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Bisphosphonates (BPs) are the keystone to treat bone disorders. Despite the great benefits of BPs, medication-related osteonecrosis
of the jaw (MRONJ) arouse as a potential side effect. Nitrogen-containing BPs (N-BPs) as zoledronate (ZA) act by the inhibition of
specific enzymes of the mevalonate pathway resulting in altering protein prenylation which is required for the posttranslational
maturation of the small GTP-binding proteins. Geranylgeraniol (GGOH) is an intermediate product in the mevalonate pathway
having positive effects on different cell types treated with BPs by salvaging protein prenylation improving cell viability and
proliferation in tissue regeneration, thus overcoming N-BP-induced apoptosis. Here, the effect of different concentrations of
zoledronate (ZA) on the bone cells has been investigated by cell viability assay, live/dead staining, and western blot to
understand if GGOH was able to rescue bone cells and levels of statistical significance were indicated at ∗P < 0 05, ∗∗P < 0 01,
∗∗∗P < 0 001, and ∗∗∗∗P < 0 0001. Although the high concentration of ZA had significantly decreased the cell viability in the
bone cells, GGOH reversed the action of ZA on the cells while at very high concentration; it caused severe reduction in the cell
viability. Rap1A, a member of the GTPases family, was expressed in the negative controls but was absent in cells treated with
high concentrations of ZA. The addition of GGOH had increased the expression of Rap1A up to a certain limit. The
experiments proved that ZA acts directly on the mevalonate pathway and protein prenylation and that GGOH could be applied
as a future local therapy to MRONJ.

1. Introduction

Bisphosphonates (BPs) are considered the keystone to treat
bone disorders as osteoporosis, osteogenesis imperfecta,
and Paget’s disease as well as bone metastases from various
malignancies as multiple myeloma or breast/prostate cancer.
Despite the great benefits of BPs, medication-related osteo-
necrosis of the jaw (MRONJ) arouse as a potential side effect
of two pharmacological agents: antiresorptives (including
bisphosphonates (BPs) and receptor activator of nuclear fac-
tor kappa-B ligand inhibitors) and antiangiogenics. MRONJ
pathogenesis has been widely investigated, yet not fully
understood. Lately, various factors have been formulated

to discuss the possible mechanism as interaction between
bone turnover, impairment of angiogenesis, infection, local
trauma, oral mucosal toxicity, or immunomodulation [1–3].
However, the most accepted theories being the influence of
BPs on angiogenesis or cessation of bone remodelling and
turnover by suppressing osteoclast and osteoblast activity
leading to areas of necrotic bone [4]. Recently, bacterial infec-
tion to the maxillofacial region has been suggested as a key
factor for the pathogenesis and progression of MRONJ [5, 6].

BPs are stable analogues of natural inorganic pyrophos-
phates [7] broadly classified into two major classes with
different mechanisms of action: nonnitrogen-containing
BPs (NN-BPs) acting by incorporation into ATP and

Hindawi
Stem Cells International
Volume 2019, Article ID 4351327, 9 pages
https://doi.org/10.1155/2019/4351327

http://orcid.org/0000-0002-3458-2227
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/4351327


nitrogen-containing BPs (N-BPs) acting by inhibiting farne-
syl diphosphate synthase (FDPS) in the mevalonate pathway
(MVP) with zoledronate (ZA) being the most potent [8].
Inhibition of farnesyl diphosphate synthase prevents the
synthesis of farnesyl diphosphate (FPP) and its derivative,
geranylgeranyl diphosphate (GGPP) [9].

At the molecular level, ZA inhibits specific enzymes of
the MVP resulting in the loss of isoprenoid intermediates
altering protein prenylation which is required for the post-
translational maturation of the small GTP-binding proteins
which are divided into at least five families, including Ras,
Rho, Rab, Arf, and Ran [10]. The inhibition of these small
GTPases plays a critical role in cellular growth and differen-
tiation, cytoskeletal reorganisation, gene expression, and
membrane ruffling interfering with osteoblast function
resulting in impaired osteogenesis together with inducing
apoptosis in osteoclast due to the disruption of the cytoskel-
eton and resorptive activity [11, 12].

Isoprenoid compounds as farnesol (FOH) and geranyl-
geraniol (GGOH) are intermediate products in the MVP
essential for cell proliferation [13]. GGOH was developed
in Japan being used orally as an antiulcer drug protecting
the gastric mucosa from stress without affecting the gastric
acid secretion [14]. It has positive effects on different cell
lines treated with BPs by salvaging protein isoprenylation
improving cell viability, proliferation, and migration in tissue
regeneration thus overcoming N-BP-induced apoptosis
[15, 16]. Some studies had supported the use of GGOH
in angiogenesis theory [17] and local toxicity theory [18].
However, this study had supported the bone turnover the-
ory with the use of GGOH.

Thus, the aims of this study were to (1) investigate the
effect of different concentrations of ZA on the bone cells
and (2) understand if isoprenoids as GGOH was able to res-
cue bone cells which could be proposed as a future local ther-
apy for the treatment of MRONJ.

2. Materials and Methods

2.1. Culture of the Cells. Human osteoblasts (hOBs) were
purchased from Sigma Aldrich (Cat no. 406-05A, Munich,
Germany) and were always cultured at a density of 3.5× 104
on a 35mm Petri dish in osteoblast growth medium (Cat
no. 417500) at 37°C in a humidified atmosphere of 5%
CO2. The medium was changed twice per week and cells
were subcultured when they reached 90% confluency. Cells
between passages 3 and 6 were used from two different
donors for the experiments.

Humanosteoclast precursors (hOCs)andculturemediawere
purchased from Lonza (Cat no. 2T-110, Basel, Switzerland).
To induce osteoclast differentiation, cells were seeded in
6-well plates at a density of 1.0× 104 cells/well and cultured
in complete culture medium supplemented with 25 ng/mL
macrophage colony-stimulating factor (M-CSF; PeproTech,
Hamburg, Germany) and 50 ng/mL receptor activator of
NF-κB ligand (RANKL; PeproTech, Hamburg, Germany).
Cells were maintained in a humidified atmosphere contain-
ing 5%CO2 at 37

°Cwithmediumchange twice perweek until
the cells were used for the experiments. Cells at passage 1

were used for all the experiments asOCs could not be subcul-
tured. Osteoclasts were always seeded at a density of 1.0× 104
cells/well in 6-well plates for WST-1 assay, live/dead assay,
and TRAP staining.

2.2. Preparation of Drugs

2.2.1. Mevalonate Pathway Inhibitors. Zoledronate (ZA)
obtained as a gift from Chemos (Regenstauf, Germany) was
chosen due to its high relative potency increasing the proba-
bility of osteonecrosis. A stock solution of 20mM ZA was
prepared by dissolving the powder in physiological saline
(0.9% NaCl), sterile filtered before use, and stored at -20°C.
The drug was diluted in appropriate culture media to the
given concentration to be used in the experiments. The dose
range was chosen to be 0.1, 25, and 100μM of ZA.

2.2.2. Mevalonate Pathway Activators. Geranylgeraniol
(GGOH) was purchased from Sigma (G3278-100MG;
Munich, Germany). A stock solution of 5mM was prepared
by dissolving GGOH in pure ethanol, sterile-filtered, and
stored at -20°C. Different concentrations of GGOH (10, 20,
40, and 80μM) were used for the experiments in an attempt
to rescue the inhibitory effects of ZA.

2.3. Cell Treatment. Cells were seeded at the required density
in the cell culture plates and incubated before treatment for
24 hours. For use in experiments, different concentrations
of GGOH and ZA were diluted in the culture media and used
throughout the whole experiment. The drugs were adminis-
tered individually or simultaneously in combination for 7
days. Cells cultured without ZA/GGOH drugs served as the
negative control while cells cultured with ZA or GGOH
served as positive controls.

2.4. Viability of Bone Cells by WST-1. To determine whether
ZA, GGOH, or ZA/GGOH affected cell growth in culture,
cellular proliferation experiments were performed via WST-1
assay kit (Roche Diagnostics, Mannheim, Germany) according
to themanufacturer’s instructions on hOBs and hOCs. In brief,
cells were seeded at the required density in complete culture
medium for 24h. Next day, the cells were treated with ZA,
GGOH, or ZA/GGOH for 7 days. For measurements, the
medium was replaced by fresh medium supplemented with
WST-1 reagent added directly into the incubation media
(diluted 1 : 10 with culture media). After 4 hours of incubating
the cells at 37°C in 5% CO2 to form purple formazan crystals,
the optical absorbance of the supernatants was determined at
450nm against a reference wavelength of 620nmusingMultis-
kan FC microplate reader (Thermo Scientific, Massachusetts,
USA). All WST-1 experiments were performed in triplicate
and repeated at least 3 times to obtain the mean values. Cyto-
toxicity of the compounds was expressed as percentage cell
viability compared to control. The absorbance of cells
exposed to normal culture media (negative controls) was
considered to be 100% cell viability. Positive controls were
reading obtained from cells treated with ZA or GGOH.

2.5. Live/Dead Staining. Live/dead staining was used to
analyse qualitative cell viability by staining the cells with
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Calcein-AM/EthD-III (Live/Dead fluorescent Cell Staining
Kit II, PromoKine, PK-CA707-30002, PromoCell GmbH,
Heidelberg, Germany) according to the manufacturer’s pro-
tocol. In brief, cells were cultured for 24h to allow attach-
ment then treated with ZA or ZA/GGOH for 7 days. The
cells were washed twice with PBS and sufficient volume of
Calcein-AM/EthD-III staining solution was added to cover
the cell monolayer. The cells were incubated for 30-45
minutes at room temperature protected from light then
observed under the fluorescence microscope (AxioObserver
Z1; Zeiss, Oberkochen, Germany). The experiment was
repeated three times from two different donors.

2.6. Tartrate-Resistant Acid Phosphatase (TRAP) Staining.
Osteoclasts (OCs) were treated with different concentrations
of zoledronate (ZA) as well as GGOH for 7 days and incu-
bated at 37°C in 5% CO2. To evaluate osteoclast formation
in all groups, tartrate-resistant acid phosphatase (TRAP)
staining was performed using Acid Phosphatase, Leukocyte
(TRAP) Kit (Cat no.387A-1KT, Sigma Aldrich, Munich,
Germany) according to the manufacturer’s instructions.

In brief, OCs were washed with phosphate buffered solu-
tion (PBS), fixed by combining 3 parts of citrate solution, 8
parts of acetone, and 1 part of 37% formaldehyde for 30 sec-
onds at 25°C and fixed cells were washed three times with
PBS. During this time, the commercially available TRAP
stain was prepared by prewarming to 37°C and added to each
well of the plate to be stained. The plates were placed in the
water bath at 37°C for 1 h protected from light. Later, the
TRAP stain was aspirated and the wells were washed 3 times
with prewarmed deionized water. The wells were counter-
stained with Gill’s Hematoxylin for 1–2min. The wells were
washed with alkaline tap water until an adequate colour
intensity of the stain is achieved, typically when nuclei appear
blue. TRAP-positive multinucleated cells (>3 nuclei) were
observed and counted under an Axiovert 40 CFL microscope
(Zeiss, Oberkochen, Germany). The positive cells developed
red colour of different intensity.

2.7. Protein Isolation in OBs and OCs. For protein analysis,
hOBs and hOCs were seeded at the required density and were
let to adhere in the 6-well plates for 24 h. Next day, the
cells were treated with different concentrations of ZA or
ZA/GGOH for 7 days. After treatment, the cells were washed
with ice-cold PBS and lysed in 500μL of radioimmunoassay
precipitation buffer (RIPA) containing 1x protease inhibi-
tors (Complete protease inhibitor cocktail tablets, Roche,
Mannheim, Germany) and then cleared by centrifugation
at 10,000g for 10min at 4°C. The protein content was quanti-
fied from the supernatant using protein quantification assay.

2.8. BCA Protein Assay. The Micro BCA Protein Assay Kit
(Cat no.23235, Thermo Scientific, Massachusetts, USA)
was used according to the manufacturer’s instructions.
Bovine serum albumin (BSA, 2mg/mL) was used to create
the standard curve. Absorbance was measured at 562 nm
on Multiskan FC microplate reader (Thermo Scientific,
Massachusetts, USA). The amount of protein in each well
was calculated by plotting against a standard curve.

2.9. Western Blot of Rap1A. Ten microgram (10μg) aliquots
of cleared protein extracts from hOBs and hOCs lysed cell
samples were separated on a 15% sodium dodecyl
sulphate-polyacrylamide (SDS-PAGE) gel. Proteins were
transferred onto polyvinylidene difluoride membrane
(PVDF membrane, BioRad, California, USA) using wet elec-
troblotting. The membranes were incubated overnight at 4°C
with the primary antibodies after blocking with 5% skimmed
milk in 0.1% Tween-20 tris-buffered saline solution (TBST).
The primary antibodies and their dilutions were as follows:
rabbit anti-human Rap1A/B (1 : 500 dilution, VPA00481,
BioRad, Munich, Germany) and mouse anti-human GAPDH
(1 : 400 dilution, MAB5718, R&D Systems, Munich, Ger-
many). The primary antibodies were followed by incubation
with secondary antibodies: goat anti-rabbit horseradish
peroxidase-conjugated (HRP-conjugated, Cat no. 7074P2,
Cell Signaling Technology, Frankfurt am Main, Germany)
or goat anti-mouse (Cat no. 610-1316, Rockland, Limerick,
USA) at room temperature for 1 h. Membranes were
developed with the enhanced chemiluminescence Image-
Quant LAS 4000 mini system (GE Healthcare Life Sciences,
Freiburg, Germany). Proteins were detected using Luminata
Forte Western HRP Substrate (Millipore, Darmstadt,
Germany). Luminescence intensities were quantified with
ImageJ (http://imagej.nih.gov/ij/). The blots were striped
and rehybridized. Data was normalized to GAPDH band
densities as loading control.

2.10. Statistical Analysis. All experiments were performed
in triplicates from two different cell lots and the results
were presented as the mean± standard deviation. The
data were analysed by two-way analysis of variance
(ANOVA) with Bonferroni posttests for absolute data
between the positive control and treated cells and levels
of statistical significance were indicated at ∗P < 0 05,
∗∗P < 0 01, ∗∗∗P < 0 001, and ∗∗∗∗P < 0 0001. Statistical
analysis was performed using GraphPad Prism version 5.00
for Windows (GraphPad Software, San Diego California
USA, https://www.graphpad.com/).

3. Results and Discussion

3.1. Results

3.1.1. Viability of Bone Cells by WST-1. The effect of GGOH
on rescuing cells treated with ZA was studied and the results
of WST-1 assay are presented in Figure 1. The cell viability
was compared to the positive controls which were cells
cultured in complete culture media treated with different
concentrations of ZA or GGOH.

The viability of the cells was considered to be 100%
in all the control groups after 7 days in the osteoblasts
and osteoclasts.

In human osteoblasts, the treatment of the cells with low
to moderate concentration of GGOH alone (10, 20, and
40μM) had enhanced the cell viability to be about 150%
but higher concentration of GGOH (80μM) had decreased
the viability significantly to be about 2% (P < 0 0001). The
lowest dose of ZA (0.1μM) did not significantly affect the cell
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viability; instead, it tended even to slightly stimulate cell
growth in hOBs to be 120%. At 25μM ZA, the cell viabil-
ity was decreased to be about 70-80%. However, very high
concentration of ZA (100μM) had significantly decreased
the cell viability to be 20% (P < 0 01) which proves the
cytotoxic effect of ZA on osteoblasts leading to their death.
GGOH was the rescue agent that reversed the action of
ZA on the cells. The addition of GGOH at different con-
centrations resulted in reversing the negative effect of ZA
by means of increasing the cell viability in a positive man-
ner (P < 0 001) (Figure 1(a)).

In human osteoclasts, the treatment of the cells with low
to moderate concentration of GGOH alone (10, 20, and
40μM) had enhanced the cell viability to be about
110-150% but higher concentration of GGOH (80μM) had
decreased the viability significantly to be about 1%
(P < 0 0001). The cell viability had slightly decreased to be
about 90% at 0.1μMZA, while at 25μMZA, the cell viability
decreased to be about 75%. At very high concentration of ZA
(100μM), the cell viability had significantly decreased to be
45% (P < 0 01) while the addition of GGOH at low and
moderate concentrations (10-40μM) resulted in rescuing
the cells and affected cell viability in a positive manner.
In contrast, the addition of very high concentration of
GGOH (80μM) resulted in affecting the cells in a negative
manner decreasing the cell viability compared to the pos-
itive control group (Figure 1(b)). From our results, GGOH
had a detectable effect on cell viability fully antagonizing
the inhibition of cell growth induced by ZA. However, at
higher concentrations, it had increased the effect of ZA.
These findings suggested that GGOH had rescued the cell
viability up to a certain limit. At lower concentrations, it
had an antagonistic effect to ZA. However, at higher con-
centrations, it had enhanced the cell death.

3.1.2. Live/Dead Staining. Live/dead staining was performed
after 7 days in order to test whether the apoptosis of bone
cells by ZA was reversed by the mevalonate pathway
metabolite (GGOH). The fluorescent microscopic analysis
of live/dead cells is shown in Figure 2, where living cells
were presented as green and dead cells were red.

As shown in Figures 2(a) and 2(b), bone cells cultured at
the normal complete culture media (negative controls) were
completely living expressed as green cells. However, follow-
ing the exposure of the cells to different concentration of
ZA had resulted in variable effects. At the concentration of
0.1μM ZA alone, both cell lines were viable while at 25μM
ZA, osteoblasts were viable with decreased density and loss
of a lot of cells; as for the osteoclasts, most of the cells were
dead with very few viable cells. At the 100μM ZA, the cell
density was even less than that of the 25μM for the osteo-
blasts. However, for the osteoclasts, the cells were completely
dead expressed as red cells. This proves that high concentra-
tions of ZA (25 and 100μM ZA) had cytotoxic effects on
bone cells.

The simultaneous addition of lower concentrations of
GGOH had reversed the negative effect of ZA on bone
cells. The addition of 10 and 20μM GGOH had increased
the viability of cells compared to the positive controls.
The concentration of 40μM was a borderline concentra-
tion as it had increased the cell viability in osteoblasts
while it decreased the cell viability in osteoclasts. At very
high concentration of GGOH (80μM), it had decreased
the viability of the osteoclasts with special concern to
the 25 and 100μM ZA expressed as red cells. However,
it had decreased the cell density of the cells but not caus-
ing their complete death. At high concentration of ZA
(100μM) and GGOH (80μM), the cell densities were
decreased significantly.

400

300

200

%
 ce

ll 
vi

ab
ili

ty

100

0
GGOH

⁎⁎⁎⁎

0.1�휇M ZA 25�휇M ZA 100�휇M ZA

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎

⁎⁎

(a)

400

300

200

%
 ce

ll 
vi

ab
ili

ty

100

0
GGOH 0.1�휇M ZA 25�휇M ZA 100�휇M ZA

⁎⁎⁎⁎

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎

Negative Ctrl
Positive Ctrl
10 �휇M

20 �휇M
40 �휇M
80 �휇M

(b)

Figure 1: WST-1 activity of bone cells (OBs and OCs). Effect of ZA (0.1, 25, and 100 μM) and GGOH (10, 20, 40, and 80μM) on the cell
activity of bone cells. The cell proliferation was measured by WST-1 assay. (a) Human osteoblasts and (b) human osteoclasts were treated
with different concentrations of ZA and GGOH for 7 days. The results are presented as the mean and standard deviation of the
percentage of cell viability to the positive controls (n = 6). The results represent absorbance values measured at 450 nm against the
background control wells using 650 nm as a reference. ANOVA tests and Bonferroni corrections for multiple comparisons were applied.
Significant difference between controls and test groups: ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and ∗∗∗∗P < 0 0001.
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3.1.3. Tartrate-Resistant Acid Phosphatase (TRAP) Staining.
The OCs were treated with ZA alone or a combination of
ZA and GGOH for 7 days.

As demonstrated in Figure 3, multinucleated osteo-
clasts in large numbers stained positive in negative con-
trols. Oppositely, ZA significantly influenced osteoclasts in
a concentration-dependent manner as evidenced by TRAP
staining analysis. The concentration of 0.1μM ZA did not
affect the proliferation and the differentiation of OCs. How-
ever, at the concentration of 25μM ZA, the differentiation
was reduced. Furthermore, 100μM ZA exhibited maximum
inhibitory effect on osteoclast generation as evidenced by
counting the number of TRAP-positive osteoclasts.

In contrast, multinucleated osteoclasts expressing TRAP
were detected in ZA cultures combined with low concentra-
tion of GGOH (10μM). Higher concentrations of GGOH
(20 and 40μM) reversed the action of ZA in the positive con-
trols but less than that of 10μM. GGOH increased signifi-
cantly the amount of TRAP enzyme when compared with

ZA-treated cells (positive control) up to a certain limit. TRAP
staining confirmed the results obtained from the live/dead
assay and WST-1. At very high concentration of GGOH
(80μM), the osteoclasts were apoptotic expressing less TRAP
staining with reduced number of cells.

3.1.4. Immunoblotting for Protein Prenylation in OBs and
OCs. Immunoblot analysis was performed in order to con-
firm the impairment of geranylgeranylation by ZA in bone
cells and to understand the mechanism of GGOH rescue of
cellular viability and metabolic activity in proliferating cells.
The prenylation status of Rap1A/B, which is a member of
the GTPase superfamily of proteins known to modulate cel-
lular activity, is shown in Figure 4.

In hOBs, Rap1A/B was detected in the negative controls,
positive controls of ZA (0.1 and 25μM) but was absent in
cells treated with high concentrations of ZA (100μM). The
addition of GGOH had a different effect on hOBs. At the
concentration of 0.1μM ZA, 10μM GGOH had a negative

0.1 �휇M ZA

80
�휇

M
 G

G
O

H
40
�휇

M
 G

G
O

H
20
�휇

M
 G

G
O

H
10
�휇

M
 G

G
O

H
Po

s C
tr

l
N

eg
 C

tr
l

25 �휇M ZA 100 �휇M ZA

(a)

0.1 �휇M ZA

80
�휇

M
 G

G
O

H
40
�휇

M
 G

G
O

H
20
�휇

M
 G

G
O

H
10
�휇

M
 G

G
O

H
Po

s C
tr

l
N

eg
 C

tr
l

25 �휇M ZA 100 �휇M ZA

(b)

Figure 2: Live/dead staining of bone cells (OBs and OCs). Fluorescence microscopy of live and dead cells treated at different concentrations of
ZA (0.1, 25, and 100μM) and GGOH (10, 20, 40, and 80 μM) on (a) human osteoblasts and (b) human osteoclasts after 7 days examined with
fluorescence microscope. Magnification: ×10, scale bar: 1000μm. The experiments were performed in triplicates from two different cell lots.
Living cells were detected as green fluorescence and dead cells were detected as red fluorescence.
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effect on the Rap1A/B expression. However, the same con-
centration of GGOH (10μM) resulted in increased expres-
sion of Rap1A/B in combination with 25 or 100μM ZA.
High concentration of GGOH (80μM) resulted in decreased
expression of Rap1A/B in both 25 and 100μM ZA proving
the effect of ZA and GGOH on the protein prenylation and
on the mevalonate pathway. What was different is that the
combination of low concentration of ZA (0.1μM) and high
concentration of GGOH (80μM) had increased the expres-
sion of Rap1A/B. Our results proved the effect of ZA and
GGOH on protein prenylation and the mevalonate pathway
although the very low concentration of ZA was somehow
misleading giving different results than that of moderate or
high concentrations of ZA (Figure 4(a)). In hOCs, the effect
of ZA or GGOH was clearly detected. Rap1A/B was
expressed in the negative control and more effectively by
the addition of 10μM GGOH to the 25 and 100μM ZA cell
cultures. However, its expression was so much reduced or
even absent at the positive controls which proves that ZA acts
directly on the mevalonate pathway and protein prenylation.

The addition of 80μM GGOH to the cells already treated
with ZA was different at different concentrations. At the con-
centration of 0.1μM, Rap1A/B was more expressed in com-
bination of that high concentration of GGOH. In contrast,
at the concentration of 25 and 100μM, Rap1A/B was not
expressed in osteoclasts proving that GGOH at high concen-
tration was synergistic to ZA and completely inhibited the
mevalonate pathway (Figure 4(b)).

4. Discussion

The aim of this study was to reveal the great role of GGOH as
mevalonic acid metabolite on reversing the profound cyto-
toxic effect of zoledronate (N-BP) on the function of bone
cells suggesting that it could be a future local therapy for
the treatment of medication-related osteonecrosis of the jaw
(MRONJ). Moreover, we had shown that ZA induced cessa-
tion of mevalonate pathway and stopped protein prenylation
and consequently induced cell death.

MRONJ is a well-known serious complication of antire-
sorptive therapy with denosumab or N-BPs [19]. Those
N-BPs are potent inhibitors of the mevalonate pathway
which is responsible for the production of cholesterol and
isoprenoid such as vitamin D and steroid hormones. Several
enzymes along the mevalonate pathway have been studied as
potential molecular targets for N-BPs causing inhibition of
the synthesis of the prenylation of small GTP-binding pro-
teins such as Ras, Rho, Rac, Rab, and Cdc42 regulating oste-
oclast morphology, cytoskeleton arrangement, membrane
ruffling, trafficking, and cell survival [20].

Zoledronic acid (ZA) is the strongest inhibitor of farnesyl
pyrophosphate synthase compared to other N-BPs [21] used
in our experiments due to its highest potency and being the
most commonly used intravenous BP with the longest dura-
tion of action, while at the same time it is associated with the
highest risk of developing MRONJ [22].

In the present study, it was observed that high concentra-
tions of ZA resulted in significant decrease in the metabolic
activity and cell viability of bone cells. However, low concen-
trations of ZA appeared to have no effect on metabolic activ-
ity or cell viability. This was consistent with previous studies
[23, 24]. Although ZA acts mainly on osteoclasts, it may also
target other cell types such as osteoblasts in which ZA pre-
served the viability of osteoblasts inhibiting their apoptosis
[25] or even very low concentrations of ZA stimulate osteo-
genic differentiation and survival of MSCs [26–28]. It has
also been pointed out that higher concentrations of N-BPs
are likely to be necessary for intracellular inhibition of small
GTPase prenylation in osteoblasts [29].

Geranylgeraniol (GGOH) is an isoprenoid playing differ-
ent roles in various physiological processes in animals and
plants. It was selected according to its reliance on mevalonate
input where it has the ability not only to improve the side
effects of bisphosphonate therapy by regulating the mevalo-
nate pathway but also acts as anti-inflammatory, antitumori-
genic, and neuroprotective [30].

The management of MRONJ is controversial with no
current gold standard treatment. Several local treatment
options have been described starting with local application
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Figure 3: TRAP staining assay of osteoclast. Osteoclasts were
cultured at different concentrations of ZA (0.1, 25, and 100μM)
and GGOH (10, 20, 40, and 80μM) for 7 days. Magnification:
×10, scale bar: 200μm. TRAP staining of human osteoclasts
differentiated in vitro on polystyrene flasks. Representative images
are depicted from two different cell lots.
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of antibiotics, surgical debridement or hyperbaric oxygen
(HBO) therapy, and using growth and differentiation factors
[31]. However, recently, using cytoprotectant agents as
GGOH is a new and promising approach in MRONJ man-
agement [32].

Several studies have revealed the effects of increased via-
bility and migration that GGOH caused in different cells pre-
viously treated with ZA. These cells included oral fibroblasts
[33], human umbilical endothelial cells [34], and oral kerati-
nocytes [18].

Although GGOH reverses the effects of BPs in the meva-
lonate pathway, it acts as a double weapon in the treatment of
MRONJ in which the systemic administration would lead to
faster and easier transport of GGOH to the cells, especially to
the basal mucosal layers. However, systemic administration
of GGOH may be problematic as it decreases the pharmaco-
logical action of the BPs with special concern to malignant
patients facing the risk of the spread of the malignancy and
high morbidity rate. To overcome these complications, it
would be of great benefit to apply GGOH locally [22]. This
could be achieved through mouth rinses which seem to be a
promising application route due to the localization of oral
keratinocytes in the mucosa or during surgical procedures
with other local drug delivery systems such as collagen mem-
branes [34]. However, further in vivo studies should be per-
formed to ascertain dosage, safety, and efficacy of GGOH.

Protein prenylation is mediated by three protein prenyl-
transferase enzymes: farnesyltransferase, for farnesylation of
proteins such as Ras and nuclear lamins; geranylgeranyl-
transferase type I, for geranylgeranylation of proteins such
as Rho, Rac, and Rap1 (Ras-associated protein); and gera-
nylgeranyltransferase type II, for geranylgeranylation of
Rab [35].

Ras-associated protein (Rap) is the prototype for a large
superfamily of GTPases belonging to the Ras superfamily
that regulates multiple cellular processes and includes 5
members, Rap1A, Rap1B, Rap2A, Rap2B , and Rap2C, which
are grouped into 2 subfamilies, Rap1 and Rap2, based on
their sequence homology. Rap1A and Rap1B were shown to
be essential for integrin activation and cell-cell adhesion of
various cell types, such as leukocytes, platelets, fibroblasts,
and progenitor cells [36]. Rap1A has an essential role in reg-
ulating osteoclast function. However, the exact role and the
underlying mechanism mediated by Rap1A to regulate oste-
oblastic differentiation are unclear [37].

In our experiments, we have examined the expression
of Rap1A proteins not only in osteoclasts but also in oste-
oblasts and found that the levels of Rap1A expression were
also changed according to the conditions of our experi-
ments in osteoblast cultures indicating that Rap1A plays a
role in these cell lines. Rap1A was used as a convenient bio-
marker for the impairment of posttranslational modification
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Figure 4: Western blot with anti-Rap1A/B antibody in bone cells (OBs and OCs). Effect of ZA (0.1, 25, and 100μM) and GGOH (10, 20, 40,
and 80μM) on protein prenylation of (a) human osteoblasts and (b) human osteoclasts after 7 days. GAPDH was used as loading control for
western. The results are expressed as fold change of p-Rap1A/B (prenylated Rap1A/B). The results are presented as the mean and standard
deviation (n = 6). ANOVA tests and Bonferroni corrections for multiple comparisons were applied. Significant difference between controls
and test groups: ∗P < 0 05, ∗∗P < 0 01.
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by geranylgeranylation of proteins in tissues. As determined
by the characterization of Rap1A, ZA inhibited the mevalo-
nate pathway and consequently inhibited the protein prenyla-
tion in bone cells in a dose-dependent manner. The
combination of GGOH with ZA has been reported to reverse
the inhibitory effects of ZA in some cell lines [38]. In the pres-
ent study, we have found that the addition of GGOH, which is
converted to geranylgeranyl pyrophosphate (GGPP), restored
geranylgeranylation of Rap1A. Our results demonstrated that
the mevalonate pathway is involved in osteoclast-mediated
bone resorption and suggest that nitrogen-containing bispho-
sphonates affect mainly protein geranylgeranylation.

A new finding in our experiments was that ZA not only
has shown potential for synergistic interaction with GGOH
at very high concentrations of both drugs inducing apoptosis
and cell death but also that GGOH alone is cytotoxic at very
high concentrations. The protective role of GGOH is not
generalized to all cell types. In some studies, GGOH did not
protect rat hepatocytes from apoptosis and was toxic [39],
increased DNA fragmentation in cells exposed to GGOH at
concentrations higher than 50μM [40]. It is likely that with
the above certain concentrations and incubation times,
GGOH could be proapoptotic.

5. Conclusions

Although GGOH had a detectable effect on cell viability fully
antagonizing the inhibition of cell growth induced by ZA,
higher concentration of GGOH had enhanced the effects of
ZA. GGOH had rescued the bone cells by acting on the pro-
tein prenylation. Thus, GGOH could be applied as a future
local therapy to MRONJ. However, more experiments are
required to be performed on GGOH in in vivo animal models
to ensure its positive effects.
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The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Disclosure

This project is part of Saleh A. Entekhabi’s doctoral thesis.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by the AO Foundation (grant num-
ber AOCMF-64-21O).

References

[1] S. J. Wimalawansa, “Insight into bisphosphonate-associated
osteomyelitis of the jaw: pathophysiology, mechanisms and
clinical management,” Expert Opinion on Drug Safety, vol. 7,
no. 4, pp. 491–512, 2008.

[2] C. Curra, C. L. Cardoso, O. Ferreira Júnior et al., “Medica-
tion-related osteonecrosis of the jaw. Introduction of a new
modified experimental model,” Acta Cirúrgica Brasileira,
vol. 31, no. 5, pp. 308–313, 2016.

[3] O. Wasserzug, I. Kaffe, T. S. Lazarovici et al., “Involvement of
the maxillary sinus in bisphosphonate-related osteonecrosis of
the jaw: radiologic aspects,” American Journal of Rhinology &
Allergy, vol. 31, no. 1, pp. 36–39, 2017.

[4] R. E. Marx, Y. Sawatari, M. Fortin, and V. Broumand, “Bispho-
sphonate-induced exposed bone (osteonecrosis/osteopetrosis)
of the jaws: risk factors, recognition, prevention, and treat-
ment,” Journal of Oral and Maxillofacial Surgery, vol. 63,
no. 11, pp. 1567–1575, 2005.

[5] S. Otto, S. Hafner, G. Mast et al., “Bisphosphonate-related
osteonecrosis of the jaw: is pH the missing part in the patho-
genesis puzzle?,” Journal of Oral and Maxillofacial Surgery,
vol. 68, no. 5, pp. 1158–1161, 2010.

[6] S. Otto, C. Pautke, C. Opelz et al., “Osteonecrosis of the jaw:
effect of bisphosphonate type, local concentration, and acidic
milieu on the pathomechanism,” Journal of Oral and Maxillo-
facial Surgery, vol. 68, no. 11, pp. 2837–2845, 2010.

[7] H. Fleisch, “Development of bisphosphonates,” Breast Cancer
Research, vol. 4, no. 1, pp. 30–34, 2002.

[8] L. Gong, R. B. Altman, and T. E. Klein, “Bisphosphonates
pathway,” Pharmacogenetics and Genomics, vol. 21, no. 1,
pp. 50–53, 2011.

[9] S. Suri, J.Mönkkönen,M. Taskinen et al., “Nitrogen-containing
bisphosphonates induce apoptosis of Caco-2 cells in vitro
by inhibiting the mevalonate pathway: a model of
bisphosphonate-induced gastrointestinal toxicity,” Bone,
vol. 29, no. 4, pp. 336–343, 2001.

[10] Z. Yang, “Small GTPases: versatile signaling switches in
plants,” Plant Cell, vol. 14, Supplement 1, pp. S375–S388, 2002.

[11] S. Zafar, D. E. Coates, M. P. Cullinan, B. K. Drummond,
T. Milne, and G. J. Seymour, “Effects of zoledronic acid and
geranylgeraniol on the cellular behaviour and gene expression
of primary human alveolar osteoblasts,” Clinical Oral Investi-
gations, vol. 20, no. 8, pp. 2023–2035, 2016.

[12] J. E. Dunford, M. J. Rogers, F. H. Ebetino, R. J. Phipps, and
F. P. Coxon, “Inhibition of protein prenylation by bispho-
sphonates causes sustained activation of Rac, Cdc42, and
Rho GTPases,” Journal of Bone and Mineral Research,
vol. 21, no. 5, pp. 684–694, 2006.

[13] N. Yoshikawa, J. Yamada, N. H. Tsuno et al., “Plaunotol and
geranylgeraniol induce caspase-mediated apoptosis in colon
cancer,” The Journal of Surgical Research, vol. 153, no. 2,
pp. 246–253, 2009.

[14] N. Nualkaew, W. De-Eknamkul, T. M. Kutchan, and M. H.
Zenk, “Geranylgeraniol formation in Croton stellatopilosus
proceeds via successive monodephosphorylations of geranyl-
geranyl diphosphate,” Tetrahedron Letters, vol. 46, no. 50,
pp. 8727–8731, 2005.

[15] J. Raikkonen, H. Monkkonen, S. Auriola, and J. Monkkonen,
“Mevalonate pathway intermediates downregulate zoledronic
acid-induced isopentenyl pyrophosphate and ATP analog for-
mation in human breast cancer cells,” Biochemical Pharmacol-
ogy, vol. 79, no. 5, pp. 777–783, 2010.

[16] A. M. Pabst, M. Krüger, K. Sagheb et al., “The influence of ger-
anylgeraniol on microvessel sprouting after bisphosphonate
substitution in an in vitro 3D-angiogenesis assay,” Clinical
Oral Investigations, vol. 21, no. 3, pp. 771–778, 2017.

8 Stem Cells International



[17] T. Ziebart, A. Pabst, M. O. Klein et al., “Bisphosphonates:
restrictions for vasculogenesis and angiogenesis: inhibition of
cell function of endothelial progenitor cells and mature endo-
thelial cells in vitro,” Clinical Oral Investigations, vol. 15, no. 1,
pp. 105–111, 2011.

[18] A. M. Pabst, M. Krüger, T. Ziebart, C. Jacobs, K. Sagheb, and
C. Walter, “The influence of geranylgeraniol on human oral
keratinocytes after bisphosphonate treatment: an in vitro
study,” Journal of Cranio-Maxillo-Facial Surgery, vol. 43,
no. 5, pp. 688–695, 2015.

[19] S. Otto, C. Pautke, O. Martin Jurado et al., “Further develop-
ment of the MRONJ minipig large animal model,” Journal of
Cranio-Maxillo-Facial Surgery, vol. 45, no. 9, pp. 1503–1514,
2017.

[20] E. R. van Beek, L. H. Cohen, I. M. Leroy, F. H. Ebetino, C. W.
G. M. Löwik, and S. E. Papapoulos, “Differentiating the mech-
anisms of antiresorptive action of nitrogen containing bispho-
sphonates,” Bone, vol. 33, no. 5, pp. 805–811, 2003.

[21] P. Li, Z. Zhao, L. Wang et al., “Minimally effective concen-
tration of zoledronic acid to suppress osteoclasts in vitro,”
Experimental and Therapeutic Medicine, vol. 15, no. 6,
pp. 5330–5336, 2018.

[22] F. Koneski, D. Popovic-Monevska, I. Gjorgoski et al., “In
vivo effects of geranylgeraniol on the development of
bisphosphonate-related osteonecrosis of the jaws,” Journal of
Cranio-Maxillo-Facial Surgery, vol. 46, no. 2, pp. 230–236,
2018.

[23] S. Pozzi, S. Vallet, S. Mukherjee et al., “High-dose zoledronic
acid impacts bone remodeling with effects on osteoblastic lin-
eage and bone mechanical properties,” Clinical Cancer
Research, vol. 15, no. 18, pp. 5829–5839, 2009.

[24] B. Peter, P. Y. Zambelli, J. Guicheux, and D. P. Pioletti, “The
effect of bisphosphonates and titanium particles on osteo-
blasts: an in vitro study,” Journal of Bone & Joint Surgery,
vol. 87, no. 8, pp. 1157–1163, 2005.

[25] T. Bellido and L. I. Plotkin, “Novel actions of bisphosphonates
in bone: preservation of osteoblast and osteocyte viability,”
Bone, vol. 49, no. 1, pp. 50–55, 2011.

[26] F. von Knoch, C. Jaquiery, M. Kowalsky et al., “Effects of
bisphosphonates on proliferation and osteoblast differentia-
tion of human bone marrow stromal cells,” Biomaterials,
vol. 26, no. 34, pp. 6941–6949, 2005.

[27] G. I. Im, S. A. Qureshi, J. Kenney, H. E. Rubash, and A. S.
Shanbhag, “Osteoblast proliferation and maturation by
bisphosphonates,” Biomaterials, vol. 25, no. 18, pp. 4105–
4115, 2004.

[28] X. Huang, S. Huang, F. Guo et al., “Dose-dependent inhibitory
effects of zoledronic acid on osteoblast viability and func-
tion in vitro,” Molecular Medicine Reports, vol. 13, no. 1,
pp. 613–622, 2016.

[29] K. Komatsu, A. Shimada, T. Shibata et al., “Alendronate pro-
motes bone formation by inhibiting protein prenylation in
osteoblasts in rat tooth replantation model,” The Journal of
Endocrinology, vol. 219, no. 2, pp. 145–158, 2013.

[30] H. J. Ho, H. Shirakawa, P. E. Giriwono, A. Ito, and M. Komai,
“A novel function of geranylgeraniol in regulating testosterone
production,” Bioscience, Biotechnology, and Biochemistry,
vol. 82, no. 6, pp. 956–962, 2017.

[31] R. Fliefel, M. Troltzsch, J. Kuhnisch, M. Ehrenfeld, and
S. Otto, “Treatment strategies and outcomes of
bisphosphonate-related osteonecrosis of the jaw (BRONJ)

with characterization of patients: a systematic review,” Inter-
national Journal of Oral and Maxillofacial Surgery, vol. 44,
no. 5, pp. 568–585, 2015.

[32] G. F. Draenert, D. O. Huetzen, P. W. Kämmerer, V. Palarie,
V. Nacu, and W. Wagner, “Dexrazoxane shows cytoprotec-
tive effects in zoledronic acid-treated human cells in vitro
and in the rabbit tibia model in vivo,” Journal of
Cranio-Maxillo-Facial Surgery, vol. 40, no. 8, pp. e369–
e374, 2012.

[33] M. Cozin, B. M. Pinker, K. Solemani et al., “Novel therapy to
reverse the cellular effects of bisphosphonates on primary
human oral fibroblasts,” Journal of Oral and Maxillofacial
Surgery, vol. 69, no. 10, pp. 2564–2578, 2011.

[34] N. Hagelauer, T. Ziebart, A. M. Pabst, and C. Walter, “Bispho-
sphonates inhibit cell functions of HUVECs, fibroblasts and
osteogenic cells via inhibition of protein geranylgeranylation,”
Clinical Oral Investigations, vol. 19, no. 5, pp. 1079–1091,
2015.

[35] T. Hamanaka, K. Nishizawa, Y. Sakasegawa, K. Teruya, and
K. Doh-ura, “Structure-activity analysis and antiprion mecha-
nism of isoprenoid compounds,” Virology, vol. 486, pp. 63–70,
2015.

[36] G. Carmona, S. Gottig, A. Orlandi et al., “Role of the small
GTPase Rap1 for integrin activity regulation in endothelial
cells and angiogenesis,” Blood, vol. 113, no. 2, pp. 488–497,
2008.

[37] Y. Wu, J. Zhou, Y. Li et al., “Rap1A regulates osteoblastic dif-
ferentiation via the ERK and p38 mediated signaling,” PLoS
One, vol. 10, no. 11, article e0143777, 2015.

[38] J. Kuroda, S. Kimura, H. Segawa et al., “The third-generation
bisphosphonate zoledronate synergistically augments the
anti-Ph+ leukemia activity of imatinib mesylate,” Blood,
vol. 102, no. 6, pp. 2229–2235, 2003.

[39] T. E. Johnson, X. Zhang, K. B. Bleicher et al., “Statins induce
apoptosis in rat and human myotube cultures by inhibiting
protein geranylgeranylation but not ubiquinone,” Toxicology
and Applied Pharmacology, vol. 200, no. 3, pp. 237–250, 2004.

[40] Y. Masuda, S. Maeda, A. Watanabe et al., “A novel 21-kDa
cytochrome c-releasing factor is generated upon treatment of
human leukemia U937 cells with geranylgeraniol,” Biochemi-
cal and Biophysical Research Communications, vol. 346,
no. 2, pp. 454–460, 2006.

9Stem Cells International


	Geranylgeraniol (GGOH) as a Mevalonate Pathway Activator in the Rescue of Bone Cells Treated with Zoledronic Acid: An In Vitro Study
	1. Introduction
	2. Materials and Methods
	2.1. Culture of the Cells
	2.2. Preparation of Drugs
	2.2.1. Mevalonate Pathway Inhibitors
	2.2.2. Mevalonate Pathway Activators

	2.3. Cell Treatment
	2.4. Viability of Bone Cells by WST-1
	2.5. Live/Dead Staining
	2.6. Tartrate-Resistant Acid Phosphatase (TRAP) Staining
	2.7. Protein Isolation in OBs and OCs
	2.8. BCA Protein Assay
	2.9. Western Blot of Rap1A
	2.10. Statistical Analysis

	3. Results and Discussion
	3.1. Results
	3.1.1. Viability of Bone Cells by WST-1
	3.1.2. Live/Dead Staining
	3.1.3. Tartrate-Resistant Acid Phosphatase (TRAP) Staining
	3.1.4. Immunoblotting for Protein Prenylation in OBs and OCs


	4. Discussion
	5. Conclusions
	Data Availability
	Disclosure
	Conflicts of Interest
	Acknowledgments

