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We grouped mice [strains: C57BL/6] (n=32)and C3H/He]J (n=32)] to address the influence of bone density
on fluoride’s (F's) biological effects. These animals received low-fluoride food and water containing 0
(control group) or 50 ppm of F for up to 28 days. The upper left central incisor was extracted, and the
left maxilla was collected at 7, 14, 21, and 28 days for histological and histomorphometric analysis to
estimate bone neoformation. Our results showed bone neoformation in all of the evaluated groups, with

geywordsf the presence of bone islets invading the center of the alveoli when replacing the existing connective tissue.
Fﬁ;;iifje:alr Curiously, this biological phenomenon was more evident in the C57BL/6] strain. The histomorphometric
Mouse analysis confirmed the histological findings in relation to the amount of new bone tissue and showed a

decrease in C3H/He]J mice (control group). Altogether, our results showed differential effects of fluoride
bone metabolism, confirming a genetic component in susceptibility to the effects of fluoride.
© 2016 Elsevier GmbH. All rights reserved.

Bone tissue

1. Introduction differentiation in osteoblasts [12-14]. In addition, we have shown
the preliminary effects of fluoride on the bone-repairing process
in vivo [15,16] and on osteoblasts [17].

In order to address fluoride’s effects on bone metabolism dur-

Repairing bone loss due to various diseases such as osteoporosis
and tumor resection has been a great challenge within regenera-

tive medicine. Because of its importance, several groups worldwide
have investigated strategies and biological molecules for bone
repair, such as BMPs [1,2] and fluoride (F) [3-5]. In this way, fluo-
ride is known to be deposited in calcified tissues [6]; however, the
biological effects of fluoride on bone repair and its effects on bone
cells remain unknown [7,8]. Bone cells may have a dose-dependent
response to fluoride, which may stimulate bone formation at a low
dose or be toxic at a high dose [9,10].

Fluoride’s action profiles in alveolar bone repair models would
provide information about the chronological evolution of the
repair process and the main cellular events at each stage [11].
Biomechanical bone studies performed on different strains of
mice have reported differences in bone mass and the capacity of
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ing alveolar bone repair, we decided to comparatively evaluate
two strains of mice (C57BL/6] and C3H/He], presenting differential
physiological bone masses) by using histomorphometric analysis.
In sum, our results showed a differential effect of fluoride on bone
metabolism, confirming a genetic component in susceptibility to
fluoride’s effects.

2. Materials and methods
2.1. Animals

All experimental procedures were performed according to “The
Guiding Principles for the Care and Use of Animals” and the ARRIVE
guidelines. The protocol was approved by the Animal Experimen-
tation Committee of University of Sdo Paulo (Process #07/2010).
Weanling (21 days old) male C57BL/6] (n=32) and C3H/He] (n=32)
mice were obtained from the Central Vivarium of Bauru Dental
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School (University of Sdo Paulo), randomly distributed into four
groups, and given a low-F diet and water containing either O or
50 ppm of F added as NaF. The mice were housed in conventional
plastic cages with metal bars and artificial lighting, with a pho-
toperiod of 12h light/12h dark and regulated temperature and
humidity. After 60 days of treatment, the animals were subjected
to surgical procedures. During the entire study (pre-and post-
surgery), the animals had free access to drinking water (0 or 50 ppm
of F) and food.

2.2. Surgical procedures and treatments

To evaluate alveolar bone repair in different conditions, the
animals (total n=64) were divided into 4 experimental groups,
as follows: 1. C3H-0 ppm: C3H/He] mice that received deionized
water (n=16); 2. C3H-50 ppm: C3H/He] mice that received water
with 50 ppm of fluoride (n=16); 3. B6-0 ppm: C57BL/6] mice that
received deionized water (n = 16); and 4. B6-50 ppm: C57BL/6] mice
that received water with 50 ppm of fluoride (n=16). Firstly, the
animals received an intramuscular injection of xylazine chlorhy-
drate for muscular relaxation and were anesthetized with ketamine
chlorhydrate (1:1), with a dose determined according to body
weight [18]. The upper left central incisor was extracted [16], and
at the end of the experimental periods of 7, 14, 21, and 28 days, the
animals were euthanized with an anesthetic overdose and the left
maxilla was removed for histological/histomorphometric analysis.

2.3. Histology and histomorphometry

After each experimental period group, the samples
(n=4/period/group) were collected and immediately fixed in
phosphate-buffered formaldehyde (10%) for 48h and then
subjected to demineralization by using 0.05 M ethylenediaminete-
traacetic (EDTA), pH 7.4 [19]. Then, the samples were dehydrated
with graded ethanol, diaphanized in xylene, and embedded in
Histosec (Merck KGaA), according to the classical steps of the
histological procedure. Transversal 4 wm-thick semi-serial sec-
tions were created in a microtome (Microm, model HM 340 E,
Germany), and representative sections were mounted on glass
slides for hematoxylin/eosin staining.

The microscopic images required an Olympus SC30-CCD camera
(Olympus, Hamburg, Germany) mounted on an Olympus System
Microscope Model BX43 to take, which were then processed with
CellSens software (Olympus, Hamburg, Germany). Quantitative
histomorphometry was used to evaluate the formation/resorption
of blood clots and the formation of granulations, connective tis-
sue, and new bone. Thereafter, the total surface area (m?2) of each
alveolus and the setting areas with new bone formation, connective
tissue, and other tissues (blood clot) or structures were measured.
The data (areas: new bone and connective tissue) were converted
into percentages (%). For better analysis and description, the hemi-
makxilla (dental alveolus) was divided into and analyzed as cervical,
middle, and apical thirds.

2.4. Statistical analysis

Comparative statistical analyses—specifically, ANOVA and the
Tukey test—were applied using Prism GraphPad 5.0 (Prism soft-
ware, GraphPad, USA). The level of significance was 5% for all cases.
3. Results

3.1. Histological findings

All of mice tolerated the surgical procedure well. There were
no complications, and all of the animals could be euthanized as

planned. No reductions were observed in body weight, nor were
signs of postoperative infections observed.

For the histological analysis, we described the total dental alve-
olus, i.e., all of the thirds (cervical, middle, and apical) in all of the
groups during the different experimental periods. During the 7-day
period, for all of the groups, we observed the abundant presence
of connective tissue in the alveolar center (Fig. 1A), newly formed
bone tissue growing on the walls toward the center (Fig. 1B), and
blood vessels distributed at various sites. At 14 days, a similar sce-
nario was observed in both the C3H and B6 groups: the connective
tissue occupied a smaller space (Fig. 1C). New bone was observed
in the alveolar walls, as was bone formation forming islets toward
the center. However, we found a distinct formation in the B6-0 ppm
group (Fig. 1D), with the islets of bone formation arranged along
the alveoli. In general, for the C3H and B6 groups during the 21-day
period, the alveolus was occupied by new bone tissue (trabecular)
and connective tissue present between the trabecular bone (Fig. 2A,
B). During the last period (28 days), bone neoformation occupied a
larger area of the alveoli, with the same pattern formation in all of
the groups. In addition, we observed a decrease in connective tissue
(Fig. 2C and D). It is relevant to mention that some of the samples
presented small pieces of tooth root.

3.2. Histomorphometric analysis

Histomorphometric analysis was performed on the alveolar
thirds, as recommended by Accorsi-Mendonga et al. [20] and Vieira
etal.[16]. All of the cited data are shown in Tables 1-3 . Some minor
areas such as blood clots, small pieces of tooth root, and “technical
artifacts” were not included in the tables.

3.2.1. Cervical third

The B6 strain showed higher bone formation according to the
period (from 38.63% to 51.42% for the control and 26.83% to 56.72%,
50 ppm). The most significant amount was during the 21-day period
(52.40 4 1.44% for B6,0 ppm, 53.86 + 2.97% for B6,50 ppm; p < 0.05).
Similar amounts of bone tissue formed among the periods in all of
the tested groups. Most of the groups showed a gradual forma-
tion of bone tissue during the studied periods, but less new bone
formed during the C3H, 50 ppm group at 28 days (39.07 +14.91%
for C3H, 0 ppm, 34.85 +£4.07% for C3H, 50 ppm), although this was
not significant. Connective tissue decreased gradually during all of
the periods, except in the C3H, 50 ppm group during the 28-day
period. In general, the B6 strain presented less connective tissue
than the C3H strain.

3.2.2. Middle third

The patterns of gradual bone tissue formation were similar
among the periods, except for the 28-day period in the C3H strain.
The B6 strain had major formation of new bone tissue (42.3%),
which was gradual in both groups (0 and 50 ppm), with major
formation in the B6-50 ppm group when compared with the C3H-
50 ppm group, such as in the 21-day and 28-day periods (Table 2).
Consequently, due to the increased bone formation in the B6 strain,
a smaller amount of connective tissue was found in this strain
compared to in the C3H strain. Finally, we observed that the B6,
50 ppm group presented a gradual decrease by period, with the
28-day period presenting the lowest amount of connective tissue,
compared with the other groups (48.35 4 5.68%).

3.2.3. Apical third

This region showed the smallest amount of new bone formation.
The groups that received 50 ppm of F presented major formations of
bone tissue, especially in the 7- and 21-day periods for the B6 strain.
However, at 28 days for this same strain, we observed lower bone
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Fig. 1. Photomicrographies of alveolar bone defects stained with hematoxylin and eosin (A-D). Period of 7 days after extraction from C3H-50 ppm (A) and B6-50 ppm (B).

Period of 14 days after extraction from C3H-0 ppm (C) and B6-0 ppm (D). Note: NB: new bone; CT: connective tissue; V: blood vessel.

Table 1
Bone tissue areas (%) and connective tissue formed in alveoli’s cervical third.
PERIODS (days) GROUPS
C3H-0ppm C3H-50 ppm B6-0 ppm B6-50 ppm
BT CT BT CT BT CT BT CT
7 26.56+7.93 69.11+15.70 30.02+7.41 69.98 +7.91 38.63+15.00 59.66+12.73 26.83+17.22 73.17+20.73
14 29.08+3.17 70.92+5.27 31.18+5.38 65.75+12.27 33.74+2.53 66.26 +3.73 33.03 £4.04 66.97 £5.02
21 37.63+6.89 62.37+7.09 38.41+11.95 61.48+12.12 52.40 +1.54° 47.60+2.02 53.86+4.11 46.14+2.97
28 39.07 £14.91°¢ 60.93+13.01 34.85+4.07 65.15+5.15 51.42+9.33 48.58+8.98 56.72 +5.33P 43.28 +4.50
Mean =+ SD. BT bone tissue, CT connective tissue.
@ Significant difference, among same period groups and same strains.

b Significant difference, same period and between groups treated with fluoride.
¢ Significant difference, same period, between strains treated or not with fluoride.

formation in the group receiving 50 ppm (42.49 +7.64% for B6-
0ppm, 18.80+2.02% for B6-50 ppm). This same group showed the
lowest amount of connective tissue (37.72 + 6.73% for B6-50 ppm).
Altogether, these results suggest that fluoride is a biological

Table 2

Areas (%) of bone tissue and connective tissue formed in alveoli’s middle third.
PERIODS (days)

mediator for decreasing the amount of connective tissue and
replacing it with new bone formation in the B6 strain (7 days:
69.68 +2.05%; 28days: 37.72+6.73%, p>0.05), which did not
happen in the C3H strain (7days: 74.70+0.17%; 28days:

GROUPS

C3H-0ppm C3H-50 ppm B6-0 ppm B6-50 ppm

BT CT BT CT BT CT BT CT
7 24.39+14.05 75.61+16.26 30.75+9.45 65.75+10.30 27.22+19.97 61.77 £8.90 37.39+2.55 62.61+3.59
14 35.59+2.98 64.41+3.58 33.45+2.93 66.55+4.03 35.06 +£4.53 64.94 +5.05 42.74+5.89 57.26+6.22
21 45.00+9.87 55.00 +10.44 43.87+7.95 53.03 £5.07 46.42 +6.38 48.96+7.39 50.24 +£9.03 49.76 + 8.60
28 27.16 £5.80 62.25+14.55 29.94+£3.47 70.06 £4.09 47.77 £6.89 52.23+7.29 51.65+5.68 48.35+5.05

Mean = SD. BT bone tissue, CT connective tissue.
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Fig. 2. Photomicrographies of alveolar bone defects stained with hematoxylin and eosin (A-D). Period of 21 days after extraction from C3H-0 ppm (A) and C3H-50 ppm (B).
Period of 28 days after extraction from B6-0 ppm (C) and B6-50 ppm (D). Note: NB: new bone; CT: connective tissue; V: blood vessel.

74.42 +1.75%). Moreover, the results showed that the B6 strain gen-
erally had the lowest amount of connective tissue, compared with
C3H.

4. Discussion

The dose of 50 ppm of fluoride was selected for this study
because rodents metabolize fluoride 10 times faster than humans
[21]. This means that when rodents ingest water containing 50 ppm
fluoride, their plasma fluoride levels are expected to be similar to
those of humans that are ingesting water containing 5 ppm fluoride.
This concentration can be naturally found in the drinking water of
areas of endemic fluorosis [6,21,22].

About 79% of the variability in familial bone density is based
on individual genetics [12]. In the last several years, the genetic
diversity of mice in inbred strains has yielded phenotypes rele-
vant to human health, such as for susceptibility to cancer, aging,
and obesity, among others [9,23]. Specially, both C3H and B6 mice
strains are models used for studying the biomechanic properties of

the skeleton, since they physiologically present larger and smaller
body masses, respectively [ 12]. Based on this mice model for study-
ing bone metabolism and the necessity of investigating the effects
of fluoride metabolism in living systems, we decided to investi-
gate alveolar bone repair in mice treated with 2 concentrations
of fluoride, compared with control groups in which the animals
were maintained without fluoride. In this biological model, the C3H
strain represents an organism with normal bone density and B6 is
an organism presenting bone loss, a phenomenon that occurs in
osteoporosis disease as well.

We observed the repairing phases of alveolar bone during the
studied periods, which were consistent with other findings that
describe alveolar bone repair [16,20,24]. When comparing bone
repair in different strains, we observed that the C3H strain showed
a pattern of bone formation that restricted the nearby walls of
the alveoli, forming dense trabecular bone. On the other hand,
in mice from the B6 strain, the newly formed trabecular bone
advanced toward the center of the alveoli, forming thinner tra-
becular bones with connective tissue among them. These bone

Table 3
Areas (%) of bone tissue and connective tissue formed in alveoli’s apical third.
PERIODS (days) GROUPS
C3H-0ppm C3H-50 ppm B6-0 ppm B6-50 ppm
BT CT BT CT BT CT BT CT
7 26,44+10,19 71,82 +9,08 2530+2,17 74,70 £5,25 12,31+1,60 65,54 +0,06 30,32+2,05 69,68 + 3,85
14 21,85+6,51 78,15+7,11 26,97 +5,45 73,03 +6,54 39,44 427,05 60,56 + 32,06 27,89+5,49 61,77 +12,79
21 24,93 +3,49 75,07 +4,08 31,47+10,41 68,53 +11,54 22,08+17,06 57,89+7,97 44,24+ 6,63 54,38 +6,56
28 21,04+7,47 66,30+13,24 25,58+1,75 74,42 +4,53 42,49 +7,64 57,51+8,42 18,80 +2,02 37,72+6,73

Mean = SD. BT bone tissue, CT connective tissue.
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architecture characteristics are consistent with studies described
above [25,26] and prove the physiological differences between the
mice strains explored in this study. The difference in bone den-
sity between the strains could be the result of osteoblastic activity
[13,14], as the basal response of mice osteoblasts in a C3H with 32
weeks of age equals the activity of B6 mice with 16 weeks [27].
Another point, discovered recently, is the difference in the gene
expression (or genetic background) [28] of these two strains [29]
and the hormonal secretion affected by fluoride in both strains [30].
Current literature shows that fluoride has several effects, especially
on dental fluorosis [30,31], bone metabolism [28], antioxidant sys-
tems [32], and hormonal secretions [29]. Bone has been studied
as a tissue for acute or chronic expositing of fluoride, due to flu-
oride’s affinity for mineralized tissues [33-35]. Thus, studies have
highlighted the direct influence of fluoride on osteoblast activity
[36-39], on collagen expression [17,40] and on size of hydroxyap-
atite (length and width) formed in bone [28].

In this context, by using a classical biological model for bone
repair—bone alveolar repair—we showed that treatment with flu-
oride influenced alveolar bone repair in both of the studied strains
(C3H and B6), promoting a modulation of bone formation in the
different thirds. The differences promoted by fluoride were more
pronounced in the B6 strain in the cervical third, and this strain
presented minor bone density. In vitro experiments using the
same strains, treated with different concentrations of fluoride,
showed changes in bone markers, especially in the B6 strain,
while the C3H strain showed minor changes or was unchanged
[17,41]. Experiments testing the response of these strains to stim-
uli and mechanical forces to maximize bone formation described
a decreased response in the C3H strain [42,43]. Therefore, the C3H
strain is more “stable” or “resistant” to factors/agents that can mod-
ify bone metabolism. In our study, almost all fluoride groups had an
increasing percentage of newly formed bone tissue up to 21 days,
which became reduced at 28 days. In a study on using fluoride to
treat osteoporosis, elderly patients who received high doses of flu-
oride obtained progressive increases in bone tissue during the first
40 weeks, although this value decreased sequentially. According to
the authors, this decrease could be explained by the action of fluo-
ride on quiescent cells lining the bone surfaces, differentiating them
into osteoblasts or becoming replaced by new osteoblasts during
the first periods [3]. The genetic influence on fluoride response was
described previously by some authors [9,17,28,30,31]. Especially
about mineralized tissues, we know that there are strains (mice)
more “sensitive” and “resistant” for fluoride [17,31]. But they are
not similar to enamel and bone response [17,30,31]. This aspect
(genetic background) could be involved on alveolar bone repair,
and associated of the differences found in the present study.

Mousny et al. [28] described fluoride effects in mineralization
of bones, with focus in hydroxyapatite. These authors showed
possible chemical and physical alterations in the hydroxyapatite
structure caused by fluoride. But these alterations were not similar
to all strains of mice [28]. Again, the genetic factors may contribute
to the variation in response to fluoride exposure, confirming our
results.

Our study supports the metabolic difference in bone tissue from
different animals (B6 and C3H strains) and consequently in alveolar
bone repair. In addition to demonstrating a differential effect of
fluoride in strains, the effects are more expressive in the B6 strain,
confirming a genetic component in susceptibility to fluoride.
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