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Abstract 

 

Introduction Root resorption is a common complication after replantation following traumatic dental 

avulsion. Endodontic therapy combined with local and intracanal medications aims to avoid osteoclastic 

activity. In such cases, application of alendronate (ALN), a bisphosphonate widely used for the treatment 

of bone disorders, could be of clinical relevance. This study evaluated alendronate biocompatibility on 

periodontal ligament cells, as well as its effects on an in vitro osteoclastogenesis model. Methods 

Alendronate cytotoxicity [10-3 to 10-9 M] in human periodontal ligament fibroblasts (hPLF), human 

osteogenic sarcoma cells (SAOS-2) and murine osteoclastic precursors (RAW 264.7) was analyzed 

using cell number determination, cell viability and proliferation assays. ALN [10-6 to 10-12 M] effects on 

RANKL-induced osteoclastogenesis of RAW cells were assessed by TRAP staining and activity, and 

real-time PCR. Results ALN at higher concentrations was cytotoxic for all cell types, inhibiting 

significantly the proliferation of SAOS-2 and hPLF [≥ 10-5 M]. TRAP activity and expression of the 

osteoclast markers TRAP and cathepsin K by RAW-derived osteoclasts decreased significantly with 

ALN at low concentrations, reaching maximum effect at 10-10 M. Conclusions We demonstrated that 

ALN at very low concentrations is an effective inhibitor of RANKL-generated osteoclasts, without causing 

cytotoxic effects on their precursors and on periapical cells. Alendronate at such concentrations might 

be useful to prevent replacement resorption in avulsed teeth.  

 

Keywords: dental avulsion; root resorption; Alendronate; cytotoxicity; RAW 264.7; RANKL; 

osteoclastogenesis  
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1 Introduction 

 

Dental trauma is observed frequently in school-aged children. Approximately 16% of these 

injuries in permanent teeth result in dental avulsion [1]. The poor prognosis in such cases is related to 

an inflammatory response leading to root resorption, whose extent is correlated to the initial damage [2]. 

Therefore, the majority of the replanted teeth has to be extracted within a period of four to six years [3]. 

Many antiresorptive agents have been evaluated in vitro and in vivo, demonstrating to be either partially 

effective or associated with unacceptable side effects. Hence, there is a great need for new substances, 

which are effective and biocompatible. 

Bisphosphonates (BPs) are the most important antiresorptive agents used in the treatment of 

bone disorders, such as bone metastases, Paget’s disease and osteoporosis [4, 5]. In vivo, bone 

resorption depends on osteoclasts’ generation by fusion of hematopoietic mononucleate precursors. 

BPs prevent bone resorption by inhibiting osteoclastic activities due to their high affinity to bone mineral 

[4, 6]. They also affect indirectly osteoclasts precursors that are a source of resorption-stimulating 

cytokines [5, 7, 8]. The antiresorptive capacity of BPs increases by adding a nitrogen atom into the side 

chain, like in Alendronate (ALN) [5, 9]. Controversial results regarding cytotoxicity [10-12] and ALN 

effects on osteoclasts formation and activity [13-16] have been reported in the dental scientific literature.  

Therefore, the aim of this study was to analyze the biocompatibility and inhibitory effect of ALN 

on osteoclast formation in vitro. Specifically, ALN cytotoxicity on periodontal ligament cells and its effects 

on RANKL-induced osteoclastogenesis of the precursor RAW 264.7 lineage were determined. The 

hypothesis set forth was that ALN at low concentrations may inhibit osteoclast generation of RAW 264.7 

cells. 
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2 Materials and Methods 

 

2.1 Materials 

Alendronate (ALN) was purchased from Sigma Aldrich (Taufkirchen, Germany). Dulbecco’s modified 

eagles’ medium (DMEM), penicillin-streptomycin, amphotericin-B, fetal calf serum (FCS) and 

phosphatase-buffered saline (PBS) were supplied from Biochrom (Berlin, Germany). Hank’s balanced 

salt solution (HBSS) was purchased from Gibco-Invitrogen (Karlsruhe, Germany), and Receptor 

activator of NF-кB ligand (RANKL) from Millipore-Chemicon (Darmstadt, Germany). Real-time PCR kits 

and primers were obtained from Qiagen (Hilden, Germany). 

 

2.2 Preparation of Alendronate 

ALN stock solution in HBSS was prepared under sterile conditions at 25 mM (0.82 g/100 mL). Working 

solutions [10-3 to 10-12 M] were obtained by serial dilutions in DMEM. 

 

2.3 Cells 

Primary human periodontal ligament fibroblasts (hPLF) were obtained from biopsies of healthy 

permanent teeth (Hannover Medical School, Germany). Informed consent was obtained from all donors 

according to the Institutional Review Board’ guidelines. Human osteogenic sarcoma cells (SAOS-2) 

were purchased from DSMZ (Leibniz Institute, German Collection of Microorganisms and Cell Cultures). 

Mouse RAW 264.7 lineage was obtained from American Type Culture Collection (ATCC - Wesel, 

Germany). All cell types were cultured in DMEM with 10% FCS and antibiotics/antimycotics at 37°C, 5% 

CO2 and 95% humidity.  

  

2.4 Cytotoxicity assays 

Cell viability of RAW, SAOS and hPLF was accessed by MTT assay (Sigma). Cells were seeded in 96-

well plate, allowed to adhere overnight and incubated with ALN [10-3 to 10-9 M] for 24 h. Then, MTT 

solution (0.5 mg/mL) was added and cells were incubated at 37°C for 4 h. Optical density (OD) at 540 

nm was measured using a spectrophotometer (Spectra-Max 250, Molecular Devices, Biberach, 

Germany). 

In another set of experiments, RAW cells (5x103 cells/well) were seeded in 96-well plates and exposed 

to ALN [10-5 to 10-7 M] for 96 h. Medium and reagents were replaced after 72 h. Cell number was 

determined every 24 h using the DNA-intercalating staining H33342TM and a fluorescence-reader (FLx-

800, Bio-Tek, Bad Friedrichshall, Germany) (Excitation: 360 nm/ Emission: 460 nm). 

 

2.5 Proliferation assay 

The cell types were seeded in 96-well plates, allowed to adhere overnight and incubated for 24 h with 

ALN [10-3 to 10-9 M]. BrdU assay (Cell Proliferation ELISA, BrdU-Kit, Roche, Mannheim, Germany) was 

performed to quantify the proliferation according to manufacturer’s instructions. The DNA-incorporated 

BrdU was determined using a luminometer (LB960, Berthold Technologies, Bad Wildbad, Germany). 
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2.6 Osteoclastogenesis assay 

RAW cells (3x104 cells/well) were seeded in 24-well plate, allowed to adhere overnight and then pre-

incubated with ALN [10-6 to 10-12 M] in DMEM containing 10% heat-inactivated FCS for 24 h. For the 

osteoclast formation, RANKL [50 ng/mL] was added and cells were cultured for further 5 days, with or 

without ALN. Medium and reagents were replaced on day 3.  

 

2.7 TRAP activity   

RANKL-induced osteoclasts were quantified by tartrate-resistant acid phosphatase (TRAP) activity. 

Osteoclast formation was confirmed by an at least 3-fold increase of TRAP activity compared to 

untreated cells. Briefly, RAW-osteoclasts were lysed at day 5 and incubated with a 

paranitrophenylphosphate (pNPP) reaction buffer for 30 min. The reaction was stopped with 2N NaOH 

and optical densities (OD) were read using a microplate spectrophotometer (SpectraMax) at 405 nm. 

ODs were compared to a standard curve calibrated with paranitrophenol (pNP). Values were normalized 

to the total protein using the BCA Protein Assay Kit (Thermo Scientific). Results were expressed as 

micromoles of pNP/mg protein. 

TRAP staining was performed using Acid Phosphatase Leukocyte TRAP-kit (Sigma) according to 

manufacturer’s instructions. TRAP-positive cells containing three or more nuclei were considered 

osteoclasts (OCs). Images were taken with a digital camera attached to a microscope (E-410, Olympus 

Optical, Japan). 

 

2.8 Real-Time PCR 

Total mRNA from negative control and RAW-osteoclasts were isolated using RNeasy kit, whereas cDNA 

synthesis was performed with QuantiTec Reverse transcription kit, according to manufacturer’s 

instructions. Quantitest SYBR Green RT-PCR Kit performed the reactions. Rotor-Gene Q PCR device 

(Qiagen) read the amplifications for each sample. TRAP (NM_001102404) and Cathepsin K 

(NM_007802) mRNA expressions were quantified by a QuantiTec primer assay. The results were 

adjusted by amplification efficiency (LinRegPCR) and genes were normalized to the two most stable 

housekeeping genes evaluated by geNorm (GAPDH and B2M). 

 

2.9 Statistical analysis 

At least three independent experiments, with two to six replicates, were performed. Results were 

analysed by one-way ANOVA Bonferroni’s post-test and two-tailed t-test using GraphPad-Prism 

Software (CA, USA). Data were expressed as means ± standard deviation (SD) (*p<0.05).   
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3 Results 

 

3.1 Effects of Alendronate on cytotoxicity and proliferation 

ALN at 10-3 M decreased significantly the RAW viability (57.8% ± 2.6%) after 24 h. Discrete but 

significant effects were also observed in SAOS and hPLF (Table 1). However, ALN inhibited the cell 

proliferation in a concentration-dependent manner. The proliferation of all cell types was completely 

inhibited with 10-3 M, as well as in hPLF with 10-4 M. Severe effects in SAOS (14.98% ± 1.39%) and 

significant decreasing of RAW proliferation (71.86% ± 6.22%) was also obtained with 10-4 M. ALN at 10-

5 M presented significant effects in SAOS (68.67% ± 5.55%) and hPLF (57.91% ± 6.63%) (p<0.05) (Fig. 

1A).  

For long-term cytotoxicity evaluation in RAW cultures, 10-5 to 10-7 M ALN were applied. Cell number was 

measured every 24 h, for 96 h. ALN at 10-6 and 10-7 M did not affect the cell population at any time. 

However, 10-5 M caused significant cytotoxicity after 48 h (49.3% ± 5.94%) and reduced dramatically the 

cell number after 96 h (20.63% ± 1.19%), compared to control (p<0.05) (Fig. 1B).  

 

3.2 Alendronate and osteoclastogenesis 

TRAP-positive multinucleated cells were observed after RANKL stimulation, whereas the concentration 

of OCs was less expressive in presence of 10-10 M ALN (Fig. 2A). TRAP activity measurement confirmed 

significant amounts of TRAP enzyme in RANKL-induced osteoclasts at day 5 (Fig. 2B). However, ALN 

decreased TRAP activity in a concentration-independent manner, causing slight but significant effects 

at 10-9 M (83.93% ± 3.58%) and 10-10 M (82.2% ± 3.07%) when compared to cells exposed to RANKL 

(positive control) (p<0.05).  

 

3.3 Alendronate suppresses osteoclast genes expression 

Real-time PCR revealed significant expression of TRAP and cathepsin K in RANKL-induced osteoclasts. 

Contrary, ALN at 10-8 to 10-10 M down-regulated significantly the osteoclast gene markers. Maximum 

effect was found at 10-10 M, by decreasing TRAP (77.4% ± 9.76%) and cathepsin K (69% ± 5.4%) 

expressions significantly, compared to positive control (p<0.05) (Fig. 3).  
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4 Discussion 

 

Despite limitations of in vitro studies, the drug concentration used in our study included 

therapeutic levels of dosage and plasma concentrations observed in a pharmacokinetic study [17, 18]. 

Clinically, the harmful effects of ALN at high doses would likely result in osteonecrosis. Osteonecrosis 

of the jaw (ONJ) in patients treated with bisphosphonates (BPs) has been reported. Mostly, it has been 

related with oral therapy for osteoporosis, and injectable BPs to treat bone metastases. The occurrence 

of the ONJ has been correlated with two hypotheses. First, BPs tends to be highly concentrated in the 

jaw due to its high vascularity, causing an antiangiogenic effect. Second, because of its cytotoxic effect 

on osteoclasts and periodontal ligament cells, supressing the bone turnover [19, 20]. Alendronate, 

commercially known as Fosamax, used in the oral therapy has a relatively low risk in the occurrence of 

ONJ (20). Therefore, the major objective of this study was to determine ALN concentrations, which are 

non-toxic for periodontal cells, but can inhibit the osteoclast generation from precursor cells at the same 

time.  

First, we analysed the cytotoxicity of the potential antiresorptive agent Alendronate in 

periodontal ligament cells commonly affected by dental traumatic injuries, in order to identify therapeutic 

concentrations. In agreement to previous studies [11, 21, 22], we demonstrated that ALN at 

concentrations ≥ 10-5 M was extreme toxic in fibroblast and osteoblast cultures, by inhibiting the cell 

proliferation. Another study revealed high cytotoxicity of an Alendronate paste at 0.6 x 10-5 M to cultured 

endothelial cells [10]. This could be indicative of an anti-angiogenic effect of ALN at toxic concentrations, 

since endothelial cells are also target of BPs side effects. This is of great clinical importance, once it 

might be speculated that a local application of ALN could compromise the alveolus’ revascularization of 

replanted teeth following avulsion, causing a therapeutic failure. In accordance to relevant studies [10, 

11, 21, 22], we found that ALN cytotoxicity is directly proportional to the used concentration. Based on 

these results, non-toxic concentrations [≤ 10-6 M] were selected to evaluate ALN effects on 

osteoclastogenesis in vitro. 

Due to the difficulty in isolating osteoclasts (OCs) in vitro, and in order to investigate the direct 

effects of Alendronate on osteoclast precursors, we used the osteoclastogenesis model of RAW 264.7 

lineage. These cells express RANK and can grow indefinitely as osteoclast precursors or differentiate 

into osteoclasts when co-cultured with RANKL. RAW-osteoclasts express quintessence characteristics 

of OCs formed in vivo and representative properties including TRAP and cathepsin K [23, 24]. In this 

study, RAW-derived osteoclasts were confirmed through the activity measurement and staining of TRAP 

enzyme, a key marker involved in osteoclastic bone resorption. In addition, real-time PCR revealed 

significant expression of the osteoclast gene markers TRAP and cathepsin K.  

BPs inhibit bone resorption in vivo through several mechanisms [5]. Due to its high affinity to 

hydroxyapatite, studies indicate that OCs recruitment as well as their inhibited activity and shortened 

life-span are the main target of BPs [6, 25]. We agree only partially with these investigations, once we 

found significant but not dramatic reduction of TRAP enzyme in RANKL-induced osteoclasts co-cultured 

with low concentrations of ALN [10-8 to 10-10 M]. The significant but slight effect of ALN on TRAP activity 

might be due to the presence of some TRAP+ mononuclear cells, since it is related that macrophage 
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also express acid phosphatase enzyme under physiological conditions. However, TRAP+ multinucleate 

cells but not mononucleate are able to resorb bone [26, 27].  

Studies suggest that OCs precursors are also target of BPs [8, 28]. Furthermore, we 

demonstrated that ALN repressed the RAW-derived osteoclasts, by reducing the osteoclast markers’ 

expression TRAP and cathepsin K. Significant effects of ALN were observed at a concentration-

independent manner, reaching maximum effect at 10-10 M. The activity of cathepsin K is required to 

initiate actin ring formation and activation of OCs [29].  

Our findings cannot be directly compared with previous studies due to the diverging 

osteoclastogenesis models [8, 25, 30] and cell types used [12, 21, 31-33]. However, they also related 

favourable effects of low-concentrated ALN on OC precursors, by inhibiting the activation of pre-OCs 

and their fusion in osteoclastic cells [8]. In vitro, ALN inhibited bone resorption at concentrations ≤ 10-7 

M in an osteoclast model using bone slices, by reducing OCs activity without a significant decrease of 

the cell number [25]. A stimulatory effect of ALN on osteoblastic precursors has also been reported, with 

maximum effect at 10-10 M [30]. Then, based on our results and supported by these previously related, 

we suggest that ALN at low concentrations represses the differentiation of osteoclast precursors into 

TRAP+ multinucleate cells and inhibits theirs activation. Furthermore, antiresorptive effects through 

indirect stimulation of osteoblasts may occur, depending on the particular bisphosphonate and the 

concentrations used. 

 To evaluate whether BPs could avoid the radicular resorption of avulsed teeth, topical and 

intracanal medications were applied in vivo [13-16, 34]. Before replantation, roots of dogs [13] and rats 

[15] were immersed in Alendronate solutions at 10-3 and 10-5 M, respectively. ALN improved the healing 

by decreasing the osteoclast activity. However, it failed to inhibit replacement resorption of replanted 

roots. According to previous studies and ours, it could be in part due to the high concentrations of ALN 

used, which are cytotoxic to the periodontium cells, such as fibroblasts, osteoblasts and endothelial cells 

[10, 11, 21, 22].  

Despite great effort, the antiresorptive agents tested to date fail to avoid inflammatory resorption 

followed by ankylosis in dental avulsion cases [35]. Furthermore, the therapeutic inhibition of bone 

resorption by bisphosphonates seems to decrease after dosing is stopped, evidencing that the bound 

drug is not totally biologically active [5, 6]. A combined therapy of topical and long-term intracanal 

medication using non-toxic and efficient concentrations of ALN, as that presented in our study, might be 

evaluated. The use of an intracanal dressing would allow more interaction of the substance with the 

radicular tissues, favouring its incorporation and time of action.  

In conclusion, we demonstrated, for the first time in a RAW 264.7-generated osteoclast model 

in vitro, that ALN at very low concentrations inhibited the osteoclastogenesis and reduced the activity of 

mature osteoclasts, without affecting OC precursors’ viability. Since safe and effective ALN 

concentrations seem to be established in vitro and the significance of these results in vivo are not known, 

further research must be carried in order to validate its application as a treatment modality of avulsion 

cases. 
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Legends 

 

Table 1. Effect of Alendronate on cell viability of RAW 264.7, SAOS-2 and hPLF. Cells were exposed 

to different concentrations of ALN for 24 h and then analysed by MTT assay. Results are means ± SD 

as percentage of untreated control cells, set at 100%. *p < 0.05.  

 

Fig.1. Effect of Alendronate on proliferation of RAW 264.7, SAOS-2 and hPLF. A. The cell types 

analyzed were exposed to Alendronate at 10-9 to 10-3 M for 24 h. The cell proliferation was determined 

by BrdU assay. Values are means ± SD, compared to untreated control cells. *p < 0.05. B. Schematic 

representation of RAW 264.7 growth curve treated with 10-5 to 10-7 M ALN for 24 h - 96 h. Relative 

fluorescence intensity of H33342 was set as measure for total cell amount. *p < 0.05. 

 
Fig. 2. RANKL-induced osteoclast formation. RAW 264.7 cells were stimulated with RANKL [50 ng/mL] 

in presence or absence of ALN [10-6 to 10-12 M] for five days. A. TRAP staining was carried out. The 

TRAP-positive multinucleated cells of RANKL-treated cells with or without 10-10 M ALN (magnification 

x100) were photographed, as well as the untreated control cells (magnification x200). B. The tartrate 

resistant acid phosphatase (TRAP) activity measurement confirmed the presence of TRAP enzyme in 

the RANKL-induced osteoclasts, expressed as micromoles of p-NP/mg protein. Values are means ± SD 

of at least three independent experiments. *p < 0.05.     

 

Fig. 3. Effects of Alendronate on the expression of osteoclast gene markers. RAW 264.7 cells were pre-

incubated with non-toxic concentrations of Alendronate [10-12 to 10-6 M] for 24 h, and then stimulated 

with RANKL (R) with or without ALN for five days. The mRNA levels of two osteoclasts gene markers, 

TRAP (A) and cathepsin K (B), were detected by real-time PCR and normalized to the amount of 

endogenous GAPDH and B2M. Values are means ± SD of at least three independent experiments. *p 

< 0.05, compared to positive control (+ control) (RANKL-stimulated cells).  

  

 

  



Scientific Paper 
_____________________________________________________________________________________________________________________________ 

 

 

 

Figure 1A 
 

 

 

  





Scientific Paper 
_____________________________________________________________________________________________________________________________ 

 

 

 

Figure 3A 

 
 
Figure 3B 
 

 
  



Scientific Paper 
_____________________________________________________________________________________________________________________________ 

 

 

 

Table 1 

 

  
 
 
  

10
-3

M 10
-4

M 10
-5

M 10
-6

M 10
-7

M 10
-8

M 10
-9

M

RAW    (n = 5) 57.80 ± 2.61* 85.80 ± 1.24* 90.80 ± 2.35 94.60 ± 2.46 100.2 ± 2.24 100.4 ± 2.37 98.20 ± 2.26

SAOS  (n = 8) 85.38 ± 3.19* 90.38 ± 3.55 84.50 ± 2.61* 88.75 ± 2.45 97.13 ± 2.14 99.38 ± 1.37 100.6 ± 1.17

hPLF   (n = 7) 80.43 ± 3.79* 93.29 ± 3.86 96.86 ± 1.79 97.14 ± 1.99 98.14 ± 1.90 99.86 ± 1.07 98.29 ± 1.24
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2 Summary 
 

2.1 Introduction 

 

Different from deciduous teeth, permanent teeth rarely undergo root resorption. 

Even in the presence of periradicular inflammation, osteoclast-mediated resorption will 

affect primarily the bony part of the periodontium, while the root in general remains 

resistant to this process. The premise is that the cementum and predentin covering the 

radicular dentin act as a protective barrier against the osteoclasts’ action [1]. However, 

if an injury removes or alters this protective layer, an inflammatory process will 

stimulate the differentiation and activity of multinucleate osteoclastic cells similar to 

those seen in bone resorption [2, 3].  

Dental trauma is a frequent occurrence in school-aged children. Crown fracture 

is the most common consequence of a physical trauma, presenting favourable 

prognosis. However, avulsion and intrusive luxation cause more severe consequences 

for teeth and the periodontal tissues [1]. Unwanted external root resorption occurs due 

to a damage of the protective layer in response to an inflammatory process following 

the traumatic injury [3, 4]. The prognosis depends on the extension of the trauma and 

the extraoral time of the tooth after avulsion. It has been reported that if this time 

exceeds five minutes or if the tooth remains dry-stored for an hour or more the 

prognosis is generally regarded as hopeless [2, 5, 6]. 

Depending on the extent of the damage to periodontal and pulp tissues, the root 

may undergo a superficial resorption, an inflammatory resorption or a resorption by 

substitution. A superficial resorption does not require treatment, once the repair 

process occurred spontaneously after slight injuries of the periodontal structures. 

However, inflammatory and substitutive resorptions require systemic medication and 

topical intervention in order to avoid or retard the osteoclastic activity [2, 4]. In avulsed-

teeth cases, therapy modalities including topical treatment of the root surface, quick 

replantation or storage in physiological medium before replantation, antibacterial 

coverage and endodontic treatment using antiresorptive intracanal medication are 

considered essential for a favourable prognosis [2, 3, 6]. The substitution resorption 

occurs when the periodontal ligament cells on the root surface are extensively 

damaged and are replaced by bone. In this case, the treatment aims to retard or delay 

the replacement of the dental root by bone. Therefore, the periodontal ligament debris 
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has to be completely removed and topical and intracanal antiresorptive agents are 

applied [1, 4].  

Calcium hydroxide has been widely used as an intracanal therapeutic agent in 

an attempt to avoid or limit inflammatory resorption due to its alkaline pH and 

bactericidal effect [1, 7]. However, studies raised concerns about the possible 

occurrence of ankylosis in replanted teeth, which are treated with calcium hydroxide 

for a prolonged time. Due to its alkaline pH and the diffusion of Hydroxid-ions into the 

sites of bone resorption, calcium hydroxide could damage important cells, which are 

essential for the healing of the periodontal tissues, such as cementoblasts and 

odontoblasts (dentinoblasts) [4, 8]. Thus, it may be hypothesised that calcium 

hydroxide is indicated if inflammatory resorption occurs, but its application for the 

treatment of substitutive resorptions is still unclear.  

Due to the great difficulty in promoting healing of the more severe bone 

resorption types, many antiresorptive agents have been evaluated in vitro and in vivo. 

It has been documented that they are only partially effective or associated with 

unacceptable side effects [7]. Hence, it is of clinical relevance to analyse and identify 

new substances, which are effective against resorption but also biocompatible at the 

same time. 

In vivo, bone resorption depends on activity of osteoclasts (OCs), which are 

multinucleated giant cells generated by the fusion of hematopoietic mononucleate 

precursors of the monocyte-macrophage lineage. The interaction between 

osteoblasts/stromal cells and osteoclast precursors is necessary for the 

osteoclastogenesis stimulation. Macrophage colony-stimulating factor (M-CSF) and 

receptor activator of nuclear factor кB ligand (RANKL) are molecules, which are 

expressed abundantly on osteoblasts and play a fundamental role during the 

osteoclasts’ formation, by stimulating the differentiation process of precursor cells. M-

CSF supports proliferation and survival of osteoclast precursors as macrophages, and 

increase the expression of RANK, the receptor for RANKL. RANKL is essential for the 

formation and activation of OCs both in vitro and in vivo. The interaction of RANK and 

RANKL results in a cascade of intracellular events leading to the pre-OCs’ fusion and 

differentiation into TRAP-positive multinucleated cells [9-11].  

Tartrate-resistant acid phosphatase (TRAP) activity, multinucleation, ability in 

bone resorption and expression of specific gene markers, such as TRAP, cathepsin K 
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and calcitonin receptor, are the hallmark features of OCs [9, 11]. TRAP is a resorptive 

enzyme found in the ruffled border of the membrane of osteoclasts and in secretions 

within areas of resorption. The rate of the osteoclastic activity is proportional to the 

synthesis and secretion of this enzyme. In addition, the ruffled border is present in 

mature osteoclasts that become active and are able to resorb bone [12, 13].   

The role of the osteoclasts in the root resorption process must be taken into 

consideration. Areas of the root surface still lacking vital periodontal ligament (PDL) 

cells can be the target of active osteoclasts, which compromise the regeneration of the 

periradicular tissues [14]. An inhibition of the formation and activity of osteoclasts would 

improve the proliferation of PDL cells as well as the maintenance of the cementum 

layer that would support the periodontal repair.  

Some drugs used in medicine seem to be promising agents for the therapy of 

resorption processes. The inhibitory effect of the bisphosphonates (BPs) on 

osteoclasts is widely accepted. BPs are currently the most important antiresorptive 

therapeutic agents used in osteoclast-mediated diseases, such as osteoporosis, 

myeloma, hypercalcemia of malignancy, bone metastases, and Paget’s disease [15, 

16].  

BPs are low molecular weight synthetic analogues of the naturally occurring 

inorganic pyrophosphate (PPi), an endogenous regulator of bone mineralization. They 

are able to chelate calcium phosphate surfaces by forming a stable binding that inhibits 

the formation as well as the growth and dissolution of hydroxyapatite crystals. As a 

result, both bone formation and bone resorption will be inhibited, depending on the 

side-chain substitutions of the bisphosphonic acid and the concentration at which the 

cells will be exposed to the drug [15-17].  

Bisphosphonates contain two phosphonate groups attached to one carbon 

atom, forming the structure P-C-P connected to two side chains: R1 and R2. The R1 

side chain contains a hydroxyl group, which determines the affinity to bone mineral.  

The R2 chain, however, which contains an amino or pyridinyl group determines the 

antiresorptive potency [15, 16]. Aminobisphosphonates, as alendronate (ALN), are up 

to 1000-fold more potent than those BPs without an amino-group [18]. Another key 

feature is the presence of a nitrogen atom, found in alendronate, risedronate and 

zoledronic acid, which increases the inhibitory potency by resorbing bone, compared 

to those BPs without a nitrogen atom [15-17, 19]. Only osteoclasts can internalize and 
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release bisphosphonates, which explains the safety and efficacy of these powerful 

antiresorptive drugs [17]. Nitrogen-containing bisphosphonates seem to inhibit the 

bone resorption through effects on both osteoclasts and theirs precursors [20, 21].  

In dentistry, Schmidt and Rowe reported the first study regarding the evaluation 

of bisphosphonates as a potential drug for the treatment of chronic periodontal 

inflammation in mice [22]. Liewehr et al. investigated the use of bisphosphonates as 

an antiresorptive agent in dental avulsion cases in an in vitro study [23]. Due to its 

powerful antiresorptive effect, alendronate (ALN) has been widely used therapeutically 

in osteoclast-mediated diseases [15, 19]. The dental scientific literature has reported 

controversial results regarding the cytotoxicity of ALN [24-26] and its effects on 

formation and activity of osteoclasts in vitro and in vivo [14, 27-29].  

Therefore, the purpose of this study was to analyze the biocompatibility and 

inhibitory effect of ALN in an osteoclastogenesis model in vitro. Specifically, the ALN 

cytotoxicity on periodontal ligament cells, such as fibroblasts, osteoblasts and 

macrophages was analysed. In addition, the effects of ALN on RANKL-induced 

osteoclastogenesis of the precursor RAW 264.7 was also determined. The hypothesis 

which was set forth was that ALN at low concentrations may inhibit the osteoclast 

generation from RAW 264.7 cells without causing cytotoxic effects on OC precursors 

and periodontal ligament cells. 
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2.2 Discussion 

 

In order to identify therapeutic concentrations of alendronate (ALN) as a 

potential antiresorptive agent, this study analysed its cytotoxicity in cell populations 

similar to those found in the periodontal ligament and directly involved in dental 

traumatic injuries. Human periodontal ligament fibroblasts (hPLF) were used, since 

they are primary target cells and express an analogue metabolic potential compared 

to conditions in vivo. The human osteogenic sarcoma (SAOS-2) lineage expresses 

cytokines and growth factors similar to primary human osteoblasts in vivo and 

represent the phenotype of mature osteoblasts [30]. The murine RAW 264.7 cell line 

represents macrophages, and is widely used as an osteoclastic precursor cell in an 

osteoclastogenesis model in vitro [9]. 

Despite the limitations of in vitro studies, the ALN concentrations used in our 

experiments included a pharmacological active dose equivalent to approximately 30 

µg/Kg [10-7 M in vitro], as well as plasma concentrations of pills containing 70 mg of 

alendronate, which was documented in a pharmacokinetic study [19, 31, 32]. This is of 

clinical relevance, since the harmful effects of ALN at high doses would likely result in 

osteonecrosis. Therefore, the major objective of this study was to determine in vitro 

ALN concentrations, which are non-toxic for the periodontal ligament cells but can 

inhibit osteoclasts’ generation from precursor cells at the same time. 

We found that ALN at concentrations ≥ 10-5 M was very toxic in cultures of 

fibroblasts and osteoblasts by inhibiting cell proliferation after 24 h, as well as in RAW 

264.7 cultures by decreasing cell viability significantly between treatment times of 48 

to 96 h in a time-dependent manner. Similarly to previous studies [24, 25, 33, 34], we 

showed that ALN cytotoxicity is directly proportional to the used concentration. 

Furthermore, a high cytotoxicity of an alendronate paste at 0.6 x 10-5 M in cultured 

endothelial cells has been reported [24]. Since this cell type is also target of side effects 

caused by BPs, this could be indicative of an anti-angiogenic effect of ALN when 

applied at toxic concentrations [35]. Clinically, the revascularization of the alveolus, 

which will receive the replanted teeth following avulsion, could be compromised thus 

causing a therapeutic failure. Therefore, based on our cytotoxic analysis’ findings, non-

toxic concentrations of ALN [≥ 10-6 M] were selected to evaluate its effects in the 

osteoclastogenesis model in vitro. 
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Due to the difficulty in isolating large amounts of mature osteoclasts (OCs) in 

vitro, and in order to investigate the direct effects of alendronate on osteoclast 

precursor cells during the differentiation process, we used the osteoclastogenesis 

model based on the RAW 264.7 lineage. This cell line represents functional 

macrophages transformed by the Abelson Leukemia Virus. Like osteoclasts, these 

cells are highly endocytic, capable to dissolve hydroxyapatite particles and derived 

from the same hematopoietic colony-forming macrophage lineage as osteoclasts [17]. 

RAW 264.7 cells express RANK and can grow indefinitely as an osteoclast precursor 

or differentiate into active osteoclasts when co-cultured with receptor activator of 

nuclear кB ligand (RANKL). RAW-osteoclasts express quintessence characteristics of 

OCs formed in vivo and specific OC gene markers, including TRAP, cathepsin K, 

calcitonin receptor and metalloproteinase-9 [9, 36]. In the present study, RAW 264.7 

cells were stimulated with 50 ng/mL of RANKL in the presence or absence of non-toxic 

ALN concentrations [10-6 to 10-12 M]. The cells started to fuse into TRAP-positive 

multinucleated cells at around day five. RAW-derived osteoclasts were confirmed by 

qualitative staining and activity measurement of the TRAP enzyme, which is a key 

marker involved in the osteoclastic bone resorption. In addition, we demonstrated by 

real-time PCR a significant expression of two reliable osteoclast gene markers, such 

as TRAP and cathepsin K.  

BPs inhibit bone resorption in vivo through several mechanisms, depending on 

the chemical structure of the bisphosphonate and the concentration that is present in 

the bone microenvironment [15]. Due to its high affinity to hydroxyapatite, various 

studies indicate that OCs recruitment as well as their inhibited activity and shortened 

life-span due to apoptosis are the main target of BPs [18, 19]. We agree in part with 

these investigations, since we found a significant but not dramatic reduction in the 

concentration of the TRAP enzyme in RANKL-induced osteoclasts co-cultured with 

low-concentrated ALN [10-9 and 10-10 M]. This significant but slight effect of ALN on the 

TRAP activity might be due to the presence of some amount of TRAP+ mononucleated 

cells in culture. It has been reported that not only osteoclasts but also active 

macrophages express the type 5 of the acid phosphatase enzyme under physiological 

and pathological conditions. However, TRAP+ multinucleated cells, which express the 

acid phosphatase type 5b, but not mononucleated cells are able to demineralize bone 

[12, 37].  
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Other studies have demonstrated that OC precursors are also target of BPs [21, 

38]. In agreement, we demonstrated in our osteoclastogenesis model in vitro that low-

concentrated ALN inhibited the RAW 264.7-derived osteoclasts by reducing the 

osteoclast gene markers’ expression TRAP and cathepsin K. Significant effects of ALN 

were observed in an independent-concentration manner at 10-8 to 10-10 M, with a 

maximum effect found at 10-10 M. The osteoclast genes TRAP and cathepsin K are 

promoted at the terminal differentiation stage of osteoclasts [11]. Furthermore, the 

activity of cathepsin K is required to initiate the actin ring formation in the membrane 

and activation of mature OCs [39]. Thus, it may be suggested that ALN at low 

concentrations can suppress the osteoclast-mediated bone resorption by inhibiting 

both formation and activation of OCs.  

Our findings cannot be directly compared with previous studies due to the 

different osteoclastogenesis models [18, 38, 40] and cell types, which were used [26, 

33, 41-43]. However, significant effects of non-toxic ALN concentrations on OC 

precursors were found, due to the inhibited activation of pre-OCs and their fusion into 

osteoclastic cells [38]. In vitro, bone resorption was inhibited at concentrations ≤ 10-7 

M in an osteoclast model using bone slices. The activity of OCs was reduced without 

a significant decrease of the cell number [18]. Giuliani et al. demonstrated a biphasic 

effect of ALN in murine and bone marrow cultures. Whereas at higher concentrations 

ALN inhibited the formation of osteoblastic precursors, at low concentrations [≤ 10-7 M] 

the formation was significantly stimulated, with a maximum effect found at 10-10 M [40]. 

Based on these findings and ours, it may be suggested that at the optimal 

concentration of 10-10 M, ALN was significantly effective by inhibiting the differentiation 

of osteoclast precursors into TRAP-positive multinucleated cells as well as their 

maturation and activation. Furthermore, some cellular functions of the osteoblastic 

lineage might be also affected, depending on the particular bisphosphonate and the 

concentrations used. The in vitro concentration of 10-10 M is similar to the dose of ALN, 

which is used clinically for the treatment of osteoporosis (5-10 mg/day). At these 

concentrations satisfactory therapeutic results were found [44].   

 A very promising hypothesis has been discussed regarding the effects of certain 

bisphosphonates on the differentiation pattern of connective tissue cells. BPs at lower 

concentrations might recruit periodontal cells as osteoblastic or cementoblastic 

progenitors, which then might migrate to denuded traumatized root surfaces [45]. 
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Clinically, this would likely prevent or reduce the inflammatory radicular resorption and 

the occurrence of ankylosis in replanted teeth following avulsion. The basic mechanism 

would be a stimulation of the regeneration of a physiological periodontal attachment 

apparatus. However, more research is necessary to verify or reject this hypothesis. 

In dental research, studies have been performed in vivo to evaluate whether 

BPs, mainly ALN, are able to avoid or retard the radicular resorption of replanted teeth 

following avulsion [14, 27-29, 46]. Before replantation, roots of dogs [14] and rats [28] 

were immersed in alendronate solutions at 10-3 and 10-5 M, respectively. ALN failed to 

prevent completely the radicular resorption, by limiting the osteoclast activity only in 

some resorption areas. Furthermore, substitutive resorptions followed by ankylosis of 

the replanted roots still occurred. Based on previous studies [24, 25, 33, 34] and ours, 

these results could be in part due to the high concentrations of ALN used, which are 

cytotoxic to the periodontium cells, such as fibroblasts, osteoblasts and endothelial 

cells. 

Despite extensive research, the antiresorptive agents tested to date failed to 

avoid or delay the inflammatory resorption and ankylosis of replanted teeth following 

avulsion [7]. Furthermore, it has been reported that the therapeutic inhibition of 

osteoclast-mediated bone resorption by bisphosphonates seems to decrease 

immediately after the application is stopped. This provides evidence that the bound 

drug is not totally biologically active [15, 19]. Hence, a combined therapy using topical 

and long-term intracanal ALN-based medication at non-toxic and efficient 

concentrations should be taken into consideration. The use of an intracanal dressing 

would allow a more intense interaction of the antiresorptive agent with the radicular 

tissues. This would increase its incorporation, time of action, and diffusion through the 

dentin tubules and the apex to the periodontium. 

Based on our findings, ALN at very low concentrations, mainly 10-10 M, is an 

effective inhibitor of RAW-generated osteoclasts in vitro, without causing cytotoxic 

effects on their precursors and periapical ligament cells. At such concentrations, ALN 

might be useful to prevent replacement resorption in avulsed teeth. 
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2.3 Synopsis 

 
Osteoclast-mediated root resorption is a common complication after 

replantation following traumatic dental avulsion. The endodontic therapy, which 

combines topical and intracanal medications, aims to avoid or delay the development 

of an osteoclastic activity. Several antiresorptive agents have been tested to date. The 

results demonstrated that these are only partially effective or exhibited cytotoxic 

effects. In such cases, the application of alendronate (ALN), a potent nitrogen-

containing bisphosphonate that is widely used for the treatment of bone disorders, 

such as osteoporosis, bone metastases and Paget’s disease, may be of clinical 

relevance. This study aimed to evaluate the biocompatibility of ALN on periodontal 

ligament cells, which are directly involved/damaged by dental traumatic injuries. 

Furthermore, the effects of ALN in an in vitro osteoclastogenesis model of the murine 

osteoclastic precursor RAW 264.7 macrophage were analyzed. 

The cytotoxic effects of a wide range of ALN concentrations [10-3 to 10-9 M] were 

determined in human periodontal ligament fibroblasts (hPLF), human osteogenic 

sarcoma cells (SAOS-2), and murine RAW 264.7 macrophages using cell viability 

(MTT) and proliferation (BrdU) assays. The highest concentration of ALN [10-3 M] was 

cytotoxic for all cell types after 24 h. Additionally, ALN at concentrations ≥ 10-5 M 

inhibited significantly the cell proliferation in SAOS-2 and hPLF after 24 h, as well as 

the viability of RAW 264.7 cells from 48 h to 96 h in a time-dependent manner. Based 

on the cytotoxic findings, non-toxic concentrations [≥ 10-6 M] were selected for the 

evaluation of ALN effects on the osteoclast formation in vitro.  

RAW 264.7-generated TRAP-positive multinucleated cells were confirmed 

through the measurement and staining of TRAP enzyme after five days of RANKL [50 

ng/mL] stimulation. In addition, real-time PCR revealed significant expression of the 

osteoclast gene markers TRAP and cathepsin K. However, in cultures containing low-

concentrated ALN the generation of RAW-osteoclasts induced by RANKL was 

suppressed. ALN at 10-9 and 10-10 M significantly inhibited the activity of the TRAP 

enzyme. Furthermore, TRAP and cathepsin K expressions decreased significantly in 

a concentration-independent manner of ALN at 10-8 to 10-10 M. The maximum effect 

was found at 10-10 M.      

 In conclusion, we demonstrated for the first time in a RAW 264.7-derived 

osteoclast model in vitro, that ALN at very low concentrations, specifically at 10-10 M, 
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inhibited the osteoclastogenesis by affecting the OC precursors. Furthermore, it 

reduced the activity of mature osteoclasts without interfering with the viability of 

fibroblasts, osteoblasts and macrophages. Since safe and effective concentrations of 

ALN seem to be documented in vitro and because the significance of these results in 

vivo are not known, further research must be carried out in order to validate its 

application as an antiresorptive agent for the treatment of dental avulsion cases. 
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