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Abstract

Background: According to prevailing understanding, skeletal mechano-responsiveness declines with age and this apparent
failure of the mechano-sensory feedback system has been attributed to the gradual bone loss with aging (age-related
osteoporosis). The objective of this study was to evaluate whether the capacity of senescent skeleton to respond to
increased loading is indeed reduced as compared to young mature skeleton.

Methods and Findings: 108 male and 101 female rats were randomly assigned into Exercise and Control groups. Exercise
groups were subjected to treadmill training either at peak bone mass between 47–61 weeks of age (Mature) or at
senescence between 75–102 weeks of age (Senescent). After the training intervention, femoral necks and diaphysis were
evaluated with peripheral quantitative computed tomography (pQCT) and mechanical testing; the proximal tibia was
assessed with microcomputed tomography (mCT). The mCT analysis revealed that the senescent bone tissue was structurally
deteriorated compared to the mature bone tissue, confirming the existence of age-related osteoporosis. As regards the
mechano-responsiveness, the used loading resulted in only marginal increases in the bones of the mature animals, while
significant exercise-induced increases were observed virtually in all bone traits among the senescent rats.

Conclusion: The bones of senescent rats displayed a clear ability to respond to an exercise regimen that failed to initiate an
adaptive response in mature animals. Thus, our observations suggest that the pathogenesis of age-related osteoporosis is
not attributable to impaired mechano-responsiveness of aging skeleton. It also seems that strengthening of even senescent
bones is possible – naturally provided that safe and efficient training methods can be developed for the oldest old.
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Introduction

The primary evolutionary function of the bones is to bear the

muscle contraction- and gravity-induced mechanical forces exerted

on them without breaking, and ultimately, to enable the efficient

locomotion of the body [1]. To successfully carry out this

locomotive function, the bone tissue is equipped with a mechano-

sensory system that facilitates the skeletal adaptation to loading. In

essence, bones first sense the loading-induced deformation and then

elicit a response that eventually results in an appropriate modification

of the bone structure, if required, to cope with the altered loading

milieu (Figure 1A). It has been recently proposed that the

pathogenesis of age-related osteoporosis (i.e., the gradual loss of

mineral from bones with aging) would be attributable to a failure of

this control system [2]: either the mechano-sensitivity of bones is

reduced [3,4] or the capacity of bones to respond to loading is

weakened. An alternative pathomechanistic theory suggests that

bone loss in senescence represents simply an appropriate response

to reduced loading in a less active host [4] (Figure 1B).

Regarding the skeletal mechano-responsiveness per se, both

systemic factors (hormones such as estrogen and growth hormone)

[5–12] and local factors (growth factors such as insulin-like growth

factor 1 and 2) [13,14] have been shown to have a direct

modulatory effect. Also, individual responses to mechanical stimuli

have been shown to depend on genetics [15] and gender [16,17],

whereas the influence of age on bone mechano-responsiveness has

remained controversial [3,18–20]. The accumulation of adipocytes

to the bone marrow during aging has been speculated to accelerate

endocortical resorption [21], whereas it has been shown that

periosteal expansion continues well into old age, particularly in

men, implying that the mechanosensory system may be properly

functioning [22–24]. Experimental studies have shown that the

responsiveness of the aged skeleton is increased [19], reduced

[18,25], or unaffected [26–28]. In our previous study [28], we

showed that the ability of bones of young (5–19 week old) and

mature (33–47 week old) male rats to adapt to treadmill-running -

induced loading was similar, but the adaptive mechanisms

differed; in response to given exercise, the growing bones primarily
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increased cross-sectional size, while the mature bones mainly

increased bone density.

Accordingly, the objective of this study was to evaluate whether

the skeleton can maintain its capability to respond to increased

loading until very old age (senescence). The timing of the increased

exercise loading was chosen to coincide appropriate phases of the

rat lifespan: maturity and senescence. The mature rats have

stopped the longitudinal growth and reached the peak bone mass,

while the senescent rats represented the ultimate group in terms of

age as judged from more than 50% mortality among control

animals at the end of the experiment.

Materials and Methods

Animals
The sample size used in this study was based on a priori

knowledge on natural loss of older animals [29,30], the expected

loss being 20% and 50% in the mature and senescent age groups,

Figure 1. Functional Bone Adaptation (A) and the Proposed Hypothesis for Age-related Osteoporosis (B).
doi:10.1371/journal.pone.0002540.g001
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respectively, and on the assumed standard deviation of ,11% in

the breaking load of rat femur, the primary outcome [31]. To

detect a significant (p,0.05) 10% loading-induced response in the

breaking load of femur in the exercised groups (vs. controls) at

80% statistical power, a minimum of ,15 rats/group was required

at the end of the experiment. Accordingly, a total of 108 male rats

of the Sprague-Dawley strain were used in the experiment.

The rats were 3 weeks old at the beginning of the study. During

the first 2 weeks of the study, all rats ran on a flat-bed treadmill at

a slow speed (10–20 cm/s) for 3 minutes/day for 3 days a week to

let the animals to adapt the treadmill running and to exclude those

animals refusing to run (about 5% of the original population were

removed). The rats were then randomly assigned into four groups:

‘‘Mature exercised’’, and ‘‘Senescent exercised’’; and ‘‘Mature

control’’, and ‘‘Senescent control’’ (Table 1, Figure 2). The

animals were housed in cages (18635655 cm), four animals per

cage, at 20uC with a light cycle of 12 h. They were fed standard

laboratory chow and water ad libitum.

Exercise program
Both mature and senescent exercise groups were subjected to a

progressive exercise program for 14 weeks (Table 2). The training

began at the age of 47 in the Mature exercise group and at 75

weeks Senescent exercise group, respectively (Table 2, Figure 2).

To corroborate (or refute) the findings of male rats, a similar

experiment was also carried out using 101 female rats. The

determination of sample size, as well as the acclimation and

randomization procedures were carried out identically to males,

but due to the known increased longevity (increased frailty) of the

senescent female rats [32], the training protocol and starting age of

training were slightly modified in comparison to males (Table 3,

Figure 2).

After the exercise intervention, the exercised animals and their

age-matched control animals were euthanized, and body weight

and the weight of the uteri, if applicable, were measured. Femora

were excised and stored at 220uC in small freezer bags wrapped

in saline-soaked gauze bandages to prevent dehydration. This kind

of storage has been shown not to affect bone’s biomechanical

properties [33,34]. Tibiae were excised and dehydrated in an

ethanol series (30 and 70% ethanol) and stored in 70% ethanol.

The research protocol was accepted by the Ethics Committee for

Animal Experiments of the University of Tampere and the

Provincial Government of Western Finland Department of Social

Affairs and Health, Finland. The study conformed to the NIH

Guide for the Care and Use of Laboratory Animals.

Figure 2. The Design of the Study.
doi:10.1371/journal.pone.0002540.g002

Table 1. The Number of Rats at Different Period of the
Experiment.

At the Beginning
of the Experiment

At the End of
the Experiment

MALES

MATURE CONTROLS 23 16

MATURE EXERCISED 29 22

SENESCENT CONTROLS 24 10

SENESCENT EXERCISED 32 14

FEMALES

MATURE CONTROLS 22 16

MATURE EXERCISED 26 22

SENESCENT CONTROLS 23 10

SENESCENT EXERCISED 30 17

doi:10.1371/journal.pone.0002540.t001

Table 2. The Progressive Treadmill Exercise Regimen Used for
Male Rats.

Week Age (weeks)
Duration
(min)

Speed
(cm/s)

Inclination
(deg)

Mature Senescent

1 47 75 5 20 5

2 | | 10 20 10

3 | | 10 20 15

4 | | 10 30 15

5 | | 10 30 20

6 | | 10 30 20

7 | | 10 30 25

8 | | 10 30 25

9 | | 10 30 30

10 | | 10 30 30

11 | | 10 30 30

12 | | 10 30 30

13 | | 10 30 30

14 60 88 10 30 30

doi:10.1371/journal.pone.0002540.t002

Age-Related Osteoporosis
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Bone analysis
At the day of testing, the femora were slowly thawed at the

room temperature and kept wrapped in saline-soaked gauzes

except during measurements. A digimatic caliper (Mitutoyo 500,

Andover, United Kingdom) was used to measure the length of

femora. In our laboratory, the coefficient of variation (CVrms) for

the determination of the length of the femora was 0.2% [35].

Peripheral quantitative computed tomography
The cross-sections of the femoral diaphysis and neck were

scanned with peripheral quantitative computed tomography

(pQCT, Stratec XCT Research M, software version 5.40B,

Stratec Medizintechnik GmbH, Pforzheim, Germany). For the

pQCT assessment of the diaphysis, the femur was inserted into a

specially constructed plastic tube with the shaft in axial direction,

and one cross-sectional slice was scanned at 50% of the length of

the femur [28]. The voxel size was 0.07060.07060.5 mm3 and

the scan speed was 3.0 mm/s. Total cross-sectional area (tCSA),

cortical cross-sectional area (cCSA), and cortical bone mineral

density (cBMD) were evaluated by the pQCT software using

contour mode 1 (threshold 214 mg/cm3) for tCSA and separation

mode 1 for cCSA and cBMD (threshold 710 mg/cm3). In our

laboratory, the CVrms in the femoral midshaft were 0.9% for the

tCSA, 1.5% for the cCSA, and 0.6% for the cBMD [36].

For the pQCT assessment of the femoral neck, the femur was

inserted into a specially constructed plastic tube with the femoral

neck in an axial direction [16]. The scan line was adjusted to the

midneck using the scout view option of the pQCT software. The

voxel size and scan speed were the same as described above. Total

cross-sectional area (tCSA), total bone mineral content (tBMC),

and total bone mineral density (tBMD) were determined using

contour mode 1 (threshold 214 mg/cm3) for tCSA, tBMC, and

tBMD. In our laboratory, the CVrms were 3.9% for tCSA, 2.2%

for tBMC and 2.1% for tBMD [36].

Mechanical testing
After the pQCT scanning, the right femora were tested

mechanically. A Lloyd material testing machine (LR5K, J. J. Lloyd

Instruments, Southampton, UK) was used for the anteroposterior

three-point bending of the femoral shaft and compression of the

femoral neck according to our standard protocols [35,37].

For the three-point bending, the femur was placed on its posterior

surface on the lower supports of the bending apparatus. For each

bone, these supports were placed individually (first just distal to the

trochanter minor and the other just proximal to the condyles of the

femur). After the anatomical adjustment of the supports, a bending

load using a brass crossbar was applied to the femoral midshaft

perpendicularly to the long axis of the bone until the failure of the

specimen. The breaking load (Fmax) of the femoral midshaft was

determined from the load-deformation curve. In our laboratory, the

CVrms of the Fmax for three point bending is 5.0% [35].

After the three-point bending of the femoral shaft, the proximal

half of femur was mounted in a specially constructed fixation

device [38] and a vertical load was applied to the top of the

femoral head using a brass crossbar until failure of the femoral

neck. The Fmax of the femoral neck was determined from the load-

deformation curve. In our laboratory, the CVrms of the Fmax for

femoral neck compression is 7.6% [39].

Micro-computed tomography (mCT)
The proximal metaphysis of tibia were scanned using a high

resolution micro-computed tomography system (mCT 35; Scanco

Medical, Basserdorf, Switzerland) with nominal isotropic resolution

of 12 mm. Three-dimensional analysis of trabecular bone was

performed on the bone region 1 to 5 mm distal to the growth plate.

Trabecular bone compartment was separated from the cortical bone

by semi-automatically drawn contours and a global threshold was

used to distinguish bone and marrow. The following parameters

were determined from the trabecular bone using a direct three-

dimensional approach [40]: total bone marrow volume including the

trabeculae (TV; mm3), trabecular bone volume (BV; mm3),

trabecular bone volume fraction (BV/TV), mean trabecular number

(Tb.N; 1/mm), mean trabecular thickness (Tb.Th; mm), and mean

trabecular separation (Tb.Sp; mm). For determination of cortical

bone porosity, a 0.5 mm thick region of cortical bone at 7 mm

distance from the proximal end of tibia was analyzed.

Statistical analysis
All data were analyzed using the SPSS for Windows (version

13.0). Relative exercise effects (i.e., the percent difference between

exercised and control groups) and aging effects (i.e., the percent

difference between mature and senescent groups) were tested using

analysis of covariance (ANCOVA), and all data pertaining to

mechanical competence of the femur (cCSA, tBMC, tCSA, and

Fmax) were statistically controlled for body weight and femoral

length [16,28,36]. In all tests, an a level less than 5% (p,0.05) was

considered statistically significant.

Results

Mortality was 28% and 57% among Mature and Senescent

males, respectively (Table 1, Figure 3). The corresponding rates in

females were 21% and 49%, respectively (Table 1, Figure 3).

Estimated from this mortality, the age of the senescent groups

corresponded to over 75 years old men and over 80 years old

women in Finland [41]. Figure 3 shows the weight development

curves of the rats in each group. The mean weights of the uteri

were similar in all female groups.

Age-related osteoporosis
The influence of aging on bones (Mature vs. Senescent control

rats) is summarized in Tables 4 and 5 (grey panels). Senescent

control rats had significantly lower Fmax, tBMC and tCSA at the

Table 3. The Progressive Treadmill Exercise Regimen Used for
Female Rats.

Week Age (weeks)
Duration
(min)

Speed
(cm/s)

Inclination
(deg)

Mature Senescent

1 47 90 5 20 5

2 | | 5 20 10

3 | | 5 20 15

4 | | 5 30 15

5 | | 5 30 20

6 | | 5 30 20

7 | | 5 30 25

8 | | 5 30 25

9 | | 5 30 30

10 | | 5 30 30

11 | | 5 30 30

12 58 101 5 30 30

doi:10.1371/journal.pone.0002540.t003

Age-Related Osteoporosis
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femoral neck in both sexes and Fmax at the femoral midshaft in

females as compared to corresponding Mature control rats. At the

femoral midshaft, tCSA of the male rats and cBMD of the female

rats were larger in the Senescent groups than in Mature groups. In

the proximal tibia, the trabecular bone volume fraction (BV/TV)

was significantly decreased in the Senescent rats when compared

to the corresponding Mature group both in males and females. In

males, also Tb.N., Tb.Sp., and cortical porosity differed

significantly between Mature and Senescent groups, a finding in

conjunction with reduced BV/TV indicating a deteriorated bone

structure among old rats (Figure 4).

Exercise effects
Body weight and femoral length. In males, there was a

significant exercise-related decrease in body weight: 28.2%

(p = 0.005) and 215.7% (p,0.001) in Mature and Senescent

groups, respectively (Table 4). In females, body weight was not

influenced by exercise (Table 5). Femoral length was similar

between exercised and control rats in male groups; whereas in

Mature females the femur was 1.7% longer in exercise group than

in control group (p = 0.043).

The geometric, densitometric, and biomechanical bone

traits. Skeletal responses to increased exercise among the

Mature and Senescent rats are depicted in Tables 4 and 5 and

Figure 5. In the Mature groups, significant exercise-induced

increases were observed: total cross-sectional area (tCSA) at the

femoral diaphysis of the males increased 6% (p = 0.018) compared

to age-matched controls, and total bone mineral density (tBMD) at

the femoral neck of the females increased 6% (p,0.001) while its

tCSA remained 8% (p = 0.018) smaller compared to controls.

Figure 3. The Body Weight Curves and a Kaplan-Meier Plot Demonstrating the Survival of the Male and Female Rats in This
Experiment.
doi:10.1371/journal.pone.0002540.g003

Age-Related Osteoporosis
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Among the senescent rats significant exercise-induced between-

group effects were observed virtually in all bone traits; both tCSA

and bone mineral content (tBMC) at the femoral neck increased

19% (p = 0.003) and 18% (p = 0.030) in males and 10% (p = 0.026)

and 10% (p = 0.001) in females, respectively. Also, breaking load

(Fmax) both at the femoral neck and femoral diaphysis of senescent

females increased 16% (p = 0.045) and 19% (p = 0.026),

respectively; while in the senescent males Fmax at the femoral

neck increased 18% (p = 0.087). No differences between exercised

and control rats were observed in proximal tibia in any of the bone

traits determined using micro-CT analysis.

Age and the mechano-responsiveness of bone
An age-effect on bone mechano-responsiveness (interaction

between age and exercise loading) was observed at the femoral

neck. The exercise-effect was significantly greater in the Senescent

group for tBMC (p = 0.035 and p = 0.002) and tCSA (p = 0.027

and p = 0.001) both in males and females, respectively (Tables 4

and 5 and Figure 5). The accompanying significant decrease in

tBMD (p = 0.039 and p = 0.022, in males and females respectively)

indicated that the exercise-effect was more pronounced in tCSA

than in tBMC. As regards bone strength, the mean exercise-effects

on Fmax were greater in the Senescent group, but the group-

difference reached statistical significance only at the femoral

diaphysis in females (p = 0.032) (Figure 5).

Discussion

Bone functional bone adaptation [42–46] is one of the cardinal

principles in skeletal biology depicting a homeostatic feedback

system evolved to maintain the skeletal integrity in different

loading milieus through appropriate modifications in bone

geometry and structure, and/or material properties - with or

without changes in bone mass. Accordingly, any substantial

change either in the sensitivity of the mechano-sensory system or

in the balance between predominant bone loading and coexisting

bone rigidity results in an adaptive response to keep the tissue

deformations within the predetermined physiological window

[42,43,45]. In this context, the occurrence of age-related

osteoporosis, or the gradual bone loss with aging, has been

attributed to the failure of this mechano-sensory mechanism [3,4].

In our experiment, the senescent rats displayed a clear age-related

osteoporosis, manifest as deteriorated bone structure and reduced

bone structural strength (Tables 4 and 5). Nevertheless, these

animals also showed a positive adaptive response to exercise while

much less consistent response was seen in the mature rats

Table 4. Descriptive Data of the Biomechanical and Tomographic Measurements and Interaction (Difference Between the Two
Age-groups in the Exercise-effect) of the Male Rats.

MATURE SENESCENT
Age-related
change (p)

Mech.responsiveness vs.
Age, Interaction (p)

CONTROL EXERCISED CONTROL EXERCISED

MeanSEM MeanSEM MeanSEM MeanSEM

BASIC DESCRIPTIVES

Body weight (g) 57411 52810b 60214 50814a 0.076 0.032

Femoral length (mm) 42.00.2 41.90.3 42.00.3 42.30.4 0.334 0.235

FEMORAL NECK

tBMC (mg/mm) * 6.00.1 6.20.1 5.40.2e 6.30.2b 0.003 0.035

tBMD (mg/cm3) 104117 107815 105716 101721f 0.470 0.039

tCSA (mm2) * 5.90.2 5.80.2 5.20.3f 6.10.2c 0.024 0.027

Fmax (N) * 1726 1795 1488f 1646 0.018 0.647

FEMORAL MIDSHAFT

cBMD (mg/cm3) 14815 14746 14729 14617 0.106 0.769

tCSA (mm2) * 15.90.3 16.50.3c 17.10.4e 17.90.4e 0.004 0.751

cCSA (mm2) * 9.40.2 9.70.2 9.30.3 9.90.2 0.759 0.353

Fmax (N) * 1837 1976 1669 1898 0.130 0.756

PROXIMAL TIBIA

Trabecular TV (mm3) 57.11.4 57.73.1 59.13.1 62.11.7 0.509 0.591

Trabecular BV (mm3) 8.480.38 8.921.25 7.220.63 6.390.43f 0.080 0.319

Trabecular BV/TV (ratio) 0.150.01 0.150.02 0.120.01f 0.100.01e 0.031 0.227

Tb.N (1/mm) 2.310.06 2.390.13 1.950.10e 1.880.06e 0.004 0.391

Tb.Th (mm) 0.0850.001 0.0840.003 0.0860.003 0.0800.003 0.725 0.300

Tb.Sp (mm) 0.420.01 0.410.03 0.510.03e 0.530.02e 0.003 0.512

Cortical porosity (ratio) 0.0070.001 0.0090.001 0.0170.004e 0.0160.002f 0.007 0.597

a p,0.001, b p,0.01, c p,0.05 vs. corresponding control group; d p,0.001, e p,0.01, f p,0.05 vs. corresponding Mature group.
*values adjusted with body weight and femoral length; for details, see Statistical analysis.
tBMC, total bone mineral content; tBMD, total bone mineral density; tCSA, total cross-sectional area; Fmax, breaking load; cBMD, cortical bone mineral density; cCSA,
cortical cross-sectional area; TV, total bone marrow volume; BV, bone volume; Tb.N, mean trabecular number; Tb.Th, mean trabecular thickness; Tb.Sp, mean trabecular
separation.
doi:10.1371/journal.pone.0002540.t004

Age-Related Osteoporosis
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Table 5. Descriptive Data of the Biomechanical and Tomographic Measurements and Interaction (Difference Between the Two
Age-groups in the Exercise-effect) of the Female Rats.

MATURE SENESCENT
Age-related
change (p)

Mech.responsiveness vs.
Age, Interaction (p)

CONTROL EXERCISED CONTROL EXERCISED

MeanSEM MeanSEM MeanSEM MeanSEM

BASIC DESCRIPTIVES

Body weight (g) 3079 3127 3137 2985 0.634 0.208

Femoral length (mm) 35.90.2 36.60.2c 36.00.3 36.00.2 0.901 0.173

Uterus weight (g) 1.50.1 1.40.1 1.90.2 1.50.1 0.123 0.158

FEMORAL NECK

tBMC (mg/mm) * 5.10.1 5.00.1 4.70.1f 5.20.1b 0.024 0.002

tBMD (mg/cm3) 112915 11938a 116620 116414 0.155 0.022

tCSA (mm2) * 4.50.1 4.20.1c 4.00.1f 4.50.1cf 0.015 0.001

Fmax (N) * 1245 1304 1016e 1195c 0.008 0.226

FEMORAL MIDSHAFT

cBMD (mg/cm3) 14862 14882 14974e 14994f 0.009 0.933

tCSA (mm2) * 10.70.1 10.70.1 10.80.2 11.10.1f 0.648 0.247

cCSA (mm2) * 6.60.1 6.50.1 6.50.1 6.80.1f 0.424 0.055

Fmax (N) * 1444 1464 1235f 1444c 0.014 0.032

PROXIMAL TIBIA

Trabecular TV (mm3) 38.72.0 38.62.4 39.31.4 38.51.2 0.820 0.851

Trabecular BV (mm3) 9.601.02 9.950.80 7.280.76 7.790.42f 0.087 0.904

Trabecular BV/TV (ratio) 0.250.02 0.260.01 0.190.02f 0.200.01e 0.048 0.666

Tb.N (1/mm) 3.560.29 3.840.14 2.990.15 3.140.10d 0.108 0.694

Tb.Th (mm) 0.0770.004 0.0730.001 0.0700.003 0.0730.002 0.204 0.187

Tb.Sp (mm) 0.280.04 0.240.01 0.320.02 0.300.01d 0.283 0.704

Cortical porosity (ratio) 0.0060.000 0.0070.001 0.0070.001 0.0060.000 0.205 0.058

a p,0.001, b p,0.01, c p,0.05 vs. corresponding control group; d p,0.001, e p,0.01, f p,0.05 vs. corresponding Mature group.
*values adjusted with body weight and femoral length; for details, see Statistical analysis.
tBMC, total bone mineral content; tBMD, total bone mineral density; tCSA, total cross-sectional area; Fmax, breaking load; cBMD, cortical bone mineral density; cCSA,
cortical cross-sectional area; TV, total bone marrow volume; BV, bone volume; Tb.N, mean trabecular number; Tb.Th, mean trabecular thickness; Tb.Sp, mean trabecular
separation.
doi:10.1371/journal.pone.0002540.t005

Figure 4. Effects of Aging on the Trabecular Bone Texture in the Proximal Tibial Metaphysis. Due to aging, the proportion of trabecular
bone of the bone volume (TV/BV) is decreased in males and females. In addition, in males, the number (Tb.N.) and thickness (Tb.Th.) of the trabeculae
is decreased, while the distance between individual trabeculae (Tb.Sp.) is increased.
doi:10.1371/journal.pone.0002540.g004
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Figure 5. Exercise Effect on Different Bone Traits of the Femoral Neck and Femoral Midshaft in Mature and Senescent Male and
Female Rats. Bars represent percent (%) increases (6 the standard error of the mean, SEM) of the exercise group compared to corresponding
control group at the end of the treadmill exercise intervention in the femoral neck total bone content (tBMC); total bone density (tBMD); total bone
area (tCSA); cortical bone density (cBMD); cortical bone area (cCSA); and breaking load (Fmax). Significant differences between the exercised rats and
their controls, and between the two age-groups in the exercise-effect, are indicated: *p,0.05; **p,0.01; ***p,0.001. Results for tBMC, tCSA, cCSA,
and Fmax are adjusted for body weight and femoral length.
doi:10.1371/journal.pone.0002540.g005
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subjected to the same exercise regimen (Figure 5). This finding

challenges the reduced mechano-sensitivity at senescence as the

pathomechanism of age-related osteoporosis.

We therefore speculate that the enhanced mechano-responsive-

ness among the senescent animals was attributable to the apparent

fact that their bones were initially less rigid because of essentially

diminished habitual activity in aged rats [47]. However, as a

consequence of additional treadmill training, the bones were

subjected to increased loading, that being clearly beyond that

experienced during normal living in terms of magnitude and

intensity. These exercise-induced deformations then resulted in the

adaptive response observed in the bones of Senescent animals. In

the Mature rats, in turn, their fully developed skeleton and

relatively higher habitual activity ensured readily an appropriate

mechanical competence for the treadmill running, and there

remained only a marginal room to respond to mechanical stimulus

caused by additional treadmill training. These observations also

suggest a biomechanical explanation for the apparent direct

modulatory effect of aging on the periosteal apposition: rather

than originating from the effect of aging per se on the periosteum, it

seems that the aging-associated periosteal enlargement is an

adaptive response to cope with endocortical loss of mineral (the

imminent decrease in bone rigidity). As described above, any

change either in the loading subjected on the bone or its strength

(structural rigidity) necessitates an adaptive response to restore the

delicately controlled stress-strain equilibrium.

Although our study was a randomized controlled trial using rats

of controlled genetics, large sample size, long intervention period

and well-validated methodology [16,28,36,48,49], it had some

limitations that require consideration. First, bone deformations

during running were not measured. Instead, our conclusions relied

on a simple engineering principle that equal loading imposed on a

less rigid bone produces greater deformations and consequently

larger response and vice versa. Thus, it needs to be noted that our

paper does not deal with the mechano-sensitivity of bones between

Mature and Senescent animals. As discussed above, the treadmill

training -induced strain stimulus may not have been sufficient for

bone formation activity [50,51] for mature animals with inherently

more rigid bones, while a more vigorous loading would have been

necessary to induce an osteogenic response in mature animals.

Here the quite liberally used terms ‘mechano-sensitivity’ and

‘mechano-responsiveness’ need to be distinguished from each

other. In the most stringent sense, these two terms depict distinct

phases of functional bone adaptation -cascade (Figure 1A). It is

indeed possible that aging disproportionately affects the skeletal

mechano-sensing and responsiveness (Figure 1B) and a failure in

the former could be only verified with direct strain measurements;

i.e., a similar strain environment would lead to smaller response

among old animals than among younger, mature animals.

However, notwithstanding this possibility, we highlight that our

finding of a significant adaptive response to increased exercise loading

(i.e., increase in most bone traits, including bone strength) in

senescent animals shows that the homeostatic control system of the

skeleton functions even in the very old age and the skeletal

responsiveness is not impaired.

One might find the lack of exercise-induced increases in bone

characteristics in the mature animals somewhat controversial to

findings of our previous study [28], in which the exercise-induced

benefits were seen among adult male rats (33 to 47-week-old

during the study) subjected to the same treadmill training protocol.

However, in that study, the adult animals were still growing

axially. We therefore feel that the observed difference in the

skeletal responsiveness between these two groups of mature

animals actually underpins the importance of the longitudinal

growth period as an opportune window to enhance of impact of

mechanical loading on bone [52–60]. Also, the present senescent

rats represent the extreme in terms of age; in agreement with the

increased mortality, the aged animals displayed deteriorated bone

traits and a decreased body weight (particularly in males)

(Figures 3–5 and Tables 4 and 5), all changes characteristic of

senescence [61].

The present findings do not allow one to make conclusions

about the potential influence of gender on the mechano-

responsiveness of bones, since there were apparent differences in

the survival and functional capacity of the aged animals rendering

the study designs in males and females basically different (distinct

age at entry of the initiation of exercise in senescent animals and

different treadmill training protocols). In essence, due to the

increased longevity of female rats and the resulting increased

frailty, we felt compelled to subject the senescent females to a less

physically challenging exercise regimen. However, the effect of

gender on the skeletal responsiveness to loading has been

previously assessed [16,17,62–66], suggesting that males are more

responsive to loading than females.

In conclusion, our results demonstrate that concerning the mass,

structure, and mechanical competence of rat bones, the homeo-

static loading-driven regulatory feedback system maintains its

capacity to respond to increased exercise loading even into very

old age. Accordingly, it is unlikely that the pathogenesis of age-

related osteoporosis would be attributable solely, if at all, to a

failure in this system. Thus, our observations suggest that

strengthening of senescent human bones is also possible – naturally

provided that safe and efficient training methods can be developed

for the oldest old.

Author Contributions

Conceived and designed the experiments: TJ HS OL. Performed the

experiments: OL JJ IP. Analyzed the data: TJ HS OL JJ. Wrote the paper:

TJ HS PK OL JJ IP.

References

1. Burr DB (1997) Muscle strength, bone mass, and age-related bone loss. J Bone

Miner Res 12: 1547–1551.

2. Akkus O, Adar F, Schaffler MB (2004) Age-related changes in physicochemical

properties of mineral crystals are related to impaired mechanical function of

cortical bone. Bone 34: 443–453.

3. Klein-Nulend J, Sterck JG, Semeins CM, Lips P, Joldersma M, et al. (2002) Donor

age and mechanosensitivity of human bone cells. Osteoporos Int 13: 137–146.

4. Seeman E (2004) The growth and age-related origins of bone fragility in men.

Calcif Tissue Int 75: 100–109.

5. Halloran BP, Bikle DD, Harris J, Autry CP, Currier PA, et al. (1995) Skeletal

unloading induces selective resistance to the anabolic actions of growth hormone

on bone. J Bone Miner Res 10: 1168–1176.

6. Cheng MZ, Zaman G, Rawlinson SC, Suswillo RF, Lanyon LE (1996)

Mechanical loading and sex hormone interactions in organ cultures of rat ulna.

J Bone Miner Res 11: 502–511.

7. Cheng MZ, Zaman G, Rawlinson SC, Pitsillides AA, Suswillo RF, et al. (1997)

Enhancement by sex hormones of the osteoregulatory effects of mechanical loading

and prostaglandins in explants of rat ulnae. J Bone Miner Res 12: 1424–1430.

8. Jagger CJ, Chow JW, Chambers TJ (1996) Estrogen suppresses activation but

enhances formation phase of osteogenic response to mechanical stimulation in

rat bone. J Clin Invest 98: 2351–2357.

9. Westerlind KC, Wronski TJ, Ritman EL, Luo ZP, An KN, et al. (1997) Estrogen

regulates the rate of bone turnover but bone balance in ovariectomized rats is

modulated by prevailing mechanical strain. Proc Natl Acad Sci U S A 94:

4199–4204.

10. Turner RT (1999) Mechanical signaling in the development of postmenopausal

osteoporosis. Lupus 8: 388–392.

11. Joldersma M, Klein-Nulend J, Oleksik AM, Heyligers IC, Burger EH (2001)

Estrogen enhances mechanical stress-induced prostaglandin production by bone

cells from elderly women. Am J Physiol Endocrinol Metab 280: E436–442.

Age-Related Osteoporosis

PLoS ONE | www.plosone.org 9 July 2008 | Volume 3 | Issue 7 | e2540



12. Lanyon L, Skerry T (2001) Postmenopausal osteoporosis as a failure of bone’s

adaptation to functional loading: a hypothesis. J Bone Miner Res 16: 1937–1947.

13. Bikle DD, Harris J, Halloran BP, Morey-Holton ER (1994) Skeletal unloading

induces resistance to insulin-like growth factor I. J Bone Miner Res 9:

1789–1796.

14. Kostenuik PJ, Harris J, Halloran BP, Turner RT, Morey-Holton ER, et al. (1999)

Skeletal unloading causes resistance of osteoprogenitor cells to parathyroid
hormone and to insulin-like growth factor-I. J Bone Miner Res 14: 21–31.

15. Robling AG, Turner CH (2002) Mechanotransduction in bone: genetic effects

on mechanosensitivity in mice. Bone 31: 562–569.

16. Jarvinen TL, Kannus P, Pajamaki I, Vuohelainen T, Tuukkanen J, et al. (2003)

Estrogen deposits extra mineral into bones of female rats in puberty, but
simultaneously seems to suppress the responsiveness of female skeleton to

mechanical loading. Bone 32: 642–651.

17. Wallace JM, Rajachar RM, Allen MR, Bloomfield SA, Robey PG, et al. (2007)
Exercise-induced changes in the cortical bone of growing mice are bone- and

gender-specific. Bone 40: 1120–1127.

18. Rubin CT, Bain SD, McLeod KJ (1992) Suppression of the osteogenic response

in the aging skeleton. Calcif Tissue Int 50: 306–313.

19. Buhl KM, Jacobs CR, Turner RT, Evans GL, Farrell PA, et al. (2001) Aged
bone displays an increased responsiveness to low-intensity resistance exercise.

J Appl Physiol 90: 1359–1364.

20. Prisby RD, Ramsey MW, Behnke BJ, Dominguez JM, Donato AJ, et al. (2007)

Aging Reduces Skeletal Blood Flow, Endothelium-Dependent Vasodilation and
Nitric Oxide Bioavailability in Rats. J Bone Miner Res. WebFirst.

21. Rosen CJ, Bouxsein ML (2006) Mechanisms of disease: is osteoporosis the

obesity of bone? Nat Clin Pract Rheumatol 2: 35–43.

22. Szulc P, Delmas PD (2007) Bone loss in elderly men: increased endosteal bone

loss and stable periosteal apposition. The prospective MINOS study. Osteoporos
Int 18: 495–503.

23. Ahlborg HG, Johnell O, Turner CH, Rannevik G, Karlsson MK (2003) Bone

loss and bone size after menopause. N Engl J Med 349: 327–334.

24. Heaney RP, Abrams S, Dawson-Hughes B, Looker A, Marcus R, et al. (2000)

Peak bone mass. Osteoporos Int 11: 985–1009.

25. Turner CH, Takano Y, Owan I (1995) Aging changes mechanical loading

thresholds for bone formation in rats. J Bone Miner Res 10: 1544–1549.

26. Raab DM, Smith EL, Crenshaw TD, Thomas DP (1990) Bone mechanical
properties after exercise training in young and old rats. J Appl Physiol 68: 130–134.

27. Umemura Y, Ishiko T, Tsujimoto H, Miura H, Mokushi N, et al. (1995) Effects
of jump training on bone hypertrophy in young and old rats. Int J Sports Med

16: 364–367.

28. Jarvinen TL, Pajamaki I, Sievanen H, Vuohelainen T, Tuukkanen J, et al.
(2003) Femoral neck response to exercise and subsequent deconditioning in

young and adult rats. J Bone Miner Res 18: 1292–1299.

29. Vasselli JR, Weindruch R, Heymsfield SB, Pi-Sunyer FX, Boozer CN, et al.

(2005) Intentional weight loss reduces mortality rate in a rodent model of dietary
obesity. Obes Res 13: 693–702.

30. Keenan KP, Ballam GC, Dixit R, Soper KA, Laroque P, et al. (1997) The effects

of diet, overfeeding and moderate dietary restriction on Sprague-Dawley rat
survival, disease and toxicology. J Nutr 127: 851S–856S.

31. Leppanen OV, Sievanen H, Jarvinen TLN (2008) Biomechanical Testing in
Experimental Bone Interventions - May the Power Be With You. J Biomech 41:

1623–1631.

32. Burek JD (1979) Pathology of Aging Rats. Boca Raton, FL, USA: CRC Press.

33. Sedlin ED, Hirsch C (1966) Factors affecting the determination of the physical

properties of femoral cortical bone. Acta Orthop Scand 37: 29–48.

34. Pelker RR, Friedlaender GE, Markham TC, Panjabi MM, Moen CJ (1984)

Effects of freezing and freeze-drying on the biomechanical properties of rat

bone. J Orthop Res 1: 405–411.

35. Jarvinen TL, Sievanen H, Kannus P, Jarvinen M (1998) Dual-energy X-ray

absorptiometry in predicting mechanical characteristics of rat femur. Bone 22:
551–558.

36. Pajamaki I, Kannus P, Vuohelainen T, Sievanen H, Tuukkanen J, et al. (2003)

The bone gain induced by exercise in puberty is not preserved through a
virtually life-long deconditioning: a randomized controlled experimental study in

male rats. J Bone Miner Res 18: 544–552.

37. Jarvinen TL, Kannus P, Sievanen H, Jolma P, Heinonen A, et al. (1998)

Randomized controlled study of effects of sudden impact loading on rat femur.

J Bone Miner Res 13: 1475–1482.

38. Sogaard CH, Danielsen CC, Thorling EB, Mosekilde L (1994) Long-term

exercise of young and adult female rats: effect on femoral neck biomechanical
competence and bone structure. J Bone Miner Res 9: 409–416.

39. Leppanen O, Sievanen H, Jokihaara J, Pajamaki I, Jarvinen TL (2006) Three-
point bending of rat femur in the mediolateral direction: introduction and

validation of a novel biomechanical testing protocol. J Bone Miner Res 21:

1231–1237.

40. Hildebrand T, Laib A, Muller R, Dequeker J, Ruegsegger P (1999) Direct three-

dimensional morphometric analysis of human cancellous bone: microstructural

data from spine, femur, iliac crest, and calcaneus. J Bone Miner Res 14:

1167–1174.
41. WHO (2007) http://www.who.int/countries/fin/en/.

42. Turner CH, Pavalko FM (1998) Mechanotransduction and functional response

of the skeleton to physical stress: the mechanisms and mechanics of bone
adaptation. J Orthop Sci 3: 346–355.

43. Ruff C, Holt B, Trinkaus E (2006) Who’s afraid of the big bad Wolff?: ‘‘Wolff’s
law’’ and bone functional adaptation. Am J Phys Anthropol 129: 484–498.

44. Frost HM (1988) Vital biomechanics: proposed general concepts for skeletal

adaptations to mechanical usage. Calcif Tissue Int 42: 145–156.
45. Frost HM (2003) Bone’s mechanostat: a 2003 update. Anat Rec A Discov Mol

Cell Evol Biol 275: 1081–1101.
46. Huiskes R, Ruimerman R, van Lenthe GH, Janssen JD (2000) Effects of

mechanical forces on maintenance and adaptation of form in trabecular bone.
Nature 405: 704–706.

47. Peng MT, Kang M (1984) Circadian rhythms and patterns of running-wheel

activity, feeding and drinking behaviors of old male rats. Physiol Behav 33:
615–620.

48. Kannus P, Sievanen H, Jarvinen TL, Jarvinen M, Kvist M, et al. (1994) Effects
of free mobilization and low- to high-intensity treadmill running on the

immobilization-induced bone loss in rats. J Bone Miner Res 9: 1613–1619.

49. Kannus P, Jarvinen TL, Sievanen H, Kvist M, Rauhaniemi J, et al. (1996)
Effects of immobilization, three forms of remobilization, and subsequent

deconditioning on bone mineral content and density in rat femora. J Bone
Miner Res 11: 1339–1346.

50. Hsieh YF, Robling AG, Ambrosius WT, Burr DB, Turner CH (2001)
Mechanical loading of diaphyseal bone in vivo: the strain threshold for an

osteogenic response varies with location. J Bone Miner Res 16: 2291–2297.

51. Turner CH, Forwood MR, Rho JY, Yoshikawa T (1994) Mechanical loading
thresholds for lamellar and woven bone formation. J Bone Miner Res 9: 87–97.

52. Kannus P, Haapasalo H, Sankelo M, Sievanen H, Pasanen M, et al. (1995)
Effect of starting age of physical activity on bone mass in the dominant arm of

tennis and squash players. Ann Intern Med 123: 27–31.

53. Khan K, McKay HA, Haapasalo H, Bennell KL, Forwood MR, et al. (2000)
Does childhood and adolescence provide a unique opportunity for exercise to

strengthen the skeleton? J Sci Med Sport 3: 150–164.
54. Bass S, Pearce G, Bradney M, Hendrich E, Delmas PD, et al. (1998) Exercise

before puberty may confer residual benefits in bone density in adulthood: studies
in active prepubertal and retired female gymnasts. J Bone Miner Res 13:

500–507.

55. McKay HA, Petit MA, Schutz RW, Prior JC, Barr SI, et al. (2000) Augmented
trochanteric bone mineral density after modified physical education classes: a

randomized school-based exercise intervention study in prepubescent and early
pubescent children. J Pediatr 136: 156–162.

56. Mackelvie KJ, McKay HA, Khan KM, Crocker PR (2001) A school-based

exercise intervention augments bone mineral accrual in early pubertal girls.
J Pediatr 139: 501–508.

57. Bailey DA, McKay HA, Mirwald RL, Crocker PR, Faulkner RA (1999) A six-
year longitudinal study of the relationship of physical activity to bone mineral

accrual in growing children: the university of Saskatchewan bone mineral
accrual study. J Bone Miner Res 14: 1672–1679.

58. Heinonen A, Sievanen H, Kannus P, Oja P, Pasanen M, et al. (2000) High-

impact exercise and bones of growing girls: a 9-month controlled trial.
Osteoporos Int 11: 1010–1017.

59. Kontulainen S, Sievanen H, Kannus P, Pasanen M, Vuori I (2002) Effect of
long-term impact-loading on mass, size, and estimated strength of humerus and

radius of female racquet-sports players: a peripheral quantitative computed

tomography study between young and old starters and controls. J Bone Miner
Res 17: 2281–2289.

60. Haapasalo H, Kannus P, Sievanen H, Pasanen M, Uusi-Rasi K, et al. (1998)
Effect of long-term unilateral activity on bone mineral density of female junior

tennis players. J Bone Miner Res 13: 310–319.

61. Frost HM (1997) On our age-related bone loss: insights from a new paradigm.
J Bone Miner Res 12: 1539–1546.

62. Hoshi A, Watanabe H, Chiba M, Inaba Y (1998) Bone density and mechanical
properties in femoral bone of swim loaded aged mice. Biomed Environ Sci 11:

243–250.
63. Kodama Y, Umemura Y, Nagasawa S, Beamer WG, Donahue LR, et al. (2000)

Exercise and mechanical loading increase periosteal bone formation and whole

bone strength in C57BL/6J mice but not in C3H/Hej mice. Calcif Tissue Int
66: 298–306.

64. Hoshi A, Watanabe H, Chiba M, Inaba Y (1998) Effects of exercise at different
ages on bone density and mechanical properties of femoral bone of aged mice.

Tohoku J Exp Med 185: 15–24.

65. Jarvinen TL, Kannus P, Sievanen H (2003) Estrogen and bone–a reproductive
and locomotive perspective. J Bone Miner Res 18: 1921–1931.

66. Mosley JR, Lanyon LE (2002) Growth rate rather than gender determines the
size of the adaptive response of the growing skeleton to mechanical strain. Bone

30: 314–319.

Age-Related Osteoporosis

PLoS ONE | www.plosone.org 10 July 2008 | Volume 3 | Issue 7 | e2540


