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Medication-related osteonecrosis of the jaw (MRONJ) is anften-severe complication
found in patients receiving bisphosphonates in the manageent of Paget's, osteoporosis
and metastatic bone cancer. Mucosal breakdown with bone expsure is a primary
clinical presentation of MRONJ linked to the inhibitory eftt of nitrogen-containing
bisphosphonates (N-BP) on the mevalonate pathway. Gerarggraniol (GGOH) has
demonstrated a rescue effect on N-BP-treated osteoclasts ht the biological effects on
oral soft tissues and cells remain unclear. This study aimet determine whether GGOH
could prevent bisphosphonate induced toxicity to oral mucsa cells in vitro. Primary
oral broblasts and keratinocytes were exposed to differet GGOH concentrations or
GGOH in combination with two nitrogen-containing bisphosponates, zoledronic acid
(ZA) or pamidronic acid (PA), for 72h. The metabolic actiyitof each cell type was
measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-¢gihenyltetrazolium bromide (MTT)
assay. GGOH without bisphosphonates signi cantly reducedthe metabolic activity of
oral mucosa cells. Fibroblasts treated with GGOH and ZA in gabination showed a slight
increase in metabolic status compared to broblasts treatel with ZA alone, however this
positive effect was not observed in keratinocytes. In the msence of PA, GGOH was
unable to increase the metabolic activity of either cell tyga These ndings demonstrate
that GGOH is toxic to oral mucosa cells and that GGOH was not de to prevent
bisphosphonate induced toxicity. These data show that GGOHRloes not have therapeutic
potential for bisphosphonate-induced soft tissue toxicif in MRONJ and the use of GGOH
as an MRONJ treatment should be strongly reconsidered.

Keywords: MRONJ, Geranylgeraniol, broblasts, keratinoc ytes, pamidronic acid, zoledronic acid

INTRODUCTION

Medication-related osteonecrosis of the jaw (MRONJ) is an advees# eaused by antiresorptive
and antiangiogenic drugs, and is characterized by exposehtielbone without mucosal healing
after 8 weeks1], 2]. The disease predominantly occurs in patients receiving irginawus nitrogen-
containing bisphosphonates (N-BPs) such ZA or PA for the treatntériione malignancies3].
MRONJ can cause signi cant morbidity in terms of pain, discomfartd dysfunctional oral habits
which worsen the quality of life/] 5].
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Though the disease was rst identi ed almost 20 years ag@renylation of GTP-binding proteins such as Ras, Rho, Rac, Rap,
[6], the de nitive pathophysiology of MRONJ has not yet beenand Cdc42 which are necessary for the growth, di erentiation,
de ned and is likely multifactorial T]. Multiple contributing  and function of osteoclastd [, 18 along with other cell types.
mechanisms have been proposed since the disease proces§eranylgeraniol (GGOH), an analog molecule of GGPP, has
was rst characterized; including bone turnover impairment, previously been shown to play a pivotal role in the viability
angiogenesis inhibition, infection and inammation, and and proliferation of mesenchymal stem cellsd[ It has been
mucosal toxicity {, 7]. A loss of mucosal covering leading demonstrated that GGOH counteracted bisphosphonate toxicity
to the exposure of bone is a clinical hallmark of MRONJ andn several cell types including osteoclasts, osteoblasts, endothelial
an important target in the development of novel therapiescells, keratinocytes, and broblastg, [3, 16, 20, 21]. However,

[8]. Previous studies have demonstrated clinically relevantrevious studies of GGOH on cells of the oral mucosa have
concentrations of both ZA and PA can induce signi cant toxjci shown inconsistent and contradictory ndings. Most studies
in the cells andin vitro tissues of the oral mucos&-{11  were undertaken using a single GGOH concentration ranging
and that this interferes with the oral wound healing procesdetween 0.5 to 50M to reverse the e ect of bisphosphonates
[3, 17, highlighting the signi cance of soft tissue toxicity in the [1, 3, 16, 20, 22, 23 and very few studies have reported the
development and resolution of MRONJ. cytotoxic e ect of GGOH when exposed to cells in the absence

The clinical management of MRONJ is challenging as theref bisphosphonatesl]. Therefore, further studies are needed to
is limited data on its pathogenesis and there has recently beete ne thein vitro function of GGOH on the oral mucosa and to
controversy over the current therapeutic strategigéslfj. The determine an e ective dose.
key factors in MRONJ management include (i) necrotic bone GGOH has also been tested in vivo studies. MRONJ-
removal, (ii) soft tissue restoration, and (iii) pain and infecti induced rats exposed to GGOH demonstrated an improvement
control [14]. Currently, there is no standard treatment protocol in oral wound healing 17]. In ammatory tissues with favorable
for MRONJ [L5]. Research is now required to develop alternativesigns of tissue remodeling were observed in rats receiving 5 mM
therapeutic measures to help manage the disease more e ectiveGOH once daily in combination with ZA, when compared to

The action of nitrogen-containing bisphosphonates primarilya control group solely treated with ZA, suggesting the potential
inhibits the farsenylpyrophosphate synthase (FPPS) enzyme jpdsitive e ect of GGOH on the healing of MRONJ wounds.
the mevalonate pathway causing disruption in the synthesis GGOH has not only attracted interest in the potential
of isoprenoids including farsenyl pyrophosphate (FPP) andnanagement of MRONJ, but also in further clinical applications
geranylgeranyl pyrophosphate (GGPHjigure ) [16. The inthe management of cancer and drug complications as a result
loss of these mevalonate intermediates negatively a ects thod its anti-in ammatory, antibacterial 24, 25 and anti-cancer

Isopentenylpyrophosphate
(1IPP)

Geranylpyrophosphate Nitrogen-containing bisphosphonates
(GPP) / (e.g. zoledronate, pamidronate)
FPPS

Farsenylpyrophosphate
(FPP)

Geranylgeranylpyrophosphate +— Geranylgeraniol

i (GGPP) (GGOH)

Cholesterol

Prenylated proteins - el )
(Farsenylated / Geranylgeranylated) - = 5 dfferentiation

FIGURE 1 | The mevalonate pathway - FPPS (Farsenylpyrophosphate symdse).

Frontiers in Oral Health | www.frontiersin.org 2 June 2022 | Volume 3 | Article 892615


https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles

Rattanawonsakul et al. GGOH Effect on Oral Mucosa

properties p6-28. GGOH has been found to be capable ofconcentrations of 1000M PA and 10mM ZA were chosen based
inducing cellular apoptosis and reducing the viability of variouson previously published work3[l]. The maximum concentration
cancer cells including: hepatoma, prostate carcinoma, or coloof the ethanol vehicle did not exceed 0.5% (v/v) which did not
cancer cellsg6-2¢. Other studies have shown that myotoxicity, cause signi cant toxicity in any of the cell types tested (data
the most common side e ect of statins, can be prevented wittmot shown).
GGOH [29.

The aim of this study was to analyse the e ect of GGOH onCel| Viability
oral mucosa cells in both the presence and absence of clinicalle|is were seeded in culture plates at an optimum density
relevant bisphosphonates, so as to determine the moleculg§oF: 10,000 cells/cf, (OKF6/TERT-2: 16,700 cells/@n
potential as a treatment for soft tissue damage in MRONJ. We\OK: 10,000 cells/cRwith i3T3: 5,000 /crd)  and  left to
hypothesized that GGOH could restore soft tissue impairment ijgnere for 24 hours. The following day, the medium was
MRONJ by supplementing the depletion of geranylated proteingeplaced with fresh medium containing di erent concentrations

caused by bisphosphonates in cells of the oral mucosa. of GGOH or GGOH in combination with either 16M ZA or
100mM PA. The viability was measured every 24 h for 3 days.
MATERIALS AND METHODS Cellular metabolic activity was measured using the

cell Cul 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  broda
e ulture (MTT) (Sigma-Aldrich, Dorset, UK) assay according to the

Three cell types were used for the experiments. HUMaR,,nyfacturers instructions. Metabolically active (viable) cells
immortalized oral keratinocytes containing telomerase re®er .onvert a yellow tetrazolium salt to purple formazan. At

transcriptase (OKF6/TERT-2[] were cultured in keratinocyte  each time point, cells were washed once with sterile PBS and
serum free medium (KSFM) supplemented with 0.05 mg/mlncyhated with 0.5 mg/ml MTT solution for 90 min. Acidi ed
bovine pituitary extract, 0.00%g/ml human recombinant isqhropanol was then added to solubilise the formazan crystals

epidermal growth factor (all from Gibco, Paisley, UK), andanq apsorbance was read at 540 nm. Results from each condition
penicillin/streptomycin  10@ng/ml  (Sigma-Aldrich, Dorset, \yere normalized to the absorbance value of untreated cells
UK). Human primary normal oral broblasts (NOFs) and . ured for 24-h.

keratinocytes (NOKs) were isolated from buccal biopsies as
previously described elsewhef&l]. Written informed consent M
was obtained from volunteers before the collection of buccaé
biopsies and experimental protocols were ethically approve
by the University of Sheeld Research Ethics Committee
(Reference number 003463). All procedures were performed
accordance with the Declaration of Helsinki. Primary broblasts L .
were grown in Dulbecco's Modi ed Eagle Medium (DMEM) Statistical Analysis

(Sigma-Aldrich) with 10% fetal calf serum (FCS) (Biosera, EaMalues were presented as meanstandard deviation (SD).
Sussex, UK), 0.01 mg/ml L-glutamine (Sigma-Aldrich), andhree independent experiments were conducted 3) and
100mg/ml  penicillin/streptomycin (Sigma-Aldrich). Primary technicaltriplicates were used for each experimer @), unless
keratinocytes were cultured on a feeder layer of irradiatedahu indicated otherwise. All statistical analyses in this study were
broblasts (i3T3) in Green's medium made from 3:1 mixture Performed by using Prism 9 software (GraphPad, San Diego, CA,
of DMEM and Ham's Nutrient Mixture F12 supplemented USA). The di erence between each group was determined using
with 10% FCS (Biosera), 0.01 mg/ml L-glutamine, &fgfml & two-way analysis of variance (two-way ANOVA). Dunnetts
Penicillin/Streptomycin, 0.628g/ml Fungizone, 0.028g/ml  Post-hotest was used to compare between the experimental and
adenine, 1.36 ng/ml/ Big/ml of 3,3,5-Tri-iodothyronine /Apo- ~control groups at each time point. Statistical signi cance was
Transferrin (T/T), epidermal growth factor 5ng/ml, Insulin considered when thp-value was below 0.05.

5mg/ml, hydrocortisone 4ng/ml, and cholera toxin 8.47 ng/ml

(all from Sigma-Aldrich except FCS). All cell types were grow

in humidi ed conditions in a 5% CQ incubator at 37C. rRESULTS

orphological Evaluation

ell morphology was examined under a light inverted
microscope (Motic AE 2000). Images were captured using
%digital camera (Moticam 2) and Motic image 2.0 Plus software.

. GGOH Cytotoxicity on Oral Mucosa Cells
Geranylgeraniol (GGOH) and The metabolic activities of oral mucosa cells in response to
Bisphosphonates di erent GGOH concentrations after 72 h were measured using
A stock solution of GGOH (20mM) (Sigma-Aldrich) was the MTT assay, and the results are illustrated kigure 2
prepared in ethanol. It was aliquoted and stored a20 C. There were no changes in viability when broblasts were
The solution was thawed and diluted with cell culture mediumcultured with low GGOH doses (0.5-8M) while the highest
before each experiment. The working concentration of GGOH5GOH concentration (106M) reduced the viability over
used in this study was from 0.5 to 1604 (0.5, 1, 2.5, 5, 10, the experimental period. The toxicity from 168 GGOH
25, 50 and 106MM). Two nitrogen-containing bisphosphonates, on broblasts was only statistically signi cant following 72-h
pamidronate disodium salt anhydrate (PA) and zoledronic acicexposure |§ < 0.05) Figure 2A), which is consistent with the
monohydrate (ZA) (Sigma-Aldrich), were used in this study. Thechanges to broblast morphology, as shownRigure 3B
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FIGURE 2 | The metabolic activities offA) NOFs (B) OKF6/TERT-2(C) NOKs after treated with different GGOH concentrations over2 h of treatment. AlIN D 3
except control and GGOH 10mM of (B), N D 6. Mean C/- standard deviation (SD). Signi cance (*) was indicated whe*p  0.05 in comparison to GGOH 0mM.

The treatment of immortalized keratinocytes with 0.549  (Figure 4B) demonstrated the unattached rounded cells,
GGOH did not aect the metabolic activity at any time indicating dead cells.
point. However, concentrations of 28M and above of Only GGOH doses from 0.5 to IV were used to
GGOH markedly reduced the cellular viability after 48 hoursexamine the e ect of GGOH on primary oral keratinocytes
(p <0.05). At 72 h, 1&6M GGOH signicantly reduced (NOKSs) because of the observed toxicity in OKF&gure 2C
OKF6 viability @ <0.05) Figure 2B). A microscopic image demonstrates the cellular viability of NOKs after incubationtwit
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GGOH for 72 h. There were no signi cant changes in the viabilitydi erent GGOH doses again had no rescue e ect on the viability

from all GGOH concentrations at any time points. of immortalized keratinocytes in the presence of PA. Instead,
the addition of 25WM GGOH and above negatively a ected the
GGOH Effect on ZA-Induced Toxicity of metabolic activities of OKF6/TERT-2 at all time poings<g 0.05)

Oral Mucosa Cells (Figure 6B). Morphological changes of keratinocytes were seen

To determine the ability of GGOH to reverse the toxicity ofIn F|gures 4EF . . .
. - . Figure 6C shows the metabolic activities of NOKs following

bisphosphonates, the cellular viability of oral mucosa cells in the . . -

o Ihcubation with PA and GGOH. PA alone reduced the viability at
presence of 1M ZA with di erent GGOH doses was assessed._, . -

. . S -_"alltime points. No rescue e ect of GGOH was observed from any

When broblasts were incubated with ZA-containing media oncentrations on PA-treated cells
without GGOH, the alteration of cell morphology was detected” '
under the microscope Higure 3C). The metabolic activities
were negatively a ected and signi cant toxicity was observed
the 72-h time point p <0.05). The combination treatment of
100mM GGOH and 10mM ZA caused a signi cant reduction
of metabolic activities after 24 h, indicating GGOH toxici#t

*biscussion

The absence of e ective treatment options has driven e orts to
48 and 72 h, the addition of GGOH doses from 0.5 tond® deve_lop novel therapies forpatlgnts_a ected with MRONJ. Non_—
healing mucosal wounds resulting in the exposure of necrotic

was able to increase the viability of ZA-treated broblasts in - )
.. bone are the primary feature of MRONJ and are responsible for
a dose-dependent manner compared to broblasts treated with

ZA without GGOH. Three GGOH doses (5, 10, andrad) many of the symptoms including loss of function, infection and

L . . o (Pain [8]. Therefore, the restoration of the soft tissue barrier is
signi cantly increased the metabolic activity of cells compare expected to support resolution of the disease and GGOH has been
to control levels after 72 lp(< 0.05) Figure 5A). The increased P pp

con uence of broblasts in the presence of ZA and GGOHIil identi ed as a mplecule (.)f interest in MRONI¢, 24
. . GGOH, an isoprenoid molecule that can be converted to
is shown inFigure 3D.

Figure 5B demonstrates that 10M ZA was toxic to GGPP. in the mevalonate _pathway, has bee.“_ proposed as a
immortalized keratinocytes with a signi cant reduction ineh potential tool to overcome bisphosphonate toxicity by salvaging

viability after 72 h, which is correlated with the morphologicalthe loss of geranylated molecules to maintain normal cellular

- . . activities. GGOH's other biological activities, including its
changes shown irFigure 4C_GGOH did not increase the restorative e ects in N-BP treated osteoclast$ gnd its anti-

viability of ZA treated OKF6/TERT-2 at any time point in ammatory and antimicrobial features24, 25, led to our

or at any concentration tested. Instead, the combination o . . ) .
GGOH treatment (251M and above) with 1M ZA led to Lypothess _thaf[ GG.OH could improve mucosal integrity and
wound healing in patients treated with N-BPs.

signi ca_ntly Iow_er r_netabohc activities in OKFQ/TERT 2 _ce_lls In this study, we evaluated thia vitro e ects of GGOH
treated in combinationg < 0.05). The morphological analysis in . )
. ) . : - on oral broblasts and keratinocytes, the cells responsible for
Figure 4Dillustrates oating cells and cellular debris, con rming . . . . o
oral wound healing and mucosal integrit$7], in combination

the toxic e ?(.:t of ZAand GGOH on keratlnoc_ytes. . with N-BPs to investigate the potential of GGOH to reduce soft
The toxicity of ZA was also observed in NOKs foIIowmgtissue toxicity

culture with 10mM zoledronate for 72 h; however a statistical Prior to the evaluation of GGOH therapeutic e ects on

signi cance was not found, as shown Figure 5C. Treatment bisphosphonate-induced soft tissue toxicity, the cytotoxic study
with GGOH (0.5 to 10nM) had no e ect on the metabolic o
activity of cells. of GGOH alone was necessary to verify its safety pro le. We h_ave
demonstrated that low GGOH doses had no e ect on the viability
L of keratinocytes and broblasts, in line with previous studies
GGOH Effect on PA-Induced Toxicity of showing GGOH concentrations between 0.5 tad produced
Oral Mucosa Cells minimal toxicity to oral mucosa cells2p-27). However, the
Since PA has lower potency than ZA, a higher dose of PAnetabolic activity of cells was negatively a ected with GGOH
(100mMV) was used to induce the toxicity on oral mucosadoses of 1M and above in OKF6/TERT-2. To the best of
cells.Figure 6Aillustrates the response of PA-treated broblastsour knowledge, the response of oral keratinocytes to this range
to dierent GGOH concentrations over 72h. PA produced aof GGOH concentrations has not been reported before. This
signi cant toxic e ect at 48, and 72 h, as shown by a reductionis the rst study demonstrating the toxic e ect of GGOH on
the metabolic activity to approximately 90, and 40%, respectivelyral keratinocytes which is important when considering GGOH
(p < 0.05). There were no di erences in the metabolic activitiedbased therapies for mucosal healing. Following these results,
from GGOH plus PA conditions at any time points, indicating experiments using higher GGOH doses on primary keratinocytes
that GGOH had no protective e ect on PA-induced toxicity were suspended.
in oral broblasts. The alteration of broblast structure and  Fibroblasts were less susceptible to GGOH toxicity than
morphology in the presence of PA, and PA with GGOH was als@eratinocytes as the tolerated dose was highenf@/s. 5mM).
presented irFigures 3E,Fclearly demonstrating the toxicity. Our ndings on broblasts are consistent with previous studies
When OKF6/TERT-2 cells were treated with PA, the viabilityshowing that 50nM GGOH did not cause any adverse e ect
was signi cantly decreased after 48 and 72h. The addition adn broblast viability [3, 16. However, the toxicity of GGOH
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A Control B GGOH 100 uM

g —

E PA 100 uM F PA+GGOH 10 uM

250 um

FIGURE 3 | The morphology of oral broblasts after 72 h of treatment(A) Control (B) GGOH 100 mM (C) ZA 10 mM (D) ZA+GGOH 10mM (E) PA 100 mM (F)
PA+GGOH 10mM. Magni cation of 4  from a light inverted microscope.

at a similar concentration has also been reportédl [Zafar Though unwanted toxicity from individual GGOH treatment
et al. demonstrated a signi cant reduction in the viability was found, the key aim of this study was to determine whether
of gingival broblasts after treatment with a single dose of GGOH can protect cells from bisphosphonate induced toxicity.
50mM GGOH [1]. It is worth noting that earlier studies We used two nitrogen-containing bisphosphonates, ZA and
did not fully evaluate the responses of oral mucosa cells tBA, in this study since they are most associated with the
GGOH exposure, studying only a single GGOH concentratiomisk of developing MRONJJ]. The selected concentrations
to examine the bene cial role of GGOH on counteractingfor both ZA and PA were clinically relevant and previously
bisphosphonate toxicity. Here, we provide results on the impaateported to be toxic to oral mucosa celld B1]. In the present

of dierent GGOH doses on oral mucosa cell toxicity which study, cells were cultured with di erent GGOH concentrations
presents a more complete picture of the dose dependent e ecis combination with either ZA or PA simultaneously. We
of GGOH. have shown that GGOH increased the viability of ZA-treated
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A Control B GGOH 10 pM

250 um 0 250 pm

Ty

C ZA10 uM D ZA+GGOH 100 uyM

E PA 100 uM F PA+GGOH 100 uM

) A

FIGURE 4 | The morphology of oral keratinocytes after 72 h of treatmentA) Control (B) GGOH 10mM (C) ZA 10 mM (D) ZA+GGOH 100mM (E) PA 100 mM (F)
PA+GGOH 100mM. Magni cation of 4  from a light inverted microscope.

broblasts, but GGOH was unable to increase the viabilityCozin et al. demonstrated that GGOH increased the metabolic
in PA-treated cells. This was consistent with previous studieactivity of gingival broblasts if incubated with 30M PA,
that showed GGOH successfully increased cellular viabilithut saw no positive e ect from 60M PA treatment [B],

in ZA treated cells ], 3, 16, 21]. Interestingly, GGOH was suggesting PA concentration in uences the success of GGOH in
able to restore the metabolic activity of broblasts to levelgreventing toxicity.

comparable with the untreated control group, indicating a Meanwhile, GGOH failed to restore the metabolic activities
cytoprotective e ect in ZA treated cells. In terms of PA, theof immortalized and primary oral keratinocytes from
eects of GGOH were dierent between each study. Ourbisphosphonate toxicity and high doses of GGOH worsened
ndings support the work by Ziebart et al. that showed the cellular viability of OKF6/TERT-2. Our ndings are distinct
GGOH had no e ect on cell viability where even lower PA from recent studies that reported the therapeutic e ect of GGOH
concentrations at 5 or 50M were used 21]. On the contrary, in keratinocytes. Kim et al. demonstrated that 698 GGOH
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ZA+GGOH 1 uM
ZA+GGOH 2.5 uM
ZA+GGOH 5 uM
ZA+GGOH 10 uM
ZA+GGOH 25 uM
ZA+GGOH 50 uM
ZA+GGOH 100 pM

worked e ectively against PA induced toxicity, while PabstKeratinocytes appear to be more sensitive to the toxicity of
et al. showed 10M GGOH had a positive e ect on primary GGOH and bisphosphonates than broblasts, however, further
keratinocyte viability 20, 22]. Our results also showed that the exploration is required to con rm the mechanism. The observed
combination treatment of PA and GGOH appear to be moredi erences between data shown here and those reported in
toxic to primary keratinocytes compared to the immortalizedthe literature may be related to the variability in cell sources
(particularly for primary cells isolated from di erent location of

The dierent responses observed in broblasts andoral tissues such as gingiva, buccal mucosa or oor of mouth,

cell line.

keratinocytes may be related to di erences in mitochondrialand di erent patients where the variability are well known),
activity between these cells types and their response to GGOlhcubation time, and evaluation methods.
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FIGURE 6 | (A) NOF (B) OKF6/TERT-2(C) NOK viability in the presence of different GGOH concentratns in combination with PA for 72 h. Al{A,B) N D 3 except
Control, PA, and PA+GGOH 10mM of (B) N D 4, all conditions of (C) N D 2. Mean C/ standard deviation (SD). # shows statistical signi cance (g 0.05) in
comparison to untreated control and * shows statistical sigi cance (p < 0.05) between 100mM PA group and test condition.

The MTT assay, used in this study measured mitochondriabroblast viability in the presence of ZA was ndv
metabolic activity of cells as an indirect measure of cell vigbilit however this same dose was unable to preserve the viability
As with all viability assays there are limitations in this tecjue ~ of keratinocytes and a small increase in dose nliD
[33, however, the MTT assay is currently used as the goldf GGOH) produced signicant toxicity which could
standard assay to measure cytotoxicityd[ and has been lead to further mucosal breakdown or other unwanted
previously used in GGOH studies,[L6, 20, 22]. o -target e ects.

Based on our ndings, GGOH appears to have a very Increasing GGOH levels could also produce a negative
narrow therapeutic window that makes it unsuitable forconsequence in myeloma patients, which form a signi cant
clinical use. The lowest dose of GGOH able to restor@roportion of those su ering with MRONJ. A previous study

Frontiers in Oral Health | www.frontiersin.org 9 June 2022 | Volume 3 | Article 892615


https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles

Rattanawonsakul et al. GGOH Effect on Oral Mucosa

has indicated that the loss of GGPP impaired the proliferativiE THICS STATEMENT
capacity of myeloma cell3{]. Thus, the addition of GGOH
could have the potential to stimulate the proliferation of cancerThe studies involving human participants were reviewed
cells and worsens the disease, precluding the use of GGOH @id approved by the University of She eld Research Ethics
patients with malignancies or at risk of malignancy. Committee. The patients/participants provided their written

Taken together, there are a few possible explanatiorisformed consent to participate in this study.
for the failure of GGOH to protect oral soft tissues from
bisphosphonate treatment. Here we have shown that GGOAUTHOR CONTRIBUTIONS
itself impairs the metabolic activity and therefore viability
of oral mucosa cells and in some cases this impairment i8ll authors contributed to the study conception and design.
compounded by the addition of bisphosphonates suggestinilaterial preparation and data collection and analysis were
a synergistic e ect in these cells. An alternative hypothesigerformed by KR, GB, and VH. The rst draft of the manuscript
is that the cytotoxic e ect of bisphosphonates in cells of thevas written by KR. All authors commented on previous versions
oral mucosa may not occur through the mevalonate pathwa?f the manuscript. All authors contributed to the article and
(as is the case in osteoclasts); meaning GGOH is unab&®proved the submitted version.
reverse the toxicity induced via this route to protect oral
mucosa cells. FUNDING

Although we have demonstrated that a narrow range of
GGOH concentrations can reduce the toxicity caused by ZAhis research was supported by a scholarship from
in oral broblasts, the same restorative e ect was not observethe Faculty of Dentistry, Mahidol University, Thailand
in keratinocytes. Marginally higher GGOH doses were showawarded to KR, and a DTA studentship awarded to GB
to cause signicant toxicity in oral keratinocytes and thefrom the Engineering and Physical Sciences Research
combination of GGOH and N-BPs were in some cases synergisticouncil (EPSRC) through the University of She eld.
Therefore, the use of GGOH to treat bisphosphonate-inducedhe work was also supported by an EPSRC Doctoral
soft tissue damage in MRONJ is not supported by the dat®rize Fellowship awarded to GB (grant code: X/013296),
presented here and its use in other applications should band an EPSRC Impact Acceleration Account grant (grant
carefully considered. code: X/167000).
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