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ABSTRACT

Cardiovascular disease and osteoporosis are clinically associated. Bone adapts to mechanical forces by altering its
overall structure and mass. In response to mechanical strain bone cells release signaling molecules and activate
the nervous system. Bone also exhibits endocrine functions that modulate a number of tissues including the heart.
We hypothesized that bone mechanical loading acutely alters cardiac function via neural and/or endocrine
mechanisms. To test this hypothesis, we performed in vivo tibia mechanical loading in anesthetized mice while
monitoring heart parameters using electrocardiogram (ECG). An immediate, transient reduction in resting heart
rate was observed during tibial loading in both adult male and female mice (p < 0.01) with concurrent increases
in heart rate variability (HRV) (p < 0.01). ECG intervals, PR, QRS and QTc were unaffected with loading. In
further studies, we found that at least 3 N of load was necessary to elicit this heart response in adult mice. With
aging to 11-12 months the responsiveness of the heart to loading was blunted, suggesting this bone-heart
connection may weaken with age. Administration of lidocaine around the tibia significantly diminished the
heart rate response to bone loading (p < 0.05). Moreover, pre-treatment with sympathetic antagonist propranolol
inhibited this heart rate response to loading (p < 0.05), while parasympathetic antagonist atropine did not (p >
0.05). This suggests that a neuronal afferent pathway in the hindlimb and reduction in efferent sympathetic tone
mediate this bone-neuro-heart reflex. In conclusion, the findings that tibia bone loading age-dependently
modulates heart function support the concept of physiological coupling of the skeletal and cardiovascular
systems.

1. Introduction

study measuring the frequency domain parameters of HRV in osteopo-
rosis patients revealed significant alterations, indicating lower para-

Bone provides both structural and regulatory roles including serving
as a master regulator of serum phosphate via the actions of the bone-
secreted hormone, fibroblast growth factor 23 (FGF23) in the kidney
(Bonewald and Wacker, 2013), the dysregulation of which can lead to
cardiovascular disease (Touchberry et al., 2013; Graves et al., 2021).
Apart from FGF23 signaling, bone may also have additional influences in
maintaining cardiac homeostasis. Deterioration of bone structure, mass
and anabolic capacity, as experienced with osteoporosis, is strongly
clinically associated with the development of cardiovascular dysfunc-
tion, even when controlling for traditional risk factors (Rodriguez-
Gomez et al., 2022; Marcovitz et al., 2005; Tanko et al., 2005). This
suggests a common etiology of these conditions. Autonomic dysfunction
has been previously documented in those with compromised bone as a
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sympathetic and higher sympathetic tone compared to those with
normal bone mass (Tosun et al., 2011). In addition, a retrospective study
among the 2009-10 Korea National Health and Nutritional Examination
Survey in hypertensive individuals found an inverse association between
resting heart rate and bone mineral density (Jung et al., 2018).
Furthermore, beta blockers show dual efficacy in treating cardiovascular
dysfunction and improving bone quality (Lary et al., 2020). The role of
autonomic dysfunction in cardiovascular disease is of great clinical
significance (Fang et al., 2020; Bohm et al., 2015), and cardiovascular
disease remains the major cause of mortality and disability worldwide
notwithstanding the progress made in cardiovascular disease treatment
and prevention measures (Bansilal et al., 2015).

The skeleton is highly sensitive to mechanical stimuli from the
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environment, adapting its overall structure and mass accordingly in
order to meet the demands of daily physical strains. Osteocytes, the most
abundant cell type in bone tissue (>90 %), and osteoblasts, the pre-
cursors to osteocytes, both play pivotal roles in the sensation of me-
chanical strain and transduction of this signal into a bone formation/
remodeling response, termed mechanotransduction (Tatsumi et al.,
2007; Norvell et al., 2004; Tomlinson et al., 2017). Osteocytes reside
inside the mineralized bone environment within fluid filled cavities
known as lacunae and are connected with other osteocytes by numerous
dendritic processes through a network of canals called the lacunocana-
licular system (Robling and Bonewald, 2020). This osteocyte network
allows for integrated cell-to-cell communication and connections to the
vasculature, making it a suitable platform for sensation of mechanical
strains (Kola et al., 2020). Osteoblasts, on the other hand, localize to the
periosteal and endosteal bone surfaces, where they function in de novo
bone formation. Mechanical loading induces deformations in the bone
microenvironment as well as alterations to interstitial fluid flow pres-
sure and shear stress around resident bone cell bodies (Bonewald and
Johnson, 2008). Both osteoblasts and osteocytes respond to fluid flow
stimulus through the rapid release of signaling molecules including,
nitric oxide, ATP, and prostaglandin E; (PGEy) (Dallas et al., 2013;
Kamel et al., 2010). Downstream targets of these early response ele-
ments to loading include activation of the Wnt/p-catenin signaling
pathway which further facilitates bone anabolic changes (Kamel et al.,
2010; Robinson et al., 2006). In addition, osteocytes synthesize and
release the negative regulators of bone mass including Wnt receptor
antagonist, sclerostin (Li et al., 2005), and RANKL, which activates
osteoclast differentiation and bone resorption in a paracrine manner
(Nakashima et al., 2011).

Recent studies primarily from mouse models have elucidated an
intimate relationship among bone and the central and peripheral ner-
vous systems in mechanotransduction and regulation of bone mass.
Bone development/repair and nerve growth in bone are tightly coupled
(Li et al., 2019). Recently, sensory nerve fibers within bone have been
shown to be a necessary component for the response to mechanical load,
owing to binding of secreted PGE2 and neural growth factor from os-
teoblasts/osteocytes and relay of this afferent signal to the ventromedial
hypothalamus (Tomlinson et al., 2017; Chen et al., 2019). Neural
components of the autonomic nervous system, including the sympa-
thetic nervous system (SNS) are also abundantly localized within bone
tissue (Sayilekshmy et al., 2019) and, at least in rodents, play a pivotal
role in neural efferent control of bone mass in response to mechanical
loading (Chen et al., 2019; Gao et al., 2024). In addition to relaying
osteogenic cues, the autonomic nervous system innervates and modu-
lates functional output of nearly all major organ systems in the body
including fat, liver, kidney, intestines, lungs, blood vessels, and heart
(Elefteriou, 2018). The nearly ubiquitous distribution of the autonomic
nerves throughout the body ensures extensive connections among organ
systems to maintain homeostatic balance. Therefore, it is possible that
bone-derived factors that trigger sensory neural afferents and activate
the autonomic nervous system may also affect other organs such as the
heart.

Bone also displays endocrine functions believed to be important for
the homeostasis of many organ systems, implicating bone-derived hor-
mones as potential central regulators of systemic health (Karsenty and
Olson, 2016). PGE2 is released during bone mechanical loading from
osteocytes in large quantities, likely through CX43 hemichannels, into
the surrounding bone matrix and can affect osteoblasts and osteoclasts
at the bone surface (Cherian et al., 2005). Our group has reported that
the actions of bone-secreted factors may also extend beyond bone and
impact skeletal muscle physiology, suggesting a para/endocrine
pathway between bone and skeletal muscle. Administration of PGE2 to
skeletal muscle myoblasts enhanced proliferation and fusion into
differentiated myofibers (Mo et al., 2015; Mo et al., 2012). Moreover,
conditioned media from bone cells increased myofiber calcium release
and whole muscle contractile force output in mice (Mo et al., 2012;
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Huang et al., 2017). Another hormone released by bone into the circu-
lation, undercarboxylated osteocalcin, has shown beneficial modulatory
effects on a variety of tissues and is a potential treatment for metabolic
disease (Ferron et al., 2012). Recently, undercarboxylated osteocalcin
levels were reported to be upregulated in the serum of humans and ro-
dents immediately after running exercise (Mera et al., 2016) and, at least
in mice, appears to regulate heart rate during periods of acute stress via
the autonomic nervous system (Berger et al., 2019).

The clinical associations among bone and heart health and the
accumulating physiological evidence of bone as a regulator of other
organs such as the heart, suggest potential crosstalk among bone me-
chanical loading and the heart. The physiological impact of bone me-
chanical loading in isolation from other systemic interactions on cardiac
function in vivo is presently not well understood. We hypothesized that
mechanical loading in bone would result in altered cardiac function in
mice in vivo via neural and/or endocrine mechanisms. In the current
study, we tested this hypothesis using compressive mechanical loading
in the tibia of anesthetized mice and analyzed ECG parameters to
determine effects on cardiac function. We also performed bone loading
in the presence of various inhibitors to determine if the effects of bone
loading on the acute heart rate changes are due to a neural or endocrine
pathway.

2. Materials & methods
2.1. Animals

All animal procedures were approved by the University of Missouri-
Kansas City Institutional Animal Care and Use Committee (UMKC-
IACUC). Male and Female CD-1 background TOPGAL mice (f-catenin
reporter mouse which carries a lacZ gene under the control of the TCE/
Lef promoter) (#004623, Jackson Labs) (Lara-Castillo et al., 2015) aged
to 5-6 months, and wild type CD-1 male mice ages 2-6 months (adult)
and 11-12 months (middle age) (Envigo, Indianapolis, IN) were utilized
for all mechanical loading studies. Mice were group-housed in a tem-
perature controlled facility with a 12 h light-dark cycle and ad libitum
access to food (#2918, Teklad Global, Madison, WI) and water. Animals
were randomly assigned to different study groups and investigators were
not blinded to these identities. All mice were sacrificed by cervical
dislocation at the end of each experiment.

2.2. Tibia axial mechanical loading

Mice were maintained on isoflurane anesthesia (3 %, 1.5 L/min) via
a Fortec vaporizer and secured in a precision bone loading apparatus
(Bose, Electroforce 3220, MA, USA). Tibia compressive loading was
performed as we have previously described (Robinson et al., 2006) with
some modifications. Briefly, the right hindlimb of the mouse was posi-
tioned for axial loading of the tibia with the heel of the paw secured and
the knee in contact with the loading cell. A pre-load of 0.5 N was applied
to the loading cell to maintain the hindlimb in position prior to imple-
mentation of the loading protocol. For the acute loading protocol in 5-6
month old TOPGAL mice, the tibia was cyclically loaded with 9 N of
force at a frequency of 2 Hz for 300 cycles lasting two and a half minutes
(n = 7 male control, n = 7 male loaded; n = 6 female control, n = 7
female loaded). Loading at 9 N was chosen as it generates sufficient
strain to induce a bone anabolic response in the tibia. The acute loading
protocol (2 Hz, 300 cycles lasting 2.5 min) was also performed in 2-6
month old CD-1 male mice with 0 N (controln=15),1N(n=8),2N (n
=8),3N (n=12) or 9 N (n = 13) of force. For these experiments, mice
received loading at two randomized loading magnitudes with the lowest
load applied first in the series and the highest load applied last. Addi-
tionally, the acute loading protocol (2 Hz, 300 cycles lasting 2.5 min)
was performed in 11-12 month old CD-1 male mice with a force of 3 N
followed by 9 N after a 10 min rest period in the same animal (n = 13 per
group). Of these 11-12 month old mice, a subset was monitored for an
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additional 15 min after the loading session (n = 10 per group). The
concentration of isoflurane was maintained at 3 % for consistency with
experiments using young adult mice, but the aged animals did not sur-
vive as well as the young animals and two control mice and four loaded
mice died from complications related to anesthesia before completing
the experiment. For all experiments, control mice were anesthetized and
right hindlimb secured in the loading apparatus under 0.5 N preload for
the same amount of time as loaded mice but did not receive the dynamic
compressive loading.

2.3. In vivo electrocardiogram (ECG)

ECG was recorded during the loading experiments in anesthetized
mice using 29-guage needle electrodes (ADInstruments) inserted sub-
cutaneously in each of the limbs to obtain a six-lead ECG. Body tem-
perature was maintained at physiological temperature using a water-
jacketed heating pad and monitored via a rectal probe. ECG signals
and body temperature were recorded using a PowerLab system with
LabChart 8 software (ADInstruments). An ECG baseline was established
for 5-8 min prior to loading, during the loading process, and during a
15-minute period subsequent to loading. Analysis of heart rate was
performed by averaging over an interval of five seconds of data collec-
tion during baseline just before loading, during loading at the lowest
heart rate, and at specific time intervals after the loading procedure.
Heart rate variability (HRV) and lead II ECG signal intervals were
analyzed by averaging over an interval 30 s of data collection during
baseline just before loading, during loading at the lowest heart rate, and
at specific time intervals after the loading procedure. All data were
normalized to baseline values and reported as fold change from baseline.

2.4. Injection of neural inhibitors

Lidocaine HCl monohydrate (2.5 mg/kg) (Cat.# J6303506, Thermo
Scientific™, Waltham, MA) was injected subcutaneously around the
tibia receiving loading five minutes prior to loading in 2-6 month old
male CD-1 mice (n = 7 control, n = 8 treated) in order to effectively
block nerve activity in the hindlimb (Yin et al., 2021). Atropine sulfate
monohydrate (2 mg/kg) (Cat.# A0550, TCI America™, Portland, OR)
(Ha et al., 2020) (n = 8 control, n = 11 treated), and propranolol HCl
(10 mg/kg) (Cat.# H2664506, Thermo Scientific™, Waltham, MA)
(Barazi et al., 2021) (n = 7 control, n = 8 treated) were administered by
intraperitoneal (IP) injection in 2-6 month old male CD-1 mice ~10 min
prior to loading in order to block parasympathetic muscarinic and
sympathetic autonomic nervous system activity, respectively. All drugs
were dissolved in phosphate buffered saline (PBS) for injection delivery.
Control mice were injected with similar volumes of vehicle solution
(PBS) prior to undergoing tibia mechanical loading.

2.5. Strain gauging

Experimental strains were obtained from isolated right limb tibias of
6 month old male CD-1 mice (n = 3). Muscle and soft tissues were
removed from the tibia using micro-dissection tools and the bone surface
was prepared with 320-grit sandpaper and cleaned with acetone using a
cotton applicator. A strain gauge (EA-06-015DJ-120/LE Vishay Preci-
sion Group, Malvern, PA) was then attached to the mid shaft region of
the medial surface of the tibia using adhesive and electrical wires were
carefully soldered to the strain gauge and multimeter was used to check
the resistance. These wires were then soldered to the wires coming from
the StrainSmart Data Acquisition system (System 7000 Vishay Precision
Group, Malvern, PA) for strain recording. The tibia sample was placed in
the loading fixture and mechanical loading was applied at 3N, 5N, 7 N
and 9 N of load (2 Hz, 15 cycles) and the resultant strains were recorded.
Average peak strains were plotted for each loading force.
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2.6. Statistical analysis

Statistical analysis was performed with GraphPad Prism V.10
(GraphPad, La Jolla, CA). Animal data was analyzed by group compar-
isons and assessed for normality using the Shapiro-Wilks test. Outliers in
the data were identified using Grubb’s test and marked as an X in graphs
and were removed prior to performing statistical analyses. Comparisons
in the changes of heart rate, HRV and ECG parameters over time during
the acute bone loading experiments were made using a Mixed Model
ANOVA with Bonferroni post hoc analysis. One-way ANOVA with
Bonferroni multiple comparisons post hoc analysis was utilized to
compare heart rate and HRV changes in response to the different mag-
nitudes of load. For the neural inhibitor injection studies, a two-tailed t-
test was used to compare the vehicle and inhibitor-injected groups. In all
cases, P < 0.05 was established a priori as the threshold for significance.
All data are presented as boxplots indicating median, interquartile range
and maximal and minimal range without outliers.

3. Results

To investigate cardiac functional alterations during bone mechanical
loading, lead II electrocardiograms (ECG) were recorded in anesthetized
adult male and female TOPGAL mice before, during, and after a two-
and-a-half minute cyclical compressive loading protocol in the tibia of
a single hindlimb (Fig. 1A). TOPGAL mice express a beta-galactosidase
reporter system for Wnt signaling in bone and were utilized for these
experiments in order to maintain consistency with previous bone
loading studies performed by our group (Lara-Castillo et al., 2015; Lara-
Castillo et al., 2023). Resting heart rates of anesthetized mice varied
from ~430 to 625 beats per minute at baseline before the loading pro-
tocol. Control animals, which were placed into the loading apparatus
but received no mechanical loading, showed no significant change in
heart rate during the entirety of the experiment. Conversely, within
seconds after initiation of compressive loading in the tibia at 9 N, we
observed a significant immediate and transient decrease in heart rate
(beats per minute, bpm), followed by its restoration to approximately
baseline levels near the end of the two and a half minute loading period
(Fig. 1B, Supplemental Table 1). This loading-dependent decrease in
heart rate was observed in both male mice (control: 0.98 + 0.02 vs.
loaded: 0.94 + 0.01 fold change from baseline; p < 0.01) and female
mice (control: 0.99 + 0.02 vs. loaded: 0.94 + 0.01 fold change from
baseline; p < 0.01) (Fig. 1C, Supplemental Table 1) and followed a
similar temporal pattern in both sexes (Fig. 1C, Supplemental Table 1).
RR interval was also significantly elevated during the loading period,
indicating lowered heart rate in both male mice (control: 1.01 + 0.005
vs. loaded: 1.05 + 0.04 fold change from baseline; p = 0.024, data not
shown) and female mice (control: 1.01 + 0.008 vs. loaded: 1.05 + 0.05
fold change from baseline; p = 0.031, data not shown). Concomitant to
the reduction in heart rate with loading, the standard deviation of the RR
interval (SDRR), a measure of overall heart rate variability (HRV), was
significantly enhanced during loading in both male mice (control: 1.01
+ 0.04 vs. loaded: 1.24 + 0.01 fold change from baseline; p < 0.01) and
female mice (control: 1.02 + 0.02 vs. loaded: 1.23 + 0.08 fold change
from baseline; p < 0.01) (Fig. 1D, Supplemental Table 1). Apart from the
initial heart rate and HRV changes during loading, we did not find any
sustained changes in heart rate or HRV relative to baseline during a 15-
minute rest period subsequent to the end of loading (Fig. 1C-D, Sup-
plemental Table 1).

Raw ECG signals were also examined during the loading experiments
for characterization of cardiac depolarization and repolarization prop-
erties. In contrast to alterations in heart rate and HRV, we did not find
any significant changes to atrial or ventricular conduction parameters,
including PR interval, QRS interval, or QTc interval during tibia loading
or during the subsequent 15 min, which suggests no effect of bone
loading on atrioventricular coupling, ventricular depolarization, or
ventricular repolarization, respectively (Fig. 2, Supplemental Table 1).
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Fig. 1. Heart rate and HRV during and after bone loading in adult mice.

A) (Top) Photograph of the in vivo bone loading setup showing animal positioning, direction of loading of the tibia and placement of ECG and body temperature
recording leads. (Bottom) Representative ECG signal from an adult mouse showing interval measurements. B) Tachograms of resting heart rate derived from ECG
signals in anesthetized 5-6 month old control mice and in mice during the tibia mechanical loading protocol. C) Average male resting heart rate and standard
deviation of the RR interval (SDRR) relative to baseline during mechanical loading and during 15 min after loading in 5-6 month old mice. D) Average female resting
heart rate and standard deviation of the RR interval (SDRR) relative to baseline during mechanical loading and during 15 min after loading in 5-6 month old mice.
**p < 0.01 vs. control, Mixed Model ANOVA with Bonferroni post hoc analysis, n = 6-7 mice per group.



J.A. Vallejo et al.

Bone Reports 25 (2025) 101844

° Male PR Interval " Male QRS Interval ° Male QTc

= = e

=14 =2 = 1.21p=05196 p>09999 p=09945 p=0.9763

] 1.3 P>09999 p>09999 p>0.9999 p>0.9999 o p=06273 p=09452 p=0.7050 p=0.8896 N |—| ] |—|

© © ©

82071 7] 1o & 1 gl []

E 14 ' £ 10 %é § £ 1.0 &@ %

< 1.0 = =

o o 0.9 o 0.9

Sos g &

®© 0.8 © 0.8 ® 0.8

S 01} = Control S5 o1 S5 o1

et = Loaded o] T

o 0.0 T T T T o 0.0 T T T T o 0.0 T T T T

w Load +5Min +10 Min +15Min L Load +5Min  +10 Min +15 Min w Load +5Min +10 Min +15 Min

D g Female PR Interval E o Female QRS Interval Fd’ Female QTc

c e

5 14 % 1.2 5=09766 p=02383 p=0435 p=0.6457 = 1.2-1p=08456 p=0.9629 p=0.9968 p =0.9736

@ X n 7]

&1 gl [] ] & N
129, 07241 P=09955 p=08413 p=07803 @ o & a6 %]

§11 eI S1{EE & £ 104 (& - = %

£olew He Be Ty & € oJHT U

] o 0. &

gos - -

© 0.8 © 0.8 ® 0.8

< = =

o1 o 0.1T S 0_1],

- o

S 0ol— — ——— 2 0.01— . . , 5 0.0-— . . .

w Load +5Min +10 Min +15Min  w Load +5Min +10 Min +15Min L Load +5Min +10 Min +15 Min

Fig. 2. ECG intervals during and after bone loading in adult mice.

Male PR interval (A), QRS interval (B), and corrected QT interval (QTc) (C) relative to baseline during mechanical loading and during 15 min after loading in 5-6
month old mice. Female PR interval (D), QRS interval (E), and corrected QT interval (QTc) (F) relative to baseline during mechanical loading and during 15 min after
loading in 5-6 month old mice. Outlier data points are denoted as an X. Mixed Model ANOVA with Bonferroni post hoc analysis, n = 6-7 mice per group.

Given that bone experiences a variety of loading forces and strains
that are dependent upon the type of physical activity, we next charac-
terized the responsiveness of the heart in adult male CD-1 mice to
physiological loads ranging from 1 N to 9 N. These loading parameters
cover a range of physiologically relevant strain inputs and the use of
wild-type CD-1 mice serves to determine the reproducibility of this re-
flex in non-transgenic mice. We utilized male mice for these follow up
studies since cardiac responses to bone loading were similar among
males and females. We found that loading of the tibia with 1 N or 2 N did
not produce a significant change in heart rate (bpm) and HRV, while
loading at 3 N and above activated a significant decrease in heart rate
(Fig. 3A, Supplemental Table 2). Interestingly, compared to heart rate in
control mice (0.99 + 0.01 fold change from baseline) the relative re-
ductions in heart rate were similar at 3 N (0.92 + 0.08 fold change from
baseline; p < 0.05 vs control) and 9 N (0.93 + 0.06 fold change from
baseline; p < 0.05 vs control) suggesting that a specific threshold level of
strain must be attained in the tibia to activate these changes in heart
rate. In line with these results, RR interval was also found to be signif-
icantly increased with loading at 3 N (1.10 & 0.10 fold change from
baseline; p = 0.002, data not shown) and 9 N (1.08 + 0.08 fold change
from baseline; p = 0.027, data not shown) compared to control (1.01 +
0.006 fold change from baseline, data not shown). Additionally, HRV
became elevated during loading with 3 N (1.38 + 0.83 fold change from
baseline; p > 0.05 vs control) and 9 N (1.66 + 0.64 fold change from
baseline; p < 0.05 vs control) compared to control mice (0.95 + 0.20
fold change from baseline), although this parameter was only statisti-
cally significant for the 9 N load (Fig. 3B, Supplemental Table 2). To
determine the levels of strain induced in the tibia by loading, strain
gauge measurements were captured in isolated tibiae from CD-1 adult
mice and showed that the loading magnitudes of 3 N - 9 N corresponds
with an average strain of 370 pe - 1307 pe, respectively (Fig. 3C).

Considering the important impact of aging on many physiological
and pathological processes, we performed further loading experiments
on middle-aged mice (11-12 months old). Intriguingly, loading of the
tibia in this older age group did not result in significant changes to heart
rate (bpm) at either 3 N (control: 0.99 + 0.005 vs. loaded: 0.99 + 0.003
fold change from baseline; p > 0.05) (Fig. 4B, Supplemental Table 3) or
at 9 N (control: 0.99 + 0.007 vs. loaded: 0.98 + 0.014 fold change from

baseline; p > 0.05) (Fig. 4D, Supplemental Table 3) compared to control.
When heart rate was analyzed as RR interval, there were also no sig-
nificant differences when loading at 3 N (control: 1.00 + 0.005 vs.
loaded: 1.01 + 0.003 fold change from baseline; p = 0.935, data not
shown) and 9 N (control: 1.01 £ 0.007 vs. loaded: 1.02 + 0.014 fold
change from baseline; p = 0.350, data not shown). Similarly, HRV was
not significantly altered during loading at either 3 N (control: 0.99 +
0.12 vs. loaded: 0.99 + 0.088 fold change from baseline; p > 0.05)
(Fig. 4C, Supplemental Table 3) and at 9 N (control: 1.00 £+ 0.24 vs.
loaded: 1.19 + 0.32 fold change from baseline; p > 0.05) (Fig. 4E,
Supplemental Table 3) compared to control mice, although there was an
observable non-significant increase in the average HRV during loading
at 9 N. These data suggest that the responses of heart rate and HRV to
mechanical loading may weaken with age. Next, average resting heart
rate (adult: 530.9 + 57.9 vs. middle age: 522.0 + 50.8 bpm, Fig. 4F) and
RR interval (adult: n = 27, 0.115 + 0.014 vs. middle age: n = 26, 0.116
+ 0.012 s; p = 0.661, data not shown) were not different when
comparing adult mice to middle age mice but average resting HRV was
significantly reduced in the older animals (adult: 1.46 £+ 0.72 vs. middle
age: 1.04 £+ 0.43 SDRR, Fig. 4G) indicating possible reduced autonomic
control in this age group. Lastly, as was the case in the younger mice,
loading at 3 N and 9 N in the middle-aged mice also did not produce
significant changes to any of the ECG intervals (PR, QRS, QTc) (Fig. 5,
Supplemental Table 3).

The changes in heart rate in response to bone mechanical loading
were rapid, occurring within several seconds of initiation of bone
loading and suggested that this physiological phenomenon was possibly
mediated by a neuronal mechanism. We therefore investigated the
involvement of nerves within the hindlimb and the autonomic nervous
system through specific pharmacological blockade. First, to address
activation of afferent neural components in the loaded hindlimb, we
injected a voltage gated sodium channel blocker, lidocaine, into the area
surrounding the tibia prior to the mechanical loading protocol while
measuring ECG in anesthetized mice. The injection of lidocaine did not
alter the resting heart rate on its own prior to bone-loading (Supple-
mental Fig. 1). Lidocaine pre-treated mice displayed a significant inhi-
bition of the heart rate (bpm) decrease during bone loading compared to
loaded mice treated with saline, suggesting that a neural afferent
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Fig. 4. Heart rate and HRV during and after bone loading in middle-age mice.

A) Tachograms of resting heart rate derived from ECG signals in 11-12 month old, anesthetized control mice and in mice during the tibia mechanical loading protocol
at 3 N and 9 N. B) Average male resting heart rate and C) standard deviation of the RR interval (SDRR) relative to baseline during mechanical loading at 3 N and
during 15 min after loading in 11-12 month old mice. D) Average male resting heart rate and E) standard deviation of the RR interval (SDRR) relative to baseline
during mechanical loading at 9 N and during 15 min after loading in 11-12 month old mice. Mixed Model ANOVA with Bonferroni post hoc analysis, n = 7-13 mice
per group. F) Average resting heart rate as beats per minute (BPM) and (G) heart rate variability as SDRR in adult and middle age male mice during anesthetized ECG.
*p < 0.05, two-tailed t-test, n = 26-27 mice per group. Outlier data points are denoted as an X.

pathway mediates the signaling of bone loading to the heart (Fig. 6A,
Supplemental Table 4). These results with lidocaine were similar when
examining RR interval (Fig. 6A, Supplemental Table 4). Next, we
determined if the autonomic nervous system was involved in this
mechanism affecting heart rate by utilizing the inhibitor of para-
sympathetic muscarinic neurons, atropine, as well as sympathetic B1/B2
receptor blocker, propranolol, for pre-treatment in mice by IP injections
prior to bone loading. Atropine pre-treatment did not result in a sig-
nificant blockade of the heart rate (bpm) change in response to loading
(Fig. 6B, Supplemental Table 4) or the RR interval (Fig. 6B, Supple-
mental Table 4). On the other hand, pre-treatment of propranolol
effectively and significantly inhibited the heart rate (bpm) decrease
during bone mechanical loading (Fig. 6C, Supplemental Table 4). RR
interval showed similar results for the propranolol studies (Fig. 6C,
Supplemental Table 4). These findings point towards reduced sympa-
thetic tone as a major downstream mediator of heart rate reduction with
bone loading in the efferent pathway of this bone-neuro-heart reflex.

4. Discussion

Bone exists in a dynamic interplay with external forces and other
organ systems to maintain its homeostatic state within the body. In

addition to its elegant self-regulatory ability, bone has emerged as a
multifaceted organ, exhibiting endocrine functions (Robling and Bone-
wald, 2020) as well as being linked to the central/peripheral nervous
system (Tomlinson et al., 2017; Chen et al., 2019). It is through these
actions that bone exerts its modulatory ability on a number of tissues
and itself (Karsenty and Olson, 2016). However, a connection with the
heart, especially from the perspective of mechanical loading indepen-
dent of other components of physical activity, has largely been unex-
plored. Here we describe a novel bone-neuro-heart reflex mediated by
bone mechanical loading that becomes downregulated with aging. We
show that a rapid and transient lowering of resting heart rate and
enhancement of HRV occurred during a cyclic compressive loading
protocol in a single tibia in adult anesthetized mice regardless of sex, but
not in middle-aged mice. Parameters of intrinsic cardiac muscle con-
duction such as PR, QRS, and QTc remained unaffected with bone
loading, suggesting this effect was mediated, likely, via changes in
autonomic nervous system tone on the sinoatrial (SA) node and not a
direct action on cardiac muscle or other cardiac conduction pathways.
Inhibition of this bone-neuro-heart reflex with localized lidocaine sug-
gested the mechanism was of neural origin, specifically via afferent
nerves in the hindlimb. The use of propranolol demonstrated the po-
tential involvement of receptors associated with the sympathetic
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Fig. 5. ECG intervals during and after bone loading in middle-age mice.

Male PR interval (A), QRS interval (B), and corrected QT interval (QTc) (C) relative to baseline during mechanical loading and during 15 min after loading in 11-12
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loading in 11-12 month old mice. Outlier data points are denoted as an X. Mixed Model ANOVA with Bonferroni post hoc analysis, n = 7-13 mice per group.

autonomic nervous system. The exact processing of this bone loading-
mediated signal in the brain is still not completely resolved but may
involve a neural relay mechanism within the hypothalamus as described
previously (Gao et al., 2024), and/or direct signaling with autonomic
control centers in the medulla to lower sympathetic tone on the heart
(Gordan et al., 2015). These data highlight a novel connection between
bone and the heart which may impact heart homeostasis and health
during aging.

A consistent finding in the study involved the heart rate profile in
response to tibial mechanical loading, which showed a transient
decrease followed by recovery to near baseline levels by the end of the
approximately two and a half minute loading protocol. The baroreflex
produces one of the largest influences on the autonomic regulation of
cardiac function and is indirectly coupled to changes in cardiac output
via blood pressure in the aorta and carotid arteries (Kaufmann et al.,
2020). Baroreceptors embedded within the aortic arch and carotid sinus
respond to changes in stretch/blood pressure through compensatory
activation of autonomic nuclei in the medulla to lower heart rate in cases
of increased stretch/blood pressure and to raise heart rate when stretch/
blood pressure becomes decreased (Kaufmann et al., 2020). Therefore,
the acute decrease in heart rate during tibial mechanical loading may
activate the baroreflex to induce heart rate recovery and underlie the
observed transient heart rate profile in response to bone loading.
Additional exploration will be needed to determine if additional
compensatory mechanisms of the nervous system may be involved to
induce recovery of heart rate or why the response is transient in nature.

Studies in transgenic and genetic deletion mouse models have
identified a central control mechanism governing skeletal bone mass
homeostasis involving the central nervous system and the sympathetic
and parasympathetic arms of the autonomic nervous system (Chen et al.,
2019; Takeda et al., 2002; Shi et al., 2010). One molecular mediator
involved in the regulation of bone mass by the central nervous system is
the peptide neuromedin U, which has been demonstrated to be an
important downstream mediator of SNS-based control of bone mass by

leptin signaling (Sato et al., 2007). Interestingly, intracerebroventricular
injection of neuromedin U dose-dependently increased resting heart rate
and mean arterial blood pressure in rats (Chu et al., 2002). These find-
ings may suggest an intersection of shared neural pathways or mecha-
nisms regulating both bone mass accrual and cardiac function, which are
in line with our findings showing a coupled responsiveness of heart
rhythm properties with loading-induced strain in bone. However,
whether this bone-neuro-heart connection plays a specific physiological
role on the regulation of the heart or if it merely represents a generalized
effect on autonomic tone to produce favorable conditions for the skel-
eton remains unclear.

We employed a physiological bone loading protocol under a range of
loading forces correlating with normal daily activity and up to a high
impact style of activity. Utilization of the 9 N loading protocol in the
tibia produces sufficient microstrain to activate osteogenic signaling in
bone cells and a bone anabolic response as previously reported by our
group and others using this model (Robinson et al., 2006; Lara-Castillo
etal., 2023). Through strain gauging studies we found that ex-vivo tibial
bone loading in 6-month-old CD-1 mice ranging from 3 N to 9 N resulted
in mean tibial microstrain ranging from 370.25 pe to 1307.08 pe,
respectively. For reference in humans, a study focusing on the rela-
tionship between physical activity in humans and microstrain on the
tibia observed that the mean tibial microstrain during walking at 6.1 km
per hour was 658.11 pe, reaching as high as 1011.15 pe when the sub-
jects were carrying an additional 35 kg of weight (Wang et al., 2019).
Incredibly, tibial microstrain reached magnitudes of >2000 pe in the
middle of the tibia and >3000 pe in the distal third of the tibia when
human subjects landed from a 45-centimeter vertical jump, while
running on the treadmill at 13 kilometers per hour produced a range
from 101 to 1950 pe (Milgrom et al., 2022). Other activities for which
human tibial microstrain data have been reported include stepmaster
(1006 pe), bicycling (291 pe), and leg press (883 pe) (Milgrom et al.,
2000). In addition to these data, we selected load forces of 1-9 N based
on Harold Frost’s “Mechanostat Theory,” in which Frost details the
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Fig. 6. Effect of neural blockade on heart rate during bone loading in adult mice.

Representative tachograms showing heart rate (Top), average changes in heart rate relative to baseline (Middle), and average changes to RR interval (Bottom) in
response to mechanical loading in mice pre-treated with lidocaine injected in the hindlimb (A), atropine injected IP (B), and propranolol injected IP (C). Outlier data
points are denoted as an X. **p < 0.01, *p < 0.05, two-tailed t-test, n = 7-11 mice per group.

evidence for various thresholds of bone loading. Loads of 300-1500 pe
result in bone maintenance due to physiologic loading while loads of
>3000 pe result in damage to the bone microarchitecture due to non-
physiologic strain (Tyrovola, 2015). Our experiments maintain tibial
microstrain in the physiologic loading range (300-1500 pe) represent
the effects of typical daily exertion on the tibia while avoiding levels of
microstrain that have been shown to cause harm.

Our results suggest that the influence of bone loading on heart
function is diminished by as early as middle age. A study measuring
strain levels in the tibia during loading in CD-1 mice found that com-
parable, albeit slightly less, magnitudes of load were necessary in
middle-aged mice to elicit similar amounts of strain at both low and high
magnitudes of loading compared to young mice (Holguin et al., 2016).
This supports other mechanisms, such as nervous system-based or car-
diac changes, underlying these findings with early aging. In the setting
of aging and age-related disorders like osteoporosis, bone shows

alterations to the osteocyte-dendritic network, increased osteocyte
apoptosis, reduced nerve density, and a decrease in the ability to
respond to mechanical loading (Armas and Recker, 2012; Tomlinson
et al., 2020). While reduced nerve fiber content has been documented
within the bones of old animals compared to young animals (Tomlinson
etal., 2020), little is known of the changes to nerves in bone occurring at
middle age, which could help interpret our findings at this age. It is
possible that the reduced cardiac responses to bone loading in mice at
middle age may represent an early alteration in bone-neural pathways
which could preface further aging-related bone loss or autonomic
dysfunction. However, despite these findings, it remains unclear
whether the reduced response of heart rate and HRV to bone loading are
a cause or consequence of altered autonomic tone at middle age. Since
the middle-aged mice in this study had evidence of altered autonomic
control showing significantly lower baseline HRV compared to younger
adult mice even before loading was performed, this may suggest that the
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dysfunction may reside at the level of the cardiac environment and its
ability to effectively respond to changes in autonomic neural impulses,
instead of at the level of the bone. Indeed, human studies have shown
alterations to autonomic influence on the heart in middle-aged in-
dividuals (Moodithaya and Avadhany, 2012). Additionally, circulating
serum levels of norepinephrine gradually rise during the course of aging,
which may lead to increased baseline cardiac adrenergic signaling and
interference with the autonomic nervous system signals in response to
bone loading in middle-aged mice (Kaplon et al., 2011). A better un-
derstanding of the nature of bone-neuro-heart crosstalk pathways could
provide insight into the clinical connections of bone and cardiac health
and may lead to development of new and superior treatment strategies
for the presently undertreated and widespread diseases of osteoporosis
and cardiovascular dysfunction.

There are several limitations which should be considered when
interpreting the results of this study. In order to maintain a controlled
loading environment without the influence of skeletal muscle contrac-
tion, we performed bone mechanical loading on mice under isoflurane
anesthesia, which is known to depress autonomic nervous control
(Campagna et al., 2003). Therefore, it is possible that nerve responses
and signaling may differ in conscious animals or in middle-age mice
compared to young mice leading to the observed age-dependent results.
Next, we did not simultaneously measure changes in blood pressure or
cardiac filling to avoid a disturbing our protocol and to control physi-
ological variables that these procedures may introduce. While we have
documented this association of bone loading and heart rate, the response
may involve additional physiological components. The neuronal in-
hibitors used in this study can also have systemic effects including in
bone (Kim et al., 2023; Liu et al., 2011; Wu et al., 2021), and on vascular
smooth muscle tone and blood pressure (Ketabi et al., 2012; Merrick and
Holcslaw, 1981; Priviero et al., 2006), which may have also contributed
to changes in cardiac function. Additionally, propranolol effectively
lowered the resting heart rate of the animals in this study and this
confounding effect should be considered in the interpretation of the
mechanistic results. We employed a mechanical loading protocol we
have previously shown to activate anabolic signaling in the tibia and
ulna of mice. It remains unknown if loading of different bone types
produces similar responses in the heart. Lastly, the impact of different
loading protocol variables such as frequency, rest period, and dwell time
on the bone-neuro-heart response was not addressed in this study. In
conclusion, our findings that bone loading in the tibia modulates heart
rate and HRV in an age-dependent manner support the idea of the
skeletal and cardiovascular systems as tightly intertwined entities in
physiology, health, and aging.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bonr.2025.101844.
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