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ABSTRACT.	 Mesenchymal stem cells (MSC) are a potential alternative source of differentiated 
chondrocytes for cartilage tissue regeneration and repair of osteoarthritic (OA) joints. We 
investigated the effects of pentosan polysulfate (PPS) and polysulfated glycosaminoglycan 
(PSGAG) on chondrogenesis of canine bone marrow-derived mesenchymal stem cells (cBMSC) 
in alginate and micromass cultures (MMC). Chondrogenic differentiation medium (CDM) was 
supplemented with PPS or PSGAG at concentrations of 0 (positive control; PC), 1, 3 and 5 µg/ml. 
10% DMEM was used as negative control. Chondrocyte phenotype was analyzed by quantitative 
real-time PCR (qPCR) for alginate cultures and Alcian blue staining for proteoglycan (PG) synthesis 
for MMC. In alginate culture, PPS and PSGAG showed no significant effect on type II collagen, 
aggrecan and HIF-2α mRNA expression. PPS had no significant effect on type I collagen whereas 
PSGAG significantly upregulated (P<0.05) it at all concentrations relative to other treatments. 
PPS demonstrated a dose-dependent inhibitory effect on type X collagen mRNA with significant 
inhibition observed at 5 µg/ml compared to the NC. PSGAG showed an inverse effect on type X 
collagen with 1 µg/ml significantly inhibiting its expression while increase in the concentration 
correspondingly increased type X collagen expression. In MMC, PPS significantly enhanced 
chondrogenesis and PG deposition whereas PSGAG inhibited chondrogenesis and promoted a 
fibrocartilage-like phenotype with reduced PG deposition. While PPS enhances chondrogenesis 
of cBMSC in MMC, the response of MSC to chondroinductive factors is culture system-dependent 
and varies significantly between alginate and MMC.
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Osteoarthritis (OA) is a degenerative joint disease that progressively causes loss of joint function [22] and is one of the most 
common and costly form of arthritis [18, 23]. The current treatment options for OA are focused at alleviating the discomfort, 
preventing the occurrence of further degenerative changes, pain relief and improvement of joint function, including the use 
of analgesics like non-steroidal anti-inflammatory drugs (NSAIDs) [33]. However, these drugs do not alter the underlying 
pathophysiological process on the structural degradation of joint tissue but merely control signs of pain and inflammation [22, 
33, 44]. OA cartilage defects repair using cell-based therapies such as autologous chondrocyte transplantation (ACT) either as 
a bioscaffold or bioscaffoldless implants offers a promising treatment option for the repair of isolated cartilage lesions [42]. The 
procedure requires that articular chondrocytes are isolated from a small biopsy, expanded in vitro, and then either directly injected 
into the defect or used to engineer implantable grafts [3]. Unfortunately, as early as first passage (P1) of in vitro expansion, 
chondrocytes lose their phenotype and dedifferentiate to fibroblast-like cells losing their ability to secrete the major articular 
cartilage proteins [11, 12, 17, 37].

On the other hand, pluripotent mesenchymal stem cells (MSC) have shown slight differences in morphology and in the potential 
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to differentiate into a variant of cells [5, 15]. These undifferentiated cells can differentiate into different generative cells such as 
bone, cartilage, adipose, tendon and other cells of the mesenchymal lineage under appropriate stimuli. Therefore, MSC are a 
potential alternative source of differentiated chondrocytes from different sources including bone marrow-derived mesenchymal 
precursor cells (MPC) [15] for cartilage tissue regeneration and repair of OA joints. Previous studies have shown that MSC just 
like monolayer cultured articular chondrocytes concomitantly express the undesirable dedifferentiation and hypertrophic markers, 
thus raising questions on their suitability for cartilage tissue regenerative.

Therefore, these challenges at the front-end of cartilage tissue regeneration demands that novel in vitro culture conditions 
are developed to engineer a cell population with a stable chondrocyte phenotype. In the present study we explored the effects 
of pentosan polysulfate (PPS) and polysulfated glycosaminoglycan (PSGAG) on chondrogenic differentiation of MSC with a 
view of improving the culture conditions for cartilage tissue engineering. Pentosan polysulfate (PPS) a semi-synthetic sulfated 
polysaccharide derived from wood of beech plant (Fagus sylvatica) has been shown to improve synovial and subchondral blood 
flow, stimulate hyaluronic acid (HA) and proteoglycan (PG) synthesis, limit cartilage matrix degeneration and suppress catabolic 
matrix metalloproteinases (MMPs) [7, 9, 10, 14, 20, 30, 34]. Our laboratory recently showed its involvement in the prevention of 
inflammatory intracellular responses induced by interleukin 1-beta (IL-1β) through inhibition of phosphorylation of certain MAPKs, 
p38 and ERK [40]. Of particular interest is a recent study finding which showed that PPS promotes human MPC proliferation and 
chondrogenesis in pellet or micromass culture (MMC) [15]. Similar to PPS, polysulfated glycosaminoglycan (PSGAG) a semi-
synthetic polysulfated chondroitin sulfate has been shown to diminish articular cartilage matrix molecule degradation [13, 35, 43], 
improve lameness score [13] and enhance matrix molecule synthesis [16]. However, there are no studies that have evaluated its 
effects on chondrogenesis of MSC.

Generally, the use of bioscaffold 3-D culture systems is increasingly being employed to better mimic the in vivo chondrocyte 
environment. The use of alginate culture provides a natural material for 3-D encapsulation of cells which has been shown to support 
chondrogenesis and redifferentiation of chondrocytes [4, 12, 26, 37]. Therefore, the objective of the study was to investigate the 
effects of PPS and PSGAG on chondrogenesis of canine bone marrow-derived MSC (cBMSC) in alginate culture and MMC.

MATERIALS AND METHODS

Isolation, culture and differentiation of cBMSC
Collection site and dog preparation: The study was performed using cBMSC aseptically collected by the proximal femur 

approach from femoral bone marrow of three experimental Beagle dogs (age range; 11 to 12 months old). The use of experimental 
dogs was in accordance with Hokkaido University Institutional Animal Care and Use Committee guidelines (approval number: 12-
0059). Briefly, dogs were put under general anesthesia (GA) using propofol at 6 mg/kg intravenously for induction and maintained 
on isoflurane and oxygen. The limb from where the bone marrow aspirate was collected was aseptically prepared by clipping the hair 
around the proposed site of collection, scrubbed with povidone iodine and then 70% ethanol applied to further disinfect the site.

cBMSC isolation and culture: Isolation and culture of cBMSC was performed using the protocol previously described by 
Soleimani and Nadri (2009) [38] with slight modification which has been validated to obtain a purified population of MSC with 
mesenchymal lineages differentiation ability. Briefly, mononuclear cells (MC) were collected by gradient centrifugation using 
a modification of LymhoprepTM protocol (1.077 ± 0.001 g/ml) (Axis Shield POC, Oslo, Norway). Briefly, after centrifugation, 
MC were collected from the sample/medium interface and plated in polystyrene culture plates containing Dulbecco’s Modified 
Eagle Medium (DMEM) (GIBCO BRL, Grand Island, NY, U.S.A.) supplemented with 10% fetal bovine serum (FBS) (Nichirei 
Biosciences Inc., Tokyo, Japan, Batch #: 83300104), 100 IU/ml of penicillin and 0.1 mg/ml of streptomycin and incubated at 
37°C in 5% CO2 in a humidified chamber without disturbing the plates for 4 days. Thereafter, non-adherent cells were removed, 
cells gently washed with 1 × PBS and fresh medium added. Medium was changed every 48 hr until the cells reached about 
80−85% confluence. At confluence, primary (P0) monolayer colony forming unit cells were gently washed twice with 1 × PBS 
and detached using pre-warmed TrypLE™ Select CTSTM (GIBCO). The isolated cells exhibited stemness character based on their 
ability to adhere to plastic culture plate surface, morphology, non-expression of CD34 and CD45, and ability to differentiate upon 
specific induction into chondrogenic, adipogenic and osteogenic lineage as verified by Alcian blue, Oil red O and Alizarin red S 
staining, respectively. Cell viability and total cell density was determined using Trypan blue stain and manual hemocytometer cell 
counting method. P0 were passaged and expanded twice with subsequent P1 and P2 cells being differentiated into chondrogenic 
lineage using complete chondrogenic differentiation medium (CDM) (StemPro® Chondrogenesis Differentiation Kit, GIBCO BRL) 
exogenously supplemented with either PPS (Cartrophen Vet® injection NaPPS-100 mg/ml; Biopharm Australia, NSW, Australia) 
or PSGAG (Adequan® PSGAG-100 mg/ml; Novartis Animal Health Inc., Tokyo, Japan) at concentrations of 1, 3 and 5 µg/ml. The 
negative control (NC) cells were cultured in 10% DMEM while the positive control (PC) group was cultured in CDM. P1 and P2 
cells derived from each dog were encapsulated and cultured independently in the presence or absence of PPS and PSGAG, giving a 
total of six (6) independent experiments for each chondrogenesis assay.

Alginate beads culture: The differentiation of cBMSC using alginate beads culture was based on the protocol described 
elsewhere [12], which has the potential to differentiate MSC into chondrocytes [8]. Briefly, cells were suspended in 1 ml of 1.25% 
(w/v) sodium alginate (Wako Pure Chemical Industries Ltd., Osaka, Japan, Product code: 192-09951) solution. The suspension was 
diluted progressively until a homogenous cellular density of 2 × 106 cells/ml was reached. The cell suspension was expressed in 
drops through a 22-gauge needle into the gelation solution of 102 mM calcium chloride in six-well plates (Corning) and allowed 
to polymerize for 15 min to form beads. The beads were washed three (3) times with 0.15 M NaCL then once with 10% DMEM 
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before being assigned specific treatment and incubated at 37°C in a humidified atmosphere of 5% CO2. Alginate beads per culture-
well contained an equivalent of 1 × 106 cells. The cultures were maintained for 20-days with medium changes done every 72 hr. On 
day-20, cells were recovered from alginate beads according to the protocol described elsewhere [12] and total RNA was extracted 
using TRIZol® Kit (Invitrogen, Life Technologies, Carlsbad, CA, U.S.A.), according to the manufacturer’s instructions.

Micromass culture (MMC): Micromass cultures (MMC) were established according to StemPro® Chondrogenesis Differentiation 
Kit (GIBCO BRL). Briefly, cells were suspended in serum-free (SF) DMEM to generate a cell solution of 1.6 × 107 cells/ml. MMC 
were established by seeding 20-µl droplets of cell solution in the centre of 12-well plate. The plates were incubated for 3 hr to 
allow cell adherence then 10% DMEM was gently added to each well and plates incubated overnight. After 24 hr, the medium was 
gently removed and each well was assigned specific treatment and incubated at 37°C in 5% CO2. Medium was replenished every 
72 hr. Chondrocyte phenotype was assessed by Alcian blue stain analysis for proteoglycan (PG) deposition at 12- and 20-days 
culture period.

PPS and PSGAG effects on chondrogenic differentiation of cBMSC: Chondrocyte phenotype analysis by real-time quantitative 
PCR (qPCR): Total RNA was quantified by spectrophotometry at 260 nm. Total of 500 ng RNA was reverse transcribed into 
cDNA using M-MLV RT kit (Invitrogen) according to manufacturer’s recommended protocol. Quantitative real-time PCR (qPCR) 
was performed with KAPA SYBR® FAST qPCR kit (KAPA biosystems, Woburn, MA, U.S.A.) to determine the relative mRNA 
expression of the selected gene markers by the two step method; Sox-9, type II collagen and aggrecan as chondrocyte-specific 
genes, type I and X collagen as chondrocyte dedifferentiation and hypertrophy genes respectively, and hypoxia inducible factor-2α 
(HIF-2α). cDNA template with the amount of 2 µl was added to each 16 µl of kapa mix and 2 µl specific primers premixture. 
qPCR conditions were an initial denaturation of 95°C for 20 sec followed by 40 cycles of 95°C for 3 sec and 60°C for 20 sec 
then a pre-melt condition of 60°C for 90 sec followed by a final melt step. All PCR reactions were validated by the presence of 
a single peak in the melt curve analysis. The standard curve method was used to determine the relative mRNA quantification of 
selected genes between the treatments with the NC group as the calibrator. All target genes expression were normalized against 
the reference gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) making the variations in the number of cells per sample 
insignificant [11]. The sequences of primers used in the study are indicated in Table 1.

Chondrocyte phenotype analysis by Alcian blue stain: After 12- and 20-days of culture MMC pellets were evaluated for PG 
deposition by Alcian blue stain analysis. Briefly, at 12- and 20-day culture, the medium was removed from culture plates, pellets 
were gently washed once with 1 × PBS and then fixed in 4% formaldehyde solution for 30 min. After fixation, the pellets were 
rinsed with 1 × PBS and stained with 1% Alcian blue solution prepared in 0.1 N HCL for 30 min. The pellets were rinsed three 
times with 0.1 N HCl, before adding distilled water to neutralize the acidity. The pellets were visualized under light microscope 
and images captured for PG analysis. Blue staining of the pellets indicate synthesis of cartilage sulfated aggrecan, a marker of 
chondrocyte phenotype.

Data handling, storage and analysis
Quantitative data was entered into a Microsoft Excel® spreadsheet. The data was then transferred to SPSS version 16.0 for 

descriptive and analytical statistics. Analysis of variance (ANOVA) was used to determine significant difference in the mRNA 
expression between the treatments. Where significant difference was observed, Post hoc multiple comparisons was performed using 
Bonferroni test to determine significantly different treatments. Unless specified, data is summarized as mean ± 95% confidence 
interval (95% CI). Significant difference was defined as P<0.05.

Table 1.	 Sequence of primers used for reverse transcriptase PCR and real-time PCR to evaluate the effects of pentosan poly-
sulfate and polysulfated glycosaminoglycan on gene expression in canine bone marrow-derived mesenchymal stem cells 
cultured in alginate beads and micromass

Name of gene Domain Primera) Fragmentb) (bp) Accession
GAPDH 664–683 5ˈ-CTGAACGGGAAGCTCACTGG-3ˈ 129 NM_001003142.1

773–792 5ˈ-CGATGCCTGCTTCACTACCT-3ˈ
Sox-9 565–583 5ˈ-GCCGAGGAGGCCACCGAACA-3ˈ 179 NM_001002978.1

724–743 5ˈ-CCCGGCTGCACGTCGGTTTT-3ˈ
Type I Collagen 150–169 5ˈ-GTGGATACGCGGACTTTGTT-3ˈ 164 NM_001003187.1

294–313 5ˈ-GGGATACCATCGTCACCATC-3ˈ
Type II Collagen 4127–4146 5ˈ-CACTGCCAACGTCCAGATGA-3ˈ 215 NM_001006951.1

4322–4341 5ˈ-GTTTCGTGCAGCCATCCTTC-3ˈ
Type X Collagen 1782–1801 5ˈ-TTTCTCCTACCACGTGCATG-3ˈ 117 XM_003639401.1

1879–1898 5ˈ-GAAGCCTGATCCAGGTAGCC-3ˈ
Aggrecan 6569–6588 5ˈ-ACTTCCGCTGGTCAGATGGA-3ˈ 111 NM_001113455.1

6660–6679 5ˈ-TCTCGTGCCAGATCATCACC-3ˈ
HIF-2α 1248–1267 5ˈ-TGCAAAGCACGGGGGCTACG-3ˈ  72 XM_531807.3

1300–1319 5ˈ-GGCTGCAGGTTGCGAGGGTT-3ˈ
a) Primers for forward & reverse sense are presented in a 5ˈ to 3ˈ orientation, b) The expected fragment size, GAPDH=glyceraldehyde-3-phosphate 
dehydrogenase, HIF-=Hypoxia inducible factor-.
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RESULTS

Chondrogenic phenotype profile of alginate beads cultured cBMSC-qPCR
Overall, the mean type I collagen mRNA expression tended to decrease with increase in PPS concentration (1 to 5 µg/ml). 

However, there was no significant difference (P>0.05) between PPS treated beads when compared to NC and PC groups (Fig. 1). 
In contrast, PSGAG significantly upregulated (P<0.05)type I collagen mRNA at all concentrations compared to NC, PC and PPS 
treated beads (Fig. 1). Both PPS and PSGAG had no significant effect on type II collagen, aggrecan and HIF-2α mRNA expression 
although at 3 µg/ml both drugs tended to increase the expression of the three genes. PPS showed a dose-dependent inhibitory 
effect on type X collagen with the hypertrophy gene significantly inhibited at 5 µg/ml compared to the NC. Interestingly, PSGAG 
demonstrated an inverse inhibitory effect on type X collagen with a lower concentration of 1 µg/ml significantly inhibiting the 
hypertrophy marker compared to the NC whereas increase in concentration from 1 to 5 µg/ml correspondingly increased the gene 
expression (Fig. 1). The most provocative finding of the results was the undetectable Sox-9 mRNA. Nonetheless, cBMSC still 
exhibited a chondrocyte phenotype expressing cartilage-specific genes; type II collagen and aggrecan. This unusual finding by 
qPCR analysis was further verified with RT-PCR ethidium bromide gel electrophoresis which showed no Sox-9 mRNA bands in 
all the alginate cultured cBMSC albeit expressing type II collagen and aggrecan (Fig. 2A). To clarify whether the non-detection 
of Sox-9 mRNA was related to alginate culture, P1 cBMSC were cultured under monolayer condition for 20-days in CDM. Sox-9 
mRNA was highly induced in monolayer culture suggesting that alginate may have suppressive effects on Sox-9 mRNA (Fig. 2B).

PPS and PSGAG effects on PG deposition in MMC
The effect of PPS and PSGAG on PG deposition in 12- and 20-days MMC was assessed by Alcian blue stain analysis. In 12-

days cultures in the NC group most cells predominantly proliferated as monolayer fibroblastic-like cells with limited chondrogenic 
condensation. Chondrogenic condensation of cBMSC was more pronounced in PC compared to the NC although PG deposition 
was not different (Fig. 3A and 3B). When compared to the NC and PC, both PPS and PSGAG tended to enhance chondrogenic 
pelleting and PG deposition in a dose-dependent pattern (Fig. 3C–3H). In 20-days culture, cBMSC cultured in 10% DMEM 
predominantly proliferated as fibroblastic-like monolayer cells with limited chondrogenic pellets that stained poorly with Alcian 
blue indicating reduced PG deposition and chondrogenic differentiation (Fig. 4A). While cells cultured in CDM continued to 
form more compact chondrogenic pellets, some pellets stained poorly with Alcian blue stain. Interestingly, PPS demonstrated 
significantly enhanced chondrogenic pelleting and PG deposition at all concentrations when compared to the NC, PC and PSGAG, 
an indication of its potential to promote chondrogenic differentiation of cBMSC (Fig. 4C–4E). In contrast, in 20 days culture, 
PSGAG inhibited chondrogenic pelleting and PG deposition in a dose-dependent pattern with most pellets being characterized by 
less condensed and sparsely arranged fibroblastic-like cellular aggregates which stained poorly with Alcian blue, an indication of its 
potential to inhibit chondrogenic differentiation of cBMSC (Fig. 4F–4H).

DISCUSSION

The objective of our study was to investigate the effects of PPS and PSGAG on chondrogenic differentiation of cBMSC cultured 
in alginate beads and MMC with a view of improving in vitro chondrogenesis culture conditions for cartilage tissue regeneration. 
We hypothesized that PPS and PSGAG would synergistically enhance chondrogenic differentiation of cBMSC while concomitantly 
suppressing hypertrophy and dedifferentiation. The present study demonstrates that the response of cBMSC to chondroinductive 
factors is culture system-dependent and varies significantly between alginate culture and MMC. The most provocative finding of 
the study is the observed suppressive effect of alginate on transcription factor Sox-9 mRNA, a known positive regulator of articular 
cartilage differentiation. Nonetheless, cBMSC cultured in alginate beads still demonstrated a chondrocyte phenotype expressing 
type II collagen and aggrecan with no significant difference in the genes expression between PPS and PSGAG treated beads, 
and cells cultured in standard medium or only CDM. PPS had no significant effect on type I collagen expression while PSGAG 
significantly upregulated the gene at all concentrations. PPS inhibited type X collagen in a dose-dependent pattern with the highest 
concentration significantly inhibiting the hypertrophy gene compared to the NC. The observed inhibitory effects of PPS on type 
X collagen are in agreement with findings of a previous study [15]. In contrast, PSGAG had an inverse effect on the hypertrophy 
gene with the lowest concentration significantly inhibiting the gene while increase in concentration correspondingly increased type 
X collagen mRNA expression. We also demonstrate the extensive expression of HIF-2α mRNA in alginate beads cultured cBMSC 
with both PPS and PSGAG having no significant effect on its expression when compared to the NC and PC. However, in MMC, 
PPS significantly enhanced chondrogenic condensation and PG deposition, a confirmation of its potential to promote chondrogenic 
differentiation. In contrast, we demonstrate for the first time that PSGAG has inhibitory effects on chondrogenic condensation and 
PG deposition in cBMSC, an indication of its potential to suppress chondrogenic differentiation.

The transcription factor Sox-9, is a known positive regulator of articular cartilage differentiation, chondrocyte proliferation, and 
transition to a non-mitotic hypertrophic state. It is highly activated and predominantly expressed in mesenchymal condensations 
before and during the deposition of cartilage [36, 39] and is necessary for chondrogenesis both before and after mesenchymal 
condensations [19, 27]. It activates specific enhancer elements in cartilage matrix genes and stimulates transcription of cartilage 
matrix genes, type II collagen and aggrecan [19, 23, 39]. While it has been reported that alginate supports chondrogenic 
differentiation of MSC, our findings strongly suggests that the encapsulation of cBMSC in alginate may have inhibitory effect on 
the process. This unusual finding is contrary to a previous study which demonstrated an increase in Sox-9 with BMP treated human 
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MSC encapsulated in alginate beads cultures [28]. However, there are no studies that have evaluated Sox-9 expression in cBMSC 
cultured in alginate beads therefore our finding could suggest a difference in response of MSC sourced from different species to 
alginate. We have further verified in this study that when cBMSC are cultured in a monolayer system at a high seeding density, 
Sox-9 is induced and restored. In addition, we have verified these suppressive effects of two different grades of alginate on Sox-9 
mRNA in canine articular chondrocytes which is not dependent on cell seeding density (unpublished data). Therefore, albeit Sox-9 
being an established regulator and enhancer of type II collagen, the induction of the gene in the absence of Sox-9 mRNA strongly 
suggests that it may not be the only key regulator of type II collagen promoter activity although could still be involved at very low 
physiological levels in maintaining chondrocytes phenotype and this is in agreement with observations made elsewhere [2, 41].

Fig. 1.	 Effects of pentosan polysulfate (PPS) sodium and polysulfated glycosaminoglycan (PSGAG) on chondrogenesis of canine bone marrow-
derived mesenchymal stem cells (cBMSC) in alginate beads. Chondrogenic differentiation medium (CDM) (A10071-01) was supplemented 
with either PPS or PSGAG at 0 (PC), 1, 3 and 5 µg/ml. Chondrogenic phenotype gene expression was quantified by real-time PCR targeting 
chondrocyte-specific genes; type II collagen and aggrecan, dedifferentiation and hypertrophy genes; type I collagen and X collagen, respectively, 
and hypoxia inducible factor-2α subunit (HIF-2α). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as reference gene. Control 
(CTL) groups were; negative control (NC); 10% DMEM, and positive control (PC); CDM. Data represent the mean ± 95% confidence interval 
(95% CI) of 6 independent experiments (n=6). Significant difference was defined as *P<0.05.
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The expression of type II collagen and aggrecan in alginate encapsulated cBMSC cultured in only 10% DMEM demonstrates 
independent chondrogenesis in the absence of chondroinductive factor previously reported to be necessary [8, 23, 31, 32]. 
However, similar to findings by others [5, 6, 15, 29, 31, 32, 39], chondrogenic differentiated cBMSC in alginate beads also 
concomitantly expressed type I and X collagen in the presence or absence of both PPS and PSGAG. These findings taken together 
indicate that the use of MSC as a source of alginate differentiated chondrocytes population for cartilage tissue regeneration still 
requires a lot of effort in establishing suitable in vitro culture conditions that can best promote chondrogenesis without the cells 
progressively undergoing hypertrophy or dedifferentiation. While PPS showed no significant effect on type I collagen mRNA 
in alginate culture it has been shown to inhibit type I collagen gene expression in human MPC cultured in MMC system [15]. 
Our study further shows that HIF-2α mRNA is extensively expressed in cBMSC cultured in alginate beads. While both PPS 
and PSGAG had no significant effect on HIF-2α mRNA expression in alginate culture, it was upregulated by both drugs at a 
concentration 3 µg/ml which also correlated with a non-significant increase in type II collagen and aggrecan. Increased expression 
of HIF-2α mRNA has been reported to improve chondrogenic differentiation of human BMSC and stem cells derived from the 
infrapatellar fat pad under hypoxic conditions [1, 21]. HIF-2α has been shown to be essential for hypoxic induction of the human 
articular chondrocyte phenotype at both the gene and protein level [25] by acting as a promoter of both Sox-9-dependent and 
independent factors important for key cartilage matrix synthesis [24]. Therefore, the results of our study suggests that HIF-2α may 
play a role in the regulation of type II collagen and aggrecan during chondrogenesis in what appears to be Sox-9-independent.

In contrast to alginate culture, in MMC PPS significantly enhanced cBMSC chondrogenic condensation and PG deposition 
compared to NC, PC and PSGAG. This observation confirms the results of a previous study which demonstrated that PPS promotes 
proliferation and chondrogenic differentiation of human MPC [15]. In contrast, PSGAG inhibited chondrogenic pelleting and PG 
deposition in a dose-dependent pattern and resulted in chondrogenic pellets that were sparsely arranged with a fibroblastic-like 
phenotype that poorly stained with Alcian blue indicating a decreased PG deposition. This effect of PSGAG on chondrogenic 

Fig. 2.	 Alginate beads culture suppresses Sox-9 mRNA expression in canine bone marrow-derived mesenchymal stem cells (cBMSC). (A) Alginate 
encapsulated cBMSC presented in Fig. 1 were further evaluated for Sox-9 mRNA expression reverse transcriptase-PCR (RT-PCR) ethidium 
bromide gel electrophoresis since initial assaying by qPCR showed no detectable Sox-9 mRNA signal albeit cells expressing type II collagen and 
aggrecan. RT-PCR verified that Sox-9 mRNA was suppressed in cBMSC cultured in alginate beads whereas type I, II and X collagen, aggrecan and 
Hypoxia Inducible Factor-2α subunit (HIF-2α) mRNA bands were all detectable. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH was used 
as reference gene. L; 100 bp DNA ladder. Gels shown are from one representative experiment of six independent experiments (n=6), (B) shows 
that contrary to alginate beads culture, monolayer cBMSC cultured in CDM express Sox-9 mRNA and exhibit a chondrogenic phenotype.
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differentiation of cBMSC in MMC system could be associated with its previously reported inhibitory effect on growth of cell 
cultures [16]. Therefore, PSGAG may ultimately fail to stimulate MSC replication, a prerequisite for cartilage tissue regeneration 
especially in long-term pellet culture systems. The observed fibroblastic-like pellet phenotype in MMC could also be associated 
with the observed significant upregulation of type I collagen mRNA at all PSGAG concentrations in alginate culture. These 
findings taken together clearly demonstrate that the response of MSC is dependent on the culture system and varies significantly 
between alginate and MMC. Of note was that PG deposition was higher 12-days MMC in NC than in 20-days culture. Notably, in 
20-days culture, cells in NC proliferated mostly as monolayer fibroblastic-like cells with limited chondrogenic pelleting and PG 
deposition as indicated by poor Alcian blue stain. Overall, while cells in the PC continued to form compact chondrogenic pellets 
and exhibited a positive homogenous Alcian blue stain indicating PG deposition, some pellets showed reduced PG deposition albeit 
chondrogenic pelleting when compared to 12-days MMC. The reduced chondrogenic potential of cBMSC cultured for 20-days 
in medium without chondroinductive factors (NC) indicates that such cultures generally progress into a mixed fibroblastic-like 
phenotype synthesizing type I and X collagen whereas the reduced PG deposition in some chondrogenic pellets cultured in CDM 
(PC) could indicate formation of mixed phenotype pellets in long-term adherent MMC conditions.

In conclusion, we demonstrate that while PPS and PSGAG share a similar chemical structure, their effects on chondrogenesis 
of MSC varies significantly. The study demonstrates that the response of MSC to chondroinductive factors is culture system-
dependent and varies significantly between alginate and MMC. While PPS had no significant effect on chondrogenesis of cBMSC 
in alginate beads, in MMC it significantly promoted chondrogenesis as indicated by enhanced chondrogenic condensation and PG 
deposition. In contrast, PSGAG inhibited chondrogenic condensation and PG deposition resulting in sparsely arranged fibroblastic-
like pellets with decreased PG deposition and therefore its use in cartilage tissue engineering may be limited. While the present 
study confirms PPS as suitable alternative chondroinductive factor that may be used in cartilage tissue regeneration and repair of 
OA joints, caution must be exercised when extrapolating results from one culture system to another as a major variation of MSC 
response to different culture systems exists.

Fig. 3.	 Effects of pentosan polysulfate (PPS) sodium and polysulfated glycosaminoglycan (PSGAG) on chondrogenesis of canine bone marrow-
derived mesenchymal stem cells (cBMSC) in micromass culture maintained for 12-days. Photomicrographs represent the treatment conditions 
as; (A) 10% DMEM -negative control (NC), (B) chondrogenic differentiation medium (CDM) -positive control (PC), (C) 1.0 µg/ml PPS, (D) 
3.0 µg/ml PPS, (E) 5.0 µg/ml PPS, (F) 1.0 µg/ml PSGAG, (G) 3.0 µg/ml PSGAG and (H) 5.0 µg/ml PSGAG. The supplementation of PPS and 
PSGAG to CDM tended to enhance cell aggregation and PG deposition at 12-days compared to NC and PC although the difference between 
PPS and PSGAG was not remarkable. PG deposition was evaluated by Alcian blue stain. Results are from one representative of six independent 
experiments (n=6). Scale bars: 20 µm.
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