, are vulnerable to toxic drugs

related to the concentration and reabsorption
of glomerular filtration. Cytotoxic effects such
as mitochondrial dysfunction and increased
oxidative stress may lead to cell necrosis and
apoptosis. Another possible reason for kidney
injury may be ischemic renal failure, caused by
the reduced renal blood flow. The possible
pathogenesis of renal tubular cell injury may be
related to intracellular calcium overload [90].
Due to the high homology of H?/K?-ATPase
and Ca2?-ATPase, PPIs may affect Ca2?-ATPase
similarly [91]. Inhibition of intracellular Ca2?

outflow may cause intracellular calcium over-
load, causing a series of cell death.

Cardiac Adverse Reactions

PPIs are one of the most important drugs used in
open heart cardiac surgery to prevent upper gas-
trointestinal bleeding. Some in vitro studies on
muscle strips and cardiomyocytes showed that
PPIs may have negative inotropic effects [91, 92].
GastricH?/K?-ATPase is expressed inhuman and
rabbit myocardium, but pantoprazole did not
change the intracellular pH in an in vitro study
[92]. However, pantoprazole can depress cardiac
contractility in vitro by depressing the Ca2? sig-
nal and myofilament activity. This could be one
of the mechanisms involved in the negative
inotropic effects of PPIs.

Another possible reason is that PPIs inhibit
the enzymatic activity of dimethylarginine
dimethyl aminohydrolase (DDAH), which is
responsible for clearing 80% of asymmetric
dimethylarginine (ADMA). A recent pre-clinical
study found that PPIs increased the ADMA levels
in human endothelial cells and in mice by about
20–30% [93]. ADMAwill impair endothelial NOS
(eNOS) via increasing vascular resistance and
promoting inflammation and thrombosis. In
view of the extensive use of this agent, further
studies are necessary to find clinical evidence of
negative inotropic effects of PPIs in vivo.

DISCUSSION

Many factors have been found to affect the
efficacy of anti-H. pylori therapy, such as
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bacterial resistance to antibiotics, compliance to
therapy, genotypes of CYP2C19, and a history
of smoking and peptic ulcer. Among these fac-
tors, both bacterial clarithromycin resistance
and patient compliance play major roles in
predicting the therapeutic outcome. Ideal
treatments for H. pylori infection should be
highly efficient, well tolerated and inexpensive.
Trials from different areas or patients have
shown diverse or even controversial results,
indicating that the optimal therapy should be
decided according to the local prevalence of
antibiotic resistance. It is important to explore
more sophisticated systems to evaluate the
validity of different regimens in the future. The
effects and precise mechanism of other novel
uses such as treatment of viruses, respiratory
system disease and diabetes need more investi-
gation [94].

Although the role of PPIs in tumor treatment
is not fully clear, PPIs combined with cytotoxic
drugs as novel alternative antitumor strategies
are gaining renewed interest [42]. In addition,
most research in this field is still in the in vitro
and animal model stage. More clinical studies
are needed to evaluate the potential use of PPIs
in the treatment of cancer, with the additional
purpose of investigating the curative effect of
drug combination and adverse reactions.

There is mounting evidence that PPIs are
associated with serious adverse effects, espe-
cially for those taking high doses. Side effects of
long-term use of PPIs are gaining increasing
attention. The serum creatinine and magne-
sium levels should probably be monitored in
patients, especially in elderly patients. More-
over, there must be concern about the potential
clinically significant drug-drug interactions
with these concomitantly administered medi-
cations. The FDA updated the methotrexate
label, adding the possible drug-drug interaction
between high-dose methotrexate and PPIs.
There is evidence suggesting that PPIs may
decrease methotrexate clearance and elevate the
serum concentration, eventually increasing the
toxicity [95]. Omeprazoleis is associated with
30% and 10% reductions in the systemic clear-
ance of diazepam and phenytoin, and even 50%
or more with ketoconazole and atazanavir [96].
Recently, large-scale clinical trials were

conducted on drug-drug interactions between
PPIs and clopidogrel [97–99]. PPIs are mainly
metabolized by hepatic microsomal enzymes,
such as CYP2C19 and CYP3A4, and even have
inhibitory effects on them, so care must be
taken when combining drugs with PPIs. Addi-
tional studies are needed to discover various
new applications (both usage and mechanisms)
and serious adverse reactions. The evidence for
adverse events related to PPIs is limited by the
absence of clinical trials and susceptible popu-
lations. Research on the mechanism of adverse
events is also very poor. From our point of view,
the cross-talk effects of PPIs on P-type ATPase
(H?/K?-ATPase, Na?/K?-ATPase, Ca2?-ATPase,
et al.) may be one of the possible targets in the
mechanism of side effects.

CONCLUSIONS

PPIs have been used as strong acid suppression
agents in clinics for over 20 years and are
mainly used in the treatment of acid-related
diseases, such as peptic ulcer disease, gastroe-
sophageal reflux disease, NSAID-associated gas-
trotoxicity and so on. Some of the novel uses of
PPIs, such as the treatment of viral infections
and respiratory diseases as well as cancer cell
suppression, etc., still need more investigation,
and most of the studies on the treatment of
cancer with PPIs remain in the laboratory (ver-
ified in cell or animal experiments). In our
opinion, with intensifying research, combina-
tion therapy with PPIs can benefit more patients
in the near future. However, we need to pay
more attention to the potential adverse effects
induced by long-term PPI use, especially in the
elderly population.
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