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ABSTRACT: Dental fluorosis and osteofluorosis from using drinking water
contaminated with the fluoride ion (F) have been reported from many countries
including the People’s Republic of China and India. Because fluoride is excreted by
the kidney and the toxic effects of F are more severe when renal failure is present,
Imprinting control region (ICR)-derived glomerulonephritis (ICGN) mice, which have
been used as a model of renal failure, could be a useful model for osteofluorosis. In
the present study, ICGN mice and ICR mice were administered F at 0, 25, 50, 100, and
150 ppm in their drinking water for 4 weeks. The femurs of the mice were
photographed and analyzed by microdensitometry. The teeth were stained with
hematoxylin and eosin. While no significant differences in any bone indexes were
found in the ICGN groups, the mean values for bone mineral content and bone
mineral density of the left femur from the male ICR 150 ppm group were significantly
higher than those of the control group mice (p<0.001). Partial heterogeneous
calcification of the tooth dentine was observed in the ICGN mice exposed to 150 ppm.
ICGN mice may be used as a model for dental fluorosis. However, ICR mice,
particularly males, with an exposure period of 2–4 mo, may be a better animal model
for osteofluorosis.
Keywords: Bones; Fluoride; ICGN mice; ICR mice; Subacute administration; Teeth.
INTRODUCTION

Instances of contamination of groundwater by the fluoride ion (F) have been
reported in many countries including the People’s Republic of China and India. In
several developed countries, such as the United States of America, water
fluoridation has been introduced for the prevention of caries.1 The excess intake of
F induces enamel hypoplasia and deficient calcification in teeth. Moreover, F at 4
ppm induces dental fluorosis, also called mottled teeth, and F at 8 ppm induces
systemic fluorosis.2
The main target of systemic fluorosis, also known as skeletal fluorosis, is bone.3
A high amount of F in the drinking water induces skeletal fluorosis after extended
exposure. Endemic skeletal fluorosis has been reported in districts with high
concentrations of F in the drinking water in developing countries such as the
People’s Republic of China4 and India.5 In addition to the known pathophysiology
of skeletal fluorosis involving the synthesis of fluoroapatite in the bone, other
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mechanisms have been proposed such as F promoting bone formation by an
increase of osteoblasts.3 To elucidate skeletal fluorosis, establishing an animal
model for skeletal fluorosis is helpful. However, the alteration in bone by F
requires extended exposure, so that it is not easy to establish an animal model of
skeletal fluorosis.
F is excreted in the urine through the kidneys.6 If a patient’s renal function is
deteriorated, F would increase in the blood and accumulate in the bones. Enhanced
toxic effects on body weight and the kidneys were observed in previous studies
using experimental mice with renal insufficiency.7,8 In studies on the effects of F
on the bones and teeth of normal rats and mice, by the National Institutes of Health
(NIH), USA, which detected differences from the controls, the observation period
was 6 mo.9 In a previous study, Turner et al.10 determined the effects of F on
skeletal fragility and mineralization in renal-deficient animals. They created renal
deficiency by surgical resection of 80% or 88% of the total renal mass of the
Sprague-Dawley rats.10,11 The rats were exposed to F via drinking water at 0, 5,
15, and 50 ppm for 6 mo. The vertebral osteoid volume was increased in the rats
with renal deficiency who received 15 or 50 ppm F. However, the resection of 80%
or 88% of the total renal mass produced a different situation from that of the
patients with renal insufficiency.
We hypothesized that the alteration in bone induced by F could be detected in
model animals with renal insufficiency after a relatively short exposure. For an
animal model with renal insufficiency, imprinting control region (ICR)-derived
glomerulonephritis
(ICGN)
mice,
which
spontaneously
develop
12
glomerulonephritis, have been used. To establish an adequate animal model for
skeletal fluorosis, it is necessary to evaluate the effects of F on the bones of ICGN
mice as well as ICR mice which have normal kidney function. By using such an
evaluation as a benchmark, whether or not osteofluorosis has developed in mice
with renal insufficiency could be elucidated.
An animal model for the development of skeletal fluorosis after F exposure
could be evaluated by microdensitometry, which is a relatively simple method for
evaluating alterations in bone.11 Therefore, we used microdensitometry to
evaluate the femurs from the ICGN and ICR mice exposed to F.
Moreover, the alterations in teeth caused by F might be observed earlier in this
animal model. In the study by the NTP (National Toxicology Program),9 the
detection of a difference in the teeth in the F-exposed animals from the controls
also took 6 mo. Thus, evaluating the pathological effects of F on teeth in the ICGN
mice would be worthwhile.
In the present study, we administered F to ICGN and ICR mice via their drinking
water for 1 mo. The objective of the study was to use microdensitometry to
examine the pathology of the bones and teeth of mice with renal insufficiency that
were exposed to increasing concentrations of F.
MATERIALS AND METHODS

ICGN mice with a level of blood urea nitrogen (BUN) in the serum of 27.0 mg/
dL, originating from mutant ICR mice, were obtained from the National Institute
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of Health and Sciences, Tokyo, Japan. ICR mice with normal kidney function were
used as a control group (Oriental Yeast Co., Ltd., Tokyo, Japan).
The male and female ICGN mice were exposed to F at 0, 25, 50, and 100 ppm
(n=5 for each male group and n=4 for each female group) and 150 ppm (n=5 for
males and n=7 for females) in their drinking water for 4 wk. The male and female
ICR mice were exposed to F at 0 (n=10 for males and n=7 for females) and 150
ppm (n=11 for males and n=7 for females) in their drinking water for 4 weeks. For
the adjustment of the F concentrations in their drinking water, NaF was dissolved
in the tap water which had a F concentration of <0.8 ppm. The mice were fed
commercial rodent chow, and housed in a temperature-controlled (25ºC) animal
facility, with automatic light/dark cycles of 14/10 hr. When mice died before the
the end of the 4-week period, their femurs were sampled at that time. At the end of
the 4-week observation period, the mice that were still alive were euthanized and
their femurs and teeth sampled.
The femurs were examined by microdensitometry13 They were photographed
with a standard aluminum scale ruler with Softex x-ray equipment. The pattern of
optical bone density was compared with the optical density of a standard
aluminum scale in the photos and evaluated. The cross sectional pattern at the
middle line of the bone was transformed as ΣGS by comparison with the optical
density of the aluminum scale, in which the optical density appeared in a stepwedge fashion.14 The bone mineral content, the bone mineral density, and the
cortical thickness of each bone were calculated as indexes. The formulae for the
indexes were:
Medullary bone width

= d

Bone width

= D

Bone mineral content

= ΣGS

Bone mineral density was evaluated by two indexes:
ΣGS
Bone mineral density

=
D
ΣGS

Bone mineral density

=

D2
(D –d)

Critical thickness index =
D

The teeth from the ICGN and ICR mice were decalcified in EDTA
(ethylenediaminetetraacetic acid) solution, routinely processed, and stained with
hematoxylin and eosin (HE). After paraffin embedding, the specimens were sliced
and observed with a light microscope.
The deaths of mice during the administration period were recorded, and the
viability of the mice calculated. Their body weights after the observation period
were compared, with the exception of those in the 150 ppm group which were not
included because of their early deaths. The mean values of the indexes of
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microdensitometry for femurs in each group were calculated. The mean values
among the ICGN groups were compared by one-way ANOVA (analysis of
variance) using Statview 5.02 v (SAS, Cary, CA, USA), followed by the StudentNewman-Keuls test as a post hoc test (significance level, p<0.05). The mean
values between the ICR groups were compared with the t test or the Mann
Whitney U test.
RESULTS

The viability of the ICGN mice exposed to F at 0, 25, 50, 100, and 150 ppm in
their drinking for water for 1 mo is shown in Figure 1(a) for males and Figure 1(b)
for females.
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Figures 1a and 1b. Viabilities of ICGN mice of male (a) and female (b) mice exposed to 0,
25, 50, and 100 ppm F in their drinking water for 1 mo.

All the ICGN mice exposed to F at 150 ppm died before the end of the 4-week
observation period. In addition, 3 of 7 male ICGN mice exposed to F at 100 ppm
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died during the observation period. However, the female ICGN mice exposed to F
at 100 ppm did not die during the 4-week period. No ICR mice exposed to F at 150
ppm died during the observation period.
The mean values of body weight for the ICGN and ICR mice at the end of the
observation period are shown in Table 1.
Table 1. Mean values of the weights of (a) ICGN mice and (b) ICR mice exposed to F
at the end of the observation period
(a) ICGN mice
F concentration (ppm)

Male

Female

0

29.0±0.94

21.3±0.74

25

29.9±2.85

21.3±0.92

50

28.6±1.17

20.3±0.70

100

27.0±1.65

19.3±2.12

(b) ICR mice
F concentration (ppm)

Male

Female

0

40.3±1.09

38.6±0.90

150

40.1±1.30

39.7±1.01

The ICGN mice exposed to F at 150 ppm showed a marked decrease in body
weights at their death. Although not significantly different, the mean body weights
in the male and female ICGN mice exposed to F at 100 ppm were lower than those
in the control group. There were no significant differences in the body weights
between the control and the 150-ppm-exposed ICR mice for either the male or the
female mice.
The results of the microdensitometry examination of the femurs from the ICGN
mice exposed to F are summarized in Table 2. There were no significant
differences in any of the bone indexes among the ICGN groups. The
microdensitometry results for the femurs from the ICR mice are summarized in
Table 3. The mean values of ΣGS, ΣGS/D, and ΣGS/D2 of the left femurs from
male ICR mice in the 150 ppm group were significantly higher than those from the
control group. The mean value of ΣGS/D2 of the right femurs from the male ICR
mice in the 150 ppm group was significantly higher than that from the control
group. The mean value of ΣGS of the right femurs from the male ICR mice in the
150 ppm group tended to be higher than that from the control group (p=0.086).
The mean value of ΣGS/D of the right femurs was also non-significantly higher
than that from the control group. For female ICR mice, the mean value of ΣGS of
the left femur from the 150 ppm group tended to be higher than that from the
control group (p=0.098). The mean value of ΣGS/D2 of the right femur from the
150 ppm group tended to be higher than that from the control group (p=0.071).
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Table 2. The results of microdensitometry of femurs from ICGN mice exposed to fluoride
(Values are mean±SE, R=right, L=left)
(a) ΣGS (Bone mineral content)
F concentration (ppm)
Male
Female
ΣGS (R)
ΣGS (L)
ΣGS (R)
ΣGS (L)
0
25
50
100
150

F concentration (ppm)
0
25
50
100
150

F concentration (ppm)
0
25
50
100
150

F concentration (ppm)
0
25
50
100
150

F concentration (ppm)
0
25
50
100
150

1.00±0.07
1.06±0.06
1.08±0.08
1.09±0.09
1.15±0.04

1.12±0.05
1.15±0.09
1.15±0.07
1.16±0.10
1.19±0.06

1.00±0.07
1.06±0.06
1.08±0.08
1.09±0.09
1.15±0.04

1.12±0.05
1.15±0.09
1.15±0.07
1.16±0.10
1.19±0.06

(b) ΣGS/D (Bone mineral density)
Male
Female
ΣGS/D (R)
ΣGS/D (L)
ΣGS/D (R)
ΣGS/D(L)
0.53±0.04
0.55±0.05
0.57±0.04
0.56±0.05
0.54±0.05

0.53±0.03
0.56±0.04
0.59±0.02
0.60±0.30
0.63±0.01

0.53±0.04
0.55±0.05
0.57±0.04
0.57±0.05
0.54±0.05

0.53±0.06
0.56±0.04
0.59±0.03
0.60±0.03
0.63±0.03

(c) ΣGS/D2 (Bone mineral density)
Male
Female
2
2
2
2
ΣGS/D (R)
ΣGS/D (L)
ΣGS/D (R)
ΣGS/D (L)
0.26±0.03
0.29±0.04
0.30±0.24
0.28±0.03
0.29±0.01

0.32±0.02
0.28±0.03
0.31±0.02
0.31±0.02
0.34±0.03

(d) D (Bone width)
Male
D (R)
D (L)
0.35±0.01
0.40±0.03
0.36±0.02
0.36±0.02
0.58±0.04

0.68±0.28
0.40±0.16
0.38±0.16
0.36±0.04
0.37±0.02

(e) d (Medullary bone width)
Male
d (R)
d (L)
1.62±0.12
1.95±0.32
1.71±0.09
1.82±0.15
1.60±0.36

1.52±0.37
2.16±0.23
1.83±0.16
1.71±0.20
1.73±0.18

0.29±0.03
0.29±0.04
0.30±0.02
0.28±0.03
0.29±0.01

0.32±0.02
0.28±0.03
0.31±0.02
0.31±0.02
0.34±0.03

Female
D (R)

D (L)

0.35±0.14
0.40±0.31
0.36±0.02
0.36±0.23
0.58±0.17

0.68±0.28
0.40±0.16
0.38±0.16
0.36±0.04
0.37±0.02

Female
d (R)
1.62±0.12
1.95±0.32
1.71±0.09
1.82±0.15
1.60±0.36

d (L)
1.52±0.37
2.16±0.23
1.83±0.16
1.71±0.20
1.73±0.18
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Table 3. The results of microdensitometry of femurs from ICR mice exposed to fluoride
(Values are mean±SE, R=right, L=left)
(a) ΣGS (Bone mineral content)
F concentration (ppm)

Male
ΣGS (R)

0
150

1.19±0.20
1.60±0.12

Female
ΣGS (L)

ΣGS (R)

ΣGS (L)

1.01±0.07
1.70±0.13*

1.71±0.14
1.94±0.98

1.73±0.11
1.97±0.08

(b) ΣGS/D (Bone mineral density)
F concentration (ppm)

Male
ΣGS/D (R)

0
150

0.50±0.06
0.66±0.07

Female
ΣGS/D (L)

ΣGS/D (R)

ΣGS/D(L)

0.47±0.04
0.79±0.05*

0.68±0.06
0.85±0.56

0.69±0.05
0.76±0.09

2

(c) ΣGS/D (Bone mineral density)
F concentration (ppm)

Male

0
150

Female

ΣGS/D (R)

ΣGS/D (L)

ΣGS/D (R)

ΣGS/D (L)

0.24±0.02
0.35±0.03*

0.21±0.02
0.36±0.02*

0.31±0.19
0.37±0.04

0.27±0.03
0.38±0.03

2

2

2

2

(d) D (Bone width)
F concentration (ppm)

Male
D (R)

0
150

Female
D (L)

0.34±0.03
0.72±0.24

0.34±0.02
0.37±0.02

D (R)

D (L)

0.31±0.03
0.36±0.02

0.36±0.02
1.00±0.59

(e) d (Medullary bone width)
F concentration (ppm)

Male
d (R)

0
150

2.20±0.38
1.82±0.29

Female
d (L)
2.18±0.14
2.34±0.26

d (R)

d (L)

2.23±0.20
2.54±0.29

3.02±0.26
2.54±0.43

Using the t test, compared to the control group: *p<0.001.

The HE-stained samples for the pathological examination of the enamel of the
teeth from the ICGN and ICR mice exposed to F at 150 ppm in their drinking
water are shown in Figure 2. For the ICGN mice, partial heterogeneous
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calcification occurred in the dentin. For the ICR mice, heterogeneous structures of
residual organic components were observed in the enamel.

Dentin

Enamel

a

×
Dentin

n

Enamel

b
×

ICR
×40
Figure 2. The tooth enamel from ICGN(b)
and
ICR150
mice exposed to F at 150
ppm in their drinking
water (hematoxylin and eosin stain, × 40). (a) ICGN mice and (b) ICR mice. For the ICGN mice,
partial heterogeneous calcification occurred in the dentin (rectangle). For the ICR mice,
heterogeneous structures of residual organic components were observed in the tooth enamel.
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DISCUSSION

Skeletal fluorosis and dental fluorosis caused by F intake from drinking water
have occurred frequently in humans in India5,15 and the People’s Republic of
China.4,16,17 However, all the factors that cause these F-induced alterations in
bone and teeth have not yet been discovered. We hypothesized that impaired
kidney function is one of the factors contributing to the F-induced deterioration in
the structure of bone and teeth. To elucidate the role of the kidney in the alteration
in bone and teeth induced by F, the development of an adequate animal model is
needed. Turner et al.10 created renal insufficiency in rats by nephrectomy. They
evaluated F-induced toxicity by assessing skeletal fragility and osteoid volume in
the rats’ vertebrae. For an animal model, a relatively simple method for evaluation
is helpful. Microdensitometry is a simple method that is used in humans to
evaluate bone mineral content, bone mineral density, cortical thickness index, and
bone width.13 It can also be used in animals. The objective of the present study
was to determine whether or not the effects of F on bones and teeth were
exacerbated in mice with impaired renal function by evaluating the femurs by
microdensitometry and the teeth by examining hematoxylin and eosin stained
sections for pathological changes.
Although we did not determine the F concentrations in the rats’ serum, in a
previous study,7 the mean F level in the serum of the ICGN mice exposed to F at
100 ppm for 4 weeks was more than 2.0 mg/L. The serum level of F in the ICR
mice exposed to 150 ppm in the present study was 0.50 mg/L. Because the
protocol in this study was the same as that in the previous study, the F
concentrations in the rats’ serum were considered to be similar. In the study by
Turner et al.,10 the F in the plasma from the rats with renal deficiency exposed to
50 ppm of F was 1.5 mg/L. For the control rats, the F in plasma was 0.18 mg/L.10
The F levels in the serum in the present study for both the ICGN and ICR mice
were higher than in the control group and higher than those in the renal
insufficiency rats in our previous study.7 Although this might affect the results, the
indexes for evaluation were different between the studies.
The results of the study of the viabilities of the ICGN and ICR mice exposed to F
showed all the ICGN mice exposed to F at 150 ppm died. Three of 7 ICGN mice
exposed to F at 100 ppm also died. However, no ICR mice died. These results are
in accordance with previous studies.7,18 These results clearly demonstrate the
enhanced toxic effects of F on the ICGN mice. In the ICGN mice exposed to 100
ppm in the previous study, increases in the thickness of the glomerular capillary
walls and the mesangial matrixes in the kidneys were observed.18 There were no
pathological findings in the kidneys of the ICR mice or in the kidney function
when evaluated by BUN and serum creatinine. However, it is still not clear
whether or not mice with normal kidney function are affected by subacute
exposure to F at 150 ppm in their drinking water. For example, BALB/c mice
exposed to F at 125 ppm, with an increased serum F, showed a slight decrease in
mRNA expression of TNFα (tumor necrosis factor-α) in splenic macrophages.
For femurs, there were no significant differences in any of the bone indexes
among the ICGN groups. However, the mean bone mineral content and the bone
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mineral density, demonstrated by ΣGS/D and ΣGS/D2, in the left femur from male
ICR mice exposed to F at 150 ppm were significantly higher than those from the
control group. Also for the right femur from the male ICR mice exposed to 150
ppm F, the mean value of ΣGS/D2 was significantly higher, and those for ΣGS/D
and bone mineral content tended to be higher than in the control group. Male ICR
mice exposed to F could be a better model of osteofluorosis. It should be noted
that the observation period in this study of 1 mo was relatively short.
For the female ICR mice, there were no significant differences in the bone
indexes between the control and the 150 ppm groups. However, the mineral
content of the left femur from the female 150 ppm group tended to be higher than
that of the control group. The mean value of ΣGS/D of the right femur from the
150 ppm group tended to be higher than that of the control group. This suggests
that the effect of F on the bones of females was weaker than it was for males. In
the previous NIH study,9 increased osteoid was observed in the male mice exposed
to F in the drinking water at 50 ppm for 6 mo. For females, an increased osteoid
content was observed in the mice exposed to 100 or more ppm of F. The threshold
dose for an increased osteoid content in the femur was 50 ppm for males and 100
ppm for females. The reasons for difference between the sexes were not clear,
However, it is most likely to be due to female hormones. In an epidemiological
study in Taiwan to determine the effects of chemical compounds including F on
bone mineral density, being of the female sex was one of the significant negative
variables for bone mineral density as revealed by multiple stepwise regression
analyses.20
The reasons for there being no differences in the bone indexes in the ICGN mice
were not clear. Some of the mice exposed to 100 or 150 ppm died before the end of
the observation period. The mean body weight in the 100 ppm group was
significantly lower than that of the control group. The deterioration of the general
condition of the mice in the high-dose groups may affect the detection of
alterations in the bones. In the study by Turner et al., even though the F in the
blood was considered to be lower than that in the present study, an increase in
osteoid bone was observed.10 However, in their study, the exposure period and the
indexes for evaluation were different.
In the present study, for teeth, a heterogeneity of calcification in the dentin was
observed in the ICGN mice exposed to F at 150 ppm. In a previous NIH study,9 the
degeneration in the enamel of the incisors was observed in 5 of 5 mice exposed to
F at 300 ppm in the drinking water. For females, the degeneration was observed in
1 of 3 mice exposed to F at 300 ppm and 2 of 2 mice exposed to F at 600 ppm. The
results for teeth in the present study are in accordance with the results in the NIH
study,9 and the F concentration in the drinking water in the present study was
lower than the doses used in the NIH study.9 Although pathological changes in the
enamel, such as heterogeneous structures of residual organic components, were
also observed for the ICR mice, the ICGN mice may be a more adequate animal
model of dental fluorosis.
It has been pointed out that work on rodents does not relate to humans because
higher levels of fluoride are required to get bone and dental affects similar to those
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in humans. In the present study with mice, 150 ppm of F in drinking water induced
bone and dental effects. A previous study of rats, showed that they incorporate F in
their bones far less efficiently than do humans because rats have four to five times
less intestinal absorption of F than humans and a more than three times greater
renal clearance of F.21 The ability of rodents to excrete or metabolize F more
efficiently than humans are able to explains the discrepancy in the F
concentrations that induce osteofluorosis between humans and these experimental
animals.
CONCLUSION

Thus, in conclusion, it is our contention that ICGN mice may be used as an
adequate model of dental fluorosis. However, for the examination of F-induced
osteofluorosis, ICR mice, particularly males, may be a better animal model. For
examining the effects of F on osteofluorosis in ICR mice, exposure periods of 2 to
4 mo may be worthwhile. Further examination is warranted to definitively
determine whether or not the alteration in the enamel in F-exposed ICGN mice is
comparable to dental fluorosis.
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