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Diffuse Damage Repair

Linear microcracks in bone that form during repetitive loading
are repaired via targeted remodeling, triggered by osteocyte
apoptosis. But what about bone damage that happens at a
smaller length scale, that is, diffuse damage? Seref-Ferlengez
et al.1 created diffuse damage (without microcracks) by loading
rat ulnae in vivo, and found that acutely loaded bones were less
stiff (� 15%) than control bones. After 14 days the amount of
diffuse damage was significantly reduced, and, most impor-
tantly, the stiffness was back to normal levels, that is, the
damage was ‘repaired’. As it was recently reported by the
same research group that diffuse damage does not trigger
osteocyte apoptosis or targeted bone remodeling,2 the
mechanism by which bone repairs diffuse damage remains to
be determined.

Raloxifene Improves the Material Properties of Dead Bone

Raloxifene is a selective estrogen receptor modulator that
significantly reduces vertebral fracture risk, with relatively
modest changes in bone mineral density. Previous studies in
dogs have shown that raloxifene increases bone toughness at
the material level, independent of bone size or architecture.3

Gallant et al.4 performed a series of in vitro experiments
exposing post mortem bone samples to raloxifene, and were
able to re-capitulate the increase in toughness observed in vivo.
Their results show that toughness increased via post-yield
energy absorption, and was associated with an increase in
bound water. In addition, modification of raloxifene by removing
hydroxyl groups negated the effect. In summary, a cell-inde-
pendent raloxifene–bone interaction enhances bone material
properties.

SOST/Sclerostin

Downregulation of SOST/sclerostin (an antagonist of Wnt
signaling) occurs after mechanical loading in vivo, and is likely
an important mechanism for loading-induced increases in bone
formation. Delgado-Calle et al.5 examined a possible role for
nitric oxide (NO) in the mechanoregulation of SOST. After
subjecting human osteoblasts to pulsatile fluid flow (PFF),

they found increased NO synthesis and decreased SOST
expression, as expected. However, the addition of a NO
synthase inhibitor blocked the decrease in SOST expression
under PFF conditions, whereas the addition of NO to static cells
downregulated SOST (mimicking the effects of PFF). Thus, a
possible connection was identified between two factors (NO
and sclerostin) known to have important roles in bone
mechanoresponsiveness.

The development of sclerostin antibodies as osteoanabolic
agents may soon provide clinicians with new options for
treatment of osteoporosis. Because mechanical loading exerts
its anabolic effects on bone at least in part via reducing the
expression of SOST/sclerostin, there is a question if the
anabolic effects of sclerostin antibodies take place only under
normal mechanical loading. Bouxsein et al.6 addressed this
question in a study of mice exposed to microgravity during a 13-
day mission on the US Space Shuttle Atlantis. Young (9-week),
female C57Bl/6 mice received 100 mg kg� 1 sclerostin antibody
(SclAb, Amgen, Thousand Oaks, CA, USA) or vehicle (Veh) 1 day
prior to launch; spaceflight groups (FL) were compared to
ground-control (GR) groups. Spaceflight caused the expected
reductions in bone mass, microstructure and strength, but
these deleterious changes were mitigated by SclAb treatment.
In fact, FL-SclAb mice had similar or better bone properties than
GR-Veh mice. Additionally, bone histomorphometry and serum
markers indicated that SclAb increased bone formation
parameters similarly in both GR and FL groups, that is,
independent of the loading condition. Thus, the anabolic effects
of SclAb occurred in the absence of mechanical loading.

Pflanz et al.7 considered this issue from the other side of the
loading spectrum, using in vivo compressive loading of mouse
tibiae with and without SclAb treatment. Loading (� 1200 me,
432 cycles per day, 4 Hz) was applied to the left leg of old (78-
week), female C57Bl/6 mice 5 days per week for 2 weeks. Some
mice were treated with SclAb (25 mg kg� 1, twice weekly). Both
loading and SclAb increased trabecular and cortical bone mass
when compared to non-loaded and non-treated conditions,
respectively. However, loading had no effect in mice receiving
SclAb. Thus, the combination of mechanical loading and SclAb
treatment did not produce additive effects, consistent with
evidence that they act through a common pathway.
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Tibial Loading in Mice: Effects of Aging

There were numerous studies using axial tibial compression in
mice, with several focused on the influence of age in C57Bl/6
mice. Holguin et al.8 reported that young-adult (5-month),
middle-aged (12-month) and old (22-month) female mice all
exhibited anabolic cortical responses to 2 weeks of daily tibial
compression (� 2200 and � 3000 me; 1200 cycles per day,
4 Hz). Loaded tibias from each age group had increased
periosteal bone formation and increased total area, although 5-
month-old mice were significantly more responsive on the
periosteal surface than the two older age groups. In contrast,
there was no effect of age on the endocortical response. Lastly,
increases in trabecular bone volume were only observed in the
5-month-old group. Castillo et al.9 examined young-adult (4-
month) and middle-aged (12-month) female mice subjected to
tibial compression on alternate days for 2 weeks (60 cycles per
day, 2 Hz). They also reported that older mice had diminished
periosteal responses, but that the endocortical response was
actually greater in older mice. Lastly, Meakin et al.10 examined
the dose–response between applied strain and increased
cortical area in young-adult (4-month) and old (19-month)
female and male mice. They found that in females, the
strain threshold for a bone response did not differ between
young and old mice, although the slope of the response vs
strain curve was lower in old female mice (that is, less
responsive). In contrast, in males, the strain threshold was
greater in old mice than young mice, but the slope of the
response–strain curves did not differ. Based on in vitro
experiments on primary osteoblasts, the authors observed
age-related reductions in strain-activated cell proliferation, and
suggested that this may explain the differences in responses to
loading in vivo. In summary, three research groups reported
that bones from old mice are mechanoresponsive, although
periosteal responses are diminished in old mice compared to
young adults. The mechanisms underlying the age effects
remain to be determined, although osteoblast proliferation may
play a role.

Muscle–Bone Interactions: In Vitro Mechanical Stimulation
of Myoblasts

In addition to its anabolic effects, mechanical loading can
influence bone resorption, either by inhibiting resorption
(following mild overloading) or by increasing resorption
(following damaging overloading). Using an in vitro approach,
Juffer et al.11 examined a possible role for muscle in
this phenomenon. C2C12 myotubes were cyclically strained
(0–15%, 1 Hz, 1 h) or kept under static conditions; conditioned
media (CM) from myotube cultures was added to
mouse primary bone marrow cells (in the presence of M-CSF
and RANKL). CM from static conditions decreased the
formation of TRAP-positive multinucleated cells (that is,
osteoclasts) compared to non-CM, whereas CM from cyclic
conditions increased osteoclast formation. Cyclic strain
increased the expression of interleukin (IL)-6 by myotubes,
while an IL-6 antibody nullified the effect that cyclic-CM
had on osteoclast formation. Thus, myotubes secrete soluble
factors that inhibit osteoclastogenesis, while cyclic loading
of myotubes can cause them to enhance osteoclastogenesis
via IL-6.

Microindentation

Minimally invasive reference-point microindentation is a rela-
tively new, unproven method for assessing bone properties at
the material level. Abstracts utilizing this technology were
presented in a variety of areas, from laboratory validation to
clinical studies. Karim et al.12 compared microindentation
measures (for example, creep and total indentation distance,
CID and TID) to the traditional mechanical properties obtained
from tests of intact and notched rat radii. CID was positively
correlated with fracture toughness parameters, while TID was
correlated positively with whole-bone bending stiffness and
negatively with work-to-failure, that is, bone that allowed
greater indentation distance also required less energy to failure.
CID and TID were not correlated with bone size (polar moment
of inertia, pMOI) or tissue mineral density. Multiple regression
analysis showed that pMOI and TID independently contributed
to stiffness and failure load (r2¼ 0.54 and 0.65, respectively),
suggesting that total indentation distance may help explain
whole-bone mechanical properties. In another animal study,
Ammann et al.13 compared femurs from rats fed normal or low-
protein diets. As anticipated, bones from the low-protein group
had reduced whole-bone bending stiffness, failure load and
plastic energy. These differences were associated with
reductions in the microindentation properties indentation
distance increase (IDI) and average energy dissipation (AED).
Importantly, plastic energy by whole-bone bending was
positively correlated with AED by microindentation. In sum-
mary, both these studies found moderately strong correlations
between traditional biomechanical and newer microindentation
properties, although they did not highlight the same micro-
indentation parameters. Thus, a generalized approach to the
interpretation of microindentation parameters remains to
emerge.

Lastly, an in vivo, clinical study using microindentation was
reported by Fernandez et al.14 Four groups of patients were
studied: atypical femoral fracture (AFFx), typical osteoporotic
fracture, long-term bisphosphonate-treated (LTB) without
fracture and normal. The duration of bisphosphonate treatment
was similar in AFFx and LTB groups (both B5.5 years). Notably,
TID and IDI were significantly greater in both typical and atypical
fracture groups compared to normal and non-fracture LTB
groups, indicating that microindentation properties differ-
entiated fracture and non-fracture groups. However, there was
no evidence presented that microindentation properties could
discriminate between typical and atypical fracture groups.

Conflict of Interest

Dr Silva has served as a consultant to and has received grant
support from Merck. Both authors have received funding from
the National Institutes of Health.

References

1. Seref-Ferlengez Z, Kennedy O, Schaffler M. Diffuse microdamage induced in cortical bone
in vivo repairs without bone remodeling. J Bone Miner Res 2012;27(Suppl 1) (Available at
http://www.asbmr.org/Meetings/AnnualMeeting/AbstractDetail.aspx?aid=4ba0906e-0dd4-46c9-
bdca-0abcf893be06) (accessed 31 December 2012).

2. Herman BC, Cardoso L, Majeska RJ, Jepsen KJ, Schaffler MB. Activation of bone remodeling
after fatigue: differential response to linear microcracks and diffuse damage. Bone
2010;47:766–772.

Meeting Report

2 MARCH 2013 | www.nature.com/bonekey

http://www.asbmr.org/Meetings/AnnualMeeting/AbstractDetail.aspx?aid=4ba0906e-0dd4-46c9-bdca-0abcf893be06
http://www.asbmr.org/Meetings/AnnualMeeting/AbstractDetail.aspx?aid=4ba0906e-0dd4-46c9-bdca-0abcf893be06
http://www.nature.com/bonekey


3. Allen MR, Hogan HA, Hobbs WA, Koivuniemi AS, Koivuniemi MC, Burr DB. Raloxifene
enhances material-level mechanical properties of femoral cortical and trabecular bone.
Endocrinology 2007;148:3908–3913.

4. Gallant M, Brown D, Hammond M, Wallace J, Du J, Deymier-Black A et al. Cell-independent
benefits of raloxifene on bone matrix: a novel mechanism for improving mechanical properties.
J Bone Miner Res 2012;27(Suppl 1) (Available at http://www.asbmr.org/Meetings/Annual-
Meeting/AbstractDetail.aspx?aid=17b8a5e3-45b1-4790-a3c8-5a2a51026472) (accessed 31
December 2012).

5. Delgado-Calle J, Riancho J, Klein-Nulend J. New insights into human SOST mechan-
otransduction: role of nitric oxide. J Bone Miner Res 2012;27(Suppl 1) (Available at http://
www.asbmr.org/Meetings/AnnualMeeting/AbstractDetail.aspx?aid=04f7bcc2-347b-4df6-b2b5-
8e0e44db5af8) (accessed 31 December 2012).

6. Bouxsein M, Bateman T, Hanson A, Pruitt T, Livingston E, Lemur M et al. Sclerostin antibody
treatment improves bone mass, microarchitecture and mechanical properties in mice exposed to
microgravity: results from the STS-135 Shuttle Mission. (Available at http://www.asbmr.org/
Meetings/AnnualMeeting/AbstractDetail.aspx?aid=7973771c-37d4-443c-8363-3e269b6d807e)
(accessed 31 December 2012).

7. Pflanz D, Berthet E, Birkhold A, Thiele T, Li C, Ke H et al. No additive effects of in vivo
loading and sclerostin antibody treatment on bone anabolism in elderly mice. J Bone
Miner Res 2012;27(Suppl 1) (Available at http://www.asbmr.org/Meetings/AnnualMeeting/
AbstractDetail.aspx?aid=8f107485-dc9b-4140-9f8d-73c62bcfa0ad) (accessed 31 December
2012).

8. Holguin N, Brodt M, Sanchez M, Silva M. Tibial response to axial compression in aging C57BL/6
mice. J Bone Miner Res 2012;27(Suppl 1) (Available at http://www.asbmr.org/Meetings/
AnnualMeeting/AbstractDetail.aspx?aid=272d2a1a-27ae-409e-ac8e-d3b51c90808f) (accessed
31 December 2012).

9. Castillo A, Mahaffe I, Cole W. Aging mice exhibit reduced periosteal and greater endosteal
mechano-responsiveness following two weeks of axial compressive loading. (Available
at http://www.asbmr.org/Meetings/AnnualMeeting/AbstractDetail.aspx?aid=2823e366-76ef-
4621-8608-b043b0effba6) (accessed 31 December 2012).

10. Meakin L, Galea G, Sugiyama T, Lanyon L, Price J. Age-related impairment of the mechanostat
is sex specific and associated with impaired cell-cycle progression and decreased
mechanosensitivity. J Bone Miner Res 2012;27(Suppl 1) (Available at http://www.asbmr.org/
Meetings/AnnualMeeting/AbstractDetail.aspx?aid=e4f00e76-04cb-406b-b106-995f394bc3aa)
(accessed 31 December 2012).

11. Juffer P, Jaspers R, Klein-Nulend J, Bakker A. Modulation of osteoclast formation by
cyclically-strained myotubes is mediated by IL-6. (Available at http://www.asbmr.org/Meetings/
AnnualMeeting/AbstractDetail.aspx?aid=c4218d5f-1f26-4b54-883d-58848f81c3b6) (accessed
31 December 2012).

12. Karim L, Louis L, Conlon C, Bouxsein M. Reference point indentation measures are associated
with whole bone mechanical properties independent of geometry. J Bone Miner Res
2012;27(Suppl 1) (Available at http://www.asbmr.org/Meetings/AnnualMeeting/AbstractDe-
tail.aspx?aid=615f0f53-b877-44ea-8842-53286569d40b) (accessed 31 December 2012).
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