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Introduction

Medication-related osteonecrosis of the jaw
(MRONJ) has become one of the most challenging
issues in oral and maxillofacial surgery. This is mainly
due to the increasing number of patients with the
disease and the lack of effective treatment. The term
MRONJ has recently replaced the previously used
term “bisphosphonate-related osteonecrosis of the jaw”
because of the use of new antiresorptive medications
cause osteonecrosis
bisphosphonates (BPs) are still one of the most widely
used classes of antiresorptive drugs in patients with
its complications,
bone metastasis, osteoporosis, and other metabolic
bone diseases. Therefore, they remain one of the most
prevalent medications associated with the occurrence

which can

malignancy and

of MRONJ.

Abstract

BACKGROUND: Medication-related osteonecrosis of the jaw (MVRONJ) is of considerable concern among clinicians
and researchers, with no clear pathology mechanism, preventive, or treatment protocols.

AIM: This study aimed to assess the effects of geranylgeraniol (GGOH) on the toxicity induced by clinical doses of
zoledronic acid (ZOL) on gingival epithelial cells and gingival fibroblasts in vitro.

METHODS: Human gingival fibroblasts and gingival epithelial cells were treated with 5, 25, or 50 uM ZOL + 50 uM
GGOH for 3 days. Viability of the cells was determined using the 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide assay. Calculation of percentage of the control group, analysis of variance and Tukey post-hoc comparisons
were performed to test the significance between groups, which was set at p = 0.05. Cell morphology was evaluated
using light microscopy.

RESULTS: ZOL significantly reduced the viability of both epithelial cells and fibroblasts at all concentrations (p < 0.05),
with the exception of fibroblasts at concentration of 5 uM (p = 0.44). GGOH had positive effects on the viability of
the cells treated with ZOL at all concentrations. However, statistically significant improvement was obtained only in
epithelial cells at 5 and 25 uM ZOL. The cell morphology of both types of cells was improved after addition of GGOH.

CONCLUSION: GGOH reverses the toxic effects of clinical doses of ZOL on gingival epithelial cells and has slightly
positive, but not significant effects on gingival fibroblasts. This study suggests that GGOH may be effective in the
prevention and treatment of MRONJ.

The major hypothesis for the pathogenesis of
MRONUJ involves the toxic effects of BPs, mainly on
osteoclasts, and subsequent altered bone metabolism
after an invasive surgical procedure on the jaws.
However, new knowledge thatmay explain otherpossible
mechanisms of the disease has been gained from
recent studies that examined the toxic effects of the BPs
on soft-tissue cells, infection, inflammatory conditions,
and decreased local pH [2]. The negative effects of
both non-nitrogen- and nitrogen-containing BPs on cell
viability, morphology, migration, and proliferation have
been demonstrated on gingival epithelial cells, gingival
fibroblasts, endothelial cells, periodontal ligament cells,
and osteoblasts [3], [4], [5], [6], [7], [8], [9], [10], [11], [12].

The major risk factor for MRONJ remains
invasive dental procedures and the resulting wound.
MRONJ has been successfully reproduced in
animal models, providing data for its occurrence and

[1]. However,

hypercalcemia,
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development [13], [14]. In a recent study, osteonecrotic
changes were seen even after only a soft-tissue trauma
was inflicted [15]. Unlike osteoradionecrosis, where the
main factor is the negative effect of radiotherapy on the
jaws’ vascularization [16], MRONJ occurs because of
the toxic effects of BPs on the various soft and bone
tissue cells.

The main point of action of the nitrogen-
containing BPs is the mevalonate biosynthetic pathway,
which produces lipids which function to prenylate
(addition of hydrophobic molecules) and activate small
GTPases, signaling molecules essential for normal
cell function and survival. In particular, BPs inhibit the
action of farnesyl diphosphate synthase, the production

of geranylgeranyl pyrophosphate (GGPP) [17]
and ultimately, protein prenylation [18], [19]. To
date, the actions of geranylgeraniol (GGOH),

an isoprenoid that is converted to GGPP in the
mevalonate pathway, has been analyzed in only a few
studies [6], [20], [21], [22], [23], [24] Moreover, there
are two animal studies in which GGOH decreased
the occurrence and development of MRONJ [25] and
improved the bone deposition near extraction sites [26].

Nevertheless, the types of BPs and their
concentrations were quiet diverse in the mentioned
cell studies. Therefore, additional studies based on
calculated BPs concentrations that correspond to the
clinical concentrations used in patients are needed.

This study aims to assess the effects of GGOH
on the toxicity induced on gingival epithelial cells
and gingival fibroblasts in vitro, by clinical doses of
zoledronic acid (ZOL) that represent 6-month, 2-year
and 4-year duration of treatment in patients.

Materials and Methods

Human gingival epithelial cells and human
gingival fibroblasts were used in this study. The toxicity
of ZOL and the effects of GGOH were assessed through
testing cell viability and cell morphology with the
3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT) test and microscopic evaluation,
respectively.

Cell lines

Ahuman gingival fibroblast cell line (designated
GN23) was acquired from the Craniofacial Research
Center at the University of Tennessee College of
Dentistry, Department of Bioscience Research in
Memphis, Tennessee, USA. It was previously derived
from non-inflamed gingival tissue obtained from a
healthy patient, as described in our previous study [27].
The Smulow-Glickman (S-G) human gingival epithelial

cell line used in this study was originally derived from
clinically normal attached gingival [28], [29] and was
obtained from Kasten et al., East Tennessee State
University, Quillen College of Medicine, Johnson
City, Tennessee, USA [30]. The cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM; Life
Technologies; Grand Island, NY) supplemented with
100 ug/ml gentamicin (Sigma-Aldrich; St. Louis, MO)
and 10% newborn calf serum (Life Technologies)
(growth medium), at 37°C in an atmosphere of 5% CO,
in air. The cells were passaged by treatment with 0.25%
trypsin (Life Technologies).

Cell viability assay

For the analysis of viability, the cells were
counted and seeded in 96-well plates in growth medium
at concentration of 1 x 10° cells/well. After overnight
incubation, the medium was removed and the cells were
washed with phosphate-buffered saline (PBS). Four
main cell groups were created: A control group (CG),
a group treated with ZOL (ZOL monohydrate; Sigma-
Aldrich), a group treated with ZOL and GGOH (GGOH;
Sigma-Aldrich), and a group treated with GGOH only.
ZOL was prepared by dissolving it in sterile, distilled,
de-ionized water to obtain a stock solution of 6.9 mM,
and diluted in serum-free DMEM containing 100 ug/mi
gentamicin (DMEM-gent) for final concentrations of 5,
25, or 50 uM. These concentrations are equivalent to
the concentrations of ZOL that the jawbone is exposed
to in patients receiving the antiresorptive drug for
6-month, 2-year, and 4-year treatment, as previously
calculated [2].

Another group received ZOL and GGOH. A
stock solution of GGOH at a concentration of 172 mM
was prepared by dissolving in 100% ethanol (EtOH).
GGOH was added to some cultures treated with ZOL
for a final concentration of 50 uM so that the final
concentration of EtOH was 1%. This concentration of
EtoH is not toxic to GN23 or S-G cells [31].

In the next group, GGOH was added to the cells
alone, at concentration of 50 uM, to test the possible
negative or positive effects on the cells.

The CG of cells received DMEM-gent
containing 1% EtOH.

The MTT assay was performed after 3 days of
incubation. The MTT test is used to evaluate the cell
viability through cleaving of the yellow tetrazolium salt
MTT into a purple formazan dye due to the metabolic
activity of the cells. The purple formazan crystals are
solubilized, resulting in a color change that is quantified
with optic density determination. In the present study,
the Cell Proliferation Kit | (MTT) (Sigma-Aldrich) was
used. After a 3-day incubation of the cells with the
respective chemicals, 10 uL of the MTT labeling agent
were added, followed by 4-h incubation at 37°C. Finally,
the cells were exposed to 100 uL of the MTT solvent
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overnight, under the same conditions. After the last
cycle of incubation, the optic density of the solutions
was read at 570 nm using a plate spectrophotometer
(SPECTROstarNano; BMG Labtech GmbH, Offenburg,
Germany).

Cell morphology

To test for the effects of ZOL £+ GGOH on cell
morphology, the cells were seeded at 1 x 10° per well
of 6-well plates, in growth medium. After overnight
incubation, the medium was removed and cells were
washed with PBS, as described above. The cells then
received DMEM-gent containing 50 uM ZOL + 50 uM
GGOH. Control cells received DMEM-gent containing
1% EtOH. After 3-day incubation, the cells were
observed for morphological changes with an optical
microscope (AxioScope A1, Germany) at different
magnifications, connected with camera and imaging
software (Axiocam MRCS5). The cell morphology was
described in terms of consistency of the cell form, cell
membrane and detached cellular debris and compared
to the findings from the cell viability test.

Statistical analysis

Data from the viability experiment were
expressed as percentage of the CG. One-way analysis
of variance and Tukey post-hoc comparisons were
performed in the IBM SPSS Statistics 20 (SPSS Inc.,
Chicago, IL, USA) software for statistical analysis. The
significance of p-value was set at 0.05.

Results

Cell viability

Data are provided in Tables 1 and 2 and
Figure 1aand b. ZOL significantly decreased the viability
of both the epithelial cells and gingival fibroblasts at all
concentrations (p < 0.05), except for fibroblasts at the
concentration of 5 uM (p = 0.44). The viability of the cells
decreased gradually with the increasing concentration
of ZOL. The epithelial cells were more susceptible to
the effects of ZOL, compared to the gingival fibroblasts,
especially at 50 uM ZOL (p < 0.05). The strongest
significant difference among SG cells was observed
between the CG and the group treated with ZOL at the
highest concentration of the ZOL (p < 0.001).

GGOH did not affect the viability of the cells
when added alone. Treatment with GGOH had positive
effects on the viability of the cells treated with ZOL at
all concentrations. However, statistically significant
differences between the groups treated only with ZOL
and those treated with GGOH were found only in the
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Figure 1: Effects of zoledronic acid (ZOL) and geranylgeraniol
(GGOH) on cell viability. (a) Gingival epithelial cells; (b) gingival
fibroblasts. In both cell lines, there was a concentration-dependent
inhibition of viability caused by ZOL. The fibroblasts were less
susceptible to toxic effects of ZOL than epithelial cells. GGOH did not
affected the cells when added alone, but improved the cell viability in
both cell lines treated with ZOL. The significant differences between
groups are marked with asterisks. The horizontal line in the bars
represents the median value

epithelial cells at concentrations of ZOL of 5 and 25 uM
(p < 0.05). GGOH improved the viability of the treated
cells with 5 and 25 uM ZOL to the extent that there were
no statistically significant differences between these
groups and the CGs of both cell lines. However, the
results show that there were also no statistical differences
between the ZOL and ZOL+GGOH groups in both cell
lines at 50 uM ZOL. The differences between the CG
and the group treated with GGOH were very strong. The
level of improvement of the cell viability between the two
cell lines after the treatment with GGOH was similar at
all concentrations of ZOL (p > 0.05).

Cell morphology

Both the epithelial cells and fibroblasts suffered
significant impairments in the structure and morphology
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Table 1: Significance of differences between the groups in both cell lines, at different concentrations of ZOL

Group of cells S-G cells GN23 cells
Concentration of ZOL
5 uM 25 uM 50 uM 5 uM 25 uM 50 pM
CG/GGOH p=0.435 p=0.435 p=0.977 p =0.690 p=0.257 p=0.632
CG/zOL p =0.001* p = 0.005* p=0.001* p=0.439 p = 0.049* p=0.002*
ZOL/ZOL+GGOH p=0.013* p =0.030* p=0.252 p=0.887 p=0.782 p=0.143
CG/ZOL+GGOH p=0.120 p=0.299 p = 0.005* p =0.693 p=0.115 p =0.015*

*Significant at p < 0.05. S-G: Gingival epithelial cells; GN23: Gingival fibroblasts; ZOL: Zoledronic acid; CG: Control group; GGOH: Geranylgeraniol.

Table 2: Comparison of decrease of cell viability between the gingival epithelial cells and human gingival fibroblasts following the
interference with ZOL and the effects after the treatment with GGOH

Group of cells

Concentration of ZOL

5 uM 25 UM 50 uM

S-G GN23 S-G GN23 5G GN23

ZOL (decrease vs. CG) 21.64% 13.08% 36.15% 27.86% 73.50% 4453%
p=0.031* p=0.156 p = 0.009*

ZOL+GGOH (decrease vs. CG) 7.76% 8.39% 11.56% 21.74% 55.65% 28.90%
p=0.941 p=0478 p=0.02*

ZOL+GGOH (increase vs. ZOL) 13.88% 4.68% 24.59% 6.16% 17.84% 15.64%
p = 0.059 p = 0.051 p = 0.806

*Significant at p < 0.05. S-G: Gingival epithelial cells; GN23: Gingival fibroblasts; ZOL: Zoledronic acid; CG: Control group; GGOH: Geranylgeraniol.

ZOL + GGOH

Figure 2: Light microscopic analysis of human gingival epithelial
cells. (a) Control group; (b) group treated with 50 uM zoledronic acid
(ZOL); (c) group treated with 50 uM ZOL and 50 uM geranylgeraniol
(GGOH). ZOL significantly impaired the structure of the cells. Debris
from dead and dying cells is visible (black arrow) and the cell
membrane is damaged (red arrow). The addition of GGOH improved
the cell structure and morphology. Less cellular debris is visible (blue
arrow) and the shape of the cell membrane is improved (green arrow)
(Light microscope, magnifications of x100, x200, and *400)

aftertreatmentwith ZOL (Figures 2 and 3). Cellular debris
from dead and dying cells were present throughout
the cultures (Figures 2b and 3b, black arrows). The
cell membrane appeared to be discontinuous, which
was particularly visible on the gingival fibroblasts
(Figure 3b, red arrows). The changes in the structure
and morphology of the cells are consistent with their
decreased viability after exposure to ZOL. GGOH, on
the other hand, improved the cytomorphology of both
types of cells. Less cellular debris was noted (Figures 2c
and 3c, blue arrows), and the shape of the cells was
improved (Figures 2c and 3c, green arrows).

Figure 3: Light microscopic analysis of human gingival fibroblasts.
(a) Control group; (b) group treated with 50 uM zoledronic acid
(ZOL); (c) group treated with 50 uM ZOL and 50 uM geranylgeraniol
(GGOH). This cell line suffered significant structural impairment
after the addition of ZOL. Cellular debris was visible throughout the
plate (black arrow) and the cell membranes’ shape was particularly
affected (red arrow). Addition of GGOH improved the cell membrane
shape (green arrow) and decreased the debris from damaged cells
(blue arrow)

Discussion

The present study is one of the few that has
investigated the possible positive effects of GGOH
in the development of preventive and treatment
strategies for MRONJ. It was designed to investigate
how successfully this isoprenoid could interfere with
the toxic action of BPs on human gingival epithelial
cells and gingival fibroblasts. The findings indicate that
the treatment of the cells with GGOH improved their
viability and morphology after the impairment induced
with ZOL.
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This study employed ZOL, as a representative
of nitrogen-containing BPs. These BPs enter cells
and affect the metabolism of mevalonic acid or
so-called mevalonate pathway [17]. The effect of the
interference of BPs with this cellular activity is the lack
of prenylation of proteins, and because the proteins
are not supplemented with hydrophobic molecules, the
small GTPases, such Ras, Rho, Rac, and Cdc42, are
not activated [18], [19]. The absence of these signaling
molecules is incompatible with normal cell function. The
cells lose their ability to proliferate, migrate and regulate
their morphology. ZOL is one of the most potent BPs
and still one of the most widely used antiresorptive
medications for treatment of malignancies and other
metabolic diseases of the bones.

Inthe present study, ZOL decreased the viability
and metabolic activity of the cells in a concentration-
dependent manner. The previous studies have shown
similar results. For example, Basso et al. [10] found that
viability was reduced by ZOL by as much as 67% in
human epithelial cells and 40% in gingival fibroblasts
after a period of 48 h. The greater susceptibility of the
epithelial cells to the effects of high concentration of ZOL
was consistent with the results of the present study. The
percentage of proliferation of human gingival fibroblasts
in the study of Scheper et al. [4] decreased by 30% and
the viability decreased by 51% of the control after 24-h
treatment with 3 uM ZOL. The human keratinocytes
were even more susceptible to the effects of 3 uM ZOL.
The viability of gingival fibroblasts after 24-h and 48-h
treatment with ZOL in the study of Walter et al. [5] was
80% and 40% of control, respectively. Similarly, another
study also showed a significant decrease in the viability
of human gingival fibroblasts after treatment with ZOL
at concentrations of 5 and 50 uM. [6] Acil et al. noted a
concentration-dependent decrease in viability of human
oral fibroblasts treated with ZOL at concentrations from
1 to 100 uM in one study [9] and lower concentrations
in another recent study [12]. Ravosa et al. [7] found
impaired transcription of type | collagen by human
oral fibroblasts after a 48-h treatment with 10 uM ZOL,
which is vital for granulation tissue and re-epithelization
processes. Furthermore, it was shown in other
studies that BPs affect cell migration, apoptosis rate,
caspase 3 and 9 production and several aspects of
osteoclastogenesis [3], [4], [8], [12], [22].

The first use of GGOH in experimental studies
revealed that it prevents the activation of caspases and
inhibits the osteoclastic resorption induced by nitrogen-
containing BPs. In the present study, GGOH did not
have negative or positive effects on the cells when
added alone. This fact makes the CG relevant and
allows the comparison to the other examined groups.
The effects of GGOH against the toxicity induced by
the potent BPs have been previously described on
different cell lines in only few studies. The results of the
present study indicate that GGOH positively influences
the viability of gingival epithelial cells and gingival

fibroblasts previously treated with ZOL. In general,
the greater the damage, the higher level of reversal
of toxicity was demonstrated. This suggests that
GGOH enters the cells and mediates the prenylation
of the small GTPases. However, a complete reversal
of the toxicity was not noted in any of the cell groups,
possibly due to the simultaneous negative effects of
ZOL on the cellular enzymes responsible for the cell
viability. Cozin et al. [6] used the same concentration of
GGOH as the present study and found that it restored
gingival fibroblast proliferation up to 75% of control after
168-h treatment with 8 uM ZOL, and greater reversal
of the negative effects of ZOL on cell viability was
demonstrated at higher concentrations. A complete
rescue of the cells was found in the groups treated with
30 uM of ZOL and 50 uM GGOH. The studies of Ziebart
et al. [20] and Pabst et al. [23] demonstrated significant
improvement of fibroblasts and oral keratinocyte
viability after treatment with 5 and 50 uM ZOL and
10 uM GGOH.

The morphological analysis after the treatment
with ZOL in this study showed significant impairment in
both cell lines. Scheper et al. [4] and Basso et al. [10]
had similar results in their studies, although they
used different concentrations of ZOL. The partial
improvement of cell viability after addition of GGOH
in the present study was reflected in the changes in
the morphological characteristics. These findings are
consistent with the results of Cozin et al. [6] who found
that GGOH almost completely restored the cytoskeletal
structure and decreased the number focal adhesions in
oral fibroblasts. Similar results were found in the study
of Ziebart et al. [20]

In this study, the effects of GGOH were
evaluated on cells treated with ZOL at concentrations
that represent 6-month, 2-year, and 4-year duration
of treatment in patients [2]. The previous studies
implemented different concentrations either of ZOL or
GGOH and different treatment duration. Therefore, this
study offers an insight into this quite complex area for a
possible solution.

Gingival epithelial cells and gingival fibroblasts
play important roles in wound healing after invasive oral
procedures [1]. These procedures remain the major
risk factor for development of MRONJ. Previously
conducted animal studies demonstrated that tooth
extraction initiates bone necrosis in rats treated with
ZOL [13], [14]. However, some degree of necrosis was
also observed even when there was only soft-tissue
trauma [15]. It is thought that after invasive dental
procedures and soft-tissue trauma, a local decrease
of pH occurs, usually accompanied by the entrance of
the local bacteria and other pathogens into the tissues.
Under conditions of decreased pH and osteoclast-
mediated bone resorption, the soluble BPs, such as
ZOL, are released into the local tissue. Although it is
hard to determine the exact amount of released ZOL
from the bone, it is assumed that epithelial cells and
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fibroblasts are readily exposed and susceptible to
the toxic effects of the released BP. This explains the
findings of decreased wound healing and necrotic
bone exposure. In the present study, GGOH partially
reversed the toxic effects of ZOL on cells in vitro.

The topical use of GGOHinan animalmodel has
been investigated only in one study. Koneski et al. [25]
found that local administration of GGOH significantly
improved the clinical wound healing and decreased the
occurrence and severity of bone necrosis. In another
study, Nagaoka et al. [26] applied GGOH systemically
and found increased bone deposition near the bone
defect, which illustrates the effects of this isoprenoid on
bone. It is possible that the systemic administration of
GGOH would interfere with the beneficial therapeutic
effects of ZOL, since they target the same enzymatic
processes.

Recently, more attention has been paid to soft
tissue toxicity and the role of infection and inflammation
in the development of MRONJ.

For a complete picture, further studies should
employ all kinds of cells that are involved in post-
extraction healing process, not only soft-tissue cells.
This might be one of the limitations of the present study.
Moreover, there are a number of laboratory tests that
could be implemented, besides cell viability test, to
analyze the cell behavior in the conditions of interest.

Conclusion

GGOH significantly reverses the toxicity
and improves the viability of gingival epithelial cells
previously treated with ZOL at concentrations which
correspond with the clinical course of treatment, while
the effect on the gingival fibroblasts is only slight. The
cell morphology is positively affected by GGOH. The
possible implementation of GGOH should be further
examined for treatment of MRONJ, and additional
in vitro and in vivo studies are necessary. Different
concentrations, treatment duration, method and route
of administration, and possible side effects should
be analyzed. Moreover, the effects of GGOH when
combined with the present preventive measures may
reveal new perspectives of treatment of MRONJ.
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