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Abstract

Objectives Bisphosphonate-associated osteonecrosis of the
jaw is a severe side effect in patients receiving nitrogen-
containing bisphosphonates (N-BPs). One characteristic is
its high recurrence rate; therefore, basic research for new
therapeutic options is necessary. N-BPs inhibit the
farnesylpyrophosphate synthase in the mevalonate pathway
causing a depletion of the cellular geranylgeranyl pool,
resulting in a constriction of essential functions of different
cell lines. Geranylgeraniol (GGOH) has been proven to
antagonise the negative biological in vitro effects of
bisphosphonates.

Material and methods This study analyses the influence of
the isoprenoids eugenol, farnesol, R-limonene, menthol and
squalene on different functions of zoledronate-treated human
umbilicord vein endothelial cells (HUVEC), fibroblasts and
osteogenic cells. In addition to the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl 2H-tetrazolium bromide (MTT) vital-
ity test, the migration capacity was analysed by scratch wound
assay and the morphological architecture of the treated cells
by phallacidin staining,.

Results In contrast to GGOH, none of the other tested
isoprenoids were able to prevent cells from having negative
zoledronate effects.

Conclusions Despite structural analogy to GGOH, the inves-
tigated isoprenoids are not able to prevent the N-BP effect.
The negative impact of zoledronate on fibroblasts, HUVEC
and osteogenic cells is due to inhibition of protein
geranylgeranylation since the substitution of squalene and
farnesyl did not have any effect on viability and wound
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healing capacity whereas GGOH did reduce the negative
impact.

Clinical relevance These data suggest the importance and
exclusiveness of the mevalonate pathway intermediate
GGOH as a potential therapeutic approach to
bisphosphonate-associated osteonecrosis of the jaws.
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Introduction

Bisphosphonates (BPs) are therapeutics used to inhibit bone
resorption, for example, in the management of osteoporosis,
Paget’s disease, multiple myeloma and cancer metastases to
the bone. Bisphosphonate-associated osteonecrosis of the
jaws (BP-ONJ) is one of the most often seen complications
in patients treated with intravenous nitrogen-containing BPs
(N-BPs) such as zoledronate [1-5].

Although the underlying pathophysiology of BP-ONJ is
not well understood, a number of theories have been pro-
posed. Many different tissues and cell types appear to be
involved. Reduced bone remodelling as a consequence of
inhibited osteogenic cells and osteoclasts is one of the most
common theories [6]. Some authors describe the inhibition of
angiogenesis and neovascularization resulting in an avascular
osteonecrosis [7—-10]. There is also evidence for reduced oral
wound healing caused by inhibitory effects on soft tissue [7,
11, 8]. However, most authors believe in a multifactorial
genesis with additional trigger factors [12].

Therapy consists of conservative management with anti-
bacterial mouth rinse such as chlorhexidine or systematic
antibiotic therapy and surgical interventions such as debride-
ment and resections of the affected regions with a secure
wound closure [13]. Other possibilities such as hyperbaric
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oxygen and soft laser therapy have been discussed controver-
sially [13].

Previously, geranylgeraniol (GGOH) has been described as
a potential new therapeutic way to prevent and treat BP-ONJ
[14]. N-BPs inhibit farnesyl pyrophosphate synthase (FPPS)
in the mevalonate pathway (MVP) (Fig. 1). The consequence
is a suppressed biosynthesis of the isoprenoid lipids farnesyl
pyrophosphate (FPP) and geranylgeraniol pyrophosphate
(GGPP), which are required for posttranslational prenylation
of small GTP-binding proteins of the Ras superfamily.
Lipophilic modification of these G proteins is necessary for
membrane interaction and biological activities like basic in-
tracellular signalling processes [15-19]. The N-BP-induced
reduction of cell viability and migration capacity in fibro-
blasts, osteogenic cells and human umbilicord vein endothe-
lial cells (HUVECs) can be reduced or even neutralised by
simultaneous treatment with GGOH. Marcuzzi et al. found
that GGOH and several other natural isoprenoids are able to
antagonise the effect of N-BPs on monocytes. Therefore, the
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Fig. 1 Chemical structure of the different isoprenoids. a Monoterpenes:
eugenol (Eu), R-(+) limonene (Li), (+) menthol (MOH). b Compounds of
the mevalonate pathway (MVP): geranylgeraniol (GGOH), farnesol
(FOH), squalene (Sq)
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aim of the present study was to investigate the effect of the
isoprenoids (Fig. 2) farnesol (FOH), eugenol (Eu), R-(+)
limonene (Li), menthol (MOH) and squalene (Sq) in compar-
ison with GGOH on different cell lines treated with
zoledronate (Zol). The isoprenoids could potentially enter
the MVP and therefore avoid the inhibitory effects caused
by the N-BP [20]. Cell viability, migration capacity and cell
architecture of HUVECs, fibroblasts and osteogenic cells
were examined.

Material and methods
Cell culture

Human gingival fibroblasts (Lonza, Basel, Switzerland: No.
CC-7049), human umbilical vein endothelial cells (HUVECs;
Lonza, Basel, Switzerland: No. CC-2517) and human osteo-
genic cells (PromoCell, Heidelberg, Germany: No. C-12720)
were cultured in an incubator with 5 % CO, and 95 % air at
37 °C. Cells were passaged at regular intervals depending on
their growth characteristics using 0.25 % trypsin (Seromed
Biochrom, Berlin, Germany). Fibroblasts were grown in
Stroma Cell Growth Medium (Lonza, Basel, Switzerland)
with 1 % penicillin-streptomycin-neomycin antibiotic mixture
(PSN), 10 % fetal calf serum (FCS) and 500 ng basic fibro-
blast growth factor (bFGF) per 500 ml medium. HUVECs
were cultured in an endothelial basal medium supplemented
with 1 pg/ml hydrocortisone, 12 pg/ml bovine brain extract,
50 pg/ml gentamycine, 50 ng/ml amphothericin-B, 10 ng/ml
epidermal growth factor (EGF) and 10 % FCS. Osteogenic
cells were cultured in a solution composed of Dulbecco’s
modified Eagle’s medium (DMEM) with 1 % PSN, 1 %L-
glutamine and 10 % FCS.

Bisphosphonates/natural isoprenoids

Zometa (zoledronate) from Novartis Pharma (Basel,
Switzerland) was used. Geranylgeraniol >85 % (GGOH);
farnesol 95 %, mixture of isomers (FOH); squalene >98 %
(Sq) R-(+) limonene (Li); (£) menthol (MOH) and eugenol
(EU) were purchased from Sigma Aldrich (Saint Louis, MO,
USA).

The chemical structures of the different isoprenoids are
shown in Fig. 1. According to the previous study [14], testing
geranylgeraniol for antagonising effects of bisphosphonates
50 uM were used.

Cell viability by MTT assay
Cell viability of the three cell lines was evaluated by 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl 2H-tetrazolium bromide
(MTT) colorimetric assay (Sigma Aldrich, Saint Louis, MO,
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Fig. 2 Mevalonate pathway
(MVP). The conversion from
hydroxymethylglutaryl coenzyme
A (HMG-CoA) to mevalonate,
which is catalysed by HMG-CoA
reductase, is the first step in the
MVP. The condensation

of two units of the

follow-up intermediate
isopentenylpyrophosphate

(IPP, C5) and one unit

of its stereoisomer
dimethylallylpyrophosphate
(DMAPP, C5) is catalysed by
farnesylpyrophosphate (FPP)
synthase, the target of nitrogen-
containing bisphosphonates. Two
molecules of FPP (C15) can be
metabolised in a condensation
reaction to squalene (C30; Sq), a
precursor of cholesterol and
steroid biosynthesis. On the other
hand, geranylgeranyl
pyrophosphate synthase can
catalyse the conversion from FPP
to geranylgeranyl pyrophosphate
(GGPP) (C20). The isoprenoids
FPP and GGPP are essential for
posttranslationation prenylation
of small GTPases. [39]. Non-N-
BP non-nitrogen-containing
bisphosphonate, N-BP nitrogen-
containing bisphosphonate, FOH
farnesyl, GGOH geranylgeraniol

HMG-CoA reductase

ATP
ADP

Isopentenylpyrophosphat-

isomerase /
/

Dimethylallyl-PP

—>
(DMAPP) C;

Farnesylpyrophosphat synthase

HMG-CoA

——— Statins

Mevalonate

|——— Non-N-BP

0

Isopentenyl-PP (IPP) Cg

Geranyl-PP (GPP) C,,

[—

N-BP

FOH

Farnesyl-PP (FPP) C;¢

[

Squalene C;,

Geranylgeranyltransfer asel GGOH

PRENYLATION

Farnesyltransferase i
\%

GERANYLGERANYLATION FARNESYLATION

v

- Steroids

Geranylgeranyl-PP(GGPP)
CZO

For example:
- Ras-Proteins

- Testosterone
- Oestrogenes
- Cortison

- Bile acid

- Lamin B

\

- Vitamin D

For example:

- Rab-Proteins
Member of Ras-Superfamily (G-Proteins)
Mostly associated with vesicle trafficking

USA). Viable cells ferment tetrazolium bromide to formazan
that can be photometrically measured at 550 nm after cell
lysis. For the MTT assay, cells of the respective cell lines were
transferred into 12-well plates (fibroblasts 40,000 cells/well;
HUVEC 40,000 cells/well; osteogenic cells 40,000 cells/
well); after 24 h, all cell lines were incubated with isoprenoids
(GGOH, Eu, FOH, Li, Sq or MOH) in increasing concentra-
tions (0, 10, 25, 50 and 100 puM) with and without Zol
(50 uM) for 72 h. The experiment was performed in triplicate
for each cell line, each isoprenoid and each concentration.

Scratch wound assay

The influence of GGOH, Eu, FOH, Li, Sq and MOH on the
wound healing capacity of Zol-treated cells was investigated
by scratch wound assay. The cells were seeded on 12-well

plates (fibroblasts 100,000 cells/well; HUVEC 100,000 cells/
well; osteogenic cells 100,000 cells/well). At 80 % cell con-
fluence, a scratch wound was performed using a sterile P10
pipette tip. Immediately after setting the wound, all cell lines
were incubated with the previously mentioned isoprenoids (0
and 10 uM) with and without Zol (50 uM). The size of the gap
was measured microscopically immediately (0 h set to
100 %), 8 h, 24 h and 48 h later. The experiment was per-
formed three times for each cell line and isoprenoid.

Cytoskeletal morphology

The cell architectures of fibroblasts, HUVEC and osteogenic
cells that were treated with the different isoprenoids (0 and
10 uM) without or in combination with Zol (50 uM) for 48 h
were analysed. The cells were stained with a fluorescent dye
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for F-actin called 7-nitrobenz-2-oxa-1.3-diazole-(NBD)
phallacidin (Bodipy FL pallacidin, Molecular Probes,
Leiden, Netherlands). For this, cells were fixed in 4 % para-
formaldehyde, permeabilised with 0.1 % Triton X-100 and
washed twice with PBS. After blocking with 1 % BSA for
30 min, the cells were incubated with NBD phallacidin for
20 min in the dark. After washing twice, samples were incu-
bated for 2 min with the DNA fluorescent dye bisbenzimide H
(Sigma Aldrich, Saint Louis, MO, USA), followed by micro-
scopic examination with a Zeiss (AxioVision) microscope
(Gottingen, Germany) using a fluorescent light source [14].

Statistical analysis

Continuous variables are expressed as mean+SD (standard
deviation). Comparisons between groups were performed via
analysis of variance (ANOVA, post hoc test: Tukey) for
experiments with more than two subgroups. The software
SPSS 17.0 for Windows was used for calculations. A p value
<0.05 was considered as statistically significant.

The bar in the middle of each box plot represents the
median. The box itself describes the 1st and 3rd quartile.
The whiskers show all values within the 1.5 interquartile
ranges.

Results
MTT assay
Fibroblasts

Incubation with 50 uM Zol caused a significant reduction of
fibroblast viability compared to the negative control (from 100
to 5.65 % with p<0.001) (Fig. 3a). In every tested concentra-
tion, GGOH caused a significant enhancement of viability on
Zol-treated cells (p<0.001). Addition of 10 and 25 uM
GGOH equalised the effect of Zol, and 50 and 100 uM even
produced a significantly higher viability compared to the
control (+36.38 %, p<0.001 and +27.30 %, p=0.011). The
other tested isoprenoids had no positive effect on Zol-treated
fibroblasts.

Isoprenoid effects on fibroblasts without Zol The addition of
10 uM GGOH had a negative effect on the viability (from 100
to 69.04 %, p=0.003); higher GGOH concentrations had no
impact compared to the untreated control. Incubation with
25 uM Eu increased cell viability compared to the control (+
39 %, p<0.001). FOH showed a negative effect in each tested
concentration. The addition of 50 uM Li increased the viabil-
ity (+29.78 %, p=0.004). MOH and Sq decreased the fibro-
blast viability at 25 pM and higher concentrations (MOH
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25 uM from 100 to 76 %, p=0.021; Sq 25 uM from 100 to
65.95 %, p<0.001).

HUVEC—human umbilicord vein endothelial cells

Incubation with 50 uM Zol significantly reduced cell viability
compared to the control (from 100 to 25.07 %, p<0.001)
(Fig. 3b). The addition of 10 pM GGOH to Zol-treated
HUVEC showed a significant increase in viability from
25.07 to 86.75 % (p<0.001). The difference of this experi-
mental approach was not statistically significant compared to
the control. The substitution of higher GGOH concentration
showed no positive effect on Zol-treated cells. Other tested
isoprenoids were not able to increase the viability of Zol-
affected HUVEC.

Isoprenoid effects on HUVEC without Zol Incubation with
10- and 25-uM GGOH had no significant effect on the control
group, and higher concentrations caused a significant decrease
in viability (50 uM GGOH (from 100 to 21.05 %) with
»<0.001 and 100 pM GGOH (from 100 to 1.38 %) with
p<0.001). The addition of 50 uM and higher concentrations
of Eu reduced the viability (50 uM from 100 to 56.44 %,
p<0.001). FOH supplementation caused a significant de-
crease of cell viability in comparison to the control culture in
a concentration of 25 uM or higher (25 uM from 100 to
57.24 % with p<0.001, 50 uM from 100 to 16.91 % with
»<0.001, 100 uM from 100 to 0.99 % with p<0.001). In cells
incubated with Li, only a high concentration (100 pM)
showed a significant reduction (from 100 to 5.16 % with
p<0.001). Treatment with MOH had no influence on viability.
Remarkable is the upward trend at 10 uM of this isoprenoid
(from 100 to 126.99 % with p=0.062). Sq showed no differ-
ence compared to the control culture.

Osteogenic cells

The viability of Zol-treated osteogenic cells was significantly
reduced compared to the control culture (from 100 to 32.33 %,
p<0.001) (Fig. 3c). The substitution of GGOH had a positive
effect, which was significant for 10 uM (from 32.33 to
64.60 %, p=0.002), 25 uM (from 32.33 to 63.74 %, p=
0.002) and 100 puM (from 32.33 to 58.64 %, p=0.018). The
other tested isoprenoids were not able to increase the viability
of Zol-treated cells.

Isoprenoid effects on osteogenic cells without Zol Incubation
with 50 and 100 uM GGOH had a negative impact compared
to the control culture (50 uM from 100 to 73.6 %, p<0.001
and 100 pM from 100 to 74.52 %, p<0.001). FOH signifi-
cantly reduced viability in each tested concentration. Li had a
negative influence above 25 uM (25 puM from 100 to
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Fig. 3 a—c 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl 2H-tetrazolium
bromide (MTT) viability—assay for fibroblasts (a), human umbilicord
vein endothelial cells (b) and osteogenic cells (¢) influenced by
geranylgeraniol (a), eugenol (b), farnesol (c¢), limonene (d), menthol (e)
or squalene (f) at different concentrations with and without 50 pM
zoledronate compared to a control set to 100 %. GGOH enhances

64.89 %, p=0.001). Treatment with Eu, MOH and Sq showed
no effect on cell viability compared to the control sample.
Scratch wound assay

Fibroblasts

In untreated cells, the size of the gap was reduced from 100 to

54.73 % after 8 h (Fig. 4a). After 24 h, the gap was nearly
closed with 0.42 %. The reduction in wound healing capacity

T T T T T
OpM  10pM  25uM  50uM  100pM
Squalene

with 50puM zoledronate

viability of zoledronate-treated cells. For fibroblasts, this effect is signif-
icant in all tested concentrations (a(«a)), for HUVECs in a concentration of
10 uM (b(«)) and for osteogenic cells (¢(a)) in a concentration of 10, 25
and 100 uM GGOH. None of the other tested isoprenoids shows these
preventing effects on cell viability (a(b—f), b(b—f) and ¢(b—f)

for Zol-treated fibroblasts became statistically significant after
24 h compared to the control (p<0.001). At this moment, the
gap had a size 0f43.68 %; after 48 h, it still had 22.71 % of'the
initial size. Co-treatment with GGOH enhanced wound
healing ability after 24 h compared to incubation with Zol
alone (p<0.001). The size of the wound was 6.54 % at this
point in time and was completely closed after 48 h. Next to
GGOH, the co-treatment with Eu (24 h 22.69 % and 48 h
10.53 %) had a positive effect on wound closure compared to
the incubation with Zol alone. The difference to fibroblasts
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Fig. 3 (continued)

treated with Zol alone was significant after 24 h (p<0.001).
But the positive effect of co-treatment was significantly higher
for GGOH than for Eu (»p=0.003). The other tested
isoprenoids had no effect on the wound healing capacity of
zoledronate-treated cells.

Isoprenoid effects on fibroblasts without Zol None of the
investigated isoprenoids had any influence on wound healing
of fibroblasts.

HUVEC—human umbilicord vein endothelial cells

After 8 h, the gap compared to the control group was reduced
from 100 to 51.54 %, after 24 h to 9.91 %, and after 48 h, the
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Squalene

with 50pM zoledronate

wound in the cell layer was completely closed (Fig. 4b).
Treatment with Zol reduced wound closure to 69.87 % after
8 h (p=0.019).

The additional treatment with GGOH accelerated wound
healing to a gap size of 50.00 % after 8 h (p=0.006). After
24 h, the size of the gap was only reduced to 53.14 % in
HUVEC:S treated with Zol (p<0.001 compared to the control
culture). The addition of GGOH caused a significant enhance-
ment to the wound healing capacity (8.72 % at 24 h) compared
to incubation with Zol alone (p<0.001). Furthermore, there
was no difference to the untreated control. After 48 h, the
wound in the cell layer of the control was completely closed;
at this particular time, the gap of Zol-treated HUVEC:s still had
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Fig. 3 (continued)

36.82 % of the original size. The additional treatment with
GGOH led to a complete wound closure (p<0.001 compared
to zoledronate-treated cells). None of the other tested
isoprenoids showed a positive influence on wound healing
at any time.

Isoprenoid effects on HUVEC without Zol Whereas GGOH
and Sq showed no influence, the single addition of Eu caused
a significant reduced wound healing capacity compared to the
control at any time (the size of the gap after 8 h, 69.85 % with
p=0.036; 24 h, 48.09 % and 48 h, 24.43 %, both with
p<0.001). FOH-treated cells showed a decreased wound
healing capacity compared to control after 24 h (32.30 % with
p=0.003). Li caused a significant reduction at any time (the

T T T T T
OpM  10pM  25pM  50pM  100pM
Squalene

with 50pM zoledronate

size of the gap after 8 h, 70.0 % with p=0.033; 24 h, 36.52 %
with p<0.001; 48 h, 20.87 % with p=0.006). MOH showed a
significantly reduced wound healing capacity after 24 h
(41.24 % with p<0.001), and after 48 h, there was a negative
trend compared to the untreated control (16.32 % with p=
0.064).

Osteogenic cells

The artificial wound in the osteogenic cell culture was reduced
to 86.43 % after 8 h, 26.25 % after 24 h, and after 48 h, the
wound was completely closed (Fig. 4c). Additional treatment
with Zol reduced the wound healing to 53.33 % after 24 h
(»<0.001) and to 25.00 % after 48 h (»p<0.001). Substitution
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Fig. 4 a—c Scratch wound assay of fibroblasts (a), human umbilicord
vein endothelial cells (b) and osteogenic cells (¢) influenced by 10 uM of
geranylgeraniol (a), eugenol (b), farnesol (¢), limonene (d), menthol (e) or
squalene ( /) with and without 50 uM zoledronate (Zol) in percentage to
the initial dehiscence. After 24 h, the size of the artificial wound in the
monolayer of zoledronate-treated fibroblasts is significantly reduced by

of GGOH antagonised the Zol effect, with 27.61 % (p<0.001)
after 24 h and a complete wound closure after 48 h (p<0.001).
Substitution of Li had a temporary positive effect on wound
healing after 24 h compared to Zol-treated osteogenic cells
(size of the gap, 40.69 % with p=0.054). The other
isoprenoids had no positive effect on Zol-affected osteogenic
cells at any time point.

Isoprenoid effects on osteogenic cells without Zol The addi-
tion of FOH had a negative effect on wound healing after 24 h
(51.43 % with p<0.001) and 48 h (23.81 % with p<0.001) as
well as the addition of MOH (24 h, 43.56 % with p=0.005 and
48 h, 22.15 % with p<0.001). Whereas Eu showed a reduced
wound healing after 24 h only (the size of the gap, 39.22 %
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the isoprenoids GGOH (a(a)) and Eu (a(b)). Only GGOH is able to
enhance the wound healing capacity of zoledronate-affected HUVECs
and osteogenic cells. Whereas the positive effect on osteogenic cells
appears after 24 h (¢(«a)), there is already a significant influence of GGOH
on zoledronate-treated HUVECs after 8 h (b(a))

with p=0.026), the addition of GGOH, Li and Sq had no
influence compared to the control.

Cytoskeletal morphology

In contrast to the untreated controls, which showed a sub-
confluent layer with well-spread cells and a characteristic
morphology, Zol had a destroying influence on architecture
and number of all tested cell types. Cell density is consider-
ably reduced, so that there are only a few contact points
between the individual cells (Fig. 5a—c control).

Cell bodies of HUVEC (Fig. 5b, +Zol) and osteogenic cells
(Fig. 5c, +Zol) have an atrophic and spindle-shaped morphol-
ogy with long hair-like cell fibres, while the architecture of
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Fig. 4 (continued)

fibroblasts is rather triangular (Fig. 5a, +Zol). GGOH was the
only isoprenoid able to prevent cells from these effects. The
other isoprenoids did not affect actin skeletal organisation in
cell cultures not exposed to Zol (Fig. Sa—c, —Zol)

Discussion

In the absence of causal treatment options for BP-ONJ, the
administration of GGOH has been suggested as a new thera-
peutic option [14]. The natural isoprenoid GGOH, which is
metabolised to geranylgeranyl pyrophosphate (GGPP), is the
substrate for prenylation of most GTP-binding proteins. In the
present study, other isoprenoids have been tested in order to
identify their ability and effectiveness to bypass the N-BP-
induced block in the MVP, and the results have been com-
pared to the effect of GGOH.

b
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In addition to sesquiterpene FOH and triterpene Sq, both
intermediates of the MVP, the three monoterpenes Eu, Li and
MOH have been investigated (Fig. 1). A limit of the present
study is that many isoprenoids have been tested and therefore,
only few concentrations of the isoprenoids were used. Eu was
the only compound which showed a protective influence on
Zol-treated cells, but this effect was limited to the wound
healing capacity of fibroblasts as of 24 h and was significantly
lower than the positive influence of GGOH (p<0.001). As
well, neither viability nor cell architecture of any type was
restored by Eu. None of the other isoprenoids showed
antagonising effects to Zol, not even at the concentration of
100 uM. These data suggest that only the diterpene GGOH is
able to prevent a N-BP-induced reduction in wound healing
capacity, viability and destruction of the internal framework of
actin filaments in gingival fibroblasts, HUVECs and osteo-
genic cells.

This observation suggests that the lack of protein
geranylgeranylation, rather than protein farnesylation, mainly
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provoke the N-BP-induced suppression of elemental cell func-
tions in the tested cell lines. There is evidence that only a little
FPP (15-carbon chain), the phosphorylation product of FOH,
is metabolised further to GGPP (20-carbon chain). The main
part of FPP is used for protein farnesylation [19, 21]. The
farnesyl group is known to modify Ras proteins and lamin B,
whereas the majority of GTP-binding proteins depend on
geranylgeranylation [18]. Geranylgeranylated proteins appear
to be of paramount importance in cell cycle progression, in
contrast to farnesylated proteins [22]. In agreement with the
present findings, Van Beek et al. already showed that GGOH
and not FOH was able to reverse N-BP effects on osteoclast-
mediated bone resorption [23]. Another study demonstrated
that GGOH and not FOH was able to overcome the Zol-
induced block in prostate cancer cells. In this cell type, the
independence of Ras GTPase in zoledronate’s underlying
mode of action was shown [24]. In contrast, there is evidence
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that different natural isoprenoids (geranylgeraniol, geraniol,
farnesol and menthol) are capable of reducing the pro-
inflammatory effects in LPS-stimulated monocytes which
were simultaneously treated with N-BPs [20]. Other data
show a complete prevention of the effects caused by the
hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase
inhibitor lovastatin on the MVP (statins’ point of action is
shown in Fig. 2) in mesangial cells by GGOH and FOH. Most
likely, the relevance of the two forms of protein prenylation is
cell specific [23].

The addition of the triterpene Sq, a downstream
intermediate of FFP in the MVP (Fig. 2), did not
reverse the N-BP-induced effects in this study.
Although reduced effects of N-BP on serum cholesterol
levels were reported [25], the depletion of Sq and a
consequently decreased de novo synthesis of steroids do
not seem to be overly important in the prevention of
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Fig. 5 Cell architecture of fibroblasts (a), HUVEC (b) and osteogenic
cells (¢) without isoprenoid (control) or treated with 10 uM of
geranylgeraniol (GGOH), eugenol (Eu), farnesol (FOH), R-(+) limonene
(Li); (+) menthol (MOH) or squalene (Sq) in the absence of zoledronate

cell viability, migration capacity and cell architecture in
the tested cell lines compared to the lack of protein
prenylation.

In addition to the intermediates of the MVP (Fig. 1a), three
natural isoprenoids with monoterpene structure have been
analysed (Fig. 1b). Monoterpenes are the main ingredients of
essential oils and are found almost everywhere in the plant
kingdom [26]. In this in vitro study, D-Li was tested, one of the
most common terpenes in nature, which is an essential part of
many citrus oils with characteristic fragrance [27]. In addition
to the effect of Eu, the major part of clove oil was analysed.
Because of its anti-inflammatory, analgesic and locally anaes-
thetic effect, it is widely used in dentistry [28]. MOH is another
monoterpene often used in medical treatment due to its anti-
septic, analgesic and cooling effects [29]. As mentioned, none
of the three selected terpenes was able to overcome the Zol-
induced effects in fibroblasts, HUVEC and osteogenic cells.

Next to this, the effect on cells of the immune system
would be interesting to address since bisphosphonates do have
a positive effect on those cells [30].

Control

MOH

Sq

2\

(=Zol) or with 50 uM zoledronate (+Zol). Cell architecture is disturbed by
zoledronate in all tested cell types. GGOH is the only isoprenoid that
prevents cells from this negative effect. Cells without zoledronate are not
visibly affected

Several studies have investigated the chemotherapeutic
potential of diverse monoterpenes that interact and suppress
the MVP. Initially, isoprenyl transferases (farnesyl transferase
and geranylgeranyl transferase, shown in Fig. 2) were consid-
ered to be the main target; they were believed to be inhibited
by these isoprenoid compounds, and their loss of function was
thought to be responsible for the decreased prenylation of
small GTPases [31]. Further investigations found out that
the inhibition of protein prenylation required very high mono-
terpene concentrations (1.5 to 10 mM) [32]. The HMG-CoA
reductase inhibitor lovastatin is known to reduce protein
prenylation due to a depletion of the farnesyl and
geranylgeranyl diphosphonate pool [33]. The consequence is
an up-regulation of unprenylated proteins of the Ras super-
family [34]. In concentrations from 0.25 to 0.75 mM, a
monoterpene-mediated inhibition of the lovastatin causing
up-regulation of these nascent proteins was demonstrated.
This supports the theory of a regulatory function of the mono-
terpenes in the expression of small GTPases independent of
protein prenylation [35].
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Furthermore, an isoprenoid-mediated down-regulation of
HMG-CoA reductase at the post-transcriptional level has been
reported [36]. The mevalonate pathway of tumour cells seems
to be more sensitive to exogenous isoprenoids because their
HMG-CoA reductase activity is resistant to complex sterol-
mediated feedback regulation, which is the primary mecha-
nism in somatic cells [37].

In addition to the chemotherapeutic approach, suppressed
bone resorption generated by monoterpenes was observed
[38]. The fact that neither GGOH nor FOH was able to reverse
the monoterpene-induced effects on suppressed formation of
osteoclasts in vitro supports the theory of a monoterpene effect
independent of cellular isoprenoid synthesis [26].

Conclusion

The negative impact of Zol on fibroblasts, HUVEC and oste-
ogenic cells is due to inhibition of protein geranylgeranylation
since the substitution of Sq and FOH did not have any effect
on viability and wound healing capacity of zoledronate-
treated cells whereas GGOH did reduce the negative impact
of Zol. The hypothesis that natural isoprenoids other than
GGOH can restore N-BP-induced restriction of cell viability,
the internal framework of actin filaments and the wound
healing capacity of the tested cell lines could not be
confirmed.

At present, GGOH seems to be the only natural isoprenoid
that is able to overcome the effects of Zol on gingival fibro-
blasts, HUVEC and osteogenic cells. To date, GGOH seems
to be the only substance that could possibly influence the
development of BP-ONJ in patients with bisphosphonate
treatment and the treatment outcome in patients with BP-ONJ.

Conflict of interest The authors declare no conflict of interest.
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