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Abstract

Aging-related diseases, such as cardiovascular diseases (CVDs), neurodegeneration, cancer, etc., have become important factors that
threaten the lifespans of older individuals. A chronic inflammatory response is closely related to aging-related diseases. Establishing
inflammatory aging clock (IAGE, deep-learning methods on blood immune biomarkers to construct a metric for age-related chronic
inflammation) successfully predicted the positive correlation between several factors, including serum C—C-motif chemokine ligand
11 (CCL11) and aging-related diseases. Recently, the role and mechanism of CCL11, an eosinophilic chemokine, in neurodegenerative
diseases have been widely reported. Additionally, many research studies have shown a positive correlation with CVDs, but the underlying
mechanism remains unknown. This review focuses on the relationship between chronic inflammation and aging. The role of CCL11 will

be discussed and summarized in relation to aging-related diseases, especially CVDs.
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1. Introduction

Aging-associated diseases are those whose incidence
positively correlates with age. Most of them are associated
with increased levels of cellular senescence and have in-
flammatory pathogenesis [1]. The global population is ag-
ing much faster than previously. According to the World
Social Report (previously reported on the World Social Sit-
uation), the number of people aged 65 and over is expected
to at least double by the middle of the 21st century; thus,
the emergence of aging-related diseases will likely also in-
crease, including cardiovascular diseases (CVDs) and neu-
rodegenerative diseases, which alter homeostasis and re-
duce lifespan as well as life quality [2]. Subsequently, the
burden on the public health system will continue to rise, at-
tributable to morbidity and treatment costs.

Studies have demonstrated that cellular senescence,
a permanent state of cell cycle arrest induced by cellular
stress, is a fundamental aging mechanism contributing to
multiple aging-related diseases [3,4]. Hence, it is essen-
tial to clarify the mechanism through which cell senescence
occurs and effectively intervene or delay diseases related
to later life. Moreover, a persistent chronic inflammatory
response is another principal causative factor that leads to
aging-related diseases [5]. Researchers have constructed an
inflammatory aging clock (iAGE) to identify factors associ-
ated with chronic inflammatory responses and successfully
predict the positive correlation between cardiovascular ag-
ing and masses of immune markers, including C—C-motif
chemokine ligand 11 (CCL11) [6].

CCL11, also known as eotaxin-1, is a chemokine be-
longing to the CC subfamily [7]. Initially described by
PJ. Jose in 1994 during experiments on asthma, CCL11
(eotaxin-1) was demonstrated as a potent chemokine that
promotes migration and activation of eosinophils participat-
ing in the pathogenesis of a broad range of allergy-related
diseases [8—10]. After CCL11 and its homologous recep-
tor C-C motif chemokine receptor 3 (CCR3) were cloned
successfully, two other molecules, CCL24 (eotaxin-2) and
CCL26 (eotaxin-3), were described according to their sim-
ilar function of signaling through CCR3, though with low
sequence similarity at approximately 30% [11-15]. These
three kinds of eotaxin have similar and distinct functions,
whereby all can stimulate eosinophil chemotaxis and ex-
ert actions on other innate immune cells [13]. In recent
years, CCL11 has been selected as one of the most effi-
cient biomarkers for detecting various aging-related dis-
eases. Growing evidence manifested the promoting ef-
fect of CCL11 on aging and aging-related diseases, espe-
cially CVDs and neurodegenerative diseases. However,
the positive association and specific mechanism between
chemokine and diseases are still being studied.

This review will summarize the relationship between
cellular senescence, chronic inflammatory response, and
aging. Additionally, the effects of CCL11 on multiple
aging-related diseases, such as neurodegenerative diseases
and CVDs, will be discussed, with an emphasis on the latter.
Relevant research will be outlined to demonstrate the corre-
lation function, and a hypothesis that a positive association
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Fig. 1. Typical cellular senescence process. Excessive oxidative stress and inflammatory response are the two main causes of cell

senescence. Mitochondria mainly generate ROS in cells through the electron transport chain. Higher levels of ROS have been reported to

severely damage DNA, lipids, and proteins, leading to cellular senescence. Several studies have also reported elevated serum and plasma

levels of inflammatory factors in older individuals. These two initiative factors lead to cellular senescence, and the aging cells would

thereby express and secret a plethora of soluble and insoluble factors, collectively termed the SASP. ROS, reactive oxygen species; CRP,

C-reactive protein; SASP, senescence-associated secretory phenotype; IL-1, interleukin-1; IL-6, interleukin-6; TNF-c, tumor necrosis

factor a.

exists will be proposed. This work will provide an orienta-
tion of current research and clarify concrete mechanisms for
use in the near future, which will better protect the health
of people worldwide and ultimately prolong their lifespan,
consequently alleviating the medical and economic pres-
sure caused by aging.

2. Cellular Senescence

Cellular senescence is a driving factor of various
aging-related diseases [4]. Several lines of evidence sug-
gest that removing senescent cells increases healthy lifes-
pans in murine models [16]. Conversely, research has
shown that the accumulation of senescent cells in various
tissues contributes to excessive inflammation and an im-
balance in tissue homeostasis, leading to diseases later in
life, such as cancer, atherosclerosis, and neurodegeneration
[3,17].

2.1 Typical Cellular Senescence Process

Cellular senescence is a cell state that limits the pro-
liferative lifespan of cells [18]. Two fundamental mecha-
nisms that result in stable cell cycle arrest have been de-

scribed: replicative and premature senescence. Replica-
tive senescence is caused by a progressive shortening of
telomeres upon each cell division. Additionally, replica-
tive senescence represents physiological responses to pre-
vent genomic instability and, therefore, the accumulation
of DNA damage, which can be concluded as cell-intrinsic
changes. Premature senescence, independent from telom-
ere shortening, however, is considered a stress response
induced by variable intrinsic and extrinsic insults, such
as metabolic shock, oxidative and genotoxic stress, mito-
chondrial dysfunction, oncogenic activation, irradiation, or
chemotherapeutic agents [18-20].

Unlike cell death, senescent cells still maintain
metabolic activity for a period of time and show obvi-
ous changes, with typical cell cycle arrest, the senescence-
associated secretory phenotype (SASP), macromolecular
damage, and metabolic disorders [20]. Cellular senescence
triggers profound phenotypic changes, expressing and se-
creting a plethora of soluble and insoluble factors, col-
lectively termed the SASP [21]. The SASP constitutes
a combination of bioactive secretions, and common phe-
notypes include the release of proinflammatory cytokines
(interleukin-1 (IL-1), interleukin-6 (IL-6)), chemokines (C-
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X-C motif chemokine ligand (CXCL) 1, CXCL3), ma-
trix metalloproteinases (MMPs), reactive oxygen species
(ROS), growth factors (vascular endothelial growth factor
(VEGF), angiogenin), and other signaling molecules se-
creted by senescent cells [19,20]. Apart from being a con-
sequence of cellular senescence, SASP also influences the
microenvironment, mediating many pathophysiological ef-
fects [21].

Excessive oxidative stress and the inflammatory re-
sponse are the two main causes of cell senescence (Fig. 1).
ROS, including superoxide anion (O3 ™), hydroxyl (HO¢),
and hydroperoxyl (H2O5) radicals, are highly potent oxi-
dants containing oxygen [22]. Mainly generated by mito-
chondria in cells through the electron transport chain, ROS
could function as an important mediator in regulating cell
growth, cell adhesion, differentiation, and cell death at a
properly low level. However, higher ROS levels have been
reported to severely damage DNA, lipids, and proteins,
leading to cellular senescence [23].

A persistent chronic inflammatory response is another
principle that can lead to aging. Based on observational
studies of aged organisms, Claudio Franceschi proposed
an important hypothesis: older organisms tend to develop
a proinflammatory status characterized by high levels of
proinflammatory markers in cells and tissues, first termed
inflammageing in 2000 [24]. Several studies have also re-
ported elevated serum and plasma levels of inflammatory
factors in older individuals, such as IL-1, IL-6, C-reactive
protein (CRP), and tumor necrosis factor o (TNF-a) [5,25—
27]. According to epidemiological studies, inflammageing
has been demonstrated as a risk factor for aging-related dis-
eases, such as CVDs, cancer, neurodegenerative diseases,
chronic kidney disease, and dementia [28—32]. Therefore,
the successful evaluation or prediction of the level of the
chronic inflammatory response can be considered a mea-
surement of our “real age”. More importantly, it can pre-
dict or further intervene in various aging-related diseases.
Based on the link between inflammation and aging, Buck
Institute and Stanford University researchers created an in-
flammatory aging clock (iIAGE) in 2021 to examine mul-
tiple immune system biomarkers in the blood and identify
predictors of biological aging. These researchers success-
fully predicted the positive correlation between cardiovas-
cular aging and immune markers, including serum CCL11

[6].

2.2 CCL11-Induced Cellular Senescence

CCLI11 could be produced by many secretory cells
(Fig. 2), including smooth muscle cells (SMCs), endothelial
cells (ECs), and immune cells (eosinophils, macrophages,
T cells, and B cells) under the action of Th2-associated cy-
tokines (IL-13, IL-10 and IL-4) [33,34]. However, Thl-
associated interferons (IL-17, bisphosphonates, 2 adrener-
gic receptor agonists, and fumaric acid) would suppress
such a secretory process [13].

&% IMR Press

CCLI11 has been reported to be involved in numer-
ous cellular senescence. In asthma, the study revealed
that eotaxin-1/CCL11 promoted ROS production and in-
creased the activation of the DNA damage response (DDR),
p-tumor protein p53 (TP53), and phosphorylated H2A hi-
stone family member X (yH2AX) in lung fibroblasts, ac-
companied by the promotion of cellular senescence and se-
cretion of the SASP, including IL-6 and IL-8 [35]. In a
study on human atopic dermatitis (AD), CCL11 was re-
ported to be overexpressed in fibroblasts, causing the fi-
broblasts to destroy Ikk5—NF-xB (inhibitor of nuclear fac-
tor kappa B kinase 8 subunit-nuclear factor-kappa B) un-
der homeostasis conditions to abnormally induce skin in-
flammation, which is characterized by eosinophilic infil-
tration and a subsequent Th2 immune response [36]. For
the epithelial cells, research has shown that airway epithe-
lial lung cells overexpressing CCL11 were accompanied by
increasing aging markers such as CDKN2A (pl16INK4a),
p21, p53, and serpin family E member 1 (SERPINEL)
in atopic asthmatic patients [35]. For human coronary
artery endothelial cells, CCLI11 could increase oxidative
stress and activation of mitogen-activated protein kinase
(MAPK) p38, signal transducer and activator of transcrip-
tion 3 (Stat3), and NF-xB, contributing to endothelial dys-
function during vascular lesion formation [37]. More-
over, the CCL11-CCR3 interaction mainly activated the
phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt)
signaling pathway in human umbilical vein endothelial cells
(HUVECsS), promoting endothelial cell migration and in-
ducing weak proliferation [38]. CCLI11 is also regarded as
a potent chemotactic factor for SMCs, which could induce
CCR3-dependent SMC migration [39]. Moreover, CCL11,
together with stromal cell-derived factor (SDF), was ver-
ified to activate the growth factor receptor (EGFR) to in-
duce matrix metalloproteinases-2 (MMP-2) through differ-
ent mechanisms: both activated the PI3 kinase, extracellu-
lar regulated kinase (ERK) 1/2, and Akt signaling pathways,
leading to SMC migration [40].

3. Association of CCL11 with Aging-Related
Diseases

CCLI11 is reported to be associated with the progres-
sion of multiple aging-related diseases. Researchers have
investigated elevated levels of CCL11 in aging-related dis-
eases and found a role of CCL11 in relevant mechanisms.

3.1 CCL1I and Neurodegenerative Diseases

The regulatory effect of CCLI11 in neurodegenera-
tive diseases has been widely discussed. Growing ev-
idence has been reviewed regarding the association be-
tween CCL11 and multiple neurodegenerative diseases, in-
cluding Alzheimer’s disease (AD), Huntington’s disease
(HD), amyotrophic lateral sclerosis (ALS), multiple sclero-
sis (MS), secondary progressive multiple sclerosis (SPMS),
and chronic traumatic encephalopathy (CTE).
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Fig. 2. The mechanisms through which CCL11 regulates cell senescence. CCL11 could produce SMCs, ECs, and immune cells
(eosinophils, macrophages, T cells, and B cells) under the action of Th2-associated cytokines (IL-13, IL-10, and IL-4). Such a process
could be suppressed by Thl-associated interferons (IL-17, bisphosphonates, 2 adrenergic receptor agonists, and fumaric acid). CCL11
then binds to CCR3 in various cells and provokes cell senescence. In fibroblasts, CCL11 would induce fibroblast senescence, eosinophilic
infiltration, and the Th2 immune response through different pathways, including the DNA damage response, p-TP53 and YH2AX, the
SASP (IL-6 and IL-8), and Ikk5—NF-xB. In ECs, CCL11 would lead to endothelial dysfunction and EC migration via diverse pathways
(increased p16, p21, p53, and SERPINELI, oxidative stress, and activation of MAPK p38, Stat3, NF-xB, and PI3K/Akt). In SMCs, CCL11
induces SMC migration through activated PI3-kinase, ERK1/2, and Akt signaling pathways. CCL11, C—C-motif chemokine ligand 11;
SMC, smooth muscle cell; EC, endothelial cell; Th2, T helper 2; CCR3, C-C motif chemokine receptor 3; TP53, tumor protein p53;
~vH2AX, phosphorylated H2A histone family member X; SASP, senescence-associated secretory phenotype; MAPK, mitogen-activated
protein kinase; Stat3, signal transducer and activator of transcription 3; PI3, peptidase inhibitor 3; MMP-2, matrix metalloproteinases-2;
EGFR, epidermal growth factor receptor; ERK1/2, extracellular regulated kinase 1/2; ROS, reactive oxygen species; Atk, protein kinase
B; IkkS—NF-xB, inhibitor of nuclear factor kappa B kinase 8 subunit-nuclear factor-kappa B; SERPINE 1, serpin family E member 1;
IL, interleukin.
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Fig. 3. CCL11 promotes neurodegeneration. Under the pressure of aging and neuroinflammation, choroid plexus epithelial cells could

be provoked to secrete more CCL11 in vivo as astrocytes, pericytes, and microglia. CCL11 cognate receptor CCR3 is also highly expressed

within the brain by multiple neurocytes. Moreover, CCL11 produces ROS via NOX1 to induce excitotoxic neuronal cell death, which

would potentiate the pathogenesis of various neurological disorders. CCL11, C—C-motif chemokine ligand 11; ROS, reactive oxygen

species; NOX1, nicotinamide adenine dinucleotide phosphate-oxidase 1; CCR3, C-C motif chemokine receptor 3.

The current increasing incidence of neurodegenera-
tive diseases has caused enormous losses to health and the
global economy. Particularly, Alzheimer’s disease, which
is the most common neurodegenerative disorder, affects ap-
proximately 28 to 38 million people worldwide, followed
by HD, ALS, and SPMS [41]. However, developing thera-
pies for these diseases remains limited. Hence, a clear clar-
ification of the neurodegenerative mechanisms involved is
required. Recently, several lines have demonstrated that
CCLI11 and related molecules might contribute to degen-
erative processes in the central nervous system (CNS) [13].

CCLI11 has been demonstrated to promote neurode-
generation by enhancing oxidative stress, reducing neuro-
genesis, and promoting neuroinflammation (Fig. 3). Re-
search has indicated that CCL11 was mainly synthesized
by microglia and then transported to the brain through
the blood-brain barrier (BBB) [42]. Under the pressure
of aging and neuroinflammation, choroid plexus epithelial
cells could be provoked to secrete more CCL11 in vivo
in old mice, such as astrocytes, pericytes, and microglia
[13,42,43]. Furthermore, CCR3, the cognate receptor for
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CCLI11, was also highly expressed within the brain by mul-
tiple varieties of neurocytes, including microglia, oligo-
dendrocytes, astrocytes, and neurons [13]. Bijay Para-
juli investigated that activated astrocytes could mainly se-
crete CCL11 and then promote microglial migration and
production of ROS via nicotinamide adenine dinucleotide
phosphate-oxidase 1 (NOX1) to induce excitotoxic neu-
ronal cell death, which would potentiate the pathogenesis
of various neurological disorders [43]. Moreover, the inten-
sification of neuronal degeneration at the animal level fur-
ther supported the positive correlation between CCL11 and
neuronal senescence. Both young mice intraperitoneally in-
jected with CCL11 and aging mice with naturally increasing
CCLI11 were detected with a significant decrease in neuro-
genesis [42]. Cognitive functions were consequently im-
paired, characterized by cellular changes consistent with
markedly decreased adult neurogenesis and increased neu-
roinflammation, loss in synaptic plasticity, and behavioral
deficits in contextual fear conditioning and radial arm water
maze paradigms [42]. This evidence suggested a positive
association between CCL11 and neurodegeneration.
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Recent studies focusing on specific neurodegenerative
diseases, such as Alzheimer’s disease, HD, ALS, SPMS,
and CTE, also presented similar tendencies, implying an
essential role of CCL11 as a potential neuroinflammation
biomarker for distinguishing between different neuroin-
flammation conditions and therapeutic targets in these dis-
orders [44-53].

CCL11, known for its role in neurodegenerative dis-
eases by promoting neuroinflammation and oxidative dam-
age, is also critical in vascular inflammation and atheroscle-
rosis [40,54-56]. These shared pathways suggest that
CCLI11 contributes to cardiovascular and neurodegenera-
tive diseases through chronic inflammation, highlighting
the interconnectedness of systemic aging processes.

Studies have also demonstrated that risk factors for
cardiovascular diseases, including atherosclerosis and hy-
pertension, are strongly associated with an increased risk
of neurodegenerative diseases such as Alzheimer’s [57-59].
The role of CCL11 in promoting vascular inflammation
may be a key factor linking cardiovascular and neurode-
generative pathologies.

3.2 CCL11 and Broader Systemic Aging

In addition to neurodegeneration, CCL11 has also
been investigated in broader systemic aging mechanisms,
including immune system decline and inflammation. CD4+
regulatory T (Treg) cells play an important role in immune
tolerance and antitumor immunosuppression. CCL11 was
shown to increase the CD4+CD25+Foxp3+ Treg cells pro-
portion, CCR3 and Foxp3 expression, and the release of
IL-2 and transforming growth factor (TGF) 81 in non-
tumor-associated CD4+ T cells through the STATS signal-
ing pathway [60]. Therapeutic interventions for cancer
treatment would cause thymus damage and limit the recov-
ery of protective immunity. These damages could be al-
leviated through CCR3-dependent colonization, which re-
establishes the epithelial microenvironments that control
thymopoiesis. Meanwhile, the expression of CCL11 would
be triggered by natural killer T (NKT) cells through IL-4
receptor signaling, helping restore thymus function during
the re-establishment of the adaptive immune system [601].
In research on the immunomodulatory compounds in car-
diovascular disease, CCL11 was selected as a crucial in-
flammatory immunophenotype [62].

Regarding the effects of CCL11 on chronic inflamma-
tion, CCLI11 is recognized for its contribution to chronic
low-grade inflammation, which accelerates aging across
various organ systems. Increased serum levels of CCL11
have been widely detected in multiple diseases with chronic
inflammation of the airways, such as asthma and chronic
obstructive pulmonary disease (COPD) [34,35,63,64]. Ad-
ditionally, growing evidence suggests an association be-
tween elevated CCL11 and gastrointestinal inflammation
[65]. In a study on chronic inflammatory disease with dis-
turbed bone remodeling, the CCL11/CCR3 pathway was

also investigated to drive the expression of CCL11 in bone
tissue and its novel role in osteoclast migration and resorp-
tion, which could be a new target for the treatment of in-
flammatory bone resorption [66].

Above all, various research studies show the involve-
ment of CCL11 in neurodegeneration and broader systemic
aging mechanisms, further suggesting a potential role for
this chemokine in the pathogenesis of CVDs.

3.3 CCL11 and Cardiovascular Diseases

Despite significant decreases in prevalence over the
last three decades, cardiovascular diseases remain the lead-
ing causes of morbidity and mortality in developed nations
[67]. Further, aging is by far the strongest independent car-
diovascular risk factor that dwarfs the impact of traditional
risk factors, with 90% of all cardiovascular diseases occur-
ring in adults aged 40 and older [67,68].

Cardiovascular aging is a structural and fundamental
degenerative alteration, with blood vessels gradually los-
ing their original function with age. As a special type of
organ senescence, cardiovascular aging is characterized by
structural and functional vascular impairments, such as in-
creased arterial stiffness and decreased compliance, which
has deleterious effects on tissue oxygenation, nutrient deliv-
ery, and waste removal and, thus, negatively affects mul-
tiple organ functions [69]. At the cellular level, cardio-
vascular aging is mainly manifested by the morphological
changes occurring on ECs in the intima and vascular SMCs
in the mesa, as ECs and SMCs are critical building blocks of
blood vessels and play dominant roles in age-induced car-
diovascular dysfunction [2].

Apart from the intrinsic factors such as the pheno-
typic switch of ECs and SMCs, various extrinsic alter-
ations caused by diseases and changes in cell—cell and cell-
matrix interactions also promote vascular aging. Com-
mon extrinsic factors include atherosclerosis, hypertension,
chronic inflammation, vascular wall stiffness, and vascular
cell communication [2].

As an important group of aging-related diseases, car-
diovascular diseases are also closely related to chronic in-
flammation. Epidemiological studies have found that in-
flammageing is a risk factor for cardiovascular diseases [5].
The characteristic targeting of relevant processes in exper-
imental models has been shown to attenuate CVDs such as
myocardial infarction and to predict cardiovascular events
in various studies [28,70].

Except for the neurodegenerative diseases mentioned
above, the role of CCL11 in the pathogenesis of cardiovas-
cular diseases remains a research priority (Fig. 4). The rel-
evance of CCL11 to cardiovascular disease risk has been
well established.

Regarding the mechanism through which abnormally
elevated CCL11 affects vascular aging, studies showed that
CCL11 contributes to chronic inflammation and cellular
senescence in cardiovascular aging [37,40,71,72]. CCL11
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Fig. 4. CCL11 promotes cardiovascular disease progression. CCL11 contributes to oxidative stress and chronic inflammation, then

leads to cellular senescence, and further promotes CVDs, such as atherosclerosis, MI, and hypertension. The specific pathways are as

follows: CCL11 downregulates tight junction proteins, increases oxidative stress, and activates MAPK p38, Stat3, and NF-«B in ECs

of coronary arteries, causing endothelial dysfunction. CCL11 induces proMMP-2 activation of the EGFR, leading to SMC senescence.

CCLI11 may also directly contribute to angiogenesis. All of these outcomes are critical factors to atherosclerosis and other cardiovascular

diseases, suggesting a role for CCL11 in promoting cardiovascular disease progression. CCL11, C—C-motif chemokine ligand 11; MI,

myocardial infarction; CVDs, cardiovascular diseases; proMMP-2, pro-matrix metalloproteinases-2; EGFR, epidermal growth factor

receptor; SMC, smooth muscle cell; MAPK, mitogen-activated protein kinase; NF-xB, nuclear factor kappa B; Stat3, signal transducer

and activator of transcription 3; ECs, endothelial cells.

significantly increases vascular permeability through the
downregulation of tight junction proteins, an increase in ox-
idative stress, and activation of MAPK p38, Stat3, and NF-
kB in coronary artery endothelial cells, exerting a crucial
impact on endothelial dysfunction during vascular lesion
formation [37]. Research showed that MMP-2 is a mem-
ber of the MMP family critical to SMC migration. As the
regulator of proMMP-2 expression and by engaging in re-
ceptor cross-talk, CCL11 could induce proMMP-2 activa-
tion of the EGFR together with SDF, indicating its criti-
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cal role in atherosclerosis, restenosis, and plaque rupturing
[40]. Thus, CCLI11 may directly contribute to angiogen-
esis [71]. Moreover, CCLI11 has been selected as a typi-
cal proinflammatory phenotype in human vascular smooth
muscle cells [72]. These lines have demonstrated that el-
evated CCL11 correlates with impaired angiogenesis and
endothelial dysfunction, which are critical to atherosclero-
sis and other cardiovascular diseases.
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3.3.1 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease oc-
curring in large and medium-sized arteries and secondar-
ily causes CVDs, including ischemic heart disease, strokes,
and peripheral vascular disease [73]. Presently, atheroscle-
rotic cardiovascular diseases account for the majority of
mortality worldwide, with the major pool of risk in not only
Western countries but also the more populated developing
world [74]. The morbidity of atherosclerosis requires ele-
vated LDL (low-density lipoprotein) cholesterol, the most
abundant atherogenic lipoprotein in plasma [75]. As the
deliverer of cholesterol to the artery wall, LDL contributes
to varying degrees of atherosclerotic diseases according to
the corresponding duration and extent of exposure if the
concentrations are above ideal [74]. In addition to dyslipi-
demia, inflammation is essential in advancing atherogen-
esis progress, providing pathways linking lipids and other
traditional risk factors [74]. Moreover, biomarker studies
have detected increased inflammation indicators in cardio-
vascular disease [74]. Hence, cardiovascular diseases could
be found at early stages, and the course of the disease could
be classified if powerful biomarkers could be identified.

Overexpression of the CCLII and CCR3 genes has
been demonstrated in human atherosclerosis. In research by
Kathleen J Haley, CCL11 was reported to be predominantly
expressed by SMCs, playing a part in atherosclerotic vas-
cular inflammation on the one hand. Alternatively, CCR3,
the receptor for CCL11, could be induced in several cell
types, including macrophages and mast cells, except for in
eosinophils, where CCL11 is constitutively expressed [76].
In patients with coronary atherosclerosis, concentrations of
eotaxin, the eosinophil-specific chemoattraction, were also
reported to be elevated in the inflammation and pathogene-
sis, regulating eosinophil accumulation through its effect on
the adhesion molecules on microvascular endothelial cells
[77].

Moreover, the polymorphism of the CCL /! gene could
also influence the development and pathological process
of CVD. A substitution of T for A at amino acid 23 in
the eotaxin gene was reported to be associated with an in-
creased risk for incident myocardial infarction, support-
ing the emerging hypothesis that eotaxin participated in
atherosclerosis [9]. The (GAAGGA) (n) hexanucleotide
was associated with the severity of CVDs, and the 67 GG
was associated with an acute form of CVDs, thus function-
ing as a novel biomarker of CVDs [56]. To date, many
researchers have chosen CCL11 as one of the characteris-
tic biomarkers of atherosclerosis and developed a risk as-
sessment model based on the concentrations of a series of
cytokines and chemokines, including CCL11. In 2007, a
combination of circulating chemokines was proven to ac-
curately distinguish individuals with clinically significant
CVD from those with no prior history of CVD [78]. The
CHD Risk Assessment (CHDRA) model, based on serum
protein biomarkers, including CCL11, was developed to as-

sess the risk of acute cardiovascular events [79,80]. For
individuals currently assessed with an intermediate risk,
this prognostic algorithm provides a remarkable incremen-
tal benefit over using clinical risk factors alone [77]. In
many other studies, CCL11 has also been chosen as one
of the indispensable biomarkers of atherosclerosis to eval-
uate the effect of pharmacotherapy on atherosclerosis or
to investigate the detailed mechanism of atherosclerosis
[40,54,62,72,81].

It seems that the positive correlation between CCL11
and atherosclerosis progress has been universally recog-
nized, and several hypotheses on the underlying mecha-
nism of this association have been proposed. However, a
detailed clarification of such association, especially intra-
cellular mechanism and downstream effector proteins, re-
mains unknown and awaits further investigation.

3.3.2 Myocardial Infarction (MI)

Generally speaking, acute myocardial infarction
(AMI) is described as a heart attack caused by a decrease
or stoppage of blood flow to a portion of the heart and the
subsequent necrosis of heart muscle. Mostly, this necro-
sis is triggered by a blood clot in the epicardial artery,
and atherosclerosis with subsequent inflammation is the
most common and vital driver of thrombosis [82]. Epi-
demiologically, the incidence of myocardial infarction can
be termed as a substitution for the prevalence of coronary
artery disease in a certain population [83]. From throm-
bolytic therapy to dissolve intracoronary thrombus and per-
cutaneous coronary intervention (PCI) to reperfusion ther-
apy, the treatment of AMI has been developed for years
[82]. However, the mortality of patients with cardiogenic
shock remains high at over 40% within 30 days [82]. In
addition to those therapies as described above, earlier in-
tervention is more severely required to reduce the mortality
in coronary artery disease radically, and multiple risk fac-
tors are proposed to be attached with more importance and
attention [84].

The single-nucleotide polymorphisms (SNPs) and
overexpression of the CCLI! gene have been reported to be
associated with AMI. Research has manifested that threo-
nine for alanine substitution in the CCL1] gene was related
to the morbidity of AMI, and homozygous carriers of the
723 allele were reported to be at increased risk of myocar-
dial infarction, showing that this polymorphism could be
useful as a marker for risk assessment [9,85]. Furthermore,
eotaxin-1, troponin-I, creatine kinase (CK), and creatine ki-
nase MB (CKMB) levels were detected using an enzyme-
linked immunosorbent assay (ELISA) and were statistically
elevated among 42 patients diagnosed with AMI compared
to those among 40 healthy controls [86]. CCR3-mediated
interactions are demonstrated to regulate the endogenous
migration of CD34+ progenitors from bone marrow to is-
chemic myocardium, resulting in therapeutic neovascular-
ization for tissue repair after AMI [87]. Moreover, in a
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closed-chest acute murine MI/R model, CCL11 protein lev-
els, one of the CD4+ T cell-associated chemokines, was el-
evated on day 7 and at day 14 in heart tissues but lower
on day 14 compared with day 7, suggesting that CCL11
might participate in the cardiac repairing and remodeling
after AMI/R [88]. According to the above data, the partici-
pation of CCL11 in myocardial infarction has been justified,
but how CCLI11 contributes to the pathogenesis of myocar-
dial infarction will need additional investigation.

3.3.3 Hypertension

Hypertension, characterized by persistent systolic
blood pressure (SBP), is a major public health concern, af-
fecting 1.13 billion adults worldwide [89]. Hypertension is
a leading cause of CVD events and death. From lifestyle
modifications (weight loss, dietary, limited alcohol con-
sumption, sodium reduction, and potassium supplementa-
tion, etc.) to pharmaceutical therapies (thiazide or thiazide-
like diuretics, angiotensin-converting enzyme inhibitors or
angiotensin receptor blockers, calcium channel blockers,
etc.), considerable advances have been made in antihyper-
tensive treatments, while the prevalence of hypertension
has continued to increase over the past 40 years [90,91]. As
aresult, further studies are warranted to develop prevention
and control processes for hypertension.

Several lines have demonstrated the relationship be-
tween CCL11 and hypertension. Based on the analysis
of CCL11 polymorphism in the Xinjiang Han population,
six different CCL11 gene polymorphism phenotypes were
found, and the correlation between CCL11 gene polymor-
phism and the risk of atherosclerosis and hypertension was
confirmed [92]. Through applying machine-learning mod-
els, a panel of protein markers was found to identify hyper-
tensive disorders of pregnancy (HDP). CCL11 was included
and showed alterations in the disease group compared to
healthy pregnant controls [93]. Research on the associa-
tion between second-trimester cytokine profiles and HDP
or the association between lower serum vitamin D metabo-
lite and circulating chemokines in women with HDP also
presented similar answers [94]. Moreover, CCL11 has been
selected in developing a clinical and proteomics multiple-
marker scoring strategy to diagnose obstructive peripheral
arterial disease (PAD), and higher concentrations of CCL11
were notably detected in patients with severe PAD (his-
tory of hypertension) [95,96]. Above all, the relevance of
CCL11 in multiple hypertension processes has been proven.
Nevertheless, a clear clarification of the definite association
between these two objects has yet to be proposed, and the
mechanism underlying such a relationship remains to be re-
vealed.

4. Discussion

This review summarizes the association between
eosinophilic chemokine CCL11 with aging-related dis-
eases, including neurodegenerative diseases and CVDs. Al-
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though this study mainly focuses on the positive correlation,
it also highlights the differential regulation of CCL11 in
various diseases. Although CCLI11 is generally associated
with neuroinflammation in neurodegenerative diseases, a
comparative study showed that CCL11 was increased in the
CNS of CTE but not in AD [53]. Furthermore, David E.
Mosedale reported that there was no difference in the lev-
els of circulating CCL1 between subjects with and with-
out atherosclerosis. However, a transient increase in cir-
culating chemokine levels following AMI might exist [97].
These divergent results may be attributed to differences in
study design, detection method, or stages of disease pro-
gression being investigated. Meanwhile, CCL11 concen-
tration could also be regulated by changes in cytokines and
signaling pathways specific to certain disease processes.

Regarding the treatment of aging-related diseases,
CCLI11 has emerged as a potential target, and experimental
models have shown that neutralizing CCL11 might reduce
proinflammatory markers and improve disease outcomes.
Previous research has proven that anti-CCL11 neutralizing
antibodies could reduce the production of proinflammatory
factors as well as the CD4 +/CD8 + T cells infiltration in
the substantia nigra of mice, hence improving motor symp-
toms in PD mice [98]. Additionally, in animal models,
neutralization of CCL11 may prevent nigrostriatal neurode-
generation, alleviating PD progression [99]. In standard-
reared aged mice, treatment with an anti-ccl11 antibody led
to environmental enrichment-like improvements in spatial
memory, hippocampal neurogenesis, and microglial activa-
tion [100]. Moreover, possible novel treatments targeting
CCL-11 have been proposed. The increasing production of
CCL-11 could be attenuated by glucocorticoids, minocy-
cline, resveratrol, and anti-CCL11 antibodies [99]. How-
ever, anti-CCLI11 therapy in cardiovascular diseases has
made little progress and needs further research.

5. Conclusions

This article summarized the correlation between in-
flammatory response and aging-related diseases and em-
phasized the role of CCL11 in various aging-related dis-
eases, especially CVDs. Owing to positive correlations,
CCL11 has become one of the essential biological tar-
gets for detecting these diseases and has manifested dif-
ferential regulation in different diseases or stages of dis-
ease progression, indicating its potential to identify diverse
aging-related diseases. Concurrently, a novel therapeutic
strategy, anti-CCL11 therapy, was proposed and suggested
for neurodegenerative and cardiovascular diseases. In the
study of neurodegenerative diseases, CCL11 neutralization
has shown feasibility in animal models. However, the ef-
fect of this treatment on cardiovascular disease is reduced
and needs further investigation. In addition, clinical trials
for CCLI11 are currently vacant, meaning the efficacy and
safety of anti-CCL11 therapy in humans cannot be guaran-
teed.
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The specific molecular mechanism through which
CCL11 promotes vascular cell senescence and further ag-
gravates aging-related CVDs remains unclear. Many re-
searchers have conducted studies for particular diseases, but
a system has yet to be formed. The downstream signaling
pathway of CCL11 in promoting cell aging is also vacant.
Thus, to develop newer and improved treatment methods
for aging-related diseases around CCL11, it is urgent to ex-
plore and complete the mechanism of CCL11 regulating
aging-related diseases, especially CVDs.

We expect future studies will soon fill these gaps and
contribute to preventing and treating aging-related cardio-
vascular diseases.
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