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Abstract

Aging brain becomes susceptible to neurodegenerative diseases due to the shifting of microglia and as-
trocyte phenotypes to an active “pro-inflammatory” state, causing chronic low-grade neuroinflammation.
Despite the fact that the role of neuroinflammation during aging has been extensively studied in recent
years, the underlying causes remain unclear. The identification of relevant proteins and understanding
their potential roles in neuroinflammation can help explain their potential of becoming biomarkers in the
aging brain and as drug targets for prevention and treatment. This will eventually reduce the chances of
developing neurodegenerative diseases and promote healthier lives in the elderly. In this review, we have
summarized the morphological and cellular changes in the aging brain, the effects of age-related neuroin-
flammation, and the potential role of cofilin-1 during neuroinflammation. We also discuss other factors
contributing to brain aging and neuroinflammation.
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Introduction

Aging is a complex process and is usually associated with a
decline in brain functions that gives way to the worsening of
the quality of life. The initiation of the aging process is de-
pendent on the individual’s way of living, genetic factors, and
environmental conditions. It is predicted that the population
aged 65 years or over will be representing more than 17%
of the total world population by 2050 (He et al., 2016). The
normal aging is characterized by chronic low-grade systemic
inflammation known as “inflammaging” (Franceschi et al.,
2000) and is associated with cognitive impairments, memory
loss, trouble in learning new things, and changes in mood or
behaviors (Peters, 2006). In addition to age-related cognitive
decline, aging itself is considered as an essential risk factor
for many neurodegenerative diseases.

Both age-related pathologies and age-related cognitive
decline are becoming the biggest threats affecting human
health and lifespan. In the United States, the population at
risk, 71 years and older, approximately 22.2% suffered from
cognitive impairments without dementia, and 24% suffered
from cognitive impairments due to chronic medical con-
ditions such as heart, lung, and renal disease (Plassman et
al., 2009). Recent findings have also revealed molecular and
cellular changes in the mammalian brains (Guarente, 2014),
and these discoveries have helped us to realize the cellular
influences on the aging process. Studies have shown that
the accumulation of abnormal proteins in different regions
of the aged brain can trigger a series of events that induce
widespread neuroinflammation.

Neuroinflammation is considered the single most causal
factor in all central nervous system (CNS) disorders. Par-
ticularly in the older population, it leads to neurodegener-
ative disease. However, each neurodegenerative disease has
unique pathology and symptoms. Although the molecular

mechanisms of age-related neuroinflammation are not
completely clear, increasing evidence suggests that gliosis,
especially microglia, plays a crucial role in neuroinflam-
mation. Microglia are resident immune cells located in the
CNS and actively participating in neuroinflammation by
releasing a variety of proinflammatory mediators, including
nitric oxide, cytokines, and chemokines (Prinz and Priller,
2014). Chronic microglial activation, also a hallmark of
aging, induces brain inflammation resulting in progressive
damage of brain cells and exacerbated brain aging (Lull and
Block 2010). In addition to its functional changes, microglia
structure is also affected by age. A number of recent studies
indicated an important role of circulating factors on brain
function and aging, but the molecular mechanisms of these
circulating factors are not fully understood.

One important class of proteins governing the effects
of neuroinflammation and neurodegeneration is cofilin-1
(commonly known as cofilin). Cofilin or “cofilamentous
structures with actin” (Nishida et al., 1984) is a major ac-
tin-depolymerizing factor (ADF) isoform in the CNS and
plays an essential role in severing and depolymerizing actin
filaments to generate the dynamics of the actin cytoskeleton
(Bamburg et al., 1999). Studies have shown that cofilin acts
as a stress protein and might be a crucial link between ADF/
cofilin hyperactivity and inflammation. Recent findings from
our lab have begun to indicate that cofilin plays an important
role in microglial activation (Sayeed et al., 2017; Alhadidi et
al.,, 2018; Alhadidi and Shah, 2018); however, the evidence in
the area of aging is limited and more studies are needed to
determine the role of cofilin in normal aging, and age-relat-
ed neuroinflammation. To better understand the significance
of these recent findings, here, we describe how brain mor-
phology changes during the aging process, and how these al-
terations exacerbate neuroinflammation. In the next section,
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we will focus mainly on the functions of brain cofilins and
how cofilin activates microglia and subsequent neuroinflam-
mation. Finally, we will discuss putative systemic factors that
act as feedback signaling to influence brain function during
the aging process. We used PubMed search from 1975 to
present to look for articles concerning microglial activation,
inflammation and aging.

Age-Related Cellular Brain Changes

At the cellular level, as animals age, numerous anatomical
and physiological alterations start appearing (Perez-Gon-
zalez et al., 2014). For example, brain atrophy, which is
characterized by shrinkage in the brain size, especially in the
hippocampus and prefrontal cortex, is often associated with
structural changes in the neuronal and glial cells (Peters,
2002). The similar brain changes are also observed in other
co-morbid conditions such as cardiovascular disease, obe-
sity, diabetes, and hypertension. Impaired cerebrovascular
input of glucose or oxygen or both and a decline in glucose
metabolism are considered hallmarks of brain atrophy in
the aging brains (Kawamura et al., 2016). Other remarkable
physiological alterations in the aging brain are; increased ox-
idative stress, mitochondrial dysfunction (Lenaz, 1998), and
decreased ATP production (Cui et al., 2012). In addition,
the aged brain is characterized by increased levels of pro-in-
flammatory cytokines and reduced levels of anti-inflamma-
tory cytokines. The alterations in cytokine balance lead to
accelerated neuroinflammatory responses and exacerbate
the neuroinflammatory status culminating in cognition and
behavior alterations. It is suggested that during aging, glial
cells cannot support neurons due to the accumulation of
oxidative stress and free radical damage over time, leading to
inflammation and neuronal dysfunction (Lin et al., 2007).

Age-Related Neuronal Changes
Alteration in the brain physiology and cognitive impair-
ments with aging are closely related to a range of morpho-
logical and functional changes in the brain cells. Important-
ly, these alterations result in the loss of neuronal networks
and impaired cognitive functions. The aged neurons show a
decline in neuronal synaptic density and plasticity as com-
pared with young ones. One of the reasons for the synaptic
disappearance is the reactivation of the synaptic pruning
program by microglia and astrocytes (Stephan et al., 2012).
Synaptic pruning is a dormant process that eliminates extra
synapses at developmental stages. Interestingly, there is a
link between the start of the process of synaptic pruning and
the onset of neurodegenerative and neuropsychiatric disor-
ders such as schizophrenia and autism (Petanjek et al., 2011;
Stephan et al., 2012; Nakagawa and Chiba, 2015). Another
factor that promotes synaptic plasticity decline is triggered
by the inflammatory mediators released from the other brain
immune cells, particularly microglia and astrocytes. For in-
stance, increased levels of tumor necrosis factor (TNF)-alpha,
interleukin (IL)-18, and IL-1b cytokines further affect neu-
ronal dysfunction (Pickering and O’Connor, 2007).
Moreover, growing evidence suggests that peripheral in-
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flammatory cytokines might be the main contributors to
impairments in synaptic plasticity. The chronic systemic
inflammation results in the impaired blood-brain barrier
function, and subsequently, the peripheral immune cells,
macrophage, lymphocytes, and leukocytes can reach the
brain by the infiltration processes leading to neuronal tox-
icity (Rezai-Zadeh et al., 2009). The circulating cytokines
might modulate the aging process and CNS illnesses at a
systemic level by binding to their specific receptors or trans-
porters on neurovascular endothelial cells (Pan et al., 2011).
Once activated by external signaling, the resident aged glial
cells can propagate these peripheral inflammatory signals
throughout the CNS and become a constant source of local
inflammation and further increases the already high levels of
neuroinflammation. Overall, these studies demonstrate that
the systemic inflammatory state of the organism significantly
influences CNS responses and aging, but the specific molec-
ular mechanisms of these factors are not fully understood,
and further studies are required to ascertain this aspect.
Another notable neuronal change in the aging brain is
the decline in neurogenesis- a process of developing mature
neurons from adult neural stem cells (NSCs), which occurs
in restricted brain regions, the subventricular zone and the
hippocampus niche (Taupin, 2006; Moraga et al., 2015).
Interestingly, recent studies have engaged in a considerable
debate on the existence of hippocampal neurogenesis in the
adult human brain. One research has shown that there is no
evidence to support the existing of adult hippocampal neu-
rogenesis, and the rate of human hippocampal neurogenesis
declines sharply during the first year and virtually disappears
between 7 and 13 years of age (Sorrells et al., 2018). How-
ever, another study confirmed the presence of new neurons
generated in the human hippocampus, and they rapidly de-
creased in patients with Alzheimer’s disease (AD) compared
with healthy subjects (Moreno-Jimenez et al., 2019). These
findings agree with the study showing a difference in neuron
numbers between young and old human autopsy samples
of the hippocampus region (Boldrini et al., 2018). Howev-
er, earlier studies suggesting that neuronal numbers do not
change with age (Cragg, 1975; Freeman et al., 2008), but
their functions and morphology do (Pannese, 2011), have
been refuted with the recent finding of robust neurogenesis
(Boldrini et al., 2018). Aging brain becomes susceptible to a
decline in neurogenesis due to the shifting of NSCs from the
active state to the quiescent state (Bouab et al., 2011; Day-
nac et al.,, 2016), causing a decrease in NSCs proliferation
rate due to damaged proteins aggregation (Vilchez et al,,
2014; Moore et al,, 2015). In addition, many studies confirm
that there is a strong correlation between the surrounding
activated glial cell and age-related neurogenesis decline
(DeCarolis et al., 2015; Solano Fonseca et al., 2016; Arte-
giani et al., 2017). For a long time, neuronal changes were
associated with aging, but the recent finding of a shift in
specific gene expression patterns observed in glial cells over
time has shifted the focus from neurons to the glial cells.
Neurons are not considered a good indicator of age-related
changes; therefore, more efforts are required to understand
glial cell-specific gene and structural changes, which could
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become a standalone predictor of aging (Soreq et al., 2017).

Age-Related Glial Cell Changes

In normal physiological conditions, glial cells play an essen-
tial role in the CNS by providing support to neurons. Inter-
estingly, glial cells, especially microglia, and astrocytes play
a dominant role in controlling neuroinflammation by induc-
ing morphological, molecular, and functional changes along
with the upregulation of inflammatory cytokines that results
in inflammatory phenotype known as “glial reactivity”. Glial
reactivity is considered a hallmark of physiological aging
and neurodegenerative diseases in both rodents and humans
(Nichols et al., 1993; Robillard et al., 2016). The morpholog-
ical and cellular changes of microglia and astrocytes during
brain aging and their role in age-related neuroinflammation
is discussed below.

Astrocytes

In the healthy young brains, astrocytes assist neurons in
metabolism and detoxification and also have immunomod-
ulatory functions in addition to being an essential compo-
nent of the blood-brain barrier (Vernadakis, 1988; Aloisi,
1999). A fewer number of published studies have discussed
the age-related astrocyte changes and concluded that aged
astrocytes prime the brain for neuroinflammation and neu-
rodegenerative disease. The findings are supported by in
vivo and in vitro studies reporting the upregulation of genes
related to inflammation and oxidative stress in aged astro-
cytes compared to younger astrocytes (Jiang and Cadenas,
2014; Bellaver et al., 2017). Glial fibrillary acidic protein and
vimentin, main constituents of astrocyte intermediate fila-
ments, have also been reported to be upregulated in aging
astrocytes (Nichols et al., 1993; Rozovsky et al., 1998; Porchet
et al., 2003; Clarke et al., 2018). The overexpression of these
two astrocyte-specific genes (glial fibrillary acidic protein
and vimentin) is reportedly a standard feature of reactive/
activated astrocytes during injury and other neurodegen-
erative conditions (Liddelow et al., 2017). These alterations
indicate that the astrocytes shifted to a reactive phenotype
with age. Besides gene alterations, age-related morphological
alterations of astrocytes have been observed in human brain
autopsies and the brains of rodents and primates (Amenta
et al., 1998; Jyothi et al., 2015; Robillard et al., 2016). In all
these studies, the prominent astrocytic changes are observed
in their morphological changes from long and slender pro-
cesses in young to short and stubby processes in the aged.

A recent study proposed that activated microglia formed
during the aging process are responsible for the induction of
reactive astrocytes during normal CNS aging (Clarke et al,,
2018). Another study revealed that reactive astrocytes (Al
phenotypes) are activated by neuroinflammatory microglia
after injury or ischemia. It was observed that the lipopoly-
saccharide (LPS) activated microglia or pro-inflammatory
microglia, secrete specific cytokines such as, IL-1a, TNF-a,
and complement component lq (C1q), which are responsible
for activating the neurotoxic A1l phenotype of the astrocytes.
Subsequently, reactive astrocytes promote neuroinflamma-

tion by upregulating synaptic pruning genes, Mfge8 and
Megf10, promoting and initiating neuronal death (Liddelow
etal, 2017). Another study analyzed 2-year mice lacking IL-
la, TNF-a, and Clq and reported a significant reduction in
expression of reactive astrocyte genes, C3 and Cxcl10, com-
pared with wild-type mice (Clarke et al., 2018). Based on the
studies discussed above, microglia are shown to influence as-
trocyte reactivity during inflammation and aging. Therefore,
it is essential to study the microglial changes during aging
to fully understand the causes behind age-related neuroin-
flammation. However, other studies are in favor of targeting
age-related changes in astrocytes but not in microglia, and
it may provide a potential therapeutic alternative for neuro-
protective strategies in aging and other neurodegenerative
diseases.

Microglia

The innate immune surveillance in the CNS is provided by
the microglia, the resident macrophages of the brain. Under
physiological conditions, microglia have essential functions
of supporting neurons, maintaining the brain homeostasis,
actively participating in the inflammatory response, immune
regulation, and injury recovery (Graeber and Streit 2010;
Prinz and Priller, 2014). Microglia are presumed to be in the
“resting/inactive” state with a ramified morphological struc-
ture characterized by a small cell body with long and thin
processes (Streit et al., 2014). However, microglia are capable
of transforming from “resting state” to “activated state” upon
brain injuries or under pathological conditions. For exam-
ple, during the peripheral infection, microglia facilitate the
coordinated responses between the systemic immune system
and the brain by linking the peripheral immune signals to
the CNS by their increased phagocytic activity, causing a low
level of brain inflammation. Microglia activation is also re-
ferred to as a “hypertrophy” phenotype, due to the increase
in cell body size and shortened processes. Activated microg-
lia are classified into two-phase phenotypes; the first phase
is a classical pro-inflammatory “hypertrophic” phenotype
(M1) which contributes to cytotoxicity through the release
of pro-inflammatory cytokines such as IL-6, TNF-q, and IL-
1b (Lynch, 2009), whereas the M2 phase is considered as
neuroprotective through the release of anti-inflammatory
cytokines such as IL-10 and IL-4, and neurorepair by releas-
ing growth factors (Colton, 2009). Notably, both M1 and M2
phases represent the activation patterns or phenotypes of
microglia but are not different cell subtypes.

There is a strong correlation between age-induced chronic
neuroinflammation and microglia activation. In the healthy
aged brain, an increased number of “activated” and “primed”
microglia phenotype are observed because of chronic mild
neuroinflammation (Streit et al., 2004). The “primed” phe-
notype of microglia is rapidly induced and releases a high
amount of cytokine upon activation compared to normal ac-
tivated “non-primed” microglia. Importantly, it was reported
that the number of abnormalities in microglia of a 68-year
old human brain is ten-times more as compared to a 38-year
old (Frank et al., 2007). It is suggested that these cells switch
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from M2 to M1 phenotype with age and age-related disease
progression (Solito and Sastre, 2012; Varnum and Ikezu,
2012). Other evidence suggests that the inflammation and
activated microglia only occur at an early stage of aging and
before the development of the neurodegenerative disease,
whereas in the late stage, the inflammation is no longer pres-
ent because the cells switch to dystrophic phenotypes with
the disease progression (Wojtera et al., 2012). In later stages
of neurodegenerative disease, the microglia display a “dys-
trophic” phenotype, reflective of microglial senescent degen-
eration, and becomes less responsive to stimulation (Graeber
and Streit, 2010; Garaschuk, 2017). In dystrophic phenotype,
abnormalities in the microglial cytoplasmic structure are
observed, which includes deramification, atrophy, spheroid
formation, gnarling, and fragmentation or losses of delicate
processes (Scheibel et al., 1975; Davies et al., 2017).

Although the microglia are already activated during aging,
the chronic episodic systemic inflammation makes microglia
over-activated. In the recent study, a peripheral inflamma-
tory challenge in aged and young mice was performed by
intraperitoneal injection of LPS, which is an in vivo cellular
model of brain inflammation and triggers episodic systemic
inflammation. The study reported that the control aged mice
showed dystrophic microglia phenotype in the hippocampus
and entorhinal cortex and did not change their morphology
back to resting state after systemic inflammation, whereas
the activated microglia returned to a resting state morphol-
ogy in the young mice (d’Avila et al., 2018). Interestingly,
an observation was made from the study that the aged mice
brain produced higher levels of pro-inflammatory (IL-1f
and IL-6) and anti-inflammatory (IL-10 and IL-4) cytokines
in their brain in episodic systemic inflammation as com-
pared with young. Accordingly, increased brain levels of IL-
10 were also reported in short term systemic inflammation
where the mice were euthanized after 4 and 8 hours of LPS
injection (Henry et al., 2009). It was suggested that the in-
crease in anti-inflammatory cytokines in the aged brain with
continued pro-inflammatory response could imply that the
aged brain has an impaired or inadequate response to inhibit
the anti-inflammatory cytokines and that could be the pos-
sible reason for microglial priming (Norden and Godbout,
2013; d'Avila et al., 2018).

Physiological Roles of Cofilin in the Brain

Members of the ADF/cofilin family (simply called cofilins)
are found in all eukaryotes, and most mammals express
three isoforms of this family in distinct tissue (Kanellos and
Frame, 2016). The three isoforms are cofilin-1 (non-muscle
cofilin), cofilin-2 (muscle cofilin), and ADF or called destrin.
In human brains, both ADF and cofilin-1 are coexpressed,
and cofilin-1 is 10-time higher than ADF (Bellenchi et al.,
2007). In normal physiology, cofilins are essential for cellular
processes and are constitutively expressed during the devel-
opment, morphogenesis, and reestablishment of the actin
cytoskeleton. Cofilin is also involved in maintained synaptic
plasticity through regulating the dendritic spines structure
in neurons, which is essential in learning and memory (Gu
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et al, 2010; Rust et al,, 2010). As an actin-associated protein,
cofilins have been shown to have distinct roles in severing
and depolymerizing filamentous actin (F-actin) to generate
the dynamic processes of proliferation, migration, and dif-
ferentiation of the actin cytoskeleton (Toshima et al., 2001a;
Tanaka et al., 2018). Cofilins accomplish this by maintaining
the rapid recycling of globular actin monomers. The effect
of cofilin on actin filaments depends on the concentration
of active cofilin and globular actin. In low cofilin/actin
concentration, cofilins act to sever actin filaments and pro-
mote depolymerization whereas, at a high level of cofilin/
actin, cofilins promote actin polymerization and stabilize
F-actin (Andrianantoandro and Pollard, 2006). Besides the
regulation of actin dynamics, cofilin is also responsible for
shuttling globular actin molecules (Nebl et al., 1996) and
other proteins towards the nucleus (Sen et al., 2015) and
participating in the cell apoptosis (Chua et al., 2003). Also,
phosphorylated cofilin directly activates phospholipase D1,
which is essential for cell migration (Han et al., 2007).

Several mechanisms modulate the activity of cofilins
through phosphorylation/ dephosphorylation processes. In-
activated cofilin is regulated by phosphorylation of a single
cofilin residue (Ser3) by LIM kinases (LIMK1/LIMK2) (Scott
and Olson, 2007) and TES kinases (TESk1/TESk2) (Toshima
et al., 2001a, b) which inhibits their binding with G- and
F-actin, reduces actin turnover in the cells and increases the
number of stable actin filaments. LIM kinases are regulated
via phosphorylation/activation by members of either Rho
kinase or p21-activated protein kinase family. Conversely,
cofilin binding to actin filaments is activated by dephosphor-
ylation of Ser3, and the mechanisms of dephosphorylation
are well understood. The activation of cofilin is regulated
by two main phosphatases: slingshot (Niwa et al., 2002) and
chronophin (Gohla et al., 2005). In addition, phosphoprotein
phosphatases type 1 and type 2A have also been reported to
phosphorylate cofilin (Ambach et al., 2000).

Cofilin-1 has attracted recent attention among other ac-
tin-binding proteins because it is involved in neurotoxicity
and neuroinflammation processes prevalent in various
neurodegenerative diseases (Nishida et al., 1984; Bellenchi
et al., 2007). Cofilin dysregulation has a role in mediating in-
flammation, oxidative stress, excitotoxicity, disruption of the
blood-brain barrier, and apoptosis of neuronal cells. More-
over, the dysregulation of ADF/cofilin activity has been asso-
ciated with cognitive decline in both healthy brain aging and
in different pathological conditions, such as cancer, ischemic
and hemorrhage strokes, neurodegenerative diseases (AD,
Parkinson’s disease) and genetic disorder, Williams syn-
drome. Williams syndrome is characterized by the deletion
of the gene that codes for LIMK1 and subsequently affects
the neuronal morphology and neurogenesis by regulating
actin and microtubule dynamics (Hoogenraad et al., 2004).

Role of Cofilin in Neurodegeneration

A substantial amount of evidence indicates that hyperactive
cofilin forms rods-shape aggregates composed of cofilin
and saturated actin filament bundles, known as cofilin/actin
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rods (Nishida et al., 1987; Minamide et al., 2000, 2010). Co-
filin/actin rods formation in neurons represents a hallmark
pathological feature of many neurodegenerative diseases
such as Huntington’s disease and AD, where it further pro-
motes the progression of the disease (Minamide et al., 2000;
Cichon et al., 2012). Moreover, environmental stress factors,
such as hypoxia, hydrogen peroxide production, and overac-
tivation of glutamate receptor, can also induce the formation
of a cofilin, leading to energy depletion (ATP), oxidative
stress, and excitotoxicity in AD (Minamide et al., 2000; Da-
vis et al., 2009).

Cofilin hyperactivation during stressful conditions soak
actin filaments and leads to the formation of cofilin/actin
rods, which affects normal neuronal functions observed in
both cultured neurons and rodent models of diseases. The
cofilin/actin rods formation occurs initially as a protective
response to stress by inhibiting actin polymerization and
alleviation of ATP (Bernstein et al., 2006). However, once
the stress is prolonged, these rods structure accumulates in
the cytoplasm (Minamide et al., 2000; Cichon et al., 2012)
or nucleus (Munsie et al., 2012) and induce further neuronal
impairments. The impairments include disrupting cytoskele-
ton, impairing the integrity of synapse, and inducing the loss
of dendritic spine. Rod structures of cofilin in the neuron
have been observed in the peri-infarct area of rat ischemic
stroke brains (Shu et al., 2018). Cofilin rods have also been
identified in the hippocampus and frontal cortex areas of
AD postmortem brains and transgenic animal models of AD
(Fulga et al., 2007).

Several molecular mechanisms have been postulated to
help explain the pathology of cofilin/actin rods in the neu-
ronal cells. It has been shown that dephosphorylation of
cofilin plays an essential role in cofilin’s rod-like structure
formations. One study hypothesized that neuronal exci-
totoxicity in ischemic conditions induce overactivation of
NMDAR and, subsequently, increases the intracellular Ca®"
levels and stimulates cofilin dephosphorylation through
the calcineurin-slingshot pathway, ultimately forming rod-
shaped bundles of filaments (Wang et al., 2005). Another
study postulated that the elevation of cofilin phosphoryla-
tion/inactivation levels inhibited cofilin rod formation (Shu
et al., 2018). The study identified a novel neuroprotective
mechanism using cultured neurons and rat ischemia model
and by overexpression of LIM kinase or activation of its up-
stream regulator Rho kinase which resulted in suppressed
ischemia-induced cofilin rod formation. On the same lines,
a recent study from our group demonstrated that inhibition
of cofilin dephosphorylation by using calcineurin inhibitor
(FK-506) protected neurons from oxygen-glucose depri-
vation induced cell death, the in vitro model of ischemia
(Madineni et al., 2016). Intriguingly, most cofilin-actin bun-
dles or rods formed in neurons occur within the neurites
but not in the soma (Minamide et al., 2000), resulting in
impaired neuronal function by blocking intracellular traf-
ficking and subsequent synaptic loss (Cichon et al., 2012). It
was detected that cofilin rods are formed in the dendrites of
normal aging rats, which indicates that active cofilin is over-

expressed in the elderly compared to young and results in
cofilin rod-like shape formation (Cichon et al., 2012). There-
fore, preventing cofilin rod formation or dissolving existing
rods might be advantageous for neuroprotective strategies in
aging and many neurodegenerative conditions.
Nevertheless, one study proposed that cofilin rods may
have a protective effect in the acute phase of ischemia to
slow down filament turnover and save the remaining energy
in already stressed neurons (Bernstein et al., 2006; Munsie
et al,, 2012). The other effect of cofilin hyperactivation inde-
pendent of actin dynamics (rods-like structure) is its role in
cell apoptosis and mitochondrial dysfunction (Chua et al,,
2003). When neurons undergo apoptosis, the active cofilin
is oxidized and translocates to the mitochondria and induce
neuronal death by the opening of the mitochondrial permea-
bility transition pores and releasing of the cytochrome C and
caspase-3 cleavage (Chua et al., 2003; Posadas et al., 2012).

Role of Cofilin in Neuroinflammation

Similar to neurons, cofilin plays an essential role in microg-
lial alterations, which includes changes in microglial phago-
cytic activity, morphology, migration, propagation, and
pro-inflammatory mediator expression (Hadas et al., 2012;
Gitik et al., 2014; Alhadidi and Shah, 2018). A recent study
suggested a link between cofilin hyperactivity and microg-
lia activation leading to neuroinflammation (Alhadidi and
Shah, 2018). Our laboratory is interested in studying cofilin
functions during neuroinflammation in different neurode-
generative diseases. Our studies have established a putative
role of cofilin in mediating neuronal apoptosis and microgli-
al activation, and cofilin inhibition with siRNA knockdown
provided therapeutic effects in the management of ischemic
and hemorrhagic stroke (Madineni et al., 2016; Alhadidi et
al., 2018; Alhadidi and Shah, 2018). Our lab used different
models of in vitro microglial activation such as LPS induced
neuroinflammation, oxygen-glucose deprivation induced
ischemic/hypoxic stress, and hemin use as a model of hem-
orrhage. As there is no cofilin inhibitor available so far, in all
our in vitro neuroinflammation models, cofilin knockdown
was achieved by siRNA, which reduced microglial activation
and also protected neurons from neurotoxicity (Sayeed et al.,
2017; Alhadidi and Shah, 2018). In our recently published
in vivo study, we have observed the upregulation of cofilin
in the perihematomal area in the mouse model of hemor-
rhagic brain injury induced neuroinflammation. We also
reported that knockdown of cofilin by siRNA improved neu-
robehavioral deficits, decreased hemorrhagic volume, and
microglial activation around perihematomal area (Alhadidi
et al., 2018). Additionally, the data contributed significantly
towards what is presently known about the cofilin’s role in
microglial activation and subsequently in cofilin induced
neuroinflammation (Sayeed et al., 2017; Alhadidi and Shabh,
2018), but further studies are required to elucidate its role
in microglia during the aging process and proinflammatory
cytokines secretion. These studies provided much-needed
information that cofilin might play a role in neuroinflamma-
tion during the normal aging process. We speculate that the
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morphological changes due to an increase in the expression
of active cofilin in aged microglia, result in the activation
of adjacent microglia and widespread neuroinflammation.
Also, the formation of rod-like structures of active cofilin
might represent an early and sensitive pathological marker
for neuroinflammation in aged microglia, as shown in Fig-
ure 1. Therefore, treatment with cofilin inhibitors during
microglia activation in age-related neuroinflammation and
healthy aging as prophylactic therapy might provide neu-
roprotection or help in reducing neuroinflammation. Also,
elucidating underlying mechanisms of cofilin rod/aggrega-
tion in healthy aging microglia will provide fundamental
information for clinical intervention in normal aging and
neurodegenerative disorders.

Other Factors Contributing to Brain Aging

and Neuroinflammation

Because people age differently, age alone is not a sufficient
marker for the dysfunction of brain homeostasis, developing
a disease, and/or death. Chronic inflammation from resident
cells in the brain has been reported in both healthy aging
and different neurodegenerative diseases. Brain cell debris
accumulation and cell senescence-like phenotype act as a
major source of local neuroinflammation. A senescence-like
phenotype has been observed in neurons, microglia, and as-
trocytes during healthy aging and neurodegenerative disease
(Flanary et al., 2007; Sofroniew and Vinters, 2010; Jurk et al.,
2012), but how it plays a role in brain aging and the onset of
the neurodegenerative disorders is still unclear (Tan et al.,
2014). Other significant causes of chronic brain neuroin-
flammation are co-morbid conditions such as hypertension,
diabetes, and obesity (Barzilai et al., 2012). Unfortunately,
the correlation between the age-related neuroinflammation
and co-morbid disease is still complicated and unclear. Aged
individuals with chronic illnesses have relatively high lev-
els of peripheral pro-inflammatory cytokines such as IL-6,
C-reactive protein, and TNF-a (Singh and Newman, 2011).

1456

Interestingly, the elevation of IL-6 is also observed in healthy
aging human plasma samples (Kiecolt-Glaser et al., 2003).
The increased levels of IL-6 in the elderly have been linked
to cognitive impairments and physical disability and are
considered a high-risk factor for aged-relative pathologies
(Singh and Newman, 2011). Besides, the gut microbiota is
also a contributing factor for increased levels of chronic sys-
temic pro-inflammatory cytokines in aging and accelerates
the pathological condition associated with ischemic stroke
disease (Winek et al., 2016; Spychala et al., 2018). Of note,
the host-microbiome and/or their metabolites influence the
shape, function, and activation of astrocytes (Rothhammer
et al., 2016) and microglia (Erny et al., 2015) during health
and disease. A recent study has provided evidence that stroke
changes the gut microbiome, as well the microbiota plays an
important role in stroke progression (Spychala et al., 2018).
It is highly probable that gut bacteria affect a wide range of
neurodegenerative and neuropsychiatric disorders (Erny et
al., 2017); hence, it will be essential to assess the role of the
gut-brain axis when studying the normal aging process and
whether it plays a role in the onset of age-related neurode-
generative disease.

Future of Cofilin Therapy in Age-Related

Neuroinflammation and Neurodegeneration

Brain aging cannot be stopped but can be slowed down by
reducing the factors that induce brain inflammation. With
early detection of age-related neuroinflammation, the pro-
cess of neurodegenerative diseases can be delayed. In the tra-
ditional system of medicine, nonsteroidal anti-inflammatory
drugs (NSAIDs) have been extensively studied as potential
neuroprotective and anti-inflammatory agents. Interestingly,
it has been reported that the NSAIDs are only successful
when administered in the early stages of neuroinflammation
and before the onset of neurodegenerative disorders (Weggen
et al,, 2001). Another study showed that it might be harmful
to use NSAIDs in the later stages of the neurodegenerative

Figure 1 Cofilin activation in aged microglia leads
to neuroinflammation.

In normal aging, the microglia morphology changed
from ramified phenotype in resting state to dystro-
phic phenotype. We hypothesize that the morpho-
logical change due to an increase in the expression
of active cofilin in aged microglia compared with
young, resulting in activated other microglial cells,
induce neuroinflammation, astrocyte activation and
promote neuronal death.
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disease as microglia switch from a reactive to an irrespon-
sive phenotype and does not improve cognitive functions
(ADAPT Research Group et al., 2008; Caldeira et al., 2014).
However, the most critical unmet need in age-related neu-
roinflammation is to discover novel compounds that can
target the mechanisms of protein aggregation and reduce the
glial cell activation and reactivation and reduce inflamma-
tion. As per published studies, we assume that cofilin plays
a critical role in neuroinflammation by activating microglia
and increasing inflammatory markers in aging and neurode-
generative disease. Thus, cofilin upregulation is highlighted
as a promising therapeutic target for neuroinflammation
associated with aging and other neurodegenerative diseases.
Cofilin inhibitors could become novel anti-neuroinflam-
matory agents and might reduce the burden of neurode-
generative diseases and in particular cognitive deficits. It is
assumed that cofilin activity gradually increases with aging,
and cofilin overexpression causes glial cells to turn into a re-
active state and subsequently induce widespread inflamma-
tion in the brain. These findings could pave the way for de-
fining it as a potential biomarker in aging and age-associated
diseases. Furthermore, it might be used as a disease-modify-
ing therapy for neurodegenerative disorders as no successful
treatments are available so far that can reduce inflammation
in the brain and enhance cognition. The discovery of a com-
mon mechanism linking cofilin upregulation and inflam-
mation and developing inhibitors for neuroinflammation
in the healthy aging would be a significant advancement in
understanding the age-related neuroinflammation and neu-
rodegenerative diseases. However, further investigations are
needed to prove this hypothesis.

Conclusions

As overall life expectancy has increased, and many diseas-
es are being successfully treated or cured, having a healthy
aging brain and reducing severe disability from age-related
diseases is becoming a big challenge. In this review, we have
highlighted and discussed the aging process, age-related
neuroinflammation, and how cofilin activates microglial
cells, leading to neuroinflammation. However, there are im-
portant questions that still need to be answered, including
how cofilin gene upregulation correlates with aged microglia,
its cause and effect; whether cofilin directly induces age-re-
lated neuroinflammation in the brain; and the rate of cofilin
upregulation or rods/aggregates are an association with the
biological aging and severity of the neuroinflammation.
In addition, identifying the biochemical and mechanical
cues that mediate cofilin signaling during aging and under-
standing how cofilin upregulation may facilitate the onset of
aging-related disorders is important. To answer these ques-
tions, further research is needed to understand the potential
role of cofilin in age-related neuroinflammation, in addition
to its cause and effects and direct association with cognitive
impairments.
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