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Abstract

Proton pump inhibitors (PPIs) are commonly prescribed in conjunction with other drugs as
preventative means. Their primary function is acid suppression, as such, they subsequently hold back
intestinal calcium absorption. By this mechanism, chronic use of PPIs is suggested to induce
osteoporosis -- a condition that gradually increases bone fragility and is associated with high
suffering and morbidity rates. Additionally, PPI administration amongst elderly patients for more
than one year has been shown to have an increased risk for hip fractures. This current review consists
of literature searches from PubMed and The National Library of Medicine (USA). It analyzes factors
such as age, race, gender, menopausal status, lifestyle, medical conditions, and polypharmacy which
may induce osteoporosis, and explores the mechanism of how PPIs may trigger osteoporosis
development and/or progression. Clinicians should be cautious of severe osteoporosis as a potential
consequence to PPl-use, and be aware that it can be mitigated by appropriate selection of
pharmacological therapies and modalities.
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1. Introduction

Proton-pump inhibitors (PPIs) are composed of lipophilic base with pyridine and benzimidazole
having a pKa 4-5, and principally function as acid suppressors. Omeprazole, the first PPI was
introduced in the late 1980s, and is able to inhibit H+/K+ ATPase pump in the parietal cell and reduce
gastric acid secretion [1]. New prodrug PPIs bind covalently with one or more cysteine residues of
gastric H+/K+ ATPase in acidic condition, converting cysteine into sulfuric acid or sulfonamides.
Several PPIs are similar in structure (e.g., esomeprazole, pantoprazole, lansoprazole, rabeprazole,
ilaprazole, and dexlansoprazole) but are different in pharmacodynamic profile -- allowing them to
be specific for various diseases [2]. They have been traditionally used as treatment for acid related
disorders, metabolic acidosis in gastro-intestine like peptic ulcer disease, gastroesophageal reflux
disease (GERD), duodenal ulcers, and erosive esophagitis. The United States Food and Drug
Administration (US FDA) also approved this drug to be used in Helicobacter pylori eradication and
pathological hypersecretory conditions such as Zollinger—Ellison syndrome. PPIs are one of the most
frequently used classes of medications in the world, and with its wide range of therapeutic
indications, PPI have seen a remarkable rise in the use in the last few years.

While short-term administration of PPIs may lead to mild nausea, headache, diarrhea,
abdominal cramp, constipation, flatulence, rash, and dizziness [3], prolonged administration of PPI
has been reported to have a myriad of side effects, such as: enteric infection, hypomagnesemia, B12
deficiency, iron deficiency, calcium deficiency, pneumonia, gastric carcinoids, gastric polyps,
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ischemic heart diseases, dementia, prominent acute interstitial nephritis or chronic kidney disease
(CKD) [4-7]. Development of CKD is shown to be dose-dependent, with patients taking two PPI
doses per day having higher risk of CKD than those taking a single PPI dose [4].

There has also been recent and growing attention on postulation of PPI induction of osteoporosis
-- a bone disorder characterized by decreased bone mineral density (BMD), diminished bone mass,
microarchitectural deterioration, and skeletal fragility. Some studies such as Targownik et al. and
Kaye et al. have stipulated that there is lack of evidence to prove osteoporosis or hip fracture results
from years-long PPl administration [8,9].

However, it is notable that gastric acid plays a key role in absorption of calcium. Since PPIs block
gastric acid secretion and calcium is not solubilized or maximally absorbed at non-acidic pH, PPIs
therefore effectively and directly hold back intestinal calcium absorption [10]. A study reveals a
significant decrease in absorption of calcium carbonate in women with PPIs [10]. This impaired
gastrointestinal calcium absorption predisposes PPI-using patients to curtailed bone strength and
increased vulnerability for fractures [11]. PPl-induced gastrin production and increased
hypochlorhydria, can lead to bone remodelling, mineral absorption, and muscle strength. Vangala et
al. conducted a study of 4551 cases and 45,510 controls, and suggests a modestly increased risk of hip
fracture among hemodialysis patients receiving PPIs (adjusted odd ratio, 1.19; 95% Confidence
Interval, 1.11 to 1.28) [12]. Yang et al. demonstrated chronic PPI therapy for more than one year can
increase risk of bone fractures (particularly the hip in patients greater than 65 years old) and
osteoporosis (by means of decreasing BMD) [13]. Yang et al. is further supported by Corley et al.
which showed that chronic PPI therapy for more than 2 years can also induce hip fractures [13,14].
Additionally, both the recent systematic reviews published by Thong et al. and Hussain et al. have
demonstrated that there is a statistically significant positive association between use of PPIs and with
elevated fracture risk (RR 1.26 [95% CI 1.17-1.35], p < 0.00001) [15,16]. In fact, an individual on PPIs
was reported to have a 26% increased risk of hip fracture as compared to an individual that did not
use PPIs [16]. Even non-steroidal anti-inflammatory drug (NSAIDs) users prescribed with these
prophylactic agents, may remain under risk of osteoporosis [17]. Additionally, dose dependent
therapy makes the old age group more susceptible to bone loss than younger one [18].

Given paucity of population-based epidemiological studies which focus on the association
between high-dose PPIs and risk of fracture and/or osteoporosis, a direct relation between the two is
still an enigma [19,20]. A few in- vitro animal and some human data suggest that PPIs decrease the
osteoclast (OC) bone resorption activity as well as alter the bone-forming activity of osteoblast (OB)
[18,21]. In contrast, in vivo studies regarding the influence of PPI on bone metabolism are still less
conclusive [22]. Despite these inconclusive results, the literature still marks PPI influential on bone
metabolism and may result in osteoporosis.

Thus, this study aims to determine the cellular effects of PPIs on osteoclast and osteoblast
activity in presence or absence of other important biological molecules or other drugs given to the
patient due to comorbidity. It seeks to analyse factors such as molecular components, age, race,
gender, menopausal status, lifestyle, medical conditions, and polypharmacy, and their relation and
interspersed effects on the triggering of osteoporosis development and/or progression.

2. Bone Composition, Formation and Osteoporosis

Bones are made of two layers, the external cortical bone and internal spongy trabecular bone.
The main components of bone matrices are collagens. The natural bone matrix has an organic part
and an inorganic part called hydroxyapatite and is predominantly composed of calcium phosphate.

Bone may appear inert but is actually dynamic in nature [23] and is continuously remodelling.
Trabecular bones and compact bones are replaced within 3-4 years and 10 years, respectively [24].
Bones are lined by cells known as osteocytes and possess regulatory cells known as osteoblasts and
osteoclasts. An osteoblast (OB) is responsible for bone remodelling by using minerals like calcium
and phosphates. An osteoclast (OC) is a multinucleated cell which maintains the serum calcium and
phosphate level by breaking down or reabsorbing the old bones [25].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1616.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 August 2025 d0i:10.20944/preprints202508.1616.v1

3 of 14

Bone remodelling depends on serum calcium levels that are maintained by a balance between
parathyroid hormones (PTH), calcitonin, vitamin D, and vitamin B complex. PTH are produced in
response to low serum calcium levels, and it increases bone resorption to release calcium into the
bloodstream. On the other hand, calcitonin is produced by thyroid gland in response to high serum
calcium, which opposes the action of PTH, and promotes bone formation. Finally, vitamin D
promotes calcium absorption in the gut, so it increases serum calcium, to promote bone formation
and decreases bone resorption. People have their strongest, most dense bones, called peak bone mass,
in their thirties [26]. Estrogens and androgens are believed to inhibit bone resorption and low
estrogen levels after menopause and low serum calcium may accelerate bone loss. It also keeps the
number and activity of osteoblasts higher than osteoclasts so that more bone is made than removed.
Estrogen keeps the number and activity of osteoblasts higher than osteoclasts so that more bone is
made than removed. Alcohol consumption, smoking, drugs like glucocorticoids decrease calcium
absorption from the gut through antagonism of vitamin D and drugs like heparin and L-thyroxine.
The regulation of bone modelling and remodelling occurs due to the interaction of various kind of
molecules like receptors-ligand,cell-cell interaction, gene-protein interaction, microRNA/exosomes,
ion pump specifically ATPase pump and a few hormones [27].

It is important that this entire mechanism of bone formation and resorption is balanced.
Turbulent breakdown of bone in comparison to the formation of new bone results in porous bone
with low bone density known as osteoporosis. It is also notable that while there are several molecular
factors in this mechanism that may be affected by PPIs, such molecular factors may vary person to
person, leading to a large number of interindividual pharmacokinetic variations and manifestations
of various effects. For instance, the CYP2C19 polymorphism can affect an individual’s metabolism of
PPIs, and CYP2C19-mediated metabolism can produce marked interpatient variability in acid
suppression, in drug-interaction potential and in its clinical efficacy [28].

2.1. Osteoblast and Osteoclast Genesis

Reverse Signalling Between Osteoblast and Osteoclast

Two vital cells, the osteoblast and the osteoclast are involved in regulation of bone modelling
and remodelling. The regulative relation of these cells is vice-versa; they both control the production,
formation, maturation of each other. Molecules that mediate osteoclast-osteoblast interactions by
simultaneous signal transduction in both cell types have not yet been identified. Bone cells and
progenitor cells express some membrane receptors and ligands on their surface to maintain their
activities. The transmembrane ligand ephrin 2 on OCs interacts with receptor tyrosine kinase ephrin
B4 (ephB4) present on OBs and osteocytes. The inhibition of OC promoted by the expression of ephB4
on osteoblast allows the OB differentiation, consequently blocking bone resorption [29,30]. The
signalling mediated by EPH (OC-OB) stimulate the bone formation via OB differentiation and inhibit
the OC activation via reverse signaling through ephrinB2 into osteoclast by obstructing induction of
Fos and its transcriptional target NFAT and thereby inhibits bone resorption. Since Ephb2 (encoding
ephrinB2) is identified as an NFAT target gene during osteoclast differentiation. NFAT is also able to
induce receptor activator nuclear factor xf3 ligand (RANKL). Osteogenesis is promoted by EphB4
signalling by some regulatory factors like DIx5, Osx and Runx2 [30].

2.2. Role of Immune Cells in Bone Formation

Macrophage (M) colony stimulating factor (M-CSF) and monocyte attractant protein (MCP1lor
CCL2)- Immunogenic molecules such as the macrophage (M) colony stimulating factor (M-CSF)
and monocyte attractant protein (MCPlor CCL2) secreted by OB plays a role in OC genesis [31,32].
These molecules help in differentiation, activation, migration, survival etc. Both induces
differentiation of OC’s from bone marrow precursors after binding to C-Fms receptors expressed on
macrophage specifically M-CSF. Additionally, M-CSF promote expression of receptor activator of
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nucleofactor k3 (RANK) in bone marrow precursor. However MCP1 expression upregulated during
inflammatory action of bone and induces proliferation of bone marrow precursors [33].

A study presents evidently indicates that Pantoprazole -dependent augmentation of
myelopoiesis in host having tumors is dependent on an enhanced expression of M-CSF and receptors
for M-CSF & GM-CSF in BMC [34]. Pantoprazole activates tumor-associated macrophages (TAM) to
tumoricidal state in a murine model [34]. Therefore, PPI such as pantoprazole is capable of altering
M-CSF expression in order to immunopotentiate, which may induce differentiation of bone marrow
into OC’s precursors which may in turn increase bone resorption compared to bone formation
leading to increased risk of osteoporosis.

The RANKL is the membrane bound protein of the OB cell. The RANKL protein binds with
RANK after either proteolytic cleavage or alternative splicing. The regulatory factors of RANKL are
cytokines, hormone, and growth factors including PTH, estrogen, and inflammatory cytokines. On
the other hand, RANK the TNF family membrane protein expressed on OCs progenitor cells, mature
OCs, dendritic cells and mammary gland [35]. The interaction of RANK/RANKL induces OCs
differentiation, activation via JNK/AP1, JAK/NF kB, ¢ myc and calcineurin/NFATCI, src and
MKKG6/p38/MITF signalling pathway [36]. Osteoprotegerin (OPG), a soluble decoy receptor for
receptor activator of nuclear factor-kappaB ligand (RANKL), an osteoclast differentiation factor,
inhibits both differentiation and function of osteoclasts [37]. RANKL are able to bind with leucine
rich repeats containing G protein coupled receptor 4 (LGR4 or GPR4) which inhibit the proper
interaction between RANK/RANKL and block the OC genesis (Luo et al. 2016). RANKL also
expressed on the surface of an activated cluster of differentiation (CD) 4+ T helper 1 (Thl) cells by
involving a reverse signalling process. This interaction suppresses interferon y secretion from Thl
cells. The MAPK p38 signalling also plays a crucial role in this pathway.

2.3. Role of Lysophosphatidic Acid in Bone Formation

Lysophosphatidic acid (LPA) is the potent activator of OC formation [38]. LPA is produced by
various cell like platelets and OB, which helps in fusion of progenitor OC cells OC genesis
additionally reduce the apoptosis of OC. On the other hand the apoptosis of OC induced by OB via
Fas mediated extrinsic apoptotic pathway which is upregulated by estrogen or female hormone [39].
It is observed that PPI usage is harmful in general population and worse for those on no antiplatelet
agent. This suggests that PPIs promote certain risk via an unknown mechanism that does not directly
involve platelet aggregation. Underlying mechanism may probably involve dysregulation of
vascular nitric oxide synthase [40]. Studies document the possible interaction of clopidogrel and PPIs
leading to a decrease in the antiplatelet efficacy of clopidogrel. Clopidogrel is a prodrug which
requires cytochrome P450 2C19 (CYP 2C19) enzyme for its conversion to an active thiol metabolite.
Proton pump inhibitors (PPIs) inhibits enzyme CYP 2C19 interfering with the conversion of
clopidogrel into its active metabolite [41]. The CYP2C19 polymorphism affects the metabolism of
PPIs, causing large interindividual pharmacokinetic variations. Differences in the CYP2C19-
mediated metabolism can produce marked interpatient variability in acid suppression, in drug-
interaction potential and in its clinical efficacy [28]. Ultimately increasing the risk of platelet
aggregation and activated platelet [42] which is in turn a source of LPA (v). Now LPA leads to
increased OC activity and bone resorption. LPA from activated platelets, may enhance both tumor
growth and cytokine-mediated bone destruction [43].

3. Role of Osteoclast in Bone Formation and the Influence of PPI

D:isoform of vascular (H+) ATPase Vo domain (Atp6Vodz) is highly expressed in osteoclast. Bone
resorption relies on the extracellular acidification function of vacuolar (V-) ATPase proton pump(s)
present in the plasma membrane of osteoclasts. Atp6Vod: (dz), an isoform of the d subunit in the V-
ATPase, showed 5-fold higher expression than that of Atp6Vod2 (d1) in mature osteoclasts, indicating
a potential function in osteoclastic bone resorption [44]. It is noticed that this Atp6Vod2 mainly helps
OC to mature. Atp6Vodz-/- mice are not able to produce cell fusion whereas the cell differentiation
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remains the same. As a consequence, the multinucleated mature OCs remarkably reduces however
the differentiation of OC or OC related gene expression remains unchanged in Atp6Vodz-/- mice [45].
Although additional experiments are needed to elucidate the molecular mechanisms by which d:
functions in osteoclasts. Findings from a study concludes d: as a potential therapeutic target for the
treatment of diseases caused by excessive activity of osteoclasts, such as osteoporosis and rheumatoid
arthritis [46—48]. PPI may inhibit Atp6Vodz2, creating a scenario similar to Atp6Vod2-/- mice which
reduces mature OCs, thus inhibiting bone resorption which looks favourable for bone formation,
however it doesn’t affect OC differentiation.

4. Genetic Alteration and Role of PPI in Bone Metabolism

PPI inhibited phenotype-related gene expression and functional parameters. For both cell types
and their cellular function, i.e., osteoclastic resorption and the formation of mineralized deposits by
osteoblastic cells, was more affected than proliferation-related parameters. The three PPIs showed
similar qualitative and quantitative effects but displayed some differences in the underlying
intracellular signaling pathways. These results suggest that PPIs might have a direct deleterious effect
on bone cells, with the possibility of decreased bone turnover [18]. Several mouse models with genetic
deletion or mutation of V-ATPase proton pump subunits (e.g., ATP6i/ATP6V0a3, ATP6V0al) display
osteopetrosis due to dysfunctional osteoclasts. ATP6V0d2 knockout mice also display osteopetrosis
[45]. A study demonstrated that Atp6v0d2 (d2) is an essential component of the osteoclast-specific
proton pump that mediates extracellular acidification in bone resorption, and that d2 directly
interacts with Atp6i, while Atp6v0d2 deficiency affects differentiation and the v-ATPase activity of
osteoclasts [44]. An essential component of the osteoclast-specific proton pump that mediates
extracellular acidification in bone resorption. Bone modelling and remodelling specifically depend
on prime homeostasis of intracellular calcium and phosphate which are expressed on plasma of all
three cell types, help in cellular transportation system. The bone matrix fate is specifically determined
by some osteotropic agents, mechanical stimulation and intracellular pH which controls the activity,
expression, regulation and cell surface abundance of plasma membrane transport systems [49].

5. Influence of PPI on Osteoporosis: In Presence and Absence of Estrogen

Hormones have an important role in bone formation and resorption. Hormones such as
parathyroid hormone (PTH), calcitonin and sex hormones (mainly estrogen) play a mechanistic role
in bone modelling, bone remodelling and calcium absorption. From previous content it is clear that
osteoporosis is a disorder more common amongst those of an older age. In each individual after the
age of 30, bone resorption exceeds bone formation, and bone mass begins to diminish. This is a more
common predicament amongst women following the onset of menopause than their male
counterparts, as post-menopausal women in particular are more susceptible due to diminishment of
estrogen.

6. Role of Estrogen in Osteoporosis

Osteoclast (Figure 1) and their precursor molecules are regulated by different signalling
molecules. One of the key regulatory molecules is a RANK ligand which is a membrane protein
produced by a variety of cell types including OBs and their precursor cells as well as CD4+Th1 cells.
RANK, induces signalling pathway involved in the activation, differentiation and survival of
precursor cells for formation of multinucleated OCs as mentioned earlier in this study. Interaction
between RANK ligand and RANK receptor, promote OC activity and survival leading to increased
resorption of bone. To balance this mechanism the protein osteoprotegerin (OPG) gets secreted from
OB [50]. OPG secreted from OB is a cytokine receptor of TNF family and is also an osteoclastogenesis
inhibitory factor (OCIF). This OPG interacts with its specific ligand OPGL and blocks OC production
[51]. The precursor cell of OPG is a B cell found in bone marrow. The expression of OPG is mainly
supervised by cytokines, growth factors and hormones like estrogen, vitamin D and TNF. OPG acts
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deeply and binds with RANKL to decrease the interaction with the RANK and diminish the bone
resorption. Various hormones, cytokines control the concentration of RANKL and OPG. Parathyroid
hormone (PTH) stimulates the production of RANKL and represses the expression of OPG, an effect
thought to increase the activity of OCs [52]. High level of serum calcium activates calcitonin which
opposes the function of PTH hormone in general [53], but after menopause the action of estrogen
reduces dramatically and bone resorption increases, induces bone fracture with osteoporosis [54].
Conversely, estrogen can increase the expression of OPG and inhibit RANKL signalling. Increase in
bone resorption observed in states of estrogen deficiency in mice is mainly caused by lack of ERa-
mediated suppression of RANKL expression in bone lining cells [55]. These changes, which are
thought to reduce the activity in OC’s, may contribute to estrogen’s ability to preserve or increase
skeletal mass.
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Figure 1. Location and Function of ATPase in Osteoclast and Osteoblast and their inhibitors.

Omeprazole (30 mg/kg), was orally administered for eight weeks in ovariectomised rats and the
16 weeks old rats were then sacrificed. A low calcium diet and PPI alters osteoclast activity and bone
resorption signaling. Relative ratio of RANKL/OPG was increased in the group fed with low calcium
and PPI (Omeprazole- 30 mg/kg body weight) diet. The bone formation marker osteocalcin, was
decreased and bone resorption marker, CTX-1 levels in serum [56]. Thus PPI increases bone
resorption chances in low estrogen condition which is often the case of post-menopausal women and
almost all males. The total sex hormonal regulation is very much important in osteoporosis induction
in females where crucial molecule sudden reduction increases the susceptibility. That's why
osteoporosis is very common in post-menopausal women. Although earlier studies showed that PPI
use increases risk of osteoporosis and bone fractures, another study shows inhibitory effect of
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Pantoprazole ( a PPI variant) on OC formation and bone resorption both in vitro and in vivo. This
suggests a potential therapeutic use of PPZ in the treatment of osteolytic disease with localized bone
destruction [57]. Though this study does not enclose other factors such as hormones, cytokines and
M-CSF, which does change the impact of PPI on bone formation and resorption signalling.

7. Mechanism and Biochemistry Behind PPI Inducing Osteoporosis

PPIs have pKal between 3.8 and 4.9 and are considered as weak base. This pKa enables PPI to
get stored in the acidic space of the stimulated parietal cell specifically in the secretory canaliculus
having pH 1.0. The accumulated PPI prodrug undergoes acid-dependent conversion into activated
reactive thiophilic reagent. Then it undergoes second protonation for their activation to the
compounds that are capable of forming disulfides with accessible cysteines of the H, K-ATPase. The
actual inhibitory form of PPI is a tetracyclic sulfenamide or sulfenic acid. The order of acid stability
is tenatoprazole > pantoprazole > omeprazole > lansoprazole > rabeprazole (see Table 1) [58].

Table 1. Different PPIs are capable of binding to different cysteine of the H, K-ATPase.

DRUG CYSTEINE

Omeprazole cysteine 813 and cysteine 892
Lansoprazole cysteine 813 and cysteine 321
Pantoprazole and tenatoprazole cysteine 813 and cysteine 822

Differences of PPI binding sites may modify its biological activity. Proton pump inhibitors show
their activity on membrane transporters. They can induce osteoporosis by acting on targeted
membrane transporters, present on osteoclast and on osteoblast cells. A few H+ /K+ /ATPase pumps
are present at the ruffled border membrane of OCs which helps to maintain OC activity. Other
channels such as K+ /Na+ gradients, Na+ channel, chloride bicarbonate exchange etc are also present.
The acid environment of OC reduces the lucuma resorption and promotes bone mineralization [59].
H+ /K+ /ATPase pump is involved in bone resorption. Omeprazole is able to suppress only ATP
dependent pumps 1000 times more in responses than needed [60].

Another proton pump vascular H+ ATPase present at apical distribution of ruffled membrane
of avian and rat OCs [61]. In OCs, mRNA of V type H+ ATPase is found in larger numbers and works
simultaneously with the bicarbonate Cl channel [62]. Evidence shows that mutations in the gene
encoding the a3 subunit of the proton pump causes infantile osteopetrosis [63]. Though PPIs are not
a target specific drug, they randomly block the H+ ions secretion and transportation via different
mechanisms which we have already described. By increasing pH, osteoclastic cells lose their working
potential and various biomolecules are activated due to high pH which introduce osteoporosis in
patients with prolonged PPI administration.
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8. Effect of PPI on Vitamins and Minerals

8.1. PPIs and Effects on Vitamin B12 (VB12) Absorption

Vitamin B12 is a dietary essential nutrient which we get from food supplements. PPI
administration reduces absorption of essential nutrients which may result in life-threatening diseases
with time. PPIs majorly act on gastric secretion which is essential for nutrient absorption. Vitamin
B12 needs gastric acid to convert itself into absorbing form [64,65]. A short-term study revealed that
B12 absorption reduces due to the presence of different acid suppressants [66]. There are several
studies which demonstrated that B12 absorptions significantly decrease with chronic PPI exposure.
VB12 has an on-induction osteoporosis. It helps to proliferate OB and their precursors cell and ALP,
whereas deficiency of B12 induces OC’s maturation and formation, helping in osteoporosis induction
[67]. The in-vitro experimental study shows that the vit B12 has no direct effect on OB, OCs as well
as cellular differentiation, formation, or resorption activity of mouse bone marrow. Though elevated
amounts of homocysteine & methylmalonic acid (MMA) which may be a result of B12 deficiency
induces osteoclast genesis as well as osteoporosis by increasing bone resorption [68]. The high level
of homocysteine blocks some enzymes like lysyl oxidase, this enzyme plays a crucial role in collagen
formation especially in crosslinking in collagen fibres, by inactivating lysyl oxidase, B12 induces risk
in bone fracture and reduce bone mass density (BMD).

8.2. PPIs and Effects on Iron Absorption:

Prolonged PPI treatment can induce the iron deficiency which promotes osteoporosis via
hypothyroidism [69]. Contradictory studies revealed that in some cases prolonged PPIs
demonstration can induce anemia due to iron deficiency. Low iron diet along with PPI consuming
individuals & rats suffer iron deficiency problems which increase the PTH secretion [70]. Mutations
in PTH are associated with Severe abnormalities in chondrocyte proliferation [71]. Osteoporosis
markedly delays the fracture healing process, mostly due to increased chondrocyte proliferation
without a change in chondrocyte apoptosis [72]. Gastrin increased by PPl regulates parathyroid
hormone-related peptide (PTHrP) [73] since PTHrP has a precious involvement in bone metabolism
and chondrogenesis [71,74]. PPI may regulate bone formation and resorption via PTH-rp via iron
regulation.

8.3. PPIs and Effects on Calcium Absorption/Metabolism:

Calcium is one of the key constructive units of bone. Maintaining a standard equilibrium
between calcium and vitamin D improves the osteoporotic problem, it is proved by long term
research [75]. Low calcium absorption may be the result of PPl administration. This is a more
contradictory study than B12 absorption. By lowering the absorption of calcium which is the main
constitutive element of bone PPI disrupts bone microstructure, also an effect of hypochlorhydria
(lowering the acid level of stomach) [76]. PPI increases Gastric acid pH eventually causes
hypochlorhydria that reduces calcium ionization as well as intestinal absorption. The calcium
homeostasis regulates parathyroid hormone, which is released from the parathyroid gland after
sensing low concentration of circulating calcium in blood [26]. The calcium deficiency along with
vitamin D induces secondary hyperparathyroidism. The vitamin D’s active hormonal form, namely
calcitriol (1, 25 dihydroxy vitamin D) increases intestinal calcium as well as phosphorus absorption
and inhibits the synthesis of PTH, there are dual pathways which induce hyperparathyroidism.
Osteoporosis is one of the age-related problems, PPIs give a positive induction in formation of
osteoporosis by increasing gastrin and hypochlorhydria. Vitamin D deficiency occurs with aging and
promotes bone disease along with PPIs administration before age 60 [77]. PTH elevate bone
resorption by stimulating bone turnover markers like osteocalcin, alkaline phosphatase, tartrate-
resistant acid phosphate etc additionally, the hydroxyproline diminish the calcium absorption and
destroy the bone microstructure via collagen structure distortion. The intestinal calcium absorption
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occurs via two mechanisms by active transport of calcium at proximal duodenum induced by vitamin
D and passive transport of calcium all over in the intestine due to the paracellular diffusion down a
chemical gradient [78]. So, in brief PPI therapy induce bone resorption by two ways one via primary
hyperparathyroidism through hypergastrinemia and parathyroid hyperplasia, another via secondary
hyperparathyroidism characterised by low calcium absorption, disrupted calcium balance in
circulation, lowering the plasma [Ca*] etc. PTH overexpression is the result of primary and
secondary hyperparathyroidism which reduce bone strength and subsequently induce osteoporosis.

9. Effects of PPIs on Gene Expression and Enzymes:

According to some studies PPIs have an effective role in OBs and OCs genesis and function
[18,79]. A study concludes that 1-10ug/ml pantoprazole dose increases OB viability along with
alkaline phosphatase activity and the administration of 1-4ug/ml omeprazole induces the OB
differentiation via increasing the level of osteocalcin. This study carried out in both osteoblastic cells
as well as MC3T3-E1 cells both have given nearly equal results [21,79]. PPIs also have a deleterious
sequel on osteoclast like osteoblast cells. It reduces expression of some genes like c-myc, c-src, TRAP
and cathepsin K in peripheral blood mononuclear cell (PBMC) culture with 10-°M 10-*M omeprazole
treatment for 21 days [18]. These remarked genes are especially expressed in osteoclast. The 0.1-4
pg/ml omeprazole treated osteoclast culture cells experiment show suppression of calcitonin
receptors, C-fos, nuclear factors of activated T cell (NFATc1) and matrix metalloproteinase 9 (MMP9)
transcription as well as promote the ratio of osteoprotegerin to NF«kL in OB treated culture media
(MC3T3-E1) [21].

10. Summary and Conclusions

There are several PPIs such as esomeprazole, pantoprazole, lansoprazole, rabeprazole,
ilaprazole, and dexlansoprazole with different pharmacodynamic profile, viz disease specific [2].
Suppression of acid is the major function of PPI which reduces intestinal calcium absorption and
increases the risk of bone fragility [11]. PPI or H2RA administration over 2 years can induce hip
fractures [14]. An association between PPI use and hip fracture risk has been described in a study
conducted in 4551 cases and 45,510 controls. At non acidic pH, calcium does not solubilise or get
absorbed rather remains in the solution [10]. Radiotracer study shows reduced calcium carbonate
absorption in women due to PPI administration. Both animal and human data suggest that PPIs
reduces the osteoclast (OC) bone resorption activity as well as changes the bone-forming activity of
osteoblast (OB) [18,21]. Thus, the influence of PPI on total bone turnover needs to be focused in the
future.

PTH is produced due to low serum calcium levels, and it increases bone resorption to release
calcium into the bloodstream. Calcitonin is produced by the thyroid gland in response to high serum
calcium, which opposes the action of PTH, and promotes bone formation. These molecular factors
vary among person to person which may cause variable interindividual effects of PPI between them
[27]. Differences in the CYP2C19-mediated metabolism of PPI can produce marked interpatient
variability in acid suppression, in drug-interaction potential and in its clinical efficacy [28]. Osteoblast
and osteoclast are involved in regulation of bone modelling and remodeling and they control each
other’s proliferation. The signaling mediated by EPH (OC-OB) stimulates bone formation via OB
differentiation and inhibits the OC activation via reverse signaling through ephrinB2 in osteoclast. It
obstructs Fos induction and its transcriptional target NFAT inhibiting bone resorption. EphB4
signalling involves regulatory factors like DIx5, Osx and Runx2 [30].

Immunogenic molecules such as the macrophage (M¢) colony stimulating factor (M-CSF) and
monocyte attractant protein (MCPlor CCL2) secreted by OB plays a role in OC genesis [31,32]. M-
CSF also promotes expression of receptor activator of nucleofector k3 (RANK) in bone marrow
precursors. Pantoprazole (PPI) activates tumor-associated macrophage and alters M-CSF expression
[34]. If the same occurs in bone marrow due to PP, it may induce differentiation of bone marrow into
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OC’s via macrophage induction leading to increased bone resorption compared to bone formation.
Possible interaction of clopidogrel and PPIs leading to a decrease in the antiplatelet efficacy of
clopidogrel [41]. Ultimately increases the risk of platelet aggregation and activated platelet in turn is
a source of LPA (v) [42]. LPA leads to increased OC activity and bone resorption [43]. PPI may inhibit
Atp6Vodz, creating a scenario similar to Atp6Vodz-/- mice which reduces mature OCs, thus inhibiting
bone resorption which seems favourable for bone formation, however it doesn’t affect OC
differentiation. These results suggest that PPIs might have a direct deleterious effect on bone cells,
with the possibility of decreased bone turnover [18]. Interaction between RANK ligand and RANK
receptor, promotes OC activity and survival leading to increased resorption of bone. To balance this
mechanism the protein osteoprotegerin (OPG) gets secreted from OB [50]. OPG decreases the
interaction with the RANK and diminishes bone resorption. Parathyroid hormone (PTH) stimulates
the production of RANKL and represses the expression of OPG, an effect thought to increase the
activity of OCs [52]. The role of estrogen is quite important in osteoporosis. In ovariectomised rats
the relative ratio of RANKL/OPG was increased in the group fed with low calcium and PPI
(Omeprazole- 30 mg/kg) diet. The bone formation marker osteocalcin, were decreased and bone
resorption markers, CTX-1 levels in serum [56].

Though PPIs are not a target specific drug, they randomly block the H+ ions secretion and
transportation via different mechanisms which we have already described. By increasing pH,
osteoclastic cells lose their working potential and various biomolecules are activated due to high pH
which introduce osteoporosis in patients with prolonged PPI administration [60]. PPI administration
reduces absorption of essential nutrients; PPIs majorly act on gastric secretion and reduces B12
absorption [66]. Deficiency of B12 induces OC’s maturation and formation, helping in osteoporosis
induction [67]. Vit B12 has no direct effect on OB, OCs, elevated amount of homocysteine &
methylmalonic acid (MMA) which may be a result of B12 deficiency induced osteoclast genesis as
well as osteoporosis by increasing bone resorption [68]. Low iron diet along with PPI consuming
individuals & rats suffer iron deficiency problems which increase the PTH secretion [70]. PPI may
regulate bone formation and resorption via PTH-rp via iron regulation.

PPI increases gastric acid pH and eventually causes hypochlorhydria that reduce calcium
ionization as well as intestinal absorption. The calcium deficiency along with vitamin D induces
secondary hyperparathyroidism. The active hormonal form of vitamin D i.e., calcitriol inhibits PTH
synthesis [77]. PPl therapy induce bone resorption by two ways one via primary
hyperparathyroidism through hypergastrinemia or parathyroid hyperplasia and another via
secondary hyperparathyroidism characterised by low calcium absorption, disrupted calcium balance
in circulation, lowering the plasma [Ca*] etc. PTH overexpression is the result of primary and
secondary hyperparathyroidism which reduce bone strength and subsequently induce osteoporosis.
PPIs also have a deleterious sequel on osteoclast like osteoblast cells. It reduces expression of some
genes like c-myc, c-src, TRAP and cathepsin K in peripheral blood mononuclear cell (PBMC) culture
with 10-°M 10-*M omeprazole treatment for 21 days [18,79]. Future studies should work on data based
studies obtained from patients and cohort studies and focus on PPi interaction with other drugs,
impact of PPi on premenopausal and post menopause women, PPI impact on various hormones and
nutrients such as PTH and OPG, vitamin D, vitamin B12, iron and calcium to see whether it influences
osteoporotic changes. Conclusively there are several aspects of PPI which need to be studied both
experimentally and theoretically, which can be impactful on preventing or treating osteoporosis.
Antiresorptive agents need to be produced and studied more in order to prevent Osteoporosis caused
either by PPI, other drugs or due to age.
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