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ABSTRACT

Improving the structural integrity of bone reduces fracture risk and development of osteoporosis later in life. Exercise can increase
the mechanical properties of bone, and this increase is often attributed to the dynamic loading created during exercise. However, the
increase in systemic parathyroid hormone (PTH) levels during exercise gives reason to hypothesize that PTH signaling also regulates
bone adaptation in response to exercise. Therefore, the first aim of this study was to establish the impact PTH signaling has on bone
adaptation during exercise by inhibiting PTH signaling with PTH(7-34); the second aim was to determine whether increasing PTH
levels during exercise with PTH(1-34) can augment bone adaptation. Thirty minutes after a single bout of running on a treadmill,
mice exhibited a twofold increase in systemic PTH levels. Under the same exercise regimen, the influence of PTH signaling on bone
adaptation during exercise was then evaluated in mice after 21 consecutive days of exercise and treatment with PTH(7-34), PTH(1-
34), or vehicle. Exercise alone caused a significant increase in trabecular bone volume with adaptation to a more platelike structure,
which was inhibited with PTH(7-34) during exercise. Changes in structural-level and tissue-level mechanical properties during
exercise occurred in the absence of significant changes to cortical bone geometry. Inhibition of PTH signaling during exercise
attenuated the changes in structural-level mechanical properties, but not tissue-level properties. Enhanced PTH signaling during
exercise with PTH(1-34) increased trabecular and cortical bone volume, but had little effect on the structural-level and tissue-level
mechanical properties compared to exercise alone. Our study is the first to demonstrate that bone adaptation during exercise is not
only a function of dynamic loading, but also PTH release, and that PTH signaling contributes differently at the structural and tissue
levels. © 2015 American Society for Bone and Mineral Research.
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Introduction

he prevalence of osteoporosis has grown over the years; this
disease is estimated to have caused over 9 million fractures
across the world, many of which cause permanent disabilities or
complications resulting in death."” Anabolic treatment strategies
that enhance the mechanical properties of bone and/or offset the
progression of bone loss are highly sought after, but not readily
available.? Current treatments attempt to improve the mechan-
ical integrity of the skeleton by increasing the quantity of bone or
improving its quality, as defined by its strength and toughness.
Although exercise has been widely considered a potential
treatment strategy to improve the mechanical properties of
bone, the specific mechanisms through which mechanical
properties are increased during exercise remain unclear.®’
Insight into such mechanisms will contribute to developing
treatments that use exercise to improve the integrity of bone or
even prevent osteoporosis later in life.
Among humans, both treadmill running and swimming
increase bone formation based on increased bone mineral

density (BMD),®) along with serum levels of bone alkaline
phosphatase.*” In rodents, both swimming and treadmill
running increase trabecular bone volume and thickness,®”
along with significant increases in both tissue-level and
structural-level properties of cortical bone.#'? The adaptation
in structural-level properties of cortical bone is attributed to
changes in geometry due to periosteal expansion.""'®
However, running can also modify the tissue-level properties
of cortical bone without altering cross-sectional geome-
try.®1%12 This adaptation in tissue-level properties, indepen-
dent of geometric changes, has been associated with changes to
tissue composition, such as increases in collagen cross-linking
and changes in the carbonate/phosphate ratio.">'® Overall,
literature supports the general concept that moderate exercise
improves the mechanical function of bone by modifying either
its structural-level or tissue-level mechanical properties.

The dynamic loading incurred during exercise is considered to
have the dominant impact on bone adaptation, and can reach
magnitudes of 2000 microstrain in humans.'¥ Direct loading of
the tibia or ulna of rodents under similar magnitudes of strain
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initiates osteocyte communication with osteoclasts and osteo-
blasts responsible for bone remodeling,"®'® along with the
ensuing increases in bone strength.'®"?? In addition to the
influence dynamic loading has on bone adaptation, exercise also
provides other stimuli that play a significant role in adaptation,
such as the release of parathyroid hormone (PTH).?® In both
humans and animals, the transient increase in systemic PTH
levels is dependent on the type, intensity, and duration of
exercise.#>°2329  Moderate running among human adults
causes a significant increase in systemic levels of PTH at the
onset of exercise that remain high 1 to 2 hours after exercise has
stopped, then return to baseline.*#?* Transient increases in
systemic PTH during exercise may be analogous to daily
treatments of PTH, which over the course of several weeks
increase trabecular bone volume along with cortical bone
volume and modulus of elasticity.®> Given that PTH treatment
can further increase cortical bone formation achieved under
direct loading.?>?® PTH signaling during exercise has the
potential to synergistically influence bone formation and the
adaptation of its mechanical properties.

The purpose of this study, therefore, was (1) to establish the
impact PTH release has on bone adaptation during exercise by
inhibiting the signaling mechanism with PTH(7-34), and (2) to
augment bone adaptation by increasing the PTH levels during
exercise with PTH(1-34). We hypothesized that inhibiting PTH
signaling during exercise would inhibit trabecular bone
formation along with inhibiting increases to the structural-level
properties of cortical bone, and that increasing the PTH levels
with PTH(1-34) would increase bone formation and increase its
mechanical properties at the structural level.

Materials and Methods

In vivo protocols

Animal procedures were performed at the University of
Michigan with the approval of the University Committee on
Use and Care of Animals (UCUCA). Male C57BI/6J mice (16 weeks
old at the start of each experiment) purchased from Jackson
Laboratories (Bar Harbor, ME, USA), were individually housed
throughout the entire study (because of their aggressive nature)
with sufficient water, food, and items for enrichment.

Exercise effects on systemic PTH levels

To establish the effect a single bout of exercise has on systemic
PTH levels, 50 mice were first subjected to exercise that involved
moderate running on a treadmill (Columbus Instruments, OH,
USA) with a 5-degree incline for 30 minutes/day at speeds
increasing from 8 to 12 m/min over the course of 3 days. After
3 days of training, the mice were assigned to weight-matched
groups: baseline or exercise. The exercise group was then
divided into five subgroups, each group representing a different
time point at which blood samples were taken: 0, 1, 1.5, 3, and
24 hours after the onset of exercise. At each time point, blood
samples were also taken from mice in the baseline group, which
did not exercise on day 4. For each mouse, ~100 p.L of blood was
drawn from the submandibular vein into a centrifuge tube with
an anticoagulate and then immediately spun down at 1000g at
8°C for 15min. The plasma was immediately separated and
stored at -80°C for later processing. Plasma samples were
prepared and analyzed using the PTH ELISA Kit (Immutopics
International) according to the manufacturer’s protocol on a
microplate reader (Varioskan Flash; Thermo Scientific).

Efficacy of PTH(7-34) for inhibiting PTH/PTH-related protein
receptor

The efficacy of PTH(7-34) to inhibit activation of the PTH/PTH-
related protein receptor (PPR) was established based on its
ability to inhibit changes in c-Fos gene expression regulated
downstream of the PPR. Given that PTH(1-34) activation of the
PPR increases c-Fos expression among osteoblasts and osteo-
cytes,?” mice were first treated with PTH(7-34) and then PTH(1-
34) either 1 hour or 3 hours later. A total of 35 mice were divided
into five groups: vehicle, PTH(7-34), PTH(1-34), PTH(7-34) + PTH-
(1-34) 1, and PTH(7-34) + PTH(1-34)3y,,. Subcutaneous injections
were given to administer 50 pL of saline solution (0.9% NaCl) as a
vehicle, 60 pug/kg (body weight) of (d-Try12, Try34)-bPTH(7-34)
(Bachem, CA, USA) in saline solution, or 40 j.g/kg of hPTH(1-34)
(Bachem) in saline solution. After the final injection, mice were
euthanized via CO, asphyxiation, and the tibia were extracted,
cleaned of excess soft tissue, and then homogenized to extract
the mRNA using a Trizol method. The mRNA was purified before
generating cDNA (TagMan cDNA synthesis kit; Applied Bio-
systems). The qRT-PCR was carried out with an Applied
Biosystems 7500 RealTime PCR machine along with primers
for c-Fos (Mm00487425; TagMan) and GAPDH as an internal
control (Mm99999915, TagMan). The standard curve method
was used to determine gene expression for each sample relative
to GAPDH levels, and then reported as a fold change compared
to vehicle-treated mice.

Exercise effects on bone adaptation

To determine the influence PTH signaling during exercise has
on bone adaptation, 105 male mice were assigned to one of
seven weight-matched groups: three sedentary groups, three
exercise groups, and a baseline group. The exercise groups
were subjected to treadmill running at 12m/min on a 5-
degree incline for 30 min each day over 21 consecutive days.
Each exercise group received daily subcutaneous injections
of either 50 uL of saline solution (0.9% NaCl) as a vehicle,
60 ng/kg (body weight) of (d-Try12, Try34)-bPTH(7-34)
(Bachem) in saline solution, or 40pg/kg of hPTH(1-34)
(Bachem) in saline solution. Both vehicle and PTH(7-34)
treatments were administered 3 hours prior to exercise,
whereas PTH(1-34) was administered 15 min prior to exercise.
Each sedentary group was also treated with either vehicle,
PTH(7-34), or PTH(1-34) over the course of 21 days.

To quantify bone formation histomorphometrically, each
mouse was also given an intraperitoneal (i.p.) injection of
Alizarin Red (25mg/kg body weight) on day 3, and an i.p.
injection of Xylene Orange (90 mg/kg body weight) on day 15.
Each mouse was then euthanized on day 22, and both tibias
were extracted and stored at -20°C wrapped in gauze soaked
with 1x phosphate buffered saline (PBS) 4+ 57 mg/L of calcium.
One tibia from each mouse was selected for micro-computed
tomography (nCT) analysis and mechanical testing, whereas the
contralateral tibia was used for histomorphometry.

nCT

Tibias were scanned prior to mechanical testing in a Scanco p.CT
system (nCT100; Scanco Medical, Bassersdorf, Switzerland) with
the following settings: 12 um voxel size, medium resolution, 70
kVp, 114 nA, 0.5 mm aluminum filter, and 500 ms integration
time. Image slices were processed with a grayscale threshold
optimized between 0 and 1000 across a population of samples.

Bl 1054 GARDINIER ET AL.

Journal of Bone and Mineral Research



For each sample, a 500-um-thick volume of interest, 50 pm
below the proximal growth plate, was selected for three-
dimensional (3D) analysis of the trabecular bone structure.
Based on the direct 3D method provided in the manufacturer’s
software, the following trabecular parameters were calculated:
bone volume fraction (BV/TV), tissue mineral density (TMD),
trabecular number (Tb.N), trabecular spacing (Tb.Sp), trabecular
thickness (Tb.Th), and structural model index (SMI). To
determine the degree of anisotropy (directional dependence)
of the trabeculae, eigenvalues of the fabric tensor were
calculated based on the mean intercept length technique,
and normalized to obtain H,, H,, and Hs along with the angle
between the principal vector and the tibia’s longitudinal axis
(theta).?® The degree of anisotropy (DA) of the trabeculae was
defined by the ratio between the largest and smallest vectors of
the normalized eigenvalues.

Once each tibia was scanned and mechanically tested (see
Mechanical testing, below), images of each tibia were first
rotated to match their position during mechanical testing. The
cortical bone thickness (Ct.Th), cortical cross-sectional area (Ct.
Ar), moment of inertia about the anterior-posterior axis (l,p),
moment of inertia about the medial-lateral axis (l.,), distance
from the most lateral surface to the neutral axis (Dy.a), bone
mineral content (BMC), and BMD were determined across an
180-pwm-thick section at the fracture site and a standard site. The
fracture site was defined where failure was initiated during
mechanical testing, whereas the standard site was defined
midway between the loading points.

Mechanical testing

Structural-level and tissue-level properties of each tibia scanned for
WCT analysis were determined under four-point bending using an
Admet eXpert 450 Universal Testing Machine."” The base support
span was 9mm with a loading span of 3mm. The tibia was
positioned in the loading device such that the lateral surface was in
compression by placing the most distal portion of the tibia and
fibula junction (TFJ) directly over the leftmost support point. Each
tibia was loaded at a rate of 0.01 mm/s until failure, while the load
and displacement were recorded, which were then used to calculate
the tissue-level properties based on beam-bending theory.

Histomorphometry

Contralateral tibias from the 21-day experiment were first
dehydrated in graded ethanol concentrations (70%, 80%, and
100%) and then embedded in methyl methacrylate (Koldmount
Cold Mount kit; Mager Scientific, Ml). Sections 1 to 2 mm thick
were cut at the mid-diaphysis with a diamond wafering blade
(Mager Scientific, MI, USA) on a low-speed sectioning saw (South
Bay Technology, CA; Model 650) and then polished to a final
thickness between 50 and 70 wm on wet silicon carbide abrasive
disks. A fluorescence microscope was used to identify tissue
surfaces labeled red (Alizarin Red) and orange (xylene). The
distance between adjacent labels was quantified to determine
the mineralizing surfaces (MS), mineral apposition rate (MAR), and
bone formation rate (BFR) along the endosteum and periosteum
according to standardized histomorphometric analysis.®”
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Fig. 1. Plasma levels of PTH were measured in response to a single bout of exercise involving running on a treadmill at 12 m/min. The average PTH
concentration measured at each time point was normalized to the baseline average taken prior to exercise (time =0). Plasma PTH levels were
significantly higher within 30 min following exercise compared to sedentary controls. Mean + SEM (n =10, *p < 0.05 compared to baseline time-

point).
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Statistical analysis

Paired t tests were used to determine significant changes in
body weight from day 1 to day 21 of the exercise program, with a
p value <0.05 denoting significance. All other outcomes were
tested for statistical differences between groups in SPSS using a
two-way ANOVA for effects of exercise and PTH, with a p value
<0.05 indicating a significant difference. A Student-Newman
Keuls post hoc test was used to test specific interactions
between all three sedentary groups, or all three exercise groups,
as well as interactions between exercise and sedentary groups of
each individual treatment.

Results

Exercise increases systemic PTH levels

When subjected to a single bout of exercise, mice exhibited a
twofold increase in systemic PTH levels compared to basal levels
within 1 hour after the onset of exercise (333 +49 pg/mL versus
175 £ 18 pg/mL; p = 0.017) (Fig. 1). The systemic PTH levels returned
to basal levels at 1.5 hours after the onset of exercise and remained
at basal levels thereafter.

PTH(7-34) inhibits cellular response to PTH in bone

The ability to inhibit the cellular response to PTH within bone
using PTH(7-34) was then established based on c-Fos mRNA
expression in response to PTH(1-34). Treatment with PTH(1-34)
alone caused a significant increase in c-Fos expression (Fig. 2),
similar to other studies.?” Pretreating mice with PTH(7-34) 1
hour or 3 hours prior to treatment with PTH(1-34) significantly
inhibited the change in c-Fos expression by ~75%, whereas
treatment alone with PTH(7-34) had no significant effect. As a
result, pretreatment with PTH(7-34) prior to exercise was
considered sufficient to inhibit the cellular response to PTH
during exercise.

Exercise causes weight loss

Mice in the exercise groups treated with vehicle, PTH(7-34), or
PTH(1-34) had significant weight loss that averaged
-13440.16g (p < 1x107%), -1.65+0269 (p < 1x1077),
and -1.224+0.20g (p < 7 x 1079, respectively, over the 21-day
course of the experiment. Sedentary mice treated with PTH(7-
34) also exhibited significant weight loss, which averaged
-0.46 +0.22 g (p =0.044). Sedentary mice treated with vehicle
or PTH(1-34) had no significant change in body weight over the
3-week experiment, averaging -0.20+0.24g (p=0.4) and
0.247 £0.27 g (p = 0.3), respectively.

Exercise increases trabecular bone formation and
decreases directionality of trabeculae

In response to 3 weeks of exercise alone, there was a significant
increase in trabecular BV/TV and a significant decrease in SMI
compared to sedentary controls (Fig. 3). The decrease in SMI
indicates that the trabecular structure is shifted toward a more
platelike structure, as opposed to a rodlike structure. The Tb.Th
following exercise was significantly larger compared to seden-
tary controls, whereas Tb.Sp, Tb.N, and TMD were unaffected.
All three eigenvalues of the fabric tensor were unequal,
indicating an orthotropic material with the material symmetry
predominately aligned with the long axis, represented by H,.
Compared to sedentary controls, exercise caused a significant
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Fig. 2. Pretreatment with PTH(7-34) inhibits the cellular response to
PTH in bone. The cellular response in bone to PTH(1-34) was evaluated
based on mRNA expression of c-Fos. Mice treated with PTH(1-34) alone
exhibited a 1.5-fold increase in c-Fos expression 1 hour later. Pretreat-
ment with PTH(7-34) 1 hour and 3 hours prior to PTH(1-34) significantly
inhibited the increase in c-Fos expression by ~75% compared to PTH(1-
34) treatment alone. Mean + SEM (n = 10, a indicates p < 0.05 compared
to vehicle treated mice, b indicates p < 0.05 compared to mice treated
with PTH(1-34) alone).

decrease in the eigenvalue H, and significantly increased its
angle (theta) with the anatomical long axis of the tibia (Fig. 4).
The significant increase in theta of H, demonstrates less
alignment of the trabeculae with the longitudinal axis of the
tibia following exercise.

PTH signaling during exercise contributes to trabecular
bone adaptation

As hypothesized, PTH(7-34) treatment during exercise resulted
in a significantly lower trabecular BV/TV compared to exercise
alone, as well as a significantly greater SMI (Fig. 3). The
normalized eigenvector H, was also significantly greater in
magnitude, with a smaller angle theta compared to vehicle
treatment during exercise (Fig. 4).

PTH(1-34) treatment superposed with sedentary and exercise
conditions caused a significantly greater Tb.Th, Th.Sp, and
significantly smaller Tb.N compared to the respective vehicle-
treated controls (Fig. 3). The trabecular BV/TV was statistically
greater in sedentary mice treated with PTH(1-34) compared to
vehicle treatment, but was not statistically different between
exercise groups treated with vehicle or PTH(1-34). Super-
imposing PTH(1-34) treatment with exercise significantly
increased the trabecular TMD compared to sedentary mice
treated with PTH(1-34). The degree of anisotropy was
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Fig. 3. PTH signaling during exercise contributes to the increase in trabecular BV/TV and decrease in SMI. (A) The BV/TV after exercise, as well as after
PTH(1-34) treatment alone, was statistically greater than BV/TV in sedentary mice treated with vehicle alone. The decrease in trabecular SMI due to
exercise indicated a more platelike structure, which was inhibited by PTH(7-34) during exercise, but not altered by PTH(1-34) in sedentary or exercise
conditions. (B) PTH(1-34) treatment in sedentary and exercise conditions decreased the trabecular number and increased trabecular thickness and
spacing with respect to their vehicle-treated controls. Mean & SEM (n =12, a indicates p < 0.05 compared to sedentary control, b indicates p < 0.05
compared to vehicle control). BV/TV = bone volume fraction; SMI = structural model index; TMD = tissue mineral density; Tb.N = trabecular number; Tb.

Th =trabecular thickness; Tb.Sp = trabecular spacing.

significantly reduced by PTH(1-34) treatment in both sedentary
and exercise conditions compared to the respective vehicle-
treated controls (Fig. 3). PTH(1-34) treatment of sedentary mice
also significantly decreased the eigenvalue H, and increased its
angle theta. Given the inhibitory and additive effect that PTH(7-
34) and PTH(1-34) had during exercise, respectively, trabecular
bone adaptation during exercise is attributed, at least in part, to
PTH signaling.

Cortical bone formation and geometry are increased by
PTH(1-34), but not by exercise

Despite the changes in trabecular bone, exercise had no effect
on cortical bone formation rate at either the endosteal or
periosteal surface (Fig. 5A-H). The only significant effect exercise
had on bone histomorphometric indices was a reduction in the
mineralization rate along the endosteum (Endo.MAR), but this

decrease was not large enough to augment the bone formation
rate (Endo.BFR) (Fig. 5A). PTH(1-34) treatment led to a
significantly greater Endo.BFR, due to an increase in Endo.MS,
whereas the significant increase in Perio.BFR was due to an
increase in Perio.MS and Perio.MAR (Fig. 5B). A similar response
to PTH(1-34) was observed in the exercise group; however, the
Endo.MS was not significantly greater than in the vehicle-treated
exercise controls.

At the standard site, exercise had no significant impact on Ct.
Ar, Ct.Th, Dy.a, moments of inertia, BMC, or BMD compared to
sedentary controls (Table 1). Treatment with PTH(7-34) during
exercise or sedentary conditions had no significant impact on
cortical bone geometry, BMC, or BMD compared to controls
(Table 1). Similar findings were observed at the fracture site (data
not shown).

Among sedentary mice, PTH(1-34) treatment increased Ct.Ar,
Ct.Th, and BMC at the standard site compared to vehicle-treated
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compared to vehicle control).

or PTH(7-34)-treated mice (Table 1). The addition of PTH(1-34)
treatment during exercise had a similar effect at the standard
site, but also caused a significant increase in Ct.Ar, Ct.Th, and
BMC at the fracture site compared to vehicle treatment during
exercise (data not shown).

Exercise alters structural-level properties through PTH
signaling

The structural properties of the tibia on which exercise had the
largest influence were yield displacement and stiffness (Fig. 6A).
The significant increase in stiffness in response to exercise was a
result of a significant decrease in the yield displacement,
because the yield load was not significantly different compared
to sedentary controls. Comparisons across all three exercise and
all three sedentary groups demonstrated that exercise had a
main effect on work, specifically a significant reduction in pre-
yield work (2.42+0.1mJ sedentary, 2.13+0.1mJ exercise;
p=0.042) and a significant increase in post-yield work
(2.14 £+ 0.2 mJ sedentary, 2.85 + 0.3 mJ exercise; p = 0.039).
PTH(7-34) treatment reduced the impact of exercise on both
yield displacement and stiffness, demonstrating that PTH
signaling contributes to the changes in structural-level proper-
ties of cortical bone during exercise (Fig. 6A). The addition of
PTH(1-34) during exercise did not significantly change any of the
structural-level properties compared to exercise controls treated
with vehicle, but exhibited a significant decrease in yield
displacement compared to sedentary controls treated with
PTH(1-34). PTH(1-34) treated sedentary mice had significantly
higher stiffness due to an increase in yield load compared to
vehicle-treated sedentary mice. Despite the main effect of
exercise on pre-yield and post-yield work, no significant
interactions were found between the individual groups.

Exercise modifies tissue-level properties independent of
PTH signaling

Despite the absence of changes in cross-sectional geometry or
BMD following exercise, at the tissue level, there was a

significant increase in ultimate stress and modulus with a
significant decrease in yield strain compared to sedentary
controls (Fig. 6B). Unlike the structural-level properties, PTH(7-
34) treatment during exercise did not inhibit the significant
changes in tissue-level properties, indicating that PTH signaling
during exercise does not contribute to the changes in tissue-
level properties.

Similar to the structural-level properties, the addition of
PTH(1-34) during exercise had no significant influence on tissue-
level properties compared to exercise mice treated with vehicle
or sedentary controls treated with PTH(1-34) (Fig. 6B). Sedentary
mice treated with PTH(1-34) did exhibit a significant increase in
ultimate stress, yield stress, and modulus compared to sedentary
mice treated with vehicle.

The average post-yield toughness of all three exercise groups,
at 2.3+ 0.2 MPa, was significantly greater than the combined
average for all three sedentary groups, which was 1.7 + 0.2 MPa
(p=0.035). This main effect of exercise on the post-yield
toughness was driven by a significant interaction between
exercise and sedentary mice treated with vehicle (2.39 + 0.3 MPa
exercise, 1.46+0.1 MPa sedentary; p=0.045). No significant
interactions were found between groups treated with either
PTH(7-34) or PTH(1-34) for pre-yield or post-yield toughness.

Discussion

Based on our findings, the systemic release of PTH during
exercise provides a key signaling mechanism for both trabecular
and cortical bone adaptation. Although bone adaptation in
response to exercise is commonly attributed to dynamic
loading, inhibition of PTH signaling during exercise via PTH(7-
34) treatment revealed its key role in regulating bone
adaptation. After 3 weeks of exercise, PTH signaling contributed
to an increase in trabecular bone volume that was characterized
as a more platelike structure with thicker trabeculae (Fig. 3).
In addition, PTH signaling also contributed to cortical bone
adaptation that resulted in increased structural-level properties
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Fig. 5. Cortical bone formation increases at the endosteum and periosteum with PTH(1-34) treatment, but is unaltered by exercise. Representative
images demonstrate that sedentary mice treated with vehicle (A) or PTH(7-34) (B) exhibited little bone formation compared to sedentary mice treated
with PTH(1-34) (C). Exercise groups treated with vehicle (D) and PTH(7-34) (E) also showed little bone formation compared to PTH(1-34) (F) treatment
during exercise. Images shown are representative of each group of 12 samples (Bar = 100 wm). (G) At the endosteal surface, the mineralizing surface and
BFR were significantly increased in response to PTH(1-34), whereas the MAR was significantly reduced in response to exercise. (H) At the periosteal
surface, PTH(1-34) treatment alone caused a significant increase in MS, MAR, and BFR, whereas the combination of PTH(1-34) treatment and exercise
significantly increased the MAR and BFR, but not the MS compared to vehicle-treated controls. Mean + SEM (n = 12, a indicates p < 0.05, b indicates p <

0.05 compared to vehicle control). Endo = endosteal surface; MS = mineralizing surface; BFR =bone formation rate; MAR = mineral apposition rate;
Peri = periosteal surface.
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Table 1. pCT Analysis of Cortical Bone at the Standard Site

Sedentary Exercise

Vehicle PTH(7-34) PTH(1-34) Vehicle PTH(7-34) PTH(1-34)
Tibia length (cm) 17.5+£0.06 17.4£0.06 17.4+£0.07 17.4+£0.06 17.3+£0.05 17.4+£0.05
Ct.Ar (mm?) 0.746 £ 0.016 0.743 £0.017 0.795+0.014° 0.728 £0.019 0.726 +0.009 0.789+0.010°
Ct.Th (mm) 0.205 £+ 0.004 0.208 £ 0.003 0.224 4+0.003% 0.207 £0.003 0.208 £+ 0.003 0.220 £ 0.002°
Dn-a (mm) 0.604 £ 0.007 0.600 £ 0.009 0.608 £0.010 0.606 £0.011 0.589+0.010 0.605 £ 0.006
lap (mm?) 0.093 + 0.004 0.089 4 0.004 0.094 £+ 0.004 0.085 £ 0.005 0.082 £+ 0.002 0.094 + 0.002
I (MM?) 0.172+0.008 0.167 +0.008 0.181+0.006 0.162+0.010 0.159 4+ 0.005 0.184 +0.006
BMD (mg HA/cm?) 1200.8 £6.2 1210.9£5.2 12023 £8.2 1204.2£5.9 1215.7£54 1202.0£3.5
BMC (mg HA) 150.5+3.6 151.2+3.6 160.7 +3.3% 1473 +3.7 1483+ 2.2 159.3+2.1°

Values are mean 4 SEM.

@p < 0.05 compared to Sedentary + Vehicle and Sedentary + PTH(7-34).

bp < 0.05 compared to Exercise + Vehicle and Exercise + PTH(7-34).

of the tibia, demonstrated by an increase in ultimate load and
stiffness without the expense of decreased yield load (Fig. 6A). In
contrast, the gain in tissue-level properties following 3 weeks of
exercise was independent of PTH signaling (Fig. 6B) and is
mediated by another mechanism. Overall, this is the first study to
demonstrate that PTH signaling during exercise contributes to
trabecular and cortical bone adaptation, and that PTH signaling
influences the adaptation of cortical bone at the structural level
and tissue level differently.

The dynamic loading and transient increase in PTH levels
during exercise provide a unique combination of stimuli, which
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together regulate bone adaptation. Other exercise regimens
that include running and swimming have exhibited a similar
increase in trabecular bone formation.®” Based on our results,
the shift toward a more platelike structure during exercise was
not only a function of PTH, but likely due to a combination of
factors given the negligible impact of PTH(1-34) alone. This shift
to a more platelike structure along with the change in
eigenvalues is counter to the shift toward a more rodlike
structure observed with aging and onset of osteoporosis.3%"
However, the mechanical advantage gained by this adaptation
remains unclear, although the more platelike architecture has
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Fig. 6. PTH signaling during exercise mediates changes in structural-level mechanical properties, but not tissue-level mechanical properties of cortical
bone. (A) Of the structural-level mechanical properties, exercise had statistically significant influences on yield-displacement and stiffness, which were
inhibited by PTH(7-34) treatment during exercise. (B) Of the tissue-level properties, exercise had a statistically significant effect on yield strain, modulus,
and ultimate stress independent of PTH signaling. Mean + SEM (n = 12, aindicates p < 0.05; b indicates p < 0.05 compared to vehicle sedentary control,

indicates p < 0.055).
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been associated with increased toughness and resistance to
microdamage.®%3%

Similar to previous studies, exercise caused a significant
increase in ultimate stress and toughness without significant
changes in cortical area, mineral density, or moment of inertia
(Fig. 6, Table 1)."%"? |n contrast, the increase in cortical area and
BMC following PTH(1-34) treatment corresponded with an
increase in structural-level and tissue-level mechanical proper-
ties, such as stiffness and modulus (Fig. 6), similar to previous
studies.**3>) Although exercise did not change the quantity of
tissue being formed (Fig. 5, Table 1), mechanical loading and
PTH can enhance osteoblast expression of collagenous and
noncollagenous proteins that have distinct influences over
the ensuing mechanical properties.®%3” Exercise can modify the
intrinsic tissue properties of cortical bone by altering the
carbonate to phosphate ratio, mineral to matrix ratio, and
crystallinity, as well as the ratio between mature and immature
collagen cross-linking."%"#3%3% Thus, we suspect that the
matrix formed during exercise is being modified, and it would
prove useful for future studies to identify the physiological
stimuli that mediate this response.

A unique finding from this study was the attenuation in
periosteal bone formation during exercise despite the addition
of PTH(1-34) (Fig. 5H). Under sedentary conditions, treatment
with PTH(1-34) caused an increase in periosteal BFR from an
increase in mineralizing surface and apposition rate, similar to
previous studies.?#3>4%41) Although the addition of PTH(1-34)
during exercise significantly increased the periosteal BFR
compared to exercise alone, it was significantly less compared
to PTH(1-34) treatment of sedentary mice because of a
significant decrease in the mineralizing surface (Fig. 5H). The
typical increase in mineralizing surface by PTH(1-34) at the
periosteum could be counteracted during exercise by a
reduction in calcium availability due to an increased demand
associated with muscle activity or development along the
periosteum.“**® When muscle demand for calcium is a
limiting factor for mineralization at the periosteum, increasing
the available calcium may enhance this response. Although
calcium supplementation alongside exercise can increase the
BMD at the femoral neck,“* its impact on mineralization at the
periosteum is unclear. In addition, the use of calcium
supplements must be carefully assessed to ensure they do
not impair the systemic release of PTH during exercise, which
occurs in response to a decrease in calcium reabsorption
through the kidney.?*4>

Increasing the levels of PTH during exercise via PTH(1-34)
treatment superimposed the effects of PTH(1-34) onto those of
exercise to regulate the adaptation of trabecular architecture.
The increase in Th.Th from PTH(1-34) treatment corresponded
with an increase in Tb.Sp, similar to other studies that have
attributed this type of response to the fusion of adjacent
trabeculae as they grow thicker, which in turn explains the
decrease in Th.N.“®*”) Although a moderate increase in
trabecular BV/TV was achieved with the addition of PTH(1-34)
treatment during exercise (Fig. 3), it was not significantly greater
compared to exercise or PTH(1-34) treatment alone. Similarly,
PTH(1-34) treatment during exercise did not enhance the
changes in structural-level or tissue-level mechanical properties
normally gained in response to exercise or PTH(1-34) individu-
ally (Fig. 6). In contrast, treating with PTH(1-34) 30 to 45 min prior
to dynamic loading has an additive effect on trabecular and
cortical bone formation that is greater than the individual effect
of PTH(1-34) or dynamic loading.?>?® As a result, the lack of

significance or additive effect from PTH(1-34) observed in our
study is considered a function of timing in PTH(1-34) treatment.
Initiating the cellular response to PTH 30 or 45min prior to
exercise has the potential to increase BV/TV or enhance the
mechanical properties beyond what we observed by treating
only 15 min prior to exercise.?>?® Overall, PTH(1-34) treatment
15min prior to exercise provided a means to increase bone
quantity, which can have long-term benefits, whereas additional
studies are needed to establish the appropriate timing of PTH(1-
34) that will optimize its impact on bone adaptation. In addition,
the lack of change in cortical area and BFR during exercise
indicates that the primary action of PTH released during exercise
is not the same as PTH(1-34).

At the whole-bone level, exercise caused significant changes
in both structural-level and tissue-level mechanical properties
(Fig. 6), without significant changes in cortical bone geometry,
BMD, or BFR (Fig. 5). Under the same exercise regimen, different
age mice undergo similar changes in yield deformation and
ultimate stress,"°"'? whereas younger mice exhibit additional
changes in vyield load, cortical area, and BMD.""' With
increasing age, bone adaptation in response to exercise is
significantly diminished.“*® In addition to age, the intensity of
exercise can also have a significant effect on bone adaptation.”
As a result, it may prove useful to investigate if increasing the
intensity of exercise would increase cortical area in addition to
providing the changes in mechanical properties observed in our
study.

One of the limitations in this study was the inability to
distinguish which source of PTH was mediating the adaptation
in cortical and trabecular bone during exercise. PTH secreted by
the parathyroid gland, along with the PTH-related protein (PTH-
rP) secreted within bone or other tissues have the ability to
activate the PTH/PTH-rP receptor (PPR).®? The transient
increase in systemic levels of PTH measured during a single
bout of exercise (Fig. 1) represents the 84—-amino acid sequence
of intact PTH secreted by the parathyroid gland. At the cellular
level, PTH and PTH-rP have the same affinities for the PPR due to
structural similarities within the 1-13 and 29-34 amino acid
sequences.®” As a result, the available PTH in bone during
exercise is underrepresented by the systemic measurements of
PTH conducted here. Despite this limitation, we demonstrated
that bone adaptation in response to exercise is influenced by
PTH-mediated or PTH-rP-mediated signaling. The use of PTH(7-
34) to inhibit the cellular response to PTH or PTH-rP in bone has
been widely used and demonstrated to not alter systemic PTH
levels or urinary secretion of calcium, phosphorus, and
adenosine 3',5'-cyclic monophosphate.®'=%

In conclusion, exercise subjects bone to increased dynamic
loading and PTH levels, both of which are key stimulants for
bone adaptation. In this study we demonstrated that PTH
signaling during exercise increases trabecular bone formation
with a platelike structure and improves structural-level mechan-
ical properties of cortical bone, whereas tissue-level properties
are modified independent of PTH signaling during exercise. In
addition, we found that PTH(1-34) treatment during exercise
increases trabecular bone formation, along with periosteal and
endosteal cortical bone formation beyond what exercise alone
provides. Overall, the distinctive increase in PTH levels during
exercise plays a key role in bone adaptation, specifically
trabecular bone formation and the structural-level properties
of cortical bone, whereas PTH(1-34) can be used to improve
cortical bone formation with superior structural-level and tissue-
level mechanical properties.
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