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Bone Mechanotransduction May Require Augmentation in Order
to Strengthen the Senescent Skeleton
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Abstract

Physical exercise is thought to hold promise as a non-invasive countermeasure against skeletal
fragility arising from post-menopausal and age-related osteoporosis. Importantly, mechanical
loading and exercise are capable of increasing bone size via periosteal expansion, which by far, is
the most effective means of strengthening the structure of a given bone. The focus of this review
was to therefore explore whether exercise has the potential to increase periosteal modeling and
bone size in the senescent skeleton. A survey of exercise trials in humans suggests that exercise
interventions that enhance periosteal modeling in the young skeleton fail to do the same in the
elderly skeleton. Underlying this ineffectiveness, /n vitro studies indicate that aging lowers basal
levels of cell function and degrades bone mechanotransduction at a variety of levels from altered
second messenger signaling to gene expression driving proliferation and/or differentiation. Given
these age-related alterations, the ultimate efficacy of an exercise intervention may depend upon
concurrent supplementation that directly address deficits in signaling and/or cell function. In this
context, /n vivo animal models of mechanical loading that simulate the muted periosteal
adaptation in the elderly hold potential to examine the efficacy of countermeasures. Preliminary /n
vivo experiments suggest that pharmacologically counteracting age-related deficits in cellular
function can restore exercise induced periosteal modeling in the senescent skeleton to levels
observed in young animals. If the safety and efficacy of this strategy were to be confirmed for
human use, it would enable the utilization of exercise as a viable countermeasure against skeletal
fragility at senescence.
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1.1 Introduction

Skeletal loading induced by physical activity has long been identified as capable of
substantially enhancing bone morphology and structural properties. However, most reports
of profound bone size augmentation in response to physical activity have been associated
with individuals that have initiated exercise during growth and development (Greene et al.
2005; Hind et al. 2011; Kontulainen et al. 2003). Additionally, exercise trials in humans,
particularly in the elderly, have produced extremely modest gains in bone mass and
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morphology, which confer minimal structural benefit (Forwood et al. 1993; Nikander et al.
2010). This review initially focuses on assessment of relevant human studies that summarize
the potential of mechanical stimuli to enhance bone size via periosteal modeling in the
senescent skeleton. Given the apparent inability of current exercise regimens to enhance
structural adaptation in aged bone, we next reviewed cellular mechanisms that may underlie
this deficit. Finally, we reviewed relevant pre-clinical models describing effects of
mechanical loading in the aged skeleton and propose a strategy that will enable the use of
exercise as an effective intervention to augment bone structure in the elderly.

1.2 Using Exercise to Enhance Bone Morphology

From a structural mechanics perspective, the bending and torsional loads borne by the
appendicular skeleton during normal functional activity create maximal strains on the
periosteal surface. As such, strategies to reduce peak strains (and thus diminish fracture risk)
during normal functional activity are most effectively achieved by expanding the outer
surface of bone (Currey 1984). In this context, mechanical loading of bone occurring during
exercise can robustly enhance periosteal adaptation and bone structural properties such as
total area and moments of inertia. For instance, a number of cross-sectional studies suggest
that physical activity that incorporates high strain magnitude and rates (such as racquet
sports) are positively associated with focally increased trabecular and cortical bone
morphology (Greene et al. 2005; Hind et al. 2011; Kontulainen et al. 2003). While these
observations suggest the possibility that exercise can serve as a means to potently augment
bone strength, direct examination of exercise interventions in randomized control trials have
led to mixed results.

Focusing upon prospective randomized trials that have reported morphologic alterations as
outcomes measures revealed a series of studies in which exercise was implemented across a
wide age-range (3 — 75 yrs; Table 1). As observed in a recent meta-analysis (Nikander et al.
2010), the ability of exercise to influence bone structural properties is highly dependent
upon the age at which exercise is initiated. High-intensity /impact /resistance exercise is
capable of increasing bone structure and strength via periosteal expansion in the young, and
possibly in the young adult population (3 — 35 yrs) (MacKelvie et al. 2004; Specker et al.
2003; Vainionpaa et al. 2007). Interestingly, while the efficacy of exercise in influencing
bone mass and strength is markedly diminished, it is not completely abolished in the elderly.
Specifically, it appears that exercise in the elderly can enhance BMD and even cross-
sectional areas at the femoral neck. However, these increases have primarily resulted from a
slowing of the rate of endocortical bone loss via suppression of osteoclast activity
(secondary to menopause or aging) and/or exercise induced increases in endocortical bone
formation (Karinkanta et al. 2007; Kukuljan et al. 2011; Uusi-Rasi et al. 2003). To our
knowledge, exercise trials in the elderly have not reported changes in periosteal expansion
(e.g., increases in total cross-sectional area or diameter; Table 1).

It is possible that the relatively short trial durations of these studies (< 18 months) did not
permit detection of modest periosteal modeling (Nikander et al. 2010). However, given that
bone formation initiated by mechanical stimuli (i.e., exercise) clearly diminishes with
repeated exposure to the same stimulus (Schriefer et al. 2005), it is likely that extending the
duration of trials would not alter this conclusion. It is also possible that the inability of
exercise to increase bone size arises, in part, because the elderly are unable to comply with
the types of exercise most associated with bone size augmentation. Notwithstanding this
possibility, the compliance rate for these interventions appears to be equivalently poor in the
elderly and in the very young (~30 — 60%), yet the ability of exercise to influence periosteal
adaptation is markedly reduced in the elderly but not in the young (Table 1). Taken together,
these observations suggest that the ineffectiveness of exercise emerges from other factors,
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such as age-related alterations at the cellular level that impair the ability of the periosteum to
respond to an otherwise osteogenic stimulus.

1.3 Age-Related Cellular Alterations

Aging is accompanied by numerous alterations within the cellular milieu that, in sum, result
in declines in bone mass beyond the third decade of life (Riggs et al. 1986). The primary
factor underlying age-related bone loss is thought to be an imbalance in bone remodeling
(specifically, the inability of osteoblastic bone formation to keep pace with osteoclastic
resorption (Parfitt 1984)). Underlying this imbalance, there is a marked age-related increase
in marrow adiposity (Rozman et al. 1989) that reduces the pool of osteoblast progenitors
(Bergman et al. 1996). Further, aging is accompanied by a decline in periosteal lining cell
numbers (Silbermann et al. 1987) and in osteoblast life-span due to increased propensity for
apoptosis (Jilka et al. 1998). These age-related alterations decrease both osteoblast numbers
and the duration over which osteoblasts are involved in biosynthetic activity. Additionally,
degradations in the basal activity (Liang et al. 1992) and/or functional response (Donahue et
al. 2001; Pfeilschifter et al. 1993) of osteoblasts mediated by age-related alterations in
extracellular milieu (Gazit et al. 1998; Nicolas et al. 1994) could diminish biosynthetic
activity in the aged skeleton. Age-related increases in osteocyte apoptosis is also observed
(Dunstan et al. 1993) and holds potential to alter intercellular signaling and the function of
the bone cell syncytium (Vashishth et al. 2000). These alterations in osteocytic function
have more recently been implicated as being an important factor in the decline in bone
strength and integrity at senescence (Manolagas et al. 2010). In terms of bone resorption,
age-associated alterations in the potential for osteoclastogenesis and osteoclast activity
appear to be more controversial. While precursor pools and osteoclastogenesis have been
reported as both increasing and declining with age (Cao et al. 2005; Pietschmann et al.
2007), a marked increase in osteoclastic resorption during the perimenopausal period is well
established. Alterations in neuroendocrine systems that potentially control and/or are related
to these bone cellular changes are also likely to modulate bone homeostasis and impact the
bone remodeling disequilibrium underlying age-related bone loss (Amling et al. 2000;
Elefteriou 2008)

Given these cellular alterations, the age-related suppression of bone formation elicited by
mechanical stimuli at the periosteal surface is not entirely surprising. With respect to
mechanotransduction, age-related alterations in cellular function would additionally include
decreased biophysical stimulation of bone cells and/or alterations in the signaling pathways
activated in response to mechanical stimuli.

It has been suggested that attenuated biophysical stimulation could arise in part from
decreases in the surface to volume ratio of bone mineral matrix and increased viscosity of
interstitial fluids (Bennett et al. 1981; Bonar et al. 1983; Rubin et al. 1992). If these physical
mechanisms were to occur /77 vivo in bone, the magnitudes of fluid flow induced secondary
to skeletal loading could be reduced with age. Considering that fluid flow induced during
mechanical loading is thought to be a major component of the biophysical stimuli perceived
by bone cells (Burger et al. 1999), age-related reduction in fluid flows could underlie
observations that the loading magnitudes to initiate bone adaptation are increased in aged vs.
younger animals (Rubin et al. 1992; Turner et al. 1995).

The ability of bone cells to transduce mechanical stimuli into biochemical signals may also
be impaired with age. In terms of acute signals and activation of second messengers by
mechanical stimuli, PGE; release has been found to be substantially increased in cells
derived from aged vs. young human donors (Klein-Nulend et al. 2002). In contrast, the
number of cells displaying spontaneous Ca?* oscillations and fluid flow induced oscillations
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were found to be significantly lower in primary cells derived from aged animals, while the
amplitudes of Ca2* oscillations themselves were equivalent (Donahue et al. 2001). These
studies suggest that age-related alterations, at least at the level of second messengers
relevant to mechanotransduction, are multifaceted with some aspects being decreased
(number of cells responding), unchanged (e.g., Ca?* amplitudes), while others can even be
enhanced (PGE; release). Interestingly, activation of phosphatases and kinases downstream
of second messenger signaling including Calcineurin, CAMK, and MAPK are decreased
with age (Pahlavani et al. 1999; Pahlavani et al. 2000). Further downstream (of the
phosphatases and kinases), activation and DNA binding by a variety of transcription factors
such as NFAT, AP-1, and Wnt/B-catenin also display age-related deficits or suppression
(Manolagas et al. 2007; Modder et al. 2011; Pahlavani et al. 1997; Whisler et al. 1996).

Given age-related pathway alterations and interactions between pathways, the resulting
alterations in gene expression downstream of these signaling pathways are multifactorial and
complex. For instance, our preliminary studies in primary cells isolated from young and
senescent mice reveals that re/ative increases in Cox-2 and c-fos gene expression levels in
response to fluid flow (vs. no flow controls) were not altered with age (Worton et al. 2011).
Interestingly, the absolute Cox-2 but not c-fos levels displayed age-related declines in large
part due to lower baseline levels of Cox-2 expression in cells derived from aged animals.
However, given that pathways that regulate gene expression partner with, or antagonize each
other, in specific contexts (e.g., co-regulation of c-fos and Cox-2 by NFAT and AP-1
pathways; (MacDonnell et al. 2009; Macian et al. 2001)), the interactions between signaling
pathways in their age-altered states are likely to cause complex downstream adaptive
phenotypes. Nevertheless, exploitation of age-related alterations in pathways activated
during mechanotransduction and/or consideration of means to counteract diminished cellular
functionality may yield therapeutic strategies that enable exercise to enhance bone structural
strength at senescence.

1.4 Pre-Clinical Animal Studies

Evaluation of therapeutic, exercise-based strategies requires appropriate pre-clinical models
that simulate the human condition of muted periosteal adaptation. In this context, animal
studies have substantiated the ability of mechanical stimuli to induce periosteal modeling.
However, controversy exists as to whether aging degrades this adaptive response. Animal
studies using externally controlled bone loading, which enables matching of load induced
periosteal strains across age, report that aging markedly diminishes the periosteal response
to mechanical stimuli (Rubin et al. 1992; Srinivasan et al. 2010; Turner et al. 1995). For
example, bone adaptation to mechanical loading regimens that are robustly osteogenic in the
young skeleton are completely ineffective in the senescent skeleton (Rubin et al. 1992).
Further, the strain magnitude required to initiate periosteal bone formation in aged animals
is significantly greater than in younger animals (Turner et al. 1995). Similarly, we have
observed that the periosteal surface of senescent mice is capable of modestly responding to
external loading only when exposed to a potent osteogenic stimulus (Srinivasan et al. 2003).
However, strategies that enhance the periosteal response in young animals (e.g., increasing
strain magnitudes, inserting rest-intervals, increasing loading cycle numbers (Srinivasan et
al. 2007)) were not successful in senescent animals. More recent studies that were strain
magnitude equilibrated and protocol matched further confirmed a substantially decreased
rate of loading induced periosteal bone formation in senescent vs. young animals (Fig 1 a)
(Srinivasan et al. 2010). Consistent with human studies, mechanical signals that are capable
of eliciting dose-dependent responses in young adult animals instead induce a muted, binary
on-off periosteal adaptation in the senescent skeleton (Fig 1 b).
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In contrast to studies demonstrating an age-related decline in periosteal modeling due to
mechanical stimulation, other animal studies have reported no difference (Brodt et al. 2010;
Buhl et al. 2001; Raab et al. 1990; Umemura et al. 1995) or an increased periosteal response
(Leppanen et al. 2008). While two studies report that exercise training increased structural
adaptation equivalently in young and aged animals (Raab et al. 1990; Umemura et al. 1995),
the methodology used does not permit clear conclusions regarding whether this adaptation
was achieved via periosteal expansion or inhibition of endocortical resorption. We therefore
focused on studies published within the past decade that permit interpretations regarding
whether exercise induced bone adaptation involves periosteal modeling in aged animals
(Brodt et al. 2010; Buhl et al. 2001; Leppanen et al. 2008). First, in a study examining age-
related response of bone to a progressively increasing overload training exercise, periosteal
adaptation was not induced in young (4 Mo), adult (12 Mo) or aged rats (22 Mo), but
medullary areas were decreased in exercised, aged rats compared to their age-matched
controls (Buhl et al. 2001). In a second study, age-related mechano-responsiveness was
examined in an experimental model in which the tibiae of BALB/c mice were exposed to
axial compression (Brodt et al. 2010). In assays of early osteoblastic response, loading
induced equivalent increases in periosteal bone formation in both senescent (22 Mo) and
young adult mice (7 Mo) compared to contralateral control bones. Following loading,
senescent mice in this study also demonstrated significantly increased endocortical bone
formation vs. young adult animals. Finally, a 14 wk treadmill exercise regimen was shown
to induce modest periosteal responses in senescent (19-22 Mo) rats but not in adult rats (12
Mo) (Leppanen et al. 2008). However, direct comparison and confirmation of these
beneficial effects (which were interpreted from changes in total cross-sectional area) with
dynamic histomorphometry data in the previous studies is challenging (Brodt et al. 2010;
Buhl et al. 2001).

A number of contributing factors underlie these disparate observations. For instance, bone
adaptation and alterations in structural properties that arise via decreases in marrow area,
particularly in the absence of alterations in dynamic histomorphometry parameters (Buhl et
al. 2001), are most likely to emerge via suppression of increased osteoclastic activity
normally associated with aging (Bar-Shira-Maymon et al. 1989; Cao et al. 2005; Rubin et al.
1999; You et al. 2008). Furthermore, animal studies utilizing involuntary exercise (e.g.,
(Leppanen et al. 2008)) are confounded by the possibility that exercise may induce larger
deformations/ strains in senescent vs. mature animals (as bones in senescent animals are
typically weaker and display features of age-related osteoporosis at baseline (Brodt et al.
2010; Leppanen et al. 2008)). Interestingly, Brodt and Silva (Brodt et al. 2010) implemented
an external loading model to explicitly control for these variables and found that the
periosteum of aged and young adult mice equivalently responded to mechanical loading.
However, it is clear that the response of the mouse skeleton to mechanical loading is
influenced by interactions between age and genotype (Judex et al. 2002; Poliachik et al.
2008). Thus, it is possible that BALBc mice used in these studies do not suffer age-related
suppression of periosteal response to loading as has been observed in other mouse strains
and species (Rubin et al. 1992; Srinivasan et al. 2003; Srinivasan et al. 2010; Turner et al.
1995). In summary, there currently exists controversy within the literature regarding whether
aging suppresses the periosteal response to mechanical loading in animal models. These
discrepancies will only be resolved by studies that expose animals to equivalently calibrated
mechanical stimuli and are broad enough in scope to delineate genetic contributions to the
observed responses.

1.5 Reversing the Age-Related Decline in Periosteal Bone Formation

Despite the above controversy, animal models that mimic the human condition of muted
periosteal adaptation could be used to examine if supplemental use of anabolic agents can
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beneficially amplify the impact of mechanically stimulating the senescent skeleton (Jee et al.
2005). An increasing number of anabolic agents have been identified that hold potential to
increase BMD and also enhance bone quality and strength (Sibai et al. 2011). For example,
recombinant human PTH has been approved for clinical use in the treatment of osteoporosis
in the US and is an anabolic agent that increases bone mass (Neer et al. 2001). Importantly,
PTH is reported to enhance periosteal adaptation by increasing the numbers of osteoblasts
(via pro-differentiation and pro-survival effects) and may be particularly useful in the
senescent skeleton (Jilka et al. 2010; Jilka et al. 2009; Ma et al. 2011). Similarly, strontium
ranelate (approved for use in Europe) enhances bone mass (Meunier et al. 2002), in part, by
increasing the mineralizing surface of bone (Bain et al. 2009). However, the impacts of
skeletal incorporation of strontium on bone quality over the long-term remains to be
clarified (Boivin et al. 2010). Given that mechanical stimuli interacts (sometimes
synergistically) with a number of these and other known anabolic agents (Gross et al. 2002;
Ma et al. 1999; Mo et al. 2002; Robling et al. 2008; Sugiyama et al. 2008), supplemental use
of pharmacologic agents in conjunction with physical exercise could rescue periosteal
adaptation in the aged, thereby enabling a viable strategy to improve bone strength.

In this context, an improved understanding of systemic age-related alterations and their
effects upon specific mechanotransduction signaling pathways may also yield novel
therapeutic targets for augmenting periosteal bone formation in the senescent skeleton. For
example, suppressed Wnt signaling (Manolagas et al. 2007), a pathway known to be
involved in bone mechanotransduction (Case et al. 2008; Robinson et al. 2006), may be
caused by age-related increases in circulating levels of sclerostin (Modder et al. 2011).
Reports of substantial increases in bone mass following a single treatment of AMG 785
(Padhi et al. 2011), a sclerostin antibody, is one such agent that could be evaluated for its
potential to enhance the effects of exercise at senescence (Lin et al. 2009).

Targeting of specific mechanotransduction pathways is yet another therapeutic strategy to
counteract the age-related decline in the skeleton's response to exercise. For example, guided
by the critical importance of Ca2*/NFAT signaling in the bone's adaptive response to
mechanical stimuli (Celil Aydemir et al. 2007; Riddle et al. 2006), we developed a
computational framework to explore pathway activation in response to mechanical stimuli
and its age-related alterations (Srinivasan et al. 2010). Our simulations predicted that deficits
in NFAT transcription factor activation and DNA binding downstream of Ca?* signaling
(but not other aspects of Ca2* signaling per se) were the primary mechanisms underlying the
muted periosteal response observed in senescent animals (Srinivasan et al. 2003). While we
initially focused on NFAT pathway activation as a surrogate for real-time cellular signaling,
this modeling framework could be readily applied to explore activation of other pathways
(e.g., CAMKI/AP-1 pathway) and their age-related deficits (Pahlavani et al. 2000; Whisler et
al. 1996). Given the model-identified deficits in transcription factor activation and DNA
binding, a survey of the literature suggested that Cyclosporin A (CsA), at low-dosages,
could be a candidate agent to address age-related deficits in NFAT (or AP-1) activation and
transcription (Fig 2). In subsequent /in vivo experiments, we found that when senescent mice
(22 Mo) were subjected to mechanical loading in conjunction with low-dose CsA treatment,
the resulting periosteal bone formation was significantly increased compared to vehicle-
treated aged matched controls subject to loading alone. Even more surprising, we found that
periosteal bone formation in aged mice in response to mechanical loading plus low-dose
CsA was restored to levels observed in young adult mice (4 Mo; Fig 2; (Srinivasan et al.
2010)). While we continue to investigate the mechanisms underlying this interaction, our
observation that CsA supplementation can reverse the age-related deficit in periosteal
modeling in senescent animals is suggestive of a promising, cost-effective, therapeutic
strategy for restoring the bone anabolic benefits of exercise in the elderly.
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1.6 Conclusions and Future Directions

Skeletal fragility associated with osteoporosis and related co-morbidities represent a
significant public health issue in the rapidly aging western world. Upon diagnosis, anti-
resorptive therapies are typically implemented to prevent any further loss of bone mass
(Hosking et al. 1998). Additionally, measures such as whole body vibration or Tai Chi that
improve postural stability and potentially combat muscle wasting and decreased
proprioception have recently been explored in initial trials (Rubin et al., 2007, Cheung, et
al., 2007, Leung, et al., 2011). In addition to their potential utility in enhancing bone
morphology, these interventions may also combat sarcopenia. This is especially relevant
given that sarcopenia is a significant co-morbidity of senile osteoporosis in the frail elderly
(Di Monaco et al. 2011; Frisoli et al. 2011) and increases susceptibility to falls (Moreland et
al. 2004). Interestingly, general exercise based countermeasures may also serve to
counteract sarcopenia and could provide a means to reduce falls and thus, the occurrence of
some types of fractures (Weatherall 2004).

While preventive strategies are useful, concomitant interventions that buttress weakened
skeletal structures are still required. The anabolic potential of mechanical loading and
exercise continues to hold promise in this realm. From our review of the literature, it appears
that vigorous exercise can influence bone mass at senescence by slowing the rate of bone
loss. While this is of benefit within and outside the skeletal system, vigorous activity has not
been shown to influence periosteal expansion in the elderly. We consider this to be a critical
shortcoming, as periosteal expansion is the morphologic adaptation that can most effectively
enhance bone strength and resistance to bending and torsion accompanying normal
functional activity (e.g., our estimates indicate that a 10% increase in bone area could result
in over a 50% increase in bending strength if adaptation occurred on the periosteal vs.
endocortical surface). As such, in the absence of periosteal expansion, it remains unclear
whether the modest endocortical adaptation induced by exercise in the elderly is sufficient to
prevent skeletal fractures.

Translation of the benefits of exercise observed in pre-clinical studies has been hampered by
a variety of potential limitations. First, the elderly are unable to comply with the types of
activity most capable of periosteal expansion. This is especially evident for interventions
that have incorporated lengthy exercise sessions (~ 1 hr/d) and utilize progressive training
approaches (increased intensity/effort over successive days). In fact, progressive training
does not have a clear efficacy in pre-clinical models, given that bone cells become rapidly
desensitized to mechanical stimuli and the osteogenic responses to mechanical loading
decline over time despite progressive increases in loading potency (Rubin et al. 1984;
Schriefer et al. 2005; Umemura et al. 1997). Given these challenges, there is a clear need for
exercise regimens that are mild in duration and vigor, yet still capable of significantly
enhancing bone quality and quantity. In this context, incorporation of recent concepts such
as inclusion of rest periods between load cycles, separation of exercise sessions into shorter
duration bouts, or consideration of low-magnitude, high frequency regimens that augment
the potency of mechanical stimuli without requiring increases in loading effort may be more
efficacious (Robling et al. 2002; Rubin et al. 2001; Srinivasan et al. 2007). For instance,
incorporation of such strategies into activities such as Tai Chi (Lui et al. 2008) may permit
the deployment of less vigorous exercise designs, thereby mitigating poor compliance by the
elderly, while maintaining or even enhancing the potency of the intervention.

While opportunities to optimize exercise regimens clearly remain, such strategies may prove
insufficient to overcome age-induced muting of bone mechanotransduction that arises from
the cellular to tissue levels. As such, it may simply not be possible to define an exercise
regimen for the elderly that is sufficiently osteogenic at the periosteal surface without
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explicit interventions that address at least some of the age-related cell function and signaling
pathway deficits. Instead, targeting and promoting periosteal adaptation via therapeutic
adjuvants may more readily permit the consideration of less vigorous exercise than those
that have been currently implemented. This important additional benefit to targeting
periosteal adaptation via adjuvants could be achieved considering that current vigorous
exercise designs induce endocortical, not periosteal adaptation, despite the bending and
torsional loading induced deformations (and strains) being significantly higher at the
periosteal surface. In these contexts, it may be possible to supplement exercise with
anabolics that influence periosteal adaptation by broadly addressing cell function deficits
(e.g., PTH, strontium ranelate) (Meunier et al. 2002; Neer et al. 2001) or specifically address
signaling pathway deficits (e.g., AMG 785, low-dose CsA)(Padhi et al. 2011; Srinivasan et
al. 2010). However, supplementation of exercise with anabolics would require substantial
optimization in both preclinical models and in randomized control trials, neither of which
have been undertaken to date. In this context, given the parametric possibilities involved in
any such optimization, initial screening using computational approaches may enable testing
of a substantial range of drug/exercise combinations prior to preclinical studies and trials
(Pivonka et al. 2010; Srinivasan et al. 2010). Such a combined strategy would require less
vigorous exercise and lowered anabolics dosage, thereby improving compliance and
minimizing toxicity and costs, while targeting periosteal adaptation to specific skeletal sites
most at risk for fracture.
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Figure 1. Loading induces a muted periosteal adaptive responsein the senescent skeleton

In experiments where loading induced strains were explicitly equilibrated between young
and aged animals, periosteal bone formation rates (p.BFR/BS; mean + s.e.; a) were
significantly increased in experimentally loaded bones compared with contralateral controls
in both young (4 Mo) and aged female C57BL/6 mice (22 Mo; *). However, p.BFR/BS was
significantly lowered in experimentally loaded aged vs. young animals (#). Mean relative
periosteal bone formation rates (rp.BFR/BS) induced by protocols in young animals varies
according to the potency of the protocol but is muted and binary (with very little variation)
despite attempts to increase the osteogenic potential of loading protocols for aged animals
(b; protocols are denoted by peak strain amplitude, number of cycles, and seconds of rest
inserted between each load cycle). Adapted from (Srinivasan et al. 2010).
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Figure 2. Restoring loading induced periosteal adaptation at senescence

Low-dose CsA can potentially enhance activation of NFAT signaling (via inhibition of p38
and GSK-3p proteins that negatively regulate NFAT signaling; a) (Kreideweiss et al. 1999;
Matsuda et al. 2000). Alternately, CsA supplementation could enhance activation of the
AP-1 pathway and downstream phenotypes (via competitive inhibition of the Calcineurin/
NFAT signaling axis; b) (Blitzer et al. 1998; Kasahara et al. 1999; Yeo et al. 2007). When
loading was supplemented with low-dose CsA (0.3, 3.0 mg/Kg), periosteal mineral
apposition rates (p.MAR*), and bone formation rates (p.BFR/BS*) induced in senescent
animals (22 Mo) was significantly increased vs. vehicle treated aged animals (+), but were
not different than that induced in young animals (4 Mo; c¢; mean + s.e.). Periosteal response
measures in experimentally loaded bones are presented after normalization by the respective
aged animal mean. Adapted, in part, from (Srinivasan et al. 2010).
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Population

Pre-school children
(M/F), US,
Caucasian (3-5 yrs)
(Specker et al.
2003)

Pre-pubertal boys,
Canada, Caucasian,
Asian, mixed race
(8.8—12.1yrs)
(MacKelvie et al.
2004)

Premenopaus al
women, UK (33.6 +
11.1 yrs) (Bailey et
al. 2010)

Pre-menopaus al
women, Caucasian,
Finland, (35 - 40
Yrs) (Vainionpaa et
al. 2007)

Postmenop ausal
women, Caucasian,
Finland (>1 and <5
yrs postmenopaus
e; ~53 +2.2yrs)
(Uusi-Rasi et al.
2003)

Elderly women,
Caucasian, Finland
(72 years £ 2.5 yrs)
(Karinkant a et al.
2007)

Elderly Caucasian
men, Australia (50

Exercise

Fine motor (seated
activity) vs. gross motor
(jump, skip, hops), 30
mins/d, 5 d/wk, 12-Mo

Progressive , circuit
training, plyometric/
alternating foot/obstacle
jumps, 12 min/d, 3 d/wk
for 20 Mo.

50 hops/d, 0, 2, 4 or 7 d/
wk for 6-Mo. Peak GRF
increased from 2.5 to
2.8 times BW.

Progressive impact
activities, step patterns,
stamping, jumping,
running, walking. 60
min/d, 3 d/wk + 10 min/
d, daily at home, 12 Mo.

Progressive
multidirectio nal
jumping and
calisthenics, 2.1 — 5.6
BW during jumping, 1
hr (20 min jumping), 3
d/wk, 12 Mo.

Resistance, Balance-
jump training,
Combined, ~1Hr/d, 3d/
wk for 12-Mo.

Multicomponent,
progressive resistance
training and moderate
impact exercise, 60-75

M easur e/Design

DXA based total body, arm, leg
BMC, area. pQCT for periosteal,
endosteal circumference,
cortical thickness, area at 20%
distal tibia. ANCOVA with
gender, age, pre-term birth
history, height, weight, childcare
center, total body fat as co-
variates. Childcare-based
intervention. Ca
supplementation interaction with
activity type.

DXA based BMC, aBMD for
total body, lumbar spine,
proximal femur, and HSA for
narrow neck (NN),
intertrochanter, and femoral
shaft. School based intervention.
ANCOVA controlling for
baseline, change in height and
final Tanner stage.

DXA at femoral neck. Unilateral
exercise design. Home based,
activity questionnaire.
RMMANOVA with
contralateral and baseline as
covariates

Spiral QCT of femur (50%),
tibia (67%, 5%). Bone
circumference, CSA, other
structural measures. Daily
accelerometerbased human body
movement monitoring and
binning from 0.3g — 9.99.
ANCOVA with weight, weight
change and CT baselines as
covariates. Stepwise regressions
for acceleration vs. bone
structure associations. ITT
analysis.

BMC at lumber spine, proximal
femur, distal radius and z-
section modulus (femoral neck)
via DXA and structural
parameters at mid-shaft and
distal tibia via pQCT.

Proximal femur BMD, BMC via
DXA, and Z-modulus and
periosteal diameter. pQCT for
TrD, BSI, CoA and CoD in
distal and mid-shaft tibia.
Bilateral, supervised exercise.
ANCOVA with baseline, age
and time interval as covariates

DXA and QCT, BMD and bone
structure at lumbar spine,
proximal femur, mid-femur and
mid-tibia. Community based.

Results

9.7% increase in leg BMC
for gross vs. fine motor
when Ca supplementation
included. Periosteal and
endocortical circumference

of 20% tibia shaft increased

significantly in gross vs.
fine motor activity. Gross
motor and Ca supplements
interact to increase cortical
area and thickness.

12.4% increase in CSMI
and 7.4% increase in Z-
modulus at NN region vs.
controls.

BMD adjusted for
contralateral and baseline
-0.3%, 0.0%, 0.9% and

1.8% for 0, 2, 4, 7d/wk. No

effect on section modulus.

0.2% increase in mid-femur

bone circumference in
exercise vs. control. In
highest compliers (> 66
sessions/yr), 1.2% increase
in circumference, 0.5% in
CSA and 2.5% gain in

CSMI vs. lowest quartile (<

19 sessions/yr). In the
pooled and exercise only

groups, relative daily counts

of impacts>1.1g
associated with mid-femur

attenuation and with CSMI,

> 2.5g with circumference,

and 3.99g — 5.3g with cortical

thickness.
No BMC effects from

exercise. Exercise increased
distal tibia section modulus

(3.6%) and CoA/ToA
(3.7%) and tibia shaft CoA
(1%) vs. control.

No BMC differences. Per-

protocol analysis — 2% less

decrease in tibia mid-shaft
BSI for COMB vs.
Controls.

1.9% increase in femoral
neck BMD, 1.8% in CsA,

and 2.1% in Z-modulus and

2.2% increase in lumbar

Ageing Res Rev. Author manuscript; available in PMC 2013 July 01.

Comments

Overall participation/
compliance (72-75%).
Gross motor exercise
increases bone size and
Ca supplementation
(with exercise)
increases area and
thickness of cortical
bone.

Trends for periosteal
expansion (2.6 — 2.9%,
p = 0.1) underlying the
CSMI and Z-modulus
changes.

Compliance at 86.7%
and independent of
exercise frequency.
BMD increases
independent of
geometric changes.

Average compliance for
supervised activity —
0.9 times/wk (~30% of
weekly load). Count
and intensity at levels >
1.1g influenced bone
structure. Geometric
alterations indicative of
periosteal apposition.

Mean compliance with
exercise was 1.6 + 0.9
times/wk (53% of
weekly load). No effect
of exercise on total area
(ToA) indicating a lack
of periosteal adaptation.

Overall compliance
(67%). No effect on
bone diameter
indicating lack of
periosteal expansion.

Overall compliance
(63%). No change in
femoral neck diameter,
indicating that structural
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Population

— 79 yrs) (Kukuljan
etal. 2011)

Exercise M easur e/Design Results
mins/d, 3 d/wk for 18 ANOVA and pooled time series  spine vBMD for exercise vs.
Mo. regression analysis. no-exercise.

Comments

benefits due to
endocortical adaptation.
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