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Cells need to respond and adapt to the changes of their surrounding physical
environment for survival. On the other hand, autophagy is a catabolic mechanism for
cells to cope with stress. But the relationship between cell autophagy and surrounding
physical environment is poorly understood. In the past decade, accumulating number of
literatures started to focus on the role of autophagy in cell mechanobiology, especially
in myocardial cells, chondrocytes and endothelial cells. The results demonstrated
that mechanical factors may lead to autophagy through PI3K-AKT-mTOR, oxygen free
radical, AKT-FoxO and other pathways. The autophagic response of cells is a protective
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mechanism for cells to cope with their surrounding physical environment.
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Introduction

Autophagy means self-eating, and it is a natural and regulated
mechanism of cells that remove unwanted or dysfunctional
components, especially under external stimuli, such as pathogen
invasion, starvation and hypoxia [1,2]. It allows orderly degradation
and recycling of cellular components and exists in all eukaryotic
cells. Autophagy is a highly conserved process that catabolizes
intracellular components to maintain energy homeostasis and to
protectcellsagainststress[3,4]. When autophagy occurs, the cell will
first produce an isolation membrane structure called phagophore,
which has a double-layer membrane structure. The phagophore
will wrap the pathogens and damaged organelles in the cell through
extension. After that, the autophagosome double membrane
structure is formed to close the vesicle, and then the lysosome and
the autophagosome are fused together to form the autolysosome.
Finally, the fusion process is completed, and a monolayer structure
is formed to degrade unnecessary cellular components [5,6].
After being degraded, the final autophagy lysosome structure will
transport the degraded product out of autolysosome through the
transfer protein on the membrane surface and supply it to the cell

for energy or material recovery and reuse.

Through this process, the cells can respond to the lack of
nutrients and energy under starvation conditions, and to achieve
the self-supply of substances and energy. At the same time, it also
can degrade some toxic substances to prevent their damaging effects
to normal cells [7,8]. The process of autophagy is complicated, and
there are still many details that we have not grasped. Other the
other hand, cells and tissues within the human body are always in
a certain physical environment [9]. For example, skeletal muscle is
subjected to stretch; joint cartilage is under pressure; blood vessel
endothelium cells are facing blood flow shear stress. Cells are able
to respond to their surrounding mechanical environments, in which
mechanical stimuli modulate cell proliferation, differentiation,
morphology, migration and extracellular matrix production, as
well as other physiological functions [9,10]. Cells need to adapt to
their surrounding environments. Poor adaptation usually leads to
pathological phenomena and occurrence of diseases. For example,
myocardial hypertrophy is due to the heart muscle cells coping with
long-term blood flow pressure or overloaded capacity. In serious
cases, it may develop into heart failure [11].
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Autophagy is an important mechanism for cells to cope with
mechanical stimuli. Flow shear stress can promote endothelium
cell autophagy activity and maintain its normal physiological
activities. Abnormal stress can lead to poorly adapted pathological
phenomena in tissues and cells. Autophagy is also closely related
to fat, failed heart, degenerative lesions of joint cartilage and

intervertebral discs [12,13]. Thus, in recent years, the influence of
mechanical factors on cell autophagy has aroused great interests
in researchers. This paper summarizes the effects of mechanical
stimuli on the autophagy activity of different cells and tissues as
well as relevant molecular mechanisms, and subsequently may

provide theoretical basis for autophagy-related diseases (figure 1).
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Figure 1: Bone structures of wild type and autophagy deficient mice (8 weeks of age). (A) micro-CT images; (B) Quantified
parameters of trabecular bone of wild type and autophagy deficient mice. (n = 4, *p,0.05). Error bars represent SEM.

Literature Review

Effects of Mechanical Stimuli on Myocardial Cell
Autophagy

The heart is responsible for blood supply and it is always under
strong blood flow pressures. If the myocardium is overloaded for
a long time, left ventricular hypertrophy will occur. The symptoms
include abnormal contraction, arrhythmia, abnormal energy
metabolism and heart failure [14]. In this situation, the expression
and activity of proteasome in heart muscles are significantly
enhanced due to autophagy in ventricular hypertrophy [15]. Zhu,
et al. [12] discovered for the first time the role of autophagy in
pressure-overload-induced cardiac hypertrophy [12]. They used
autophagy-reporter mice to confirm that pressure overload would
cause increased autophagy activity continuously in cardiomyocytes.
The increase in autophagy can be maintained for at least 3 weeks.
Furthermore, other researchers have found that the autophagy
activity of cardiomyocytes is resulted from stress due to blood
pressure [16-18]. They also found that knocking out beclinl can
decrease the autophagy activity induced by blood pressure. On the
other hand, overexpression of beclinl in mice leads to the opposite
effects. Another study using atg5 knockout mice study confirmed
the previous results [19]. Hariharan et al. [20] loaded primary rat
cardiomyocytes cultured in vitro with a strain of 20% strain for
36 h, and found that p62 degradation was significantly reduced,

indicating an increase in autophagy activity [20]. Lin et al. [17]
applied a strain of 20% to primary rat cardiomyocytes and COS7
cells in vitro for 48 hours. Subsequently, expression of LC3-II in
cells increased, and the number of autophagosomes also increased
significantly [17].

The effects of mechanical stimuli on cardiomyocyte autophagy
are closely associated to proteasome activities. Pressure overload
leads to an increase in the amount of misfolded protein in
cardiomyocytes, and these proteins gradually gather around the
nucleus to form aggregates, which are recognized and degraded
by the autophagy system [16]. Pressure may cause accumulation
of ubiquitinated proteins, aggregate formation and increased
autophagy activity in left ventricular myocardial cells. Inhibiting
cardiomyocyte proteasome activity in vitro makes ubiquitinated
protein accumulate, and subsequently triggers autophagy. On the
other hand, inhibiting autophagy activity of cardiomyocytes can
effectively enhance the size and number of protein aggregates.

PI3K-AKT-mTOR pathway plays importantrole in regulating cell
autophagy [21]. AKT regulates cardiomyocyte autophagy through
its downstream transcription factor FoxO (forkhead box, class 0)
protein family, which can promote autophagy activity [22]. When
cardiomyocytes are under mechanical stimulation, the effects of
on FoxOs are inhibited. Subsequently, activated FoxO1 leads to

cardiomyocyte ubiquitination and lysosome activities, and further
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enhances autophagy and protein degradation [23]. Additionally,
Fox03 can activate downstream Bcl2 family member Bnip3, which
inhibits the binding of Bcl2 and Beclin1 and promotes autophagy.

While pressure overload causes increased autophagy and
hypertrophy of cardiomyocytes, there was also an increase
of angiotensin II level in plasma and myocardium, and blood
angiotensin II can promote autophagy activity in cells [24]. During
pressure overload, expression of angiotensin II, phosphorylated
PKCb1 and ERK1/2 are all increase significantly in cardiomyocytes
[25]. Inhibiting anyone of them leads to inhibition of cardiomyocyte
autophagy, suggesting the involvement of the Angll-PKCb1-
ERK1/2 pathway during this process. Angiotensin II can inhibit
the expression of miR-34a in cardiomyocytes, which binds to
Atg9A to inhibit autophagy activity. Angiotensin II type I receptor
(AT1) mediates a variety of regulation of angiotensin II and
plays an important role in myocardial hypertrophy induced by
mechanical stress [26]. AT1 can mediate stress-induced autophagy
independently of angiotensin II and p38 MAPK is involved in
the process. However, ERK1/2 and JNK are not involved in the
regulation of autophagy, in which AT1 plays an important role
through PI3K-AKT signal pathway [17].

Cardiomyocyte autophagy is affected by mechanical stimuli and
serves as a protective mechanism for cells to adapt their physical
environments, subsequently to maintain their normal functions.
The molecular mechanism of how mechanical stimuli induce

cardiomyocyte autophagy is still unclear and needs further studies.

Effects of Mechanical Stimuli on Chondrocyte Autophagy

Articular cartilage is a soft connective tissue that covers the
subchondral bone in a diathrodial joint. It is porous and filled
with synovial fluid, which can flow in and out during motion and
serves as a lubricating material to the joint. Mechanical stimuli
have profound effects on the function of articular cartilage.
Physiological level mechanical stress is beneficial for cartilage to
maintain normal functions, while abnormal mechanical stress may
result in chondrocyte death, extracellular matrix degradation and
mineralization, osteoarthritis and other cartilage degenerative
diseases [27]. During abnormal conditions, autophagy plays
an important role in cartilage responses. Carames et al. [28]
first studied the effect of mechanical shock on chondrocyte
autophagy. They applied 40% strain mechanical shock to cartilage
tissues of cattle and human and found that the survival rate of
cells was significantly reduced. They also found that sulfated
glycosaminoglycans in extracellular matrix were gradually lost, and
the expression of autophagy marker LC3-II in chondrocytes was
increased in 24 hours. But the expression levels of ULK1, beclin1
and LC3-II were significantly reduced at 48h and 96h. Pretreatment
with autophagy inducer rapamycin can enhance autophagy activity,
reduce cell death and the loss of sulfated glycosaminoglycans,
indicating that autophagy may play a protective role in the early
stage of chondrocytes subjected to mechanical shock [28,29].

Ma et al. studied the effect of excessive mechanical pressure
(1 MPa) on the autophagy of the colloidal nucleus pulposus cells
(NP cells) in the center of the intervertebral disc and found that
compared with the control group, the cell survival rate of the
pressurized group was significantly reduced, and the ratio of cells
that underwent autophagy increased significantly, and autophagy
activity in cells also increased [13]. At the same time, oxygen free
radicals accumulated in the cells during this process, suggesting
that NP cells may activate autophagy through the oxygen free
radical signaling pathway to cope with excessive mechanical stress.
They also found that treating cells with autophagy inhibitor 3MA
can significantly reduce the autophagy of NP cells. But at the same
time, the occurrence rate of apoptosis increased significantly.

In another study, researchers investigated the effects of
intermittent cyclic mechanical stretch on the calcification and
autophagy of endplate chondrocytes. They found that chondrocyte
autophagy activity was significantly increased on the 5th day,
but significantly decreased on the 10th and 20th days [30].
Thus, short-term intermittent cyclic mechanical tension can
promote chondrocyte autophagy, while long-term intermittent
cyclic mechanical tension can inhibit autophagy. They also found
that chondrocyte autophagy can protect cell from calcification.
In chondrocytes, autophagy is a self-protection mechanism to
respond to mechanical stimuli. When cartilage is under pressure,
chondrocyte autophagy will increase in a short time. But if the
stimulation lasts too long, the level of autophagy begins to decrease.
Insufficient protection is gradually replaced by other mechanisms,
such as apoptosis. Additionally, excessive mechanical stimulation
may cause unregulated cell death.

Effects of Mechanical Stimuli on Endothelial Cell

Autophagy

Endothelial cells are an important part of blood vessels, and they
play an important role in maintaining the stability of blood vessel
structure and functions. Under normal physiological conditions,
endothelial cells are mainly affected by three mechanical factors:
pressure, circumferential stretch and flow shear stress. Among
them, flow shear stress affects gene expression, proliferation,
migration, morphogenesis and adhesion of endothelial cells as
well as their permeability and inflammation [31]. Autophagy
is also affected by flow shear stress in order to maintain normal
homeostasis in endothelial cells. It regulates vascular endothelial
cell eNOS and ET-1 expression induced by laminar shear stress
[32]. Additionally, different types and sizes of flow shear stress
have different effects on endothelial cell autophagy. Laminar flow
shear stress of 1.2Pa or 2Pa promoted endothelial cell autophagy
activity, while the pathological type of oscillating flow does not
promote autophagy. The magnitude of laminar shear stress also
affects endothelial cell autophagy. Laminar shear stress of 0.4Pa
didn’t promote endothelial cell autophagy [33]. Their results are
consistent with previous study that the laminar shear stress of 0.5-
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1.5Pa promoted endothelial cell autophagy [32]. However, Ding et
al. [34] showed that shear stress of 0.3Pa can activate endothelial
cell autophagy. When the magnitude of the flow shear stress
increased to 3Pa, the effects on endothelial cell autophagy gradually
disappeared [34].

Besides inducing endothelial cell autophagy, flow shear stress
also enhanced expression of nitric oxide synthase and inhibited
the expression of endothelinl which play important roles in
maintaining endothelial cell functions and vasoconstriction [35].
The use of autophagy inhibitors and inducers confirmed that
autophagy modulates expression of nitric oxide synthase and
endothelinl. In inflammatory states, the effects of flow shear
stress on endothelial cell autophagy are enhanced [34]. When
the autophagy pathway is blocked, flow shear stress can promote
cytokine MCP-1 and interleukin-8 expressions, suggesting that
endothelial cell autophagy promoted by flow shear force may
have an anti-inflammatory effect. In addition, the flow shear
stress promotes endothelial cell autophagy and is related to the
intracellular oxidation-antioxidant balance [35].

The accumulation of oxygen free radicals was detected in
endothelial cells stimulated by flow shear stress [33,35]. Sirtl,
an intracellular sensor of redox activity, is induced by flow shear
stress. It can sense the production and accumulation of oxygen free
radicals which may induce autophagy. In addition, upregulation
of Sirtlexpression activates FoxO1 and Fox03, and subsequently
induces the autophagy response. The expression of LOX-1 was also
up-regulated, and LOX-1 could also activate autophagy through
oxygen free radicals [34].

Effects of Mechanical Stimuli on Autophagy of other Cells
and Tissues

Besides heart, cartilage and blood vessel, mechanical stress
also can induce autophagy in skeletal muscle, and has great impact
on skeletal muscle functions. Gumucio, et al. [36] found that
autophagy related Vps34 and Beclinl gene expression increased in
rat skeletal muscle cells in rotator cuff tear rat model, indicating
that autophagy was induced when skeletal muscle was under shear
stress [36]. Ning et al. [37] obtained the similar results and they
also found that proteoglycan inhibited the up-regulation of skeletal
muscle autophagy [37]. In addition to macroautophagy, chaperone-
mediated autophagy is also involved in the influence of mechanical
factors on skeletal muscle. Researchers found that after skeletal
muscle cells were stimulated by stretch, chaperone-mediated
autophagy was activated in order to maintain cell stability as
a mechanism for transducing mechanical signals. Chaperone-
mediated autophagy was also responsible for activating a series
of pathways and regulating skeletal muscle basic functions such
as migration, adhesion, and proliferation. They also found that
chaperone-mediated autophagy is an adaptive mechanism for
skeletal muscle to resist acute exercise and repeated mechanical
stimulation [38,39].

The autophagy of nerve cells is also affected by mechanical
stress. The research in this area mainly revolves around the
mechanical damage of nerve cells. When nerve cells are mechanically
damaged (scratched), the level of autophagy is increased through
the mTOR pathway. Additionally, compression injury can also
increase the level of autophagy of nerve cells. In the early stage of
cell damage, autophagy can inhibit apoptosis and protect nerve
cells [40]. The mTOR pathway regulates the expression of Bax
and Bcl-2 by inhibiting apoptosis. In addition to macroautophagy
pathways, chaperone mediated autophagy also participates in the
process of nerve cells coping with mechanical damage [41]. In
addition to the aforementioned cells and tissues, there are a small
number of reports on the effects of mechanical stress on autophagy
of fibroblasts, podocytes and bone cells. Due to the limitation of
information, we will not review these reports in this article.

Conclusion
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Figure 2: Illustration of various pathways connecting
mechanical stimulation with cell autophagy.

In general, autophagy is a self-protective response of cells in
response to mechanical stimuli. When subjected to mechanical
stress at the physiological level, cells up-regulate the level of
autophagy to maintain normal cell homeostasis, function and
survival. Mechanical factors may cause autophagy through PI3K-
AKT-mTOR, oxygen free radical, AKT-FoxO and other pathways. The
influence of mechanical factors on autophagy is closely related to
many diseases, such as myocardial hypertrophy, atherosclerosis,
cartilage degenerative diseases, and spinal cord injury. The current
research has just started, and the influence of mechanical factors on
autophagy remains to be clarified, and its regulatory mechanism is
unclear. With further research to elucidate of the mechanism, it will
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help to understand the pathogenesis of these diseases and provide
better prevention and treatment methods (figure 2).
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