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Abstract

Aging is a complex, multifaceted process that induces a myriad of physi-
ological changes over an extended period of time. Aging is accompanied
by major biochemical and biomechanical changes at macroscopic and mi-
croscopic length scales that affect not only tissues and organs but also cells
and subcellular organelles. These changes include transcriptional and epige-
netic modifications; changes in energy production within mitochondria; and
alterations in the overall mechanics of cells, their nuclei, and their surround-
ing extracellular matrix. In addition, aging influences the ability of cells to
sense changes in extracellular-matrix compliance (mechanosensation) and
to transduce these changes into biochemical signals (mechanotransduction).
Moreover, following a complex positive-feedback loop, aging is accompa-
nied by changes in the composition and structure of the extracellular matrix,
resulting in changes in the mechanics of connective tissues in older individ-
uals. Consequently, these progressive dysfunctions facilitate many human
pathologies and deficits that are associated with aging, including cardiovas-
cular, musculoskeletal, and neurodegenerative disorders and diseases. Here,
we critically review recent work highlighting some of the primary biophysical
changes occurring in cells and tissues that accompany the aging process.
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MECHANICS AND THE ECM

The extracellular matrix (ECM) plays an essential role in the architecture and function of com-
posite tissue networks. This noncellular component provides the structural scaffold in which cells
grow and assume their niche to ensure the proper functioning of tissues and organs in living organ-
isms. The ECM primarily consists of water, polysaccharides, and proteins; and the composition
and topology of the ECM in each tissue is unique and remarkably heterogeneous, which stems
from the dynamic biochemical and biomechanical dialogue between various cellular and noncel-
lular components during development (1). In mammals, the ECM is composed of approximately
300 proteins that regulate tissue homeostasis, organ development, inflammation, and disease (2,
3). The major constituents of the ECM are fibrous proteins (i.e., collagen, elastins, fibronectins,
and laminins) and proteoglycans (i.e., hyaluronic acid, heparan sulfate, and keratin sulfate). These
proteins are primarily secreted and assembled by fibroblasts, and form the organized meshwork
that constitutes the mechanostructural framework of tissue networks (1, 2).

Briefly, proteoglycans have a variety of roles in maintaining proper tissue homeostasis and func-
tion including environmental buffering, tissue hydration, and providing force-resistance properties
through the formation of hydrated gels within the interstitial space (4). However, the main contrib-
utors to the content, mechanical structure, and rates of remodeling and degradation of the ECM
are the fibrous proteins and their associated proteinases and enzymes. These dynamic interactions
between cells and their surrounding microenvironments undergo significant changes as a function
of age, both locally and in bulk. As a result, these changes can lead to systemic dysfunctions and
the onset of pathogenesis, i.e., impaired wound healing (5), the formation of scar tissue, enhanced
metastasis, and cancer progression (2). In healthy individuals, the unique contents and ratios of
the ECM’s components (e.g., the ratio of fibrous proteins to proteinase and enzyme levels) dictate
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the homeostatic relationship between ECM remodeling and degradation. Therefore, for proper
mechanical integrity of the ECM there must exist a balance in the coordinated secretions of ECM
components and in its subsequent remodeling and degradation by the resident cells (6-9).

Degradation and Remodeling of the ECM

The timely deposition and degradation of the ECM is an important feature in the development,
morphogenesis, repair, and remodeling of tissues in living organisms (6). Under physiological
conditions, the degradation and remodeling of the ECM is tightly regulated by a large family
of enzymatic proteins, primarily matrix metalloproteinases (MMPs) (7, 9), tissue inhibitors of
metalloproteinases (TIMPs) (6, 8), crosslinking transglutaminases, and enzymes such as lysyl
oxidases (1). MMPs are small-molecule endopeptidases that can break the peptide bonds of
nonessential amino acids. These enzymes are collectively able to degrade a wide array of ECM
proteins, and also cleave cell-surface receptors, which can lead to downstream activation or
inactivation of various pathways and interactions, including cell-matrix interactions, cell-cell
interactions, and secretions of growth factors (6). Humans have approximately 24 MMP genes,
which code for 23 MMPs (two genes code for MMP-23) that are involved in the degradation of
various components of the ECM. For instance, MMP-2 and MMP-9 are able to cleave elastin,
type IV collagen, and several other ECM molecules, and MMP-2 can digest type I, II, and
IIT collagen. Studies have shown that the activity of MMPs tends to be low or negligible at
normal steady-state tissue conditions; however, the precise expression levels are transcriptionally
controlled through feedback mechanisms, which include signaling from inflammatory cytokines,
growth factor hormones, cell-cell interactions, and cell-matrix interactions (6, 7). In addition,
the functional regulation of MMPs is controlled by (#) the local availability and expression levels
of endogenous precursor zymogens, and (¥) inhibition by the complimentary inhibitor TIMPs (6,
7). Thus, the intimate homeostatic interactions among MMPs, TIMPs, and other components
of the ECM are critical to proper remodeling and the proper functioning of tissues.

The Role of ECM Components in Aging

The ECM has been a central topic of discussion in aging studies for several years. It is associated
with numerous age-related diseases and dysfunctions, most of them involving connective tissue,
cartilage, bone, blood vessels, and skin (10). The current view is that the ECM’s control of the
molecular network is driven by the synthesis of components that are genetically and transcrip-
tionally regulated but also environmentally influenced, thus facilitating a cohort of complex bio-
chemical and biomechanical cues. In the following sections, we discuss the roles and interactions
of the various components of the ECM, and the alterations that lead to progressive dysfunction
in aging tissues (Figure 1).

Collagen, being the most abundant and the primary structural element of the ECM—
comprising more than 90% of the ECM and 30% of all proteins present in the human body
(2, 12)—provides the structural integrity and tensile strength of tissues and organs (such as ten-
dons, ligaments, bone, and cartilage), regulates cell adhesion and migration, and directs tissue
development (13). The secretion and assembly of collagen fibers are mediated by fibroblasts that
reside within the stromal matrix, or fibroblasts that are recruited from neighboring tissues (1, 2,
14). By exerting tangential stretching forces on the collagen, the fibroblasts under the physiolog-
ical conditions of the tissues can organize the collagen fibrils into sheets and cables, which in turn
drastically changes the alignment of the collagen-fiber network (1). This dynamic change in the
alignment of collagen fibers by the fibroblasts results in reciprocal changes through feed-forward
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Figure 1

Age-related dysfunction of the extracellular matrix (ECM). Interactome of the effects of ECM deregulation
and mechanical deficiency, cellular and nuclear mechanics, mitochondrial dysfunctions, and cellular
damage—e.g., exposure to, and buildup of, advanced glycation end-products (AGEs) in long-lived proteins,
such as collagen and elastin (1, 11)—on the aging phenotype. Concomitantly, these effects combine to foster
a multidirectional feedback cascade that leads to pathogenesis and disease. Red dashed arrows represent
potential bidirectional interactions. Red question marks illustrate potential functional interactions that
warrant further study to identify the magnitude of their contribution to age-dependent functional decline.
Abbreviations: MMPs, matrix metalloproteinases; ROS, reactive oxygen species; TIMPs, tissue inhibitors of
metalloproteinases.

signaling that further dictates the orientation, morphology, and alignment of neighboring cells
(e.g., keratinocytes and epithelial cells) (15). Collagen molecules and fibers typically bind to other
components of the ECM, such as elastins, whose fibers provide the elastic and recoil properties
of tissues that undergo repetitive stretching. However, tissue stretching is limited by the intrinsic
properties of this heterogeneous, composite mixture of collagens with high tensile strength and
the highly elastic elastins (1, 16).

Another major component of the ECM is fibronectin (FN), which is intimately involved in
directing the organization of the interstitial ECM, and has a crucial role in cell adhesion and
attachment, and cell migration. When FNs are stretched and unfolded via forces exerted by
resident fibroblasts, cryptic binding sites are exposed, resulting in changes in cellular behavior
and in the mechanical regulation of the ECM (17). Laminins, unlike FNs, which are ubiquitous,
primarily constitute the basement membrane, which experiences age-associated changes (18).
Although the various fibrous protein components of the ECM differ in structure and function,
they collectively play a vital part in the overall function, or dysfunction, of the ECM.

Numerous changes occur during the aging process and these lead to changes at the gross phys-
ioanatomical level. Tissues from elderly individuals have a characteristic thinning of the basement
membrane, which is in part due to reductions in the biosynthesis of basement membrane protein,
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and elevated levels of MMP-mediated degradation and remodeling (1, 19). Separate studies have
provided evidence that on the transcriptional level there is an increase in the amount of messenger
RNA (mRNA) coding for FNs, as well as a subsequent increase in downstream FN biosynthesis
with age, as measured by enzyme-linked immunosorbent assays (ELISAs) (10). Although FN is
present in abundance during development, and decreases postdevelopment, the marked increase
that occurs with age may suggest that FN has alternating roles as a function of age. In addition,
resident fibroblasts in tissues from older donors tend to be growth-arrested, have reduced sen-
sitivity to apoptotic signals, and express elevated levels of interleukins, cytokines, and reactive
oxygen species (ROS)—a phenotype that is indicative of senescent cells (see Mechanobiology of
Senescence and Frailty, below) (1, 11) (Figure 1).

The presence of these senescent cells within the tissue microenvironment, which increases with
age (20), induces a state of chronic inflammation. This inflammation, combined with reduced gly-
cosaminoglycans (1), reduced expression levels of TIMPs, reduced crosslinked elastin content (16),
elevated levels of activated MMPs, elevated levels of plasminogen activator inhibitors, elevated
levels of elastase activity, and elevated levels of mitochondrial-related ROS, compromises the in-
tegrity of the elastin and collagen networks, and the basement membrane (1, 21). This deficiency
in the structural integrity of the ECM is also associated with a decrease in the biosynthesis of
precollagen 1; a subsequent decrease in collagen fibrils (22, 23); and deregulation of the activity
of MMPs, which is controlled partly through an increase in ¢cJUN/AP-1 and cell-bound integrins
such as «;f;, which has been observed by assessing the levels of both mRNA and protein in
tissues, such as skin, bone, and cardiac tissue (22). In addition, studies conducted on samples of
sun-protected skin from elderly donors (older than 80 years) exhibited a marked decrease in col-
lagen production relative to controls from a younger cohort (aged 18-29 years), suggesting that
these reciprocal effects stem from complex contributions associated with both somatic damage
and intrinsic aging (11). Coupled with the fact that there are fewer interstitial fibroblasts in aged
skin relative to young skin, this speaks to reductions in growth capacity and reductions in ECM
alignment capabilities occurring as a function of age (23).

Although the production and organization of collagen in aged tissue correlate with loose, poorly
organized structures, surprisingly, these collagen fibers tend to be inappropriately crosslinked.
This increased collagen crosslinking (24)—which has been observed in skin (22, 23), cardiac
tissue, and blood vessels (19)—has been partially attributed to a buildup of advanced glycation
end-products (AGEs) and byproducts of lipid oxidation occurring through exposure to UV light
(1). The elevated levels of AGEs that occur with age result from somatic damage to the regulatory
machinery thatis tasked with the sensing, degradation, and clearing of these products from the local
tissue; the damage to the regulatory machinery fosters the accumulation of AGEs in long-lived
structural proteins, such as collagen and elastins (11). Taken together, this loose, disorganized,
fragmented collagen network with local regions of enhanced crosslinking is associated with an
increase in local tissue stiffness, reduced tissue resilience, and fibrosis, which is characterized by
areas of low collagen solubility and degradation (19), poor fiber alignment, and increased Wnt
signaling (25). These ECM changes further facilitate mechanically weak tissue and less deformable
blood vessels, leading to impairments in the overall function of organs, such as bone, heart, and
kidney (1, 11, 19, 22). This uncharacteristic mechanical state of the ECM fuels a vicious feed-
forward signaling cascade that severely compromises local and bulk organization, and the integrity
of both the fiber network and the residing cells (i.e., fibroblasts and epithelial cells), leading to
perpetual tissue dysfunction. These changes further potentiate age-related pathologies, which
account for the increases in mortality and comorbidities observed in elderly individuals (11, 26)

(Figure 1).
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Effects of Age and ECM Mechanics on Functional Wound Healing

Aging entails numerous functional and structural changes, many, but not all, of which adversely
affect life span and survival. Although intrinsic aging may begin to explain the convergence in
aging phenotypes expressed in various living organisms, the accumulation of damage, along with
the propagated stochastic errors in bioinformational processes, and the attenuation of such dam-
ages, could explain the differences in longevity seen in various living organisms (11). Exposure
to acute injury activates a cascade of intra- and extracellular signaling pathways that induces re-
pair and wound healing (1). In humans, optimal wound healing is a complex, dynamic process
that encompasses a number of overlapping and coordinated phases that include hemostasis, in-
flammation, proliferation, and remodeling (27-29). This continuum of wound healing, and its
corresponding biophysical functions, must occur in the proper sequence, at specific times, for spe-
cific durations, and at the optimal magnitude of response (27). The first events that characterize
wound response are hemostasis and inflammation—that is, the formation of a fibrin clot and the
aggregation of platelets that stimulates the infiltration of inflammatory cells—such as monocytes
and macrophages—to the sites of injury and the damaged ECM (1, 27). These inflammatory cells
serve to (#) release an abundance of chemotactic signaling molecules, such as proinflammatory
cytokines, interleukins, growth factors, and MMPs (27); (b) ingest foreign materials and apoptotic
cells; (¢) increase vascular permeation and promote angiogenesis (28); and (4) recruit and stimulate
fibroblast activity, such as proliferation, migration, and ECM remodeling through chemotactic
signal gradients (1). Once fibroblasts and other cell types are recruited, they synthesize and de-
posit the required ECM proteins, including collagen type I and III, FNs, and the proteoglycan
hyaluronic acid. This elevated mechanical state of the wounded environment induces the me-
chanical and chemical transdifferentiation of cells, for instance of mesenchymal stem cells into
myofibroblasts (14,27, 28, 30). The highly contractile myofibroblasts (27) are able to secrete ECM
proteins that degrade and remodel the ECM, and promote mechanically and chemically induced
directional migration toward the wound site, a process termed epithelialization (1, 28, 29).

A result of the age-related deterioration of the cellular-response machinery is that the wound-
healing process in older adult individuals is impaired, not only in ECM modification but also in the
sensing and interpretation of biomechanical and biochemical signals. In vitro studies conducted to
measure the motility as a function of age of fibroblast cells plated on flat substrates have indicated
that there is a decrease in overall single-cell translocation with age (31). Wound healing in elderly
individuals is hampered (32) by a cohort of factors including a decreased capacity to produce
ECM components, such as collagens and elastins; increased collagen fragmentation; increased
MMPs; reduced collagen solubility and increased fibrosis; a reduced rate of HIF-1ox (hypoxia-
inducible factor-1&) mRNA and HIF-1« production (33), which influence ECM production (2,
34); a decreased sensitivity to chemotactic and mechanical stimulation (35); reduced motility and
translocation by single cells and clusters of cells (31, 34); a reduced proliferation and number of
fibroblasts in older tissue; an increased ratio of senescent to normal cells (20); enhanced ROS (1);
depleted adenosine triphosphate (ATP) generation (11); and reduced epithelialization (29).

Together with these intracellular mechanical and extracellular changes, there are numerous
other factors that affect wound healing, which are both directly and indirectly affected by the
aging process. These include nutritional status; activity levels; cigarette and alcohol consumption;
chronic diseases, such as diabetes and peripheral vascular conditions; and chronic psychological
stress (27). Studies have shown that sex hormones play a major part in age-related deficits in wound
healing. Compared with older females, older males show delayed healing of acute wounds, which
is partially attributable to the hormones estrogen and androgen and their precursor steroids, all of
which appear to have significant effects on wound healing (27). In one study, it was demonstrated
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that estrogen has significant effects on wound healing. When estrogen was topically applied, there
was a marked acceleration in wound closure, an effect observed in both males and females (36).
Although we have only briefly discussed some of the mechanobiological effects of age on wound
healing, extensive studies have been conducted and reviews have been written; for more elaborate
descriptions of wound healing and changes in the process as it applies to different organ types,
such as the skin and cardiac tissue, please see reviews by Wu et al. (35) and Guo & Dipietro (27).

AGING AND CELL MECHANICS

Accumulating evidence indicates that aging correlates with progressive changes in the mechanical
integrity and impaired response of cells and tissues to mechanical forces (37-40). It has long been
hypothesized that the altered mechanical compliance of aging tissues is primarily attributable to
changes in the composition, micro- and nanostructure, and organization of the ECM (39, 41, 42).
However, the complex interactions of biological, biophysical, and biochemical processes, which
are characteristic of living organisms, result from the combined effects of not only physical changes
in the ECM but also in the mechanical compliance of cells. These changes in cell compliance in
response to stress perturbations affect the intrinsic ability of cells to sense and transduce mechanical
signals (35), ultimately mediating physiological degradation and loss of function at the gross
physioanatomical level. These changes include the increased incidences of cardiovascular disease
and cancer (43), reduced muscle mass, and weakening of the bone through the onset of disorders
such as osteoporosis, osteoarthritis, and frailty (44).

Cell Mechanics

Aging correlates with modulations in cell mechanics. This matters because a multitude of cellular
and subcellular processes depend critically on the dynamic mechanical deformability of the cyto-
plasm (45); these processes include the regulation of gene expression (46), the translocation and
replication of organelles within the cytoplasm (47, 48), the movement and biogenesis of mitochon-
drial bodies along cytoskeletal tracks (49), and cell polarization during wound healing (50). These
mechanical changes also regulate the ability of cells to protrude, adhere, migrate, and squeeze
through 3D matrices and blood vessels (51).

Technological advances during the past 15 years have led to a wide range of sophisticated
methods for measuring both the global and local viscoelastic properties of cells. These methods
include atomic force microscopy (AFM) (52-54), particle-tracking microrheology (45, 55), optical
stretching (56, 57), magnetic twisting cytometry (58, 59), and micropipette aspirations (46, 60).
These methods feature different spatiotemporal resolutions, leading to complementary mechanical
measurements of cells and tissues.

Many key cellular components and their mutual interactions orchestrate the complex response
of cells to changes in their mechanical properties, which undergo dysfunctional changes with age
and age-associated pathogenesis. A critical player in this mechanical regulation of cells is the cy-
toskeleton, the highly entangled network of filamentous proteins (39) that provides cells with their
structure and morphology (45). The cytoskeleton consists of three types of filamentous proteins:
microfilaments (F-actin), intermediate filaments, and microtubules, all of whose content, organiza-
tion, and dynamics greatly influence the ability of cells to sense and respond to mechanical stimuli.
Other players in this mechanical regulation of cellular compliance include (#) the biomechanical
properties of the cell membrane and cytoplasm (e.g., membrane viscosity, which is influenced by
lipid and protein contents, ratios of cholesterol to phospholipids, and the local and/or bulk viscos-
ity of the protein and lipid solutions within the cytoplasm, leading to so-called non-Newtonian
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behavior whereby force and deformation are not proportional) (61); (b) the density of intracellular
organelles [e.g., the mitochondria and endoplasmic reticulum (ER) within a local region of the
cell, which is indirectly linked to the local cytoskeletal architecture, because these organelles
are anchored to cytoskeletal tracks and consequently have coupled dynamics (62)]; (¢) the local
concentration and activity of cytoskeletal proteins [Rho guanosine triphosphatases (GTPases),
crosslinkers, and motor proteins) (63); and (d) the transport of water throughout the cell, either via
external osmotic stimulation or from the internal dynamics of the cytoskeleton and other organelles
(64, 65).

Another important contributor to cellular mechanics, which is often overlooked but could
potentially play a major part in the functional mechanics of cells, is the memory and homeostasis of
cells’ internal machinery in the production and organization of proteins. T'o obtain a more intuitive
understanding of this concept, we consider the following example. Cells thatare repeatedly exposed
to mechanical stimulation—for instance, in vitro through repeated tapping with an AFM tip
(66, 67) or in vivo in patients with dilated cardiomyopathy that has been induced via prolonged
tachycardia and atrial fibrillation (68), leading to irregular and asynchronous heart beats—will
develop changes in the compliance of cells and tissue in the local area experiencing the mechanical
stimulation. Similarly, recent in vitro studies have shown that when serum-starved cells, which
have low levels of organized F-actin, are exposed to external mechanical stimulation generated by
shear flows or mechanical stretching of the underlying substrate, their cytoplasm rapidly assembles
actin into highly organized fibers, and a distinct perinuclear actin structure called the actin cap (69—
72) emerges. Through activation of the ROCK (Rho-associated coiled-coil kinase) pathway, this
increased F-actin organization adds to the mechanical rigidity of the cytoplasm by strengthening
physical connections among the cytoskeleton and the nucleus and the ECM (45). Although F-
actin structures are highly dynamic in nature, progressive shifts occur during aging in regards
to the homeostatic ratio of cells with organized versus loosely organized structures, and cells
with high versus low F-actin content. These shifts in the content and structure of F-actin, in
turn, facilitate increased dysfunction in the mechanical phenotypes of cells and their surrounding
tissues. However, this impaired homeostasis and the inability of cells to elastically respond to
stresses, which are characteristic of the age-related phenotype, are, in part, due to intrinsic aging
and to prolonged exposure to mechanical stimulation, coupled with somatic damage to proteins
and organelles (11), which fuel mechanical deterioration and loss of function.

Mechanical Changes as a Function of Age

Changes in the mechanical properties of cells are hallmarks of the aging process (62). Indeed,
numerous studies have demonstrated that there is a strong correlation between age and cytoplasmic
stiffness (i.e., cytoplasmic compliance or deformability is reduced with age) (Figure 2). Studies
that have applied AFM to adherent human cells [epithelial cells (37, 42, 73), fibroblasts (38), and
cardiac myocytes (40)] seeded on flat substrates have shown that cells consistently respond to
mechanical activation with a stiffening response as a function of increasing age. This suggests that
age-dependent cytoplasmic stiffening is not cell-type specific. Moreover, this stiffening affects all
cell regions (the cell edge, cytoplasm, and perinuclear region) (37). Experiments conducted using
a microfluidic optical stretching device that measures the elasticity of detached cells also have
shown that there is enhanced stiffening with increasing age (39). Even suspended samples of red
blood cells derived from healthy donors experience reduced deformability as a result of stiffening
with increasing age (61, 74).

Amid these studies, there exist conflicting results that show cytoplasmic softening with age (75).
However, this study brings up an interesting premise that warrants further investigation: cellular
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heterogeneity. Cellular heterogeneity plays an important part in dictating cell function—that is,
how cells process information and respond to perturbations (76, 77). Although often neglected
in aging studies, heterogeneity can be dictated by many factors, in vitro and in vivo, from both
cell-intrinsic and cell-extrinsic factors, such as stochasticity in cellular morphogenesis, the cell-
cycle state, cell-cell and cell-matrix interactions, genetic predispositions, lifestyle (factors such as
nutrition or diet, and exercise), and environmental factors and exposures. To some degree, cell-
to-cell differences are always present in any cell population, and the ensemble-averaged behavior
of a population (cellular as well as for an individual patient or donor) may not represent the
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behavior of any single entity (78). In light of this, further studies are needed that are based on
large sets of samples from donors, that address both the single-cell and single-individual levels,
to decipher the relationship between heterogeneity and aging. These studies should place special
emphasis on the bidirectional effects of aging and on the rate and emergence of dysfunctional age-
related phenotypes with respect to both cell-intrinsic and cell-extrinsic factors. Results from such
studies may lead to the development of novel approaches for patient stratification and therapeutic
interventions to combat age-associated dysfunctions and pathologies.

The age-dependent increase in the rigidity of cells is accompanied by the onset of numerous
diseases, including vascular degeneration (79), cardiac dysfunction (80), and cancer (81). Consid-
ering the importance of cellular mechanics to the correct physiological functioning of cells (39),
an improved understanding of the underlying molecular basis for this mechanical dysfunction is
essential. Clearly, the cytoskeleton plays a central role in modulating cell mechanics with age (39).
Since the state of actin, intermediate filaments, and microtubule polymerization contribute to the
mechanical rigidity of cells, it is important to understand how the content, structure, and orga-
nization of these cytoskeletal components changes with age. Fluorescence-activated cell-sorting
(FACS) flow cytometry analysis has indicated that the level of globular actin (G-actin) is main-
tained and does not change significantly with increasing age. However, F-actin content increased
significantly with age in dermal fibroblasts from a young donor cohort ranging in age from 20
to 27 years to those from an older donor cohort ranging in age from 61 to 72 years (39). Hence,
increased levels of F-actin and constant levels of G-actin, corresponding to an increased ratio of
F-actin to G-actin, suggests that actin assembly is enhanced in cells derived from older donors
versus those from younger donors (39). Not only is there more F-actin in cells from older donors
(Figure 3), but there is also (#) increased cytoskeletal volume in cells from older donors relative
to cells from younger donors, (b)) increased cytoskeletal crosslinking and bundling [that is, effects
from crosslinking proteins, such as fascin and x-actinin (63, 82, 83)], (¢) an associated increase in
cytoskeletal density (more fibers per unit area), and (/) reduced variation in fiber density (that is,
a narrower distribution equals a more similar fiber density per cell) associated with increased age
(37, 73) (Figure 2).

The intermediate filament vimentin (84), and to a lesser extent microtubules, can contribute
to cell mechanics (50). However, FACS analysis has indicated no statistically significant changes
in the content of microtubules and vimentin in suspended dermal fibroblasts from donors of
different ages (39). In addition, the location of F-actin just beneath the plasma membrane and
the high mechanical strength of the actin cortex suggest that F-actin and its associated proteins
collectively dominate the viscoelastic response of cells to small deformations (39). This provides
further confirmation of the hypothesis that the mechanically rigid phenotypes observed in older
individuals are linked to altered (#) actin polymerization and (b) actomyosin contractility, which
is dictated by the content and organization of F-actin fibers and the associated motor protein,
myosin (37-39). Although the vast majority of the literature has focused on how the properties
of the cytoskeleton (primarily F-actin) drive enhanced stiffness with age, it will be interesting to
understand how the other aforementioned factors, such as the properties of cell membranes and
the local distribution of intracellular organelles, contribute to the cellular stiffening response that
occurs with age.

Reversal of Age-Associated Mechanical Phenotypes

The characteristic changes in the mechanical properties of aging cells induce physiological
dysfunctions and present avenues for deficiencies in mechanosensation and mechanotransduction
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Overview of age-dependent cellular, nuclear, and extracellular changes associated with age. (#) Young and old epithelial
microenvironments where age-dependent changes involve cellular atrophy, thinning of the basement membrane, degradation of the
extracellular matrix, local regions of fibrosis, an increased number of and thicker actin filaments, and enhanced nuclear lobulations.
(b) Overview of LINC (linker of nucleoskeleton and cytoskeleton) complex proteins that physically connect the cytoskeleton to the
nuclear lamina. The nuclear envelope comprises nuclear pore complexes that enable the transport of cargo in and out of the nucleus.
The envelope also contains SUN1 and SUN2 proteins, which span the inner nuclear membrane and interact with the nuclear lamina,
namely with lamin proteins. SUN proteins also contain a KASH-binding domain, which enables their interactions with KASH-domain
proteins. KASH proteins span the outer nuclear membrane and provide a direct link to various cytoskeletal filaments, including
microtubules, F-actin, and intermediate filaments. KASH-domain proteins include Nesprin-1, -2, -3, and -4. Directly underneath the
nuclear lamina is nuclear DNA in the form of chromatin. The structural connection of KASH and SUN proteins between the
cytoskeleton and chromatin facilitate mechanotransduction between the cell exterior and the nuclear interior. Abbreviation: IF,
intermediate filament.

(35, 41). In efforts to better understand how to potentially reduce these age-dependent mechanical
dysfunctions in cells and tissues, studies have been geared toward assessing the possibility of
reversing the mechanical phenotypes of cells derived from elderly individuals (38, 42). Due to the
dominating effects of the actin cytoskeleton and the increased F-actin content (38, 39) observed in
cells from older donors (i.e., fibroblasts, cardiac myocytes, and red blood cells), a widely studied tar-
get for possible phenotypic reversal is the use of pharmacological agents that affect F-actin. Studies
conducted using the F-actin-depolymerizing drug cytochalasin B and the F-actin-stabilizing drug
jasplakinolide indicate that fibroblasts treated with cytochalasin B that were aged in vitro on a dish
(>50 doublings) regressed to levels of cytoplasmic stiffness comparable to those of earlier passage
cells (<25 doublings) (42, 73). In addition, dermal fibroblast cells from a young donor cohort re-
sembled the cytoplasmic mechanics of samples from older donors after treatment with jasplakino-
lide (39). Similarly, human fibroblasts exposed to an antiwrinkle tripeptide demonstrated decreased
cytoplasmic stiffness, with larger effects seen in samples from older donors (aged 60 years) relative
to samples from younger donors (aged 40 and 30 years). This reversal was partly due to direct
effects on the cytoskeleton, primarily F-actin, as seen from changes in the content, structure, and
contractility after treatment (38). However, although these studies show evidence of mechanical
reversal in vitro by manipulating actin directly, additional studies should be performed to further
elucidate and identify reversal in vivo and to evaluate the role of cytoskeletal control on cellular

aging.
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Mechanical Properties of Cells in Models of Accelerated Aging

In recent years, much effort has been made to elucidate and understand the mechanisms of various
aging pathologies, as well the onset of maladies that resemble the normal aging process, which
are termed accelerated aging (85). A well-studied set of such accelerated aging diseases falls under
the general category of laminopathies, which arise from content and structural dysfunctions in
the intermediate filament lamin A/C, encoded by the LMNA gene. In somatic cells, lamins are
separated into two subcategories: A-type lamin (lamins A and C, which result from alternative
splicing of the LMNA gene) and B-type lamin (lamins B1 and lamin B2/B3, encoded by the LMNBI
and LMNB?2 genes, respectively) (86). These laminopathies include Hutchinson—Gilford progeria
syndrome (HGPS), Werner’s syndrome and Emery—Dreifuss muscular dystrophy (85). A study
using cells derived from mice models deficient in lamin A/C has shown that there is a significant
loss of cytoplasmic stiffness relative to wild-type controls as assessed by cellular microrheology
(87). LMNA™/~ cells treated with the actin- and microtubule-depolymerizing drugs, latrunculin
B and nocodazole, respectively, demonstrated cytoplasmic stiffness similar to that of control cells.
As expected, wild-type LMNA™/* cells treated with these drugs showed a decrease in cytoplasmic
stiffness, down to levels comparable with that of LMINA~/~ cells (87). Taken together, these results
indicate that direct cytoplasmic mechanical properties stemming from deficiencies in lamin A/C
(in both content and structure)}—which are characteristic of models of accelerated aging—occur
contrary to the widely accepted body of knowledge with regards to cytoplasmic stiffness increasing
with increasing age. This suggests that although numerous studies have shown that there is a
decrease in the fraction of cells expressing lamin A/C as age increases (88, 89), there may be
compensatory effects in lamin A/C structure, localization, and organization that dominate these
accelerated-aging diseases but have diminished effects on normal aging processes, thus providing
avenues for further study.

NUCLEAR MECHANICS

The nucleus, which stores a cell’s genetic information, is directly involved in the functional activity
of the entire cell. Although conventionally thought of as a static structure, the nucleus is a dynamic
organelle thatis constantly subjected to mechanical forces, which in the context of aging and disease
can result in nuclear alterations and deformities. Nuclear mechanics in response to mechanical
perturbations are highly dependent on the structure and components of the nucleus.

The nuclear envelope consists of an inner and outer membrane, with approximately 30—
50 nm of perinuclear space; the nuclear envelope separates the cell’s cytosol from its genetic
material. It is composed of two phospholipid bilayers that have approximately 50-100 associated
membrane-bound and integral proteins (90). The two membranes are interrupted by nuclear
pore complexes, which mediate the transport of macromolecules between the nucleus and the
cytoplasm. Directly beneath the inner nuclear membrane is a dense protein network, termed
the nuclear lamina (91) (Figure 3). The nuclear lamina has an essential role in determining the
mechanical properties of the nucleus (92). The nuclear lamina is composed mostly of V-type
intermediate filaments, or lamins. Although B-type lamins are essential for viability, A-type lamins
are developmentally regulated. Lamins A and C provide the nucleus with structural support,
contribute to the stiffness and stability of the nucleus, and are essential for the direct connection
between the cell’s cytoskeleton and the nucleus (86). As a result, lamin A/C is required for en-
abling the mechanotransduction of forces from the extracellular environment via focal adhesions
through the cytoskeleton and into the nuclear interior (93, 94), a connection that is mediated by
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lamin-associating proteins. These include SUN-domain-containing proteins, which are localized
at the inner nuclear membrane, and the KASH-domain proteins, which are localized at the outer
nuclear membrane (91) (Figure 3). SUN proteins interact with the nuclear lamina and the nuclear
pore complex as well as with other nuclear proteins, such as emerin. KASH-domain-containing
proteins bind to major networks of cytoskeletal filaments. These include nesprin 1 and 2 giant
(nuclear envelope spectrin repeat) isoforms, which bind to, respectively, actin and microtubule
filaments; nesprin 3, which interacts with intermediate filaments via plectin and nesprin 4; and
KASH 5, which binds to microtubule filaments (95). Together lamins and SUN and KASH
proteins comprise the LINC (linker of nucleoskeleton and cytoskeleton) complexes (Figure 3).

Through these nucleus—cytoskeleton connections, nuclear responses to external or extracel-
lular forces can be transmitted from the plasma membrane to the nucleus (96), resulting in in-
tranuclear rearrangement and deformation. Recent studies have demonstrated that disrupting the
LINC complex by using dominant negative constructs of nesprin and SUN proteins prevented
nuclear deformations in response to the stretching of the cell’s underlying substrate (97). Nuclear
deformations and architectural rearrangements can promote conformational changes in nuclear
proteins as well in the nuclear interior, namely in chromatin. These changes include the release of
transcription factors as well as the movement of segments of chromatin to and from transcription-
ally active or repressed regions (91). This physical tethering is a direct result of the interactions
between nuclear lamins and chromatin (91). Ultimately, the mechanical properties exhibited by
the nucleus are a synergy of (#) the nuclear lamina content; (b) the interconnections among the nu-
clear lamina, the cytoskeleton (through the LINC complexes), and chromosomal DNA (through
lamin-associated proteins); and (c) the content of the nuclear interior (which is partially mediated
by the osmotic flux of water and ions in and out of the nucleus).

Aging and Nuclear Mechanics

Cytoskeletal mechanics are tightly coupled to nuclear mechanics (91) (Figure 2). Hence, aging
promotes not only cytoskeletal changes but also nuclear changes (91, 98). During development,
when stem cells differentiate into distinct lineages, nuclear mechanics change with differentiation.
Live-cell confocal tracking of nuclear lamina and the use of micromanipulation methods have
indicated that nuclear stiffness greatly increases when terminal differentiation is induced in human
adult stem cells and hematopoietic stem cells (92, 99). In addition, mouse embryonic stem cells
display greater mechanical plasticity than their differentiated counterparts (92). In part, this may
be due to the lack of expressed Lamin A in embryonic stem cells, which is a key mediator of
mechanical and structural support for the nucleus cells (100).

Nouclear alterations and the physiological function of the nuclear structure associated with
human aging and disease have been extensively studied with regards to laminopathic models
of aging. Cells from HGPS patients show progressive abnormalities in their nuclear shape and
architecture, with excessive nuclear lobulations or blebbing, and invaginations (101, 102). The
nuclear morphological changes that occur in accelerated-aging models also occur in normal
aging (98, 103). In the HGPS model, the observed nuclear abnormalities have been linked to the
accumulation of mutated lamin (progerin) in the nuclear lamina, and have more recently been
observed in cells from healthy aged donors (98). Progerin accumulation has been observed in
the nuclei of cells in the blood vessels and skin of normally aging individuals (104, 105). Lamin
A/C, which is required for the structural link between the nucleoskeleton and cytoskeleton, is
essential for mechanical support of the nucleus, and enables force transmission across the nuclear
envelope (91, 106). Thus, a weakened, dysfunctional nuclear lamina is more susceptible to the
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various stresses and types of mechanical loading that occur within the human body. Nuclei from
cells harboring mutations or deletions in lamins display decreased nuclear stiffness and increased
vulnerability to mechanical strain (107-110). Further, vascular smooth muscle cells from normally
aging individuals have higher levels of prelamin A, a precursor of lamin A that is present in cells
from HGPS, where the cells of younger individuals lack detectible amounts (111). Furthermore,
the Caenorhabditis elegans model displays age-dependent changes in nuclear structure, such
as aberrant shape changes (103). As a consequence of this age-associated softening of the
nucleus, intracellular and extracellular mechanical cues may drive inappropriate reorganization of
chromatin (which is intimately tethered to the cytoskeleton), thus facilitating genomic instability,
as well as errors in heterochromatin, and epigenetic errors and defects (43) (Figure 2).

Heterochromatin and Epigenetics

Chromatin is a complex of nuclear DNA associating with histone proteins (112). The basic struc-
tural unit of chromatin, the nucleosome, is approximately 147 base pairs of DNA wrapped around
histone octamers. Histones are positively charged structures that facilitate DNA compaction by
acting as spools for negatively charged DNA to wrap around. Dynamic and highly regulated mod-
ifications to DNA and histones occur via chromatin-modifying enzymes. These modifications
alter DNA accessibility and chromatin structure, and concomitantly regulate gene expression
without making direct changes to the genome. Heritable modifications to the cellular phenotype
that occur independently of changes to the DNA sequence are termed epigenetics (112). Epige-
netic modifications are essential for normal development and enable the differentiation of cells
into different lineages (113). For DNA, the primary modifications are the covalent methylation
of cytosine residues at the C5 position. This modification is associated with gene silencing in
eukaryotes and is essential for controlling the architecture of the nucleus (114, 115). DNA meth-
ylation occurs with the DNA methyltransferase 3 family of de novo DNA methyltransferase 1.
However, pathways involving the establishment of DNA methylation patterns, including the ad-
dition and removal of methyl groups and their maintenance, require further characterization and
insight.

Histones are essential structures that regulate gene expression through posttranslational modi-
fications at various residues through the modulation of DNA packing. These modifications include
acetylation and methylation at lysine (K), methylation at arginine (R), and phosphorylation and
methylation at serine (S) (114). Each modification and its location influence differential gene ex-
pression. For example, the acetylation of histone H3 at lysine sites is typically associated with
transcriptional activation. Methylation of histone H3 at K9 and K27, and histone H4 at K20, are
associated with translational repression and DNA compaction, but methylation of histone H3 at
K36 is associated with transcriptional activation (116). Histone modifications occur as a result of
enzyme activity, i.e., the activity of histone acetylases, deacetylases, methylases, and demethylases.
Further, chromatin is divided into two major categories: first, heterochromatin, which is con-
densed DNA containing transcriptionally inactive genes (117), and, second, euchromatin, which
is a relatively open DNA structure containing mostly transcriptionally active genes (118).

The nuclear interior is also a major contributor to the mechanical properties of the nucleus.
Experiments using micropipette aspiration have demonstrated that chromatin provides the ma-
jority of the resistance to deformation in unswollen nuclei (119, 120). In addition, alterations to
the structure and organization of chromatin—such as the inhibition of histone deacetylase, differ-
entiation, or the increased expression of heterochromatin proteins—promote changes in nuclear
mechanical properties (92, 119, 121).
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Aging, Chromatin, and Epigenetics

Chromatin and epigenetic modifications are critical, from early development through to older
age. For example, the ability of stem cells to differentiate into various lineages requires not only
changes to the structure of chromatin but also distinct and directed epigenetic alterations that
allow greater access for the binding of transcription factors (121, 122). Because the structure and
organization of chromatin influence the mechanics of the nucleus, their changes may explain the
changes in nuclear deformability that occur with differentiation.

In HGPS models, the accumulation of mutated lamin within the nuclear envelope is accom-
panied by the loss of peripheral heterochromatin directly underneath the nuclear lamina (123).
A similar reorganization of chromatin throughout aging has been observed both in human cell
lines and in C. elegans (103). There are numerous changes in histone modification that are associ-
ated with increased age, including an increase in histone acetylation of H4K16, trimethylation of
H4K20 and H3K4, and a decrease in methylation of H3K9 and H3K27 (124, 125). In addition, a
number of histone modifications have been associated with an increase in life span and survival.
For example, the loss of histone demethylases for H3K27 promotes longevity in worms by alter-
ing insulin and insulin-like growth factor (IGF) signaling (126), which are key pathways known
to regulate life span in yeast, C. elegans, fruit flies, and rodents.

In addition, an age-dependent decrease in total genomic DNA methylation has also been ob-
served (127): Because DNA methylation elicits the formation of constitutive heterochromatin, its
decrease promotes deheterochromatinization, leading to reduced nuclear compliance. Although
a decrease in heterochromatin occurs with age, its accumulation has also been observed at specific
sites. In rat liver and kidney cells, total levels of histone H4 methylation at lysine 20 (H4K20me)
increase with age (128). In addition, recent studies have observed that the accumulation of het-
erochromatic domains was associated with senescence (129) and cellular aging. These domains,
termed senescence-associated heterochromatic foci, form repressive chromatin structures that are
directly involved in the repression of genes that promote cell growth (129). Recognition of the
loss of peripheral chromatin and the changes in cellular epigenetics that occur with age has led to
a notion of age-associated heterochromatin reorganization, which would result in genome-wide
transcriptional changes (130).

MITOCHONDRIAL DYSFUNCTION

As organisms age, specific changes occur that lead to diminished integrity in the mitochondrial
structure—function relationship (43, 131). For many years, it was postulated that there was an in-
timate relationship between organismal aging and mitochondrial dysfunction, but the question of
whether dysfunctions in mitochondria drive the aging phenotype or vice versa, is still under debate,
and resolving this issue remains a major challenge in aging research (132-134). Regardless of the
order of the chicken or the egg, it is clear that the decline in mitochondrial function has a key role
in the aging process, and this decline is associated with the onset and progression of age-related
disorders (134). The popular free-radical theory of aging proposes that this cumulative damage to
biological macromolecules caused by ROS leads to irreversible cellular damage and overall func-
tional decline (43, 134, 135). This theory has been further extended to include mitochondrial ROS
and shows that the accumulation of age-associated alterations in mitochondrial DNA (136) and
global cellular damage leads to impaired efficacy of the respiratory—electron transport chain and
mitochondrial biogenesis, and induces a perpetual feed-forward production of ROS. This results
in a vicious positive-feedback loop that fosters exponential increases in oxidative damage and dys-
functions, which resonate at the cellular, tissue, and gross physioanatomical levels (134, 136-138).

www.annualreviews.org o The Mechanobiology of Aging

127



Annu. Rev. Biomed. Eng. 2015.17:113-141. Downloaded from www.annualreviews.org
Access provided by Johns Hopkins University on 12/07/15. For personal use only.

128

Mitochondria are highly complex and dynamic organelles that can alter their organization,
morphology, size, and bioenergetics in response to intra- and extracellular cues (134). Mitochon-
drial bodies undergo bidirectional cycles of regulated processes—fusion and fission—that, in turn,
influence their morphology (134, 139), dynamics (140, 141), and bioenergetics (142, 143), and
even play a part in cell-cycle regulation and growth (144, 145). As with any properly functioning,
adaptive system, the cell maintains regulative control over mitochondrial fusion and fission pro-
cesses. At steady-state conditions, homeostasis results in functionally stable, yet heterogeneous,
mitochondria (146). However, this balance can be shifted in favor of either fusion or fission, based
on the time-dependent, functional, and energetic needs of the cell. Decreased mitochondrial fusion
results in mitochondrial fragmentation due to continuous fission, and is associated with increased
mitochondrial outer membrane permeabilization and decreased mitochondrial membrane poten-
tial. In contrast, decreased fission induces long, highly interconnected mitochondrial networks,
which are associated with enhanced mitochondrial membrane potential (134).

Different cell types exhibit different mitochondrial structures as a function of their location
and roles [e.g., in terms of energetic needs, consider heart cells versus lung cells (147)], their
stress levels (apoptotic versus healthy) as well as their phase within the cell cycle (Go/G; versus
S versus G;M phases) (142-144). Healthy myoblasts and fibroblasts are often highly networked
structures, possessing both fragmented and tubular mitochondria. However, during the G;/S
transition, mitochondria coalesce into a giant, single tubular network, displaying hyperpolarization
and increased generation of ATP (144). This characteristic increase in ATP production, brought
about by electrical coupling of the mitochondria, is not surprising because the membrane potential
serves as the ionic gradient for ATP generation (145). During this transition, increased ATP
production—the energy currency of the cell—is understandable because during the S phase the
cellisinvolved in the synthesis and reorganization of numerous proteins (e.g., cytoskeletal proteins,
such as F-actin and microtubules) and organelles (such as, the Golgi apparatus and the ER). As
the cells continue into the different phases of the cell cycle and progress toward mitosis, the
mitochondria attain a larger fraction of fragmented, topologically distributed mitochondria (145).
Moreover, as an organism ages, there are characteristic changes in, and deterioration of, essential
components that make up the mitochondrial regulatory and repair machinery (i.e., mitophagy,
cell-cycle control and proliferation), consequently giving rise to dysfunctional phenotypes. These
dysfunctional phenotypes further induce and facilitate adverse effects on overall mitochondrial
health (e.g., morphology and biogenesis) and on cellular bioenergetics (ATP production). In the
next section, we discuss some of the primary mitochondrial age-dependent dysfunctions.

Many time-dependent mitochondrial dysfunctions occur with age, including diminished effi-
cacy of the electron-transport chain [due to increased electron leakage, increased oxidative stress
(148), and ROS production], reduced ATP production, and a marked decline in mitochondrial
function [especially in samples of muscle tissue (149)] and turnover (due to reduced biogenesis,
inefficient mitochondrial degradation, or both; and mitophagy) (43, 134, 150) (Figure 4). The
findings of many studies have supported an increase in ROS as chronological age increases; how-
ever, confounding results regarding the negative, positive, or neutral effects of mitochondrial
ROS, or a combination of these, have recently sparked a reevaluation mitochondrial free-radical
theory (43). Studies conducted in C. elegans (151) and mice (152) suggest that ROS may prolong
life span and survival. However, comprehensive studies on mice that had genetic modifications
to increase mitochondrial ROS production and oxidative damage did not find accelerated aging.
Similarly, separate studies that increased antioxidant defenses (153) and impaired mitochondrial
function in mice (133, 154) did not extend life span or accelerate aging, respectively. However, a
novel framework postulated by Lopez-Otin et al. (43) may help explain the confounding evidence
regarding the roles of ROS. As organisms age, there is an increase in the associated cellular stresses
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Figure 4

Age-related mitochondrial dysfunction. Mitochondrial function becomes deficient with age-associated changes, including cellular
damage, decreased mitochondrial biogenesis, and compromised membrane integrity. This leads to dysfunctional regulation of cellular
processes, and a complex feedback cascade that perpetuates the dysfunction. In healthy, young individuals, levels of reactive oxygen
species (ROS) are maintained within the optimal range that promotes longevity and survival. However, during aging, when ROS
regulation becomes progressively more inefficient in dictating cellular responses to stress, it leads to impaired bioenergetics and cell
death (43). A key question that remains to be answered is how heterogeneity and functional diversity relate to the perpetuation or
remediation of these dysfunctions, and whether this occurs through mitochondrial dysfunction, functional diversity, or both. The red
dashed arrow represents a potential bidirectional interaction; the gray dashed arrow represents the interaction that has been proposed
in the literature but warrants further study. Red question marks illustrate potential functional interactions that warrant further study to
identify the magnitude of their contribution to age-dependent functional decline. Abbreviations: ATP, adenosine triphosphate;
mtDNA, mitochondrial DNA.

and damage, which concomitantly facilitate an increase in ROS production that maintains sur-
vival. However, there is an upper limit (and this limit may be inter- and intraorganism dependent)
beyond which the ROS levels betray their original homeostatic purpose and eventually aggravate,
rather than alleviate. This increased level of ROS facilitates the perpetual cell-associated damage
(43) and fuels bidirectional ECM dysfunction through enhanced collagen fragmentation and acti-
vation of MMPs (22), as well as by altering the architecture and activity of actomyosin cytoskeletal
contractility (155) (Figure 4).

As previously stated, mitochondria are highly dynamic structures that can rapidly adapt their
morphology and function in response to a wide range of chemical and mechanical stimuli, whether
intracellular or extracellular, or both. Progressively, mitochondria experience age-dependent
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decreases in morphological plasticity and the capacity for biogenesis (134). In healthy cells, mito-
chondrial fusion provides a synchronized internal cable for the translocation and mixing of metabo-
lites, whereas mitochondrial fission facilitates the equal distribution of mitochondria into daughter
cells during cell division, and allows for the regulated degradation of damaged mitochondria
through autophagy (134, 156). The reduction in the efficiency of mitochondrial bioenergetics that
occurs as a function of age may result from multiple converging mechanisms, including () reduced
mitochondrial biogenesis, (5) the accumulation of mutations and deletions in mitochondrial DNA,
(0) an increase in ROS and oxidative damage to mitochondrial proteins, (4) an increased
destabilization of the macromolecular organization of the respiratory chain complexes and
super complexes, (¢) changes in the lipid composition of the mitochondrial membranes,
(f) deficiencies in mitochondrial dynamics resulting from an imbalance of fusion and fission
events, and (g) defective mitochondrial turnover and quality control by mitophagy (43). As a direct
result of these age-dependent dysfunctions—which are functions of intrinsic and extrinsic aging
(132)—oxidative damage may surpass a crucial threshold, resulting in ineffective maintenance
of functional mitochondria, thus fueling senescent phenotypes and triggering apoptosis, and
leading to substantial changes in mitochondrial morphology, irreversible cell death (134), altered
cytoskeletal dynamics (155), and deficient ECM (Figure 4).

Other studies have shown that mitochondrial integrity and function can be preserved and
ameliorated during the aging process by lifestyle practices (e.g., by ensuring appropriate nutrition,
or engaging in alternate-day fasting or calorie restriction) (133); physical stimulation, primarily
for muscle cells (e.g., through endurance training or exercise); early diagnosis of age-related
phenotypes (e.g., prefrail or frail phenotypes) (157); and therapeutic interventions (43, 134). Here,
we have only briefly described some of the age-associated mitochondrial dysfunctions as they relate
to mechanobiology; for a more in-depth review of age-associated biochemical aspects please refer
to Seo et al. (134), Trifunovic & Larsson (133), and Terman et al. (150).

AGING AND DISEASE

Despite improvements in health-care delivery and life expectancy during the past century, age
continues to be the greatest risk factor for most chronic diseases and pathologies, including a range
of cardiovascular and neurodegenerative conditions. The mitochondrial, cellular, and extracellular
changes described above are likely to contribute to accumulating cellular damage and, ultimately,
to these pathophysiological disease processes. Although further study is needed to find clearer
connections among these age-related cellular changes and chronic disease states, some components
and mechanisms are already understood and are described below.

Mechanobiology of Senescence and Frailty

In the 1950s it was believed that the aging process was solely perpetuated by an increase in damage
to proteins, lipids, and nucleic acids resulting from oxidative damage, i.e., oxygen radicals. Indeed,
recent studies have shown that increasing or decreasing the activity of cell-defense pathways
against such radicals modulates the longevity of an organism (158, 159). Moreover, some have
postulated that aging occurs as a result of the accumulation of cellular damage, i.e., the accumula-
tion of nuclear DNA damage, misfolded proteins, and telomere erosion (160, 161). Interestingly,
similar cellular damage is associated with senescence. Senescence is a state of irreversibly arrested
growth that occurs as a result of genomic stress or oncogenic stimulation. In response to damaging
stimuli, cells enter senescence via the initiation of either one or two tumor-suppressive pathways.
These include the p53 and pRB pathways. Both proteins are important transcription factors and
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cell-cycle regulators. In response to cellular damage, these proteins halt the cell cycle in an attempt
to rectify the damage via a p53-dependent response to damage (161). When damage is irreparable,
cells are permanently halted from cell-cycle progression and fail to undergo cell division. This is
a means of preventing the perpetuation of cellular damage from one generation to the next, and
thus provides a tumor-protection mechanism for cells in response to oncogenic stimuli (162, 163).

Although senescence is thought to be beneficial in this regard, it has recently been demonstrated
to promote an increase in the secretion of cytokines, growth factors, and proteinases (163). This
enhanced secretion is termed the senescence-associated secretory phenotype. This phenotype
contributes to age-related pathologies by stimulating tissue remodeling and promoting tumor
progression. These processes include enhanced invasion, proliferation, loss of cell-to-cell contacts,
and an apparent epithelial-to-mesenchymal transition (163, 164). Senescent cells increase as a
function of age (161, 165). Studies conducted to clear senescent cells from mice models have
resulted in delayed age-related pathologies, including reductions in lordokyphosis and cataracts.
In addition, such manipulations have shown that the mice had an increased ability to perform
exercise and displayed increased adiposity (165), resulting in a less frail phenotype.

Mechanical changes have also been shown to occur as cells enter into senescence. The most
apparent is the dramatic change in cell morphology. Senescent cells acquire significantly enlarged
cell morphology due to the continued stimulation of the cell-growth pathways, MAPK (mitogen-
activated protein kinase) and mTOR (mammalian target of rapamycin) (166). Senescence is also
linked to increased expression of the intermediate filament vimentin, decreased expression of actin
and tubulin, and decreases in the focal adhesion protein paxillin and c-Src (167). Further, senes-
cence is associated with spatial alterations to the nuclear lamina, along with the resulting changes
in the shapes of the nuclear lamina and nucleus. This includes increased nuclear lobulations and
invagination, as well as the local accumulation of lamin A in the nuclear envelope (168). Changes in
the expression of mechanosensing and mechanotransducing proteins may alter how senescent cells
in vivo properly respond to internal and external stressors. Although more knowledge is required
in regard to the mechanical changes that occur with senescence, recent work using multipotent
human mesenchymal stem cells has demonstrated that senescent cells can be characterized by
decreased cytoskeletal stiffness, contractility, and motility (169).

Frailty is an age-dependent syndrome thatis often synonymous with disability and comorbidity,
in which frail individuals have a high risk of falls, hospitalization, and morbidity (170). In a study
performed by Fried et al. (170), a frail individual was further defined as one who met at least three
of the following criteria: an unintentional decrease in weight during a year, fatigue, weakness as
measured by grip strength, slow walking speed, and low levels of physical activity. This definition
is predictive of deteriorating mobility and falls, and is much more likely to predict mortality when
these individuals are compared with age-matched nonfrail individuals. Despite the potential of
cell mechanics to act as a label-free marker and the clinical importance of frailty, it remains to be
assessed and clinically validated whether cell mechanics can predict frailty.

Cardiovascular Disease

Cardiovascular disease, which includes all pathologies related to the heart and circulatory system,
continues to be the leading cause of death in the United States (171). The primary cause of
cardiovascular disease is atherosclerosis, which results from the buildup of plaque inside the
arteries, which, in turn, causes hardening and narrowing of blood vessels. However, evidence
suggests that age-related changes in cardiomyocytes and valvular tissues that result in heart-valve
malfunction and congestive heart failure are increasingly important causes of morbidity and
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mortality in older adults. Although important risk factors for cardiovascular disease include
obesity, high blood pressure, and diabetes (172), age is a major contributor, as evidenced by
the fact that most cardiovascular diseases are not present until middle or older age. This may
be due to the decline of normal heart function with age: for example, the increase in cardiomyocyte
apoptosis, the decrease in cell contractility, as well as hypertrophy and fibrosis (173). Apoptosis,
which is typically characterized morphologically by cell shrinkage and chromatin compaction,
is postulated to occur partly as a result of a decline in mitochondrial function (172). Contractile
cells, such as cardiomyocytes, require large amounts of energy to maintain proper cellular
function. However, as dysfunctional mitochondria accumulate with age (172), cells lose the ability
to meet their energy demands. The accumulation of dysfunctional mitochondria initiates cell
death and can lead to a chronic loss of cells in the heart (174). The contractile properties of the
heart are especially important in cardiovascular diseases such as dilated cardiomyopathy, which
is characterized by thinning of the ventricular wall and enlargement of the ventricular chamber
(175). Dilated cardiomyopathy is marked by mutations in various cytoskeletal-associating and
-regulating proteins, as well as proteins critical to the mechanotransduction of forces between
the cell exterior and interior. Some of these include mutations in (3-myosin heavy chain protein,
which can cause ventricular wall thinning; x-tropomyosin 1, which may cause ventricular wall
stiffening; and the intermediate filament desmin, which is linked to enlargement of the ventricular
chamber. Mutations in genes encoding lamin A/C and the focal adhesion protein vinculin, have
also been associated with dilated cardiomyopathy (175). The functional loss of these proteins
internally affects the contractility of cardiomyocytes and influences their ability to respond to
contractile changes, which in turn disrupts cell mechanotransduction.

Heart disease is not solely attributed to the loss of cellular function in cardiomyocytes but also
to the decline in function of surrounding cells. Cardiac fibroblasts—which produce, maintain,
and remodel the ECM within cardiac tissue—decline as a function of age (176); in addition,
aging hearts tend to harbor more fibrotic regions compared with younger hearts. The excessive
deposition of collagen and the resulting fibrotic scars promote stiffening of the heart and impede
the contractile function of cardiomyocytes (175).

Changes in the ECM have also been linked to age-associated cardiovascular disease. For ex-
ample, the increased production and deposition of FN, together with the increased inappropriate
crosslinking of collagen, is associated with increasing age (177, 178). Changes in the structure of
the ECM influence cardiomyocytes by causing changes in their morphology and in tissue architec-
ture, which, in turn, influence the orientation of actin filaments, the organization of sarcomeres,
contractility, and myofibrillogenesis (179, 180). Excessive crosslinking of ECM proteins further in-
duces alterations in the mechanics of the cardiomyocyte microenvironment, where the contractile
activity and organization of myofibrils increase with extracellular stiffness. The mechanosensa-
tion of changes in the extracellular environment and focal adhesions is critically dependent on
cytoskeletal tension (181). Moreover, epigenetic modifications have been shown to be associated
with cardiovascular disease, hypertension, and diabetes, which could be the missing hereditary
link among these diseases (182, 183). For example, methylation status is directly correlated with
type II diabetes, a possible contributor to heart disease, but this warrants further study.

The aging of blood vessels appears to be an important contributor to cardiovascular pathology.
The aging of vessels results in vascular remodeling and decreases the elasticity of arteries, and
together these promote vascular stiffening (184). Age-dependent changes, such as increased inap-
propriate collagen crosslinking and decreased elastin content, are major contributors to vascular
stiffness and hypertension. Increased hypertension further propagates deficiencies in the collagen
microstructure and vessel stiffness, thus, acting as a positive-feedback mechanism that perpetuates
the pathology (184). Together, the total contributions of mechanobiology to the proper function
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of the heart are critical. Minute intrinsic and environmental alterations seem to reap large effects
and are associated with the development and progression of various cardiac deficiencies.

Neurodegenerative Diseases

Neurodegenerative diseases encompass a group of disorders that are characterized by the progres-
sive loss of the function or structure of neurons and the central nervous system. These include
diseases such as Alzheimer’s, Parkinson’s, and amyotrophic lateral sclerosis. Similar to cardiovas-
cular diseases, aging remains the leading risk factor for neurodegenerative diseases—that is, age
makes patients more prone to these diseases and their cells less capable of self-repair. One major
cause of age-related neurodegenerative diseases is the accumulation of disease-specific misfolded
proteins within regions of the central nervous system. These proteins are insoluble, filamentous
aggregates of normally soluble proteins (184). The aggregates contain fibers that display the prop-
erties of amyloid fibrils having -sheet structure (184, 185). The accumulation of these proteins
leads to the progressive loss of neuronal function and inflicts damage on synapses (186). These
aggregates begin to accumulate early in life, but manifest as various diseases during mid- or late
life (184). Although, most neurodegenerative diseases are characterized by the accumulation of
protein, there remains striking diversity among the diseases. These differences arise primarily from
the diversity of proteins deposited in each disease. For example, 3-amyloid peptides and tau or tau
phosphorylated proteins accumulate in Alzheimer’s disease, x-synuclein and ubiquitin accumulate
in Parkinson’s disease, and mutant huntingtin proteins accumulate in Huntington’s disease (186,
187). Each disease differs in its spatiotemporal pattern of protein aggregates. Depending on the
particular neurodegenerative disease, aggregates have been shown to occur in either the extracel-
lular, intracytoplasmic, or intranuclear regions of neurons, astrocytes, and oligodendroglia.

In addition to protein aggregation, chronic inflammation is largely associated with age-related
neurodegenerative diseases. Neuroinflammation results from the chronic activation of immune
responses, which include those mediated by active microglia in the degenerating areas (187, 188).
Microglia cells are macrophages that colonize the central nervous system during embryonic de-
velopment and are responsible for controlling inflammation, repair, and regeneration (187, 189).
In response to pathology or injury, microglia are activated and rapidly change their morphology
to express the required inflammatory proteins, which, in turn, accelerate many pathophysiolog-
ical processes in the central nervous system. Moreover, these morphologically active microglia
are present in the central nervous system of a large number of patients with neurodegenerative
diseases and might attest to the chronicity of inflammation found in these pathologies (190).

SUMMARY

Cellular properties change markedly with aging, and likely have a profound impact on age-related
phenotypes and a host of age-related chronic disease states. Alterations in intra- and extracellular
support structures, mitochondria, chromatin, and histones, and the emergence of senescent cells,
all likely contribute to these changes. Future studies that help to facilitate the understanding of
the connections between these cellular changes and the evolution of chronic disease states will be
important next steps in the development of novel prevention and treatment strategies.
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