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ABSTRACT

Objective: Bisphosphonates like alendronate mainly exert their effects on osteoclasts. However, osteo-
blasts are also affected, but exposed to a much lower concentration in vivo than the osteoclasts.
Given that the effects are dose-dependent, the intention of the study was to identify a therapeutically
relevant concentration of alendronate for in vitro studies on osteoblasts.

Materials and methods: Primary human osteoblasts were incubated with alendronate (5, 20 and
100 uM) for 1, 3, 7 and 14 days. Proliferation and viability were assessed, and the effects on cellular
growth and function were evaluated by multianalyte profiling of selected proteins in cell culture
media using the Luminex 200™.

Results: The viability was not affected by any of the dosages. Exposure to 5uM alendronate had a
neutral effect on osteoblast proliferation, and on secretion of osteogenic and inflammatory markers,
while enhancing synthesis of a marker of angiogenesis. 20 uM alendronate induced a decline in prolif-
eration and affected angiogenic and osteogenic biomarkers adversely. 100 uM alendronate reduced
proliferation dramatically, and this dosage was excluded from further experiments.

Conclusion: A concentration of 5uM alendronate exerted effects on human osteoblasts that may
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translate to those observed in vivo and could therefore be relevant for in vitro studies.

Introduction

The bisphosphonate (BP) alendronate (ALN) is the most
widely used drug in treatment of osteoporosis [1]. BPs have
demonstrated to be efficacious by increasing bone mineral
density (BMD) and reducing fracture rates [2]. These effects
are mainly attributed to inhibition of bone resorption medi-
ated by the osteoclasts [3]. However, the effect on BMD can-
not completely explain the substantial reduction in fracture
incidence in patients treated with BPs. There is a body of evi-
dence that BPs also interact with the osteoblasts, and a
stimulatory effect on osteoblast proliferation and maturation
has been shown in vitro [4]. Moreover, both in vitro and
in vivo studies have demonstrated that BPs are capable of
preventing osteoblast and osteocyte apoptosis [5].

A multitude of in vitro studies have been performed to
explore the mechanisms of action of BPs on osteoblasts and
other cell types and how these potentially may explain posi-
tive or adverse effects observed in vivo [6,7]. These effects
are dose-dependent, and it is challenging to identify a con-
centration that reflect the in vivo conditions. To approach

this, it is essential to understand bone metabolism and the
behaviour of BPs in the body, here exemplified by ALN. The
BP is rapidly eliminated from the circulation, binds with high
affinity to hydroxyapatite and tends to concentrate in the
vicinity of active osteoclasts, rather than at sites of bone for-
mation [8]. In a rat study, more than 70% of the osteoclast
surface was densely labelled 24h after administration of a
single dose of [H]- ALN (0.4 mg/kg), in contrast to only 2%
of the bone forming surface [9]. When osteoclasts secrete
proteolytic enzymes and hydrochloric acid for the purpose of
resorption, ALN is released and rapidly engulfed by the
osteoclasts [10]. Hence, osteoclasts are obviously the cells
exposed to the highest concentration of ALN. The level of
ALN that can be achieved in the osteoclast resorption lacuna
has been calculated to be as high as 10°* M to 1073 M
(100-1000 uM) in newborn rats [9].

The in vivo and in vitro actions of BPs are well-described
for osteoclasts [11,12], whereas the effects on osteoblast
function remain to be fully elucidated. As elaborated on
above, the osteoclasts are exposed to substantially higher
concentrations than osteoblasts in vivo [13]. Notably,
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concentrations of BPs as low as 10™'" M have been shown
to have an effect on osteoblasts, whereas concentrations
above 107> M appear to be toxic [14]. In addition, Li et al.
found that the minimum inhibitory concentration of the BP
zoledronic acid (ZA) on mouse osteoclasts was 10°° M [15].

In order to achieve a more comprehensive understanding
of how BPs affect the cells involved in osteogenesis, the con-
centration of the drug applied in vitro should ideally be as
close to relevant therapeutic concentrations as possible.
Accordingly, the in vitro dosage that promotes similar effects
in osteoblasts as described in vivo would be the preferable.
The aim of the present study was to delineate the effects of
different concentrations of ALN on human osteoblasts
in vitro, and relate this to in vivo effects of ALN in order to
identify a therapeutically relevant concentration or range of
concentrations for in vitro studies.

Materials and methods
Study design

Primary human osteoblasts at passage 4 from tibia of a one-
day old female donor (Cambrex BioScience, Walkersville, MD,
USA) were grown in Lonza Osteoblast Growth Media (OGM)
(Cambrex BioScience), containing ascorbic acid, foetal calf
serum and gentamicin. Cells were subcultured at 37°C in a
humidified atmosphere of 5% CO, prior to confluence,
according to manufacturers’ instructions.

Cells were seeded in 12-well plates and incubated with
ALN (Sigma-Aldrich Biotechnology, Saint Louis, MO, USA) dis-
solved in OGM at concentrations of 5, 20 and 100 uM. For
protein quantification, cells and cell culture media were har-
vested after 1, 3, 7 or 14days of incubation, with the last
change of medium with or without ALN 24 hrs prior to har-
vest. Unexposed cells at each time point were used as con-
trol. Cells and cell culture supernatants were collected and
stored at —80 °C until analysis.

Cell viability and proliferation

Cell viability was confirmed by monitoring the activity of lac-
tate dehydrogenase (LDH) in cell culture medium. LDH was
measured using the microplate-based Cytotoxicity Detection
Kit (LDH; Boehringer, Mannheim, Germany). In accordance
with the manufacturers’ protocol, 50 uL aliquots of cell cul-
ture medium was used, and the absorbance was read using
a microplate reader (EIx800, BioTek, Bad Friedrichshall,
Germany) at 450 nm.

The proliferation rate of the cells was measured by [*H]-
thymidine incorporation and the MTT colorimetric assay. In
the [*H]-thymidine incorporation assay, the cells (1.7 x 10*
cells/well in 12-well plates) were incubated with cell culture
medium containing 5, 20 and 100 uM ALN for 1 and 3 days
(n=3). The cells were pulsed with 1 pCi [*H]-thymidine/well
12h prior to harvest, and upon harvest, the medium was
removed, and the cells were washed twice with PBS and
twice with 5% trichloroacetic acid (TCA) to remove unincor-
porated [*H]-thymidine. The cells were solubilized in 500 pl

of 1M sodium hydroxide (NaOH), and 200 uL of the solubi-
lized cell solution was transferred to 4 mL scintillation fluid
(Lumagel LSC BV; GE Groningen, Netherlands) and counted
for 3min in a liquid scintillation counter (Packard 1900 TR,
Packard Instruments, Meriden, CT, USA).

The MTT colorimetric Cell Growth Assay (CT02 Chemicon,
Merck KGaA, Darmstadt, Germany) was performed according
to manufactures’ instruction. Cells (4 x 10* cells/well in 96-
well plates) were harvested after 3days of incubation with
the various concentrations of ALN (n=3). Unexposed cells
were used as control. The absorbance was measured using
an ELISA plate reader (ELx800, BioTek, Vermont, USA) at a
test wavelength of 570nm with reference wavelength
of 630 nm.

Protein quantification in cell culture medium

Multianalyte profiling was performed using the Luminex
200TM system (Luminex Corporation, Austin, TX, USA), and
acquired fluorescence data were analysed by the xPONENT
3.1 software (Luminex).

Prior to analysis, aliquots of the cell culture medium were
concentrated 5 times using Microsep Centrifugal tubes with
3 kDa cut-off (Pall Life Science, Ann Armour, MI, USA). A sim-
ultaneous quantification of 29 cytokine and chemokine bio-
markers in 25 pL of cell culture media were ascertained using
the 29-Milliplex Human Cytokine Immunoassay kit (Millipore,
Billerica, MA, USA). The evaluated biomarkers included epi-
dermal growth factor (EGF), eotaxin, granulocyte colony-stim-
ulating factor (G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), interferon alpha-2 (IFN-a2), IFN-
v, interleukin-1a (IL-1a), IL-1b, IL-1ra, IL-2, IL-3, IL-4, IL-5, IL-6,
IL-7, IL-8, IL-10, IL-12p40, IL-13, IL-15, IL-17, interferon
gamma-induced protein 10 (IP-10), monocyte chemoattract-
ant protein-1 (MCP-1), macrophage inflammatory protein-1a
(MIP-1a), MIP-1b, tumour necrosis factor-a (TNF-a), TNF-b and
vascular endothelial growth factor (VEGF). In addition, the
levels of osteoprotegerin (OPG), osteocalcin (OC), leptin, TNF-
a, sclerostin, and fibroblast growth factor 23 (FGF-23)) were
simultaneously determined in 25puL of cell culture media
using Milliplex Human Bone Panel Immunoassay kit,
HBNMAG-51K-7plex (Millipore).

Luminex Multiplex Bead Immunoassays are solid phase
sandwich immunoassays, which are designed to be analysed
with a Luminex instrument. All the reagents and tools
needed were provided in the kit and analyses were per-
formed according to the manufacturers’ protocols. In brief, in
each of the above-described multiplex kits, 25 pl cell culture
medium was applied in 96 cell plates, diluted with assay buf-
fer, and incubated over night at 2-8 °C with antibody coated
fluorescent magnetic beads. After washing, analyte-specific
biotinylated detector antibodies are added and incubated
with the beads. Excess biotinylated detector antibodies were
removed by washing and streptavidin conjugated to the
fluorescent protein, R-Phycoerythrin (Streptavidin-RPE), was
added and the mixture incubated. After the final washing
step acquired fluorescence data were quantified based on
the spectral properties of the beads and the amount of



Table 1. The impact of ALN on osteoblast viability (LDH) and proliferation
(IH]-thymidine and MTT).

Method Day 5uM 20 uM 100 uM
LDH 1 100.5 +4.5 90.8+44.5 110.4 £ 69.1

3 103.4+5.1 752+17.8 846+128
[*H]-thymidine 1 84.1+37.0 65.9+19.8 37.3+207

3 1289+12.2 1245+21.1 724258
MTT 3 955+7.8 83.2+6.0" 349+15.2'

p <.05; Tp <.001 compared to 5 uM.

Sp <.001 compared to 20 pM.

LDH, lactate dehydrogenase; [*H]-thymidine incorporation in prolifer- ating
cells; MTT, abbreviation for the dye compound 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide. Data are calculated relative to unexposed con-
trol cells at each time point and presented as percentages (n = 3).

associated R-Phycoerythrin (RPE) fluorescence in a Luminex
200™. The concentration (pg/mL) of each biomarker in the
samples was determined based on standard curves for each
of the individual analytes in the kit.

Statistical analysis

Statistical evaluation was performed using the software
SigmaPlot 13.0 and 14.0 (Systat Software, San Jose, CA, USA);
statistical significance was assessed by Student’s t-test and p-
value set to .05, given a passed test of normality
and equality.

Results
Viability and proliferation

There was no significant difference in the cell viability (LDH)
between the cultures after exposure to 5, 20 or 100 uM of
ALN at any of the time points tested (Table 1). Evaluation of
thymidine incorporation indicated that there was a marked
reduction in proliferation of the osteoblasts after three days
of exposure to 100 uM ALN compared to 5 and 20 uM ALN
(p <.001). This correlates with the findings in the MTT assay,
where incubation with 100 uM ALN for three days resulted in
a diminished proliferation compared to incubation with 5
and 20 uM ALN (p <.001). Moreover, the MTT assay disclosed
a reduced proliferation of the cells exposed to 20 uM ALN for
three days, compared to 5uM ALN (p <.05) (Table 1).

The effect of ALN on secretion of biomarkers relevant
to osteogenesis

As a consequence of the abolished proliferation after expos-
ure to 100 uM ALN for 3 days, we chose to focus on 5 and
20uM for the remainder of the study. Following an initial
rise in secretion of sclerostin from cells exposed to 5 puM ALN
(p=.008), there was no change in the concentration com-
pared to control after 14 days (Figure 1). Sclerostin secretion
increased gradually up to 14days in cells incubated with
20 uM ALN (p =.044), however, not significantly compared to
5uM ALN exposed cells. The release of granulocyte colony-
stimulating factor (G-CSF) was transiently enhanced after
incubation with 5uM ALN (p=.026day 3 and p =.025day 7)
(Figure 2a). After 14days of exposure to 20 uM ALN, G-CSF
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Figure 1. Sclerostin in cell culture media from human osteoblasts. The cells
were exposed to 5 1M or 20 uM ALN. Data are presented in % relative to unex-
posed control at each time point. *p <0.05 compared to control, t p <.05
compared to 5 pM.

Sclerostin in % of control

was reduced by 50% compared to the cells incubated with
5uM ALN (p=.020) and unexposed cells (p =.017).

The effect of ALN on secretion of biomarkers relevant
to angiogenesis

There was a non-significant initial reduction in the release of
VEGF from osteoblasts after exposure to both 5 and 20 uM
ALN. This was followed by an increase of VEGF to control
level after 14 days of incubation with 5uM ALN, and a reduc-
tion of VEGF by 50% in cells exposed to 20 uM ALN com-
pared to 5pM ALN (p=.003) and unexposed cells (p=.006)
(Figure 2b). The secretion of MCP-1 rose to 155% of control
after 3days of incubation with 5uM ALN (p=.019) (Figure
2c), with a subsequent decline to control level after 14 days.
In cells exposed to 20puM ALN, the level of MCP-1 was
reduced by 70% compared to cells incubated with 5 M after
14 days (p <.001).

The effect of ALN on secretion of biomarkers relevant
to inflammation

Compared to unexposed cells, there was a significant rise in
the secretion of IL-8 after 1day of exposure to 5uM of ALN
(p=.002) (Figure 2d). 20uM ALN promoted a drop in IL-8
from day 3, resulting in 50% and 75% lower levels after
7days (p=.007) and 14days (p<.001), respectively, com-
pared to 5uM. A transient non-significant increase in IFN-a2
was observed in cells incubated with 20 uM ALN (Figure 2e),
thereafter IFN-a2 decreased, and was 30% lower after 3 days
and 35% lower after 14days when compared to 5uM
(p=.022 and .015, respectively).

Most of factors tested were not found to change signifi-
cantly at any time point (leptin, OC, OPG, IFN-g, and IL-1ra),
or the concentrations were lower than the set levels of
detection for the analyses (FGF-23, EGF, eotaxin, IL-10, IL-
12p40, IL-13, IL-15, IL-17, IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6,
IL-7, IP-10, MIP-1a, MIP-1b, TNF-a and TNF-b).
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Figure 2. Granulocyte colony-stimulating factor (G-CSF) (a), vascular endothelial growth factor (VEGF) (b), monocyte chemoattractant protein (MCP-1) (c), interleu-
kin-8 (IL-8) (d) and interferon-alpha2 (IFN-a2) (e) in cell culture media from human osteoblasts. The cells were exposed to 5 M or 20 uM ALN. Data are presented
in % relative to unexposed control at each time point. * p <.05 compared to control, T p <.05 compared to 5 pM.

Discussion

In this study, exploring the in vitro effects of different con-
centrations of ALN on human osteoblasts, the viability was
not affected by any of the dosages. Exposure to 5uM ALN
had a neutral effect on osteoblast proliferation, and on secre-
tion of osteogenic and inflammatory markers, while enhanc-
ing synthesis of MCP-1, a marker of angiogenesis. 20 uM ALN
induced a decline in proliferation and affected angiogenic
and osteogenic biomarkers adversely after 14 days of expos-
ure. ALN at a concentration of 100 uM reduced proliferation
dramatically, and this dosage was excluded from further
experiments.

Higher concentrations of ALN reduce proliferation

As previously mentioned, the positive skeletal effects of BPs
are mainly mediated by suppression of osteoclastic activity.
This is achieved through inhibition of the mevalonate path-
way, ultimately leading to apoptosis of the osteoclasts [16].
In vivo studies indicate that BPs also may affect osteoblasts
and osteocytes [17,18]. As elaborated on in the introduction,
osteoclasts are exposed to higher concentrations of BPs than
cells of the osteoblastic lineage [13]. Thus, when exploring
the effects of BPs on osteoblasts in vitro, it is of importance
to identify a dosage that is close to the in vivo
concentration.



ALN in concentrations of 107> M or higher have been
reported to affect osteoblasts adversely, inducing apoptosis
and inhibiting cell differentiation [19]. We observed no effect
on viability after exposure to 5, 20 and 100 uM ALN for three
days, as assessed by LDH activity. The effect on proliferation
was, however, dose-dependent. In accordance with the find-
ings of Garcia-Moreno et al. [20], incubation with 100 uM
ALN resulted in a steep decline in osteoblast proliferation
after 3days. The proliferation assessed with an MTT-assay
was also reduced after 3days of exposure to 20puM ALN,
compared to 5uM. We did, however, not observe enhance-
ment of osteoblast proliferation by 5uM ALN. Probably an
even lower dosage of ALN would be needed to exert
this effect.

Notably, ALN has been shown to abolish the glucocortic-
oid-induced apoptosis in vertebral cancellous bone osteo-
cytes and osteoblasts in mice [21]. These findings suggest
that the effect of BPs in glucocorticoid-induced osteoporosis
and osteoporosis in general may be due, in part, to their
ability to prevent osteocyte and osteoblast apoptosis [3], this
has also been confirmed in other studies [22]. Preservation of
the bone-forming function of mature osteoblasts and main-
tenance of the osteocytic network is decidedly of significance
for normal function of bone. Thus, to mimic in vivo condi-
tions, a dosage of 5uM is clearly the better option.

Low dose of ALN has the least impact on biomarkers
affecting osteogenesis

The Wnt signalling pathway is essential in bone formation,
and bone homeostasis, as well as bone repair and regener-
ation following injury [23]. This signalling pathway plays an
important role in controlling the differentiation of mesenchy-
mal stem cells (MSCs), in favour of the osteoblasts, as well as
promoting osteoblast maturation and survival [24]. Bone
remodelling is constantly ongoing to replace old bone tissue
by new bone tissue. Activation of the Wnt/B-catenin signal-
ling pathway leads to increased proliferation and differenti-
ation of osteoblast precursor cells, reduces apoptosis of
mature osteoblasts, and promotes the ability of differentiated
osteoblasts to inhibit osteoclast differentiation [25].
Sclerostin, which is a protein predominantly secreted by
osteocytes, is a potent antagonist to the Wnt pathway [26],
and as such potentially inhibits bone formation and stimu-
lates bone resorption [24]. We found that 5uM ALN induced
a temporary rise in secretion of sclerostin after 3days of
exposure, whereas 20 uM ALN induced a gradual rise in scle-
rostin throughout the duration of the experiment. In postme-
nopausal osteoporotic women treated with ZA, an early rise
in sclerostin serum levels was observed [27]. On the other
hand, no significant alteration in circulating sclerostin levels
was seen in a retrospective observational study after long-
term treatment of postmenopausal women with the oral BPs
ALN and risedronate [28].

Furthermore, we found that ALN at a dosage of 5 uM pro-
moted a transient increase in release of G-CSF from osteo-
blasts, followed by a decline to control level after 14 days.
20 uM ALN induced a pronounced decrease in G-CSF, with a
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50% reduction after 14days of exposure. A rise in G-CSF has
also been reported in mice in response to a BP [29]. G-CSF
has been mainly associated with the recruitment of stem
cells from bone marrow [30,31]. Effects on osteoclast and
osteoblast activity have also been reported, the data are,
however, diverging [32-34]. The significance of our findings
regarding G-CSF under in vivo conditions is uncertain.

Low dose of ALN promotes angiogenesis

The development of a microvasculature and microcirculation
is critical for the homeostasis and regeneration of living
bone, without which, the tissue would simply degenerate
and die [35,36]. Thus, it is essential that drugs used in the
treatment of osteoporosis do not inhibit angiogenesis. This
complex process is orchestrated by multiple factors and
mechanisms, which when in balance will contribute to insure
a sufficient supply of nutrients and minerals. Osteoblasts
have been shown to secrete VEGF, an essential angiogenic
growth factor which is critical in the initial stages of wound
healing and bone repair [37]. ALN in the concentration range
107°-107> M has been reported to enhance VEGF secretion
from osteoblasts [38], whereas 107 '2-10"® M of ZA and ALN
reduced the VEGF secretion from osteoblastic cell lines in a
dose-dependent manner [19]. We observed no significant
changes in VEGF secretion from osteoblasts exposed to 5 uM
ALN, however a pronounced decline occurred after exposure
to 20uM ALN, which reduced VEGF by 50% compared to
5puM ALN.

MCP-1 has been recognized as another important angio-
genic chemokine, which is involved in induction of VEGF-A
gene expression [39]. We noted a substantial rise in MCP-1
after 3days of incubation with 5uM ALN, thereafter levelling
off to control values after 14days. In contrast, there was a
marked drop in secretion of MCP-1 after 14 days of exposure
to 20 uM ALN. Accordingly, our data indicate that ALN in a
dosage of 5uM could favour angiogenesis, whereas 20 uM
seemed to affect it negatively.

5 uM Aln with marginal impact on inflammatory
biomarkers after 14 days of exposure

The osteoblasts are capable of producing a wide range of
cytokines and growth factors that are involved in bone dam-
age and repair [40,41]. These substances include among
others IL-1, IL-6, IL-8, TNF-a, IFN-a and IFN-g which interact in
balancing bone metabolism [42]. The expression of several
proinflammatory cytokines from osteoblasts and osteoblast-
like cells are affected by lower concentrations of BPs in vitro
[43,44]. We have previously shown that 5uM ALN stimulated
release of proinflammatory cytokines [45]. In the present
study, an initial spike in the expression of IL-8 was seen after
exposure to 5uM ALN, whereas 20 uM induced a decline
after 7 and 14 days. This is at odds with another study, show-
ing that 100 uM ALN promoted an increase in the secretion
of IL-8 [46]. IL-8 has for decades been known as an import-
ant cytokine regarding development of inflammation, mainly
through its activation of neutrophils [47].
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Release of IFN-a2 was also affected differently by the low
and high dosages, 20 uM evoking an initial rise, followed by
a decline, whereas the cells exposed to 5 M ALN responded
in a similar manner as control cells. The cytokine IFN-a2 is
mainly accredited as an important factor in the immune
response to a microbial infection [48], but has also been
applied in the treatment of several malignant diseases [49].
Moreover, it has been suggested as an inhibitor of osteo-
clasts differentiation [50].

In this study we have compared the effects of 5, 20 and
100 M of ALN on osteoblasts in vitro, addressing effects on
viability, proliferation, and the release of factors affecting
inflammation, angiogenesis and osteogenesis. We intended
to identify a therapeutically relevant concentration of ALN
for in vitro studies on osteoblasts. Taken together, we
observed that osteoblasts exposed to 5uM ALN responded
in a similar manner as control cells after 14days, whereas
the higher dosages negatively affected proliferation and fac-
tors regarding angiogenesis and osteogenesis. Therefore, it is
reasonable to propose that < 5uM ALN in vitro are concen-
trations that best mimic observations made in vivo.

Osteonecrosis of the jaw (BRONJ) and atypical femur frac-
tures are rare adverse effects of BPs. Under these circumstan-
ces, the concentration of ALN is probably higher. These
adverse effects tend to occur after long-term treatment and
subsequent accumulation of ALN in bone. Schaudinn et al.
applied energy-dispersive X-ray spectroscopy (EDS) to esti-
mate the concentrations of ALN in jaw bone by measure-
ment of percent nitrogen incorporation [51]. They observed
that ALN concentrations correlated with both duration of
therapy and BRONJ stage. Notably, in an inflammatory set-
ting, peripheral blood mononuclear cells seem to increase
their release of pro-inflammatory cytokines (TNF-a and IFN-g)
as a response to internalizing BPs [52]. Moreover, a local
acidic environment, i.e. periodontitis, has been reported to
amplify the dose-dependent cytotoxic effects of BPs, poten-
tially triggering further osteolysis and an increased concen-
tration of BPs [53]. It should be recalled that there may be
differences between individuals and between skeletal sites
that affect the in vitro response to ALN. Hence, when con-
ducting in vitro studies on primary human osteoblasts, both
skeletal site of origin and donor age are variables of signifi-
cance [54].

Conclusion

With only marginal changes in viability, proliferation and
secretion of factors of growth, angiogenesis and inflamma-
tion, incubation with 5uM ALN had the least negative impact
on the osteoblasts of the concentrations tested in this study.
Altogether, based on the current available literature and our
own findings, we suggest that < 5uM is a therapeutically
relevant concentration of ALN for in vitro studies on primary
human osteoblasts.
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