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Abstract

Aging is an inevitable reality that every individual has to face. People look forward to intervene and slow down this process, for example,
skin anti-aging cosmetic and therapeutic treatments are commercially available in a variety of methods, such as skin tightening and
dermal fillers, but these approaches do not fundamentally change the aging state of senescent cells. Fortunately, macrophages possess
the capability to promote tissue repair and regeneration, induce angiogenesis, and improve the tissue microenvironment, making their
application in the field of skin anti-aging potentially possible. In this review article, we unveiled the features of aged skin, including a
reduction in the extracellular matrix, a decrease in vascular density, diminished defense capabilities, and increased inflammation. We
then summarized the possible anti-aging functions of macrophages in this field, such as anti-inflammation, immunoregulation, promotion
of angiogenesis, and regeneration. We also suggested potential strategies for utilizing macrophages in anti-aging therapies, including
recruiting macrophages to the skin, supplying induced macrophages, and regulating macrophage activity. In conclusion, macrophages
may play a role in cell therapy for skin anti-aging, though their potential efficacy and mechanisms need to be further explored.
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1. Introduction

In contemporary society, the rapid development of
material production and swift advancements in technology
have led to an elevated standard of living, where individ-
uals’ demands are no longer confined to basic necessities
such as food and shelter. Instead, there has been a signif-
icant increase in the emphasis on quality of life, which in-
cludes concerns related to skin aging and anti-aging mea-
sures. In recent years, the cosmetic surgery industry has
experienced rapid growth, reflecting society’s increasing
pursuit of beauty. More concerning is the accumulation of
senescent cells in the skin, which may have distant effects
on other organs and even impact the nervous system, poten-
tially leading to a decline in cognitive abilities [1]. Asmate-
rial development in society becomes increasingly abundant,
individuals are placing greater emphasis on skin anti-aging.
The methods for combating aging have also diversified, in-
cluding techniques such as intense pulsed light therapy [2],
injectable fillers for shaping [3], and chemical antioxidants
[4]. In addition to natural aging, certain treatment modal-
ities can also contribute to skin aging. Macrophages, as
inherent immune cells of the body, play a dual role; they
not only engulf foreign substances and senescent cells but
also secrete growth factors that promote tissue repair and
angiogenesis [5]. From this perspective, macrophages pos-

sess significant potential for cosmetic anti-aging applica-
tions [6,7].

Through proteomic analysis of fibroblasts cultured
from skin biopsy samples ranging in age from 22 to 89
years, Tsitsipatis et al. [8] identified key pathways associ-
ated with the senescence of skin fibroblasts. These path-
ways include autophagy, reactive oxygen species (ROS)
clearance, ribosome biogenesis, Deoxyribonucleic Acid
(DNA) replication, and DNA repair. Although multiple
proteins are involved, no single protein exhibited a signif-
icant change across all individuals within a specific age
group. Therefore, it is likely that the aging process is the re-
sult of the collaborative actions of various proteins within
specific pathways [8]. Moreover, in another research, the
number of senescent cells did not show a significant cor-
relation with age [9]. Therefore, it can be inferred that ag-
ing may not be an inevitable consequence of increasing age;
rather, advancing age simply increases the likelihood of ex-
periencing aging-related changes.

In previous rejuvenation procedures, physicians have
utilized fillers such as hyaluronic acid, polynucleotides,
calcium hydroxyapatite, and poly-L-lactic acid to promote
skin regeneration. These fillers can induce a granulomatous
inflammatory response, stimulating collagen synthesis in
the skin and increasing skin volume [3]. Macrophages me-
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diate this response, with classically activated macrophages
(M1) secreting pro-inflammatory cytokines like IL-1β, IL-
6, and tumor necrosis factor-alpha (TNF-α) to promote tis-
sue remodeling. This process is accompanied by enhanced
polarization of alternatively activated macrophages (M2)
and an increase in IL-10, which suppresses the inflamma-
tory response and promotes repair [3]. Additionally, this
response stimulates the migration of fibroblasts to the sur-
face of the filler, inducing the secretion of transforming
growth factor-beta (TGF-β), which promotes collagen syn-
thesis [3]. Therefore, in this work we have summarized
the latest finding on macrophages and skin aging as well
as the potential, anti-aging therapy, providing the evidence
of their anti-aging capabilities and highlighting a potential
therapeutic strategy for skin regeneration.

2. The Accumulation of Changes From the
Young to Aging Skin

Researching skin anti-aging requires a thorough un-
derstanding of the differences between youthful and aging
skin. To maintain the youthful state of the skin, it is essen-
tial to adopt a targeted approach. Clearly defining the dis-
tinctions between youthful and aging skin, identifying the
factors that contribute to aging, and determining whether
these factors can be controlled or reversed is crucial.

Multiple studies have found that aging skin becomes
thinner, although the underlying mechanisms remain un-
clear [10–12]. Xiang et al. [12] proposed that the reduc-
tion in fibroblast size is associated with increased expres-
sion of hepatocyte growth factor (HGF). Zou et al. [10]
found that during the process of skin aging, both epidermal
thickness and dermal collagen density consistently decline.
Further analysis found that genes upregulated with age are
primarily related to inflammatory cytokines, apoptosis, and
photoaging-related signaling pathways, while genes down-
regulated with age are mainly associated with epithelial cell
proliferation and extracellular matrix (ECM) organization
[10]. However, with aging, the TGF-β signaling pathway is
severely impaired, leading to reduced fibroblast activity and
a significant decrease in matrisome proteins within the skin
[13]. There are numerous hypotheses regarding the mech-
anisms of aging, each seemingly possessing its own merit.
One study found that the epidermal thickness, as well as
blood and lymphatic vessel density, were significantly re-
duced in skin samples from elderly individuals [9].

Skin aging is not merely a result of cellular senes-
cence, the microenvironment also undergoes changes that
interact with cellular processes. One study demonstrated
that aging hair follicle stem cells (HFSCs) can regener-
ate hair follicles (HF) when supported by young dermis,
whereas young HFSCs fail to regenerate HF when associ-
ated with aged dermis [14]. Additionally, the increase in
tissue stiffness, a key mechanical property of tissues, can
trigger mechanical signaling [15]. During skin aging, the

depletion of hemidesmosomes leads to a loss of their sup-
portive role in maintaining epidermal stem cells [15].

Senescent cells can trigger inflammatory responses,
which in turn may promote apoptotic reactions [16]. How-
ever, why do organs and tissues continue to age with ad-
vancing age? This may indeed be one of the mechanisms by
which senescent cells evade immune clearance and apopto-
sis [17,18]. Specifically, caspase-3 activity, a key enzyme
associated with apoptosis, is deficient in fibroblasts, and
senescent fibroblasts maintain elevated levels of the pro-
survival factor Bcl-2. This allows them to permanently
exit the cell cycle and become resistant to ultraviolet (UV)-
or staurosporine-induced apoptosis [17]. Research indi-
cates that senescent dermal fibroblasts express the non-
classical major histocompatibility complex molecule hu-
man leukocyte antigen E (HLA-E), which inhibits natu-
ral killer (NK) cell activity and cluster of differentiation 8
(CD8+) T cell activation, thereby preventing targeted elim-
ination of senescent cells [18]. Concurrently, immunose-
nescence, or the decline in immune function, may also con-
tribute to the inability to completely clear senescent cells
as individuals age. For instance, the dysfunction of NK
cells has been confirmed during human aging, which fur-
ther exacerbates the accumulation of senescent cells over
time [19].

Therefore, the primary changes observed in aging skin
include thinning of the skin, reduction of the ECM, de-
creased vascular density, diminished immune defense capa-
bilities, and increased inflammation. In addition, changes
in the microenvironment and immune compromise are also
critical reasons for skin aging.

3. The Roles of Macrophage in the Skin
As early as 2008, researchers classified macrophages

into three subtypes based on their functions: host defense,
wound healing, and immune regulation [5]. These sub-
types do not represent distinct functions; rather, they can
overlap and transition from one to another (Fig. 1). It
was emphasized that macrophages exhibit significant plas-
ticity, enabling them to spontaneously alter their pheno-
type in response to environmental signals [5]. The un-
derstanding of macrophages is commonly described in
terms of two subpopulations: classically activated M1
macrophages and alternatively activated M2 macrophages
[20]. M1 macrophages exhibit pro-inflammatory char-
acteristics and can be polarized by lipopolysaccharides,
Th1 cytokine interferon-gamma (IFN-γ), and granulocyte-
macrophage colony-stimulating factor (GM-CSF), leading
to the production of pro-inflammatory cytokines such as
IL-1β, IL-6, IL-12, IL-23, and TNF-α. In contrast, M2
macrophages possess anti-inflammatory and immunoreg-
ulatory functions, being polarized by Th2 cytokines IL-4
and IL-13, and produce anti-inflammatory cytokines such
as IL-10 and TGF-β [20,21]. The balance and polariza-
tion of M1/M2 macrophages determine the fate of organs
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Fig. 1. Macrophage subpopulations and their functions. Inactive macrophages can be polarized into M1 macrophages upon expo-
sure to lipopolysaccharides (LPS) or Th1 cytokines (such as LPS, IFN-γ and GM-CSF), leading to the secretion of pro-inflammatory
cytokines, including IL-1β, IL-6, IL-12, IL-23, and TNF-α. Conversely, they can also be polarized into M2 macrophages in response
to Th2 cytokines (such as IL-4 and IL-13), which produce anti-inflammatory cytokines such as IL-10 and TGF-β. Additionally, there
are macrophages that exist in an intermediate state between M1 and M2, capable of secreting factors such as VEGF-A that promote
angiogenesis. LPS, Lipopolysaccharide; IFN-γ, Interferon gamma; GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor; IL-
1β, Interleukin-1 beta; IL-6, Interleukin-6; IL-12, Interleukin-12; IL-23, Interleukin-23; TNF-α, Tumor Necrosis Factor alpha; Arg1,
Arginase 1; VEGF-A, Vascular Endothelial Growth Factor A; PlGF, placental growth factor; IL-4, Interleukin-4; IL-13, Interleukin-13;
IL-10, Interleukin-10; TGF-β, Transforming Growth Factor beta; PDGF, Platelet-Derived Growth Factor; IGF-1, Insulin-like Growth
Factor 1.

during inflammation or injury [20]. M1 macrophages pos-
sess robust antimicrobial and antitumor activities; how-
ever, they concurrently mediate tissue damage through the
production of ROS, which can impair tissue regeneration
and wound healing [20]. However, these inflammatory re-
sponses are suppressed by the anti-inflammatory regulatory
mechanisms driven by M2 macrophages [20]. On the other
hand, M2 macrophages possess significant phagocytic ca-
pabilities, enabling them to clear cellular debris and apop-
totic cells, thereby facilitating tissue repair and wound heal-
ing. Moreover, M2 macrophages are characterized by their
pro-angiogenic and pro-fibrotic properties [20,22].

3.1 The Improvement of Aging Phenotypes

The reparative function of macrophages in tissue dam-
age is widely recognized. Interestingly, some researchers
have found that during the process of fracture healing, there
is an elevation in markers associated with the senescence-
associated secretory phenotype (SASP). This suggests that
aging may share similarities with the tissue repair process;

however, the specific molecular mechanisms remain un-
clear [23]. Saul et al. [23] utilized dasatinib and quercetin, a
combination that can enhance the recognition and clearance
of senescent cells by immune cells such as macrophages,
to promote the process of fracture healing. Ogata et al.
[24] suggest that SASP can inhibit macrophage function,
while senescent fibroblasts may lead to the accumulation
of senescent cells. Dasatinib and quercetin treatment could
potentially activate CD11b-positive cells [25], which in-
clude macrophages. Therefore, we infer that macrophage
activation may clear senescent cells, thereby improving the
SASP phenotype. Selective elimination of senescent skin
cells can alleviate and improve the aging phenotype of the
skin, and anti-aging drugs may hold potential as new ther-
apeutic agents for the treatment of skin aging [26].

Hasegawa et al. [9] indicated that human cy-
tomegalovirus is reactivated in senescent cells. Certainly, if
it were possible to clear senescent cells by targeting viral in-
fections, this would facilitate rejuvenation efforts, making
them more accessible and targeted. Macrophages are rich

3

https://www.imrpress.com


in sensor proteins such as Toll-like receptors (TLRs). Upon
activation by IFN-γ and other stimuli, they can produce
large amounts of chemokines and cytokines, while demon-
strating a robust ability to kill and degrade phagocytosed
material. Macrophages can utilize this mechanism to clear
senescent cells [27].

Macrophages are essential for wound repair. Com-
pared to young skin, aged skin wounds exhibit more pro-
nounced inflammatory characteristics, and there is an in-
creased abundance of the arginase-1 (Arg1) high expres-
sion macrophage subpopulation [28]. This Arg1 high ex-
pression macrophage subpopulation represents an interme-
diate state with both M1 and M2 characteristics [28]. They
express inflammatory genes while also displaying molecu-
lar features indicative of high hypoxia and glycolysis, but
low oxidative phosphorylation [28]. These findings sug-
gest that in aged skin, macrophages play a crucial role in
both anti-inflammatory responses and tissue repair. In heal-
ing response, macrophages are playing an integral role in
synthesizing numerous potent growth factors, that promote
angiogenesis, cell proliferation and the synthesis of ECM
molecules by resident skin cells [29]. These growth fac-
tors include TGF-β, TGF-α, basic fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGF), and vascu-
lar endothelial growth factor (VEGF) [29].

Exposure to environmental factors such as UV radia-
tion or errors in the mitochondrial respiratory chain can lead
to oxidative stress, which in turn results in aging [30]. Dur-
ing the process of photoaging, UV radiation induces oxida-
tive stress in epidermal cells and stimulates keratinocytes
to release inflammatory cytokines such as IL-1β and TNF-
α [31]. Damaged cells are recognized by the complement
system, leading to inflammation. Additionally, the inflam-
matory cytokines released by keratinocytes can result in
the infiltration and activation of macrophages. Activated
macrophages clear damaged cells and release matrix metal-
loproteinases to degrade the ECM [11].

3.2 The Promotion of Angiogenesis

Angiogenesis plays a crucial role in anti-aging [32].
Numerous studies have demonstrated that macrophages can
mediate tissue vascularization [33–36]. Keren et al. [32]
found that transplanting aged human skin onto young severe
combined immunodeficiency (SCID) mice improved hu-
man skin angiogenesis, epidermal pigmentation, and aging-
related biomarkers. In this process, mouse-derived VEGF-
A initiated a cascade reaction, leading to the upregulation of
VEGF-A expression and secretion in the aged human skin,
thereby promoting angiogenesis and improving the aging
condition [32]. It is known that aging is associated with
skin hardening, and Ichijo et al. [37] suggest that this is
due to the degeneration of skin vasculature. By inducing
dermal vascular softening, it may be possible to improve
the dysregulation of interfollicular epidermal stem cells in
aged skin, potentially improving the aging condition of the

skin [37]. During the wound healing process, macrophages
from different sources can produce numerous growth fac-
tors that promote cell proliferation and blood vessel devel-
opment, including PDGF, insulin-like growth factor (IGF-
1), and VEGF-A [21].

VEGF-A has been shown to be critical for an-
giogenesis [38,39], and blood-derived inflammatory C-C
chemokine receptor type 2 (CCR2+) lymphocyte antigen
6 complex, locus C (Ly6C+) high monocytes/macrophages
have been identified as a key source of VEGF-A in skin
wounds [35]. In the early stages of skin injury, inflam-
matory CCR2+ Ly6C+ macrophages rapidly accumulate,
and these macrophage populations express pro-angiogenic
factors including VEGF-A, placental growth factor (PlGF),
and Arg1. The dynamics of CCR2+ cell recruitment are
associated with the strong induction of the CCR2 lig-
and C-C motif chemokine ligand 2 (CCL2) at the wound
site. Macrophages also play a crucial role in muscle an-
giogenesis. The deficiency of folliculin interacting pro-
tein 1 (FNIP1) in myofibers induces the transcription of
chemokine genes that activate peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α),
which drives macrophage recruitment and subsequently ini-
tiates the muscle angiogenesis program [40].

M2 macrophage-derived exosomes regulate induced
angiogenesis and increase flap survival through the
hypoxia-inducible factor 1 alpha inhibitor (HIF1AN)/
hypoxia-inducible factor 1-alpha (HIF-1α)/VEGF-A path-
way [41]. Activated macrophages significantly enhance
the proliferation, migration, lumen formation, and expres-
sion of angiogenic factors (VEGF, PDGF, CD31) in hu-
man umbilical vein endothelial cells. Moreover, these
macrophage-derived exosomes facilitate the polarization of
macrophages from the pro-inflammatory M1 phenotype to
the anti-inflammatory M2 phenotype, promoting angiogen-
esis by activating the extracellular signal-regulated kinase
1/2 (ERK1/2) signaling pathway [42].

In addition to inducing angiogenesis, recent studies
have identified clonogenic endothelial macrophage (Endo-
Mac) progenitor cells in the adventitia of the mouse aorta.
These bipotent progenitor cells possess proliferative and
vasculogenic properties, contributing to the formation of
new vessels and perfusion in ischemic tissues when trans-
planted [43]. EndoMac progenitor cells can differentiate
into endothelial cells andmacrophage lineages at the single-
cell level. This study broadens our understanding of the
origins of macrophages, suggesting that their homology
with endothelial cells may help explain the phenomenon
of macrophages, as immune cells, promoting angiogenesis.
However, the underlying mechanisms still require further
exploration by scientists.

3.3 The Enhancement of the Skin Microenvironment

Macrophages were first discovered over a century ago
and have since been shown to be important participants in
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Table 1. Anti-aging effects and mechanisms involved in macrophages.
Tissues or organs Mechanism of action Macrophages origin Year

Skin Enhancing action potentials of macrophages. Recruitment 2006, [2]
Skeletal muscle In situ phagocytosis and pro-proliferative effect. Recruitment 2018, [47,48]
Cardiac tissue Inhibiting TLR4/MyD88/NF-κB promotes

macrophage differentiation into M2a/M2c.
Recruitment 2022, [7]

Aorta, kidney, liver,
lung and spleen

C1qb macrophages affect the Sirt1 pathway, regu-
lating NAD+ metabolism.

Tissue-resident 2024, [6]

Articular cartilage and
the synovial tissue

Suppressed IL-1β-induced p38/JNK MAPK acti-
vation in chondrocytes.

Exogenous supplementation 2024, [46]

Note: IL-1β, Interleukin 1 beta; M2a, M2a macrophages; M2c, M2c macrophages; MyD88, Myeloid Differentiation Primary
Response 88; NAD, Nicotinamide Adenine Dinucleotide; NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells;
p38/JNK MAPK, p38 and c-Jun N-terminal Kinase Mitogen-Activated Protein Kinase; TLR4, Toll-Like Receptor 4.

tissue-specific environments, playing various roles under
both homeostatic and pathological conditions [44]. Tissue-
resident macrophages exhibit effective communication and
can modify their phenotypes in response to microenviron-
mental cues, thereby influencing their local niches during
development and tissue homeostasis. The characteristics
of the tumor microenvironment are known to be associ-
ated with prognosis. In the case of diffuse large B-cell
lymphoma, Croci et al. [45] found that ecreted protein
acidic and rich in cysteine (SPARC)-positive macrophages
and stromal cells were directly correlated with improved
progression-free survival and overall survival. This sug-
gests that macrophages may regulate disease progression
by enhancing the microenvironment.

Aged skin macrophages aid wound healing, but hy-
poxia and ischemia slow their repair compared to younger
skin [28]. This highlights the importance of the microen-
vironment in the repair process. Although healing is de-
layed in aged skin, it can still slowly repair under the influ-
ence of macrophages, suggesting that macrophages retain
their reparative functions in aging cells. The observed de-
cline in efficiency may be attributed to an overly strong in-
flammatory response [28]. Therefore, we can consider that
macrophages can influence the microenvironment while
also being influenced by it.

4. Anti-aging Treatments With Macrophages
Considering the biological functions of macrophages,

which include anti-inflammatory repair and regeneration,
promotion of angiogenesis, and microenvironment regula-
tion, they have been found to be associated with anti-aging
functions in multiple tissues (Table 1, Ref. [2,6,7,46–48]).
Thus, they have the potential to serve as a promising cellu-
lar tool for anti-aging interventions in the skin (Fig. 2).

4.1 The Recruitment in Vivo
Macrophages at the wound site are recruited from

the blood besides few resident macrophages [29] (Table 2,
Ref. [11,20,21,29,38,46,49–60]). Macrophages may pro-
mote vascular development by inducing the expression of

insulin-like growth factor binding protein 7 (IGFBP7) and
HGF [34]. Additionally, Transwell experiments revealed
that the positive effect of non-contact co-culture on angio-
genesis was reduced, and the vascular density was lower
compared to mixed culture with macrophages, suggesting
that cell contact is necessary for promoting angiogenesis
[34]. Therefore, the recruitment of macrophages to aging
skin is essential for skin regeneration and rejuvenation.

In existing studies, dermal micro-punching has been
considered a safe and effective anti-aging treatment
method. It involves the removal of small cylindrical sec-
tions of skin, which subsequently leads to the production
of new collagen, improving skin laxity, softening wrin-
kles, and remodeling scars [61]. Although the principles
and mechanisms are not fully understood, it is clear that
this process creates controlled micro-injuries that stimu-
late collagen regeneration [61]. Ultimately, its essence lies
in creating new injuries, which then facilitate regeneration
during the repair process. A research team utilized cy-
totoxic pyrrolobenzodiazepine (PBD) to ablate aging der-
mal fibroblasts expressing apolipoprotein D to eliminate
senescent cells [62]. However, PBD may cause systemic
adverse reactions in patients affecting multiple systems,
including the circulatory, digestive, metabolic, nervous,
musculoskeletal, respiratory, and urinary systems [62]. In
contrast, creating micro-injuries to recruit macrophages
and stimulate the onset and resolution of inflammation to
eliminate senescent cells does not induce severe side ef-
fects and is relatively safe. Additionally, a study utilized
particles containing VEGFR-3 specific ligands to recruit
macrophages that secrete VEGF-A, thereby inducing neo-
vascularization [38].

Therefore, we can utilize the creation ofmicro-injuries
or VEGFR-3 specific ligands to recruit macrophages to ag-
ing skin, thereby promoting skin regeneration.

4.2 The Generation and Isolation in Vitro

During the aging process, the oxidative stress re-
sponses and detoxification capacities of various cells, in-
cluding keratinocytes, fibroblasts, macrophages, and en-
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Fig. 2. Utilizing macrophages to combat skin aging. Macrophages can be recruited to skin tissue to promote tissue regeneration either
by inducing skin damage or by administering exogenous pro-macrophage factors such as VEGFR. Additionally, regenerative medicine
techniques can be employed to differentiate effective macrophages in vitro, which can then be supplemented into aged skin tissue to
stimulate inflammatory apoptosis of senescent cells and promote skin rejuvenation. Furthermore, substances that modulate macrophage
states, such as POCG, PAQR3 inhibitors, or exosomes from young fibroblasts, can be used to appropriately adjust the physiological
status of macrophages according to specific needs. This approach not only facilitates the clearance of senescent cells from aging skin
but also promotes angiogenesis and improves the microenvironment of the skin tissue. VEGFR, Vascular Endothelial Growth Factor
Receptor; iPSCs, Induced Pluripotent Stem Cells; iMac, induced Macrophages; POCG, Poly(octanediol-citrate-polyglycol); siPAQR3,
Small Interfering RNA targeting PAQR3; M1, Classically Activated Macrophages (or M1 Macrophages); M2, Alternatively Activated
Macrophages (or M2 Macrophages).

dothelial cells, are significantly impaired [63]. When the
macrophages recruited by the body are unable to express
normal activity or when there is a dysregulation in self-
regulation, exogenous macrophages may serve as a vi-
able alternative. Research has demonstrated the potential
to induce pluripotent stem cells to differentiate into func-
tional macrophages [49–51,64] (Table 2). Therefore, uti-
lizing pluripotent stem cells to produce sufficient quantities
of young, active macrophages for anti-aging interventions
presents a highly attractive strategy for skin rejuvenation.
Meanwhile, we can utilize in vitro sorting techniques to ob-
tain more efficient macrophages for anti-aging treatments.
It is known that macrophages are a major source of VEGF
during the early stages of tissue repair; however, only a
small subset of macrophages at the wound site expresses
VEGF, and these VEGF-expressing macrophages exhibit a
mixed M1/M2 phenotype [35]. Additionally, other stud-
ies have suggested that CD11c+ macrophages possess pro-
angiogenic properties and are essential for experimental
choroidal neovascularization [36].

4.3 The State Transition of Macrophages
Macrophages exhibit plasticity, characterized by var-

ious types and the ability to change their state in response
to metabolic cues (Table 2). Therefore, to enhance the anti-
aging effects of macrophages, appropriate adjustments to
their states may be necessary.

Research has indicated that the transition of syn-
ovial macrophages from M1 to M2, modulated by sper-
midine, can improve the degeneration of articular cartilage
[46]. In skin tissue engineering research, Xie et al. [52]
proposed that Poly (octanediol-citrate-polyglycol) (POCG)
downregulates pro-inflammatory cytokines, thereby polar-
izing macrophages to an anti-inflammatory (M2) pheno-
type. This polarization promotes the secretion of angio-
genic factors such as VEGF as well as the expression of
CD31, which facilitate the vascularization of endothelial
cells. Silencing of progestin and adipoQ receptor family
member 3 (PAQR3) promotes M2 macrophage polarization
by inhibiting stress-induced phosphoprotein 1 homology
and U-box containing protein 1 (STUB1)-mediated ubiqui-

6

https://www.imrpress.com


Table 2. Updates on the origin, functions and utilization of macrophages.
Origins of
Macrophage

Induced by Effectiveness Year, Ref

In vivo recruiting
Wounds Gathering in the wounds 2007, [29]
VEGFR-3 Inducing neovascularization 2009, [38]

In vitro generation
from iPSCs

BMP4, bFGF, VEGF, SCF, IGF-1, IL-3, M-CSF and GM-CSF Orthogonal phagocytosis and polarization and antitumor functions 2024, 2020 [56,57]
SCF, VEGF, BMP4, Y27632, M-CSF and IL-3 M1 or M2 polarization when exposed to LPS + IFN-γ or IL-4 + IL-13 2021, [51]
BMP4, VEGF, SCF, TPO, IL-3, IL-6, Flt-3L, M-CSF LPS triggered IL-8 2022, [58]
BMP4, Y-27632, bFGF, Cytokine Mix E, VEGF, IL-6, IL-11, M-CSF, IL-3 Modeling and therapeutic targeting of inflammation-induced hepatic insulin resistance 2023, [59]
BMP4, CHIR99021, VEGF, bFGF, SCF, IL-3, IL-6, DKK1, CSF-1 Modulating NPC differentiation 2023, [49]
SCF, VEGF, BMP4, bFGF, Y27632, IGF1, IL-3, M-CSF, GM-CSF Tumor-suppressive 2023, [50]
BMP4, GlutaMAX, VEGF, bFGF, SCF, Flt3L, IL-3, M-CSF, TPO, GM-
CSF, M-CSF used in an incorporating organoid culture model

Improving drug sensitivity and selectivity 2024, [60]

Phenotype
transition

LPS/IFN-γ/GM-CSF M1 polarization 2018, 2017 [20,21]
IL-4/IL-13 M2 polarization 2018, 2017 [20,21]
Damaged cells Clear damaged cells and release matrix metalloproteinases to degrade the ECM 2020, [11]
POCG Downregulating pro-inflammatory cytokines, polarizing M2 phenotype, facilitating the

vascularization of endothelial cells
2022, [52]

Silencing of PAQR3 M2 polarization, facilitating angiogenesis, and accelerates wound healing 2022, [53]
Macrophage-specific nanoparticles that inhibiting JMJD3 Enhance the healing process of diabetic wounds 2022, [54]
Spermidine Transition of M1 to M2; Improved the degeneration of articular cartilage 2024, [46]
Fibroblast-derived exosomes Transition from M1 to M2 phenotype 2025, [55]

Note: BMP4, Bone Morphogenetic Protein 4; bFGF, Basic Fibroblast Growth Factor; CHIR99021, CHIR99021 (GSK3 Inhibitor); CSF-1, Colony Stimulating Factor 1; Cytokine Mix E, Cytokine Mixture
E; DKK1, Dickkopf Wnt Signaling Pathway Inhibitor 1; ECM, Extracellular Matrix; Flt-3L, Fms-like Tyrosine Kinase 3 Ligand; GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor; GlutaMAX,
Glutamine Supplement; IFN-γ, Interferon-gamma; IGF1, Insulin-like Growth Factor 1; IL-11, Interleukin-11; IL-13, Interleukin-13; IL-4, Interleukin-4; IL-6, Interleukin-6; IL-8, Interleukin-8; IL-3, Interleukin-
3; JMJD3, Jumonji Domain Containing 3; LPS, Lipopolysaccharide; M-CSF, Macrophage Colony-Stimulating Factor; M1, Classically Activated Macrophages; M2, Alternatively Activated Macrophages;
PAQR3, Progestin and AdipoQ Receptor Family Member 3; POCG, Poly (octanediol-citrate-polyglycol); SCF, Stem Cell Factor; TPO, Thrombopoietin; VEGF, Vascular Endothelial Growth Factor; VEGFR-3,
Vascular Endothelial Growth Factor Receptor 3; Y-27632, Rho Kinase Inhibitor Y-27632.

7

https://www.imrpress.com


tination and degradation of peroxisome proliferator-
activated receptor gamma (PPARγ) in macrophages. This
process facilitates angiogenesis and accelerates wound
healing in diabetes [53]. Therefore, the use of PAQR3
inhibitors may also play a role in regulating macrophage
function. In human diabetic wounds, IL-6 modulates
the expression of jumonji domain-containing protein D3
(JMJD3) in macrophages through the janus kinase 1
(JAK1), signal transducer and activator of transcription
3 (STAT3) pathway, which subsequently induces nu-
clear factor kappa-light-chain-enhancer of activated B cells
(NF-κB)-mediated transcription of inflammatory genes in
wound macrophages via the H3K27me3 mechanism, lead-
ing to impaired wound healing. Inhibition of JMJD3 us-
ingmacrophage-specific nanoparticles can significantly en-
hance the repair of diabetic wounds [54].

Fibroblast-derived exosomes can regulate the polar-
ization state of macrophages and accelerate the transition
from the M1 to M2 phenotype [55]. Under IL-4 stimula-
tion, fibroblasts can enhance the M2 polarization response
of macrophages by upregulating the expression of CD206
and ARG1. In addition, fibroblast-derived exosomes can
also facilitate the timely conversion from theM1 toM2 phe-
notype. Fibroblast-derived exosomes serve as remote mod-
ulators of macrophage polarization, calibrating the immune
transitions necessary for tissue repair. Utilizing exosomes
represents a previously unreported approach to guide effec-
tive macrophage activation states, holding immense thera-
peutic potential for promoting healing in chronic inflamma-
tory diseases. Cell microtransplantation can be employed to
achieve in vivo skin regeneration and wound healing [65].
Macrophage reprogramming offers a favorable immunemi-
croenvironment, contributing positively to tissue repair pro-
cesses [66].

In the conventional understanding Macrophages are
rich in sensor of M1/M2 macrophages, M1 primarily drives
the exacerbation of inflammation, while M2 dominates tis-
sue repair. During aging, due to dysregulation of immune
mechanisms, the normal clearance function declines. As
a result, M1 can stimulate inflammation, while M2 pro-
motes repair. The interplay between these two processes
may contribute to anti-aging effects. The issue of off-target
effects in vivo also needs consideration. We can leverage
the chemotactic properties of macrophages to attract their
aggregation at specific sites, minimizing their activity in
other areas.

5. Risks, Limitations and Conclusion
Although macrophages possess significant potential

for anti-aging therapies, they also present certain risks.
Classically activated macrophages are essential compo-
nents of host defense; however, their activation must be
strictly regulated, as the cytokines and mediators they pro-
duce can lead to host tissue damage. In fact, classically acti-
vated macrophages are keymediators in the immunopathol-

ogy of certain autoimmune diseases, such as rheumatoid
arthritis and inflammatory bowel disease [5]. Macrophages
are implicated in the pathogenesis of systemic sclerosis
(SSc), as they can secrete fibrosis-promoting factors under
conditions of immune dysregulation, leading to associated
clinical manifestations, including vascular lesions, inflam-
mation, and fibrosis [67]. In SSc, the expression of the
macrophage-recruiting chemokine CCL2 is significantly el-
evated, suggesting that macrophage phenotypes contribute
to the development of SSc skin lesions. The underlying
mechanisms may include the ability of macrophages to
promote fibroblast-to-myofibroblast transition. Currently,
there is no mature and systematic methodology for the pre-
cise regulation of macrophages, which means that improper
use could result in unpredictable side effects.

In contemporary society, the demand for anti-aging
solutions has expanded. This paper analyzes the differ-
ences between aged and youthful skin, highlighting the
role of macrophages in mediating anti-inflammatory re-
sponses, phagocytosing senescent cells, promoting angio-
genesis, facilitating tissue repair, and regulating the mi-
croenvironment. It proposes that macrophages could serve
as a promising candidate for anti-aging cellular therapies.
In addition to recruiting endogenous macrophages to aged
skin, exogenous macrophages can be supplemented using
pluripotent stem cells. Furthermore, the functional states
of macrophages can be adjusted according to the activating
factors that correspond to their different states of transition.
In summary, macrophages hold significant potential in anti-
aging interventions, and their therapeutic efficacy warrants
further investigation.
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