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Abstract

BACKGROUND: Infant adipose-derived mesenchymal stem cells (ADSCs) collected from excised polydactyly fat tissue,

which was surgical waste, could be cultured and expanded in vitro in this study. In addition, the collecting process would

not cause pain in the host. In this study, the proliferation, reduction of senescence, anti-oxidative ability, and differentiation

potential in the infant ADSCs were compared with those in the adult ADSCs harvested from thigh liposuction to determine

the availability of infant ADSCs.

METHODS: Proliferation was determined by detecting the fold changes in cell numbers and doubling time periods.

Senescence was analyzed by investigating the age-related gene expression levels and the replicative stress. The superoxide

dismutase (SOD) gene expression, adipogenic, neurogenic, osteogenic, and tenogenic differentiation were compared by RT-

qPCR. The chondrogenic differentiation efficiency was also determined using RT-qPCR and immunohistochemical staining.

RESULTS: The proliferation, SOD (SOD1, SOD2 and SOD3) gene expression, the stemness-related gene (c-MYC) and

telomerase reverse transcriptase of the infant ADSCs at early passages were enhanced compared with those of the adults’.

Cellular senescence related genes, including p16, p21 and p53, and replicative stress were reduced in the infant ADSCs.

The adipogenic genes (PPARc and LPL) and neurogenic genes (MAP2 and NEFH) of the infant ADSC differentiated cells

were significantly higher than those of the adults’ while the expression of the osteogenic genes (OCN and RUNX) and

tenogenic genes (TNC and COL3A1) of both demonstrated opposite results. The chondrogenic markers (SOX9, COL2 and

COL10) were enhanced in the infant ADSC differentiated chondrogenic pellets, and the expression levels of SODs were

decreased during the differentiation process.

CONCLUSION: Cultured infant ADSCs demonstrate less cellular senescence and replicative stress, higher proliferation

rates, better antioxidant defense activity, and higher potential of chondrogenic, adipogenic and neurogenic differentiation.
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1 Introduction

To use osteochondral grafts to reconstruct injured sites of

articular cartilage remains challenging because there are

limited sources of donor cartilage, and surgical scar for-

mation may inhibit regeneration and cause morbidity to

donor sites. To address the issues, mesenchymal stem cell

(MSC) regeneration studies have been provided as an

alternative.

Human MSCs isolated from bone marrow can be

propagated in culture and differentiate into a variety of

mesenchymal phenotypes, such as chondrocytes, osteo-

blasts, and adipocytes [1–3]. MSCs have become a

promising tool for clinical applications in cartilage regen-

eration because they can be readily isolated and expanded

in culture and have a limited tendency to form tumors [4].

In particular, adipose-derived mesenchymal stem cells

(ADSCs) can be utilized as an alternative for bone and

cartilage engineering and are easily and numerously

available in adipose tissue [5, 6]. Compared with bone

marrow, adipose tissue is a better source for MSC isolation

because of less invasiveness, high cell yield, enhanced

proliferation and better maintenance of stemness [7, 8].

Chondrogenic differentiation of ADSCs has exhibited

treatment potential for osteoarthritis in a sheep model [9].

Chondrocytes and MSCs are the most general sources of

cartilage tissue engineering [10, 11]. The proliferation of

chondrocytes from surgical waste of polydactyly cartilage

in children was compared with that in adults, and the result

demonstrated that the cells from the waste of polydactyly

cartilage had significantly higher growth rates than those

from adults [12]. Up to the present, comparisons of adult

ADSCs and infant ADSCs in chondrogenic potential have

been less documented. Some studies revealed that using

autologous ADSCs from elderly patients for potential

therapeutic purposes towards chondrogenic regeneration

might be restricted [13]. The degrees of proliferation and

differentiation of infant ADSCs should be higher than those

of adult ADSCs. ADSCs isolated from younger donors

could inspire the host’s self-healing capabilities and be

feasibly applied in therapeutic treatment for skin regener-

ation [14]. Base on the aforementioned results, we

hypothesize that infant ADSCs may have better chondro-

genic differentiation potential than adult ADSCs in vitro.

The positive results of this study will offer a new source of

ADSCs that can be largely expanded in vitro for cell

therapy.

The occurrence of polydactyly is about 1.6–10.9 per

1000 in general population and 0.3–3.6 per 1000 in live

births, and it often happens to males twice as many in

numbers as to females [15, 16]. The excised polydactyly fat

tissue is generally considered as surgical waste. In fact, the

precious cell source for cell engineering can be extracted

from this kind of sample [12]. Adult ADSCs can be col-

lected by liposuction, which is less invasive. In this study,

we found the infant ADSCs could be derived from the

polydactyly fat tissue; furthermore, the extracted infant

ADSCs could be cultured and expanded to generate a large

enough number of cells for experiments. Therefore, we are

interested to find out if infant ADSCs increase the differ-

entiation potential after in vitro expansion. If the infant

ADSCs from surgical waste of polydactyly fat tissue are

proved to preserve more stemness and better proliferation,

they can be an ideal source for cell therapy. In addition,

superoxide dismutase (SOD1, SOD2 and SOD3) can

influence the therapeutic effects and differentiation abilities

of MSCs [17–19]. SOD1, SOD2 and SOD3 may also play

important roles in chondrogenic differentiation of infant

ADSCs. The purposes of these experiments were aimed to

investigate whether infant ADSCs increased the potential

of chondrogenic differentiation in vitro and the roles of

SOD1, SOD2 and SOD3 during chondrogenic differentia-

tion of infant ADSCs.

2 Materials and methods

2.1 Isolation and expansion of the adult and infant

ADSCs

The adult ADSCs (n = 3) collected from lipoaspirate were

obtained from donors submitted to thigh liposuction under

local anesthesia. The protocol and procedure were

approved by the Institutional Review Board (IRB). Once

the soft tissues were infiltrated with a solution of saline

plus epinephrine (1:1,000,000), the subcutaneous fat was

suctioned (- 500–- 700 mmHg) using a conventional

liposuction machine equipped with a 2.5-mm (inner

diameter) cannula. For the infant ADSCs (n = 3), the fat

tissue was obtained from excised redundant thumbs after

surgical reconstruction for children with polydactyly. The

procedures were IRB-approved.

Each sample was digested in 0.1% collagenase (Wako,

Osaka, Japan) Hank’s balanced salt solution (HBSS) by

incubation in a shaking water bath (37 �C, 30 min). To

remove the collagenase, stromal vascular fraction (SVF)

cells had been washed with PBS three times [20, 21]. After

filtration, the pellet was resuspended with an appropriate

amount of the medium for cell counting and seeding in this

time period (on a * 2–3 9 106/10cm2 dish). SVF cells
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were seeded in the Dulbecco’s Modified Eagle Media

(DMEM), supplemented with 10% fetal bovine serum

(FBS), and antibiotic–antimycotic solution (Corning life

science, New York, NY, USA). The culture medium had

been changed every two days and propagated at 1:5 dilu-

tion every four days when the cell confluence achieved

80%. The cells were cultured in 75% N2, 5% CO2 and 20%

O2 for culture in the Forma Series II Water Jacketed CO2

Incubator (Thermo Fisher Scientific, Waltham, MA, USA).

2.2 Flow cytometric analysis

To analyze the cell surface expression of typical marker

proteins, the ADSCs were harvested in 5 mmol/l EDTA in

PBS. The cells were incubated with the following anti-

human antibodies: CD29–phycoerythrin (PE), CD73–

Allophycocyanin (APC), CD90–fluorescein isothiocyanate

(FITC, Becton Dickinson, San Jose, CA, USA), CD105–

cyanine (Cy5.5), CD44–PE, CD14–PE, CD79a–PE,

CD11b–PE, CD19–PE, CD34–PE, CD45–PE, and HLA-

DR-PE. Mouse isotype antibodies (Becton Dickinson and

Beckman Coulter) were used as the controls. Ten thousand

labeled cells were acquired and analyzed using the FACS

CantoII Cytometer System running Diva software (Becton

Dickinson).

2.3 Cell proliferation analysis

The adult and infant ADSCs were seeded at 160 cells/cm2

and cultured in 75% N2, 5% CO2 and 20% O2. The cells

were reseeded at the same density every 9–12 days per

passage and cultured under the same conditions. Fold

increases in cell numbers and population doubling time

periods of each passage were detected in triplicate cultures

[22].

2.4 Senescence associated b-galactosidase (SA-b-gal)
assays

To determine the cell senescence of the adult and infant

ADSCs, a senescence b-galactosidase cell staining kit (Cell

Signaling Technology, Danvers, MA, USA) was used.

Briefly, the adult and infant ADSCs at passage 7 were

seeded at a density of 1 9 105/ well on a 6-well plate with

the culture medium and incubated for five days at 37 �C,
5% CO2, 20% O2. The cells were then fixed and stained

following the manufacturer’s instructions. The senescent

cells were stained in blue under a microscope.

2.5 cH2AX immunostaining

The adult and infant ADSCs at passage 3 were permeabi-

lized with a permeabilization buffer (0.1% Triton X-100 in

PBS) on glass slides, fixed with 4% paraformaldehyde, and

then stained with primary antibodies against c-H2AX
(Taiclone Biotech Corp., Taipei, Taiwan) at an appropriate

dilution. The DyLight 488-conjugated goat anti-rabbit IgG

secondary antibodies (GeneTex, Irvine, CA, USA) were

then added on the slides and incubated. The samples were

also counterstained with 4, 6-diamidino-2-phenylindole

(DAPI; Sigma-Aldrich, St. Louis, MO, USA). The total

fluorescence intensity in arbitrary units from 60 to 100 cells

was measured by the Image-Pro Plus (v4.5.0.29, Media

Cybernetics, Silver Spring, MD, USA) and normalized

with cell numbers.

2.6 Multilineage differentiation

The adipogenic inducing medium (AIM) comprised a

culture medium supplemented with 10% FBS, 50 lg/ml

ascorbic acid-2 phosphate, 0.1 lM dexamethasone, 50 lM
indomethacin (Sigma-Aldrich), 45 lM 3-isobutyl-1-

methylxanthine (Sigma-Aldrich), and 1 lg/ml insulin

(Sigma-Aldrich), all of which had been used to induce

adipogenic differentiation. The osteogenic inducing med-

ium (OIM) included a culture medium supplemented with

10% FBS, 50 lg/ml ascorbic acid-2 phosphate (Nacalai,

Kyoto, Japan), 0.01 lM dexamethasone (Sigma-Aldrich),

and 1 mM b-glycerol phosphate (Sigma-Aldrich), all of

which had been used to induce osteogenic differentiation.

For the neuronal differentiation, the cells with 80% con-

fluence were induced by a neurogenic inducing medium

(NIM) supplemented with 50 lM All-trans retinoic acid

(RA; Sigma-Aldrich) and 1 mM 2-Mercaptoethanol (b-
ME; Sigma-Aldrich), both of which had been placed in a

37 �C, 5% CO2 and 20% O2 incubator for 24 h. Then the

cells were maintained with DMEM solution containing 1%

FBS for seven days [1]. The tenogenic inducing medium

(TIM) was the culture medium with Glutamax (Thermo

Fisher Scientific) supplemented of 0.1 lg Primocin (Invi-

voGen, San Diego, CA, USA), 50 lg/ml Ascorbic acid

(AA; Sigma Aldrich), 50 ng/ml BMP-12, 100 ng/ml

CTGF, and 10 ng/ml TGF-b3 (all from PeptroTech, Lon-

don, UK). All the mediums had been changed every two

days for a period of seven days. The cells cultured in a

medium without any further supplementation were used as

the controls [23].

2.7 Chondrogenic differentiation in vitro

2.5 9 105 adult or infant ADSCs at passages 3 to 5 were

induced in an induction medium contained the serum-free

and high-glucose (4.5 g/l) Dulbecco’s modified Eagle’s

medium (HG-DMEM) (Gibco, Grand Island, NY, USA)

with 50 mg/ml ITS plus Premix (BD Biosciences, San

Jose, CA, USA), 6.25 mg/ml insulin, 6.25 mg/ml
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transferrin, 6.25 mg/ml selenious acid, 1.25 mg/ml bovine

serum albumin, and 5.35 mg/ml linoleic acid. 10–7 M

dexamethasone (Sigma-Aldrich) and 50 mg/ml ascobate-2-

phosphate (Sigma-Aldrich) were added in presence of

10 ng/ml TGF-b1 (R&D Systems, Minneapolis, MN,

USA) and cultured in 75% N2, 5% CO2 and 20% O2. The

medium had been changed every three days, and the pellets

had been observed and harvested on day 7, day 14, and day

21 during the induction [24].

2.8 Reverse transcription (RT) and real-time

polymerase chain reaction (PCR) analysis

Total RNA was prepared using the Trizol reagent (Invit-

rogen, Mulgrave, Australia). For the first strand cDNA

synthesis, random sequence primers were used to prime

reverse transcription reactions, and synthesis was carried

out by a SuperScriptTM III Reverse Transcriptase (Invit-

rogen). cDNA was synthesized from the total RNA by

means of the M-MuLV reverse transcriptase. The poly-

merase chain reaction (PCR) was performed with cDNA as

the template in a 30-ll reaction mixture containing specific

primer pairs which were listed in Table 1. Negative con-

trols were used for each primer by replacing the RNA

templates with RNA-free distilled water. PCR was per-

formed by using a Taq DNA polymerase Recombinant

(Invitrogen), and each cycle consisted of the following

steps: denaturation for 45 s at 94 �C, annealing for 1 min at

51–58 �C, and 90 s of elongation at 72 �C. The b-actin

expression was used to normalize the input template cDNA

to analyze relative gene expression. The reaction products

were resolved by electrophoresis on a 1.5% agarose gel and

visualized with ethidium bromide. Real-time amplification

of the genes was performed using the ABI Assays on

Demand primers� and SYBR green� universal PCR

master mix on the ABI 7500 real-time PCR machine

according to the manufacturer’s instructions (Applied

Biosystems, Foster City, CA, USA). To check the effi-

ciency of the PCR amplification and cDNA synthesis,

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

used as an internal control. Analysis of the results was

carried out using the software supplied with the machine

using the delta CT method.

2.9 Immunohistochemistry staining

and quantification of the chondrogenic pellets

The equivalent diameters (the diameter of the whole pellet)

of the chondrogenic pellets formed by the ADSCs on day

21 after induction were measured. The pellets had been

washed twice in PBS, fixed in 4% paraformaldehyde for

three hours and prepared for paraffin embedding. Proteo-

glycan components on the sects. (4 mm thick) were stained

with Alcian blue (ScyTek Laboratories, Logan, UT,, USA)

combined with nuclear fast red staining (ScyTek). The

sections were deparaffinized, hydrated, and treated with

0.4 mg/ml proteinase K in Tris–HCl (pH = 7) for 15 min,

and endogenous peroxidase was blocked with 3% hydrogen

Table 1 Primers of

chondrogenic markers used for

RT-qPCR analysis

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

p16 ATCATCAGTCACCGAAGG TCAAGAGAAGCCAGTAACC

p21 CATCTTCTGCCTTAGTCTCA CACTCTTAGGAACCTCTCATT

p53 CGGACGATATTGAACAATGG GGAAGGGACAGAAGATGAC

c-MYC GTCAAGAGGCGAACACACAAC TTGGACGGACAGGATGTATGC

TERT AAATGCGGCCCCTGTTTCT CAGTGCGTCTTGAGGAGCA

SOX9 CCAGGGCACCGGCCTCTACT TTCCCAGTGCTGGGGGCTGT

PPARc TCAGGTTTGGGCGGATGC TCAGCGGGAAGGACTTTATGTATG

LPL TGTAGATTCGCCCAGTTTCAGC AAGTCAGAGCCAAAAGAAGCAGC

OCN AGCGGTGCAGAGTCCAGCAAA GGCTCCCAGCCATTGATACAGG

RUNX ATGACGTCCCCGTCCATCCA GGAAGGCCAGAGGCAGAAGTCA

TNC CCACAATGGCAGATCCTTCT GTTAACGCCCTGACTGTGGT

COL3A1 GGGAACATCCTCCTTCAACA GCAGGGAACAACTTGATGGT

MAP2 CAAACGTCATTACTTTACAACTTGA CAGCTGCCTCTGTGAGTGGAG

NEFH AGTGGTTCCGAGTGAGATTG CTGCTGAATTGCATCCTGGT

COL2 TTCAGCTATGGAGATGACAATC AGAGTCCTAGAGTGACTGAG

COL10 CAAGGCACCATCTCCAGGAA AAAGGGTATTTGTGGCAGCATATT

SOD1 GTGATTGGGATTGCGCAGTA TGGTTTGAGGGTAGCAGATGAGT

SOD2 TTAACGCGCAGATCATGCA GGTGGCGTTGAGATTGTTCA

SOD3 CATGCAATCTGCAGGGTACAA AGAACCAAGCCGGTGATCTG

GADPH ATATTGTTGCCATCAATGACC GATGGCATGGACTGTGGTCATG
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peroxide (Sigma-Aldrich). After having been washed with

PBS and incubated with the blocking serum for 5 min, the

sections were exposed to primary antibodies against col-

lagen type 2 (COL2; Abcam, Cambridge, UK) or collagen

type 10 (COL10; Abcam) overnight at 4 �C. Then the

sections were incubated with the secondary anti-rabbit

polymer-horseradish peroxidase (HRP; Abcam) for

30 min. Staining was revealed with the DAB substrate and

hematoxylin. The percentages of the stained areas in the

whole sections were detected with the image analysis

software (Image Pro Plus 4.0, Media Cybernetics Inc.,

Rockville, MD, USA).

2.10 Statistical analysis

Prism (version 5.03, GraphPad, La Jolla, CA, USA) was

used to perform the quantitative analysis of the results.

Data were presented in mean ± standard error. Statistical

significance of the experimental results was determined by

the Mann–Whitney U test or the one-way ANOVA anal-

ysis, and a result was significant when the p value was less

than 0.05.

3 Results

3.1 Cell proliferation of the adult and infant human

ADSCs

The cell-surface protein profiles of ADSCs were confirmed

by flow cytometry. Both the adult and infant ADSCs were

positive for CD29, CD44, CD73, CD90, and CD105 and

negative for CD11b, CD14, CD19, CD34, CD45, CD79a,

and HLA-DR (Fig. 1A). The cell morphologies of the adult

and infant ADSCs at passage 3 were not noticeably dif-

ferent (Fig. 1B). The fold increases in the cell numbers of

the infant ADSCs at passages 1 to 10 were significantly

higher than those of the adult ADSCs (Fig. 1C), and the

cell doubling time periods of the infant ADSCs were kept

for one day through the passages that were significantly

shorter than those of the adult ADSCs (Fig. 1D). Although

the proliferation of the infant ADSCs might decline after

five passages, the results indicated that the proliferation of

the ADSCs collected from the infants were better-

preserved.

3.2 Senescence and replicative stress in the adult

and infant ADSCs

The expression of aging-related genes, including p16

(Fig. 2A), p21 (Fig. 2B), and p53 (Fig. 2C), was signifi-

cantly downregulated in the infant ADSCs at early pas-

sages compared with that in the adult ADSCs. However,

the p53 gene was significantly upregulated in infant

ADSCs at late passages compared with that at early pas-

sages. The stemness-related gene (c-MYC) and telomerase

reverse transcriptase (TERT), which is consistent with the

telomerase activity, were significantly upregulated in the

infant ADSCs at early passages compared with those in the

adult ADSCs. Nevertheless, they were downregulated in

the infant ADSCs at late passages compared with those at

early passages (Figs. 2D, E). SA-b-gal assays showed that

the adult ADSCs at passage 7 were more positive than the

infant ones (Fig. 2F). Furthermore, the immunofluorescent

signals of cH2AX, as markers of replicative stress, in the

nuclei of the infant ADSCs were showed to be less positive

than those in the adult ones (Fig. 2G).

3.3 Comparison of the adult and infant ADSCs

in multilineage differentiation

The adipogenic, osteogenic, neurogenic, and tenogenic

differentiation in the adult and infant ADSCs was all

determined by RT-qPCR. Peroxisome proliferator-acti-

vated receptor c (PPARc) and lipoprotein lipase (LPL)

genes were detected to verify the adipogenic differentiation

in the adult and infant ADSCs on day 14 (Figs. 3A, B).

Osteocalcin (OCN) and runt-related transcription factor

(RUNX) genes were used to determine the osteogenic dif-

ferentiation of the adult and infant ADSCs (Fig. 3C, D).

Tendon-related genes, including tenascin-C (TNC) and

collagen type 3 alpha 1 chain (COL3A1), were used to

determine the tenogenic differentiation (Fig. 3E, F), and

microtubule-associated protein 2 (MAP2) and neurofila-

ment heavy polypeptide (NEFH) were detected to deter-

mine the neurogenic differentiation (Figs. 3G, H).

Adipogenic and neurogenic genes were highly expressed in

the factor-induced differentiation of the infant ADSCs,

which explained the fact that the differentiation potential of

the infant ADSCs was significantly higher than that of the

adult ones. However, the expression levels of the osteo-

genic and tenogenic genes in the differentiated infant

ADSCs were significantly lower than those in the adult

ones. In addition, the multilineage differentiation of the

infant and adult ADSCs, including adipogenic, osteogenic,

tenogenic, and neurogenic lineages, was confirmed by

histological and immunofluorescence staining (Supple-

mentary Figure S1).

3.4 Chondrogenic differentiation of the infant

and adult human ADSCs in vitro

The infant ADSCs in the chondrogenic induction medium

formed a larger pellet (Fig. 4A). The diameters of the

pellets which were formed from the adult and infant

ADSCs were measured on day 21. The mean diameter of
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the chondrogenic pellets from the adult ADSCs at passages

2 to 5 was 2 mm, and that of the pellets from the infant

ADSCs was 2.5 mm, which was significantly longer than

that from the adult ADSCs (Fig. 4B).

The SOX9 gene expression in the infant ADSC differ-

entiated chondrogenic pellets on day 7 was significantly

higher than that in the pellets formed from the adult

ADSCs (Fig. 5A). The COL2 (Fig. 5B) and COL10

(Fig. 5C) expression levels were also significantly higher

in the chondrogenic pellets formed from the infant

ADSCs on day 21, compared with those formed from the

adult ADSCs.

The glycosaminoglycan (GAG) content of the pellets

generated from the adult and infant ADSCs was stained by

Alcian blue (Figs. 6A, B). In addition, COL2 and COL10

protein expression levels were detected by immunohisto-

chemistry staining (Figs. 6C–F). The GAG intensities of

the infant ADSC generated chondrogenic pellets stained by

Alcian blue were significantly higher than those of the

adult ADSCs (Fig. 6G). Both COL2 and COL10 expres-

sion levels in the pellets formed from the infant ADSCs

were significantly higher than those formed from the adult

ADSCs (Figs. 6H, I).

Fig. 1 Characterization of the adult and infant adipose-derived

mesenchymal stem cells (ADSCs). A The isolated human adult and

infant ADSCs detected with antibodies, which were represented by

solid lines, against CD29, CD44, CD73, CD90 and CD105 were

positive, and those against CD11b, CD19, CD34, CD45, CD14b,

CD79a, and HLA-DR were negative. All the detections were

determined using the FACS CantoII Cytometer System. The dashed

lines represented isotype control staining. B The morphologies of the

adult and infant ADSCs at passage 3 were imaged using phase

contrast microscopy. (magnification 9 40; the scale bar = 200 lm;

magnification 9 200; the scale bar = 200 lm) C The cell numbers of

every passage, which were counted before reseeding, were divided by

the initial cell number to calculate fold increases. The fold increases

in the cell numbers and D cell doubling time periods of the adult and

infant ADSCs were calculated from passages 1 (P1) to 10 (P10).

Mean ± SD with three experimental replicates were expressed.

Statistical significance of comparing the adult and infant ADSCs

was determined by the unpaired t test. ‘‘*’’ represented p\ 0.05.

‘‘**’’ represented p\ 0.01. ‘‘***’’ represented p\ 0.001
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3.5 SOD expression levels in the adult and infant

ADSCs during the chondrogenic differentiation

The expression levels of the superoxide dismutase genes

involving SOD1 (Fig. 7A), SOD2 (Fig. 7B), and SOD3

(Fig. 7C) in the infant ADSCs were all significantly higher

than those in the adult ADSCs. The expression levels of

these three SODs in the adult ADSCs and SOD1 in the

infant ADSCs were all significantly increased on day14 and

then dropped to the lowest on day 21 through the process of

chondrogenic differentiation (Figs. 7D-G). The SOD2

expression in the infant ADSCs significantly rose on day 7

Fig. 2 Senescence and replicative stress in the adult and infant

ADSCs. A P16, B P21, C P53, D c-MYC, and E TERT genes of the

adult, infant ADSCs at passages 3–5 (early passages), and infant

ADSCs at passages 9–10 (late passages) were detected by RT-qPCR,

and the values were normalized to the expression of glyceraldehyde-

3-phosphate dehydrogenase (GAPDH). Mean ± SD were expressed.

The values of the adult ADSCs were used as the controls. Statistical

significance of comparing the adult and infant ADSCs was deter-

mined by the one-way ANOVA analysis. * p\ 0.05. F The cell

senescence of the differentiated adult and infant ADSCs at passage 7

was detected by the Senescence Detection Kit. The left panels showed

the high cell density, and right ones showed the low cell density.

Senescence-associated b-galactosidase (SA-b-gal) positive was

stained and exhibited in blue. (magnification 9 200; the scale

bar = 100 lm). G The adult and infant ADSCs were immunostained

with an anti-cH2AX antibody and DAPI. (magnification 9 400; the

scale bar = 20 lm) H The values (arbitrary unit) of the immunoflu-

orescence intensity of cH2AX in the nuclei of the adult and infant

ADSCs were quantified by the Image-Pro Plus v4.5.0.29 and

normalized to the cell numbers. Mean ± SD with three experimental

replicates were expressed in B, C, D, and F. Statistical significance of

comparing the adult and infant ADSCs was determined by the Mann–

Whitney U test. ‘‘*’’ represented p\ 0.05. ‘‘**’’ represented p\ 0.01
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and also declined to the lowest on day 21 (Fig. 7H). The

result of the SOD3 expression in the infant ADSCs was

similar to that of SOD2, but it was not significantly dif-

ferent between different time periods (Fig. 7I).

4 Discussion

The infant ADSCs were collected from the excised infant

polydactyly fat tissue which was considered as surgical

waste. However, it is a precious cell source of cell therapy

[12]. In this study, the proliferation, anti-aging ability,

Fig. 3 Detection of the adipose-, osteocyte-, tendon- and neuron-

related gene expression levels of the adult and infant ADSCs during

differentiation. Adipose-related genes, including peroxisome prolif-

erator-activated receptor-c (PPARc) A and lipoprotein lipase (LPL) B,
osteocyte-related genes, including osteocalcin (OCN) C and runt-

related transcription factor (RUNX) D, and tendon-related genes,

including tenascin-C (TNC) E and collagen type 3 alpha 1 chain

(COL3A1) F of the ADSCs after the factor-induced (AIM, OIM and

TIM) differentiation for 14 days were detected by RT-qPCR. Neuron-

related genes, including microtubule-associated protein 2 (MAP2)
G and neurofilament heavy polypeptide (NEFH) H of the ADSCs

after the factor-induced (NIM) differentiation for 7 days were

detected. Each value of the gene expression was normalized to the

expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Relative fold changes of the values of the factor-induced and

confluence-initiated differentiated ADSCs were compared with those

of the controls (day 0) as one. The values were expressed as

mean ± SEM. with three experimental replicates. Statistical signif-

icance was determined using the Mann–Whitney U test. ‘‘*’’

represented p\ 0.05. ‘‘**’’ represented p\ 0.01. ‘‘***’’ represented

p\ 0.001

Fig. 4 In vitro chondrogenic

differentiation of the adult and

infant ADSCs. A The

chondrogenic pellets

differentiated from P3-P5 of the

adult and infant ADSCs

(3 9 105 cells) on day 21. (The

scale bar = 1 mm) B The

diameters of the pellets were

measured after differentiation

on day 21. ‘‘*’’ represented

p\ 0.05
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antioxidation ability, and chondrogenic differentiation in

the infant ADSCs were proved to be better than those in the

adult ADSCs. The infant allogeneic ADSC culture is a

useful strategy to significantly reduce cell senescence and

advance for future chondrogenic differentiation and animal

model studies.

ADSCs isolated from younger donors could inspire the

host’s self-healing capabilities and be feasibly applied in

therapeutic treatment for skin regeneration [25].

Advancement of the donor age would diminish the function

of stem cells in angiogenesis [26, 27]. Prolonged expansion

caused MSC senescence, exhibited an enlarged flat cell

morphology, increased SA-b-gal activity, demonstrated

loss of cell properties, and increased the expression levels

of senescence related genes, including p16, p21, and p53

[28]. MSC senescence is also a key factor that affects the

potential of multi-lineage differentiation [29]. Senescent

cell secreted factors might influence some fundamental

processes, such as cell growth, cell migration, tissue con-

struction, blood vessel formation, and differentiation. Part

of the secreted factors are inflammatory cytokines that may

cause chronic inflammation [30]. In addition, it has been

reported that the pool size of MSCs reduces in aged ani-

mals [31]. ADSCs obtained from infant patients (less than

one year old) with an end-stage liver disease during liver

transplantation by subcutaneous abdominal surgery have

more biological advantages than those obtained from older

ones [32].

Senescence is started by the retinoblastoma protein (Rb)

or p53 pathways, and then activates the cyclin-dependent

kinase inhibitors p16 and p21, respectively. The function of

each pathway can influence and collaborate to block the

cell cycle and growth arrest and then cause senescence

[33]. The p16, p21, and p53 have been found to be

upregulated in long-term expansion of stem cells [34]. The

p16 and p21 gene upregulations in aged tendon stem pro-

genitor cells have been found to be in agreement with those

in skeletal muscle aging. The local stem cells with dys-

regulation in the p16 signaling is related to the senescence

of muscle tissue [35]. On the other hand, c-MYC is

involved in controlling cell proliferation and differentia-

tion, and TERT is consistent with telomerase activity and

preserves the chromosome integrity [36]. In this study, we

confirmed that the infant ADSCs indeed downregulated the

expression levels of p16, p21, and p53, and enhanced the c-

MYC and TERT expression levels at early passages.

However, the levels of c-MYC and TERT expression would

decline after long-term culture. MSCs from younger donors

with longer telomeres have higher levels of telomerase

activity [37]. The isolated MSCs from telomerase knock-

out mice at early passages lost the ability of adipogenic and

chondrogenic differentiation [38]. A study which compared

the chondrogenic differentiation of rat BMSCs with ages of

one week, 12 weeks, and one year showed that COL 2 and

aggrecan expression levels declined with increasing ages

[39]. In this study, the increase folds of cell numbers and

the chondrogenic differentiation related genes and proteins

were all significantly enhanced in the infant ADSCs and

differentiated pellets compared with those in the adult

ones. The results indicated that, under the same in vitro

induction foundation, the ADSCs from infants with higher

expression levels of telomerase genes had higher potential

of proliferation and differentiation than those from adults.

cH2AX, which is the histone variant with phosphorylation

on the Ser-139 residue, acts as an early response to the

DNA double-strand breaks [40], which will induce termi-

nal cell cycle arrest and cellular senescence [41, 42]. The

results of the SA-b-gal assays and the replicative stress,

which were determined by detecting the expression of

cH2AX, were less positive in the infant ADSCs;

Fig. 5 Chondrocyte-related gene expression in the adult and infant

ADSC differentiated pellets. The expression levels of A SOX9 on day

7, B COL2, and C COL10 on day 21 of the adult and infant ADSC

differentiated pellets had been detected by RT-qPCR during the

differentiation from day 7 to day 21, and the values were normalized

to the expression of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). Mean ± SD were expressed. The values of the adult

ADSCs were used as the controls. Statistical significance of

comparing the adult and infant ADSCs was determined by the

Mann–Whitney U test. ‘‘*’’ represented p\ 0.05
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consequently, we confirmed the proliferation and replica-

tion abilities of the infant ADSCs were better than those of

the adult ones.

Some evidence exhibited that reactive oxygen species

(ROS) could enhance the stemness of ADSCs [43] and

initiate proliferation after quiescence exit [44]. Neverthe-

less, an excess amount of ROS could reduce the function of

MSCs and cause cell death [45]. Copper/zinc-superoxide

dismutase 1 (SOD1), which is a dimeric cytosolic enzyme

that detoxifies superoxide anions to H2O2 [46], was shown

to be highly neuroprotective against reperfusion injury

after focal and global cerebral ischemia [47–49]. In addi-

tion, the ability of SOD1 has been studied so as to advance

the therapeutic potential of ADSCs to resist ischemic

damage [19]. The fact that Mn-superoxide dismutase 2

(SOD2) enhances the therapeutic effects of ADSCs has

also been studied [17]. The expressions of SOD3 in

BMSCs are influenced during adipogenic, chondrogenic,

and osteogenic differentiation [18]. The antioxidant

enzymes are among the major mechanisms by which cells

counteract the deleterious effects of ROS [47]. However, it

has not yet been determined whether SOD1, SOD2 and

SOD3 play critical roles in enhancing chondrogenic dif-

ferentiation of ADSCs from oxidative stress. Therefore, the

purpose of this study was to determine the relationship

between the expression levels of SODs (SOD1, SOD2 and

SOD3) and chondrogenic differentiation of infant ADSCs.

We have found that the expression levels of SODs in the

infant ADSCs were higher than those in the adult ADSCs

before chondrogenic differentiation. The expression levels

of SODs of ADSCs declined following differentiation, and

Fig. 6 Immunohistochemistry staining of the chondrogenic differen-

tiated adult and infant ADSCs. A, B The pellets of the 21-day

chondrogenic differentiated adult and infant ADSCs were sectioned

and stained using Alcian blue. The protein expression levels of C, D
collagen type II (COL2) and E, F collagen type X (COL10) were

detected by immunostaining. (magnification 9 40; the scale bar =

200 lm) G-I The densities of each staining were calculated and

normalized with the whole backgrounds of the pellet sections.

Mean ± SD with three experimental replicates were expressed.

Statistical significance of comparing the adult and infant ADSCs

was determined by the Mann–Whitney U test. ‘‘*’’ represented

p\ 0.05
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those of the infant ADSCs were even lower than those of

the adult ones.

ROS has been found to be required during the in vitro

induction of chondrogenic and adipogenic differentiation.

The chondrogenic markers were upregulated by adding

H2O2 during the differentiation, which was suppressed

when the antioxidant N-acetylcysteine (NAC) was added

[50]. TGF-b1, an inducer of chondrogenic differentiation,

also caused a pro-oxidant effect in cartilage, but not

cytotoxicity [51]. Besides, NADPH oxidase 2 and 4 (Nox2

and Nox4) generated ROS was increased during the early

stage of chondrogenic differentiation [52]. All of these

studies suggested that ROS played an important role in

chondrogenic differentiation, and also explained the

decline of the expression levels of SODs during the dif-

ferentiation process.

An age dependent reduction in adipogenic differentia-

tion of mouse ADSCs has been found, but not in osteogenic

differentiation [53]. However, a result in rats demonstrated

that an advanced age decreased the gene expression of

adipogenic differentiation [54]. The propensity for adi-

pogenic differentiation decreased in senescent BMSCs,

Fig. 7 Superoxide dismutase (SOD) expression levels in the adult

and infant ADSCs. A SOD1, B SOD2, and C SOD3 genes of the adult

and infant ADSCs (day 0) were detected by RT-qPCR, and the values

were normalized to the expression of glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). The values of the adult ADSCs were used

as the controls. Mean ± SD were expressed. Statistical significance

of comparing the adult and infant ADSCs was determined by the

Mann–Whitney U test. The levels of SOD1, SOD2 and SOD3 gene

expression in the adult ADSCs D–F and infant ADSCs G–I during the
time course of chondrogenic differentiation on day 0 (D0), day7 (D7),

day14 (D14), and day 21 (D21) had been determined using RT-qPCR.

The values of day 0 were used as the controls. Statistical significance

of comparing the differences of different time periods was determined

by the one-way ANOVA analysis. ‘‘*’’ represented p\ 0.05. ‘‘**’’

represented p\ 0.01. ‘‘***’’ represented p\ 0.001
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whereas osteogenic differentiation increased [34].

According to a theoretical inverse relationship between

osteogenic and adipogenic differentiation, differentiation

towards an osteoblast phenotype exists at the expense of an

adipocytic phenotype, or vice versa [55]. We also found

that the infant ADSCs had the tendency toward chondro-

genic, adipogenic, and neurogenic differentiation but had

less osteogenic and tenogenic potential, and the adult

ADSCs showed the opposite tendency. This result sug-

gested that infant and adult ADSCs had different degrees of

differentiation potential under the same differentiation

induction.

There are some limitations in this study. The sample

numbers of ADSC might not to be large enough to reduce

the inter-individual variability. The detection time periods

of different differentiation levels were diverse due to the

distinct cell proliferation during the differentiation pro-

cesses. The ADSCs would not survive for a long period in

some differentiation processes.

In this study, we harvested the infant ADSCs from

excised polydactyly fat tissue that resolved the problem of

collection. The difficulty of collecting surgical specimen is

still an issue for infant ADSCs to be used. However, infant

ADSCs show better abilities of proliferation, less senes-

cence, and more potential of differentiation. The expanded

infant ADSCs cell line could still be wildly applied, even to

treat child-related arthritis such as juvenile rheumatoid

arthritis. To sum up, infant ADSCs collected from excised

polydactyly fat tissue is a useful strategy to reduce cell

senescence and advance for chondrogenic differentiation.

Infant ADSCs show an advantageous application in carti-

lage regeneration and repair.
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