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Abstract

Chronic wounds (e.g. diabetic wounds, pressure wounds, vascular ulcers, etc.) do not usually heal
in a timely and orderly manner but rather last for years and may lead to irreversible adverse
events, resulting in a substantial financial burden for patients and society. Recently, a large amount
of evidence has proven that cellular senescence has a crucial influence on chronic nonhealing
wounds. As a defensive mechanism, cell senescence is a manner of cell-cycle arrest with increased
secretory phenotype to resist death, preventing cells from stress-induced damage in cancer and
noncancer diseases. A growing amount of research has advanced the perception of cell senescence
in various chronic wounds and focuses on pathological and physiological processes and therapies
targeting senescent cells. However, previous reviews have failed to sum up novel understandings
of senescence in chronic wounds and emerging strategies targeting senescence. Herein, we discuss
the characteristics and mechanisms of cellular senescence and the link between senescence and
chronic wounds as well as some novel antisenescence strategies targeting other diseases that may

be applied for chronic wounds.
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Highlights

* The definition and characteristics of senescent cells are summarized in detail.

* The current bottleneck problems in the treatment of chronic wounds are introduced.

* The link between senescence and chronic wounds provides a prospective strategy to treat chronic wounds.

* The latest treatment methods targeting senescence in various fields can also be applied to treating chronic wounds.

Background

Chronic wounds are pathological wounds that do not heal
in a timely manner. It is considered a ‘silent epidemic’ that
imposes a significant physical, psychological, social and eco-
nomic burden on individuals and the whole health system
[1]. Chronic wounds are usually divided into three main
categories: diabetic ulcers, vascular ulcers and pressure ulcers,
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which can last for months to years and frequently recur
[2]. Some severe ulcers can ultimately lead to amputation.
The failure of wound healing contributes to pathological
and physiological phenomena, but the underlying molecular
mechanisms vary and are even unclear in different chronic
wounds [3]. Currently, speculation regarding the pathogen-
esis of chronic wounds is primarily based on four theories:
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local tissue hypoxia, biofilm formation in the wound, recur-
ring ischaemia-reperfusion injury and regression of stress
response in aged patients [4]. Chronic wounds are not present
in experimental animals and it has been challenging to estab-
lish an actual chronic wound model in animals. Thus, the
limited understanding of chronic wounds mostly comes from
the observation and biopsy of patients. However, the precise
pathogenesis of chronic wounds is complex and involves
many different molecular pathways that can only be clearly
investigated in patients suffering from this disease. Recent
research has demonstrated that senescent cells present in some
chronic wounds impede the process of wound healing [5].
Furthermore, it is reported that eliminating senescent cells or
preventing cell senescence can reduce the impact of chronic
wounds [6,7].

Current research shows that in different situations, the
effects of senescence vary or are even opposite. In general,
it is beneficial to transiently induce senescence during tissue
remodelling, because the body can eliminate damaged cells
in this way. On the other hand, the prolonged presence of
senescence or the inability to effectively remove senescent
cells is pernicious. As a distinct form of cell-cycle arrest,
senescence functions in diverse physiological processes and
a in range of age-related disease pathologies [8]. To some
extent, senescence is also a kind of antitumour mechanism
triggered by a series of internal or external factors, such as
oncogene activation and stress stimulation [9]. Previously, the
effects of senescence have been thought to be mostly limited
to cell damage and stress. However, the recent recognition
of senescence in embryonic development and normal somatic
cells has further developed this view. It has been discovered
that senescence occurs in multiple locations during vertebrate
embryonic development [10]. Furthermore, senescence also
play a role in the physiological processess of adult tissues,
in particular normal macrophages and placenta syncytiotro-
phoblasts [11]. In age-related diseases, senescence is closely
related to neurodegenerative diseases (such as Parkinson’s
and Alzheimer’s) [12]. Studies have shown that senescent
blood vessel changes accompany or even precede the devel-
opment of Alzheimer’s disease, which increases the possibility
that senescence may have a pathogenic effect [13].

As reported previously, the kernel of chronic wounds is
chronological inflammation, and senescence, a physiological
process typically associated with reduced proliferative capac-
ity, plays an important role in it [14]. In chronic wounds,
senescent cells cannot be cleared in time, leading to a con-
tinuous increase of inflammatory factors in the wound envi-
ronment and a decrease in cell proliferation [15]. However,
in different chronic wounds, the underlying pathologies of
senescence are intricate or even unclear. Increasing evidence
has demonstrated that the accumulation of senescent cells
in chronic wounds impedes the healing process. In the past,
researchers have suggested that prolonged non-healing of
wounds and exposure to exudate may affect cell viability and
lead to senescence in the wound bed. However, recent studies
have shown that senescence may lead to long-term nonhealing

of wounds. Mahmoudi et al. found that senescent fibroblasts
affect cell reprogramming efficiency and wound healing rates,
and their secretion of inflammatory cytokines (including
tumour necrosis factor [TNF]) is a critical contributor [16]. In
general, the ability of skin wounds to heal decreases with age
[17], primarily due to the following reasons. First, senescence
leads to an increased degree of platelet aggregation after
injury and decreased vascular permeability, resulting in the
inability of inflammatory cells (such as lymphocytes and
macrophages) to infiltrate in a timely manner [18]. Although
a large number of macrophages are recruited during the age-
ing process, senescent macrophages have reduced phagocytic
ability and produce fewer growth factors, which generally
impairs the immune response [19]. In addition, senescence
decreases the migration and proliferation capacity of ker-
atinocytes and fibroblasts. Senescent fibroblasts also secrete
excessive matrix metalloproteinases (MMPs) that cause alter-
ations in the composition of the extracellular matrix (ECM)
[20]. Furthermore, the angiogenesis potential of senescent
endothelial cells significantly decreases and produces a large
number of proinflammatory secretory phenotypes. Therefore,
there is a significant reduction in the revascularisation of
chronic wounds, on which the wound healing process closely
depends [21]. Although the accumulation of senescent cells
might cause chronic wounds that are difficult to heal, there
is currently no clear relationship between senescence and
chronic wounds.

Previous reviews failed to sum up the new mechanisms
of senescence in chronic wounds, and emerging strategies
targeting senescence must also be updated. In this review, we
not only summarize the mechanisms and characteristics of
senescence but also explore the link between senescence and
chronic wounds. In addition, we underline some novel anti-
senescence strategies targeting other diseases with potential
future applications for chronic wounds.

Review

Definition and characteristics of senescence

Cellular senescence, a seminal discovery in 1961, is a steady
cell-cycle arrest that takes place in diploid cells and restrains
their ability to proliferate [22]. Hayflick and Moorhead
described this phenomenon for the first time. They found that
cultured human diploid fibroblasts would stop growing after
dividing to the maximum number [23]. This kind of cell-cycle
withdrawal is induced to prevent genomic instability and
the consequent accumulation of DNA damage, as telomeres
continue to shorten with each cell division [24]. However, this
view has been challenged by the fact that these features have
been found in other cells [25,26]. Thus, cellular senescence
has been identified to respond to numerous stressors (e.g.
genotoxic stress, metabolic alternation, oxidative stress, mito-
chondrial dysfunction, oncogene activation, etc.) [8,27,28].
Senescence differs from quiescence and terminal differenti-
ation in that this irreversible cell-cycle arrest has a distinct
phenotype [29]. Therefore, it seems that senescence could be
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an effective antitumour approach due to its antiproliferative
potential. Although senescence is permanent, the cell-cycle
can restart in the case of certain conditions, especially in
tumour cells [30].

Morphological characteristics Since Hayflick and Moorhead
discovered the senescent cell in 1961, scientists have struggled
to identify global and straightforward hallmarks that
characterize the senescence stage [31]. Following impairments
to DNA, cells activate a radical, excessive or irreparable
response, the DNA damage response (DDR) [32]. The DDR
initiates cellular senescence and cyclin-dependent kinase
inhibitors (CDKI) are involved in the process. It also promotes
the expression of antiapoptotic genes in senescent cells and
alters metabolic rates and endoplasmic reticulum stress. In
addition, it can enhance the secretion of inflammatory and
related tissue remodelling factors [33-35]. These signalling
pathways are responsible for morphological aberrations in
senescent cells, such as enlarged and flattened morphology,
accumulation of lysosomal and mitochondria and altered cell
membrane composition [36].

Senescence-associated beta-galactose The most common

marker of senescence is senescence-associated beta-galactosidase

(SA-B-Gal), which can be measured with X-gal (an artificial
substrate) at pH 6.0. This marker can recognize senescence
in cultured cells and mammalian tissues [37]. Since SA-B-
Gal is not specific, this measurement has restrictions. Thus,
other markers such as p16 and p53 can be used alone or in
combination to identify senescent cells [37].

Cyclin-dependent kinase inhibitors CDKIs are major regula-
tors of cell-cycle processes. The CDKIs regulating cell cycle
arrest in senescent cells are CDKN2B (p15INK4b), CDKN2A
(p16INK4a) and CDKN1A (p21CIP). p16INK4A, a selective
inhibitor of CDK4 and CDK&, is commonly used as a specific
marker for the recognition of senescence [38]. It is highly
expressed in response to particular stress stimuli such as
tumour, trauma and ageing, but is usually absent in healthy
young tissues [39]. The transcriptional activity of p16 has
been widely used to prove the presence of senescence in vivo
[40]. The gene CDKN2B, encoding p15INK4B, is closely
linked to the CDKN2A gene encoding p16INK4A on the
chromosome [41]. Therefore, the function and structure of
plS5 is comparable to that of p16, but it has received less
interest in the context of ageing [42]. p21 can inhibit a series
of CDKSs and, paradoxically, it is necessary for the cell-cycle
process [43]. Although p21 is over expressed in response to
senescence-inducing stress, it is hard to use as a particular
senescence marker as p21 expression is partially influenced
by the DDR and modulated mainly through transactivation
of p53 [44].

Senescence-associated secretory phenotype Although senes-
cent cells have a stable cell-arrest state, they have activated
metabolism and upregulate a wide range of genes. Senescent

cells secrete chemokines, proinflammatory cytokines, growth
factors and ECM remodelling factors that have a positive
or negative impact on different pathological processes (e.g.
wound healing and cancer) [45]. This phenotype, termed
the ‘senescence-associated secretory phenotype’ (SASP), is an
essential feature in distinguishing senescent cells from nonse-
nescent, quiescent and terminally differentiated cells [46]. The
SASP is mainly a feature of the DDR that induces cell senes-
cence, as SASP will not present in cells with senescence that
is naturally induced by p16 and p21 overexpression [47,48].
This phenotype is mediated by a variety of factors, including
nuclear factor-«B (NF-«B) [49], CCAAT/enhancer-binding
protein B transcription factors [50], p38MAPK [51] and
mammalian target of rapamycin (mTOR) signalling [52,53].
The SASP is largely a transcriptional programme regulated
by the transcription factor NF-«B [54]. The DDR is the
major trigger of NF-«B activation, but the cGAS/STING
pathway has also recently been found to be involved [55,56].
In addition, the Jak2/Stat3 pathway regulates a diverse set of
cytokines, including granulocyte macrophage-colony stimu-
lating factor (GM-CSF), interleukin-10 (IL-10), IL-13, C-X-
C motif ligand 1 (CXCL1)/CXCL2 and macrophage-colony
stimulating factor (M-CSF) [57]. While the majority of SASP
factors can only affect neighbouring cells and cause them
to senesce, several SASP factors (IL-1 and IL-6) possess cell-
autonomous functions and intensify their own senescence
condition [58]. A number of SASP factors have been reported
to play a key role in maintaining cell-cycle arrest in senescent
cells, which may enable senescent cells to exhibit tumour sup-
pressive function [50,59]. In addition, SASP factors have been
proven to contribute to embryonic development, facilitate tis-
sue remodelling and repair and improve immunosurveillance
[45,60]. On the other hand, if the SASP exists persistently and
chronically, it can lead to some disease states, such as inflam-
mation and ageing [61]. The SASP, as a characteristic of senes-
cence, has complicated and adverse biological effects, remark-
ably linked to age and chronic diseases in autocrine and
paracrine manners. Clearly, the SASP plays a significant role
in the pathophysiological process of senescence. However, it
is not specific enough and is heterogeneous as a hallmark of
senescence.

Challenges in chronic wound healing

Wound healing is artificially divided into four phases:
haemostasis, inflammation, proliferation and remodelling,
which proceed in a timely and sequential manner [62]. In
most clinical situations, wound healing can be implemented
appropriately with thoroughly organized and harmonized
cellular processes. Chronic nonhealing wounds cannot
progress in an orderly and timely manner. They stall in
the inflammatory phase, leading to persistent inflammation,
consequently impeding wound healing. The vast majority
of chronic wounds include, but are not limited to, pressure
ulcers, diabetic ulcers and vascular ulcers (venous and arterial
ulcers). Although the aetiology of chronic trauma is variable,
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some common features are shared at the molecular level,
such as secretion of pro-inflammatory cytokines, production
of high levels of reactive oxygen species (ROS), chronic
infection, accumulation of senescent cells and dysfunctional
stem cells [63].

Histological assay of chronic venous ulcers has demon-
strated a hyperproliferative epidermis accumulated at the
margins of the wound, with an exudate containing necrotic
debris covering the base of the ulcer. Where granulation
tissue should have been present, the neovascularization did
not sprout but was wrapped in fibrin cuffs. The mechanisms
responsible for this include a reduced level of growth factors
and their receptors, destruction of the ECM, decreased prolif-
erative capacity of resident cells and inadequate recruitment
of stem cells [64]. In particular, the abnormal expression
of the vascular endothelial growth factor receptor has been
shown to be associated with these ulcers [65]. Hence, most
chronic wounds have a large infiltration of inflammatory
cells (especially neutrophils), but only a small number of
myofibroblasts and a lack of neovascularization Hence, most
chronic wounds, have few myofibroblasts but heavy inflam-
matory infiltrates, particularly neutrophils [66].

Tissue injury, microorganisms and uncleared necrotic
debris constantly stimulate the influx of immune cells.
Although the role of each macrophage population is
poorly understood, disruption in the transition from the
proinflammatory (M1) to the anti-inflammatory (M2) state
has been associated with impaired wound healing in animal
models. The failure of macrophages to switch from M1 to
M2 type is due to two major elements: (1) macrophage
dysfunction in pathological states and (2) high levels of
biomolecules in the wound microenvironment, such as
advanced glycation end-products, hyperglycaemia, oxidative
stress products, inflammatory factors and wound microbes
[67]. Thus, the inflammatory cytokine cascade extends and
exists continually for a prolonged time, resulting in increased
proteases that exist persistently [63].

In chronic wounds, increased levels of tissue-degrading
MMPs surpass that of the inhibitors, contributing to degra-
dation of the ECM and reduction in growth factors. Con-
currently, the upregulation of cytokines such as TNF-a con-
tributes to a reduction in the secretion of inhibitors for the
synthesis of metalloproteinases by fibroblasts, which delays
wound healing [68]. The increase in MMPs prevents the
wound healing process from entering the proliferative phase
and thus more inflammatory cells and cytokines are accumu-
lated, resulting in stasis at the inflammation phase [69].

Furthermore, another challenge of chronic wounds is the
accumulation of senescent cells, with damaged proliferative
capacities and altered secretory phenotype, which prevents
cells from responding to classical wound healing signals
[15,70,71]. Senescence in chronic wounds, a cell-cycle arrest
form, is due to oxidative stress resulting in the DDR, which
impedes normal intracellular molecular pathways [5,72].
Wilkinson et al. discovered that macrophages in diabetic mice
undergo senescence and have a reduced anti-inflammatory

M2 phenotype. In addition, these macrophages secreted high
levels of the C-X-C motif chemokine receptor 2 (CXCR2) lig-
and, a marker of fibroblast fibrosis induction, and promoted
fibroblast senescence [73]. Thus, macrophage senescence not
only undermines polarization from a proinflammatory to
an anti-inflammatory phenotype that supports the healing
process but also, through paracrine effects, affects the
biofunction of the wound microenvironment and other cells.

There are several topical dressings used in clinical
practice. However, few dressings effectively promote chronic
wound healing, and clinicians routinely use approaches
grounded in experience. Some products, such as Integra
and OxyHeal1000, have been used to treat chronic wounds,
but the efficacy is unsatisfactory and prolonged treatment
is required. Bioengineered scaffolds containing living cells
have shown a promising impact on chronic wounds. In
addition, cellular strategies are more effective and safer in
treating diabetes, age-related wounds and other nonhealing
wounds. Despite using advanced treatment and care, 15—
20% of chronic wounds heal improperly using the above
treatments. It is vital not only to cure the topical wounds
but also to improve the systematic disorder, such as diabetic
wounds and peripheral arterial disease. Even more improtant
is that treatment should be chosen according to the actual
situation to guarantee the effectiveness of the treatment.
Many challenges remain in determining the pathological
processes and modulating factors involved in chronic
wounds, including sophisticated molecular signals, different
processes and cell types, as well as the absence of a suitable
animal model to study this complex condition [3].

Senescence in chronic wound healing
An understanding of the pathophysiological mechanism of
chronic wounds is essential in clinical practice, where an effec-
tive cure decides life and death [74]. Most chronic wounds
are classified as one of three types: diabetic wounds, pressure
ulcers and vascular ulcers. Despite the various aetiologies of
these chronic wounds, there are also fairly consistent similar-
ities between them. For example, the vast majority of chronic
wounds show increased inflammatory factors, decreased cells
proliferation and migration and increased ECM proteases,
among other features [63]. These features are induced by
senescent cells, but the actual relationship between senes-
cence and chronic wounds remain incompletely understood.
Although the link between chronic wounds and senescence is
not well established, an increasing number of studies provide
a more profound understanding of the role of senescence in
chronic wounds [9,61]. It is universally acknowledged that
aged skin is more vulnerable to developing chronic wounds
than young skin is, possibly because of cellular senescence.
The main factors (including SASP, ROS, immune system
dysfunction and stem cell dysfunction) by which senescent
cells impede chronic wound healing are as follows.
Senescent cells produce a set of SASPs that affects different
aspects of wound repair in a direct or indirect manner,
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including matrix remodelling, angiogenesis and cell growth,
by regulating the adjacent microenvironment [46,50,59].
Major SASP components influence wound healing by
targeting NF-«B. In general, SASP leads to matrix proteolysis
and increasing inflammation, which are the main features of
ageing and diabetes [75].

Accumulation of oxidative damage is another contributor
to the normal replicative ageing process related to senescence.
For instance, human diploid fibroblasts and endothelial cells
go through senescence in the presence of elevated levels of
ROS. Nevertheless, replicative capability can be promoted
by lower oxygen tension in culture conditions [76-78]. In
these cases, inflammatory signals set off an immune response,
which causes the removal of deficient cells. However, these
processes of clearance are damaged in aged tissues, leading to
an intensive immune response, sterile inflammation, which
leads to many prolonged pathological processes [79].

In normal conditions, macrophages clear the senescent
cells dependent on immunosurveillance after inflammation.
Conversely, senescent cells cannot be removed in chronic
wounds and continue to cause increased secretion of proin-
flammatory cytokines and reduced cell proliferation [15].
During ageing and injury, there is a transformation from
M1 macrophages to M2 macrophages that is associated
with reduced immune activity, tumour promotion and dam-
aged chemotaxis or phagocytosis. The impaired capacity of
macrophages make them susceptible to migrating to where
senescent cells accumulate, which is linked to the decreased
chemotaxis of macrophages in chronic wounds [80-82].

Furthermore, stem cell function in chronic wounds is
also impaired [83,84]. As previously reported, researchers
transplanted senescent cells into the skin, skeletal and mus-
cle tissues of mice with neuron-specific genes for immune
deficiency. After 3 weeks, the fibroblasts and myofibres in
the dermal tissue expressed different senescent hallmarks in
the area where senescent cells were transplanted. In contrast,
there were no markers in the area without injected senescent
cells [85]. Hence, inhabitant senescent cells can induce stem
cell dysfunction during the chronic wound healing process.
Stem cells proliferate and function at every stage of wound
healing. Therefore, the impairment of stem cells can result
in nonhealing wounds. It has been shown that mesenchymal
stem cells play a vital role in wound healing. They can
be recruited into the circulatory system and grafted into
tissue remodelling [86]. In a nutshell, although stem cells are
impaired in chronic wounds, their function in wound healing
is indispensable, and more attention and efforts are needed to
address these challenging observations (Figure 1) [84,87].

Targeting senescent cells is a promising therapy

In tissue-ageing pathology, the comprehensive biological
effects of senescence make therapy that targets senescence a
prospective strategy for many age-related diseases. Several
promising strategies to either clear the senescent cells or
decrease their defective impacts are in development [88].
Recent approaches are mostly committed to developing

pharmacologic agents that can mediate the cell death of
senescent cells, termed ‘senolytics” [89]. Studies in this field
are mainly based on the potential cellular or molecular
mechanisms underlying senescence. These therapies focus
on distinct features of senescent cells that differ from other
normal cells in the tissue [88].

Caloric restriction It has been well-recorded that the
effects of caloric restriction both prolong life expectancy
and postpone the beginning of age-related diseases [90].
Caloric restriction may be a physical method of modulating
senescence. It has been demonstrated to minimize the
senescence of cardiac, hepatocyte and intestinal crypt cells
in vivo [91,92]. From an epigenetic point of view, caloric
restriction allows DNA to avoid age-related defects, such as
methylation [93]. It also reduces senescence epigenetically by
upregulating the sirtuin pathway to some extent, elevating
anti-apoptosis and anti-inflammatory mechanisms [94]. In
addition, sirtuins may prevent an age-related recession in
skin tissue repair because insufficiency of SIRT1 aggravates
the healing process in diabetic wounds [95]. Effects fol-
lowing caloric restriction include deceleration of metabolic
procedures that contribute to cellular senescence (Figure 2)
[86], intensification of antioxidant production, increased
autophagy and removal of intracellular components [96].
Although caloric restriction wields many life benefits, it has
insufficient feasibility as an effective clinical treatment as
it requires high patient compliance. For the above reasons,
drugs known as senolytics, that directly target senescence, are
more appealing clinical interventions.

Blocking the prosurvival pathway Senolytics can reverse the
immunity of senescent cells to apoptosis [97]. Senescent cells
promote prosurvival pathways, especially BCL-2. Currently,
several prosurvival pathways have been determined as a direct
target to eliminate senescent cells. These prosurvival path-
ways upregulated by senescence include the p53/p21 axis,
the BCL-2 protein family, receptor tyrosine kinases, the phos-
phatidylinositol 3-kinase (PI3K)/AKT axis, HSP90 and HIF-
la proteins [98-103]. Currently, the majority of senolytics
that block the pro-survival pathway are agents that directly
target members of the BCL-2 protein family. Researchers have
conducted thorough studies of antiapoptotic agents targeting
the BCL-2 protein family at the molecular level (Figure 3)
[104]. Blocking these proteins may activate programmed
cell death in senescent cells [89]. The BCL-2 protein family
has been extensively studied for cancer treatment, provid-
ing repurposing opportunities for candidate compounds that
might be used as senolytics. For instance, ABT-737 is a BH3
domain analogue that blocks members of the antiapoptotic
family (including BCL-W, BCL-XL and BCL-2) and induces
senescent cells to undergo apoptosis via the BH3 domain
[105,106]. ABT-737 was reported to be effective in removing
senescent cells both induced by irradiation and transgenosis
[102].
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Figure 1. Roles of senescence in chronic wound healing. The main factors by which senescent cells impede the healing of chronic wounds include the SASP, ROS
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ABT-263, also called navitoclax, is a next-generation ana-
logue of ABT-737 [107]. Other researchers have further estab-
lished senescent stem cells induced by sublethal irradiation.
They have proven that these senescent cells are more sensi-
tive to ABT-263 than nonsenescent cells are [100]. ABT-263
also has the ability to diminish senescent macrophages from
atherosclerotic lesions, consequently halting the disease pro-
cess [108]. It is worth noting that therapy using the inhibitors
of BCL-W, BCL-XL and BCL-2will cause haematological tox-
icity (Figure 4). In contrast to other BCL family proteins, they
have the capability of causing an off-target problem in the
clinic, such as thrombocytopenia and neutropenia [109,110].
These cytotoxicity issues may hamper the use of BCL-2 family
inhibitors in routine clinical practice. Thus, more specific can-
didates are required and lower-toxicity inhibitors are being
tested. Other BCL-XL inhibitors, such as A1331852 and
A1155463, are expected to induce less toxicity to nonsenes-
centcells[111]. A1331852 can reduce liver damage and fibro-
sis by inducing apoptosis of senescent cells in a transgenic
mouse model [112]. However, the above reagent may still
cause thrombocytopenia, which is attributed to the presence
of platelets that also rely on BCL-XL. Furthermore, in some

cases, higher-level expression of BCL-2 and BCL-W might
be less powerful for eliminating senescent cells [100,102].
Injection of the BCL-2 targeting compound UBX0101 into
the articulations of aged mice can effectively remove senescent
cells from the synovium and articular cartilage and alleviate
symptoms of osteoarthritis [113]. Taken together, although
the side effects might restrain the clinical use to a large extent,
targeting the BCL-2 family currently remains an effective
molecular strategy to eliminate senescent cells.

Combination use of senolytics There is an alternative
approach to avoiding the toxic effects of BCL-2 protein
family inhibitors, i.e. combining low-dose synergistic reagents
that target other prosurvival pathways. In fact, it was not a
single drug that was initially found to possess antisenescence
effects, but a combination of two compounds: dasatinib (a
tyrosine kinase inhibitor) and quercetin (a flavonoid p53
activator) [101]. Moreover, it has been suggested that the joint
use of senolytics in a low dose might be a more effective and
less deleterious substitute [88]. These two agents, dasatinib
and quercetin, have been used to treat malignant blood system
diseases, such as leukaemia. Combination treatment with
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Figure 2. Calorie restriction modulated upstream and downstream regulatory
pathways of AKT/FOXO and HSF1/HSP70, and the glucocorticoid receptor
pathway in human skeletal muscle. AKT protein kinase B, HSF-1 heat shock
factor 1, GCR-« glucocorticoid receptor alpha, FOXO forkhead box O, HSP70
heat shock protein 70, DDB1 damage specific DNA-binding protein 1, SOD2
superoxide dismutase 2, NF«B nuclear factor-«B, STAT5 signal transducer
and activator of transcription 5, LC3 microtubule-associated protein 1 light
chain 3, TNF« tumour necrosis factor, IL-6 interleukin-6, IL-8 interleukin-8.
(Reprinted with permission from Ref. [162] © 2016 Cell Press)

dasatinib and quercetin can increase the life span, ameliorate
the frail condition and improve vascular function in old
mice. Roos ef al. demonstrated that dasatinib and quercetin
reduced products of senescent cells in the medial layer of
the aorta from hypercholesterolaemic and aged mice [114].
This combination therapy has also shown optimal results
in an open-label phase 1 pilot study of diabetic kidney
disease. The findings showed that dasatinib and quercetin
could reduce the expression of p16INK4A and p21CIP1
and decrease the accumulation of senescent cells in adipose
tissue. These eliminated cells have high SA-B-Gal activity
and limited the replicative potential of adipocyte progenitors.
The combination can also reduce the level of macrophages in
adipose tissue that are activated by senescent cells [115].
Furthermore, they have a significant effect on idiopathic
pulmonary fibrosis induced by bleomycin. Schafer ez al.
demonstrated that fibrotic lung disease is partly mediated
by senescent cells. In the idiopathic pulmonary fibrosis model
induced by bleomycin, the combination use of dasatinib and
quercetin can selectively kill senescent fibroblasts [116].
However, the cocktail treatment failed to improve lung
fibrosis visibly, suggesting that eliminating senescent cells
with senolytics may be a more effective intervention for
the early disease state. Researchers have also demonstrated
that senescent cells have antiresorptive and antianabolic
characteristics. For example, the combination of dasatinib
and quercetin prevented bone loss associated with age,
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Figure 3. Bcl-2 family members have an antiapoptotic function by block-
ing Bax/Bak directly in mitochondrial-mediated apoptosis. BCL-2 B-cell lym-
phoma 2, BH3 Bcl-2 homology 3, BAX BCL-2 associated X, BAK BCL-2
antagonist killer, MOMP mitochondrial outer membrane permeabilization.
(Reprinted with permission from Ref. [104] © 2016 Nature Reviews Cancer)

suggesting that eradication of senescent cells could become
a novel treatment for osteoporosis [117]. Nevertheless,
combination senolytics also have some limitations that
impede the transformation to the clinic. First, both agents
aim at a long list of molecular pathways and may modulate
diverse pathways in various tissues and organs through
combination therapy. Without a thorough understanding of
the mechanisms, this strategy could lead to detrimental effects
after long-term application. Other agents have recently been
suggested to possess senolytic functions, including fisetin and
piperlongumine [111,118], the former of which has been
tested for its latent senolytic effects and its ability to clear
senescent cells and even recover some main functions in aged
mice [119].

Immune therapy Senescent cells are subject to immune
surveillance mechanisms attributed to the SASP, which is
one of the most notable senescence characteristics. The
SASP contains many proinflammatory chemokines, cytokines
that can recruit and activate different immune cells such
as NK cells, monocytes, macrophages and T cells. In
addition, senescent cells can also be recognised by the
specific immune cell via the upregulated specific immune
ligands on their cell membranes [120]. In a hepatocellular
carcinoma mouse model, activation of endogenous pS53
can induce cells into a senescence programme instead of
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Figure 4. The BCL-2 family proteins can be classified into three categories by
BH domains, including the antiapoptotic Bcl-2 and the proapoptotic proteins
Bax and Bik, which do not have the BH4 structural domain. Bcl-2 B-cell
lymphoma-2, BH BCL-2 homology, Bcl-X, B-cell lymphoma-extra large, Bcl-
w BCL-2-like 2, Mcl-1 myeloid cell leukemia sequence 1, Bfl-1 BCL-2 related
protein A1, Bax BCL-2-associated X protein, Bak BCL-2 antagonist/killer 1, Bad
BCL-2-associated agonist of cell death, Bok Bcl-2-related ovarian killer, Bik
BCL2-interacting killer, Bid BH3 interacting domain death agonist, Bim BCL-2-
like 11, Hrk BCL-2 family members including harakiri, Blk B-lymphoid tyrosine
kinase, Bnip3 BCL-2/adenovirus E1B 19KD interacting protein 3, Bnip3L BNIP3-
like (Reprinted with permission from Ref. [109] © 2015 J Hematol Oncol)

apoptosis. Reactivating the p53 pathway also triggers an
innate immune response that targets senescent cells, leading
to tumour clearance [121]. Senescent cells also provide a
functional contribution to noncancer diseases. Krizhanovsky
et al. determined that senescent cells derived from hepatic
stellate cells were present in fibrotic livers. Senescent stellate
cells exhibit phenotypes including cell-cycle arrest, decreased
secretion of ECM components, increased secretion of
ECM-degrading enzymes and, more importantly, improved
immune surveillance. Consequently, natural killer (NK) cells
eliminate senescent stellate cells and thereby promote the
alleviation of fibrosis [122]. The persistence of senescent
cells can likely be attributed to immune system senescence
and the accompanying weakened immunological functions
in some chronic conditions. Therefore, strengthening the
immune system, for instance by enhancing the recognition
of senescence, may assist in the clearance of senescent cells.
To support this concept, the immune stimulator polyl:C
can promote NK cells to remove senescent cells in fibrotic
livers [122]. However, such a robust immune stimulant
in vivo would overwhelm the immune system impaired
by ageing. Thus, more specific immune mediators are
needed. Natural killer cell receptor (NKG2D), the immune
recognition molecule, is upregulated in senescent cells and is
necessary for adequate NK-mediated cytotoxic clearance of
senescent fibroblasts [123]. Accordingly, NKG2D expression
in senescent cells is a prospective immunotherapy approach.

Researchers have found that premalignant senescent hep-
atocytes secrete cytokines and chemokines, resulting in senes-
cent cells subject to immune-mediated elimination (senes-
cence surveillance). This kind of immunological process relies
on a CD4(+) T-cell-mediated adaptive response. Senescence

induced by the expression Nras (G12V) in the liver results in
the presence of RAS-specific Th1 lymphocytes; thus, CD4(+)
T cells collaborate with mononuclear macrophages to imple-
ment the elimination of senescent hepatocytes, demonstrating
that senescent surveillance is vital for tumour suppression iz
vivo [124]. However, other evidence has shown that senescent
cells could escape the identification and clearance of NK cells
and T cells via a high level of the nonclassical major histo-
compatibility complex molecule HLA-E. The expression of
HLA-E is modulated by the p38 MAP kinase signal pathway
in vitro [125]. Approaches applied in cancer territory may
also be functional, such as engineering T cells to express
specific receptors that recognise targeting proteins on the cell
surface [126]. Chimaeric antigen receptor-modified T cells
have shown encouraging results as a therapy for chronic
lymphocytic leukaemia [127]. Thus, studies to discover and
identify new senescent cell surface markers will be crucial for
the development of immune-regulated approaches applied to
targeting senescence. Very recently, a novel senescent cell sur-
face antigen was found. Frescas et al. hypothesised that senes-
cent fibroblasts express a form of membrane-bound malon-
dialdehyde (MDA) modified vimentin that can be recognised
by innate immunity, seemingly as a promising method of
senescence elimination [128]. Another study using mass spec-
trometry analysis revealed that dipeptidyl peptidase-4 (DPP4)
is preferentially expressed on the membrane of senescent cells.
In addition, DPP4 makes senescent cells more vulnerable to
NK cells [129]. Overall, the current studies underline the
possibility of using the immune system to mitigate senes-
cence in age-related diseases, however, targeting senescent
cells through immunotherapy requires profound research.
Therefore, identifying novel and specific senescent cell surface
markers is essential to further promote the development of an
immune-based therapy.

Targeting SASP A substitute strategy for directly curbing or
eliminating senescence is to alleviate pathological conditions
caused by the SASP or specific senescence-associated recep-
tors. Although the eradication of senescent cells seems to
be an excellent strategy, it might be inappropriate for some
situations in which senescent cells are necessary. Under those
conditions, the particular targeting of harmful substances of
senescent cells may be an alternative approach. The SASP
mainly includes cytokines, growth factors inflammatory fac-
tors and matrix remodelling proteases. It is closely involved
in the damage of tissue homeostasis and the process of age-
related pathologies [61]. Normally, NF-«B regulates the SASP
transcriptionally [88] and strongly contributes to tissue dam-
age, driving extensive destruction and strengthening senes-
cence [48,130]. Some signalling pathways join the activation
of the C/EBPB pathway, and the NF-«B pathway modu-
lates the complicated secretion of the SASP [49,50,131,132].
Inhibitors of the SASP block essential transcriptional mod-
ulators, impeding the signalling pathway and production of
the SASP [133]. Metformin, a widely used antidiabetic drug,
can block the NF-«B pathway and prevent the secretion
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of the SASP. Although these studies demonstrate that SASP
inhibitors have a beneficial effect on tissue repair, eradicating
the SASP might be detrimental to senescent cell clearance and
impair the healing process.

Therefore, targeting specific SASP elements that impede
healing may be more effective, such as the membrane-bound
antibodies IL-1a and specific inhibitors such as compounds
against CXCR2 [134]. Orjalo et al. found that cell surface-
bound IL-1a modulates two proinflammatory cytokines, IL-6
and IL-8, enhancing the inhibition of senescent growth [135].
Rapamycin, the mTOR inhibitor, was discovered to expand
the life span in mice and improve the replicative life span
of human keratinocytes and skin fibroblasts iz vitro [136—
138]. Recently, researchers found that this mTOR inhibitor
can selectively decrease the proinflammatory phenotype of
senescent cells by blunting the translation of IL-1a (a kind
of membrane-bound cytokine) [53,75]. Furthermore, JAK
inhibitor was demonstrated to suppress the development of
the SASP in senescent human umbilical vein endothelial cells
and human preadipocytes, which contributes to the allevia-
tion of senescence-induced frailty. Thus, targeting the Janus
kinase pathway might also be a promising strategy for age-
related diseases [139]. Another attractive strategy to elim-
inate these cytokines and chemokines is using neutralizing
antibodies, such as siltuximab and tocilizumab, against IL-
6 and its receptor, respectively [140-142]. However, these
agents cannot be applied clinically yet, and before these agents
are used as a therapeutic senolytic, their specific functions for
ageing should be proved in detail.

Targeting senescence-associated pathways Along with the
development of new technologies, such as single-cell RNA
sequencing, the physiological and pathological changes asso-
ciated with senescence could be well studied by identifying
distinctive transcriptomic characteristics in tissues. Kimmel
et al. used single-cell RNA sequencing to compare cellular
transcriptomic and heterogeneity changes between young and
old mice. They found transcriptional properties of ageing
across different cell types and features of ageing unique to
each cell type [143]. Angelidis et al. combined proteomics and
single-cell transcriptomics to investigate epigenetic changes
and chart lung proteomics between young and old mice and
to ascertain the function of these phenotypes [144]. The use
of single-cell RNA sequencing can assist the identification
of senescence and the targeting of specific senescence-linked
biomarkers and receptors in pathology and physiology.
Recently, studies have focused on the p53/p21 axis to
develop a promising strategy targeting senescence. p53 is
a crucial link in the senescence process and the most vul-
nerable tumour suppressor gene to mutate [145]. Usually,
p33 is stable and accumulated by the DDR [27,146]. The
transcriptional activity of p53 mediates a number of patho-
physiological processes, such as locating transient apoptosis,
cell-cycle arrest and senescence [145]. Interactivity between
pS53 and transcription factor FOXO4 can release p53 from the
nucleus and induce apoptosis. Baar et al. designed a FOXO4

peptide that impedes FOXO4 binding with p53 and selec-
tively causes p53 nuclear rejection and endogenous apoptosis
in senescent cells [147]. There are also senolytic target options
in this pathway [148]. p21 (also called CDKN1A), a principal
transcriptional target of p53, is essential for the survival and
maintenance of senescent cells [102]. As a CDK inhibitor,
p21 can also maintain the viability of senescent cells induced
by DNA damage. In addition, senescent cells suffer from
multiple DNA injuries, which activates ataxia telangiectasia
mutation and NF-«B kinase. Subsequently, these activations
lead to cell death. Subsequently, NF-«B activation can induce
the production of TNF-« and c-Jun N-terminal kinase (JNK)
activation and modulate the survival pathway of senescent
cells in a JNK- and caspase-dependent manner. In addition,
the knockout of p21 can clear liver senescent stellate cells
in the fibrotic liver and mitigate liver fibrosis and collagen
production. Senescent cells secrete CXCR2-related SASP in
the wounds of aged and diabetic patients [59]. Wilkinson
et al. found that in diabetic mice, blocking the potential
senescence receptor, CXCR2, with a selective agonist can
accelerate wound healing by inhibiting neutrophils and reduc-
ing macrophage senescence [75]. These findings indicate that
blocking the senescence-involved pathways can also improve
senescent pathology.

Nano-based therapies Over the past two decades, emerg-
ing nanotechnology has been applied to medicine, provid-
ing an intelligent way to improve the detrimental aspects
of conventional medical therapeutics, such as safety, effi-
ciency and sensitivity [149]. Nano-materials have become
popular because of their unique ultra-small structure, pro-
viding better bioavailability, stability, targeted function and
therapeutic efficiency [150]. Based on the fact that SA-g-
Gal activity is significantly enhanced in senescent cells, sev-
eral nanovectors have been put forward for the targeting
of senescent cells in vitro and in vivo [151]. For instance,
Agostini et al. took advantage of this feature of senescent
cells and created a kind of nanoparticle coated with a SA-
B-Gal substrate, galacto-oligosaccharides, wrapped around
cytotoxic drugs. In this way, senescent cells could be targeted
via the hydrolysis of galacto-oligosaccharides by senescence-
associated B-galactosidase, and consequently, cargo would be
released only in senescent cells (Fig. 5) [152,153]. Further-
more, Xu et al. reported the first form of enzyme-induced
self-assembly nanopartical. This nanoparticle is regulated
by B-galactosidase and can selectively form hydrogels and
nanofibres in senescent cells [154].

There are also other strategies for eliminating senescent
cells via conjugating drugs with nanostructures. For example,
Thapa et al. used the CD9 receptor overexpressed in senescent
cells to functionalize calcium carbonate nanoparticles to
target senescent cells and eliminate them with loaded
rapamycin [155]. In addition, Nguyen e al. conjugated CD9
monoclonal antibodies on the surface of PEGylated liposomes
for rapamycin delivery to target senescent cells [156]. Nagesh
et al. formulated a tannic acid-docetaxel self-assembly (DSA)
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Figure 5. Galactose-modified nanoparticles (GalNP) are made of a mesoporous silica scaffold encapsulated by galacto-oligosaccharides and can be loaded with
cargo to target senescent cells. This nanoformulation can be taken up by endocytosis into cells and then released via exocytosis. In senescent cells, the coated
galacto-oligosaccharides can be degraded by galactosidase with increased activity and then consequently release the cargo. (Reprinted with permission from

Ref. [153] © 2018 EMBO Molecular Medicine)

nanoformulation as an efficient delivery system for targeting
and diminishing cellular senescence in prostate tumours.
They also demonstrated that exposure to DSAs could wield
an antisenescence function by selectively deregulating the
senescence-associated TGFBR1/FOXO1/p21 pathway in
vitro and in vivo [157]. Researchers have also investigated
quercetin functionalized magnetite nanoparticles (MNPQ).
In that study, quercetin surface-functionalized Fe3O4
nanoparticles were synthesised and wielded an antisenescence
function by inducing oxidative stress in senescent cells,
which demonstrated that MNPQ could reduce the number of
senescent cells and limit the secretion of IL-8 and IFN-8 via
activating AMP-activated protein kinase [158].

Other strategies Recently, research on targeted senescence has
also focused on cellular metabolic reprogramming and intesti-
nal flora metabolism. Studies have found that regulating the
metabolism of intestinal microflora or indirectly regulating
intestinal microecology with antiaging drugs can mitigate
senescence or eliminate senescent cells. Barcena et al. inves-
tigated the role of deregulation of the gut flora in the aging
process. They identified specific alterations in the intestinal
flora of a mouse model of progeria and found similar changes
in the intestines of human patients with progeria. In addition,
they transplanted the faecal microbiota of wild-type mice into
the gut of a progeria mouse model and found that the healthy
life span of prematurely aged mice was extended, and through
intestinal metabolomics analysis, they identified secondary
bile acids as a key component in the restoration of healthy
gut microbiota in ageing mice [159]. Saccon et al. studied the
effects of dasatinib and quercetin, a common combination
of senolytics, on gut microbes in ageing mice. They found
that dasatinib plus quercetin can reduce cellular senescence
and inflammation in the gut while altering the gut micro-
biota, suggesting that combined senolytics could improve
the health of older people by reducing ageing, inflammation
and microbial dysbiosis in the gut [160]. Trimethylamine-N-
oxide (TMAOQ) is an intestinal microbial metabolite. Ke ez al.

investigated the relationship between TMAO and vascular
senescence and found that circulating levels of TMAO were
elevated in elderly and senescent mouse models, and using
both in vivo and in vitro experiments demonstrated that
TMAO can promote endothelial and vascular senescence.
Furthermore, this phenomenon may be associated with the
inhibition of SIRT1 expression and increased oxidative stress,
which in turn activates the p53/Rb gene [161].

Conclusions

Chronic wounds are a tremendous problem for clinicians
and researchers in wound healing. Tissue replacement,
implantation materials, cell therapy and growth factors might
be novel strategies for accelerating chronic wound healing.
However, these treatments are ineffective for some wounds.
In chronic wounds, accumulation of senescent cells creates a
prolonged inflammation microenvironment, leading to stem
cell dysfunction. Increasing evidence in various fields (e.g.
cancer, pulmonary fibrosis, atherosclerosis, etc.) concerning
targeted therapies has demonstrated that impeding cells from
becoming senescent or eliminating them can alleviate the
pathological processes of senescence. Similarly, targeting
senescent cells can be a promising strategy for treating chronic
wounds. Emerging strategies aimed at senescence and its
harmful components mainly focus on controlling the stimulus
factors, improving the pathological microenvironment and
directly targeting senescence. Experimental data reveal the
actual function of novel antisenescence therapies in age-
related diseases, demonstrating that therapies targeting
senescence for nonhealing chronic wounds may be on
the horizon. A number of published investigations have
determined a clear relationship between senescence and
chronic wounds, especially diabetes wounds. In several cases,
wound healing was obviously accelerated by eliminating
senescent cells or its by-product, SASP. As a result, strategies
targeting senescence might be a prospective and effective way
to mitigate nonhealing wounds with accelerated repair.
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