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Abstract Human adipose-derived stem cells (hASCs)

become an appealing source for regenerative medicine.

However, with the multi-passage or cryopreservation for

large-scale growth procedures in terms of preclinical and

clinical purposes, hASCs often reveal defective cell via-

bility, which is a major obstacle for cell therapy. In our

study, the effects of induced pluripotent stem cells-derived

conditioned medium (iPS-CM) on the proliferation and

anti-apoptosis in hASCs were investigated. hASCs at pas-

sage 1 were identified by the analysis of typical surface

antigens with flow cytometry assay and adipogenic and

osteogenic differentiation. The effect of iPS-CM on the

proliferation in hASCs was analyzed by cell cycle assay

and Ki67/P27 quantitative polymerase chain reaction

analysis. The effect of iPS-CM on the anti-apoptosis of

hASCs irradiated by 468 J/m2 of ultraviolet C was

investigated by annexin v/propidium iodide analysis,

mitochondrial membrane potential assay, intracellular

reactive oxygen species assay, Western blotting and cas-

pase activity assays. The effect of iPS-CM on the surface

antigen expressions of hASCs was analyzed using flow

cytometry assay. The levels of Activin A and bFGF in

culture supernatant of hASCs with different treatments

were also detected by enzyme-linked immunosorbent

assay. iPS-CM promoted proliferation and inhibited apop-

tosis of hASCs. This discovery demonstrates that iPS-CM

might be used as one of the available means to overcome

the propagation obstacle for hASCs and make for large-

scale growth procedures in terms of preclinical and clinical

purposes.

Keywords iPS-CM � Proliferation � Apoptosis � hASCs �
Activin A � bFGF

Introduction

Human adipose-derived stem cells (hASCs) were isolated

from adipose tissues, which were obtained in high yields by

minimally invasive liposuction techniques [1]. They had

the potential to differentiate into many types of cells [2].

There were a large number of literatures which had

described the trophic effects of hASCs on the protection,

survival, differentiation of endogenous cells/tissues, and

immuno-modulatory property owing to their secretome and

soluble factors [3]. Given that adipose tissues are easily

accessible, hASCs become an appealing source for autol-

ogous cell transplantation [4]. Besides, hASCs could avert

the clinical obstacles of potential immunological rejection

and tumorigenesis, respectively, compared to embryonic

stem cells (ESCs) and induced pluripotent stem cells
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(iPSCs) [5]. Recently, much attention has been focused on

clinical application of hASCs in the fields such as regen-

erative medicine, soft tissue reconstruction, and cosmetic

surgery [6]. However, with the multi-passage or cryop-

reservation for large-scale growth procedures in terms of

preclinical and clinical purposes, hASCs often reveal

defective cell viability, which is a major trouble for stem

cell therapy [7].

iPSCs are a type of pluripotent stem cell that can be

generated directly from adult cells [8–10]. iPSCs share

the features of ESCs that were capable of self-renewal

and differentiation into three germ layers [11]. iPSCs

could address immune rejection and ethical issues of the

autologous cell transplantation. iPSCs also offered an

attractive approach to disease model, pharmaceutical

screening, toxicology research, and so on [12, 13]. Con-

ditioned medium could affect cell functions via biologi-

cally active components. It was reported that secretome

such as basic fibroblast growth factor (bFGF), nerve

growth factor (NGF), stem cell factor (SCF), hepatocyte

growth factors (HGF), vascular endothelial growth factor

(VEGF), insulin-like growth factor (IGF-1), and brain-

derived neurotrophic factor (BDNF) could be secreted in

supernatant of cultured stem cells, which could encourage

the growth of other cells [14–16]. Zhang et al. demon-

strated that iPSCs-derived conditioned medium (iPS-CM)

could promote proliferation by attenuating G1 phase

arrest of cell cycle and suppress apoptosis by inhibiting

p53/p21 and p16/pRb pathways in H9C2 cells [17]. Neel

and Singla [18] found that iPS-CM would decrease the

number of cardiac apoptotic nuclei in the streptozotocin

of diabetic cardiomyopathy (SIDC) rat model. Li et al. [9]

reported that iPS-CM potentially restored the bronchial

microstructure in acute lung injury (ALI). Zhang et al.

[19] mentioned that iPS-CM contributed to recovery from

the effect of endotoxin-induced ALI in mice. The above

studies showed that iPS-CM stimulated cell proliferation

and protected them from apoptosis. The stimulating pro-

liferation and anti-apoptosis from iPS-CM were the result

of cytokines secretion, which were generally safe and

would not produce tumors [17–19].

In this research, we investigated the influence of iPS-

CM on the proliferation and the ultraviolet C (UVC)-in-

duced apoptosis of hASCs, and evaluated the effect of iPS-

CM on differentiation potential and marker gene expres-

sion in hASCs. Moreover, the levels of bFGF and Activin

A in supernatant of hASCs with or without iPS-CM treat-

ment were also detected. The main purpose of this study

was to explore new way to improve the activity and growth

state of apoptotic hASCs. We hoped that the treatment with

iPS-CM would promote the application of hASCs in

regenerative medicine and tissue engineering.

Materials and methods

Materials

hASCs were cultured in a traditional medium including

Low-Glucose Dulbecco’s Modified Eagle’s Medium

(DMEM), 100 U/ml penicillin/streptomycin, and 10 %

fetal bovine serum (FBS, Gibco, USA), which was abbre-

viated as DMEM-LG. Unless otherwise stated, all the other

reagents were from Sigma (St. Louis, MO, USA). Matrigel,

Y-27632, and fluorescein isothiocyanate (FITC/PE)-con-

jugated monoclonal antibodies including CD29, CD34,

CD44, CD45, CD59, CD105, and HLA-DR were pur-

chased from BD Bioscience (Franklin Lakes, NJ, USA).

Adipogenic and osteogenic differentiation culture mediums

were purchased from Biowit Technologies (Shenzhen,

China). Alizarin red S staining solution was purchased

from Merk (New Jersey, USA). mTeSR1 medium and

trypsin–EDTA were purchased from StemCell (Vancouver,

BC, Canada). Cell counting kit-8 (CCK-8) was bought

from BestBio (Shanghai, China). TRIzol and reverse-

transcriptase reagents kit were bought from Life Tech-

nologies (NY, USA). Primers were synthesized by Life

Technologies (Shanghai, China). ABI Prism 5,59,6,69-te-

trachloro-1,19,3,39-tetraethylbenzimi-dazolylcarbocyanine

iodide (JC-1) assay kit, cell cycle kit, and annexin v-FITC/

propidium iodide (PI) apoptosis detection kit were bought

from KeyGEN BioTECH. Co.,LTD (Nanjing, China). The

fluorescence dye 2070-dichlorofluorescin diacetate (DCFH-

DA) assay kit was got from Qcbio Science & Technologies

(Shanghai, China). Caspase-3 and caspase-9 activity assay

kit were got from Beyotime Institute of Biotechnology

(Haimen, China). Enzyme-linked immunosorbent assay kit

was got from Chemicon International, Inc (Temecula, CA,

USA) (Table 1).

Ethics statement

Subcutaneous adipose tissues were harvested from six

healthy female donors with a mean age of 35-year old

carrying out liposuction. Written informed consent was

obtained from all study participants, and the documents of

participant consent are preserved in each patient’s medical

casebook. The study protocols were approved by the

institutional ethical review board of First Affiliated

Hospital of Jinan University and carried out according to

the principles of the Declaration of Helsinki.

Isolation and culture of hASCs

The fresh adipose tissues were instantly washed 5 times

with sterile phosphate-buffered saline (PBS) (137 mM
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NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2

PO4, pH 7.4) to remove the debris of blood vessels and

connective tissues, and then were transferred into DMEM

containing 0.1 % type I collagenase and incubated for

40 min at 37 �C shaking table. Then cells were centrifuged

(3009g, 8 min), and the supernatant was removed. After

that, cells were resuspended in 0.3 % NaCl for 10 min and

subsequently centrifuged at 3009g for 5 min again. The

suspension was filtered through 100-lm nylon membrane.

The cells at the concentration of 1 9 104 cells/ml were

directly seeded into a 25 cm2 plastic culture flask and

incubated at 37 �C, 5 % CO2 incubator. The culture med-

ium was changed twice a week. Cells were passaged every

week by 0.25 % trypsinization.

Flow cytometry assay for cell surface antigens

Flow cytometry assay was performed according to the

reported method with minor modification [20]. Briefly,

hASCs with iPS-CM or without iPS-CM treatment were

harvested using 0.25 % trypsin–EDTA and centrifuged at

3009g for 10 min. Then cells were resuspended with PBS.

The total of 3 9 105 hASCs were darkly incubated for

30 min with FITC/PE-conjugated monoclonal antibodies:

CD29, CD34, CD44, CD45, CD59, CD105, and HLA-DR.

Then cells were washed with PBS for 3 times, centrifuged

(4009g, 5 min), and suspended in 200 ll PBS. CD surface

antigens were analyzed on a FACS Calibur flow cytometer

(Becton–Dickinson, Franklin Lakes, NJ, USA).

Adipogenic differentiation in vitro

Adipogenic induction of hASCs was followed the reported

procedure with slight modification [21]. Briefly, cells at P2

were obtained using 0.25 % trypsin–EDTA and then

seeded at the density of 5 9 104 cells/ml in a 6-well plate.

At 90–100 % confluence, the medium was replaced with

adipogenic differentiation culture medium. The medium

was changed every 3 days. The staining of Oil red O

solution was conducted at day 14. Cells were washed twice

with PBS and fixed in 4 % formaldehyde for 10 min at

room temperature, and then washed with PBS twice again.

Staining for accumulated cytoplasmic lipid droplets was

conducted with filtered Oil red O solution for 30 min at

37 �C, 5 % CO2 incubator. Finally, cells were washed

twice again with PBS and then photographed under an

inverted microscope (Olympus, Tokyo, Japan).

Osteogenic differentiation in vitro

Osteogenic induction of hASCs was performed according

to a reported method with minor modifications [21].

Briefly, cells at P2 were obtained using 0.25 % trypsin–

EDTA and then seeded at the density of 5 9 104 cells/ml

in a 6-well plate. At 70–80 % confluence, the medium was

replaced with osteogenic differentiation culture medium.

The medium was changed every 3 days. Alizarin red S

staining was implemented at day 21. Cells were washed

twice with PBS and fixed with 4 % formaldehyde for

15 min, and then washed with PBS twice again. Staining

for calcium deposit was conducted with filtered 0.2 %

Alizarin red S solution for 30 min at 37 �C, 5 % CO2

incubator. Lastly, cells were washed 3 times with PBS and

then photographed using an inverted microscope.

The culture of iPSCs and preparation of iPS

supernatant

Human iPS cell line was obtained from Guangzhou Insti-

tute of Biomedicine and Health, Chinese Academy of

Table 1 List of primers
Primers Sequences (50–30) Product length (bp) GeneBank number

Ki67 -F GCTGGGGCAGGTTCTTAGTT 173 NM_001145966.1

Ki67 -R TGGCTGGTCACTGGGATAGA 173 NM_001145966.1

P27-F GTTCACGATGTCCGACGAGG 156 NM_002813.6

P27-R ATGCCTTTTTGGCTTTCCAGC 156 NM_002813.6

CD13-F TGGCCACTACACAGATGCAG 145 NM_001150.2

CD13-R CCGCGCGGAAAAGATGAAT 145 NM_001150.2

CD29-F GGAGTCGCGGAACAGCA 121 NM_002211.3

CD29-R AGCAAACACACAGCAAACTGAA 121 NM_002211.3

CD44-F GAAGAAAGCCAGTGCGTCTC 110 NM_001001391.1

CD44-R AAATAATCGGGGCTGCCAGG 110 NM_001001391.1

CD90-F CTCCAGGCCACGGATTTCAT 202 NM_006288.3

CD90-R GCGTGGACGTGGGTAGATAA 202 NM_006288.3

GAPDH-F GCGCTCACTGTTCTCTCCCTC 318 NM_001289746.1

GAPDH-R ATCGCCCCACTTGATTTTGGA 318 NM_001289746.1
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Sciences. These iPSCs were generated from the umbilical

cord matrix and amniotic membrane mesenchymal cells by

transducting retroviral factors, embracing Oct4, Sox2,

c-Myc, and Klf4 as previously described [22]. iPSCs were

cultured according to the previous protocols [23, 24].

Briefly, the dishes were coated with 1 % Matrigel half an

hour in advance, and then iPSCs were cultured in mTeSR1

medium in a 37 �C incubator of 5 % CO2. They were

subcultured every 6 days with 0.05 % trypsin–EDTA at

37 �C for 5 min, and then they were seeded onto 1 %

Matrigel-coated culture plate. The ROCK inhibitor

Y-27632 (10 mM) was added to each well for the first day

after each passage. They demonstrated positive gene

expressions including Sox2 and Oct4, and positive protein

expressions such as Nanog, SSEA-4, and TRA-1–60 [22–

24]. iPS supernatant was derived by collecting the medium

from iPSCs cultured in mTeSR1 medium every 24 h. The

collected medium was filtered (0.22 lm) to remove dead

cells and stored at -80 �C for at least 2 weeks. iPS-CM

was iPS supernatant mixed with DMEM-LG at a ratio of

1:2.

CCK-8 assay

Cell counting kit-8 (CCK-8) was used to detect the pro-

liferation of hASCs with different treatments. Briefly,

100 ll of 1 9 105 cells/ml were plated into each well of

96-well plates. Then cells were treated with different

mediums. Then cells were incubated for 48 h at 37 �C, 5 %

CO2 incubator. Subsequently, the each well was supple-

mented with 10 ll CCK-8 solution and incubated for 4 h at

37 �C. At last, the absorbance at 450 nm was measured

with a microplate reader (Thermo, MA, USA).

Semiquantitative reverse transcription PCR (RT-

PCR) assay and quantitative real-time PCR (qPCR)

Total cellular RNA was extracted from hASCs in DMEM-

LG (control medium) and iPS-CM (conditioned medium)

using TRIzol, and the concentration of RNA was quantified

by measuring OD at 260 nm. cDNA was synthesized using

an reverse-transcriptase reagent kit according to the man-

ufacturer’s instructions. The cDNA (1 lg) was synthesized
for RT-PCR of CD90, CD44, CD29, CD13, and GAPDH

genes. The mixture was denatured at 94 �C for 2 min, then

amplified for 40 cycles (94 �C, 30 s; 59 �C, 30 s; 72 �C,
30 s) using an authorized thermal cycler (Eppendorf,

Hamburg, GER). Finally, 6 ll of PCR product and 2 ll of
69 loading buffer were mixed and electrophoresed in a

2 % agarose gel. Gels were photographed and scanned.

Total cDNA was used to perform qPCR to analyze the

expression levels of GAPDH, CD90, CD44, CD29, CD13,

Ki67, and P27 genes using the ABI Prism 7500TM

instrument (Applied Biosystems, Shanghai, China). The

reaction mixture consisted of 10 ll SYB Green Mix, 1 ll
forward, 1 ll reverse primers, 1 lg diluted cDNA and 3–

6 ll ddH2O. The reaction process was 95 �C for 2 min,

followed by 40 cycles of 95 �C for 10 s, 59 �C for 30 s.

GAPDH gene was used as the internal control. The quality

of PCR amplification of each sample was calculated

according to the 2�DDCt method.

Cell cycle assay

hASCs at P2 were planted in a 6-well plate at a density of

2 9 105 cells/ml and incubated 24 h. Then cells were

washed with PBS and cultured with DMEM-LG (control

medium) and iPS-CM (conditioned medium) for 48 h at

37 �C, 5 % CO2 incubator. Then cells were collected and

fixed in 75 % cold ethanol at 4 �C overnight. The next day,

the fixed cells were washed with PBS and stained by PI in

the dark for 30 min at room temperature. The stained cells

were analyzed using flow cytometry.

Annexin v and propidium iodide (PI) assay

hASCs were seeded into 6-well plates at the density of

2.5 9 106 cells/ml in DMEM-LG for 24 h. Then cells were

washed with PBS and pretreated with DMEM-LG (control

medium) or iPS-CM (conditioned medium) for 1 h. Then

hASCs were irradiated with 468 J/m2 UVC. After that,

cells in control medium were changed with DMEM-LG,

while cells in conditioned medium were changed with iPS-

CM for 24 h at 37 �C, 5 % CO2 incubator. To evaluate

early and lately apoptotic activities, an annexin v-FITC/PI

apoptosis detection kit was used according to the manu-

facturer’s instructions. hASCs were harvested and washed

with cold PBS. Then cells were resuspended in 200 ll
annexin v-binding buffer. After cells were stained with 5 ll
of FITC-labeled annexin v and 5 ll of PI, they were

instantly measured using flow cytometry.

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential was evaluated with

5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimi-dazolyl-

carbocyanine iodide (JC-1) assay kit. Approximately,

1.5 9 105 cells/ml hASCs were plated into every well of

6-well plate and incubated in DMEM-LG at 37 �C, 5 %

CO2 incubator for 24 h. Then cells were washed with PBS

and added DMEM-LG (control medium) or iPS-CM

(conditioned medium) for 1 h. Then hASCs were exposed

to UVC at the dose of 468 J/m2. Then cells in control

medium were changed with DMEM-LG, while cells in

conditioned medium were changed with iPS-CM for 24 h
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at 37 �C, 5 % CO2 incubator. Subsequently, medium was

removed and washed with cold PBS twice. hASCs were

gathered applying trypsin digestion method. Cells were

incubated for 30 min at 37 �C with 500 ll JC-1 (5 mM).

Then cells were collected by centrifugation at 3009g for

5 min and washed twice again with 19 incubation buffer.

Cells were then resuspended with 500 ll 19 incubation

buffer. Red and green fluorescence emissions were ana-

lyzed by flow cytometry using an excitation wavelength of

488 nm and emission wavelengths of 530 nm.

Measurement of cellular UVC-induced ROS

Reactive oxygen species (ROS) production was measured

with the fluorescence dye 2070-dichlorofluorescin diacetate

(DCFH-DA) assay kit. Briefly, 1.5 9 105 cells/ml hASCs

at P2 were planted into 6-well plate and cultured at 37 �C,
5 % CO2 incubator. After 24 h, the adherent cells were

washed with PBS and added DMEM-LG (control medium)

or iPS-CM (conditioned medium) for 1 h. And then cells in

control medium and conditioned medium were both

exposed to 468 J/m2 UVC. After that, cells in control

medium were changed with DMEM-LG, while cells in

conditioned medium were changed with iPS-CM for 2 h at

37 �C, 5 % CO2 incubator. Then cells were gathered and

suspended with 200 ll DCFH-DA for 20 min at 37 �C in

the dark. Then cells were washed twice with PBS and

fluorescence intensity was measured by flow cytometry.

Western blotting analysis

hASCs were washed with cold PBS and then lysed in a

RIPA buffer (Beyotime Institute of Biotechnology, Hai-

men, China) supplemented with a Protease Inhibitor

Cocktail (Amyjet Scientific Co., Ltd, Wuhan, China).

Lysates were centrifuged at 12,0009g for 15 min at 4 �C.
The supernatant protein concentration was measured using

a BCA assay kit (Takara Bio Inc., Shi _ga, Japan) according

to the manufacturer’s instructions. Subsequently, 40 lg of

proteins were subjected to 10 % SDS-PAGE and trans-

ferred into a polyvinylidene fluoride (PVDF) membrane.

After being blocked with 5 % nonfat milk in tris-buffered

saline containing 0.05 % Tween 20 (TBST) overnight at

4 �C, the membrane was incubated with antibody against

Bcl-2, Bax (1:1000, ProteinTech Group, Chicago, IL,

USA) and GAPDH (1:3000, Cell Signaling Technology,

Danvers, MA, USA) overnight at 4 �C. The membrane was

then washed 5 times with TBST and incubated with

horseradish peroxidase-conjugated secondary antibody

(Beyotime Institute of Biotechnology, Haimen, China) for

2 h at room temperature. Signals were visualized with

enhanced chemiluminescence (ECL) (Pierce Chemical Co.,

Rockford, IL, USA) and quantified using Image J. The ratio

of the expression of target proteins was determined after

normalizing the individual GAPDH level.

Caspase activity assay

Caspase-3 and caspase-9 activity assay kits were used to

detect caspase-3 and caspase-9 activities. Approximately

1.5 9 105 cells/ml hASCs were plated into every well of

6-well plates and incubated in DMEM-LG at 37 �C, 5 %

CO2 incubator for 24 h. Then cells were washed with PBS

and added DMEM-LG (control medium) or iPS-CM

(conditioned medium) for 1 h, and hASCs were exposed to

UVC at the dose of 468 J/m2. After that, cells in control

medium were changed with DMEM-LG, while cells in

conditioned medium were changed with iPS-CM for 12 h

at 37 �C, 5 % CO2 incubator. Later medium were removed,

and adherent cells were washed in cold PBS twice. Sam-

ples were collected, and the activities of caspase-3 and

caspase-9 were subsequently analyzed using a microplate

reader at a wavelength of 405 nm.

Enzyme-linked immunosorbent assay (ELISA)

The levels of Activin A and bFGF in different supernatants

of hASCs were detected with commercially available

enzyme-linked immunosorbent assay kits according to the

manufacturer’s protocols. Briefly, 200 ll samples and

50 ll assay diluent were added to 96-well plates. The

plates were incubated for 2 h at room temperature and

washed 5 times with washing buffer. 100 ll peroxidase-
conjugated IgG anti-Activin A or anti-bFGF solution was

added into each well for 2 h at room temperature. Then

plates were washed 5 times again with washing buffer.

Later 100 ll substrate buffers were added into each well

and darkly incubated for 30 min at room temperature.

Lastly, the enzyme reaction was stopped with 50 ll stop
solution. Assay results were measured using a microplate

reader at the wavelength of 450 nm as a test wavelength

and 570 nm as the reference one.

Statistical analysis

Data were analyzed using the SPSS 16.0. The statistical

significance comparing multiple sample sets with the

control was analyzed with a one-way ANOVA followed by

the Dunnett’s test. Comparisons between the two groups

were analyzed using Student’s t tests. Values were pre-

sented as mean ± SD, the P\ 0.05 was considered to be

statistically significant. The P[ 0.05 was not considered to

be statistically significant.
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Results

Identification of hASCs

In order to characterize the cells derived from adult adi-

pose tissue, we performed flow cytometry. The result

revealed that hASCs positively expressed mesenchymal

stem cell markers such as CD29, CD105, CD44, and

CD59, while negatively expressed hematopoietic cell

markers including CD34, CD45, and HLA-DR (Fig. 1a,

b). Meanwhile, these cells could be successfully differ-

entiated into osteogenic and adipogenic lineages (Fig. 1c).

These results confirmed that cells derived from adipose

tissue were hASCs.

The effects of iPS-CM on hASCs characteristics

The proliferation of hASCs was detected by CCK-8 to

explore the optimal proportion of iPS supernatant/DMEM-

LG. hASCs were treated with different proportions of iPS

supernatant/DMEM-LG (1:0, 1:1, 1:2, 2:1, 0:1) for 48 h.

The result of CCK-8 assay showed that the proliferation of

hASCs was the most obvious in iPS supernatant/DMEM-

LG of 1:2 compared with other proportions (Fig. 2a).

Based on above result, we considered the proportion as our

iPS-CM to treat hASCs in later studies.

To detect the effect of iPS-CM on the marker gene

expressions of hASCs, we next performed semiquantitative

RT-PCR and qPCR assays to detect the gene expression

Fig. 1 Identification of hASCs. a Flow cytometry analysis of surface

phenotypes of hASCs. b The geometric mean of cell surface antigens.

c The adipogenic and osteogenic inductions of hASCs. a Negative

control and b positive group for adipogenic differentiation. c Negative
control and d positive group for osteogenic differentiation
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levels of GAPDH, CD90, CD44, CD29, and CD13 of

hASCs in control medium and conditioned medium. The

semiquantitative RT-PCR assay showed that the ratio of

CD90/GAPDH, CD44/GAPDH, CD29/GAPDH, and

CD13/GAPDH of hASCs in control medium had no sig-

nificant difference with conditioned medium (Fig. 2b). The

qPCR assay displayed that hASCs in control medium had

no obvious difference with conditioned medium in the gene

expression levels of CD13, CD29, CD44, and CD90

(Fig. 2c). These results demonstrated that iPS-CM would

have no significant effect on marker gene expressions of

CD90, CD44, CD29, and CD13 in hASCs.

In order to explore the effect of iPS-CM on the differ-

entiation potential of hASCs, adipogenic and osteogenic

inductions were conducted for hASCs treated with iPS-

CM. The results demonstrated that the differentiation

potential of hASCs would not be affected by iPS-CM

(Fig. 2d).

Effect of iPS-CM on the proliferation of hASCs

hASCs cultured in DMEM-LG or iPS-CM for 1 day and

3 days were imaged under an inverted contrast microscope,

respectively. The number of cells in conditioned medium

Fig. 2 The effects of iPS-CM on hASCs. a Exploration the optimal

proportion of iPS supernatant/DMEM-LG on the proliferation of

hASCs by CCK-8 assay. b The semiquantitative gene expressions of

CD90, CD44, CD29, CD13, and GAPDH of hASCs in control

medium and conditioned medium by RT-PCR. c The quantitative

gene expressions of CD90, CD44, CD29, CD13, and GAPDH of

hASCs in control medium and conditioned medium by qPCR. d The

effect of iPS-CM on the adipogenic and osteogenic differentiation of

hASCs. a Negative control and b positive group for adipogenic

differentiation. c Negative control and d positive group for osteogenic

differentiation. Bars represented the mean ± SD of three independent

experiments. *P\ 0.05 (1:1 and 2:1 vs 1:0 and 0:1); **P\ 0.01 (1:2

vs 1:0 or 0:1); #P[ 0.05 (control medium vs conditioned medium)
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increased dramatically compared with control medium on

day 3 (Fig. 3a). The qPCR assay was conducted to quan-

titatively compare the gene expression levels of P27 and

Ki67 of hASCs in conditioned medium and control med-

ium. The gene of P27 of hASCs in conditioned medium

was down-regulated about 7.1 fold than control medium,

but the gene of Ki67 was up-regulated nearly 1.9 fold

(Fig. 3b). P27 is an inhibitory protein of the cell cycle,

while Ki67 is a marker protein of the cell cycle. When cells

begin to proliferate, the gene of P27 will be down-regu-

lated and the gene of Ki67 will be up-regulated [25]. This

result suggested that the cell viability in conditioned

medium was better than control medium.

The cell cycle assay was used to detect the effect of iPS-

CM on the proliferation of hASCs in control medium and

conditioned medium. Compared with control medium, the

cell cycle of hASCs in conditioned medium was promoted

obviously (Fig. 3c). The percentage of cells entering the S

and G2 phases in conditioned medium was

(28.1 ? 22.43) % while in control medium was

(11.5 ? 10.2) % (Fig. 3d). The assay showed that the cell

proliferation in conditioned medium had (16.6 ? 12.23) %

increase than control medium. The result further demon-

strated that iPS-CM could promote the proliferation of

hASCs.

Effects of iPS-CM on anti-apoptosis of hASCs

hASCs were exposed to various dose of UVC (0, 117, 234,

468, 702, and 936 J/m2), and then were incubated with

DMEM-LG for 24 h. The detached cells were washed

away with PBS. The attached cells were imaged using a

Fig. 3 iPS-CM promoted hASCs propagation. a The bright field of

hASCs in control medium and conditioned medium on day 1 and day

3. b The qPCR analysis of P27 and Ki67 mRNA expression levels of

hASCs in control medium and conditioned medium. c The cell cycle

of hASCs in control medium and conditioned medium. d Cell cycle

distribution is represented as mean ± SD of three independent

experiments. *P\ 0.05 (control medium vs conditioned medium)
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standard inverted phase contract light microscope (Fig. 4a).

We examined the morphological features of UVC-induced

cell apoptosis. The hallmark features of apoptosis such as

cell detachment and cytoplasmic condensation, would

worsen due to increasing ultraviolet exposure dosage. The

performance was consistent with the result of CCK-8 assay

(Fig. 4b). The results indicated that UVC at the dose of

468 J/m2 was optimal for the apoptosis model.

Annexin v and PI assay was used to detect the apoptosis

of hASCs in control medium, control medium ? UVC, and

conditioned medium ? UVC. Phosphatidylserine (PS)

externalization in living cells was a hallmark of early phase

of apoptosis. Annexin v, harboring a strong and specific

affinity for PS, was used to detect early stage of apoptosis.

In the late stage of apoptosis, the damaged cell membranes

enabled annexin v and PI to enter into cells. In addition, the

membranes of dead cells are only permeable for PI. Hence,

hASCs in early apoptosis were annexin v positive and PI

negative. Cells in late apoptosis were both annexin v and PI

positive, and dead cells were PI positive. Our result showed

that iPS-CM could dramatically reduce the ratio of apop-

totic in hASCs irradiated with UVC. hASCs in control

medium almost had no apoptosis cell (0.6 ± 0.01) %. The

apoptotic rate of hASCs in conditioned medium ? UVC

(21.41 ± 1.39) % was much lower than control mediu-

m ? UVC (7.74 ± 1.24) % (Fig. 5a). This result demon-

strated that iPS-CM could reduce the apoptosis of hASCs

exposed to UVC.

Because the loss of mitochondrial membrane potential

(DWm) might be associated with early apoptosis, the DWm

of hASCs in control medium and conditioned medium

treated with UVC were assessed by JC-1. The DWm in

living cells was higher than that in apoptosis cells. JC-1

was the probe that could specially enter the mitochondria.

When the DWm was high, JC-1 would form polymer and

glow red fluorescent. When the DWm was low, it would

form the monomer and glow green fluorescence. The ratio

of JC-1-red/green indirectly reflected the result of the

apoptosis of cells. High ratio presented less apoptosis than

low ratio. The result showed that the ratio of hASCs in

control medium was (87.78 ± 2.67) %, control medium

? UVC (44.65 ± 1.15) %, and conditioned medium

? UVC (68.35 ± 2.12) % (Fig. 5b). This result showed

that iPS-CM could inhibit the loss of DWm in hASCs

exposed to UVC.

DCFH-DA was used to detect the level of ROS pro-

duction of hASCs in control medium, control mediu-

m ? UVC, and conditioned medium ? UVC. In the

generation of ROS, hASCs in control medium ? UVC had

approximately a nine-fold increase, while hASCs in con-

ditioned medium ? UVC just had almost a four-fold

increase compared with control group (Fig. 5c). This result

demonstrated that iPS-CM significantly decreased the

levels of ROS in hASCs exposed to UVC.

Molecular mechanisms of iPS-CM on anti-apoptosis

of hASCs

To elucidate the potential molecular mechanisms involved

in the protection of iPS-CM on hASCs with UVC treat-

ment, the levels of apoptotic signaling molecules in the

mitochondria including Bcl-2 and Bax were detected by

Western blotting after treatment with 468 J/m2 UVC.

Compared with control medium ? UVC, iPS-CM signifi-

cantly inhibited the expression of Bax of hASCs in con-

ditioned medium ? UVC (Fig. 6a). While the expression

Fig. 4 The apoptosis model of UVC-induced hASCs. a The bright

field of hASCs exposed to various dose of UVC under an inverted

microscope. b The viability effects of iPS-CM on hASCs exposed to

UVC at various dose by CCK-8 assay. Bars represented the

mean ± SD of three independent experiments. *P\ 0.05 (468, 702

and 936 vs 0 J/m2)

Mol Cell Biochem (2016) 413:69–85 77

123



level of Bcl-2 of hASCs was much higher in conditioned

medium ? UVC than control medium ? UVC (Fig. 6b).

The expression level of Bax of hASCs in control medium

was the least, while the expression level of Bcl-2 was the

highest (Fig. 6a, b). To further analyze the anti-apoptotic

effect of iPS-CM on hASCs irradiated with UVC, the

activities of caspase-9 and caspase-3 were detected by

caspase colorimetric assay. The data showed that the

activities of caspase-3 and caspase-9 of hASCs in condi-

tioned medium ? UVC were significantly down-regulated

than control medium ? UVC. hASCs in conditioned

medium ? UVC displayed 60 and 40 % decreases in the

levels of the caspase-3 and caspase-9, respectively, com-

pared with control medium ? UVC. The levels of the

caspase-3 and caspase-9 of hASCs in control medium were

the least (Fig. 6c, d). These results demonstrated that iPS-

CM could obviously reduce the apoptosis of hASCs

exposed to UVC, which was related to Bax down-regula-

tion and Bcl-2 up-regulation.

The levels of bFGF and Activin A in supernatants

of hASCs

To investigate the effect of iPS-CM on cell membrane

antigen changes of hASCs, we analyzed the expression of

CD29, CD34, CD44, CD45, CD59, CD105, and HLA-DR

of hASCs (P2) through flow cytometry (Fig. 7a). The result

showed that hASCs with or without iPS-CM treatments

could positively express high levels of CD29 and CD44,

low levels of CD59 and CD105, and negatively express

CD34, CD45 and HLA-DR. These data demonstrated that

there was no significant difference of membrane antigen

expression in hASCs treated with or without iPS-CM

(Fig. 7b).

Fig. 5 iPS-CM inhibited UVC-induced hASCs apoptosis, the loss of

DWm and the generation of ROS. a Annexin v and propidium iodide

assay analyzed the apoptosis of hASCs in control medium, control

medium ? UVC, and conditioned medium ? UVC. b Mitochondrial

membrane potential assay analyzed the loss of DWm of hASCs in

control medium, control medium ? UVC, and conditioned mediu-

m ? UVC. c Intracellular reactive oxygen species assay analyzed the

generation of ROS of hASCs in control medium, control mediu-

m ? UVC and conditioned medium ? UVC. Bars represented the

mean ± SD of three independent experiments. **P\ 0.01 (control

medium ? UVC or conditioned medium ? UVC vs control med-

ium); ##P\ 0.01 (control medium ? UVC vs conditioned

medium ? UVC)
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In order to explore the expression level changes of bFGF

and Activin A in supernatants of hASCs within control

medium, conditioned medium, control medium ? UVC,

and conditioned medium ? UVC, we detected the super-

natants of hASCs in these groups by ELISA on day 2. The

level of bFGF in supernatant of hASCs in conditioned

medium (35.99 ± 1.58) ng/ml was higher than control

medium (22.19 ± 1.13) ng/ml, and that in conditioned

medium ? UVC (26.36 ± 1.37) ng/ml was higher than

control medium ? UVC (12.98 ± 1.04) ng/ml (Fig. 7c).

Almost the same tendency was with Activin A. The level

of Activin A of hASCs in conditioned medium

(825.68 ± 8.36) pg/ml was higher than control medium

(577.84 ± 4.22) pg/ml, and that in conditioned mediu-

m ? UVC (708.08 ± 6.37) pg/ml was higher than control

medium ? UVC (498.52 ± 3.74) pg/ml (Fig. 7d). These

Fig. 6 iPS-CM suppressed UVC-induced Bcl-2 down-regulation,

Bax up-regulation, caspase-3, and caspase-9 activities in hASCs

treated with UVC. The protein expressions of a Bax and b Bcl-2 of

hASCs in control medium, control medium ? UVC, and conditioned

medium ? UVC using Western blotting analysis. The activities of

c caspase-3 and d caspase-9 of hASCs in control medium, control

medium ? UVC, and conditioned medium ? UVC using ELISA.

Bars represented the mean ± SD of three independent experiments.

*P\ 0.05 (control medium ? UVC vs conditioned mediu-

m ? UVC); **P\ 0.01 (control medium ? UVC vs control

medium)
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data showed that the levels of bFGF and Activin A in

supernatants of hASCs with iPS-CM treatment were higher

than DMEM-LG. The effects of iPS-CM on the prolifera-

tion and anti-apoptosis of hASCs might be partly related to

bFGF and Activin A.

Discussion

Stem cell therapy has been becoming a promising approach

for many diseases [2, 26]. Among the different stem cell

populations, specific attention has been focused on hASCs

due to the potential of secreting bioactive molecules and

multi-differentiation [3, 4]. However, despite the encour-

aging potential in the therapeutic regard, the capacity of

hASC restricted proliferation owing to shorter telomerase,

DNA mutations with age and extrinsic factors (niche

alterations), has limited their use [27]. Moreover, the

preservation and subculture of cells in numbers that are

sufficient for transplantation are necessary for cell-based

therapy. But the techniques may cause cells to lose their

specific phenotypes and decrease their proliferative

potential [28]. The processes of multi-passage or cryop-

reservation invariably led these cells into adverse growth

status, which affected their viability, morphology, and

differentiation potential [29, 30]. These characteristics

became the main obstacles to clinical applications of

hASCs.

Many literatures implied that the beneficial effects of

hASC proliferation in vitro are related to soluble factors

supplemented in culture medium. For example, the reports

depicted that Rehmannia glutinosa oligosaccharide (RGO),

lactoferrin (LF), periostin, exogenous nucleosides, tumor-

secreted factors, human insulin-like growth factor-I (IGF-

Fig. 7 The surface antigen expressions of hASCs and the levels of

bFGF and Activin A in hASCs with different treatments. a Flow

cytometry analysis of surface antigens of hASCs with or without iPS-

CM treatment. b The geometric mean of cell surface antigens of

hASCs with or without iPS-CM treatment. c The levels of bFGF in

control medium, conditioned medium, control medium ? UVC, and

conditioned medium ? UVC. d The levels of Activin A in control

medium, conditioned medium, control medium ? UVC, and condi-

tioned medium ? UVC. Bars represented the mean ± SD of three

independent experiments. **P\ 0.01 (control medium vs condi-

tioned medium or control medium ? UVC vs conditioned mediu-

m ? UVC); #P[ 0.05 (control medium vs conditioned medium)
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I), bone morphogenetic protein-2 (BMP-2), vascular

endothelial growth factor (VEGF) and cerebrospinal fluid

(CSF) could be beneficial to expandability of hASCs [31–

36].

iPSCs were almost same as ESCs in proliferative abili-

ties, morphology, gene expression, surface antigens,

telomerase activity, and epigenetic status of pluripotent

cell-specific genes [37]. iPSCs could secrete cytokines,

chemokines, growth factors and metabolites, and bioactive

lipids. A wide range of products from iPSC secretion could

encourage the growth of other cells [38]. iPS-CM could

enhance alveolar epithelial regeneration in vivo partially

due to containing hepatocyte growth factor [39]. iPS-CM

could reduce apoptosis, oxidative stress, and fibrosis, as

well as improve cardiac function in diabetic model of rats

[18]. High-tidal-volume-induced ventilator induced lung

injury could also be suppressed by iPS-CM [9]. In this

study, we also found that the survival of hASCs with or

without UVC irradiation could be promoted by iPS-CM.

Besides, our results showed that the expression level of P27

was down-regulated, while the expression level of Ki67

was up-regulated when hASCs treated with iPS-CM. The

percentage of cells entering the S and G2 phases in hASCs

treated with iPS-CM was also more than counterparts

without iPS-CM. Ki67, a cell proliferation marker and a

nuclear non-histone protein, was present during the active

phases of cell proliferation (G1, S, G2, and mitosis), but

was absent from resting cells (G0) [40]. On the contrary,

P27, the cyclin-dependent kinase inhibitor inhibited the G1

to S transition in a variety of cell types [41, 42]. These

results indicated that iPS-CM could significantly induce the

propagation of hASCs.

Apoptosis, as a basic character of all animal cells, is

necessary for normal development and tissue homeostasis

[43]. UVC-induced apoptosis is a highly complex process,

which is involved in distinct molecular pathways and dif-

ferent cellular structures [44]. Identifying the apoptotic

mechanism of hASCs induced by UVC irradiation and the

anti-apoptotic mechanism affected by iPS-CM will con-

tribute to hASC applications. In the present study, UVC-

induced apoptotic changes in hASCs were demonstrated by

up-regulation of Bax and down-regulation of Bcl-2, for-

mation of ROS, loss of mitochondrial membrane potential,

and activation of caspase-3 and caspase-9 (Fig. 8). First,

the signaling pathway involved in UVC-induced apoptosis

was regulated by Bcl-2 family members [45]. Bcl-2, an

anti-apoptotic protein in the Bcl-2 family, lies in the

cytoplasmic of the outer mitochondrial membrane, nuclear

envelope, and endoplasmic reticulum [23, 46]. It was

demonstrated that Bcl-2 in fibroblasts was closely related

to mitochondrial homeostasis and cell viability [47]. Con-

versely, Bax, a pro-apoptotic and pore-forming cytoplas-

mic protein in the Bcl-2 family, translocates to the outer

mitochondrial membrane and affects permeability from the

inter-membrane space into the cytosol, which later causes

cell death [48]. Glover et al. [49] have mentioned that p53

transcriptional activation by UVC exposure led to the

imbalance of pro-apoptotic versus anti-apoptotic Bcl-2

family proteins and then brought about mitochondrial

membrane depolarization and apoptotic cascade initiation.

Second, one striking feature of UVC-induced cell apoptosis

is the generation of ROS, followed by a decline in mito-

chondrial membrane potential and activation of caspase-9

[44, 50]. Third, mitochondrial membrane potential and

caspase cascade then participated in UVC-induced apop-

tosis. Chathoth et al. [51] have reported that DNA damage

induced by UVC irradiation activated pro-apoptotic Bcl-2

members and subsequently promoted activation of caspase

cascade through cytochrome c release from mitochondria.

Fritsch et al. [52] have also reported that the members of

the Bcl-2 family of proteins regulated mitochondrial

integrity. Caspase-9 activation induced by cytochrome c

release from mitochondria was regulated by Bcl-2 down-

regulation or Bax hyperexpression and then activated

downstream caspase-3, which finally caused cell death

[53]. The activation of caspase-9 by apoptosome could

further activate the downstream caspases-3, which in turn

cleave many intracellular substrates and cause nuclei

condensation and fragmentation, thereby forming ROS

circle amplification [44]. Among the various molecules that

take part in the apoptotic process, caspase plays an

Fig. 8 Diagrams of mechanism related to apoptosis and anti-apop-

tosis. The solid line represents the apoptotic mechanism of hASCs

induced by UVC irradiation. The broken line represents the anti-

apoptotic mechanism of hASCs affected by iPS-CM. The arrow

indicates the up-regulation effect. The minus sign means down-

regulation effect
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important role during the initiation and effector phases of

apoptotic cell death. In our previous study, iPSCs irradiated

with UVC showed a significant increase in caspase-3 and

caspase-9 activities compared with control group. Caspase-

3 and caspase-9 are involved in iPSC apoptosis induced by

UVC [54]. UVC-induced apoptosis of hASCs in our study

was consistent with these results. However, hASCs treated

with iPS-CM significantly counteracted the apoptosis. One

report demonstrated that genistein pretreatment could

reduce I/R injury in rabbit myocardium by reducing Bax

expression and by increasing the Bcl-2/Bax ratio [55]. Bax

knockout was associated with reduced activation of cas-

pase-3 [56]. It was reported that catalpol decreased the

chemia-induced cell death in PC12 cells by up-regulation

of Bcl-2, which might block cytochrome c release, sup-

press mitochondrial membrane potential loss, and inacti-

vate caspase-3 activity [57]. Qiu et al. [58] have revealed

that miR-210 suppressed neuronal apoptosis by inhibiting

caspase activity and regulating the balance of the levels

between Bcl-2 and Bax. Inhibition of caspase activity by

the use of physiological or pharmacological agents has

been known to reduce apoptosis [49]. Our results strongly

suggested that iPS-CM could protect hASCs from apop-

tosis. The anti-apoptotic role of iPS-CM acted by reducing

the activation of ROS, Bax, caspase-3, and caspase-9,

while enhancing the activation of Bcl-2 and mitochondrial

membrane potential (Fig. 8).

The characterization of hASCs after expansion in dif-

ferent culture is pivotal to determining if the cells maintain

the mesenchymal pluripotency required for cell-based

therapy and testing purposes. We conducted flow cytome-

try and discovered that there was no significant difference

for cell membrane antigen expressions such as CD29,

CD34, CD44, CD45, CD59, CD105, and HLA-DR before

or after hASCs treated with iPS-CM. These findings were

consistent with our RT-PCR and q-PCR results. At the

same time, hASCs were able to maintain specific pheno-

types and differentiated potential of adipogenic and

osteogenic lineages after iPS-CM treatment.

It was known that stem cells depended on cell–cell

interactions as well as para/autocrine signals [59]. hASCs

cultured in iPS-CM guaranteed the robust growth. We sup-

posed that some increased soluble paracrine factors released

from iPSCs might be related to such phenomenon. Our

results revealed thatwhether or not hASCswere irradiated by

UVC, bFGF, and Activin A levels in supernatants of hASCs

in iPS-CM were higher than DMEM-LG. Activin A,

belonging to a member of the transforming growth factor-b
(TGF-b) superfamily of proteins, is homo or hetero dimeric

protein embracing of two b subunits [46]. It harbors multi-

tude functions such as regulating a broad range of cellular

processes including proliferation, differentiation, and

apoptosis [36]. It was reported that Activin A could promote

proliferation of different types of cells including IL-9–se-

creting T cells (TH9), estrogen-unresponsive cells (HEC-

50), rat primary granulosa cells, pancreatic cell, B50 nerve

cell line, and chick neural retina cells [60–62]. bFGF is

essential for activation of proliferation and to inhibit apop-

tosis of intestinal stem/progenitor cells [63, 64]. The reports

demonstrated that bFGF could promote the propagation of

various cells including myoblasts, astrocytes, melanocytes,

vascular smooth muscle cells (VSMC), myoblasts, satellite

cells, smooth muscle cells, and endothelial cells [65–72].

Our previous report showed that the levels of bFGF and

Activin A of single iPS cells in iPS-CM were higher than

fresh mTeSR1 medium [24]. The fact that hASCs also

secreted bFGF and ActivinA had been reported. Taléns-

Visconti et al. [73] have showed that adipose mesenchymal

stem cells were able to secrete in vitro consistent amounts of

bFGF. Villageois et al. [74] have found that Activin A,

secreted by hASCs isolated from various fat depots of donors

of different ages, promotes human multipotent adipose-

derived stem (hMADS) cell proliferation, and adipocyte

differentiation. Therefore, in our study, bFGF and Activin A

in control medium were secreted by hASCs, while the much

higher levels of bFGF and Activin A in conditioned medium

were secreted by iPS and hASCs. The effects of iPS-CM on

the proliferation and anti-apoptosis of hASCs might be

associated with increased Activin A and bFGF.

In conclusion, we reported that iPS-CM dramatically

stimulated propagation and protected from UVC-induced

apoptosis in hASCs. The mechanism of anti-apoptotic

effect from iPS-CM was correlated with reduction of ROS

formation and remission of mitochondrial membrane

potential loss, inactivation of caspase-3 and caspase-9,

down-regulation Bax, and up-regulation Bcl-2. Subse-

quently, iPS-CM did not affect the special differentiated

potential or marked gene expressions in hASCs. This study

first demonstrated the beneficial effects of iPS-CM on

hASCs. Such improved growth in hASCs was partly related

to the elevated levels of bFGF and Activin A in super-

natant. iPS-CM can be used as one of the available means

that stimulates the proliferation, improves the activity, and

enhances the growth state of hASCs, which will be con-

ductive to overcoming the propagation obstacle for hASC

therapy and make for large-scale growth procedures in

terms of preclinical and clinical purposes. However, there

are still many problems to be solved before application. For

example, the risk of tumor formation is still a concern in

stem cell therapy, and the long-term effect of iPS-CM cell

therapy may deserve to be followed up. The promotion

mechanism of bFGF and Activin A in hASCs should be

explored. A secretome analysis should be applied to pro-

vide a large picture of the secretory products from iPS-CM,

which can make us a better understanding and applying of

iPS-CM.
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