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Abstract

Neuromuscular inhibitors have been quickly advanced from being used only for aesthetic purposes to being used as a
treatment for musculoskeletal pain and muscle spasticity. This phenomenon stems from the diminished force exerted by
muscles, which are essential for bone remodeling. In this context, it is hypothesized that botulinum toxin (BTX) might exert
a direct influence on bone resorption. Although such treatments have the potential to provide patients with significant
relief, bone loss occurring due to elective muscle paralysis has yet to be examined in clinical trials. The disuse model
resulting from spinal cord injury, characterized by the absence of ground reaction and muscle forces, provides an ideal
context for exploring the skeletal ramifications of intramuscular BTX injection. This approach enables an investigation
into the intricate interplay between muscle and bone, encompassing the impact of spasticity on bone preservation, the
potential positive and negative outcomes of BTX on bone metabolism, and the involvement of the autonomic nervous
system in bone remodeling regulation. This paper presents a narrative review of research findings on the disturbance of
the typical balance between muscles and bones caused by acute muscle paralysis from BTX, resulting in osteopenia and
bone resorption.
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Introduction

Intramuscular administration of botulinum toxin (BTX)
exerts its effects by selectively impeding the release of
acetylcholine at the neuromuscular junction, originating
from presynaptic motor neurons. This inhibitory action
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induces muscle paralysis, with BTX demonstrating a great
specificity for motor nerve terminals upon muscle injection'2.
These parameters may make it an optimal agent for inducing
localized reduction in muscle activity, leading to subsequent
muscle atrophy and diminished strength. Although BTX
does not damage completely the motor neuron, the extent
of recovery from exposure is dependent upon dosage, with
limited recovery observed following higher doses. Within 10
days of moderate BTX exposure, recovery processes include
dose-dependent neurogenesis, which is the production of
new motor endplates via axonal sprouts from the original
axon terminal®. Because new motor nerve terminals must
form in order to make new neuromuscular connections, the
muscle recovery following BTX injection is different from
typical patterns of disuse“®.
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The spinal cord injury (SCI) model is chosen for numerous
reasons when studying the influence of BTX on bone. SCI
is a severe condition that causes significant reduction in
bone loading in humans. It is believed that the sympathetic
nervous system may have a role in bone loss in this model
due to the lack of mechanical stress; an observation already
substantiated in animal models. Unlike hindlimb unloading,
SCl incorporates some weight-bearing in the affected limb
subsequent to BTX injection, notwithstanding the impaired
muscle activity persisting for several weeks. The current
literature seldom intersects, where the majority of reviews
pertinent to BTX fail to address the associated risks of
muscle atrophy and fibrosis. Multiple applications of BTX
in muscle might lead to atrophy and fibrosis, through its
effects on muscular mechanics. These effects might be
either intramuscular or intermuscular and are believed to
be influenced by alterations in collagen and the extracellular
matrix. In earlier literature, the injection of BTX was initially
perceived as entirely reversible, with the assumption that,
even if it failed to ameliorate gait and function, it would pose
no harm™°,

Literature search

We conducted an electronic literature search in the
Pubmed, Pubmed Central, and Scopus databases. We
chose papers based on whether their titles addressed the
themes of interest, specifically the changes in bone and
muscle in spinal cord injury and the use of botulinum toxin.
The keywords used were “osteoporosis”, “spinal cord
injury”, “botulinum toxin”, “muscle mass”, “bone loss”, and
“bone mineral density”. The search was limited to studies
conducted in English and German languages, including
clinical and randomized controlled trials, observational
studies, cross-sectional diagnostic studies, andreviews. We
omitted case reports and case series that lacked a properly
structured intervention plan or outcome assessment. The
complete textual articles were downloaded and perused.
Two authors, namely YD and KP, conducted a thorough
examination of the papers to ascertain if they satisfied the
specified criteria for inclusion in this review. Information
pertaining to the study population, design parameters,
and major results related to bone loss and fractures were
documented. The citations were examined separately to
find any more trials that may have been missed during
the initial literature search. If any such trials were found,
the whole article for each citation was also obtained. We
did not evaluate the methodological quality of the clinical
trials included in the review using the Jadad scale. This
could be seen as a limitation of our study. Conversely, YD
and KP, scrutinized the research to reduce or eliminate any
biases that could affect the results. There was unanimous
agreement among the authors who reviewed the articles
regarding the inclusion of articles.
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SCland Bone

Disuse is recognized as a causative factor of bone loss
following SCI. The osteocytes located in the bone matrix
are activated by mechanical loading signals, which either
stimulate bone production or prevent bone resorption by
the osteoblasts and osteoclasts, respectively. SCI leads to
prolonged unloading and limited movement of the joints in
the lower limbs, which can result in substantial loss of skeletal
muscle mass. While unloading is an important contributor
to the etiology of osteoporosis following SCI, hormonal
changes and neural lesions also appear to play a role in this
process. Innervation and neuropeptides play, in turn, a key
role in normal bone remodeling. In the context of SCI, the
denervation of sublesional bones emerges as a consequential
outcome, which is linked to neural lesions. These factors are
posited to wield considerable influence over the progression
of bone loss subsequent to SCI. Osteoporosis following
spinal cord injury (SCI) is the result of multiple variables, and
it should not be just attributed to disuse. This is because it
involves not only substantial bone loss caused by reduced
mechanical stress, but also neurological abnormalities and
hormonal alterations''.

Jiang et al. propose that several hormonal mechanisms
triggered by SCI may contribute to the development of
osteoporosis. These mechanisms include: negative calcium
balance caused by increased elimination of calcium by the
kidneys and reduced absorption of calcium in the intestines;
vitamin D deficiency, which plays a role in the development
of SCl-induced osteoporosis; SCI’s interference with gonadal
function and inhibition of the bone-strengthening effects
of sex hormones; hyperleptinemia after SCI, which may
contribute to osteoporosis; pituitary suppression of thyroid-
stimulating hormone (TSH), which may also contribute to
bone loss after SCI; and insulin resistance and insulin-like
growth factors (IGFs), which may be partially responsible for
bone loss following SCI.

Additionally, the presence of catabolic variables, such as
systemic inflammation or the use of medicines like steroids
during the time of injury, also have a detrimental impact on
bone metabolism. Thus, bone loss after SCI may be caused
by an imbalance where there is an excessive production of
osteoclasts compared to the necessary bone resorption, and/
or a shortage of osteoblasts relative to the required ability
to repair cavities. Furthermore, it is worth noting that while
upper limbs typically experience loading and innervation
after SCI, there is evidence to suggest that bone loss can also
impact the upper extremities in individuals with paraplegia.
This implies that hormonal changes may be associated with
the development of osteoporosis following SCI'2.

SCl and muscle

SCI exerts a significant impact on skeletal muscle,
primarily manifested through muscle disuse and spasticity.
In extreme cases of disuse, as exemplified by SCI, the injury
to the spinal cord results in a diminished capacity of muscle
contractions, a phenomenon dependent upon the severity of
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the injury (complete or incomplete SCI).

The European Working Group on Sarcopenia in Older
Peoplehasclassifiedsarcopeniaintotwo categories: primary
(relatedto aging) whenno other causeis apparent save aging
itself, and secondary (related to additional variables). There
are three categories of secondary sarcopenia: activity-
related, disease-related, and nutrition-related'3. Sarcopenia
is caused by a variety of pathophysiological mechanisms
that follow different pathways in neurological diseases.
These mechanisms include motor neuron loss, protein
utilization deficits brought on by nutrient malabsorption,
muscle atrophy from inactivity, thyroid-related hormonal
imbalances, systemic cortisol stimulation, and insulin
resistance'4. Furthermore, it has been demonstrated that
a shift toward more type 2 muscular fibers and significant
atrophy of both types characterize the loss of muscle mass
following SCI'>'7. Muscle disuse in SCI may also result in
muscle capillary decrease, which in turn leads to myopathic
changes with fast type 2 fiber predominance. These
findings may be modified based on the activity of the muscle
facilitated either through spasms or an incomplete lesion,
which may exert, in part, a protective effect. Spasticity, on
the other hand, may result in fiber type transformation,
making type 2 muscle fibers the predominant type'”'@,

The influence of spasticity/spasms on bone in individuals with
scl

Whether the presence of spasticity supports the
preservation of lower-extremity bone mass has been an
ongoing debate, for which research is conflicted'®. When
compared to flaccid people, those with spasticity are
characterized by higher bone mineral density (BMD)?°, while
other studies?' have observed a strong link between BMD
and the degree of spasticity as determined by the modified
Ashworth scale. Nevertheless, the existing evidence from
currently available studies is deemed insufficient to
substantiate the assertion that spasticity aids SCI patients in
preserving their BMD?'.

Bone/Muscle interaction and the role of sympathetic nervous
system

When a specific threshold strain is applied to bone through
force, bone synthesis is triggered. Conversely, a decline in
muscle force below a predetermined set point, as observed
in conditions like muscle immobilization or paralysis, leads to
the loss of bone tissue.

Frost’s mechanostat hypothesis posits that the bone’s
ability to add or remove tissue enables it to dynamically
requlate strains, hence allowing the bone to adapt its strength
in response to external forces?2.

Under physiological conditions the main forces are
produced by contractions of the muscles. Damage to the
neuronal tissue inside the spinal canal after a SCI impairs
motor function and causes restricted muscular contractions,
which are mostly experienced by most SCI patients as
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spasms and abnormal spinal reflexes?®. Recent research
indicates that the sympathetic nervous system provides
nerve supply to bone tissue, suggesting that it functions
as a mediator of mechanical loading in bone?4. It is thought
that this innervation inhibits the growth of new bone while
promoting bone resorption. One might anticipate gains in
bone growth and strength through this pathway following
SCl, due to the likely decrease in sympathetic nerve
activity>>24, Moreover, the osteoblast surface’s B-adrenergic
receptors provide additional evidence for the sympathetic
nervous system’s impact on bone metabolism. For example,
non-selective B-adrenergic pathway blocker propranolol
therapy has been shown to improve bone mass in mice
models. Interestingly, it has also been demonstrated that
non-selective pharmacological blockage of the B-adrenergic
system, accomplished by oral propranolol administration,
prevents bone loss caused by a lack of mechanical stress in
the tail-suspended rat model?®.

Discussion

Tissue deformations in bone, which are responsible
for maintaining bone homeostasis over loading, are
caused by a combination of ground reaction forces and
muscle contraction. During hindlimb suspension, casting,
neurectomy, or spinal cord injury (SCI), animals are incapable
of employing their hindlimbs for weight bearing. Presently,
disuse models involve either the complete elimination of
all ground response and muscle forces (spinal cord injury)
or the elimination of ground reaction forces while muscle
contraction remains active (tail suspension and casting)?®.

Rodent hindlimbs have been utilized as a model to
investigate the interaction between muscle and bone through
intramuscular injection of BTX. The swift development of
muscle wasting and subsequent reduction in bone density is
a result of the muscle suppression caused by of BTX, with the
hypothesis that diminished muscular loading contributes to
the observed skeletal effects. The study sought to examine
the effects of botulinum toxin-induced muscular inhibition
on the skeletal structure of mice, including both control and
tail-suspended groups. The tail suspension was employed
as a control to replicate the decreased gravitational loading
induced by BTX. Significantly, the reduced bone health
observed in the hindlimbs of animals hanging by their tails
after receiving BTX injections indicates that the muscle
inhibition caused by BTX has extra consequences on skeletal
muscles, apart from the changes caused by altered gravity
loading. These data further emphasize the concept that
muscle loss directly affects bone health?’.

The detrimental effects of BTX on the skeleton, as found
in cage control animals, are consistent with prior studies
investigating the influence of botulinum toxin-induced
muscle inhibition on skeletal well-being. After receiving a
sole injection of BTX, experiments conducted on juvenile rats
have shown a significant decrease in muscular strength of
more than 80% within a short span of a few days?®. When
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adult rabbits are injected with BTX, their muscle force is
reduced by 70% after four weeks?®. Similarly, studies on rats
and mice have shown that a single BTX injection into their
quadriceps and gastrocnemius muscles leads to a decrease
in bone mass at the tibia within a few weeks?°.

Researchers compared the effects of unloading and
reloading on the bone mass of the hindlimbs in mice that were
normal versus mice that were Gjal haplo-insufficient. The
timing and degree of recovery after BTX injection-induced
restoration of muscle function were investigated in this
study. Irrespective of Gjal status, bone loss exhibited only
partial reversibility upon muscle recovery, with complete
restoration of bone mass remaining elusive within the 12-
week observation period. Notably, Gjal haplo-insufficient
mice responded more gradually to Botox injections in terms
of skeletal system effects compared to their wild-type
counterparts®,

Animal studies using EMG and muscle biopsies have
revealed subclinical adverse effects that appear as aberrant
alterations in muscle and bone structures. The disruption of
the normal muscle-bone equilibrium, brought about by the
impaired release or transport of specific biochemical factors
due to repeated acute muscle paralysis from BTX, leads to
osteopenia and bone resorption6-3°,

It is reasonable to predict that the gradual recovery of
muscle function in the injected leg would, at the very least,
rebalance the relationship between bone formation and
resorption. This would stop the sudden loss of bone that was
observed in the first four weeks. Expected results involve
an increased creation of bone compared to its breakdown,
resulting in a simultaneous restoration of bone density
as muscle strength is completely returned. Findings from
human studies substantiate the notion that regained muscle
function has the potential to enhance bone formation relative
to resorption3'.

Tang et al. were the first to report that injection of
BTX, acute sarcopenia, and acute osteopenia known as
“osteosarcopenia,” are significantly and consistently linked?2.
The prospect of repeated BTX injections poses the potential
for progressive declines in bone morphology, physiology,
and function. Conclusions regarding the long-term effects
on tiny mammals’ developing bones are difficult to make,
though, especially when it comes to children with cerebral
palsy who need repeated injections during their formative
years. A maximum follow-up of 28 weeks was seen in the
analysed trials®?, and only one study examined the effects of
two injections of BTX separated by one month®3. The finding
that certain bone properties had not entirely regenerated
six months after injection is very concerning. This raises
guestions about the long-term response of the injected
muscle and related bone segment. Given that this scoping
review demonstrates that osteosarcopenia can occur in
experimental small animals even with a single injection,
more investigation is necessary to determine whether BTX
treatment may cause reductions in bone health in cerebral
palsy patients32.

Hong et al. demonstrated that BTX-induced atrophy of
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the muscles used for chewing can affect the integrity of the
outer layer of bone in the lower jaw in both young women
and women who have gone through menopause. The impact
of reduced thickness of masticatory muscles on the quality
of cortical bone at the sites where the muscles attach was
more noticeable in post-menopausal women, as compared
to younger women. Furthermore, the decreased thickness
of the muscles used for chewing was observed to impact
the formation of the cortical bone in the condyle in both age
groups34,

Moreover, BTX can directly influence bone resorption,
in addition to the effect of muscular paresis on bone.
BTX administration in mice resulted in an uprequlation of
receptor activator of nuclear factor k-B ligand (RANKL),
a promoter of bone resorption, as observed in preclinical
studies3>2¢. Furthermore, this manipulation of the masseter
muscle resulted in an augmentation of the gene expression
related to indicators of bone resorption. Significantly, the
messenger RNA (mRNA) of RANKL exhibited a 4.2-fold rise
in mandibular head samples within two days following the
injection of BTX on the experimental side, in comparison to
the control side®.

Due to their near closeness, muscles and bones can
interact with each other through biochemical factors such
as IL-6, TGF-B, TNF-a, VEGF, glutamate, calcitonin gene-
related peptide (CGRP), or substance P. These substances
are released during muscle contraction and contribute
to the maintenance of bone homeostasis. The release or
transportation of biological substances into the nearby
muscle/bone environment may be decreased due to
BTX’s reduction in the full spectrum of normal muscular
contractions (small intensity, high frequency (twitch), and big
intensity contractions3®.

Carpentier et al. analyzed basic research studies that
used animal models and stated that there exists a non-
mechanically induced mechanism that leads to osteopenia,
at least partially. Botulinum toxin injections promote bone
resorption and thus cause osteopenia, permanently changing
bone structure, while bone development and healing may also
be affected. The cumulative evidence points to the conclusion
that intramuscular injections of BTX have the capacity to
modify both the metabolism and structure of bone*”.

For example, individuals, like those who have had a
stroke, who receive many BTX injections may gradually have
muscular atrophy not just in the injected muscles but also
in nearby or distant muscle groups. This overall weakness
adds to compromised bone health, hence elevating the
susceptibility to falls and fractures®®. Hence, the utilization
of proper ankle-foot orthoses (AFOs) for walking becomes
particularly valuable for these individuals.

Nevertheless, there is promising news concerning the
utilization of BTX in the context of heterotopic ossification
(HO)*°. Neuroinflammatory cytokines activate BMP
signalling pathways, which enhance bone formation in
response to a traumatic injury. It is postulated that an
intervention that temporarily inhibits the transmission
of signals between nerves and muscles, such as with
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BTX, might decrease the formation of abnormal bone in
unintended areas. This analysis considers the importance
of neural signalling pathways in the process of fracture
repair and the series of events known as the osteogenic
cascade that is triggered during the healing of a fracture.
This cascade includes inflammation, angiogenesis,
chondrogenesis, and osteogenesis*®. Additional research
is necessary to ascertain the effectiveness of muscular
paralysis as a potential therapy method once HO has begun
to advance or once has reached a mature stage.

Generally, the impact of BTX in medical management
is influenced by the geographical distribution of research
papers. This distribution reveals common findings regarding
worldwide research activity, with a limited representation of
many low-income countries or regions lacking specialized
medical centers. Nevertheless, it is crucial to ensure
extensive participation from numerous Eurasian countries
in order to achieve widespread dissemination of scientific
findings, particularly in the field of medicine, on a global
scale*'.

The limitations of our paper stem from a scarcity of studies,
which restricted our analysis to human bone outcomes and
secondary examination of animal datasets. We also did not
assess the methodological rigor of the clinical trials included
using the Jadad scale. This aspect could be perceived as a
constraint of our investigation.

The relationship between bone loss and the dosage and
frequency of administration of BTX is currently unknown.
Meanwhile, clinicians should contemplate administering
lesser doses whenever feasible and closely monitor
individuals for alterations in skeletal structures resulting
from repeated injections over extended durations?2.

Conclusion

People with SCI have many complications related to
the locomotor system, especially regarding bone and
muscle. This condition carries a significant risk for the
development of osteoporosis. The occurrence of bone loss
during neurologic injury is influenced by multiple factors
and is determined by both the duration and severity of the
neurologic injury. Spasticity is frequently occurring after
SCI, and currently, one of the primary treatments is the
use of BTX. However, BTX affects bone mineral density,
mainly due to several cellular and molecular alterations.
It is important, then, to keep in mind that the effect of
the BTX on the bone of the patient with SCI is potentially
aggravating the osteoporosis that may be associated with
SCI. Additional longitudinal research is necessary to have
a comprehensive grasp of this phenomenon in human
populations.
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