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Abstract—Apoptosis is a highly conserved physiological
process of programmed cell death which is critical for proper
organism development, tissue maintenance, and overall
organism homeostasis. Proper regulation of cell removal is
crucial, as both excessive and reduced apoptotic rates can
lead to the onset of a variety of diseases. Apoptosis can be
induced in cells in response to biochemical, electrical, and
mechanical stimuli. Here, we review literature on specific
mechanical stimuli that regulate apoptosis and the current
understanding of how mechanotransduction plays a role in
apoptotic signaling. We focus on how insufficient or exces-
sive mechanical forces may induce apoptosis in the cardio-
vascular system and thus contribute to cardiovascular
disease. Although studies have demonstrated that a broad
range of mechanical stimuli initiate and/or potentiate apop-
tosis, they are predominantly correlative, and no mechanisms
have been established. In this review, we attempt to establish
a unifying mechanism for how various mechanical stimuli
initiate a single cellular response, i.e. apoptosis. We hypoth-
esize that the cytoskeleton plays a central role in this process
as it does in determining myriad cell behaviors in response to
mechanical inputs. We also describe potential approaches of
using mechanomedicines to treat various diseases by altering
apoptotic rates in specific cells. The goal of this review is to
summarize the current state of the mechanobiology field and
suggest potential avenues where future research can explore.

Keywords—Apoptosis, Cardiovascular disease, Valvular

interstitial cells, Vascular smooth muscle cells, Mechan-

otransduction, Mechanobiology, Mechanomedicine.

INTRODUCTION

Apoptosis, also known as programmed cell death,
involves a complex signaling cascade whereby extra-
cellular or intracellular signals result in the orderly
termination of cells. Although apoptosis results in the

demise of cells, it is critical to the continuing health of
the organism as a whole, especially during embryoge-
nesis, growth, and tissue maintenance. Common
examples of homeostatic apoptosis include digit indi-
vidualization of the hands/feet, loss of tails in tadpoles,
and cellular reorganization in dorsal closure in Dro-
sophila (Fig. 1).131 On the other hand, when apoptosis
is incorrectly regulated, unchecked cell growth can lead
to fibrosis and tumor formation, while excessive
apoptosis can lead to degenerative diseases, such as
degenerative disc disease and muscle atrophy
(Fig. 2).49,84 In fact, one of the hallmarks of cancer is
the ability of malignant cells to evade apoptosis.47

There are many environmental factors that can
initiate apoptosis, such as pH, oxygen concentration,
radiation, infection, cytokines and inflammatory sig-
naling molecules.64,75,118 Increasingly, the mechanical
environment is being recognized as a key regulator of
apoptosis as well.27,41 Externally applied mechanical
stimuli (stretch and forces) and external physical fac-
tors (ECM stiffness, geometric constraints, topogra-
phy) which regulate internally generated cell forces are
all referred to as mechanical stimuli within this review.
How mechanical stimulation is interpreted by the cell
and transduced into an apoptotic response is an active
area of research in cell mechanobiology. Currently,
there are no well-defined mechanisms of action for how
mechanical stimuli regulate cell health and initiate
apoptosis. Teasing apart specific conditions which
initiate apoptosis has been challenging, as factors
inducing cell death are dependent upon the specific
loading conditions and the extracellular mechanical
environment is constantly evolving. Most studies cor-
relate mechanical stimuli with observed cell responses.
For example, elevated mechanical loading has been
shown to initiate apoptosis by causing excessive DNA
damage, while trauma from mechanical forces induces
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apoptosis by altering mitochondria permeability.19,89

Apoptosis also occurs following wound healing and
results in the removal of excess myofibroblasts; these
cells are shielded from stresses by the mature collagen
matrix that they produce and remodel around them-
selves.136 No real mechanisms have been offered link-

ing mechanics to apoptosis; this is the direction that
the field needs to improve next.

In this review, we analyze mechanically regulated
apoptosis with a focus on the cardiovascular system.
We give a general overview of apoptosis for the general
biomedical and mechanobiology audience. In this re-
gard, we provide a brief introduction to aberrant
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FIGURE 1. Apoptosis occurs naturally in organisms during various phases of their life, such as morphogenesis and
embryogenesis. (a) Morphogenetic apoptosis helps separate digits in the hand and feet. (b) Apoptosis in tadpole tails helps
transition their growth into frogs, causing tadpoles to lose their tails. (c) During the embryonic stage, Drosophila undergo a
process called dorsal closure, where an elliptical gap in the dorsal region converges and undergoes compression and apoptosis.
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apoptosis present in different types of cardiovascular
diseases and describe the canonical signaling pathways
of apoptosis. We then review the literature demon-
strating mechanical-induced apoptosis and discuss
potential mechanosensing pathways. Where and how
mechanics acts on cells is not yet known. These are the
questions research needs to explore in the future. We
attempt to specify a potential unifying mechanism for

how mechanical stimuli initiate apoptosis. We
hypothesize that regulation of cytoskeletal stability
may link mechanics to apoptosis. Finally, we conclude
by examining the potential of mechanomedicines for
treatment by regulation of apoptosis. The goal of this
review is to summarize the current state of under-
standing of the mechanobiology of apoptosis for the
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FIGURE 2. Unregulated apoptosis (insufficient or excessive) can lead to various diseases. (a) Healthy tissues have a balance
between apoptotic and proliferative cells; in contrast, the unregulated growth of cancerous cells which evade apoptosis lead to
tumor formation. (b) In dystrophic calcification, a symptom of heart valve disease, cells aggregate triggering apoptosis of the
central compressed cells which promotes calcium deposition and disease progression. Uncontrolled apoptosis can also lead to
degenerative diseases such as degenerated discs in the spine (c) and atrophy of the muscles (d).
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general reader and encourage promising directions to
explore for future research.

THE ROLE OF APOPTOSIS

IN CARDIOVASCULAR DISEASES

Apoptosis is required for the orderly removal of
cells within an organism. In contrast, necrosis is pre-
mature cell death causes by external disease, injury, or
lack of blood supply. As necrotic cells die, an inflam-
matory response can be triggered causing collateral
damage to surrounding cells. Apoptosis allows the
removal of cells without initiating undesirable immune
responses. When apoptosis is unregulated, cell death
can contribute to disease initiation and progression.
Apoptosis is believed to contribute to various cardio-
vascular diseases such as heart failure, atherosclerosis,
aneurysm formation, calcific aortic valve disease, and
pulmonary arterial hypertension.16,62,93,100,119 Com-
bined, these diseases represent a significant source of
morbidity and mortality in the United States, high-
lighting the immense burden aberrant apoptosis places
on society.

Heart Failure

Chronic heart failure is marked by progressive loss
of cardiomyocytes over time.16,68 Numerous studies
suggest that apoptosis of cardiomyocytes plays a role
in cardiomyopathy and heart failure,16,68 and apop-
totic cardiomyocyte death has been shown to accom-
pany irreversible congestive heart failure.102 Further,
examination of diseased explanted hearts from cardiac
transplantation patients with idiopathic dilated car-
diomyopathy and ischemic cardiomyopathy revealed
high levels of apoptosis indicating a link between car-

diomyocyte apoptosis and end-stage heart disease
(Fig. 3).96 Conversely, inhibiting apoptosis of car-
diomyocytes has been shown to reduce the develop-
ment of cardiac dilation and contractile dysfunction,
both of which are hallmarks of heart failure.148

Atherosclerosis

Coronary heart disease is the most common form of
cardiovascular disease, affecting 1 in 15 Americans
each year.140 A hallmark of coronary heart disease is
the progressive narrowing and stiffening of the coro-
nary arteries, also known as atherosclerosis.
Atherosclerosis is characterized by the loss of integrity
of the intimal (inner) surface of arteries and deposition
of plaques of fatty material and cells. Although the
early disease mechanisms are still an active area of
research, it is known that the contiguous vascular
endothelial cell (VEC) layer which lines the arterial
wall is disrupted. The endothelial layer continuously
proliferates to renew the intimal layer of blood vessels.
As a result of overcrowding or injury, VECs undergo
apoptosis and are then extruded from the endothelium
to make room for new cells.100 External stresses, such
as mechanical stresses from overcrowding, can stimu-
late the sphingosine-1-phosphate pathway in endothe-
lial cells.92 This pathway activates contraction of actin
and myosin II fibers of neighboring VECs and physi-
cally forces apoptotic cells from the endothelial layer
while preventing any gap formation. This permits the
elimination of aberrant or unfit cells from the
endothelial layer while maintaining membrane in-
tegrity. On the other hand, when endothelial cells
apoptose and are not properly extruded, their rem-
nants may contribute to atherosclerosis. Apoptotic
cells become more pro-coagulant and pro-adhesive for
platelets, possibly through activated b1 integrin sig-

FIGURE 3. Apoptosis is present in various types of heart failure. (a) In end-stage idiopathic dilated cardiomyopathy, myocardial
sectioning shows normal myocytes and no fibrosis. (b) Apoptotic myocytes (arrowheads) are generally observed in aggregated
cells (not isolated) and varies regionally (TUNEL+ cells stained black) (3 250 magnification). (c) In ischemic cardiomyopathy,
myocardial section shows mild myocardial hypertrophy and extensive interstitial fibrosis. (d) Apoptosis is found in myocytes
(arrowheads) and can vary regionally in sections (TUNEL+ cells stained black) (3 350 magnification). These sections are evidence
of the link between high levels of cardiomyocyte apoptosis and end-stage heart disease. (a–d) Images are adapted from Narula
et al.96
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naling, which can promote plaque formation.155

Additionally, apoptotic cells can cause plaque insta-
bility leading to rupture.155

Another known mechanism for atherosclerosis
progression occurs when smooth muscle cells, which
normally reside in the medial layer of the arterial wall,
migrate and proliferate into the intimal plaques. High
rates of apoptosis in smooth muscle cells remaining in
the tunica media accelerate the disease state, promot-
ing medial layer degeneration.21 Additionally, high
rates of smooth muscle cell apoptosis within plaques
decrease plaque stability and increase the risk of rup-
ture.20 Plaque rupture can be life threatening, causing
complications including heart attack and stroke.

Aneurysm Formation

Aortic aneurysms contribute to over 10,000 deaths
each year in the United States.140 Aneurysms are
localized bulges in an artery initiated from a weakened
arterial wall. Examination of human pathological tis-
sue specimens show higher rates of apoptosis and
decreased vascular smooth muscle cell density in the
medial layer of aneurysmal tissues compared to heal-
thy control tissues.119 Additionally, the rho kinase in-

hibitor, Fasudil, was shown to prevent apoptosis and
formation of aneurysms when administered to ApoE-
deficient mice.145 These findings implicate excessive
apoptosis as an aneurysm initiating mechanism.

Calcific Aortic Valvular Disease

Calcific aortic valvular disease (CAVD) is the most
common valvular pathology, and the third most
common type of cardiovascular disease.29,35 CAVD
arises from mineral deposits which form on the leaflets.
A study of 350 explanted valves from surgeries found
over 83% of the valves demonstrated evidence of
dystrophic calcification.93 Examination of diseased
explanted valves show the fibrous protein structure
highly disarrayed with loss of the tri-layer tissue
architecture.78,117 Valvular interstitial cell aggregation
coinciding with large increases in cell density is linked
to increased instances of apoptosis and subsequent
dystrophic calcification (Fig. 4).18,60,133 Studies utiliz-
ing in vitro models of valve calcification demonstrate
that preventing apoptosis with pan-caspase inhibitor
Z-VAD-FMK prevents calcifications from forming,
suggesting that apoptosis is a critical step in the disease
process.18,60

FIGURE 4. In in vitro models of CAVD, TGF-b1 causes cell aggregation to occur in monolayers of valvular interstitial cells. Cells in
the center of the aggregates begin to apoptose after 3 days (a) and show high rates of apoptosis after 7 days (b). Cells are stained
for nuclei (blue, DAPI) and apoptosis (green, Annexin V) (3 200 magnification). (c) Cell aggregates stain positive for calcification
after 14 days (red, Alizarin Red S) (3 100 magnification). In in vivo models, hearts from wild-type mice (d) are negative for
calcification, while ApoE deficient mice (e) stain positive for ectopic calcification (von Kossa). Arrows indicate positive area.
Apoptotic death is absent in wild-type mice (f) but present in ApoE deficient mice (g). Arrows indicate apoptotic cells, which are
TUNEL stained (green). Scale bars = 20 lm. (a–c) Images are adapted from Jian et al.60 (d–g) Images are adapted from Tanaka,
et al.133.

Mechanoregulation of Cardiovascular Apoptosis

BIOMEDICAL
ENGINEERING 
SOCIETY

Author's personal copy



Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a rare
disease with very poor prognosis.107 PAH results from
adaptive pulmonary remodeling, vasoconstriction, and
thrombosis.46 Interestingly, unlike heart failure,
CAVD, aneurysm formation, and atherosclerosis
where abnormal apoptosis increases the severity of the
disease, increasing apoptosis in pulmonary arterial
smooth muscle (PASM) cells has been proposed as a
possible treatment to reverse the hyper-proliferative
state of PASMs.53

CANONICAL AND NON-CANONICAL

APOPTOTIC PATHWAYS

Currently, there are two defined canonical pathways
recognized in the apoptotic process: the intrinsic
pathway and the extrinsic pathway (Fig. 5). There is
growing evidence of other non-canonical pathways
that initiate apoptosis in cells, such as ones that are
mechanosensitive. In these pathways, mechanical for-
ces can induce and modulate the extrinsic and intrinsic
pathways.

The extrinsic pathway is activated by external
stimuli that bind to various cell transmembrane
‘‘death’’ receptors. Two common death receptors are
TNF-a and FAS, which are part of the tumor necrosis
factor (TNF) family.83 Upon activation of the recep-
tors, multiple intracellular proteins interact with one
another in order to form a death-inducing signaling
complex (DISC). These complexes then recruit and
activate downstream initiator caspases, such as cas-
pases 8 and 10. These initiator caspases can then
activate parts of the intrinsic pathway by inducing
mitochondrial stress, or can activate downstream
effector caspases, such as caspase-3 and 7, which di-
rectly initiate degradation of cellular components and
facilitate cell death. When proceeding through the
stages of apoptosis, caspases interact with numerous
downstream proteins as a form of intracellular chem-
ical signaling. Although distinct from one another,
there is evidence that the intrinsic and extrinsic path-
ways are connected and that signaling molecules in one
pathway can stimulate the other.56

The intrinsic pathway, also known as the mito-
chondrial pathway, is activated through signals gen-
erated inside the cell. This pathway can be triggered by
various positive or negative stimuli. Positive stimuli
include DNA damage,98 oxidative stress,64 heat
shock,123 radiation,147 viral infection,48 hypoxia,121 as
well as a positive induction from cytokines.4 Negative
stimuli can include the absence of specific hormones,
such as growth factors3 and cytokines,85 which results

in a failure to repress apoptosis. The Bcl-2 protein
family plays a major role in regulating the intrinsic
pathway, as it serves dual functions in apoptosis with
some protein members serving as anti-apoptotic stim-
uli and others being pro-apoptotic.24,137 Mechanical
stimuli have been found to cause changes in Bcl-2 anti-
apoptotic and pro-apoptotic protein levels and thus
interact with the intrinsic pathway.72,129 Bcl-2 and Bcl-
xL proteins act as anti-apoptotic cues, prompting cell
survival and inhibiting apoptosis, while Bax, Bad/Bid,
and Bik proteins serve as pro-apoptotic cues, which
advance apoptosis by promoting permeabilization of
the mitochondrial membrane.24,137 Cytochrome c, the
main chemical mediator of downstream apoptosis
signaling, is released from the permeabilized mito-
chondrial intermembrane compartment into the
cytosol.137 Cytochrome c then binds with apoptotic
protease activating factor 1 (APAF1) to create apop-
tosomes. Apoptosomes activate downstream caspases
leading to the final stages of apoptosis, such as mem-
brane blebbing and the formation of apoptotic bod-
ies.150

In addition to the traditional extrinsic and intrinsic
pathways, there exist many secondary signaling apop-
totic pathways, some of which are mechanically linked.
Mechanical stretch has been found to activate both the
extrinsic and intrinsic pathways but the mechanisms
remain unknown.81 Mechanically induced apoptosis
may be a result of cytoskeletal destabilization, which
can cause deformities in mitochondrial and nuclear
structure.1,50 These organelles are directly connected to
the cytoskeleton, where external mechanical forces can
transfer directly from the cell boundary to internal
organelles.69,79 Cytoskeletal disruption can cause
changes in gene expression, subsequently altering cell
behavior and possibly inducing apoptosis.59,132 Addi-
tionally, mechanical stresses have been found to acti-
vate various caspases and death receptors in the
apoptotic pathway.120,152 The mechanisms behind
transducing external mechanical signals into an apop-
totic response remain unknown but are possibly
accomplished via cytoskeletal reorganization.

The state of the cytoskeleton can also regulate
mitochondrial permeabilization. Reduced actin
dynamics increase instances of apoptosis in yeast with
actin point mutations.42 F-actin with decreased turn-
over forms clumps and results in increased accumula-
tion of reactive oxygen species (ROS) as well as
prolonged opening of voltage dependent anion chan-
nels (VDAC). Open VDACs result in a loss of mito-
chondrial membrane potential and increased
apoptosis. To this effect, the enzyme gelsolin helps
promote F-actin turnover. Gelsolin overexpression
results in the closure of VDACs resulting in a reduc-
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tion of cytochrome c release, maintenance of mem-
brane potential, and reduction in apoptosis.74

Actin-associated molecules can initiate apoptosis
when they dissociate from cytoskeletal fibers. Bmf, a

pro-apoptotic protein, is normally sequestered within
actin-associated myosin motors and inactive.114 CD95/
FAS, another pro-apoptotic protein, associates with
actin at the cellular membrane via the protein ezrin.105

Membrane blebbing

Casp 9

Casp 3,7

Casp 8

DNA fragmentation

Cytoplasmic reduction

X
X

FADD

Casp 10

TRADD

Apoptosis

Pro-apoptotic genes

Bid

Cyt C

Bcl-2

Bak

Extrinsic

Intrinsic

Nucleus

MitochondriaInternal stress: oxidative 
stress, radiation, heat 
shock, hypoxia, etc.

Death receptors: cytokines, viral infection, etc.

FASLTNFα

FIGURE 5. Overview of apoptotic pathways. Apoptosis can be triggered by the intrinsic pathway (mitochondria mediated) or
extrinsic pathway (receptor mediated). External factors, such as cytokines and infection, can initiate the extrinsic pathway, while
internal factors, such as oxidative stress and radiation, can initiate the intrinsic pathway. The two pathways can interact with one
another through mechanical and chemical signaling, and progress with activated caspases.
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Additionally, Akt (protein kinase B, PKB) is activated
through integrin signaling and the phosphatidylinosi-
tol 3-kinase (PI3K) pathway.34 Upon actin depoly-
merization by cell detachment or cytochalasin D
treatment, Bmf is released from myosin, initiating
mitochondrial-dependent apoptosis, ezrin-FAS asso-
ciation is reduced, initiating FAS-dependent apoptosis,
and Akt activity is reduced, which increases instances
of apoptosis (Fig. 7).

STAGES OF APOPTOSIS AND STAGE-SPECIFIC

MARKERS

Studying the timing of apoptosis is important to
understand how mechanics plays a role in the different
stages of apoptosis. Apoptosis is a process that pro-
gresses over time, with specific characteristics within
each stage. Determining the stages in which mechanics
plays a role may lead to new targets in the apoptotic
pathway aimed at increasing or reversing apoptosis.
There are five common apoptosis detection assays:
morphological changes, membrane alteration, caspase
detection, DNA fragmentation, and mitochondrial
membrane potential.6,37,40,51,113 There are pros and
cons to each assay as each one is used to measure a
different characteristic of apoptosis. Some proteins,
such as caspases, are temporary and need to be mea-
sured at the correct times, while others are permanent,
such as DNA fragmentation.

Early Stage Apoptosis

In early-stage apoptosis, signaling cascades begin to
activate after death-receptors or internal triggers are
activated. The cascades include the activation of cas-
pases, which are transient proteins.73,91 Caspases can
be detected by numerous means including western
blots, immunoprecipitation, and immunostaining.
Caspase-3 and 7 are two of the most commonly acti-
vated caspases during apoptosis and are therefore a
common target for researchers.113 Staining for caspase
can be done on live cells, fixed cells, or cell pellets.
Additionally, mitochondria begin to permeabilize in
early apoptosis leading to changes in the mitochondrial
membrane potential due to ion leakage. This depo-
larization can be detected through the use of fluores-
cent dyes, which bind to ions that are translocated
across the mitochondrial membrane, coupled with
fluorescent microscopy.109

Mid Stage Apoptosis

During mid-stage apoptosis, caspase signaling cas-
cades continue to be active, and the mitochondria

continue to permeabilize, causing more ion leakage.
Also, during mid-stage apoptosis, membrane alter-
ation in apoptotic cells occurs which is characterized
by the externalization of phosphatidylserine, a mem-
brane residue. At first, phosphatidylserine transloca-
tion may be reversible, but as apoptosis progresses, this
process becomes permanent. These residues can easily
be visualized by staining cells with Annexin V.32 This
allows simple detection of single apoptotic cells; how-
ever, this marker is also shared with cells that are
undergoing necrosis. Therefore, a control is necessary
to distinguish between these two types of cell death,
such as co-staining with propidium iodide. Morpho-
logical changes such as cytoplasmic reduction may also
occur during the mid-stage of apoptosis. Most of these
changes are visually distinguishable via light micro-
scopy.

Late Stage Apoptosis

In late-stage apoptosis, permanent transformations
occur in apoptotic cells. Additional morphological
changes occur including nuclear fragmentation/con-
densation, disorganization of cytoplasmic organelles,
formation of apoptotic bodies, and blebbing of the cell
membrane.37,66 Further, DNA fragmentation occurs
within the nucleus.25,26 A terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay,
which labels the ends of DNA breaks, can be used to
observe fragmented DNA in apoptotic cells.26,95

Apoptosis has previously been considered a unidi-
rectional process; once initiated, the process ends in
cell death. However, it is possible to reverse apoptosis
if cells have not progressed too far down the apoptotic
cascade (Fig. 6). It has been shown in numerous
studies that removing an apoptotic inducer can allow
cells to revert back to a healthy state, sometimes as late
as mid-stage apoptosis.38,134,142 For example, murine
hepatocytes show increased levels of caspase-3 and
caspase-8 when cells are induced with glycochen-
odeoxycholate (GCDC), yet they return to control le-
vels after the removal of GCDC.142 After returning to
higher culture temperatures, low-temperature-stressed
p53 MOD cells have decreased levels of Annexin V,
which is indicative of phosphatidylserine internaliza-
tion, and undergo DNA repair (low temperature is
apoptotic inducer in these cells).38 HeLa cells revert to
their typical morphology and have decreased rates of
apoptosis when inducers like jasplakinolide, ethanol,
or staurosporine are removed if early in the apoptotic
process.134 However, if nuclear fragmentation occurs,
cells cannot be rescued even after the removal of the
apoptotic inducer. Finally, in various cancer lines, such
as human A375 (skin), HepG2 (liver), MCF7 (breast),
and PC3 (prostate) cancer cells, cells treated with jas-
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plakinolide (a reagent that disrupts actin filaments and
induces polymerization of monomeric actin into
amorphous masses) exhibit early apoptotic markers,
yet the cells revert back to their apoptosis-resistant
homeostatic state if the chemical inducer is washed
before the later stages of apoptosis are reached. These
findings indicate that certain stages of the apoptotic
pathway can be reversible while others are permanent
(Fig. 6).

MECHANICAL INDUCTION OF APOPTOSIS

Recently, there is increasing evidence that the
mechanical environment plays a critical role in car-
diovascular apoptosis.27,41 It includes external forces
applied to the cells and the material properties of the
extracellular matrix (ECM) which resist cell-generated
forces. The mechanical environment affects cells
through mechanotransduction, the processes by which
mechanical stimuli are sensed, transferred, and then
converted into biochemical signals and subsequent
gene expression that regulate cell fate (Fig. 7). There
are various mechanical forces that are physiologically

and pathologically present within the cardiovascular
system. The chambers of the heart, heart valves, and
blood vessels reside in diverse conditions which give
rise to heterogeneous structures and properties of each
component. These cell environments have varying le-
vels of stiffness, are exposed to cyclical mechanical
loading, and can experience fluid shear stress from
flowing blood. To study the effects of these stimuli in
controlled environments, researchers recapitulate sub-
strate stiffness, stretch, and shear in vitro. Culture on
compliant hydrogels allow for the tuning of the sub-
strate stiffness, enabling the study of cells on a variety
of elastic moduli, which can replicate a range of envi-
ronments found within the body. A number of devices
have been developed commercially or custom-designed
within research labs that can apply stretch to cells,
either uniaxially or biaxially. Cells cultured within
compliant stretchable wells fit within device actuators,
and when the device is run, the substrate and adhered
cells undergo mechanical stretch. Various stretch
waveforms are programmable, allowing for the study
of different mechanical stretch cues and potential
thresholds. Shear stress is applied by replicating fluid
flow patterns in microfluidic devices, parallel flow

Apoptotic Markers Assays

• Activated caspases Western blot, immunoprecipitation, 
immunostaining

• Mitochondrial permeabilization
Cytochrome c immunostaining
Cationic dye – measure loss of 
mitochondrial potential

• Membrane alteration Annexin V stain of 
phosphatidylserine externalization

• Morphological changes
Detection of blebbing, cytoplasmic 
reduction, apoptotic bodies, or 
nuclear fragmentation

• DNA fragmentation TUNEL stain

timePoint of No Return

Healthy                    Apoptotic

Early Mid Late

FIGURE 6. Apoptosis occurs in three different stages: early, mid, and late. Different stage-specific markers (left list) are activated/
initiated at specific times within the apoptotic process and can be measured with associated assays (right list). Apoptosis is a
reversible process up until the dotted line, which indicates the point of no return, where a cell reaching this point will always
complete apoptosis.
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FIGURE 7. Mechanical stimuli that regulate apoptosis include mechanical stress from the ECM, stretching of the cellular
membrane, and shear stress, which activate signaling pathways via integrins, ion channels, and G-protein coupled receptors
(GPCR). Top mechanical stimuli at physiological levels activate pro-survival pathways, such as the PI3K and MAPK pathways,
which maintain cells at a homeostatic state. The cytoskeletal network is highly stable and remains as a fiber network.
Mechanosensitive proteins, regulated by the cytoskeleton, such as YAP and MRTF-A, are activated and localized to the nucleus.
Bottom mechanical stimuli at sub- or supra-physiological levels activate pro-apoptotic pathways, such as the p53 tumor-
suppressor and Bmf pathways, which inhibit anti-apoptotic molecules and activate pro-apoptotic molecules, subsequently
advancing the apoptotic process. These mechanical stimuli can be excessive or deficient mechanical stress from a fragmented
ECM, excessive stretch of transmembrane channels, or abnormal shear stress. The cytoskeletal network is destabilized and
fragments. Mechanosensitive proteins, such as YAP and MRTF-A, are deactivated and localized to the cytosol.
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plates, and cone-in-plate devices. Combinations and
interactions between mechanical stimuli are also stud-
ied by integrating multiple of the aforementioned
platforms together, e.g., stretching cells cultured on
tunable modulus substrates.17,23 These mechanical
stimuli have different effects on cell survival individu-
ally and in combination (Table 1).

Mechanical Stretch

Increased rates of apoptosis have been observed in
tissues exposed to supraphysiologic stretch, such as in
individuals with hypertension and subsequent patho-
logical vascular remodeling.8,62,150 Different locations
within the cardiovascular system undergo different
magnitudes of mechanical stretch and therefore stress.
It is well known that the pressures and loads experi-
enced by arteries are much greater than those of veins.
Cells within each environment are accustomed to those
specific loading conditions and aberrant apoptosis is
seen when this loading is changed. For example, in
in vivo murine models, higher rates of apoptosis were
seen in vein vascular smooth muscle cells (VSMC)
grafted to arteries when compared to veins grafted to
other veins, indicating that the increase in arterial
pressure resulted in more apoptotic events. A potential
molecular mechanism was later discovered that
VSMCs subjected to this cyclic stretch activated the
p53 tumor-suppression pathway.89 The activation of
p53 subsequently changed the ratios of pro- and anti-
apoptotic markers (Bax; Bcl-2 and Bcl-xL), therefore
stimulating the apoptosis process (Fig. 7). These mar-
ker levels changed in parallel with the observed
apoptosis rates from the previous experiment. In con-
trast, it has been shown that cells naturally found in
dynamically stretching environments can have
increased rates of apoptosis with the cessation of
mechanical stretch. Yoganathan et al. excised porcine
aortic valves and found no differences in leaflet cell
(endothelial cells, smooth muscle cells, and fibroblasts)
death between fresh controls and dynamically cultured
valves. However, when valves were inserted into static
culture, apoptosis increased suggesting that reduction
of cyclic stretch can induce apoptosis.71

In in vitro studies, the magnitude, rate, and type of
stretch have been shown to have varying effects on
apoptosis in isolated cells. High, pathological-level
strains of 20–25% in cyclically stretched VSMCs and
endothelial cells have been shown to increase apoptotic
rates.82,90,125 Increasing stretch amplitude (5–25%) has
also been shown to increase apoptosis.82,143 On the
other hand, when apoptosis was induced in endothelial
cells via TNFa, stretching cells at physiological levels
of 6–10% had positive effects on cell survival.82

VSMCs exhibit higher rates of apoptosis over longer

time durations (6 h) at high strain (15%).90 Addition-
ally, the stretch waveform has been shown to affect
apoptosis. Human carcinoma tongue cells, Tca8113,
have increases in apoptotic occurrences when the
waveform of stretch changes from a sine wave to a
triangular wave to a square wave.143

Cell adhesion proteins and their respective signaling
pathways play a large role in transducing mechanical
signals inside a cell. Wernig et al. found that murine
VSMCs cultured on collagen undergo higher rates of
apoptosis when cyclically stretched compared to
VSMCs cultured on elastin, laminin, or Pronectin.149

This result suggests that b1-integrin signaling path-
ways are associated with apoptosis through mechanical
mechanisms.

Fluid Shear Stress

Hemodynamic shear stress is an important
mechanical stimulus that helps regulate function,
structure, and gene expression in endothelial cells in
blood vessels. Both increasing and decreasing shear
stress in vitro via fluid flow has been shown to alter the
prevalence of apoptosis in endothelial cells. Directional
shear flow parallel to the long axis of human umbilical
vein endothelial cell (HUVEC) was found to enhance
stress fiber polymerization and reduce instances of
apoptosis, while perpendicular flow did not counteract
apoptotic events.151 In an environment lacking
mechanical stimuli, the absence of shear flow triggered
apoptosis in vascular endothelial cells.63 Reduced le-
vels of shear stress appears to induce apoptosis of
endothelial cells in human samples, which may lead to
the onset of cardiovascular diseases such as
atherosclerosis.5,87

Microgravity

Decreased gravitational forces, as experienced in a
microgravity environment simulated with the use of a
random positioning machine (RPM) on Earth or in
space flight, can inhibit survival signaling pathways
and have been shown in initiate apoptosis. Micro-
gravity conditions cause mechanical unloading on cells
and are known to cause cellular changes in shape, size,
and migration related to modifications to the
cytoskeleton.54,57 In an RPM, ONCO-DG 1 cells
(papillary thyroid cancer cells) underwent significant
cytoskeletal depolymerization followed by apoptosis
when under hypogravitational conditions.57 Addi-
tionally, in porcine aortic vascular endothelial cells and
BL6-10 cells, cells downregulate anti-apoptotic genes,
such as Bcl-2 and Bnip3, express higher levels of pro-
apoptotic genes, such as p53, Bax, FasL, Bok, cas-
pases-3, 7, and 8, and various death-domain genes, and
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TABLE 1. Mechanical stimuli cause cellular apoptosis or survival.

Stimulus Parameter Cell Line Source Result References

Substrate

stiffness

Low modulus (<1 kPa) vs high

modulus (~ 5 kPa) (moduli

estimated from acrylamide/bis-

acrylamide concentrations)

Stiffness-dependent

NIH 3T3 fibroblasts

murine

(mouse)

fl Proliferation (BrdU)

› Apoptosis (TUNEL)

Wang144

Stiffness-independent

H-ras-transformed NIH 3T3

cells

- Proliferation

- Apoptosis

Low modulus (1 kPa) vs interme-

diate modulus (32 kPa) vs high

modulus (63 kPa)

Annulus fibrosus cells Murine (rat) fl Proliferation (hemocytome-

ter)

› Apoptosis (Annexin V, cas-

pase-3)

Zhang156

Low modulus (0.4 kPa) vs inter-

mediate modulus (5 kPa) vs

high modulus (60 kPa)

Normal murine mammary

gland epithelial cells

(NMuMG)

Murine

(mouse)

› Apoptosis (caspase-3) Leight77

Madin–Darby canine kid-

ney epithelial cells

(MDCK)

Canine › Apoptosis (caspase-3)

Low modulus (0.15 kPa) vs high

modulus (4.8 kPa)

Stiffness-dependent

A549 (lung)

MDA-MB-231 (breast)

Human fl Proliferation (CyQuant kit)

› Apoptosis (TUNEL)

Tilghman135

Stiffness-independent

PC-3 (prostate)

mPanc96 (pancreas)

- Proliferation

- Apoptosis

No stiffness—suspended in solu-

tion (anoikis)

Capillary endothelial cells Human, bo-

vine

fl Proliferation (BrdU)

› Apoptosis (TUNEL)

Chen15

No stiffness—suspended in solu-

tion (anoikis)

Capillary endothelial cells Bovine › Apoptosis (TUNEL, cas-

pase-3)

Flusberg34

No stiffness—suspended in solu-

tion (anoikis)

FSK-7 mammary epithelial

cells

Murine

(mouse)

› Apoptosis (caspase-3, cyto-

chrome c release, Hoechst

33258)

Wang146

Substrate

strain

7, 25% strain Vascular smooth muscle

cells (VSMC)

Porcine › Apoptosis (LM-PCR) in 25%

strain

Sotoudeh125

5, 10, 15% strain

Sine, triangle, square wave

Tca8113 - human tongue

squamous carcinoma

cells

Human › Apoptosis (Annexin V) with

increasing strain

› Apoptosis (Annexin V) in

square > triangle > sine

wave

Wang143

5, 15, 25% Vascular smooth muscle

cells

Murine (rat,

mice),

human

› Apoptosis (annexin v, tunel)

with higher strains in all cell

lines

Human > rat > mouse

Mayr90

15% cyclic strain Vascular smooth muscle

cells

Murine (rat) › Apoptosis (Annexin V, TU-

NEL) only on collagen I

Wernig149

100 mmHg in organ culture sys-

tem

Aortic heart valve Porcine fl Proliferation (BrdU) in static

condition

› Apoptosis (caspase-3) in sta-

tic condition

Konduri71

Fluid flow

shear

stress

Fluid flow present

12 ± 4 dyn/cm2
HUVEC Human fl Apoptosis (Annexin V)

Flowed parallel to long axis of

patterned cells

– Apoptosis (Annexin V)

Flowed perp. to long axis of

patterned cells

Wu151

Fluid flow present

0.05–0.1 dyn/cm2
HUVEC Human fl Apoptosis (DAPI) Kaiser63
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undergo higher rates of apoptosis than those in earth-
level gravity conditions.94,157 Further, Vidyasekar et al.
found microgravity causes increases in apoptotic rates
in DLD-1 cells (colorectal cancer cells) and MOLT-4
cells (lymphoblast leukemic cells).139 Apoptosis was
coupled with inhibition of anti-apoptotic protein Bcl-2
and had up regulation of pro-apoptotic proteins, such
as PARP, p-53, and BAX.

Regulation of Cell Spread Area

In high density monolayers, there are higher in-
stances of apoptosis compared to sparse cultures.115

High density monolayers naturally cause size restric-
tions of cell spread area. Geometric constraints also
have significant repercussions on other cell behavior
such as changes in cytoskeleton dynamics,86 cell
migration,14 proliferation,128 and differentiation.67

Micro-contact printing of small protein ‘‘island’’ en-
ables the creation of patterned substrates with varying
size and shapes. Cells are non-adhesive to the areas
outside of the protein geometries, allowing high con-
trol of both individual cell shape and multicellular
assembly shape. In these single-cell cultures, restricting
cell spread area in human capillary endothelial cells
and MC3T3-E1 osteoblast-like cells induces apoptosis
in a dose-dependent manner with rates of apoptosis

increasing from 30 to 50% as the protein island size is
decreased from as high as 1256 lm2 (40 lm diameter
circle) to as low as 78 lm2 (10 lm diameter circle).15,36

Chen et al. further demonstrated that the amount of
integrin binding was not responsible for the altered
rates of apoptosis. By constricting cells to small sizes,
they are unable to generate high traction forces on
their ECM. It is possible that it is the decrease in cell-
generated stress, rather than the restriction in cell area,
that initiates apoptosis,18,28 as decreased cell forces and
increased apoptosis are also observed on low modulus
substrates compared to stiff substrates as described
below.67

Control of Substrate Modulus

Similar to cell spread area, substrate modulus effects
many cellular functions including cell migration, pro-
liferation, and differentiation.13,70,135 Cells need to
generate mechanical tension through cell-ECM adhe-
sions to maintain homeostatic stress conditions.30,55

When cultured on low modulus substrates (often re-
ferred to as ‘‘soft’’ substrates), cells are unable to
generate substantial traction forces and often appear
rounded, unlike the spread morphology of cells cul-
tured on high modulus (‘‘stiff’’) substrates;10,122 this
has been correlated to higher incidences of apoptotic

TABLE 1. continued

Stimulus Parameter Cell Line Source Result References

Surface

pattern-

ing

Small cell area (78 lm2 vs

~ 314 lm2 vs unrestricted)

Capillary endothelial cells Human,

bo-

vine

fl Proliferation (BrdU)

› Apoptosis (TUNEL)

Chen15

Small cell area (78 lm2 vs unre-

stricted)

Capillary endothelial cells Bovine › Apoptosis (TUNEL, caspase-

3)

Flusberg34

Small cell area (314 lm2,

615 lm2, 1256 lm2)

Increased circularity (0.1, 0.2, 0.4,

1)

MC3T3-E1 Murine

(mou-

se)

› Apoptosis (TUNEL)

› Apoptosis (TUNEL)

Fu36

Small cell area (300 lm2,

1024 lm2, 2025 lm2,

10,000 lm2)

Human mesenchymal stem

cells (MSC)

Human lung microvascular

endothelial cells (HMVEC)

Human

human

fl Proliferation (BrdU)

› Apoptosis (TUNEL)

Dupont28

Multicellular aggregate (heteroge-

neous stress)

Valvular interstitial cells

(VIC)

Porcine › Apoptosis in central region

(caspase-3)

Cirka18

Multicellular aggregate (heteroge-

neous stress)

Valvular interstitial cells

(VIC)

Porcine › Apoptosis in central low stress

region (caspase-3)

Goldblatt39

Surface

composi-

tion

Fibronectin (FN)

Matrigel

Collagen I

Normal murine mammary

gland epithelial cells

(NmuMG)

Murine

(mou-

se)

› Apoptosis (caspase-3) colla-

gen I higher than Matrigel and

FN

Leight77

Collagen I

Elastin

Laminin

Pronectin

Vascular smooth muscle

cells

Murine

(rat)

› Apoptosis (Annexin V, TU-

NEL) only on collagen I with

stretch

Wernig149

‘‘›’’ indicates increase, ‘‘fl’’ indicates decrease, and ‘‘–’’ indicates no change. All cell lines listed under substrate stiffness are stiffness-

dependent unless otherwise indicated.
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events.77,135,144,156 Wang et al. demonstrated that pri-
mary fibroblasts generate lower traction forces and
have smaller spread area on soft substrates compared
to stiff substrates; in contrast, transformed cells have
no observable differences in generated traction forces
or spread area between soft and stiff substrates.144

Interestingly, when cells are confluent, mechanical
interactions between multiple cells abrogate the effects
of substrate modulus.154 These cell monolayers show
indistinguishable morphologies between soft and stiff
substrates. Complete lack of cell-ECM (‘‘zero modu-
lus’’) attachment results in a specific type of apoptosis
called anoikis. The detachment of cells or inhibition of
focal adhesions signals anoikis and leads to subsequent
programmed cell death.104 It is unclear if it is the lack
of physical feedback that cells receive from their
environment, the lack of integrin binding, or other
related signals that activate the apoptotic pathways in
anoikis. There may be a common mechanism between
cells in different low modulus conditions (e.g.
cytoskeletal disassembly); however, studies that tease
out the varying mechanical inputs need to be per-
formed.

Area-Restricted Multicellular Systems

Mechanical stress fields arise from force transfer
between cells and the ECM as well as cells with other
cells. As previously stated in the restricted cell spread
area section, apoptotic rates are higher for single cells
cultured on small protein islands compared to large
islands. In multicellular systems, constricting mono-
layers is a powerful means of creating heterogeneous
monolayers with reproducible regions of differing cell
stress, density, and spread areas which emerge from
collective cell interactions. In multicellular aggregates,
high cell densities and low spread areas localize in the

central region contrary to the peripheral region, which
has lower cell densities and high spread areas. We have
previously shown that enhanced rates of apoptosis
occur in these central regions with restricted valvular
interstitial cell spreading and low traction forces
(Figs. 8a, 8b).18,39 Additionally, other studies have
shown increased proliferation in the peripheral regions
of aggregates (aggregates consisting of NIH 3T3
fibroblasts or bovine pulmonary artery endothelial
cells) where cells are elongated and have high spread
area.80,97 We are currently examining possible mecha-
nisms for apoptotic signaling that correlate with cell-
stresses. Previous models that predict and calculate
stresses in the cell aggregates assume homogeneous cell
properties which produces high stresses in aggregate
centers (opposite of where proliferation, apoptosis,
and traction forces localize). Using more realistic
heterogeneous parameters, our models predict low cell-
layer stress in central regions, which correlates well
with apoptosis. Additionally, we observe higher G/F-
actin ratios in central regions which indicates
cytoskeletal remodeling may play a role (Fig. 8c).
Accurate estimation of cell-stresses in these aggregates
will lead to a better understanding how specific
mechanical factors drive cell fate (Fig. 8d). Further,
being able to accurately determine where stresses are
localized within cell monolayers will allow for more
precise design of methods for mechanical control of
cell fate.

Separating Correlated Mechanical Stimuli

The mechanical parameters initiating apoptosis re-
main convoluted in that multiple mechanical stimuli
occur simultaneously. For instance, both culturing
cells on soft substrates and restricting cell spread area
by micro-contact printing inhibit the ability of cells to

Caspase-3/7 Positive

(b)

G/F-Actin Ratio

(c)

Traction Forces

(a) (d)

Average Normal Stress

FIGURE 8. High cell-stress markers localize to aggregate periphery while low cell-stress markers localize to aggregate center.
Heat map of traction forces (a) shows localization at aggregate periphery, while heat maps of active caspase-3/7 (b) and G/F-actin
ratio (c) indicate low-stress localization in central region. (d) Heat map of average normal stress from thermal contraction model
using heterogeneous mechanical properties predicts low cell-layer stress in aggregate center colocalizing with the apoptotic cells.
Scale bars = 100 lm. Images are adapted from Cirka et al.18, and Goldblatt et al.39.
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spread and generate traction forces and internal cell
stress. Do low spread area, low traction forces, and/or
low cell stress initiate apoptosis? Isolation experiments
are needed to determine which mechanical signals and
subsequent mechanotransduction pathways most di-
rectly regulate apoptosis. The pathways that tie these
different mechanical signals together and induce simi-
lar cellular responses also need to be elucidated. It is
likely that similar mechanisms connect all of these
mechanical stimuli together in order to regulate
apoptosis, such as their combinatorial roles on actin
dynamics. For instance, if apoptosis is strongly regu-
lated by actin dynamics, then inhibition of spread area
and low traction force generation could induce apop-
tosis, as both independently inhibit actin dynamics.
Further, a decrease in the ability of the actin
cytoskeleton to remodel would have reciprocal effects
on spread area and traction forces contributing to a
positive feedback loop.

POTENTIAL MECHANICAL MECHANISMS

REGULATING APOPTOSIS

Canonical Mechanotransduction Pathways

Very little is known regarding the mechanisms by
which mechanical stimuli regulate apoptosis. Many of
the signaling pathways already known to be critical for
mechanotransduction interact with and modulate the
canonical intrinsic and/or extrinsic apoptotic path-
ways. There is evidence that signaling molecules asso-
ciated with mitogen-activated protein kinases
(MAPK), protein kinase C (PKC), and phos-
phatidylinositol 3-kinase (PI3K) pathways play a role
in cell survival (Fig. 9).

There are three main MAPK cascades that modu-
late cell fate: extracellular signal-related kinases
(ERK), c-Jun N-terminal kinases (JNK), and p38-
MAPKs.141,150 The ERK pathway tends to activate
survival signals, while JNK and p38-MAPK pathways
have been shown to contribute to both cell survival
and apoptotic signaling.90,141

PKC and PI3K pathways are also signaling cas-
cades that play a role in cell survival. PKCs can acti-
vate survival proteins such as NF-jB and inhibit
apoptotic proteins such as BAD. PI3K activates Akt1,
which activates survival proteins like Bcl-xL, while
inactivating pro-apoptotic proteins like BAD (Fig. 9).
Mechanical stretch can also induce ion transport
within transmembrane ion channels in cardiomy-
ocytes.110,153 Calcium as well as chloride ion influxes
have been shown to activate caspases and subsequent
apoptosis.9

Tension in the Cytoskeleton

Cells require an intracellular tension homeostasis
for continued proper cell health.11 The actomyosin
cytoskeleton directly controls the tension state of cells,
which plays a critical role in apoptotic pathways.
Cytoskeletal reorganization can initiate apoptosis and
also plays a role throughout the entire process.42,43,76

Healthy cells under homeostatic conditions have low
instances of apoptosis and high cytoskeletal stability
(Fig. 10, region B). In supraphysiological conditions,
such as when cells are excessively stretched in vitro or
in fibrosis in vivo, cells experience atypically high in-
puts of external stresses which increases their intra-
cellular stress levels (Fig. 10, region C). Here,
cytoskeletal stability decreases and occurrences of
apoptosis increase. Cells will attempt to revert to
homeostatic levels (region B) through reorganization
of the cytoskeleton (e.g., strain avoidance in cyclically
stretched cells); however, they will apoptose if they
cannot reduce the stress on them. In subphysiological
conditions, such as when cells are seeded on soft sub-
strates or restricted to small areas through micro-
contact printing, cells experience unusually low inputs
of external stress which decreases their intracellular
stress levels (Fig. 10, region A). Low internal cell ten-
sion will cause cytoskeletal stability to decrease and
apoptosis to increase. In the central region of multi-
cellular aggregates, we have found that low cell-stresses
co-localize with high levels of G/F-actin ratio (low
cytoskeletal stability) and high instances of apoptosis
(Fig. 8c).39 By introducing external stresses (such as
mechanical stretch), cells can increase their intracellu-
lar tension to reach homeostatic levels (region B). A
mechanomedicine could help cells in low stress (region
A) or high stress (region C) re-achieve homeostasis.

Actin stress fibers can directly regulate apoptosis by
pulling on organelles, such as the nucleus or mito-
chondria, or indirectly via actin-associated molecules
or activation of mechanosensitive pathways regulated
by cytoskeletal dynamics.1,50,88 Studies have shown
that stabilizing cytoskeletal dynamics can allow cells to
overcome apoptosis (observed in Jurkat T, HeLa, and
NIH3T3 cells).41,74,101 Overexpression of gelsolin helps
promote F-actin turnover and has been shown to re-
duce apoptotic rates. By depolymerizing F-actin, gel-
solin stimulates VDAC closure in mitochondria
thereby preventing cytochrome c release. Additionally,
gelsolin causes the accumulation of short F-actin seg-
ments; once it dissociates from the F-actin caps, these
segments are readily available for repolymerization
into longer F-actin stress fibers again.

On the other hand, destabilizing the cytoskeleton
through excessive polymerization or depolymerization
has been shown to initiate the apoptotic pro-
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cess.27,43,76,99 Jasplakinolide causes robust actin stabi-
lization and promotes further polymerization of F-
actin. This polymerization can cause F-actin fibers to
clump together into aggregates as well as distinct
changes in cellular activity indicative of apoptosis. An
increase in caspase-3 activation has been shown in
jasplakinolide treated yeast and Jurkat T cells, in
addition to DNA fragmentation in rat thymocytes,
lymph node cells, and COS cells, potentially from
DNAse-1 that is dissociated from G-actin monomers
that are newly polymerized into F-actin.43,99,108 Con-
versely, depolymerization of the cytoskeletal network
via cytochalasin D also initiates apoptosis. It has been

shown to induce caspase activation as well as cyto-
chrome c release in fibrosarcoma L929 and 3C6 T
cells.106,130 Furthermore, organelles require mechanical
feedback for proper function, and a decrease in
cytoskeletal integrity may activate apoptotic pathways.
The cytoskeleton directly connects to nuclear actin via
linker proteins, such as nesprins and lamins. Both of
these proteins are critical for nuclear mechanosensing
and can cause alterations in gene expression due to
transduced forces into the nucleus. When nesprins or
lamins are inhibited, the nucleus cannot respond to
mechanical signals, and as seen in neonatal mouse

Pro-survivalPro-apoptotic

ERKP38-MAPKJNK

BADBcl-xL NF-κB

PI3K PKC

Akt1 IKK

SrcRaf

MEKMKK

MEKK
ASK
TAK

MNK1
CDC25
MEF-2

c-Jun
ATF-2
ELK-1

Mechanical
Stress

P90RSK
Elk-1
c-myc

FIGURE 9. Both excessive and insufficient mechanical stress can activate apoptotic signaling pathways leading to cell death
since both pro-apoptotic and pro-survival pathways are mechanically regulated. Mechanosensitive signaling pathways of
apoptosis include the MAPK (JNK, p38-MAPK, ERK), PI3K, and PKC pathways. Certain branches of the JNK and p38-MAPK
pathways can also promote cell survival (not shown).

GOLDBLATT et al.

BIOMEDICAL
ENGINEERING 
SOCIETY

Author's personal copy



cardiomyocytes and HeLa cells, cells have been shown
to undergo apoptosis.7,126

Cytoskeletal stability indirectly regulates various
intracellular proteins such as transcriptional factors
like yes-associated protein (YAP) and myocardin-re-
lated transcriptional factor-A (MRTF-A). YAP is
primarily studied regarding its role in cell proliferation;
however, it has also been shown to play a role in
apoptosis. YAP can stimulate expression of prominent
apoptosis inhibitors, such as BIRC3, BIRC5, and
CYR61.22 Further, YAP inhibits pro-apoptotic genes
such as dendrin and Bcl-2 family proteins.124 The
mechanical environment has been shown to directly
regulate YAP via the tensional state of the cytoskele-
ton.2 Angiomotins bind to F-actin and are released
upon F-actin depolymerization.88 Free angiomotins
can bind and sequester cytoplasmic YAP thus keeping
them inactive. YAP activation may also occur inde-
pendent of the cytoskeleton; a recent study showed
that direct application of force onto the nucleus of
embryonic fibroblasts (Talin 1 knockout mice) and
MCF10As caused YAP activation and translocation
into the nucleus.31

MRTF-A, a potent coactivator of serum response
factor (SRF) which induces transcription of many
proliferative and cytoskeletal genes, is another
mechanosensitive protein regulated by the cytoskele-
ton that may play a role in apoptosis. Due to F-actin
polymerization, G-actin concentrations decrease,
allowing activation of MRTF-A.103 Upstream from
both YAP and MRTF-A are Rho and ROCK signal-
ing. It was previously found that inhibition of ROCK

can reduce the response to pressure induced car-
diomyocyte apoptosis,111 while constitutively active
ROCK can enhance cardiomyocyte apoptosis.12

MECHANOMEDICINES AS A POTENTIAL

THERAPEUTIC SOLUTION

Understanding the mechanical mechanisms that
regulate cell health in response to mechanical stress
may inspire new therapeutic strategies which target
these mechanically sensitive pathways. Chan et al. first
introduced the concept of mechanomedicines as a class
of therapies which exploit mechanotransduction
pathways and restore cells to their homeostatic stress
state.11 As both excessive apoptosis (e.g., atrophy and
CAVD) and the absence of apoptosis (e.g., fibrosis and
cancer) contribute to pathologies, mechanomedicines
could treat disease by modulating rates of apoptosis as
appropriate (Fig. 11). Not only do mechanomedicines
include pharmacological agents and inhibitory anti-
bodies which may trigger or prevent apoptosis by
interacting with the intrinsic/extrinsic apoptotic sig-
naling cascade, but also potential biomimetic injecta-
bles that can modify the extracellular matrix
environment.58 The mechanical environment created
by the native ECM has been shown to regulate
growth,112 differentiation,45 proliferation,138 and sen-
sitivity to cytokine-induced apoptosis.33 Pathologies
are often accompanied by noticeable changes in tissue
properties (e.g., by physical palpitation in tumor dis-
covery),52 and it has been proposed that many diseases
arise due to degrading tissue architecture. Restoring
the correct mechanical properties through ECM
modification could help restore homeostasis by either
preventing apoptosis or sensitizing target cells to
apoptotic mechanical cues.

To date, no pharmacologic treatment has been de-
signed with the sole purpose of altering the
mechanosensitive signaling pathways of cells, although
there are medications that cause altered cytoskeletal
tension as a side-effect. One such example is statins
which are prescribed for treatment of high cholesterol
or blood pressure. Statins inhibit HMG-CoA reduc-
tase which ultimately leads to the inhibition of iso-
prenylation of small GTPases such as Ras, Rho, Rab,
and Rap.116 As Rho signaling is involved in
cytoskeletal dynamics, decreased Rho activity from
statin use results in reduced cell contractility, as shown
in vitro with decreased contractile protein expression in
valvular interstitial cells.44

Pharmacological agents that affect the cytoskeleton
are of interest for cancer therapies to promote apop-
tosis in diseased cells, as well as impede cell metastasis.
A number of groups have reported altered cytoskeletal
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FIGURE 10. Schematic of the relationship between
intracellular stress levels, apoptosis (black solid line), and
cytoskeletal stability (blue dotted line). Healthy cells in
physiological conditions are under standard stress levels
and exist in region B. Cells experiencing atypically low (region
A) or high (region C) inputs of external stress undergo higher
instances of apoptosis with lower cytoskeletal stability.
Figure is adapted from Chan et al.11
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dynamics within transformed cells, including altered
G- to F-actin ratios and an inability to sense substrate
stiffness in normal and malignant human lymphocvtes
and endometrial cells.127 Additionally, a number of
drugs which interact with microtubules or tubulin in
order to prevent mitosis/proliferation, such as taxol
and taxol-like compounds, molide and epothilone, al-
ter microtubule dynamics and have been shown to
promote apoptosis in transformed cells.61,65 As the
cytoskeleton is critical to numerous cell processes such
as migration and proliferation, which can be exploited
in cancer during metastasis and tumorigenesis, the
cytoskeleton has become a promising target for phar-
macological intervention. A number of compounds
have been identified which interfere with actin poly-
merization and dynamics through a variety of mecha-
nisms. These compounds include cytochalasins,
jasplakinolide, misakinolide and latrunculins.103 Al-
though these compounds are heavily used in vitro to
gain an understanding of the relationship between ac-
tin dynamics and apoptosis, similar acting pharma-
ceuticals have yet to be approved for clinical use. There
is promise in cytoskeletal tension modulation as a
therapy for cancer; however, this approach has yet to
be taken for development of mechanomedicines for
cardiovascular diseases.

CONCLUSIONS

Apoptosis is a highly regulated cellular event which
plays a critical role in organism development and tissue
maintenance. Dysregulation of apoptosis is implicated
in a number of disease processes. Despite numerous
correlations between physical stimuli and apoptosis,
there remains a significant gap in our understanding in
how particular mechanical inputs trigger apoptosis
through mechanotransduction signaling pathways.
Continued work is needed in identifying the mechan-
otransductive events which result in apoptosis via both
extracellular and intracellular cues. Uncovering these
mechanical mechanisms that regulate cell health is the
first step in creating ways to manipulate mechanically
sensitive pathways. We believe one such mechanism is
the regulation of cytoskeletal stability and how it di-
rectly modulates cell health in response to mechanical
stimuli. The reversibility of apoptosis highlights the
potential of developing promising mechanomedicines
that alter cellular mechanics to reverse disease pro-
gression. By controlling rates of apoptosis,
mechanomedicines could treat diseases ranging from
cancer (increasing apoptosis) to degenerative diseases
(decreasing apoptosis). Discovering how specific
mechanotransduction pathways regulate apoptosis is
critical for identifying therapeutic targets that may be

OverloadingUnloading

Cytoskeletal Destabilization

Healthy Cell

Apoptotic Cell

Apoptosis

Mechanomedicine

Cytoskeletal Destabilization

HomeostasisHomeostasis

High Stress CellLow Stress Cell

FIGURE 11. Schematic of the promise of mechanomedicines to bring the cell-stress state back to homeostatic levels.
Overloading and underloading of cells can cause cytoskeletal destabilization which mechanomedicines can potentially target,
allowing cells to reduce excessive apoptosis in degenerative diseases or uncontrolled growth (deficient apoptosis) in cancers.

GOLDBLATT et al.

BIOMEDICAL
ENGINEERING 
SOCIETY

Author's personal copy



treated with mechanomedicines and mechanothera-
pies.
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