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Abstract

Fluorine (F-) is considered a toxic chemical element, the exposure to this chemical compound

in humans goes almost unnoticed; at present, an important number of people are exposed to

water sources contaminated with F- causing health damage, and the effects on bone tissue are

considered  the  most  significant.  Objective: To  evaluate  the  effect  of  NaF in  different

osteoinduction  processes.  Materials  and methods:  An ATCC hFOB1.19 cell  line  was  used

which  were  cultured  with  the  different  NaF concentrations  (1,  1.5,  3,  5,  10,  15  mg/l).

Quantitative viability through the Alamar-Blue test and qualitative cytotoxicity according to

ISO10993-5:2009, intra and extracellular  Ca+2  concentrations through the Arsenazo III  test,

qualitative  and  quantitative  osteogenesis  processes  in  osteoblasts  with  the  Millipore

osteogenesis  kit,  immunocytochemistry  to  determine the expression  of  RUNX-2,  and Mito-

Tracker assay to evaluate the quantity of mitochondria in the treated cells were performed.

Results and conclusions: Fluoride significantly altered cellular morphological patterns in sub-

chronic exposure, it was also capable of reducing the expression of the RUNX2 protein and the

Ca+2 concentration of intracellular and extracellular as well as being able to reduce the number

of mitochondria in a dose-dependent way.
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Introduction

Chronic consumption of Fluorine in  higher concentrations than those  recommended by the

WHO produces various alterations at the cellular, biochemical, and genetics expression levels;

in addition, alter the proper functioning of systems and organs.1 The synthesis and calcification

of  the  bone  matrix  are  directed  by  osteoblasts;  they  are  responsible  for  the  development,

growth, and regeneration of the bones; also, to having the bone matrix synthesis function and

control of their mineralization.2 The osteoinductive process consists of the ability of a substance

to recruit and differentiate the cells needed for bone growth and regeneration. In general, refers

to the different steps by which pluripotent or multipotent mesenchymal stem cells are recruited

to a certain site for repair,  and thus be stimulated into early preosteoblasts. 3,4 This  process

commonly occurs in any type of bone regeneration development, such as fractures or implants.5

They create an intercellular organic substance called osteoid,6 this organic substance is formed

by an amorphous matrix with components such as collagen fibers type I; thus, regulating the

general  bone maintenance process.7 Another molecule associated with osteoinduction is the

transcription  factor  RUNX2  essential  for  osteoblastic  differentiation  and  skeletal

morphogenesis  and  acts  as  a  scaffold  for  nucleic  acids  and  regulatory  factors  involved  in

skeletal gene expression, essential for the maturation of osteoblasts and both intramembranous

and endochondral ossification.8 

The objective of this study was to evaluate the behavior of osteogenic markers, the degree of

cytotoxicity  and  the  effect  on  the  mitochondria  of  osteoblasts  treated  with  different  NaF

concentrations in human osteoblast hFOB1.19

Materials and Methods

Cell culture
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An ATCC cell  line  of  human  osteoblasts  hFOB1.19 was  used  in  DMEM culture  medium

enriched with 5% fetal bovine serum and 1% antibiotic (with 10,000 units of penicillin, 10 mg

of streptomycin,  and  25  ug  of  anphotericin  B per  mL SIGMA)  37°C,  5% CO2 and,  95%

humidity. The cells were cultured with different NaF concentrations (1, 1.5, 3, 5, 10, 15 mg/L)

and two controls, osteoblasts in culture medium as negative control and osteoblasts treated with

osteoinductive medium (OIM) as osteoinductive control; incubation times were adapted to each

of the experiments. Finally, the culture medium was replaced every three days.

Qualitative cytotoxicity gradient evaluation

This test was based on ISO 10993-5:2009, related to "In vitro cytotoxicity tests". The cells were

kept in incubation for 21 days with the different NaF concentrations; after this period, the cells

were examined through an inverted optical microscope where the morphological changes were

recorded and compared with a control group of cultured osteoblasts without  NaF. Tests were

performed in triplicate

Cell viability assay 

To evaluate the cytotoxic effect  of  the different  NaF concentrations,  the  Alamar  Blue test

(Alamar Blue kit Cell Viability Reagent of Thermo Fisher) was performed; subsequently, the

culture  medium  containing  the  different  NaF concentrations  was  replaced;  under  these

conditions,  the  cells  were  incubated  for  a  period  of  48hr  additional.  After  this  incubation

period, 10 µL of the Alamar Blue reagent was added to each 96 plate well per 100 µL sample,

incubated for an additional 3hr under the same conditions, a reading of the absorbances at 450

nm was made in a microplate reader (Multiskan Thermo Scientific). For this test, there was a

life  control  corresponding  to  cells  cultured  with  culture  medium  enriched  with  FBS  and

antibiotic and a death control which 30 min prior to adding the alamar blue reagent, 50% of the

culture  medium  was  replaced  by  methanol  to  cause  cell  death.  Tests  were  performed  in

quintuplicate
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Ca+2 concentration

The  Ca+2 concentration  in  the  cells  treated  with  the  different  NaF concentrations  was

determined  by  means  of  the  Ca+2 Arsenazo  III  kit  by  Byosistems,  according  to  the

manufacturer's specifications. The determination of extracellular Ca+2  was made in the culture

medium containing those of the cells treated with the different NaF concentrations for 21 days.

The intracellular calcium concentration was determined in the cells treated with the different

NaF concentrations. The treated cells were subjected to ultrasound (30 sec, 3 times) with an

ultrasonic tip. The calcium concentration was reported in mg/dL/mg of protein. The Bradford

method was used,  which  is  based  on the  formation of a  complex between the bright  blue

Coomassie dye and the proteins in solution; the absorbance is read at 590 nm. A calibration

curve was  made with  bovine albumin at  different  concentrations.  Tests  were  performed in

triplicate

Osteogenesis quantification assay 

The cells were incubated in 13mm discs (24 well boxes) with a culture medium containing the

different NaF concentrations for 21 days (in triplicate). Millipore osteogenesis kit was used in

accordance with the manufacturer’s instructions. The concentration of Alizarin Red is indicated

in mg/mL/ mg of protein. 

Immunocytochemistry RUNX2

The  detection  of  RUNX2 was  performed  in  osteoblasts  treated  with  different  NaF

concentrations for a period of 21 days; at the end of this incubation period, the samples were

fixed with 10% neutral formalin for 30 min at 25°C, they were washed with PBS twice, were

blocked with 1% bovine albumin Tween for 1 hr at  25°C, washed with PBS-Tween 20 to

0.025%;  then,  the  cells  were  put  in  contact  with  the  first  mouse  anti  RUNX2 antibody

(Invitogen) at a concentration of 1:100, incubated overnight at 4°C.  Subsequently,  the cells
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were washed with PBS-Tween three times and the second monoclonal antibody IgG2a Alexa

Fluor 488 (Santa Cruz) was added for 2 hr at 25°C at a concentration of 1:500 in conditions of

darkness. Finally, the last wash was performed with PBS-Tween 20. Additionally, a NucRed

solution of Invitrogen was prepared (according to the manufacturer’s specifications). Finally,

dyed cells were observed on the Leica confocal laser fluorescence microscope (CLFM). The

fluorescence units were determined for each sample with the help of the Leica Microsystem

LAS-AF TCS-SPE SOFWERE. Tests were performed in triplicate

MitoTracker Deep Red FM assay 

For the evaluation of mitochondria of cells exposed to different NaF concentrations, osteoblasts

exposed to different treatments (1, 1.5, 3, 5, 10, and 15 mg/L) were seeded in 24-well plates

provided with discs of 13 mm diameter, for a period of 21 days. The MitoTracker Deep Red

FM kit was used (according to the manufacturer’s specifications). Each sample was observed in

the confocal laser fluorescence microscope (CLFM). The fluorescence units were determined

for each sample with the help of the Leica Microsystem LAS-AF TCS-SPE SOFWERE. Tests

were performed in triplicate

Statistical analysis

Results  were  shown  as  means  ±  standard  deviations  (SDs).  The  statistical  analyses  were

performed using SigmaPlot v 11.0 statistical package. One-way ANOVA was used to analyze

the  difference  among  the  multiple  groups.  The  student's  t-test  was  used  to  evaluate  the

difference between two groups. p < 0.05 was regarded as statistical significance.

Results

Qualitative/Quantitative Cytotoxicity

Qualitative Assay: Figure 1. shows the morphology of the osteoblasts treated with the different

NaF concentrations. When the osteoblasts were exposed to NaF concentrations of 1, 1.5, and 3

mg/L, a mean level of damage in cell morphology was observed, with less than 50% of the
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round cells, lacking intracytoplasmic granules, there was no extensive cell lysis; there was less

than  50% growth  inhibition  (Figure  1 C,  D,  and  E),  unlike  cells  treated  with  5mg/L  NaF

concentrations, 10 and 15 mg/L showed moderate level of damage where more than 30% of

cell layers contain rounded cells or were lysed; cell layers are not completely destroyed, but no

significant inhibition of growth was observed (Figure 1 F, G, and H).  Cell morphology was

modified by the presence of  NaF,  which was  corroborated by the increase  in  cell  volume

(Figure 1D, white circle) and by the decreased number of focal contacts (Figure 1 C, E, and G,

white  arrows).  Also,  when  NaF concentration  increased,  it  generated  cytoplasmic

vacuolization, nuclear abnormalities, and pyknosis (Figure 1 c, e, and h, black arrow). 

15.2 cm15.2 cm

Figure 1: Cytotoxicity assay. Osteoblast treated at different NaF concentration for 21days and 24 hr respectively Qualitative

cytotoxicity based on the international standard ISO 10993-5 tests for in vitro cytotoxicity. a. Control; b. OIM; c. 1 mg/L; d.

1.5 mg/L; e. 3 mg/L; f. 5 mg/L; g. 10 mg/L; h. 15 mg/L. Cell morphology is modified by the presence of NaF, this assumption

was corroborated by the increase in cell volume (Figure 1D white circle) and the decreased number of focal contacts (Figure

1  c,  e and,  g,  white  arrows,).  On  the  other  hand,  when  NaF concentration  increases,  they  generate  cytoplasmic

vacuolization, nuclear abnormalities and picnosis (Figure 1: c, e and, h, black arrow).
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Quantitative assay (cell viability):  NaF increased cell proliferation in a dose-dependent way

when incubated for 48 h since none of the treatments reduced viability by more than 30%

(Figure 2). 

Figure 2.  Quantitative cytotoxicity Alamar blue assay: Dead control (C+); Live control (C-), OIM, 1.0 mg/L, 1.5 mg/L, 3.0

mg/L, 5.0 mg/L, 10 mg/L and 15 mg/L. *  p<0.05.  The red dotted lines indicate the degree of toxicity, ranging from non-

cytotoxic to severe cytotoxicity. The cells treated with the different concentrations of NaF are in the range of non-cytotoxicity.

Intracellular/extracellular Ca +2 concentration

Intracellular calcium concentration decreased significantly in  NaF treatments to 1.5, 3, and 5

mg/L (p<0.05). The greatest reduction in the Ca+2 concentration occurred in osteoblasts treated

with 3 ppm (~35%) (Figure 3A). The concentration of extracellular The Ca+2 quantified in the

culture medium of osteoblasts treated with the different NaF concentrations increased in a dose-

dependent way, this increase was discreet in the lowest concentrations (1-5 mg/L); however,

these differences were statistically significant. In addition, when NaF concentrations increased

to 10 and 15 mg/L, extracellular calcium also increases in both treatments by a little more than

30%  relative  to  control  (Figure  3B),  these  differences  were  also  statistically  significant

(p<0.05).
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Figure 3. Ca2+ concentration in osteoblast treated with different NaF concentration (mg/L). A: Intracell Ca2+,  B: Extracell 

Ca2+. *p<0.05.

Osteogenesis Quantification assay 

Qualitative osteogenic analysis showed that color intensity increases when cells were treated

with  NaF at 1.0 and 1.5 mg/L (Figure 4A); however, the detection of mineralized deposits

measured as color intensity decreases in a concentration-dependent way in osteoblasts treated

with  NaF concentrations between 3 and 15 mg/L. In relation to the results obtained in the

osteogenic analysis quantitative (Figure 4B), it was observed that a higher concentration of red

Alizarin  occurs  in  osteoblasts  treated  with  OIM and  NaF at  1.5  ppm,  than  in  the  control

osteoblasts not treated with NaF. 
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Figure 4. Alazarin Red Assay. NaF effect into osteoblast mineralization. A): Qualitative assay. a. Control; b. 1 mg/L; c. 1.5 

mg/L; d. 3 mg/L; e. 5 mg/L; f. 10 mg/L; g. 15 mg/L. At higher concentrations of calcium, the cells have a brown coloration, as

can be seen in the control group. B) quantitative assay. * p<0.05. 

RUNX2 immunocytochemistry

In the immunocytochemical assay, the expression of RUNX2 was evidenced by the presence of

fluorescent green color in the cells. In osteoblasts treated with low NaF concentrations (1 and

1.5 mg/L),  RUNX2 expression is observed with a pattern like the control (Figure 5).  RUNX2

expression  decreased  in  a  dose-dependent  manner.  This  effect  was  specific  for  osteoblasts

stimulated  with  high  NaF concentrations  (5-15  mg/L),  where  the  green  fluorescence

characteristic of the presence of RUNX2 is becoming getting dimmer; this effect was specific

for the osteoblast stimulated whit high NaF concentrations (5-15 mg/L). 

Figure  5.  RUNX2 immunocytochemistry.  (Fluorescence  units).  Differential  expression  of  RUNX2  after  treatment  with

different  NaF concentration  Control;  OIM; 1 mg/L;  1.5 mg/L;  3 mg/L;  5 mg/L;  10 mg/L;  15 mg/L.  in this figure can be

observed clearly decrease in the expression of RUNX2 in a concentration-dependent manner. *p>0.05.

MitoTracker Deep Red FM assay 

The  results  of  the  cells  treated  with  NaF showed  variations  in  the  intensity  of  the  dye

accumulated in the mitochondria, these changes were dependent on the NaF concentration with

respect  to  the  control.  In  cells  treated  with  1,  1.5,  and  3  mg/L  the  fluorescence  intensity
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decreased slightly, presenting a good number of mitochondria (Figure 6). In the cells treatment

with 5.0 ppm of NaF the intensity of fluorescence decreased, exhibiting a reduction in the

number of mitochondria. 

Figure 6. Effect of different NaF concentration into the mitochondria in Osteoblasts: Control; OIM; 1 mg/L; 1.5 mg/L; 3 mg/L;

5  mg/L;  10  mg/L;  15  mg/L.  In  this  figure,  a  decrease  in  the  number  of  mitochondria  can  be  clearly  observed  in  a

concentration-dependent manner. *p>0.05.

Discussion 

The results obtained in this study show that high NaF concentrations can significantly alter the

RUNX2  expression and  Ca+2 deposits, essential molecules for the correct functioning of the

main support system of the body, such as the bone system. These results, encourage futures

studies related to the effects of consuming high NaF concentrations.

NaF does not significantly affect  cell  disruption when the incubation period is for 48 h of

treatment;  the  NaF connections  used  in  the  present  study  are  in  a  non-cytotoxic  range

(quantitative  assay)  (48  h  exposure)  compared  to  the  control  of  cells  cultured  in  DMEM

medium,  since  none  of  the  treatments  reduced  viability  by  more  than  30%.  These  results

demonstrate the importance of qualitative cytotoxicity determination, as this test showed large

changes in cell morphology but no decrease in cell clearance. Opposing, when the treatments
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were carried out subchronically for 21 days, a dose-dependent decrease in cell elimination was

qualitatively observed; Thus,  F- can favor the formation of bone organs rich in this mineral,

which generates hard and inflexible bone compared to the healthy bone without F-, which has

the characteristic of being resistant and flexible.9

In cell  treatments  with  NaF, Ca+2 ion seem to be replaced by fluorine,  causing a possible

replacement of hydroxyapatite (calcium phosphate mineral) by fluorapatite; making the bones

more compact, small, and less flexible, which can result in a reduction in the elasticity of the

calcified matrix.5 When there are changes in intracellular concentration, Ca+2 alters the activity

of many cellular proteins that respond to  Ca+2 such as insulin-1 and osteocalcin; in the same

way, the low concentration of  Ca+2 induces intracellular signaling pathways involved in cell

proliferation to perform their functions inadequately.10 The skeletal structure becomes a storage

system for 98% of body calcium. Osteoblasts participate indirectly in calcium homeostasis,

integrating  it  into  the  bone matrix,  which  causes  an  increase  in  mineral  density  and  bone

strength.  Therefore,  Ca+2 is  universally  known as  the  basis  for  the  formation  of  a  healthy

skeletal  structure.11.  Extracellular  Ca+2 concentration slightly increased in  cells  treated with

NaF concentrations from 1 to 5 mg/L. On the other hand, when NaF concentrations increase to

10 and 15 mg/L, extracellular Ca+2 also increases in both treatments, these results may be due

to the substitution of Ca+2 by fluorine that causes calcium to be in the extracellular space. An

imbalance  in  Ca+2 concentrations  can  generate  oxidative  stress  and  induce  mechanisms  of

apoptosis, affecting intracellular organelles causing future damage to the good functioning of

tissues.10 Adequate concentrations of Ca+2 is required for the activation of different metabolic

enzymes  such  as  pyruvate  dehydrogenase,  α-ketoglutarate  dehydrogenase,  and  isocitrate

dehydrogenase. Calcium influx into the mitochondrial matrix leads to increased metabolism

through interaction with these metabolic enzymes, increasing ATP production for the cell.12

Alterations in the concentration of this mineral put at risk multiple cellular functions in which
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Ca+2 is  critical,  such as  the correct  functioning of the mitochondria,  which is  an organelle

responsible for regulating oxidative stress, ATP generation and the correct mineralization of

bone tissue.11 

There  was  a  statistically  significant  osteogenic  decrease  in  cells  treated  with  NaF at

concentrations greater than 1.5 mg/L, leading to demineralization of bone tissue, which can

result in a reduction in bone density; causing a fragile and porous bone, prone to fractures and

leading to diseases related to loss of bone density such as osteopenia and osteoporosis. 13 These

results coincide with those obtained with qualitative osteogenic analysis.

RUNX2 is an important protein for the proper development and formation of bone and cartilage.

In the immunocytochemical assay the expression of RUNX2, was evidenced by the presence of

fluorescent  green  color  in  the  cells,  this  indicates  a  correct  regulation  of  osteogenic

differentiation  by  regulating  the  cell  cycle;  in  the  same way,  this  molecule  functions  as  a

scaffolding protein,  which through its  different  domains allows interaction with other bone

matrix proteins. The fact that RUNX2 decreases indicate that the normal function of the bone

cell is altered;26 it can trigger interruptions in osteoblast maturation,14 as well as cause changes

in the morphology and function of osteoblasts.15 Excessive consumption of fluoride can destroy

the  processes  of  bone formation  and resorption,  altering  the  process  of  bone turnover  and

causing skeletal fluorosis,  a  condition in which several  lesions occur,  such as  degenerative

changes in the joints, osteosclerosis, and osteoporosis.16

Mitochondria  are  the  major  source  of  energy  for  cellular  activity,  by  ATP generation  via

oxidative phosphorylation. Emerging evidence of the last decade indicates that mitochondria

form  a  highly  dynamic  intracellular  network  that  executes  the  “quality  control”  of  the

organelle's  population  in  a  process  that  implies  their  fusion,  fission  and  autophagic

degradation.17 Cells  treated with  1,  1,5 and 3 mg/L have a good number  of mitochondria,

therefore,  it  can be said that these cells have a correct production of ATP, that assures the
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generation of the energy needed to carry out its functions, such as the cell cycle, differentiation,

proliferation, and proper storage of Ca+2; which will allow the maintenance of bone health.18 On

the other hand, from the 5.0 ppm treatment the intensity of fluorescence decreases, exhibiting a

reduction  in  the  number  of  mitochondria,  which  can  trigger  a  decrease  in  mitochondrial

function, this effect may be due to the increase in the process of mitophagy; 19 or inhibition of

mitochondrial  biogenesis;20 these  processes  are  directly  associated  with  the  appearance  of

neurodegenerative  and  cognitive  disorders  observed  in  the  population  exposed  to  high

concentrations of F- in drinking water.21 Similarly, when mitochondria are injured, they become

highly reactive and harmful to themselves and to the surrounding mitochondria, causing cell

death. Although mitochondria are indispensable for correct cell functioning and therefore for

life, there are also important factors in the release of numerous signals that activate signaling

pathways that can lead to apoptosis or cell necrosis;22 therefore, it is necessary to develop new

research that could provide evidence of the mechanisms by which the mitochondrial state is

affected when cells are treated with high concentrations of NaF.

Although experiments in cell line cultures such as osteoblasts are suitable experimental model,

that clarifies the effects caused by the consumption of high concentrations of  F- for human

beings, it would be very interesting to measure some of the parameters analyzed in this study,

such  as  RUNX2 expression  and  other  osteoinductive  indicator  molecules  for  molecular

techniques,  in  an  animal  model  where  the  results  obtained  are  subjected  to  an  integral

metabolism of F-, which the cell culture model lacks.

Conclusions

The results of this study showed that an increase in the concentration of F- in the cell can

produce harmful effects, constituting a significant health risk since it was shown that the  F-

altered cellular morphological patterns in sub-chronic exposure, it is also capable of reducing
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the expression of the  RUNX2 protein and the concentration of intracellular and extracellular

Ca+2 as well as being able to reduce the number of mitochondria in a dose-dependent way.
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