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ABSTRACT: Cellular senescence contributes to organismal aging and age-related diseases through the irreversible cell-
cycle arrest and a pro-inflammatory secretome, known as the senescence-associated secretory phenotype (SASP). Fibroblasts
play an essential role in preserving the balance of the extracellular matrix (ECM) by producing and reorganizing collagen and
other structural proteins. As the body ages, however, these cells gradually enter a senescent state and begin releasing matrix
metalloproteinases (MMPs) and inflammatory cytokines, which can break down collagen and alter normal tissue structure.
Dysregulation of collagen metabolism, such as reduced synthesis and excessive degradation, underlies many age-related pathologies,
ranging from skin wrinkles to organ fibrosis. This review discusses the mechanisms of fibroblast senescence and collagen aging,
and surveys “senotherapeutic” strategies, senolytics, senomorphics, fibroblast reprogramming, and biomaterials that target these
processes. In addition, it summarizes recent studies of interventions targeting senescent fibroblasts and collagen. It compares
aging-associated collagen changes across tissues, emphasizing applications in skin regeneration, orthopedics, cardiovascular repair,

and fibrosis.
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B Introduction

Aging is a multifactorial and inevitable biological process
characterized by a gradual decline in the structural integrity
and function of tissues across organ systems. One of the most
recognized cellular hallmarks of aging is cellular senescence, a
state of permanent growth arrest in which cells lose the abili-
ty to divide but remain metabolically active.! Initially, cellular
senescence serves beneficial roles, such as preventing tumor-
igenesis and promoting wound healing.? Over time, however,
the chronic accumulation of senescent cells (SnCs) drives per-
sistent inflammation, fibrosis, and functional decline across
multiple organs.® This paradox has made SnCs a major thera-
peutic target in modern aging research.?

Among the various cell types prone to senescence, fibro-
blasts play a particularly central role because they maintain the
ECM, a network of proteins that gives tissues their structure
and strength.* With age, fibroblasts lose their normal regener-
ative capacity and develop SASP, meaning they start releasing
many inflammatory molecules that can affect nearby cells.?
Senescent fibroblasts begin secreting proinflammatory cy-
tokines and matrix-degrading proteases that cleave collagen,
the most abundant protein in the ECM.* As the disruption
of collagen homeostasis continues with age, tissues gradually
lose their structural strength, becoming more lax and slower
to heal, while developing a pro-fibrotic environment in many
organs. Consequently, fibroblast senescence and collagen im-
balance form a pathological nexus underlying the link between
molecular aging and overt tissue degeneration.’

This review aims to highlight the close relationship between
fibroblast senescence and collagen remodeling, emphasizing
how these processes together drive tissue degeneration. It sum-
marizes the mechanisms by which senescent fibroblasts alter

the collagenous microenvironment. The review cfurther dis-
cusses senotherapeutic interventions, including senolytic and
senomorphic agents, fibroblast rejuvenation techniques, and
collagen-based biomaterials, aimed at restoring tissue integrity.
Finally, it discusses how these approaches extend beyond the
skin to other organs and outlines the current limitations and
translational challenges that must be overcome to realize se-
nescence-targeted regenerative medicine.

B Discussion

Mechanism: From SnCs and SASP to Collagen Breakdown:

SnCs are characterized by an irreversible cell-cycle arrest ac-
companied by an active secretory phenotype.® Senescence can
be triggered by telomere shortening, DNA damage, oncogenic
signals, or other stresses that activate tumor-suppressor path-
ways (p53/p21€P! and p!¢INK4/RY) 'wwhich are key proteins that
enforce cell-cycle arrest and prevent damaged cells from divid-
ing, enforcing permanent growth arrest.” SnCs resist apoptosis
and instead secrete a complex SASP. Key SASP factors include
pro-inflammatory cytokines such as IL-6, IL-1f, and IL-8, as
well as chemokines (CXCL family), growth factors (TGF-f
and PDGF), and proteases (MMP-1, MMP-3, and MMP-9).8
SASP factors can act on nearby cells through both autocrine
and paracrine signaling, causing them to enter a senescent state
as well. Over time, this process contributes to ongoing tissue
remodeling and inflammation. As this chronic SASP persists,
it promotes a low-grade inflammatory environment that leads
to fibrosis, disrupts stem cell function, and accelerates tissue
aging.® Recent single-cell studies comparing active and inactive
keloid scars have shown that certain fibroblast groups involved
in inflammation and blood vessel formation are much more
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abundant in active lesions. This finding suggests that fibroblast
diversity and ongoing inflammation may both contribute to the
abnormal collagen remodeling seen in keloids.” Importantly,
SASP proteases directly target the ECM: secretion of MMPs
by SnCs cleaves collagen and other matrix components, lead-
ing to structural breakdown of tissues. Dermal fibroblasts, for
example, produce a SASP that is especially rich in MMP-2,
MMP-9, and inflammatory cytokines such as IL-6 and IL-8,
which directly weaken the collagen scaffold of the skin.>® As
shown in Figure 1, senescent dermal fibroblasts in aged skin
secrete MMPs and pro-inflammatory cytokines that fragment
collagen fibers and perpetuate local inflammation.

Young skin Aged skin

Quiescent
fibroblast
Senescent
‘ fibroblast
@ Immune

——— cells

Collagen-rich dermal ECM

Figure 1: Comparison of fibroblast activity and collagen structure in young
and aged Skin. In young skin (left), quiescent fibroblasts (brown) maintain
a collagen-rich dermal ECM. Fibroblasts in aged skin (right) enter a
senescent state (pink) and release SASP factors that gradually
weaken and fragment the collagen network (gray dashed fibers). This
figure highlights how senescent fibroblasts contribute to collagen
fragmentation and local inflammation, illustrating the central
mechanism of skin aging. It visually compares young and aged skin to
emphasize how fibroblast senescence leads to ECM damage.

This loss of collagen integrity represents a central mecha-
nism of skin aging. Collagen fragmentation further disrupts
cell-matrix signaling. Studies have shown that collagen frag-
ments trigger aberrant responses in fibroblasts, including
upregulation of additional MMPs and suppression of new col-
lagen synthesis. In photoaged skin, ultraviolet (UV)-induced
collagen breakdown leads to a senescencelike phenotype in fi-
broblasts, reinforcing this feedback loop of damage. Conversely,
age-related alterations in collagen mechanics can themselves
promote fibroblast senescence. A stiffened collagen matrix in-
creases integrin signaling, the way cells sense and respond to
the stiffness of their surroundings, which then triggers p!¢Nk
expression in fibroblasts. In this way, deterioration of the col-
lagenous ECM contributes to SnCs accumulation, while SnCs
in turn accelerate collagen degradation, forming a vicious cy-
cle of aging.*"® Conversely, recent studies demonstrate that
upregulation of HHSP47 in dermal fibroblasts enhances type I
collagen secretion and restores matrix homeostasis, highlight-
ing the potential of molecular chaperone—based approaches to
counteract fibroblast senescence.'*

Therapeutic Strategies Targeting Senescent Fibroblasts and
Collagen:

Therapeutic approaches to mitigate fibroblast senescence
and its impact on collagen homeostasis can be broadly catego-
rized into four mechanistic groups: senolytics, senomorphics,
fibroblast rejuvenation strategies, and collagen-based bioma-
terials. Senolytic drugs (compounds that specifically eliminate
SnCs) have shown promising results in restoring collagen
production. In contrast, senomorphic agents (drugs that calm
harmful secretions from SnCs without killing them) help re-
duce chronic inflaimmation and tissue damage.” Senolytics
selectively eliminate SnCs, whereas senomorphics suppress
SASP and other deleterious SnC activities without inducing
cell death. Fibroblast rejuvenation techniques, such as transient
reprogramming or exposure to youthful paracrine factors, aim
to restore aged fibroblasts to a more youthful state. Finally, col-
lagen-based biomaterials can directly counteract collagen loss
while modulating fibroblast-ECM interactions to promote
tissue integrity. Table 1 summarizes recent senotherapeutic
interventions (2020-2025) targeting senescent fibroblasts,
including each agent’s mechanism, experimental model, and
major outcomes related to senescence and collagen regulation.
To provide a conceptual overview, Figure 2 schematically illus-
trates these four therapeutic categories, highlighting how each
strategy acts on senescent fibroblasts and collagen remodeling.

Table 1: Recent senotherapeutic interventions (2020-2025) targeting
fibroblasts. The listed studies illustrate how different senolytic and
senomorphic agents alleviate fibroblast senescence, reduce SASP
factors, and promote collagen regeneration across experimental
models.

Target | | Experimental References
Agent Outcomes

Mechanism Model
Dasatinib * | Multi-kinase Radiation- Selective elimination |
Quercetin inhibitor + | induced of senescent

antioxidant senescent human | fibroblasts;

dermal decreased p16/NK4A

fibroblasts; aged | and SASP factors;

mouse skin ulcer | increased Ki67
model expression and
improved ulcer
healing.
ABT-263 BCL-2/BCL-xL Aged mouse skin | Selective ablation of | 77
(Navitoclax) inhibitor (BH3 | (24-month-old; p16* SnCs; reduced
mimetic) topical application) | p16/p21 and SA-B-
gal; increased
collagen gene
expression and
accelerated  wound
closure
FOXO4-DRI Disrupts Senescent human | Induced apoptosis of |
peptide FOX04-p53 keloid fibroblasts | p16* senescent
interaction and tissue organ | fibroblasts; alleviated
culture collagen fibrosis in
keloid tissue
Fisetin Polyphenol UV-induced Selective removal of | ™
flavonoid senescent human | SnCs; reduced IL-6
(senolytic) fibroblasts; aged | and MMPs; increased

human skin grafts | type | collagen content
in mice and improved dermal

matrix organization
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Rapamycin mTOR inhibitor | UVA-irradiated Reduced SA-B-gal* | 2
(senomorphic) human dermal | cells and  SASP
fibroblasts (MMP-1 and MMP-3);
increased type |
collagen and
autophagy activation
Valsartan + | AT1 receptor | Senescent human | Partial reversal of | 2
Metformin antagonist + | dermal fibroblasts | cellular  phenotype;
AMPK  activator | (thermoresponsive | increased  collagen
(metabolic hydrogel delivery) | production and pro-
modulator) collagen gene
expression
BTSA1 BAX activator | Mouse model of | Selective apoptosis of | 22
(pro-apoptotic bleomycin-induced | senescent
small molecule) pulmonary fibrosis | myofibroblasts;
decreased fibrosis
and collagen
deposition; improved
lung function
R406 SYK kinase | Senescent human | Induced apoptosis of | 2
inhibitor (HSP90 | dermal fibroblasts | SnCs; decreased
pathway viability of senescent
disruptor) but not healthy
fibroblasts
A B
Elimination of senescent Suppression of SASP and
fibroblasts (SnCs) inflammatory secretion
C D

O CI==

Reinforcement of
weakened collagen matrix

Rejuvenation of
fibroblast function

Figure 2: Schematic summary of four main strategies that reduce
fibroblast senescence and improve collagen remodeling. This figure
organizes the main therapeutic approaches into four categories,
showing how each supports fibroblast rejuvenation and collagen repair.
These include (A) senolytic agents, (B) senomorphic compounds,
(C) methods that rejuvenate fibroblast function, and (D) collagen-
based biomaterials designed to restore tissue integrity. Together, they
provide a clear overview of how different approaches can cooperate
to rebuild healthy tissues.

Senolytic Therapies:

Senolytic therapies are based on the principle that SnCs
rely on specific anti-apoptotic and survival signaling networks,
known as SnC anti-apoptotic pathways (SCAPs), to resist
programmed cell death. By pharmacologically blocking these
pathways, senolytics trigger apoptosis in SnCs while sparing
normal, proliferative, or quiescent cells.** For instance, the
well-known senolytic combination dasatinib and quercetin
(D+Q) targets multiple kinases and oxidative stress path-
ways to induce apoptosis in SnCs. In dermal fibroblasts, this

treatment reduces SASP cytokines such as IL-6 and MMPs
while restoring collagen synthesis.’®® Similar outcomes have
been reported for the BH3 mimetic navitoclax, which inhibits
BCL-2/BCL~L to selectively clear senescent fibroblasts and
enhance collagen remodeling.’”? Other senolytics, includ-
ing FOXO4-DR], fisetin, and BTSA1, act through different
apoptotic checkpoints but share the same goal, removing SnCs
to rejuvenate the surrounding tissue microenvironment.'®1922

Senomorphic Therapies:

Senomorphic therapies, often called senostatics, are de-
signed to reduce the negative impact of SnCs without
removing them. They work by limiting the SASP response
through the regulation of major signaling pathways related to
inflammation and aging, including NF-kB, mTOR, and JAK/
STAT.?” By dampening SASP activity, senomorphics can re-
duce chronic inflammation and prevent tissue damage caused
by accumulated SnCs. A well-studied example is rapamycin,
an mTOR inhibitor that lowers SASP factors and helps re-
store ECM balance.”® Other compounds, such as JAK1/2
inhibitors or metabolic regulators like metformin, similarly
adjust SASP transcription and limit collagen degradation. By
maintaining the viability of fibroblasts while normalizing their
secretory profile, senomorphic agents help control the harmful
activity of SnCs and support normal tissue function without
removing the cells.

Fibroblast Rejuvenation:

Fibroblast rejuvenation strategies aim to restore the normal
function of aging fibroblasts so that they can once again sup-
port tissue repair and maintenance. These methods often focus
on reprogramming or adjusting aged fibroblasts to recover
healthier epigenetic and metabolic patterns. As a result, the
cells may regain their ability to divide, produce collagen, and
maintain the ECM. Recent findings provide evidence for this
idea. In one study, researchers partially reprogrammed aged fi-
broblasts on micropatterned surfaces and then allowed them
to re-differentiate within a three-dimensional collagen matrix.
The resulting fibroblasts showed fewer signs of DNA dam-
age, better cytoskeletal structure, and greater ECM production
compared to untreated cells.”® Likewise, transient expression of
Yamanaka factors in middle-aged human fibroblasts reversed
several aging markers. These cells regained a more youthful
transcriptomic profile, increased collagen expression, and im-
proved migratory capacity.” In addition, treatment with cold
atmospheric plasma (a non-thermal ionized gas) was found
to protect dermal fibroblasts from oxidative stress and delay
their senescence, ultimately preventing UV-induced wrinkle
formation.® Taken together, these results indicate that care-
tully regulating cellular reprogramming and the surrounding
microenvironment can help revive fibroblast function and pro-
mote tissue regeneration.

Collagen-Based Biomaterials:

Collagen-based biomaterials are engineered scaffolds
composed of collagen designed to mimic the natural cellu-
lar environment and facilitate tissue regeneration, repair, and
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functional recovery. Because collagen possesses excellent bio-
compatibility and intrinsic cell-binding sites, collagen-based
materials form a three-dimensional framework that supports
cellular attachment, migration, and proliferation.®® In aging
skin and chronic wounds, collagen-based sponges, dressings,
and hydrogels act as temporary scaffolds that facilitate fibro-
blast migration while regulating the retention and release of
growth factors. Furthermore, these collagen matrices can mod-
ulate fibroblast activity. Porous collagen scaffolds seeded with
fibroblasts or mesenchymal stem cells have been demonstrated
to promote dermal regeneration and attenuate scar forma-
tion.*? Recently, researchers have developed “smart” collagen
biomaterials functionalized with bioactive molecules. For
example, collagen hydrogels can be loaded with senolytic or
anti-inflammatory drugs to remove SnCs or suppress SASP at
the implantation site locally.* In clinical dermatology, collagen
remodeling and rejuvenation are also pursued through practi-
cal strategies, such as combining radiofrequency (RF) energy
devices with collagen-stimulating injectables like poly-L-lac-
tic acid fillers, which have demonstrated efficacy in improving
skin elasticity and dermal structure.® Likewise, a clinical study
using biocompatible magnesium microneedle patches showed
measurable wrinkle reduction and increased dermal thickness,
suggesting that minimally invasive mechanical stimulation can
activate dermal fibroblasts and promote collagen regenera-
tion.® Similarly, a dissolvable microstructure patch made of
crosslinked hyaluronic acid has been shown to improve skin
hydration and reduce fine wrinkles without irritation signifi-
cantly.®

Implications for Other Organs:

While the preceding sections focused on dermal fibroblasts
and collagen remodeling in the skin, similar senescence—colla-
gen interactions have been identified across multiple organs. In
many tissues, fibroblast dysfunction contributes to fibrosis, loss
of elasticity, and age-related functional decline.

Heart: In the aging heart, the accumulation of senescent
fibroblasts together with disruptions in collagen remodeling
plays a central role in driving myocardial stiffness and the
subsequent decline in cardiac performance. Unlike the skin,
where collagen levels typically decrease with age, the aging
heart shows an opposite trend as excess collagen accumulates
around cardiomyocytes, leading to interstitial fibrosis and
reduced tissue compliance.” Following myocardial infarc-
tion (MI), activated fibroblasts deposit collagens I and III to
stabilize the injured area.*® Although fibroblast activation ini-
tially serves a protective role after cardiac injury, its persistent
stimulation and the onset of senescence eventually lead to
excessive collagen crosslinking and stiff scar formation that
impairs contractility. This maladaptive fibrosis is a hallmark
of diastolic heart failure. Senescent fibroblasts worsen cardiac
dysfunction by secreting pro-inflammatory SASP components
and driving excessive ECM deposition. In aged mouse models,
the targeted removal of these SnCs has been reported to less-
en fibrosis and myocardial hypertrophy, ultimately improving
diastolic performance. Senolytic agents that inhibit anti-apop-

totic proteins, including BCL-2 and BCL-L, have further

been shown to enhance both ejection fraction and electrical
signaling in preclinical studies.*” At the same time, progress in
biomaterial-based therapies is promising, as acellular collagen
patches and injectable hydrogels not only reinforce the injured
myocardium structurally but also influence fibroblast activity
in ways that promote tissue repair. Type I collagen-based scaf-
folds, for instance, have been shown to reduce scar size and
adverse remodeling after MI.* Beyond cardiac tissue, fibrot-
ic skin disorders such as keloids exhibit excessive fibroblast
activation and collagen deposition, leading to pathological
ECM accumulation. Notably, a recent three-dimensional ke-
loid spheroid model demonstrated that interactions between
fibroblasts and the ECM can influence drug responsiveness,
suggesting its value as a platform for developing personalized
anti-fibrotic therapies.*

Lung: Fibroblast senescence is also a central mechanism in
pulmonary fibrosis and age-related lung decline. In idiopath-
ic pulmonary fibrosis (IPF), senescent myofibroblasts persist
and secrete excessive ECM, driving progressive scarring.*
Their SASP promotes chronic inflammation and secondary
senescence, creating a self-sustaining disease cycle.* Recent
work has shown encouraging results with senescence-target-
ed interventions. Dasatinib plus quercetin reduced fibrosis
in bleomycininduced models,” and early clinical studies in
IPF patients indicate feasibility and potential biomarker im-
provements.* Beyond drug-based therapies, bioengineering
approaches seek to normalize the microenvironment. Soft or
degradable scaffolds that modulate ECM stiffness can sup-
press fibroblast activation and encourage regeneration. Thus,
a combined strategy, first eliminating SnCs, then rebuilding a
healthy ECM, may be the most effective path toward restoring
lung function.

Liver: The liver provides a clear example of how cellular
senescence can exert both beneficial and detrimental effects
depending on the physiological context. During acute inju-
ry, hepatic stellate cells (HSCs) activate to deposit collagen
but later enter senescence, which helps halt further fibrosis.
These senescent HSCs also release enzymes and immune sig-
nals that aid scar resolution and attract natural killer cells to
clear excess tissue.*” However, if these cells are eliminated too
early, recovery may be impaired since they also secrete regen-
erative cytokines such as IL-6.*® In contrast, in chronic liver
disease, senescent FHISCs and hepatocytes persist, maintaining
inflammation and promoting fibrosis. Senescent hepatocytes
accumulate in advanced fatty liver disease, where their SASP
contributes to both fibrogenesis and carcinogenesis.*

Recent transcriptomic analyses identified a senescent
hepatocyte gene signature (SHGS) in metabolic dysfunction-as-
sociated steatotic liver disease. Removing SHGS-positive
hepatocytes improved liver function and reduced fibrosis in
obese mice.’® At the same time, biomaterial platforms such
as decellularized liver ECM scaffolds offer structural cues
that may support regeneration once fibrosis subsides.”® Taken
together, these observations emphasize that the effects of se-
nescence are highly context-dependent, which reinforces the
importance of developing interventions that are both selective
and time-sensitive.
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Other Organs: Comparable fibroblast—collagen interactions
occur in other aging organs. In the kidney, senescent fibro-
blast-like cells accumulate after chronic injury, promoting
interstitial fibrosis and renal dysfunction. Senolytic treatments
have reduced fibrosis and accelerated repair in experimental
models.*>™* In osteoarthritic joints, senescent chondrocytes
and synoviocytes degrade collagen and perpetuate inflamma-
tion; removing these cells decreased cartilage loss and pain in
preclinical studies, inspiring early intra-articular senolytic tri-
als.”>*¢ In the eye, senescent corneal and conjunctivalfibroblasts
contribute to scarring after injury or surgery, whereas targeting
oxidative stress or TGF-f pathways enhances regeneration.””®
In bone marrow, senescent stromal cells promote fibrosis and
impair hematopoiesis, but inhibition of inflammatory media-
tors such as NLRP3 or S100A9 can counteract these effects.”
Taken together, these studies highlight a unifying mechanism
in which senescent fibroblasts and disrupted collagen homeo-
stasis drive fibrosis and functional decline across diverse organs.
Combining senolytic strategies with regenerative biomaterials
could therefore represent a versatile therapeutic avenue for re-
storing tissue function beyond the skin.

Limitations:

Although significant progress has been made, several bio-
logical and practical challenges must still be overcome before
fibroblast-directed senescence therapies can be safely imple-
mented in clinical settings.

Heterogeneity:

Senescent fibroblasts are highly heterogeneous and lack
a universal marker that can reliably distinguish them from
normal or transiently arrested cells.®* Moreover, differentiat-
ing harmful, chronically senescent fibroblasts from transient,
beneficial senescence that supports processes such as wound
healing is complex.®! This heterogeneity complicates efforts
to achieve selective targeting, since current senolytic agents
may inadvertently eliminate fibroblasts that serve transient
but beneficial functions during tissue repair. To overcome this
limitation, the development of more refined biomarkers and
lineage-tracing approaches will be crucial for enabling accurate
and context-specific therapeutic interventions.

Off-Target and Systemic Considerations:

Many senolytic and senomorphic compounds have broad
systemic actions that may affect healthy cells. For instance,
the BCL-2 family inhibitor navitoclax can also harm prolif-
erating cells, leading to thrombocytopenia through platelet
depletion.®? To precisely target senescent fibroblasts in specif-
ic organs, like the skin, lungs, or heart, future treatments will
likely depend on smart delivery systems, such as nanoparticles,
antibody—drug conjugates, or prodrugs that become active only
within fibrotic tissues.®® In real-world applications, one of the
biggest challenges in developing senotherapeutic treatments is
finding the right balance, making them strong enough to work
effectively, yet gentle enough to avoid unwanted toxicity.

Immune and Microenvironment Interactions:

The interactions among SnCs, immune components, and
the surrounding ECM further contribute to the multifac-
eted nature of tissue remodeling. The elimination of SnCs
can provoke an acute immune response, characterized by
the recruitment of macrophages and natural killer cells that
help clear residual cellular debris.®* In aged individuals, the
inflammatory response to senolytic therapy may become un-
predictable. Moreover, senescent fibroblasts often reside in
stiff, fibrotic ECM regions. Simply eliminating these cells
without addressing the altered microenvironment may lead to
recurrence of senescence or continued fibrosis.®® Optimizing
treatment timing and dosing, perhaps by combining senolyt-
ics with ECM-modifying or anti-fibrotic agents, could help

maintain immune balance and promote true regeneration.

Biomaterial and Delivery:

Collagen scaffolds and other biomaterials hold promise as
localized delivery systems, but they also present design chal-
lenges. If a scaffold is too stiff or excessively crosslinked, it may
hinder fibroblast migration or even provoke fibrosis instead
of repair.®® Moreover, biomaterials designed to deliver thera-
peutic agents should provide stable release kinetics and precise
targeting of senescent microenvironments within tissues.*
Future biomaterial platforms will need to integrate spatio-
temporal control, releasing therapeutic factors only when and
where SnCs are detected.

Future Perspectives

Going forward, research efforts should focus on address-
ing the existing limitations of senescencetargeted therapies by
enhancing both their biological specificity and translational
potential. In addition, extrinsic aging factors, such as photoa-
ging, deserve attention, as they accelerate fibroblast senescence
and collagen breakdown in the skin. For example, chronic UV
exposure triggers the TGFp/Smad3 signaling pathway, which
elevates MMP activity and increases reactive oxygen species,
thereby accelerating collagen breakdown and skin aging. More-
over, senescent keratinocytes in photoaged skin may influence
nearby fibroblasts through paracrine signaling, potential-
ly amplifying tissue aging.®” One key direction is to identify
reliable biomarkers that can distinguish harmful, chronically
senescent fibroblasts from transient, beneficial ones in living
tissues. In parallel, scientists are developing targeted delivery
systems such as antibody—-drug conjugates and ligand-modi-
fied nanoparticles that can recognize unique surface proteins
on senescent fibroblasts and deliver drugs directly to these
cells.®® Another important step will be to design combination
strategies that integrate multiple therapeutic approaches. For
instance, pairing senolytics with pro-regenerative factors like
growth factors, ECM-modifying enzymes, or partial repro-
gramming signals could both eliminate SnCs and stimulate
the regeneration of healthy fibroblasts. Long-term studies
will also be essential to understand how extensive clearance of
SnCs affects overall tissue stability,immune function, and even
cancer risk.* Ultimately, the success of senescence-based in-
terventions will depend on patientspecific factors. Identifying
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which individuals or tissues carry a particularly high burden
of senescent fibroblasts will help tailor treatments more effec-
tively. While the path forward is technically demanding, the
progress so far suggests that targeting fibroblast senescence by
combining with precise delivery and personalized design could
become a transformative strategy for rejuvenating aged tissues
in the future.

B Conclusion

Fibroblast senescence and collagen remodeling are the key
contributors to tissue aging and degeneration. In the skin, these
changes appear as thinning, wrinkles, and slower wound healing.
In other organs, they are linked to fibrosis and reduced elastici-
ty. Targeting senescent fibroblasts— through selective removal,
suppression of the SASP, or cellular rejuvenation—may help
lower inflammation and restore more balanced collagen turn-
over. At the same time, recent progress in biomaterial design
has introduced new ways to strengthen or replace the ECM,
providing a supportive setting for tissue repair. Promising stud-
ies in animals show improved wound healing in aged skin and
reduced fibrosis in organs such as the lung and heart, suggest-
ing real therapeutic potential. Still, moving these strategies into
clinical use will require careful control. Treatments must avoid
unwanted effects, account for the differences among tissues,
and remain safe over time. Looking ahead, combining senolytic
drugs with collagen-based scaffolds or using biomaterials that
release healing signals may lead to longer-lasting outcomes.
In summary, tackling fibroblast senescence and collagen im-
balance could become a key approach for rejuvenating aging
tissues. By restoring both structure and function, this line of re-
search has the potential to support healthy tissue regeneration.
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