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Adipoinductive effect of extracellular matrix involves cytoskeleton changes and
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Drenka Trivanovi�ca� , Ivana Drvenicab , Tamara Kukolja , Hristina Obradovi�ca , Ivana Oki�c Djordjevi�ca,
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bLaboratory for Immunology, Institute for Medical Research, University of Belgrade, Belgrade, Serbia; cDepartment of Chemical Engineering,
Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia

ABSTRACT
Adipose tissue (AT) homeostasis and expansion are dependent on complex crosstalk between resident
adipose stromal/stem cells (ASCs) and AT extracellular matrix (ECM). Although adipose tissue ECM
(atECM) is one of the key players in the stem cell niche, data on bidirectional interaction of ASCs and
atECM are still scarce. Here, we investigated how atECM guides ASCs’ differentiation. atECM altered
shape and cytoskeleton organization of ASCs without changing their proliferation, b-galactosidase
activity and adhesion. Cytoskeleton modifications occurred due to fostered parallel organization of F-
actin and elevated expression of Vimentin in ASCs. After seven-day cultivation, atECM impaired osteo-
genesis of ASCs, simultaneously decreasing expression of Runx2. In addition, atECM accelerated early
adipogenesis concomitantly with altered Vimentin organization in ASCs, slightly increasing PPARc,
while elevated Adiponectin and Vimentin mRNA expression. Early adipogenesis triggered by atECM
was followed by upregulated mitochondrial activity and Sirtuin 1 (SIRT1) expression in ASCs.
Proadipogenic events induced by atECM were mediated by SIRT1, indicating the supportive role of
atECM in adipogenesis-related metabolic state of ASCs. These results provide a closer look at the
effects of atECM on ASC physiology and may support the advancement of engineering design in soft
tissue reconstruction and fundamental research of AT.
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Introduction

Among other adult tissues, human adipose tissue (AT)
enriched with mesenchymal progenitors, referred as adipose-
derived stromal/stem cells (ASCs), holds potential as a source
of stem cells due to its ubiquitous localization and ease of
accessibility [1]. Considered as mesenchymal stem/stromal
(MSC) population that contributes to the connective tissue
homeostasis, multilineage differentiation as well as trophic,
immunomodulatory and message-secreting activities of ASCs
are under investigation [2]. ASCs’ regenerative capacity on
one side, and involvement in AT diseases with high fre-
quency in human population on the other, draw additional
attention to these progenitor cells. ASCs are surrounded by
extracellular matrix (ECM) composed of many types of pro-
teins and glycosaminoglycans that assemble into a highly
complex network [3]. The ECM is a fundamental component
of specialized adipose niche and provides both architectural
elements and non-structural molecules (such are growth fac-
tors) which influence progenitor cells and regulate the
expandability of AT [4]. However, the precise mechanisms

whereby niche elements, such as cell–cell specific interactions
or ECM constituents, can influence and modulate the differen-
tiation potential of mesenchymal progenitors, remain mostly
unclarified [5]. Crosstalk of adipose tissue ECM (atECM) and
ASCs underlies fat tissue homeostasis as well as abnormal
expansion, and therefore its detailed understanding contrib-
utes to development of more efficient and safe strategies for
AT engineering or adipose graft fate prediction. Autologous
AT grafting has many disadvantages, such as high costs and
unpredictable clinical outcome. Besides the lack of standar-
dized procedures for AT harvest and preparation for trans-
plantation [6], major obstacles for successful adipose graft
application are graft volume shrinkage and unpredictable rate
of resorption. Therefore, many current studies are directed
towards designing in situ injectable materials and porous 3D
printed scaffolds for AT reconstruction [7]. The focus of tissue
engineering is set on the generation of biomimetic microenvir-
onments which accurately recapitulate cell niches made by
the cells themselves in vivo. Currently, two approaches are
widely estimated, coating of growth surface with available
ECM and in vitro matrices creation [8–10].
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Considered as an off-the-shelf natural biomaterial for soft
tissue reconstruction, the atECM imparts chemical, physical
and biological cues that affect cellular function as a result of
signal transduction via cell surface receptors and activation
of associated signalling pathways [11]. In response to these
cues, cells adjust their cytoskeleton tension following linkage
of the actomyosin cytoskeleton with the surrounding ECM
[12]. Moreover, intracellular machinery engaged by ECM can
interact with nuclear membrane and nucleoskeleton leading
to cell transcriptome adaptation and epigenetic changes [13].
Transcriptional cascade, triggered in crosstalk with extracellu-
lar cues is recognized as principal for the AT-resident stem/
progenitor cell lineage commitment [14], while mode of
action of atECM in ASCs is still unknown. Therefore, elucida-
tion of contribution of atECM in ASC behaviour is significant
for understanding of ASC regenerative properties controlled
by their proximate microenvironment.

Collagen or fibronectin coating of surface appeared to be
rational strategy for in vitro cultivation of MSCs which ensure
optimal cell growth [15]. In order to analyse the role of
native atECM in ASC fate, we compared the reactivity of
ASCs cultured on standard tissue-culture plastic (TCP) and
TCP coated with collagen or atECM, by evaluating the spe-
cific effects on ASC morphology, cytoskeleton organization,
adhesion, proliferation, senescence and particularly differenti-
ation into mesodermal lineages. We showed, for the first
time, that atECM-derived external stimuli can modify mito-
chondrial activity and revealed that adipoinductive effects of
atECM are mediated by metabolic sensor molecule Sirtuin
1 (SIRT1).

Materials and methods

Adipose tissue processing: atECM preparation and
ASC isolation

Subcutaneous AT samples were obtained with informed consent
from adult anonymous patients undergoing plastic surgery at
National Cancer Research Center, University of Belgrade in accord-
ance with ethical standards of local Ethical Committee and
Declaration of Helsinki. The study protocol was approved by the
Ethical Committee of the National Cancer Research Center (Decision
No. 4428) and all patients signed a written consent for the collection
of AT. All rights, security, physical and mental integrity of the
patients are fully protected. For decellularization, AT samples were
extensively washed with 1� phosphate-buffered saline (PBS,
Capricorn Scientific, Ebsdorfergrund, Germany) for 2h, dissected and
minced by surgical scissors. Then, the AT samples were centrifuged
at 1800�g for 5min and supernatant with fat in the liquid phase
was discarded. Viscous pellet containing tissue fragments, was incu-
bated in 1 M NaCl (1:1 volume ratio) for 2h at 37 �C. After centrifu-
gation at 200�g for 5min, pellet was incubated with 1% SDS for
1h at room temperature. Thereafter, tissue fragments were exten-
sively washed in extra pure water for 24h at 37 �C. Between each
step, tissue fragments were mechanically massaged with top of syr-
inge. Finally, after incubation in 3% formaldehyde for 1h, and there-
after with 0.2% DNase (2500U/ml, Thermo Fisher, Waltham, MA)
and 10 mg/ml RNase (Sigma-Aldrich, St. Louis, MO) for 1h at 37 �C,
tissue fragments were rinsed in extra pure water for 24h. For

scanning electron microscopy (SEM) analysis, atECM samples were
fixed with 2.5% glutaraldehyde in 1� PBS for 1h, and then washed
twice in 1� PBS. Samples were post-fixed with 1% osmium tetrox-
ide (Sigma-Aldrich, St. Louis, MO) for 1h and rinsed in 1� PBS
before dehydration with graded ethanol solutions [16]. Final drying
of samples was done using liquid CO2 critical point dryer (Bal-
TecCPD030 Critical Point Dryer, Bal-TecAG, Balzers, Liechtenstein).
SEM examination was performed using FE-SEM, a TESCAN MIRA 3
XMU, operated at 20keV, after a deposition of gold/palladium thin
layer on the samples surface.

After decellularization, atECM was lyophilized using BETA
1-8 LD plus lyophilizator (Martin Christ, Osterode am Harz,
Germany). After cooling to –70 �C, the primary drying was
conducted at shelf temperature of –60 �C for 24 h followed
by –65 �C for 2 h. Obtained lyophilized samples were hermet-
ically sealed and stored at –20 �C. To solubilize atECM,
minced lyophilized atECM was further digested with pepsin
solution (Sigma-Aldrich, St. Louis, MO) for 48 h at room tem-
perature under constant stirring. In detail, pepsin was solubi-
lized in 0.1 M HCl and added to the atECM at a ratio of 1mg
pepsin for every 10mg of lyophilized atECM. The pH was
raised to 7.4 using 1 M NaOH and then the matrix was
diluted to 15mg/ml using 10� PBS so that the final solution
contained 1� PBS [17]. Solubilized atECM was stored at 4 �C
and used for coating of tissue culture plastic after previous
dilution with 1� PBS to adjust concentration to 5mg/ml. For
determination of solubilized atECM protein concentration,
BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL)
was used according to the manufacturer’s protocol.

For isolation of ASCs, our recently reported protocol was
applied and modified [18]. Pieces of AT were collected and
kept in growth medium (GM), consisting of Dulbecco’s modi-
fied Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO),
Hepes (1%), penicillin/streptomycin (1%), and 10% foetal
bovine serum (FBS) (all bought from Capricorn Scientific,
Ebsdorfergrund, Germany) at 4 �C for no more than 24 h after
surgery. Upon reception in the laboratory, unidentified raw
samples were washed extensively using 1� PBS. The speci-
mens were minced using surgical scissors and tissue frag-
ments were digested in a solution of 1mg/ml collagenase
type 2 supplemented with 3.5% bovine serum albumin (BSA)
(Sigma-Aldrich, St. Louis, MO), 0.5mM CaCl2, 1% penicillin/
streptomycin, for 2 h at 37 �C. The pellets were re-suspended
in GM and cells were counted and seeded in 25 cm2 plastic
tissue culture flasks (Greiner Bio-One, Kremsm€unster, Austria)
in GM. The medium was replaced twice a week, and after
reaching 90% of confluence, adherent cells were detached
using 0.25% solution of trypsin/EDTA (Gibco, Carlsbad, CA).
All experiments were performed using ASCs between pas-
sages 2 and 6.

Preparation of tissue culture plastic: coating with atECM
and collagen

Solutions of atECM and rat tail vein-derived collagen (concen-
tration 3.5mg/ml) were stored at 4 �C. Tissue culture
plastic flasks, plates and coverslips were coated with solubi-
lized atECM or collagen for 24 h at 4 �C. atECM or collagen
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was added to cover growth surface of dishes in volumes
30ml/0.34 cm2, 100 ml/1.9 cm2, 500ml/9.6 cm2 and 3ml/25 cm2.
Further, atECM and collagen were discarded, and surfaces
(including TCP) were washed with 1� PBS and 75% ethanol.
Then, plates were treated with 3% BSA in 1� PBS for 1 h at
4 �C. After discarding the BSA solution, growth surfaces were
washed with 1� PBS for three times. These pre-coated surfa-
ces were used for ASC cultivation.

Phenotype analysis of cultivated human ASCs

ASCs were maintained in standard conditions and after
reaching confluence were harvested using 1mM EDTA and
washed in cold PBS supplemented with 0.5% BSA. Cells were
incubated (30min in the dark at 4 �C) with fluorescein iso-
thiocyanate (FITC)- or phycoerythrin (PE)-conjugated antibod-
ies against human antigens CD44H, CD73, CD90, (all from
R&D Systems, Minneapolis, MN), CD105 (from Invitrogen,
Carlsbad, CA) and CD34 (Dako Cytomation, Glostrup,
Denmark). The percentage of non-specific binding was deter-
mined by using the appropriate FITC- and PE-conjugated iso-
type control antibodies (R&D Systems, Minneapolis, MN).
Flow cytometry was performed using flow cytometer Partec
(Munster, Germany).

Cell proliferation and viability

ASCs were seeded at concentration 2� 104 cells/well in 24
well-plates in GM and cultivated in standard conditions. After
24, 48 and 120 h, exclusion test was performed and cell num-
ber was counted using Trypan Blue (0.4% solution).

To evaluate the viability of ASCs, 5� 103 cells/well
were seeded in 96 well-plates in GM. After 24, 48, and 120 h,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (5mg/ml) (Sigma-Aldrich, St. Louis, MO) was
added to each well and incubated for the next 2 h. Then, cul-
ture media were discarded and formazan crystals were
dissolved in isopropanol. Optical density was measured at
540 nm using automatic reader for microtiter plates
(Labsystems Multiskan PLUS, Vantaa, Finland).

Adhesion, cell shape and area: single cell
image analysis

Cells were seeded at concentration 2000 cells/well in 96 well
plates in GM and cultivated in standard conditions. After 2,
10 and 24 h, adhered cells were stained by 0.1% crystal vio-
let. Three separate fields were photographed by phase con-
trast microscope and the number of spread attached cells
was estimated by microscopic cell counting. For cell area and
shape analysis, aspect ratio and circularity were determined
by single cell analysis using NIH-Image J program. Aspect
ratio was calculated using formula AR¼major axis/minor axis
of the cell, while circularity was calculated by formula
4p�Area/Perimeter2. Twenty five cells on five separated
fields were analysed in each group.

Differentiation assays in vitro

Cells were cultivated in GM or corresponding differentiation
medium in standard conditions until reach 80% confluency.
Osteogenic differentiation medium contained DMEM supple-
mented with 5% FBS, 1% penicillin/streptomycin, 50 lM
ascorbic acid-2-phosphate (Sigma-Aldrich, St. Louis, MO),
10mM b-glycerophosphate (Sigma-Aldrich, St. Louis, MO) and
10 nM dexamethasone. After seven days, ASCs were fixed
with 3.7% formaldehyde in 96% ethanol and enzyme activity
of ALP was quantified by adding p-nitrophenyl-phosphate
(pNPP) and measuring absorbance at 405 nm using automatic
reader for microtiter plates (Labsystems Multiskan PLUS,
Vantaa, Finland). For visualization of ALP activity, cells were
washed with 0.9% NaCl and NBT/BCIP substrate solution was
added. The presence of calcium-containing deposits and min-
eralization of ECM was visualized with 0.5% Alizarin Red
staining after 21-day cultivation.

Cartilage-associated glycosaminoglycan formation was
detected with Safranin O after 3 weeks of cultivation in chon-
drogenic medium containing DMEM with 5% FBS, 1% penicil-
lin/streptomycin, 50lM ascorbic acid-2-phosphate, 10 nM
dexamethasone and 5 ng/ml of transforming growth factor-
b1 (TGF-b, R&D Systems, Minneapolis, MN). After staining pro-
tocols, ASCs were examined using a light microscope
(Olympus, Tokyo, Japan) and differentiation was semi-quanti-
fied by densitometry, using NIH-Image J software.

To induce adipogenic differentiation, ASCs were cultivated
in adipogenic medium (AM) containing 5% FBS in DMEM, 1%
penicillin/streptomycin, 100 lg/ml isobutyl-methylxanthine
(IBMX; Sigma-Aldrich, St. Louis, MO), 1lM dexamethasone
and 10 lg/ml insulin (Sigma-Aldrich, St. Louis, MO). The
appearance of intracellular lipid droplets and their accumula-
tion was confirmed by Oil Red O (Merck Chemicals,
Darmstadt, Germany), which labels cholesteryl esters and tria-
cylglycerols. ASCs were washed with water and the stained
fat droplets in the cells were visualized by light microscopy
and photographed. The percentage of differentiated cells
was determined by counting cells positive for Oil Red O
staining in the lipid vacuoles. Otherwise, to follow adipogenic
differentiation, ASCs were seeded and cultivated on cover
slips in AM, while lipid droplets were stained with fluorescent
hydrophobic probe 9-(diethylamino)-5H-benzo[a]phenoxazin-
5-one, Nile Red (Santa Cruz Biotechnology, Santa Cruz, CA) at
final concentration 0.05lg/ml (Santa Cruz Biotechnology,
Santa Cruz, CA) for detection of neutral lipids (preferentially
unesterified cholesterol) and 1 ng/ml of DAPI (Sigma-Aldrich,
St. Louis, MO) for nucleus labelling for 20min at room tem-
perature. Cells were examined using epi-fluorescent micro-
scope (Olympus, Tokyo, Japan).

b-Galactosidase staining

Cells were seeded in a 96-well plate and cultivated for 3, 7
and 14 days in standard conditions. Afterwards, plates were
washed with 1� PBS, fixed for 5min at room temperature,
and incubated at 37 �C overnight with 1mg/ml X-gal buf-
fered solution prepared according to the manufacturer’s
instructions (Sigma Aldrich, St. Louis, MO). Histochemical
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staining for b-galactosidase activity was documented by light
microscope (Olympus, Tokyo, Japan). Microphotographs of
four random fields for each sample were taken. Altered (flat-
tened) shape and staining intensity of senescent cells was
applied as discrimination strategy when number of senes-
cent-like cells per visual field was determined.

Immunofluorescence

ASCs (5� 103 cells/coverslip) were seeded and cultivated on
coated coverslips in standard conditions. For visualization of
cytoskeletal proteins and SIRT1, at certain time points (experi-
mental conditions indicated in figure legend), cells were fixed
in 4% paraformaldehyde, permeabilized in 0.1% Triton-X100
(Sigma-Aldrich, St. Louis, MO) in 1� PBS and blocked with
3% BSA in PBS for 30min. Then, samples were incubated
with primary antibodies: phalloidin-tetramethylrhodamine B
isothiocyanate (Sigma Aldrich, St. Louis, MO, dilution 1:1000),
anti-mouse Vimentin (Santa Cruz Biotechnology, Santa Cruz,
CA, dilution 1:100), mouse anti-a-smooth muscle actin (SMA)
(dilution 1:100, Santa Cruz Biotechnology, Santa Cruz, CA),
anti-rabbit SIRT1 (Cell Signaling Technology, Danvers, MA,
dilution 1:100). Samples incubated in 1% BSA in PBS served
as negative control. After appropriate incubation, cells were
washed three times with PBS and incubated with the corre-
sponding FITC/TRITC-coupled secondary antibodies (dilution
1:100, both from Sigma-Aldrich, St. Louis, MO) at room tem-
perature for 1 h. The mitochondria of the viable ASCs were
visualized with membrane potential sensitive dye [19],
MitoTracker Orange CMTMRos (MTO) (Invitrogen, Thermo
Fisher Scientific, Waltham, MA). After appropriate treatment,
10 nM MTO was added during the least 30min of incubation,
in GM without FBS. For nucleus labelling, 1 ng/ml of DAPI
(Sigma-Aldrich, St. Louis, MO) was added. Mounted cells were
analysed using an epi-fluorescent microscope (Olympus,
Tokyo, Japan).

Semi-quantitative RT-PCR

ASCs seeded at concentration 3� 105 cells/well in six-well-
plate in GM/AM were cultivated in standard conditions for
seven days. Afterwards, ASCs were washed with 1� PBS and
total RNA was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, CA). RNA was precipitated in isopropanol, resus-
pended in nuclease-free water and 200 ng of RNA was
reverse transcribed into cDNA by RevertAidTM H Minus First
Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA),
using oligo (dT) as a primer. PCR products were obtained

after 33 cycles of amplification with adjusted annealing tem-
perature ranging from 47 to 56 �C. Primer sets were both
from Invitrogen (Carlsbad, CA). Applied annealing tempera-
tures are indicated in Table 1. As a housekeeping gene con-
trol, GAPDH was amplified for the amount of cDNA control in
each sample. Amplicons were resolved in 1.5% agarose gel
and stained with ethidium bromide.

Statistics

Statistical analysis was performed with the use of GraphPad
Prism 6 (La Jolla, CA). Results are presented as a mean
value ± SEM calculated from data of at least three independ-
ent experiments. Differences between groups were tested for
statistical significance by Student’s t-test. Statistical signifi-
cance is reached for p<.05.

Results

atECM does not affect viability, proliferation and
b-galactosidase activity of cultivated ASCs

As a confirmation of delipidization and decellularization, no
cellular or lipid components were observed in atECM after
processing, in comparison to native human AT, while struc-
tural and fibre-morphological shape with different size bun-
dles of varying thickness in atECM was observed by SEM.
After lyophilization and solubilization, protein concentration
of neutralized solution of atECM (15mg/ml) was
4.053 ± 0.160mg/ml (Figure 1(a)).

Isolated ASCs showed positive expression of CD73, CD44,
CD90 and CD105, without expression of hematopoietic and
endothelial progenitor marker CD34 (Figure 1(b)), thus satisfy-
ing minimal criteria recommended for mesenchymal stromal
cell (MSC) characterization [20].

To analyse the response of ASCs cultivated on atECM, we
pre-coated common used plastic dishes with collagen or
solubilized atECM. Results demonstrated that atECM did not
affect proliferation (Figure 1(c)) nor viability of ASC after 24,
72 and 120 h of cultivation in GM (Figure 1(d)), in comparison
to TCP or collagen. Additionally, we showed that atECM did
not change the frequency of b-galactosidase positive cells
after 3, 7 and 14 days of cultivation in comparison to TCP
and collagen (Figure 1(e)). Taken together, our results confirm
absence of cytotoxic or senescence-associated changes in
ASCs during cultivation on surface coated with solubi-
lized atECM.

Table 1. Primer sets used in experiments.

NCBI reference sequence Target Forward primer 50–30 Reverse primer 30–50 Product size (bp)

NM_004797.3 Adiponectin GCTGGAGTTCAGTGGTGTGA ACCAACCTGACGAATGTGGT 164
NM_001141945.2 a-SMA CTGTTCCAGCCATCCTTCAT CCGTGATCTCCTTCTGCATT 175
NM_001015051.3 Runx2 ATGCTTCATTCGCCTCACAAAC CCAAAAGAAGTTTTGCTGACATGG 261
NM_005036.4 PPARg GCTGTTATGGGTGAAACTCTG ATAAGGTGGAGATGCAGGCTC 351
NM_000609.6 SDF1 TGAGCTACAGATGCCCATGC TTCTCCAGGTACTCCTGAATCC 178
NM_001142498.1 Sirt1 CTGGACAATTCCAGCCATCT GGGTGGCAACTCTGACAAAT 595
NM_015869.4 SOX9 GAGGAAGTCGGTGAAGAACG ATCGAAGGTCTCGATGTTGG 300
NM_003380.3 Vimentin AGATGGCCCTTGACATTGAG TCTTGCGCTCCTGAAAAACT 345
NM_001289746.1 Gapdh ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452
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atECM modifies the morphology and cytoskeleton
organization of cultivated ASCs

Although atECM did not alter adhesion level of ASCs after 2,
10 and 24 h, differences in cell morphology were observed
after 24 h (Figure 2(a)). The indicator of cell morphology,

aspect ratio was significantly higher in collagen and atECM
groups (Figure 2(b)), while cultivating ASCs on atECM signifi-
cantly decreased cell circularity in comparison with TCP and
collagen group (Figure 2(c)). Thus, we concluded that TCP
supported flattened or round shape, while collagen and
atECM favoured elongated morphology of ASCs. This state

Figure 1. atECM preparation and testing of cell viability, proliferation, b-galactosidase activity of cultivated ASCs. (a) Adipose tissue before and after processing. For
fluorescence imaging, lipids are stained by Nile Red and nuclei by DAPI (DNA). For light microscopy, lipids are stained by Oil Red O. Representative photos of decel-
lularized and delipidized atECM observed by scanning electron microscopy (SEM) and lyophilized and solubilized form used for coating. Scale bar 200 and 10lm.
(b) Representative histograms of FACS analysis showing expression of CD44, CD90, CD73, CD105 and CD34 (shaded histograms: isotype control; empty histograms:
antigen expression). Cell number and viability were determined after 24, 72 and 120 h. (c) By Trypan blue exclusion test and (d) by MTT assay, respectively. (e)
Activity of b-galactosidase in ASCs expressed as percentage of b-gal positive cells per visual field. Photos obtained after cultivation of ASCs for 3, 7 and 14 days in
standard conditions are shown. Representative images of obtained by light, fluorescent and SEM are shown.
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was confirmed by immunofluorescence staining of cytoskel-
eton molecules, where was shown that atECM fostered spin-
dle-shape extended morphology of ASCs after seven-day
cultivation more efficiently than collagen, in comparison with
TCP (Figure 3(a)). We revealed that morphological changes
were followed by the change in filamentous (F)-actin and
intermediate filament, Vimentin organization. While after cul-
tivation on TCP for seven days, ASCs acquired flattened
morphology with criss-cross organized F-actin and net-like
organized Vimentin, collagen and more efficiently, atECM,
promoted parallel organization of F-actin and Vimentin in
ASCs, with fibres elongating through the length of the cell
contributing to preservation of their spindle-shape morph-
ology (Figure 3(a)). In addition, atECM and collagen stimu-
lated Vimentin mRNA expression, in comparison to TCP.
Similar to collagen, atECM attenuated stromal-derived factor
1 (SDF-1) mRNA expression in ASCs after seven-day cultiva-
tion, in comparison with TCP (Figure 3(c)). Also, obtained
results indicated that atECM strongly decreased a-smooth
muscle actin (a-SMA) at protein and gene level (Figure 3(b,c))
in comparison with TCP and collagen.

Effect of atECM on differentiation in vitro: accelerated
early adipogenesis and delayed/impaired osteogenesis
of ASCs

To evaluate the potential of atECM to direct cell differenti-
ation, we estimated its effects on osteogenesis, chondrogene-
sis and adipogenesis of ASCs. Results indicated that atECM,
although it did not affect mineralization, attenuated early

phase of osteogenesis of ASCs, decreasing activity of ALP in
both GM and osteogenic medium (OM), which was in accord-
ance with decreased expression of Runt-related transcription
factor 2 (Runx2) mRNA (Figure 4(a,b,e)). However, atECM did
not affect chondrogenic capacity of ASCs nor expression
of SRY (sex determining region Y)-box 9 (Sox9) mRNA which
was undetectable in our conditions (Figure 4(c–e)),
while Safranin O staining was similar as in TCP and colla-
gen group.

Additionally, our results revealed that although atECM did
not alter adipogenic capacity of ASCs, it accelerated lipid
droplets formation. Oil Red O positive cells were observed in
ASCs after only seven days of cultivation in the presence of
adipogenic stimuli when cells were cultivated on atECM-
coated surface (Figure 4(f)). However, the percentage of Oil
Red positive cells after 21 days of cultivation in the presence
of atECM was not different from TCP and collagen.
Simultaneously, atECM did not change the level of weak
spontaneous adipogenic differentiation of ASCs which could
be detected by Oil Red staining. Thus, we hypothesized that
atECM can affect the commitment of ASCs in favour of adipo-
genic lineage in early phase (seven days) of differentiation
induction. Additionally, regardless of adipogenic stimuli,
atECM decreased peroxisome proliferator-activated receptor
gamma (PPAR-c) mRNA expression in comparison to TCP,
while slightly stimulating it in comparison with collagen in
the presence of adipogenic stimuli. Also, Adiponectin mRNA
expression was elevated in the presence of atECM in com-
parison with TCP in the presence of AM, while it did not dif-
fer from the collagen group (Figure 5(a)).

Figure 2. Adhesion and cell morphology of ASCs. (a) Number of adherent ASCs was counted after 2, 10 and 24 h after seeding. Photos of adherent cells stained
after 24 h are shown. Percentage of spread cells/field was calculated, while three separate fields were observed per well. (b) Aspect ratio and (c) circularity were
quantified for 25 cells observed in five different fields for each group. Results are presented as means ± SEM from three independent experiments in three or four
replicates. Statistically significant differences: �p<.05; ���p<.001, ����p<.0001.
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atECM-induced early adipogenesis is associated with
increased Vimentin expression in ASCs

We found that pro-adipogenic events in ASCs were followed
by alteration of Vimentin expression after seven days of culti-
vation. atECM elevated Vimentin mRNA expression both in
absence and presence of adipogenic differentiation stimuli in
ASCs in comparison to TCP and collagen (Figure 5(a)). These
observations are in accordance with fluorescence staining of
Vimentin protein and lipid droplets by Nile Red. It has been
observed that increased lipid droplet presence induced by
atECM, was followed by alteration of Vimentin subcellular
organization. In comparison to TCP, where during adipogenic
stimuli, Vimentin tended to form cage-like structure (Figure
5(b)), in the presence of atECM, Vimentin expression was
more diffuse-like, while its nuclear localization was also
observed. Immunofluorescence labelling results indicated
that atECM, concomitantly with adipogenic stimuli, increased
lipid droplet formation and accumulation in ASCs leading to
state of preadipocyte-like cells after seven days (Figure 5(b)).

atECM alters mitochondrial distribution and expression
of SIRT1 in ASCs in early phase of adipogenesis

Adipogenic stimuli increased mitochondrial activity detected
by mitochondrial membrane potential sensitive probe (MTO)
staining and merged mitochondrial mass away from peri-
nuclear region. In addition, atECM supported these changes,

additionally increasing mitochondrial activity and their shut-
tling in cytosol space (Figure 5(c)). Immunofluorescence ana-
lysis revealed that adipogenic stimuli increased Silent mating
type information regulation 2 homolog 1 (SIRT1) protein
expression in perinuclear compartment of ASCs cultivated on
TCP, while this event was more clearly observed in the
atECM group (Figure 5(d)). In accordance, atECM elevated
SIRT1 mRNA expression in ASCs, in comparison to TCP in the
presence of adipogenic stimuli. In the absence of adipogenic
stimuli, SIRT1 was not affected by either TCP or atECM in
ASCs (Figure 5(e)).

atECM-induced pro-adipogenic events are dependent on
SIRT1 activity

First, nontoxic concentration of inhibitor of SIRT1 class III his-
tone deacetylase enzyme, Ex-527 (5 mM, Santa Cruz
Biotechnology, Santa Cruz, CA) for ASCs was determined by
MTT test (data not shown). To avoid undesired interference
with cell functions, total volume of DMSO (0.001%, Santa
Cruz Biotechnology, Santa Cruz, CA) was tested as a vehicle
and showed no harmful effect on cells (data not shown). Our
results demonstrated that after seven-day cultivation in GM
on TCP, presence of Ex-527 inhibitor slightly attenuated F-
actin expression, without changing Vimentin expression and
organization and therefore modification of ASC shape was
not observed. On the other hand, after seven-day cultivation

Figure 3. Cytoskeleton organization in ASCs. For protein and gene expression analysis, cells were cultivated on TCP, collagen and atECM for seven days in GM in
standard conditions. Immunofluorescence staining was performed for: (a) for F-actin (phalloidin), Vimentin and (b) a-SMA (c) Relative gene expression of a-SMA,
SDF-1 and Vimentin was determined by RT-PCR. GAPDH was used as gel loading control. Molecular weight of PCR products is indicated in base pairs (bp).
Representative photos and gels are shown. Results are presented as means ± SEM from three independent experiments in three or four replicates. Statistically sig-
nificant differences in comparison to the TCP (set as 1): �p<.05; ���p<.001, and in comparison with collagen: #p<.05; ###p<.001.
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in GM on atECM, SIRT1 inhibition supported parallel organiza-
tion F-actin and Vimentin, thus contributing to spindle shape
maintenance (Figure 6). In addition, after seven-day cultiva-
tion in AM on TCP, presence of Ex-527 inhibitor did not
change F-actin and cage-like Vimentin organization and
expression. On the contrary, SIRT1 inhibitor diminished
effects of AM when ASCs were cultured on atECM, predomin-
antly affecting Vimentin expression and distribution. Namely,
presence of Ex-527 in AM during seven days, fostered the
spindle shape of ASCs which was observed in GM, and dimin-
ished AM-associated Vimentin distribution in nucleus region
in ASCs cultivated on atECM (Figure 6).

Concomitantly, we examined whether SIRT1 could be
involved in atECM-affected differentiation of ASCs, observed
in vitro after seven-day cultivation. Our results demonstrated
that Ex-527 inhibited spontaneous ALP activity in ASCs culti-
vated on TCP, while it did not change the decreased ALP
activity in ASCs cultivated on atECM in comparison with TCP.
Similarly, in the presence of osteogenic stimuli, Ex-527 atte-
nuated ALP activity in ASCs on TCP, while it did not affect
impaired ALP activity in ASCs cultivated on atECM in

comparison with TCP. These results suggest that SIRT1 activ-
ity is not involved in the regulation of osteogenic potential
of ASCs cultivated on atECM (Figure 7(a)). In contrary, SIRT1
inhibitor decreased stimulated adipogenic differentiation
observed after cultivation of ASCs on atECM after seven days
in AM, not affecting invisible adipogenic differentiation in
ASCs on TCP (Figure 7(b)). In comparison to ASCs cultivated
on TCP, presence of SIRT1 inhibitor impaired the distribution
of mitochondria away from perinuclear region and their
increased activity observed in ASCs on atECM in the presence
of adipogenic stimuli, without changing mitochondrial distri-
bution in ASCs cultivated on TCP and atECM in GM
(Figure 7(c)).

Discussion

Our study pointed toward elucidation how atECM affects dif-
ferentiation process in human ASCs. We found atECM lead to
stimulation of ASC adipogenesis-associated lipid droplet for-
mation, which was accompanied by decreased osteogenic

Figure 4. Differentiation potential of ASCs cultivated on atECM. (a, b) Osteogenic differentiation determined by ALP after seven days and Alizarin Red after 21 days.
Determination of ALP level (c, d) chondrogenic differentiation of ASCs determined by Safranin O and content of glycosaminogycans. (e) Relative gene expression of
Runx2 and Sox9 was determined by RT-PCR. GAPDH was used as gel loading control. Molecular weight of PCR products is indicated in bp. Results are shown as
mean ± SEM from three independent experiments. Statistically significant differences in comparison to the TCP (set as 1): �p<.05; ��p<.01; ���p<.001 and in com-
parison with collagen: ##<.01; ###<.001. (f) Adipogenic differentiation of ASCs; lipid droplets are stained by Oil Red O staining after 7, 14 and 21 days. Percentage of
Oil Red positive cells per field was calculated, while three separate fields were observed per well. Representative photos and gels are shown. All results are shown
as mean ± SEM from three independent experiments in three or four replicates. Statistically significant differences in comparison to the TCP: ��p<.01; and in com-
parison with collagen: ##<.01.
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capacity, cytoskeleton rearrangement and increased mito-
chondria and SIRT1 activity.

While ECM-mimicking materials, such as chitosan or ten-
don-derived ECM [21,22] were found to promote proliferation
of MSCs, fibronectin, laminin, collagen [23] or ECM produced

by ASCs cultured in monolayer [24] did not significantly
changed bone marrow (BM)-MSC and ASC growth, which is
in accordance with our results. Recent study reported that
cell-deposited ECM proteins protected umbilical cord MSCs
from oxidative stress-induced senescence [25], while we

Figure 5. Effects of atECM on early adipogenesis: Vimentin, mitochondria and SIRT1 distribution and expression in ACSs. ASCs are cultivated for seven days in GM/
AM on TCP, collagen and atECM. (a) Gene expression of PPARc, Adiponectin and Vimentin. Relative mRNA expression was determined by RT-PCR. (b) Adipogenic dif-
ferentiation of ASCs after seven-day cultivation on TCP or atECM in the presence of adipogenic stimuli. Immunofluorescence staining of Vimentin and lipid droplets
(Nile red). Representative photos of at least three independent experiments performed in duplicate are shown. (c) MitoTracker Orange was added into the
media for fluorescence staining of mitochondria, followed by staining of nuclei (DAPI). Representative photos of two separate experiments are shown.
(d) Immunofluorescence staining of SIRT1 and nuclei (DAPI). (e) Relative mRNA expression was determined by RT-PCR. Representative photos and gels are shown.
GAPDH was used as gel loading control. Molecular weight of PCR products is indicated in bp. Results are presented as means ± SEM from at least three independent
experiments. For PCR analysis, statistically significant differences in comparison to the TCP in GM (set as 1): �p<.05; ��p<.01; ���p<.001; and in comparison to
collagen: #<.05.
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Figure 6. Cytoskeleton rearrangement in ASCs in dependence of SIRT1. ASCs are cultivated for seven days in GM/AM on TCP or atECM in presence or absence of
Ex-527 (Santa Cruz Biotechnology, Santa Cruz, CA) at concentration 5 mM. Immunofluorescence staining of F-actin (phalloidin), Vimentin and nuclei (DAPI).
Representative photos of at least three independent experiments performed in triplicate are shown.

Figure 7. Effects of SIRT1 inhibition on differentiation and mitochondria in ACSs. To estimate their differentiation, ASCs are cultivated for seven days in GM/OM/AM
on TCP or atECM in presence or absence of Ex-527 at concentration 5 mM. (a) Osteogenic differentiation determined by ALP after seven days. Results are shown as
mean ± SEM from three independent experiments. Statistically significant differences in comparison to the TCP (set as 1): �p<.05; ��p<.01; ���p<.001 and in com-
parison with TCP (OM): #<.001. (b) Adipogenic differentiation of ASCs; lipid droplets are stained by Oil Red O for light microscopy while Nile Red was applied for
immunofluorescence. Percentage of Oil Red positive cells/field was calculated, while three separate fields were observed per well. All results are shown as
mean ± SEM from three independent experiments. Statistically significant differences in comparison to the TCP: ���p<.001; or within AM group: ##<.01. (c)
MitoTracker Orange was added into the media for fluorescence staining of mitochondria, followed by staining of nuclei (DAPI). Representative photos of three inde-
pendent experiments are shown.
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demonstrated that atECM had no effect on activity b-galacto-
sidase in ACSs. The inequality of ECM effect on MSC reported
in the studies, might be the consequence of different ECM
present in different anatomical locations, unequal properties
of MSCs isolated from different adult human tissues [26] and
finally, variations of cell-type-determined “cell–matrix inter-
face” [27]. However, we can conclude that presence of atECM
did not interfere with ASC proliferation capacity or senes-
cence-associated phenotype appearance.

Although adhesion stayed intact, atECM significantly
increased aspect ratio and decreased circularity of ASCs,
which was followed by cytoskeletal rearrangement. Control
of ASC shape and gene expression by biomaterial such as
atECM, can be an important tool in directing the cell fate,
and particularly differentiation [28] contributing to the fields
of biomaterials, biomechanics, and tissue engineering [29].
Importantly, our analysis of spreading and morphology at sin-
gle cell level indicate intra-population variability within ASCs,
which is in accordance with previous studies where similar
heterogeneity was reported [11,23,30]. Apart from donor-to-
donor heterogeneity, it is worth to mention that heterogen-
eity among MSC population, whether constitutive or
achieved during in vitro cultivation, can significantly compli-
cate analysis of their functional properties and still represents
great challenge for MSC clinical manufacturing protocols [31].
Our findings showed that atECM has important effects on
cytoskeletal arrangement which has been described as crucial
event in cell polarization, cytokinesis, migration and differen-
tiation [32]. Results suggest that atECM can modify F-actin
and Vimentin organization and expression. After seven-day
cultivation of ASCs on atECM or collagen, parallel organiza-
tion of F-actin and Vimentin filament was observed, while
expression of a-SMA was diminished. It could be speculated
that atECM, as well as collagen, represent soft cell culture
substrate which can attenuate F-actin and a-SMA arrange-
ment associated with multipotency maintenance in MSCs,
which could be truncated in standard cell culture conditions
[33]. It is possible that the increase of Vimentin expression in
ASCs cultivated on atECM is related to weakened actin elem-
ent expression, as previously shown in osteosarcoma cells
and dermal fibroblast [34], where interplay of F-actin and
Vimentin controls cytoskeleton dynamics and cell morpho-
genesis. Although often recognized as marker of cultivated
MSCs and pericytes, a-SMA was not expressed in native iso-
lated ACSs [35]. It might be speculated that use of atECM
improve in vitro conditions providing native-like environment
to ASCs, thus allowing us to understand their physiology and
response more properly, which is particularly important for
the development of ASC-based cell therapies. Decreased stro-
mal derived factor 1 (SDF-1) expression in our study may be
associated with the ability of atECM to regulate ASC adipo-
genesis, as low SDF-1 expression has been correlated to ASCs
already committed to adipocyte differentiation [36]. Thus, the
elucidation of atECM role in the regulation of ASC differenti-
ation state could be of the great importance for the planning
strategies for AT augmentation, repair and long-term
maintenance.

In accordance with data revealing the crucial role of ECM
in AT physiology [37], we demonstrated that atECM can alter

differentiation of ASCs. Previous reports showing that atECM
coating stimulates osteogenesis of BM-MSCs [38] and that
atECM-based scaffold stimulates chondrogenic differentiation
of ASCs [39] are partly in contrast with our results as we
showed that atECM inhibit osteogenic without change of
chondrogenic capacity in ASCs. atECM stimulated lipid drop-
let formation and Adiponectin expression in ASCs, accelerat-
ing adipogenic differentiation in comparison with collagen
and TCP. Weak increase of PPARc mRNA expression in atECM
group might be related to duration of applied treatment
(seven days), as it has been indicated that PPARc is activated
soon after adipogenic stimuli and is further controlled by
crosstalk with numerous positive and negative regulators
[40]. However, observed atECM-accelerated adipogenesis
of ASCs in our study is in accordance with previous
report where was demonstrated that decellularized AT
hydrogel enhanced adipogenesis in porcine ASCs in vitro and
in vivo [41].

Our results indicate that atECM coating provides stimuli
which modulates cytoskeleton during early phase of adipo-
genesis. Decreasing of F-actin polymerization in ASCs might
be associated with spherical shape acquisition, osteogenesis
inhibition [42] and improvement of adipogenic differentiation
of MSCs [43]. Moreover, our results showed that only atECM
could increase Vimentin mRNA expression in ASCs. As
Vimentin participates in cholesterol transport [44] and inter-
acts with PPARc in the cytosol, regulating its turnover rate
[45], it is plausible that upregulated Vimentin might be
involved in atECM-triggered adipogenesis of ASCs.
Importantly, nuclear localization of Vimentin might indicate
potential implication of Vimentin in DNA-based nuclear
events, like DNA replication, transcription and repair [46], as
well as intracellular position and physiological activity of
mitochondria, thus controlling cell differentiation [47].

We revealed possibility that changes in mitochondria
properties are related to the initiation of adipogenic differen-
tiation in ASCs observed in atECM group. Increased mito-
chondrial activity and conspicuous perinuclear position in
ASCs, were also demonstrated in recent report where ASCs
were cultivated in AM for seven days, and this time was sug-
gested to be enough to establish adipogenic lineage commit-
ment of ASCs [48]. While mitochondria in different tissues
have distinctive ultrastructural features consistent with differ-
ential bioenergetic demands, it is suggested that mitochon-
drial respiration is required for adipogenic differentiation of
BM-MSCs [49]. Involvement of mitochondria in MSC differen-
tiation indicates adjustment of cell metabolic pathways to
microenvironment conditions such as high glucose level,
insulin or serum [50], while here we demonstrated for the
first time that atECM stimuli may affect mitochondrial distri-
bution in ASCs. The mitochondrial processes are dependent
on the proper nicotinamide adenine dinucleotide (NAD)þ/
NADH redox balance and the key regulators of mitochondrial
metabolism, sirtuins (SIRTs) [51], where SIRT1 regulatory fac-
tor, acting as NADþdependent deacetylase, regulates
metabolism and stress responses, lipid homeostasis and
maintenance of mitochondrial function [52]. As presence of
SIRT1 activity inhibitor abolished atECM-stimulated Vimentin
protein expression in nucleus region of ASCs in the presence
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of adipogenic stimuli, it is possible that SIRT1 regulates
atECM-supported cytoskeleton arrangement in ASCs. Inhibitor
strategy indicated an involvement of SIRT1 molecule in
atECM-associated adipogenesis of ASCs without its implica-
tion in ASC osteogenesis. These results are not in complete
accordance with previous findings showing that SIRT1 dele-
tion causes weak adipogenic differentiation of mouse BM-
MSCs [53]. On the other hand, SIRT1 was involved in positive
regulation of Adiponectin expression in preadipocyte cell line
3T3-L1 [54], which suggested that role of SIRT1 in differenti-
ation may be dependent on tissue-controlled lineage com-
mitment and cell differentiation state. Moreover, SIRT1
inhibitor abolished increased activity of mitochondria in ASCs
cultivated on atECM in adipogenic media, thus indicating
that SIRT1 may be involved in the regulation of atECM
induced metabolic changes in ASCs, which have been
reported as crucial in the first phase of ASC adipogenesis
[48]. Since it has been revealed that ECM microfibrils have
protective role against metabolic stress in adipocytes [55],
our finding might imply a supporting role of atECM in the
maintenance of adipose cell metabolic state.

Conclusions

Our results demonstrated that atECM does not change prolif-
eration, senescence or adhesion of ASCs, while fosters
extended morphology of ACSs followed by increased
Vimentin and weakened F-actin expression. atECM attenuates
the early phase of osteogenesis of ASCs, accelerating lipid
droplet formation in ASCs. This stimulation of early adipogen-
esis is followed by increased Vimentin expression and mito-
chondrial activity. We revealed that cytoskeletal changes and
adipoinductive effect of atECM in ASCs were mediated by
SIRT1. Regarding the use of atECM, obtained results empha-
size the importance of improving biomimetic cell environ-
ment when optimizing in vitro settings. Taken together,
revealing adipose stem/progenitor niche cues through the
clarification of atECM influence on ASC differentiation can
contribute to the better cell engineering design for soft tis-
sue reconstruction as well as fundamental research of AT in
homeostasis and disease.
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