
Abstract. The use of proton pump inhibitors (PPIs) seems to
be related to increased fracture risk but the mechanism is
unclear. In an effort to clarify the mechanism, we evaluated
the effect of omeprazole, a representative of the PPIs, on the
expression of transcription factors in osteoclasts and
osteoblasts. Murine RAW264.7 and MC3T3-E1 cells were
used for osteoclast and osteoblast analysis, to which various
concentrations of omeprazole were added. RAW264.7 cells
with ≥3 nuclei were considered tartrate-resistant acid
phosphatase (TRAP)-positive, i.e. activated osteoclasts.
Expressions of the calcitonin receptor (CTR), c-fos, nuclear
factor of activated T-cells, cytoplasmic 1 (NFATc1), and
matrix metalloproteinase (MMP)-9 mRNA in osteoclasts
were evaluated. Gene expression of osteocalcin and of the
osteoprotegerin/receptor activator of NF-κB ligand
(OPG/RANKL) ratio in osteoblasts was examined and
Western blotting of NFATc1 was performed. Treating the
osteoclasts with increasing doses of omeprazole did not
affect TRAP positivity, but significantly decreased the
expressions of CTR, c-fos, NFATc1, and MMP-9 regardless
of the omeprazole concentration. The expression of
osteocalcin and of the OPG/RANKL ratio in osteoblasts was
augmented with increasing omeprazole concentrations. The
result of the Western blot analysis with NFATc1 was similar
to that of the expression of NFATc1 mRNA. Omeprazole
decreased the activation of osteoclasts but increased that of
osteoblasts in vitro, in part causing an osteopetrosis-like

effect. Together with the effect of omeprazole on calcium
homeostasis, increased fracture risk may be due to the
osteopetrorickets-like effect of omeprazole.

Introduction

The use of the proton pump inhibitors (PPIs) has markedly
increased over the past two decades and they are the main
drug used for treating gastroesophageal reflux disease (1,2),
they are essential in curing peptic ulcer disease (3) and play
an important role in managing functional dyspepsia (4). PPIs
have been shown to be very effective and are considered to
carry little risk of developing adverse effects, thus favoring
their use for a long duration by those with chronic
debilitating conditions. However, data are accumulating on
their possible side effects, such as community-acquired
pneumonia (5) and community-acquired Clostridium-difficile-
associated disease (6). PPIs have also been implicated in
increasing the risk of bone fractures (7-12). Yang et al
reported that there was a correlation between long-term PPI
therapy and an increased risk of hip fracture, particularly at
high doses (7). Targownik et al demonstrated that there was a
significant increase in osteoporosis-related fractures after 7
or more years of PPI use and an increased risk of hip fracture
after 5 or more years of continuous exposure (8). Vestergaard
et al reported that PPI use was associated with an increased
risk of bone fracture, even though the association was only
marginal (9). Based on the observation of several epidemio-
logical studies (7-12), the U.S. Food and Drug Administration
decided to add the safety information about the possible
increased risk of bone fracture in the prescription and over-
the-counter labels for PPIs.

The use of PPIs could increase the risk of bone fractures
by affecting calcium homeostasis, which can either be due to
inhibition of calcium absorption (13,14) or to the induction
of hyperparathyroidism secondary to the development of
hypergastrinemia (15,16), although controversy remains.
Since PPIs block the acid secretion not only in parietal cells
but also in osteoclasts, an essential step in bone resorption
(17-19), they could theoretically decrease the risk of bone
fractures and be osteoprotective. Nevertheless, the results of
several large population-based studies have shown that PPIs
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are not osteoprotective. Therefore, this study was conducted
to evaluate the effects of omeprazole, a representative of the
PPIs, on the expression of the transcription factors in
osteoclasts in order to shed light on the involvement of PPIs
in bone metabolism. In addition, we also investigated the
effect of omeprazole on osteoblasts.

Materials and methods

Materials. Glycerophosphate, ascorbic acid, receptor activator
of NF-κB ligand (RANKL), and omeprazole were purchased
from Sigma Chemical (St. Louis, MO, USA). ·-modified
minimal essential medium (·-MEM; Gibco BRL, Grand
Island, NY, USA), trypsin-EDTA, penicillin, and strepto-
mycin were acquired from Gibco Invitrogen (Grand Island,
NY, USA). Fetal bovine serum (FBS) was purchased from
HyClone (Logan, UT, USA). Culture dishes and plastic
labware were from BD Falcon (Franklin Lakes, NJ, USA).
All chemicals related to real-time (RT) PCR were purchased
from Roche Molecular Biochemicals (Germany).

Cell culture. For osteoblast analysis, murine MC3T3-E1 cells
were cultured in 6-well plates at 37˚C and 5% CO2 atmosphere
with ·-MEM containing 10% heat-inactivated FBS, 100 U/ml
penicillin and 100 μg/ml streptomycin. The cells in 6-well
plates were grown to 90% confluence and treated with
culture medium containing 10 mM ß-glycerophosphate and
50 ng/ml ascorbic acid to induce osteoblast differentiation.

For osteoclast analysis, murine RAW 264.7 cells were
cultured with the same method used for the osteoblast
analysis except for the use of 50 ng/ml of RANKL as a
stimulant in order to induce osteoclast differentiation. To
determine the effect of omeprazole on osteoblasts and
osteoclasts, various concentrations of omeprazole (0.1, 1, 2
and 4 μg/ml) were added to the culture medium at the time of
osteoblast or osteoclast differentiation. The cell culture
medium was changed every 2 or 3 days.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide salt (MTT) assay. Cell viability was tested using a
colorimetric assay based on the uptake of MTT by viable
cells (20). In brief, a solution of MTT (0.5 mg/ml) was added
to the cells followed by incubation at 37˚C to form blue
formazan crystals. After 3 h, the residual MTT was carefully
removed and the crystals were dissolved by incubation with
DMSO for 30 min. The plates were then shaken for 5 min
and the absorbance was measured at 570 nm with spectro-
photometry.

Tartrate-resistant acid phosphatase (TRAP) assay. The
TRAP assay was conducted using the TRAP cytochemical
stain technique as previously described (21). In brief, cells
were washed once with PBS and fixed in 10% formalin for
10 min. After washing with PBS, cells were permeabilized
with 0.1% Triton X-100 for 1 min, washed once with PBS,
and incubated with the substrate solution, napthol AS-BI
phosphate (Sigma) in the presence of 50 mM sodium tartrate
at 37˚C for 10 min. Resulting red-stained TRAP activity was
visualized by light microscopy. To quantify TRAP activity,
TRAP-positive cells with 3 or more nuclei were counted.

Gene expression. The total cellular RNA was extracted using
RNeasy kit (Qiagen, Santa Clarita, CA, USA) according to
the manufacturer's instructions. Aliquots (1 μg) of total RNA
were retro-transcribed into cDNA at 42˚C for 1 h in a total
volume of 20 μl with the first strand cDNA synthesis kit
(Roche Diagnostics GmbH, Mannheim, Germany). RT-PCR
was performed to verify the differential expression of
selected genes using a Roche LightCycler 480 system (Roche
Diagnostics GmbH) and the Taqman method using the Roche
Universal ProbeLibrary (UPL) kit. All reactions were carried
out in a total volume of 20 μl of reaction mixture containing
10.0 μl of 2X UPL master mix, 1.0 μl of 5' primer (10 pmol/
μl), 1.0 μl of 3' primer (10 pmol/ml), 0.2 μl of UPL probe,
1.0 μl of cDNA and 6.8 μl of sterile water. The thermal
cycling conditions for PCR were an initial denaturation for
10 min at 95˚C, followed by 40 cycles at 60˚C for 10 sec and
at 72˚C for 30 sec. The sequences of the primers shown in
Table 1 were designed by the Roche ProbeFinder assay tool.
For the RT-PCR analysis, triplicate PCRs were carried out
for each cDNA. Negative controls were included in the PCR
reaction to ensure specific amplification. The values obtained
from each sample were normalized to HPRT expression.
LightCycler 480 software version 1.2 (Roche) was used for
the analysis of the quantitative PCR. Relative gene expression
was determined by employing the comparative CT method
(22).

Western blot analysis. Cultured cells were solubilized in lysis
buffer [150 mM NaCl, 20 mM Tris-HCl (pH 7.4), 0.1% SDS,
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Figure 1. Effect of different concentrations of omeprazole on the viability of
RAW 264.7 cells and MC3T3-E1 cells. Cell viability was measured through
the MTT assay. Each bar represents the number of cells in percentage
compared to the control and shows that omeprazole has no significant effect
on the viability of RAW 264.7 cells and MC3T3-E1 cells.
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Table I. Genes and primers for gene expression.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene Sequence Size (nt)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
HPRT 5'-TCC TCC TCA GAC CGC TTT T-3' 90
Hypoxanthine-guanine phosphoribosyltransferase 5'-CCT GGT TCA TCA TCG CTA ATC-3'

Osteocalcin 5'-CAC CAT GAG GAC CCT CTC TC-3' 113
5'-TGG ACA TGA AGG CTT TGT CA-3'

RANKL 5'-CTG ATG AAA GGA GGG AGC AC-3' 128
Receptor activator of nuclear factor κB ligand 5'-GAA GGG TTG GAC ACC GTA ATG C-3'

OPG 5'-GTT TCC CGA GGA CCA CAA T-3' 71
Osteoprotegerin 5'-CCA TTC AAT GAT GTC CAG GAG-3'

c-Fos 5'-CAG CCT TTC CTA CTA CCA TTC C-3' 86
5'-ACA GAT CTG CGC AAA AGT CC-3'

NFATc1 5'-TCC AAA GTC ATT TTC GTG GA-3' 63
Nuclear factor of activated T-cells, cytoplasmic 1 5'-CTT TGC TTC CAT CTC CCA GA-3'

MMP-9 5'-ACG ACA TAG ACG GCA TCC A-3' 87
Matrix metalloproteinase-9 5'-GCT GTG GTT CAG TTG TGG TG-3' 

CTR 5'-GGT TCC TTC TCG TGA ACA GGT-3' 64
Calcitonin receptor 5'-AGA ACT GGA GTT GGG CTC AC-3'
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 2. Effect of different concentrations of omeprazole on RAW 264.7 cell activation in the presence of RANKL. RAW 264.7 cell activation was measured
by counting the number of TRAP-positive OCLs containing more than 3 nuclei using light microscopy. Cells were photographed at x20 magnification. TRAP,
tartrate-resistant acid phosphatase; OCL, osteoclast-like cell; RANKL, receptor activator of NF-κB ligand.
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1% NP40, containing a mixture of proteinase inhibitors (5 g/ml
aprotinin and 1 g/ml leupeptin)] on ice using a homogenizer.
An aliquot of the lysates was used to determine the protein
concentration using the Bradford protein assay (Bio-Rad
Laboratory, Richmond, CA, USA). An equal amount of
lysates was run onto 12% SDS-polyacrylamide gels, and
blotted to polyvinylidene difluoride membranes (Millipore
Corporation, MA, USA). The membranes were blocked with
5% skim milk overnight at 4°C, and incubated with anti-
nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1)
or anti-matrix metalloproteinase (MMP)-9 monoclonal
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA).
After three washes in TPBS (0.05% Tween-20 in PBS), the
blots were incubated with horseradish peroxidase-
conjugated secondary antibodies. After extensive washing,
the immune complexes were detected using the ECL system
(Amersham Pharmacia Biotech, Piscataway, NJ). Omeprazole
concentrations used for Western blotting were 0.1, 1, 2, and
4 μg/ml.

Statistical analysis. The significance of the results was tested
using the two-way analysis of variance using commercially

available software (Graphpad Prism; GraphPad Software,
San Diego, CA). A P-value <0.05 was considered statistically
significant.

Results

MTT assay. Measurement of the cell viability by the MTT
assay demonstrated that omeprazole at concentrations of 0.1,
1, 2, and 4 μg/ml did not significantly affect the number of
RAW 264.7 cells compared to the control. The number of
MC3T3-E1 cells also showed no difference between the
control and those treated with omeprazole at the afore-
mentioned concentrations (Fig. 1).

TRAP assay. The number of TRAP positive multinucleated
cells, which are osteoclast-like cells (OCLs) containing more
than 3 nuclei were identified as activated RAW 264.7 cells
and counted under a light microscope. OCL formation in
RAW 264.7 cells measured by TRAP positivity at
omeprazole concentrations of 0.1, 1, 2, and 4 μg/ml, showed
a decreasing, but not statistically significant trend as the
concentration of omeprazole increased (Fig. 2).
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Figure 3. Effect of different concentrations of omeprazole on the fold-induction of transcription factor expression in activated RAW 264.7 cells. The
expression of the transcription factors, calcitonin receptor, c-fos, NFATc1, and MMP-9 mRNA was assessed 3 days after culturing the RAW 264.7 cells in the
presence of RANKL. Note how the fold induction of all the transcription factors significantly decreases regardless of the concentration of omeprazole.
NFATc1, nuclear factor of activated T-cells, cytoplasmic 1; MMP-9, matrix metalloproteinase-9. ***P<0.001 vs. control.
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Gene expression. The expression of calcitonin receptor
(CTR) mRNA in OCLs was evaluated on day 3 by measuring
the fold induction of CTR. After adding RANKL to the
RAW 264.7 cells, in the absence of omeprazole, there was a
155.42-fold increase in CTR gene expression. When 0.1, 1,
2, and 4 μg/ml of omeprazole were added, CTR gene
expression decreased to 64.89-, 66.87-, 78.07-, and 81.20-
fold, respectively, and this decrease in fold induction was
statistically significant compared to when only RANKL was
added (P<0.001) (Fig. 3). The expression of c-fos and
NFATc1 mRNA assessed 3 days after culturing the RAW
264.7 cells in the presence of RANKL also showed an
increase to 3.47- and 6.56-fold, respectively. When
omeprazole was additionally added to the wells, the
expression of c-fos mRNA decreased to 0.99-, 0.98-, 1.59-,
and 1.44-fold in the presence of 0.1, 1, 2, and 4 μg/ml of
omeprazole, respectively. The expression of NFATc1 mRNA
also decreased to 3.62-, 3.55-, 4.55-, and 4.31-fold,
respectively, at the aforementioned concentrations of
omeprazole. The decrease of c-fos and NFATc1 mRNA in

the presence of omeprazole was statistically significant
regardless of the concentration of omeprazole (P<0.001 for
both) (Fig. 3). A similar trend was observed with the
expression MMP-9 mRNA. MMP-9 expression increased to
202.25-fold in the presence of RANKL and decreased to
40.13-, 44.53-, 65.80-, and 51.63-fold with the treatment of
omeprazole, showing a statistically significant decrease in
fold induction (P<0.001) at each concentration of omeprazole
(Fig. 3).

The levels of osteocalcin gene expression and the
osteoprotegerin (OPG)/RANKL ratio were measured on day
12 after culturing the MC3T3-E1 cells. Treatment with
omeprazole at concentrations of 0.1, 1, 2, and 4 μg/ml,
increased osteocalcin expression to 5.79-, 11.45-, 9.85- and
10.43-fold, respectively. As for the OPG/RANKL expression
ratio, it decreased to 0.68- and 0.78-fold, respectively, at
concentrations 0.1 and 1 μg/ml of omeprazole, but it increased
to 1.15- and 1.98-fold at concentrations 2 and 4 μg/ml of
omeprazole, respectively (Fig. 4).

Western blot analysis. Western blot analysis was done for
NFATc1 and the result was similar to that of the gene
expression of NFATc1 mRNA in which the translation was
decreased after the addition of omeprazole; this decrease in
translation was seen regardless of the concentrations of
omeprazole (0.1, 1, 2, and 4 μg/ml) (Fig. 5).

Discussion

In this study, we have shown that omeprazole decreases the
activation of osteoclasts but somewhat increases the
activation of osteoblasts. Evidence that omeprazole decreases
the activation of osteoclasts is that in RAW 264.7 cells
expression of c-fos, NFATc1, and MMP-9 mRNA  signifi-
cantly decreased in the presence of omeprazole regardless of
its concentration (Fig. 3). In addition, Western blot analysis
of NFATc1 demonstrated that omeprazole treatment not only
decreased the transcription but also the translation of
NFATc1, one of the transcription factors studied (Fig. 5).
Evidence that omeprazole increases the activation of
osteoblasts is that the osteocalcin gene expression and the
OPG/RANKL ratio in MC3T3-E1 cells increased along with
increasing concentrations of omeprazole (Fig. 4).

Since in the presence of omeprazole the activity of
osteoclasts decreases and that of osteoblasts increases,
omeprazole seems to be osteoprotective in terms of
decreasing bone resorption, possibly leading to an increase in
bone mineral density, to the prevention of osteoporosis, and
probably resulting in a decreased risk of bone fractures.
However, several large population-based epidemiological
studies have demonstrated that PPIs were not osteoprotective
but rather increased the risk of bone fractures (7-12)
especially when used for a long duration (7,8) and at a high
doses (7,10).

The exact mechanism of how PPIs are related to an
increased risk of bone fractures is not yet known but
investigations are focused on two possible mechanisms. The
first mechanism focuses on calcium homeostasis. Dietary
calcium is classified as soluble (calcium citrate) and
insoluble (calcium carbonate, calcium phosphate). For
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Figure 4. Effect of omeprazole on the fold changes of osteocalcin gene
expression and OPG/RANKL ratio. The levels of osteocalcin gene
expression and OPG/RANKL ratio were measured after culturing MC3T3-E1
cells for 12 days. OPG, osteoprotegerin; RANKL, receptor activator of
NF-κB ligand. *P<0.05, ***P<0.001 vs. control.

Figure 5. Effect of different concentrations of omeprazole on the translation
of the NAFTc1 gene in activated RAW 264.7 cells. Western blot analysis
was done to assess the translation of NFATc1 gene in RAW 264.7 cells
cultured in the presence of RANKL. Note how the translation of the
NFATc1 gene decreases with increasing dose of omeprazole, consistent
with the result of the gene expression of NFATc1 mRNA.
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calcium to be absorbed into the the small intestine, it first has
to be dissolved from its complexes or from the salt. This
solubility of the calcium salts is pH-dependent, meaning that
low pH is mandatory for calcium salt dissolution (23).
Therefore, some propose that the blockage of acid secretion
by PPIs hinders absorption of calcium which results in an
increased risk of bone fracture (13). This finding has also
been noted in a small randomized crossover trial by
O'Connell et al in which a reduction of fractional calcium
absorption was observed in those taking PPIs (14). Since the
most frequently prescribed calcium supplement is calcium
carbonate, which needs a low pH for better absorption, acid
blockage with PPIs could pose a problem. In addition,
secondary hypergastrinemia due to acid suppression by PPIs
may induce hyperparathyroidism and result in increased bone
resorption (15,16). The second mechanism focuses on the
cells of bone turnover, especially the osteoclasts. It is well
known that proton pumps in gastric parietal cells and
osteoclasts are different; the proton pump in gastric parietal
cells is the H+/K+-ATPase whereas that in osteoclasts is the
vacuolar H+-ATPase (24). However, omeprazole, a represen-
tative of PPIs, has been shown to block not only the H+/K+-
ATPase but also the vacuolar H+-ATPase (17-19). Acid
secretion by the proton pump vacuolar H+-ATPase in
osteoclasts is essential for bone resorption, because the
secreted hydrogen ion decalcifies the bone and activates the
proteolytic enzymes which degrade the bone matrix. Since an
essential step in bone resorption is blocked, bone mineral
density should increase resulting in prevention or reduction
of osteoporosis, and thus should lead to a decreased risk of
bone fractures. The results of our study in which omeprazole
decreased the activation of osteoclasts and increased the
activation of osteoblasts also support an omeprazole-induced
decreased risk of bone fractures. However, as has been
previously mentioned, there is a discrepancy between the
results obtained from in vitro studies on osteoclasts and that
of several large population-based studies. How can this
discrepancy be explained? 

A possible explanation to this discrepancy was proposed
by Targownik et al in which the effects of PPIs blocking the
vacuolar H+-ATPase of osteoclasts was compared with that
of osteopetrosis (25). During the course of life, micro-
fractures develop as a result of normal wear and tear, damage
to the bone due to mechanical forces applied internally or
externally, etc. As a result, osteoblasts and osteocytes secrete
cytokines that recruit osteoclast precursors, thus commencing
the process of bone remodeling. However, when the
osteoclasts fail to function and the damage cannot be
mended, the bone becomes brittle leading to decreased bone
tensile strength and finally to fracture. An example of this
defect is well demonstrated by a rare disease, osteopetrosis.
Osteopetrosis is a genetic disease with various subtypes.
Each subtype has its own typical clinical manifestations but
the skeletal manifestations are common to all subtypes:
increased bone density and fragility (26). In osteopetrosis,
the bone matrix density increases but the bone remains
brittle, being seemingly strong on the outside but actually
weak on the inside. Therefore, since PPIs block the vacuolar
H+-ATPase of osteoclasts and also inhibit the activity of
osteoclasts, as has been shown in our study, it could be

suggested that PPIs exert an osteopetrosis-like effect on the
bone. This effect of PPIs together with their previously
mentioned effect on calcium homeostasis, support the
hypothesis that PPIs can produce a state resembling osteo-
petrorickets as reported by Schinke et al (27).

There are some limitations to this study. First, of the two
main transcription factors needed for activating NFATc1, c-
fos and NF-κB, only c-fos expression was measured.
However, since c-fos is induced by NF-κB, if the expression
of c-fos and NFATc1 has decreased, it could be postulated
that the expression of NF-κB has also decreased and vice
versa. Second, only the Western blotting of NFATc1 was
performed. For a complete evaluation and to strengthen our
findings, it would have been necessary to perform Western
blot analysis of all the transcription factors analyzed in this
study since transcription of a gene to mRNA does not always
correlate with its translation to protein. Nevertheless, since
NFATc1, the product of the last step in the signaling pathway
and the master transcription factor for osteoclast
differentiation is decreased, it could be conceivable to think
that the prior transcription factors are decreased as well.

In conclusion, in addition to the well known effect of
PPIs blocking the vacuolar H+-ATPase in osteoclasts, our
study shows that omeprazole decreases the activation of
osteoclasts as demonstrated by the decrease in the expression
of transcription factors, and increases the activation of osteo-
blasts. Although further studies are warranted to fully clarify
the underlying mechanism of the PPIs on bone metabolism
and their link to bone fractures, our in vitro experiment
suggests the possibility that one potential mechanism,
through which PPIs could increase the risk of bone fractures,
may be by inducing a state resembling osteopetrorickets.
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