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Abstract 
The integrity of the cytoskeleton is essential to diverse cellular processes such as 

phagocytosis and intracellular trafficking. Disruption in the organization and dynamics 

of the actin cytoskeleton leads to age-associated symptoms and diseases, ranging from 

cancer to neurodegeneration. In addition, changes in the integrity of the actin 

cytoskeleton disrupt the functioning of not only somatic and stem cells but also gametes, 

resulting in aberrant embryonic development. Strategies to preserve the integrity and 

dynamics of the cytoskeleton are, therefore, potentially therapeutic to age-related 

disorders. The objective of this article is to revisit the current understanding of the roles 

played by the actin cytoskeleton in aging, and to review the opportunities and 

challenges for transition of basic research to intervention development. It is hoped that, 

with the snapshot of evidence regarding changes in actin dynamics with advanced age, 

insights on anti-aging medicine can be attained for future research.  
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1. Introduction
Actin is a highly conserved protein, and is the major component of the microfilament, 

which has a diameter of 4-6 nm (Davidson and Wood, 2016; Letort et al., 2015). Upon 

polymerization of actin monomers, namely G-actin, F-actin is generated. Although G-

actin can be polymerized into F-actin in the absence of actin-binding proteins (ABPs) 

(Fig. 1) (Park et al., 2018), the production of thick bundles of actin filaments 

necessitates the involvement of ABPs (e.g., α-actinin and gelsolin), and is driven by 

ATP hydrolysis. Apart from this, actin-associated proteins (e.g., ankyrin and spectrin) 

help anchor actin filaments to cellular organelles or the plasma membrane (Aydin et al., 

2018; Percipalle, 2009). In vertebrates, actin exists in α-, β-, and γ-isoforms. These 

isoforms usually differ by only few amino acids (Lee and Dominguez, 2010). These 

differences occur largely at around the N terminus (Lee and Dominguez, 2010). Till 

now, with advances in structural characterization techniques, more than 80 structures 

of actin have been reported in the literature (Dominguez and Holmes, 2011). Many of 

these structures have been attained in forms of complexes with either ABPs or small 

molecules (Dominguez and Holmes, 2011). Structurally, the actin monomer is flat, and 

can fit into a rectangular prism with dimensions of 55 Å × 55 Å × 35 Å (Cleuren and 

Boonstra, 2012). The polypeptide chain of the actin monomer, comprising 375 amino 

acids, is generally folded into two major domains (Cleuren and Boonstra, 2012). These 

two domains have very different sizes under electron microscopy (Cleuren and 
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Boonstra, 2012). They are named small and large domains. Due to their different 

locations with the actin filament, they are also called inner and outer domains. 

 

In cells, actin filament nucleation and elongation factors involve in regulating the de 

novo formation of actin filaments (Campellone and Welch, 2010; Dominguez, 2010). 

Examples of these factors include the Arp2/3 complex, Spire, VopL/VopF, TARP, and 

formins. Except formins that use the formin homology 2 (FH2) domain to interact with 

actin (Goode and Eck, 2007), other factors interact with actin via the WASP-homology 

2 (WH2) domain (Paunola et al., 2002). Upon interaction with actin, these factors 

control the location and time of actin polymerization. Apart from the WH2 domain, 

another domain commonly found in ABPs is the actin-depolymerizing factor homology 

(ADF-H) domain. This domain is found in five classes of proteins (Paavilainen et al., 

2007). One class of proteins is ADF/cofilin, which possesses a single ADF-H domain. 

It binds to both monomeric and filamentous actin, and inhibits spontaneous nucleotide 

exchange (Andrianantoandro and Pollard, 2006). It also causes the disassembly of aged 

actin filaments in cells (Okreglak and Drubin, 2007). Another class of proteins is 

twinfilin, which contains two ADF-H domains separated by a short linker region 

(Paavilainen et al., 2004). It binds to monomeric actin or the barbed end of the actin 

filament, and can prevent the assembly of monomeric actin into the filament end  

(Helfer et al., 2006). Apart from ADF/cofilin and twinfilin, other proteins that contain 

the ADF-H domain include the glia maturation factor, Abp1/drebrin, and coactosin 

(Davidson and Wood, 2016; Lee and Dominguez, 2010). The functions of these proteins, 

however, are elusive at the moment. 

 

Physiologically, the actin cytoskeleton is the primary cellular machinery for the 

generation of protrusive forces (through the use of the energy of actin polymerization 

(Castellano et al., 2001)) and also contractile forces (through the sliding of bipolar 

filaments of myosin II along actin filaments (Amberg et al., 2012)). The actin 

cytoskeleton, therefore, involves in various aspects of cell biology, ranging from whole 

cell migration and phagocytosis to exocytosis. Apart from this, actin is the target of 

caspases during apoptosis, and experiences oxidative damage when cellular stress 

occurs (Davidson and Wood, 2016). Because its maintenance and functioning involve 

a multitude of proteins, the actin cytoskeleton is highly susceptible to disruption caused 

by aging. In fact, aging has been found to cause not only changes in the expression of 

actin but also disruption in the organization and dynamics of the actin cytoskeleton, 

leading to the occurrence of age-related disorders.  

 

2. Causes of changes in actin expression 
Aging can alter the organization and dynamics of the actin cytoskeleton by changing 

actin expression (Deindl et al., 2002; Moshier et al., 1993). This has been shown by an 

earlier study (Moshier et al., 1993), which compared the expression of β-actin in rats 

with different ages (6 months, 12 months, and 24 months). Compared to the expression 

level in 6-month old rats, the level in 12-month and 24-month old rats reduces by 23% 

and 37%, respectively. A similar observation of the variation in the level of β-actin 

expression has been found in Kuruma shrimp at different developmental life stages 

(Sellars et al., 2007). One possible mechanism that mediates age-associated changes in 

actin expression is the alternation in the hormonal status caused by aging (Fig. 2). 

Examples of hormones known to affect actin expression include tumor necrosis factor-

α (TNF-α), insulin, 17β-estradiol, angiotensin II, hydrocortisone, triiodothyronine, and 

sex-dependent hormones (Gorzelniak et al., 2001; Verma and Shapiro, 2006). Many of 



these hormones are changed, in terms of secretion and clearance, with advanced age. 

For instance, insulin secretory defects occur in aged people (Bruunsgaard et al., 2000), 

and are attributed to the increase in the rate of glucose intolerance. In addition, 

compared to that in the young counterparts, the circulating level of TNF-α in elderly 

subjects is often higher (Chang and Halter, 2003). These alternations in hormonal 

secretion may lead to changes in action expression.  

 

The nutritional and activity status of an individual may affect the level of actin 

expression, too. The relevance of the nutritional status to actin expression has been 

observed in rats (Yamada et al., 1997), in which the expression of β-actin in the pancreas 

and upper digestive tract has been found to be altered upon fasting. The effect of 

physical activity on actin expression has also been reported by Jemiolo and Trappe 

(2004), who examined the expression level of β-actin in muscle biopsies taken from the 

gastrocnemius of human subjects before and after treadmill running. Because the 

nutritional and activity status is known to be changed with advanced age, this causes 

changes in actin expression in the elderly population, ultimately disrupting the 

functioning and integrity of the actin cytoskeleton. 

 

3. Actin cytoskeleton as a mediator of aging and associated diseases 
Apart from actin expression, age-associated disruption has been reported on the actin 

cytoskeleton per se (Franklin-Tong and Gourlay, 2008). In the past, studies on the 

organization and dynamics of the actin cytoskeleton were predominately performed on 

yeasts (Mishra et al., 2014). This is partly because ACT1 is the single actin gene in 

yeasts (Amberg et al., 2012). It can be easily mutated to enable the generation of diverse 

actin mutants for research purposes (Amberg et al., 2012). In addition, yeasts can grow 

in either the fermentative or non-fermentative state. Mutations that disrupt the 

mitochondrial function, and hence are lethal to other eukaryotic cells, can be possibly 

studied in yeast cells (Amberg et al., 2012). The dominion of the use of yeast cells in 

actin research has, however, been changed over the last several decades, with an 

increasing number of studies on actin carried out in mammalian cells or even stem cells. 

This has extended our understanding of the roles of the actin cytoskeleton in aging at 

the cellular level.  

 

Since the multifunctionality of actin is based predominately on three pillars: 

chaperonin-assisted folding (Balchin et al., 2018), interactions with actin-binding 

proteins (ABPs) (Pollard, 2016), and post-translational modifications (PTMs) (Terman 

and Kashina, 2013). Disruption in any of them during the aging process may hamper 

the proper functioning of the cell. Besides somatic cells, changes in the integrity of the 

actin cytoskeleton may disrupt the functioning of stem cells and progenitor cells 

(Sharpless and Depinho, 2007). The underlying mechanism has been elucidated by 

Kasper et al. (2009), who studied the functional and proteomic alternations in 

mesenchymal stem cells (MSCs) derived from young and old Sprague-Dawley rats. 

The concentration of MSCs in bone marrow was observed to be reduced with age 

(Kasper et al., 2009), with the expression of actin cytoskeleton‐associated proteins (e.g., 

calponin‐1, transgelin, vinculin, caldesmon‐1, myosin light chain regulatory B, and β‐

actin) in MSCs affected by aging (Kasper et al., 2009). By using functional annotation 

clustering, age‐affected molecular functions were found to be partly associated with the 

organization of the cytoskeleton (Kasper et al., 2009). These findings point to the fact 

that actin turnover declines in aged MSCs (Kasper et al., 2009). Such a decline was 

confirmed upon treatment of the MSCs with an actin‐stabilizing drug, Jasplakinolide 



(Kasper et al., 2009). Compared to those collected from young rats, the mean ratio of 

MSCs responding with a fully collapsed actin cytoskeleton is lower in those collected 

from the aged counterparts (Kasper et al., 2009). This decline in the rate of actin 

cytoskeleton remodeling may reduce the migratory capacity of aged MSCs and may 

increase the susceptibility of the cells to senescence (Kasper et al., 2009), leading to a 

reduction in the responsiveness of those cells to biological and mechanical signals. 

Actin involves not only in cell maintenance but also in tissue homeostasis. In 

Caenorhabditis elegans, the organization and morphology of the actin cytoskeleton 

deteriorate in muscles, intestine, and hypodermis during aging (Higuchi-Sanabria et al., 

2018). To combat the deterioration, hsf-1, which helps regulate the cytoskeletal 

integrity during aging and whose knockdown leads to premature aging of actin 

(Higuchi-Sanabria et al., 2018), may function as a feasible target. Overexpression of 

this gene protects the integrity of the actin cytoskeleton in muscles, intestine, and 

hypodermis of C. elegans (Higuchi-Sanabria et al., 2018). The important role played 

by the heat shock protein in maintaining the proper functioning of the actin cytoskeleton 

has also been verified in cultured human cells (Doshi et al., 2010), in which HSPB1 

forms a complex with actin and is required for cell motility.  

 

Regarding the roles played by actin in cell maintenance and tissue homeostasis, it is not 

difficult to see that disruption in the actin cytoskeleton has a strong link with cancer 

(Table 1). The relevance of actin dynamics to cancer can be attributed to the 

involvement of the actin cytoskeleton in cell motility (and hence cancer invasion) and 

also to the importance of the cytoskeleton to cell growth. The need of the actin 

cytoskeleton in cell cycle control has been suggested by the observation that toxins (e.g., 

latrunculin B and cytochalasin D) that cause depolymerization of actin filaments can 

delay the progression of mitosis in fission yeast (Gachet et al., 2001) and primary cells 

(Lee and Song, 2007). Moreover, disruption in actin filaments results in G1 arrest, 

which is linked to cyclin expression and cyclin-dependent kinase (CDK) activation 

(Reshetnikova et al., 2000). In recent years, some actin-binding proteins (e.g., cortactin 

(Wang et al., 2008), LIMK1 (Sumi et al., 2006), PAK1 (Zhao et al., 2005), integrin-

linked kinase (Fielding et al., 2008), focal adhesion kinase (Rodriguez-Fernandez et al., 

1999), Pyk2 (Rodriguez-Fernandez et al., 1999), and paxillin (Herreros et al., 2000)) 

have been found to localize in centromeres during the M phase of the cell cycle, 

participating in a multitude of processes (ranging from mitotic spindle orientation to 

centrosome maturation and separation) during mitosis.  

 

In addition to cell growth, apoptosis is regulated by the actin dynamics. This has been 

suggested by an earlier study which investigated the actin distribution pattern in 

leukemia cells treated with etoposide (Grzanka, 2001). Upon treatment, reorganization 

of the actin cytoskeleton occurred, accompanying with the formation of apoptotic 

bodies (Grzanka, 2001). During apoptosis induced by cytostatic drugs in K-562 and 

HL-60 leukemia cells, actin was also found to localize in chromatin compaction, and to 

participate in chromatin remodeling during apoptosis (Grzanka et al., 2003). Because 

of the importance of the actin cytoskeleton to cell division and apoptosis, age-related 

actin dysfunction is one of the important mechanisms underlying uncontrolled cell 

proliferation and hence tumorigenesis. In fact, changes in the dynamics of the actin 

cytoskeleton can lead to age-associated decline and symptoms in virtually all tissues 

and organs (Fig. 3). In the following parts of this section, few systems (including 

cardiovascular system, nervous system, immune system, reproductive system, and 

locomotor system) that have drawn particular attention in aging research will be used 



as examples to delineate the relevance of actin dynamics to aging and associated 

diseases. 

 

3.1 Cardiovascular system 

Cardiac muscle in an adult heart consists of the conduction system (CS) as well as the 

working myocardium. The former includes the peripheral Purkinje fibers (PF), the 

bundle branches (BB), the atrioventricular bundle (AVB), the atrioventricular node 

(AVN), the internodal tract or bundle (IB), and the sinoatrial node (SAN). While 

cardiomyocytes in the IB and SAN contain α-cardiac (α-CA) and α-smooth muscle (α-

SMA) actin isoforms (Orlandi et al., 2009); those in the PF, BB, AVB and AVN are α-

CA and α-skeletal (α-SKA) positive (Orlandi et al., 2009). The wide distribution of 

actin isoforms in cardiac muscle suggests the importance of the actin cytoskeleton in 

cardiac functioning. This is supported partly by the roles played by actin dynamics in 

heart development and functional maintenance. For instance, HSPB7, whose mutations 

may lead to dilated cardiomyopathy and heart failure, functions by binding with 

monomeric actin to repress actin polymerization so as to modulate the actin thin 

filament length in cardiac muscle (Wu et al., 2017). Functional maintenance of the adult 

heart in mice also necessitates the actin-organizing formin protein Fhod3 (Ushijima et 

al., 2018). Regarding its involvement in the development and functioning of the heart, 

the actin cytoskeleton may potentially be adopted as a target for heart regeneration and 

repair. The technical possibility of this has been illuminated by Morikawa et al. (2015), 

who, by blocking the Hippo signaling (which inhibits the expression of the 

transcriptional coactivator Yap to prevent the regeneration of cardiomyocytes in 

mammals, and contributes to the poor regenerative capacity of the mammalian heart), 

have successfully resumed the response of Yap to mechanical signaling associated with 

heart injury to lead to the remodeling of the actin cytoskeleton with protrusion 

formation, resulting in heart repair.  

 

Apart from the heart, the growth of blood vessels involves actin. This has been 

suggested by the remarkable upregulation of β-actin during vessel growth in a rabbit 

model, in which collateral artery growth has been induced by femoral artery ligation 

(Deindl et al., 2002). Actin dysfunction in the vascular system may lead to 

microvascular remodeling, which contributes to elevated systemic vascular resistance 

in hypertension and is related to the rearrangement of the actin cytoskeleton in the 

vascular wall (Feihl et al., 2008). Prolonged vasoconstriction of resistance arteries and 

resistance artery remodeling in hypertension are, in fact, attributed to improper control 

of actin polymerization (Nakamura et al., 2000; Staiculescu et al., 2013). Cytoskeletal 

actin polymerization is also involved in force generation during PKC-mediated 

vasoconstriction in cerebral arteries (El-Yazbi et al., 2015). In the medial layer of 

human atherosclerotic coronary arteries, signs of actin disorganization as well as a 

decline in the level of actin binding proteins (e.g., gelsolin and vinculin) have been 

observed (de la Cuesta et al., 2013; Itoh et al., 2002). The association between actin and 

vascular functioning has been further confirmed by using a hypercholesterolemic rabbit 

model, in which alterations in actin microfilaments have led to dysfunctional 

endothelial-substratum adhesion and the formation of atherosclerotic plaques 

(Colangelo et al., 1998). All these point to the close relationship between actin 

dynamics and vascular functioning.  

 

3.2 Nervous system 

To maintain the proper functioning of the nervous system, tight control of the dynamic 



reorganization of the actin cytoskeleton in response to extracellular and intrinsic stimuli 

is required as it affects the morphological and functional plasticity of neurons and glial 

cells (Seixas et al., 2019). Oligodendrocytes are one type of glial cells, whose 

cytoskeleton consists of mainly microtubules and actin filaments (Kachar et al., 1986; 

Wilson and Brophy, 1989). The cytoplasmic protrusions of these cells have growing 

tips with actin-rich filopodia, and also have long bundles of actin filaments (Fox et al., 

2006). These actin-based protrusions form a multilayered myelin membrane to wrap 

around axons spirally to promote long-term axonal integrity and to enhance the speed 

of conduction of action potential (Barateiro et al., 2016). Myelination is initiated during 

development when oligodendrocyte progenitor cells (OPCs) migrate toward the 

vicinity of neurons to undergo differentiation to ensheath axons (Domingues et al., 2018; 

Emery, 2010). The differentiation program of oligodendrocytes involves the 

morphological change of the cells from a simple spindle-like shape to an arborized 

morphology, as well as the expression of myelin genes that lead to the production of 

structural components of mature sheaths (Seixas et al., 2019). Compared to 

microtubules, actin filaments display a higher turnover rate and higher reorganization 

potential. They provide morphological plasticity to oligodendrocytes (Simpson and 

Armstrong, 1999; Song et al., 2001). Regarding the fact that the disruption and loss of 

myelin in the white matter often occur in an aged brain (Duce et al., 2006), along with 

the close relationship between the actin cytoskeleton and the process of myelination 

(Seixas et al., 2019), disruption in actin dynamics is one of the factors to be considered 

when the mechanism of age-associate changes in an aged brain is elucidated in future 

research.  

 

As a matter of fact, the role played by actin in establishing the polarized morphology 

of neurons has already been shown by a recent study (van de Willige et al., 2019), which 

examined the neuronal function of growth arrest-specific 2-like 1 (Gas2L1). Results 

have revealed that Gas2L1, which can bind to different components (including actin, 

microtubules and microtubule plus-end-tracking end binding proteins) of the 

cytoskeleton, can promote axon branching while restricting axon elongation in cultured 

rat hippocampal neurons (van de Willige et al., 2019). A similar observation of the 

involvement of actin in axon growth has been demonstrated in Drosophila 

melanogaster, in which the function of the transcription factor Lola has been found to 

mediate axon growth partly by suppressing the expression of the actin nucleation factor 

Spire (Gates et al., 2011). Apart from axons, dendrite formation and branching are 

affected by actin dynamics (Georges et al., 2008; Nithianandam and Chien, 2018; Yoo 

et al., 2019). For instance, Tmod1 and Tmod2 have been shown to regulate dendritic 

morphology and dendritic spine shape by actin binding (Gray et al., 2018). 

Phosphatidylinositol 3,4-bisphosphate has also been found to regulate neurite initiation 

and dendrite morphogenesis via actin aggregation (Zhang et al., 2017). Based on the 

evidence presented above, it is not difficult to see that proteins involved in regulating 

the actin dynamics may turn out to be feasible targets for the future development of 

regenerative interventions to combat age-associated neurological degeneration.  

 

Because neurological functioning tightly relies on proper control of actin dynamics, 

disruption in actin regulation may lead to diseases in the nervous system (Spears et al., 

2014). For example, Hirano bodies, which are rod-shaped intraneuronal inclusions 

containing diverse proteins (including actin, α-actinin, vinculin, and tropomyosin), are 

commonly found in patients with various degenerative diseases (Davis et al., 2008; 

Fechheimer et al., 2002). An increase in the expression of β-actin has also been found 



in brain tissues of patients suffering from Alzheimer's disease (AD) (Gutala and Reddy, 

2004). Recently, by examining the isolated brain vessel extract and cortex from a mouse 

model with strong β-amyloid plaque deposition, the protein and mRNA levels of α-

smooth muscle actin, which is a protein prominently expressed on brain vessels and is 

thought to influence the blood vessel contraction (Hutter-Schmid and Humpel, 2016), 

have been shown to be increased (Hutter-Schmid and Humpel, 2016). This finding 

seems to be contradictory to the finding reported by Ervin et al. (2004), who observed 

a decrease in the vascular smooth muscle actin density in arachnoid, grey matter, and 

white matter blood vessels in patients with late-stage AD. Such a discrepancy may be 

partly due to the difference in the stage of the disease examined by the two studies, 

although more follow-up studies are required before the mechanism linking the actin 

cytoskeleton to the pathogenesis of AD and other neurodegenerative diseases can be 

fully elucidated. 

 

3.3 Immune system 

Macrophages help repair damaged tissues, eliminate infectious agents, and mediate 

inflammatory responses (Murray and Wynn, 2011). These functions are mainly 

performed via chemotaxis and phagocytosis, during which macrophages undergo actin 

cytoskeletal remodeling to produce various F-actin rich membrane structures (including 

lamellipodia and phagocytic cups) (Rougerie et al., 2013). For instance, Fcγ receptor 

(FcγR)-triggered phagocytosis involves the recruitment and activation of actin-

regulating proteins such as WASp and Arp2/3 (Rougerie et al., 2013). Chemotaxis 

induced by colony-stimulating factor-1 (CSF-1) signaling also involves actin 

cytoskeleton rearrangement mediated by nucleation-promoting factors that belong to 

the WASP/WAVE family (Rougerie et al., 2013). Because the functioning of 

macrophages relies largely on proper control of actin dynamics, disruption in actin 

regulation during aging may lead to an age-associated decline in phagocytic ability and 

in the capacity of generating reactive oxygen species (ROS) (Li et al., 2017). This has 

been demonstrated by the case of alveolar macrophages. When bacterial infection 

occurs in the respiratory system, cytoskeleton remodeling is initiated in alveolar 

macrophages, stimulating the expression of the bacterial scavenger receptor MARCO 

and executing phagocytosis (Li et al., 2017). The initiation of this remodeling process 

necessitates the involvement of Rac1-GTP, which activates Arp2/3 to induce filopodia 

formation, to stimulate F-actin polymerization, and to increase the cell surface 

expression of MARCO (Li et al., 2017). The expression of Rac1, however, is reduced 

with advanced age (Li et al., 2017). This impairs the initiation of phagocytosis in 

alveolar macrophages, rendering elderly subjects susceptible to sepsis led by 

respiratory infection. This evidences the close link between age-associated changes in 

the cytoskeletal integrity and the functional loss of macrophages during aging.  

 

Similar to the case of macrophages, an age-associated decline in the ability of ROS 

production occur in polymorphonuclear leukocytes (PMNs). Compared to young PMNs, 

the aged counterparts in general show impaired capacity of generating the superoxide 

anion (O2
-) in response to treatment with formyl-methionyl-leucine-phenylalanine 

(FMLP). The changes in the cytoskeleton assembly capacity with advanced age may 

account for this impaired capacity (Piazzolla et al., 1998), and also for the failure of 

proper exocytosis of appropriate cell‐surface receptors to the cell membrane of PMNs 

in aged subjects (Noble et al., 1999; Plackett et al., 2004; Rao et al., 1992). These 

changes have been observed by Rao (1986), who detected a reduction in the extent of 

actin polymerization in aged PMNs upon incubation with FMLP and phorbol myristate 



acetate. A similar reduction has also been noted in aged palettes treated with thrombin 

(Rao, 1986). As actin polymerization is vital to the success of cellular activation, the 

reduction in the extent of ligand-induced actin polymerization may partly account for 

the deteriorated functioning of PMNs in aged subjects.  

 

Finally, interactions of T-cell receptors (TCR) with major histocompatability complex–

peptide complexes on antigen-presenting cells can activate signaling cascades, resulting 

in the formation and stabilization of an immune synapse required for modulating T-cell 

responses (Billadeau and Burkhardt, 2006). During this process, reorganization of the 

actin cytoskeleton is involved. Some of the actin regulatory proteins involved in the 

functioning of T cells include the WAVE complex (Nolz et al., 2006; Zipfel et al., 2006), 

WASp (Zhang et al., 1999), WASp-interacting protein (WIP) (Ramesh et al., 1997; 

Sasahara et al., 2002), cofilin (Eibert et al., 2004), HS1 (Taniuchi et al., 1995), and 

Ena/VASP proteins (Krause et al., 2000; Lafuente et al., 2004). Because aged 

lymphocytes display impaired cytoskeletal actin filament functions (Brock and Chrest, 

1993) and a lower polymeric actin content (Cheung et al., 1987), this reduces the 

surface receptor motility and subsequent lymphocyte proliferation, contributing to the 

declined function of the immune system. 

 

3.4 Reproductive system 

Due to the deterioration in oocyte quality with advanced age, aged oocytes are often 

compromised in competence in fertilization. The connection between alternations in 

subcellular structures and the performance in fertilization has been reported by an 

earlier study (Limatola et al., 2019), which simulated the aging process experienced by 

oocytes of Astropecten aranciacus by treating the freshly collected oocytes directly 

with 1-methyladenine, or by removing the oocytes from the gonad and maintaining 

them in seawater for a substantial period with or without subsequent treatment with 1-

methyladenine. In the inner cytoplasm of the oocyte, random distribution of thick actin 

filaments has been identified in the oocyte at the germinal vesicle (GV)-stage but not 

in the one treated directly with 1-methyladenine (Limatola et al., 2019). Apart from this, 

oocytes aged by maintenance in seawater, with or without further treatment with 1-

methyladenine, have displayed substantial changes in the structural organization of 

cortical actin filaments as compared to those at the GV-stage (Limatola et al., 2019). 

Taking the different rates of polyspermy and the variations in fertilization envelope (FE) 

elevation as experienced by the oocytes into account (Limatola et al., 2019), 

polyspermy in aged oocytes is thought to be partly due to changes in the structural 

integrity of the actin cytoskeleton. 

 

Besides starfish, oogenesis in Drosophila melanogaster requires tight control of actin 

dynamics. This has been reported by Sokolova et al. (2018), who generated a mutant 

of RanBP9 (which is a nuclear actin import receptor) and observed that the mutant not 

only shows a lower nuclear actin level (Fig. 4) but the eggs laid by the mutant also 

display abnormal morphology and short dorsal appendages. Because manipulation of 

nuclear transport factors of actin leads to a decline in the expression of eggshell genes, 

it is possible that actin involves in gene regulation. This has been verified in NIH3T3 

cells, in which disruption in the actin cytoskeleton alters the transcription activity 

mediated by the myocardin-related transcription factor and the serum response factor 

(MAL/SRF) (Miralles et al., 2003). The regulation of the actin cytoskeleton and that of 

gene expression appear to be connected, the nature of their functional integration is, 

however, not well understood till now. Nevertheless, based on the cases described above, 



actin dysfunction seriously compromises embryonic development. This, in fact, has 

already been corroborated in various species, spanning from mice (Mackenzie et al., 

2016) and horses (Ruggeri et al., 2015) to sea urchins (Chun et al., 2014). Changes in 

the integrity of the actin cytoskeleton, therefore, disrupt the functioning of not only 

somatic and stem cells but also gametes. This may explain the failure of some assisted 

reproductive technologies in aged eggs. Further research in this direction is needed in 

order to obtain a more comprehensive view of the relevance of actin dynamics to 

reproductive aging.  

 

3.5 Locomotor system 

The locomotor system is a complex leverage apparatus composed of muscles, ligaments, 

bones, joints, and various soft tissues. Its deterioration may impair locomotion and the 

performance of coordinated movements. For example, the age-associated loss of the 

muscle force and contractile speed will impede balance maintenance, leading to a 

higher rate of falls and related injuries among aged subjects (Cuevas-Trisan, 2019). To 

elucidate the effects of aging on the motor functions of muscle, the contractile speed in 

skinned muscle fibers expressing different isoforms of the myosin heavy chain (MHC) 

have been investigated in the literature (Degens et al., 1998; Larsson et al., 1997; Li 

and Larsson, 1996; Yu et al., 1998). In skeletal muscle cells from both rats and humans, 

an age-related reduction in the maximum velocity of unloaded shortening has been 

reported (Degens et al., 1998; Larsson et al., 1997; Li and Larsson, 1996; Yu et al., 

1998). In muscle fibers collected from various species (including humans, rats and mice) 

and expressing the slow (type I) β-myosin heavy chain isoform, an age-associated 

decrease in the actin sliding speed on myosin has also been observed (Hook et al., 2001). 

All these link actin dysfunction to the functional decline of the locomotor system.  

 

In addition, muscle growth and repair require satellite cells, which are a self-renewing 

population of myogenic progenitors. The involvement of the actin cytoskeleton in the 

functioning of satellite cells is partly evidenced by the expression of the actin binding 

protein Xin during skeletal muscle regeneration and also the involvement of that protein 

in regulating myoblast function (Hawke et al., 2007). By controlling the organization 

of the actin cytoskeleton and actin-based protrusions, Srf, which help regulate myoblast 

fusion in mammals, has also been found to regulate hypertrophic myofiber growth 

(Randrianarison-Huetz et al., 2018). Because the integrity of the actin cytoskeleton is 

disrupted with advanced age, changes in the actin dynamics in satellite cells is one of 

the possible mechanisms accounting for the aging of myocytes. Apart from this, 

changes in the expression pattern of the actin isoform may link with the age-associated 

decline in the contractile function of muscle fibers. This has been shown by Lancioni 

et al. (2007), who, by examining the satellite cells isolated from skeletal muscle 

biopsies from subjects with different ages, observed that the expression level of the α-

smooth muscle actin isoform (α-SMA) in satellite cells isolated from the newborn is 

substantially lower than the aged counterpart. The persistently high expression of α-

SMA in satellite cells in elderly subjects may partially account for the age-associated 

decline in contractile function due to its possible effects on cell fusion and on the 

differentiation of myotubes into myofibers (Lancioni et al., 2007).  

 

4. Links between actin dynamics and life span determination 
Apart from the aging process per se, the life span of an individual may be affected by 

actin dynamics, though at the moment evidence on life span determination has been 

collected mainly from Saccharomyces cerevisiae (Amberg et al., 2011). The actin 



cytoskeleton in yeast cells consists of three dynamic structures. One is the actomyosin 

ring, which is important to cytokinesis (Amberg et al., 2011). The other one is the 

cortical actin patch, which is thought to be the site of endocytosis and is polarized to 

the buds of a growing cell (Kaksonen et al., 2003). The last one is the actin cable, which 

is a bundle of long actin filaments that extend from the bud tip or neck to the mother 

cell tip, guiding bidirectional cargo transport and regulating the movement of organelles 

(e.g., peroxisomes and mitochondria) and secretory vesicles (Pruyne et al., 2004). By 

examining the actin cytoskeleton in yeast cells, stationary-phase cultures of 

Saccharomyces cerevisiae have been found to consist of two cell subpopulations 

(Vasicova et al., 2015). One possesses a dynamic actin cytoskeleton, and the other one 

has static actin bodies. The impact of aging on the actin cytoskeleton has been reported 

by an earlier study (Vasicova et al., 2015), which used a GTP-fused actin binding 

protein (Abp140-GFP) to analyze the dynamics of cables in yeast cells. Compared to 

exponentially growing cultures that comprise only cells with dynamic actin cables 

(Vasicova et al., 2015), aged cultures possess cells with actin bodies and cells with no 

specific Abp140-GFP fluorescence (Vasicova et al., 2015). The number of cells 

containing actin cables and bodies decreases during chronological aging, but the 

number of non-fluorescent cells increases (Vasicova et al., 2015). Taking the age-

associated changes in the dynamics and organization of the actin cytoskeleton into 

consideration, actin manipulation may turn out to be a route of life span extension in 

the future.  

 

In addition, the target of rapamycin (TOR) pathway is one of the pathways that have 

drawn attention in aging research. This pathway helps regulate mitochondrial 

respiration and ROS production, and hence determines the chronological life span in 

yeast cells (Bonawitz et al., 2007; Pan and Shadel, 2009). Some of the important 

regulators of aging in the TOR pathway include Tor1, Sch9, and Ras2 (Liu et al., 2015). 

These proteins control carbon source substitution and mediate the effect of caloric 

restriction on life span prolongation (Wei et al., 2009). In a recent study, yeast cells with 

mutations on genes for these proteins have been generated (Liu et al., 2015). 

Microscopy examination has revealed that the actin structure is more dynamic in those 

mutants than in wild-type cells (Liu et al., 2015). Compared to the chronological life 

span of DBY746 wild-type cells, that of the mutants has been shown to be longer (Liu 

et al., 2015). This has consolidated the validity of extending the life span via actin 

manipulation. What remains is to translate the validity into practice from the yeast 

model to the mammalian model.  

 

5. Opportunities and challenges for intervention development  
Regarding the biological importance of actin dynamics as delineated in preceding 

sections, actin manipulation has practical potential in biomedicine. For instance, 

thymosin β4, which contains an actin-binding domain and is a major actin-sequestering 

molecule in eukaryotic cells, has been found to accelerate the healing of full‐thickness 

dermal wounds in aged mice by increasing keratinocyte migration, wound contracture, 

and collagen deposition (Philp et al., 2003). By over-expressing cofilin to disrupt the 

actin filaments in H1299 lung carcinoma cells, over 90% of the cells have been arrested 

at the G1 phase (Lee and Keng, 2005). These studies suggest the feasibility of taking 

the actin cytoskeleton as a target for tissue regeneration and for treatment of age-

associated diseases (such as cancer). More recently, Higuchi and co-workers (2013) 

have discovered that the fitness of mitochondria inherited by buds, and hence the health 

span of yeast cells, can be enhanced by increasing the retrograde actin cable flow 



(RACF). This discovery points to the possibility of manipulating RACF for health span 

prolongation during aging. Over the years, different agents have been discovered to 

modulate the functioning and organization of the actin cytoskeleton. Some of them are 

listed in Table 2. These agents may have the potential to be candidates for drug 

development to manipulate the actin cytoskeleton in the future.   

 

Despite the technical possibility of actin manipulation, actin dynamics is a complex 

process, and impairment in the function of one component may lead to dramatic 

disruption in the cytoskeletal integrity. This has partially been evidenced in C3H10T1/2 

cells, in which actin filament-associated protein (AFAP) is distributed along F-actin 

fibers and is present in both cytosolic and cytoskeletal portions of stress fibers (Xiao et 

al., 2012). Upon overexpression of AFAP, cytoskeleton reorganization occurs (Xiao et 

al., 2012). In BEAS2B cells, the morphology of podosomes formed by the phorbol 

12,13-dibutyrate (PDBu)-treated cells is different from those in which AFAP is 

overexpressed (Xiao et al., 2012). This suggests that simply changing the activity of 

one protein may dramatically change the organization of the actin cytoskeleton. 

Because of the complexity of actin dynamics, there are a vast number of possibilities 

for actin dysfunction to occur during aging. This imposes difficulties when attempts are 

made to reverse actin dysfunction in practice. Solutions may be provided by advances 

in high-throughput technologies for gene sequencing (Brettmann et al., 2018; de 

Masson et al., 2018; Kezimana et al., 2018) and for the elucidation of protein structures 

(Fogg et al., 2006; Hirata et al., 2019; Rames et al., 2014; Shah et al., 2010). These 

technologies can help identify the malfunctioned proteins to be tackled, and can 

enhance our understanding of the regulatory network governing proper functioning and 

maintenance of the actin cytoskeleton.  

 

Finally, while efforts in the literature are largely devoted to deciphering the cytoplasmic 

functions of actin, the role of actin in the nucleus should not be overlooked. Over the 

years, an increasing number of evidence has pointed to the importance of nuclear actin 

to cell physiology. For instance, by using confocal microscopy and the fluorescence 

recovery after photobleaching (FRAP) assay, the rate of GFP-actin nuclear transport 

has been shown to be different between NIH 3T3 cells and those undergone different 

treatments (e.g., serum starvation for cell cycle arrest at the G0 phase, or treatment with 

thymidine or hydroxyurea for locking the cells into the late G1/early S phase) (Johnson 

et al., 2013). More recently, the actin binding cytoskeletal protein moesin has also been 

found in the nuclei of cultured S2R+ cells and in the salivary glands of third instar 

larvae, participating in nuclear mRNA export in fruit flies (Kristo et al., 2017). As the 

physiological roles played by nuclear actin in DNA repair and gene regulation have 

already been reviewed elsewhere (Bajusz et al., 2018; Hurst et al., 2019; Kapoor and 

Shen, 2014; Misu et al., 2017; Miyamoto and Gurdon, 2013; Pfisterer et al., 2017), they 

will not be discussed further here. It is, however, worth highlighting that, even though 

the relationship between nuclear actin and gene regulation has been shown 

experimentally, the mechanistic understanding of nuclear actin in aging, or even the 

extent of changes experienced by nuclear actin during aging, is ill-defined till now, 

partly due to the lack of research tools that enable nuclear actin to be specifically studied. 

Solving this not only helps increase the comprehensiveness of our understanding of the 

actin cytoskeleton in cells, but insights can also be gained into the mechanisms of aging 

and related diseases.  

 

6. Concluding remarks 



Actin plays vital roles in diverse physiological processes, ranging from phagocytosis to 

intracellular trafficking. In this article, we have reviewed the roles of actin in aging, and 

have also presented the link between actin dynamics and life span determination. As a 

matter of fact, research on the organization and dynamics of the actin cytoskeleton is 

not only relevant to basic aging research, but may also reveal subtle sources of obstacles 

in the development of antiaging therapies. This has been demonstrated by Grosse et al. 

(2007), who generated plasmid/PEI or plasmid/lactosylated PEI complexes to evaluate 

the cytoskeletal involvement in the cellular trafficking of polyplexes. The transfection 

efficiency of the polyplexes was found to be reduced by 90% in cystic fibrosis airway 

epithelial cells when transfection was performed in the presence of cytochalasin D 

(which depolymerizes actin filaments) or nocodazole (which disrupts the integrity of 

microtubules) (Grosse et al., 2007). Owing to the effect of aging on actin dynamics, 

therapeutics may be more difficult to reach aged cells for action. This partially explains 

the challenges to the development of effective therapies that target aged cells in general. 

Regarding the possible biogerontological implications of actin research, age-associated 

changes in the actin cytoskeleton are anticipated to continue to be an important topic in 

the forthcoming years, not only for the design of interventions that counteract age-

associated changes in cytoskeletal integrity per se but also for the enhancement of the 

performance of other anti-aging therapies in practice.  
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Figure Legends  
 

Table 1 Relevance of the actin cytoskeleton to different processes in cancer 

development and progression. 

 

Table 2 Examples of agents that enable manipulation of the functioning and 

organization of the actin cytoskeleton. 

 

Fig. 1 (a) SEM and (b) TEM images of F-actin, α-actinin, and bundled actin. (c) 

Fluorescent images of the actin network formed by 5 μM G-actin and (d) 5 μM G-actin 

with 2 μM α-actinin. The G-actin has been stained with Alexa-488-labelled phalloidin. 

Reproduced from Park et al., 2018 with permission from Elsevier B.V.  

 

Fig. 2 Major factors contributing to age-associated changes in actin expression. 

 

Fig. 3 Overview of the relevance of actin dynamics to the functional decline and age-

associated disorders. 

 

Fig. 4 (A) Confocal microscopic images of nurse cell nuclei of ovarian egg chambers, 

stained with actin antibodies and DAPI, from (a) the wild-type fly and (b) the mutant. 

Scale bar = 10 μm. (B) Scanning electron micrographs of the eggs laid by (a) the wild-

type fly and (b) the mutant. Magnification = 450×. Scale bar = 200 μm. Reproduced 

from Sokolova et al., 2018 with permission from Elsevier B.V. 

 

 




