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ABSTRACT

Osteoporosis (OP) is a ubiquitous metabolic bone disease characterized by reduced
bone mass and the deterioration of bone microarchitecture. One of its most serious
complications, fractures, can induce substantial functional disabilities in patients
and are associated with chronic health issues, thereby imposing both medical and
economic burdens. At present, the predominant therapeutic approaches for OP
include pharmacotherapy and physical therapy (PT). While pharmacotherapy
has proven effective, it is not without its drawbacks, such as prolonged
treatment durations and adverse effects due to medication. PT, also referred to as
physiotherapy, stands out as the most cost-effective alternative treatment for OP.
PT involves the application of natural or artificial physical agents, such as sound,
light, cold, heat, electricity, and mechanical forces (including motion and pressure),
to non-invasively and non-pharmacologically treat local or systemic dysfunctions
or pathologies. Its objective is to restore the body’s inherent physiological functions.
PT offers a diverse array of treatment options for patients with OP who are
unsuitable for surgery or for whom surgical intervention is not viable. This review
investigates the feasibility of identifying appropriate PT methods tailored to the
needs of individuals with OP, with the intent of providing a scientific foundation
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for improved clinical practice.
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1. Introduction

Osteoporosis  (OP) is a  multifactorial
progressive bone disease characterized by
decreased bone mass and deterioration of bone
microarchitecture, resulting in increased bone
fragility and increased risk of fracture (chronic
metabolic bone disease). OP has gradually
become an invisible killer affecting human health
due to its high incidence, high fracture rate, high
disability rate, and high mortality rate. Among
them, OP in post-menopausal women and senile
OP are the most common and significant forms
of bone loss in clinical practice.!

Physical therapy (PT), also known as
physiotherapy, is a
pharmacological treatment of local or systemic
dysfunctions or lesions of the human body by
applying natural or artificial physical factors to
the human body, including sound, light, cold,
heat, electricity, and force (e.g., motion and

pressure), to restore the original physiological

non-invasive, non-

functions of the body. PT can increase calcium
uptake and absorption, improve bone density,
directly or indirectly induce vascularization,
enhance intramembranous ossification, promote
cartilage ossification, facilitate the coupling of
osteogenesis and vascularization, enhance bone
formation and bone repair, and alleviate the
painful symptoms of OP.2 Compared to other
treatments, the most significant advantage of
PT is that patients undergo treatment without
experiencing trauma or adverse effects, and it is
relatively low-cost. It is a treatment for OP with
better application prospects.

This paper focuses on the effects of PT on OP,
provides insight into the regulatory mechanisms
of sound, light, electricity, magnetism, and heat
in OP, and presents an outlook on its clinical
translation to explore the feasibility of preventing
and treating OP.

In the preparation of this review, we conducted
searches using appropriate databases including


http://doi.org/10.12336/bmt.25.00007

Physical factor therapies of osteoporosis

PubMed, Web of Science, Scopus, and Cochrane Library,
employing a range of search terms, such as “osteoporosis,”
“physical factor therapy,” “traditional treatment methods,”
“fractures,” and “mechanisms,” along with their synonyms and
related terms to broaden the scope of our search. We utilized
various combinations of keywords to expand the search
parameters and identified additional studies by evaluating
reference lists of eligible studies and relevant review articles.
The exclusion criteria included studies that did not provide
sufficient data, had ambiguous or irrelevant results, were
poorly designed, or had significant biases.

2. Epidemiology of OP

OP is a global health issue. A systematic review synthesizing 86
studies across five continents estimated the global prevalence
of OP to be approximately 18.3%.*> The prevalence of OP in
Africa is significantly higher than in other countries. In terms
of gender differences, the global prevalence of OP in women
is 23.1% (95% confidence interval: 19.8 — 26.9%), while in men
it is 11.7% (95% confidence interval: 9.6 — 14.1%). In seven
middle- and high-income economies in the Asia-Pacific region,
epidemiological estimates from specific locations indicate that
approximately 5 — 10% of adults are affected by OP. Among
individuals aged 50 and above, the prevalence is higher —
typically ranging 20 — 40%, and in some cases even higher — with
women disproportionately affected.* Comparative assessments
of spinal or hip OP prevalence among populations aged 50 and
above across several industrialized countries reveal substantial
variation: Japan exhibits the highest prevalence at 26.3%,
while Australia reports the lowest, at just 2%.> OP itself does
not lead to disability or death. However, fractures, as severe
complications of OP, not only cause significant functional
impairment and long-term health issues, such as chronic pain
and reduced physical activity capability, but are also directly
associated with increased mortality rates. Hip fractures, a
major health concern, have an accumulated mortality rate of
20 - 40% within 1 year after occurrence, with higher mortality
rates in men than women.® The mortality rate after hip
fractures varies with age and gender. Statistics show that for
women, the mortality rate is 2% before the age of 80, and 8%
at age 80. For men, the mortality rate is 2.9% for ages 55 — 59,
8% for ages 80 — 84, and 15% after age 94. In addition, the risk
of death significantly increases after vertebral fractures, severe
osteoporotic fractures, and minor osteoporotic fractures in
patients aged 75 or older.’

OP typically requires surgical treatment, with significant
variations in treatment costs across different regions.
Associated expenses include hospitalization and management
of complications. In addition to direct medical costs, community
care, elderly care facility expenses, and loss of household
productivity must also be considered. There are substantial
differences in care models across various regions; developing
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countries rely on family care, while Western countries tend
toward institutional care.® It is estimated that the direct care
costs in the 1* year after a fracture amount to approximately
$30,000 per hip fracture patient, $11,300 for other non-
vertebral fractures, and $8,380 for vertebral fractures. In 2003,
the total management cost of low-trauma fractures in the
United States (US) reached $17 billion, projected to increase
to over $25 billion by 2025. In the same year, those costs in
Europe amounted to €3.6 billion. The average hospital stay
for vertebral fractures is 617 days, followed by 512 days of
rehabilitation or nursing home care; hip fractures result
in an average hospital stay of 1,306 days and 1,650 days of
rehabilitation/nursing home care. In comparison, non-hip,
non-spine fractures have a longer hospital stay, averaging
3,805 days, with an average rehabilitation/nursing home
care time of 5,186 days.” OP and its related fractures impose a
significant health and economic burden worldwide.

3. Pathogenesis of OP

Bone is a dynamic organ that is constantly remodeling. Bone
remodeling involves two distinct processes: osteoblasts
forming new bone and osteoclasts removing old or damaged
bone. Differentiating from mesenchymal stem cells (MSCs),
osteoblasts are responsible for the synthesis of type I collagen
and the deposition of mineralized matrix to promote
bone formation.'” Meanwhile, osteoclasts are specialized
bone-resorbing cells formed from the fusion of monocyte
precursor cells, and their formation is related to the secretion
of macrophage colony-stimulating factor (M-CSF) and
receptor activator of nuclear factor kappa-B ligand (RANKL)
by osteoblasts and osteoclasts.!" Osteoclasts secrete large
quantities of protons into the sealed resorption cavity through
H* pumps in the presence of folded edges, leading to an
acidified microenvironment of bone matrix lysis. In addition,
osteoclasts contain a large number of lysosomal enzymes
(e.g., histone C, PB-glycerophosphate, and (-glucuronidase),
which help to degrade the bone organic matrix exposed
in the resorption lacunae to promote bone resorption.'"'?
Consequently, the balance of bone remodeling homeostasis
is disrupted, with a reduction in osteoblasts, a decrease in
bone-like tissue formation and calcium and phosphorus
accumulation, a reduction in the ratio of bone minerals to
organic matter, sparse and narrow bone trabeculae, a decrease
in bone strength, and structural damage and fragility of the
bones, ultimately leading to OP."

The main factors contributing to the development of OP
include general factors associated with the natural process
of aging and bone tissue resorption activated by a sex
hormone deficiency, as well as a reduction in osteogenesis
and microstructural disorders due to various external factors,
such as glucocorticoid administration." OP often occurs
in the elderly, predominantly in post-menopausal women.
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Age-related OP is called primary OP and is mainly due to a
negative balance between bone resorption and bone formation
caused by aging, resulting in bone loss. In post-menopausal
women, due to decreased estrogen secretion and increased
release of pro-inflammatory cytokines, the immune system
continues to be hypoactivated,” with reduced bone mass and
increased risk of fracture (Figure 1).

3.1. Oxidative stress and OP

Reactive oxygen species (ROS), or oxygen-free radicals,
are highly reactive molecules containing oxygen. ROS is an
unavoidable by-product of cellular oxygen metabolism and
ATP formation, and when over-accumulated, the intracellular
redox equilibrium is disrupted, which can cause oxidative stress.
Oxidative stress is one of the critical factors in aging and the cause
of many neurological, cardiovascular, and metabolic diseases.
It is thought to be a disturbance in the balance between free
radical formation and antioxidant mechanisms, leading to the
development of various diseases.'®'” ROS production is a crucial
regulator of osteoblast function in bone tissue, and oxidative
status influences the homeostasis of bone mineralization.'®

High levels of ROS negatively affect osteogenesis. Oxidative
stress induces apoptosis in osteoblasts and osteoclasts, leading
to an imbalance in the remodeling process, followed by altered
and deficient bone formation with aging, glucocorticoid
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treatment, OP, and other skeletal diseases associated with
stress.'*!? inhibits
differentiation through the endoplasmic reticulum kinase
(ERK)-dependent nuclear factor kappa-B (NF-KB) signaling
pathway.”® Osteoblasts can produce antioxidants, such as
glutathione peroxidase, to prevent ROS production? and
reduce the level of transforming growth factor-beta (TGF-f3),
involved in bone resorption.”” In addition, the growth
and maintenance of bone require MSCs for osteogenic
differentiation, and ROS can induce senescence and apoptosis
of MSCs and inhibit the proliferation and differentiation of
bone marrow MSCs (BMSCs) through multiple signaling
channels. Geissler et al.* found that BMSCs cultured in vitro for
an extended period exhibited reduced antioxidant capacity and
elevated ROS levels, resulting in reduced or loss of osteogenic
differentiation potential. Yang et al.** found that H O -induced
oxidative stress inhibited osteogenic differentiation of BMSCs
through the autophagy pathways, affected Wnt/[p-catenin
signaling activity, thus inhibiting the osteogenic differentiation
of BMSCs. It degraded the cellular self-renewal ability and
hindered the osteogenic differentiation of BMSCs while
promoting lipogenic differentiation, resulting in increased
bone fat and decreased bone mass.”

oxidative Oxidative stress osteoblast

On the other hand, the impact of ROS on osteoclasts differs
from its direct effects on osteoblasts. Instead, ROS stimulates

Myostatin (GDF-8)t

oPG } _ Growth
M-CSF | 1 . factors
RANKL 1t 3 Myostatin
Ca* t=(Nrf2)} antagonist irisin
Osteoblasts :]
TGF-B ¢
-
NFkB TeMsCs
Wnt/ B-
catenin }

pathway

(NFa)t

RANKL 't

OPG )}

ECS)]

GG

Bone resorption

e RANKL 't
— @9 Gnrot
: T cells (IL17A) t
Osteocytes *, N
(semaan)i, @
wnt/ - . Bcells
catenin \
pathway oPG )}

Figure 1. Osteoporosis is associated with oxidative stress, estrogen deficiency, sarcopenia, and bone immunity. Excessive reactive oxygen species
reduce the levels of antioxidants, glutathione peroxidase, erythrocyte superoxide dismutase, and erythrocyte nitric oxide through the nuclear
factor kappa-B signaling pathway, and promote osteoclast differentiation and bone resorption by stimulating macrophage colony-stimulating
factor and receptor activator of NF-kB ligand (RANKL). Estrogen deficiency, on the one hand, reduced semaphorin 3A (sema3A) expression in
bone cells, on the other hand, promoted the production of bone resorption factors, such as tumor necrosis factor-alpha (TNF-a), interleukin 17
(IL-17), IL-6, and RANKL, resulting in the imbalance of bone homeostasis. Muscle loss promotes bone resorption by upregulating myostatin
(growth/differentiation factor 8), myostatin antagonist irisin, [L-7, and downregulating growth factors (insulin-like growth factor 1 and basic
fibroblast growth factor 2). Activated T cells and B cells secrete RANKL, IL-17, IL-10, interferon-gamma, TNF-q, etc. in inflammatory states,
stimulating osteoclasts to absorb bone and leading to bone loss. Image created by the authors using BioRender.com. Ruixi, C. (2025) https://

BioRender.com/axai6w5.

Abbreviations: BMSC: Bone marrow mesenchymal stem cell; Nrf2: Nuclear factor erythroid 2-related factor 2; OPG: Osteoprotegerin;

TGF-P: Transforming growth factor-beta.
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bone-forming cells to produce important regulatory factors,
such as osteoclastogenesis inhibitory factor (OPG), M-CSF,
and RANKL.* These factors recognize osteoclast pre-cursor
cells and transmit bone resorption signals to osteoclasts,
thereby indirectly affecting the differentiation, survival, and
activation of osteoclasts. Osteoclasts produce superoxide for
bone resorption, and oxidative stress increases osteoclast
differentiation and function.”

Bai et al®

used H,O, to co-culture with human-derived
bone marrow mononuclear cells. They found that increased
intracellular ROS levels from superoxide anion produced by
H,O, stimulated RANKL mRNA and protein expression in
the human osteoblast cell line MG63 and in primary mouse
bone marrow stromal cells and cranial osteoblasts to promote
osteoblast differentiation and increase osteoclast activity and
bone resorption capacity. Similarly, Gong et al.?’
that H O, could promote the expression of cytokines related
to osteoclast differentiation. In addition, high levels of ROS
can mediate the production of RANKL by osteoblasts and
BMSCs, indirectly promoting osteoclast differentiation. In
a study of post-menopausal women, Jagger et al.*® found that
there is a negative correlation between peripheral markers of
oxidative stress and antioxidant status and that low levels of
antioxidants are responsible for increased bone resorption.
Ozgocmen et al.’' compared serum antioxidant enzyme and
nitric oxide (NO) levels, oxidative stress markers, between
post-menopausal OP women and healthy women. They
found that the activity of erythrocyte catalase was significantly
reduced in post-menopausal OP women, and erythrocyte
superoxide dismutase activity and erythrocyte NO levels were
significantly higher in the plasma of OP women. In contrast,
glutathione peroxidase activity and NO levels were similar in
both groups. Erythrocyte superoxide dismutase, erythrocyte
catalase activity, and erythrocyte NO levels were significantly
correlated with proximal femur bone mineral density (BMD).
Some quality-of-life scores, such as pain, mental, and social
functioning, correlated with antioxidant enzyme activity and
NO levels. Moreover, there is a significant increase in the
levels of malondialdehyde, a final product of lipid peroxidation,
in both plasma and erythrocytes of OP patients, suggesting
a linear relationship between OP and reduced antioxidant
capacity in post-menopausal women.

also found

3.2. Effect of estrogen deficiency on bone reconstruction

Bone remodeling is a process in which bone formation and
bone resorption are tightly coupled, maintaining skeletal
homeostasis and metabolic balance. Osteoblasts produce new
bone, while osteoclasts remove old or damaged bone. This
process is known as bone remodeling and is carried out through
the basic multicellular unit.** The function of osteoblasts and
osteoclasts is mainly regulated by systemic hormones and local
factors in the body, including sex hormones.*

Estrogens (estradiol, estriol, and estrone) are essential
hormones that regulate the metabolism and function of bone
and skeletal muscle, directly or indirectly, through the estrogen
receptor.” Estrogens play an essential role in bone remodeling
by promoting anti-apoptosis in osteoblasts and osteoclasts
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as well as pro-apoptosis in osteoclasts, decreasing the rate of
activation of bone remodeling, and maintaining the balance
between bone conversion.***’ Post-menopausal estrogen
deficiency increases apoptosis of osteoblasts while decreasing
apoptosis and enhancing recruitment of osteoclasts. This
imbalance prolongs bone resorption, reduces bone formation,
and results in bone resorption outpacing bone formation, thus
disrupting the normal bone remodeling process.* In addition
to affecting osteoblasts and osteoclasts, osteocytes, the most
abundant cells in bone, respond to estrogen by producing
the signaling protein semaphorin 3A (sema3A). Estrogen
increases sema3A bone expression, and sema3A binds to its
receptor on osteoblasts to increase cell viability and maintain
bone homeostasis;*” autocrine loop damage caused by estrogen
deficiency induces an OP phenotype. Estrogen also regulates
osteoblast mechanotransduction by affecting Wnt/[B-catenin
signalling.® Jackson et al* found that osteoblasts from
ovariectomized mice were significantly attenuated in their
ability to activate the Wnt/P-catenin signaling pathway in
response to mechanical loading and that ovariectomy-induced
loss of estrogen attenuated in vivo loading-induced [-catenin
signaling in osteoblasts. In particular, a lack of the hormone
serum estradiol induced increased apoptosis of osteoblasts in
mice and altered the oxidative microenvironment, leading to
the loss of osteoblast resistance to oxidative stress.

In addition, estrogen has been implicated in signaling the
onset of inflammation and inhibits the production of several
pro-inflammatory cytokines.*” Tumor necrosis factor-alpha
(TNF-at), a pro-inflammatory cytokine produced mainly by
macrophages and monocytes, promotes osteoclastogenesis and
bone resorption. Estrogen deficiency in menopausal women
is a critical step in ROS-mediated TNF-ot expression.”® Wu
et al.”® found that estrogen deficiency induced the production
of TNF-o and interleukin-17 (IL-17) in pro-inflammatory
cells by switching memory T cells to effector memory T cells.
In ovariectomized mice, estrogen deficiency decreases thiol
antioxidant defenses in osteoblasts, which increases the level of
ROS and induces the expression of TNF-o.. TNF-ot indirectly
induces osteoclastogenesis while simultaneously inhibiting
the release of OPG from osteoblasts, ultimately leading to
bone loss.*® Grassi et al.* observed in ovariectomized mice
that the accumulation of ROS in the bone marrow activates
T cells, which in turn promote osteoclastogenesis. This occurs
through the upregulation of co-stimulatory molecule cluster
of differentiation 80 on dendritic cells, leading to increased
production of bone resorption factors, such as TNF-q,, IL-17,
IL-6, and RANKL.

3.3. Sarcopenia and OP

Sarcopenia is a syndrome of reduced muscle mass and strength
associated with aging. The cause of the disease is related to,
among other things, long-term reduced activity or impaired
mobility and malnutrition.*” The development of sarcopenia
is strongly associated with an increase in body fat. Obesity
and sarcopenia reinforce each other and act synergistically to
cause physical impairment and metabolic disorders.* Obesity
is often characterized by a significant increase in body mass,
leading to the excessive production of inflammatory response
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factors that promote osteoclast differentiation and increase
bone resorption. These inflammatory factors also affect the
osteogenic differentiation of MSCs, thereby reducing bone
formation. For example, in obese patients, TNF-a activates
NF-kB by increasing the levels of RANK and RANKL, thereby
promoting osteoclastogenesis and contributing to bone loss.

Muscle loading (transmitted from muscle to bone through
external forces or internal muscle contraction) is a significant
factor in maintaining bone density.”” Existing studies have
shown that a certain amount of muscle load can be transmitted
either by deformation (stretching and compression), which is
dominant in muscle, or by shear forces exerted by fluids, which
respond strongly to the flow of fluids in the tubular network
of osteocytes. Cells and tissues respond to these changes by
adjusting to mechanical stimuli through the strength and
stiffness of the cytoskeleton and extracellular matrix. This
process maintains and enhances the structure and number of
bone trabeculae, improving the quality of muscle and bone.*
Therefore, a decline in muscle function and performance
increases the risk of both sarcopenia and OP, and is associated
with a reduction in BMD.*

In addition, skeletal muscle has an endocrine function.*®
Muscle can influence skeletal remodeling through the
secretion of various myokines, including myostatin (growth/
differentiation factor 8), insulin-like growth factor 1 (IGF-1),
basic fibroblast growth factor 2 (FGF-2), and irisin.*® Elkasrawy
et al’! found that IGF-1 has an important osteogenic role. They
also observed that traumatic muscle injury and muscle wasting
increase the secretion of skeletal muscle growth inhibitors,
which impair cartilage formation and hinder bone healing.

3.4. Bone immunization

Bone immunity is the centralized effect of cells and cytokines
between the bone and the immune system.”” The bone-
immune system, which includes all the cells in the bone
marrow, emphasizes the bi-directional reaction between the
bone and the immune system. It is the crucial link between
the immune system and the skeletal system, with the critical
immune components acting in the various processes of bone
metabolism.>

In this system, T cells, B cells, and cytokines are important
regulators of bone resorption. Under different circumstances,
immune cells may show different responses to the skeletal
system.** For example, under physiological conditions, B
cells may secrete OPG to counteract osteoclast production,
inhibiting bone resorption and promoting osteogenesis.>® Li
et al.>® found that B cells are an essential source of OPG, with
OPG produced by the B cell lineage accounting for 64% of total
OPG in the bone marrow, 45% of which originates from mature
B cells. In contrast, mice with a knockout of B cells showed
impaired OPG production, decreased BMD, and significantly
reduced bone mass. When bone metabolism is disrupted,
activated T cells and B cells in an inflammatory state secrete
pro-osteoclastogenic factors, such as RANKL, IL-17A, and
TNF-0, which stimulate osteoclast activity and promote bone
resorption,” ultimately leading to bone loss. T-cell-deficient
nude mice showed enhanced osteoclast differentiation and
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reduced bone density due to an immune imbalance of T cells
that promotes osteoclast differentiation and bone resorption.*®

4, PT for OP

Over the past two decades, pharmacological and non-
pharmacological treatment options have been extensively
developed to improve BMD and reduce the risk of fracture
in patients with OP. In general, all available pharmacological
treatments for OP reduce the relative risk of new fractures by
approximately 50 — 65%. However, in addition to the high
cost of treatment, adverse events, such as dyspeptic conditions
(nausea, vomiting, and abdominal pain), as well as metabolic
and thromboembolic disturbances, are frequently observed
in patients receiving pharmacological treatment for OP.
These potential clinical limitations, side effects, and adverse
reactions limit the adherence to the treatment.®® In contrast,
non-pharmacological treatments usually involve physical
exercise and physiotherapy rehabilitation specifically designed
for patients with OP. Studies have found that PT techniques
are the most cost-effective alternative treatment for OP®
(Figure 2).

4.1. Acoustic therapy: Pulsed ultrasound

Low-intensity pulsed ultrasound (LIPUS) is a high-frequency
sound wave that applies micro-stress to bone and surrounding
tissues to promote fracture healing and slow down the
tendency of bone loss (Figure 3). Based on numerous trials,
LIPUS was successfully approved by the US Food and Drug
Administration (FDA) for the treatment of new fractures and
muscle adhesions.®

Intensity and frequency are the two basic parameters of LIPUS,
which are the key factors affecting bone cells and mechanical
stress. Most studies used fixed ultrasound parameters in fracture
healing, that is, an intensity of 30 mW/cm? (space- and time-
averaged intensity), a frequency of 1.5 MHz, a duty cycle of 20%,
and a pulse repetition frequency of 1 kHz. LIPUS’s intensity
strongly correlates with BMD and bone microstructure.®
Among the LIPUS signals of 15 — 150 mW/cm?, the intensity
of 150 mW/cm? was more effective in maintaining bone
volume than that of 30 mW/cm?, which is commonly used
in fracture healing, suggesting that ultrasound intensity is
positively correlated with therapeutic effects within a specific
range.** Sun et al.** demonstrated that LIPUS can be used as
a mechanical load to promote muscle function and stimulate
bone mass and microarchitecture. Higher-intensity LIPUS was
more effective in maintaining bone mass in ovariectomized
rats. Meanwhile, Inoue et al.® found that higher-intensity
ultrasound (0.5 and 1.0 W/cm?) increased cell proliferation
and osteoblast activity at the healing site, accelerating fracture
healing. However, LIPUS intensities lower than those
currently used in clinical practice (30 mW/cm?) had a positive
effect on osteogenic differentiation of bone marrow stromal
cells in rats, and LIPUS of 15 mW/cm? also had a significant
effect on enhancing alkaline phosphatase (ALP) activity and
bone mineralization.*

The most common application of LIPUS in bone is fracture
repair.”” Growth and differentiation of MSCs play an essential
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Figure 2. Types of physical therapy for osteoporosis. Image created by the authors using BioRender.com. Ruixi, C. (2025) https://BioRender.

com/hOpydil.
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Figure 3. Mechanisms of acoustic therapy in the treatment of
osteoporosis. The intensity of 150 mW/cm? promotes muscle
function, stimulates bone mass and microstructure; 30 mW/cm?
decreases Cbfal mRINA expression, increases collagen deposition and
OPG-positive area, and accelerates osteoblast development. Bone-
specific Cbfal gene is a transcription factor crucial for osteoblast
differentiation and bone formation. Its main function is to inhibit
the differentiation of preosteoblasts into mature osteoblasts. The
intensity of 15mW/cm? regulates endoplasmic reticulum kinases
(ERK1/2) and p38 intracellular signaling pathways, increases alkaline
phosphatase (ALP) activity, and enhances bone tissue mineralization.
Image created by the authors using BioRender.com. Ruixi, C. (2025)
https://BioRender.com/pul0.

Abbreviations: BMSC: Bone marrow mesenchymal stem cell;
MAPK: Mitogen-activated protein kinase; OPG: Osteoprotegerin;
Runx2: Runt-related transcription factor 2.

role in the repair phase of fracture healing. However, a
large proportion of fractured bone healing is delayed,
sometimes leading to non-union. In contrast, the mechanical
microenvironment of trabecular bone and osteoblasts can be
significantly improved by LIPUS irradiation, alleviating the
decline of muscle function and bone loss due to the lack of
mechanical stimulation.®® In an animal fracture repair model,
LIPUS eftectively restored fracture healing in rats with spinal
cord injury (SCI) by promoting endochondral ossification,
increasing collagen deposition and OPG-positive area,
decreasing the area of bone resorption, increasing the density
of newly-formed tissues, improving the microstructure,
and restoring fracture healing tissues.”” The bone-specific
Cbfal gene is a transcription factor essential for osteoblast
differentiation and bone formation, and its primary function
is to inhibit the differentiation of pre-osteoblasts to mature
osteoblasts.”®”! Wu et al.”*> observed a decline in Cbfal mRNA
levels following LIPUS treatment at 3- and 5-week post-
irradiation, indicating an accelerated differentiation of
osteoblasts. This downregulation of Cbfal expression was
associated with enhanced mineralization on the surfaces of the
proximal femoral bone matrix and cancellous bone, thereby
strengthening the trabecular bone structure. In clinical trials,
Zura et al.”* demonstrated that delayed use (90 - 365 days after
fracture) of LIPUS was associated with fracture non-union.
The fracture healing rate was 96% in elderly patients over 60
who used LIPUS within 90 days of fracture. Moreover, the
early use of LIPUS can alleviate sequelae, such as post-fracture
pain, to a certain extent.

However, present LIPUS treatments
osteogenic effect on healing new bone, with no significant

only present an

effect on osteogenesis of the distal end of the intact radius.*
The differences in the physical properties of LIPUS, bone
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mineral status, and acoustic and biological properties of
bone tissue may explain it. It has been suggested that intact
bone may have a significant (25 - 40%) attenuation effect
on ultrasound transmission and that LIPUS with a spatially
averaged, temporally averaged intensity of 30 mW/cm?may be
attenuated progressively in the soft tissues and posterior distal
radius, especially in cortical bone.”” However, there are several
limitations to the present clinical study, including the sample
size, the follow-up time, and the fact that the distal radius site
subjected to ultrasound treatment is susceptible. Thus, the
potential local osteogenic effect of LIPUS treatment remains to
be investigated further.

4.2. Phototherapy

The application of artificial light or daylight radiation to treat
disease is known as photobiomodulation therapy (PBMT),
which uses wavelengths of 180 nm - 1,000 um and includes
infrared, blue-violet, ultraviolet, and laser therapies. PBMT has
been used as a non-invasive alternative, and most studies have
demonstrated a beneficial effect on bone formation’ (Figure 4).

PBMT, including low-level laser therapy (LLLT), induces
new bone formation. LLLT is a widely applied form of
phototherapy. Stein et al”” demonstrated that the increase in
bone formation in the low-level laser irradiation group may
be due to the activation of osteoblast activity. Laser therapy
improves bone healing by accelerating the development
of newly formed bone, activating osteogenic factors, such
as Runt-related transcription factor 2 (Runx2) and bone
morphogenetic protein 9 (BMP-9), in tibial defects,’® and
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increasing the expression of osteocalcin.”” Low-intensity pulsed
laser (LIPL) is a specific type of LLLT, referring specifically to
pulsed laser light therapy. Xu et al.** found that LIPL (650 nm,
2 mW) irradiated at 1.14 J/cm? or 2.28 J/cm? for 5 min or
10 min, respectively, significantly promoted the proliferation
and differentiation of cranial osteoblasts cultured in vitro. As
a model of osteoblast differentiation in vitro, LIPL irradiation
at 1.14 J/cm? significantly downregulated the expression of
RANKL mRNA in cranial osteoblasts and upregulated the
expression of OPG mRNA. It directly promoted osteoblast
proliferation and differentiation while indirectly inhibiting
osteoclast differentiation by downregulating the RANKL/OPG
ratio. In another study, Pinheiro et al.* found that four different
laser irradiation modes significantly stimulated rat cranial
osteoblast proliferation, enhanced bone nodule formation,
and upregulated ALP expression. They also observed that low-
frequency (8 Hz) pulsed irradiation significantly promoted
bone formation in vitro. Meanwhile, Kanenari et al.® suggested
that the stimulation of bone formation by LLLT may be based
on the MAPIA gene, which promotes microtubule assembly
and its functional expression. Microtubules play essential roles
in cell division, cell morphology and polarity, cell motility,
intracellular transport, signal transduction and synthesis, and
collagen secretion. Therefore, LLLT irradiation enhanced
MAPIA expression and regulated microtubule assembly and
microtubule functional structure, promoting osteoblast
proliferation and differentiation.

OP is partly caused by reduced levels of BMSCs and the
preferential differentiation of BMSCs into adipocytes rather
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Figure 4. Mechanisms of phototherapy in the treatment of osteoporosis. Laser therapy improves bone healing by activating Runt-related

transcription factor 2 and bone morphogenetic protein 9, increasing the expression of osteocalcin and microtubule-associated protein 1A,
regulating microtubule assembly and microtubule functional structure, and promoting osteoblast proliferation and differentiation. Consecutive
appropriate phototherapy treatments downregulate the senescence marker p21 and upregulate the longevity marker sirtuin 1. Image created by
the authors using BioRender.com. Ruixi, C. (2025) https://BioRender.com/m8wdx65.

Abbreviations: BMSC: Bone marrow mesenchymal stem cell; IL-10: Interleukin 10; OPG: Osteoprotegerin; RANKL: Receptor activator of
nuclear factor kappa-B ligand; TNF-o: Tumor necrosis factor-alpha; VEGFA: Vascular endothelial growth factor A.
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than osteoblasts in aging bones. Thus, age-related declines
in the number and function of MSCs may lead to reduced
bone formation and impaired bone microarchitecture. Anti-
inflammatory effects and differentiation of MSCs toward
osteogenesis can be directed by PBMT.® Vascular endothelial
growth factor (VEGF) is a well-recognized angiogenic
factor essential for bone remodeling and repair. Peat et al.*
maintained the viability of equine MSCs after irradiating them
with 1064 nm light with an energy density of 9.77J/cm? and
a mean output power of 13.0 W for 10s. The light induced a
modest increase in VEGF levels and the release of the anti-
inflammatory factor IL-10 during the first 24 h of treatment.
In addition, through phototherapy intervention in young
and old MSCs, Eroglu et al.* found that after 3.0 J/cm,
808 nm wavelength treatment, consecutive appropriate
PBMT treatments downregulated the senescence marker
p21 and upregulated the longevity marker sirtuin (SIRT1) in
elderly mice. Moreover, two to three consecutive treatments
significantly improved the mitochondrial function and
cellular proliferation in both young and aged mice, as well
as reversed the signs of aging in aged mice. PBMT also
induced actin reorganization, cytoskeletal modification,
and morphological changes, as well as increased Runx2
and Osx transcription levels.* Furthermore, PBMT could
induce bone-directed differentiation of MSCs, inhibit pro-
inflammatory molecules, and attenuate local cellular damage.
In their study, Yamaura et al.¥ added TNF-0. to synoviocytes
isolated from patients with rheumatoid arthritis and applied
PBMT before or after the addition. They found that 25 J/cm?
PBMT significantly reduced the mRNA and protein levels of
TNF-o, IL-1f3, and IL-8.

In addition, laser therapy promotes bone healing by stimulating
the formation of new bone at the site of injury, improving the
biological response of bone tissue. Laser irradiation regulates
cellular
respiration, and promotes the consumption of molecular
oxygen and the synthesis of ATP within cells.®* Applying
LLLT to de-ovulated rats resulted in a significant increase in
serum calcium and inorganic phosphorus levels, as well as a
significant decrease in ALP and deoxypyridinoline/creatinine
levels. LLLT also increased calcium deposition, ALP levels,
osteoclast number, and dense bone thickness in the exposed
bone, while decreasing the number of osteoclasts. Zhu et
al® found that LLLT effectively improved OP in aged rats by
increasing BMD, serum bone alkaline phosphatase (BALP),
osteocalcin levels, and osteoclasts in the bone marrow,
decreasing calcium and phosphorus loss, and improving bone
structure and biomechanical properties.

biochemical reactions, activates mitochondrial

4.3. Electrotherapy

The application of electric current to treat disease is called
electrotherapy. It is divided into three main categories: low
frequency, medium frequency, and high frequency, depending
on the frequency of the current used (Figure 5). Electrical
stimulation has been used for bone repair for 30 years
and approved by the US FDA for prosthetic joints and
osteoarthritis.”
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Figure 5. Mechanisms of electrotherapy in the treatment of
osteoporosis. Low-frequency electrical stimulation promotes bone
regeneration by enhancing alkaline phosphatase (ALP) activity
in the human osteosarcoma SaOS-2 cell line, while percutaneous
electrical stimulation helps to increase muscle mass and bone mineral
density (BMD). The mRNA levels of ossification-related genes, such
as Coll, Col2, and Runx2, are upregulated by medium-frequency
electrical stimulation to stimulate the osteogenic differentiation of
MC3T3-E1 cells. High-frequency electrical stimulation significantly
upregulates the mRNA levels of bone morphogenetic protein (BMP)2,
BMP4, transforming growth factor-beta 1, and fibroblast growth
factor 2; in contrast, it downregulates the matrix metalloproteinases
in osteoarthritis cartilage to promote fracture healing. Image created
by the authors using BioRender.com. Ruixi, C. (2025) https://
BioRender.com/ou283on.

Abbreviations: BMSC: Bone marrow mesenchymal stem cell;

ES: Electrical stimulation; HIF-1: Hypoxia-inducible factor-1;
PGF1ou: Prostaglandin F1oi; SDF-1: Stromal cell-derived factor-10.;
TXB2: Thromboxane.

4.3.1. Low-frequency electrotherapy

Low-frequency electricity (low-frequency stimulation [LFS])
treats diseases with low-frequency pulsed current with a
frequency <25 Hz. It is widely recognized and applied clinically
because of its low current, weak electrolysis, high safety, and
non-invasiveness. Relatively low-frequency mechanical or
electrical stimulation can affect bone formation and resorption
in vitro and in vivo. It is used clinically to inhibit or reverse bone
loss.”

Low-frequency electrical stimulation promotes bone
formation. Maintaining muscle mass is an important factor
in maintaining bone mass and bone strength. The larger the
muscle volume, the stronger the contraction force, providing a
greater pulling stimulus to the bones, thereby increasing bone
strength and enhancing the effect of bone remodeling. Muscle
contractility induced by low-frequency electrical stimulation
attenuates denervation-induced muscle loss and trabecular
boneloss, as well as delays muscle atrophy and the deterioration
of the mechanical properties of the mid-tibial diaphysis during

the early stages in aged rats.”> In a mouse model of OP caused by
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sciatic nerve denervation, Parfitt et al.”® found that muscle fiber
cross-sectional area and muscle strength were significantly
improved after electrical stimulation intervention, together
with increased bone volume fraction and trabecular bone
thickness. LFS-induced muscle contraction may promote the
production of cytokines; leading to mechanical load on the
skeleton through the tendon-bone interface.”* Mechanical
load is one of the main factors affecting bone remodeling.
The osteosarcoma cell line SaOS-2 is derived from malignant
bone tumors, and it retains some osteogenic differentiation
potential (e.g., it can express ALP and mineralized matrix).”®
Bisceglia et al.”® demonstrated that low-frequency electric fields
increase the human osteosarcoma cell lines SaOS-2 and liver
HepG2 to low-frequency electric fields from a device used
in clinical therapy, which increased ALP activity. Similarly,
Caputo et al.” stimulated the human osteosarcoma cell line
Sa0S-2 with low-frequency electrical stimulation for 4 h and
showed a significant increase in ALP activity. Although the
osteosarcoma cell line SaOS-2 exhibited increased ALP activity
after stimulation, its differentiation process was abnormally
regulated, necessitating further investigation to explore if LFS
can affect bone formation through this cell line.

Transcutaneous electrical stimulation is commonly used in
patients undergoing physical rehabilitation to maintain and
restore mass and strength in denervated muscles. Clinical reports
have found that direct application of electrical stimulation to
denervated muscles in patients with SCI increases muscle mass
and mean fiber diameter.”®” Experimental animals further
support the idea that electrical stimulation can help limit muscle
atrophy and improve muscle strength.'®' Swift et al'® and
Allen et al'* found that mechanical stimulation of early wasting
osteoporotic mice increased muscle mass and BMD. The extent
to which LFS affects bone structure through altering muscle
contractile activity depends on the severity of the disease.
Duchenne muscular dystrophy is a severe muscular dystrophy
caused by mutations or deletions in the dystrophin gene,
predisposing patients to skeletal fragility. Chan et al.'® stimulated
two types of dystrophic mice by LFS at 10 Hz for 12 h/day for
28 days and found that LFS resulted in thinning of cortical bone
and reduction of tibial diaphysis cross-section in myotonic
dystrophin-deficient and trophic factor-deficient mice, whereas
bone mass was maintained in the intervened healthy mice but
with a reduced proportion of high-density bone, an increased
amount of low-density bone, and a reduction in bone strength.
Thus, muscle activity modulates bone mass, and LFS affects
the distribution of BMD in persons with amyotrophic protein
deficiency. The extent of the effect depends on the severity
of the disease in the organism. On the other hand, 1 - 10 Hz
improves calcium deposition in the cellular matrix, which helps
to treat fractures and bone non-unions. Hronik-Tupaj et al.'%
demonstrated that electrical stimulation (20 mV/cm, 60 kHz)
improved the potential for osteogenic differentiation of human
MSCs based on calcium deposition due to a twofold increase in
the expression of ALP and type 1 collagen.

4.3.2. Medium-frequency electrotherapy

Intermediate-frequency electrotherapy is a method of treating
diseases by applying alternating current with a frequency of 25
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- 100 Hz. This widely used frequency has moderate physical
characteristics, precise curative effects, and minor adverse
reactions.

Dynamic electrical stimulation can partially inhibit bone loss
and the deterioration of trabecular structure caused by a lack
of daily weight-bearing activity. However, the effectiveness
of dynamic stimulation depends mainly on the stimulation
frequency. Lam and Qin'” and Qin et al.'® found a significant
improvement in the number and structure of bones in tail-
suspended mice by applying muscle stimulation at medium-
frequencies (50 Hz and 147 Hz). Specifically, the dynamic
stimulation at 50 Hz had the most significant preventive
effect on bone, resulting in an increase in bone volume
fraction and trabecular number, a reduction in trabecular
separation, and effectively preventing disuse bone loss.
Belanger et al'” also demonstrated that medium-frequency
electrical stimulation reversed bone loss, and after 24 weeks
of 25 Hz electrical stimulation, the BMD of the distal femur
and proximal tibia had recovered nearly 30% of the bone loss,
along with an increase in muscle strength. SCI patients exhibit
increased osteoclast activity, suppressed osteoblast activity,
and a substantial reduction in lower extremity bone mass.'"
However, treatment with functional electrical stimulation
(30 min/day, 3 days/week, for 12 months) reversed the loss of
bone mass in the proximal tibia. Exercising 3 times/week was
sufficient to sustain this increase.''! Retrospective studies have
concluded that early initiation of medium-frequency electrical
stimulation after SCI is beneficial for increasing the number
of trabeculae in the distal femur and proximal tibia, as well as
enhancing BMD.!"?

Electromagnetic fields (EMFs) stimulate osteoblast and
osteoclast activities at the fractured portion of the bone and
promote new bone formation by inducing the proliferation
of osteoblasts and collagen, suggesting a potential role
for electromagnetic stimulation in treating non-healing
fractures.'® Osteoporotic fracture is a common disease.'*
Electrical stimulation is often used as a method of bone repair in
clinical trials. Medium-frequency sinusoidal currents positively
affect bone healing after osteotomy by increasing bone tissue
temperature and calcification activity, as well as decreasing
inflammation. The superimposition of 90 Hz and 100 Hz
medium-frequency sinusoidal currents in vivo accelerates the
formation of bone scabs.'” In the study of Wang et al.,''* ALP
activity was examined to promote osteogenic differentiation
of MC3T3-E1 cells under different frequencies of electrical
stimulation (200 mV/cm, 1 - 100kHz, 30 min). They found that
during the stimulation process, 100 Hz electrical stimulation
upregulates the mRNA levels of bone formation-related genes,
such as type I collagen, type II collagen, and RUNX2. Overall,
the functional exertion of EMFs is frequency-dependent, with
medium-frequency electrical stimulations at 50 Hz, 90 Hz, and
100 Hz having the potential to modulate bone healing and
adaptive growth. In addition, OP causes generalized pain, such
as spinal pain, joint pain, and tibial pain.!”” Medium-frequency
electrical stimulation combined with electroacupuncture
improves local blood circulation. This has anti-inflammatory
and analgesic effects. Its mechanisms may be related to the
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regulation of the homeostasis between plasma thromboxane
B2 and prostacyclin F1-alpha to improve microcirculation,''®
as well as the analgesic effect associated with electrical
stimulation. Moreover, compared with the analgesic effect of
electrical stimulation, medium-frequency alternating current
is more readily accepted and tolerated by patients, making it
more valuable for clinical research.'”

4.3.3. High-frequency electrotherapy

The application of high-frequency electrical currents to the
human body for the treatment of disease is known as high-
frequency electrotherapy, with short-wave therapy being the
most common approach.

Short-wave therapy promotes the migration of MSCs to
the injured tissue, thus accelerating the fracture healing
process.'?!2! Hypoxia-inducible factor-1 (HIF-1c), a critical
transcriptional regulator in osteoblasts, is associated with
MSCs migration and differentiation.'” It can regulate the
expression of various cytokines, such as stromal cell-derived
factor 1 (SDF-1).!2!2* Short-wave therapy promotes the
migration of MSCs, increases local and serum levels of HIF-1
and SDF-1, induces changes in the formation of healing tissues,
and improves the microstructure and mechanical properties
of healing tissues, thus accelerating the healing process of the
fracture site.'” In addition, fracture healing is associated with
increased calcium phosphate mineral salt deposition, usually
occurring 2 — 4 weeks after injury. It has been found that high-
frequency short-wave irradiation promotes bone healing tissue
formation and migration of MSCs at 1 — 3 weeks post-injury.'?
Midura et al.'¥ demonstrated that high-frequency electrical
stimulation delayed boneloss in the tibia of hindlimb-suspended
rats, enhanced the mechanical properties of the tibial diaphysis,
increased tibial bone density, and showed significantly greater
mineral-binding fluorescent dye biomarkers in the osteoclastic
luminal and tubular volumes. Similarly, Kostyshyn et al.'*®
also demonstrated that non-physiological, low-intensity high-
frequency electrical stimulation inhibited the side effects of
glucocorticoid deficiency on bone structure and metabolism in
rats. In addition, whole-body mechanical oscillation resulted in
a30% increase in mineral mass preservation, increased levels of
bone remodeling markers osteopontin and tartrat resistant acid
phosphatase 5b, and an increase in bone mass. It was shown that
electrical stimulation at low intensity and frequencies higher
than 1 kHz induced cell differentiation.'”'* However, high-
intensity electrical stimulation above 100 V/cm induced cell
membrane electroporation and apoptosis, as well as increased
the levels of intracellular Ca** and ROS."! Therefore, when
high-intensity stimulation is unavoidable, pulsed electrical
stimulation should be used, while continuous high-intensity
stimulation should be avoided to minimize potential tissue
damage.

Several studies have demonstrated that electrical stimulation
preserves or enhances bone mass due to transduction in bone
through mechanoreceptors, which open stretch-activated ion
channels in osteoblasts. This allows calcium and other ions
to enter the cell, triggering a variety of chemical signaling
cascades that upregulate several osteogenic factors.'* Clark

10

Biomaterials Translational

et al.”®? exposed human cranial osteoblasts to a capacitively

coupled electric field with a capacitance of 60 kHz, 20 mV/cm
for 2 h and found that mRNA expression of several TGF-f
family genes (e.g., BMP2, BMP4, TGFBI1, TGFB2, and TGFB3), as
well as FGF2, was significantly upregulated. Serum osteocalcin
(BGP) and ALP protein levels were also elevated. All the genes
studied are closely related to osteogenesis and, therefore, also
closely related to fracture healing. Wang et al.'** determined
that an optimal capacitive coupling signal (60 kHz, 20 mV/cm,
50% duty cycle for 24 h) specifically and selectively upregulated
the expression of multiple osteoinductive BMPs, with mRNA
levels of BMP2, BMP4, BMP5, BMP6, and BMP7 increasing
several-fold higher than those of the BMP antagonists gremlin
and noggin. It has also been shown that the levels of matrix
metalloproteinases (MMPs) are elevated in human patients
with non-healing fractures. Capacitive coupling has been
shown to downregulate MMPs in osteoarthritic cartilage.'**
Therefore, this non-invasive treatment modality may work
by upregulating the expression of anabolic proteins and
downregulating the expression of catabolic proteins to
promote fracture healing.

4.4. Magnetic therapy

A pulsed EMF (PEMF) is a low-frequency magnetic field with
a specific amplitude and waveform characterized by a steady
change in the amplitude of the field over time."** Its primary
function is to convert electric current into a magnetic field,
which can activate the bioelectric current of living organisms
to achieve therapeutic purposes (Figure 6). In 1978, Martin
first found that PEMF has a therapeutic effect on OP.'*

Pulsed EMF promotes bone formation by regulating bone’s
anabolic and catabolic activities, upregulating the expression
of genes related to osteogenesis, and downregulating
osteoclast-related genes that affect bone resorption.’*’
Adenosine A,, receptor is one of the four known adenosine
receptors (A, A ,, A, and A)). Activation of adenosine
A,, Teceptors exerts a potent anti-inflammatory effect by
decreasing the production of pro-inflammatory cytokines
(e.g., IL-6, IL-1P3, and TNF-01) and promoting the expression
of anti-inflammatory cytokines (e.g., IL-10). PEMF shows
agonist activity on adenosine A,, and A, receptors. In human
osteoarthritic fibroblasts, PEMF increases the activation of
these receptors and reduces the expression of inflammatory
mediators (e.g., prostaglandin E2, IL-6, and IL-8)."*® Lei et al.'*
found that serum parathyroid hormone and cyclic adenosine
monophosphate (cAMP) levels in mice in the hindlimb
suspension (HLS) combined with the PEMF (HLS + PEMF)
group remained significantly higher than those of HLS alone.
PEMF can maintain bone formation through soluble adenylyl
cyclase/cAMP/protein kinase A/cAMP response element-
binding protein signaling pathway, thereby reducing bone loss
in HLS rats due to a weightless environment. Other studies
have also demonstrated that PEMF, by promoting OPG levels'®
and inhibiting IL-6 expression and TGF-f1 secretion, partially
affects bone remodeling processes'*!'*> and regulates the gene
expression of osterix (OSX), OPG, TRAP, and cathepsin K.
Therefore, PEMF demonstrates the potential to treat post-
menopausal OP by regulating the expression of these genes.
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Figure 6. Mechanisms of magnetic therapy in the treatment of osteoporosis. Pulsed electromagnetic fields (PEMFs) can maintain bone
formation by activating the soluble adenylyl cyclase/cyclic adenosine monophosphate (cAMP)/protein kinase A/cAMP response element
binding protein signaling pathway and adenosine A,, and A, receptors. They also reduce inflammatory mediator levels, such as interleukin
6 (IL-6), IL-1B, and tumor necrosis factor-alpha, while increasing the levels of IL-10, parathyroid hormone, and cAMP, thereby improving
cancellous and cortical bone microstructures. Additionally, PEMFs increase osteoclastogenesis inhibitory factor (OPG) level and downregulate
receptor activator of nuclear factor kappa-B ligand level in osteoblasts; at the same time, upregulate bone alkaline phosphatase, osteocalcin,
OPG, and procollagen type 1 overall expression levels. Consequently, these changes reduce osteoclast activation, resulting in greater bone
formation than bone resorption. Image created by the authors using BioRender.com. Ruixi, C. (2025) https://BioRender.com/d9r1jo7.
Abbreviations: BMD: Bone mineral density; BV/TV: Bone volume fraction; Tb.Ar: Bone trabecular area; Tb.N: Trabecular number;

Tb.Sp: Trabecular separation; Tb.Th: Trabecular thickness.

Furthermore, PEMF has been shown to increase BMD in OP
patients and prevent bone loss in ovariectomized rats. The most
cited mechanism underlying this effect is that PEMF reduces
bonelossthrough the typical Wnt/[-catenin signaling pathway.
Typical Wnt signaling is a crucial regulator for bone modeling
and remodeling, bone mass, and bone homeostasis.!**'*
Activation of this signaling indirectly inhibits bone resorption
and promotes osteoblastogenesis and bone formation."*¢ Zhou
et al.'¥” found that PEMF, after 40 min/day, 5 days/week for
12 weeks, significantly inhibited the ovariectomy (OVX)-
induced decrease in bone biomechanical properties. Moreover,
PEMF increased serum estradiol and bone alkaline phosphatase
(BALP) levels, maintained bone mass, inhibited deterioration of
bone trabecular microarchitecture and strength, and activated
Wnt/PB-catenin signaling in OVX rats. The activation of the
Wnt/P-catenin signaling pathway promoted the proliferation
and differentiation of osteoblast pre-cursor cells and increased
osteoclast activity, facilitating the deposition of new bone
and increasing BMD."® In leptin receptor-deficient mice
with type 2 diabetes mellitus, micro-computed tomography
assessment revealed a significant improvement in both
cancellous and cortical bone microstructure. Furthermore,
real-time polymeric chain reaction results showed that PEMF
upregulated the tibial gene expression of osteogenesis-related
proteins, indicating that activation of Wnt/f-catenin signaling
increases bone formation.'*
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In their study, Cai et al."* reported that femoral OPG, BMP2,
and RUNX2mRNA expression levels were increased in diabetic
rabbits treated with PEMF and that PEMF prevented and
alleviated OP through the RANK/RANKL/OPG system.'®
The RANK/RANKL/OPG signaling pathway is crucial for
osteoclastogenesis activity.”' Osteoblasts
express OPG, a “decoy receptor” molecule, and RANKL binds
to RANK, which plays an essential role in osteoclast formation,
activation, and survival.'’®*'* OPG inhibits the RANK/
RANKL pathway through competitive binding to RANKL.'**
PEMF can modulate OPG and RANKL expression, thus
potentially regulating osteoclast activation and subsequent
bone resorption.'*

and osteoblast

4.5. Thermotherapy

Thermotherapy is a therapeutic technique that uses
physical energy to raise and maintain tissue temperature,
either locally or systemically, at a therapeutic level for
a certain period to achieve clinical benefits. In recent
years, thermotherapy has been widely used in orthopedic
disease treatment, including hot compresses, fumigation,
and wax therapy.'” Studies have shown that moderate
thermotherapy (40 - 450r can improve the local blood
rheology and hemodynamic properties, accelerate the
removal of pathological waste, inhibit the cellular- and
humoral-mediated immune-inflammatory response, and

1
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effectively improve chronic pain and other symptoms'**
(Figure 7).

Traditional thermotherapy uses physical thermal effects
to improve blood circulation and pathological conditions
in the affected area. However, traditional single-modality
thermotherapy often faces challenges, such as complicated
operation, ineffective heat control, and low heat conduction
efficiency. Compared to traditional thermotherapy, magnetic
thermotherapy offers unique advantages, including high
safety, deep tissue penetration, and precise localized treatment
of lesions — benefits not typically achievable with traditional
thermotherapy methods. Magnetic thermotherapy has been
utilized in clinical research related to tumors in the US and
some European countries in the past few years. It has also
been widely applied in several biomedical fields, including
tissue engineering, neural regulation, and immunotherapy.'”’
For example, Yu et al."® developed a magnetic bone repair
hydrogel that can drive magnetic hyperthermia, which can
undergo liquid-solid phase transitions. The liquid magnetic
bone repair hydrogel can effectively fill bone defects and
accelerate reconstruction by releasing magnesium ions and
enhancing osteogenic differentiation, thereby promoting the
regeneration of bone defects.'*®

4.6. Benefits of PT for OP

PT has unique advantages and roles in the management of OP.
It promotes bone growth and reconstruction, enhances muscle
strength and balance, relieves pain, improves psychological
status, and elevates the quality of life. Compared to other
treatments, PT differs in its mechanism of action, focus,
side effects, and targeted population. The advantages of PT
in the management of OP are manifold and can ameliorate
the adverse effects of OP at multiple levels. First, PT can
improve bone density by stimulating osteoblast activity,
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promoting bone formation, and inhibiting bone resorption
through a variety of mechanisms. For example, LIPUS can
promote the proliferation and differentiation of osteoblasts
to increase bone density.®® Second, PT can enhance muscle
strength. OP patients often suffer from muscle atrophy and
decreased strength, which can increase the risk of falls and
fractures. Exercise therapies in PT, such as resistance training
and balance training, can enhance muscle strength, increase
muscle mass, and improve stability and balance. LFS promotes
a significant increase in muscle fiber cross-sectional area and
muscle strength in osteoporotic mice.”* In addition, OP causes
generalized pain, such as spinal and joint pain, including tibial
pain.'” Medium-frequency electrical stimulation combined
with electroacupuncture can improve local blood circulation
with anti-inflammatory and analgesic effects.''®

Innovative aspects of PT in OP management are reflected in the
following three points. First, the application of new equipment
and techniques. With the continuous progress of science and
technology, an increasing number of new PT equipment and
techniques are being introduced for the treatment of OP. For
example, low-intensity PEMF therapy can stimulate osteoblast
activity and promote bone growth and repair by generating
EMFs of specific frequencies and intensities.'”” Second, the
development of personalized treatment plans. Each OP patient
presents distinct clinical conditions and physical status, making
it necessary to develop personalized PT plans. A comprehensive
assessment, encompassing bone density, muscle strength,
balance, age, gender, and lifestyle habits, enables the
formulation of a tailored PT program. Personalized treatment
enhances the pertinence and effectiveness of therapy while
reducing the risk of complications. Third, the development
of a multidisciplinary integrated treatment model. Effective
management of OP requires collaboration across multiple
disciplines. Combining PT with pharmacological treatment,
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Figure 7. Mechanisms of thermotherapy in the treatment of osteoporosis. Thermotherapy combined with Chinese herbal medicine reduces the
levels of immune cytokines, such as serum osteocalcin (BGP) and insulin-like growth factor 1. Magnetic heat treatment reduces the levels of
pro-inflammatory cytokines, such as tumor necrosis factor-alpha, interleukin 1beta (IL-1f3), IL-6, and matrix metalloproteinases-13, protecting
cartilage joints. Image created by the authors using BioRender.com. Ruixi, C. (2025) https://BioRender.com/szps7fu.
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nutritional intervention, and psychological therapy can
produce synergistic effects and enhance treatment outcomes.
For example, PT can enhance the drug absorption and
promote the nutrient metabolism, while psychological therapy
can alleviate anxiety and depression, thereby increasing patient
adherence to treatment.

The potential applications of PT in OP management are
extensive. With the development of artificial intelligence,
the combination of smart rehabilitation devices and PT
will play an important role in the rehabilitation of OP. This
innovative therapy can monitor the patients’ movement
data and physiological indicators in real time, automatically
adjust the treatment parameters according to the patients’
condition, and provide personalized rehabilitation guidance.
At present, PT is mainly used in the treatment of OP. In the
future, however, PT holds great potential for the prevention
of OP. Across early interventions in high-risk populations,
such as appropriate exercise training and PT, bone loss can
be delayed, and the incidence of OP can be significantly
reduced.

5.Limitations

Due to the limitations of existing studies, this paper has
several deficiencies. Although it highlights the potential of
PT to improve OP symptoms by promoting bone growth
and reducing inflammatory mediators, it does not deeply
explore the specific molecular mechanisms underlying each
physical modality, largely because many existing studies focus
primarily on clinical effects rather than mechanistic pathways.
In addition, due to individual differences and the influence
of other regulatory factors, it is difficult to propose precise
treatment protocols. As a result, personalized treatment plans
are not addressed in this paper.

6. Conclusions

PT serves as a non-invasive treatment modality for OP,
employing physical stimuli, such as acoustic waves, light,
electrotherapy, magnetotherapy, and thermotherapy, to
directly target the skeletal system. It promotes bone formation,
inhibits bone resorption, alleviates pain, and ameliorates bone
microarchitecture, demonstrating significant therapeutic
efficacy in enhancing BMD, reducing the production of
inflammatory mediators, and accelerating fracture healing.
Despite the potential exhibited by PT, further research is
required to refine treatment parameters and assess its long-
term efficacy and safety. Future animal studies will further
substantiate the positive mechanisms of PT in the treatment
of OP, including exploring the synergistic effects of PT in
conjunction with other therapeutic approaches, thereby
providing greater value to clinical research endeavors.
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