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Abstract: Balancing the therapeutic advantages of a medicine with its possible risks and side effects
is an important part of medical practice and drug regulation. When a drug is designed to treat a
particular disease or medical condition ends up causing additional risks or side effects that lead
to the development of other serious health problems, it can have detrimental consequences for
patients. This article explores the correlation between persistent proton pump inhibitor (PPI) use
and hypertension, a common cardiovascular ailment. While PPIs are beneficial in treating various
gastrointestinal problems, their availability without a prescription has resulted in self-medication and
long-term use without medical monitoring. Recent findings have revealed a link between long-term
PPI usage and increased cardiovascular risks, particularly hypertension. This study investigates
the intricate mechanisms underlying PPI’s effects, focusing on potential pathways contributing to
hypertension, such as endothelial dysfunction, disruption of nitric oxide bioavailability, vitamin B
deficiency, hypocalcemia, and hypomagnesemia. The discussion explains how long-term PPI use
can disrupt normal endothelial function, vascular control, and mineral balance, eventually leading
to hypertension. The article emphasizes the significance of using PPIs with caution and ongoing
research to better understand the implications of these medications on cardiovascular health.

Keywords: hypertension; Proton Pump Inhibitor; adverse effects; endothelial dysfunction; hypocalcemia

1. Introduction

Proton pump inhibitors (PPIs) are highly regarded for their effectiveness in address-
ing various stomach acid-related issues and hold a significant place in today’s medical
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landscape [1]. PPIs are primarily prescribed by healthcare professionals, especially doc-
tors or gastroenterologists who specialize in treating gastrointestinal conditions. These
medical professionals are trained to diagnose and manage conditions including peptic
ulcers, gastroesophageal reflux disease (GERD), Zollinger-Ellison syndrome, and H. pylori
infection for which PPIs are commonly prescribed [2]. PPIs act by inhibiting the stomach
acid production widely used in short-term treatment of peptic ulcer disease; their use has
expanded to long-term and even lifelong use in specific patient populations. This includes
patients with GERD experiencing typical or atypical symptoms, as well as individuals
who use aspirin or nonsteroidal anti-inflammatory drugs (NSAIDs) and are susceptible
to gastrointestinal problems like perforation, bleeding, or gastric outlet obstruction [34].
Patients on dual antiplatelet therapy following coronary interventions are also commonly
given PPIs to prevent GI bleeding [5]. PPIs are now available over the counter in numerous
countries, enabling individuals to self-initiate their use without a prescription. This easy
accessibility has led to an increase in self-medication and prolonged use of PPIs without
a doctor’s recommendation [1]. The shift towards long-term PPI use in these cases is
based on the benefits of acid suppression in managing symptoms, promoting ulcer healing,
and reducing the risk of complications [6]. Recent research has shed light on a potential
connection between prolonged PPI use and increased cardiovascular risks, specifically
hypertension [7]. Hypertension is a prevalent and potentially serious medical condition
characterized by elevated pressure in the arteries, posing risks to cardiovascular health and
overall well-being. Since the etiology of hypertension is complex and multifaceted, it is
very difficult to predict the exact cause of hypertension [8-10]. It has been noted that certain
medications and treatments can occasionally lead to an increase in blood pressure, which
may be termed drug-induced hypertension [11]. An increase in blood pressure due to drug-
induced hypertension can stem from multiple mechanisms, with significant factors being
the retention of sodium and fluids, the stimulation of the renin-angiotensin-aldosterone
system (RAAS), changes in vascular constriction, or a fusion of these pathways [12]. The
mechanism behind PPI-induced effects has received limited research attention, leaving an
opportunity to investigate its precise cause. Preclinical studies have the potential to estab-
lish a connection of PPI long-term usage with endothelial dysfunction and Vitamin B12
deficiency. Additionally, PPIs have been associated with hypomagnesemia and hypocal-
cemia, which could potentially contribute to hypertension pathology. The focus of this
article is to look into the complex mechanism of PPIs, investigate the underlying compo-
nents that contribute to hypertension, and evaluate evidence that suggests a link between
chronic usage and high blood pressure, along with the potential consequences of such
an association.

2. Proton Pump Inhibitor and Overuse

PPIs remain among the most frequently prescribed drugs in numerous Western nations,
primarily because of their effectiveness and favorable safety record. It is undeniable that the
utilization of PPIs is consistently increasing each year in nearly all developed nations and
has become a concern for practitioners, as shown in Table 1 [13]. The primary causes for the
excessive use of PPIs are based on the following factors: the use of PPIs for preventing ulcers
in patients at low risk, the unnecessary use of PPIs in non-intensive care units for stress
ulcer prophylaxis, the use of steroid therapy alone, the administration of anticoagulant
treatment alone in the absence of predisposing factors for stomach and duodenal damage,
excessive treatment for functional dyspepsia (FD), and an inappropriate identification of
acid-related disorders [13-15]. In addition, the cases of these inadequate treatments are
documented by general practitioners without periodic reevaluation of critical aspects of
prolonged therapy [16]. The data from the study reveals that, on average, more than 57% of
patients admitted to general medical wards and approximately 50% of patients treated in
primary care settings are using these drugs inappropriately [17]. The increasing availability
of these drugs has raised concerns about their potential impact on cardiovascular health,
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health problem.

particularly their potential association with hypertension, which is a widespread global

Table 1. Shifting Patterns in PPI Prescription Trends around the world in the 21st century.

Study Type Population Country Time Period Inference Reference
PPI prevalence increased
. Population of age up to 15%, in which 26%
Cohort analysis more than 18 years UK 1990-2014 used PPI long term and [18]
3.9% used it for 5 years.
PPI usage increases four
Retrospective . times in infants;
observational Infants of age less United St.ates of 1999-2004 lansoprazole and [19]
than 1 year America
study omeprazole are
used mainly.
Adults aged
Prescrip tion between > an.d 15 Denmark 20002014 PPI use raised to 4 times [20]
analysis with a median
age 12
A total of 8 times
increment in the
Prescription Children of dispensing rate of PPIin
anal psis Denmark aged Denmark 2000-2015 Danish children’s [21]
¥ between 0-17 years prescriptions, and
omeprazole is the most
frequently used PPI
Patients of the Increase in prescription
Retrospective emergency United States of rate from 3% to 7.2%, with
. . 2001-2010 . [22]
analysis department aged America pantoprazole being the
more than 65 most utilized.
Increase in the global
dispensing of PPIs from
.. 12.5% in 2002 to 18.1% in
Prescription Individuals of any 2015. Omeprazole is the
Pt age group with a Spain 2002-2015 ) P . [23]
analysis mean age 62 most prescribed PPI in
& this period, and the most
frequent age group was
above 65
. . Prescription rate in
Retr;)tipde ctive g)eﬁif:(l)g :i§g8% China 2007-2016 inpatient increased from [24]
y 20.41% to 37.21%.
Inappropriate PPI
Retrospective Population of age prescription increased
stupd 18 or older with Switzerland 2012-2017 from 4.8% to 6.4%, and the [25]
y mean age 51.2 annual incidence of PPI
also rose to 4%
. . Increase in the use of PPI,
Cross-sectional ~— Adult population g 4, A i 2019 with pantoprazole being [26]
retrospective study  of age 3040 years .
the most prescribed

3. PPIs over Time: Risks of Extended Use and High Dosages

While it is true that PPIs are generally regarded as safe and efficiently tolerated, it is
essential to note that they can still have potential adverse effects, especially with long-term
or high-dose use, as shown in Figure 1. Patients may occasionally experience mild adverse
effects such as rashes, dizziness, headaches, and digestive issues like constipation, nausea,
stomach discomfort, flatulence, or loose stools with short-term use of PPIs, which are
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reversible in nature or disappear once the drug administration has been discontinued [27].
Numerous recent studies have documented that excessive prescribing of PPIs can result
in a rise in the occurrence of negative outcomes among patients. These adverse events
encompass enteric infections like community-acquired pneumonia, Clostridium difficile
diarrhea, hip fractures, gastric carcinoids, hypomagnesemia, nutritional deficiencies, as
well as chronic kidney disease, ischemic heart disease, and dementia [28]. Additionally, it
is important to consider the potential serious and long-term effects associated with PPI use.
While PPIs are typically well-accepted, there have been reports of more significant adverse
effects that should be taken into consideration. Long-term PPI use has been connected with
certain risks, including an increased likelihood of bone fractures, especially among elderly
individuals or those with other risk factors for osteoporosis [29]. Prolonged use of PPIs may
also lead to vitamin and mineral deficiencies, such as magnesium, calcium, and vitamin B12,
especially in elderly and malnourished patients, which can have implications for overall
health [30]. There have been suggestions of potential links between extended usage of
PPIs and an increased risk of certain conditions, like gastric cancer, chronic kidney disease,
gastrointestinal infection, loss of memory, respiratory infection, and community-required
pneumonia [27,31]. The utilization of PPIs has been independently associated with an
increased risk of experiencing an initial cardiovascular incident. This association aligns with
existing findings suggesting that PPIs can have negative effects on vascular function [32].
One of the case—control studies demonstrated that long-term usage of PPIs at a low dosage
was found to be significantly linked to a 29% increased absolute risk of experiencing an
ischemic stroke as well as a 36% increased absolute risk of having a myocardial infarction
(MI) when compared to those not undergoing prolonged PPI treatment [33]. Another
study on clinical trial data of patients solely using PPIs discovered a significant link
between intake of PPIs and a 70% higher risk of experiencing cardiovascular events in
individuals with GERD. Particularly, omeprazole, among the various PPIs, exhibited a
stronger affinity for elevating cardiovascular risks. Additionally, prolonged PPI therapy
demonstrated an augmented likelihood of adverse cardiovascular events [34]. However,
various studies indicated that PPI induced cardiovascular effects along with a possible
pathway, but the relationship between hypertension and chronic use of PPI is still under
research as hypertension is multifactorial and finding out the exact etiology behind this is
quite difficult [35]. According to the WHO, approximately 1.28 billion individuals aged 30
to 79 globally are affected by hypertension, with the majority (around 70%) living in nations
with lower to middle-income levels. Recently, a pharmacovigilance investigation was
carried out to investigate the link between PPI usage and the occurrence of cardiovascular
events using data obtained from the database of the FDA adverse event reporting system
spanning the period of 2015 to 2019. The findings of this study indicated that the impact on
vascular function outweighed the effect on cardiac function, suggesting a more substantial
influence on blood vessels [35].
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Figure 1. Unintended adverse effects of PPI utilization.

4. Impacting Blood Pressure: PPIs and Their Potential Association with Hypertension

Although chronic intake of PPIs has an indirect association with hypertension, there are
some complex pathways that may initiate after chronic intake of PPIs and may ultimately
be responsible for hypertension. Following are the possible pathways that can initiate the
cascade of a rise in blood pressure when abusing PPIs or properly used for the long-term.

4.1. PPIs and Their Influence on Dimethylarginine Dimethylaminohydrolase Enzyme: Implications
for Endothelial Dysfunction

Endothelial dysfunction, marked by reduced availability of nitric oxide (NO), serves
as a significant contributor to the risk of hypertension and cardiovascular disease and
may represent a connection between the conditions. Studies indicate that NO has a cru-
cial function in controlling blood pressure, and damaged NO bioactivity is an important
factor in the development of hypertension [36]. The endothelium of blood vessels acts as
a single cell layer located between the inner cavity of blood vessels and smooth muscle
cells [37]. NO, a soluble gas, is consistently generated from the amino acid L-arginine
within endothelial cells by an enzyme called nitric oxide synthase (NOS), which relies on
calcium calmodulin for its activity [38]. There are three types of NOS found in endothelial
cells: neuronal (nNNOS), endothelial NOS (eNOS), and inducible NOS (iNOS). NOS requires
various co-factors such as NADPH, tetrahydrobiopterin, oxygen, and flavin adenine nu-
cleotides to function properly. The endothelial form of NOS is primarily responsible for
the homeostasis of blood pressure [39]. In cases where endothelial dysfunction leads to
a lack of NO release, agonists that normally cause blood vessel dilation instead trigger
vasoconstriction by directly activating receptors in smooth muscle cells. This occurs due to
increased intracellular calcium levels within the smooth muscle cells, which causes them
to contract. However, when the endothelium is healthy, the potent vasodilatory effect of
NO counteracts this response [40]. The guanidino-substituted analogs of L-arginine can
block the formation of NO by acting competitively at the binding site of the enzyme. An
example of such an analog is asymmetric dimethylarginine (ADMA), a substance detected
in both human plasma and urine that functions as a natural antagonist of NO synthase. An
increase in ADMA levels leads to endothelial dysfunction, which gains attention clinically
due to the reduced ability of the endothelial to dilute blood vessels as well as elevated
platelet aggregation and increased adhesion of monocytes [41]. ADMA is released dur-
ing the breakdown of cellular proteins that possess methylarginine components, and its
main removal occurs via the action of the enzyme dimethylarginine dimethylaminohy-
drolase (DDAH), a cytosolic enzyme ubiquitously expressed across various cell types.
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The primary reason for the increase in ADMA levels in the body is the disturbance in
the DDAH function [42,43]. In a meta-analysis study, it was found that prolonged use of
PPIs could potentially inhibit the activity of the DDAH enzyme and thereby decline the
production of endothelial NO and impair vascular endothelial function [44]. In an ex vivo
study, lansoprazole and omeprazole suppressed DDAH activity reversibly, resulting in
a reduction in intracellular NO levels. This study concluded that impaired NOS activity
in the cells could decrease the vasodilation function of the blood vessels, which could be
responsible for the development of hypertension [45]. Another in vitro study explained
that PPIs significantly increased the ADMA concentration via inhibition of the DDAH
enzyme. PPI, when tested for concentration-dependent inhibition in the study, it was found
that lansoprazole, omeprazole, and rabeprazole followed this pattern while esomeprazole
and pantoprazole did not [46]. A cross-sectional analysis explained that the long-term
use of PPI was evaluated in relation to the ADMA in the healthy population. This study
showed evidence for the notion that PPI intake decreased NO availability in the endothelial
cells and caused vascular endothelial dysregulation [44]. It has also been demonstrated
that elevated plasma concentrations of ADMA can be seen in hypertensive patients [47].
Although endothelial dysfunction might additionally play a role in the elevated peripheral
resistance by various pathways that result in increased constriction and structural, mechan-
ical and functional changes in resistance arteries linked to the emergence and complexities
of hypertension and its effects [48]. When NO production is compromised, as observed
with PPI-induced endothelial dysfunction on prolonged use, there is a diminished ability
to dilate blood vessels, contributing to increased vascular resistance and hypertension
as shown in Figure 2. Esomeprazole, a PPI, was explored in an in vitro study using hu-
man microvascular endothelial cells. It negatively impacts the activity of the endothelial
lysosomal enzymes and causes proteostasis which is involved in cellular dysfunction and
acceleration of the aging process. This study explains how esomeprazole upregulated
the expression of the p21 gene, a cell cycle inhibitor. In the esomeprazole-treated group,
the expression of the plasminogen activator inhibitor (PAI-1) is upregulated which clearly
indicates endothelial senescence. Furthermore, endothelial senescence is linked to the
telomere length in endothelial cells. Six genes (POT1, TRF1, TIN2, TRF2, RAP1, and TPP1)
encode the shelterin complex responsible for controlling and preserving telomere length
and function, and results show that all six genes are downregulated by esomeprazole [49].

Homocysteine

Tl
Vitamin B12 . .
A Mzﬂionine *Oz ONOO

Dysfuncton " Hypertension

D - ®
: . E \
present in kNi”'ﬂre
the food % | Permeability

Figure 2. A Possible pathway connecting chronic PPI utilization with hypertension involves several
mechanisms. This pathology of hypertension commences with PPIs impeding the activity of the
DDAH enzyme responsible for ADMA metabolism. This heightened ADMA level reduces NO
synthesis and induces vasoconstriction. Furthermore, PPIs hinder the conversion of inorganic nitrate
in food to plasma NO by reducing stomach pH-mediated breakdown. Prolonged use of PPI decreases
the absorption of Vitamin B12 from the stomach, which leads to hyperhomocysteinemia and triggers
endothelial dysfunction. Exposure of NO to superoxide free radicals amplifies oxidative stress in
endothelial cells, contributing to endothelial dysfunction. These interconnected pathways collectively
disrupt normal endothelial function, ultimately culminating in hypertension.
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There is an alternate pathway for nitric oxide formation in the body, which comes from
inorganic nitrate found in food and is quickly assimilated in the small intestine. This ab-
sorption leads to an increase in nitrate levels within the bloodstream, subsequently getting
absorbed by the salivary glands. Nitrate is reduced to nitrite by nitrate reductase enzymes
produced by commensal bacteria. When the saliva is exposed to the acidic environment of
the stomach, nitrite undergoes a chemical reduction without the involvement of enzymes,
resulting in the formation of NO and various other biologically active substances related to
NO. Within this group of bioactive compounds, S-nitrosothiols function as stable donors of
NO or reservoirs of NO and are linked to beneficial cardiovascular effects [50-52]. In one
preclinical investigation, the impact of omeprazole and ranitidine was assessed in rats to
determine the influence of stomach pH on the production of nitric oxide (NO) in the gastric
region and bloodstream when provided prior to oral nitrates. The findings of the study
provide compelling evidence to support the conclusion that the administration of stomach
acid-reducing drugs, which result in an elevation in pH, effectively counteracts the hypoten-
sive effects of oral nitrite treatment [53]. In a reported study, when rodents are treated with
PPIs, such as omeprazole, it has been observed that the blood pressure-lowering effects of
orally administered sodium nitrite are reduced. Oral sodium nitrite is typically used as
a source of dietary nitrate and nitrite, which can be converted to NO in various tissues,
including blood vessels. This conversion occurs via a process involving the reduction in
nitrite to NO, mainly in an acidic environment such as the stomach. However, PPIs like
omeprazole work by inhibiting the production of gastric acid, thereby increasing the gastric
pH and creating a less acidic environment in the stomach. This change in pH can interfere
with the conversion of nitrite to NO, leading to a reduction in the production of NO from
dietary nitrate and nitrite. As a result, when rodents are treated with PPIs, the expected
hypotensive effects of oral sodium nitrite are reduced. This affects the regulation of blood
pressure in the body, which is typically mediated by the conversion of nitrite to NO, com-
promised due to the altered gastric environment caused by PPI administration [52,54,55].
In another investigation, the impact of omeprazole and ranitidine was assessed in rats
to determine the influence of stomach pH on the production of nitric oxide (NO) in the
gastric region and bloodstream when provided prior to oral nitrates. The findings of the
study provide compelling evidence to support the conclusion that the administration of
stomach acid-reducing drugs, which result in an elevation in pH, effectively counteracts
the hypotensive effects of oral nitrite treatment.

4.2. PPIs and Reduced Nitric Oxide Bioavailability via Vitamin B Deficiency

The absorption of vitamin B12 is primarily dependent on the intact gastric corpus
mucosa, which includes parietal cells found in the gastric glands of the stomach corpus
region. These cells have a crucial role in producing gastric acid and intrinsic factors, both
necessary for efficient vitamin B12 absorption [56]. A study conducted to investigate
the relationship between extended utilization of PPI and H2RA (H2 receptor antagonist)
use and the occurrence of vitamin B12 deficiency revealed a significant association. The
findings suggest that the prolonged usage of these acid-releasing inhibitors may increase
the likelihood of developing a deficiency of vitamin B12 [57]. A recent cross-sectional study
revealed a significant correlation between elevated plasma homocysteine levels and the
occurrence of hypertension, taking into account plasma folate and vitamin B12 levels [58].
Increased concentration of homocysteine in the blood is the most common laboratory
marker commonly used to indicate this deficiency. These increased homocysteine levels
have also been found to have a significant association with vascular deficits [59-61].

Vitamin B12 is essential for transforming homocysteine into methionine, and its
deficiency results in hyperhomocysteinemia, which directly relates to hypertension [58,62].
Homocysteine is a byproduct of methionine metabolism, and high levels of homocysteine
in the blood, known as hyperhomocysteinemia, have been linked to a range of negative
impacts on the cardiovascular system [63,64].
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The elevated homocysteine levels can impact the cardiovascular system by impairing
the vasodilation process mediated by reducing the availability of NO via an enzyme
asymmetric dimethylarginine (ADMA) by inhibition of NO synthetase [65]. NO serves as
a strong vasodilator, inducing the relaxation and expansion of blood vessels to support
optimal circulation of blood. However, homocysteine can interfere with the bioavailability
and action of NO, leading to reduced vasodilation and impaired blood vessel function [66].
Furthermore, elevated homocysteine levels can increase oxidative stress within the blood
vessels. Excessive homocysteine can lead to increased ROS production, which can damage
the endothelial cells that coat the inner walls of blood vessels and promote inflammation
and atherosclerosis [67,68].

Homocysteine also triggers the growth of smooth muscle cells found in the middle
layer of the blood vessel walls. Excessive growth of these cells can contribute to the forma-
tion of atherosclerotic plaques, leading to narrowing the blood vessels and compromising
blood flow [69]. Moreover, elevated homocysteine levels can alter the elastic properties
of the vascular wall. This can result in increased arterial stiffness, which is associated
with higher blood pressure [70]. In summary, elevated homocysteine levels can negatively
affect the cardiovascular system by impairing vasodilation, increasing oxidative stress,
stimulating smooth muscle cell growth, and altering the elasticity of blood vessels, leading
to the progression of hypertension, as depicted in Figure 2 [70,71].

4.3. PPIs Potentially Enhance Vasoconstriction through Hypocalcaemia

Calcium compounds present in the food need to undergo ionization before calcium
ions with a positive charge can be taken in the duodenum or small intestine with increased
ionization and solubility in an acidic environment. The pH level significantly impacts
the solubility of calcium, with the secretion of gastric acid and gastric acidity playing a
crucial role in the absorption of calcium from less soluble forms like calcium carbonate
and dietary sources. Currently, there is limited evidence from both animal and human
research indicating that chronic use of PPI might lead to a decrease in the absorption of
insoluble calcium [72]. It is believed that calcium is primarily absorbed in its ionized state
in the upper small intestine, and this ionization is aided by an acidic environment to free
calcium from its salt form or food complex. Preclinical research concludes that calcium
absorption could be diminished by PPIs, H2RAs, and achlorhydria, while acidic conditions
might enhance calcium uptake [73,74]. Insufficient acid secretion can result in minimal
dissolution (ionization) of calcium salts, leading to inadequate and less efficient absorption
of calcium [75]. In a study, omeprazole was administered with the diet to evaluate its effect
on calcium absorption from the small intestine, and it found that significant suppression
of gastric acid secretion increases the pH in the stomach and affects intestinal calcium
absorption [75,76]. PPIs hinder both natural and stimulated secretion of gastric acid,
resulting in elevated gastric pH levels that could potentially impact the ionization and
uptake of calcium compounds. In an animal study, it was demonstrated that pantoprazole
may cause retardation of calcium absorption by inhibiting the gastric proton pump [77].

In a rabbit model, the impact of omeprazole and esomeprazole on calcium levels was
investigated over a period of three months. The findings revealed a remarkable reduction
in serum calcium levels in the omeprazole group, whereas no connection was proposed
between decreased serum calcium levels and the use of esomeprazole in the study [78].
O’Connell et al. conducted a randomized crossover trial involving menopausal women
who received 20 mg of omeprazole for seven days, followed by a calcium supplement. The
level of calcium was measured 5 h after ingestion without food during the interval. The
findings indicated that omeprazole therapy had a significant impact on reducing calcium
absorption from calcium carbonate when taken by older women on an empty stomach
after an overnight fast [79]. Graziani et al. conducted a different study where it was
observed that omeprazole led to a reduction in calcium plasma levels when administered
to healthy subjects prior to eating [80]. The exact mechanism through which PPIs affect
bone metabolism remains uncertain. One hypothesis proposes that PPIs could potentially
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decrease the absorption of calcium in the intestines by raising the gastric pH, which may, in
turn, impact the dissolution of calcium salts derived from dietary sources. A consequence
of reduced calcium absorption is an elevated risk of bone breakdown and secondary
hyperparathyroidism, ultimately resulting in an unfavorable calcium imbalance [31,81].
Clinical studies have reported a clear association between inadequate calcium consumption
and elevated levels of parathyroid hormone (PTH) levels, which can lead to hypertension
in the long term. Hence, these studies showed an indirect correlation between calcium
levels and the blood pressure of an individual [82-85]. Low calcium intake can have a direct
impact on the synthesis of calcitriol or be mediated by parathyroid hormone (PTH), both
of which contribute to increased calcitriol production. Additionally, low calcium intake
stimulates the release of renin, which leads to the synthesis of angiotensin II. The combined
effects of these mechanisms ultimately result in hypertension caused by insufficient levels
of calcium [86,87].

4.4. PPI-Induced Hypomagnesemia and Damage to Vascular Function

Hypomagnesemia, which refers to abnormally low levels of magnesium in the blood,
recently gained recognition as a potent side effect of PPI therapy before the FDA issued
a warning in 2011 [88]. Following the FDA’s warning, several clinical studies were un-
dertaken to investigate the potential association between chronic PPI use and magnesium
deficiency. These studies consistently demonstrated a significant link between chronic PPI
treatment and reduced magnesium levels among patients [89,90]. Magnesium deficiency
can lead to various adverse effects on the body, as magnesium is an essential mineral
involved in numerous physiological processes. However, the precise mechanism by which
PPIs contribute to magnesium deficiency is not fully understood [91]. It has been believed
that PPIs may obstruct the absorption of magnesium in the intestines, leading to reduced
magnesium levels over time and disrupting the balance of magnesium homeostasis in
the body [92].

The consequences of magnesium deficiency can be significant as magnesium plays
a vital role in various activities, such as controlling blood pressure, strengthening the
immune system, sustaining proper muscle and nerve conduction, and promoting bone
health. Therefore, chronic magnesium deficiency resulting from extended PPI use may lead
to a range of symptoms and complications, including muscle weakness, tremors, cardiac
arrhythmias, fatigue, and osteoporosis [93].

Both clinical and pre-studies have indicated the association between magnesium
(Mg2+) deficiency and the development or worsening of hypertension. Clinical studies
have demonstrated a consistent link between low magnesium levels and the incidence of
hypertension. Research has shown some evidence that individuals with lower magnesium
intake or lower serum magnesium levels are at a higher risk of developing hypertension.
Furthermore, long-term observational studies have indicated that individuals with magne-
sium deficiency have an increased likelihood of experiencing an increase in blood pressure
over time, as shown in Figure 3 [94,95].

The connection between low magnesium levels and high blood pressure is complex.
Magnesium is crucial for regulating vascular tone, endothelial function, and the balance
of electrolytes such as calcium and potassium. In magnesium deficiency, disturbances
in these mechanisms can occur, leading to vasoconstriction, impaired endothelial func-
tion, and altered sodium-potassium balance, which can subsequently contribute to high
blood pressure [96-98].
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Figure 3. PPIs are linked to the inhibition of calcium and magnesium absorption from the gastroin-
testinal tract (GIT) into the bloodstream, leading to hypocalcemia and hypomagnesemia. These
deficiencies in minerals within the bloodstream trigger an elevation in intracellular calcium levels
through the activation of the AT-1 and PTH receptors. Consequently, there’s an augmentation in
calcium influx within vascular smooth muscles, due to which constriction of blood vessels increases.
This process results in an increase in overall peripheral resistance and subsequently leads to hyper-
tension. Additionally, hypomagnesemia fosters enhanced sodium absorption, which in turn elevates
extracellular fluid levels and contributes to hypertension.

5. Conclusions and Future Perspective

Hypertension is a prevalent medical condition that can lead to serious and life-
threatening consequences, including stroke, kidney failure, vision impairment, and various
cardiovascular diseases. Its multifactorial etiology encompasses a complex interplay of
genetic predisposition and lifestyle factors, which makes it challenging to precisely pinpoint
the singular cause of hypertension [99]. Evidence shows that irrational use of medications
can potentially lead to the development of hypertension as an unintended side effect [100].
PPIs are routinely recommended drugs for the relief of acid-related illnesses such as peptic
ulcers and GERD. While these drugs are typically regarded as safe and effective, studies
reveal a potential connection between long-term PPI usage and a risk of hypertension [1].
However, new studies have generated curiosity about the possible effects of chronic PPI
usage on blood pressure. Various mechanisms are responsible for the homeostasis of the
blood pressure altered by the abuse of PPI. Chronic use of PPIs inhibits the DDAH enzyme
in the endothelial cells, which is responsible for ADMA metabolism. Increased ADMA
directly blocks the formation of NO, which is responsible for endothelial dysfunction.
PPI also reduces the absorption of vitamin B12, resulting in endothelial dysfunction by
a similar pathway. Additionally, PPI causes hypocalcemia and hypomagnesemia, which
increase intracellular calcium and lead to vasoconstriction. All these mechanisms elevate
the total peripheral resistance and ultimately lead to hypertension. Since the etiology of
hypertension is multifactorial, these mechanisms can contribute to the dysregulation of
blood pressure. The question of whether prolonged PPI use is connected to an increased
risk of hypertension is a topic that continues to be explored. While the relationship between
PPIs and hypertension requires further exploration, the evidence suggests the need for
cautious prescribing and a balanced approach to PPI usage. Understanding these pathways
provides valuable insights into the complex interplay between PPIs and hypertension,
enabling better patient management and the development of strategies to mitigate this
possible side effect. However, present clinical and preclinical evidence are not enough
to prove the exact correlation between chronic PPI use and hypertension. As additional
research progresses, a better understanding of the connection between PPIS and hyperten-
sion will emerge. Further research is needed to establish a definitive causal relationship
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and develop guidelines for healthcare providers. Awareness among clinicians and regular
blood pressure monitoring in patients on long-term PPI therapy is crucial to ensuring
optimal management of their overall health.

Author Contributions: Conceptualization, R.T,, S.C., T.G.S., M.S., S.Y. and M.Y.A.; methodology, R.T.,
S.C, T.G.S. and M.S; validation, R.T., S.C. and S.Y.; formal analysis, R.T. and S.C.; investigation, R.T.
and S.C.; resources, R.T,, S.C. and S.Y,; data curation, S.Y,, E.S., M.\M.A., R.T. and S.C; writing original
draft preparation, R.T.,, BH.A., EA,, M.A.A,, S.C. and S.Y,; writing review, R.T.,S.C., M.A.A,,S.AA,,
S.Y. and M.Y.A ; visualization, R.T. and S.C.; supervision, R.T., S.C. and S.Y.; project administration,
R.T,S.C, T.G.S. and S.Y,; funding acquisition, E.S., M.M.A,, BH.A.,, EA,, M. A.A,,S.A.A. and S.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research, King Khalid University,
Abha, Saudi Arabia, through the Small Research Group Program grant number RGP. 1/219/44.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors extend their appreciation to the Deanship of Scientific Research at
King Khalid University for funding this work through a small research group program under grant
number RGP. 1/219/44.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

13.

14.

15.

Scarpignato, C.; Gatta, L.; Zullo, A.; Blandizzi, C.; SIF-AIGO-FIMMG Group; Italian Society of Pharmacology, the Italian
Association of Hospital Gastroenterologists, and the Italian Federation of General Practitioners. Effective and Safe Proton Pump
Inhibitor Therapy in Acid-Related Diseases—A Position Paper Addressing Benefits and Potential Harms of Acid Suppression.
BMC Med. 2016, 14, 179. [CrossRef]

Strand, D.S.; Kim, D.; Peura, D.A. 25 Years of Proton Pump Inhibitors: A Comprehensive Review. Gut Liver 2017, 11, 27-37.
[CrossRef] [PubMed]

Raghunath, A.S.; O’'Morain, C.; McLoughlin, R.C. Review Article: The Long-Term Use of Proton-Pump Inhibitors. Aliment.
Pharmacol. Ther. 2005, 22 (Suppl. S1), 55-63. [CrossRef]

Yu, L.-Y,; Sun, L.-N.; Zhang, X.-H.; Li, Y.-Q.; Yu, L.; Yuan, Z.-Q.-Y.; Meng, L.; Zhang, H.-W.; Wang, Y.-Q. A Review of the Novel
Application and Potential Adverse Effects of Proton Pump Inhibitors. Adv. Ther. 2017, 34, 1070-1086. [CrossRef] [PubMed]
Liang, S.; Ma, M.; Chen, Y.; Zhang, |.; Li, J.; Jiang, S.; Wang, Y.; Huang, H.; He, Y. The Efficacy and Safety of Proton Pump
Inhibitors Combining Dual Antiplatelet Therapy in Patients with Coronary Intervention: A Systematic Review, Meta-Analysis
and Trial Sequential Analysis of Randomized Controlled Trials. Rev. Cardiovasc. Med. 2023, 24, 230. [CrossRef]

Kinoshita, Y.; Ishimura, N.; Ishihara, S. Advantages and Disadvantages of Long-Term Proton Pump Inhibitor Use. |. Neurogas-
troenterol. Motil. 2018, 24, 182-196. [CrossRef]

Sukhovershin, R.A.; Cooke, ].P. How may proton pump inhibitors impair cardiovascular health? Am. J. Cardiovasc. Drugs 2016,
16, 153-161. [CrossRef]

Arora, A.; Behl, T,; Sehgal, A.; Singh, S.; Sharma, N.; Bhatia, S.; Sobarzo-Sanchez, E.; Bungau, S. Unravelling the Involvement of
Gut Microbiota in Type 2 Diabetes Mellitus. Life Sci. 2021, 273, 119311. [CrossRef]

Behl, T.; Bungau, S.; Kumar, K.; Zengin, G.; Khan, F.; Kumar, A.; Kaur, R.; Venkatachalam, T.; Tit, D.M.; Vesa, C.M.; et al. Pleotropic
Effects of Polyphenols in Cardiovascular System. Biomed. Pharmacother. 2020, 130, 110714. [CrossRef]

Staessen, J.A.; Wang, J.; Bianchi, G.; Birkenhéger, W.H. Essential Hypertension. Lancet 2003, 361, 1629-1641. [CrossRef]
Diaconu, C.C.; Dediu, G.N.; Iancu, M.A. Drug-Induced Arterial Hypertension—A Frequently Ignored Cause of Secondary
Hypertension: A Review. Acta Cardiol. 2018, 73, 511-517. [CrossRef] [PubMed]

Foy, M.C.; Vaishnav, J.; Sperati, C.J. Drug-Induced Hypertension. Endocrinol. Metab. Clin. N. Am. 2019, 48, 859-873. [CrossRef]
[PubMed]

Ladd, A.M.; Panagopoulos, G.; Cohen, J.; Mar, N.; Graham, R. Potential Costs of Inappropriate Use of Proton Pump Inhibitors.
Am. J. Med. Sci. 2014, 347, 446-451. [CrossRef] [PubMed]

Ahrens, D.; Behrens, G.; Himmel, W.; Kochen, M.M.; Chenot, ].-F. Appropriateness of Proton Pump Inhibitor Recommendations
at Hospital Discharge and Continuation in Primary Care. Int. J. Clin. Pract. 2012, 66, 767-773. [CrossRef] [PubMed]

Parente, F.; Cucino, C.; Gallus, S.; Bargiggia, S.; Greco, S.; Pastore, L.; Bianchi Porro, G. Hospital Use of Acid-Suppressive
Medications and Its Fall-out on Prescribing in General Practice: A 1-Month Survey. Aliment. Pharmacol. Ther. 2003, 17, 1503-1506.
[CrossRef]


https://doi.org/10.1186/s12916-016-0718-z
https://doi.org/10.5009/gnl15502
https://www.ncbi.nlm.nih.gov/pubmed/27840364
https://doi.org/10.1111/j.1365-2036.2005.02611.x
https://doi.org/10.1007/s12325-017-0532-9
https://www.ncbi.nlm.nih.gov/pubmed/28429247
https://doi.org/10.31083/j.rcm2408230
https://doi.org/10.5056/jnm18001
https://doi.org/10.1007/s40256-016-0160-9
https://doi.org/10.1016/j.lfs.2021.119311
https://doi.org/10.1016/j.biopha.2020.110714
https://doi.org/10.1016/S0140-6736(03)13302-8
https://doi.org/10.1080/00015385.2017.1421445
https://www.ncbi.nlm.nih.gov/pubmed/29291681
https://doi.org/10.1016/j.ecl.2019.08.013
https://www.ncbi.nlm.nih.gov/pubmed/31655781
https://doi.org/10.1097/MAJ.0b013e31829f87d5
https://www.ncbi.nlm.nih.gov/pubmed/24270078
https://doi.org/10.1111/j.1742-1241.2012.02973.x
https://www.ncbi.nlm.nih.gov/pubmed/22805269
https://doi.org/10.1046/j.1365-2036.2003.01600.x

Pharmaceuticals 2023, 16, 1387 12 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.
40.

41.

42.

43.

Heidelbaugh, J.J.; Metz, D.C.; Yang, Y.-X. Proton Pump Inhibitors: Are They Overutilised in Clinical Practice and Do They Pose
Significant Risk? Int. J. Clin. Pract. 2012, 66, 582-591. [CrossRef]

Savarino, V.; Dulbecco, P; de Bortoli, N.; Ottonello, A.; Savarino, E. The Appropriate Use of Proton Pump Inhibitors (PPIs): Need
for a Reappraisal. Eur. |. Intern. Med. 2017, 37, 19-24. [CrossRef] [PubMed]

Othman, F.; Card, T.R.; Crooks, C.J. Proton Pump Inhibitor Prescribing Patterns in the UK: A Primary Care Database Study.
Pharmacoepidemiol. Drug Saf. 2016, 25, 1079-1087. [CrossRef]

Barron, ].J.; Tan, H.; Spalding, J.; Bakst, A.W.; Singer, J. Proton Pump Inhibitor Utilization Patterns in Infants. J. Pediatr. Gastroenterol.
Nutr. 2007, 45, 421-427. [CrossRef]

Pottegédrd, A.; Broe, A.; Hallas, J.; de Muckadell, O.B.S.; Lassen, A.T.; Ladrup, A.B. Use of Proton-Pump Inhibitors among Adults:
A Danish Nationwide Drug Utilization Study. Ther. Adv. Gastroenterol. 2016, 9, 671-678. [CrossRef] [PubMed]

Aznar-Lou, I; Reilev, M.; Ladrup, A.B.; Rubio-Valera, M.; Haastrup, PF,; Pottegard, A. Use of Proton Pump Inhibitors among
Danish Children: A 16-Year Register-Based Nationwide Study. Basic Clin. Pharmacol. Toxicol. 2019, 124, 704-710. [CrossRef]
Mazer-Amirshahi, M.; Mullins, PM.; van den Anker, J.; Meltzer, A.; Pines, ].M. Rising Rates of Proton Pump Inhibitor Prescribing
in US Emergency Departments. Am. |. Emerg. Med. 2014, 32, 618-622. [CrossRef]

Torres-Bondia, F.; de Batlle, J.; Galvén, L.; Buti, M.; Barbé, F.; Pifiol-Ripoll, G. Evolution of the Consumption Trend of Proton
Pump Inhibitors in the Lleida Health Region between 2002 and 2015. BMC Public Health 2022, 22, 818. [CrossRef]

Luo, H,; Fan, Q.; Xiao, S.; Chen, K. Changes in Proton Pump Inhibitor Prescribing Trend over the Past Decade and Pharmacists’
Effect on Prescribing Practice at a Tertiary Hospital. BMC Health Serv. Res. 2018, 18, 537. [CrossRef] [PubMed]

Muheim, L.; Signorell, A.; Markun, S.; Chmiel, C.; Neuner-Jehle, S.; Blozik, E.; Ursprung, P.; Rosemann, T.; Senn, O. Potentially
Inappropriate Proton-Pump Inhibitor Prescription in the General Population: A Claims-Based Retrospective Time Trend Analysis.
Ther. Adv. Gastroenterol. 2021, 14, 1756284821998928. [CrossRef] [PubMed]

Ali, M.D.; Ahmad, A. A Retrospective Study on Prescribing Pattern and Cost Analysis of Proton-Pump Inhibitors Used among
Adults of Saudi Arabia. . Pharm. Health Serv. Res. 2020, 11, 343-347. [CrossRef]

Yibirin, M.; De Oliveira, D.; Valera, R.; Plitt, A.E.; Lutgen, S. Adverse Effects Associated with Proton Pump Inhibitor Use. Cureus
2021, 13, e12759. [CrossRef]

Savarino, V.; Dulbecco, P.; Savarino, E. Are Proton Pump Inhibitors Really so Dangerous? Dig. Liver Dis. 2016, 48, 851-859.
[CrossRef]

Thong, B.K.S.; Ima-Nirwana, S.; Chin, K.-Y. Proton Pump Inhibitors and Fracture Risk: A Review of Current Evidence and
Mechanisms Involved. Int. ]. Environ. Res. Public Health 2019, 16, 1571. [CrossRef]

Heidelbaugh, J.J. Proton Pump Inhibitors and Risk of Vitamin and Mineral Deficiency: Evidence and Clinical Implications. Ther.
Adv. Drug Saf. 2013, 4, 125-133. [CrossRef]

Jaynes, M.; Kumar, A.B. The Risks of Long-Term Use of Proton Pump Inhibitors: A Critical Review. Ther. Adv. Drug Saf. 2018,
10, 2042098618809927. [CrossRef]

Casula, M.; Scotti, L.; Galimberti, F.; Mozzanica, F,; Tragni, E.; Corrao, G.; Catapano, A.L. Use of Proton Pump Inhibitors and Risk
of Ischemic Events in the General Population. Atherosclerosis 2018, 277, 123-129. [CrossRef]

Sehested, T.S.G.; Gerds, T.A.; Fosbel, E.L.; Hansen, PW.; Charlot, M.G.; Carlson, N.; Hlatky, M. A.; Torp-Pedersen, C.; Gislason,
G.H. Long-Term Use of Proton Pump Inhibitors, Dose-Response Relationship and Associated Risk of Ischemic Stroke and
Myocardial Infarction. J. Intern. Med. 2018, 283, 268-281. [CrossRef] [PubMed]

Sun, S.; Cui, Z.; Zhou, M.; Li, R;; Li, H.; Zhang, S.; Ba, Y.; Cheng, G. Proton Pump Inhibitor Monotherapy and the Risk of
Cardiovascular Events in Patients with Gastro-Esophageal Reflux Disease: A Meta-Analysis. Neurogastroenterol. Motil. 2017,
29, €12926. [CrossRef] [PubMed]

Zhai, Y.; Ye, X.; Hu, F; Xu, J.; Guo, X,; Lin, Z.; Zhou, X.; Guo, Z; Cao, Y.; He, ]. Updated Insights on Cardiac and Vascular Risks of
Proton Pump Inhibitors: A Real-World Pharmacovigilance Study. Front. Cardiovasc. Med. 2022, 9, 767987. [CrossRef] [PubMed]
Hermann, M.; Flammer, A.; Liischer, T.F. Nitric Oxide in Hypertension. J. Clin. Hypertens. 2006, 8, 17-29. [CrossRef] [PubMed]
Trimm, E.; Red-Horse, K. Vascular Endothelial Cell Development and Diversity. Nat. Rev. Cardiol. 2023, 20, 197-210. [CrossRef]
Chen, K.; Pittman, R.N.; Popel, A.S. Nitric Oxide in the Vasculature: Where Does It Come From and Where Does It Go? A
Quantitative Perspective. Antioxid. Redox Signal 2008, 10, 1185-1198. [CrossRef]

Forstermann, U.; Sessa, W.C. Nitric Oxide Synthases: Regulation and Function. Eur. Heart . 2012, 33, 829-837. [CrossRef]
Tousoulis, D.; Kampoli, A.-M.; Tentolouris, C.; Papageorgiou, N.; Stefanadis, C. The Role of Nitric Oxide on Endothelial Function.
Curr. Vasc. Pharmacol. 2012, 10, 4-18. [CrossRef]

Boger, R.H. Association of Asymmetric Dimethylarginine and Endothelial Dysfunction. Clin. Chem. Lab. Med. 2003, 41, 1467-1472.
[CrossRef] [PubMed]

Cooke, J.P; Ghebremariam, Y.T. DDAH Says NO to ADMA. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 1462-1464. [CrossRef]
[PubMed]

Dayoub, H.; Achan, V.; Adimoolam, S.; Jacobi, J.; Stuehlinger, M.C.; Wang, B.; Tsao, P.S.; Kimoto, M.; Vallance, P.; Patterson,
A].; et al. Dimethylarginine Dimethylaminohydrolase Regulates Nitric Oxide Synthesis: Genetic and Physiological Evidence.
Circulation 2003, 108, 3042-3047. [CrossRef]


https://doi.org/10.1111/j.1742-1241.2012.02921.x
https://doi.org/10.1016/j.ejim.2016.10.007
https://www.ncbi.nlm.nih.gov/pubmed/27784575
https://doi.org/10.1002/pds.4043
https://doi.org/10.1097/MPG.0b013e31812e0149
https://doi.org/10.1177/1756283X16650156
https://www.ncbi.nlm.nih.gov/pubmed/27582879
https://doi.org/10.1111/bcpt.13191
https://doi.org/10.1016/j.ajem.2014.03.019
https://doi.org/10.1186/s12889-022-13217-6
https://doi.org/10.1186/s12913-018-3358-5
https://www.ncbi.nlm.nih.gov/pubmed/29996830
https://doi.org/10.1177/1756284821998928
https://www.ncbi.nlm.nih.gov/pubmed/33948109
https://doi.org/10.1111/jphs.12369
https://doi.org/10.7759/cureus.12759
https://doi.org/10.1016/j.dld.2016.05.018
https://doi.org/10.3390/ijerph16091571
https://doi.org/10.1177/2042098613482484
https://doi.org/10.1177/2042098618809927
https://doi.org/10.1016/j.atherosclerosis.2018.08.035
https://doi.org/10.1111/joim.12698
https://www.ncbi.nlm.nih.gov/pubmed/29024109
https://doi.org/10.1111/nmo.12926
https://www.ncbi.nlm.nih.gov/pubmed/27577963
https://doi.org/10.3389/fcvm.2022.767987
https://www.ncbi.nlm.nih.gov/pubmed/35282344
https://doi.org/10.1111/j.1524-6175.2006.06032.x
https://www.ncbi.nlm.nih.gov/pubmed/17170603
https://doi.org/10.1038/s41569-022-00770-1
https://doi.org/10.1089/ars.2007.1959
https://doi.org/10.1093/eurheartj/ehr304
https://doi.org/10.2174/157016112798829760
https://doi.org/10.1515/CCLM.2003.225
https://www.ncbi.nlm.nih.gov/pubmed/14656027
https://doi.org/10.1161/ATVBAHA.111.228833
https://www.ncbi.nlm.nih.gov/pubmed/21677286
https://doi.org/10.1161/01.CIR.0000101924.04515.2E

Pharmaceuticals 2023, 16, 1387 13 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

Nolde, M.; Bahls, M.; Friedrich, N.; Dorr, M.; Dreischulte, T.; Felix, S.B.; Riickert-Eheberg, I.-M.; Ahn, N.; Amann, U.; Schwedhelm,
E.; et al. Association of Proton Pump Inhibitor Use with Endothelial Function and Metabolites of the Nitric Oxide Pathway: A
Cross-Sectional Study. Pharmacotherapy 2021, 41, 198-204. [CrossRef] [PubMed]

Ghebremariam, Y.T.; LePendu, P.; Lee, J.C.; Erlanson, D.A_; Slaviero, A.; Shah, N.H.; Leiper, J.; Cooke, J.P. Unexpected Effect
of Proton Pump Inhibitors: Elevation of the Cardiovascular Risk Factor Asymmetric Dimethylarginine. Circulation 2013, 128,
845-853. [CrossRef] [PubMed]

Tommasi, S.; Elliot, D.J.; Hulin, J.A.; Lewis, B.C.; McEvoy, M.; Mangoni, A.A. Human Dimethylarginine Dimethylaminohydrolase
1 Inhibition by Proton Pump Inhibitors and the Cardiovascular Risk Marker Asymmetric Dimethylarginine: In Vitro and in Vivo
Significance. Sci. Rep. 2017, 7, 2871. [CrossRef] [PubMed]

Boger, R.H. The Emerging Role of Asymmetric Dimethylarginine as a Novel Cardiovascular Risk Factor. Cardiovasc. Res. 2003, 59,
824-833. [CrossRef]

Gallo, G.; Volpe, M.; Savoia, C. Endothelial Dysfunction in Hypertension: Current Concepts and Clinical Implications. Front. Med.
2022, 8, 798958. [CrossRef]

Yepuri, G.; Sukhovershin, R.; Nazari-Shafti, T.Z.; Petrascheck, M.; Ghebre, Y.T.; Cooke, J.P. Proton Pump Inhibitors Accelerate
Endothelial Senescence. Circ. Res. 2016, 118, e36—e42. [CrossRef]

Lundberg, J.O.; Weitzberg, E.; Gladwin, M.T. The Nitrate-Nitrite-Nitric Oxide Pathway in Physiology and Therapeutics. Nat. Rev.
Drug Discov. 2008, 7, 156-167. [CrossRef]

Oliveira-Paula, G.H.; Tanus-Santos, J.E. Nitrite-Stimulated Gastric Formation of S-Nitrosothiols As An Antihypertensive Thera-
peutic Strategy. Curr. Drug Targets 2019, 20, 431-443. [CrossRef]

Pinheiro, L.C.; Amaral, ].H.; Ferreira, G.C.; Portella, R.L.; Ceron, C.S.; Montenegro, M.F.; Toledo, ].C.; Tanus-Santos, J.E. Gastric
S-Nitrosothiol Formation Drives the Antihypertensive Effects of Oral Sodium Nitrite and Nitrate in a Rat Model of Renovascular
Hypertension. Free Radic. Biol. Med. 2015, 87, 252-262. [CrossRef]

Sanches-Lopes, ].M.; Ferreira, G.C.; Pinheiro, L.C.; Kemp, R.; Tanus-Santos, J.E. Consistent Gastric PH-Dependent Effects of
Suppressors of Gastric Acid Secretion on the Antihypertensive Responses to Oral Nitrite. Biochem. Pharmacol. 2020, 177, 113940.
[CrossRef]

Amaral, ].H.; Montenegro, M.E;; Pinheiro, L.C.; Ferreira, G.C.; Barroso, R.P.; Costa-Filho, A.].; Tanus-Santos, J.E. TEMPOL
Enhances the Antihypertensive Effects of Sodium Nitrite by Mechanisms Facilitating Nitrite-Derived Gastric Nitric Oxide
Formation. Free Radic. Biol. Med. 2013, 65, 446-455. [CrossRef]

Pinheiro, L.C.; Montenegro, M.F,; Amaral, ]. H.; Ferreira, G.C.; Oliveira, A.M.; Tanus-Santos, ].E. Increase in Gastric PH Reduces
Hypotensive Effect of Oral Sodium Nitrite in Rats. Free Radic. Biol. Med. 2012, 53, 701-709. [CrossRef] [PubMed]

Stover, PJ. Vitamin B12 and Older Adults. Curr. Opin. Clin. Nutr. Metab. Care 2010, 13, 24-27. [CrossRef] [PubMed]

Lam, J.R.; Schneider, J.L.; Zhao, W.; Corley, D.A. Proton Pump Inhibitor and Histamine 2 Receptor Antagonist Use and Vitamin
B12 Deficiency. JAMA 2013, 310, 2435-2442. [CrossRef] [PubMed]

Kachhawa, K.; Kumar, A.M. Homocysteine as an Independent and Dependent Causative Factor of Cardio Vascular Diseases.
IJEANS Int. J. Food Nutr. Sci. 2022, 11, 859-869.

Miller, ].W. Proton Pump Inhibitors, H2-Receptor Antagonists, Metformin, and Vitamin B-12 Deficiency: Clinical Implications.
Adv. Nutr. 2018, 9, 5115-518S. [CrossRef] [PubMed]

Porter, KM.; Hoey, L.; Hughes, C.F; Ward, M.; Clements, M.; Strain, J.; Cunningham, C.; Casey, M.C.; Tracey, F.; O’Kane, M.; et al.
Associations of Atrophic Gastritis and Proton-Pump Inhibitor Drug Use with Vitamin B-12 Status, and the Impact of Fortified
Foods, in Older Adults. Am. J. Clin. Nutr. 2021, 114, 1286-1294. [CrossRef]

Swarnakari, K.M.; Bai, M.; Manoharan, M.P.; Raja, R.; Jamil, A.; Csendes, D.; Gutlapalli, S.D.; Prakash, K.; Desai, D.M.; Desai, A.;
et al. The Effects of Proton Pump Inhibitors in Acid Hypersecretion-Induced Vitamin B12 Deficiency: A Systematic Review (2022).
Cureus 2022, 14, €31672. [CrossRef]

Kanyal Butola, L.; Kute, P.; Anjankar, A.; Dhok, A.; Gusain, N.; Vagga, A. Vitamin B12 -Do You Know Everything? J. Evol. Med.
Dent. Sci. 2020, 9, 3139-3146. [CrossRef]

Ganguly, P; Alam, S.F. Role of Homocysteine in the Development of Cardiovascular Disease. Nutr. |. 2015, 14, 6. [CrossRef]
Wu, X.; Zhang, L.; Miao, Y.; Yang, J.; Wang, X.; Wang, C.; Feng, J.; Wang, L. Homocysteine Causes Vascular Endothelial
Dysfunction by Disrupting Endoplasmic Reticulum Redox Homeostasis. Redox Biol. 2019, 20, 46-59. [CrossRef] [PubMed]
Lentz, S.R.; Rodionov, R.N.; Dayal, S. Hyperhomocysteinemia, Endothelial Dysfunction, and Cardiovascular Risk: The Potential
Role of ADMA. Atheroscler. Suppl. 2003, 4, 61-65. [CrossRef] [PubMed]

Weiss, N. Mechanisms of Increased Vascular Oxidant Stress in Hyperhomocys-Teinemia and Its Impact on Endothelial Function.
Curr. Drug Metab. 2005, 6, 27-36. [CrossRef]

Baszczuk, A.; Kopczynski, Z.; Thielemann, A. Endothelial dysfunction in patients with primary hypertension and hyperhomocys-
teinemia. Adv. Hyg. Exp. Med. 2014, 68, 91-100. [CrossRef]

Weiss, N.; Heydrick, S.J.; Postea, O.; Keller, C.; Keaney, ]J.F.; Loscalzo, J. Influence of Hyperhomocysteinemia on the Cellular
Redox State--Impact on Homocysteine-Induced Endothelial Dysfunction. Clin. Chem. Lab. Med. 2003, 41, 1455-1461. [CrossRef]
Austin, R.C.; Lentz, S.R.; Werstuck, G.H. Role of Hyperhomocysteinemia in Endothelial Dysfunction and Atherothrombotic
Disease. Cell Death Differ. 2004, 11 (Suppl. S1), S56-S64. [CrossRef]


https://doi.org/10.1002/phar.2504
https://www.ncbi.nlm.nih.gov/pubmed/33465818
https://doi.org/10.1161/CIRCULATIONAHA.113.003602
https://www.ncbi.nlm.nih.gov/pubmed/23825361
https://doi.org/10.1038/s41598-017-03069-1
https://www.ncbi.nlm.nih.gov/pubmed/28588208
https://doi.org/10.1016/S0008-6363(03)00500-5
https://doi.org/10.3389/fmed.2021.798958
https://doi.org/10.1161/CIRCRESAHA.116.308807
https://doi.org/10.1038/nrd2466
https://doi.org/10.2174/1389450119666180816120816
https://doi.org/10.1016/j.freeradbiomed.2015.06.038
https://doi.org/10.1016/j.bcp.2020.113940
https://doi.org/10.1016/j.freeradbiomed.2013.07.032
https://doi.org/10.1016/j.freeradbiomed.2012.06.001
https://www.ncbi.nlm.nih.gov/pubmed/22721923
https://doi.org/10.1097/MCO.0b013e328333d157
https://www.ncbi.nlm.nih.gov/pubmed/19904199
https://doi.org/10.1001/jama.2013.280490
https://www.ncbi.nlm.nih.gov/pubmed/24327038
https://doi.org/10.1093/advances/nmy023
https://www.ncbi.nlm.nih.gov/pubmed/30032223
https://doi.org/10.1093/ajcn/nqab193
https://doi.org/10.7759/cureus.31672
https://doi.org/10.14260/jemds/2020/688
https://doi.org/10.1186/1475-2891-14-6
https://doi.org/10.1016/j.redox.2018.09.021
https://www.ncbi.nlm.nih.gov/pubmed/30292945
https://doi.org/10.1016/S1567-5688(03)00035-7
https://www.ncbi.nlm.nih.gov/pubmed/14664904
https://doi.org/10.2174/1389200052997357
https://doi.org/10.5604/17322693.1087521
https://doi.org/10.1515/CCLM.2003.223
https://doi.org/10.1038/sj.cdd.4401451

Pharmaceuticals 2023, 16, 1387 14 of 15

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Rodrigo, R.; Passalacqua, W.; Araya, J.; Orellana, M.; Rivera, G. Homocysteine and Essential Hypertension. J. Clin. Pharmacol.
2003, 43, 1299-1306. [CrossRef]

Aboukhater, D.; Morad, B.; Nasrallah, N.; Nasser, S.A.; Sahebkar, A.; Kobeissy, F.; Boudaka, A.; Eid, A.H. Inflammation and
Hypertension: Underlying Mechanisms and Emerging Understandings. J. Cell. Physiol. 2023, 238, 1148-1159. [CrossRef]

Tahir, R.; Patel, PN. Role of Proton Pump Inhibitors in Calcium Absorption, Bone Resorption, and Risk of Hip Fracture. J. Pharm.
Technol. 2007, 23, 275-280. [CrossRef]

Insogna, K.L. The Effect of Proton Pump-Inhibiting Drugs on Mineral Metabolism. Am. J. Gastroenterol. 2009, 104 (Suppl. S2),
S52-54. [CrossRef]

Ito, T.; Jensen, R.T. Association of Long-Term Proton Pump Inhibitor Therapy with Bone Fractures and Effects on Absorption of
Calcium, Vitamin B12, Iron, and Magnesium. Curr. Gastroenterol. Rep. 2010, 12, 448-457. [CrossRef]

Sipponen, P.; Harkénen, M. Hypochlorhydric Stomach: A Risk Condition for Calcium Malabsorption and Osteoporosis? Scand. J.
Gastroenterol. 2010, 45, 133-138. [CrossRef]

Chonan, O.; Takahashi, R.; Yasui, H.; Watanuki, M. Effect of L-Lactic Acid on Calcium Absorption in Rats Fed Omeprazole.
J. Nutr. Sci. Vitaminol. 1998, 44, 473-481. [CrossRef] [PubMed]

Matuszewska, A.; Nowak, B.; Rzeszutko, M.; Zduniak, K.; Szandruk, M.; Jedrzejuk, D.; Landwoéjtowicz, M.; Bolanowski, M.;
Piesniewska, M.; Kwiatkowska, J.; et al. Effects of Long-Term Administration of Pantoprazole on Bone Mineral Density in Young
Male Rats. Pharmacol. Rep. 2016, 68, 1060-1064. [CrossRef]

Memon, R.A.; Memon, ER.; Memon, A.R.; Memon, J.U.Q.; Laghari, ].H.; Shams, S.; Memon, A.R. Effects of Proton Pump
Inhibitors on Serum Calcium Level: A Study on Rabbit Model. J. Pharm. Res. Int. 2021, 33, 361-366. [CrossRef]

O’Connell, M.B.; Madden, D.M.; Murray, A.M.; Heaney, R.P; Kerzner, L.J. Effects of Proton Pump Inhibitors on Calcium Carbonate
Absorption in Women: A Randomized Crossover Trial. Am. J. Med. 2005, 118, 778-781. [CrossRef] [PubMed]

Graziani, G.; Como, G.; Badalamenti, S.; Finazzi, S.; Malesci, A.; Gallieni, M.; Brancaccio, D.; Ponticelli, C. Effect of Gastric Acid
Secretion on Intestinal Phosphate and Calcium Absorption in Normal Subjects. Nephrol. Dial. Transplant. 1995, 10, 1376-1380.
[PubMed]

Chawla, B.K.; Cohen, R.E.; Yerke, L.M. Association between Proton Pump Inhibitors and Periodontal Disease Severity. Clin. Exp.
Dent. Res. 2022, 8, 395-401. [CrossRef] [PubMed]

Cheteu Wabo, TM.; Wu, X.; Sun, C.; Boah, M.; Ngo Nkondjock, V.R.; Kosgey Cheruiyot, ].; Amporfro Adjei, D.; Shah, I. Association
of Dietary Calcium, Magnesium, Sodium, and Potassium Intake and Hypertension: A Study on an 8-Year Dietary Intake Data
from the National Health and Nutrition Examination Survey. Nutr. Res. Pract. 2022, 16, 74-93. [CrossRef]

Gul, S.; Shaikh, S.N.; Rani, K.; Shaikh, K. Correlation of Serum Calcium Level with Hypertension. Pak. J. Med. Health Sci. 2021,
15, 608-610.

Jorde, R.; Sundsfjord, J.; Haug, E.; Benaa, K.H. Relation Between Low Calcium Intake, Parathyroid Hormone, and Blood Pressure.
Hypertension 2000, 35, 1154-1159. [CrossRef] [PubMed]

Kim, M.-H.; Bu, S.Y.; Choi, M.-K. Daily Calcium Intake and Its Relation to Blood Pressure, Blood Lipids, and Oxidative Stress
Biomarkers in Hypertensive and Normotensive Subjects. Nutr. Res. Pract. 2012, 6, 421-428. [CrossRef]

Centeno, V.; de Barboza, G.D.; Marchionatti, A.; Rodriguez, V.; Tolosa de Talamoni, N. Molecular Mechanisms Triggered by
Low-Calcium Diets. Nutr. Res. Rev. 2009, 22, 163-174. [CrossRef]

Villa-Etchegoyen, C.; Lombarte, M.; Matamoros, N.; Belizdn, ].M.; Cormick, G. Mechanisms Involved in the Relationship between
Low Calcium Intake and High Blood Pressure. Nutrients 2019, 11, 1112. [CrossRef]

Toh, JJW.T.; Ong, E.; Wilson, R. Hypomagnesaemia Associated with Long-Term Use of Proton Pump Inhibitors. Gastroenterol. Rep.
2015, 3, 243-253. [CrossRef]

Mackay, J.D.; Bladon, P.T. Hypomagnesaemia Due to Proton-Pump Inhibitor Therapy: A Clinical Case Series. Q/M 2010, 103,
387-395. [CrossRef]

Nakamura, N.; Yoneda, K.; Higo, T.; Kusumoto, M. Monitoring of Serum Magnesium Levels during Long-Term Use of Proton
Pump Inhibitors in Elderly Japanese Patients: Is It Really Necessary or Not? J. Pharm. Health Care Sci. 2022, 8, 35. [CrossRef]
Cundy, T.; Mackay, J. Proton Pump Inhibitors and Severe Hypomagnesaemia. Curr. Opin. Gastroenterol. 2011, 27, 180-185.
[CrossRef] [PubMed]

Cundy, T.; Dissanayake, A. Severe Hypomagnesaemia in Long-Term Users of Proton-Pump Inhibitors. Clin. Endocrinol. 2008, 69,
338-341. [CrossRef] [PubMed]

Semb, S.; Helgstrand, E; Hjorne, F.; Bytzer, P. Persistent Severe Hypomagnesemia Caused by Proton Pump Inhibitor Resolved
after Laparoscopic Fundoplication. World |. Gastroenterol. 2017, 23, 6907-6910. [CrossRef] [PubMed]

Mk, C.; Yj, B. Association of Magnesium Intake with High Blood Pressure in Korean Adults: Korea National Health and Nutrition
Examination Survey 2007-2009. PLoS ONE 2015, 10, e0130405. [CrossRef]

Rodriguez-Ramirez, M.; Simental-Mendjia, L.E.; Gonzalez-Ortiz, M.; Martinez-Abundis, E.; Madero, A.; Brito-Zurita, O.; Pérez-
Fuentes, R; Revilla-Monsalve, C.; Islas-Andrade, S.; Rodriguez-Mordn, M.; et al. Prevalence of Prehypertension in Mexico and Its
Association With Hypomagnesemia. Am. J. Hypertens. 2015, 28, 1024-1030. [CrossRef]

Cunha, A.R.; Umbelino, B.; Correia, M.L.; Neves, M.F. Magnesium and Vascular Changes in Hypertension. Int. ]. Hypertens. 2012,
2012, 754250. [CrossRef]

Dominguez, L.J.; Veronese, N.; Barbagallo, M. Magnesium and Hypertension in Old Age. Nutrients 2020, 13, 139. [CrossRef]


https://doi.org/10.1177/0091270003258190
https://doi.org/10.1002/jcp.31019
https://doi.org/10.1177/875512250702300504
https://doi.org/10.1038/ajg.2009.44
https://doi.org/10.1007/s11894-010-0141-0
https://doi.org/10.3109/00365520903434117
https://doi.org/10.3177/jnsv.44.473
https://www.ncbi.nlm.nih.gov/pubmed/9742467
https://doi.org/10.1016/j.pharep.2016.06.012
https://doi.org/10.9734/jpri/2021/v33i43A32498
https://doi.org/10.1016/j.amjmed.2005.02.007
https://www.ncbi.nlm.nih.gov/pubmed/15989913
https://www.ncbi.nlm.nih.gov/pubmed/8538929
https://doi.org/10.1002/cre2.495
https://www.ncbi.nlm.nih.gov/pubmed/34545705
https://doi.org/10.4162/nrp.2022.16.1.74
https://doi.org/10.1161/01.HYP.35.5.1154
https://www.ncbi.nlm.nih.gov/pubmed/10818080
https://doi.org/10.4162/nrp.2012.6.5.421
https://doi.org/10.1017/S0954422409990126
https://doi.org/10.3390/nu11051112
https://doi.org/10.1093/gastro/gou054
https://doi.org/10.1093/qjmed/hcq021
https://doi.org/10.1186/s40780-022-00266-7
https://doi.org/10.1097/MOG.0b013e32833ff5d6
https://www.ncbi.nlm.nih.gov/pubmed/20856115
https://doi.org/10.1111/j.1365-2265.2008.03194.x
https://www.ncbi.nlm.nih.gov/pubmed/18221401
https://doi.org/10.3748/wjg.v23.i37.6907
https://www.ncbi.nlm.nih.gov/pubmed/29085234
https://doi.org/10.1371/journal.pone.0130405
https://doi.org/10.1093/ajh/hpu293
https://doi.org/10.1155/2012/754250
https://doi.org/10.3390/nu13010139

Pharmaceuticals 2023, 16, 1387 15 of 15

98. Oost, L.].; Tack, C.J.; de Baaij, ]. H.F. Hypomagnesemia and Cardiovascular Risk in Type 2 Diabetes. Endocr. Rev. 2023, 44, 357-378.
[CrossRef]

99. Oparil, S.; Acelajado, M.C.; Bakris, G.L.; Berlowitz, D.R.; Cifkova, R.; Dominiczak, A.F.; Grassi, G.; Jordan, J.; Poulter, N.R,;
Rodgers, A.; et al. Hypertension. Nat. Rev. Dis. Primers 2018, 4, 18014. [CrossRef]

100. Grossman, E.; Messerli, EH. Drug-Induced Hypertension: An Unappreciated Cause of Secondary Hypertension. Am. |. Med.
2012, 125, 14-22. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1210/endrev/bnac028
https://doi.org/10.1038/nrdp.2018.14
https://doi.org/10.1016/j.amjmed.2011.05.024

	Introduction 
	Proton Pump Inhibitor and Overuse 
	PPIs over Time: Risks of Extended Use and High Dosages 
	Impacting Blood Pressure: PPIs and Their Potential Association with Hypertension 
	PPIs and Their Influence on Dimethylarginine Dimethylaminohydrolase Enzyme: Implications for Endothelial Dysfunction 
	PPIs and Reduced Nitric Oxide Bioavailability via Vitamin B Deficiency 
	PPIs Potentially Enhance Vasoconstriction through Hypocalcaemia 
	PPI-Induced Hypomagnesemia and Damage to Vascular Function 

	Conclusions and Future Perspective 
	References

