
https://e-jbm.org/    267

Copyright © 2021 The Korean Society for Bone and 
Mineral Research

This is an Open Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial Li-
cense (https://creativecommons.org/licenses/by-nc/4.0/) 
which permits unrestricted non-commercial use, distribu-
tion, and reproduction in any medium, provided the original 
work is properly cited.

The Potential Role of Exercise Training and 
Mechanical Loading on Bone-Associated Skeletal 
Nerves 
Stefano Negri1, T. Jake Samuel2, Seungyong Lee3

1Department of Orthopedics and Trauma Surgery, Department of Surgery, Dentistry, Pediatrics and Gynecology of the University of Verona,  
 Verona, Italy  
2Division of Cardiology, Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD;  
3Department of Physiology, College of Graduate Studies, Midwestern University Arizona College of Osteopathic Medicine, Glendale, AZ, USA

The spatial distribution, innervation, and functional role of the bone-associated skeletal 
nerves have been previously reported in detail. However, studies examining exercise-in-
duced associations between skeletal nerves and bone metabolism are limited. This re-
view introduces a potential relationship between exercise and the skeletal nerves and 
discusses how it can contribute to exercise-induced bone anabolism. First, the back-
ground and current understanding of nerve fiber types and their functions in the skele-
ton are provided. Next, the influence of exercise and mechanical loading on the skeletal 
nervous system is elaborated. Effective synthesis of recent studies could serve as an es-
tablished baseline for the novel discovery of the effects of exercise on skeletal nerve 
density and bone anabolic activity in the future. Therefore, this review overviews the ex-
isting evidence for the neural control of bone metabolism and the potential positive ef-
fects of exercise on the peripheral skeletal nervous system. The influence of exercise 
training models on the relationships of sensory nerve signals with osteoblast-mediated 
bone formation and the increased bone volume provides the first insight on the poten-
tial importance of exercise training in stimulating positive adaptations in the skeletal 
nerve-bone interaction and its downstream effect on bone metabolism, thereby high-
lighting its therapeutic potential in a variety of clinical populations.
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INTRODUCTION

The bone is a living organ system that plays a vital role in the life of all mamma-
lian species. The skeletal system helps form body structure which allows for kinet-
ic movement and protects other vulnerable vital internal organs, such as the brain, 
by shielding them adamantly. In addition, the skeleton is a major regulator of cal-
cium metabolism and mineral depository. Bone remodeling involves numerous 
dynamic processes that help maintain bone strength and mineral-calcium ho-
meostasis, regulated by numerous bone-specific cells including bone-resorbing 
osteoclasts, bone-forming osteoblasts, osteocytes, and bone lining cells.[1,2] 

The molecular processes governing the bone formation and degradation are 

Corresponding author
Seungyong Lee
Department of Physiology, College of 
Graduate Studies, Midwestern University 
Arizona College of Osteopathic Medicine, 
19555 N. 59th Ave., Glendale, AZ 85308, USA
Tel: +1-623-572-3721
Fax: +1-623-572-3673
E-mail: slee@midwestern.edu

Received: October 20, 2021
Revised: November 3, 2021
Accepted: November 7, 2021

This study has been presented at the 9th Seoul 
Symposium on Bone Health (SSBH) and the 33rd 
Spring Scientific Congress of the Korean Society for 
Bone and Mineral Research (KSBMR) (3 Jun. 2021 
– 5 Jun. 2021).

Review Article 
J Bone Metab 2021;28(4):267-277
https://doi.org/10.11005/jbm.2021.28.4.267
pISSN 2287-6375 eISSN 2287-7029

http://crossmark.crossref.org/dialog/?doi=10.11005/jbm.2021.28.4.267&domain=pdf&date_stamp=2021-11-30


Stefano Negri, et al.

268    https://e-jbm.org/� https://doi.org/10.11005/jbm.2021.28.4.267

highly dynamic and adaptable, leading to continuous bone 
tissue remodeling in response to physiological stress, such 
as the dynamic load experienced by the long bones during 
exercise. Indeed, weight-bearing exercise triggers multiple 
physiological mechanisms leading to the generation of 
muscle and mechanical loading reaction forces.[3] Gener-
ally, exercise is known to increase the mechanical signals 
on the bone, such as dynamic tension and compression, 
which further promote osteogenic differentiation of mes-
enchymal stem cells [4] and activates osteoblasts.[5] There-
fore, the mechanical stress induced by exercise is an excep-
tionally powerful stimulus to bone cells. 

While the effects of physical activity and exercise train-
ing on bone structure and bone metabolism are relatively 
well-known by now, their effects on skeletal nerve function 
and adaptation remained equivocal until recently. More-
over, similar to how exercise training has been associated 
with neurological and cognitive benefits in brain related 
diseases,[6-9] there is pre-clinical evidence to suggest that 
chronic exercise training also elicits increased periosteal 
nerve fibers in peripheral bone tissue.[10] The purpose of 
the current review is to describe the cross-talk between 
skeletal nerves and their impact on bone function and me-
tabolism, summarize recent evidence highlighting the ef-
fects of exercise on the skeletal nervous system, before fi-
nally highlighting gaps in the literature that might further 
advance current understanding of the potential therapeu-
tic role of exercise training in a variety of bone related dis-
eases. 

TYPES AND FUNCTION OF SKELETAL 
NERVES

1. Different types of nerves in bone
The skeleton is a large living tissue and is richly innervat-

ed by both sensory and sympathetic nerve fibers,  in con-
junction with a dense bone vascular system (Fig. 1),[11-13] 
and extends its effects to bone cells, specifically osteoblasts 
and osteoclasts, which implies that these nerve fibers and 
the dynamic neural transmission they facilitate may play a 
regulatory role in local bone metabolism. Specifically in 
the skeleton, most of the neurotrophic receptors for my-
elinated and unmyelinated sensory nerves are tropomyo-
sin receptor kinase A (TrkA).[14] As the high-affinity recep-
tor for a nerve growth factor (NGF), the NGF-TrkA signaling 

pathway has been documented as the underlying mecha-
nism regulating bone development,[15] fracture and de-
fect healing,[16,17] and heterotopic bone formation in soft 
tissue.[18] Since NGFs are more universal growth factors 
that attract and guide various types of nerve fibers in a 
flexible manner,[19] they regulate the sensory nerve fiber 
density and recruitment in conjunction with TrkA in the 
skeleton. 

In addition to sensory nerve fibers, autonomic nerve fi-
bers including sympathetic and parasympathetic nerve fi-
bers are also found within the skeleton. The neurotrans-
mitters associated with these nerve fibers extend their ef-
fects to osteoblasts and osteoclasts, demonstrating the 
participation of the autonomic nervous system in the neu-
ral modulation for bone remodeling and metabolism. Re-
cent work has documented that the majority of sympathet-
ic and parasympathetic nerves are located in close proxim-
ity to the blood vessels that highlight their typical relation-
ship within the vascular structure.[20,21] Although there 
are a less prominent presence of tyrosine hydroxylase (TH)+ 

fiber frequency seen in autonomic nerve fibers compared 
to calcitonin gene-related peptide (CGRP)+ sensory nerve 
fibers,[16,18] sympathetic innervation in the skeleton sug-
gests that there could be autonomic neural control of bone 
metabolism. Indeed, receptors for sympathetic nerves, in-
cluding α- and β-adrenergic receptors (AR), are expressed 

Fig. 1. Schematic representation of skeletal nerve fibers and their 
close proximity to the skeletal blood vessels. Skeletal nerve fibers 
are distributed and innervated in the periosteum, and cortical bone, 
and in the marrow microenvironment adjacent to the trabecular sur-
face. Representative confocal microscopy images of the β-tubulin 3 
(TUBB3)-expressing skeletal nerve fibers (left) and CD31-expressing  
blood vessels (right) in the periosteum. 
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in the bone.[22-24] Immunohistochemical detection of 
TH+ sympathetic fibers has been reported previously in the 
bone marrow area and nutrient foramina and is typically 
found wrapping around the bone vasculature.[13,14,20] 
More recent investigations have highlighted the presence 
of TH+ nerves within the periosteum of long bones, calvari-
um, and in the peripheral tissue where ectopic bone for-
mation is found.[16-18] Furthermore, parasympathetic 
nerve receptors, muscarinic acetylcholine receptor (mA-
ChR) and nicotinic AChR, are also found in bone cells, and 
the parasympathetic markers vesicular acetylcholine trans-
porter and choline acetyltransferase target these receptors 
in osteoclasts to regulate bone resorption, although, direct 
measurement of parasympathetic innervation to the skel-
eton is deficient.[20,25,26] 

2. Functional roles of nerves in bone
Transmission of nociceptive stimulations is the most com-

mon function of sensory nerves, which is extremely obvi-
ous in osteoarthritis, bone fracture or defect, and bone 
cancer. Studies of skeletal pain have primarily focused on 
NGF since it is a predominant conciliator of bone pain by 
conveying the pain sensation via TrkA-expressing sensory 
neurons or via other nociceptive pathways including tran-
sient receptor potential ion channels and nociceptive mech-
anotransducers.[27,28] In addition to the nociceptor po-
tentials of sensory nerves, a large body of literature has 
demonstrated the role of sensory nerves as a player in reg-
ulating osteoanabolic potentials. Sensory nerves that trans-
mit pain sensation have been found to innervate the bone 
tissue and promote bone regeneration.[29-34] NGF stimu-
lates the proliferation of sensory nerve fibers and increases 
sensory axonal growth, NGF treatment has been performed 
as an osteoanabolic mediator.[32,34] Sensory nerve dener-
vation by high-affinity NGF receptor TrkA ablation also re-
duces skeletal nerve density and osteoblast-mediated bone 
formation, and further decreases bone volume in mice 
femora.[30] Similarly, Fukuda and colleagues demonstrat-
ed that specific manipulation of sensory nerves by delet-
ing an axon guiding molecule semaphorin 3A (Sema3a-/-) 
in bone tissue, which is a molecule involved in nerve fiber 
ingrowth, impaired bone mass accrual, and resulted in os-
teoporosis-like conditions without affecting bone cells.[31] 
Moreover Sema3a-/- knockout animals had approximately 
a 40% reduction in bone regeneration capacity compared 

to control animals, which coincided with a 75% to 80% re-
duction in the sensory nerve innervation into the bone de-
fect area.[31] In clinical cases, human patients with loss or 
failure of sensory nerve function had an increased incidence 
of bone fracture and reduced bone regeneration following 
injury.[29,33] Thus, these findings strengthened the con-
cept that bone metabolism and regeneration are closely 
linked to bone sensory nerve innervation and that a dis-
ruption in sensory innervation in the bone is associated 
with decreases in metabolism and regeneration. 

Bone sympathetic nerves are also closely linked to bone 
metabolism; however, they have a catabolic effect on bone, 
traditionally through the hypothalamus-mediated sero-
tonin and cyclic adenosine monophosphate-response ele-
ment binding protein.[35,36] Negative alterations in this 
signaling pathway will ultimately influence the sympathet-
ic tone and stimulation to the skeleton. Increased sympa-
thetic activity is known to stimulate osteoclastogenesis and 
osteoclast activity through ARs, and in turn help to regu-
late bone resorption.[37-39] Recently, an additional role of 
sensory stimulation on sympathetic nerves has been pro-
posed, with studies sought to determine the effect of a 
sympathetic inhibitor, advillin-induced prostaglandin E2 
(PGE2), on bone metabolism. Several reports demonstrated 
the bone anabolic effects of PGE2 by stimulating bone for-
mation through PGE receptor 4 expressed in osteoblasts.
[30,40,41] In addition, increased sympathetic activity di-
rectly stimulates bone catabolic activity by augmenting 
osteoclastic bone resorption, whereas upregulation of PGE2 
by advillin-expressing sensory nerves suppresses sympa-
thetic nerve activity, therefore promoting osteoblasts pro-
liferation and differentiation, and further increasing bone 
formation.[30] Perturbations of the autonomic system in a 
clinical setting can induce complex regional pain syndrome 
(CRPS) type I and II. In CRPS a skeletal (type I) or nerve (type 
II) injury produces intense pain coupled with local oede-
ma, vasomotor dysfunction and sudomotor abnormalities 
in the affected areas.[42] A peripheral sympathetic block-
ade is an effective therapy for CPRS and is an option to con-
sider in association with antiresorptive agents.[43]

In summary, sensory nerve fibers are inherently linked to 
bone remodeling and metabolism, and it is plausible that 
this link is mediated by NGF and TrkA pathways. Further-
more, the autonomic nervous system in the skeleton is also 
involved in bone metabolism and remodeling, although to 
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a lesser extent and in an indirect fashion, and more thor-
ough investigations are warranted to further elucidate this 
relationship. 

NERVES AND BONE DURING MODELS OF 
EXERCISE 

1. Modulation of nerves and bone following 
exercise training

In the previous section, the role played by skeletal nerves 
in bone development, bone fracture or defect healing, and 
bone remodeling were comprehensively discussed. Alth
ough aerobic exercise has been shown to play a positive 
role in both bone metabolism and the peripheral nervous 
system independently, the examination of exercise-induced 
associations between skeletal nerves and bone metabo-
lism is limited. In this section of the review, an effective 
synthesis of the limited recent studies supporting the link 
between chronic exercise training and skeletal innervation 
and nerve density in bone, and the beneficial effect this 
has on bone anabolic activity will be provided. To date, 
there are only 3 studies directly testing the effect of exer-
cise training on the skeletal nervous system and bone tis-
sue-associated outcomes (Table 1). One study showed that 
increased sympathetic nerve stimulation by β-AR agonist 
treatment (salbutamol [SAB]) in ovariectomized (OVX) rats 
offset the positive effects of treadmill exercise training on 
bone, such that SAB treatment caused lower bone volume, 
trabecular thickness, mineral apposition rate, long bone 
ultimate force, and stiffness in OVX+SAB+exercise rats com
pared to OVX+exercise rats.[44] In contrast, a recent study 
used an aerobic exercise training model in middle-aged 
C57BL/6 mice to test the positive influence of prolonged 
exercise on the bone-associated skeletal nerves and bone 

metabolism.[10] They showed that 8 weeks of high-inten-
sity treadmill exercise shows higher periosteal nerve fiber 
density by 99% and 88% in the distal femur and proximal 
tibia, respectively, which coincided with an increased bone 
area, bone mineral density, bone mineral content, and tra-
becular number.[10] Furthermore, the regeneration of pro-
priospinal neurons was improved up to 70% following 4 
weeks of cycling exercise and was associated with an in-
creased mRNA expression of growth-associated protein 43 
(GAP43), β-actin, and Neuritin, all of which play a role in 
nerve regeneration.[45] These findings are positive and 
highlight the potential of similar downstream effects of 
exercise training on bone nerves, however, these specula-
tions require future confirmation. 

Although there are no studies on the relationship be-
tween sensory nerve changes and bones during exercise 
training or physical activity, many studies have reported 
that various exercise, such as swimming,[46] voluntary 
wheel running,[47] and forced treadmill running,[48] ac-
celerated sensory nerve regeneration and improves nerve 
function in the periphery. Judging from the significant ef-
fects of sensory nerves on bone metabolism and bone for-
mation, it is possible to speculate that improvement of 
sensory nerve function and increased sensory nerve re-
generation through exercise training will affect bone me-
tabolism and anabolic activity. While the number of stud-
ies directly testing the effects of chronic exercise training 
on bone nerves is limited, there are others that use a me-
chanical loading model to mimic the effects of exercise, 
which will be discussed in the next section. 

2. Modulation of nerves and bone following 
mechanical loading

Mechanical loading of the skeletal system has long been 

Table 1. Summary of studies investigating the relationship between exercise models and altered bone and nerve structure and function

References Types of nerve Exercise mode Nerve Effect on bone

Bonnet  
et al.[44]

Autonomic nerves Treadmill exercise (13 m/min, 
10 weeks)

SAB-induced ↑ sympathetic stimulation in 
OVX rats

SAB ↓ benefits of exercise: ↓ MAR, 
BV/TV, Tb.Th, ultimate force, stiff-
ness

Lee et al.[10] Not characterized Treadmill exercise (18 m/min, 
8 weeks)

β-tubulin 3+ nerve ↑ in distal femoral and 
proximal tibial periosteum

↑ bone area, BMD, BMC of femur 
and tibia, ↑ Tb.N of tibia

Sachdeva  
et al.[45]

Central and sensory 
nerves

Cycling exercise (45 rpm for 
30 min/day, 4 weeks)

↑ propriospinal neurons number, length/no 
change in peripheral sensory nerves

No direct measurement

SAB, salbutamol; OVX, ovariectomized; MAR, mineral apposition rate; BV/TV, bone volume to total volume ratio; Tb.N, trabecular number; Tb.Th, tra-
becular thickness; BMD, bone mineral density; BMC, bone mineral content.
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used as an experimental model to mimic the effects of ex-
ercise in rodents. Recent studies adopting this model have 
begun to explore the effects of mechanical loading on skel-
etal innervation (Table 2). Tomlinson et al. [49] found that 
load-induced (axial compression) bone formation was in-
hibited in mice with TrkA deletion (via small molecule 
1NMPP1), which was restored following NGF treatment via 
upregulation of the Wnt-β catenin signaling pathway. In-
terestingly, a recent study has shown that mice adminis-
tered with a TrkA agonist, gambogic amide (GA), had in-
creased bone formation following mechanical-loading due 
to an augmentation in osteoblast recruitment and differ-
entiation.[50] Even though the authors did not test the 
sensory innervation to bone tissue and did not see the 
changes in hyperalgesia following GA treatment, it seems 
conceivable that an upregulation of Ngf and Wnt7b gene 
expression during ulna axial loading with GA will show the 
TrkA agonizing effects of GA.[50] Furthermore, in another 
study, sensory degeneration by capsaicin treatment result-
ed in a decrease in trabecular bone microarchitecture dur-
ing normal loading conditions.[51] Therefore, it seems that 
functional bone adaptation to the mechanical loading is 
neuronally regulated, mainly by sensory nerves, and that 
the sensory neural signals are associated with increased 
bone formation, possibly via increasing osteoblast activity.
[52]

Although skeletal adaptation during mechanical loading 
is different to exercise training or physical activity, these 
are established models to mimic exercise in animals. The 
number of studies testing the exercise effects are limited 
to date, and thus the conclusions of this review must be 

tempered. However, as mentioned in the previous sections, 
enhanced skeletal innervation and nerve signaling stimu-
late bone development, fracture, and defect repair. More-
over, disrupted skeletal nerve signaling due to peripheral 
neuropathy, negatively effects bone adaptation. Therefore, 
one can begin to appreciate the consolidative nature of 
the skeletal nerve signaling and the skeletal system, and 
that exercise training may provide sufficient stimulation 
for skeletal nervous system to lead to bone anabolism.

 

FUTURE RESEARCH DIRECTIONS IN 
EXERCISE AND SKELETAL NERVES

Epidemiological observations suggested that in response 
to physical activity and exercise training, cognitive func-
tion is improved and provides some form of protection 
against the development of neurological disorders, such as 
dementia, brain aging [6,7] and Parkinson’s disease.[8,9] 
Exercise training models in rodents have shown that axon 
regeneration of the median nerve was promoted by tread-
mill exercise training,[53-55] and improved nerve regener-
ation is a result of a concomitant upregulation of neuro-
trophic factors, such as glial derived neurotrophic factor 
(GDNF), brain derived neurotrophic factor (BDNF), and in-
sulin-like growth factor-1.[54] Similarly, wheel and tread-
mill running has also been shown to prevent rodents from 
developing chemotherapy-induced and diabetic peripher-
al neuropathy, such that peripheral nerve innervation and 
density were maintained by exercise training.[56,57] Based 
on the aforementioned data in peripheral nerves, it is pos-
sible that similar changes could be seen in the skeletal ner-

Table 2. Summary of studies investigating the relationship between mechanical loading models and altered bone and nerve structure and function

References Types of nerve Mechanical loading Nerve Effect on bone

Tomlinson  
et al.[49]

Sensory nerves Axial ulna compression TrkA inhibition with 1NMPP1  
↓ sensory nerve sprouting,  
NGF treatment ↑ sensory function

↓ bone formation rate, ↓ Wnt/β-Catenin 
activity, ↑ bone formation rate, ↑ Wnt/
β-Catenin activity

Fioravanti  
et al.[50]

Sensory nerves Axial ulna compression TrkA agonist gambogic amide  
↑ sensory function (no direct nerve  
measurement), ↑ Ngf gene expression

↑ bone formation rate, ↑ osteoblast recruit-
ment, ↑ osteoblast differentiation

Heffner et al.[51] Sensory nerves Axial tibial compression Capsaicin ↓ sensory nerve function,  
↓ thermal sensitivity

↓ BV/TV, Tb.Th

Sample et al.[52] Sensory nerves Axial ulna compression Brachial plexus anesthesia ↓ sensory nerve 
function

↓ labeled bone area

Jiao et al.[78] Autonomic 
nerves

Biomechanical loading Chemical sympathectomy ↓ norepinephrine ↑ BMD, BV/TV, Tb.Th, ↑ bone formation 
rate

TrkA, tropomyosin receptor kinase A; 1NMPP1, cell-permeable PP1 analog; NGF, nerve growth factor; BV/TV, bone volume to total volume ratio; Tb.Th, 
trabecular thickness; BMD, bone mineral density.
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vous system in response to chronic exercise training. How-
ever, the extent to which exercise-induced increases in bone 
innervation contribute to improvements in skeletal remod-
eling and metabolism remains an intriguing unanswered 
question. 

From the current review’s perspective, the potential rela-
tionship between bone nerves and neurotrophins expressed 
in osteochondral cells (Fig. 2), known to be released follow-
ing exercise training and physical activity,[58-63] is an im-
portant and exciting avenue for future research. These neu-
rotrophins may mediate neuro-skeletal interactions and 
stimulate skeletal nerve fibers responsible for positively 
regulating osteogenesis. Thus, exercise-induced changes 
in neurotrophins may play a significant role in skeletal nerve 
ingrowth, mediate innervation, and/or maintain skeletal 
nerve integrity.[26] Results from rodent models suggest 
that exercise-derived neurotrophic factors including NGF,[58] 
BDNF,[47,54,59-61] neurotrophin-3,[47,59,61] neurotroph-

in-4,[59,61] and GDNF [54] can promote peripheral nerve 
outgrowth and ingrowth. Moreover, synaptic vesicle pro-
tein (Synapsin I) has been linked to neurite growth and 
stimulates neurotransmitter release.[47] GAP43 has also 
been shown to be responsible for axonal growth and im-
provement of synaptic function.[45,47] Both Synapsin I 
and CAP43 expressions are elevated following exercise 
training, and triggered neurogenesis.[47,58] Sensory nerve 
mediated osteotropic actions can be induced by nerve fi-
ber-releasing neuropeptides, such as CGRP, substance P 
(SP), and Galanin.[63] These neurotransmitters are secreted 
from sensory nerve terminals abundant in bone tissue and 
are thought to transmit physiological signals to bone re-
modeling cells, such as osteoclasts and osteoblasts, to pro-
mote bone anabolic activity and bone metabolism.[26,39] 
The classical sensory neuropeptides CGRP, SP, and Galanin 
are found in skeletal sensory nerves and following exercise 
training have been shown to directly affect osteoblasts, 
[40,46] increase mRNA expression of SP,[62] and augment 
serum concentration of CGRP [64] and Galanin.[65] Specifi-
cally, since CGRP has been demonstrated to increase Wnt 
signaling-mediated osteoblast activity [66] and prevent 
osteoblast and osteocytes apoptosis,[66,67] Wnt signaling 
activity associated with the mechanical load-induced sen-
sory nerves activation and osteoblast recruitment [49,50] 
reveals its regulator potential for bone formation. Never-
theless, the physiological alterations of NGF-TrkA-express-
ing sensory nerves following exercise training and physical 
activity are lacking and are the potential subject for de-
tailed future investigation. 

Greater knowledge and understanding of the mechanis-
tic link between chronic exercise training and bone inner-
vation are required, however, the potential clinical impact 
this work could have in developing new therapies is out-
standing. Indeed, several clinical entities in bone patholo-
gy have been demonstrated to be related to nerve dys-
function. For example, diabetic neuropathy is a common 
peripheral neuropathy with crippling clinical consequenc-
es. It is well-known that diabetic neuropathy is associated 
with delayed bone fracture repair,[68-70] and diabetic neu-
ropathy is an independent risk factor for delayed or failure 
of fracture repair.[71] In addition, chemotherapy-induced 
peripheral neuropathy (CIPN) is one of the most common 
complications seen in cancer patients who are treated with 
chemotherapy drugs since the sensory nerves in the distal 

Fig. 2. The relationship between exercise training, peripheral (skele-
tal) nerves, and bone health. A flow diagram illustrating the mecha-
nistic pathways upregulated and downregulated in response to exer-
cise training and their effects on peripheral and skeletal nerves, and 
the potential effect this could have on bone innervation and metabo-
lism. Altogether, this provides many potential possibilities for exer-
cise-mediated regulation of skeletal nervous system, and further 
bone metabolism and homeostasis. The extent to which exercise-in-
duced increases in bone innervation contributes to improvements in 
skeletal cell metabolism remains an intriguing unanswered question. 
BDNF, brain derived neurotrophic factor; GDNF, glial derived neuro-
trophic factor; IGF-1, insulin-like growth factor-1; GAP43, growth-as-
sociated protein 43; SP, substance P; CGRP, calcitonin gene-related 
peptide.
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side of the body are exceptionally susceptible to microtu-
bules stabilization, with one study highlighting that over 
80% of total cancer patients experienced this complica-
tion.[72] Interestingly, similar findings have been seen in 
mice treated with chemotherapy, whereby reduced pe-
ripheral nerve fiber density phenocopies were found in the 
bone tissue resulting in a decreased nerve reorganization 
and delayed fracture repair.[16] Likewise, another recent 
study in dogs reported that the chemotherapeutic agent 
Cisplatin also prevented osteogenic processes and bone 
growth during distraction osteogenesis.[73,74] Therefore, 
there is growing evidence to suggest that CIPN compro-
mises bone integrity and metabolism in human patients 
and animals, highlighting a need for counter-therapies 
such as exercise training to offset the negative effects of 
chemotherapy. 

Charcot arthropathy is another clinical condition that in-
duces a severe degeneration of bone and joints. This clini-
cal entity is common in diabetes, and peripheral or central 
neuropathies including leprosy, polio, chronic alcoholism, 
or syringomyelia.[75] In these cases, a change in sympa-
thetic tone results in increased blood flow, osteoclastogen-
esis, osteopenia, fracture and acute inflammation.[76] In 
addition, a case report recently revealed that people with 
hereditary neuropathy that involved the sensory or motor 
nerve system, such as Charcot-Marie-Tooth disease, showed 
an increased fracture incidence risk, decreased bone mass, 
and severe deterioration of the proximal tibial trabecular 
bone microarchitecture.[77] These appearances of clinical 
confirmation in human patients again highlight the poten-
tial therapeutic role of chronic exercise training to offset 
these negative effects and provide meaningful clinical im-
provements in skeletal innervation and bone metabolism. 
Nevertheless, more precise and detailed in vivo and in vitro 
examinations are required to support the role of exercise 
on the skeletal nervous system, which could have a pro-
found impact on the clinical translation of exercise training 
as a therapy in a wide variety of clinical conditions in which 
impairments in bone metabolism and bone innervation 
are implicated.

CONCLUSION

Recent studies utilizing exercise training or mechanical 
loading models suggest that the mechanical load associat-

ed with exercise results in beneficial improvements in skel-
etal innervation. The influence of exercise training models 
on the relationship between sensory nerve signals and os-
teoblast-mediated bone formation and increased bone 
volume provides the first insight into the potential impor-
tance of exercise training in stimulating positive adapta-
tions in the skeletal nerve-bone interaction and its down-
stream effect on bone metabolism, thus highlighting its 
therapeutic potential in a variety of clinical populations. 
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