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ABBREVIATIONS

AC: Articular Cartilage; ACAN: Aggrecan; ACTE: Articular Cartilage Tissue 
Engineering; ALP: Alkaline Phosphatase; ADSC: Adipose Derived Mesenchymal Stem 
Cell; Asc: Ascorbate; BMP: Bone Morphogenic Protein; BMSC: Bone Marrow derived 
Mesenchymal Stem Cell; CF: Chondrogenic factor; Col: Collagen; Dex: Dexamethasone; 
DTA: Dex with Asc and TGF-β; DT: Dex with TGF-β3; ECM: Extracellular Matrix; FGF: 
Fibroblast Growth Factor; GAG: Glycosaminoglycans; GF: Growth Factor; h: human; 
IGF: Insulin like Growth Factor; MMP: Matrix Metallopeptidase; MSC: Mesenchymal 
Stem Cell; OA: Osteoarthritis; RUNX2: Runt-related transcription factor 2; SC: Stem 
Cell; TE: Tissue Engineering; TGF-β: Transforming Growth Factor -β; VEGF: Vascular 
Endothelial Growth Factor; wrt: with respect to

INTRODUCTION

The avascularity of articular cartilage (AC) contributes to its inability for self-
repair [1]. Damage to AC due to injury or osteoarthritis (OA) results in mechanically 

 

ABSTRACT

Varied exogenous chondrogenic factors (CFs) are implicated in promoting differentiation of stem cells 
along a chondrocyte lineage in the fi eld of regenerative tissue engineering for articular cartilage repair. The 
effects of dexamethasone, transforming growth factor β3 (TGF-β3), ascorbate, and their combinations, on 
mRNA expression in micromass-cultured human adipose derived stem cells (hADSCs) were investigated as 
a function of time. Indices include chondrogenic, hypertrophic, angiogenic, fi brogenic and osteogenic markers 
along with mechanical properties, assessed by atomic force microscopy. Early in the culture, i.e., at day three, no 
signifi cant differences in mRNA expression of SOX9, aggrecan, lubricin, Col XI, Col X, vascular endothelial growth 
factor, Col I, and alkaline phosphatase were observed among samples treated with different CFs. However, 
signifi cant differences in mRNA expression levels of pre-mentioned markers among samples treated with each 
CF exist when samples were supplied with the CFs for more than three days. A new indexing scheme summing 
expression of chondrogenic and subtracting non-chondrogenic angiogenic, fi brogenic and osteogenic marker 
levels shows dexamethasone is the overall leading CF among the factors and their combinations. Based on this 
scheme, we have projected not only the possible signaling pathways which might be affected by addition of CFs 
but also hypothetical indexes that may occur upon temporal variation of growth factor regimens.

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.jsctt.1001004&domain=pdf&date_stamp=2017-07-31
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substandard ϐibrocartilage formation [2]. Current clinical therapies for AC repair, 
including microfracture, abrasion, drilling, osteochondral grafting, and autologous 
chondrocyte implantation, have limitations such as difϐiculty in harvesting chondrocytes 
from donor tissues as well as donor site morbidity [3]. As such, AC tissue engineering 
(ACTE) is a promising strategy for developing a biological tissue replacement with 
near native properties.

Because monolayer cultures of chondrocytes leads to chondrocyte dedifferentiation 
[4], multipotent stem cells, such as bone marrow-derived mesenchymal stem cells 
(BMSCs) and adipose-derived stem cells (ADSCs) are ideal cellular alternatives for 
ACTE because they can be supplied in high quantity and have chondrogenic potential 
[5]. The therapeutic potential of MSCs in OA has been suggested in animal models 
[6,7]. An intra-articular injection of autologous BMSCs in hyaluronic acid (HA) in 
surgically induced OA in caprine subjects reduced cartilage degeneration, osteophytic 
remodeling and subchondrodral sclerosis in 26 weeks [8]. In spontaneous OA in 
guinea pigs, injection of encapsulated human BMSCs in HA resulted in partial repair 
with strong collagen type II (Col II) immunostaining in 5 weeks [9]. Autologous BMSC 
transplantation has been shown effective in patients to the level that Wakitani et al. [10]. 
treated full thickness AC defects in three patients, who had undergone arthroscopic 
surgery but still felt pain. Although many studies in the ϐield of ACTE have looked at the 
use of BMSCs to engineer AC tissues because of their proximity to cartilage surfaces, 
isolation of ADSCs via liposuction is far less invasive [11], making ADSC use in ACTE of 
great interest [12,13].

Chondrogenesis is a tightly regulated, multi-step process which is initiated in 
vivo by mesenchymal stem cell (MSC) condensation. Differentiation of condensed 
MSCs ϐirst encounters the chondroblast phase characterized by cell proliferation and 
deposition of cartilage-speciϐic proteins such as collagen type II and XI (Col II & Col 
XI), aggrecan (ACAN) and lubricin. In this phase, a balance between Sex-Determining 
Region Y Box 9 (SOX9) and runt-related transcription factor 2 (RUNX2) is important to 
regulate the transition between chondroblasts and osteoblasts. Following this phase, 
chondrocytes become hypertrophic as they terminally differentiate, characterized by 
cell enlargement and expression of collagen type X (Col X), matrix metallopeptidase-13 
(MMP-13), osteocalcin and vascular endothelial growth factor-A (VEGF-A) [14,15]. 
Hypertrophic chondrocytes undergo apoptosis and are ϐinally replaced by bone. 
Cartilage residing at the end of long bones forms when terminal differentiation is 
blocked [16]. 

When MSCs are cultured in vitro, addition of growth factors and hormones to the 
medium can inϐluence the expression of the pre-mentioned components and drive 
the cells down different differentiation paths. Dexamethasone (Dex), a synthetic 
glucocorticoid hormone, is a steroid with anti-inϐlammatory and immunosuppressant 
properties that has varied effects on the proliferation and differentiation of MSCs. 
At high concentrations, 10-6 M, Dex suppresses human BMSC (hBMSC) proliferation 
[17], while at 10-10 M it increases proliferation [18] and enhances expression of 
chondrogenic markers like ACAN at 10-7

 M [19]. Another commonly used additive to 
induce chondrogenesis in vitro is TGF-β3 which improves expression of chondrogenic 
markers in both hBMSCs and hADSCs; however, it also induces expression of 
hypertrophic markers like Col X [20]. Like Dex, the effects of TGF-β3 supplementation 
on chondrogenesis is dose-dependent [20]. While no signiϐicant difference is seen 
between 10 ng/ml and 25 ng/ml of TGF-β3 in Col II staining or glycosaminoglycan 
(GAG) content, 2.5 ng/ml of TGF-β3 leads to pellets with limited Col II staining and 
signiϐicantly lower GAG content [21]. Ascorbate (Asc) is thought of as another key 
nutrient in chondrogenesis. Alginate-encapsulated ADSCs in Asc-containing medium 
expressed 2.5-fold more proteoglycans than counterparts without Asc [22]. It has also 
been shown that when Asc is added to the culture medium of ATDC5 cells, a mouse 
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teratocarcinoma that differentiates in a chondrogenic fashion, they signiϐicantly up-
regulate chondrogenic genes such as SOX9, Col II, and ACAN [23]. Although previous 
studies provide a general idea of how each supplement will affect chondrogenesis, the 
exact roles of Dex, TGF-β3 and Asc, individually and synergistically, on temporal ADSC 
chondrogenesis and construct biomechanical properties remains elusive [20]. 

Understanding molecular mechanisms and intracellular pathways inϐluenced 
by exogenous chondrogenic factors (CFs) is key to AC repair. Here we investigate 
the roles of Dex, TGF-β3, Asc, and Dex plus TGF-β3 (DT), and Dex with TGF-β3 and 
Asc (DTA) on mechanical properties of engineered tissues and the physiological 
development sequence of cartilage. We present results on mRNA expression of 
chondrogenic, hypertrophic, angiogenic, ϐibrogenic and osteogenic markers in 
ADSCs cultured in micromass as a function of time. Atomic force microscopy (AFM) 
nanoindentation measurements were performed on the engineered tissues to quantify 
the tissue mechanical properties shown to be inϐluenced by extracellular matrix (ECM) 
deposition [24]. Finally, the structure-function relationship of the engineered tissues 
were assessed by correlating the gene proϐiles of key chnodrogenic markers measured 
via Taqman analyses with the mechanical properties of engineered micromass tissues.

MATERIALS AND METHODS

Cell culture supplies were purchased from Invitrogen-Gibco®, Grand Island, NY, 
USA unless otherwise speciϐied.

Cell culture

Human ADSCs (hADSCs) isolated from a lipoaspirate tissues from a 33-year-old 
female, purchased from Invitrogen-Gibco® and as per the Invitrogen website express 
an ADSC cell surface protein proϐile including CD29, CD44, CD73, CD90, CD105, CD166 
antigens and test negative for CD14, CD31, CD45, Lin1 by ϐlow cytometry. hADSCs 
were cultured in expansion medium (EM) containing high-glucose Dulbecco’s Modiϐied 
Eagle’s Medium (HG-DMEM/F12) supplemented with 10% fetal bovine serum (FBS), 
100 U/ml penicillin, 100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, MO), and 5 
μg/ml gentamicin and maintained under standard conditions (37 °C in a humidiϐied 
incubator with 5% CO2). Medium was changed three times a week. Upon 80-90% 
conϐluency, cells were passaged using GibcoR TrypLE™ Select and used at passage ϐive 
for the experiments described below.

Micromass culture and differentiation

Among common culture techniques utilized in vitro to induce chondrogenesis, i.e. 
pellet and micromass, we chose the latter for the following reasons:

1. High density micromass culture, mimicking cellular condensation and the 
hypoxic environment occurring during in vivo chondrogenesis [25,26], is widely 
used for the study of in vitro chondrogenesis in stem cells (SCs) [26,27,28].

2. Less than 10% of MSCs cultured in micromass for 21 days are apoptotic [29].

3. When compared to pellet culture, MSC culture in micromass leads to larger, more 
homogenous cartilage tissues with higher amounts of cartilage speciϐic Col II. 
MSCs cultured in micromass express less ϐibrocartilage Col I and hypertrophic 
Col X markers compared to MSCs cultured in pellets [30].

To generate high density micromass, cells were harvested and resuspended in 
EM at 1.6×107 cells/ml. Micromass cultures were created by carefully placing a 10 μl 
droplet cell suspension in the center of each well of a 24-well plastic plate as shown 
in Figure 1. Cells cultured under standard conditions adhered after 2 hours. A total of 
500 μl of fresh EM was then added. After a day, EM was removed and replaced with:
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1. Negative control (NC): HG-DMEM/F12 supplemented with 1 mM sodium 
pyruvate, 2 mM L-glutamine, 5 μg/ml Gentamicin, 1% insulin-transferrin-
selenium, 50 μM L-proline (Alfa Aesar, Ward Hill, MA), and 1% penicillin-
streptomycin (Sigma-Aldrich).

2. Dexamethasone (Dex): NC+100 nM dexamethasone (Sigma-Aldrich).

3.  TGF-β3: NC+10 ng/ml TGF-β3 (PeproTech, Ward Hill, NJ). 

4. Ascorbate (Asc): NC+50 μg/ml L-ascorbic acid (Sigma-Aldrich).

5. Dexamethasone and TGF-β3 combined: NC+100 nM Dex+10 ng/ml TGF-β3.

6. Dexamethasone, TGF-β3 and ascorbate combined (DTA): NC+100 nM 
Dex+50 μg/ml Asc+10 ng/ml TGF-β3. 

Micromass samples were maintained under standard conditions, at 37 °C in a 
humidiϐied incubator with 5% CO2, throughout the experiment. We chose to study 
the effect of each supplement in a serum free microenvironment to avoid lot-to-lot 
variability associated with bovine serum [31] and to minimize the effects of undeϐined 
components of bovine serum on chondrogenesis. 

RNA isolation and analysis

Quantitative real time polymerase chain reaction (qRT-PCR) was used to quantify 
gene expression. Brieϐly, total RNA was isolated from four pooled micromass samples 
with TRIzol. For each treatment time point, three replicates (total of twelve micromass 
samples) were used for qRT-PCR. Chloroform was utilized for phase separation. Total 
mRNA (up to 2.5 μg) was reverse-transcribed into cDNA using SuperScript® VILO™ 
Master Mix. cDNA was ampliϐied with the TaqMan® Gene Expression Master Mix 
(Applied Biosystems by Life Technologies, Grand Island, NY, USA) on an ABI 7900HT 
Sequence Detection System (Applied Biosystems) and probes speciϐic for GAPDH, a 
housekeeping gene that has served as a baseline in several studies on chondrocyte-
progenitor interaction and MSC-chondrocyte co-culture [32-37], sex-determining 
region Y (SRY)-box 9 (SOX9), ACAN, Lubricin, Col XI, Col X, VEGF-A, Col I, alkaline 
phosphatase (ALP), and osterix were used. Known primer sequences for these species 
appear in Table 1, and where primer sequences are proprietary, the company name 

Figure 1: Micromass culture: 1.6×105 cells were seeded per droplet per well.
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and catalogue number are given. The relative gene expression was calculated using the 
∆∆CT method and fold differences were determined using the expression 2 CT  [38], 
where hASC values prior to the differentiation assays were considered as the reference 
or control. Micromass was collected at days 3, 7, 14, and 25.

Mechanical properties of differentiated micromasses

For analysis of mechanical properties, micromass samples were collected at days 3, 
7 and 25. Glass slides with adhered micromass samples were removed from the wells 
and washed with phosphate buffered saline (PBS). The glass underside was glued to 
a stainless steel disk and mounted onto the AFM sample stage. AFM force-indentation 
measurements were performed with a PicoForce scanning probe microscope with 
a Nanoscope IIIa controller and extender module (Bruker AXS Inc., Santa Barbara, 
CA). To measure the aggregate elastic properties, we used colloidal probes with 
a manufacturer spring constant of 0.08 N/m and average deϐlection sensitivity of 
81.1±19.0 nm/V (n=3). Prior to force measurements, the actual spring constant of 
each cantilever was determined using the power spectral density of the thermal noise 
ϐluctuations in PBS [39]. Each micromass submerged in PBS was scanned in contact 
mode over an area of 100 μm2 with a 1 Hz scan rate. Three areas per treatment group 
were scanned with equally spaced indentation points following a 16×16 grid with an 8 
nN trigger threshold of applied load.

Hertz model for Young’s modulus quantifi cation

To quantify the Young’s modulus, AFM approach position-deϐlection data ϐiles were 
converted to force-indentation data as described previously [40] and ϐit to the Hertz 
contact model as described in Equation 1:

1 3
2 2
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3 1

E R
F  


 

                    (1)

Where:

F = applied force

Eγ = Young’s modulus

R = colloidal probe tip curvature radius (constant at 2.6 μm)

ν = Poisson’s ratio (constant at 0.5 based on literature) (16, 65, 95).

δ = indentation depth. 

Table 1: Primer sequences or source information.

Gene Probe Sequence Forward Primer Reverse Primer

hGAPDH TCAACAGCGACACCCACTCCTC CCAGGTGGTCTCCTCTGACT GCTTGACAAAGTGGTCGTTGA

hLubricin GCTCCAACTACTCCTGAGACA CCTCCTCCAACCACTTCAGAGGTC GGTAGGCTCCTTGGTGGTA

Gene Company Catalog No.

hSOX9 ThermoFisher SCIENTIFIC Hs00165814_m1

hACAN ThermoFisher SCIENTIFIC Hs01048726_m1

hCol XI ThermoFisher SCIENTIFIC Hs01097678_m1

hCol X ThermoFisher SCIENTIFIC Hs00166657_m1

hVEGF-A ThermoFisher SCIENTIFIC Hs00900055_m1

hCol I ThermoFisher SCIENTIFIC Hs00164004_m1

hALP ThermoFisher SCIENTIFIC Hs01029144_m1

hOsterix ThermoFisher SCIENTIFIC Hs01866874 _s1
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The Young’s moduli were compiled and averaged for each treatment group. Despite 
limitations in the Hertz model, it is appropriate for our purposes because, the sample 
surface is continuous and non-conforming, the radius of the contacting bodies is large 
compared to the contact area so surfaces can be approximated as elastic half spaces 
[41], and substrate effects can be ignored because the indentation depth (~900 nm) is 
much smaller than sample thickness (>1 mm height) [42-44]. Frictional forces, probe 
and sample geometries can be neglected as described previously [45,46]. Although 
cartilage is a viscoelastic material, we use the Hertz model to ϐit only the elastic portion 
of the AFM approach force-distance curve.

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad Software, La Jolla, 
CA) software. Two-way analysis of variance (ANOVA) was used with the Dunn test 
to determine signiϐicant differences between treatment groups (p<0.05). In many 
instances, signiϐicant differences are present and reveal important ϐindings as will be 
discussed.

RESULTS
Expression of chondrogenic markers

We  o bserved that micromass samples of hADSCs cultured under all conditions, 
i.e. NC, Dex, TGF-β3, Asc, DT and DTA, condensed and formed nodules as early as day 
3. As chondrogenesis in vivo initiates with MSC condensation, we interpret nodule 
formation as an indicator of micromass sample differentiation toward chondrocytes. 
Shown in Figure 2 are exemplary photos of NC and DTA micromass samples under 
light microscopy at 10X where individual cells are no longer visible, as the extracellular 
matrix is formed around adherent cells. All other cultures with CF additives showed 
the same condensation phenomenon.

SOX9 expression levels, ratioed to day 0 levels for unstimulated ADSCs, remained 
near or slightly below 1 till day 7 as shown in Figure 3a. At day 14, a statistically 
signiϐicant increase was observed in SOX9 expression for DT and DTA, and at day 25 
for Asc.

ACA N mRNA expression remained close to that of day 0 unstimulated ADSCs 
increasing by day 14 with statistically signiϐicant maxima at day 14 for TGF-β3-treated 
samples, ϐigure 3b. In NC, TGF-β3, DT and DTA samples, ACAN expression decreased 
by day 25, and always remained above its expression at day 3. Dex and Asc samples 

Figure 2: Example images of ADSC condensation and nodule formation as early as day 3 under light microscopy 
at 10X. NC: HG-DMEM/F12 supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 5 μg/ml Gentamicin, 
1% insulin-transferrin-selenium, 50 μM L-proline, and 1% penicillin-streptomycin; DTA: NC+100 nM Dex+50 μg/ml 
Asc+10 ng/ml TGF-β3.
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showed generally a continuous increase in ACAN over time with the highest ACAN 
expression observed in Dex-treated samples at day 25. To the best of our knowledge, 
Asc’s role on ACAN expression of ADSCs as a function of time has not been studied. 
Here, we observed Asc supplementation did not signiϐicantly affect ACAN expression 
over the culture period.

Lubricin expression, Figure 3c, was upregulated as early as day 3 with 38- to 97-
fold induction compared to day 0 untreated ADSCs. At day 14, Dex-treated samples 
expressed signiϐicantly more lubricin compared to NC, TGF-β3, Asc and DTA samples. 
Lubricin mRNA expression continuously increased in Dex-treated samples and Dex 
supplementation caused the highest upregulation of lubricin compared to all other 
treatments at day 25 with an 814-fold induction over day 0 unstimulated ADSCs. 
Although not signiϐicant, our results show that lubricin has higher expression in TGF-
β3-treated samples compared to Asc-treated samples with 1.6-, 6.1-, 3.2- and 1.2-fold 
increases at day 3, 7, 14 and 25, respectively. It is important to note that the individual 
role of Dex on lubricin expression is not well documented, yet, here, for the ϐirst time, 
we observed signiϐicant upregulation. 

Col XI, Figure 3d, increased signiϐicantly in expression levels in DT- and DTA-treated 
samples compared to NC-treated samples at day 7. Interestingly, even though there 
were no signiϐicant differences between NC-, Dex- and TGF-β3-treated samples at day 
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Figure 3: A grouped bar graph of the mRNA expression of the chondrogenic markers, a) Sox9, b) ACAN, c) lubricin, and d) Col XI at days 3, 7, 14 and 25. Error bars indicate 
standard deviation and connected treatments are signifi cantly different. The amount of target normalized to housekeeping gene, GAPDH, and hASC values obtained 
prior to differentiation assays at day 0 were considered as the reference. NC: HG-DMEM/F12 supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 5 μg/ml 
Gentamicin, 1% insulin-transferrin-selenium, 50 μM L-proline, and 1% penicillin-streptomycin; Dex: NC+100 nM dexamethasone; TGF: NC+10 ng/ml TGF-β3; Asc: NC+50 
μg/ml L-ascorbic acid; DT: NC+100 nM Dex+10 ng/ml TGF-β3; and DTA: NC+100 nM Dex+50 μg/ml Asc+10 ng/ml TGF-β3.
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14, when ADSCs were supplied with a combination of Dex and TGF-β3 for 14 days, 
cells expressed signiϐicantly more Col XI than NC samples and the highest expression 
of Col XI was achieved. Thus, we conclude that Dex and TGF-β synergistically increase 
Col XI expression. The effects of Asc alone or in combination with Dex and TGF-β on 
Col XI expression was studied by Derfoul et al. [19], who cultured hBMSCs in pellets. 
After three weeks, similar to our day 25 results, they observed similar levels of Col XI 
expression in both Asc- and DTA-treated samples. 

Expression of the hypertrophic marker Col X

Col X mRNA expression, Figure 4, increased by 1- to 3-fold in NC-treated samples 
compared to Dex-, Asc-, DT-, and DTA-treated samples at all-time points; however, no 
signiϐicant differences between groups were observed. Interestingly, Col X expression 
in NC-, Dex-, Asc-, DT- and DTA-treated samples did not vary signiϐicantly as a function 
of time. However, in TGF-β3-treated samples, Col X expression was signiϐicantly 
upregulated at day 7 compared to day 3. Even though Col X was expressed more in 
TGF-β3-treated samples than in any other CF treatment at any time point, it was 
signiϐicantly higher at days 7 and 14 compared to other treatments. 

We believe this study is the ϐirst to report the individual role of Dex on Col X 
expression by hADSCs as a function of time. As can be seen from Figure 4, Dex-treated 
samples had the least Col X expression compared to all other treatments at any given 
time whereas TGF-β3-treated samples exhibited the highest level of Col X expression.

Expression of the angiogenic marker, VEGF-A

Despite high expression of VEGF-A in NC samples, Figure 5, signiϐicant differences 
were only observed in day 25 cultures of Asc-treated samples. This means that all 
other treatment groups did not vary signiϐicantly as a function of time. 

Expression of the fi brogenic marker, Col I

The addition of CFs did not signiϐicantly change Col I mRNA expression compared to 
the NC, Figure 6. Culture duration did not signiϐicantly change Col I mRNA expression 
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Figure 4: A grouped bar graph of the mRNA expression of the hypertrophic marker, Col X, at days 3, 7, 14, and 25. 
Error bars indicate standard deviation and connected treatments are signifi cantly different. The amount of target 
normalized to housekeeping gene, GAPDH, and hASC values obtained prior to differentiation assays at day 0 were 
considered as the reference. NC: HG-DMEM/F12 supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 5 
μg/ml Gentamicin, 1% insulin-transferrin-selenium, 50 μM L-proline, and 1% penicillin-streptomycin; Dex: NC+100 
nM dexamethasone; TGF: NC+10 ng/ml TGF-β3; Asc: NC+50 μg/ml L-ascorbic acid; DT: NC+100 nM Dex+10 ng/ml 
TGF-β3; DTA: NC+100 nM Dex+50 μg/ml Asc+10 ng/ml TGF-β3.
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in NC and TGF-β3 samples. Here, we observed continuous Dex supplementation results 
in continuously increasing Col I induction during culture and signiϐicantly increased 
Col I by by day 25 for Asc, day 14 for DT and days 7 and 14 for DT and DTA.

Expression of osteogenic markers

ALP mRNA, Figure 7a, shows a peak for all treatments except DT at day 7. NC- and 
Asc-treated samples expressed statistically higher ALP, at least by 2-fold, than all other 
treatments at day 7. To a lesser extent, Day 14 NC cultures were statistically higher, at 
least 4.44-fold, than cultures containing TGF-β3 (TGF-β3, DT and DTA). ALP expression 
in Dex, TGF-β3, DT and DTA treatments did not vary signiϐicantly with time. 
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Figure 5: A grouped bar graph of the mRNA expression of the angiogenic marker, VEGF-A, at days 3, 7, 14 and 25. 
Error bars indicate standard deviation and connected treatments are signifi cantly different. The amount of target 
normalized to housekeeping gene, GAPDH, and hASC values obtained prior to differentiation assays at day 0 were 
considered as the reference. NC: HG-DMEM/F12 supplemented with  mM sodium pyruvate, 2 mM L-glutamine, 5 
μg/ml Gentamicin, 1% insulin-transferrin-selenium, 50 μM L-proline, and 1% penicillin-streptomycin; Dex: NC+100 
nM dexamethasone; TGF: NC+10 ng/ml TGF-β3; Asc: NC+50 μg/ml L-ascorbic acid; DT: NC+100 nM Dex+10 ng/ml 
TGF-β3; DTA: NC+100 nM Dex+50 μg/ml Asc+10 ng/ml TGF-β3.
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Figure 6: A grouped bar graph of the mRNA expression of the fi brogenic marker, Col I, at days 3, 7, 14 and 25. 
Error bars indicate standard deviation and connected treatments are signifi cantly different. The amount of target 
normalized to housekeeping gene, GAPDH, and hASC values obtained prior to differentiation assays at day 0 were 
considered as the reference. NC: HG-DMEM/F12 supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 5 
μg/ml Gentamicin, 1% insulin-transferrin-selenium, 50 μM L-proline, and 1% penicillin-streptomycin; Dex: NC+100 
nM dexamethasone; TGF: NC+10 ng/ml TGF-β3; Asc: NC+50 μg/ml L-ascorbic acid; DT: NC+100 nM Dex+10 ng/ml 
TGF-β3; DTA: NC+100 nM Dex+50 μg/ml Asc+10 ng/ml TGF-β3.
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Osterix mRNA expression, Figure 7b, was signiϐicantly up-regulated in TGF-β3-
treated samples by 37-fold compared to day 0 unstimulated ADSCs early in culture, 
day 3, which was signiϐicantly higher than NC-, Dex- and Asc-treated samples at the 
same time point. Interestingly, osterix mRNA expression was higher in TGF-β3 samples 
compared to other treatments. 

Mechanics of micromass tissues as assessed by AFM force-indentation 
measurements

Nanoindentation by AFM was performed and ϐit to the Hertz model of contact 
mechanics to characterize the elasticity of micromass tissues grown with different 
medium supplements at days 3, 7 and 25 as shown in Figure 8. The highest elastic 
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Figure 7: A grouped bar graph of the mRNA expression of the osteogenic markers, a) ALP, b) osterix, at days 3, 7, 
14 and 25. Error bars indicate standard deviation and connected treatments are signifi cantly different. The amount 
of target normalized to housekeeping gene, GAPDH, and hASC values obtained prior to differentiation assays at 
day 0 were considered as the reference. NC: HG-DMEM/F12 supplemented with 1 mM sodium pyruvate, 2 mM 
L-glutamine, 5 μg/ml Gentamicin, 1% insulin-transferrin-selenium, 50 μM L-proline, and 1% penicillin-streptomycin; 
Dex: NC+100 nM dexamethasone; TGF: NC+10 ng/ml TGF-β3; Asc: NC+50 μg/ml L-ascorbic acid; DT: NC+100 nM 
Dex+10 ng/ml TGF-β3; DTA: NC +10 nM Dex+50 μg/ml Asc+10 ng/ml TGF-β3.
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moduli were observed at day 3 with TGF-β3 and at day 7 with Asc. Day 3 TGF-β3 
treatment was at least 25-fold higher than any other TGF-β3 treatments and 5-fold 
higher than other treatments at day 3. Day 7 Asc treatment was at least 9.2-fold and 
10-fold higher compared to any other Asc treatment and compared to other treatments 
at day 7, respectively. At days 7 and 25, a decrease in elastic modulus compared to NC 
was observed for all treatments containing TGF-β3 (TGF-β3, DT and DTA). As will be 
discussed later, an optimal elastic modulus should be high enough to support loads, 
however not as high as values associated with bone formation.

DISCUSSION AND FUTURE STUDIES
Our results and discussion are focused on statistically signiϐicant differences 

between marker expression levels or Young’s moduli. Large standard deviations are 
not necessarily due to small sample sizes. Though qRT-PCR is one of the most sensitive 
quantitative methods [47], large error bars and lack of statistical differences often arise 
because of tissue heterogeneities [48,49], due to or resulting from segregation from 
precursors, embryological origin, vascularity, and hypertrophy [50]. To compensate, 
our three data points were comprised of four pooled cultures. Our Standard deviations 
or mRNA levels are as large and sometimes smaller than values in Acharya et al., study 
(two-three replicates) [51], Bruce et al., (two-six replicates) [52], and even studies 
with larger sample sizes of N ≥ 25 [53,54]. Such variations are also due to mixtures of 
differentiated and undifferentiated cells and a continuum of mRNA marker expression 
[23,55-57]. Hence, even with large standard deviations, mean differences infer 
the inϐluence of one additive over another. A reader may also infer trending where 
statistical differences are lacking, or use this information as a basis for further study. 
Differences between our data and the literature may be due to differences in cell type 
and density, culture and handling techniques, growth factor concentrations, sampling 
times, and biological diversity.

The majority of previous studies evaluated the effects of common CFs on ADSC 
chondrogenic potential for a limited number of chondrogenic, and non-chondrogenic 
markers and typically do so at the culture end point [22,58,59]. Here we offer more 
comprehensive data measuring effects of Dex, TGF-β3, Asc and selected combinations, 
DT and DTA, and do so temporally for chondrogenic, hypertrophic, angiogenic, 
ϐibrogenic and osteogenic markers.
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Figure 8: Bar graph representing the elastic modulus for each treatment group at day 3, 7 and 25 as indicated. 
Error bars indicate standard error of mean. Error bars indicate standard deviation and connected treatments are 
signifi cantly different. The amount of target normalized to housekeeping gene, GAPDH, and hASC values obtained 
prior to differentiation assays at day 0 were considered as the reference. NC: HG-DMEM/F12 supplemented with 
1 mM sodium pyruvate, 2 mM L-glutamine, 5 μg/ml Gentamicin, 1% insulin-transferrin-selenium, 50 μM L-proline, 
and 1% penicillin-streptomycin; Dex: NC+100nM dexamethasone; TGF: NC+10 ng/ml TGF-β3; Asc: NC+50 μg/ml 
L-ascorbic acid; DT: NC+100 nM Dex+10 ng/ml TGF-β3; DTA: NC+100 nM Dex+50 μg/ml Asc+10 ng/ml TGF-β3.
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We start our discussion with SOX9, a transcriptional regulator of chondrogenic 
differentiation [60]. We consider SOX9 as an appropriate chondrogenic marker as 
many other researchers in the ϐield [61-63] have done. Kawakami et al. [64], named 
SOX9 as the key intracellular molecule in chondrogenesis; Bell et al. [65], correlated 
the expression of SOX9 as a marker for expression of Col II; and Zhao et al. suggested 
SOX9 is needed for expression of the chondrocyte phenotype. Limited literature shows 
SOX9 upregulated 1.25-fold [66], for hADSCs with TGF-β3 at day 28 consistent with 
our 1.2-fold increase at day 25, 2-fold for ATDC5 micromass with Asc at day 21 [23], 
consistent with the 3.9-fold increase we observed at day 25, and 2-fold for bovine 
BMSC micromass with Dex at day 14 [67], consistent with our 1.1-fold increase at 
day 14. However, the BMSC study shows no signiϐicant difference between Dex and 
DT, similar to our comparative observations between Dex and DT though both our 
study and the BMSC study show that addition of Dex enhances TGF-β induced SOX9 
expression at day 14. 

ACAN, the most abundant proteoglycan in AC, interacts with water to retain high 
osmotic pressures allowing AC to resist compressive loads [20]. Limited literature on 
single time points shows an ACAN increase of 100-fold with DT supplementation for 
ADSCs encapsulated in alginate beads at day 14 [68], whereas we observed a 35-fold 
induction at day 14, 25- and 2.5-fold for hBMSCs either in pellets [54] or encapsulated 
in polyethylene glycol diacrylate [69], at day 21 whereas we observed a 3.5-fold 
induction in ACAN expression in DT-treated samples at day 25. The difference between 
fold changes may be attributable to differences in cell types, cell density, culture and 
handling techniques. 

Lubricin, a surface-active mucinous glycoprotein, provides articular joint lubrication 
[70] and prevents chondrocyte apoptosis [71]. Based on our ϐindings, we suggest the 
use of Dex as a factor to increase lubricin mRNA expression. Literature shows lubricin 
upregulated 2- and 10-fold for monolayer-cultured bovine articular chondrocytes 
supplemented with Asc and TGF-β1 for 24 hours [72], respectively. Collagen ϐibrils are 
essential for AC structural stabilization [73] and Col XI, while abundant in AC [74] is 
necessary for skeletal development [75]. Similar to what we observed here, Shintani et 
al. [67] observed no signiϐicant differences in Col XI expression between NC-, Dex- and 
TGF-β1-treated micromass samples of bovine BMSCs but found signiϐicant differences 
between NC and DT at day 14. 

Non-chondrogenic markers indicate unwanted differentiation genotypes. 
Collagen X, associated with terminally differentiating chondrocytes, is synthesized by 
hypertrophic chondrocytes [14] and facilitates ECM calciϐication and mineralization 
[76]. Consistent with our results at day 25, high levels of Col X mRNA were detected in 
ASC pellets supplemented with TGF-β3 for 28 days [66] as TGF-β induces hypertrophy. 
Similar to our results at day 14, signiϐicantly more Col X was detected in hBMSC 
pellets treated with TGF-β1 for 16 days than Asc-treated counterparts [77]. Thus, 
we conclude that TGF-β3 supplementation strongly directs ADSC differentiation 
toward hypertrophic lineages. VEGF-A, the major angiogenic factor [78], induces MMP 
expression in arthritic cartilage and OA [79,80]. Our results for hADSCs in micromass 
at day 7 are consistent with results obtained by Lee et al. [81] on a 5-day monolayer of 
rat ADSCs which showed Dex, Asc and TGF-β supplementation down-regulate VEGF-A 
expression compared to NC. Both studies indicate Dex supplementation results in the 
least expression of VEGF-A.

Collagen I, the primary collagen in skin, bone, adipose tissue, and ϐibrocartilage, 
but not articular cartilage is upregulated in vitro in chondrocyte monolayers on de-
differentiation [20] and in vivo in the OA phenotype [82]. Limited literature on single 
time points shows a 2-fold down-regulation of Col I in alginate-encapsulated ADSCs 
with Dex at day 7 consistent with our 1.2-fold reduction [83]; a 2-fold upregulation 



Enhancing adipose stem cell chondrogenesis: A study on the roles of dexamethasone, transforming growth factor β3 and ascorbate 
supplements and their combination

Published: July 31, 2017 40/51

of Col I for rat ADSCs encapsulated in a collagen sponge with TGF-β at day 14 [84] 
consistent with the 6-fold increase we observed for hADSCs at day 14; no signiϐicant 
difference between Asc and DTA for hBMSCs in pellets at day 16 [77] similar to our 
comparative observations between Asc and DTA for hASCs at day 14 [83].

ALP, a membrane-bound metalloenzyme, catalyzes phosphomonoester hydrolysis, 
indicates hypertrophy [85,86] and is elevated in OA and rheumatoid arthritis [87]. Our 
results indicate that TGF-β3 samples expressed less ALP compared to Dex- and Asc-
treated samples at all-time points. This seems valid since Dex and Asc are also used in 
osteogenic differentiation [85,88-90]. Osterix, a transcription factor for bone formation 
[91,92], regulates calciϐication and degradation of chondrogenic matrices through 
MMP-13 is assumed to be involved in OA [93]. High osterix expression in TGF-β3 
samples in our experiments is consistent with literature in which 12-fold increases 
in 28-day old ADSC pellets was observed [66]. These results suggest that TGF-β3 may 
be directing ADSCs toward osteogenesis. Here for the ϐirst time, we explored the roles 
of NC, Dex, Asc, DT and DTA supplementation on osterix expression by hADSCs as a 
function of time and ϐind that NC-, Dex-, Asc-, and DT-treated samples do not change 
over time.

To enhance the discussion, we report a temporal collective index for CF inϐluence 
on hADSC chondrogenesis as deϐined in Equation 3:

   @ @

1 1Index   
4 5i iday day
chondrogenicmarkers non chondrogenicmarkers  

       
(3)

where  (chondrogenic markers)@day i represents the sum of relative mRNA 
expression of chondrogenic markers at day i. Considering we have measured and 
presented mRNA expression for what we consider four (4) chondrogenic factors and 
ϐive (5) non-chondrogenic markers, we assign 25% to each of the chondrogenic factors 
(4*25% =100%) and 20% to each of the non-chondrogenic markers (5*20%=100). 
We allocate equal weights to each factor; others may choose to weigh certain factors 
more heavily if for example one factor is found mechanistically to be more important 
to chondrogenesis. Some may argue that a more appropriate index is Col II rather than 
SOX9 as SOX9 regulates chondrogenesis and does not itself code for the production 
of chondrogenic proteins. Nevertheless, in this study we have provided rationale 
for our choice of SOX9 and Col XI, and more importantly demonstrate a new way of 
looking at collective sets of mRNA data that can be tailored to the markers of interest 
in any study. To that end positive indices suggest larger weighted contributions of 
chondrogenic versus non-chondrogenic markers whereas negative indices suggest 
non-chondrogenic markers outweigh the beneϐit of chondrogenic markers. 

NC-treated samples, as shown in Figure 9, have negative indices for all time points 
except day 3. This agrees with the results presented in Figures 3-6, describing the 
upregulation of all non-chondrogenic markers at days 7, 14 and 25 with NC treatment 
compared to unstimulated ADSCs at day 0. The negative impact of NC culture can be 
explained by the fact that its base contains HG-DMEM and literature shows that a HG 
culture enhances adipogenesis of hADSCs [94] and mouse BMSCs [95] compared to 
low-glucose medium. Furthermore, hBMSCs are less chondrogenic when expanded 
in HG compared to a low-glucose medium [96]. Given these results, future studies 
investigating the effects of different glucose concentrations in both expansion and 
differentiation medium on hADSC chondrogenesis would be of interest. 

Dex-treated samples, as shown in ϐigure 9, have positive indices at every time point 
which is consistent with the literature [97-99] where Stewart et al. [49], reported 2.1- 
and 2.5-fold increases in DNA and Col II, respectively, in Dex-supplemented equine 
BMSC pellets after 14 days compared to controls. 
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In Figure 10, a cartoon schematic is used to illustrate the prospective inϐluences 
of the CFs used in this study. Regarding Dex the exact mechanism of action during 
chondrogenesis of ADSCs is not well understood. However, reports show Dex acts 
to suppress the expression of interleukin 1β, an inϐlammatory cytokine identiϐied 
in osteoarthritic cartilage [100] that induces expression of catabolic factors such as 
MMPs and aggrecanases [101,102] in multiple cell types [48,103,104]. We suspect 
suppression of interleukin 1β partially accounts for the effects of Dex on hADSC 
differentiation. Nonetheless, we recommend future studies to clarify the underlying 
molecular mechanism of Dex’s anabolic functions on hADSCs with the use of whole 
genome sequencing.

TGF-β3 is known to play a profound role in all phases of chondrogenesis, [105,106] 
but its inϐluence on ADSC differentiation to chondrocytes or osteocytes is greatly 
debated. Our data show negative indices at all-time points indicating that TGF-β3 
favors osteogenesis over chondrogenesis. This trend is congruent with previous 
studies showing that TGF-β supplementation induces both chondrogenic and non-
chondrogenic expression. Cooke et al. [54] observed a 25-fold induction in ACAN but 
also 57- and 5-fold increases in Col X and MMP-13 expression, respectively, with 21-
day TGF-β supplementation in hBMSC pellet cultures compared to controls. Moreover, 
Rich et al. [66], detected high levels of Col X and osterix mRNA in hADSC pellets 
supplemented with TGF-β3 for 28 days. 

As shown in Figure 10 TGF-βs transduce their signals by ϐirst binding to TGF-β 
type II receptors. The type I receptor is then recruited to form a heterotetramer and 
phosphorylate receptor-Smads [107]. Some TGF-β superfamily type I receptors, activin 
receptor-like kinase (ALK)1, 2, 3 and 6 signals via the Smad1, 5 or 8 pathway, while 
ALK4, 5 and 7 signal by phosphorylating Smad2 or 3 [108]. The Smad2/3 pathway 
down-regulates RUNX2 expression whereas the Smad1/5/8 pathway up-regulates and 
RUNX2 expression [16]. RUNX2 is essential for bone formation and a key controller of 
chondrocyte terminal differentiation [109] which can also be characterized by Col X 
expression. Because we observed high levels of Col X in TGF-β3-treated ADSCs, we 
suspect that TGF-β administration up-regulates RUNX2 expression through activation 
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Figure 9: Indices as defi ned by Equation 3 with respect to unstimulated ADSCs at day 0. We emphasize the novelty 
of the chondrogenic index we have introduced as a way of combining all mRNA analyses. In addition, temporal 
vacillations in expression patterns allow us to project hypothetical indices that may occur upon switching to a new 
CF or CF combination that is more effective during a different time period.



Enhancing adipose stem cell chondrogenesis: A study on the roles of dexamethasone, transforming growth factor β3 and ascorbate 
supplements and their combination

Published: July 31, 2017 42/51

of the Smad1/5/8 pathway. The present study is extensive in terms of the number of 
genes monitored, each at 4 time points plus the day 0 baseline, which has provided 
an initial quantitative picture of the chondrogenic pattern elicited by the selected sets 
of CFs and their combination. However, we recommend considerable expansion of 
gene expression proϐiles for future studies to look for the exact molecular mechanisms 
underlying these effects by studying the expression pattern of not only Smad1/5/8 
and RUNX2 as a function of time but also other intracellular factors shown to affect the 
TGF-β signaling pathway such as Smurf2 which blocks the Smad2/3 pathway [110].

Asc plays an important role in cartilage and bone formation [15]. In our study, Asc 
treatment up-regulated non-chondrogenic markers at every time point. Similarly, in 
vitro studies show that Asc induces ALP and Col X in chick chondrocytes [111,112]. 
Literature suggests that promotion of the terminally differentiated chondrocyte by 
Asc is mediated by the ECM, speciϐically collagens and proteoglycans, and involves 
interactions between cell surface receptors such as integrins and recognition peptides 
[113]. Interactions between integrins and ECM proteins prompt a signaling cascade 
that can activate RUNX2 [114]. As illustrated in Figure 10 these scenarios suggest that 
cell-matrix interactions and subsequent RUNX2 activation partially accounts for the 
effects of Asc on hADSC differentiation. Nonetheless, future studies should clarify the 
exact mode of action of Asc-induced hADSCs terminal differentiation by studying the 
impact of Asc on RUNX2 upregulation along with upregulation of chondrogenic mRNA 
indicators.

DT- and DTA-treated samples have positive indices at all-time points. This may be 
explained by the fact that Dex-mediated suppression of interleukin 1β and subsequent 
upregulation of Smad6 [115] to suppress RUNX2 expression counterbalances 
osteogenic impacts of TGF-β and Asc. Hence, where use of TGF-β or Asc is desirable the 
medium should be supplemented with Dex.

In addition to proper differentiation of SCs, the aim of ACTE is to develop functional 
tissues with appropriate mechanical properties. As assessed by AFM, none of our 
tissues developed elastic moduli in the 300 to 1000 kPa native AC range [116,117]. 
The respective 101 and 219 kPa values for TGF-β3 at day 3 and Asc at day 7 began to 
approach this range. As we reported previously [46], additional stimulation such as 
through application of cyclic hydrostatic pressure will be necessary to improve the 

Figure 10: Possible signaling pathways which might be affected by addition of commonly used CFs. ALK: activin 
receptor-like kinase, GR: glucocorticoid receptor, MMP13: matrix metalloproteinase and Runx2: runt-related 
transcription factor 2.
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elastic modulus to be on the scale of native AC. Our results show greater differences 
in elastic moduli earlier in culture, with all elastic moduli leveling out at 2 standard 
deviations greater than NC at day 25. In selecting appropriate CFs, chondrogenic 
expression must ultimately coincide with functional mechanical properties likely 
achieved with simultaneous mechanical stimulation.

We believe investigating each signaling molecule and its temporal effects on an 
extensive array of genetic markers and on tissue mechanical properties is necessary 
before complicating the investigation with CF combinations. For example, the exact 
role of Dex in modulating MSC chondrogenesis, its cross-talk with BMP-2 and TGF-β1, 
and the elasticity of the constructs obtained is still not fully understood [67]. Only when 
the roles of individual factors and their synergistic interplay are known as a function 
of time, using whole mRNA sequencing, can a gold standard differentiation cocktail 
be developed. Toward this aim, future studies are recommended using even larger 
sample sizes, and pooling from a greater number of micromass cultures, to assure that 
the large error bars observed in this type of data are because of sample heterogeneity 
and not the paucity in the total number of samples used in an analysis to create data 
to be represented.

Pretreatment prior to differentiation is an emerging research area in ACTE shown 
to increase cell regenerative potential of pretreated cells [118,119]. For example, 
pretreatment with 10-8

 M Dex during the expansion phase downregulates genes 
correlated with apoptosis, upregulates genes correlated with proliferation and 
promotes chondrogenesis in hBMSCs [120]. We recommend studies to investigate 
hADSC pretreatment with individual and combined CFs using whole genome 
sequencing to clarify underlying molecular mechanisms controlling differentiation. The 
authors also acknowledge the need to go beyond quantitative analyses based only on 
genetic expression and determine actual protein expression and deposition. The AFM 
data provided represent an initial effort toward this end in that resultant mechanical 
properties of the ECM are closely tied to actual protein composition. To include the 
expression of every protein is beyond the scope of this study, but rather the focus is on 
a thorough temporal analysis of mRNA upregulation for a set of nine different markers, 
mechanical properties and the chondrogenic index. Investigators in future studies 
should include protein expression of chondrogenic and non-chondrogenic markers at 
the protein levels. This can be done by utilizing enzyme-linked immunosorbent assays 
(ELISAs) to measure ACAN , and VEGF [121], western blots to measure SOX9 [54], 
Col XI [122], lubricin [123] and osterix [124], a chloramine-T hydroxyproline assay 
to measure total collagen content, immunohistochemistry to measure collagen types I 
and X [21], and the QuantiChrom™ ALP Assay Kit to measure ALP. Of course any single 
one of these ancillary studies is an undertaking in itself and the authors recommend a 
series of careful studies to further clarify the overall chondrogenic picture.

Finally, temporal exposure to CFs is of interest [125]. In Buxton et al.’s study 
[126], collagen deposition was the same in hBMSCs supplemented with TGF-β1 for 
either the initial week of culture or for 3 weeks continuously and given no further 
improvement the results suggest that transition to another factor may improve other 
chondrogenic indices. Even though BMSCs and ADSCs are inherently different, we 
hypothesize that changing supplements throughout the culture period may best induce 
ADSC chondrogenesis since it mimics the native environment where certain signaling 
molecules are upregulated temporally [127]. By regulating introduction time points, 
we may provide the cells with factors they need temporally to maximize the expression 
of chondrogenic markers and minimize the expression of non-chondrogenic markers. 
Based on ϐigure 9, we recommend DT be supplied for the ϐirst three days since it has 
the highest index at day 3. At day 3 to 7, despite a higher index for Dex compared 
to DTA we recommend DTA be supplied because Asc enhances Young’s moduli by 
10-fold compared to Dex. From day 7 to the end of culture, use of Dex supplemented 
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medium is advised because Dex has the highest indices at days 14 and 25. Based on 
our data, we calculated a hypothetical index that may be achieved by such a scenario. 
The hypothetical index is also shown in Figure 9 which may be calculated for any 
supplement switching scenario by taking an experimentally observed ratio of the 
latter to former day mRNA values for a second supplement in a series, and multiplying 
it by existing mRNA values at a given day for the ϐirst supplemented medium. For our 
hypothetical scenario, we would use the following set of equations:
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This results in hypothetical 17, 20 and 13% increases in maximal calculated 
hypothetical indices for the temporal additions at days 7, 14 and 25, over that 
achieved by use of Dex alone. Our suggestion will need to be validated experimentally 
as we understand that these time-point ratios are not fully independent of earlier 
supplementation. At the same time, future studies should be directed to not only 
look into transient and continuous supplementation of other CFs, which have been 
shown to be efϐicient in inducing ADSC chondrogenesis such as BMP-6 [128], but also 
other chondrogenic such as Col II and RUNX2 and as well as other non-chondrogenic 
markers.

CONCLUSIONS

In this study, we compare the temporal impact of three CFs, Dex, TGF-β3, Asc 
and selected combinations, DT and DTA on ADSC mRNA expression of chondrogenic 
markers, tissue Young’s modulus, and mRNA expression of non-chondrogenic markers 
including hypertrophic, angiogenic, ϐibrogenic, and osteogenic markers. Based on our 
results, continuous supplementation of Dex, TGF-β3 and Asc induced the expression of 
both chondrogenic and non-chondrogenic markers. However, Dex induces signiϐicantly 
higher levels of chondrogenic markers such as ACAN and lubricin and results in the 
lowest expression of non-chondrogenic markers such as Col X, VEGF-A and ALP, 
whereas TGF-β3 has the opposite effect promoting hADSC expression of the most non-
chondrogenic markers, speciϐically Col X and osterix. To a lower extent, Asc treatment 
also elicited the up-regulation of non-chondrogenic markers. As seen in DT- and DTA-
treated samples, CFs studied here did not work in synergy to induce expression of 
the chondrogenic markers nor to suppress the expression of the non-chondrogenic 
markers. We suspect suppression of interleukin 1β and the up-regulation of RUNX2 
through either the Smad pathway or cell-matrix interactions partially accounts for the 



Enhancing adipose stem cell chondrogenesis: A study on the roles of dexamethasone, transforming growth factor β3 and ascorbate 
supplements and their combination

Published: July 31, 2017 45/51

effects of Dex, TGF-β3 and Asc on hADSC differentiation. Future work is recommended 
for an expanded set of markers to elucidate pathways and to employ the chondrogenic 
index as a means to assess optimal CF regimens including the shift from one set of CFs 
to another.
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