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FLUORIDE-MEDIATED APOPTOSIS AND DISORDERING OF CELL 
CYCLE DISTRIBUTIONS DURING IN VITRO ORGAN CULTURE OF 

MOUSE FETAL LONG BONES
Kaitai Liu,a,c Liying Ma,b Hua Yao,c Yongliang Zhang,c Lingzhi Li,c Gouquan Wangc

Beijing, China

SUMMARY: Effects of fluoride (as NaF) on cell cycle, DNA content, and apoptosis of
mouse fetal long bone cultures were examined and analyzed by flow cytometry
(FCM). The results showed that NaF at 2.5–5.0 µg/mL (2.5–5.0 ppm) had only slight
effects on the DNA content and cell cycle distributions. At 10.0 µg/mL, however, NaF
increased the number of cells in S phase but did not change the frequency of the G0/
G1 and G2/M phase. At 20.0 µg /mL NaF not only increased the number of cells in S
phase but also decreased the frequency of the G2/M phase. Cell proliferation was
also influenced. At 2.5–10.0 µg/mL NaF did not induce increased apoptosis, but the
number of apoptotic cells was significantly increased at 20.0 µg NaF/mL. Therefore F
damage to bone may involve promoting apoptosis and disordering cell cycle
distributions. Although the differences in DNA content, cell cycle distributions, and
apoptosis between controls and the two lower NaF concentrations were not
statistically significant, there was evidence of hormesis (paradoxical stimulatory)
effects. The results indicate that F exerts a dual influence on osteocytes.
Keywords: Apoptosis; Bone cell cycle; Bone DNA content; Fetal bone culture; Flow cytometry; 
Fluoride and bone; Mouse osteocytes.

INTRODUCTION

 Widely distributed in the environment, fluoride (F) is the cause of dental and
skeletal fluorosis, two of the most extensive endemic diseases in the world.
Although the pathogenesis of endemic fluorosis is clear, the exact biomechanistic
features of adverse effects of excess F intake are still not completely understood.
In recent years, improvements in the technique of in vitro organ culture of bone
have opened promising avenues for the study of injury to the skeleton by F.
Because the three-dimensional structure of bone tissue can be maintained to some
extent in bone culture, bone formation, mineralization, and resorption are
observed simultaneously. In previous work, we have found that F can adversely
affect the growth, development, and morphological structure of culture long
bone.1

 Compared with in vivo experiments, organ culture of bone in vitro also has the
advantage of rapidity, low cost, ease of operation, controlled dosage, reliable
repetition, etc. In contrast to ordinary cell culture experiments, cell proliferation
and differentiation in bone organ culture are much more similar to what occurs in
vivo. On the basis of numerous articles about new methods and techniques relating
to F research, the present in vitro bone culture study was designed to explore the
effects of F on cell cycle distributions and apoptosis in mouse fetal long bone
cells. 
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Recent investigations have shown that F can cause diploid cell cycle disturbance
of rat alveolar macrophages and fibroblasts2-4 and can also induce apoptosis.5-6

However, osteocyte cell cycle and apoptosis studies in mouse long bone culture
induced by F do not appear to have been reported. As an outgrowth of surveys of
skeletal fluorosis due to high F drinking water in Xingjiang province of China, we
have developed a method for determining damaging effects of trace elements,
including F, on organ culture of mouse fetal long bone.7 In this investigation,
using the method of advanced flow cytometry (FCM), we studied the influence of
cell cycle, DNA content, and apoptosis in fetal mouse bone culture at different
concentrations of F. 

MATERIALS AND METHODS

Experimental animals: Healthy Kunming mice, 40 virgin females (4 months old)
weighing 20–30 g, and 20 males (4 to 5 months old) weighing 25–35 g, were
chosen for this study. At 10:00 p.m. in the late evening, male and female mice
were placed together singly in a ratio of one male to two females. At 8:00 a.m. the
next morning, pessus was checked in the female mice. If pessus was found, the
mouse was considered to be in the 0th day of pregnancy. After 16 days the
pregnant mice were sacrificed by cervical dislocation at 8:00 a.m., and the fetuses
were removed. The ulna bones were removed and freed of muscle and soft tissue
under a dissecting microscope.

Bone culture in vitro: The mouse ulnas were incubated at 37ºC for 48 hr in bone
culture medium BGJ obtained from the Grand Island Biological Co, Grand Island,
NY, that also contained 10% fetal bone serum (FBS) and 100 units/mL penicillin
G and 100 µg/mL streptomycin sulfate in a humidified atmosphere according to
the procedure of Ma et al.7 The culture bottles were set in a continuous rotating
device supplemented with 5% CO2, 50% O2, and 45% N2. 

Experimental groups: The ulna cultures were divided into five groups. The
control group (C) received no sodium fluoride (NaF). The four tests groups were
exposed to NaF at 2.5 µg/mL (F1), 5.0 µg/mL (F2), 10.0 µg/mL (F3), and 20.0 µg/
mL (F4), respectively. 

 Flow cytometry (FCM) assay: After 48 hr, the cultured ulnas were washed three
times with Hanks solution, sheared into pieces by eye with scissors as small as
possible in a Petri dish. The cut fragments were passed through a 200-mesh screen
and centrifuged for 5 min at 3000 rpm, followed by discarding of the supernatant.
The mono-cell suspension was treated with 1.5 M propidium iodide (PI) dyestuff
(100 µg/mL), kept for 30 min in the dark, and used for study by flow cytometry
(FCM). 

 Each mono-cell suspension sample was counted by FCM for 5000 cells. The
measured results were analyzed with Elite software (Air Conditioning Contractors
of America) to obtain the distribution of cells in G0/G1, S phase, and G2/M phase,
as well as the percentage of cells with apoptosis. DNA content was measured by
fluorescence intensity. 
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RESULTS 

DNA content and apoptosis: As seen in Table 1, a detectable but statistically
nonsignificant increase in DNA content occurred at 2.5 µg NaF/mL (F1).
However, the content of DNA decreased significantly in F3 (10.0 µg NaF/mL
(P<0.05) and F4 (20.0 µg NaF/mL (P<0.01). Thus higher F concentrations clearly
reduced the DNA content of osteocytes. Also recorded in Table 1 was a non-
significant inhibition of apoptosis at 2.5 µg NaF/mL (F1). At higher
concentrations of NaF apoptosis gradually increased, and in F4 (20 µg NaF/mL)
the increase was significant. 

Cell cycle distributions: Table 2 reveals there was an opposite effect on cell
cycle distributions between 2.5 µg NaF/mL (F1) and 5.0 µg NaF/mL (F2). At 10.0
µg NaF/mL (F3), the number of cells in S phase increased (P<0.05), but those in
G0/G1 phase and G2/M phase were unchanged. At 20.0 µ NaF/mL (F4), not only
did the number of cells in S phase increase (P<0.01), but the number in G2/M
phase was reduced (P<0.05). Thus NaF stagnated the number of cells in S phase
and inhibited the change to G2/M. 

      DISCUSSION

Although excess F intake causes skeletal fluorosis, information about the exact
mechanism of toxic effects of F on bone is still very limited. In the present study
the effects of different concentrations of F on cell cycle and apoptosis in mouse
fetal long bone organ cultures were investigated.

Our previous investigations revealed a toxic dose concentration-response
relationship of F to bone, liver, and kidney.8-9 We found that the molecular
mechanism of this toxicity might involve F-mediated apoptosis and disordering of
cell cycle distributions. As is well known, cell cycle refers to the period in which
cells pass from one division phase to another, including the G0, G1, G2, S, and M
period. Although various studies have reported effects of F on cell cycle and
apoptosis,10-16 the present investigation accurately demonstrated the relationship

 Table 1. Effect of NaF on DNA content and apoptosis in in vitro mouse fetal bone cultures at different 
NaF concentrations (No. = number of cell suspensions analyzed) 

Group (µg NaF/mL) No. DNA content (fluorescence intensity) Apoptosis (%)
C (0.0)        6 86.20±4.15 10.10±1.16
F1 (2.5)   6 90.50±5.47 8.20±1.65
F2 (5.0) 6 81.00±4.56     12.00±2.66

F3 (10.0) 6 78.00±4.05*   13.50±2.18
F4 (20.0)    6 73.50±3.78†     21.20±3.02*

 *P < 0.05; †P< 0.01 compared with the control group C.

  Table 2. Effect of NaF on cell cycle in in vitro mouse fetal bone cultures at different NaF concentrations 
(No. = number of cell suspensions analyzed)

Group (µg NaF/mL) No.   Cell cycle distributions (%)
  G0/G1phase  S phase    G2/M phase

C (0.0)        6 74.95±4.24 16.40±3.08 8.65±2.19
F1 (2.5)   6 75.55±4.30  15.23±3.96  9.05±2.21
F2 (5.0) 6 72.50±5.89  19.28±4.07  8.12±2.30

F3 (10.0) 6 71.08±4.29 22.43±2.84*   6.63±1.58
F4 (20.0)    6 69.13±5.44  25.60±3.92† 5.25±1.68*

 *P < 0.05; †P< 0.01 compared with the control group C.
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of F concentration to apoptosis and cell cycle distribution using an organ culture
method. We found that 2.5 µg NaF/mL did not adversely affect the DNA content
and cell cycle distribution in organ culture of mouse fetal long bone. However, at
10.0 µg/mL, NaF increased the number of cells in S phase, and at 20.0 µg/mL,
NaF not only increased the number of cells in S phase, but it also decreased those
in G2/M phase, thereby suggesting F damage to DNA synthesis and increased cell
cycle disorder. As a stimulative factor, F evidently interrupted normal cellular
signal transduction by inhibiting the cells in the S phase to G2/M phase transition
and causing the cell cycle to stagnate in S phase. So far, the study of F effects on
bone cell cycle is not well developed, and it is not known exactly how F influences
cell cAMP, how it affects cyclin dependence on the activity of Cyclin cdks, or how
it interacts with the regulator genes (P53, Rb, P16, C-fos, C-myc, etc.) that
participate in cell cycle. Clearly, additional studies are needed. 

 Apoptosis is programmed cell death in which a host gene controls cell death to
maintain internal milieu stability. Apoptosis has been observed by Machalinska et
al.17 in both human bone marrow and cord blood hematopoietic progenitor cells
exposed to different concentrations of NaF. In the range of 50 µg NaF/L, a larger
number of cells entered the early phase of apoptosis. In addition, Machalinski et
al.18 also found that apoptosis was induced by NaF and Na2SiF6 in four different
human leukemic cell lines (HL-60, HEL, TF-1, and K562). In those studies,
elevated (but not relatively low) F concentrations induced and accelerated
apoptosis. In the present work, NaF at 2.5–10.0 µg/mL did not significantly induce
apoptosis in vitro, but the number of apoptotic cells showed a significant increase
at 20.0 µg/mL. It appears possible, therefore, that F damage to bone may be related
to promotion of apoptosis. This apoptosis could be induced by activation of G-
protein-dependent signaling pathways. Conceivably, a sustained rise in
intracellular cAMP might form part of the effective system controlling apoptosis
and disordering cell cycle distributions.

 It has also been suggested that oxidative stress plays a major role in various
forms of cell death, including apoptosis. Anuradha et al.19 reported that perhaps
NaF induced apoptosis by oxidative stress-induced lipid peroxidation, causing loss
of mitochondrial membrane potential, thereby releasing cytochrome c into the
cytosol and further triggering the caspase cascade leading to apoptotic cell death
in HL-60 cells. Such effects of F on osteocytes need further study.

    Finally, it is worth noting that although the differences in DNA content and
apoptosis between the 2.5 and 5.0 µg NaF/mL and control cultures were not
statistically significant, there was definite evidence of increased DNA content and
inhibition of apoptosis at 2.5 µg NaF/mL. Moreover, an opposite effect was seen
in the cell cycle distributions between 2.5 and 5.0 µg NaF/mL. This dual type
effect on osteocytes is an example of a stimulatory hormesis or paradoxical dose-
response effect of F.20

ACKNOWLEDGEMENT

This research was sponsored by the National Natural Science Foundation of
China (Grant No. 30160079).



Research report
Fluoride 40(1)19–23
January-March 2007

Fluoride-mediated apoptosis and disordering of mouse fetal bone cells
Liu, Ma, Yao, Zhang, Li, Wang

2323
REFERENCES 

1 Liu K, Ma L, Li L, Zhang Y, Wang G. Effects of fluoride on growth and development,
morphological structure, and biochemistry indices of long bone in vitro. J Environ Health
2003;20:200-3. [in Chinese].

2 Hayashi N, Tsutsui T. Cell cycle dependence of cytotoxicity and clastogenicity induced by
treatment of synchronized human diploid fibroblasts with sodium fluoride. Mutat Res 1993;
290:293-320.

3 Ardema MJ, Tsutsui T. Sodium fluoride-induced chromosome aberrations in different cell
cycle stages. Mutat Res 1995;331:171-2.

4 Schwarze PE, Johnsen NM, Samuelsen. The use of isolated lung cells in in vitro pulmonary
toxicology: study of DNA damage, apoptosis and alteration of gene expression. Cent Eur J
Public Health 1996;4(Suppl):6-10.

5 Hirano S, Ando M. Apoptotic cell death following exposure to fluoride in rat alveolar
macrophages. Arch Toxicol 1996;70:249-51.

6 Hirano S, Ando M. Fluoride mediates apoptosis in osteosarcoma UMR106 and its
cytotoxicity depends on the pH. Arch Toxicol 1997;72:52-8.

7 Ma L, Wang R, Li Y, Liu K. Development of an in vitro model of culture using mouse fetal
long bone. J Hyg Res 1998;27:399-401. [in Chinese].

8 Long Li, Liu Kaitai, Li Lingzhi, Zhang Yongliang, Yao Hua, Wang Gouquan. Study the effect
of sodium fluoride on osteoclast in vitro. J Mod Preven Med. 2003;30:617-9 [in Chinese].

9 Ma Liyin, Liu Kaitai, Xiao Biyu, Wang Gouquan. The kinetic observation of the effect of
sodium fluoride on the inorganic elements in the liver and kidney of rats. J Mod Preven
Med. 1996;23:208-9 [in Chinese].

10 Sato T, Niwa M. Dependence of cell fluoride sensitivity to the period of the cycle [abstract].
Fluoride 1993;26:227. 

11 Zeiger E, Shelby MD, Witt KL. Genetic toxicity of fluoride. Environ Mol Mutagen 1993;21:
309-18.

12 Shashi A. Preliminary observations on alterations in rabbit ovary DNA and RNA content in
experimental fluorosis. Fluoride 1994;27:76-80.

13 Strochkova LS, Zahvoronkov AA, Autsyn AP. Effects of fluoride on morphological
modifications in Hela cell culture. Tsitologiya 1984;26:299-306.

14 Patel D, Chinoy NJ. Ameliorative role of amino acids on fluoride-induced alterations in mice
(Part II): ovarian and uterine nucleic acid metabolism. Fluoride 1998;31:143-8.

15 Zhang Y, Sun G, Jin Y, Wang Y. Effects of fluoride on cell cycle and apoptosis in cultured
osteoblasts of rats. Wei Sheng Yan Jiu 2003;32:432-3. [in Chinese]

16 Loweth AC, Williams GT, Scarpello JH. Heterotrimeric G-proteins are implicated in the
regulation of apoptosis in pancreatic beta-cell. Exp Cell Res 1996;229:69-76.

17 Machalinska A, Machoy-Mokrzynska A, Marlicz W, Stecewicz I, Machalinski B. NaF-
induced apoptosis in human bone marrow and cord blood CD34 positive cells. Fluoride
2001;34:258-63.

18 Machalinski B, Baskiewicz-Masiuk M, Sadowska B, Machalinska A, Marchlewicz M,
Wiszniewska B, Stecewicz I. The influence of sodium fluoride and sodium hexafluorosilicate
on human leukemic cell lines. Fluoride 2003;36:231-40. 

19 Anuradha CD, Kanno S, Hirano S. Oxidative damage to mitochondria is a preliminary step
to caspase-3 activation in fluoride-induced apoptosis in HL-60cells. Free Radic Biol Med
2001;31:367-73.

20 Burgstahler, AW. Paradoxical dose-response effects of fluoride [editorial]. Fluoride
2002;35:143-7; 230.

Copyright © 2007 International Society for Fluoride Research.    
www.fluorideresearch.org       www.fluorideresearch.com       www.fluorideresearch.net

Editorial Office: 727 Brighton Road, Ocean View, Dunedin 9035, New Zealand.


	SUMMARY: Effects of fluoride (as NaF) on cell cycle, DNA content, and apoptosis of mouse fetal long bone cultures were examined and analyzed by flow cytometry (FCM). The results showed that NaF at 2.5-5.0 µg/mL (2.5-5.0 ppm) had only slight e...


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


