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ABSTRACT Cellular senescence, an irreversible state
of growth arrest, underlies organismal aging and age-
related diseases. Recent evidence suggests that aging
intervention based on inhibition of cellular senescence
might be a promising strategy for treatment of aging
and age-related diseases. Embryonic stem cells (ESCs)
and ESC conditioned medium (CM) have been suggested
as a desirable source for regenerativemedicine.However,
effects of ESC-CM on cellular senescence remain to be
determined.We found that treatment of senescent human
dermal fibroblasts with CM from mouse ESCs (mESCs)
decreases senescence phenotypes.We found that platelet-
derived growth factor BB in mESC-CM plays a critical
role in antisenescence effect of mESC-CM through up-
regulation of fibroblast growth factor 2. We confirmed
that mESC-CM treatment accelerates the wound-healing
process by down-regulating senescence-associated p53
expression in in vivo models. Taken together, our results
suggest that mESC-CM has the ability to suppress cellular
senescence and maintain proliferative capacity. There-
fore, this strategy might emerge as a novel therapeutic
strategy for aging and age-related diseases.—Bae, Y.-U.,
Choi, J.-H., Nagy, A., Sung, H.-K., Kim, J.-R. Anti-
senescence effect of mouse embryonic stem cell condi-
tioned medium through a PDGF/FGF pathway. FASEB J.
30, 1276–1286 (2016). www.fasebj.org
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Cellular senescence is defined as restricted cell pro-
liferation that contributes to tissue and organismal aging,
tumor protection and progression, tissue repair, and age-
relatedpathologies (1).Senescencecanbecausedbymany
factors, including telomere shortening, chromatin per-
turbation, DNA damage, oxidative or inflammatory stress,

irradiation, and cytotoxic drugs (1, 2). Although senes-
cence is irreversible and inevitable (3), accumulating evi-
dence suggests that the aging rate and process could be
modified by secretory factors and small molecules (1, 4).
Circulating factors that came from young mice ameliorated
muscleregeneration(5),neurodegeneration(6),andcardiac
hypertrophy (7) in agedmice. Extracellularmatrix that came
from nonsenescent human primary cells restored senescent
cells to a youthful state (8). Rapamycin, a well-knownmTOR
(mammalian target of rapamycin) signaling inhibitor (9),
resveratrol, and SRT1720, which are both sirtuin activators,
and4,49-diaminodiphenylsulfone,which is themost common
drug used to treat patients with Hansen disease (10), are
knowntoretardorreverse theagingprocess inanimalmodels
(9, 10). Therefore, an aging interventionmight represent an
innovative strategy in investigations of broadly effective treat-
ments against aging itself as well as aging-associated cardio-
vascular and neurodegenerative diseases (1).

Embryonic stemcells (ESCs)hold a great promise for cell-
based therapy in the field of regenerative medicine. How-
ever, despite their therapeutic benefits, the tumorigenic
potential of ESCs has long been a barrier to clinical appli-
cation (11). Alternatively, conditioned medium (CM) from
ESCs has shown to have beneficial effects on cell pro-
liferationandtissueregeneration,which likelyoccur through
their secretory factors (12–14). CM from human ESCs in-
duces the proliferation of senescentmyofibers isolated from
aged mice via the MAPK pathway (12). Secretory factors of
hepatocyte-like cells from human ESCs enhanced recovery
of liver injury(13),while secretory factors fromnonsenescent
muscle-derived stem cells rescued the proliferation and dif-
ferentiation defects of aged muscle-derived stem cells (14).
However, ESC-CM-derived factors and their effects on cel-
lular senescence have not been documented to date.

Abbreviations: C1, control medium 1 (control medium with
fetal bovine serum and mouse embryonic fibroblasts); C2,
control medium 2 (control medium without fetal bovine
serum and mouse embryonic fibroblasts); CM, conditioned
medium; CM1, conditioned medium 1 (mouse embryonic
stem cell conditioned medium with fetal bovine serum and
mouse embryonic fibroblasts); CM2, conditioned medium 2
(mouse embryonic stem cell conditioned medium without
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In the present study, we found that mouse ESC (mESC)
CM has antisenescence activity in a replicative senescence
model of humanprimary cells to sustain their proliferation
capacity and accelerates the wound-healing process in vitro
and in vivo. Additionally, we showed that platelet-derived
growth factor (PDGF) BB in mESC-CM mediates anti-
senescence activity in senescent cells by fibroblast growth
factor 2 (FGF-2) induction.

MATERIALS AMD METHODS

Culture of human dermal fibroblasts

Adult human dermal fibroblasts (HDFs; NHDF-Ad-Der-
Fibroblasts) were obtained from Lonza (Walkersville, MD, USA)
andmaintainedaspreviously reported(15, 16).Whensubcultures
reached 80% to 90%confluence, serial passage was performed by
trypsinization, and the number of population doubling times
(PDT) was monitored. For induction of premature senescence,
cells were treated with 500 nM doxorubicin (16).

Culture of mESCs

mESCs were maintained in DMEM with 15% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 mM nonessential amino acids,
100 mM b-mercaptoethanol, 100 U/ml leukemia inhibitory fac-
tor, 50 U/ml penicillin, and 50 mg/ml streptomycin on a mito-
mycin C–treated mouse embryonic fibroblast (MEF) feeder.
MEFs were isolated from E13.5 embryos and were maintained in
DMEM with 10% FBS, 50 units/ml penicillin, and 50 mg/ml
streptomycin. The medium was changed every day.

Preparation and concentration of mESC-CM

ESCs on the MEF feeder were transferred to 0.1% gelatin-coated
culture dishes and cultured in ESCmedium until reaching 80% to
90%confluence at 37°C in a 5%CO2 incubator. ESCs were washed
3 times for 10min each with Opti-Mem (Life Technologies, Grand
Island,NY,USA), then incubated inOpti-Memat 37°C for 24h.CM
was collected, centrifuged for 20 min at 5000 rpm, and filtered
through 0.22 mm bottle-top filters (Corning, Corning, NY, USA).
Concentrated CM (303) was prepared using Vivaspin 20 spin col-
umns with a 10 kDa cutoff according to the manufacturer’s in-
structions (Sartorius Stedim Biotech, Göttingen, Germany) (17).

Senescence-associated b-galactosidase staining

Senescence-associated b-galactosidase (SA-b-gal) activity in cells
was observed as previously reported (18). Images were collected

using a DMIL LED microscope (Leica, Wetzlar, Germany). The
total number of cells and blue cells were counted in a double-
blindmannerby 2 independent investigators, and thepercentage
of blue cells was calculated.

Cell proliferation analysis

HDFs were seeded at 23 104 cells per well in 6-well culture plates
and treated with or without CM for the indicated times. The cells
were then detached with trypsin-EDTA, and the number of cells
was determined by direct counting using a hemocytometer.

Cell cycle analysis

The cell cycle profiles were examined as previously described
(16). The intracellular propidium iodide fluorescence intensity
of each population of 10,000 cells was measured in each sample
using a flow cytometer (BD Biosciences, San Jose, CA, USA).

Reverse transcription PCR and real-time PCR

RNA was extracted from cells using Tri-RNA isolation reagent
(Life Technologies). PDGF receptor (PDGFR) a, PDGFR b, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were am-
plified fromcDNAwithgene-specificprimers (PDGFRa, forward:
ACATTGACCCTGTCCCTGAG, reverse: CGAGAGGCAACAC-
TGACAAA; PDGFR b, forward: TTGAGCAGTGTTGCCTCATC,
reverse: CCTCCAAAGCCTCATAGCAG; GAPDH, forward: CGAC-
CACTTTGTCAAGCTCA, reverse: AGGGGTCTACATGGCAA-
CTG). The levels of p21 and p53 mRNAs were measured by
real-time PCR using a SYBR Green PCR master mix and gene-
specific primers (p21, forward: GGCAGACCAGCATGACAG-
ATT, reverse: ATTAGGGCTTCCTCTTGGAGAAG; p53, forward:
CTGTCCCCGGACGATATTGA, reverse: CTGGCATTCTGGG-
AGCTTCA; p16, forward: CCCTCGTGCTGATGCTACTG, re-
verse: CCATCATCATGACCTGGTCTTCT; IL-6, forward:
TGAGGGCTCTTCGGCAAAT, reverse: CCAGAAGAAGGA-
ATGCCCATT; IL-1b, forward: CGAATCTCCGACCACCACTAC,
reverse: GCTTGTCCATGGCCACAAC) with a 7500 Real-Time
PCR system (Applied Biosystems, Foster City, CA, USA).

Western blot analysis

Western blot analysis was performed as in previous reports (15,
16) using antibodies to pRb, p53, p21, AKT, pAKT, ERK,
and pERK (Cell Signaling Technology, Danvers, MA, USA).
Antigen–antibody complexwas detected byWestern blot luminol
solution (Santa Cruz Biotechnology, Santa Cruz, CA,USA) with a
LAS-3000 image system (Fujifilm, Stamford, CT, USA).

Antibody array and ELISA

Proteins in mESC-CM were analyzed using an antibody array
(R&D Systems, Minneapolis, MN, USA) to detect the expression
of 53 angiogenesis-related proteins and 40 cytokines according to
themanufacturer’s protocol. PDGF-BB and FGF-2 secreted from
young and senescent cells weremeasured with thehuman PDGF-
BBandFGF-2QuantikineELISAkits (R&DSystems)according to
the manufacturer’s protocol.

In vitro cell migration assay

An in vitro wound-healing model was performed as previously
described (19). Multiple areas of the scratch wounds were pho-
tographed, and the reduction in wound area was measured by

(continued from previous page)
fetal bovine serum and mouse embryonic fibroblasts); CXCL,
chemokine (C-X-C motif) ligand; ESC, embryonic stem cell; FBS,
fetal bovine serum; FGF-2, fibroblast growth factor 2; FGFR, FGF
receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
H-CM, higher-activity conditioned medium; HDF, human dermal
fibroblast; IGFBP, insulin-like growth factor binding protein; L-CM,
lower-activity conditioned medium; MCP, monocyte chemotactic
protein; MEF, mouse embryonic fibroblast; mESC, mouse embry-
onic stem cell; PAI, plasminogen activator inhibitor; PDGF,
platelet-derived growth factor; PDGFR, PDGF receptor; PDT,
population doubling times; PlGF, human placenta growth factor;
SA-b-gal, senescence-associated b-galactosidase
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ImageJ 6.0 software (Image Processing and Analysis in Java;
National Institutes of Health, Bethesda, MD, USA).

In vivo wound-healing assay

Eight female ICRmice (6 to 8 wk old; Hyochang Science, Daegu,
Korea) were anesthetized, and 2 circular full-thickness wounds
6 mm in diameter were created on the backs of mice using a
standard skin biopsy punch. Concentrated CM (330) or control
mediumwasmixedwith growth factor–reducedBDMatrigel (BD
Biosciences) and spread on the wound bed. After 3 d, the con-
centrated CM or control medium was reinjected through Tega-
derm. Each wound region was photographed 7 d after surgery,
and the wound areas were calculated by ImageJ software. All ex-
perimental protocols were approved by the ethics committee of
Yeungnam University (YUMC-2013-016).

Histologic and immunohistochemical analysis

Wound sections were stained with hematoxylin and eosin for
general morphologic observations. To observe collagen deposi-
tion, the tissue sectionswere stainedwithMasson trichrome stain.
The slides were then incubated with smoothmuscle actin (1:250,
clone 1A4; Dako, Glostrup, Denmark) for 52 min at 37°C, then
with a primary monoclonal antibody against p53 (1:100; Novus
Biologicals, Littleton,CO,USA). Immunostainingwas performed
by anautomatic stainingprocedureusingBenchMarkXT(Roche
Diagnostics, Basel, Switzerland)with anUltraViewDABdetection
kit (Roche Diagnostics).

Immunofluorescence staining

Fixed cells were stained with primary antibodies against Ki67
(Abcam, Cambridge, MA, USA), followed by secondary anti-
bodies conjugated toAlexaFluor 546(LifeTechnologies).Nuclei
were stainedwith 100ng/mlDAPI. Images were captured using a
BX51 fluorescence microscope (Olympus, Tokyo, Japan). The
total number of cells and Ki67-positive cells were counted in a
double-blind manner by 2 independent investigators, and the
percentage of Ki67-positive cells was calculated.

Intracellular reactive oxygen species measurement

Intracellular reactive oxygen species levels were examined as
previouslydescribed(20).The intracellularH2-DCFfluorescence
intensity of at least 10,000cellswasmeasured ineach sampleusing
a flow cytometer (BD Biosciences).

Statistical analysis

Quantitative data are expressed as the means 6 SEM of 3 in-
dependent experiments. Statistical analyses were performed by
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA), and
significant differences between groups were identified by 1-way
ANOVA and Tukey’s post hoc test. A value of P , 0.05 was con-
sidered statistically significant.

RESULTS

Antisenescence effects of mESC-CM on
senescent HDFs

We collected medium under 2 different culture condi-
tions. Conditioned medium 1 (CM1) was obtained from

ESCs maintained on MEF feeder and ESC medium with
FBS and other supplements. Conditioned medium 2
(CM2) was collected from ESCs in Opti-Mem without
feeder, FBS, or other supplements (Fig. 1A). The cor-
responding control media (C1 and C2) were collected
under the same conditions withoutmESCs (Fig. 1A).We
examined the effects of CM1 and CM2 on early senes-
cence cells of a replicative early senescent HDF model
(21, 22), which has frequently been used for cellular
senescence studies (8, 16). Treatment of senescent
HDFs with CM1 and CM2 decreased SA-b-gal activity,
an indicator of cellular senescence (Fig. 1B, C), and
significantly increased cell proliferation compared to
nontreated or control medium–treated cell (Fig. 1D).
We have used only CM2 for the rest of our investigation
to define ESC-specific secretory factors excluding po-
tential contamination from FBS andMEFs (17, 23), and
we again confirmed its inhibitory activity to SA-b-gal
staining in senescent HDFs (Fig. 2A, B).

To explore the role of CM in the cellular senescence
process, we used 2 different cellular senescence mod-
els in HDFs: replicative senescence and doxorubicin-
induced premature senescence (16) (Supplemental
Fig. 1). Because both senescent HDF models comprise
a heterogeneous population, we further defined 2
subgroups of cells in bothmodels according to their SA-
b-gal staining activity and PDT (24, 25); early and late
senescence cells (early senescence, shorter PDT and
lower SA-b-gal activity; late senescence, longer PDT
and higher SA-b-gal activity) (Supplemental Fig. 1).
CM2 treatment increased proliferation marker Ki67-
positive cell numbers of early senescence cells of the
replicative model (Fig. 2C, D). Flow cytometry–based
cell cycle analysis revealed that CM2 treatment dra-
matically increased the S and G2/M phase cell pop-
ulation, whereas it reduced the G0/G1 phase (Fig. 2E).
CM2 treatment also increased cell proliferation (Fig.
2F). In addition to a proliferative promoting effect,
we evaluated the expression of senescence-associated
molecules p53 and p21, and we found a reduction in
mRNA and protein expression levels (Fig. 2G, H).
Similar effects were also observed in the early senes-
cence cells of the doxorubicin-induced premature se-
nescence model (Supplemental Fig. 2). To validate the
antisenescence activity of CM2, we collected CM from
MEFs in Opti-Mem and measured antisenescence ac-
tivity. CM fromMEFs showed no antisenescence activity,
which was confirmed by cell proliferation analysis, SA-
b-gal assay, and cell cycle analysis (Supplemental Fig. 3).

Because the cell population under the replicative se-
nescence model is generally heterogeneous and may
contain nonsenescence cells (24), we next examined the
effects of CM2 on the late senescence cells (longer PDT
and higher SA-b-gal activity) where the cells are more
homogeneous with senescence cells. Interestingly,
while CM2 treatment decreased SA-b-gal staining ac-
tivity, it did not increase cellular proliferation in the late
senescence cells (Supplemental Fig. 4). Similar effects
were also observed in the doxorubicin-induced late
senescence cells (16) (Supplemental Fig. 5). Taken
together, the data demonstrate an antisenescence ef-
fect of CM2 on both the replicative and premature se-
nescence models.
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Analysis of proteins in ESC-CM by antibody array

To identify putative factors to mediate antisenescence ac-
tivity of CM2 on cellular senescence, we conducted an
antibody array analysis (26) for CM2. Interestingly, we
found distinct antisenescence effect of CMs in different
collection batches of higher and lower activity (H-CM and
L-CM, respectively) (Fig. 1A; Fig. 3A, B), which was likely
due to their ESC status (e.g., passage number). Therefore,
we expected potential candidate molecules to show a cor-
relation between the antisenescence activity and quantity
in the antibody array. Indeed, we found that several se-
creted molecules showed differences in dosage between
H-CM and L-CM. Specifically, the levels of PDGF-AA,
PDGF-BB, monocyte chemotactic protein 1 (MCP) 1, pla-
centa growth factor (PlGF) 2, chemokine (C-X-C motif)
ligand (CXCL) 16, and insulin-like growth factor bind-
ing protein (IGFBP) 9 were higher in H-CM than L-CM,
while the levels of plasminogenactivator inhibitor (PAI) 1,

IGFBP-3, CXCL-10, and CXCL-1 were lower (Fig. 3C, D,
Supplemental Fig. 6).

Antisenescence effect of PDGF-BB in ESC-CM

Because the levels of PDGF-AA and PDGF-BB differed
greatly between H-CM and L-CM, and because the PDGF
signaling pathway has been implicated in an aging-
associated reduction in proliferative and self-renewal ca-
pacity (27–29), we evaluated whether PDGF signaling had
an antisenescence activity in our model. We examined the
expression of receptors for the PDGF ligands, PDGFR-a
and -b, and measured their mRNA expression in both the
nonsenescent and senescent HDFs (Supplemental Fig.
7A). PDGF-BB treatment significantly reduced SA-b-gal
activity in senescent HDFs (Fig. 4A, B) and increased cell
proliferation (Fig. 4C) in a dose-dependent manner.
PDGF-BB treatment decreased G0/G1 cells while it

Figure 1. Preparation and optimization of mESC-CM. A) Experimental strategy for preparation and optimization of CM. B, C)
Effects of CM1 or CM2 on SA-b-gal activity staining (B) and percentages of SA-b-gal-positive cells (C). D) Effects of CM1 or CM2
on cell proliferation. Values are means 6 SEM. Figures are representative of 3 independent experiments. S, senescent cells; NT,
no treatment. *P , 0.05, **P , 0.01.
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increased the S and G2/M population (Fig. 4D). PDGF-
BB treatment decreased the expression levels of p53,
p21, and p16 mRNAs and proteins (Supplemental Fig.
8A, B). In addition, PDGF-BB treatment reduced the
levels of IL-6 and IL-1bmRNAs and the reactive oxygen
species levels, which are known to increase in cellular
senescence (1, 3) (Supplemental Fig. 8C, D). PDGF-AA
had fewer effects on cellular senescence than PDGF-BB
despite its higher expression level (Supplemental Fig.
7B–D). The data suggest that the antisenescence effect
of H-CM is mediated through PDGF-BB signaling. To

confirm the PDGF-mediated antisenescence effects, we
treated cells with sunitinib, a well-known PDGFR an-
tagonist (29), before H-CM treatment. Sunitinib treat-
ment diminished the effects of H-CM on cellular
senescence (SA-b-gal activity), proliferation, and cell
cycle progression (Fig. 4E–H). In addition, a neutraliz-
ing antibody against PDGF also diminished the effects of
H-CM (Fig. 4I, J). Taken together, our data strongly
suggest that the antisenescence effects of H-CM on se-
nescent HDFs are mediated by the ESC-derived PDGF
signal pathway.

Figure 2. Antisenescence effects of CM2 on replicative early senescent HDFs. A, B) SA-b-gal activity staining (A) and percentages
of SA-b-gal-positive cells (B). C, D) Ki67 immunostaining and percentage of Ki67-positive cells. Cells were stained with Ki67
antibody (red) and DAPI (blue). E) Cell cycle analysis by flow cytometry. F) Cell proliferation measured by cell counting. G)
Expression levels of p53 and p21 mRNA by real-time PCR. H) Expression levels of p53, p21, and pRb proteins by Western blot
analysis. Values are means 6 SEM. Figures are representative of 3 independent experiments. Y, nonsenescent cells; S, senescent
cells; NT, no treatment; R, 500 nM rapamycin; C, control medium. *P , 0.05, **P , 0.01.
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Involvement of FGF-2 in PDGF-BB-mediated
antisenescence activity

We further analyzed a downstream effector in the PDGF-
mediated antisenescence effect on cellular senescence.
Because PDGF-BB is known to up-regulate FGF-2 ex-
pression in human fibroblasts (30) and promotes an-
giogenesis and morphogenesis through FGF-2 (31, 32),
we investigated potential interactions between FGF-2 and
PDGF-BB signals. Indeed, we found that FGF-2 expression
was increased by PDGF-BB and was blocked by sunitinib
treatment (Fig. 5A), clearly demonstrating the FGF-2-
inducing effect of the PDGF-BB signal in HDFs. We next
examined whether FGF-2 is the ultimate effector signal
pathway of the antisenescence effect of CM. To investigate
the key role of the FGF-2 signal, we treated cells with
recombinanthumanFGF-2proteinandevaluated its effects.
Indeed, FGF-2 treatment recapitulated the antisenescence
effect in senescent HDFs (Supplemental Fig. 9A–D). We
confirmed this observation by demonstrating that the anti-
senescence effect of FGF-2 is completely blocked by a
treatmentwith theFGFreceptor(FGFR)antagonist SU5402
(32, 33) (Supplemental Fig. 9E–H). To clarify the hierar-
chical relationship between PDGF-BB and FGF-2, we ex-
amined the antisenescence effects of PDGF-BB and/
or FGF-2 in combination with either! sunitinib (PDGFR

antagonist) or SU5402 (FGFR antagonist). While the
antisenescence effects of PDGF-BB were inhibited by
both sunitinib and SU5402, the effects of FGF-2 were only
repressedby SU5402but not sunitinib (Fig. 5B–D).These
findings indicate that FGF-2 might be the ultimate
downstream effector protein in the PDGF-mediated
H-CM restoration effect on cellular senescence.

We further analyzed the levels of PDGF-BB and FGF-2 in
young and senescent cells by ELISA. There were no differ-
ences in the levels of PDGF-BB and FGF-2 proteins secreted
from young and senescent cells (Supplemental Fig. 10A).
Because PDGF-BB and FGF-2 were secreted from young and
senescent cells, we measured effects of sunitinib and SU5402
on cellular senescence in young and senescent cells. Treat-
ment with sunitinib and SU5402 increased SA-b-gal activity
and decreased cell proliferation (Supplemental Fig. 10B–D),
suggesting that the blockage of PDGF or FGF signaling accel-
erates cellular senescence in both young and senescent cells.

Effects of ESC-CM on cell migration and in vivo
wound-healing assay

Delaying the wound-healing process is a common manifes-
tation of aged individuals that is associated with combinato-
rial defects in angiogenesis, epithelial regeneration,
and dermal cell migration and proliferation (34, 35). As

Figure 3. Analysis of proteins in CM using angiogenesis associated protein antibody arrays. A, B) Effects of H-CM and L-CM on SA-
b-gal activity: staining (A) and percentages of SA-b-gal-positive cells (B). C) Comparison of antibody array images between H-CM and
L-CM. D) Quantitative profiles of protein levels on antibody array. Values are means 6 SEM. Figures are representative of 3
independent experiments. C, control medium. *P , 0.05, **P , 0.01.

EFFECT OF mESC CONDITIONED MEDIUM 1281

Downloaded from www.fasebj.org by (2001:388:608c:4800:e578:c55:a347:3276) on September 12, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 1276-1286.



H-CM restored the profound proliferation potential
on dermal fibroblasts, it may have contributed to the cuta-
neouswound-healingprocess (36).Therefore,weexamined

whether H-CM treatment had beneficial effects on the
skin wound-healing process. To accomplish this, we con-
ducted an in vitro cell migration assay (37) and an in vivo

Figure 4. Antisenescence effects of recombinant human PDGF-BB protein on replicative early senescent HDFs. A–D) Effects of PDGF-
BB on cellular senescence in senescent HDFs were observed. A) SA-b-gal activity staining. B) Percentages of SA-b-gal-positive cells. C)
Cell proliferation measured by cell counting. D) Cell cycle analysis by flow cytometry. E–H) Effects of sunitinib, PDGFR antagonist, on
H-CM-mediated restoration of senescent HDFs were investigated. E) SA-b-gal activity staining. F) Percentages of SA-b-gal-positive cells.
G) Cell proliferation measured by cell counting. H) Cell cycle analysis by flow cytometry. I, J) Effects of neutralizing antibody against
PDGF (anti-PDGF) on H-CM induced antisenescence effects of senescent HDFs. I) SA-b-gal activity staining. J) Percentages of SA-
b-gal-positive cells. Values are means 6 SEM. Figures are representative of 3 independent experiments. St, sunitinib; NT, not treated.
*P , 0.05 (B, C, F, J). *P , 0.05, **P , 0.01 vs. NT; ¥P , 0.05, ¥¥P , 0.01 vs. CM treatment (D, H).
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skin wound-healing analysis (38, 39). H-CM treatment en-
hancedcellularmigration in adose-dependentmanner (Fig.
6A, B). Additionally, H-CM treatment improved the healing
process of a full-thickness excisional skin wound-healing
model, showing a nearly 90% reduction in the wounded
areas compared to the initial wound area, while an 82% re-
duction was observed in the nontreated wounds (Fig. 6C, D).
Histologic and immunostaining analyses of the wounded
areas demonstrated that H-CM treatment enhanced
reepithelialization (thickness of epithelium and Ki67-positive
epithelial cell numbers) (Fig. 6E–G) and dermal collagen
synthesis and regeneration (blue area inMasson trichrome
anda-smoothmuscle actin immunoreactivity, respectively)
(Fig. 6E), whereas it decreased the expression level of the
p53 protein (Fig. 6E). Taken together, these data indicate
that H-CM accelerates the skin wound-healing process by
reducing age-associated dermal p53 expression and in-
creasing epithelial and dermal cell proliferation and der-
mal collagen synthesis.

DISCUSSION

The present study demonstrated that mESC-CM has
antisenescence activity in the replicative and premature

senescence models of HDFs. Specifically, they decreased
SA-b-gal activity; enhanced proliferative potential (in-
creases in cell population of S and G2/M phase and
Ki67-positive cell number); and reduced p53 and p21
expression. We further attempted to identify putative
factors that mediate the antisenescence activity of CM
and found that PDGF-BB exerted antisenescence effects
via the up-regulationof FGF-2 in senescentHDFs. Finally,
we confirmed that mESC-CM accelerated migration and
proliferation of HDFs in vitro and enhanced cutaneous
healing through epithelial and dermal regeneration ca-
pacity. To our knowledge, this is the first report showing
that mESC-CM exerts antisenescence activity through a
PDGF-BB/FGF signal pathway.

We considered that early senescent cells rather than late
senescent cells might contribute to the antisenescence ef-
fects of mESC-CM on cellular senescence because the cell
populationduring replicative senescence is heterogeneous
(24) and the proliferation of pre- or nonsenescent cells in
response to mESC-CM might decrease the percentage of
SA-b-gal-positive cells. Therefore, we tried to confirm the
effects ofmESC-CM in late senescent cells with longer PDT
and higher SA-b-gal activity. While mESC-CM reduced
SA-b-gal activity in both early and late senescent cells, cell

Figure 5. Involvement of FGF in PDGF-mediated antisenescence effects. A) Real-time PCR analysis for FGF-2 level induced by PDGF-BB
with or without sunitinib. B–D) Effects of sunitinib or SU5402 on PDGF-mediated antisenescence activity were analyzed. B) SA-b-gal activity
staining. C) Percentages of SA-b-gal-positive cells. D) Cell cycle analysis by flow cytometry. Values are means 6 SEM. Figures are
representative of 3 independent experiments. St, sunitinib; Su, SU5402; PB, recombinant human PDGF-BB protein. *P, 0.05, **P, 0.01
(A, C). *P , 0.05, **P , 0.01 vs. NT; ¥P , 0.05, ¥¥P , 0.01 vs. PDGF-BB treatment; §P , 0.05, §§P , 0.01 vs. FGF-2 treatment (D).

EFFECT OF mESC CONDITIONED MEDIUM 1283

Downloaded from www.fasebj.org by (2001:388:608c:4800:e578:c55:a347:3276) on September 12, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 1276-1286.



proliferation was increased only in early senescent cells.
Similareffectswerealsoobserved inadoxorubicin-induced
early and late senescencemodel. These results suggest that
the antisenescence effect ofmESC-CMmight not be due to
the proliferation of pre- or nonsenescent cells in response
to mESC-CM.

Althoughdirect replacementof stemcells in aged tissues
might be a promising strategy for aging intervention, the
availability of adult stem cells and the formation of tumor
or teratoma from ESCs limit their therapeutic application
(11, 40). Instead of using stem cells themselves, studies
have shown that factors from stem cells or ESCs represent
an alternative for aging intervention in variousmodels (40,
41). Circulating factors in young mice have a remarkable

capability to alter cellular fate and restore even aged tissues
in various age-related disease models, further supporting
the therapeutic potential of secretory factors derived from
stem cells or young animals in aging intervention and age-
related diseases (1, 4–7).

Inagreementwithprevious studies (40, 41),ourfindings
alsodemonstratedanovel therapeutic potential for theuse
of mESC-CM to treat diverse age-related disorders on the
basis of its antisenescence activity. Although previous
studies demonstrated the beneficial effects of several se-
cretory factors, their identity and underlying molecular
pathways have yet to be elucidated. Therefore, we further
sought to identify putative factors mediating the anti-
senescence activity of mESC-CM. We collected CM from

Figure 6. Enhanced wound-healing process by antisenescence activity of H-CM. A, B) In vitro wound-healing analysis of H-CM: images (A)
and percentage of scratch wound area (B). C, D) In vivo wound-healing analysis of H-CM: images (C) and percentage of d 0 wound area (D).
E) Histologic and immunohistochemical analyses of wound areas. Arrowheads indicate Ki67-positive cells in epidermis. F) Quantitative profiles
of epithelial thickness in hematoxylin and eosin staining. G) Percentage of Ki67-positive cell numbers. Values are means 6 SE. Figures are
representative of 3 independent experiments. Ep, epidermis; Der, dermis; Adi, adipose tissue; Con, control medium. *P , 0.05, **P , 0.01.
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mESCsmaintained inmedia without FBS or feeder layers to
avoid contamination of serum factors and secretory factors
from MEFs. Interestingly, we found H-CM with high and
L-CM with low antisenescence activity, respectively. This
differential activitymay be due to the number of passages of
the mESCs because this has been reported to affect their
developmental potential (42) and pluripotency (43). On
thebasisof theantibodyarrayanalysis,we selectedPDGF-AA
and -BB as putative factors mediating the antisenescence
activityofmESC-CM.PDGFsignalinghasbeen implicated in
age-associated cellular senescence inmultiple cell types (28,
29). The expression of PDGFR-a decreased in b cells in
mice and humans with age, and PDGF-AA treatment res-
cued the age-dependent declineofb-cell proliferation (29).
PDGF-AB was down-regulated in bone marrow cells
obtained from old mice relative to young mice, and PDGF-
AB treatment restored the cardiac differentiation capacity
of the senescent bone marrow cells (28). In our study, we
found that PDGF-BB, despite an expression lower than
PDGF-AA, has greater antisenescence activity in the repli-
cative senescencemodel of HDFs. This might be due to the
higher expression level of PDGFR-b than that of PDGFR-a
in HDFs and the strong binding affinity of PDGF-BB to all 3
types of receptor dimer (PDGFR-aa, -bb, and -ab) (31).

We found that FGF signaling is a downstream mediator
of PDGF-BB for antisenescence activity of mESC-CM.
PDGF-BB has been reported to up-regulate FGF-2 in hu-
man fibroblasts (44). FGF-2 has also been shown to pro-
mote cell proliferation, chemotaxis, tube formation, and
angiogenesis (33, 35). We found that SU5402, an FGFR
antagonist, inhibited the activities of PDGF-BB as well as
FGF-2, while sunitinib (a PDGFR inhibitor) blocked the
effects of PDGF-BB but not FGF-2. These data suggest that
FGF-2 induced by PDGF-BB is involved in the anti-
senescence activity of mESC-CM. Intriguingly, similar
antisenescence activity of epidermal growth factor has
been reported (45).Althoughwedidnot detect epidermal
growth factor in our CM, it would be of interest to in-
vestigate whether there is potential interaction between
epidermal growth factor and PDGF/FGF-2 pathways.

Antibody array analysis revealed that the levels of PDGF-
AAand -BBaremarkedlyelevated inH-CMrelative toL-CM.
In contrast, the levels of IGFBP-3 and PAI-1 were lower in
H-CMthan inL-CM. IGFBP-3 andPAI-1were reported tobe
up-regulated during cellular senescence and to accelerate
senescence phenotypes in human cells (15, 46, 47). There-
fore, the differential activities between H-CM and L-CM
might be attributed to different levels of prosenescence
and antisenescence factors in the medium. Although
antibody arrays provide better detection for proteins with
very lowconcentrations (10–20 fmol) inCM, it is limitedby
the availability of antibodies to detect secreted proteins.
Therefore, comprehensive secretome profiling (26) with
integrated bioinformatics analysis should be conducted in
future studies to identify novel CM-derived factors.

Becausewe treatedhumanprimary cellswithmESC-CM,
xenocontamination would be a critical issue for clinical
application. Therefore, the evaluation of antisenescence
activity of human ESC-CM or CM from human-induced
pluripotent stem cells would be necessary for developing
novel therapeutics for aging intervention and age-
associated diseases. Indeed, CM from human ESC–
derived endothelial precursor cells has been shown to

contain FGF-2, PDGF-AA, PDGF-AB/BB, and MCP-1
(37), suggesting that human ESC-CMmight also possess
antisenescence activity.

Dermal fibroblasts play a critical role in wound healing
bydepositing theextracellularmatrix and secretinggrowth
factors (48). Fibroblasts typically have a lifespan of 60 to 70
population doublings in vitro; however, fibroblasts isolated
fromchronicwoundshavebeen showntohaveadecreased
replicative ability, which represents cellular senescence
(34). Fibroblast senescence is increased in chronic wound
areas of venousulcers, which contributes todelayedwound
healing (34–36). PDGF treatment partially accelerated
wound healing induced by ischemic incision in aged rab-
bits, but not in young animals (27). Wound healing de-
clined in aged mice, and down-regulation of FGFs and
their receptors might be involved in delayed wound heal-
ing in aged mice (49). Therefore, our finding that mESC-
CM accelerates not only in vitro scratch wound healing
using senescent HDFs but also in an in vivo excisional
wound-healing model indicates that CM might be appli-
cable for the treatment of chronic wound healing.
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