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Abstract. We hypothesized that fluoride partly acts by has been supported by some subsequent culture studies
changing the levels of circulating calcium-regulating hor-4] and contradicted by others [5, 6]. It has been postulate
mones and skeletal growth factors. The effects of oral fluothat the inconsistent results from cell culture are due to the
ride on 24 female, Dutch-Belted, young adult rabbits werecell populations studied—osteoblast precursors are more re
studied. The rabbits were divided into two study groups, onesponsive to fluoride than osteoblasts [7]—and the fact tha
control and the other receiving about 16 mg fluoride/rabbit/fluoride’s anabolic effects require the presence of mitogenic
day in their drinking water. After 6 months of fluoride dos- growth factors such as insulin-like growth factor-1 (IGF-1)
ing, all rabbits were euthanized and bone and blood sampld8]. Fluoride treatment can cause secondary hyperparathy
were taken for analyses. Fluoride treatment increased serumidism [9] and, therefore, affect levels of some calcium-
and bone fluoride levels by over an order of magnitudle ( regulating hormones. It has yet to be determined whethe
< 0.001), but did not affect body weight or the following fluoride’s anabolic effects on bone are mediated by change
serum biochemical variables: urea, creatinine, phosphoru# calcium-regulating hormones or mitogenic growth fac-
total protein, albumin, bilirubin, SGOT, or total alkaline tors.
phosphatase. No skeletal fluorosis or osteomalacia was ob- Besides increasing bone mass, fluoride treatment has r
served histologically, nor did fluoride affect serum PTH or sulted in decreased bone tissue strength in many anim:
Vitamin D metabolitesR > 0.4). BAP was increased 37% studies [10-15], whereas other animal studies showed n
(P < 0.05) by fluoride; serum TRAP was increased 42% ( effect of fluoride on bone strength [for example, 16]. Re-
< 0.05); serum IGF-1 was increased 409<( 0.05). Fluo-  duced bone strength may be caused by mineralization de
ride increased the vertebral BV/TV by 35% € 0.05) and fects in the bone that can result from high serum fluoride
tibial ash weight by 10%H < 0.05). However, the increases levels [17-21]. This effect of fluoride may have been re-
in bone mass and bone formation were not reflected irsponsible for increased appendicular fracture incidence i
improved bone strength. Fluoride decreased bone strengtine clinical trial [22].
by about 19% in the L5 vertebr® « 0.01) and 25% in the Fluoride also affects bone strength of well-mineralized
femoral neck P < 0.05). X-ray diffraction showed altered bone [23], possibly by altering mineral crystal size and
mineral crystal thickness in fluoride-treated bon& <  packing [24, 25]. Fluoride tends to increase mineral crysta
0.001), and there was a negative association between crystaldth [24], and may alter the electrostatic bonding betweer
width and fracture stress of the femu? € 0.02). In con-  mineral crystals and the collagen matrix [26]. Both effects
clusion, fluoride’s effects on bone mass and bone turnovemay diminish the mechanical properties of the bone [27].
were not mediated by PTH. IGF-1 was increased by fluoride We hypothesized that fluoride partly acts by changing
and was associated with increased bone turnover, but wake levels of circulating calcium-regulating hormones and
not correlated with bone formation markers. High-doseskeletal growth factors. We tested this hypothesis in rabbit:
fluoride treatment did not improve, but decreased, bonéy studying the effects of fluoride intake on parathyroid
strength in rabbits, even in the absence of impaired minerhormone (PTH), Vitamin D metabolites, and two important
alization. hormones affecting bone mass: estradiol and IGF-1. Inter
actions between these serum hormones, bone turnov
Key words: Bone density — Bone — Fluoride — Biome- markers, and tissue-level bone formation are reported. W
chanics — IGF-1—Mineralization. also studied fluoride effects on bone strength, histomor:
phometry, and mineral crystal shape and size.

Fluoride therapy remains a potential, but controversialmethods

treatment for osteoporosis [1]. Moderate to high doses of

fluoride increase bone formation and bone mass. Farley & nimals

al. [2] suggested that fluoride’s anabolic effect on bone was

due to a direct effect of fluoride on bone cells. This finding \ye evaluated several animal species as potential models for fluc
ride effects. Anabolic effects of fluoride in the rat skeleton have

— not been demonstrated consistently [13, 16]. Furthermore, rat lon

Correspondence toC. H. Turner bones do not undergo osteonal remodeling which is the majo
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mechanism for fluoride incorporation in the human skeleton [28].chols Research Institute, San Juan Capistrano, CA). PTH level

Chicks have been proposed as a model for fluoride effects on thevere measured using an immunoradiogrametric assay for the h

skeleton [29], although their growing skeleton does not simulateman intact molecule (Nichols Institute Diagnostics, San Juan Cap

bone remodeling in adult humans well. We therefore rejected thesistrano, CA). Both IGF-1 and PTH were shown to cross-react with

animal models and chose to study rabbits. The skeleton of youngabbit serum. Estradiol was measured using the Coat-A-Count RI/

adult rabbits undergoes remodeling at a rate of 10-60%/year (urkit from Diagnostic Products Corp (Los Angeles, CA). The detec-

published data), and develops osteosclerosis in response to higion limit of this assay was 10 pg/ml. 250HD and 1,25(QBl)

intakes of fluoride [30, 31]. were extracted using HPLC and measured by protein binding as
Twenty-four young adult (3 1/2-month-old) female, Dutch- says using vitamin D binding protein from human serum for

Belted rabbits were used in this study. The rabbits were dividle®50HD andvitamin D receptor protein from calf thymus for

into two groups of 12; both groups were fed a standard rabbitl,25(OH)D. Extraction load was corrected by labeled 1,25(50H)

chow. The experimental group was given drinking water with 100and 250HD recoveries.

ppm fluoride for a period of 6 months; the control group received

distilled water. The fluoride dose (100 ppm) was chosen because

pharmacokinetic studies by Hall et al. [32] showed that it would .

create serum fluoride levels sufficient to cause mitogenic effectdlistomorphometry

on bone cells, and higher fluoride doses cause osteosclerosis and ) . )

toxic effects on growth in rabbits [30, 31]. At the end of the study, Approximately 2 weeks prior to the end of the experiment, the

the animals were anesthetized and 10 cc of blood was drawn b§abbits were given a fluorochrome bone label (calcein green at !

cardiac puncture. The rabbits were then euthanized and tissuédg/kg I.M.). One week later, this treatment was repeated. The L

were removed for analysis. All tissue and blood specimens revertebra was taken from each rabbit, fixed in 10% neutral-bufferec

moved from the rabbits were identified only by code number. All formalin, and embedded in plastic for histomorphometric analysis

procedures throughout this experiment conformed with the guideTWo thin (5-7um) sections were made through the midsagittal

lines of the Animal Care and Use Committee of Indiana Univer-plane of each vertebra. One section was stained with Goldner
sity. tetrachrome and the other was left unstained. Static measuremer

of trabecular bone volume (BV/TV), trabecular number (Th.N),
trabecular separation (Th.Sp), trabecular thickness (Th.Th), oste
oid perimeter (Os.Pm), and osteoid thickness (Os.Th) were mad
on stained sections using standard methods [37]. Briefly, stati
fEyistomorphometric measurements were made at x156 magnifice

Tissue Fluoride Measurements

Fluoride content was measured in the serum, distal half of the le
femur, and the L3 vertebra from each rabbit. Bone samples wer
ashed at 600°C for 6 hours in a muffle furnace and ground to a fin%

ion on a Nikon FXA epifluorescent microscope utilizing stereo-
gical point-hit (volume-related parameters) and linear intercep
. / . h urface-related parameters) methods [38]. The region of bon
power before fluoride analysis. Fluoride analysis was conducte ing below the primary spongiosa of the caudal portion of the

using the hexamethyldisiloxane (HMDS) (Sigma Chemical Co0..yertebra was anal ;
] : bl o yzed. Dynamic measurements of bone formatic
St. Louis, MO) microdiffusion method of Taves [33] as modified rate (BFR), mineral apposition rate (MAR), and mineralizing sur-

by Dunipace et al. [34]. After overnight, acid-induced diffusion of face (MS/BS) were made from the fluorochrome bone labels a:
the fluoride in each sample into a NaOH trap, the trap was buffere oIIov&s: MS/I%S was calculated as half of the single-labeled sur-
to pH 5.2 with acetic acid and placed under an electrode (Orior, e b5 the double-labeled surface, MAR was the average dis

#96-909-00). Sample fluoride levels were determined by COM+ance between the two labels. and BER was the (

; ; : : , product of MS/B:!

parison with a series of fluoride standards. and MAR. Measurements were made at x150 using a Bioquar
semiautomatic digitizing systenR(& M Biometrics, Nashville,

. . TN) attached to a Nikon Optiphot fluorescence microscope.
Clinical Serum Chemistry

A series of serum “wellness markers” were measured to evaluate . )

alterations in liver or kidney function, cellular damage, or generalMicroradiography

modifications in metabolic or physiological status. The analyses )

included serum creatinine, urea nitrogen, glucose, calcium, phosFhick sections (12Qum) were cut from each lumbar vertebral
phorus, uric acid, cholesterol, total protein, albumin, bilirubin, glu- specimen in the midsagittal plane and transversely through th
tamate oxaloacetate transaminase (SGOT), and alkaline phosptgmoral midshaft using a Leitz 1600 SawMicrotome. A microra-
tase. These analyses were done using a multichannel auto analyziiegraph of each section was made using Kodak SOS-343 film 2
(Kodak Ektachem 700). an exposure of 35 kvp, 3 mA for 40 minutes.

Bone Turnover Markers Biomechanics

Tartrate-resistant acid phosphatase (TRAP) and the bone-specifigone strength was measured in the femur, L5 vertebra, and fem
isoform of alkaline phosphatase (BAP) were measured as markeg| neck for each rabbit. ' '
of bone turnover. TRAP, a marker of bone resorption, was mea- Femoral bone strength was measured at the midshaft of th
sured using a modification of the method of Lau et al. [35]. BAP famr ysing a three-point bending test. Rabbit femora were re
was measured using an immunoradiometric kit (OSTASE, Hy-moyed immediately after termination and frozen at —20°C. Before
britech, San Diego, CA), a two-site inmunoradiometric assay UStesting, the bones were thawed, and bone strength was measur
ing mouse monoclonal antibodies. Rabbit serum was diluted irhy appiying a load midway between two supports that were 30 mn
parallel with human samples in this assay. All samples were run iypart. The femur was positioned so that bending occurred about tt
the same assay. medial-lateral axis. Specimens were tested in saline solution
37°C. Each specimen was submerged in the saline bath for
minutes before testing to allow equilibration of temperature. The
Hormones temperature of the saline bath was constantly monitored througt
out the test with a digital thermometer. Temperature in the batt
Serum was assayed for IGF-1, parathyroid hormone (PTH), estrararied by no more than + 1°C. Load-displacement curves were
diol, and Vitamin D metabolites. IGF-1 was extracted from serumrecorded at a rate of 1 mm/second using a servo-hydraulic mate
using a 50:50 mixture of hydrochloric acid and ethanol [36] andrials testing machine (MTS Corp., Minneapolis, MN). Breaking
measured using a human IGF-1 radioimmunoassay (RIA) kit (Ni-force was calculated as the maximum load sustained by the spec
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men. Bending fracture stress was calculated from the fracture forcand 130 peaks, ané is the diffraction angle. K is a constant

using the following equation: varying with crystal habit and chosen as 0.9 for the elongatec
crystallites of bone. Each measurement was repeated three tim
- _% @ and the results averaged.
.=

e
whereg; is bending fracture stress, M is the bending moment a
which fracture occurred, c is the distance from the centroid of th

cross-section to the periosteal surface, and | is the moment of . . .
inertia [39]. The value for moment of inertia used in stress analysi¢\l! tissue and blood specimens removed from the rabbits were
was calculated under the assumption that the femoral crosddentified only by code number and all measurements were mad

sections were elliptically shaped using the following equation: ~ Without knowledge of the specimen groups. Once all analyses ha
been completed, samples were decoded; comparisons betwe

| = (w/64)[al® - (a - 2t)(b - 2tf] 2) fluoride-treated and control groups were made usirgest and
. . L . elationships between continuous variables were determined usir
where a is the width of the cross-section in the medlal-_later_a{inear regression. All analyses were done on a Macintosh compute
direction, b is the width of the bone in the anterior-posterior di-sing a standard statistics program (Statview, Abacus Concept

rection, and t is the average cortical thickness. Average cortic erkeley, CA).P-values less than 0.05 were considered statisti-
thickness was calculated from thickness measurements made #’élly significant.

each of four quadrants of the femoral cross-section with a pair o
digital calipers accurate to 0.01 mm, with a precision of + 0.005
mm. Widths a and b were measured at the location of the femu
where the top loader contacted the bone. The variable ¢ in (1) wagesults
calculated as half of the width of the bone in the anterior-posterior

direction. Elastic modulus was calculated using the following The initial body weights of the rabbits (mean + SEM: 1.55
equation: + 0.04 kg for control and 1.55 + 0.05 kg for fluoride) and

ata Analysis

F L3 the final body weights (2.24 + 0.08 kg for control and 2.33

=—— (3)  *0.08 kg for fluoride) were not significantly differen (>
dasl 0.4). One rabbit in the control group died before completion

where F/d is the slope of the force-displacement curve and L is th€f the study. Water consumption average® #65 ml/day
length between the loading supports [39]. and was not significantly different between control and

Vertebral bone strength was measured after the posterior prdluoride-treated groups(> 0.6).
cesses were removed and the ends of the centrum made parallel Fluoride treatment did not affect the following serum
using a diamond wafering saw (Buehler Isomet, Evanston, IL)hiochemistries: urea, creatinine, phosphorus, total proteir
Failure load in each vertebra was measured in compression usinghymin, bilirubin, serum glutamate oxaloacetate transami
the MTS machine. The compressive load was applied at a rate ase (SGOT), or total alkaline phosphataRe (0.2). Total
50 N/second through a pivoting platen to correct for nonparalle erum calcium was decreased 3% < 0.05), and serum

|
alignment of the faces of the vertebral body [39]. Specimens weré - !
tested in saline solution at 37°C. Fracture force was calculated a3lUcose was increased 17%< 0.05) by fluoride treatment.

the maximum load sustained by the specimen. Fracture stress wass €xpected, fluoride treatment significantly increased fluo-
calculated as the maximum load divided by the gross crossfide levels in the serum and bones (Table 1). BAP anc
sectional arearAB, where A and B are the widths in the anterior- TRAP were significantly increased by fluoride treatment,
posterior and medial lateral directions. Elastic modulus was calindicating that bone turnover was increased. IGF-1 was in
culated as the maximum slope of the stress-strain curve. creased by 40% after fluoride treatmeRt< 0.05), but no
Femoral neck breaking force was measured by mounting th¢hanges occurred in PTH or vitamin D metabolites
roximal nalt o e remur vertica INn a chuck ana a n H H
gownward force at arate of 1 mm/se?:/ond on the femoral i?ga% ugnt rrA1f|)ts %fe{ﬁ(ren alseg/ae IS-nOL gt?]trt?g ;?Lgv SL% Eglr(\)t\;\(ljlthreo deéeclzgtlglg
the neck failed. All tests were done at room temperature using th : yo' h groups. BF
MTS system. was increased 45% by fluoride treatment, though this in-
crease did not reach statistical significance. Increases i
BFR were reflected by a significant increase in tibial BV/
Mineral Size TV. Fluoride treatment increased the BV/TV by 35%; this
change resulted from a 13% increase in the Th.N and a
Samples of bone powder from the tibia were analyzed with al8% increase in Th.Th. However, the increased bone ma:s
Rigaku diffractometer using Cudradiation and a highly crys- resulting from fluoride treatment was not associated with
talline mineral fluorapatite as a standard. The valugs®02) and  increased bone strength. Fluoride treatment resulted in
(130), the widths at one-half the maximum height of the hydroxy-2504 decrease in fracture force in the femoral neck, a 19%
apatite reflections, were measured using a step-scanning procedyjgcrease in fracture stress in the L5 vertebra, and a 21
W't:‘ 0.4 Ft)elr gtepd(e) and 100 seco”nds of coucr;tln_%h Becaulse thegecrease in femoral elastic modulus. Fluoride treatment in
instrumenta’ broadening was smafl compared Wit Samp'e Peag o asaq the average mineral crystal width, as evidenced t

breadths, the measured half-widths were corrected for instrument : ; ; ;
broadening by subtracting the square qf 802) and B,,(130)  changes in the X-ray diffraction patterns of the bone minera

for the standard (fluorapatite) from the square of the bone valudTable 1). . .
and taking the square root of the difference. “D” values, which ~ Serum fluoride was not correlated with IGF-1 leves (

are related to the crystal size/strain in the long dimension (002) ané= 0.4). However, serum fluoride was positively correlated
the cross-section (130) of the apatite crystal, were calculated frorwvith BAP (Table 2). Serum IGF-1 was not correlated with
the corrected B,(002) and B,(130) values using the Sherrer BAP (P > 0.8), but strongly correlated with TRAP (Ta-

equation [40]: ble 2).
57.3 K\ Bone fluoride levels were strongly correlated with serum
D = B o’ fluoride (r > 0.85). Fluoride levels were positively corre-
12 lated with the vertebral BV/TV and tibial ash weight (Table

where 57.3 is a conversion factor from degrees to radiaisthe  3). Bone strength parameters were, in general, negativel
X-ray wavelength, B,, is the breadth at half the height of the 002 correlated with bone fluoride content (Table 4). Increases ir
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Table 1. Results from 6-month fluoride treatment in young adult rabbits (mean + SEM)

Difference
Measurement Control Fluoride-treated (%)
Fluoride levels
Serum (LM) 2.32+ 0.10 38.3+ 4.21 +155%
Vertebral (ppm) 1151.0+ 41.0 7893.0 +244.0 +5868
Tibial (ppm) 853.0 + 38.0 6650.0 £ 279.0 +680
Bone turnover markers
BAP (ng/ml) 174+ 1.1 238+ 21 +37
TRAP (Ul/Liter) 299+ 17 425+ 27 +42
Hormones
IGF-1 (ng/ml) 66.1+ 55 924 + 11.4 +40
PTH (pg/ml) 449+ 5.1 462 + 6.2 +3
1,25 (OHYD (pg/ml) 144 + 5.1 152+ 6.2 +6
25 OHD (ng/ml) 335+ 1.2 309+ 3.1 -8
Histomorphometry (L4 vertebra)
Static
BVITV (%) 261 £+ 1.4 352+ 20 +35
Tb.N (mn?) 30+ 01 34+ 0.2 +13
Th.Sp @wm) 396.0 £+ 23.0 309.0+ 27.0 -22
Th.Th (um) 87.0 + 3.0 103.0+ 6.0 +18
Os.Pm (%) 136+ 3.1 269+ 44 +98
Os.Th @m) 6.6 + 26 116+ 1.7 +76
Dynamic
BFR (wm®/pum?/year) 2450+ 44.0 356.0 + 49.0 +45
MAR (pm/day) 114+ 0.12 148 0.14 +30
MS/BS (%) 55.0+ 6.0 64.6 £+ 6.3 +17
Bone Mass
Tibial ash wt. (g) 22& 0.06 2.43% 0.08 +1G
Biomechanics
Femoral neck
Fracture force (N) 675.0+ 41.0 508.0 + 24.0 -25
L5 Vertebra
Fracture force (N) 1396.0+ 97.0 1189.0+ 63.0 -15
Fracture stress (MPa) 549 3.7 443 + 29 -19
Modulus (MPa) 1.7& 0.20 142 0.12 -19
Femur
Fracture force (N) 368.0+ 11.0 351.0+ 8.0 -5
Fracture stress (MPa) 188.¢ 8.0 169.0+ 8.0 -10
Modulus (MPa) 7997.0+ 291.0 6299.0 + 440.0 -2t
Mineral size
Length (R) 1745+ 2.0 1778+ 2.1 +2
Width (A) 612 + 04 66.2+ 0.9 +8

2 Significantly different from the control groug(< 0.05 by at-test)

Table 2. Relationships between mitogenic factors and bone turn-Table 3. Relationships between fluoride levels and bone mass
over markers measured in serum

BV/TV Tibial ash wt
TRAP BAP

Serum F r= 0.54,P < 0.01 r= 0.41,P <0.05
Serum F r=0.38,P = 0.07 r=0.53,P<0.01 Vertebral F r= 0.63,P < 0.001 r= 0.48,P < 0.05
IGF-1 r=0.52,P<0.05 NS Tibial F r = 0.68,P < 0.0005 r= 0.57,P < 0.005
PTH NS NS - -

F = fluoride; BV/TV = trabecular bone volume in the L4 ver-
NS = not significant P > 0.1) tebra

bone mass resulting from fluoride treatment did not lead tdluoride content on bone strength far overwhelmed the posi
increased bone strength. In fact, many biomechanical paive effect of increased bone mass.

rameters, namely, vertebral and femoral fracture stress, and Fluoride treatment did not cause mineralization defects
femoral elastic modulus, wereegativelycorrelated with  in femoral or vertebral bone as viewed by microradiogra-
bone mass (Table 4). This seems counterintuitive, howevephy. The osteoid surface and osteoid thickness on the ve
the bone samples with the highest bone mass also had tihebral bone were increased by fluoride treatment (Table 1)
highest fluoride content, and the negative effect of increasetlowever, these parameters were not significantly correlate
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Table 4. Relationships among bone fluoride content, bone mass, and bone strength

Vert F Tibia F BV/ITV Tibial ash wt.
Fem. neck force = -0.75 r=-0.72 r=-0.51 NS
P < 0.005 P < 0.005 P = 0.06
Vert. force r=-0.39 r= -0.36 NS NS
P = 0.07 P = 0.09
Vert. modulus NS NS NS NS
Vert. o r =-0.44 r=-0.43 r=-0.42 r=-0.36
P < 0.05 P < 0.05 P < 0.05 P = 0.09
Fem. force NS NS NS NS
Fem. modulus r= -0.61 r= -0.60 r=-0.54 r= -0.65
P < 0.005 P < 0.005 P<0.01 P < 0.001
Fem.o r = -0.39 r=-0.41 r= -0.45 r=-0.67
P = 0.07 P < 0.05 P < 0.05 P < 0.0005

230
220 )
210 o
200
190
180
170
160

with any bone strength measuremeRtX 0.1). The bone

crystal width in the tibia was significantly increased with
fluoride treatment (Table 1). Bone crystal width was nega-g
tively correlated with fracture stress in the femur (Fig. 1), 2
but did not correlate with any other bone strength paramete®

w
o
£

Discussion

oral Fractur

We found that fluoride treatment increased bone turnove g i3
and bone mass in rabbits. Fluoride also increased serui® iz i , . i -
levels of IGF-1. However, serum fluoride, but not IGF-1, 58 80 62 64 6 68 70 72 74
was closely associated with skeletal alkaline phosphatas: Bone Mineral Crystal Width (A)

suggesting that increased bone mass was a direct result Elfg 1. Fracture stress of the femur was negatively correlated with

serum fluoride levels rather than indirectly mediated, i icral crvstal width measured in the tibiadr 0.49 P < 0.02
through IGF-1. The increased bone mass did not lead tgyoride reatment increased crystal width,%vrvhich may have) bee
increased bone strength. In fact, bone strength was dehe cause of the fluoride-induced reduction in bone strength.
creased by fluoride treatment and there was a negative as-
sociation between the fluoride-induced new bone mass and
bone strength. This suggests that the quality of the new bone
was impaired by fluoride. We found that fluoride changed = ) ) ) .
the average width of mineral crystals and there was a negdhis discrepancy is the fact that rabbit chow contains higk
tive association between crystal width and fracture stress devels (1.2%) of calcium, which are 4-5 times the average
the femur. However, fluoride treatment did not cause min-<calcium intake of human (on a per calorie basis, assumin
eralization defects and the mineral structure, viewed by mi800 mg/day for human Ca intake). Rabbit chow also is well
croradiography, appeared normal. fortified with Vitamin D (0.7 1U/calorie). Calcium and vi-
IGF-1 and serum glucose were increased substantially biamin D; supplementation has been shown to reverse th
fluoride treatment. It is possible that IGF-1 changes resultedluoride-induced hyperparathyroidism in patients [9]. The
from changes in serum glucose, but this cannot be proveserum calcium level was reduced slightly, but significantly,
since other regulators of serum glucose, e.g., insulin, werby fluoride treatment but this change was not reflected ir
not measured. Furthermore, it is not clear why fluoride af-altered phosphate, PTH, or 1,25 (QB)levels, suggesting
fected serum glucose in this study, although it has beethat the ionized fraction of calcium was not affected. Thus,
suggested that fluoride might inhibit the activity of the in- fluoride treatment may have affected the protein-bounc
sulin receptor [41]. Our previous studies in rats have showiraction of serum calcium.
no effects of high fluoride intakes on serum glucose [20, 34, There was a positive association between bone fluorids
41]. IGF-1 levels were significantly correlated with a levels and bone mass, but a negative association betwet
marker of bone resorption, TRAP, but were not correlatedbone fluoride and bone strength. Fluoride impaired the nev
with any measure of bone formation. This suggests that thbone quality so much that no strength was added with the
changes in IGF-1 contributed to the increased bone turnovarew bone mass. In fact, fracture stress, which is normalize
observed in the fluoride-treated animals. IGF-1 was not asfor bone size, was negatively associated with bone mas:
sociated with increased bone formation, but serum fluoridesuggesting that the newly formed bone had considerabl
was positively correlated with a serum marker of bone for-less strength. This finding is consistent with the findings of
mation, BAP. It appears, therefore, that fluoride directly Lafage et al. [12]; they showed no correlation between ver:
increased bone formation with no indirect effects of IGF-1.tebral failure load and bone volume in fluoride-treated mini-
Levels of PTH and vitamin D metabolites were not changedpigs. Furthermore, Lafage’s group showed a significant
by fluoride treatment. Thus, fluoride did not cause secondnegative correlation between trabecular elastic modulus i
ary hyperparathyroidism, as is sometimes observed in pahe spine and bone fluoride content. We observed negativ
tients treated with fluoride [9]. A possible explanation for correlations between bone fluoride content and femora
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neck strength, vertebral fracture stress, femoral fractureelated with bone strength. Therefore, fluoride’s tendency tc
stress, and femoral elastic modulus. The bone fluoride levincrease bone crystal size may contribute to its negative
els measured in the current study (6500-8000 ppm) wereffects on bone quality.

higher than those reported by Lafage et al., but in the same

range as those reported by Sogaard et al. [43] for osteopo-

rotic patients treated with fluoride for 5 years. Sogaard ob-AcknowledgmentsThe authors thank the staff members in the
served over a 50% decrease in the strength of bone biopsi@oresearch Facility of the Indiana University School of Dentistry
taken before and after 5 years of therapy. These studid§r their valuable contribution to this study by caring for and
indicate that high doses of fluoride impair bone quality re-treating the animals. The authors also thank Mr. Tongyu Wang fo

i i ; echanical tests performed. This work was supported by USPH!
sulting in reduced tissue-level strength. Our data furthefy e o ee S ol S R O DEI1201 from the N2

indicate that bone quality defects may be manifested morg,na| nstitute of Dental Research, National Institutes of Health,
in the femoral neck than in the spine or long bones. Bethesda, MD 20892.

Mineral crystals in the tibia became thicker after fluoride
treatment and mineral thickness was negatively correlated
with bone strength in the femur. Thus, the changes in minRe
eral crystal size and packing caused by fluoride may impair
bone strength. Fluoride treatment caused increases in ostet.
oid surface and thickness in the vertebrae. Increased osteoid
surface, as was expected, is a result of the fluoride-induced
increase in bone formation rate. The increase in osteoid2
thickness suggests a slight mineralization defect in the bone;™
however, this increase was not large or statistically signifi-
cant. Microradiography did not show any differences in 3,
bone mineralization between fluoride-treated and control
animals. This is in contrast to histological observations in 4.
fluoride-treated humans. Light microscopy studies of bone
biopsies by Lundy et al. [19] and Boivin et al. [17], and 5
backscattered electron imaging studies by Grynpas et al™
[18] showed focal and linear mineralization defects within
the bone tissue from fluoride-treated subjects. The probableg,
reason why mineralization defects were not observed in the
present study is the relatively high calcium and vitamin D
levels in the normal rabbit diet, which may have improved
mineralization.

The fluoride treatment used in the present study did not /-
perfectly mimic treatment regimens used for osteoporosis
therapy. Although fluoride pharmacokinetics were not mea-
sured in the present study, they were probably different in g,
rabbits drinking fluoridated water compared with patients
taking two to three fluoride tablets per day. The average
serum fluoride in the rabbits was 3, which was equiva-
lent to the peak fluoride level attained in humans after in-
gesting 20 mg F [44]; it is six times the serum levels
achieved by slow-release fluoride tablets (11.3 mg F) [45].
Perhaps the negative effects of fluoride on bone quality
could have been prevented if a lower dose of fluoride was
used. Bone fluoride levels measured in the present study

were similar to those achieved after 5-6 years of fluoridel1.

therapy (18-30 mg F/day) [43, 46], but greater than those

from slow-release therapy of 23 mg F/day [47]. This dis-12.

tinction is important because the patients studied by
Sogaard et al. [43] had greatly reduced bone strength in
biopsy specimens, and many of the patients studied b
Boivin et al. [46] had mineralization defects. Conversely,
the slow-release treatment regimen used by Pak et al. [47]

resulted in well-mineralized new bone and significantly re-14.

duced vertebral fracture rate.
In conclusion, fluoride appeared to directly stimulate

bone formation in rabbits. IGF-1 levels were increased byl5.

fluoride treatment, but there was no evidence that IGF-1
stimulated bone formation. Fluoride significantly increased
bone mass but decreased bone strength, so no benefic
effect of the greater bone mass was achieved. Decreased
bone strength with fluoride treatment was not associated
with abnormal mineralization, but mineral crystal width was
significantly increased and this increase was negatively cort7
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