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Abstract Bisphosphonates are widely used in the clinical
treatment of bone diseases with increased bone resorption.
In terms of side effects, they are widely known to be
associated with osteonecrosis of the jaw (BONIJ). The
objective of this study was to evaluate the effect of
bisphosphonates on the gene expression of receptor
activator of NF-kB ligand (RANKL) and osteoprotegerin
(OPQG) in vitro. Nitrogen-containing and non-nitrogen
containing bisphosphonates have been compared. Human
osteoblasts were stimulated with zoledronate and ibandronate
at concentrations of 5x10°> M, 5x10°® M, and 5x10’ M
over the experimental period of 14 days. Furthermore, the
hOB cell lines were stimulated by clodronate at concen-
trations of 5x 107> M, 5x107° M, and 510 °® M. At each
point in time, the gene expression levels of RANKL and
OPG were quantified by real-time RT-PCR. The results
showed a moderate enhancement of OPG gene expression
whereas RANKL gene expression was strongly increased by
nitrogen-containing bisphosphonates reaching a maximum
after 14 days at high concentrations of 5x107> M. Lower
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concentrations did not enhance the RANKL and OPG
expression considerably. The non-nitrogen-containing
bisphosphonate clodronate, however, effected OPG and
RANKL gene expression much less, even at higher concen-
trations of 5x 10> M. The above-mentioned data suggest an
enhanced RANKL/OPG gene expression after stimulation
by bisphosphonates. Interestingly, clodronate might have
little influence on osteoblast/osteoclast interaction with
respect to OPG and RANKL gene expression.

Keywords Bisphosphonate - Bone remodeling -
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Introduction

Bisphosphonates are widely used in the clinical treatment of
bone diseases with increased bone resorption [1] such as
Paget’s disease, osteoporosis, and malignant diseases like
multiple myeloma or metastasis to the bone. As a serious side
effect, these actions could cause an altered cell metabolism,
which is considered to promote osteonecrosis (BONJ), which
almost always occurs in the jaw [2]. The BONIJ is typically
associated with exposed bone, fistulae, and even pathological
fractures [3, 4]. Especially after intravenous treatment with
nitrogen-containing bisphosphonates, an incidence of 5-19%
has been reported [5—7]. In addition to a direct effect on
osteoclasts and osteoblasts, some authors suggest that a
bisphosphonate-induced obliteration of the regional blood
vessels could lead to an avascular osteonecrosis of the jaw [4,
8, 9]. The effect of bisphosphonates to increase bone mineral
density has been attributed to a decreased bone turnover [10—
15] by the inhibition of osteoclastic bone resorption.
Osteoclasts are known to differentiate from hematopoi-
etic precursor cells. It was noted that the development of
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osteoclasts from their precursors usually requires the
presence of osteoblasts through a mechanism that requires
a trio of peptides, osteoprotegerin (OPG), receptor activator
of nuclear factor-xB ligand (RANKL) and receptor activa-
tor nuclear factor-kB (RANK) [16]. RANKL is a member
of the tumor necrosis factor (TNF) superfamily, produced
and secreted by osteoblasts [17]. It stimulates osteoclasts
through its known receptor RANK, which is a membrane-
bound protein present on osteoclasts and their precursors.
However, the interaction between RANKL and RANK can
be competitively inhibited by the decoy receptor OPG, a
soluble protein produced by osteoblasts [18-21].

The aim of this in vitro study was to demonstrate the
impact of bisphosphonates on the RANKL and OPG gene
expression in osteoblasts over a period of 14 days. The
nitrogen-containing bisphosphonates zoledronate and
ibandronate were compared to the non-nitrogen-containing
bisphosphonate clodronate.

Material and method
Cell culture

Human osteoblasts (HOB-c, PromoCell, Heidelberg, Germany)
between passages 5-9 were cultured at a density of 200,000
cells per well using 6-well plates. Their osteoblastic genuineness
was proved by Osteocalcin gene expression though real-time
reverse transcriptase polymerase chain reaction (RT-PCR;
Fig. 1). The cells were allowed to attach for 2 days using an
osteoblast-specific medium (10% FCS/DMEM Dulbecco
modified medium; Invitrogen, Carlsbad, Ca/US) containing
1% L-glutamine, 1% penicillin/streptomycin/neomycin, 1%
ascorbic acid, and 20 pg/ml dexamethasone. The cells were
stimulated by osteoblast-specific medium containing zoledro-
nate or ibandronate at a concentration of 5x10°> M, 5x
10° M, and 5x10°7 M. Clodronate was applied at higher
concentrations of 5x10> M, 5x107°> M, and 5%x10°® M. The
osteoblast-specific cell culture medium without bisphosphonate
addition was used as a control. The media and bisphosphonates
were renewed every 4 days for a period of 14 days to
guarantee a constant stimulation und nutrition supply
over the experimental period. Two different osteoblast cell
lines were stimulated by the 5x107°-M bisphosphonate
concentration.

Messenger RNA extraction and reverse transcriptase
polymerase chain reaction

At the 1st, 2nd, 5th, 10th, and 14th day of cultivation, the
osteoblasts were detached with 0.05% trypsin—-EDTA
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solution (Invitrogen, Carlsbad, Ca, US) and individually
harvested. With respect to the 5x 103-M, 5%107°-M, and
5x107-M bisphosphonate concentrations, the cells were
detached at four points in time (2nd, 5th, 10th, and 14th
day). Messenger RNA (mRNA) was extracted using a
silicate gel technique that was provided by the Qiagen
RNeasy extraction kit (Qiagen, Hilden, Germany). This
process included a DNAse digestion step. The amount of
extracted mRNA was measured by extinction at 260 nm;
the contamination with proteins was determined with the
260/280 ratio.

To detect the mRNA of RANKL and OPG in osteo-
blasts, primers were designed using NCBI-nucleotide
library and Primer3-design (Table 1). All primers had been
matched to the mRNA sequences of the target genes (NCBI
Blast software).

As housekeeping genes, human ribosomal protein
(HuPO), actin, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and ribosomal Protein S18 (RPS18) were
evaluated. We were able to show the most stable condition
for the actin, GAPDH, and RPS18 genes by comparing the
bisphosphonate-stimulated versus a non-stimulated cell
culture using a specialized freeware called GeNorm.

As a quantitative RT-PCR, we used the SYBR Green
real-time PCR (one-step RT-PCR, Bio-Rad, Hercules, CA/
USA). This method ensures a reverse transcription using
the individual primers immediately before PCR amplifica-
tion and SYBR Green fluorescence measurement for
quantification of gene expression. Samples were amplified
in 96-well microplates in an 1Q5-Cycler (Bio-Rad, Hercules,
CA/USA) using an annealing temperature of 56°C and an
elongation temperature of 71°C over 40 cycles. The back-
ground was determined during three to ten cycles and the
threshold was set above this fluorescence, crossing the SYBR
green fluorescence curve at the exponential part. This point
was used to calculate the cycle number and Ct value for
quantitation. Furthermore, the Ct values of actin, GAPDH,
and RPS18 housckeeping genes and the individual primer
efficacy were taken into consideration. Single product
formation was confirmed by melting point analysis. For
negative control, water samples instead of mRNA
samples were used.

Statistical analysis

cDNA from individual cell experiments was analyzed in
triplicate PCR. For statistical analysis of the Ct values, the
AACT method was applied [22, 23]. For each specific
primer and real-time PCR, the replication efficiency was
calculated on the basis of the SYBR Green fluorescence
curves and by standard dilution series. The relative gene
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Table 1 Oligonucleotide primer ]
sequences used for real-time Sense Antisense
PCR

RANKL ATACCCTGATGAAAGGAGGA GGGGCTCAATCTATATCTCG
OPG ATGCAACACACGACAACATA GTTGCCGTTTTATCCTCTCT
GAPDH AAAAACCTGCCAAATATGAT CAGTGAGGGTCTCTCTCTTC
RPS 18 TCGGAACTGAGGCCATGA GAACCTCCGACTTTCGTTC

@ Springer



82

Clin Oral Invest (2012) 16:79-86

Fig. 2 Quantitative RT-PCR 16,00
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expression levels were standardized by those measured in
the unstimulated control, which was set to 100%. Each
point in time for relative mRNA is the mean=standard
deviation.

Results

Effect of bisphosphonates on RANKL gene expression
Time-course experiments were performed to determine the
effects of zoledronate, ibandronate, and clodronate on

RANKL gene expression. As shown in Fig. 2, treatment
of hOB cells with 5x10°-M ibandronate and zoledronate

Bl
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[oControl @Zoledronate mlbandronate mClodronate |

increased the gene expression of RANKL after 48 h, with
ibandronate initially effecting a lower gene expression
level. After 14 days, ibandronate led to the highest RANKL
gene expression compared to the unstimulated control.
Lower concentrations of 5x10°® and 5x1077 M rather
decreased RANKL gene expression compared to control
(Table 2).

Clodronate, a non-nitrogen-containing bisphosphonate,
did not significantly enhance RANKL gene expression
compared to an unstimulated osteoblast control. The gene
expression levels even appeared to be decreased by clodronate
during the first 10 days at concentrations of 5x10°® and 5x
1077 M (Table 2). At the concentration of 5x10> M, an
enhancement of gene expression was observed (Fig. 2).

Table 2 Normalized RANKL gene expression fold compared to unstimulated control (means) after stimulation by different concentrations of
zoledronate, ibandronate, and clodronate (mRNA could not be obtained from cell cultures after 14 days and 10 ® M zoledronate stimulation)

Concentrations 2 days 5 days 10 days 14 days
Mean SD Mean Mean SD Mean SD
Zoledronate
5x107 M 0.90 0.20 0.72 0.12 0.90 0.15 0.28 0.08
5%x107° M 1.37 0.15 0.92 0.07 2.05 0.70 0.21 0.08
5x10° M 0.50 0.09 58.85 21.32 8.32 0.97 909.18 819.09
Ibandronate
5x107 M 0.75 0.47 1.01 0.27 0.95 0.11 0.62 0.13
5x10°M 0.65 0.09 1.89 0.24 0.19 0.16
5x10° M 2.58 0.34 34.20 6.37 2.19 0.40 229.35 27.8883102
Clodronate
5x10°M 1.29 0.31 0.68 0.10 0.73 0.61 3.15 0.48
5x10° M 0.75 0.11 0.88 0.13 0.37 0.18 1.56 0.24
5x10° M 1.18 0.19 13.63 8.59 28.11 2.80 4.11 0.38

@ Springer



Clin Oral Invest (2012) 16:79-86 83
Table 3 Normalized OPG gene ]
expression fold compared to Concentrations 2 days 5 days 10 days 14 days
unstimulated control (means)
after stimulation by different Mean Mean SD Mean SD Mean SD
concentrations of zoledronate,
ibandronate, and clodronate Zoledronate
(mRNA could not be obtained 5107 M 0.99 1.14 1.76 0.13 0.99 0.16 0.94 0.22
from cell cultures after 14 days 5,16 0.58 0.5 1.97 0.15 170 0.58 1.76 0.19
and 10 ° M zoledronate s
stimulation) 5x10° M 3.10 0.47 3.61 1.27 5.75 1.85 4.09 0.97
Ibandronate
51077 M 1.00 0.98 1.67 0.30 0.77 0.10 1.14 0.17
5x10°° M 0.74 0.09 1.15 0.07 0.01 0.00 0.00
5x10° M 10.61 1.32 1.57 0.63 6.11 0.30 5.26 0.46
Clodronate
5x10°° M 0.89 0.08 1.47 0.26 1.84 1.53 1.17 0.14
5x107° M 0.45 0.12 0.88 0.08 1.13 0.55 0.94 0.17
5x10° M 0.64 0.08 2.20 0.39 1.26 0.18 0.67 0.09

Effect of bisphosphonates on OPG gene expression

At high concentrations of 5x107° M, the OPG gene
expression was stimulated to the largest by zoledronate,
reaching a maximum of 1.060% at day 2 compared to the
non-stimulated control. Ibandronate also caused osteoblasts
to increase their gene expression to a maximum level of
575% on day 10. Lower concentrations did not clearly
effect the OPG gene expression. With concentrations of 5x
1077 M, zoledronate as well as ibandronate led to lower
OPG gene expressions after 5 days compared to control. At
5x107° M, just ibandronate reached higher gene expression
levels than the control group (Table 3).

The non-nitrogen-containing clodronate did not cause an
OPG elevation on gene expression level (Table 3, Fig. 3).

Effect of bisphosphonates on RANKL/OPG ratio

With respect to the contrary effects on osteoclast prolifer-
ation and differentiation, the ratio of RANKL/OPG was
taken in order to evaluate the resulting effect. The findings
are presented in Table 4 and Fig. 4. Zoledronate and
ibandronate increased the RANKL/OPG ratio at high
concentrations of 5x107> M and to a lower extent at 5x
10 °-M zoledronate and ibandronate. The highest values
were reached after the first 5 days. Lower concentrations
(5x1077 M) of zoledronate and ibandronate led to a
RANKL/OPG ratio of less than 1.

Clodronate showed a dose-dependent effect with increasing
RANKL/OPG ratios till day 10 at a concentration of 5x 10> M
(Table 4, Fig. 4).
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Table 4 Ratio of normalized RANKL/OPG gene expression quotient
after stimulation by bisphosphonates of different concentrations of
zoledronate, ibandronate, and clodronate (mRNA could not be
obtained from cell cultures after 14 days and 10°® M zoledronate
stimulation)

Concentrations 2 days S days 10 days 14 days
Zoledronate

5x107' M 0.90 0.41 0.91 0.30
5x10°M 2.35 0.47 1.20 0.12
5x10° M 0.16 16.32 1.45 222.30
Ibandronate

5x107' M 0.74 0.61 1.23 0.54
5x100° M 0.88 1.64 35.51

5x107° M 0.24 21.83 0.36 43.63
Clodronate

5x10°M 1.45 0.46 0.40 2.70
5x107° M 1.68 1.00 0.33 1.67
5x10° M 1.86 6.20 22.34 6.15
Discussion

Bisphosphonates interfere with bone remodeling processes
that are controlled by mediators such as RANKL, RANK,
and OPG.

Our results demonstrate that the RANKL gene expression
was not much enhanced during the first 6 days of bisphosphonate
stimulation and even inhibited by ibandronate stimulation. After
6 days, however, the gene expression level of RANKL was
enhanced by zoledronate and ibandronate to a level of several
hundred percent compared to the unstimulated control. The OPG
gene expression was moderately enhanced by zoledronate and

Fig. 4 Ratio of RANKL/OPG 307
gene expression in osteoblasts
(normalized gene expression

ibandronate stimulation. RANKL and OPG have a controversial
impact on osteoclastogenesis and osteoclast differentiation:
RANKIL, a soluble paracrine-secreted protein, promotes the
osteoclast differentiation, while OPG prevents through a decoy
receptor binding. Therefore, the ratio of RANKL/OPG gene
expression should allow a sufficient assessment of osteoblast-
induced stimulus to osteoclasts. By a RANKL/OPG ratio >1, a
stimulating influence of osteoblasts on osteoclastogenesis and
differentiation could be assumed. In a dose-dependent manner,
the RANKL/OPG ratio, elevated by zoledronate and ibandro-
nate, could suggest an anabolic effect on osteoclasts via
osteoblasts’ secretion after application of bisphosphonates at
high concentrations. Lower bisphosphonate concentrations,
however, seemed to cause an OPG gene expression in osteoblasts
that exceeds the RANKL gene expression. Therefore, lower
zoledronate and ibandronate concentrations might be sufficient to
inhibit osteoclasts’ differentiation. Although our results demon-
strated that nitrogen-containing bisphosphonates significantly
affected RANKL and OPG gene expression during an
experimental period of 14 days, a further modulation of
RANKL and OPG gene expression on post-transcriptional
level could not be ruled out.

Other studies focused on osteoblast RANKL and OPG
gene expression during the first 2 or 6 days [18, 24]: Lin et
al. found no significant influence on osteoblast RANKL
and OPG gene expression during an experimental period of
48 h, investigating alendronate and pamidronate. In
contrast, Mackie et al. found that the RANKL gene
expression was inhibited and the OPG gene expression
was not altered by stimulation of pamidronate in an
osteosarcoma cell line for 6 days [24]. Although the
discrepancy might be attributed to the use of different cell
lines, human vs. rat and primary vs. cancer, the stimulation
period as well as the applied concentrations are crucial
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points, as the RANKL gene expression was enhanced from
day 6 to day 14 in our results mainly at high concentrations
of 5x107° M.

A RANKL/OPG ratio >1, which was measured at high
concentrations of nitrogen-containing bisphosphonates,
seems to be contrary to the positive bone turnover seen
clinically, which is considered to be caused by osteoclasts’
apoptotic cell death and consecutive positive bone turnover
[25, 26]. Furthermore, there is data supporting the idea that
osteoclasts’ resorption activity is disrupted by the loss of
osteoclast cytoskeleton and loss of actin ring [27, 28].
These effects, however, require concentrations which are
considered to be mainly reached in active osteoclasts during
bone resorption, causing the liberation of mineral-bound
bisphosphonates. Through a high RANKL/OPG ratio,
osteoclast activity might be enhanced and could finally
liberate mineral-bound bisphosphonates that reach concen-
trations, which are sufficient for osteoclast apoptosis. This
theory would corroborate the clinical finding of a high bone
density. Furthermore, histomorphological studies described
increased numbers of osteoclasts expressing cysteine proteinase
cathepsine K in patients with infected bisphosphonate-
associated osteonecrosis compared to control [29]. Although
the potential of actinomyces species is discussed to cause
osteoclast recruitment, our data suggest a stimulatory effect
through RANKL secretion by osteoblasts.

Clinical studies on the effect of zoledronate on RANKL and
OPG serum levels in patients suffering from Paget’s disease of
the bone did not show any effect compared to non-treated
control group [30]. A high affinity of bisphosphonates to bone
mineral could have caused the low blood concentrations that
might not have been sufficient to effect the osteoblast RANKL
and OPG expression. Therefore, these findings are in
concordance with our results showing little influence of low
bisphosphonate concentrations on RANKL and OPG gene
expression.

After osteoblast stimulation by clodronate, a non-
nitrogen-containing bisphosphonate [31], little RANKL or
OPG gene expression effect has been found. These findings
are in agreement with previous results that support the
different pharmacologic actions of nitrogen- and non-
nitrogen-containing bisphosphonates in terms of preventing
prenylation of small guanosine triphosphate (GTP)-binding
proteins [32]. Nitrogen-containing bisphosphonates, includ-
ing zoledronate and ibandronate, inhibit the production of
isoprenoid lipids, such as isopentenyl pyrophosphate (IPP),
farnesyl pyrophosphate (FPP), and geranylgeranyl pyro-
phosphate (GGPP), in the biosynthetic mevalonate pathway
[1]. FPP is required for posttranslational modification of
proteins, such as GTP-binding proteins, e.g. Ras, Rho, and
Rac [32, 33]. These signaling molecules control regulator
proteins that are possibly involved in RANKL and OPG
gene expression.

Conclusion

Our data suggest a stimulating effect of bisphosphonates on
osteoblast RANKL/OPG gene expression at high concentrations.
This might accelerate the osteoclasts’ metabolism, promote
mineral-bound bisphosphonate liberation, and therefore, enhance
apoptotic cell death.

The RANKL and OPG gene expression was mainly
increased by nitrogen-containing bisphosphonates; non-
nitrogen-containing bisphosphonates had little influence
on RANKL and OPG gene expression in osteoblasts.
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