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ABSTRACT ARTICLE HISTORY
Proton pump inhibitors (PPI) are widely used medications for gastrointestinal disorders. Recent  Received 8 May 2024
research suggests a potential association between long-term PPl use and increased cardiovascular ~ Accepted 2 October 2024
(CV) risk, creating a complex clinical dilemma. This review critically evaluates the current evidence
for this association, considering the limitations of observational studies and the lack of definitive CAD: - .

. . . ; cardiovascular risk;
confirmation from randomized controlled trials. CVD; electrolytes;
This review delves into the reported association between PPIs and adverse CV events, examining  magnesium; PP; Torsades
proposed mechanisms such as drug interactions, electrolyte imbalances induced by PPIs and their  de pointes; ventricular
potential impact on cardiac and vascular function. Evidence suggests these mechanisms converge,  arrhythmia
with varying influence depending on patient populations.
Clinicians require a risk-benefit analysis for each patient considering their CV risk profile. Alternative
gastrointestinal therapies should be explored for high-bleeding risk patients. Medications with lower
cytochrome-P450 interaction potential may be preferable among essential PPl users. Elucidating the
specific mechanisms by which PPIs might influence CV health, assessing long-term vascular effects
and investigating interactions with newer anticoagulant medications are crucial for future research.
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PLAIN LANGUAGE SUMMARY

Proton pump inhibitors (PPIs) are commonly used medications for gastrointestinal problems.
However, recent studies have shown that long-term use of PPls might increase the risk of heart
problems. While this link hasnt been definitively proven, it's important to be aware of it.
Researchers think that several factors could contribute to this increased risk. PPIs might interact with
other medications, cause electrolyte imbalances, or affect the way the heart and blood vessels work
through multiple mechanisms.

Doctors need to carefully weigh the benefits of PPIs against the potential risks for each patient. For
people at high risk of heart problems, alternative treatments might be better. If someone requires a
PPl due to increased risk of gastrointestinal bleeding, providers need to take into account concurrent
medications and carefully select those with the least risk of interactions.

Future research should focus on understanding how PPIs might impact the heart and blood vessels
in the long term, especially considering the increasing use of newer blood-thinning medications.

CONTACT Gustavo J Duarte @ duarteg3@ccf.org

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly
cited, and is not altered, transformed, or built upon in any way. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the
author(s) or with their consent.


https://doi.org/10.1080/14796678.2024.2412910
https://crossmark.crossref.org/dialog/?doi=10.1080/14796678.2024.2412910&domain=pdf&date_stamp=2024-01-04
https://orcid.org/0000-0002-5859-5022
mailto:duarteg3@ccf.org
http://creativecommons.org/licenses/by-nc-nd/4.0/

780 G.J. DUARTEET AL.

GRAPHICAL ABSTRACT
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1. Introduction

Proton pump inhibitors (PPIs) have established them-
selves as a cornerstone therapeutic modality for various
gastrointestinal (Gl) ailments, including peptic ulcer dis-
ease, gastroesophageal reflux disease and Helicobacter
pylori eradication [1,2]. Their efficacy in suppressing gas-
tric acid secretion has translated into widespread clinical
use, with millions of prescriptions dispensed annually [2]
(Table 1).

While PPls demonstrate a generally favorable toler-
ability profile, research suggests a potential association
between prolonged PPl use and an increased risk of
adverse cardiovascular (CV) outcomes [3-5]. However,
discrepancies between studies underscore the multi-
faceted nature of this issue and necessitate further
exploration to elucidate the potential link between PPIs
and CV health [6].

Prompted by growing concerns, this review com-
prehensively assesses the current understanding of the
potential link between PPIs and cardiovascular health. We
delve into the effects of PPIs on CV outcomes, scrutinizing
the proposed mechanisms by which they may exert
influence.

Arrythmias

Increased risk of morbidity and
mortality in chronic use through
synergistic mechanism

2. Discussion

PPls are among the most commonly prescribed medica-
tions, they are approved for the short-term management
of a myriad of Gl conditions such as reflux disease,
esophagitis, peptic ulcer disease and dyspepsia [2].
Nonetheless, these medications are frequently used for
extended periods for vague indications [7]. There is
limited evidence of the long-term risk associated with
their use and the evidence suggests that up to 86%
of patients taking PPl are overprescribed [8]. In recent
years, observational data have proposed an association
between the chronic use of PPl and the development of
micronutrient deficiencies, dementia, kidney disease and
cardiovascular diseases [3-5].

While the American Heart Association advises clin-
icians to use anti-secretory medications to prevent
gastrointestinal side effects like ulceration and bleed-
ing, concerns have emerged in past decades regard-
ing their potential association with poorer CV health
outcomes [4,9]. However, the variability of the current
evidence begs further exploration to elucidate the poten-



Table 1. Common PPl and their interaction with CYP isoenzymes.

PPI CYP enzyme (strength of
inhibition)

CYP2C19 (weak inhibitor)

Common dosing

Pantoprazole 40 mg once daily

Omeprazole CYP2C19 (moderate 20 mg once daily
inhibitor)

Esomeprazole CYP2C19 (moderate 20 mg-40 mg once daily
inhibitor)

CYP2C19 (weak inhibitor)
CYP2C19 (moderate
inhibitor), CYP3A4 (weak
inhibitor)

Rabeprazole
Lansoprazole

20 mg once daily
15 mg-30 mg once daily

tial link between PPIs and CV health [10]. This review
will explore proposed mechanisms for these potential
adverse effects including disruption of the metabolism of
certain commonly prescribed cardiovascular medications
like antiplatelet drugs, dysregulation of mineral and
micronutrient metabolism and interference with vascular
and cardiac function [11].

2.1. Cardiovascular outcomes

The increasing use of PPls to mitigate Gl bleeding
risk in CV patients on antithrombotic therapy has
raised concerns about potential adverse cardiovascular
effects [12,13]. Research over the past decade has sought
to clarify this association [14]. While PPl-antiplatelet
interactions remain a concern, leading medical societies
recommend PPl use alongside antiplatelet therapy
in high-risk patients, emphasizing that the benefits
of antiplatelet therapy for cardiovascular disease
outweigh the potential risks associated with judicious PPI
use [15,16].

In 2009, a population-based case-control study by
Juurlink et al. followed over 13,000 patients prescribed
clopidogrel after a myocardial infarction (Ml) [17]. They
found that current PPl use was associated with an
increased risk of reinfarction hospitalization (aOR1.27,
95% Cl: 1.03-1.57). This association was not observed
on patients with prior PPl exposure or in sensitivity
analyses. Notably, pantoprazole was not associated with
increased readmission for MI, sparking the suggestion of a
metabolism mediated effect of other PPIs. (aOR 1.02; 95%
Cl:0.70-1.47).

Kreutz et al. contributed additional data bolstering
the potential link between PPl use and adverse CV
events [18]. Their retrospective analysis, utilizing claims
data, revealed a statistically significant increase in the
one-year incidence of CV events within the PPl user group
compared with the non-user group (32.5% vs. 21.2%, OR
1.79, 95% Cl: 1.62-1.97). Notably, this association was
even more pronounced in patients with a documented
history of CV events (39.8% with PPl vs. 26.2% without,
OR 1.86, 95% Cl: 1.63-2.12). In contrast to Juurlink, the
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analysis did not detect a significant difference in risk
across the various PPl medications employed [17].

As with other observational studies, the research by
Kreutz et al. is subject to inherent limitations associated
with claims data analysis such as coding errors and the
presence of confounding variables [18]. The observed
similarity in risk across different PPIs, including those with
a weaker CYP inhibitory effect, weakens the argument
for CYP-mediated metabolism as a primary mechanism.
Furthermore, PPl use in this context might simply be a
surrogate marker for a patient population with a higher
baseline risk due to the presence of more severe underly-
ing CV disease and a greater burden of comorbidities.

In 2010, the Clopidogrel and the Optimization of
Gastrointestinal Events Trial (COGENT) randomized 3,873
patients with an indication for dual antiplatelet therapy
(DAPT) to omeprazole versus a control group [19,20]. The
study reported a decrease in Gl bleeds between both
groups without significant difference in the cardiovascu-
lar end point between the two groups (HR: 0.3, 95% Cl,
0.13-0.66 and HR: 0.99, 95% Cl, 0.68-1.44).

However, the study has several limitations. The study
was terminated early and had lower rates of adverse
events than expected, leading to a wider confidence
interval and lower statistical power. The population
consisted primarily of white race (94%), limiting the
generalizability of the results to a broader population.
Furthermore, the specific formulation of omeprazole
used in the study may not be available to the general
population.

In contrast, a Danish study of over 55,000 patients
found a 29% increased risk of death within 30 days
of hospital discharge among PPl users, regardless of
clopidogrel use (HR: 1.29, 95% CI: 1.17-1.42) [13]. This
suggests potential mechanisms beyond drug interac-
tion contributing to PPIs" adverse cardiovascular effects,
necessitating further research.

Following their 2010 study, Charlot et al. conducted a
similar study investigating adverse cardiovascular events
in patients admitted for Ml who were also taking aspirin
and a PPI[21]. The study focused on death from cardiovas-
cular disease and readmission for Ml or stroke as primary
outcomes, with secondary outcomes including all-cause
death and hospital readmission for MI or stroke. Their
findings revealed an increased risk of composite adverse
events in PPl users (HR: 1.46, 95% Cl: 1.33-1.61). Notably,
no such increased risk was observed in patients treated
with aspirin and an H2RA.

While limitations inherent to observational studies,
including potential bias due to pre-existing conditions
arise, the study employed propensity score matching
to account for baseline differences and benefitted
from a large sample size. The authors propose
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impaired aspirin absorption secondary to reduced
acid secretion as a potential explanation for their
findings.

Stockl et al. conducted a retrospective cohort study
investigating the association between PPI use and car-
diovascular outcomes after stent placement [22]. Their
findings revealed an increased risk of re-hospitalization
due to Ml in patients receiving both PPIs and clopidogrel
compared with those on clopidogrel alone (HR: 1.93, 95%
Cl: 1.05-3.54).

A 2015 study, utilized data mining to query more
than 2.9 million individuals, reported a 16% increased
risk of Ml and doubled cardiovascular mortality among
PPl users compared with non-users (HR: 2.00, 95%
Cl: 1.07-3.78) [23]. Importantly, histamine H2-receptor
antagonists (H2RA) users did not show this increased
risk, which might suggest a specific effect of PPls on
cardiovascular health, not solely misdiagnosed angina
driving the association.

A 2018 nested case-control study by Casula et al.
demonstrated a significant association between PPl use
and increased hospitalization for cardiovascular events
regardless of the specific PPl used (aOR 1.61, 95% ClI:
1.55-1.68) [12]. This study’s innovative “user-only” design
minimized confounding by selecting patients already
taking H2RAs as the control group, comparing outcomes
within a similar population with the same baseline
risk factors for acid reflux. This approach reduced the
influence of pre-existing conditions contributing to PPI
use and cardiovascular events, leading to a more robust
assessment of PPIs’independent effect on cardiovascular
health.

A key consideration when comparing populations
treated with PPls and H2RAs is the potential for confound-
ing biases. Given the more frequent recommendation
of PPIs for patients with cardiovascular disease, the PPI-
treated population may exhibit a higher baseline risk of
cardiovascular events [24]. The Casula et al. study pro-
vides further insight into this matter [12]. The increased
risk of cardiovascular events observed in the study was
evident in both young patients and those not taking
antiplatelet medication, suggesting mechanisms beyond
impaired platelet aggregation.

While observational studies based on claims data
are susceptible to limitations such as coding errors,
incomplete data and confounding bias, the matched
cohort methodology employed in this study helped
to minimize baseline characteristic differences between
groups. Interestingly, pantoprazole and rabeprazole, PPIs
known for lower hepatic CYP pathway inhibition, were
predominantly used in the PPI group [25]. This topic will
be explored further in subsequent sections.

A 2017 prospective Spanish study by Lazaro et al.
followed 706 patients with coronary artery disease (CAD)
foran average of 2.2 years [26]. Statistical analysis showed
that PPl use was an independent predictor of death or
heart failure (HR: 2.12, 95% Cl: 1.23-3.67), but not acute
ischemic events. Patients taking PPIs were more likely to
be older and have a history of stroke, suggesting a worse
baseline cardiovascular profile. Limitations of the study
include a high number of patients excluded due to strict
exclusion criteria, which may introduce selection bias.
Additionally, the study was non-randomized with limited
statistical power, furthermore, they could not determine
medication adherence.

To investigate the impact of long-term use of PPIs on
cardiovascular health and its potential interaction with
aspirin, Dahal et al. conducted a meta-analysis of nine
studies [27]. The analysis included PPIs like rabeprazole,
esomeprazole, lansoprazole and omeprazole. Their find-
ings suggested that PPl use decreased the risk of Gl events
without a significant increase in major cardiovascular
adverse events, including all-cause mortality, cardiovas-
cular mortality and non-fatal MI. However, it's essential to
acknowledge the limitation of this review: the lack of indi-
vidual patient data and distinct methodologies among
studies. Additionally, while all studies had a follow-
up duration exceeding 1 month, there was significant
heterogeneity in follow-up periods across the included
studies.

Furthermore, a 2021 community-based cohort study
linked long-term PPl exposure (>5 years) to a higher risk
of total CV disease in users compared with non-users [28].
While observational, this study suggests a potential asso-
ciation between chronic PPl use and increased CVD risk. In
contrast with the Casula et al. study, this association might
be partially explained by the potential misdiagnosis of
angina as dyspepsia in PPl users, masking underlying
cardiovascular issues. Similar to previous studies, the risk
wasn't as prominent in H2RA blocker users as previously
seen by Shah et al. [23].

On the other hand, a randomized clinical trial of
over 17,000 participants with stable CAD and peripheral
artery disease demonstrated no difference in the CV
composite of MI, stroke, or CV death in patients taking
pantoprazole and aspirin/rivaroxaban (HR: 1.04, 95% Cl,
0.93-1.15) when compared with placebo [29]. This study
was conducted for a timeframe of three years at a
cardiovascular center of excellence, which might limit the
possible misclassification of angina in dyspepsia previ-
ously examined as a confounder. Although Rivaroxaban
undergoes metabolism by a CYP pathway similar to
clopidogrel, it does not require conversion to an active
metabolite by this hepatic pathway [30]. Similarly, aspirin



is absorbed in its active form and then undergoes hepatic
metabolism for degradation and excretion [31].

A 2021 longitudinal cohort study by Rooney et al.
investigated the association between PPl use and CV
events [32]. The study revealed a higher prevalence of
hypomagnesemia and CV events among elderly patients
taking PPIs (HR: 1.31, 95% Cl: 1.10-1.57). The association
between CV events and PPl use was more pronounced in
patients also taking diuretics (HR: 1.59,95% Cl: 1.17-2.17),
suggesting a potential synergistic effect on electrolyte
disturbances, thereby increasing the risk of CV complica-
tions. Similar to previous studies the use of H2RA did not
demonstrate an increased risk [13,23].

A comprehensive meta-analysis by Nolde et al. synthe-
sized evidence from the past two decades to evaluate
the association between PPl use and cardiovascular
events [6]. This meta-analysis included 17 studies and
employed rigorous sensitivity and bias analyses. The
pooled hazard ratio analysis, utilizing a random effects
model, revealed no significant difference in the incidence
of first myocardial infarction, ischemic stroke, or cardio-
vascular events (HR: 1.05,95% Cl: 0.83-1.32, HR: 1.08, 95%
Cl:0.97-1.20; HR: 1.05, 95% Cl: 0.96-1.15, respectively).

Due to the inherent limitations of the study design,
subgroup analyses were not feasible. Such analyses,
examining specific PPIs, long-term PPI use, or cumulative
dosing, could potentially elucidate more nuanced associ-
ations. However, the pooled analysis provides a valuable
overview of the overall relationship between PPIs and
cardiovascular outcomes.

A meta-analysis by Jeridi et al. comprehensively eval-
uated the long-term impact of PPIls on CV health [33].
This study included ten observational and RCTs, encom-
passing over 53,000 patients. The primary end point of
the analysis, assessing the overall effect of PPIs as a class,
revealed no significant increase in MACE (OR 1.02, 95% Cl:
0.94-1.11).

However, when adjusting for clopidogrel use, the
meta-analysis yielded conflicting results. Sensitivity anal-
yses suggested a positive association between PPl use
and increased CV events (OR 1.45, 95% Cl: 1.31-1.60). It
remains unclear whether baseline patient characteristics
within the clopidogrel group might have influenced these
findings.

Consistent with the study by Nolde et al. this study was
unable to definitively extrapolate specific PPl outcomes.
The heterogeneity of evidence and the potential for
distinct safety profiles among individual PPIs suggest that
further exploration is warranted. To delve deeper into the
potential mechanisms underlying PPl-induced cardiovas-
cular risk, we will now examine specific pathways and
interactions (Table 2).
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2.2. PPI & antiplatelet therapy

2.2.1. Aspirin

Aspirin inhibits platelet aggregation by irreversibly
inhibiting cyclooxygenase-1, thereby preventing the
production of thromboxane A2, a potent stimulator of
platelet aggregation. PPIs are often used in combination
to avoid the formation of peptic ulcers and GIB. Although
there are no established pharmacokinetic interactions
between aspirin and PPI (like those with clopidogrel),
some studies suggest that the suppressive effect exerted
on gastric acid may reduce the bioavailability of aspirin.
Reduced gastric acidity leads to reduced lipophilicity and
drug uptake.

Studies investigating the interaction between PPIs
and aspirin on platelet function have yielded conflicting
results. A small Spanish study by Ifarrea et al. observed
no significant differences in platelet aggregation in
patients taking omeprazole and aspirin [36]. Similarly,
a Taiwanese study by Ozel et al. with 199 participants
found no decrease in platelet antiaggregation activity
when lansoprazole was co-administered [37]. However, a
larger Danish study with over 400 patients, demonstrated
increased residual platelet aggregation in those using
aspirin concurrently with PPIs as compared to those
without [38].

Several factors explain these discrepancies. One
possibility is the use of higher aspirin doses in the
studies by IAarrea and Ozel [36,37]. These higher doses
could potentially overcome any inhibitory effect of PPI
aspirin absorption. Also, methodological differences
between the studies, such as sample size, patient
characteristics and specific assays used to measure
platelet aggregation, could contribute to the contrasting
results.

The Danish study’s larger sample size and longer time
examined might have led to a more robust detection
of the interaction [38]. However, it's important to note
that the studies by lharrea and Ozel examined short-
term PPl use on aspirin anti-aggregation properties;
hence results can not be extrapolated to the impact of
chronic co-administration of aspirin and PPIs on platelet
function.

2.3. PPI& P2Y12inhibitors

P2Y12 inhibitors reduce platelet aggregation by blocking
adenosine diphosphate P2Y12 receptors on platelets and
play a significant role in reducing major adverse car-
diovascular events (MACE) after percutaneous coronary
(PCI) in patients with acute coronary syndrome (ACS).
Clopidogrel, prasugrel and ticagrelor are this family’s
most common oral agents.
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Table 2. Studies associating PPl with CV outcomes.

Study (year) Study type Primary end point Key findings Ref.
Juurlink et al. Case-Control Ml risk Found evidence of a loss of beneficial effect on clopidogrel when [17]
(2010) used with PPl other than pantoprazole.
Kreutz et al. Observational study MACE Observed an increased rate of MACE on concomitant PPl and [18]
(2010) clopidogrel use.
Bhatt et al. Randomized controlled trial MACE and Gl events Found decreased rate of Gl events without increased risk of [20]
(2010) cardiovascular events with omeprazole use.
Charlot et al. Observational cohort study MACE and CV death Observed increased cardiovascular risk associated with PPl use, [13]
(2010) independent of clopidogrel use
Charlot et al. Observational cohort study MACE and CV death Observed increased risk of adverse cardiovascular events in [21]
(2011) aspirin and PPI-treated patients with first-time myocardial
infarction.

Stockl et al. Observational study CV rehospitalization Found increased risk of rehospitalization with PPl and clopidogrel [22]
(2010) risk use.
Shah et al. Observational study MI risk Observed increased risk of myocardial infarction with PPl use. [34]
(2015)
Sherwood etal.  Meta-analysis CV outcomes Found increased risk of CV events of mortality in patients taking [35]
(2015) PPI.
Lézaro et al. Observational study Heart failure and Found increased risk of heart failure and death with PPl use. [26]
(2017) death
Dahal et al. Meta-analysis MACE and Gl events Concluded that PPIs improve Gl outcomes without an increased [27]
(2017) cardiovascular risk.
Moayyedi et al. Randomized controlled trial Safety of PPls Demonstrated no difference in CV outcomes in patients receiving [29]
(2019) PPI with either rivaroxaban or aspirin.
Rooney et al. Longitudinal cohort CV events and Observed increase in CV events and hypomagnesemia in elderly [32]
(2021) hypomagnesemia PPI users.
Bell et al. (2021) Observational study Cardiovascular Found increased risk of cardiovascular disease and heart failure [28]

disease and heart with PPl use.

failure
Nolde et al. Meta-analysis Cardiovascular Found no increased risk on first CV events in long term PPl use. [6]
(2022) events
Jeridi et al. Meta-analysis of RCT MACE Found concomitant PPl and clopidogrel use was linked to an [33]
(2023) increased risk of MACE.

CV: Cardiovascular; Gl: Gastrointestinal; MACE: Major adverse cardiovascular event; MI: Myocardial infarction; PPI: Proton pump inhibitor; RCT: Randomized control

trial” to table dictionary

2.4. Clopidogrel

Clopidogrel remains the agent of choice for DAPT fol-
lowing PCl due to reduced costs and concerns of higher
bleeding risks with prasugrel and ticagrelor. Clopido-
grel is a pro-drug that requires hepatic activation by
the CYP450, primarily CYP2C19, which is also responsi-
ble for the metabolism of PPI, leading to competitive
inhibition. (Table 2, summarizes antiplatelet medication
metabolism) [39-41].

Observational evidence by Juurlink et al. suggested
that pantoprazole, a PPl with weak inhibition of the
CYP450 2C19 enzyme, responsible for clopidogrel
metabolism to its active form, had no association with
readmission for MI [17] However, a crucial limitation of the
study by Juurlink et al. is the lack of subgroup analysis for
patients taking pantoprazole compared with those using
other PPIs. This lack of detailed information regarding
baseline characteristics hinders a definitive explanation
for the observed difference with pantoprazole.

Observational data from Sherwood et al. and the
COGENT trial further corroborate this interaction [35].
These studies have consistently demonstrated a signif-
icant association between omeprazole and clopidogrel,

attributable to omeprazole’s inhibition of the CYP2C19
enzyme. This interaction underscores the critical impor-
tance of considering its potential implications when
prescribing these medications concurrently.

Gillard et al. conducted a double-blind study to directly
assess the impact of PPls on clopidogrel’s effective-
ness [42]. Their findings revealed a potential decrease in
clopidogrel’s platelet inhibitory function when used in
conjunction with certain PPIs, particularly omeprazole.

Ho et al. found a significant association between
clopidogrel use and PPI with re-hospitalization for ACS
and all-cause mortality [43]. Rehospitalization or death
due to ACS occurred in 29.8% of PPl users and 20.8%
of non-PPI users (aOR, 1.25 95% Cl: 1.11-1.41). The
secondary outcomes analyzed were also higher between
patients taking clopidogrel and PPl compared with those
taking clopidogrel without PPI; recurrent hospitalization
for ACS (14.6% vs. 6.9%, p < 0.001), revascularization
procedures (15.5% vs 11.9%, p < 0.001) and death (19.9%
vs. 16.6%, p < 0.001). The study identified a potential
link between the duration of combined therapy and
the severity of adverse outcomes. They reported that
each 10% increase in the cumulative duration of co-
treatment during the follow-up period was associated



with a statistically significant increase in the risk of both
death and hospitalization for ACS (OR 1.07, 95% Cl: 1.05-
1.09).

It is important to acknowledge potential limitations
that might have influenced these findings. Patients pre-
scribed PPIs in the study may have had a higher burden of
pre-existing medical conditions compared with the non-
PPl group. These comorbidities, such as coronary artery
bypass surgery history, peripheral artery disease, chronic
obstructive pulmonary disease, diabetes and lower left
ventricular ejection fraction, could independently con-
tribute to the worse clinical outcomes observed in the
combined therapy group.

Another limitation to consider is the potential for bias
due to undisclosed PPl use. Since the Ho et al. study was
conducted, PPIs have become readily available over the
counter, raising the possibility that some patients in both
groups might have been taking PPls without reporting
it. This unreported use could have skewed the results
toward a more negative association between combined
therapy and adverse outcomes.

These studies highlighted an increased risk of
major cardiac adverse events in patients with co-
administered clopidogrel and PPls. Consequently,
the FDA issued a public health advisory in 2009,
warning against the concomitant use of clopidogrel and
omeprazole due to the potential for drug interactions
[44].

2.5. Prasugrel

Prasugrel is a newer and more efficient agent for pre-
venting thrombotic events after PCl. Like clopidogrel,
it is a pro-drug metabolized primarily by CYP2B6 and
CYP2C19to a lesser extent. It is theorized that prasugrel’s
pharmacokinetics are less likely to be altered by CYP2C19
substrates or inhibitors.

O’Donoghue et al. performed an analysis of the
PRINCIPLE (Prasugrel In Comparison to Clopidogrel for
Inhibition of Platelet Activation and Aggregation)-TIMI
44 (primary end point: platelet function) and TRITON
(Trial to Assess Improvement in Therapeutic Outcomes
by Optimizing Platelet Inhibition with Prasugrel)-TIMI
38 (primary end point: cardiovascular death, MI and
stroke) [45]. In patients treated with clopidogrel, platelet
aggregation was lower in those treated with PPI than in
those not treated with PPI (23.2 £+ 19.5 vs. 35.2 4+ 20.9,
p = 0.02). Similar findings were seen in patients treated
with prasugrel and PPI versus those not treated with PPI
(69.6 £ 13.5% vs. 76.7 = 12.4, p = 0.054). When analyzing
primary outcomes, they found no association between
PPI use and treatment with clopidogrel or prasugrel (HR:
0.94,95% Cl, 0.80-1.11; HR: 1.00, 95% Cl: 0.85-1.20).
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An analysis of the TRANSLATE-ACS registry demon-
strated an association between discharge on a PPl and
elevated risk of MACE, defined as death, MI, revasculariza-
tion, or stroke (HR: 1.38,95% Cl: 1.21-1.58) [46]. However,
the effect of PPl use on the effectiveness of prasugrel
and clopidogrel, in preventing MACE, was not statistically
significant. Specifically, the HR for MACE with prasugrel
compared with clopidogrel was similar for both patients
taking PPIs and those not taking PPIs (HR: 1.07, 95% Cl:
0.90-1.28 vs. HR: 0.88, 95% Cl: 0.62-1.26). These findings
suggest that while PPIs may independently increase
MACE risk, they do not appear to moderate the response
to either P2Y12 inhibitor significantly. This observation
further supports the possibility of an intrinsic risk profile
associated with PPl use in this patient population.

Nicolau et al. conducted a secondary analysis of the
TRILOGY ACS trial to investigate the potential interaction
between PPl use and clinical outcomes in patients
with ACS managed conservatively (without revasculariza-
tion) [47]. A concerning trend emerged from the analysis:
patients receiving both a PPl and prasugrel exhibited a
significantly increased risk of Ml compared with those
on prasugrel alone (HR: 1.38, 95% Cl: 1.21-1.58). Notably,
the risk of MI was even higher in the clopidogrel group
receiving PPIs (HR: 1.61, 95% Cl: 1.19-2.17).

Considering the potential metabolic interaction
between PPIs and P2Y12 inhibitors, particularly
clopidogrel, these findings suggest a possible

attenuation of the beneficial antiplatelet effect when
used concurrently. However, it's important to note
that previous randomized controlled trials have also
reported an increased rate of events in patients taking
clopidogrel alone [48]. Interestingly, the study found no
association between PPl use and altered platelet function
as measured by platelet aggregation tests. This points
toward a mechanism beyond direct inhibition of platelet
activity, necessitating further investigation to elucidate
the underlying processes.

2.6. Ticagrelor

Ticagrelor is a reversible antiplatelet agent approved
for use in ACS that, unlike prasugrel and clopidogrel,
does not require metabolic activation by CYP enzymes.
However, ticagrelor is both a substrate and weak inhibitor
for P-glycoprotein, an efflux transporter in the intestinal
epithelium that plays a role in drug absorption, distri-
bution and resistance [49]. PPIs may inhibit P-gp and
promote drug-drug interactions by altering metabolism.

An ad hoc analysis of the PLATO trial by Goodman et al.
determined that increased CV events were associated
with both clopidogrel and ticagrelor regardless of PPI
use [50]. Considering that ticagrelor does not require
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biotransformation by the CYP enzymes, it suggests that
the association of the PLATO trial may be due to con-
founding and that it represents a marker of cardiovascular
risk rather than a causative agent. This further supports
the hypothesis by Nicolau et al. that PPl might just be a
marker of increased comorbidities, as similar outcomes
with prasugrel were seen [47] (Table 3).

2.7. PPl & electrolyte homeostasis

2.7.1. Calcium

Calcium is a critical intracellular molecule that plays
multiple roles in myocardial depolarization, membrane
stabilization and sarcomere contraction. Its absorption is
presumed to be affected by PPI through several mecha-
nisms as it depends on the stomach’s acidic environment
promoting the ionization of calcium before it can be
absorbed [51-53]. Data also supports that PPl-induced
hypochloremia reduces the bioavailability of calcium,
especially in older adults [51].

Furthermore, increased gastrin secretion and sub-
sequent suppression of somatostatin have also been
studied in animals, increasing PTH expression and leading
to bone resorption. These mechanisms were supported
by the 2023 cross-sectional study conducted by Fitz-
patrick et al. [52]. A retrospective study by Hinson et al.
found higher levels of PTH (65.5 vs 30.3 pg/ml, p < 0.001,
normal range 10-55 pg/ml) and lower calcium (9.1 vs.
9.4 mg/dl, p = 0.02; normal range 8.5-10.5 mg/dl) in
PPI users versus non-users despite concomitant use of
bisphosphonates [51].

Since the 1960s, research has linked hypocalcemia
to significant cardiovascular complications [54]. This
connection has been further strengthened by stud-
ies demonstrating poorer cardiovascular outcomes and
increased mortality in patients with hypocalcemia [55,56].
Aretrospective study by Yamaguchi et al. further supports
this association, finding that hemodialysis patients with
low ionized calcium levels were more likely to experience
both increased mortality and cardiovascular issues [57].

Wang et al. also proposed an inverse association
between serum calcium and outcome in CAD [58]. In this
study, patients with lower serum calcium on admission
presented with higher in-hospital mortality. They also
propose alterations of the cardiac electrical activity
extension in cardiomyocytes: lower calcium levels delay
the closure of L-type calcium channels and extend the
plateau phase (phase 2) of the cardiac action potential.

An increase in duration of the cardiac depolarization
can lead to prolongation of the QT interval and the
development of ventricular arrhythmias, a phenomenon
that will be discussed in subsequent sections [59].
Moreover, hypocalcemia can also contribute to myocar-

dial contractile dysfunction through impaired excitation-
contraction coupling and decreased intracellular calcium
levels, resulting in diminished contractility [60-63].

2.7.2. Potassium

The relationship between PPIs and potassium levels
remains complex. While some studies suggest a potential
association with a modest but statistically significant
increase in serum potassium, particularly in the elderly
and patients with baseline renal dysfunction, others
report cases of refractory hypokalemia that resolved
upon stopping PPIs [64-66]. This latter case involved
diarrhea caused by PPI-induced microscopic colitis, sug-
gesting an indirect effect. Further research is needed
to clarify the mechanisms underlying these seemingly
contradictory observations.

A meta-analysis by Xi et al. investigated the associa-
tion between serum potassium levels and mortality in
patients who had recently suffered an acute MI [67]. Their
findings revealed a U-shaped relationship, indicating that
elevated and decreased potassium levels from the normal
range were associated with an increased risk of death.
This observation aligns with previous research by Gu et al.
who explored the impact of calcium levels on post-MI
outcomes and similarly identified a U-shaped association
with mortality [68]. These findings highlight electrolytes’
critical role in maintaining myocytes’ cellular homeostasis
and electrical stability.

The study by Xi et al. suggests dyskalemias may
be associated with an increased risk of coronary CV
events [69,70]. Moreover, certain medications used in
CAD management, such as angiotensin-converting
enzyme inhibitors and aldosterone antagonists, can also
affect potassium levels and potentially interact with
PPIs [71]. While PPl use may be associated with a modest
rise in serum potassium, the clinical significance and part
of the impact on CV outcomes appear to be perpetuated
by an indirect and synergistic mechanism on cellular
action potentials and induction of myocyte failure and
arrhythmias.

2.7.3. Magnesium

Magnesium is crucial in regulating ions’ transfer across
myocardial tissue and the intracellular balance of calcium
currents [72]. PPIs can disrupt the delicate balance of
magnesium in the body. This disruption primarily occurs
through areduction in intestinal absorption, mediated by
the inhibition of transient receptor potential melastatin
6 and 7 channels in the apical membrane of ente-
rocytes [73,74]. These channels play a pivotal role in
facilitating magnesium uptake from the intestinal lumen
and their inhibition can lead to hypomagnesemia.



Table 3. Common antiplatelet drugs and metabolic pathway.
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Drug Mechanism of action Pro-drug Metabolized by CYP (isoenzyme) ~ Common prescribed dose

Clopidogrel P2Y12 receptor antagonist Yes Yes (CYP2C19, CYP3A4) 75 mg once daily (loading dose of 300-600 mg)
Ticagrelor P2Y12 receptor antagonist No Yes (CYP3A4, CYP3A5) 90 mg twice daily (loading dose of 180 mg)
Prasugrel P2Y12 receptor antagonist Yes Yes (CYP3A4, CYP2B6) 10 mg once daily (loading dose of 60 mg)
Aspirin COX-1 inhibitor No No 75-162 mg once daily (loading dose of 324 mg)

COX-1: Cyclooxygenase-1; CYP: Cytochrome P450.

Concerns about this association between PPl use
and hypomagnesemia emerged in the early 20th cen-
tury, leading to research that ultimately prompted the
FDA to issue a safety communication in 2011 [75,76].
A systematic review of sixteen observational studies
conducted by Srinutta et al. found that high-dose PPI
was associated with higher odds of hypomagnesemia
compared with low-dose PPl (OR 2.13, 95% Cl: 1.26-
3.59). Subsequently, low-dose PPI users had higher odds
of hypomagnesemia compared with non-users (OR 2.61,
95% Cl: 1.44-4.71) [74].

Building upon this research, Kieboom et al. investi-
gated the potential link between hypomagnesemia and
the combined use of PPls and loop diuretics [77]. The
study found that PPl use alone was associated with lower
magnesium levels than no PPl use (OR 2.00, 95% Cl:
1.36-2.93). This effect was further potentiated when loop
diuretics were also administered (OR 7.22, 95% Cl, 1.7-
30.8).

A follow-up study by Kieboom et al. identified a
significant association between low magnesium levels
and an increased risk of both coronary heart disease
(CHD) and sudden cardiac death (SCD) [78]. Individuals
with hypomagnesemia exhibited a statistically significant
increase in CHD and SCD (HR: 1.36, 95% Cl: 1.09-1.69 and
HR: 1.54, 95% Cl: 1.12-2.1). Interestingly, the study also
revealed a protective effect of higher magnesium levels
against CHD development.

These findings align with the substantial influence of
magnesium in regulating cellular homeostasis and func-
tion, which may contribute to elevated cardiovascular
mortality through impaired myocyte homeostasis and
function. Magnesium plays a crucial role in regulating the
duration of the myocyte’s action potential [79]. Hypomag-
nesemia can lead to electrocardiographic abnormalities
such as ST-segment depressions, shortened PR intervals
and prolonged QT intervals, all indicators of potential
arrhythmias [80].

Magnesium also plays a role in the regulation of
the vascular interface and myocyte functions. A seminal
case report by Skogestad and Aronsen first hinted at a
possible link between hypomagnesemia and coronary
vasospasm [81]. Hiroki et al. investigated the effect
of magnesium infusion on coronary vasospasm [82].
Their study demonstrated that intravenous magnesium

infusion induced coronary vasodilation and counteracted
the effects of acetylcholine-induced vasospasm.

In animal research, magnesium infusion before reper-
fusion of occluded coronaries led to a decrease in infarct
size, an effect attributed to decreased reperfusion injury
and direct cellular mechanism [83]. Nonetheless, large
clinical trials comparing magnesium infusion to placebo
failed to demonstrate the protective effect of magnesium
post-MI and therefore have not translated into clinical
practice [84].

Magnesium deficiency can disrupt ion gradients and
calcium handling, potentially compromising cardiac func-
tion and precipitating arrhythmias. As a cofactor for Na/K-
ATPase and sarcoplasmic/endoplasmic reticulum Ca2+-
ATPase pumps, magnesium plays a pivotal role in main-
taining proper ion balance and calcium regulation during
myocyte contraction and the action potential [85,86].
The delicate equilibrium of calcium within the cellular
cytoplasm is essential for myocyte contractility and
action potential duration and can significantly influence
the risk of heart failure and ventricular arrhythmias
[86,871.

Additionally, observational evidence indicates a
potential link between the combined use of PPIls and
QT-prolonging drugs with an increased risk of QTc
prolongation, a precursor to torsades de pointes (TdP), a
potentially life-threatening ventricular arrhythmia [88].
In a small observational study, patients with TdP were
frequently found to have PPI-induced hypomagnesemia,
which was significantly associated with an increased risk
of ventricular arrhythmias [89].

Following the studies linking PPl use to TdP, commonly
prescribed PPIs (omeprazole, lansoprazole and pantopra-
zole) have been listed on crediblemeds.com as drugs
associated with ventricular arrhythmias and TdP since
2020 [90]. Consequently, the FDA has recommended
periodic magnesium monitoring for patients taking PPI
for more than two weeks [59].

Larger studies have further corroborated this associ-
ation. A nationwide Danish case-control study involving
over 275,000 cases found an increased risk of out-of-
hospital cardiac arrest (OHCA) in patients taking PPIs com-
pared with non-users. (OR: 1.32, 95% CI: 1.28-1.37) [91].
Notably, current, but not past, use of pantoprazole and
esomeprazole were associated with the highest odds of
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OHCA (aOR 1.52, 95% Cl: 1.45-1.60 and aOR 1.34, 95% Cl:
1.23-1.45, respectively).

Furthermore, a retrospective study by Fan et al. eval-
uated PPIl-induced hypomagnesemia in a clinical setting
by examining ECGs in over 24,000 intensive care unit
patients [92]. They revealed a significant increase in QT
prolongation among those taking PPls compared with
those taking H2RA or no acid suppression therapy (OR
1.66, 95% Cl: 1.36-2.03 and OR 1.54, 95% Cl: 1.31-1.82),
independent of other known QT-prolonging factors.
Notably, pantoprazole and lansoprazole demonstrated
a higher risk of TdP than omeprazole, suggesting that
different cellular mechanisms might be involved.

2.8. PPl effect on myocyte homeostasis

Beyond the electrolyte-altering effects of PPI, recent
evidence has highlighted the direct effect on cellular
electrophysiology in the cardiac myocyte. A common
mechanism of QTc prolongation is the blockage of
the human ether-a-go-go-related gene (hERG) channel
which conducts the myocardial rapid delayed rectifier
potassium current responsible for myocardial depolariza-
tion [93].

A study published in Circulation highlighted the class
effect inhibition of PPIs by directly binding to the hERG
channel [94]. The study analyzed over 4,000 US veterans,
finding that PPl use was independently associated with
a 20% to 40% increase in QTc duration, even when
accounting for magnesium levels and other known QT-
prolonging factors, suggesting the direct cellular mecha-
nism to be in effect. Furthermore, the study identified sex,
age and racial differences in susceptibility to PPl-induced
QTc prolongation, suggesting potential phenotypic vari-
ations in the hERG channel across different population
groups.

Additionally, a novel study by Lorberbaum et al.
combined data mining and laboratory experiments to
identify a concerning interaction between lansoprazole
and ceftriaxone [95]. They detected longer QTc inter-
vals in patients taking both medications. Follow-up
experimental data revealed that both drugs block the
hERG channel, leading to significant QTc prolongation,
predominantly in white males (12 ms increase, 95% Cl:
6.5 to 17 ms, p < 0.001). Although this effect was not
observed with other cephalosporins, it is noteworthy due
to the widespread concurrent use of ceftriaxone and PPlIs
in the hospitalized population.

Further supporting these findings, a Canadian study
by Bai et al. retrospectively reviewed over 31,000 patients
admitted to medicine wards and treated with both PPls
and ceftriaxone [96]. After propensity-matched scoring,
patients prescribed lansoprazole had a higher risk of

ventricular arrhythmias or cardiac arrest when compared
with other PPls (ARD 1.7%, 95% Cl: 1.1-2.3). Similarly, a
Japanese study demonstrated a mean increase in QTc
prolongation (12 ms) and risk of ventricular arrhythmia
and cardiac death in patients receiving lansoprazole
and ceftriaxone despite administration route (oral vs
intravenous) [97]. This effect was also seen in patients
taking intravenous omeprazole but not orally. This could
be related to the weaker effect of omeprazole on the hERG
channel combined with lower plasma concentrations of
the oral form [94].

2.9. PPI & vascular function

The vascular endothelium, a single layer of specialized
cells lining the inner surface of blood vessels, plays
a critical role in maintaining cardiovascular health. It
orchestrates various vital functions, including regulating
blood flow, vascular growth and permeability. A healthy
endothelium actively releases signaling molecules that
influence the growth and behavior of surrounding
smooth muscle cells, ensuring proper vascular function.
However, disruptions in these finely tuned processes can
lead to vascular senescence, characterized by a decline
in endothelial cell function and an increased risk of
cardiovascular complications [98].

Aging contributes to vascular senescence by weaken-
ing endothelial cells’ anti-inflammatory and antioxidant
defenses, making them more susceptible to oxidative
stress and inflammation. This age-related decline in
endothelial function increases vulnerability to cardio-
vascular diseases in older individuals. We will explore
the potential impact of PPIs on vascular senescence,
considering the potential mechanisms by which PPIls
might contribute to this process.

Emerging evidence suggests that PPls might dis-
rupt the delicate molecular balance within the vascular
endothelium. In a biochemical ex vivo study, conducted
with endothelial cell culture, Ghebremariam et al. pro-
pose a novel mechanism by which PPIs may contribute
to vascular dysfunction [99]. Their findings indicate that
PPIs inhibit the activity of dimethylarginine dimethy-
laminohydrolase (DDAH), an enzyme crucial for metabo-
lizing asymmetrical dimethylarginine (ADMA). This inhi-
bition leads to unimpeded ADMA accumulation, which
competes with nitric oxide (NO) synthase for binding
sites. Consequently, compromised NOS function results
in decreased NO synthesis, potentially increasing the
risk of vascular inflammation, thrombosis and impaired
vasodilatory function.

To validate the results of their in vitro study, Ghe-
bremarian et al. conducted a crossover study to inves-
tigate the effects of lansoprazole on vascular endothe-



lial function [34]. In this study, participants received
either lansoprazole or a placebo for four weeks, with
measurements of ADMA levels compared with tono-
metric results of vascular blood flow. Even though
patients taking PPl demonstrated worsening ADMA
levels, the study did not reach statistically significant
differences in vascular endothelial function between the
two groups.

However, several limitations must be considered when
interpreting these findings. Firstly, the sample size was
relatively small, potentially limiting the study’s ability
to detect subtle effects. Secondly, more than the short
duration of PPl use (four weeks) might have been
required to capture long-term consequences on vascular
health. As previously described, the vascular endothelium
can compensate for short-term imbalances by utiliz-
ing alternative vasodilatory pathways independent of
nitric oxide, the enzyme inhibited by elevated ADMA
levels [100,101]. This compensatory mechanism might
explain the absence of observed endothelial function
differences despite potential changes in ADMA levels.

Further supporting this potential link, a 2016 meta-
analysis by Schlesinger et al. demonstrated a significant
association between elevated ADMA levels and increased
cardiovascular events (RR 1.33, 95% Cl: 1.22-1.45) [102].
This association strengthens the notion that impaired
ADMA metabolism due to PPl use might contribute
to vascular senescence. These findings highlight the
intricate interplay between molecular processes and
endothelial health, warranting further investigation into
the long-term effects of PPIs on vascular function.

A German cross sectional study evaluated the effect of
PPl use on vascular function by ultrasound flow mediated
vasodilation measurements of the brachial artery [103].
The found lower endothelial function by FMD in patients
taking PPl when compared with non users (-0.99, 95%
Cl: -1.96 to -0.02). Despite the limitations in this study,
which included a relatively small sample size of 87
predominantly German participants, the findings offer
valuable insights in an in vivo cohort. The predominant
PPls used were omeprazole and pantoprazole, with a
mean duration of use of 7 days. This duration is notably
shorter than the typical treatment course for most PPI
indications, which often exceeds two weeks.

Yepuri et al. further explored the cellular effects
of PPl [104]. Their study identified elevated protein
aggregates, increased levels of reactive oxygen species
and accelerated telomere erosion in individuals taking
esomeprazole. These cellular changes have a cascading
effect, ultimately leading to endothelial dysfunction.
Interestingly, ranitidine did not exhibit these detrimental
effects on cellular aging processes, suggesting that PPIs
may have a specific mechanism affecting these pathways.
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The previous findings suggest that PPl-induced dys-
regulation of vascular NOS and increased vascular senes-
cence may be a novel mechanism explaining the asso-
ciation between PPl use and MACE and mortality.
This alternative metabolic pathway offers a compelling
explanation compared with CYP drug interactions with
antiplatelets, as the increased risk is observed even with
drugs not metabolized by this pathway.

3. Conclusion

While PPls remain a mainstay in treating Gl disorders,
recent research suggests a potential association with
increased CV risk during prolonged use, particularly
through mechanisms involving cellular damage, drug
interaction and metabolic abnormalities. However, the
picture remains complex. Observational studies report
a link with adverse CV events, yet randomized con-
trolled trials lack consistent confirmation. Confounding
by underlying medical conditions in PPl users is a concern
in observational studies.

Mechanistic considerations include potential PPI-
induced electrolyte imbalances affecting cardiac function
and vascular integrity. However, evidence regarding
these mechanisms remains largely theoretical.

Clinicians face a challenge in balancing PPl benefits
against potential CV risks. A meticulous assessment of
each patient’s CV risk profile is essential and a risk-
benefit discussion of PPl therapy is warranted. Alternative
Gl therapies should be explored for high-bleeding risk
patients. For patients requiring long-term PPI therapy,
careful monitoring of electrolyte levels and QTc intervals
is essential. Additionally, selecting PPls with a lower
potential for CYP interactions, such as pantoprazole
or rabeprazole, may be prudent. This approach can
help mitigate the risk of adverse cardiovascular events
associated with PPl use.

Further research is needed to elucidate the mecha-
nisms linking PPIs to CV health and determine long-term
vascular effects. Studies investigating interactions with
novel anticoagulants are warranted due to their increased
use in the past decade.

4. Future perspective

The intricate relationship between PPIs and CV risk neces-
sitates ongoing investigation to fully elucidate its under-
lying mechanisms and implications. Future research
should focus on evaluating interactions between PPls and
novel cardiovascular medications, exploring the direct
cellular mechanisms by which PPIs might impact cardio-
vascular health and conducting more prospective studies
to minimize bias and confounding variables. By address-
ing these research gaps, we can better understand
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the complex interplay between PPIs and cardiovascular
health, enabling clinicians to make informed decisions
regarding PPl use and mitigating potential cardiovascular
risks for their patients.

Article highlights

- The widespread use of proton pump inhibitors (PPI) has risen
dramatically in recent years, yet their potential cardiovascular risks
remain uncertain.

« PPIs can influence the metabolism of clopidogrel, an antiplatelet
agent, by affecting hepatic cytochrome P450 (CYP) enzymes,
particularly CYP2C19.

« PPIs may elevate cardiovascular risk through mechanisms beyond
drug interactions.

« Chronic PPl use has been associated with electrolyte imbalances,
notably hypocalcemia and hypomagnesemia, which are crucial for
maintaining cellular homeostasis.

« PPl-induced intracellular disturbances can precipitate
life-threatening arrhythmias, including torsade de pointes.

+ PPIs, through both direct and indirect mechanisms, can disrupt
cellular electrolyte balance, thereby impairing myocyte function
and potentially contributing to the development of heart failure.

« PPIs may exert a direct influence on vascular regulation, potentially
accelerating vascular senescence through intricate cellular
mechanisms.

- Future research should investigate these mechanisms and
potential interactions with novel cardiovascular medications.
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