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ABSTRACT

leukocytes by NaF (14). In addition, Martin ef al. (11, 13) pre
sented evidence that NaF was negative in the Ames Salmonella
test, with and without microsomal activation, as well as in in vivo
assay for chromosome aberrations and SCEs3 in bone marrow
cells of mice fed a fluoride-supplemented diet.

The effects of exposure of early-passage Syrian hamster
embryo cells in culture to sodium fluoride have been studied with
respect to induction of morphological and neoplastic transfor
mation, chromosome aberrations, sister chromatid exchanges,
Previous studies (20, 23) showed that treatment of cultured
and unscheduled DNA synthesis. Exposure of Syrian hamster
human diploid fibroblasts from newborn foreskin tissue and
embryo cells to NaF concentrations between 75 and 125 Â¿tg/ml
human keratinocytes from adult oral mucosa with NaF resulted
for 24 hr caused approximately 90 to 40% cell survival and
in the induction of chromosome aberrations and UDS, which is
resulted in a dose-dependent increase in the frequency of mor
repair synthesis of damaged DNA. Since many chemical carcin
phological transformation of the cells. Mass cultures of cells
ogens cause chromosome aberrations and DNA damage, we
treated with NaF (75 or 100 /Â¿g/ml)for 24 hr, followed by
tried to examine whether NaF could induce neoplastic transfor
continuous cultivation for 35 to 50 passages, developed the
mation of early-passage SHE cells which are used widely for the
ability to grow in soft agar and to produce anaplastic fibrosarstudy of in vitro carcinogenesis (1-4,16,18,21,
22). The assay
comas when injected into newborn hamsters. In contrast, no
system used in this report, which has been developed by Berwald
morphological and neoplastic transformation was observed in
and Sachs (3) and DiPaolo ef al. (4), is rapid, is quantitative, and
untreated cells. Furthermore, a significant increase in chromo
can distinguish carcinogens from noncarcinogens with a high
some aberrations at the chromatid level, sister chromatid ex
degree of accuracy (16).
changes, and unscheduled DNA synthesis was induced by NaF
The present results provide evidence that NaF induces mor
in a dose- and time-dependent manner. These results indicate
phological and neoplastic transformation of SHE cells in culture
that NaF is genotoxic and capable of inducing neoplastic trans
as well as chromosome aberrations, SCEs, and UDS in the same
formation of Syrian hamster embryo cells in culture. A potential
cells.
for carcinogenicity of this chemical, which is widely used by
humans, is suggested. However, the carcinogenic risk of this
MATERIALS
AND METHODS
chemical to humans may be reduced by factors regulating in
Cells, Growth Medium, and Chemicals. SHE cell cultures were
vivo dose levels.
INTRODUCTION
Fluoride is an ubiquitous substance found naturally in food
and water and utilized extensively for industrial purposes. Fur
thermore, fluoride is widely recommended for prevention of
dental caries through various methods, such as fluoridation of
communal water supplies; mouth rinsing with fluoride solutions;
toothbrushing with fluoride solutions, gels, and prophylactic
pastes; and the application of fluoride gels in mouthpieces (7).
It is generally assumed that sodium fluoride is safe to use as
a preventative of dental caries. Epidemiological examination
shows no relationship between fluoridation of water supplies and
cancer mortality in people (10). However, the cytogenetic effect
of fluoride on mammalian cells in vivo and in vitro remains unclear.
Jachimczak and Skotarczak (8) showed that sodium fluoride
induced chromosome aberrations in cultured human leukocytes.
Jagiello and Lin (9) also reported that NaF caused chromosome
aberrations in cultured ovarian oocytes from mice, ewes, and
cows. On the other hand, there have been negative results on
the induction of chromosome aberrations in cultured human

established from 13-day-gestation fetuses collected aseptically by cesarean section from inbred Syrian hamsters, strain LSH/ss LAK (Lakeview Hamster Colony, Newfield, NJ). Pools of primary cultures from
littermates were stored at liquid nitrogen temperature (1,2,18, 21, 22).
Secondary cultures were initiated from the frozen stocks, and all exper
iments were performed with tertiary cultures in a humidified atmosphere
with 10% CO2 in air at 37Â°. All cultures were routinely tested by
Microbiological Associates (Bethesda, MD) and were found to be free of
Mycoplasma contamination. The cell culture medium (complete medium)
used was IBR Dulbecco's modified Eagle's reinforced medium (Biolab,
Northbrook, IL) supplemented with 0.37% NaHC03 and 10% FBS
(GIBCO, Grand Island, NY). Cells were transferred by gentle trypsinization with 0.1% trypsin solution (1:250; GIBCO) for 5 min at 37Â°. NaF
(greater than 99% pure) from Â«oso Chemical Co. (Tokyo, Japan) was
dissolved in complete medium at 1 mg/ml, filter sterilized, and diluted
with complete medium to the desired concentrations immediately before
use. Hydroxyurea and 5-bromodeoxyuridine were obtained from Sigma
Chemical Co. (St. Louis, MO). [3H]dThd (specific activity, 49 Ci/mmol)
was purchased from Amersham-Searle

Corp., Arlington Heights, IL.

Transformation Assay. For morphological transformation experi
ments, 5000 cells were seeded into 100-mm plastic dishes (Falcon
Labware, Oxnard, CA) and, after overnight incubation, treated with NaF
(75 to 125 jig/ml) for 24 hr. After treatment, the cultures were washed
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3 The abbreviations used are: SCE, sister chromatid exchange; FBS, fetal bovine
serum; UDS, unscheduled DNA synthesis; [3H]dThd, [3H]thymidine; SHE cells,
Syrian hamster embryo cells; GIBCO, Grand Island Biological Co.
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twice with 5 ml of complete medium and incubated for 7 days for colony
formation. The cells were fixed with absolute methanol and stained with
3% aqueous Giemsa solution, and the number of surviving colonies and
morphologically transformed colonies was scored by previously estab
lished criteria (1, 2, 4, 18). The percentage of survival was calculated
relative to the survival of the untreated controls. The percentage of
morphological transformation was determined from the number of colo
nies with an altered morphology (1, 2, 4,18) relative to the total surviving
colonies x 100.
For neoplastic transformation studies, cells (5x105) were seeded into
75-sq cm flasks (Falcon) and, after an overnight incubation, treated with
NaF (75 or 100 ng/ml) for 24 hr. After treatment, the cells were continually
subcultured once or twice a week at an inoculum concentration of 1 to
5 x 105 cells/75-sq cm flask. At various times following treatment, the
cells were tested for the ability to grow in semisolid agar and for
tumorigenicity in newborn Syrian hamsters by s.c. injections of 1 x 106
cells/animal (2, 21 ). All animals were checked weekly for the appearance
of palpable tumors for up to 1 year after inoculation. When tumors were
approximately 2 cm in diameter, animals were sacrificed, and a sample
of tumor was fixed in 10% neutral buffered formalin. Fixed tissues were
processed according to routine histological procedures, and sections
were stained with hematoxylin and eosin.
Chromosome Aberrations. SHE cells (5 x 10s) were seeded in 75sq cm flasks. After an overnight incubation, NaF was added, and the
cultures were incubated for an additional 16 and 28 hr. Three hr before
the end of treatment time, Colcemid (GIBCO) was administered at 0.2
Â¿ig/ml,and metaphase chromosomes were prepared as described pre
viously (18, 22). After trypsinization, the cells were treated with 0.9%
sodium citrate at room temperature for 13 min, fixed in Carnoy's solution
(methanoliacetic

acid, 3:1), and spread on glass slides by the air-drying

method. The specimens were stained with 3% Giemsa in 0.07 M phos
phate buffer (pH 6.8) for 10 min. One hundred metaphases were analyzed
for chromosome aberrations.
SCEs. Cells (5x10s)
were plated overnight in 75-sq cm flasks and
treated with various concentrations of NaF for 24 hr in the presence of
5-bromodeoxyuridine (10 Â¿ig/ml)under dark conditions. Three hr before
the end of treatment, Colcemid was added to give the final concentration
of 0.2 fig/ml, and metaphase chromosomes were prepared as described
above. The differential staining of sister chromatids was performed
according to a modification of the fluorescence-plus-Giemsa technique
(15). The slides were stained for 15 min in a solution of Hoechst 33258
(50 jig/ml in water), washed, dipped in 0.14 M NaCI:3 ITIM KCI:8 mw
NajHPCvl HIM KH2PO4 (pH 7.4), and exposed to near UV from a row of
6 F15T8/BLB fluorescent bulbs (33 J/sq m/sec; Sylvania, Inc., Spring
field, VA) for 1 hr at 55Â°.The slides were then stained with 3% Giemsa
solution for 10 min. Thirty second-division

metaphases with the diploid

number of chromosomes were analyzed for SCE frequency.
UDS.The procedure for detection of UDS has been described recently
(19).4 Briefly, 1 x 105 cells in logarithmic growth were plated in triplicate
on 15-mm-diameter Thermanox coverslips (Lux, Miles Laboratories, Inc.,
Naperville, IL) in 16-mm tissue culture dishes (Costar, Cambridge, MA)
in complete medium. After overnight incubation, the medium was re
placed with medium containing 1% FBS (1% FBS medium), and the
cultures were incubated for 2 days. The cells were then treated with
various doses of NaF for appropriate time in 1% FBS medium containing
10 rriM hydroxyurea and [3H]dThd (1.0 iiCi/ml). The uptake of [3H]dThd
was stopped by rinsing the coverslips with cold 0.15 M NaCI and
immersing them 3 times in 5% cold trichloroacetic acid for 15 min. The
coverslips were placed in scintillation vials to determine the radioactivity
in the samples. The background levels of [3H]dThd incorporation per
coverslip in untreated cultures were <1000 cpm, and these were sub
tracted from each determination. The number of cells on the coverslips
was counted using the culture cluster dishes treated under the same
4T. Tsutsui, N. Suzuki, H. Maizumi, and J. C. Barrett. Development of an
unscheduled DNA synthesis assay with Syrian hamster embryo cells, submitted
for publication.

MARCH

conditions as in the experiments for detection of UDS with [3H]dThd. No
significant difference in the number of cells was found between
control and experimental groups.

the

RESULTS
Cytotoxicity and Morphological Transformation Induced by
NaF. Treatment with NaF was cytotoxic to early-passage SHE
cells grown as described in Table 1. Treatment of cells with NaF
(100 /Â¿g/ml)for 24 hr resulted in about 50% lethality, and the
relative cell survival was reduced with increasing concentrations
of NaF. NaF treatment caused morphological transformation
which was indistinguishable from morphologically altered colo
nies induced by benzo(a)pyrene and other chemical carcinogens
(2, 4, 18, 21, 22). The frequency of transformation increased
with increasing dose of NaF. No morphological transformation
of SHE cells was observed in untreated cultures.
Neoplastic Transformation Induced by NaF. NaF also in
duced neoplastic transformation of SHE cells. Mass cultures of
cells were treated with NaF (75 or 100 ^g/ml) for 24 hr and
passaged continually. They were tested for growth in soft agar
and tumorigenicity at various times following treatment; the
results are shown in Chart 1. Since each culture grew at a
different rate, the biological test results during continuous culti
vation were plotted against the number of population doublings
after treatment. Six of 7 independent mass cultures of untreated
control cells senesced by 50 doublings and did not produce cells
capable of growth in soft agar. These cells were nontumorigenic
when up to 107 cells at 10 to 20 doublings were injected s.c.
into newborn hamsters. One of 7 untreated cultures escaped
senescence. However, the cells at the 330th doubling (320 days
and 75 passages after treatment) were negative for growth in
soft agar and for tumorigenicity. Cells from all treated cultures
exhibited colony formation in soft agar between 50 to 155
doublings after treatment (0.2 to 14.0% efficiency of colony
formation). When NaF-treated cells at 120 to 270 doublings or
35 to 50 passages after treatment were injected into newborn
hamsters, one of 2 cultures (I-75 and II-75) treated with NaF (75
Mg/ml) and 2 of 2 cultures (1-100 and 11-100)treated with NaF
(100 itg/ml) formed progressively growing tumors at the site of
injection (Table 2). The latent period for tumor appearance was
28 to 39 days. Histological examination of the tumors formed in
vivo revealed that the tumors were anaplastic fibrosarcomas. No
tumors were produced by injection of untreated cells.
Chromosome Aberrations and SCEs Induced by NaF. The
effect of NaF treatment on chromosome aberrations and SCEs

Table 1
Relative cell survival and frequency of morphologically transformed colonies by
treatment of cells with sodium fluoride for 24 hr

survival*100
of
NaFfog/ml)075100125%

of trans
of colo
formed colo
of trans
niesscored"3142284018601519No. formation00
nies03914%

90.4
.8"52.9
Â±1

0.110.480.92

0.839.4
Â±
Â±0.5No.
Calculated by using untreated cultures as a control.
0 Total number of colonies per ten 100-mm dishes.
c Total no. of morphologically transformed colonies
Total no. of colonies scored
' Means Â±S.D.

x 100
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We have shown that NaF induces morphological and neoplastic transformation of SHE cells in culture as well as chromosome
aberrations, SCEs, and UDS in the same cells. Treatment with
NaF at concentrations between 75 and 125 u.g/m\ resulted in
approximately 90 to 40% cell survival and a dose-dependent
increase in morphological transformation. The transformed col
onies were morphologically similar to those which have been
described previously as a result of treatment with chemical and
physical carcinogens (2, 4, 18, 21, 22). Pienta ef al. (16) dem
onstrated a very high positive correlation between morphological
transformation and the reported carcinogenic activity of several
chemicals. In further experiments, we have observed that 3 of 4
mass cultures treated with NaF transformed to the tumorigenic
state following successive passage, indicating that the treatment
induced neoplastic transformation. Approximately 50 to 100

300

Number of cell doublings after NaF treatment

Chart 1. Acquisition of anchorageindependencyand tumorigenicityof SHE cells
treated with NaF following successive cultivation after treatment. SHE cells were
treated with NaF as described in "Materials and Methods." At various times
following treatment, the cells were tested for the ability to grow in soft agar and
for tumorigenicity in newborn Syrian hamsters. The number of populationdoublings
was calculated from the cell number increase in each passage. This is based on
the assumption that all surviving cells divided equally. Each arrow represents 5
passages,and its length indicates the growth rate of cells during every 5 passages.
The cells (I-75 and II-75) were subjected to treatment with NaF (75 jig/ml). 1-100
and 11-100cells were exposed to NaF (100 /ig/ml). I-K to VII-Kgroups are untreated
cells. A, test for soft agar, negative; A, test for soft agar, positive; <?, test for
tumorigenicity, negative; Â»,test for tumorigenicity, positive; -Â»,5 passages; x,
senescence;numbers in parentheses, culture days after treatment.

Tables
Chromosomeaberrations in SHEcells induced by sodium fluoride

(%)G"2184623659B008045E000000D0000000000000F00000
of aberration
metaConcentration Treatment
(/Â¿g/ml)
(hr)0501000100200161616282828Type
time
pnases
(%)2184823859

" G, gap; B, break; E, exchange; D, dicentric; O, ring; F, fragmentation.

Table 2
Results of injection of cells from NaF-treated and untreated cultures into newborn

hamsters

Cells'I-K

of pas
sages74

of tumor(days)of
bearing animals/
(days) observation after
no. of animals
in culture320 inoculation360
tested0/8

1-75
74
316
360
0/10
11-75
34
141199
28
3/3
1-100
48
35
3/8
11-100No.
141Time
36Time
39No.
8/8
8 I-K cells, untreated cells. I-75 and II-75 cells were treated with NaF (75 Â¿ig/ml).
1-100and 11-100cells were exposed to NaF (100 /ig/ml).

Table 4
SCÂ£sin SHE cells treated with sodium fluoride
Concentration (jig/ml)

SCEs/cell
6.17 Â±2.25a

0
20
40
80

8.63 Â±2.88
9.97 Â±2.28
12.87 Â±3.00

* Means Â±S.D.

was examined. In control cultures, 2% of metaphases contained
chromatid gaps. However, a significant increase in chromosome
aberrations was observed in NaF-treated cells (Table 3). Chro
mosome aberrations were induced at the chromatid level, and
the incidence increased in a dose-dependent manner. Treatment
of cells with NaF for 24 hr also caused a dose-dependent
increase in SCE frequency, which was elevated approximately
2-fold by NaF (80 Mg/ml) (Table 4).
UDS Induced by NaF. We also examined whether NaF treat
ment could induce DNA repair synthesis detected by UDS. When
SHE cells were treated for 4 or 8 hr with NaF at 10 to 40 /ig/ml,
UDS was not detected. In contrast, treatment of the cells with
NaF at the same dose range for over 12 hr resulted in a dosedependent increase in UDS. Furthermore, the inducibility was
dependent on the treatment time examined (Chart 2). No de
tectable UDS was observed even when the cells were exposed
for 4 or 8 hr to NaF at concentrations up to 400 u.g/m\ (data not
shown).

940

10

20
NaF

30

40

(ug/ml)

Chart 2. UDS induced by sodium fluoride in SHE cells. The cells were treated
with NaF for 4 or 8 hr (â€¢),
12 hr (A), 24 hr p) and 33 hr (O) in medium containing
1% FBS, 10 mw hydroxyurea, and [3H]dThd (1.0 ^Ci/ml). Bars, S.D.; when not
indicated, S.D. are within the symbols.
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population doublings after NaF treatment were required for the
development of anchorage-independent growth. Anchorage-in
dependent growth was not observed in untreated cultures even
after 330 population doublings. In benzo(a)pyrene-treated cul
tures with the similar experimental conditions, SHE cells acquired
the ability to grow in soft agar after 32 to 75 population doublings
(1). We do not know the precise number of population doublings
at the time when NaF-treated cells acquired the anchorage
independency, because the cells were tested only at every 5
passages.
The mechanisms by which NaF induces transformation
of SHE cells are unknown. It is conceivable that, since NaF
induced chromosome aberrations, SCEs, and UDS in the
cells, NaF treatment results in DNA damage which is involved
in the initiation of transformation. Emsley ef al. (6) have pro
posed that F~ could play a disruptive role towards DNA through
a Nâ€”H â€¢
â€¢
â€¢
F" â€¢
â€¢
â€¢
Hâ€”N hydrogen bond in the base pair of thymidine-adenine base pairing.
UDS induced by NaF in SHE cells (Chart 2) was not detected
when the cells were treated for 4 or 8 hr. Significant levels of
UDS were detected in the cells treated for over 12 hr. Two
possible explanations may be considered as to the delay in the
response of DNA repair in NaF-treated cells: (a) the DNA-damaging activity of fluoride may be weak or insufficient to induce
detectable DNA damage during the short treatment time of our
conditions; (D) inhibition of protein synthesis by fluoride may
retard the progression of DNA repair following DNA damage. It
is well known that fluoride inhibits a number of metalloproteins
(25), including DNA polymerase of Escherichia coli (12). Further
experiments are necessary to elucidate these possibilities.
There have been conflicting results on the induction of chro
mosome aberrations in cultured human leukocytes by NaF (8,
14). The different response of cultured human leukocytes could
be due either to individual variations in susceptibility to NaF or
to the use of different culture conditions. Genotoxicity of NaF
has been found in many studies with in vitro experimental system
(Refs. 8, 9,20, and 23; this report) but negative in in vivo system,
in which NaF was administered p.o. or i.p. The intracellular
concentration of fluoride in HeLa cells and L-cells was 30 to 40%
of extracellular fluoride concentration (5). In contrast, the con
centration of fluoride in blood of animals is held constant when
the amount of fluoride consumed varies widely. This was shown
in rats given up to 50 ppm in their drinking water while the serum
fluoride concentration remained constant at about 0.25 ppm (17).
We have previously demonstrated that treatment of cultured
human diploid fibroblasts from newborn foreskin tissue and
human keratinocytes from adult oral mucosa with NaF caused
the induction of chromosome aberrations and UDS (20, 23). The
present studies are directly relevant to the carcinogenic potential
of NaF, since they provide evidence that NaF induces morpho
logical and neoplastic transformation of cells in culture. There
fore, NaF could be potentially dangerous to humans. However,
factors regulating in vivo dose levels, e.g., rapid excretion via
urine (24), may reduce the carcinogenic risk of this chemical.
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