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ABSTRACT

Since their approval by the Food and Drug
Administration (FDA) in 1989, proton pump
inhibitors (PPIs) have become one of the most
highly utilized drugs in the United States,
assuming a position as one of the top 10 most
prescribed medications in the country. The

purpose of PPIs is to limit the amount of gastric
acid secreted by the parietal cells via irreversible
inhibition of the H?/K?-ATPase pump, there-
fore maintaining an elevated gastric acid pH of
greater than 4 for 15–21 h. Even though PPIs
have many clinical uses, they are not without
their adverse effects, mimicking achlorhydria.
Besides electrolyte abnormalities and vitamin
deficiencies, long-term use of PPIs has been
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linked to acute interstitial nephritis, bone frac-
tures, poor COVID-19 infection outcomes,
pneumonia, and possibly an increase in all-
cause mortality. The causality between PPI use
and increased mortality and disease risk can be
questioned since most studies are observational.
Confounding variables can greatly affect an
observational study and explain the wide-rang-
ing associations with the use of PPIs. Patients on
PPIs are generally older, obese, sicker with a
higher number of baseline morbidities, and on
more medications than the compared PPI non-
users. These findings suggest that PPI users are
at a higher risk of mortality and complications
based on pre-existing conditions. This narrative
review aims to update readers on the concern-
ing effects that proton pump inhibitor use can
have on patients and give providers a resource
to create informed decisions on appropriate PPI
use.

Keywords: Proton pump inhibitors; AKI; PPIs;
Mortality; Adverse events

Key Summary Points

One of the most often prescribed drug
types in the world is proton pump
inhibitors (PPIs). For several
gastrointestinal disorders like
gastroesophageal reflux disease (GERD)
and peptic ulcer disease, they provide
significant, affordable relief.

Although PPIs are quite efficient in
treating various hypersecretory illnesses, it
is clear that their usage should be carefully
supervised and that treatment should be
stopped when no longer required to
prevent side effects.

It should be emphasized that acid rebound
hypersecretion is a possibility, and PPI
tapering is advised. Public access to PPIs
has rapidly increased due to their over-
the-counter availability, which permits
their long-term usage without direct
supervision from a doctor. This has
allowed patients to frequently receive
prescriptions for these medications for
‘‘gut protection’’ or for other unspecified
reasons with no goals for discontinuation.

Long-term PPI use has its drawbacks,
and has been linked to a number of
unfavorable clinical consequences. Long-
term use of PPIs can cause malabsorption
in the small intestine, increased risk of
infection, bone fracture, and negative
effects on the kidney.

The relatively recent side effect of
hypomagnesemia can necessitate periodic
magnesium infusions to lessen negative
effects. Patients on long-term PPI therapy,
particularly those with pre-existing
comorbidities, are also more likely to die.

PPI use can also result in worse clinical
results when combined with other viral
diseases like COVID-19. PPIs should, in
the end, only be prescribed with prudence
and with the development of adverse
events in mind.

INTRODUCTION

Since their approval by the Food and Drug
Administration (FDA) in 1989, proton pump
inhibitors (PPIs) have become one of the most
highly utilized drugs in the United States,
assuming a position as one of the top 10 most
prescribed medications in the country [1, 2].
PPIs work to cause a substantial decrease in acid
production in the upper gastrointestinal sys-
tem, which has allowed this medication to be
utilized in a wide variety of conditions, includ-
ing gastroesophageal reflux disease (GERD) and
peptic ulcer disease. Furthermore, the side effect
profile of PPIs has been regarded to most as both
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minimal and tolerable, with headache, diar-
rhea, constipation, and abdominal discomfort
being the most widely reported adverse effects
[3]. Nearly 7% of adults have a prescription for
any type of PPI due to the medication’s wide
range of uses and apparent manageable side
effects; this does not account for the large
number of people who use over-the-counter
medicines [3].

Although PPIs are regarded as being effec-
tive and safe, there may be serious concerns
about their long-term effects. PPIs are most
effective for treating several chronic illnesses,
such as GERD, which necessitate long-term use
by the patient [4]. Other types of gastroin-
testinal conditions associated with long-term
use of PPIs are Zollinger–Ellison Syndrome and
Barrett’s esophagus. This type of extended
exposure to PPIs can increase the risk for seri-
ous adverse effects [3]. Long-term exposure to
PPIs as a form of medication therapy can
potentially impact numerous organ systems in
the body, resulting in electrolyte disturbances,
such as hypomagnesemia and hypocalcemia,
which could cause tetany, convulsions, and
cardiac arrhythmias [5]. Kidney disease,
increased risk of infection, and pneumonia,
especially in the elderly, along with many
other abnormalities, are other documented
possible adverse effects. [3]. Among these, the
renal manifestations of chronic PPI use are
particularly concerning. This, and other mani-
festations of prolonged PPI use, need to be
studied further to ensure that informed and
appropriate administration of PPIs is ensured.

The present investigation, therefore, pro-
vides a focused literature analysis on the usage
of PPIs, and how they may mediate or modulate
kidney damage, other side effects, and mortal-
ity. This narrative review intends to enlighten
readers about the potentially harmful conse-
quences of PPI use on patients, and to provide
healthcare professionals with resources and to
optimize safe usage of PPIs. This article is based
on previously conducted studies and does not
contain any new studies with human partici-
pants or animals performed by any of the
authors.

PROTON PUMP INHIBITORS
OVERVIEW

PPIs have been approved by the FDA for the use
and treatment of erosive esophagitis, GERD,
Helicobacter pylori infection, Zollinger–Ellison
syndrome, and its hypersecretory effects, Bar-
rett’s esophagus, and peptic ulcer disease, and
for reducing the risk of ulcer development with
non-steroidal anti-inflammatory drugs
(NSAIDs) [6]. PPIs have a non-FDA-approved use
as an adjunct therapy for patients on anticoag-
ulants who are planning to undergo procedures
with a high risk of post-procedure hemorrhagic
complications [7]. Interestingly, PPIs are also
currently being examined as a potential treat-
ment of melanomas, multiple myeloma, and
colorectal cancer due to their hypothesized
antitumor effects [8].

The PPIs currently available for use in the
United States include omeprazole, lansoprazole,
pantoprazole, rabeprazole, and esomeprazole
[7]. In 2006, Zegrid (omeprazole/sodium bicar-
bonate) was approved as an extended-release
PPIs [9]. Dexlansoprazole was approved for use
in the United States in 2009 for healing all
grades of erosive esophagitis in ages 12\years
and older. Deprescribing has been suggested
over the years due to concerns regarding the
effects acid suppression can cause. These drugs
are benzimidazole derivatives and cause steroid
synthesis and cortisol release in addition to
their effects on the H?/K?-ATPase pump [10].
PPIs cause acid suppression by irreversibly
inhibiting the H?/K?-ATPase proton pump in
gastric parietal cells. PPIs bind to one or more
cysteine residues on the H?/K?-ATPase pump;
causing the pump to become nonfunctional
[11–14].

Historically, the gold standard for treating a
wide variety of gastric conditions was the his-
tamine-2 (H2) receptor blocker class. Although
the development of H2 receptor blockers sig-
nificantly advanced the treatment of diseases of
the gastrointestinal tract, H2 receptor blockers
have been found to have a few drawbacks. H2
receptor blockers have a short duration of
action, are subject to tolerance development,
and are not as effective as PPIs because most
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acid secretion is stimulated by gastrin, an
enzyme upon which H2 receptor blockers have
no effect [15]. PPIs were thought to be safer
compared to H2 blockers, as there were studies
linking central nervous system reactions, such
as agitation, hallucinations, disorientations,
delirium, and irritability [16]. Ranitidine has
fallen out of favor, as it was found to have a
significantly increased risk of ductal carcinoma
[17]. Another H2 blocker, cimetidine, inhibits
numerous CYP 450 enzymes, which may
increase both the levels and, therefore, the
effects of many hepatically metabolized drugs
[18]. PPIs are more effective at treating GERD,
and are the better choice for accelerating peptic
ulcer wound healing, thus explaining their
replacement of H2 receptor blockers as the gold
standard treatment for these conditions
[19–21]. Omeprazole was the first PPI intro-
duced in 1989, revolutionizing the treatment of
the aforementioned gastrointestinal tract dis-
eases, and has become one of the most widely
used drugs worldwide [4, 22]. Although
numerous studies claim one PPI may be more
effective than another, studies show that there
may be no significant difference in efficacy
between the members of the PPI class [22].

Aside from their use in diseases related to
acid secretion, PPIs are also used to treat a
variety of other diseases, including eosinophilic
esophagitis, viral infection, H. pylori infection,
and respiratory system diseases [4]. PPI utiliza-
tion has been beneficial in a specific subset of
patients with eosinophilic esophagitis, called
PPI-responsive esophageal eosinophilia, and
case studies have shown that patients with
eosinophilic esophagitis were able to achieve
remission after an 8-week course of PPIs [23, 24].
The mechanism of PPI action in the treatment
of esophageal eosinophilia may involve both
acid suppression and unique anti-inflammatory
actions of the PPIs [25]. PPIs are not only
effective in combination with other therapies in
treating H. pylori by directly suppressing bacte-
rial growth but also by increasing the pH in the
stomach to allow the other drugs to function
more efficiently. Most drugs cannot function
properly in the high-PH setting in the stomach
and, therefore, have shorter retention times
[26]. A study by Sasaki et al. demonstrated that

15 mg per day of lansoprazole reduced the fre-
quency of common colds and other upper res-
piratory diseases, such as chronic obstructive
pulmonary disease [27]. PPIs are thought to be
effective in treating these viral and respiratory
diseases by decreasing the production of proin-
flammatory cytokines (e.g., IL-6, IL-8, and TNF-
alpha) in airway epithelial cells [28], and by
inhibiting virus-specific serine proteases [29].

Generally, PPIs are FDA-approved for short-
term use [30]. However, PPIs are becoming
increasingly widespread, and these drugs are
not always discontinued after just a few weeks
of use. Research has shown that over 50% of
PPIs are prescribed inappropriately in hospital
medicine wards [15, 31]. PPIs are also misused
in the clinical setting, as patients are continued
on PPI therapy after being discharged from the
hospital, and physicians do not always review
the necessity of the drug in the patients taking
them [32]. PPIs are also available for sale over
the counter in many countries, allowing
patients to use these drugs without the direct
supervision of a physician [33]. Since PPIs have
been proven to be very effective in treating
gastrointestinal diseases, it is often initiated to
‘‘protect’’ the gastrointestinal lining; this is
often why PPIs are erroneously prescribed [34].

PROTON PUMP INHIBITOR
GASTROINTESTINAL ADVERSE
EFFECTS

Although PPIs are effective and well tolerated by
patients, there are increasing concerns about
misuse, over-prescription, and the development
of adverse events with long-term use of these
drugs. Patients suffering from GERD require
long-term therapy with PPIs, and are often
prescribed these drugs at large doses for several
months [35]. The most common adverse effects
of PPI use are gastrointestinal-related: abdomi-
nal pain, diarrhea, constipation, nausea, and
vomiting [4]. However, continued use of PPIs
has been associated with other serious adverse
events, such as an increased risk of gastroin-
testinal infection by Clostridium difficile, bone
fractures, and malabsorption in the gut [36] (see
Table 1).
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Table 1 Proton pump inhibitor gastrointestinal adverse effects

Common adverse

events

Abdominal pain, diarrhea, constipation, nausea, and vomiting [4]

Serious adverse events Increased risk of gastrointestinal infection by Clostridium difficile, bone fractures, and
malabsorption in the gut [34]

Clostridium difficile
infection

A study performed on 136 subjects showed that one of the major risk factors for developing C.
difficile infection was the long-term use of PPIs [36]

The increased risk of infection can be explained by three proposed mechanisms: (1) the reduction

in gastric acid may allow infectious organisms to reach the intestine easily, (2) antineutrophilic

effect, and (3) alterations in the tight junctions between cells, allowing bacterial organisms to

more freely pass from one organ to another [34]

Inhibition of acid secretion perpetuated by PPI use can allow vegetative forms of the bacterium to

survive in this less acidic environment and propagate infection [37]

Acid secreted by parietal cells into the gastrointestinal tract serves as an innate immunological

barrier; inhibition of this acid secretion by PPIs allows for increased bacterial colonization and

increased opportunity for infection [38]

PPIs also cause hypochlorhydria, which causes changes in bacterial homeostasis and growth in the

GI tract, and allows for overgrowth of bacteria and perpetuation of enteric infections [39]

Bone fractures Yang et al. showed that PPI users had a 1.5-fold increased risk of developing hip fractures

compared to control groups [40]

Hypochlorhydria caused by PPIs leads to a decrease in calcium absorption in the small intestine

and, ultimately, lower calcium levels in the blood [41]

Decreased serum calcium not only leads to disruption of bone formation performed by osteoblasts

but also promotes osteoclast function and increased bone resorption [43]

Higher gastric pH has also been hypothesized to decrease the absorption of magnesium, leading to

the formation of large hydroxyapatite crystals. These crystals decrease osteoblast function and

increase the number of osteoclasts [44]

Lewis et al. showed an increased risk of fracture in patients who were taking PPIs for 1 year or

more [46]

Brozek et al. demonstrated that use of PPIs is associated with an increased risk of subsequent hip

fracture after sustaining a hip fracture before initiation of a PPI; this risk was found to be greater

in male PPI users than in female PPI users [47]

Malabsorption Acquired hypochlorhydria has been found to decrease the absorption of multiple micronutrients,

including vitamin B12 and iron [48]

The suppression of gastric acid from PPI use can lead to vitamin B12 deficiency [49, 50]

Hamano et al. demonstrated that there is an increased risk of iron deficiency anemia with PPI and

H2 receptor blockers [54]
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Clostridium difficile Infection

Clostridium difficile infection is one of the most
recognized causes of infectious diarrhea in
healthcare settings and is associated with high
mortality [37]. A study performed on 136 sub-
jects showed that one of the major risk factors
for developing C. difficile infection was the long-
term use of PPIs [38]. However, a 2021 scoping
review of 59 studies found that the definition of
long-term PPI use varied from[2 weeks
to[7 years [39]. The increased risk of infection
can be explained by three proposed mecha-
nisms: (1) the reduction in gastric acid may
allow infectious organisms to reach the intes-
tine easily, (2) antineutrophilic effect, and (3)
alterations in the tight junctions between cells,
allowing bacterial organisms to more freely pass
from one organ to another [36]. Clostridium
difficile spores are normally resistant to the acid
environment in the intestine. However, inhibi-
tion of acid secretion perpetuated by PPI use can
allow vegetative forms of the bacterium to sur-
vive in this less acidic environment and propa-
gate infection [40]. The acid secreted by parietal
cells into the gastrointestinal tract serves as an
innate immunological barrier; inhibition of this
acid secretion by PPIs allows for increased bac-
terial colonization and increased opportunity
for infection [41]. PPIs also cause
hypochlorhydria, which causes changes in
bacterial homeostasis and growth in the GI
tract, and allows for overgrowth of bacteria and
perpetuation of enteric infections [42].

Bone Fractures

The association between PPI use and bone
fractures was first reported by Yang et al. who
showed that PPI users had a 1.5-fold increased
risk of developing hip fractures compared to
control groups [43]. Research has shown that
the hypochlorhydria caused by PPIs leads to a
decrease in calcium absorption in the small
intestine and, ultimately, to lower calcium
levels in the blood [44]. Under physiologic
conditions, osteoblast and osteoclast actions
remain balanced to maintain optimal bone
structure [45]. Decreased serum calcium not

only leads to disruption of bone formation
performed by osteoblasts but also promotes
osteoclast function and increased bone resorp-
tion [46]. The higher gastric pH has also been
hypothesized to decrease the absorption of
magnesium, leading to the formation of large
hydroxyapatite crystals, which decrease osteo-
blast function and increase the number of
osteoclasts [47].

Hip fractures are one of the most severe types
of osteoporotic fractures, and are associated
with an increased risk of mortality in geriatric
populations [48]. A study by Lewis et al. on
Australian women showed an increased risk of
fracture in patients who were taking PPIs for
1 year or more [49]. In an observational cohort
study, Brozek et al. demonstrated that use of
PPIs is associated with an increased risk of sub-
sequent hip fracture after sustaining a hip frac-
ture before initiation of a PPI; this risk was
found to be greater in male PPI users than in
female PPI users [50].

Malabsorption

The associated acquired hypochlorhydria has
been found to decrease the absorption of mul-
tiple micronutrients, including vitamin B12 and
iron [51]. Gastric acid is necessary to release
vitamin B12 from food in the digestive tract,
while the suppression of gastric acid from PPI
use can lead to vitamin B12 deficiency [52, 53],
which in turn, can lead to neurologic abnor-
malities, such as neuropathy, depression,
dementia, and spinal cord degeneration. These
conditions can be reversed if they are diagnosed
early on in the clinical course [54].

Iron absorption mainly occurs in the small
intestine through the actions of ferroportin,
and is regulated via the actions of hepcidin,
which increases iron sequestration into cells,
thereby decreasing the amount of iron in the
systemic circulation [55, 56]. Through a large-
scale database analysis of the FDA Adverse Event
Reporting System database, Hamano et al.
demonstrated that there is an increased risk of
iron deficiency anemia with PPI and H2 recep-
tor blockers [57]. This group also conducted
in vitro experiments and concluded that PPIs
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upregulated hepcidin activity, leading to
decreased iron absorption in the gut (see Fig. 1).

MORTALITY WITH PPIS

There is an association between PPI use and
increased mortality in patients with preexisting
comorbidities. In 2018, Shiraev et al. examined
all-cause mortality data from a study of Danish
patients which followed the clinical course of
patients after they suffered from their first
myocardial infarction [58]. Their systematic
review showed that the mortality rate was
higher among PPI users compared to patients
who were not on PPI therapy. Ghebremariam
et al. demonstrated that this increase in mor-
bidity and mortality with cardiovascular events
could be associated with the effects of PPIs on
endothelium and the clotting cascade. PPIs
cause a reduction in endothelial nitric oxide
synthase, which ultimately leads to a decrease

in nitric oxide production. Nitric oxide plays a
protective role by decreasing platelet interac-
tions with the endothelium, while reduction in
any of the precursors to nitric oxide formation
can lead to inflammation and thrombosis,
which could lead to an increase in adverse car-
diovascular events [59, 60]. Of interest, it has
been hypothesized that this increase in adverse
cardiovascular events can be attributed to
physician error if a physician misinterprets
angina symptoms for gastric symptoms [61].

There also exists documentation of increased
mortality with PPI use independent of other
comorbidities. A longitudinal study based on
data from the United States Department of
Veteran Affairs reported an association between
PPI use and mortality [62]. A few studies have
demonstrated that the risk of 1-year mortality
associated with PPI use was increased in groups
of older patients discharged from hospitals or
other long-term facilities [63].

Fig. 1 Use of PPIs has been associated with other serious adverse events, such as an increased risk of gastrointestinal
infection by Clostridium difficile, bone fractures, and malabsorption in the gut
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It has been hypothesized that using PPIs is
associated with an increased risk of mortality
among patients with diseases other than car-
diovascular disease. A well-documented rela-
tionship exists between gut bacteria and hepatic
encephalopathy [64]. Gastrointestinal bacteria
release ammonia and endotoxins, two sub-
stances that play a critical role in developing
hepatic encephalopathy. Nardelli et al. found
that patients with cirrhosis who used PPIs had
an increased risk of both minimal and overt
hepatic encephalopathy and lower survival
rates, when compared to patients who did not
use PPIs [65]. This study also concluded that PPI
use is associated with increased mortality inde-
pendent of overt hepatic encephalopathy and
age.

Furthermore, there is an association between
PPI use and coronavirus disease 2019 (COVID-
19), which is caused by infection with severe
acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Previously published data have
demonstrated that pH values higher than 3 do
not inactivate the virus and may increase its
survival and infectivity [66]. The H?/K?-ATPase
proton pump is also present in the upper and
lower intestinal tract, and inhibition of the
pump in this area can alter the respiratory flora
and lead to an increased risk of acute respiratory
distress syndrome and mortality from COVID-
19 [67].

These findings suggest that it may be useful
to carefully monitor the prolonged use of PPIs
in specific patient populations and to discon-
tinue PPI therapy when it is no longer
necessary.

CLINICAL STUDIES

PPI Effects on Organ Systems in Adults

Numerous observational studies have shown an
association between the use of PPIs and
increased disease risk and poor outcomes
affecting multiple organ systems, such as renal
and gastrointestinal systems. PPIs have been
linked in many studies to an increased risk of
developing renal disease and disorders such as
acute kidney injury (AKI), acute interstitial

nephritis (ANI), and chronic kidney disease
(CKD) [68–70]. AKI is becoming a larger burden
in healthcare, with rapid growth from 11.6 to
18.3% in the adult population and 19.6 to
26.9% in the pediatric population [71–73].

A retrospective cohort study investigated the
relationship between PPI use and the risk of
developing AKI and CKD [70]. A total of
192,935 individuals, 86,000 CKD patients and
93,335 AKI patients, 18 years or older without
pre-existing renal disease, between 1993 and
2008, were included in the study from Western
New York HMO claim data. Inpatient, outpa-
tient, laboratory, and prescription data were
used to follow PPIs and kidney function. Based
on this study, PPIs were associated with a four-
fold increased risk for developing an AKI [odds
ratio (OR) 4.35, 95% confidence interval (CI)
3.14–6.04, p\0.0001] compared to non-users in
the cohort. The data were adjusted for potential
confounders, such as demographics; however, it
should be noted that race was not included. The
Western New York study concluded that using
PPIs was associated with a 20% higher risk of
CKD after adjustment for confounders (OR 1.20,
95% CI 1.12–1.28, p\0.0001). Individuals who
used PPIs and H2 antagonists (H2A) had higher
AKI and CKD risks; however, PPIs seem to have
had a more significant risk than H2As
[70, 74, 75].

A case–control study was performed in 2004
to investigate the connection between com-
munity-acquired pneumonia and acid suppres-
sion therapy, including PPIs and H2A. After
adjusting for confounding variables, current PPI
users had a 1.89-fold risk for pneumonia versus
non-users. Additionally, acid suppression ther-
apy can lead to microbiome disruption in the
intestine, causing pyogenic liver abscesses and
enteric infections, such as C. difficile enterocol-
itis, as already discussed in this manuscript. A
study exploring the associations between PPI
use and mortality in patients with pyogenic
liver abscesses resulted in a 1.5-fold risk of
mortality in patients on PPIs versus patients not
using PPIs [76]. These findings suggest that PPI
treatment should not be started unless indica-
tions are present.

Electrolytes, vitamin absorption, and other
micronutrients in the gastrointestinal tract can
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be disrupted by the acid suppression caused by
PPI use. Magnesium is passively diffused in the
small intestine, and magnesium deficiencies
can affect multiple organ systems. Hypomag-
nesemia can be linked to poor renal function,
and can lead to severe recurrent infection due to
impaired immune function with decreased
CD8 ? T cells, CD19 ? B cells, Natural Killer
cells, and dendritic cells [77]. Additionally,
hypomagnesemia can lead to poor bone meta-
bolism, leading to low bone density, hip frac-
ture, and osteoporosis, as already discussed.
However, one study showed that the 90-day
mortality rate was significantly reduced in
patients with hip fractures who received PPIs
before and after fracture; longer-term mortality
([6 months) increased in the patients who
received PPIs before fracture [78].

PPIs Combined with Medications
in Adults

Several studies have observed whether increased
risks of morbidity and mortality were solely
associated with PPIs or other medications. One
retrospective cohort study from 2021 examined
the association of hypomagnesemia with PPIs
and tacrolimus in patients with connective tis-
sue disease [77]. A total of 284 patients with
connective tissue disease were included in the
study, with 63 (22.2%) having hypomagne-
semia; 141 of the patients (49.6%) used PPIs,
and 68 (23.9%) used tacrolimus. The study
showed that patients using PPIs (OR 1.48;
p = 0.01) and tacrolimus (OR 6.14; p\0.01) had
associated hypomagnesemia leading to poor
renal outcomes and severe infection in patients
with connective tissue disease. Additionally,
renal deterioration was observed when PPIs
were used in combination with tacrolimus in
connective tissue disease patients.

PPIs are often administered with NSAIDs to
suppress stomach acid production and to lower
the possibility of forming peptic ulcers from
prostaglandin inhibition by NSAIDs. In addi-
tion, NSAIDs are nephrotoxic and cause renal
vessel vasoconstriction by prostaglandin inhi-
bition. A nested case–control study investigated
the combined use of PPIs and NSAIDs or

antibiotics associated with an increased AKI risk
using data from health insurance claims
healthcare constructed by the Japan Medical
Data Center [79]. The combined use of PPIs and
NSAIDs significantly increased the risk of AKI.
The OR for increased AKI risks associated with
combined PPI and NSAIDs use was 3.12 (95% CI
1.84–5.37) after adjusting for confounding
variables. The incident rate of AKI in persons
using combined NSAIDs and PPIs was 38.5 per
10,000 person-years. These findings suggest that
combined PPI and NSAID use has a higher risk
of adverse renal outcomes.

The antibiotics examined in the case–control
study included macrolides, fluoroquinolones,
penicillin, and cephalosporins [79]. Cephalos-
porins and fluoroquinolones had increased AKI
risks when used in current PPI users; the adjus-
ted ORs for cephalosporins and fluoro-
quinolones were 1.88 (95% CI 1.02–3.47) and
2.35 (95% CI 1.12–4.95). However, in combi-
nation with PPIs, macrolides and penicillin had
reduced AKI risks with OR 0.47 (95% CI
0.21–0.96) and 0.83 (0.42–1.59). The difference
in the severity of systemic illness of the mac-
rolide group versus the NSAID or other antibi-
otic groups may explain these results.

PPIs can also significantly interact with the
commonly prescribed antiplatelet agent, clopi-
dogrel. In a review, omeprazole was thought to
decrease the effectiveness of clopidogrel [80].
The authors note that the studies in their review
were observational; therefore, causation is hard
to pinpoint because the studies were not ran-
domized. Another review of the literature in
2014 came to the same conclusion [81]. In the
analyzed trials, a lower efficacy with the con-
current use of a PPI and clopidogrel was detec-
ted; however, the studies were observational
and no obvious causality was identified. Earlier
reviews have noted that, due to CYP interac-
tions, it is felt that PPIs decrease blood levels of
clopidogrel due to the increase in its metabo-
lism, but make no mention of how the obser-
vational, nonrandomized nature of the studies
could make these studies not as valid as the
authors would have hoped [81]. Co-prescribing
these two drugs seems appropriate to protect
people who need clopidogrel’s protection.
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PPI Dosing and Adverse Effects

As previously stated, PPIs are among the most
prescribed medications globally, and they are
available over the counter, making it difficult to
assess the PPI dose patients were taking in var-
ious studies. Two studies included the effects of
different PPI doses on adverse outcomes.

A study investigating PPI use and mortality
in kidney transplant recipients includes the
following study criteria: low-dose omepra-
zole\20 mg/day, high-dose omepra-
zole[20 mg/day, and no PPI dose [82]. In the
study, high-dose omeprazole ([20 mg/day) led
to an increase in premature mortality risk
compared with low-dose omeprazole
(\20 mg/day). Mortality risk was increased for
both high and low doses compared to the no
PPI dose group. These findings suggest that the
PPI dose, in general, may be a factor in adverse
outcomes, since there was an increased mortal-
ity risk in comparison to not taking PPIs in this
study group.

Adverse renal effects and PPI dosing were
explored in a study investigating PPI use and
hospital-acquired AKI in pediatric patients [73].
AKI risk was found to be increased at 1 mg/kg of
body weight (children recommended dose
1–4 mg/kg/day) after only 1 day of use, based on
a dose–response curve. The risk of AKI plateaued
on the curve at 6 mg/kg, meaning that an
increased risk exists for adverse renal outcomes
at the recommended PPI dose.

PPI Use and All-Cause Mortality
and Specific-Cause Mortality

Several observational studies have investigated
the relationship between PPI use and all-cause
mortality and specific-cause mortality; however,
the results conflicted. Some studies supported
the association between death and PPI use,
whereas others rejected this idea.

PPI use was strongly associated with all-cause
mortality and specific-cause mortality in a study
involving US Veterans [83]. Over the observa-
tion period in this longitudinal observational
cohort study, 80,062 (37.33%) of 214,467 vet-
erans taking PPIs died, with the leading cause

being circulatory disease (12.45%) followed by
neoplasms (9.72%) and respiratory disease
(4.8%). PPI use was strongly associated with
specific-cause mortality, including death due to
cardiovascular disease, chronic kidney disease,
and upper GI cancer. There was a higher burden
on upper GI cancer patients who did not have
indications for PPI use. Two negative controls
were tested in this study to help strengthen the
association between PPI use and mortality:
transportation-related death and peptic ulcer
disease death. PPI use was unaffected by trans-
portation-related death (- 0.21, 95% CI - 2.96
to 2.48) and peptic ulcer disease (- 0.46, 95% CI
- 2.43 to 0.27). These findings suggest that a
connection exists between PPI use and specific
causes of mortality.

One cohort study examined the association
of all-cause mortality and specific-cause mor-
tality with two groups: new PPI users versus new
H2A users and new PPI users versus non-users of
acid suppression therapy [84]. Generally, PPI
users had increased mortality risks compared to
H2A users for both all-cause and specific-cause
mortality. This study concluded that PPI use
versus non-use strongly correlates with all-cause
mortality [hazard ratio (HR) 1.96 95% CI
1.94–1.99]. Additionally, PPI use was associated
with increased specific-cause mortality in neo-
plasms (HR 3.74, 95% CI 3.63–3.84), liver cir-
rhosis (HR 4.10, 95% CI 3.36–5.01), and gastric
cancer (HR 14.59, 95% CI 11.16–19.08). There
was no association between PPI use and neuro-
logical diseases, musculoskeletal diseases, or
mental/behavior disorders. Even though PPI use
was associated with mortality, the individuals
who used PPIs had an increased risk of death
and were generally sicker than the non-users.
When PPI use was compared to both groups
(H2A and non-users), the HRs decreased
towards null as the data were adjusted for con-
founding, making residual confounding likely.

Another prospective study found no associ-
ation between PPI use and all-cause and speci-
fic-cause mortality [85]. In this study, the
authors felt that confounding variables played a
large role in the results. The unadjusted HR for
PPI use and overall mortality was 1.37 (95% CI
1.29–1.46). However, when adjusted, the HR of
1.05 (95% CI 0.97–1.13) decreased drastically to
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null, showing no association between mortality
and PPI use. In addition, there was no connec-
tion between PPI use and specific-cause mor-
tality, such as neoplasms, cardiovascular
disease, respiratory disease, gastrointestinal dis-
ease, and external causes.

The studies investigating mortality and PPI
use were not randomized, limiting the ability to
eliminate all residual confounding variables.
Randomized trials must be performed for
causality and to control for possible confound-
ing factors.

PPI Effect on Renal Transplant Recipients

Renal transplant is the desired outcome for
individuals with end-stage renal disease. The
short-term outcomes of renal transplants have
improved over time; however, long-term renal
graft survivability continues to be poor, with
minimal signs of change [86]. Kidney transplant
recipients have a sixfold higher death risk than
the general population. Due to lifelong usage of
immunosuppressants to prevent renal graft
rejection, kidney transplant recipients have
significant cardiovascular mortality, nutrition
deficit, and recurring infections [82].

A prospective cohort study investigated the
relationship between PPI use and mortality after
kidney transplantation [82]. The study followed
703 kidney transplant recipients in the outpa-
tient setting at the University Medical Center
Groningen, Netherlands, between 2008 and
2011. The study’s primary endpoint was to
examine all-cause mortality, while secondary
endpoints included graft failure incidents and
specific-cause mortality (cardiovascular disease,
malignancy, infections, and miscellaneous
causes). A total of 398 patients were using PPIs
during the study, and 132 (33.2%) died during
follow-up, whereas 62 (20.3%) of the 305
patients not on PPIs died during follow-up
(p\0.001). Kidney transplant recipients who
used PPIs had nearly a twofold increased risk of
mortality when compared to PPI non-users (HR
1.86, 95% CI 1.38–2.52, p\0.001). The results
were adjusted for confounders, such as age, sex,
BMI, comorbidities, medications, eGFR,
deceased/alive donor, proteinuria, and primary

renal disease type, without a considerable
change in risk.

Specific-cause mortality in kidney transplant
recipients and graft failure were explored in this
study as secondary endpoints. Cardiovascular
disease was the primary cause of death in these
patients (37.1%), followed by infectious disease
(24.2%), miscellaneous causes (20.1%), and
malignancy (18.6%). Kidney transplant recipi-
ents with PPI use had over double the increased
risk of cardiovascular death (HR 2.42, 95% CI
1.43–4.08, p\0.001); the relationship remained
considerable after the data were adjusted for
confounding factors. In addition, kidney trans-
plant recipients with PPI use had increased
mortality risk from infectious disease (HR 1.89,
95% CI 1.02–3.49, p = 0.04); however, the
associations between PPI use and malignancy
and miscellaneous causes were not significant.
Moreover, a higher risk of graft failure did not
appear to be strongly associated with PPI use
(HR 1.20, 95% CI 0.82–1.75, p = 0.4).

This study was replicated with a renal trans-
plant cohort from Leuven, Belgium. The repli-
cated study had similar results showing an
increased risk of all-cause and specific-cause
mortality in kidney transplant recipients who
used PPIs. Both results were independent of
confounders, such as donor characteristics,
immunological factors, eGFR, lifestyle, age, sex,
and comorbidities.

As previously mentioned, PPIs can poten-
tially disrupt micronutrients, electrolytes, and
vitamin absorption in the gastrointestinal tract
by making the environment less acidic. Mag-
nesium is an important electrolyte in a healthy,
functioning immune system. Hypomagnesemia
can further limit the effectiveness of an indi-
vidual’s immune system who is already on
immunosuppressive therapy. In addition, high-
pH environments will allow harmful bacterial
growth and colonization in the gastrointestinal
tract. These factors can lead to susceptibility to
recurrent gastrointestinal infections, pneumo-
nia, and increased mortality risk in kidney
transplant recipients.
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PPI Effects on Pediatric Population

Data on the association between PPIs and AKI
risk in the pediatric population are limited. One
study examined the association between hos-
pital-acquired AKI risks and PPI use in China
[73]. This retrospective study used data from
2013 to 2015 on 42,232 children ranging from
1 month old to 18 years old from 25 tertiary
hospitals (16 general hospitals and 9 children’s
hospitals). The results showed that PPI pediatric
users in the hospital setting had a 37% greater
risk of developing AKI versus PPI non-users, and
that the risk was evident even with the recom-
mended dose (OR 1.37; 95% CI 1.23–1.53].
Additionally, the study investigated the associ-
ations between H2A, specifically cimetidine,
and AKI risk, indicating a 35% increased risk in
H2A users versus non-users. However, there was
a 24% greater risk in PPI users when compared
to H2A users (OR 1.24; 95% CI 1.01–1.52).
Seriously ill children with intensive care needs
and those with CKD have a higher risk of
developing AKI with PPI use; children with CKD
have a 2.37-fold increased PPI-related AKI risk
(OR 3.37; 95% CI 2.46–4.62).

Confounding variables were adjusted for in
this study with a propensity score match anal-
ysis, and an elevated PPI-related AKI remained
for the pediatric population. The association
remained consistent across different ages, gen-
der, PPI subtypes, and PPI administration
methods. It is possible that residual confound-
ing still existed. In addition, this study was
limited to children in China. Therefore, more
evaluation would be needed to generalize these
results to other populations.

Limitations of Clinical Studies

The causality between PPI use and increased
mortality and disease risk can be questioned,
since most studies were observational. Con-
founding variables can greatly affect an obser-
vational study and explain the wide-ranging
associations with the use of PPIs. This can be
seen in the three studies examining PPI use and
all-cause and specific-cause mortality. Two
studies determined that mortality was

associated with PPI use and one study rejected
the association [83–85]. Many studies have tried
to adjust for confounding variables; however,
residual confounding can still impact the over-
all results. Randomized trials can assist in
determining PPI safety and whether causality
exists in the relationship between PPI use and
increased mortality and disease risk.

Patients on PPIs were generally older, obese,
sicker with a higher number of baseline mor-
bidities, and on more medications than PPI
non-users [82–84]. One study showed increased
all-cause and specific-cause mortality associated
with PPI use; however, PPIs were given to peo-
ple with an increased risk of death [84]. These
findings suggest that PPI users are at a higher
risk of mortality and with complications based
on pre-existing conditions. Many studies have
tried to adjust for confounders to account for
these types of patients.

CONCLUSIONS

PPIs are one of the most widely prescribed
medications globally. They offer significant,
cost-effective relief for many diseases of the
gastrointestinal tract, such as GERD and peptic
ulcer disease. While PPIs are extremely effective
in these hypersecretory diseases, it is evident
that their use should be closely monitored, and
that therapy should be discontinued when no
longer needed to avoid adverse effects. It should
be noted that there could be rebound hyper-
secretion of acid, and tapering of the PPI is
suggested. Related to PPIs’ over-the-counter
availability, which permits their long-term use
without direct supervision from a doctor, public
access to them has rapidly increased, allowing
patients to have often prescribed these drugs for
‘‘protection of the gut’’ or for other unspecified
reasons with no goals for discontinuation.
Long-term PPI use does not come without stip-
ulations, as its use is associated with several
adverse clinical outcomes, such as adverse
effects on the kidney, increased risk of infec-
tion, bone fracture, and malabsorption in the
small intestine. Hypomagnesemia is a relatively
new side effect that can lead to routine mag-
nesium infusions to decrease adverse effects.
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Patients on long-term PPI therapy are also at an
increased risk of mortality, especially those with
pre-existing comorbidities. PPI use can also lead
to poorer clinical outcomes in the setting of
other viral illnesses, such as COVID-19. Ulti-
mately, PPIs should be prescribed with caution
and intention to avoid misuse and the devel-
opment of adverse events.
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