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Abstract

This study examined the effect of 2 yr of treatment with the
aminobisphosphonate alendronate (ALN) (0.05 or 0.25 mg/
kg i.v. ALN every 2 wk) on estrogen deficiency bone loss and
bone strength changes in ovariectomized (OVX) baboons (n
= 7 per group) and the ALNmode of action at the tissue level.
Biochemical markers of bone turnover increased in OVXani-
mals and were maintained by ALNtreatment at non-OVX lev-
els (low dose) or below (high dose). 2 yr of treatment produced
no cumulative effects on bone turnover markers. Histomorpho-
metry showed a marked increase in cancellous bone remodeling
in OVXanimals. Activation frequency increased from 0.48 to
0.86 per yr (L5 vertebra), and the osteoid surfaces from 9 to
13.5% (P < 0.05). No changes were observed in eroded and
osteoclast surfaces. ALN treatment decreased activation fre-
quency and indices of bone formation to control levels (low
dose) or below (high dose), did not change indices of mineral-
ization, and increased bone mineral density (BMD) in the lum-
bar vertebrae (L2-L4) by 15% at 0.25 mg/kg (P < 0.05),
relative to vehicle-treated animals. The mean strength of can-
cellous bone (LA) increased by 44%(low ALNdose) and 100%
(high dose), compared with vehicle. The strength of individual
bones correlated with the square of the L2-L4 BMD(r = 0.91,
P < 0.0034). In conclusion, ALN treatment reversed the ef-
fects of ovariectomy on cancellous bone turnover and increased
bone mass and bone strength in baboons. (J. Clin. Invest. 1993.
92:2577-2586.) Key words: osteoporosis * alendronate * histo-
morphometry- bone strength * bone mineral density

Introduction

Osteoporosis is a reduction in bone mass associated with an
increased risk of fractures ( 1-8). While the treatment of estab-
lished osteoporosis is still controversial (9, 10), there is good
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indication that osteoporosis can be prevented (1 1-14). The
increase in bone turnover, associated with loss of ovarian func-
tion, is quantitatively the most important contributing factor
to bone loss in osteoporosis ( 15-20). A rational approach to
prevention, other than estrogen replacement therapy, is there-
fore treatment that reduces bone resorption and bone turn-
over. Bisphosphonates are nonhydrolyzable, pyrophosphate an-
alogues that bind to the hydroxyapatite in bone, by virtue of
their bisphosphonate structure, and inhibit bone resorption
(21 ). Aminobisphosphonates are among the most potent
agents in this group (22). Alendronate sodium (ALN),2 4-
amino- 1-hydroxybutylidene- 1, 1-bisphosphonic acid, trihy-
drate sodium salt, was shown to inhibit bone resorption in rats
subjected to immobilization (23, 24) or estrogen deficiency
(25) and in patients with Paget's disease (26) and postmeno-
pausal osteoporosis (27).

The objective of this study was to evaluate the efficacy of
the aminobisphosphonate ALN in preventing the bone loss
caused by estrogen deficiency in a nonhuman primate model.
Rats, dogs, sheep, pigs, and primates have been reported to lose
bone after ovariectomy (28-36). Wechose to study the ovariec-
tomized baboon since baboons are relatively large primates,
have menstrual cycles similar to humans, thus similar estrogen
exposure, and exhibit intracortical Haversian remodeling. This
enabled us to study the effects of ovariectomy and treatment at
the tissue level in the context of bone changes similar to those
produced by estrogen deficiency in humans. Animals were
treated for 2 yr with two doses of ALN. Biochemical parame-
ters of bone turnover, bone mineral density, and bone biopsies
were evaluated at 3-, 6-, or 12-mo intervals. The effects of treat-
ment up to 12 mo in living baboons have been previously re-
ported (37). At death, we carried out histomorphometric analy-
sis of iliac crest as well as vertebrae and ex vivo measurements
of bone strength in vertebrae and femora. The results obtained
show that ALNtreatment reverses the skeletal effects ofovariec-
tomy and may be useful therapy for the prevention of post-
menopausal bone loss.

Methods

28 adult female baboons (Papio anubis) weighing - 14 kg were used
in this study. Animals were fed standard laboratory food (Purina Mon-
key Chow) and fruit. All animals had a history of regular menstrual
cycles. Each animal was evaluated by x-rays to insure epiphyseal clo-

2. Abbreviations used in this paper: Ac.f, activation frequency; ALN,
alendronate; AP, alkaline phosphatase; BFR/BS, bone formation rate
per bone surface; BGP, osteocalcin; BMD, bone mineral density; LP,
lysylpyridinoline; MAR, mineral apposition rate; MS/BS, mineraliz-
ing surface; OS/BS, osteoid surface; OVX, ovariectomy; Th.Th., tra-
becular thickness; TRAP, tartrate-resistant acid phosphatase.
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sure, to confirm adult skeletal status, and to confirm the absence of
skeletal abnormalities. Animals were assigned to one of four groups (n
= 7/group) on the basis of body weight. Animals were housed and
treated according to the U.S. Department of Agriculture guidelines for
humane animal treatment.

Ovariectomy (OVX). Three groups of baboons (n = 21 ) underwent
surgery to remove the ovaries and uterus (OVX groups) as described in
detail in Thompson et al. (37). All animals recovered from surgery
without incident. The fourth group with intact ovaries was not exposed
to surgery (non-OVX group).

Treatment with ALN. The ovariectomized baboons were treated
with 0, 0.05, or 0.25 mgALN/kg i.v. every 2 wk. Under anesthesia, a
catheter was inserted in the saphenous vein and 3 ml of saline with or
without ALNwas infused over 3 min. The baboons were killed after 2
yr of treatment. The weight of each animal was recorded. The effective-
ness of ovariectomy was verified by inspection of the uterus for involu-
tional atrophy. The spine and femora were harvested immediately and
kept frozen at - 20'C for mechanical testing.

Serum and urine biochemistry. Blood samples were obtained at
3-mo intervals by vein puncture under anesthesia, 12-16 h after last
feeding. Urine was collected from the bladder by sterile puncture. All
samples were kept at - 70'C and were analyzed at the end of the study.
Serum and urinary calcium (mg/dl) were measured by atomic-absorp-
tion spectroscopy. Serum tartrate-resistant acid phosphatase (TRAP
[U/dl]), urinary and serum phosphate (mg/dl), and urinary creati-
nine (mg/dl) were measured with a Gemstar Analyzer (Electro-Nu-
cleonics, Inc., Fairfield, NJ). Alkaline phosphatase (AP) was measured
with a Kodak analyzer. Osteocalcin (BGP) (ng/ml; Incstar, Stillwater,
MN), calcitonin, and intact parathyroid hormone (pg/ml; Nichols
Institute, San Juan Capistrano, CA) were determined by RIA. Lysyl-
pyridinoline ( LP) was extracted from I -ml urine samplesby acid hydro-
lysis and subsequent low pressure CF- 1 chromatography according to
the method of Beardsworth et al. (38). LP was further resolved on
HPLCaccording to the chromatographic method of Uebelhart et al.
(39) and quantitated by comparison with an external standard (hy-
droxylysylpyridinoline). Final results were expressed as picomoles LP
per micromole of creatinine.

Bone histomorphometry. All baboons were injected with calcein
(10 mg/kg i.v.) 22 and 8 d before death. At death the whole iliac crest
was excised and fixed in 10% formalin. Wedge biopsies 1 cm in length
were taken - 2 cmbelow the postero-superior iliac spine. The first and
fifth lumbar vertebrae were embedded in methylmethacrylate without
prior decalcification (40). Sections of 6-10 gmthickness were cut with
a Polycut S microtome (Reichert Jung, Heidelberg, Germany) and
examined without further staining for dynamic histomorphometry or
stained with toluidine blue and Masson's trichrome for static measure-
ments. All morphometric measurements of bone remodeling were
carried out in cancellous bone with semiautomatic image analysis sys-
tem (System IV; Bioquant, Nashville, TN). Cancellous bone was de-
marcated from cortical bone following published criteria (41). De-
pending on the intercortical distances and the quality of the specimens,
a cancellous tissue area of 11.68-41.04 mm2was measured on each
section of the iliac crest specimens and an area of - 38 mm2in the fifth
lumbar vertebra. Cancellous bone volume was expressed as the amount
of cancellous bone within the spongy space. Osteoid surface (OS/BS
[ %] ) was expressed as a percentage of bone surface and was measured
only when it exceeded 2 Amin thickness. Equidistant multiple measure-
ments were taken for osteoid thickness (OTh. [Am]). The mineralizing
surface (MS/ BS [% ]) was calculated as the sum of the length of the first
label plus second label divided by two and expressed in percent of the
bone surface. The mineral appositional rate (MAR[ gm/d] ) was calcu-
lated as the mean distance between the first and second label at equidis-
tant points divided by the labeling interval ( 14 d). Bone formation rate
was expressed per unit of bone surface (BFR/BS [tum3/Mm2 per yr]).
Mineralization lag time (d) was calculated as O.Th/adjusted apposi-
tion rate. The activation frequency (Ac.F [per yr]) was calculated as
BFR/ BS per wall thickness. Indices of bone structure were calculated
from area and perimeter measurements as described by Parfitt et al.

(42) and included trabecular thickness (Tb.Th. [,um]), trabecular num-
ber (per mm) and trabecular separation (,gm). Histomorphometric
data are reported in three-dimensional terms with the correction factor
(X 0.78) for the obliquity of the section (43).

Bone mineral density (BMD). BMDmeasurements were taken
every 3 mo on anesthetized animals. Single-photon absorptiometric
measurements were taken on the radius one-third from the distal end
using an SP2 scanner with an 1251I source (Lunar Corp., Madison, WI).
Dual-photon absorptiometric measurements of the lumbar spine (L 1-
L4) and femoral neck were performed with a DP3 scanner with a 'Gd
source (Lunar Corp.). Details of the procedures are found in Thomp-
son et al. (37). A reproducibility study was conducted to assess the
effect of operator variability and radionuclide source strength on the
bone mineral measurements. The results showed that the source age
did not contribute to variation (coefficient of variation of 1-2%) in
bone mineral content values and substantial variation did not exist
between operators (coefficient of variation of 3-4%).

Mechanical testing. Throughout preparation and testing, vertebrae
and femora were wrapped in saline-soaked gauze and stored at 4VC. All
testing was performed on a servohydraulic materials testing machine
( 1331; Instron, Canton, MA) and the data were recorded and analyzed
with Labtech Notebook software (Laboratory Technologies, Wilming-
ton, MA) on a personal computer (316; Dell Computers, Austin, TX).
All analyses were performed without prior knowledge of group assign-
ments.

The length of one randomly selected femur from each animal was
measured from the intercondylar notch to the piriformis fossae. The
condyles were removed and the supracondylar and subtrochanteric
regions of the diaphysis were embedded in square aluminum tubing
with polymethylmethacrylate. These loading fixtures were placed 42.3
mmfrom the midpoint of the femur, and the femora were then tested
to failure in three-point bending with the upper loading point aligned
with the midpoint of the posterior surface. The load and displacement
at failure were recorded and the bending stiffness was calculated from
the linear portion of the load vs. displacement curve.

The femur distal to the subtrochanteric fixture was then removed
and the neck was tested to failure in simulated single-legged stance. The
load was applied to the femoral head, parallel to the axis of the diaphy-
sis, through an aluminum cup lined with polymethylmethacrylate. The
load and displacement at failure were recorded and the bending stiff-
ness was calculated.

The contralateral femur provided transverse sections of cortical
bone from the proximal diaphysis, cortical beams from the mid-dia-
physis, and cylinders of trabecular bone from the femoral neck for
testing. A transverse section, 1 mmin width, was taken from a standard
location in each proximal femoral diaphysis with an Isomet low-speed
diamond saw (Buehler, Lake Bluff, IL). The cross-sectional areas of
both cortical bone and the medullary canal were measured and the
maximum and minimum moments of inertia were determined from
digitized images using the interactive computer software package
(SLICE) and an image processing system (FD-5000; Gould, San Jose,
CA). A cylinder of cortical bone was then obtained from a standard
location along the central diaphysis. Cortical beams were cut from the
anterior, posterior-medial, and lateral quadrants of the cylinder. The
specimens were sanded manually to remove the periosteum and to
create true beams (2.2 X 2.2 X 22 mm). These beams were then tested
to failure in three-point bending. The load and displacement at failure
were recorded and the bending stiffness was calculated. A diamond
coring tool (3.4-mm internal diameter; Starlite, Rosemont, PA) was
used to remove a cylinder of trabecular bone strength from a standard
location within each femoral neck. The cylinders were cut to a length of
3.4 mmand were then compressed to failure. The elastic modulus and
the strength were recorded. The cylinders were then defatted with a
combination of ultrasonic bleaching and a water jet. The apparent
density (hydrated weight divided by the volume of the intact specimen)
and tissue density (hydrated weight divided by the hydrated weight
minus the submerged-weight) were determined by the method previ-
ously described by Carter and Hayes (44).
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The superior and inferior endplates of the L3 vertebrae were em-
bedded in polymethylmethacrylate to create plano-parallel surfaces for
testing. The vertebrae were then compressed to failure, the load and
displacement at failure were recorded, and the bending stiffness was
calculated. The vertebrae were then separated from the polymethyl-
methacrylate, and anteroposterior, lateral, and cephalocaudad radio-
graphs were taken to identify any fractures through the endplates.

A cylinder of trabecular bone, 5.1 mmin diameter and oriented
along the cephalocaudad axis, was removed from the geometric center
of the L4 vertebrae. From each cylinder, two smaller cylinders, each 5.1
mmin length, were created. One cylinder contained dense trabecular
bone inferior to the superior endplate, and the second contained less
dense bone from the midbody. The cylinders were compressed to fail-
ure, and the elastic modulus and the strength were recorded. The cylin-
ders were then defatted with a combination of ultrasonic bleaching and
a water jet, and the apparent density, tissue density, and ash content
were determined.

Statistical analysis. Means and standard deviation were computed
for each variable for each time point of the study. One-way ANOVA
was performed and significance was established at P< 0.05. Intergroup
comparisons were performed with the Fisher-protected least significant
difference (PLSD) test. Differences between treatment group means
greater than PLSD indicate significance. Linear regression analysis be-
tween biochemical markers and bone histology, and bone histology
and bone density were done with Abacus Concepts Statview (Abacus
Concepts Inc., Berkeley, CA).

Equality of group variances was tested with Levene's test. A one-
way ANOVAwas used with dose level as the grouping variable if the
group variances were equal. If Levene's test indicated unequal vari-
ances, then Brown-Forsythe statistics were computed with the same
grouping variable. If the grouping variable was shown to have a signifi-
cant impact on the outcome variable of interest, then multiple compari-
son tests were performed with the Tukey method. Group differences
were considered significant at P < 0.05.

Results
Biochemical parameters. Measurements of biochemical
markers of bone formation and resorption are shown in Fig. 1,

A-D. Serum AP (Fig. 1 A), BGP(Fig. 1 B), and TRAP(Fig. 1
C) were significantly elevated in OVXvehicle-treated animals,
relative to non-OVX at 3 and 6 mo, and remained elevated
throughout the study. ALN treatment maintained the value of
these parameters at control non-OVX levels (lower dose) or
below controls (higher dose, at some time points). The excre-
tion of the bone collagen crosslink lysylpyridinoline/creatinine
(Fig. 1 D) was significantly elevated in the OVX vehicle-
treated animals, relative to non-OVX throughout the study,
starting at 3 mo. At all time points ALNtreatment reduced the
excretion of lysylpyridinoline to non-OVX levels. There were
no significant differences between the two doses of ALN, al-
though the values were usually lower for the high dose. The
suppression of bone resorption reached a steady state at 3 mo
and did not increase with time during the 2 yr of treatment.
Both parameters of bone resorption declined after 9-12 mo in
OVX-vehicle treated animals, suggesting a relative decrease in
the overall bone resorption of the skeleton. The parameters of
bone formation declined less (BGP) or not detectably (alkaline
phosphatase), consistent with the longer duration of the for-
mation phase in bone remodeling. Serum calcium, phosphate,
parathyroid hormone calcitonin, and urinary calcium/creatine
(Ca/Cr) and phosphate/creatinine (Pi/Cr) ratios at 2 yr post-
OVXshowed no systematic changes as a function of treatment
(Table I). The urinary Ca/Cr and Pi/Cr values varied widely
among animals (the SDwas - 100%) and no statistically sig-
nificant differences among the groups were recorded.

Histomorphometry. Indices for iliac crest cancellous bone
histomorphometry, after 2 yr of treatment, are summarized in
Table II. The bone volume was not statistically different be-
tween non-OVX, OVXvehicle, and OVXlow-dose ALN ani-
mals, but it was significantly increased in animals receiving
high-dose ALN. The activation frequency (Ac.f), which esti-
mates the frequency of initiation of remodeling cycles on the
bone surface, was increased twofold in OVXvehicle animals
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Figure 1. (A) Serum AP (U/dl). (B)
Serum BGP(ng/ ml). (C) Serum
TRAP. (D) Urinary
pyridinoline/creatinine excretion
(pmol//mol). Data are
mean±SEM. (o) Nonovariecto-
mized animals (non-OVX), (tA)
ovariectomized vehicle-treated ani-
mals (OVX + VEH), (o) ovariec-
tomized animals treated with 0.05
mg/kg ALN every 2 wk (OVX
+ 0.05 mg/kg ALN i.v.) and (o)
ovariectomized animals treated with
0.25 mg/kg ALNevery 2 wk (OVX
+ 0.25 mg/kg i.v.).
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Table L Biochemical Parameters

OVX+ ALN OVX+ ALN
Non-OVX OVX+ VEH (0.05 mg/kg) (0.25 mg/kg) ANOVA

P

Serum
iPTH (pg/ml) 79.8±34.9 49.1±24.5 68.7±29.5 74.5±25.2 NS
Calcitonin

(pg/ml) 11.7±6.99 9.20±4.90 6.51±3.28 7.32±1.56 NS
Calcium (mg/dl) 8.27±0.61 8.82±0.41* 8.85±0.49* 8.35±0.16 0.04
Phosphate

(mg/dl) 3.4±0.9 4.3±1.5 3.7±0.8 4.1±0.9 NS
Urine

Ca/Cr 0.11±0.03 0.11±0.16 0.07±0.06 0.08±0.14 NS
Pi/Cr 0.07±0.10 0.09±0.17 0.01±0.00 0.04±0.04 NS

Data are mean±SD. * Significantly different from non-OVX controls; P < 0.05.

and was decreased by ALNdose dependently. Similar changes Table IV presents indices of bone remodeling in the lumbar
were found in BFR/BS and OS/BS, which also reflect tissue vertebra. Consistent with the results observed in iliac crest, ac-
level bone turnover. The mean values for osteoid thickness and tivation frequency and the various indices of bone turnover
mineral apposition rate were higher in the OVXvehicle ani- (OS/BS, MS/BS, BFR/BS BFR/BV) were still significantly
mals, and no differences were observed between the ALN- elevated in the untreated animals 2 yr after ovariectomy. These
treated and non-OVX animals. In none of the specimens was parameters were decreased by ALNtreatment in a dose-depen-
the mean osteoid thickness, corrected for section obliquity, dent manner. Bone formation, expressed per unit of bone sur-
> 12.5 gm. No significant changes were found in either the face (BFR/BS) and as %/yr (BFR/BV), was not significantly
active formation period or in mineralization lag time between different between the higher and the lower ALNdose. No signif-
the various groups. icant differences due to ovariectomy or treatment were ob-

Table III presents indices of trabecular structure in the fifth served in the number of multinucleated osteoclasts per unit
lumbar vertebra. Bone volume was slightly reduced in the bone surface, the extent of eroded surfaces, the osteoid thick-
OVXvehicle as compared with non-OVX (not statistically sig- ness, or the mineral apposition rate.
nificant). Treatment with ALN(both doses) resulted in signifi- Bone mineral density. Table V presents the bone density
cant bone gain. The increase in bone volume produced by measurements. Radial BMD, which measures almost exclu-
ALN can be accounted for by a significant thickening of the sively cortical bone, showed no statistically significant differ-
trabeculae rather than by changes in trabecular number (den- ences between the groups. Femoral neck BMDwas signifi-
sity). cantly higher in animals treated with high-dose ALN as com-

Table II. Static and Dynamic Bone Histomorphometry in the Cranio-Caudal Iliac Crest

OVX+ ALN OVX+ ALN
Non-OVX OVX+ VEH (0.05 mg/kg) (0.25 mg/kg) ANOVA

P
BV/TV (%) 28.8±7.02 31.6±6.86 35.0±5.37 42.0±9.67* 0.0165
OS/BS (%) 15.3±9.11 28.5±9.81* 10.1±1.47 5.76±5.55§ 0.0001
OTh (,um) 9.46±1.87 13.7±2.30* 9.23±1.00 7.70±2.04 0.001
MAR(Mm/d) 0.63±0.11 0.87±0.11* 0.63±0.09 0.67±0.21 0.0082
MS/BS (%) 16.40±10.53 25.17±7.59* 14.2±3.73 5.77±5.63 0.0006
BFR/BS

(ttM3/1M2 per yr) 39.6±26.7 81.4±31.9* 31.7±6.23 14.3±12.7§ 0.0001
Omt (d) 15.1±1.48 15.8±2.41 15.2±3.32 12.4±3.87 NS
Mlt (d) 18.2±12.6 18.8±8.98 10.9±1.36 13.9±11.8 NS
AcF (per yr) 2.02±1.41 4.85±1.55* 1.34±0.30 0.62±0.52§ 0.0001

Data are mean±SD; n = 7 per group. * Significantly different from non-OVX and OVX-VEH; P < 0.05. $ Significantly different from all other
groups; P < 0.05. § Significantly different from non-OVX; P < 0.05.
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Table III. Indices of Trabecular Architecture in the Fifth Lumbar Vertebra

OVX+ ALN OVX+ ALN
Non-OVX OVX+ VEH* (0.05 mg/kg) (0.25 mg/kg) ANOVA

P

BV/TV (%) 28.4±5.20 23.1±4.18$ 31.3±7.24 33.8±8.25 0.04
BS/TV

(mm2/mm3) 3.6 1±0.57 3.36±0.77 3.56±0.95 3.70±0.45 NS
BS/BV

(mm2/mm3) 12.9±1.92 14.6±3.00t 11.4±1.35 11.5±2.82 0.07
Tb Th (Mm) 158.4±24.8 141.1±26.2* 178.7±24.8 182.9±45.6 0.10
Tb N (per mm) 1.80±0.28 1.68±0.39 1.78±0.48 1.85±0.22 NS
Tb Sp (Mm) 407.2±82.6 490.8±173.9 438.9±246.4 363.9±79.2 NS

Data are mean±SD; n = 7 per group. * n = 6. One baboon had monostotic dysplasia. * Significantly different from OVX+ 0.05 mg/kg ALNand
OVX+ 0.25 mg/kg ALN; P < 0.05.

pared with controls. BMDof the lumbar spine showed a
significant reduction of - 13% in the OVXvehicle group and a
dose-dependent increase to non-OVX levels by ALN treat-
ment. For the high dose, BMDwas 15% higher than the OVX
vehicle (P < 0.03).

The apparent density (mg/cm3) of L4 cancellous bone de-
creased by 17% in OVX vehicle relative to non-OVX. This
reduction was fully prevented by low-dose ALN, and there was
a 62% increase with high-dose ALN, relative to OVXvehicle.

A close correlation was observed between histomorphomet-
ric and biochemical parameters of bone turnover as well as
BMD. The osteoid surface measured in the iliac crest showed a
highly significant positive correlation (r = + 0.81, P < 0.0001 )
with serum osteocalcin levels (Fig. 2 A). The bone mineral
density in the lumbar vertebrae (average of L2-L4) showed a
statistically significant negative correlation with the bone turn-
over rate in the iliac crest (Fig. 2 B), consistent with the notion

that bone loss caused by estrogen deficiency is related to in-
creased bone turnover.

Biomechanical measurements. The results of mechanical
testing are summarized in Table VI. There were no differences
among groups in mean body weights at death. The stiffness and
failure load for the femoral midshaft and the neck did not differ
among treatment groups. Neither the area measurements of
the cortical bone and the medullary canal nor the inertial prop-
erties varied among groups. There were no differences among
groups in stiffness or failure load of cortical beam specimens
tested to failure in three-point bending. In addition, the modu-
lus and strength of trabecular cylinders taken from the femoral
neck did not vary significantly among groups. There were also
no differences among groups in apparent density, tissue den-
sity, or ash content.

The data from six L3 vertebrae compressed to failure were
excluded from analysis due to fracture through the endplates.

Table IV. Indices of Bone Remodeling in the Fifth Lumbar Vertebra

OVX+ ALN OVX+ ALN
Non-OVX OVX+ VEH* (0.05 mg/kg) (0.25 mg/kg) ANOVA

P

OS/BS (%) 9.01±2.93 13.51±7.96 4.83±2.84t 2.24±3.28§ 0.0011
ES/Md BS (%) 2.37±1.17 2.99±1.62 3.36±0.73 3.09±1.72 NS
QS/BS (%) 88.85±3.50 83.98±8.75 91.98±2.87* 94.73±3.33§ 0.0054
OTh (,m) 5.68±1.10 6.70±0.50 6.51±1.34 5.60±2.47 NS
Omt (d) 8.23±1.59 7.50±1.57 10.20±4.06 10.0±2.78 NS
OcN/Md BS (per mm) 0.032±0.023 0.049±0.037 0.053±0.029 0.031±0.023 NS
OcS/Md.BS (%) 0.254±0.202 0.156±0.105 0.370±0.266 0.151±0.106 NS
MAR(,m/d) 0.70±0.13 0.92±0.15 0.71±0.22 0.64±0.36 NS
MS/BS (%) 5.13±2.97 8.03±5.18 3.98±2.41* 0.94±1.58§ 0.0056
BFR/BS

(Am3/,um2/per yr) 14.14±10.48 28.26±21.7811 10.95±7.02t 2.60±4.32t 0.0091
BFR/BV (%/yr) 12.54±8.37 36.19±23.5111 9.71±9.88 1.84±3.48 0.0007
BFR/TV (%/yr) 3.45±2.30 8.82±6.3111 3.19±3.11 0.66±1.22 0.0043
AcF (per yr) 0.48±0.40 0.86±0.67 0.35±0.23t 0.086±0.14t 0.0153

Data are mean±SD. * n = 6. One baboon had monostotic dysplasia. * Significantly different from OVX-VEH; P < 0.05. § Significantly dif-
ferent from non-OVX and OVX-VEH; P < 0.05.

Alendronate Effect on Bone Metabolism, Histomorphometry, and Strength 2581



Table V. Bone Densitometry

OVX+ ALN OV+ ALN
Non-OVX OVX+ VEH (0.05 mg/kg) (0.25 mg/kg) ANOVA

P

Li BMD(g/cm2) 1.17±0.19 1.03±0.10* 1.11±0.04 1.18±0.06 0.06
L2 BMD(g/cm2) 1.16±0.18 1.01±0.06* 1.10±0.06 1.18±0.08 0.04
L3 BMD(g/cm2) 1.13±0.13 1.02±0.07* 1.08±0.06 1.17±0.10 0.03
L4 BMD(g/cm2) 1.14±0.12 1.01±0.08* 1.09±0.05 1.14±0.12 0.08
L2-L4 (g/cm2) 1.14±0.14 1.01±0.06* 1.09±0.05 1.16±0. 10O 0.03
Femoral Neck BMD

g/cm2) 0.69±0.06 0.73±0.04 0.69±0.07 0.77±0.051" 0.04
Radial BMD

(g/cm2) 0.49±0.05 0.52±0.05 0.52±0.04 0.53±0.06 NS
L4 Apparent

Density (mg/cm3) 436.8±83.2 365.2±57.1 427.8±111.6 592.1±204.4' 0.02

Data are mean+SD; n = 7 per group. * Significantly different from non-OVX and OVX+ 0.25 mg/kg ALN; P < 0.05. * Significantly different
from non-OVX; P < 0.05. § Significantly different from OXV+ VEH; P < 0.05. 1I Significantly different from OVXand OVX+ 0.05 mg/kg
ALN; P < 0.05. 'Significantly different from all other groups; P < 0.05.

There were no differences among groups in stiffness, yield, or
failure load.

The strength of the trabecular cylinders taken from the
midbody of L4 varied among treatment groups. The strength
of cylinders from the high-dose group was two times greater
than the vehicle-treated group ( 16 vs. 8 MPa). The strength of
the cylinders taken inferior to the endplates also varied among
groups. The strength of the high-dose group was two times
greater than the vehicle-treated group and greater than the con-
trol group ( 18 vs. 9 and 11 MPa, respectively).

The apparent density of the trabecular cylinders taken from
the midbody and endbody regions of L4 varied among treat-
ment groups. The density of the endbody cylinders from ani-
mals given high-dose treatment was greater than those treated
with vehicle (0.592 vs. 0.365 gm/cm3). The density of the mid-
body cylinders from animals given high dose was greater than
control and vehicle-treated groups (0.400 vs. 0.236 and 0.235
gm/cm3, respectively). Tissue density did not vary among
groups in either the midbody or endbody cylinders. Ash con-
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tent per dry weight of the midbody cylinders was not signifi-
cantly different among groups. The cylinders from the endplate
region did not differ in ash content among groups either.

Fig. 3 A depicts the correlation between in vivo measure-
ments of BMDby dual-photon absorptiometry and ultimate
strength of the L4 vertebral core. A highly significant positive
correlation (r = 0.94, P < 0.003) is present. Fig. 3 B shows the
linear regression analysis between trabecular thickness
(Tb.Th.) and the ultimate strength (r = 0.63, P < 0.0005),
which also shows a strong positive correlation.

Discussion

Although the molecular basis for estrogen deficiency-mediated
bone loss is not fully understood, it is well established that
estrogen deficiency after artificial ( 16, 45) or natural meno-
pause ( 18, 46, 47) causes an increase in bone turnover at the
tissue and cellular level. Both bone resorption and bone forma-

0 10 20

Cn-OS/BS (%)

Figure 2. (A) Correlation of OS/BS
(%), a measure of bone formation,
and serum osteocalcin (ng/ml).
Both parameters are measured as

described in Methods on bone sam-

ples from the postero-superior iliac
crest and sera obtained at 24 mo.

Symbols are identified in Fig. 1. (B)
Correlation of mean lumbar bone

° A density (L2-L4 [gm/cm2]) with
cancellous osteoid surface/bone
surface (Cn-OS/BS [%]). BMDand

^ Cn-OS/BS are measured as de-
\ scribed in Methods on the vertebrae

and on the superior-posterior iliac
30 40 crest at 24 mo. Symbols are identi-

fied in Fig. 1.
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Table VI. Mechanical Strength

OVX+ ALN OVX+ ALN
Non-OVX OVX+ VEH (0.05 mg/kg) (0.25 mg/kg) ANOVA

P

L4 strength
(MPa) 11.4±2.77 9.24±1.36 13.0±4.02 18.3±6.96* 0.01

Femoral midshaft
strength (N) 2,391.6±219.9 2,144.6±509.0 2,352.2±303.7 2,353.1±282.6 NS

Femoral neck
strength (N) 135.6±35.9 186.6±110.2 173.4±78.0 166.8±62.8 NS

Femoral stiffness
(N/mm) 1,531.7±150.2 1,374.0±254.4 1,429.5±185.7 1,388.4±170.3 NS

Data are mean±SD; n = 7 per group. * Significantly different from all other groups; P < 0.05.

tion rates are elevated, and the resulting bone loss indicates that
resorption exceeds formation (48, 49). Estrogen replacement
therapy decreases bone resorption and prevents bone loss (50,
5 1 ), primarily by suppressing the rate of remodeling activation
(52). In view of these findings, pharmacological agents that
reduce bone resorption and thus bone turnover should have
similar effects on the bone loss caused by estrogen deficiency
(53-56). The aminobisphosphonate ALN is a potent inhibitor
of bone resorption in vitro (57) and in vivo (23-27). This
study examined its efficacy and mode of action in a model that
resembles human estrogen deficiency bone loss.

ALN was administered intravenously to ensure full deliv-
ery, and the 2-wk interval between dosing was based on the
estimated duration of the osteoclast resorption phase in the
remodeling cycle. In hypercalcemia of malignancy, a single ad-
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ministration of bisphosphonate was shown to be effective for
- 2-3 wk (58). The dose is based on previous experience in
rats (23), which shows that 0.1 mg/kg given parenterally every
2 wk is the maximally effective dose in most cases. This dose
was bracketed in this study.

The bone changes in ovariectomized baboons were similar
to those caused by estrogen deficiency in women. Biochemical
markers of bone resorption, serum TRAP, and urinary lysyl-
pyridinoline, a specific degradation product of bone collagen
(59), had increased significantly 3 mo after ovariectomy and
remained elevated throughout the study. Periodic measure-
ments suggested that peak resorption was reached 9 mo after
OVX. Parameters of bone formation showed similar increases:
serum alkaline phosphatase was significantly elevated 3 mo
after OVX, and continued to rise at 6 mo, when it leveled off at

-

0)
c
a)

Ch
a)
cE
.E

_D

1.35

BMDL2-L4 (g/cm2) Tb Th (pm)

Figure 3. (A) Correlation of bone strength (MPa) estimated in the L4 vertebra and BMD(L2-L4 [gm/cm2]). Ultimate strength is measured in
the core of the L4 vertebra and BMDin the L2-L4 vertebrae at 24 moas described in Methods. Symbols and animal groups are identified in
Fig. 1. (B) Linear regression analysis between trabecular thickness (Tb.Th. [,gm]) measured in the fifth lumbar vertebra and ultimate vertebral
bone strength (MPa) measured in a core of cancellous core in the L4 vertebra. The findings suggest that ALN treatment suppressed bone turn-
over to control levels and produced no increasing effects over the 2 yr of treatment, even at the higher ALN dose (corresponding to a 100-mg
human oral dose, assuming 1% absorption).
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twofold the non-OVX level. Serum osteocalcin levels were
twice as high 6 mo after OVXand remained - 1.5-2-fold
higher than in non-OVX animals throughout the study, with
an apparent decline between 12 and 24 mo in all groups. Each
of the five biochemical parameters had sufficient sensitivity to
detect increased bone turnover. As previously reported in post-
menopausal women, both bone resorption and bone formation
increase most during the initial period of estrogen deficiency
(60). In this baboon population, the changes in bone metabo-
lism after ovariectomy occur relatively fast and are more
extensive than in postmenopausal women, where estrogen
deficiency develops more gradually and occurs at a later biologi-
cal age.

Analysis of iliac crest wedges at 24 mo showed that the
parameters of bone turnover were still highly elevated in OVX
vehicle-treated animals; the Ac.f was 4.9/yr, compared with
2.0/yr in non-OVX; and the osteoid surface and bone forma-
tion rates were also approximately double those in non-OVX
animals. ALNdecreased bone turnover to non-OVX levels, the
effects of the two doses were not significantly different.

Osteoid thickness and MARincreased in the OVXvehicle
animals, which was probably a reflection of the large propor-
tion of newly formed remodeling sites (61 ). ALNhad no delete-
rious effect on mineralization, as both MARand osteoid thick-
ness were maintained at non-OVX levels. In contrast to the
1-yr biopsies (37), the cancellous bone volume in the iliac crest
was not significantly different between OVXvehicle and non-
OVX. This could be explained by variations in the sampling
site of the iliac biopsies, shown to be associated with differences
in bone volume in humans (62). Although the bone formation
rate at the tissue level (BFR /BS) was significantly increased in
untreated OVXanimals, the amount of bone formed (mean
wall thickness) at the bone multicellular unit (BMU) level was
decreased, both in the iliac crest and in the fifth lumbar verte-
bra (data not shown). These observations suggest that a de-
crease in the amount of bone made per each remodeling cycle
is part of the mechanism of bone loss.

To study the mode of action of ALN at the tissue level in
vertebral bone, which cannot be assessed in clinical studies, we
also analyzed the L5 vertebra histomorphometrically. Cancel-
lous bone volume was - 23% lower in OVXvehicle-treated
animals than in non-OVX, but the difference was not statisti-
cally significant. ALN treatment, at both doses, increased bone
volume above that in non-OVX animals, consistent with the
bone mineral density measurements before death.

The increase in cancellous bone volume with ALN treat-
ment was due to an increase in trabecular thickness without
changes in trabecular connectivity and correlated with in-
creased strength (see below). These findings are consistent
with those of Grynpas et al. (63), who reported an increase in
Tb.Th. and bone strength without changes in connectivity,
after administration of pamidronate in dogs. In agreement with
the findings of Meunier and Coupron (64), we found that can-
cellous bone in the vertebra was significantly lower than in the
iliac crest.

As seen in the iliac crest, ALN treatment reduced bone
turnover in L5 to control (non-OVX) levels and, even at a
multiple of the pharmacological dose, ALN did not abolish
bone turnover. As opposed to the iliac crest, MARand osteoid
thickness in L5 were not increased in OVXvehicle baboons.
This is consistent with the relatively lower rate of turnover

observed in the vertebra, which was about half that recorded in
the iliac crest. This is also consistent with region-specific differ-
ences in bone formation rates reported in human subjects (65)
and the estimation by Parfitt (66) that the rate of turnover of
cancellous bone in the ilium is - 40%per year, compared with

- 20% in the vertebrae.
An interesting observation bearing on the modeof action of

ALNand probably other aminobisphosphonates is the fact that
the number of osteoclasts, as well as the extent of the osteoclast
bone interface, were not different among the various groups,
suggesting that ALNinhibition of bone resorption is not due to
a reduction in osteoclast number (recruitment) or their attrac-
tion to the bone surface. Rather, ALNappears to inhibit osteo-
clast activity after their interaction with ALN-covered resorp-
tion surfaces (67). These findings are consistent with other
similar observations in vivo and in vitro (23, 57, 68).

The initial changes in BMD, after ovariectomy in baboons,
are consistent with similar observations in estrogen-deficient
women. BMDin L4 was significantly lower 6 moafter ovariec-
tomy in the OVXuntreated vs. non-OVX controls (37) and at
2 yr the difference was - 10%. This is in agreement with the
findings by Mazess et al. (34), who reported an -8% reduc-
tion in Macaca lumbar BMD22 moafter OVX. During the 2
yr of study, the lumbar BMDin the non-OVX animals had
increased by 9%. In the OVXvehicle group, BMDalso in-
creased after 6 mo, when it reached the nadir, and had returned
to about initial levels after 2 yr. This could reflect periosteal
bone growth. In animals treated with high-dose ALN, BMD
was maintained throughout the study at non-OVX levels,
while the low-dose ALN had intermediate values between
OVXvehicle and non-OVX.

To examine the "quality" of the bone accreted as a result of
ALN treatment, L4 vertebrae and femora, excised at death,
were subjected to ex vivo mechanical testing. Neither ovariec-
tomy nor ALN treatment produced changes in the femora or
femoral neck, consistent with the lower turnover of cortical
bone, also indicating that ALNpresent in the bone after 2 yr of
treatment had no deleterious effects on the mechanical proper-
ties of cortical bone. Similar findings were obtained after 3 yr of
ALN treatment in dogs (69).

The strength of a core of cancellous bone from the L4 verte-
bra in a compression test increased significantly after 2 yr of
treatment with ALN, relative to the OVXvehicle group. A
correlation analysis of vertebral strength and bone mineral
density (Fig. 3 A) showed that strength increased with the
square of the density, similar to the relationship found in hu-
man vertebrae obtained from cadavers (70). These findings
demonstrate that the accretion of bone produced by ALN
treatment contributed to bone strength, as does normal bone,
consistent with the extensive epidemiological evidence show-
ing that fracture incidence is inversely related to BMD( 1-8).

In conclusion, this study shows that: (a) similar to women,
baboons experience increased bone turnover and bone loss
after ovariectomy, and (b) continuous ALN treatment for 2 yr
normalized bone turnover, prevented the bone loss, and in-
creased vertebral bone strength to control levels.
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