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Abstract:

Introduction: Aging leads to reduced physical, mental, and social performance, lowering productivity. The fibroblast
secretome, rich in bioactive proteins, growth factors, and enzymes, is essential for cell repair and regeneration. This
study evaluated its regenerative potential by examining MEK1/2 pathway activation and type I collagen utilization to
enhance senescent fibroblast proliferation.

Methods: Young (passage 3) and senescent (passage 24) fibroblasts were cultured in DMEM. Senescent cells were
treated with 10% or 20% fibroblast secretome. Culture media were collected on days 1, 3, 5, and 7 for analysis of
total protein, KGF, cell proliferation, MEK phosphorylation, and collagen concentration.

Results:  The  20% secretome  contained  5830,67  ±  181,62  µg/mL  total  protein  and  1712,67  ±  7,19  pg/mL  KGF.
Senescent  fibroblasts  treated  with  20%  secretome  showed  a  44%  proliferation  increase  on  day  5  (21135,67  ±
1392,89 cells/well) versus controls (14637 ± 2250,57 cells/well, p<0,05). MEK1/2 phosphorylation rose from 0,01 ±
0,00 pg/mL at 45 minutes to 0,18 ± 0,03 pg/mL at 24 hours (p<0,05), indicating sustained activation.

Discussion:  Secretome  treatment  enhanced  MEK1/2  signaling  and  proliferation,  with  a  12%  reduction  in
extracellular  type  I  collagen  on  day  5  (2,67  ±  0,03  ng/mL  vs.  3,02  ±  0,03  ng/mL,  p<0,05),  reflecting  increased
collagen utilization and matrix remodeling.

Conclusion: The 20% fibroblast secretome enriched with KGF and bioactive proteins promotes senescent fibroblast
proliferation  via  MEK1/2  activation  and  optimized  collagen  dynamics,  supporting  its  potential  in  regenerative
medicine for aging and tissue repair.
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1. INTRODUCTION
Aging is a natural process that occurs in every living

creature and is marked by a decline in physical,  mental,
and  social  abilities.  Aging  can  occur  earlier  than  one's
chronological  age,  which  significantly  affects  a  person's
productivity in daily life. In 2020, the population aged 60
years  exceeded  the  population  aged  5  years.  Between
2015 and 2050, the population aged 60 years will increase
twofold from 12% to 22%. By 2050, it is estimated that the
elderly  population in  middle and lower-income countries
will reach 80%. With a longer life, one has opportunities to
remain active, such as opportunities for education, work,
and socialization. However, all these opportunities depend
on  one  factor:  health.  If  this  change  in  the  elderly
population's proportion is accompanied by poor health, the
implications  will  be  severe  [1].  Extrinsic  and  intrinsic
factors  cause  the  aging  process  at  the  cellular  level.
Extrinsic  aging  factors  can  result  from  pollution  and
unhealthy  lifestyles.  Meanwhile,  intrinsic  factors  can  be
caused by hormones, free radicals, genetic instability, and
the  formation  of  senescent  cells.  During  human
development, the number of senescent cells remains small
compared  to  healthy  cells,  so  the  body's  physiological
processes continue to function well. At a certain threshold,
the  number  of  senescent  cells  becomes  more  dominant,
and diseases caused by this aging process will emerge [2].

Secretome  refers  to  all  organic  and  inorganic
molecules secreted by a cell into the extracellular space.
These  molecules  include  growth  factors,  free  nucleic
acids,  lipids,  extracellular  vesicles,  enzymes,  cytokines,
chemokines,  interferons,  colony-stimulating  factors
(CSFs), and tumor necrosis factors (TNFs). The fibroblast
secretome,  rich  in  various  proteins,  genetic  material,
growth  factors,  and  enzymes,  is  expected  to  enhance
cellular  responses  during  the  regeneration  process.  The
use of secretome for regenerative treatment has increased
rapidly because it is a cell-free therapy, thereby avoiding
immune  compatibility  issues,  tumorigenicity,  and  the
transmission of infections. Additionally, secretomes can be
stored  for  a  long  time  and  mass-produced  [3].  Growth
factors  are  needed  for  cell  growth;  one  is  Keratinocyte
Growth  Factor  (KGF).  KGF  is  part  of  the  Fibroblast
Growth Factor Family (FGF-7) that has potential mitogenic
activity.  KGF protein transcription is  observed in  almost
all  mesenchymal  and  stromal  cells,  particularly  dermal
fibroblasts,  but  epithelial  cells  do  not  produce  KGF.
Epithelial  cells  only  have  KGF  receptors,  so  the  growth
and differentiation of epithelial cells are partly a result of
paracrine induction from KGF produced by fibroblast cells.
KGF  will  bind  to  receptors  on  epithelial  cells,  namely
tyrosine  kinase  receptor  (FGFR2-IIIb/KGFR),  which  will
induce  the  Ras-mitogen-activated  protein  kinase
(Ras/MAPK)  cascade  pathway  and  phosphoinositide  3-
kinase-Akt  (PI3K/AKT)  [4].

Mitogen-activated  protein  (MAP)  kinases  are  pivotal
protein  kinases  in  eukaryotic  signal  transduction  that
govern  cell  growth  and  differentiation.  One  key  MAP
kinase,  extracellular  signal-regulated  kinase  (ERK),  is
activated  via  a  two-step  kinase  cascade:  RAS  activates

RAF,  a  serine/threonine  kinase  that  phosphorylates  and
activates  MEK1/2,  a  dual-specificity  mitogen-activated
protein  kinase  kinase  (MAPKK).  MEK1/2  specifically
phosphorylates  ERK on  threonine  and  tyrosine  residues,
triggering  downstream  phosphorylation  of  other  kinases
and transcription factors that regulate cellular processes
such as metabolism, cell cycle progression, proliferation,
migration,  differentiation,  and  apoptosis.  MEK1/2
functions  as  a  critical  signaling  node,  with  regulatory
domains  that  tightly  control  kinase  activity,  thereby
maintaining cellular homeostasis and preventing aberrant
signaling  associated  with  pathological  states.  In
fibroblasts, this MEK/ERK cascade plays a central role in
modulating  proliferation,  survival,  and  Extracellular
Matrix  (ECM)  remodeling  [5].

Mitogen-Activated  Protein  (MAP)  kinase  is  a  type  of
protein  kinase  that  has  a  central  role  in  signal
transduction in eukaryotic cells and is a major pathway for
cell growth and differentiation. One form of MAP kinase is
extracellular signal-regulated kinase (ERK). ERK action is
mediated by 2 types of protein kinases. The first is RAS,
which  activates  the  Raf  protein-serine/threonine  kinase,
resulting  in  the  phosphorylation  and  activation  of  the
second  protein  kinase,  MEK1/2,  which  is  one  of  the
mitogen-activated protein kinase kinase (MAPKK) pathway
proteins.  MEK  1/2  will  phosphorylate  threonine  and
tyrosine of ERK, so ERK will be activated to phosphorylate
other  protein  kinases  and  gene  transcription  factors
(Elk-1,  c-Fos,  c-Jun  (AP-1  complex),  CREB,  ATF2,  and
Myc),  allowing  cells  to  perform  functions  such  as
metabolism,  cell  cycle,  proliferation,  migration,
differentiation,  or  apoptosis  [6].  Collagen  plays  an
important  role  in  the  shape  of  fibroblast  cells  and
mechanical  pressure  in  various  tissues.  In  the  young
dermis  layer,  the  bond  between  fibroblast  cells  and
collagen  fibrils  is  very  tight,  maintaining  the  shape  and
size of fibroblast cells and the firmness of skin tissue. In
the  elderly  dermis,  collagen  fibril  bonds  are  reduced,
causing  fibroblast  cells  to  shrink  in  size  and  shape  [7].
Collagen  is  an  Extracellular  Matrix  (ECM)  protein  that
controls  cell  survival,  proliferation,  migration,  and
differentiation.  In  in  vitro  studies,  collagen  is  used  to
increase cell adhesion to the cell culture surface. Collagen
significantly promotes cell proliferation, resulting in short
doubling  times.  Additionally,  the  collagen  matrix
efficiently protects cells from oxidative stress-induced cell
death. Cell attachment to collagen is also high and occurs
rapidly;  therefore,  culturing  cells  on  collagen  will  help
achieve high cell proliferation and survival [8].

The MEK1/2-ERK1/2 signaling pathway plays a central
role  in  regulating  fibroblast  and  keratinocyte  functions,
including proliferation, survival, and extracellular matrix
remodeling,  which  are  critical  for  tissue  repair  and
regeneration. Activation of MEK1/2 by growth factors such
as  Keratinocyte  Growth  Factor  (KGF)  triggers
phosphorylation  cascades  that  modulate  transcription
factors  and  cell  cycle  proteins,  promoting  fibroblast
activation  and  reversing  cellular  senescence.  Recent
studies  highlight  MEK1/2  involvement  in  rejuvenating
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aged fibroblasts and enhancing collagen type-1 utilization,
supporting its mechanistic role in regenerative processes.
KGF,  a  specific  fibroblast-derived  mitogen,  activates
MEK1/2 signaling more directly and potently than the total
protein  content  of  the  secretome,  which  represents  a
complex  mixture  of  bioactive  molecules.  Therefore,
comparing the effects of KGF versus  total protein allows
clarification of whether regenerative outcomes are driven
by key growth factors through defined signaling pathways
or  by  the  collective  action  of  multiple  secretome
components. This distinction is essential for understanding
the  molecular  basis  of  fibroblast-secretome-mediated
regeneration  and  for  optimizing  therapeutic  strategies
targeting  aging  and  tissue  repair  [9].

Despite  growing  evidence  supporting  the  roles  of
fibroblast secretome and MEK/ERK signaling in aging and
regeneration, the precise mechanisms by which fibroblast
secretome  influences  MEK1/2  activation  and  collagen
utilization in senescent cells remain unclear. Most studies
have  focused  on  individual  growth  factors  or  cell-based
approaches,  leaving  a  knowledge  gap  regarding  the
combined  effects  of  the  complex  secretome  mixture  on
these  pathways.  Furthermore,  it  is  not  fully  understood
whether  key  factors,  such  as  KGF  alone,  drive
regenerative responses or whether the synergistic action
of multiple secretome components is necessary.

This  study  aims  to  elucidate  the  mechanistic  role  of
fibroblast  secretome  in  reversing  cellular  senescence,
particularly by examining its effects on MEK1/2 signaling
pathway  activation  and  type-1  collagen  utilization  in
senescent  fibroblast  cells.  We  hypothesize  that  the
secretome's  regenerative  effects  on  senescent  fibroblast
proliferation  are  mediated  through  these  specific
molecular  pathways.  Understanding  these  underlying
mechanisms will provide critical guidance for developing
optimized  secretome-based  therapies  for  age-related
degenerative  conditions.

2. MATERIALS AND METHODS

2.1. Study Design
The  study  design  is  experimental,  with  a  qualitative

approach to data collection and analysis. Fibroblast cells
were derived from the circumcised skin tissue of a healthy
10-year-old  child.  The  tissue  collection  was  conducted
following  ethical  approval  and  informed  consent
procedures  in  accordance  with  Universitas  YARSI’s
research  ethics  committee  guidelines  (No:  277/KEP-
UY/EA.10/X/2023).  The  cells  were  cultured  and
subcultured up to passage 3 to represent young cells and
passage 24 to represent senescent cells.  The cells (5000
cells/well)  were  treated  with  basic  expansion  medium
(DMEM)  and  secretome  medium.  Medium samples  were
collected on days 1, 3, 5, and 7.

2.2.  Isolation  and  Expansion  of  Human  Dermal
Fibroblast Cells

The  tissue  sample  was  transported  aseptically  and
processed  within  1  hour  after  collection.  The  skin  was

washed  thoroughly  in  sterile  phosphate-buffered  saline
(PBS)  containing  1%  antibiotic-antimycotic  solution
(Thermo Fisher Scientific, Waltham, MA, USA) to reduce
microbial  contamination. Subcutaneous fat was carefully
removed using sterile scalpels. The skin was then cut into
small  pieces  measuring  approximately  1–2  mm2.  These
explants  were  placed  dermis-side  down  in  T25  culture
flasks  pre-coated  with  a  minimal  volume  of  Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
Fetal  Bovine Serum (FBS)  and 1% antibiotic-antimycotic
(Thermo Fisher Scientific, Waltham, MA, USA) to facilitate
attachment. After allowing the explants to adhere for 30
minutes at room temperature, additional growth medium
(DMEM with 10% FBS and 1% antibiotic-antimycotic) was
gently  added  to  cover  the  explants.  Cultures  were
incubated at 37°C in a humidified atmosphere containing
5% CO2.  Medium was  changed every  2–3  days,  carefully
avoiding disturbance of the explants. Fibroblast outgrowth
from the explants was typically observed within 7–10 days.
Once  cells  reached  approximately  80%  confluency,  they
were detached using 0.25% trypsin-EDTA (Thermo Fisher
Scientific,  Waltham,  MA,  USA)  and  passaged for  further
expansion. Cells were cryopreserved in fetal bovine serum
supplemented  with  10%  dimethyl  sulfoxide  (DMSO)
following  standard  protocols.

2.3. Fibroblast Subculture Results for Senescent Cell
Determination  by  Cumulative  Population  Doubling
(CPD)

Senescence  in  fibroblast  cells  was  induced  by
replicative  exhaustion,  following  the  well-established
“Hayflick limit” principle, which states that normal human
fibroblasts  undergo  approximately  40  to  60  population
doublings  before  permanently  exiting  the  cell  cycle.  To
accurately  determine  senescence,  we  used  cumulative
population  doubling  (CPD)  rather  than  passage  number
alone,  as  CPD  better  reflects  cells'  actual  replicative
history.  Human  fibroblasts  cultured  under  standard
conditions  typically  enter  senescence  around  CPD  50,
characterized  by  irreversible  growth  arrest,  increased
senescence-associated β-galactosidase (SA-β-gal) activity,
and markedly reduced DNA synthesis. Other studies have
shown  that  the  doubling  time  (DT)  is  202  hours  for
fibroblast  cell  samples  derived  from  a  60-year-old
menopausal woman who has been menopausal for 5 years.
In  this  study,  fibroblasts  were  subcultured  continuously
for six months, and CPD was calculated using the formula:
[10-13].

Based on the subculture data, cells at passage 24 (P24)
exceeded CPD 50 and exhibited a  doubling time greater
than  202  hours,  consistent  with  senescent  phenotypes
reported  in  previous  studies.  The  reduction  in  CPD
increments observed at later passages (P20–P25) indicates
the  onset  of  cellular  aging  or  replicative  senescence,  a
common feature in primary cell cultures. This study relied
on  CPD  and  growth  kinetics  as  robust  and  quantitative
indicators of replicative senescence (Fig. 1).

[Log₁₀(harvested cell number / seeded cell number) /

 

Log₁₀(2)]
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Fig. (1). Cumulative population doubling (CPD) and doubling time (DT) of subcultured fibroblast cells. Data represent mean ± SD from n
= 3 replications, with 250,000 cells seeded per passage. Results are presented descriptively to identify passages of cumulative population
doubling (CPD) exceeding 50 and doubling time (DT) exceeding 202 hours.

2.4. Fibroblast Secretome Preparation
Human dermal fibroblast cells (5.000.000 cells/well) on

Passage  5  were  cultured  in  870  cm2  cell  culture  flasks
using  Dulbecco's  Modified  Eagle  Medium  (DMEM)
supplemented with Knockout Serum Replacement (KOSR)
and  Antibiotic-Antimycotic  until  reaching  80–90%
confluency (Thermo Fisher Scientific, Waltham, MA, USA).
KOSR  was  used  as  an  animal-free  serum  alternative  to
minimize  the  presence  of  animal-derived  proteins.  The
cells  were  cultured  for  1  week  before  secretome
collection.  To prepare for secretome collection,  the cells
were washed three times with sterile phosphate-buffered
saline  (PBS)  to  remove  residual  serum  proteins,  then
incubated  in  200  mL  of  serum-free  DMEM  containing
KOSR and Antibiotic-Antimycotic for 24 hours at 37°C in a
humidified atmosphere with 5% CO2.  The secretome was
collected  once  after  this  incubation  period.  The
conditioned medium was collected and centrifuged at 400
× g for 8 minutes at 4°C twice to remove cellular debris
and dead cells. The supernatant was then filtered through
a sterile 0.22 μm syringe filter to ensure removal of  any
remaining  particulates.  The  filtered  secretome  was
aliquoted into smaller  volumes to avoid repeated freeze-
thaw  cycles  and  stored  at  –80°C  until  further  use.

Following  medium  collection,  all  fibroblast  cells  were
harvested, counted, and cryopreserved for future use. The
10% secretome medium was prepared by mixing 10% (v/v)
secretome  with  90%  (v/v)  DMEM,  while  the  20%
secretome medium was prepared by combining 20% (v/v)
secretome with 80% (v/v) DMEM [14].

2.5.  Fibroblast  Cell  Proliferation  Examination
Procedure

The fibroblast cell proliferation examination procedure
was performed by first discarding the medium from each
well  and  rinsing  with  PBS  to  remove  residual  medium.
Subsequently, 10 µl of Cell Counting Kit-8 (CCK-8) reagent
(Dojindo  Laboratories,  Kumamoto,  Japan)  was  added  to
each well, along with 100 µl of Dulbecco's Modified Eagle
Medium (DMEM),  and the mixture was incubated for  60
minutes at 37°C in a humidified atmosphere with 5% CO2.
After incubation, the absorbance was measured at 450 nm
using a microplate reader.

2.6. Total Protein Examination Procedure
Total protein concentration was determined using the

Coomassie  (Bradford)  protein  assay  kit  (Thermo  Fisher
Scientific,  Waltham,  MA,  USA)  according  to  the
manufacturer’s instructions. Briefly, 5 μL of each protein
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standard and sample were pipetted into individual wells of
a  96-well  microplate.  Afterward,  250  μL  of  Coomassie
Brilliant  Blue  reagent  was  added  to  each  well,  and  the
plate was incubated at room temperature for 10 minutes
to allow the dye to bind to the proteins.

The  absorbance  was  measured  at  595  nm  using  a
microplate reader (specify model if available). All samples
and standards were assayed in triplicate (n=3) to ensure
accuracy and reproducibility. Protein concentrations were
calculated  based  on  a  standard  curve  generated  from
known  concentrations  of  bovine  serum  albumin  (BSA).
Data are presented as mean ± standard deviation (SD).

2.7. Keratinocyte Growth Factor (KGF) Examination
Procedure

Initially, 100 μl of standards and samples were added
to  each  well  of  the  ELISA  plate  and  incubated  for  90
minutes to allow binding (FineTest, Wuhan, China). After
incubation, the wells were washed twice. 100 μl of biotin-
labeled antibody was added to each well and incubated for
60  minutes.  The  wells  were  then  washed  three  times,
followed  by  the  addition  of  100  μl  of  SABC
(streptavidin–biotin  complex)  solution  to  each  well  and
incubation for 30 minutes. After this step, the wells were
washed 5 times to remove excess reagents. Subsequently,
90  μl  of  TMB  substrate  was  added  to  each  well  and
incubated for 10–20 minutes, allowing color development.
Finally, 50 μl of stop solution was added to each well, and
the  absorbance  was  immediately  measured  at  450  nm
using  a  microplate  reader.

2.8. Mek 1/2 Examination Procedure
MEK1/2  activation  levels  were  quantified  using  a

commercial ELISA kit (MyBioSource, San Diego, CA, USA)
according  to  the  manufacturer’s  protocol,  with  minor
modifications.  Briefly,  100  μL  of  standards  and  samples
were added to each well of the ELISA plate, while 100 μL
of  phosphate-buffered  saline  (PBS)  was  added  to  blank
wells. Subsequently, 10 μL of balance solution was added
to each sample well. Then, 50 μL of conjugate solution was
added to all standard and sample wells, excluding blanks.
The plate was incubated at room temperature for 1 hour to
allow  antigen-antibody  binding.  After  incubation,  wells
were  washed  five  times  with  wash  buffer  to  remove
unbound substances. Next, 50 μL each of substrate A and
substrate B was added to all wells, followed by incubation
for  15–20  minutes  at  room  temperature  in  the  dark  to
develop color. The reaction was stopped by adding 50 μL
of stop solution to each well. Absorbance was immediately
measured  at  450  nm  using  a  microplate  reader  (specify
model if available). All samples were assayed in triplicate
(n=3) to ensure reproducibility. MEK1/2 activation levels
were  calculated  based  on  the  standard  curve  generated
from known concentrations. Data were expressed as mean
±  standard  deviation  (SD).  The  MEK1/2  activation  was
assessed  by  comparing  treated  samples  with  untreated
control  cells  to  determine  the  effect  of  fibroblast
secretome  on  MEK1/2  phosphorylation.  Untreated  cells
cultured  in  basic  medium  served  as  negative  controls,

allowing for the evaluation of secretome-induced changes
in MEK1/2 activation.

2.9. Type-1 Collagen Examination Procedure
Initially, 100 μl of standards and samples were added

to  each  well  and  incubated  for  2  hours  to  allow antigen
binding  (MyBioSource,  San  Diego,  CA,  USA).  After
incubation, the liquid in the wells was discarded without
washing. Subsequently, 100 μl of reagent A was added to
all wells, followed by a 1-hour incubation. The wells were
then  emptied  and  washed  three  times.  Next,  100  μl  of
reagent  B  was  added  to  each  well  and  incubated  for  30
minutes.  After  this  incubation,  the  wells  were  discarded
and washed five times.  Then,  90 μl  of  substrate solution
was added to all wells and incubated for 10–20 minutes to
develop color. Finally, 50 μl of stop solution was added to
each well, and the absorbance was immediately measured
at 450 nm using a microplate reader.

2.10. Data Analysis
The data from P3 and P24 were analyzed for normality

and  homogeneity  using  the  Kolmogorov-Smirnov  and
Levene tests, respectively. If the data met the assumptions
of normal distribution and homogeneity of variance, a one-
way  analysis  of  variance  (ANOVA)  was  conducted,
followed  by  post  hoc  analysis  for  multiple  comparisons.
Statistical significance was determined at a p-value of less
than 0.05.

3. RESULTS

3.1.  Fibroblast  Secretome  at  20%  Concentration
Promotes Senescent Cell Proliferation

The  proliferation  of  fibroblast  cells  at  day  1  was
5207,11 ± 439,04 cells/well in P3-D10, 10797,89 ± 805,67
cells/well in P24-D10, 10980,22 ± 717,88 cells/well in P24-
S10, and 11354,89 ± 1162,5 cells/well in P24-S20. At day
3,  the  proliferation  of  fibroblast  cells  was  22790,00  ±
437,66 cells/well in P3-D10, 15948,33 ± 2544,7 cells/well
in P24-D10, 14050,67 ± 2158,43 cells/well in P24-S10, and
15028,67 ± 1748,83 cells/well  in  P24-S20.  At  day 5,  the
proliferation  of  fibroblast  cells  was  42268,67  ±  7536,39
cells/well  in  P3-D10,  14637 ± 2250,57  cells/well  in  P24-
D10, 18245 ± 2304,27 cells/well in P24-S10, and 21135,67
± 1392,89 cells/well in P24-S20. At day 7, the proliferation
of fibroblast cells was 64703,34 ± 2729,01 cells/well in P3-
D10, 21657,5 ± 867,13 cells/well in P24-D10, 25468,75 ±
3249,12  cells/well  in  P24-S10,  and  30342,5  ±  910,41
cells/well  in  P24-S20  (Fig.  2).

The  analysis  revealed  a  significant  increase  in  cell
proliferation in treatment group 2 (P24-S20) compared to
the negative control (P24-D10) on both day 5 and day 7,
indicating  that  higher  concentrations  of  secretome
medium can enhance cell proliferation in senescent cells.
Senescent  cells  treated  with  20%  secretome  showed  a
significant  44%  increase  in  proliferation  on  day  5
(21135,67  ±  1392,89  cells/well)  compared  to  untreated
controls (14637 ± 2250,57 cells/well, p < 0,05). Statistical
analysis was performed using one-way ANOVA followed by
a post  hoc test,  confirming that  the differences between
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groups were statistically significant. These results suggest
a  dose-dependent  effect  of  the  secretome  medium  on
promoting  cell  proliferation  in  senescent  cells
(Supplementary  Material).

On Day 1, the cell count in P3 was lower than in P24.
This  was  caused  by  poor  adaptation  of  P3  cells,  which
were  freshly  thawed  and  immediately  cultured  in  well
plates. In contrast, P24 cells had already adapted because
they had been maintained in flasks for 3–4 weeks for cell
expansion. Proliferation in the P24-S20 group was slightly
higher compared to P24-D10 and P24-S10, indicating that

the 20% secretome medium was more effective than the
DMEM medium or 10% secretome medium in promoting
senescent cell proliferation (Fig. 3).

Day 3, proliferation in P3 had surpassed that of all P24
groups,  indicating  that  P3  cells  had  adapted  well  to  the
environment  and  exhibited  a  higher  exponential  growth
rate  than  all  other  groups.  At  this  phase,  the  DMEM
medium  in  the  P24  group  showed  the  highest
effectiveness,  followed  by  the  20%  secretome  medium,
and  the  10%  secretome  medium  had  the  lowest
effectiveness  (Fig.  4).

Fig. (2). Cell proliferation profile after treatment. Data represent mean ± SD from n = 3 replications, with 5,000 cells seeded per well.
P3-D10: Passage 3 fibroblasts in DMEM+FBS10%, P24-D10: Passage 24 fibroblasts in DMEM+FBS10%, P24-S10: Passage 24 fibroblasts
in secretome 10% and P24-S20: Passage 24 fibroblasts in secretome 20%. Cell proliferation in the P24-S20 group was higher than in the
P24-D10 group on days 5 and 7. Statistical analysis was performed using one-way ANOVA followed by post hoc test (*p<0,05).

Fig. 3 contd.....
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Fig. (3). Fibroblast cell confluence day-1. P3-D10. Relatively sparse fibroblast cell growth confluence, with characteristic spindle-shaped
morphology. P24-D10. Much higher cell density with more fibroblasts visible per field. Cells appear more densely packed. P24-S10.
Slightly more densely packed compared to the negative control group. P24-S20. The highest cell density among all groups. The cell layer
is nearly confluent, with some overlapping cells.

Fig. (4). Fibroblast cell confluence day-3. P3-D10. The highest cell density among all groups, with an almost fully confluent layer. P24-
D10. Moderate cell density, with gaps still present between cells and a lower density compared to the young cells group. P24-S10. The
lowest density among all groups. Some areas show dense growth, while other areas are more sparse. P24-S20. Slightly lower density than
the negative control group. The distribution pattern is more uniform than P24-S10, with moderate confluence.

On  Day  5,  the  P3  group  showed  the  highest
proliferation among all groups. Within the P24 groups, the
highest proliferation was observed in the 20% secretome
medium,  followed  by  the  10%  secretome  medium,  with
DMEM showing the lowest effectiveness. This suggests a
dose-dependent  effect  of  the  secretome  medium  in
enhancing  cell  proliferation  (Fig.  5).

On  Day  7,  the  P3  group  demonstrated  proliferation
approximately  2–3  times  higher  than  that  of  all  P24
groups. The increasing trend observed on day 5 continued
through  day  7.  The  response  of  senescent  cells  to  the
secretome  medium  became  more  evident,  with  the  20%
secretome  medium  showing  the  highest  proliferation
compared to DMEM and 10% secretome media (Fig. 6).
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Fig. (5). Fibroblast cell confluence day-5. P3-D10. Shows very dense cell growth, with cells beginning to pile up on top of each other due
to limited surface area. Cells are tightly packed and exhibit a swirling pattern. P24-D10. Growth is lower compared to day 3, indicating
signs of cell detachment or death. P24-S10. Moderate density with slightly better growth than the negative control group. P24-S20.
Relatively high density with proliferation spread across various areas.

Fig.  (6).  Fibroblast  cell  confluence  day-7.  P3-D10.  Very  dense  culture  with  multiple  layers  of  cells  throughout.  Many  cells  appear
compressed and show altered morphology due to extreme density caused by limited space. P24-D10. Single, fairly dense cell layer with
near-complete confluence. P24-S10. Higher density than the negative control group, with nearly full confluence. P24-S20. The highest
density level among all senescent cell groups.
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Fig. (7). Initial total protein concentration in different medium groups. Data represent mean ± SD from n = 3 replications. D10: DMEM +
10%  FBS,  S10:  10%  secretome  and  S20:  20%  secretome.  The  total  protein  content  in  the  20%  secretome  initial  medium  is  higher
compared to the 10% secretome medium. Statistical analysis was performed using one-way ANOVA followed by post hoc test (*p<0,05).

3.2. The Role of Total Proteins in the 20% Fibroblast
Secretome in Enhancing Senescent Cell Proliferation

The total protein concentrations in the initial medium
were 5399,33 ± 180,69 µg/mL in D10, 5154,33 ± 321,45
µg/mL  in  S10,  and  5830,67  ± 181,62  µg/mL  in  S20 
(Fig. 7). It was found that the initial total protein amount
in 20% secretome medium was the highest compared to all
groups, but was significantly different only from the 10%
secretome medium (p<0,05).

The  initial  total  protein  amount  reflects  the  total
protein  content  of  the  starting  medium  before  it  is
distributed to each group. The initial total protein in the
20% secretome medium is the highest among all groups,
indicating  that  this  medium  contains  more  bioactive
molecules  such  as  growth  factors  (KGF,  VEGF,  TGF),
cytokines, chemokines, extracellular matrix proteins, and
amino acids needed for cell proliferation, distribution, and
differentiation [15, 16].  Cell  proliferation in the P24-S20
group is higher than in the other senescent cell groups.

3.3. Total Proteins Production After Treatment
On day 5, total protein productions after treatment in

104 cells/24 hours were 161,96 ± 11,29 µg/mL in P3-D10,
0  ±  10,39  µg/mL  in  P24-D10,  546,63  ±  13,56  µg/mL  in
P24-S10, and 310,34 ± 24,92 µg/mL in P24-S20. At day 7,
the levels were 49,20 ± 14,32 µg/mL in P3-D10, 0 ± 5,39

µg/mL in P24-D10, 316,20 ± 0,83 µg/mL in P24-S10, and
254,57 ± 5,01 µg/mL in P24-S20 (Fig. 8).

A  significant  difference  was  found,  with  the  total
protein content in treatment group P24-S20 being notably
higher than that of the negative control group (P24-D10)
on both day 5 and day 7 (p<0,05).

On day 5, the total protein production of 10,000 cells
over  24  hours  showed  that  the  P3-D10  group  produced
protein at a moderate level. In the P24-D10 group, protein
production could not be detected. The P24-S10 group had
the highest protein production among all groups, followed
by the P24-S20 group. This suggests that senescent cells
given only standard medium could not be detected, likely
due to cellular aging and reduced cell function, resulting
in an inability to produce proteins needed by neighboring
cells.  In  contrast,  senescent  cells  treated  with  the
secretome  showed  higher  protein  production  than  those
given  only  the  standard  medium.  These  results  indicate
that the secretome can enhance cell function, increasing
the ability of senescent cells to produce proteins essential
for  cell  survival.  However,  there  is  a  dose-dependent
effect:  the  10%  secretome  resulted  in  higher  protein
production  than  the  20%  secretome,  suggesting  that
senescent  cells  respond  best  to  an  optimal  secretome
dose, while higher doses may trigger negative feedback in
the cellular environment.
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Fig. (8). Profile of total protein post treatment. Data represent mean ± SD from n = 3 replications, measured from medium conditioned
by 10.000 cells over 24 hours. P3-D10: Passage 3 fibroblasts in DMEM+FBS10%, P24-D10: Passage 24 fibroblasts in DMEM+FBS10%,
P24-S10: Passage 24 fibroblasts in secretome 10% and P24-S20: Passage 24 fibroblasts in secretome 20%.Total protein production in P24-
S20 was higher than in P3-D10 on days 5 and 7.  Statistical  analysis was performed using one-way ANOVA followed by post hoc test
(*p<0,05).

On day 7, the P3-D10 group showed decreased protein
production,  likely  due to  cells  reaching high confluency,
which  can  induce  negative  feedback  in  the  cellular
environment.  Protein  production  in  the  P24-D10  group
remained  undetectable,  indicating  that  the  standard
medium does not enhance protein production in senescent
cells.  The  P24-S10  group  also  showed  a  decrease  in
protein  production  compared  to  day  5,  and  the  P24-S20
group experienced a reduction as well,  though less than
the P24-S10 group. Overall, all groups showed a decline in
protein  production  from day  5  to  day  7,  suggesting  that
protein  utilization  is  maximal  as  cell  numbers  increase.
These results clearly show that the secretome is effective
in stimulating senescent cells to produce protein, whereas
senescent cells cultured in standard medium are unable to
do so.

3.4. The Role of Keratinocyte Growth Factor (KGF) in
20%  Fibroblast  Secretome  in  Enhancing  Senescent
Cell Proliferation

The KGF levels in the initial medium were 0,00 ± 4,48
pg/mL in D10, 1457,27 ± 12,94 pg/mL in S10, and 1712,67
± 7,19 pg/mL in S20 (Fig. 9). It was found that the initial
KGF level in the 20% secretome medium was higher than
that  in  both  the  basic  medium  and  the  10%  secretome
medium (p<0,05).

The  initial  KGF level  is  the  starting  concentration  of
KGF  in  the  medium.  In  the  basic  medium,  KGF  was  not
detected,  consistent  with  the  standard  composition  of
DMEM  and  FBS,  as  neither  is  enriched  in  KGF.  In
contrast, KGF was detected in the secretome media, with
the 20% secretome medium containing a higher amount of
KGF than the 10% secretome medium. This is consistent
with the function of skin fibroblasts, whose main protein
product is KGF, a key factor in epithelial cell proliferation
and  tissue  regeneration  [4].  The  KGF  content  in  the
secretome  is  dose-dependent;  the  higher  the  secretome
concentration, the greater the KGF content.

3.5.  Keratinocyte  Growth  Factor  (KGF)  Production
After Treatment

At  day  5,  KGF  levels  post  treatment  in  104  cells/24
hours were 199,24 pg/mL in P3-D10, 488,95 pg/mL in P24-
D10, 123,18 pg/mL in P24-S10, and 45,29 pg/mL in P24-
S20.  At  day  7,  the  levels  were  127,57  pg/mL in  P3-D10,
369,20  pg/mL in  P24-D10,  87,96  pg/mL in  P24-S10,  and
53,02  pg/mL  in  P24-S20  as  shown  in  Fig.  (10).  A
significant  difference  was  found,  with  the  KGF  level  in
treatment  group  P24-S20  being  lower  than  that  of  the
negative control group (P24-D10) on both day 5 and day 7
(p<0,05).
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Fig. (9). Initial KGF medium profile. Data represent mean ± SD from n = 3 replications. D10: DMEM + 10% FBS, S10: 10% secretome
and S20: 20%. The initial KGF level in the 20% secretome medium is higher than in the 10% secretome medium. Statistical analysis was
performed using one-way ANOVA followed by a post hoc test (*p<0,05).

Fig. (10). KGF profile post treatment. Data represent mean ± SD from n = 3 replications, measured from medium conditioned by 10.000
cells over 24 hours. P3-D10: Passage 3 fibroblasts in DMEM+FBS10%, P24-D10: Passage 24 fibroblasts in DMEM+FBS10%, P24-S10:
Passage 24 fibroblasts in secretome 10% and P24-S20: Passage 24 fibroblasts in secretome 20%.The KGF level in P24-S20 was lower than
in P3-D10 on days 5 and 7. Statistical analysis was performed using one-way ANOVA followed by post hoc test (*p<0,05).
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On day  5  and  day  7,  KGF production  of  10,000  cells
over  24  hours  showed  that  the  P3-D10  group  produced
KGF at a moderate level. The P24-D10 group produced the
highest  KGF  among  all  groups,  which  contrasts  with
previous  findings,  in  which  total  protein  production  was
undetectable in this group. The P24-S10 group produced a
small  amount  of  KGF,  while  the  P24-S20  group  had  the
lowest KGF production.

The  high  KGF  production  in  the  P3-D10  group
suggests a compensatory mechanism: since the standard
medium  does  not  contain  KGF,  fibroblasts  in  this  group
produce  KGF  to  support  their  own  survival  in  a  less
supportive environment. In senescent cell groups treated
with secretome,  KGF production was lower,  indicating a
feedback mechanism, since the secretome medium already
contains KGF, the cells produce less of it. The higher the
KGF  content  in  the  secretome  medium,  the  lower  the
cellular  KGF  production  observed  [17].

3.6.  The  20%  Fibroblast  Secretome  Promotes
Senescent  Cell  Proliferation  by  Activating  the
MEK1/2  Signaling  Pathway

At day 5, pMEK 1/2 levels post treatment in 104 cells
were 0,00 ± 0,00 pg/mL in P3-D10, 0,01 ± 0,00 pg/mL in
P24-D10, 0,01 ± 0,00 pg/mL in P24-S10, and 0,01 ± 0,00
pg/mL in  P24-S20  at  45  minutes;  while  at  24  hours,  the

levels  were  0,08  ±  0,00  pg/mL  in  P3-D10,  0,22  ±  0,03
pg/mL  in  P24-D10,  0,22  ±  0,02  pg/mL  in  P24-S10,  and
0,18 ± 0,03 pg/mL in P24-S20. At day 7, pMEK 1/2 levels
post treatment in 104 cells were 0,00 ± 0,00 pg/mL in P3-
D10, 0,01 ± 0,00 pg/mL in P24-D10, 0,01 ± 0,00 pg/mL in
P24-S10, and 0,01 ± 0,00 pg/mL in P24-S20 at 45 minutes;
while at  24 hours,  the levels  were 0,06 ± 0,00 pg/mL in
P3-D10, 0,15 ± 0,00 pg/mL in P24-D10, 0,14 ± 0,01 pg/mL
in P24-S10, and 0,11 ± 0,00 pg/mL in P24-S20 (as shown
in Fig. (11).  A significant difference was found, with the
pMEK  1/2  level  in  the  P24-S20  treatment  group  being
higher at 24 hours compared to 45 minutes post-exposure
on day 5 and day 7 (p<0,05).

After 45 minutes and 24 hours of medium exposure on
days 5 and 7, all groups showed increased accumulation of
pMEK1/2 after 24 hours of medium exposure compared to
45 minutes. MEK 1/2 activity was higher in senescent cells
than in young cells. Hyperactivation of the MAPK pathway
is  commonly  observed  in  senescent  cells  as  an  adaptive
response  to  enhance  proliferative  capacity  under
suboptimal conditions [18, 19]. The lower MEK 1/2 activity
in  the  P24-S20  group  compared  to  the  P24-S10  group
suggests  that  the  20%  secretome  can  more  effectively
modulate cellular signaling, similar to young cells, which
require  less  MEK  1/2  activity  yet  still  achieve  high
proliferation.

Fig. (11). pMEK 1/2 profile post treatment. Data represent mean ± SD from n = 3 replications, measured from medium conditioned by
10.000 cells over 24 hours. P3-D10: Passage 3 fibroblasts in DMEM+FBS10%, P24-D10: Passage 24 fibroblasts in DMEM+FBS10%, P24-
S10: Passage 24 fibroblasts in secretome 10% and P24-S20: Passage 24 fibroblasts in secretome 20%. The pMEK 1/2 level in the P24-
S20 group at 24 hours after exposure was higher than at 45 minutes after exposure. Statistical analysis was performed using one-way
ANOVA followed by a post hoc test (*p<0,05).
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Fig. (12). Type-1 collagen profile post treatment. Data represent mean ± SD from n = 3 replications, measured from medium conditioned
by 10.000 cells over 24 hours. P3-D10: Passage 3 fibroblasts in DMEM+FBS10%, P24-D10: Passage 24 fibroblasts in DMEM+FBS10%,
P24-S10: Passage 24 fibroblasts in secretome 10% and P24-S20: Passage 24 fibroblasts in secretome 20%. The type-1 collagen level of
P24-S20 was lower than that of P24-D10 on both day 5 and day 7. Statistical analysis was performed using one-way ANOVA followed by
post hoc test (*p<0,05).

3.7.  The  20%  Fibroblast  Secretome  Promotes
Senescent  Cells  Proliferation  by  Enhancing  Type-1
Collagen Utilization

At day 5, type-1 collagen levels post treatment in 104

cells/24 hours were 1,23 ± 0,04 ng/mL in P3-D10, 3,02 ±
0,03  ng/mL  in  P24-D10,  3,00  ±  0,06  ng/mL  in  P24-S10,
and  2,67  ±  0,03  ng/mL  in  P24-S20.  At  day  7,  the  levels
were 0,91 ± 0,06 ng/mL in P3-D10, 2,73 ± 0,26 ng/mL in
P24-D10, 2,56 ± 0,05 ng/mL in P24-S10, and 1,76 ± 0,11
ng/mL  in  P24-S20  as  shown  in  Fig.  (12).  A  significant
difference was found, with the type-1 collagen level in the
treatment  group  P24-S20  being  lower  than  that  in  the
negative  control  group  (P24-D10)  on  days  5  and  7
(p<0,05).

On days 5 and 7, type-1 collagen production by 10,000
cells  over  24  hours  showed that  the  P24-D10 group had
higher  type-1  collagen  levels  than  both  young  cells  and
other  senescent  cell  groups.  In  contrast,  the  P24-S20
group  had  the  lowest  collagen  levels  among  all  groups.
Young  cells  exhibited  high  proliferation  rates  but  low
collagen  production,  whereas  senescent  cells,  despite
their limited proliferative capacity, could produce higher
amounts of collagen [20]. The lower collagen levels in both
young  cells  and  senescent  cells  that  were  treated  with
20%  secretome  medium  suggest  that  type-1  collagen  is
being  effectively  utilized  as  an  extracellular  matrix  to
enhance  cell  attachment  to  the  culture  dish.

4. DISCUSSION
The  proliferation  pattern  of  Passage  3  (P3)  cells

showed  consistent  exponential  growth,  outperforming
Passage  24  (P24)  cells  throughout  the  study.  This
indicates  that  repeated  passaging  reduces  fibroblast
proliferation  potential  and  regenerative  capacity.  The
growth  medium  plays  a  crucial  role  in  enhancing
senescent cell proliferation. Adding secretome to the basal
medium  increased  proliferation  rates  in  senescent  cells
compared to standard medium. Moreover, this effect was
dose-dependent: cells treated with 20% secretome showed
higher proliferation than those treated with 10%. The 20%
secretome group exhibited a 40% increase in cell growth
on  day  5,  which  continued  through  day  7,  compared  to
cells in standard medium.

The  secretome  is  a  collection  of  proteins,  including
transmembrane proteins and those secreted by cells into
the extracellular space. About 13-20% of human proteins
are  types  of  secreted  proteins.  These  cell-secreted
proteins  play  an  important  role  in  cell  migration,
proliferation, signaling, and communication. Examples of
cell  proteins  secreted  by  cells  are  enzymes,  cytokines,
chemokines,  interferons,  growth  factors,  colony-
stimulating  factors  (CSFs),  and  tumor  necrosis  factors
(TNFs).  Secretome  has  an  important  role  in  regulating
communication  between  cells,  tissues,  and  organs;
therefore, if there is a disruption, homeostasis will not run
well,  resulting  in  tissue  pathophysiology  and  disease.
Secretome can act in autocrine, paracrine, and endocrine
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modes,  exerting  agonistic  or  antagonistic  effects  that
stimulate  or  inhibit  cellular  physiological  processes.
Recent studies have highlighted the emerging role of the
secretome in tissue regeneration and cellular senescence.
Furthermore,  advances  in  proteomic  analyses  have
identified  novel  secreted  factors  involved  in  modulating
senescent  cell  behavior  and  the  senescence-associated
secretory phenotype (SASP). Understanding the molecular
components and mechanisms of secretome action not only
offers insights into cell-cell communication but also opens
avenues for developing secretome-based therapies for age-
related diseases and tissue dysfunction [21].

A  study  demonstrated  that  secretome  derived  from
adipose  cells  promotes  regeneration  by  enhancing  cell
proliferation,  differentiation,  and  migration.  It  also
reduces the accumulation of senescent cells by lowering β-
galactosidase  activity  and  inflammatory  factors  [22].
Accumulation  of  senescent  cells  is  a  hallmark  of
degenerative  diseases,  making  their  removal  or
modulation a key therapeutic target. Senotherapeutics are
divided  into  two  categories:  senolytics,  which  eliminate
senescent  cells,  and  senomorphics,  which  mitigate  the
harmful  effects  of  the  senescence-associated  secretory
phenotype  (SASP).  Senomorphics  act  by  clearing  SASP
molecules from the cellular environment or by modifying
cellular  functions  to  maintain  viability  and  proliferation
[23].

A  typical  cell  contains  approximately  2–4  million
protein  molecules  and  can  synthesize  10,000–20,000
proteins  per  second,  resulting  in  an  average  protein
production  of  0.5–2  ng  per  cell  per  day.  In  this  study,
senescent  cells  treated  with  secretome  produced  more
total protein than those in basal medium, indicating that
secretome  enhances  their  protein  synthesis  capacity.
Notably, on days 5 and 7, protein production in secretome-
treated senescent cells exceeded that of young cells. Cells
subjected  to  repeated  passaging  generate  diverse
subpopulations,  exhibit  faster  growth,  and  increase
protein  synthesis  as  part  of  environmental  adaptation.
High-passage  cells  show  elevated  glycolytic  activity  and
modulate  transcription  and  translation  to  support
increased  protein  production.  However,  this  heightened
protein  synthesis  in  senescent  cells  is  not  indefinite,  as
continuous proliferation may lead to genetic instability or
mRNA dysfunction [24, 25].

The  biological  function  of  cells  relies  more  on
paracrine effects than on direct replacement of damaged
cells, which is the primary role of the secretome. Both in
vitro  and  in  vivo  studies  show  that  the  adipose-derived
secretome,  rich  in  Epidermal  Growth  Factor  (EGF),
Keratinocyte  Growth  Factor  (KGF),  and  Hepatocyte
Growth  Factor  (HGF),  enhances  the  proliferation  and
migration of skin fibroblasts, keratinocytes, and vascular
endothelial  cells  during  wound  healing  [26].  KGF
transcription  occurs  in  most  mesenchymal  and  stromal
cells, particularly dermal fibroblasts. It plays key roles in
anti-apoptosis, cytoprotection, proliferation, and migration
through  signaling  pathways  such  as  Raf/MAPK/ERK,
PAK4/Akt/PI3K,  Src-Cortactin/Rho/Rac/Cdc42,  and

PLCγ/IP3/DAG/PKC  [17,  27].  During  proliferation,  KGF
activates  the  Raf/MAPK/ERK  cascade.  KGF  production
varies by cell type: fibroblasts produce 3–15 ng per million
cells, mesenchymal stem cells (MSCs) 1–10 ng, osteoblasts
0.1–0.8 ng, while keratinocytes do not produce KGF.

In  anti-apoptotic  processes,  KGF  activates  the
PI3K/Akt  pathway,  reducing  apoptosis  gene  expression.
Cytoprotection  is  mediated  by  KGF  through  the
PAK4/Akt/PI3K and ERK1/2 pathways, which increase the
expression  of  genes  that  mitigate  free  radical-induced
damage  [28].  In  this  study,  KGF  levels  decreased  over
time,  likely  due  to  energy  reallocation  favoring
proliferation  over  growth  factor  production  and  contact
inhibition  triggered  by  increased  cell  density.  These
mechanisms  prevent  excessive  cell  growth.  Additionally,
lower KGF levels may result from its consumption in anti-
apoptotic  and  cytoprotective  functions  to  protect  cells
from  death  and  damage  [29,  30].

The most  classic  proliferation pathway involves MEK
1/2  activation.  MEK  1/2  is  a  protein  kinase  that  plays  a
role in the RAS-RAF-MEK-ERK pathway, also known as the
mitogen-activated  protein  kinase  (MAPK)  pathway.  The
RAS-RAF-MEK-ERK  cascade  pathway  is  a  pathway  for
intracellular  processes  such  as  proliferation,
differentiation,  and  cell  metabolism  [31,  32].  Several
growth factors  and polypeptides  bind to  transmembrane
receptors  to  then  activate  the  regulation  of  the  MAPK
pathway.  Ligand binding to  the cell  membrane activates
the  Shc  protein,  which  then  activates  the  growth  factor
receptor-bound protein-2 (GRB2). GRB2 will interact with
son of sevenless (SOS), then SOS will convert guanosine
diphosphate (GDP) to guanosine triphosphate (GTP) on the
RAS  G  protein.  RAS  will  then  activate  RAF,  which  will
phosphorylate  MEK  1/2  serine.  MEK  1/2  will
phosphorylate threonine and tyrosine residues of ERK 1/2,
so  that  activated  ERK  1/2  will  move  into  the  nucleus  to
then  phosphorylate  and  activate  various  transcription
factors  such  as  Sp1,  E2F,  Elk-1,  and  AP-1  to  produce
proteins  such  as  Jun  and  Fos.  This  entire  process  is  an
intracellular pathway for cell mechanisms of proliferation,
migration, and differentiation [33].

Senescent cells have high MAPK pathway activity; this
is a characteristic of these cells. MEK activity in this study
appears  higher  than  in  young  cells;  this  illustrates  the
characteristics of senescent cells. However, MEK activity
in the group given 20% secretome medium is lower than in
other senescent cell groups. This suggests that secretome
can  normalize  the  “hyperactive  stress  pathway,”  a
characteristic of these senescent cells. By normalizing this
pathway, cells can perform their functions optimally [34,
35]. Normalization of the “hyperactive stress pathway” is
essential  for  senescent  cells  to  reduce inflammation and
prevent further tissue damage. If there is a decrease in the
ability  to  normalize  the  pathway,  cell  damage can occur
and cause senescent cells to become cancer cells. It is well
known  that  one  of  the  hallmarks  of  cancer  cells  is
increased  MAPK  pathway  activity.  In  this  study,  MAPK
pathway activity can be reduced by the secretome while
still maintaining optimal proliferation [36, 37].



Regenerative Potential of Fibroblast Secretome 15

The  MEK1/2-ERK1/2  signaling  pathway,  a  key
component  of  the  mitogen-activated  protein  kinase
(MAPK)  cascade,  plays  a  central  role  in  regulating  cell
proliferation, differentiation, survival,  and aging, as well
as  tissue  regeneration.  This  pathway  transduces  signals
from cell surface receptors to the nucleus, influencing cell
cycle  progression  and  gene  expression.  In  fibroblasts,
MEK1/2-ERK1/2  activation  promotes  proliferation  and
extracellular  matrix  production,  which  are  critical  for
tissue repair. However, ERK1/2 signaling plays a dual role
in  cellular  senescence,  depending  on  the  context  and
activation  intensity;  strong  or  sustained  activation  can
induce senescence through mechanisms such as  nuclear
translocation  and  feedback  regulation,  while  moderate
activation  supports  cell  proliferation  [38].

This duality underscores the complex role of MEK/ERK
signaling  in  aging  and  regeneration.  When  compared  to
other  mitogenic  growth  factors  like  epidermal  growth
factor (EGF) and fibroblast growth factor (FGF), fibroblast
secretome  contains  a  complex  mixture  of  bioactive
proteins, including keratinocyte growth factor (KGF, also
known  as  FGF),  which  specifically  activates  MEK1/2-
ERK1/2 to enhance cell proliferation and migration. While
EGF  and  FGF  also  activate  the  MEK/ERK  pathway,  the
secretome’s  synergistic  combination  of  multiple  factors
may  amplify  or  fine-tune  regenerative  responses  more
effectively  than  individual  growth  factors  alone.  This
comparison is important to discern whether regenerative
effects  are  primarily  driven  by  key  growth  factors  or  by
the collective action of the secretome’s components [39].

Collagen plays a crucial role in maintaining fibroblast
cell  morphology  and  providing  mechanical  support  to
various tissues, especially the skin. In the young dermis,
interactions  between  fibroblasts  and  collagen  fibrils  are
strong  and  well-organized,  helping  preserve  the
characteristic  spindle  shape  and  size  of  fibroblasts  and
contributing  to  the  overall  structural  integrity  and
tightness  of  the  skin.  This  tight  binding  also  supports
cellular  functions,  such  as  migration,  proliferation,  and
differentiation,  that  are  necessary  for  skin  homeostasis
and  regeneration.  However,  in  the  elderly  dermis  layer,
the  amount  and  quality  of  collagen  fibrils  decrease
significantly,  leading  to  weakened  binding  between
fibroblasts  and  the  extracellular  matrix.  As  a  result,
fibroblast cells shrink and change their morphology, while
the  dermal  tissue  loses  its  density  and  elasticity,
contributing to visible signs of skin aging such as wrinkles,
looseness, and reduced wound healing capacity.

Collagen  is  the  most  abundant  protein  in  the
extracellular matrix (ECM) and is essential in regulating
crucial cellular processes, including survival, proliferation,
migration, and differentiation of fibroblasts and other cell
types. In vitro studies widely use collagen-coated culture
surfaces  to  mimic  the  native  ECM environment,  thereby
enhancing cell adhesion by providing specific binding sites
for  integrins  and  other  adhesion  molecules  on  the  cell
membrane. This improved adhesion facilitates faster cell
spreading  and  signaling,  leading  to  accelerated  cell
proliferation and a shorter doubling time. Moreover,  the

collagen  matrix  offers  a  protective  environment  that
reduces cellular damage caused by oxidative stress, which
is  a  major  contributor  to  aging  and  cellular  senescence.
Studies have shown that culturing fibroblasts on collagen
matrices not only improves their viability and growth but
also enhances their resistance to apoptotic stimuli, there-
by supporting cell survival under stress conditions [6].

Proteomic  and  mechanobiological  research  has
revealed that collagen also participates actively in signal
transduction  pathways  that  regulate  fibroblast  behavior.
For  example,  the  engagement  of  collagen  with  integrin
receptors  activates  focal  adhesion  kinase  (FAK)  and
downstream  signaling  cascades  such  as  MAPK/ERK  and
PI3K/Akt pathways, promoting cytoskeletal reorganization
and  gene  expression  linked  to  proliferation  and
extracellular  matrix  remodeling.  This  dynamic  interplay
underscores  the  importance  of  collagen  not  merely  as  a
structural  scaffold  but  as  a  bioactive  regulator  of  cell
function.  Accordingly,  strategies  focusing  on  restoring
collagen content and organization in aged skin are being
explored for anti-aging and tissue regenerative therapies
[7].

The  fibroblast  secretome  plays  a  crucial  role  in
extracellular matrix (ECM) remodeling by modulating key
components  such  as  collagen,  fibronectin,  and  matrix
metalloproteinases  (MMPs).  The  secretome  contains
various proteins and growth factors that not only promote
ECM  synthesis  but  also  regulate  ECM  degradation
through  MMP  activity,  maintaining  a  dynamic  balance
essential for fibrosis and tissue regeneration. For instance,
type I  and III  collagens  secreted by  fibroblasts  form the
structural  backbone  of  the  ECM,  while  MMPs  degrade
aged  or  damaged  ECM  proteins,  facilitating  efficient
tissue  remodeling  and  repair.  Alterations  in  secretome
composition,  such  as  increased  profibrotic  factors  or
decreased  MMP  inhibitors,  can  disrupt  this  balance,
leading  to  excessive  ECM  accumulation  and  fibrosis.
Moreover,  the  fibroblast  secretome  influences  cell
adhesion and mechanotransduction via  integrin receptor
interactions, which regulate fibroblast differentiation into
myofibroblasts—cells actively involved in ECM contraction
and remodeling. Therefore, the fibroblast secretome acts
as  a  key  mediator  in  controlling  ECM  structure  and
function  during  wound  healing  and  tissue  regeneration
[40, 41].

In  this  study,  young cells  have high proliferation but
low  collagen  production,  while  senescent  cells  have
limited proliferation rates but can produce more collagen.
This behavior is called the “division of labor phenomenon,”
where cells  can prioritize  their  work depending on their
needs,  the  need  for  proliferation,  or  production.  In  the
senescent cell group, it is seen that these cells prioritize
collagen  production  over  proliferation.  Collagen
production  in  the  senescent  cell  group  given  20%
secretome  has  lower  levels  compared  to  senescent  cells
given  base  medium.  This  shows  that  as  proliferation
increases, the need for collagen also increases to support
cell attachment in the culture dish, enabling cells to carry
out their proliferative function more optimally [42].
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Fig.  (13).  Schematic  representation  of  the  proposed  mechanism  by  which  fibroblast  secretome  promotes  tissue  regeneration  via
intracellular and extracellular pathways.

Fibroblast  secretome,  characterized  by  total  protein
and  keratinocyte  growth  factor  (KGF),  enhances  tissue
regeneration  through  two  major  mechanisms:  (1)
activation of the intracellular MEK 1/2 signaling pathway,
leading to increased proliferation of senescent cells, and
(2)  improvement  of  extracellular  matrix  function,  as
indicated  by  elevated  type  I  collagen  production.  Both
pathways synergistically contribute to the proliferation of
senescent  cells  and  ultimately  promote  tissue  regenes-
ration. Arrows indicate the direction of effect (Fig. 13).

The limitations of this study are that it used an in vitro
model with senescent cells, which have inherently limited
proliferative  capacity,  thereby  restricting  analyses
requiring large cell  numbers. Additionally,  focusing on a
single signaling pathway and a limited subset of secretome
components  may  not  fully  capture  the  complex
mechanisms at play. Future research should validate these
findings in vivo to better assess the therapeutic potential
of  fibroblast  secretome  in  tissue  regeneration  and  anti-
aging.  Broader  proteomic  profiling  and  investigation  of
multiple  signaling  pathways  will  provide  a  more
comprehensive  understanding  of  the  secretome’s
biological effects. Addressing these areas will  clarify the
generalizability  and  mechanistic  basis  of  the  fibroblast
secretome’s  impact  on  senescent  cells.

CONCLUSION
In conclusion, this study demonstrates that treatment

with  20%  fibroblast  secretome  significantly  enhances
proliferation  and  total  protein  production  in  senescent
cells  in  vitro.  This  effect  is  likely  mediated  by  bioactive
proteins  in  the  secretome,  such  as  keratinocyte  growth
factor  (KGF),  which  are  absent  in  the  standard  medium
and are  correlated with  increased cell  proliferation.  The
observed  modulation  of  MEK1/2  signaling  suggests  that

the  secretome  may  help  regulate  the  hyperactive  MAPK
pathway associated  with  cellular  senescence,  potentially
improving  cell  function.  Increased  utilization  of  type-1
collagen  indicates  enhanced  extracellular  matrix
interactions  supportive  of  cell  attachment  and  growth.

These  findings  suggest  the  fibroblast  secretome  has
potential  for  regenerative  applications,  including  wound
healing and anti-aging therapies. However, further in vivo
studies  are  required  to  confirm  these  effects  and  to
investigate  safety,  dosing,  and  delivery  methods  before
clinical  use.  Future  research  should  also  explore
optimizing secretome composition, delivery mechanisms,
and  long-term  safety,  as  well  as  integration  with
biomaterial  platforms  and  immunological  evaluation.
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CSFs = Colony Stimulating Factors
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Protein 2

SOS = Son of Sevenless
GDP = Guanosine Diphosphate
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