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ABSTRACT

Background
Adipose tissue-derived stromal cells (ADSC) augment wound healing and regeneration of the skin. 
Currently, it is unknown if and how ADSC can also influence dermal scarring. We hypothesized that 
ADSC inhibit adverse differentiation of dermal fibroblasts induced by the pivotal factor in scarring 
i.e. Transforming Growth Factor-β (TGF-β).

Methods
TGF-β-treated adult human dermal fibroblasts (HDFa) and keloid scar-derived fibroblasts (KLF), 
were incubated with ADSC conditioned medium (ADSC CM) and assessed for proliferation and 
differentiation in particular the production of collagen, expression of SM22α and development 
of hypertrophy and contractility.

Results
TGF-β-induced proliferation of HDFa was abolished by ADSC CM. Simultaneously, ADSC CM 
reduced SM22α gene and protein expression of TGF-β1-treated HDFa, while their contractility was 
reduced too. Furthermore, ADSC CM strongly reduced transcription of collagen I and III genes as 
well as their corresponding proteins. On the other hand the ADSC CM tipped the balance of matrix 
turnover to degradation through stimulating gene expression of MMP-1, -2 and -14, while MMP-2 
activity was upregulated too. Even in end stage myofibroblasts i.e. KLF, ADSC CM suppressed TGF-
β1-induced myofibroblast contraction, and collagen III gene expression.

Conclusion
In this study we show that ADSC inhibit TGF-β1-induced adverse differentiation and function of 
HDFa and TGF-β-induced contraction in KLF, in a paracrine fashion.

INTRODUCTION

Dermal scars are the result of wound healing and remodeling. When dysregulated, they may be 
painful, cause itching and discomfort, and can become disfiguring as hypertrophic scars or even 
keloid. Currently, there is no ideal treatment to reverse or reduce such dermal scarring. However, 
in several clinical reports and clinical trials, it has been reported that lipofilling improves normal 
aged skin and (burn) scars histologically1,2, functionally and aesthetically3-6. Among the cellular 
constituent of fat tissue, we consider adipose tissue-derived stromal cells (ADSC) to be a prime 
candidate for the observed anti-scarring and skin improving capacity of lipofilling.

ADSC are multipotent stem cells, which reside in the perivascular niche as pericytes or peri-
adventitial cells7 in white adipose tissue throughout the body8-10. In vitro, ADSC present as 
fibroblast-like cells. They secrete a plethora of trophic factors, which suppress inflammation and 
apoptosis, yet promote angiogenesis and mitosis of parenchymal cells11. Moreover, ADSC have 
the ability to differentiate into several cell types, among which are adipocytes, chondrocytes, 
osteoblasts and pericytes8-10.

In animal models, ADSC speed up wound healing12-15. In vitro, ADSC increase proliferation, 
migration and extracellular matrix (ECM) production of dermal fibroblasts16,17. Furthermore, ADSC 
have been successfully used for organotypic skin culture18 and to tissue engineer skin19. As yet, 
the influence of ADSC on the remodeling phase of wound healing is unknown, in particular with 
regard to dermal scarring.

In normal wound healing, haemostasis and inflammation are followed by proliferation, remodeling 
and finally, restoration. Resident dermal cells, in particular fibroblasts and keratinocytes, respond 
to the inflammatory cues by restoring dermal integrity20. Transforming Growth Factor-β (TGF-β) is 
the key inflammatory cytokine in wound healing, remodeling and restoration21,22. During wounding, 
latent TGF-β is released from the damaged tissue. During haemostasis and inflammation, TGF-β is 
secreted by activated platelets and immune cells, in particular macrophages22.

TGF-β has three different isoforms, namely -β1, -β2 and -β3, with distinct biological functions21,22. 
In embryonic development, all isoforms play a crucial role, as lack of one of these isoforms leads to 
embryonic or neonatal lethality. In the first and second trimester of pregnancy, TGF-β3 promotes 
scarless healing while TGF-β1 and TGF-β2 are only lowly expressed21,22. In the adult, TGF-β is 
important in tissue homeostasis21 and, after disturbance, in wound healing and scarring21,22. In 
adults TGF-β1 plays a dominant role in wound healing, while TGF-β2 is involved to a lesser extent 
and TGF-β3 has a minor role only21,23. Hypertrophic24 and keloid scars25 primarily associate with 
abundant presence of TGF-β1 and is topic of our current study.

In response to TGF-β1, fibroblasts differentiate into myofibroblasts26-28, which contract the wound 
and aid in remodeling of ECM26,28-30. Important ECM molecules secreted by myofibroblasts are 
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collagen types I and III, which are also the main proteinaceous constituents of scars. During the 
resolution phase of normal wound healing, morphology of the skin is restored and myofibroblasts 
resolve from their transient function28. However, in the presence of chronic pro-inflammatory and/
or pro-fibrobrotic stimuli, wound healing may become dysregulated. TGF-β is then continuously 
produced, resulting in on-going proliferation of myofibroblasts and subsequently excessive 
deposition of ECM and contraction of the scar26,31.

Based upon clinical observations of the effects of ADSC on disturbed wound healing, we 
hypothesize that ADSC inhibit TGF-β1-induced differentiation of normal dermal fibroblasts and 
keloid scar-derived fibroblasts and thereby improve dysregulated wound healing. To test this 
hypothesis in vitro, we investigated matrix production and degradation, mesenchymal markers 
and contractility of TGF-β1-stimulated normal dermal fibroblasts and keloid fibroblasts, after 
treatment with ADSC conditioned medium (ADSC CM) in order to elucidate the effect of ADSC 
on myofibroblasts.

MATERIALS AND METHODS

Adipose tissue-derived stromal cell isolation and culture
The research conducted was in agreement with the ethical rules for human experimentation as 
stated in the 1975 Declaration of Helsinki and was approved by the medical ethical committee 
of University Medical Centre Groningen. Adipose tissue was obtained with informed consent 
from healthy donors undergoing elective abdominal liposuction surgery at Bergman Clinics, 
Heerenveen, the Netherlands. ADSC were isolated from adipose tissue as described previously32. 
ADSC were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Lonza) containing 10% FBS, 
100 units/mL penicillin, 100 mg/mL streptomycin. ADSC were used in experiments up to passage 6.

Adult human dermal fibroblasts culture
Human dermal fibroblasts, adult type (HDFa) were purchased from ATCC. HDFa were maintained 
in Eagle’s Minimal Essentials Medium (EMEM; Lonza) containing 10% FBS, 100 units/mL penicillin, 
100mg/mL streptomycin. HDFa used in experiments ranged from passage 11-18.

Keloid scar-derived fibroblasts culture
Keloid scar-derived fibroblasts (KLF) were provided by the Department of Dermatology, VU 
University Medical Centre, Amsterdam, the Netherlands. KLF were obtained with informed 
consent, the procedure was approved by the medical ethical committee of VU University Medical 
Centre. KLF were maintained in DMEM, containing 1% Ultroser-G (Gibco), 100 units/mL penicillin, 
100mg/mL streptomycin. KLF were used in experiments up to passage 3.

Collection of adipose tissue-derived stromal cell conditioned medium
When ADSC reached ~90% confluency, cells were incubated with DMEM containing 2% FBS. After 
24h, conditioned medium was removed and fresh DMEM 2% FBS was added. This procedure was 

repeated three times, conditioned medium from three different time points was pooled, filtered 
through a 0.22μm filter and stored at -20°C until experimental need. Conditioned medium for 
experiments with KLF was generated similarly, but using KLF culture medium. ADSC CM from 
three (Western blot, immunofluorescent stainings, functional assays) or five (qRT-PCR) donors 
was used for each experiment.

Conditioned medium culture
HDFa or KLF were seeded at a density of 10,000 cells/cm2 in appropriate culture media. HDFa 
were switched to DMEM containing 5% FBS overnight. KLF were maintained on DMEM containing 
Ultroser-G. At day 1 of the experiment, HDFa or KLF were incubated with ADSC CM, with or without 
10ng TGF-β1 (Peprotech) per mL medium. Control groups were incubated with normal culture 
medium with 2% FBS (HDFa) or 1% Ultroser-G (KLF). Fibroblasts were cultured for 4 days.

Immunofluorescent staining
HDFa were seeded on Thermanox coverslips (NUNC Brand Products) in 24 wells plates. KLF 
were seeded in Lab-Tec II 8 well chamber slides (NUNC Brand Products). Cells were fixed in 2% 
paraformaldehyde. Endogenous biotin was blocked using avidin (Dako) and biotin solutions 
(Dako). Primary antibodies were rabbit anti-collagen I or rabbit anti-collagen III (Abcam) in PBS 
with 2% goat serum and 1% BSA. Secondary and tertiary antibodies were goat anti-rabbit biotin-
labeled (Dako) and Cy3-labeled Streptavidin (Invitrogen). Nuclei were counterstained using 
4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Cytoskeleton was visualized using FITC-
conjugated phallotoxins (Invitrogen). Slides were examined using a Leica DMRXA microscope 
and Leica Software (Leica Microsystems).

Hypertrophy measurements
HDFa were seeded in 24 wells plates. After 4 days, cells were fixed in 2% paraformaldehyde. Cell 
outlines were visualized with CellMaskTM Deep Red Plasma Membrane Stain (Invitrogen). Nuclei 
were counterstained using DAPI. Pictures were acquired using a Zeiss Axio Observer.Z1 microscope 
and TissueFAXS Immunofluorescence Cell Analysis system (TissueGnostics USA Inc.). Length and 
width of HFDa were scored in 10 representative images for control groups and 5 representative 
images for ADSC CM treatment, using ImageJ (Research Services Branch, National Institute of 
Mental Health).

Gene transcript analysis
Cells were lysed in Trizol Reagent (Invitrogen). Isolation of total RNA and qRT-PCR analyses were 
performed as previously described32, using primer sequences as listed (Table 1). To determine 
differences in gene expression, Ct-values were normalized against mean Ct-values of GAPDH and 
β-actin using dCt-method: dCt=Ctgene of interest–Ct mean(GAPDH and β-actin). Fold increase was calculated as 2-(ddCt).

 7



174 175

Chapter 7 ASC inhibit TGF-β1-induced fibroblast differentiation in a paracrine fashion

Table 1 | Primer sequences for quantitative Reverse Transcription-Polymerase Chain Reaction

Primer Forward sequence Reverse sequence

β-actin CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG

Collagen I GGGATTCCCTGGACCTAAAG GGAACACCTCGCTCTCCA

Collagen III CTGGACCCCAGGGTCTTC CATCTGATCCAGGGTTTCCA

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

MMP-1 CTGAAAGTGACTGGGAAACC GACAAACTGAGCCACATCAG

MMP-2 GTTCCCCTTCTTGTTCAATG CTTGCCATCCTTCTCAAAGT

MMP-14 GGGTGAGGAATAACCAAGTG CTTCCTCTCGTAGGCAGTGT

SM22a CTGAGGACTATGGGGTCATC TAGTGCCCATCATTCTTGGT

TIMP-1 CCAGCGTTATGAGATCAAGA AGTATCCGCAGACACTCTCC

TIMP-2 GAAGAGCCTGAACCACAGGT CGGGGAGGAGATGTAGCAC

Immunoblot analysis
Protein levels of SM22α, collagen I and III were determined by immunoblot analysis. Immunoblot 
procedures were performed as previously described32. As primary antibodies, rabbit anti-SM22α 
(Abcam), rabbit anti-collagen I, rabbit anti-collagen III (Abcam) or rabbit anti-β-actin (Cell Signalling) 
were used. Goat anti-rabbit Irdye680 (Li-Cor Biosciences) was used as secondary antibody. Pictures 
were acquired with Odyssey infrared imaging system (Li-Cor Biosciences). Densitometric analysis 
was performed using TotalLab software (Nonlinear Dynamics). Expression of proteins of interest 
was normalized against β-actin.

Gelatin zymography
The presence of gelatinase activity in HDFa was determined according to the method of Gogly 
et al.33. Photographs were acquired using a Nikon D80 camera and were processed with Adobe 
Photoshop CS5.1. The gelatinase MMP-2 appears at two bands around 70kDa: an upper band of 
the pro-MMP-2 and a lower band of active MMP-2. The procedure also activates the pro-MMP-2.

Gel contraction assay
After 4 days of conditioned medium culture, HDFa were detached and resuspended in DMEM 2% 
FBS. Gel contraction assay was performed as described by Van Beuge et al.34. All cultures were 
performed in triplicate. After 24h, gels were scanned using a flatbed scanner. Surface area of gels 
was measured using ImageJ.

Statistical analysis
All data are represented as mean±SEM. Data were analyzed by one-way analysis of variance 
(ANOVA) and Bonferroni post-hoc tests, using GraphPad Prism (GraphPad Software Inc.). 
P-values<0.05 were considered statistically significant.

RESULTS

ADSC CM inhibits TGF-β1-induced proliferation in HDFa
Under control conditions, HDFa and KLF (Fig.1A) displayed a spindle-like morphology, which did 
not alter by ADSC CM. After TGF-β1-stimulation, HDFa and KLF (Fig.1A) by visual inspection had 
increased proliferation. The number of nuclei, as visualized with DAPI, objectively indicating the 
amount of proliferation, was significantly upregulated in the TGF-β1-treated group (Fig.1B, p<0.001 
vs.control). However, after TGF-β1-treatment combined with ADSC CM, proliferation returned to 
basal level (Fig.1B, p=0.0921 vs.control).

A

B

Control ADSC CM
HDFa

Control +TGF-b1 ADSC CM+TGF-b1

Control ADSC CM ADSC CM+TGF-b1Control +TGF-b1
KLF

Figure 1 | Characteristics of human dermal fibroblasts, adult type (HDFa) and keloid scar-derived 
fibroblasts (KLF) cultured with adipose-derived stem cell conditioned medium (ADSC CM) and/
or TGF-β1. (A) Cell morphology. Scale bar represents 200 μm. (B) Proliferation rate of HDFa, 
calculated as the number of DAPI-stained nuclei per high power field at 20x magnification. Data 
are represented as mean ± SEM. ** P < 0.01, *** P < 0.001.
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ADSC CM alters cytoskeletal composition and function in control condition and after
TGF-β1-stimulation in HDFa and KLF
The F-actin component of the cytoskeleton was visualized using FITC-conjugated phallotoxins. 
In HDFa (Fig.2A), ADSC CM caused decrease of F-actin bundles, but not in KLF (Fig.2A). However, 
TGF-β1-treatment caused KLF to retract to the edge of the culture vessel. After TGF-β1-treatment, 
contracted patches of cells had formed (Fig.2A). ADSC CM treatment strongly inhibited this TGF-
β1-induced contraction of KLF in 2 out of 3 ADSC donors. In HDFa, SM22α gene and protein 
expression (an established mesenchyme marker to quantify cytoskeletal changes) decreased 
0.38±0.02 (Fig.2B, p<0.05 vs.control) and 0.45±0.09 fold (Fig.2D, p<0.05 vs.control), with ADSC 
CM alone. After TGF-β1-stimulation, SM22α gene and protein expression increased (Fig.2D), which 
was not altered by ADSC CM. In KLF, SM22α gene expression was increased by TGF-β1 to 3.29±0.30 
(Fig.2B), which was reduced to 1.75±0.39 by ADSC CM (Fig.2B, p<0.05 vs.control+TGF-β1).

ADSC CM reduces contractility in HDFa
To determine the functional implications of the reduction of cytoskeletal components, we 
performed a collagen gel contraction assay (Fig.3A). Under control conditions, HDFa already 
contracted collagen gels to 54.4%±1.1% of their original gel area (Fig.3B). In ADSC CM pre-treated 
group, contraction of gels was reduced to 33.0%±3.6% (Fig.3B, p<0.001 vs.control). After TGF-β1 
stimulation, contraction of gels increased to 74.7%±1.7%, which was only 64.6%±3.0% (Fig.3B, 
p<0.05 vs.control+TGF-β1) with ADSC CM.

ADSC CM prevents hypertrophy in TGF-β1 stimulated HDFa
In inverted microscopic view (data not shown), HDFa shortened and gained width, i.e. they became 
hypertrophic. The degree of hypertrophy was investigated by measuring length and width of HDFa 
(Fig.4A). Lengths decreased after ADSC CM and/or TGF-β1-stimulation (Fig.4B, p<0.001 vs.control). 
After TGF-β1-stimulation, width increased to 1.33±0.01 fold (Fig.4C, p<0.001 vs.control), which 
was only 1.04±0.01 fold with concurrent ADSC CM treatment (Fig.4C, p<0.001 vs.control+TGF-β1). 
Thus, ADSC CM reduced the TGF-β1-induced hypertrophy, in particular through normalization of 
the width of cells (Fig.4B,C).

Extracellular collagen deposition by HDFa is altered by ADSC CM
The deposition of collagen I and III was examined by immunofluorescent staining (Fig.5A,B). Cells 
were not permeabilized, thus only extracellularly deposited collagen was visualized. In HDFa, ADSC 
CM strongly reduced the amount of deposited collagen after TGF-β-stimulation. In KLF, ADSC CM 
treatment did not change collagen I and III deposition (data not shown).

Collagen I and III gene and protein expression in HDFa are altered by ADSC CM treatment
In HDFa, ADSC CM treatment reduced collagen I and III gene expression 0.49±0.04 fold (Fig.5C, 
p<0.01 vs.control) and 0.48±0.06 fold (Fig.5D, p<0.001 vs.control) respectively. Upon TGF-β1-
stimulation, ADSC CM did not reduce collagen I gene expression, yet collagen III was reduced
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Control +TGF-b1 ADSC CM+TGF-b1

Control ADSC CM ADSC CM+TGF-b1Control +TGF-b1
KLF

Figure 2 | Cytoskeletal organization of HDFa and KLF is influenced by ADSC CM in presence an 
absence of TGF-β1. (A) Staining of HDFa and KLF with FITC-conjugated phallotoxins (green), nuclei 
counterstained with DAPI (blue). Scale bar represents 300 μm. (B) qRT-PCR for SM22α mRNA 
expression after ADSC CM treatment and/or TGF-β1 stimulation (C) Representative images of 
immunoblotting for SM22α protein expression in HDFa (D) Quantification of SM22α protein 
expression in HDFa. Data are represented as mean ± SEM. * P < 0.05.

below basal level, to 0.66±0.06 fold (Fig.5D, p<0.05 vs.control). In KLF, collagen III gene expression 
was reduced to 0.68±0.02 (Fig.5D, p<0.001 vs.control), yet collagen I increased 3.59±0.38 fold 
(Fig.5C, p<0.01 vs.control+TGF-β1). As for protein production in HDFa, collagen I was reduced
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Control ADSC CM

ADSC CM
+TGF-b1

Control
+TGF-b1

A B

Figure 3 | HDFa gel contraction assay. (A) Representative images of HDFa (pre-incubated 
under different conditions for 4 days), 24 hours after seeding in collagen gels. (B) Contraction 
of collagen gels, represented as percentage of contraction compared to the original volume. 
Data (n=3) are represented as mean ± SEM. * P < 0.05, *** P < 0.001

B C

A Control ADSC CM Control +TGF-b1 ADSC CM+TGF-b1

Figure 4 | Hypertrophy measurements in HDFa after ADSC CM treatment with TGF-β1 stimulation 
and controls. (A) Images of HDFa with immunofluorescent membrane staining (red), nuclei 
counterstained with DAPI (blue). Scale bar represents 200 μm. (B) Relative length and (C) relative 
width of HDFa. Data (n=3) are represented as mean ± SEM. *** P 0.001.

0.51±0.13 fold (Fig.5E, p<0.05 vs.control) after ADSC CM, and increased 1.51±0.05 fold (Fig.5E, 
p<0.05 vs.control+TGF-β1) after ADSC CM treatment with TGF-β1-stimulation. For collagen III, 
there was no significant difference (Fig.5F).

Production and activation of matrix metalloproteinases is influenced by ADSC CM treatment
In ADSC CM treated HDFa, MMP-1 and MMP-2 mRNA expression increased 3.95±0.36 (Fig.6A, 
p<0.05 vs.control) and 1.38±0.02 fold (Fig.6B, p<0.001 vs.control), respectively. In KLF, MMP-2 
expression increased 2.53±0.41 fold (Fig.6B, p<0.05 vs.control+TGF-β1). As for MMP-14 and 
TIMP-1 in HDFa, gene expression was upregulated by ADSC CM 1.40±0.08 (Fig.6C, p<0.05 
vs.control+TGF-β1) and 1.23±0.06 fold (Fig.6D, p<0.05 vs.control), respectively. After TGF-β1 
stimulation, TIMP-1 gene expression was decreased 0.40±0.07 fold compared to control, but 
was partially restored by ADSC CM treatment 0.65±0.3 fold (Fig.6D, p<0.05 vs.control+TGF-β1). 
TIMP-2 gene expression was also increased by ADSC CM in HDFa and KLF, 1.20±0.04 (Fig.6E, p<0.05 
vs.control) and 1.78±0.37 fold (Fig.6E, p<0.05 vs.control), respectively. Furthermore, we showed 
increased gelatinase activity in HDFa. Active MMP-2 was increased by ADSC CM, irrespective of 
TGF-β1-stimulation (Fig.6F).

DISCUSSION

Our set of experiments clearly demonstrates that TFG-β1-induced myofibroblast differentiation 
and function of human dermal fibroblasts is inhibited by ADSC CM and thereby underlines the 
positive clinical effects observed of ADSC on disturbed wound healing and aged skin. To our 
knowledge, this is the first report that demonstrates that ADSC can inhibit (dermal) fibroblast 
differentiation after TGF-β-stimulation. This implicates that ADSC might lead to prevention or even 
reduction of dermal scars. The effects of ADSC consisted of inhibition of cytoskeletal elements 
and hypertrophy, ECM secretion, contraction as well as promotion of matrix degrading enzymes. 
End-stage myofibroblasts, i.e. KLF were less refractory to the inhibitory influence of ADSC CM. Only 
TGF-β-stimulated KLF contraction was altered by ADSC CM, not the production and degradation 
of ECM components.

In TGF-β-stimulated HDFa, ADSC CM appeared to tip the balance of ECM remodeling towards 
normalization in contrast to KLF. In HDFa, ADSC CM changed both the pattern of intercellular 
collagen deposition as well as reduced the amount of deposited collagens in a manner that 
resembles resolution of wound healing.

The role of TGF-β in stimulation of collagen incorporation into extracellular matrix, is long 
known35,36. In our research, collagen I was still present intracellularly, yet extracellular deposition 
was reduced by ADSC CM after TGF-β-stimulation of HDFa. Remarkably, the gene expression of 
collagen I was also reduced, thus the intracellular presence would merely reflect storage instead 
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Figure 5 | Collagen I and III in HDFa after ADSC CM treatment with TGF-β1 stimulation and controls. 
Immunofluorescent staining for (A) collagen I (red), nuclei counterstained with DAPI (blue) and (B) 
collagen III (red), nuclei counterstained with DAPI (blue). Scale bars represent 300 μm. Collagen I 
and III expression in HDFa and KLF were also investigated on (C, D) mRNA level and (E, F) in HDFa 
also on protein level. Representative images for immunoblotting of (G) collagen I and (H) collagen 
III. Data are represented as mean ± SEM. * P<0.05, ** P < 0.01, *** P 0.001.

of actual synthesis. Therefore, our observation that ADSC CM interfere with the process of 
extracellular deposition and turnover of collagen I and III is topic of our current research in vivo.

The influence of ADSC CM on HDFa was partially replicated in KLF. In the absence of TGF-β, ADSC 
CM was able to reduce collagen III gene expression. In presence of TGF-β, SM22α mRNA expression 
was decreased too. Collagen production as well as upregulation of the contractile apparatus are 
hallmark features of the myofibroblast28. It is striking that in KLF, which have already undergone 
myofibroblast differentiation, ADSC CM only seems to inhibit one out of these two processes. 
To date, there are no literature data available regarding an effect of lipofilling to reduce keloid 
scars. Our data suggest that KLF might be differentiated too far to revert the normal fibroblastic 
phenotypic by means of ADSC. Nevertheless, the ADSC were potent in suppression of various 
components of myofibroblasts differentiation.

In this study, the molecular mechanism by which ADSC exert their anti-fibrotic influence remains 
largely untouched. In a recent pig study, Yun and co-workers37, showed that ADSC improved 
healing of full thickness skin wounds, while scarring was minimal. This was partly attributed to 
the upregulation of TGF-β3. In scarring, TGF-β3 antagonizes the profibrotic action of TGF-β138. 
Yet, ADSC in our investigations had only very low gene expression levels of any of the three 
isoforms of TGF-β (data not shown). Thus other paracrine factors probably were responsible for 
the suppressive effects of ADSC.

Interestingly, the immune-modulatory features of ADSC and MSC have been shown to suppress 
the fibrotic phenotype of scar fibroblasts39 and activated hepatic stellate cells40 through secreted 
interleukin-10 (IL-10), Tumor Necrosis Factor-α (TNF- α) and Hepatocyte Growth Factor (HGF). 
Although, IL-10 gene expression was negligible in our ADSC, they expressed strongly anti-
inflammatory mediators such as IDO and PGE2 (E. Przybyt, unpublished). In vivo, IDO and PGE2 
upregulate IL-10 production by macrophages, which is important in the resolution of wound 
healing. In contrast, in our experiments ADSC CM could only directly affect HDFa instead of 
indirectly through macrophage activation. This notion, and the ease of the use of conditioned 
media in terms of generation, standardisation, storage, warrants further research in other routes 
of paracrine communication.

In other labs, the role of ADSC has been assessed in dermal wound healing12-15, dermal 
rejuvenation16,17 and tissue engineering of epidermis19. Previous studies have demonstrated effects 
of ADSC on proliferation, migration and ECM production in fibroblasts12-15. Already, improvement 
of skin quality2 and scar reduction1,3-6 have been reported after fat grafting. It has been suggested 
by Coleman and Mojallal that these regenerative effects can be attributed to ADSC, which are 
transplanted along with the adipose tissue41,42
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Figure 6 | Inventory of matrix degradation by HDFa and KLF. Relative gene expression of matrix 
degrading proteins (A) MMP-1 and (B) MMP-2 and (C) their activator MMP-14. Expression of 
inhibitors (D) TIMP-1 and (E) TIMP-2. Furthermore, proteolytic activity of (F) MMP-2 protein was 
analysed. Data (n=5) are represented as mean ± SEM. * P < 0.05, *** P < 0.001.

CONCLUSIONS

Paracrine factors secreted by ADSC modulate differentiation of fibroblasts and their function. As 
fat reduces dermal scarring, our study is a first in the understanding which cellular component 
in adipose tissue is involved in scar reduction. In addition, development towards application of 
ADSC CM may help prevent adverse wound healing and scarring.

LIMITATIONS

Our in vitro model for skin fibrosis is limited by the short times (days) compared to the long 
development time for scars in vivo (weeks to months). Yet, in this in vitro model for scarring, we 
were able to show that ADSC CM inhibits the onset. The model was limited to the influence of the 
pro-fibrotic factor TGF-β1 only. The influence of the surrounding tissue (keratinocytes, endothelial 
cells) or the immune system in the process of wound healing and scarring in combination with 
ADSC CM will be investigated in a suitable animal model. The mode of action of ADSC CM is topic 
of our current research.
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