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Abstract.

BACKGROUND: Physical activity plays a tremendous role in determining bone mechanical behavior, which is superimposed
to gravidity.

OBJECTIVE: Compare the geometric and material responses of the rat femur to a high intensity treadmill running training of
a relatively short duration, as assessed by 3-point mechanical test.

METHODS: Mature male rats (180.0 £ 30 g) were assigned (7 rats/group) to no exercise (NE) or treadmill exercise (EX). After
a preconditioning period, the running speed was set at 45 cm.seg~! during 2 wks, frequency 5 d/wk, 2-hour sessions/day. Body
weight and weight of the crural quadriceps were registered at euthanasia. The right femur was mechanically tested through
3-point bending. The left femur was ashed to estimate bone mineral content. Geometric and material bone properties were
estimated directly or calculated by appropriate equations.

RESULTS: 1) Final body weight was 14% reduced in EX rats, while the crural quadriceps was 47% increased. Yield and
fracture loads, and structural stiffness were significantly higher in the EX rats, as were the apparent elastic modulus, the bone
mineral content and the degree of mineralization. Geometric properties were not affected.

CONCLUSIONS: High intensity treadmill running training increases bone strength and stiffness by increasing material stiff-
ness and mineralization, without affecting geometric bone parameters.

Keywords: Bone biomechanics, treadmill exercise, rat femur, bone strength

1. Introduction

Mammalian bone and skeletal muscle involved with locomotion develop in close association from the
somatic mesoderm and accumulate their final adult mass to specific genetic instructions and environ-
mental cues [1]. Changes in muscle and bone mass brought about by exercise, disuse or aging are also
tightly correlated in both human and experimental models.
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A fundamental determinant of peak bone and muscle mass is genetic background. Superimposed to
these genetic determinants of bone and muscle mass are anabolic stimuli that occurs postnatally, the
most dominant of which is puberty. During the pubertal growth spurt, bone and muscle mass accumulate
rapidly under the influence of GH, IGF-1, and sex hormones [2]. In addition to the genetic determinants
and humoral factors affecting musculoskeletal mass, the level of physical activity in which human or
animals engages plays a tremendous role in determining postnatal muscle and bone mass, which is
superimposed to the forces associated with gravidity [3-5].

The intrinsic relationship between muscle and bone is described by the mechanostat theory, which
postulates that increasing maximal muscle force during growth or in response to increasing loading will
positively affect bone mass, size and strength [6].

According to the mechanostat theory, mechanical factors are considered as the primary factors deter-
mining bone strength. Most of the mechanical forces that act on the skeleton during physical activities
are generated either through impact with the ground (gravitational or ground-reaction forces) or through
skeletal muscle phasic contractions (muscle or joint-reaction forces) [7].

The effect of treadmill exercise on bone mass in rodents has been previously studied [8—12]. The time
and the degree of the endurance treadmill running training were not uniform in the different studies,
although most of them revealed that this type of exercise has effects on bone density, size and shape,
resulting in substantial improvements in mechanical strength. However, subnormal values of bone mass,
size, and strength were also described in association with enhanced intrinsic bone strength [13] which
may represent real benefits in the biomaterial quality of bone [12]. Increased Young’s modulus and
higher concentration of Ca in femurs of trained rats were also described [9]. In general, increases in
bone mineral density (BMD) can be obtained by a moderate running load (15 m/min for 30 min) at
frequencies of 4 and 5 days per week [11]. It has also been reported that the effect of exercise on bone
at an older age is different from that at other ages [14].

It has been previously reported [10] that when the rat, a tetrapedal animal, is running on a treadmill,
there is a greater mechanical loading on the appendicular bones than on the axial bones. Namely, the
tibia and femur receive much more mechanical loading than the lumbar spine during running on the
treadmill, which explains the preferential use of both bones in experiments dealing with the effects of
exercise on bone strength.

Bone can be studied at several levels of organization. The “whole-bone” quality, or structural prop-
erties, considers the entire bone as a structure, which incorporates the properties of the materials that
compose the whole bone (which can be [Ca]-related or [Ca]-unrelated) as well as the geometric prop-
erties, or architectural design, which include the trabecular network and the cortical shell [15]. The
whole-bone quality is essentially a function of two mechanical properties: stiffness (or resistance to
deformation) and strength (or resistance to fracture).

The “mechanical bending test” of bone, performed in vitro, which provides direct measurement of the
whole-bone structural properties (and in combination with geometrical data allows indirect calculations
of some bone material properties) was applied in the present study to estimate the effects of treadmill
running training on the femoral shafts of adult rats. The degree of the endurance treadmill running was
more intense, although applied for a shorter time, than those usually used in most studies performed on
the subject. It is conceivable that higher running speeds would induce higher ground reaction forces and
thus the effects on bone biomechanics would be more marked or different.
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Fig. 1. Diagram of the training schedule.
2. Materials and methods
2.1. Animal and experimental design

Fourteen Sprague-Dawley male rats, 8 weeks old, weighing 180.0 £ 30.0 g were used throughout.
Young adult rats were chosen to study the effect of training still within the growth period but not as
accelerated as in younger animals. Rats were kept in a room maintained at 22 £ 2°C with a 12:12 h
light/dark cycle. Rats were provided free access to standard rat chow and water throughout the 4 wks
study. Rats were randomly assigned (n = 7 rats/group) to no exercise (NE) or treadmill exercise (EX).
The treadmill exercise regimen adopted corresponds to a high-intensity intermittent endurance proto-
col. It consisted of a preconditioning period in which running speed was gradually increased from
30 cm.seg™! to 45 cm.seg™!, 0% incline, during 2 wk, at a frequency of 5 d/wk, 2-hour sessions per
day (morning and afternoon) (see Fig. 1). An equal long lasting period of exercise training was followed
in which the running speed was maintained at 45 cm.seg~!. An electric stimulus was turned on for less
than 2 s when the animals stayed on the electric grill for longer than 10 s.

Body weight of animals was recorded at the end of the experimental period. At euthanasia, the right
crural quadriceps was dissected and weighed in a Mettler scale. We have chosen the femur for this exper-
iment because it is subject to both gravity derived forces prevailing in static conditions, and movement
derived forces prevailing in dynamic conditions. Additionally, the femur is highly adapted to biomechan-
ical study due to its relatively large size, and its shape that resembles a beam. This shape is appropriate
for the 3-point bending test and subsequent analysis. The right and left femurs were collected from
each rat. The bones were defleshed with care being taken not to damage the periostium. The left femur
was ashed. The right femur was weighed and stored at —20°C wrapped in gauze soaked with Ringer’s
solution in sealed plastic bags [16] until analyzed.



434 C. Bozzini et al. / Increased intrinsic stiffness and mineralization in femurs of adult rats

point of fracture
Wf ________________________________________________ -
T plastic deformation —p
% plastic region
= Wy} :
7 y ¥ yielding point |
() H
=] elastic region :
»
1
Z
1
; <4 elastic deformation
©
®
ke stiffness |
's modulus,
i

dy df
deformation (d = mm) - strain (%)

Fig. 2. The mechanical test generates a load/deformation curve from which several parameters can be measured. These param-
eters can be normalized after adjusting for the sample size (cross-sectional area or moment of inertia) allowing load conversion
to stress and deformation to strain, and obtaining the “stress/strain” curve. The first linear portion of the curve is known as the
“elastic region”, where there is a proportional deformation (strain) with increased load (stress) exerted; when the load (stress) is
removed, bone return to its original shape. After the “yielding point”, increasing load (stress) causes permanent damage to the
bone structure. The “point of fracture” corresponds to the maximum load (stress) the bone can sustain without breaking. The
slope of the curve within the elastic region is a measure of the “stiffness” of the whole bone (extrinsic property) when obtained
from the W/d curve. When obtained from the S/S curve, it is called “Young’s modulus” and is an index of the stiffness of the
bone material (intrinsic property). Strength can be defined from the point of fracture or the point of yielding.

The experimental plan was approved by the Ethics Board of the Faculty of Odontology of the Univer-
sity of Buenos Aires.

2.2. Biomechanical testing

On the day of testing, each bone was thawed at room temperature before analysis. To assess cor-
tical bone mechanical properties, the right femur was tested in 3-point bending [16] which combines
compression and tension. Each bone was placed horizontally with the anterior side facing down on two
transverse supports and central along its length. Load was applied perpendicularly to the long axis of
the bone until fracture. The test machine (Instron model 4442, Instron Corp., Canton, MA, USA) was
operated in stroke control at a constant rate of 5 mm/min in order to obtain the load (W )/deformation
(d) curves (W/D curve, Fig. 2), showing both the elastic (linear) and the plastic phases separated by the
vielding point (departure from linearity). “Elastic” means linear proportionality between the load and the
reversible deformation. “Plastic” refers to nonlinear relationship between the load and the irreversible
deformation [15]. The test enables graphic determination of the main structural mechanical properties of
bone shafts as beams [16] which essentially measures the resistance to both deformation (stiffness) and
fracture (strength). This way of load is useful for describing the “static properties” of the bone structure
[15]. The structural properties are those corresponding to the whole bone as an organ and are derived
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from the W/d curve. They are: (i) load at the yielding point or elastic limit (W), represents the end point
of the elastic deformation of the bone (yielding point) and defines a threshold about which unrecoverable
permanent deformation occurs (deformation), marking the initiation of damage accumulation with the
appearance of microcracks that occur on the periosteal surface of the bone subjected to tension; it is a
measure of the bone strength; (ii) structural stiffness or bone rigidity (W,d,), represents the slope of the
elastic phase of the W/d curve and is a measure of the resistance of the bone to deformation, or rigidity.
It is generally proportional to the bone structural strength; and (iii) structural strength (W), represents
the value of the load at fracture and expresses directly the resistance of the whole bone to fracture, in-
corporating both the elastic and the plastic behaviors. The post-yield load was obtained by subtraction
of the yield load to the failure load. The plastic/elastic ratio (W — W, /W, - 100) represents the fraction
of the fracture load that is supported in plastic conditions.

2.3. Determination of geometrical and material bone properties

Micromorphometrical determination of the horizontal and vertical, external (H, B) and internal (&, b)
diameters of the elliptic-crown-shaped fracture sections enabled calculations of the bone diaphyseal ge-
ometrical properties. Measurements were taken with a digital caliper with the aid of a magnifier 40x.
The geometric properties were determined as follows: [a] Bone length and diameters: the femur length
was measured directly using a stereomicroscope (Stenu DV4 Stereo microscope Carl Zeiss Microimag-
ing, Gottingen, Germany) with an accuracy of £100 um; [b] Mid-diaphyseal cross-sectional area, CSA:
CSA was calculated by applying the equation “w(H B — hb)/4”. Second moment of inertia of corti-
cal bone (with reference to the anterior-posterior bending axis, xCSMI) was estimated by the equation
“w(B>H — b3h)/64”. Bone material properties (apparent elastic modulus) was calculated from struc-
tural and geometric properties and not directly determined by mechanical means: “WyL3/48dy.Ix” (dy =
maximal elastic deflection, L. = distance between supports, Ix = xXCSMI, Wy = load at the yielding
point).

2.4. Ashing of the specimens

The left femur of each animal was ashed at 600°C in a muffle furnace for 18 h and the ash weight
obtained. The rotal mineral content of the femur was derived from the weight of bone ash. The tissue
degree of mineralization (DMB), which expresses the percentage of mineral substance in the dried bone,
was calculated as the ratio ash weight/dry bone weight.

2.5. Statistical analysis

Results were summarized as means == SEM and were considered statistically significant at the level
of P < 0.05. Comparisons between parameters were performed by the Student’s t-test using GraphPad
Prism Software (GraphPad Software, San Diego, CA, USA).
3. Results

During the 4 wk training period, the increase in body weight in the EX group was less than the increase

in body weight of the NE group. Final body weight was 364.75 £ 9.49 g in the former and 423.67 +
9.29 g in the latter (P = 0.0402) (Fig. 3). The absolute weight of one of the major leg muscle, the
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Fig. 3. Body weight, crural quadriceps weight, dry femur weight, femur ash weight, degree of mineralization, cross-sectional
area, cortical area, and cross-sectional moment of inertia in control (dark bars) and trained (clear bars) of rats. Each bar repre-
sents the Mean == SEM of 7 animals. Asterisks on top of bars denote statistical significant differences (P < 0.05).
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Fig. 4. Structural (load at yielding, load at fracture, and structural stiffness) and intrinsic (apparent elastic modulus) biomechan-
ical properties in control (dark bars) and trained (clear bars) rats. Each bar represents the Mean == SEM of 7 animals. Asterisks
on top of bars denote statistically significant differences (P < 0.05).

crural quadriceps, was 1.898 & 0.146 mg and 2.797 £ 0.309 mg (P = 0.0572) in the NE and EX rats,
respectively, which indicates that the experimental training increased the mass of one of the associated
muscles by 47.6%. There was no significant difference between NE and EX rats in femur length (32.0 £
1.3 mm vs. 32.3 &+ 1.2 mm) nor in femoral dry weight (493 + 3.3 mg vs. 491 + 5.8 mg). Total bone
ash was higher in EX than in NE rats (301.1 £ 6.2 mg vs. 280.2 £ 5.0 mg, respectively; P = 0.0335).
The femoral degree of mineralization was also higher in the EX than in the NE rats (61.27 & 0.45% vs.
56.73 £ 0.91%; P = 0.0010) (Fig. 3).

The results of the cross-sectional measurements performed on the breaking site of femora after the 3-
point bending test showed that no statistically significant differences were encountered between NE and
EX rats in the cross-sectional area, cortical cross-sectional area, and cross-sectional moment of inertia
(Fig. 3).

The structural mechanical properties of the femoral diaphyses are shown in Fig. 4. The load at yielding,
the load at fracture, and the structural stiffness were all significantly higher in the trained than in the
control rats, indicating that both the resistance to deformation under the applied load and the structural
strength were improved by treatment. The apparent elastic modulus, calculated from geometrical and



438 C. Bozzini et al. / Increased intrinsic stiffness and mineralization in femurs of adult rats

structural measured values, was 762.8 + 126.3 N/mm? and 1086.4 + 71.2 N/mm? (P = 0.0448) in NE
and EX rats, respectively (Fig. 4).

4. Discussion

Skeletal functional integrity can be assessed by structural strength tests that measure how well the
whole bone can bear load [17]. During a whole bone structural test (WBSS) different types of loads can
be applied to whole bones in vitro to determine both the structural stiffness (rigidity) and the structural
strength (failure load). These two whole bone measurements are called structural properties and are
influenced by both the material from which the structure is composed (tissue material properties) as
well as the quantity (bone mass) and how and where the material is distributed (the geometric form of
the tissue). Currently, there is no substitute for a WBSS to measure whole bone structural behavior; no
alternative parameter has been identified that is fully indicative of strength and can serve as a surrogate
measure. Bone material properties are independent of the size and shape of the bone and can be estimated
by the modulus of elasticity. These properties are influenced by mineral density, collagen content, and ash
fraction. In addition, factors such as collagen cross-linking, collagen fibers orientation, mineral crystal
size and the microstructural organization (lamellae, osteons) also influence material behavior.

Most of the mechanical forces that act on the skeleton during physical activities are generated either
through impact with the ground (i.e., gravitational or ground-reaction forces) or through skeletal muscle
contractions [3]. However, conclusive evidence is lacking on which of this mechanical factors is more
important to induce changes in the bone mechanical properties. Turner and Robling [18] have shown
that adult female rats subjected to 16 wk of axial loading of the right ulna showed small increases in
bone mineral content (BMC) and BMD (15-17%) but substantial increases (64—94%) in ultimate force
and energy to failure.

The present investigation was designed to estimate the structural properties of one of the weight-
bearing bones, the femur. Young adult rats (8 weeks old) were chosen because it is a period of enhanced
bone deposition [19]. The animals were arranged in two groups. One of the groups (NE) was maintained
in cages in which they performed the habitual low muscular activity, represented mainly by tonic con-
tractions in order to support body weight and relatively low phasic contractions necessary to walk and
get access to food and water. The other group was formed by rats (EX) that, besides performing the same
types of muscular activities, were trained to run in a treadmill during 2 h in the morning and 2 h in the
afternoon, at a velocity of 27 m/min during 15 d. During the previous 15 days, animals were precon-
ditioned by following the same training protocol, although the velocity was increased from 0 m/min to
27 m/min progressively.

The structural properties of bone are regulated according to the “mechanostat theory” [6], that postu-
lates that increasing maximal muscle force during growth or in response to increased loading will affect
bone mass, size and geometry, thus adapting bone strength and stiffness to the loads acting on it. The
mechanical properties of a bone depend primarily on the properties of its constituent material (mate-
rial properties) and secondarily on the form that this material is distributed (geometric or architectural
properties).

There are three ways to make the skeleton stronger: 1) increasing the bone mass (BMC), 2) distributing
bone mass more efficiently (xCSMI), and 3) improving the material properties (stronger at the tissue
level) (elastic modulus) (16).

As directed by the mechanostat, when a long bone, as our rat femur, is subjected to increased loads, the
changes that occur are mainly, if not solely, restricted to its geometrical properties. The cross-sectional
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area (CSA) increases because of positive modeling on the periosteal surface and this response is the most
important determinant with respect to the cortical thickness on bone mechanical properties, particularly
for the failure load and stiffness [20]. At the same time, the endosteal surface of the bone is reabsorbed
by negative modeling but at a lower rate that the positive modeling occurring at the periosteal surface.
As the result of these actions, the diaphysis of the loaded long bone increases the cortical section (CSA),
the thickness of the mineralized-cross-sectional area (CtCSA), and the peripherization of the mineral-
ized tissue (xCSMI). All of these actions increase the strength of the bone and make it more resistant
to fracture. The stiffness of the bone also increases, which make the bone more rigid. The structural
stiffness of a given bone depends on the stiffness of the bone material tissue (intrinsic stiffness) and the
geometrical properties of the bone.

In the current study, the trained animals showed a lower body weight and higher muscle weight due to
exercise. However the femur length, an indirect measure of longitudinal bone growth, and its dry weight
did not show any difference. The structural mechanical properties of the femoral shaft, which is mostly
composed of compact bone, were enhanced by endurance training, as revealed by substantial increases in
load at yielding, load at fracture, and structural stiffness (under elastic conditions). In elastic structures,
all deformation energy is returned and no damage or heat is dissipated within the bone [15]. Surprisingly,
the increased mechanical structural properties observed in our loaded femur were not associated with
significant variations of the geometric properties of the bone. The cross-sectional area and the cortical
thickness that represent the cross-sectional diameters and the amount of mineralized tissue, respectively,
at the site of fracture, and the xCSMI, that shows the architectural design of the femoral shaft, were not
affected by training. Thus, the main factors that make the bone stronger during loading did not apparently
intervene in the genesis of the increment in the femoral structural properties in our trained rats. These
findings do not agree with the rules dictated by the mechanostat and suggest that the enhanced stiffness
and strength observed was the result of changes occurring in the tissue biomaterial properties. It is also
possible that the mechanostat had not enough time to induce the adaptive modifications at the level of
the bone geometrical properties or that they were too small to be measured with our methods. However,
others have shown no geometric adaptation of weight-bearing bones in exercise trained rats in spite of
increased strength and stiffness [9,12,13,21].

The plastic behavior of bones depends, in addition, on the bone tissue resistance to the development
and progress of cracks within the bone’s structure, a property known as bone toughness. The post-yield
load was more than two times higher in the EX than in the NE rats, which suggests that the increased
failure load found in the former than in the latter could have been also caused by an increase in the
energy developed during the irreversible deformation and that the femoral shaft could have been able to
withstand greater deformation before fracture.

The intrinsic stiffness represents the rigidity of the material bone tissue, which is independent of the
geometric properties of the bone. The degree of mineralization, or mineral density, has an important
influence on bone strength through its effect on the intrinsic stiffness. In the current study, the degree
of mineralization was 8.0% higher in the EX than in the NE rats, which would have been an important
determinant of the 42.4% increase in the apparent elastic modulus observed in the former than in the
latter.

The higher stiffness, failure load and post yield load were, as cited before, higher in the EX than in the
NE rats. The mineralization density was also higher in the former than in the latter. These observations
suggest that exercise influenced the mineralization of bone and at least partially explain bone tissue
material level properties. Similar results were observed in rats with increased calcium intake [20] and
points out the important role of bone mineralization on bone strength not via bone geometrical properties
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but the quality of the bone material. The amount of bone ash and the degree of mineralization are the
major intrinsic determinants of bone strength at the tissue level [21].

In summary, under the exercise regimen imposed to rats in the present experiment, the femur in-
creased significantly its structural properties, thus being more rigid and more resistant to fracture. These
responses were not apparently associated with modifications of the architectural design of the femoral
shaft, which did neither increase the cross-sectional nor the mineralized cortical areas nor the cross-
sectional moment of inertia. The findings of an increased apparent elastic modulus probably associated
to an augmented mineralization density and ash content suggest that the present endurance training en-
hanced bone biomaterial properties acting at the tissue-level properties. The operating mechanism of
this response, possibly associated to the high degree of the stimulation and the short time of application,
remains as an open question. This is the reason that made us to hesitate to propose this mechanism as a
rapid one to make the bone more resistant to fracture to adapt to new conditions that develop suddenly,
by knowing that the architectural design of the diaphysis (cross-section and moment of inertia) needs
time to develop.
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