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Introduction

The impact of any pharmacological intervention on whole-

bone biomechanics should be analyzed as a function of the

changes induced in: a. bone material properties (tissue stiffness

and toughness, mostly determined by genetic factors, bone for-

mation and bone remodeling); b. the molecular or modeling-

dependent adaptations of bone structure to mechanical stimuli

(bone design, or geometric properties) and c. the impact of all

those changes on the structural stiffness, toughness and

strength of the bones (Figure 1). These 3 pharmacological

fields of action are all especially important concerning bispho-

sphonate (BP) effects on bones.

Strikingly, the effects of BPs and other bone-seeking agents

on post-yield bone properties have been generally overlooked

in skeletal studies. We have already reported effects of cortisol

excess1, hypophysectomy, and pharmacological doses of alen-

dronate2 on the post-yield behavior of bones, and independent

effects of pamidronate on bone stiffness and ultimate strength3

which could have been exerted separately on the elastic and

plastic properties of bones. In this study we show a more direct

evidence of some novel, positive effects of a bisphosphonate

on post-yield bone properties.

Currently available data are inconclusive in establishing

which aspects of bone strength are affected in vivo by different

BPs at variable dose-time schedules4. Even the earliest review

on BP effects on bone biomechanics5 had already shown a no-
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table sensitivity to species, gender, age, body habitus, bone com-

partment, metabolic-endocrine status, and physical activity. Fur-

thermore, the strong inhibitory BP effects on bone remodeling

in relatively large, long-living mammals and humans may blunt

to a large extent the biomechanical impact of other BP actions

which can, independently, impair or improve bone strength. 

The study of BP effects on diaphyseal bone in growing ro-

dents (which shows virtually no remodeling6) presents obvious

limitations, but it can reveal a number of effects wich may not

be evident otherwise, especially when high-dose, medium-

term protocols are implemented. These effects can be positive

on cortical tissue microstructure, mass and distribution, and

tend somehow to neutralize or even overpass the negative im-

pact of any remodeling blockage. Hence, their investigation

offers some pharmacological interest.

Olpadronate (dimethyl-pamidronate, OPD7,8) is an N-con-

taining BP currently under development. Either in vitro or in

vivo, OPD has been shown to produce both anti-osteoclast and

pro-osteocyte/osteoblast effects9,10 of varying magnitudes

within a wide range of doses. Such effects may induce unpre-

dictable outcomes when produced in cortical tissue of non-re-

modeling bones10. Since OPD has a higher ED50/LD50 safety

margin than other BPs, it is possible to study its impact on

bone with doses close to saturation of the skeleton7. As part of

a 3-month preliminary carcinogenetic study with high OPD

doses in young intact rats, this report reveals some novel, pos-

itive effects of high doses of OPD on tomographic and me-

chanical indicators of bone stiffness and toughness, with a

strikingly high impact on bone post-yield and ultimate

strength, that were unrelated to bone mineralization. 

Materials and methods

Animals and treatments

Fifty-nine Wistar rats (28 male, 31 female) 4-5 weeks old

were studied. The animals were kept in group cages with water

and food (standard chow diet with 1.0% Ca and 0.6% P con-

tents) ad libitum in a temperature-controlled room (23ºC) with

natural luminous cycle. Eight male and 9 female animals se-

lected randomly remained untreated and were considered the

control groups for each sex. Twenty male and 22 female ani-

mals were treated orally with high doses (45 or 90 mg/kg/d, 10

male and 11 female rats per dose) of OPD (dimethyl-

pamidronate, IG-8801, crystal form A, Gador SA, Buenos

Aires)7,8 with the drinking water. Animals were weighed weekly

to re-calculate the administered dose. This treatment was a pre-

liminary test for carcinogenicity, performed following GLP

rules. After 3 months, the rats were sacrificed by ether overdose

and their femurs were dissected avoiding periosteal lesion.

Bone tomographic determinations

The fresh, excised femurs were scanned at the mid-diaphysis

with a pQCT machine (XCT-2000 with special software for

small animals; Stratec, Pforzheim, Germany) set-up at a 0.09-

mm voxel size and a 0.9 cm-1 attenuation threshold for the de-

termination of “cortical” bone11. Two-millimeter thick slices

were analyzed and the following variables were determined:

– Mineral content of cortical bone (BMC in the cortical region

of the slice, expressed in mg/cm of slice thickness). This is

an indicator of bone mineral mass.

– Volumetric mineral density of cortical bone (cortical vBMD,

Figure 1. Schematic representation of the biological determination of the mechanical quality of cortical bone tissue (left column) and the spatial

distribution of that tissue (right column) to comform the structural striffness, toughness and strength of long-bone diaphyses as combined outputs

(bottom). The thick, grey dasehd arrows indicate the regulation loop which would control the whole-bone stiffness according to the mechanostat

theory. Circled numbers indicate the possible points involved in the OPD effects as described and discussed in this paper.
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expressed in mg/cm3 of the “cortical” region of the slice vol-

ume). This is an indicator of bone mineralization, proportional

to the apparent mineral density of bone tissue, which is re-

garded as a partial determinant of its intrinsic stiffness12-15.

– Indicators of the cross-sectional (geometric) properties such

as the periosteal perimeter (PoPm) and the average thick-

ness, area (CortA), and anterior-posterior (A-P) bending sec-

ond moment of inertia (xCSMI) of the cortical bone region.

The xCSMI was automatically calculated through an integra-

tion procedure as xCSMI (mm4)= Σ(Ai di
2), such that Ai is

the area of each individual pixel including “cortical” bone

tissue in the cross section, in mm2, and di
2 is the squared dis-

tance of that pixel to the A-P bending axis (x) of the image,

in mm2 14,11. Accordingly with this calculation, the xCSMI

grows exponentially with the distance at which the “cortical”

tissue is distributed from the bending axis (x) in the cross

section. The verified geometrical uniformity of the femur di-

aphysis cross-sections along the tested portion of the bones

(coefficients of variation of bone diameters being always

below 6% for samples of values taken at the central point

and at the two ends of the tested segment in every rat studied)

supported the use of xCSMI values as suitable indicators of

the cortical design architectural efficiency as related to the

deformation that occurs as a consequence of A-P bending12.

Bone mechanical testing

Immediately after the pQCT study, the femurs were im-

mersed in water at 36 ºC for 1 hour. Then, their diaphyses were

placed horizontally on two supports separated by 13 mm (L)

with their anterior aspect facing down and bent by a centrally

applied load at a low strain rate (0.25 mm/min) until fracture

occurred14. The force F (N, ordinate) exerted by the assayed

volume of bone (vol=L.CortA, mm3) as a Newtonian reaction

against the applied load, and the displacement (d, mm, ab-

scissa) of the bending diaphysis were graphically recorded.

The F/d curves (schematic representations of which are shown

in Figure 1) showed the sequence of linear (pre-yield) and non-

linear (post-yield) behaviors, separated by the yield point (y).

The yield point was determined following the “0.2%-offset

method”: a line, parallel to but offset by a 0.002 (0.2%) strain

distance from the linear portion of the F/d curve was con-

structed and the intersection of this line and the curve denoted

the yield point12. The F/d curves allowed direct determination

of the following mechanical properties of the whole bones.

– Yield deflection (d at the yield point, dy, mm). This is an in-

dicator of how much the bone could be deformed during the

whole elastic behavior in the assayed conditions. 

– Yield load or strength (limit elastic load, or F exerted by the

whole-bone at the yield point, Fy, N). This is an estimator

of the bone’s resistance to generation of the first cracks

within the “solid” mineralized tissue.

– Diaphyseal (structural) stiffness (load/deformation ratio in

elastic conditions = Fy/dy, N/mm). 

– Maximal load or strength (maximal force exerted by the

whole-bone until fracture = Fmax, N). 

– Deflection at the maximal load (d value corresponding to

Fmax value = dFmax, mm). This indicator expresses the amount

of deflection the bone can stand at the point it is reacting most

strongly to the load during the plastic deformation period. 

– Elastic absorption of energy by the deforming bones at yield,

measured as the integrated area under the F/d curve up to dy

(eEa, N.mm or mJ). This indicator estimates the bone resist-

ance to the production of the first crack (yielding) as a bone

structural property.

– eEa per unit of assayed bone volume = eEa / vol (mJ/cm3).

This indicator expresses the bone resistance to the produc-

tion of the first crack standardized per unit of cortical tissue

volume as a bone intrinsic property. 

– Post-yield loading ability (assessed as the difference Fpy=

Fmax-Fy expressed either in absolute terms (N), or as a per-

centage of Fmax, Fpy%=100 Fpy/Fmax). This indicator is

representative of the post-yield fraction of the total load-

bearing capacity Fmax of the bones. Hence it estimates the

bone’s resistance to crack generation and progress, as an ex-

pression of bone structural toughness in force units, during

the plastic period of the mechanical test.

– Post-yield (plastic) absorption of energy by the deforming

bones (pyEa (mJ) = integrated area under the F/d curve from

the yield point up to Fmax). This indicator estimates the bone

resistance to crack generation and progress during the plastic

period (since yielding until fracture), i.e. the structural tough-

ness of the bone in energy units, during the post-yield behavior. 

– pyEa per unit of assayed bone volume = pyEa/vol (mJ/cm3)

This indicator expresses the bone resistance to crack genera-

tion and progress (bone toughness in energy units) during the

whole plastic period, standardized as a bone intrinsic property. 

Indirect calculation of bone tissue’s elastic modulus

The intrinsic bending stiffness of the cortical tissue

(Young’s modulus of elasticity) constitutes a representative in-

dicator of bone material properties and is independent of bone

size and shape. It was not directly measured but indirectly cal-

culated from indicators of structural and architectural proper-

ties as E (MPa) = Fy L3 / 48 dy xCSMIav13,14,16, where

xCSMIav is the average xCSMI value calculated from the data

measured at the center of the bone and at the points correspon-

ding to the positions of each of the two supports during the

bone testing. The application of this algorithm has been re-

garded as a suitable procedure for comparative purposes17,18.

Statistical analyses

Averages of the data per rat and group were calculated. As

long as no dose-related effects on any of the variables studied

were detected by one-way ANOVA inter-group comparisons

(always p>0.05), all treated animals were pooled into male

(n=20) and female (n=22) treated groups regardless of the ad-

ministered dose for further analytical purposes. Bone PoPm,

CortA, xCSMI and Fmax data, which were found significantly

correlated with body weight of the animals, were statistically

adjusted to this variable following the describing equations of

the corresponding relationships where required in order to deal

with any size- or growth-related effect. One-way ANOVA and
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simple regression tests were employed to evaluate the differ-

ences between grouped data and the associations between vari-

ables as indicated, aided by Statistica software (StatSoft, USA).

Results

General observations

No toxic effects relevant to the skeleton were observed in

this short-term study. Adjustment of the allometrically-related

variables to bw generally reduced greatly or eliminated the sta-

tistical significance of differences between male and female

controls, but not between treated and untreated animals. 

Data of every variable determined in the four groups studied

are shown in the Table, and can be described as follows. 

Effects on bone geometry and allometrically-related variables

Despite of their similar age, untreated male animals were

about 70% heavier than females. No significant effect of treat-

ment was observed on body weight gain. 

All assayed bone geometric or size-related indicators

(PoPm, cortical thickness, CortA, xCSMI, cortical BMC) were

significantly higher in male compared to female rats, regard-

less of treatment. However, with the only exception of the

xCSMI, these gender-related differences were proportionally

smaller than those observed in body weight. Both treated

males and females showed higher values of all PoPm, cortical

thickness, CortA, xCSMI and cortical BMC than their un-

treated controls. However, the increases were greater and more

significant in males than in females, and proportionally more

evident for xCSMI compared to the other indicators. Adjust-

ment of the data to body weight neutralized the gender-related

differences in all these variables in control rats (data shown

only for CortA and xCSMI). In contrast, this adjustment either

had little effect on, or even enhanced the treatment-induced

differences within gender for males and females, more evi-

dently for xCSMI than for CortA.

Female rats Male rats 

Control Treated % difference Control Treated % difference 

Allometric variables 

Body weight (bw), g 295 (26) 285 (23) - 3.4 517 (39)sss 490 (49)sss - 5.2 

Periosteal perimeter (PoPm), mm 10.7 (0.55) 11.3 (0.40) + 5.6*** 12.6 (0.35)ss 13.5 (0.78)ss + 7.1*** 

Average cortical thikness, mm 0.734 (0.021) 0.739 (0.044) + 0.7 0.811 (0.051)sss 0.920 (0.036)ss + 13.4*** 

Cortical bone area (CortA), mm2 6.37 (0.38) 6.84 (0.49) + 7.4* 8.39 (0.49)sss 9.70 (0.53)sss + 20.7*** 

Bw-Adjusted CortA, mm2 5.56 (0.38) 6.21 (0.43) + 11.7** 5.67 (0.45) 7.45 (0.43)sss + 31.4*** 

Moment of inertia (xCSMI), mm4 5.33 (0.81) 6.14 (0.88) + 15.2* 9.28 (0.97)sss 12.19 (1.35)ss + 31.4*** 

Bw-Adjusted xCSMI, mm4 4.51 (0.76) 5.52 (0.80) + 22.4* 4.47 (1.38) 7.86 (1.50)sss + 75.8*** 

BMC of cortical bone, mg 8.23 (0.42) 8.82 (0.67) + 7.2* 11.17 (0.73)sss 13.48 (0.73)ss + 20.7*** 

Bone material properties 

vBMD of cortical bone, mg/cm3 1302 (27) 1299 (30) - 0.02 1326 (21) 1325 (23) 0.1 

Elastic modulus E, MPa 1352 (304) 1335 (299) - 1.26 1295 (287) 1274 (265) - 1.23 

Pre-yield behavior of bones 

Yield deflection, dy, mm 0.64 (0.15) 0.62 (0.16) - 0.4 0.77 (0.10) 0.78 (0.14) + 1.3 

Yield load, Fy, N 104.2 (7.6) 116.3 (22.0) + 11.6* 137.3 (7.9)sss 158.6 (19.9)sss + 15.5* 

Bw-adjusted Fy, N 97.4 (6.4) 111.1 (9.2) + 14.1* 106.4 (7.1)s 122.5 (8.5)ss + 15.1* 

Diaphyseal stiffness, Fy/dy, N/mm 162.7 (25.7) 188.8 (29.7) + 16.0* 178.3 (24.2) 202.1 (27.0) + 13.3* 

Bw-adjusted Fy/dy, N/mm 151.3 (23.8) 172.5 (38.6) + 14.0* 159.3 (30.7) 178.0 (49.9) + 11.7* 

Elastic energy absorpt., eEa, mJ 33.34 (4.9) 36.1 (14.1) + 8.1 52.8 (17.0)sss 61.9 (21.1)sss + 17.2 

eEa/vol, mJ/cm3 403 (35) 406 (39) + 0.8 484 (43) 491 (38) + 1.4 

Post-yield behavior of bones 

Ultimate load, Fmax, N 122.4 (10.2) 149.0 (23.5) + 21.7*** 158.6 (22.1)ss 205.2 (36.2)sss + 29.3*** 

bw-Adjusted Fmax, N 117.9 (10.4) 145.6 (22.6) + 23.5** 131.8 (23.1)s 181.2 (34.7)sss + 37.5*** 

Post-yield load Fpy = Fmax - Fy, N 18.2 (5.1) 32.7 (11.5) + 79.6*** 21.3 (4.2) 46.6 (14.5)s + 118.0*** 

Fpy fraction Fpy% = 100 Fpy/Fmax 14.9 21.9 - 13.4 22.7 - 

Deflection at Fmax, dFmax, mm 1.06 (0.11) 1.22 (0.10) + 15.1* 1.18 (0.12) 1.56 (0.14) + 32.2 ** 

Plastic energy absorpt., pEa, mJ 47,46 (4.38) 79,50 (5.21) + 67.5** 62.73 (7.15) 141.96 11.27) + 126.3*** 

pEa/vol, mJ/cm3 573 (65) 894 (72) + 56.0*** 575 (63) 1125 (92) + 95,7*** 

Asterisks (*, **, ***) indicate p<0.05, p<0.01, and p<0.001 significance levels, respectively, of treatment-induced differences in both sexes.

(s, ss, sss) on the male control and treated groups data indicate p<0.05, p<0.01, and p<0.001 significance levels, respectively, of differences with respect

to their homologous, control and treated female groups.

Table. Means and (SD’s) of every studied variable in the different groups of animals.
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On analyzing all the animals as a single group, the xCSMI

was found closely correlated with the PoPm (r=0.943, p<0.001)

or the cortical thickness (r=0.961, p<0.001, graphs not shown).

Effects on bone material properties

The cortical BMC data varied proportionally to CortA val-

ues in all groups. Accordingly, no inter-group differences were

observed in cortical vBMD, yet the values for female bones

tended non-significantly to be higher than those obtained in

male animals. Treatment was equally ineffective in changing

the calculated elastic modulus of cortical bone in both genders. 

Effects on the pre-yield behavior of the diaphyses

Figure 2 shows an idealized representation of the W/d

curves corresponding to all the groups studied, constructed on

the basis of the mean values of the variables dy, Wy, Wmax

and dFMax as shown in the Table. 

Diaphyseal stiffness tended non-significantly to be higher,

and yield load (as assessed by Fy) was significantly higher in

male than female animals. Treatment enhanced moderately but

significantly the pre-yield diaphyseal stiffness and the yield

load of the diaphyses in both males and females, with no sig-

nificant gender-related differences. 

Significant linear and parallel correlations were observed be-

tween the yield load (Fy) and the cortical BMC (males, r=0.702,

p<0.001, R2=0.493; females, r=0.348, p=0.047, R2=0.121) or

the xCSMI of the diaphyses (males, r=0.716, R2=0.513,

p<0.001; females, r=0.339, R2=0.115, p<0.05; graphs not

shown). Similar associations were observed between the dia-

physeal stiffness (Fy/dy) and the cortical BMC or the xCSMI.

The variation in xCSMI values was independent of the calcu-

lated E values in all groups.

Effects on the post-yield behavior and the ultimate strength

of bones

The maximal load supported by bones (as assessed by

Fmax) was significantly enhanced by OPD treatment in both

genders (Figure 2). This effect became even more evident after

adjusting the data to body weight (Table).

The load-bearing ability of the diaphyses beyond the yield

point (as assessed by Fpy) was dramatically improved by treat-

ment in both genders, either in absolute terms or as a percent-

age of Fmax values. Correlative, significant increases were

also induced on the bones’ deflection at Fmax and on the abil-

ity of bones to absorb energy during the plastic deformation,

either in absolute terms (pEa, calculated from the areas under

Figure 2. Idealized representation of the W/d curves obtained in the 3-point bending tests of the femurs in the four groups studied, based on the cor-

responding mean values of dy, dFmax, Fy and Fmax as shown in the Table. Indicated are the successive elastic and plastic deformation periods,

separated by the yield point, in the curves for treated (solid lines, full symbols) and untreated (dashed lines, hollow symbols) male (large squares)

and female (small circles) rats. The statistical significance of the inter-group differences in all variables and derived indicators is detailed in the Table. 
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the F/d curves from the yield point up to Fmax) or related to

the assayed bone volume (pEa/vol). The increases in all Fmax,

Fpy, dFmax, pEa and pEa/vol were proportionally larger in male

than female animals. 

The absolute values of energy absorbed post-yield (pEa) cor-

related with both cortical BMC and xCSMI only in males (pEa

vs BMC: r=0.525, p<0.01, R2=0.276; pEa vs xCSMI: r=0.547,

p<0.01, R2=0.299, curves not shown). 

Discussion

Effects on bone material and geometric properties. Bone

structural properties are determined by bone material (specific

stiffness and toughness) and geometric properties (mass and

distribution of the tissue) (Figure 1). The assayed OPD doses

in this study did not affect cortical vBMD and E, while they

increased largely both cortical mass and geometric properties

in close association with the improvements in pre-yield dia-

physeal stiffness and yield load, and independently of the an-

imals’ body weight. This effect rendered the bones more robust

than required to physiologically control the diaphyseal stiff-

ness and strength, and should have been responsible, at least

in a good part, for the observed increases in structural stiffness,

toughness, and strength. 

Bone tissue stiffness and toughness (naturally selected as in-

versely related bone properties19) are determined by different fac-

tors. BP effects can involve both bone material and geometric

properties in different ways; hence, BP effects on bone tissue

toughness could not necessarily correlate with those exerted on

bone tissue stiffness, and can also be independent of bone min-

eralization20-34. These effects could be coupled to a remodeling

inhibition (in remodeling bones20,23,28,31,35-45 – a mechanism of ac-

tion that was avoided in this study). BPs can improve bone geo-

metric properties either as a direct effect on osteoblasts (Figure

1, “2a”), or through an enhancement of the tissue response to me-

chanical stimuli (in any kind of bones)46-58. These effects are in-

volved in the biological control bone stiffness (not toughness –

Figure 1, “2b”), as suggested by the bone mechanostat theory

and by some recent, in vitro studies9,12,22,59,60. Therefore, the inte-

grated effect of any BP on bone structural toughness and strength

are hardly predictable by analyzing only its isolated effects on

bone mineralization, geometry, stiffness or toughness (Figure 1,

“1”, “2a”, “2b”), even in only-modeling bones. We have shown

that pamidronate reduced cortical bone E and yield stress with a

compensatory increase in bone mass and geometry3, while OPD

prevented the OVX-induced reduction of cortical vBMD, E, and

yield stress61. In contrast, large doses of OPD increased all dia-

physeal BMD (DXA), xCSMI, and structural stiffness and

strength of rat femurs, yet they did not affect E62. 

General effects on bone structural properties. The rela-

tive influence of bone material and geometric properties and

the bone pre- or post-yield properties in the determination of

bone structural properties is generally difficult to discern. Dif-

ferent studies showed differing effects of BPs on bone material

and geometric properties as bone-strengthening determinants.

We were among the first to show a dissociation between the

effects of wide ranges of doses of pamidronate or OPD on the

structural pre-yield stiffness and post-yield strength in rat fe-

murs3,5,14,62, in different proportions at different doses3. In this

study, OPD increased mildly the bones’ pre-yield stiffness,

toughness and strength, while it dramatically enhanced post-

yield toughness (pEa, deflection at Fmax) and strength

(Fpy%). This suggests that the induced bone strengthening

(Fmax) should have reflected predominantly the effects on

post-yield, rather than pre-yield properties, and on structural

toughness, rather than stiffness.

Effects on structural stiffness. In this study, OPD en-

hanced mildly the pre-yield structural stiffness of the bones.

The lack of OPD effects on bone tissue mineralization or elas-

tic modulus rules out any participation of bone material prop-

erties in the determination of that effect. Instead, a large,

independent influence of the improved diaphyseal geometry

on pre- and chiefly in post-yield bone properties could be de-

tected, especially in bones of the (heavier) male rats. This sug-

gests an involvement of the mechanostat system in the induced

bone stiffnening, in consonance with the above comments and

with some additional evidence. We have also shown that OPD

strengthened rat femurs as a function of body weight and bone

deformability, parallelly to an improvement in CSMI’s over

the natural, physiological proportions62. A further study in

hemi-sciaticectomized rats showed positive effects of OPD on

bone geometry and strength, that were larger than expected for

the animals’ body weight, in direct relationship with bone me-

chanical stimulation and inversely related to E5. Reports by

many other authors agree with that idea49-57. 

Effects on bone structural toughness and ultimate

strength. In this study, the most striking result was the OPD-

inducion of a dramatic increase in the structural pot-yield bone

toughness, which on time increased largely the ultimate bone

strength. This toughening of the bones resulted from improve-

ments in both, bone material (tissue toughness – Figure 1, “1”)

and geometric properties (BMC, CSMI’s – Figure 1, “2a” &

2b”)24,31. The involvement of tissue toughness is supported by

the volume-adjusted increases in the energy absorbed post-yield

by the bones (pEa/Vol). Unfortunately, we were unable to meas-

ure any of the micro-structural determinants of tissue toughness

(Figure 1, “?”) and hence to rule out their participation. The rel-

evance of BMC and CSMI’s to bone toughening is revealed by

their correlations with pEa as determinant variables, especially

in male bones. Others’ reports of BP effects on post-yield prop-

erties of non-remodeling bones look unconclusive57,63-69. Some

authors have reported non-significant trends of incadronate and

risedronate to increase cortical bone toughness in dogs38,57 and

of OPD to enhance the post-yield strength in rat femurs62. High

doses of pamidronate prevented significantly the negative ef-

fects of arthritis-induced immobilization on bone toughness in

rabbits66, and alendronate prevented the OVX-reduced energy

to failure in rat femurs37. High doses of ibandronate improved

the structural toughness of vertebral bone44 by enhancing bone

mass rather than tissue quality.

Gender-related differences. The gender-related differences

in OPD effects on bone geometry and post-yield strength in this
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study, already reported by us and others employing alendronate

in similar, carcinogenetic studies5,49, could be related to the in-

teraction of body size (larger in males) or bone material’s stiff-

ness (normally higher in females, as it tended to be here)13,68,

and/or to the administration of higher effective doses (calcu-

lated per body weight, proportionally larger compared to skele-

tal mass) with a higher availability69 in males than females.

Limitations of the study

This preliminary, carcinogenicity study was carried out in

young rats treated with OPD doses approaching the whole ex-

position proposed for human osteoporosis treatment, taking

profit of the relatively high tolerability of this BP7,8. Interest-

ingly, we had shown similar results in ovariectomized rats

treated with pharmacological doses of Alendronate2. 

None of our present findings can be extrapolated to phar-

macological doses of any BP on similar or different models.

Nevertheless, the described effects should be taken into ac-

count as possible events taking place together and eventually

interacting with those derived from a remodeling blockage.

The elastic modulus of cortical tissue was not directly meas-

ured, but calculated from mechanical and tomographic data

assuming a geometric shape-size regularity of the diaphyseal

samples studied. Obviously, this homogeneity was not ab-

solute, yet the assessment of differences in xCSMI values

throughout the bone segments tested yelded relatively low

CV’s within sexes. This control should also have ruled out any

sex-related difference in the mechanical data derived from the

unavoidably different relationships between the fixed length

(L) of the bone segments and the variable lengths of the bones.

The mechanical tests were performed at a fixed, relatively

low strain rate. Thus, results are not extrapolatable to the

analysis of high-impact effects on bones70.

We can only speculate about the possible OPD effects on

some of the mineralization-unrelated, microstructural determi-

nants of bone material stiffness and toughness in this study.

Therefore, our discussion and conclusions had to be based only

on the consistency and coherence of the tomographic and me-

chanical findings as reported above, as well as on indirect evi-

dences derived from the associations observed between some

of the actually measured variables. Further studies with specific

designs and employing adequate methodologies are needed to

support our present proposals to explain the pathogenesis of the

OPD effects observed at the structural level of complexity.

Conclusions 

The 3-month treatment with the assayed doses of OPD en-

hanced rat femur structural bending strength in this model by

inducing a significant improvement of the diaphyseal design.

This effect, beyond to have had some impact on the pre-yield

diaphyseal strength, looks to have largely improved the post-

yield toughness and strength of the bones. This striking im-

provement of the post-yield bone properties was apparently

unrelated to the pre-yield behavior, of to the (unchanged) tissue

mineralization and stiffness.

The expected effects on bone geometry could have reflected

some direct effect on bone formation, but they could also re-

flect some positive interaction of OPD treatment with the bio-

mechanical control of bone modeling during growth. The

apparent sensitivity of OPD effects to the mechanical stimu-

lation of the skeleton is in agreement with previous results

from our and others’ laboratories, and would support indication

of exercise plans in chronic BP treatments. 

Effects on post-yield bone behavior could have also in-

volved some mineralization-unrelated microstructural deter-

minants of bone toughness which were out of the scope and

technical possibilities of the study. 

Our findings describe a positive BP effect on the mechanism

of fracture, with no evident impairment of bone mineralization

and stiffness of the studied (virtually only-modeling) bones at

the high doses assayed. Despite the obvious species differ-

ences, this might be relevant to studies in older humans, in

which cortical bone brittleness has been related to the post-

yield rather than the pre-yield properties. That could also help

explain why the positive BP effects on DXA-BMD and frac-

ture incidence may not correlate71. 

Pharmacological effects of this and other BPs on the as-

sayed properties in similar or different conditions and in re-

modeling species remain to be investigated. 

Acknowledgements

This work was supported by grants from the Consejo de Investigaciones

Científicas y Técnicas (CONICET, PIP 0476) and the National Ministery

of Science & Technology (MinCyT, PICT 0695) and by Gador SA (Buenos

Aires). Drs. JLF, GRC and RFC are members of the Research Careers,

CONICET and Consejo de Investigaciones, Universidad Nacional de

Rosario (CIUNR), Argentina. Drs. PSR and LN are fellows of the CON-

ICET and MinCyT, respectively.

References

1. Ferretti JL, Vázquez SO, Delgado CJ, Capozza R, Cointry

G. Biphasic dose-response curves of cortisol effects on

rat diaphyseal bone biomechanics. Calcif Tissue Int

1992;50:49-54.

2. Cointry GR, Capozza RF, Chiappe MA, Feldman S, Meta

MD, Daniele SM, Fracalossi NM, Reina P, Ferretti JL.

Novel experimental effects on bone material properties

and the pre- and post-yield behavior of bones may be in-

dependent of bone mineralization. J Bone Miner Metab

2005;23(Suppl):30-5.

3. Ferretti JL, Cointry G, Capozza R, Montuori E, Roldán

E, Pérez Lloret A. Biomechanical effects of the full range

of useful doses of (3-amino-1-hydroxypropylidene)-1,1-

bisphosphonate (APD) on femur diaphyses and cortical

bone tissue in rats. Bone Miner 1990;11:111-22.

4. Allen MR, Burr DB. Bisphosphonate effects on bone

turnover, microdamage, and mechanical properties: what

we think we know and what we know that we don’t know.



R.F. Capozza et al.: OPD effects on post-yield bone strength

192

Bone 2011;49:56-65.

5. Ferretti JL. Effects of bisphosphonates on bone biome-

chanics. In: Bijvoet OLM, Fleisch HA, Canfield RE, Rus-

sell RGG (eds) Bisphosphonate on Bones. Elsevier,

Amsterdam, pp 211-229, 1995.

6. Frost HM, Jee WSS. On the rat model of human osteope-

nias and osteoporoses. Bone Miner 18: 227-236, 1992

7. Roldán EJA, Pérez Lloret A, Ferretti JL. Olpadronate: a

new amino-bisphosphonate for the treatment of medical

osteopathies. Exp Opin Invest Drug 1998;7:1521-38.

8. Vega D, Baggio R, Piro O. Monosodium 3(N,N-dimethyl)-

1-hidroxy-1-1´-bisphosphonate, hydrate (monosodium ol-

padronate) Acta Cryst 1998;C54:324-7.

9. Bellido T, Plotkin LI. Novel actions of bisphosphonates

in bone: preservation of osteoblast and osteocyte viability.

Bone 2011;49:50-5.

10. Plotkin LI, Bellido T. Beyond gap junctions: Connexin43

and bone cell signalling. Bone 2013;52:157-66.

11. Ferretti JL. Peripheral quantitative computed tomography

(pQCT) for evaluating structural and mechanical proper-

ties of small bone. In: An YH, Draughn RA (eds) Me-

chanical Testing of Bone and the Bone-Implant Interface.

CRC Press, Boca Raton (FL), pp 385-406, 1999.

12. Martin RB, Burr DB, Sharkey NA. Skeletal Tissue Me-

chanics. Springer, New York, 1988.

13. Ferretti JL, Capozza RF, Mondelo N, Montuori E,

Zanchetta JR. Determination of femur structural proper-

ties by geometric and material variables as a function of

body weight in rats. Evidence of a sexual dimorphism.

Bone 1993;14:265-70.

14. Ferretti JL, Cointry GR, Capozza RF, Capiglioni R, Chi-

appe MA. Analysis of biomechanical effects on bone and

on the bone-muscle interactions in small animal models.

J Musculoskel Neuron Interact 2001;1:263-74.

15. Currey JD. The many adaptations of bone. J Biomech

2003;36:1487-95.

16. Ferretti JL, Capozza RF, Zanchetta JR. Mechanical vali-

dation of a tomographic (pQCT) index for the noninva-

sive assessment of rat femur bending strength. Bone

1996;18:97-102.

17. Ascenzi A, Bell GH. Bone as a mechanical engineering

problem. In: Bourne GH (ed) The Biochemistry and

Physiology of Bone, Vol. 1. Academic Press, NY, pp 311-

352, 1972.

18. Crenshaw TD, Peo ER, Lewis AJ, Moser BD. Bone

strength as a trait for assessing mineralization in swine.

A critical review of techniques involved. J Anim Sci

1981;52:827-35.

19. Currey JD. Incompatible mechanical properties in com-

pact bone. J Theor Biol 2004;231:569-80.

20. Gourion-Arsiquaud S, Allen MR, Burr DB, Vashishth D,

Tang SY, Boskey A. Bisphosphonate treatment modifies

canine bone mineral and matrix properties and their het-

erogeneity. Bone 2010;46:666-72. 

21. Roschger P, Rinnerthaler S, Yates J, Rodan GA, Fratzl P,

Klaushofer K. Alendronate increases degree and unifor-

mity of mineralization in cancellous bone and decreases

the porosity in cortical bone in osteoporotic women. Bone

2001;29:185-91.

22. Kashii M, Hashimoto J, Nakano T, Umakoshi Y,

Yoshikawa H. Alendronate treatment promotes bone for-

mation with a less anisotropic microstructure during in-

tramembranous ossification in rats. J Bone Miner Metab

2008;26:24-33.

23. Bala Y, Depalle B, Farlay D, Douillard T, Meille S, Follet

H, Chapurlat R, Chevallier J, Boivin G. Bone microme-

chanical properties are compromised during long-term al-

endronate therapy independently of mineralization. J

Bone Miner Res 2012;27:825-34.

24. Rimnac CM, Petko AA, Santner TJ, Wright TM. The ef-

fect of temperature, stress and microstructure on the creep

of compact bovine bone. J Biomech 1993;26:219-28.

25. Liu D, Wagner HD, Weiner S. Bending and fracture of

compact circumferential and osteonal lamellar bone of

the baboon tibia. J Mater Sci 2000;11:49-60. 

26. Skedros JG, Sorenson SM, Takano Y, Turner CH. Disso-

ciation of mineral and collagen orientation may differen-

tially adapt compact bone for regional loading

environments: results from acoustic velocity measure-

ments in deer calcanei. Bone 2006;39:143-51.

27. Roschger P, Fratzl P, Klaushofer K, Rodan G. Mineral-

ization of cancellous bone after alendronate and sodium

fluoride treatment: Quantitative backscattered electron

image study on minipig ribs. Bone 1997;20:393-7. 

28. Durchslag E, Paschalis EP, Zoehrer R, Roschger P, Fratzl

P, Recker R, Phipps R, Klaushofer K. Bone material prop-

erties in trabecular bone from human iliac crest biopsies

after 3- and 5-year treatment with risedronate. J Bone

Miner Res 2006;21:1581-90.

29. Zoehrer R, Roschger P, Paschalis EP, Hofstaetter JG,

Durchschlag E, Fratzl P, Phipps R, Klaushofer K. Effects

of 3- and 5-year treatment with risedronate on bone min-

eralization density distribution in triple biopsies of the

iliac crest in postmenopausal women. J Bone Miner Res

2006;21:1106-12.

30. Gupta HS, Seto J, Wagermaier W, Zaslansky P, Boesecke

P, Fratzl P. Cooperative deformation of mineral and col-

lagen in bone at the nanoscale. Proc Natl Acad Sci

2006;103:17741-6.

31. Jepsen KJ, Goldstein SA, Kuhn JL, Schaffler MB, Bona-

dio J. Type-I collagen mutation compromises the post-

yield behavior of Mov13 long bone. J Orthop Res

1996;14:493-9.

32. Nakano T, Kaibara K, Tabata Y, Nagata N, Enomoto S,

Marukawa E, Umakoshi Y. Unique alignment and texture

of biological apatite crystallites in typical calcified tissues

analyzed by micro-beam X-ray diffractometer system.

Bone 2002;31:479-87.

33. Nalla RK, Stolken JS, Kinney JH, Ritchie RO. Fracture

in human cortical bone: local fracture criteria and tough-

ening mechanisms. J Biomech 2005;38:1517-25.

34. Skedros JG, Hunt KJ. Does the degree of laminarity cor-



R.F. Capozza et al.: OPD effects on post-yield bone strength

193

relate with site-specific differences in collagen fibre ori-

entation in primary bone? An evaluation in the turkey

ulna diaphysis. J Anat 2004;205:121-34.

35. Busse B, Hahn M, Soltau M, Zustin J, Püschel K, Duda

GN, Amling M. Increased calcium content and inhomo-

geneity of mineralization render bone toughness in osteo-

porosis: mineralization, morphology and biomechanics

of human single trabeculae. Bone 2009;45:1034-43.

36. Amanata N, He LH, Swain MV, Little DG. The effect of

zoledronic acid on the intrinsic material properties of healing

bone: an indentation study. Med Eng Phys 2008; 30:843-7.

37. Komatsubara S, Mori S, Mashiba T, Ito M, Li J, Kaji Y,

Akiyama T, Miyamoto K, Cao Y, Kawanishi J, Norimatsu

H. Long-term treatment of incadronate disodium accu-

mulates microdamage but improves the trabecular bone

microarchitecture in dog vertebra. J Bone Miner Res

2003;18:51-520.

38. Komatsubara S, Mori S, Mashiba T, Li J, Nonaka K, Kaji

Y, Akiyama T, Miyamoto K, Cao Y, Kawanishi J, Nori-

matsu H. Suppressed bone turnover by long-term bispho-

sphonate treatment accumulates microdamage but

maintains intrinsic material properties in cortical bone of

dog rib. J Bone Miner Res 2004;19:999-1005.

39. Burr DB, Miller L, Grynpas M, Li J, Boyde A, Mashiba

T, Hirano T, Johnston CC. Tissue mineralization is in-

creased following 1-year treatment with high doses of bis-

phosphonates in dogs. Bone 2003;33:960-9.

40. Borah B, Dufresne TE, Chmielewski PA, Gross GJ,

Prenger MC, Phipps RJ. Risedronate preserves trabecular

architecture and increases bone strength in vertebra of

ovariectomized minipigs as measured by three-dimen-

sional microcomputed tomography. J Bone Miner Res

2002;7:1139-47.

41. Recker RR, Delmas PD, Halse J, Reid IR, Boonen S, Gar-

cía-Hernández P, Supronik J, Lewiecki EM, Ochoa L,

Miller P, Hu H, Mesenbrink P, Hartl F, Gasser J, Eriksen

EF. Effects of intravenous zoledronic acid once yearly on

bone remodeling and bone structure. J Bone Miner Res

2008;23:6-16.

42. Gamsjaeger S, Buchinger B, Zwettler E, Recker R, Black

D. Gasser JA, Eriksen E, Klaushofer K, Paschalis EP.

Bone material propetrties in actively bone-forming tra-

beculae in postmenopausal women with osteoporosis

after three years of treatment with once-yearly zoledronic

acid. J Bone Miner Res 2011;26:12-8. 

43. Mashiba T, Turner CH, Hirano T, Forwood MR, Johston

CC, Burr DB. Effects of suppressed bone turnover by bis-

phosphonates on microdamage accumulation and biome-

chanical properties in clinically relevant skeletal sites in

beagles. Bone 2001;28:524-31.

44. Lalla S, Hothorn LA, Haag N, Bader R, Bauss F. Lifelong

administration of high doses of ibandronate increases

mass and maintains bone quality of lumbar vertebrae in

rats. Osteoporosis Int 1998;8:97-103.

45. Day JS, Ding M, Bednarz P, van der Linden JC, Mashiba

T, Hirano T, Johnston CC, Burr DB, Hvid I, Summer DR,

Weinans H. Bisphosphonate treatment affects trabecular

bone apparent modulus through micro-architecture rather

than matrix properties. J Orthop Res 2004;22:465-71. 

46. Frost HM. The Utah Paradigm of Skeletal Physiology,

Vols I & II. ISMNI, Athens, 2003. 

47. Jee WSS, Tian XY. The benefit of combining non-me-

chanical agents with mechanical loading: a perspective

based on the Utah Paradigm of Skeletal Physiology. J

Musculoskel Neuron Interact 2005;5:110-8.

48. Pioletti DP, Rakotomanana LR. Can the increase of bone

mineral density following bisphosphonates treatments be

explained by biomechanical considerations? Clin Bio-

mech 2004;19:170-4.

49. Guy JA, Shea M, Peter CP, Morrissey R, Hayes WC.

Continuous alendronate treatment throughout growth,

maturation, and aging in the rat results in increases in

bone mass and mechanical properties. Calcif Tissue Int

1993;53:283-8.

50. Motoie H, Okazaki A, Kanoh H, Shikama H, Fujikura T.

Increase in bone mass and mechanical strength in rats

after treatment with a novel bisphosphonate, YM175, for

two years. Pharmacol Toxicol 1997;81:42-7.

51. Shellhart WC, Hardt AB, Moore RN, Erickson LC. Ef-

fects of bisphosphonate treatment and mechanical loading

on bone modeling in the rat tibia. Clin Orthop Rel Res

1992;278:253-9.

52. Tamaki H, Akamine T, Goshi N, Kurata H, Sakou T. Ef-

fects of exercise training and etidronate treatment on bone

mineral density and trabecular bone in ovariectomized

rats. Bone 1998;23:147-53.

53. Abbaspour A, Takahashi M, Sairyo K, Takata S, Yukata

K, Inui A, Yasui N. Optimal increase in bone mass by

continuous local infusion of alendronate during distrac-

tion osteogenesis in rabbits. Bone 2009;44:917-23.

54. Apseloff G, Girten B, Walker M, Shepard DR, Krecic

ME, Stern LS, Gerber N. Aminohydroxybutane bisphos-

phonate and clenbuterol prevent bone changes and retard

muscle atrophy respectively in tail-suspended rats. J Phar-

macol Exp Ther 1993;264:1071-8.

55. Fuchs RK, Shea M, Durski SL, Sinters-Stone KM,

Widrick J, Snow CM. Individual and combined effects of

exercise and alendronate on bone mass and strength in

ovariectomized rats. Bone 2007;41:290-296.

56. Kodama Y, Nakayama K, Fuse K, Fukumoto S, Kawahara

H, Takahashi H, Kurokawa T, Sekiguchi C, Nakamura T,

Matsumoto T. Inhibition of bone resorption by

pamidronate cannot restore normal gain in cortical bone

mass and strength in tail-suspended rapidly growing rats.

J Bone Miner Res 1997;12:1058-67.

57. Portigliatti Barbos M, Bianco P, Ascenzi A, Boyde A.

Collagen orientation in compact bone: II. Distribution of

lamellae in the whole of the human femoral shaft with

reference to its mechanical properties. Metab Bone Dis

Rel Res 1984;5:309-15.

58. Li CY, Price C, Delisser K, Nasser P, Laudier D, Clement

M, Jepsen KJ, Schaffler MB. Long-term disuse osteoporo-



R.F. Capozza et al.: OPD effects on post-yield bone strength

194

sis seems less sensitive to bisphosphonate treatment than

other osteoporosis. J Bone Miner Res 2005;20:117-24.

59. Giuliani N, Pedrazzoni M, Negri G, Passeri G, Impiccia-

tore M, Girasole G. Bisphosphonates stimulate formation

of osteoblasts precursors and mineralized nodules in

murine and human bone marrow cultures in vitro and pro-

mote early osteoblastogenesis in young and aged mice in

vivo. Bone 1998;22:455-61.

60. Follet H, Li J, Phipps RJ, Condon K, Burr DB. Rise-

dronate and alendronate suppress osteocyte apoptosis fol-

lowing cyclic fatigue loading. Bone 2007;40:1172-7.

61. Cointry GR, Mondelo N, Zanchetta JR, Montuori E, Ferretti

JL. Intravenous olpadronate restores ovariectomy-affected

bone strength. A mechanical, densitometric and tomo-

graphic (pQCT) study. Bone 1995;17(4Suppl):S373-8.

62. Ferretti JL, Mondelo N, Capozza RF, Cointry GR,

Zanchetta JR, Montuori E. Effects of large doses of ol-

padronate (dimethyl-pamidronate) on mineral density,

cross-sectional architecture, and mechanical properties in

rat femurs. Bone 1995;16(Suppl):285S-293S.

63. Iwamoto J, Seki A, Takeda T, Sato Y, Yamada H. Effects

or risedronate on femoral bone mineral density and bone

strength in sciatic neurectomized young rats. J Bone Min-

eral Metab 2005;23:456-62.

64. Shahnazari M, Yao W, Dai WW, Wang B, Ionova-Martin

SS, Richtie RO, Heeren D, Burghardt AJ, Nicolella DP,

Kimiecik G, Lane NE. Higher doses of bisphosphonate

further improve bone mass, architecture, and strength but

not the tissue material properties in aged rats. Bone

2010;46:1267-74.

65. Bilston LE, Little DG, Smith NC, Williams P, Briody J.

Zoledronic acid improves the mechanical properties of

normal and healing bone. Clin Biomech (Bristol, Avon)

2002;17:716-8.

66. Bellingham CM, Lee JM, Moran EL, Bogoch ER. Bis-

phosphonate (pamidronate/APD) prevents arthritis-in-

duced loss of fracture toughness in the rabbit femoral

diaphysis. J Orthop Res 1995;13:876-80.

67. Shea M, Guy JA, Seedor GJ, Rodan GA, Hayes WC. Al-

endronate preserves geometric and tissue properties in the

femora of aging estrogen-deficient rats (Abstract). Bone

Miner 1994;25(Suppl.1):S62-3.

68. Forwood MR, Burr DB, Takano Y, Eastman DF, Smith

PN, Schwardt JD. Risedronate treatment does not in-

crease microdamage in the canine femoral neck. Bone

1995;16:643-50.

69. Lin JH, Chen I-W, Duggan DE. Effects of dose, sex, and

age on the disposition of alendronate, a potent antioste-

olytic bisphosphonate, in rats. Drug Metab Dispos

1992;20:473-8.

70. Allen MR, Burr DB. Three years of alendronate treatment

results in similar levels of vertebral microdamage as after

one year of treatment. J Bone Miner Res 2007;22:1759-65.

71. Ahlborg HG, Johnell O, Turner CH, Rannevik G, Karls-

son MK. Bone loss and bone size after menopause. New

Eng J Med 2003;349:327-34.


