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Abstract

Bone resorption and formation are known to change in response to mechanical stress.
The mechano-transduction mechanism by which bone tissue senses the stress, altering
cellular activity in response via intracellular signaling pathways, ultimately leading to
physiological and pathological changes, is beginning to be elucidated. Furthermore, ex-
cessive mechanical stress on bone and joints due to aging, obesity, overload, and overuse
is thought to cause decreased chondrocyte activity, degeneration and destruction of the
cartilage collagen matrix, degeneration of the subchondral bone, and joint dysfunction,
contributing to the progression of osteoarthritis (OA). However, much remains unknown
about how osteoblasts, responsible for bone formation, and chondrocytes, responsible for
cartilage homeostasis, sense and respond to mechanical stress. Furthermore, whether there
are mechanisms to protect against pathological and excessive mechanical stress in bone
and cartilage tissue, their associated molecular mechanisms, and the relationship between
mechanical stress responses and osteochondral degeneration, remain unknown. Under-
standing these mechanisms is considered essential for the development of new therapeutic
strategies for osteochondral diseases. Our research aims to deepen our understanding of
the etiology and pathophysiology of bone and cartilage diseases (osteoporosis, fragility
fracture, and OA) and to develop new treatments from the perspective of mechanical stress
response. In this paper we review the latest findings regarding the roles of cellular energy
regulators (glucose transporters and energy sensors) and mechanical stress response factors,
and the relationship between these factor-mediated changes in energy metabolism and
osteochondral degeneration. This minireview discusses how energy metabolism regulators
control the activity of both osteoblasts and chondrocytes in osteochondral tissue in response
to mechanical stress.
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1. Introduction
In an aging society, the number of elderly people suffering from age-related osteochon-

dral diseases such as osteoporosis, fragility fractures, and osteoarthritis (OA) is rapidly
increasing, leading to a sharp rise in the rate of bedridden patients [1,2]. Osteoporosis is
a global problem with a global prevalence of 18.3% and concomitant fragility fractures
can reduce survival by approximately 20% [3–5]. In Japan, the prevalence of osteoporosis
is estimated to be about 15.0 million, which accounts for approximately 10% of the total
population, and approximately 193,400 hip fractures occur annually [6–8]. OA is a progres-
sive degenerative joint disease based on the degeneration and wear of articular cartilage,
secondary synovitis, and new bone and cartilage formation, leading to impaired daily ac-
tivities and reduced exercise capacity with age [9–11]. In Japan, it is estimated that there are
over 25 million patients with radiographically diagnosed OA (showing joint deformation
on X-ray), and over 12.8 million patients who experience symptoms such as joint pain
and functional impairment, with a prevalence rate approximately 10 to 20 times higher
than that of rheumatoid arthritis [11–13]. There are over 900,000 new OA cases annually
in Japan, and the economic loss is estimated to reach 1% of the gross national product,
with concerns about a further increase in the number of patients in the future [12–14]. In
Japan, where the population is rapidly aging, measures to prevent people from becoming
bedridden and to extend healthy life expectancy are urgently needed. In order to advance
the prevention and treatment of osteoporosis, fragility fractures, and OA in the elderly,
further studies are needed into the control mechanisms of bone and cartilage metabolism
and therapeutic strategies for age-related osteochondral disorders.

It is well known that bone and cartilage metabolism changes in response to me-
chanical stress. The mechanisms underlying mechanical stress responses, which induce
physiological and pathological changes in cellular activity via intracellular signaling path-
ways in osteoblasts, responsible for bone formation, and chondrocytes, responsible for
maintaining cartilage homeostasis, are beginning to be elucidated [15–17]. However, how
osteoblasts/chondrocytes sense and respond to mechanical stress remains unknown. Many
questions remain, such as the differences between the response mechanisms to physiologi-
cal mechanical stress and overload stress, and whether there are protective mechanisms
against pathological overload stress. Further research is needed to clarify these questions.
We have previously demonstrated that sirtuin 1 (SIRT1), which functions as a cellular
energy regulator (energy sensor) in chondrocytes, is activated in response to mechanical
stress [18]. Furthermore, we have shown that SIRT1 regulates the expression of runt-related
transcription factor (Runx) 2, a transcription factor involved in hypertrophic cartilage
formation and osteogenesis, and thereby regulates osteophyte formation and endochondral
ossification [18]. Regarding the relationship between bone metabolism and mechanical
stress, we have confirmed that mechanical stress in osteoblasts increases intracellular glu-
cose uptake via activation of plasma membrane glucose transporter 1 (Glut1) [15]. We
have also shown that this change reduces the activity of the energy sensor SIRT1, thereby
enhancing the expression of Runx2, which is negatively regulated by SIRT1. These results
indicate that mechanical stress may induce osteoblast activity via the Glut1–SIRT1–Runx2
pathway and accelerate osteogenic potential in bone metabolism [15].

Based on the results of our previous studies, this review provides an overview of
the mechanisms underlying bone formation and cartilage degeneration in response to
mechanical stress from the perspective of regulating cellular energy metabolism.

2. Molecular Events Caused by Mechanical Stress in Bone
Recently, the mechanism via which mechanical stress enhances bone formation has

been elucidated [19–23]. Osteocytes are connected to adjacent osteoblasts via cellular

https://doi.org/10.3390/ijms27031380

https://doi.org/10.3390/ijms27031380


Int. J. Mol. Sci. 2026, 27, 1380 3 of 18

processes extending into the lacunae and canaliculi, and control bone metabolism through
intercellular communication [24–29] (Figure 1).

Figure 1. The role of osteocyte in osteoblast differentiation; cell-to-cell contact between osteocytes,
osteoblasts and osteoclasts in bone tissue. The red arrows indicate osteocyte-osteocyte contact. The
yellow circles indicate osteoblast-to-osteocyte contact.

Osteocytes are known to regulate the activity of osteoblasts, which are responsible
for bone formation, through the Wnt signaling pathway. The glycoprotein sclerostin pro-
duced by osteocytes negatively regulates osteoblast differentiation and bone formation by
inhibiting Wnt signaling and activation [29]. Previous reports revealed that (i) in osteo-
cytes sensing mechanical stress, the secretion and expression level of sclerostin decreases,
(ii) the Wnt signal inhibited by sclerostin is activated, and (iii) as a result, osteoblast activity
is enhanced, and bone formation is promoted [30,31] (Figure 2).

Figure 2. Intercellular communication network involving Wnt signaling between osteocytes
and osteoblasts.

These findings indicate that an intercellular communication network, mainly involving
Wnt signaling between osteocytes and osteoblasts, plays an important role in the response
of bone tissue to mechanical stress (Figure 2).
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3. Direct Activation of Osteoblasts by Mechanical Stress
Osteoblasts respond directly to mechanical stress, leading to improved cell activity

and bone-forming ability [32–34]. However, it remains unknown how osteoblasts directly
sense and respond to mechanical stress in the absence of the intercellular network formed
by osteocytes; similarly, the related relationship between mechanical stress responses and
bone-forming ability, and whether there are any defense mechanisms against pathological
or excessive mechanical stress.

We have previously found that osteoblasts subject to mechanical stress increase in-
tracellular glucose uptake through activation of Glut1 on the cell membrane, which in
turn reduces activity of SIRT1 and consequently enhances expression of Runx2, which
is negatively regulated by SIRT1 [15]. Furthermore, we confirmed that the Glut1–SIRT1
pathway–enhanced Runx2 pathway accelerates the differentiation and maturation of os-
teoblasts (osteocalcin and alkaline phosphatase activity) and their ability to synthesize
bone matrix. We have reported for the first time that in response to mechanical stress, the
osteogenic protein Runx2 is activated via the energy metabolism-regulating Glut1–SIRT1
signaling pathway, leading to osteoblast differentiation and bone formation (Figure 3).

 

Figure 3. Direct activation of osteoblasts by mechanical stress. Mechanical stress directly induces
ATP production, osteoblast activity and bone formation via the Glut1–SIRT1–Runx2 pathway
in osteoblasts.

Our findings revealed that the mechanism by which mechanical stress promotes bone
formation in bone tissue is not only the previously reported mechanism mediated by the
intercellular network between osteocytes and osteoblasts (Figures 1 and 2), but also a
response mechanism by which mechanical stress directly induces osteoblast differentiation
and bone formation, in which SIRT1 activates Runx2 via Glut1 on the cell membrane
(Figure 3). Although this is a tentative conclusion, we have discovered for the first time
that Runx2 activity and bone formation are related to the mechanical stress response.
Furthermore, our findings revealed that mechanism by which Glut1 on the osteoblast cell
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membrane is used as a mechanical stress sensor via SIRT1, without being involved in the
intercellular network with osteocytes.

However, many aspects remain unclear regarding what initially senses mechanical
stress in osteoblasts and how they respond via the Glut1–SIRT1–Runx2 pathway. Fur-
thermore, the differences in the response of osteoblasts to physiological mechanical stress
versus pathological excessive mechanical stress and the mechanisms of these different
responses remain unclear. Clarifying these differences is expected to contribute to under-
standing the pathology of bone diseases and developing treatments. Further studies may
reveal the existence of defense mechanisms in bone tissue against pathological excessive
mechanical stress.

Based on the above, we are currently analyzing differences in the Glut1–SIRT1–Runx2
pathway in response to physiological and pathological mechanical stress, as well as the
mechanisms underlying the regulation of osteoblast differentiation and bone formation
through these pathways. We are also investigating the existence of defense mechanisms
against excessive and pathological mechanical stress and related factors (paper in prepara-
tion). This is expected to provide clues to the etiology and pathology of bone diseases and
bone-related systemic diseases, such as osteoporosis and age-related fractures, factors that
cause patients to become bedridden, and to the development of new treatments.

Regarding the molecular mechanism of bone formation in response to mechanical
stress, it is still unclear whether there is a mutual relationship between the Wnt-beta catenin
signaling pathway in the osteocyte-osteoblast network and the Glut1-Sirt1-Runx2 pathway
in osteoblast-only responses. To clarify these problems, it is necessary to identify the initial
factors that sense mechanical stress and initiate signal transduction in both pathways,
and to elucidate the details of these signal transduction pathways and their regulatory
mechanisms, such as feedback mechanisms.

Recently, the role of subchondral bone in the development of osteochondral joint
damage in OA has received increasing attention [35,36]. The functional conditions of
articular cartilage and subchondral bone are tightly connected. As OA progresses, not only
the articular cartilage layer but also the subchondral bone is damaged by mechanical stress.
Mechanical stress on cartilage and subchondral bone adversely affects the mechanical
environment and homeostatic balance of the entire joint, leading to the onset of OA.
Subchondral bone deterioration has been widely recognized as a hallmark of OA.

As will be discussed in a later section, from the perspective of mechanical stress
responses in subchondral bone tissue, the relationship between the Wnt-β-catenin signaling
pathway and the Glut1-Sirt1-Runx2 pathway, as well as detailed analysis of these pathways,
are important topics related to the mechanism of cartilage degeneration. In the near future,
we will reveal whether there is a correlation between the two pathways, or whether each is
an independent mechanism of bone metabolism.

4. Mechanical Stress and Articular Cartilage
Joint disorders caused by excessive sports and exercise are a major problem not

only for the elderly but also for younger generations. In some cases, damage to chondro-
cytes and cartilage matrix progresses to an irreversible pathology of articular cartilage
degeneration, and research into cartilage regenerative medicine is also underway [9,10].
However, preventive and therapeutic methods to suppress both joint pain and articular
cartilage degeneration associated with the progression of OA symptoms are currently
under development.

Obesity, weight bearing, and excessive mechanical stress on joints are known to cause
degeneration and dysfunction of articular cartilage tissue, such as decreased chondrocyte
activity and degeneration/destruction of the cartilage matrix, and are involved in the onset
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and pathology of OA [9,10,18,35]. However, much remains unknown about how chondro-
cytes respond to mechanical stress (mechanical stress sensing and response mechanisms). It
is still unknown about the existence of defense mechanisms, and the relationship between
the mechanisms of cartilage degeneration and stress responses. In order to develop effec-
tive preventive and therapeutic methods, we consider that it is necessary to elucidate the
mechanisms of sensing and responding to mechanical stress, which are deeply involved in
the etiology and pathology of articular cartilage degeneration.

5. Molecular Events Caused by Mechanical Stress in Articular Cartilage
We examined studies on (a) changes in the activity of DNA damage repair enzymes

in chondrocytes and (b) the mechanism of chondrocyte energy metabolism regulation in
response to mechanical stress [18,37–39]. We found evidence suggesting that (a) and (b) are
closely related and together function as a defense mechanism against mechanical stress
on articular cartilage, but that when exogenous stress can no longer be tolerated and this
mutual defense function declines, cartilage degeneration progresses.

In this review we outline our findings on the interactions and networks between
mechanisms that control the activity of DNA damage repair enzymes in chondrocytes and
regulatory factors of cellular energy metabolism (glycolysis–citric acid cycle, and electron
transport chain) in response to mechanical stress. We also discuss the basis for developing
OA treatments through elucidating the mechanisms of mechanical stress response, defense,
and cartilage degeneration.

5.1. Mechanical Stress-Induced DNA Damage in Chondrocytes

As is widely known, OA is characterized by a decline in joint tissue homeostasis,
triggered by the disruption of the chondrocyte environment (degeneration of the carti-
lage matrix caused by external stresses such as mechanical stress, followed by enzymatic
degradation, and further inflammation and immune responses), leading to the progressive
degeneration and destruction of the joint over time [9,10,40,41]. Oxidative stress caused by
reactive oxygen species (ROS; oxygen free radicals) that are produced in excess following
mechanical stress on cartilage tissue has been attracting attention as an inducing factor for
OA, which is the most prevalent of the musculoskeletal diseases [42–46].

All somatic cells produce ROS during the process of cellular respiration (mitochondrial
respiratory chain function: energy production), which is the basis of life activities [47,48].
Aging and various external stresses can cause a decline in cellular respiratory chain function
and a decrease in the activity of ROS-scavenging and antioxidant enzymes, leading to the
excessive production and accumulation of ROS. This is closely related to the etiology and
pathology of various age-related degenerative diseases and cancer [48,49].

Regarding OA, many studies both domestically and internationally have shown that
mechanical stress on cartilage tissue causes the chronic production of ROS (oxidative stress)
within cells and tissues, which in turn increases the production of inflammatory cytokines
and causes secondary inflammation [18,35,50–58]. Attention has therefore been focused on
the relationship between mechanical stress and oxidative stress control as a chondrocyte
response in the etiology and pathology of OA [57,58] (Figure 4).

Green et al. experimentally demonstrated that mechanical stress on cartilage tissue
induces excessive production of ROS from chondrocytes [52]. This excess of ROS induces
chronic catabolism of chondrocytes and the cartilage matrix, disrupting articular cartilage
homeostasis, and consequently causing cartilage degeneration and destruction [52]. How-
ever, how chondrocytes and cartilage tissue respond to mechanical stress, particularly the
mechanisms of excessive production of ROS and cell damage caused by mechanical stress,
are still under investigation.

https://doi.org/10.3390/ijms27031380

https://doi.org/10.3390/ijms27031380


Int. J. Mol. Sci. 2026, 27, 1380 7 of 18

Recently, the importance of DNA repair enzymes (such as Ogg1 and APEX2)
has been highlighted as a cellular stress response mechanism [59,60]. Among the
DNA damage caused by ROS in response to cellular stress, oxidation of guanine to
7,8-dihydro-8-oxoguanine enables it to pair with adenine instead of cytosine during DNA
replication, resulting in a G:C-to-T:A point mutation, and such mutations are thought to be
one of the causes of disease including cancer [60]. Decreased expression of DNA damage
repair enzymes such as 8-oxoguanine DNA glycosylase1 (Ogg1) which specifically repairs
oxidized guanine, has been reported in neurons of patients with amyotrophic lateral sclero-
sis and Alzheimer’s disease [61]. These findings suggest a link between these changes and
the etiology/pathology of neurodegenerative diseases. These changes also suggest further
involvement in bone and cartilage degenerative diseases other than neurological diseases.

Figure 4. Mechanical stress-induced DNA damage in chondrocytes. Mechanical stress induces
excessive production of reactive oxygen species, resulting in oxidative DNA damage and reduced
repair enzyme activity.

We have found that expression of the DNA damage repair enzymes Ogg1 and APEX2
is highly correlated with the degree of degeneration of articular cartilage in OA [38,39].
Our in vitro research also demonstrated that expression of Ogg1 and APEX2 in response to
OA inducers of cartilage degeneration and catabolism, such as interleukin-1β, was hardly
observed in chondrocytes derived from normal cartilage, but was highly expressed in OA
cartilage-derived chondrocytes [39]. In degenerated cartilage, DNA damage may result in
increased expression of DNA oxidation products such as oxidized guanine, which in turn
transiently increase the activity of Ogg1 and APEX2, which act as protective factors against
DNA oxidative stress damage. However, it has been suggested that when the level of DNA
damage exceeds the repair capacity of Ogg1 and APEX2, the DNA damage accumulates
without being repaired. This may lead to cell death, a decline in tissue homeostasis, and
joint degeneration (Figure 4).

Furthermore, we have discovered for the first time that SIRT1, which has nicotinamide
adenine dinucleotide (NAD)-dependent deacetylase activity in OA chondrocytes and
acts as a regulator of cellular energy metabolism, plays an important role in activating
APEX2 and Ogg1 in chondrocytes [18]. Also, SIRT1 regulates Runx2, which is involved in
hypertrophic cartilage formation and activation of the matrix-degrading enzyme matrix
metalloproteinase (MMP)-13 for which Runx2 acts as a promoter, thereby regulating os-
teophyte formation and the production of cartilage matrix-degrading enzymes [18] These
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processes may be involved in the development of OA. Therefore, we next focused on
the energy metabolism regulator, SIRT1, in chondrocytes, and outlined the relationship
between the regulatory mechanism of energy metabolism and the activity of DNA damage
repair enzymes.

5.2. Relationship Between Cellular Energy Metabolism Regulators and DNA Damage Repair
Enzyme Activity in Chondrocytes

As mentioned above, the accumulation of ROS excessively produced from chondro-
cytes in response to mechanical stress such as obesity and weight-bearing is involved
in the onset of OA, causing DNA damage and degeneration of the cartilage matrix in
chondrocytes (Figure 4). Although it has been revealed that there is a close relationship
between the mechanical stress response and the onset and progression of articular carti-
lage degeneration, the underlying mechanism and the existence of protective mechanisms
remain largely unknown.

Our and other reports have presented evidence supporting the idea that in response
to exogenous stress such as weight bearing and inflammation, the energy metabolism of
chondrocytes (glucose uptake and adenosine triphosphate/ATP production) temporarily
increases [18,37–39]. Then, the activity of the citric acid cycle and electron transport chain in
mitochondria increases, resulting in the production and leakage of excess ROS [48–56]. Fur-
thermore, we found that 5′-AMP-activated protein kinase (AMPK), which acts as an intracel-
lular energy sensor controlling ATP production, and SIRT1, which has NAD+-dependent
deacetylase activity, form a mutual positive feedback mechanism that controls energy
metabolism and alters responses to mechanical stress [18,62] (Figure 5).

Figure 5. Mechanical stress-induced energy metabolism (ATP production) and DNA repair enzyme
activity via a SIRT1–AMPK feedback loop.

In addition, we confirmed that the AMPK–SIRT1 loop, which functions as a cellular
energy sensor, regulates the activity of DNA damage repair enzymes. Specifically, as shown
in Figure 6, in response to mechanical stress, (i) glucose uptake and ATP production in
chondrocytes are transiently increased; (ii) the increased ATP production activates the citric
acid cycle and electron transport chain in mitochondria, resulting in the production and
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leakage of excessive ROS (oxidative stress); (iii) the increased glucose uptake and ATP
production are accompanied by a decrease in the activity of the energy sensor AMPK–SIRT1;
and (iv) the decreased activity of this AMPK–SIRT1 feedback loop is associated with a
decrease in the activity of Ogg1 and APEX2, leading to the persistence of DNA damage
and a decrease in chondrocyte activity, resulting in disrupted cartilage homeostasis and
cartilage catabolism in OA.

Figure 6. Mechanical stress-induced oxidative damage in chondrocytes. The e− indicates electronic.

Cellular energy regulatory factors and DNA repair enzyme activity in response to
mechanical stress are closely related to cartilage catabolism caused by ROS induced by
mechanical stress. It is therefore possible that these mechanical stress response mecha-
nisms may function as a type of defense mechanism. Next, based on this background,
we summarized findings regarding candidate factors for the mechanical stress-sensing
and response mechanisms and discussed the relationship between the mechanical stress
response mechanism and the pathogenesis of OA.

5.3. Mechanical Stress Sensing and Response Mechanisms of Chondrocytes in OA

We have conducted extensive research into how chondrocytes sense and respond to
mechanical stress, which is one of the causes of OA onset and pathogenesis, as well as the
relationship between defense mechanisms against pathological and excessive stress and
cartilage degeneration mechanisms.

Our research focuses on Glut1 as a cellular energy regulatory mechanism and SIRT1,
which functions as a cellular energy metabolism sensor. Our results confirmed that bone
and cartilage cells responding to mechanical stress alter the activity of Runx2 via the
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Glut1–SIRT1 signaling pathway, which controls cellular energy metabolism, leading to
cartilage matrix degeneration and osteophyte formation [15]. We found that (1) mechanical
stress increases the expression of Glut1 on the cell membrane, (2) increases glucose uptake
into the cell through activation of Glut1, and in response, (3) decreases the activity of the
cellular energy sensor and regulator SIRT1, and (4) increases the expression of Runx2, a
hypertrophic chondrogenesis/osteogenesis transcription factor that is downregulated by
SIRT1 [15]. These processes may change the cellular activity of chondrocytes and contribute
to the degeneration of articular cartilage and the formation of osteophytes (Figure 7A).
In our study, when Glut1 function was inhibited using a Glut1 inhibitor, the expression
of SIRT1 and Runx2 in response to mechanical stress was not observed, and changes
in cellular activity in response to mechanical stress were also not observed (Figure 7B),
suggesting that Glut1 on the cell membrane is one of the factors that senses and responds
to mechanical stress.

Figure 7. Mechanical stress sensing and response mechanisms in bone and cartilage metabolism.
(A) Mechanical stress induces hypertrophic chondrogenesis, osteophyte formation, and increased
MMP-13 production via the Gult1–SIRT1–Runx2 pathway in bone and cartilage metabolism.
(B) When Glut1 function was inhibited using a Glut1 inhibitor, the expression of SIRT1 and Runx2
in response to mechanical stress was not observed, and changes in cellular activity in response to
mechanical stress were also not observed.

Based on these experimental results, we hypothesize that the Glut1–SIRT1 signaling
pathway, a cellular energy regulatory factor, responds to mechanical stress on articular
cartilage by controlling (i) DNA damage repair enzyme activity, (ii) cartilage catabolic
factor Runx2 activity, and (iii) MMP-13 activity, a cartilage matrix-degrading enzyme for
which Runx2 acts as a promoter. While this pathway acts to some extent as a defense
mechanism, we speculate that when the defense mechanism is overwhelmed by excessive
or pathological mechanical stress, and the mutual protective functions are impaired, bone
and cartilage degeneration progresses (Figure 7).
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6. Differences in Cellular Activity in Response to Physiological Levels of
Mechanical Stress (Osteoblast vs. Chondrocyte)

Both bone and cartilage tissues are matrix-rich tissues, with 10–20% cellular compo-
nents per volume [9–11]. While cartilage tissue contains only chondrocytes, bone tissue
contains osteocytes, osteoblasts, and osteoclasts. Furthermore, cartilage is an avascular
and nerveless tissue with no self-regenerative capacity [11–13]. On the other hand, bone is
vascularized and has a rich remodeling capacity for bone resorption and bone formation. It
is suggested that there may be similarities and differences between bone and cartilage in
their responses to mechanical stress.

Our previous studies have revealed differences in the cellular activity of osteoblasts
and chondrocytes in response to physiological levels of mechanical stress [15,37]. As shown
in Table 1, at physiological loading levels that have been confirmed not to induce cell
damage or cell death (apoptosis), osteoblast cellular activity was enhanced compared to
non-loading conditions under both sustained and repeated loading, with repeated loading
showing a stronger enhancement than sustained loading [15]. On the other hand, no
change in chondrocyte activity was observed between non-loading and sustained loading.
However, repeated loading conditions showed a tendency for chondrocyte activity to
decrease compared to non-loading conditions [37] (Table 1).

Table 1. Differences in cellular activity in response to physiological levels of mechanical stress
(Osteoblast vs. Chondrocyte).

Non-Loading vs. Sustained Loading Non-Loading vs. Repeated Loading

Osteoblast energy metabolism Non-loading < Sustained loading Non-loading << Repeated loading

Chondrocyte energy metabolism Non-loading ≒ Sustained load Non-loading >> Repeated loading

Under physiological stress confirmed not to induce cell damage or apoptosis (non-pathological stress level)

 

Our studies suggest that osteoblast activity and bone formation capacity may be
enhanced, while chondrocyte activity may be suppressed, in response to mechanical stress
at physiological walking load levels. These findings indicate that chondrocytes in the
articular cartilage layer and osteocytes, osteoblasts, and osteoclasts in the subchondral bone
layer respond differently to mechanical stress in joint tissues.

Based on our findings, we hypothesized that chondrocytes in the articular cartilage
layer and osteocytes, osteoblasts, and osteoclasts in the subchondral bone layer respond
differently to mechanical stress in joint tissues.

7. Mechanisms of Mechanical Stress Response Other than the Wnt
Pathway and GLT1-SIRT1-Runx2 Pathway in Bone and Cartilage Tissues

In addition to the Wnt signaling pathway, several mechano-transduction mechanisms
have been reported in bone and cartilage tissues. Mechanical signals play critical roles in
bone/cartilage homeostasis.

Recently, numerous reports have demonstrated that those Piezo proteins are important
mechanosensitive channels in the bone microenvironment [63–65]. Piezo1 and Piezo2 form
mechanosensitive cation channels [64–66]. It has been revealed that Piezo channels are
mechanosensitive ion channels located in the plasma membrane and have been shown to
function as important cellular mechanotransducers, converting mechanical stimuli into
electrochemical signals [64,65]. In bone tissue, upon mechanical stimulation, these channels

https://doi.org/10.3390/ijms27031380

https://doi.org/10.3390/ijms27031380


Int. J. Mol. Sci. 2026, 27, 1380 12 of 18

open, allowing cations to pass through the membrane, thereby facilitating cellular mechano-
transduction and adapting to bone microenvironment [65,66]. Several studies have shown
that Piezo1 is a mechanosensitive ion channel that allows osteoblasts to sense and respond
to changes in mechanical loading [66,67].

In recent years, it has been revealed that ferroptosis occurs in chondrocytes of OA and
plays an important role in the pathophysiological processes of OA [68–70]. Ferroptosis
is a novel type of programmed cell death characterized by excess iron accumulation and
lipid peroxidation [68]. Several reports demonstrated that nuclear factor E2-related factor
2 (Nrf2), glutathione peroxidase 4 (GPX4), solute carrier family 7 member 11 (SLC7A11),
and p53 are key regulators of ferroptosis. It has been demonstrated that the GPX4, SLC7A11,
and Nrf2 act as ferroptosis inhibitors, while p53 acts as a ferroptosis promoter and partici-
pates in the biological process of ferroptosis by regulating the antioxidant system and the
formation of lipid reactive oxygen species [68,71]. More recently, Han J et al. demonstrated
that mechanical stress activates the Nrf2 antioxidant system, inhibits the NF-kB p65 signal-
ing pathway, and inhibits chondrocyte ferroptosis and cartilage degeneration by regulating
P53, SLC7A11 and GPX4 [72]. These findings suggest that the NF-κB p65/GPX4 signaling
pathway functions as a mechanosensing mechanism to suppress mechanical stress-induced
ferroptosis in chondrocytes.

Transforming growth factor β (TGF-β) and bone morphometric proteins (BMPs) be-
long to the TGF-β superfamily and play important roles in osteoblast and chondrocyte
differentiation, skeletal development, and osteochondral homeostasis [73,74]. Signaling by
this protein family has been reported to not only specifically activate SMAD-dependent
signaling and transcription, but also activate SMAD-independent signaling via MAPKs
such as ERK and TAK1 [74]. These factors are also known to be closely involved in the
mechanisms responding to mechanical stress, which also affects osteochondral tissue home-
ostasis [75]. Numerous reports have demonstrated that mechanical loading to the joint
plays an important role in activating SMAD2/3 signaling in chondrocytes [74–77]. These
observations suggest that SMAD2/3 signaling, activated by mechanical stress, plays a
critical role in maintaining cartilage homeostasis. Considering the effects of SMAD3 sig-
naling on cartilage, this mechanism is consistent with the observation that reduced joint
loading contributes to cartilage degeneration, leading to the production of the proteolytic
enzymes MMP8 and MMP13 [78]. It has been demonstrated that aged cartilage exhibits
a significantly reduced capacity for mechanical loading-mediated SMAD2/3 signaling
compared to younger cartilage, which may increase the risk of developing OA [79]. These
findings also indicate the importance of mechanical loading-mediated SMAD2/3 signaling
in maintaining cartilage homeostasis.

Mechanical loading has been also induced BMP levels in articular cartilage. It has
been demonstrated that physiological exercise loading suppresses the progression of post-
traumatic OA via increased expression of BMP2, BMP4, BMP6, and BMP receptor2 in vivo
rat model [80]. Taken together, these studies show the impact of mechanical loading on
TGFβ/BMP family signaling pathway.

8. Subchondral Bone Remodeling and Mechanical Stress
Recently, the role of subchondral bone in the development of osteochondral joint dam-

age in OA has received increasing attention. It has been demonstrated that subchondral
bone deterioration is widely recognized as a characteristic finding of OA [35,36]. Sub-
chondral bone is a complex structure consisting of the subchondral plate and underlying
spongy bone, which are biomechanically and biochemically connected to the overlying
cartilage. OA subchondral bone is known to exhibit hypo-mineralization and abnormal
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bone metabolism, resulting in histopathological degeneration of the subchondral bone [35]
(Figure 8).

Figure 8. Osteochondral damage during the progression of osteoarthritis.

A functional joint unit, consisting of articular cartilage and subchondral bone, may
regulate the homeostasis and maintenance capacity of articular cartilage against mechanical
stress during the progression of OA [81,82]. As OA progresses, not only the articular
cartilage layer but also the subchondral bone is damaged by mechanical stress. Mechanical
stress on cartilage and subchondral bone adversely affects the mechanical environment
and homeostatic balance of the entire joint, leading to the onset of OA [36,82].

Crosstalk between articular cartilage and subchondral bone has been suggested to
play a crucial role in the pathogenesis of osteoarthritis.

Previous studies have provided strong evidence that cartilage–bone cell interactions in
OA joints result in bidirectional cellular phenotypic changes, leading to cartilage degenera-
tion and sclerotic changes in the subchondral bone during OA progression [35,36,81,82]. It
is well known that mechanical overloading disrupts subchondral bone remodeling before
cartilage degeneration and the osteocytes in the subchondral bone are mainly responsible
for mechanosensing. Osteocytes account for 90–95% of all skeletal cell population, approxi-
mately 20 times more than osteoblasts, and are considered the primary cell type responding
to mechanical load [83]. More recently, it has been demonstrated that mechanical stress
induces osteocytes in subchondral bone to secrete extracellular vesicles that downregulate
chondrocyte metabolism [84]. Liu N. et al. demonstrated that osteocyte-derived extra-
cellular vesicles mediate the bone-to-cartilage crosstalk and promote the progression of
osteoarthritis [84]. It has been suggested that the miR-23b-3p in extracellular vesicles de-
rived from osteocytes in the subchondral bone promoted cartilage catabolism and inhibits
anabolism by inhibiting chondrocyte mitophagy. Also, they demonstrated that inhibition of
miR-23b-3p in osteocytes suppresses cartilage degeneration and the progression of OA in
experimental model mice. Their findings clearly indicate that extracellular vesicles secreted
by subchondral osteocytes in response to mechanical stress mediate communication with
chondrocytes and promote cartilage degeneration.

In addition to subchondral osteocytes under mechanical stress condition, subchondral
osteoblasts also have a part in the bone-to-cartilage in OA progression. Several studies
have demonstrated that exosomes derived from OA subchondral bone alter the transcrip-
tional and bioenergetic properties of chondrocytes [36]. It is well known that exosomes are
membrane-derived vesicles that have recently been recognized as important mediators of
intercellular communication. Wu X et al. demonstrated that OA chondrocytes internalize
exosomes derived from subchondral osteoblasts, induce the expression of catabolic genes,
and downregulate the expression of chondrocyte-specific markers, a phenomenon com-

https://doi.org/10.3390/ijms27031380

https://doi.org/10.3390/ijms27031380


Int. J. Mol. Sci. 2026, 27, 1380 14 of 18

monly observed in OA cartilage [36]. RNA sequencing and miRNA profiling identified
miR-210-5p, which is abundant in osteoblast exosomes derived from subchondral bone in
OA, as an inducer of catabolic gene expression in articular chondrocytes. miR-210-5p has a
role to suppress the oxygen consumption rate of chondrocytes and alter their bioenergetic
state, a phenomenon commonly observed in OA pathology. These findings suggest that
the altered crosstalk between OA cartilage and subchondral bone microenvironment is
mediated by subchondral bone osteoblast-derived exosomes. In response to mechanical
stress in OA, exosomes released from subchondral osteoblasts play an important role in the
progression of cartilage degeneration, suggesting that they may be a potential target for
therapeutic intervention in OA. The relationship between osteoblast-derived exosomes and
the Glut1-SIRt1-Runx2 pathway in osteoblasts responding to mechanical stress has been
still unclear, and we will plan to further elucidate this issue.

9. Conclusions
The cellular responses to physiological and pathological/excessive mechanical stress

may differ among the cell populations that constitute the joint, particularly osteocytes,
osteoblasts, and chondrocytes. As introduced in this review, there are still many aspects to
be clarified regarding how the cells constituting bone and cartilage tissue sense and respond
to stress (stress sensing and response factors) and whether there are defense reactions and
mechanisms against pathological/excessive mechanical stress. Also, it remains unknown
about the relationship between the mechanical stress sensing/response mechanisms and the
mechanisms of bone and cartilage degeneration. Further research is required to clarify these
issues. Therefore, we are currently focusing on mitochondrial function (energy metabolism)
and autophagy, elucidating how mechanical stress affects autophagy as a cellular defense
mechanism. Autophagy maintains intracellular energy homeostasis and protects cells
against various stress conditions, such as inflammation and mechanical stress. Autophagy
is an essential and conserved self-eating process carried out by cells to degrade intracellular
components such as soluble proteins, aggregated proteins, organelles, macromolecular
complexes, xenobiotics, and mitochondria. Cells have a function to degrade dysfunctional
mitochondria through autophagy (self-eating), and when this function does not function
properly, for example due to mechanical stress, mitochondrial activity decreases, which is
thought to contribute to mechanical stress-induced diseases and aging.

Through these studies, we aim to develop new treatments for pathologies that alter
cellular energy metabolism in response to mechanical stress, such as altered autophagy. We
hope to gain insight into the development of new therapeutic methods through further
clarification of these issues.
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