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ABSTRACT.	 Pentosan polysulfate (PPS) is a semi-synthetic sulfated polysaccharide compound 
which has been shown the benefits on therapeutic treatment for osteoarthritis (OA) and has 
been proposed as a disease modifying osteoarthritis drugs (DMOADs). This study investigated the 
effects of PPS on cell proliferation, particularly in cell cycle modulation and phenotype promotion 
of canine articular chondrocytes (AC). Canine AC were treated with PPS (0–80 µg/ml) for 24, 48 and 
72 hr. The effect of PPS on cell viability, cell proliferation and cell cycle distribution were analyzed 
by MTT assay, DNA quantification and flow cytometry. Chondrocyte phenotype was analyzed by 
quantitative real-time PCR (qPCR) and glycosaminoglycan (GAG) quantification. PPS significantly 
reduced AC proliferation through cell cycle modulation particularly by maintaining a significantly 
higher proportion of chondrocytes in the G1 phase and a significantly lower proportion in the S 
phase of the cell cycle in a concentration- and time-dependent manner. While the proportion of 
chondrocytes in G1 phase corresponded with the significant downregulation of cyclin-dependent 
kinase (CDK) 1 and 4. Furthermore, the study confirms that PPS promotes a chondrogenic 
phenotype of AC through significant upregulation of collagen type II (Col2A1) mRNA and GAG 
synthesis. The effect of PPS on the inhibition of chondrocyte proliferation while promoting a 
chondrocyte phenotype could be beneficial in the early stages of OA treatment, which transient 
increase in proliferative activity of chondrocytes with subsequent phenotypic shift and less 
productive in an essential component of extracellular matrix (ECM) is observed.
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Articular cartilage is a thin layer of hyaline cartilage covering on the ends of bones, which provides a smooth, lubricated surface 
of synovial joints and takes an important role to distribute mechanical loads on the joint. The structure of articular cartilage is 
mainly composed of a dense extracellular matrix (ECM), in which nerves, lymphatics and blood vessels are not contained but 
consist of only one type of cells called chondrocyte [2, 31]. Although articular cartilage is avascular, chondrocytes still can 
function in a low oxygen environment and only relies on nutrients from synovial fluid by diffusion through the ECM [1, 2, 31]. 
Chondrocytes in cartilage are specifically responsible for maintaining homeostasis and turnover rate of ECM structure [1, 31]. 
In adult normal articular cartilage, chondrocytes are in resting due to the synthetic activity being generally low with almost no 
proliferative ability [9, 12, 17, 29, 30], which is related to the molecular component of ECM that has an extensively prolonged 
turnover rate. Among ECM components, collagens half-life could be greater than 100 years, while the half-life of aggrecans could 
be up to 25 years [27, 31, 35].

Osteoarthritis (OA) is the most common type of cartilage degenerative disease that involves the entire joint structure including 
articular cartilage, synovial membrane, ligaments and subchondral bones [11, 16, 26]. Metabolic of osteoarthritic cartilage is 
characterized by an imbalance in both cartilage homeostasis and alteration in the metabolic state of chondrocytes with a shift 

Received: 17 February 2020
Accepted: 16 June 2020
Advanced Epub: 		
	 7 July 2020

 J. Vet. Med. Sci. 
82(8): 1209–1218, 2020
doi: 10.1292/jvms.20-0091

https://creativecommons.org/licenses/by-nc-nd/4.0/


E. AKARAPHUTIPORN ET AL.

1210J. Vet. Med. Sci. 82(8):

towards a catabolic state [12, 17]. Even though several studies have improved our understanding on pathogenesis and progression 
of OA, the precise mechanism of this disease is still not fully identified. During OA progression, chondrocytes undergo a 
phenotypic shift to be hypertrophic and less productive in essential components of ECM [11, 30]. Genes associated with the 
chondrogenic phenotype are downregulated, while genes that indicate the hypertrophic change of chondrocytes are upregulated 
[23, 38]. The transient increase in proliferative activity of chondrocytes has been observed in the initial stage of OA, followed by 
cell accumulation and cluster formation which is a characteristic feature of OA cartilage [9, 16, 17, 26]. This alteration of cellular 
arrangement has been shown to affect the quantity and composition of the ECM secreted by the chondrocytes [17, 26]. Changes 
of the activity in chondrocytes might be due to better access of various factors in synovial fluid through the fissuring, loosening 
or damaged collagen network [30]. This phenotypic shift has also been observed in-vitro in monolayer chondrocyte cultures in 
which resting cells isolated from cartilage are cultured under two-dimensional conditions. This sudden change in microenvironment 
allows chondrocytes to be active and rapidly proliferate [29]. These proliferated chondrocytes gradually lose their chondrogenic 
phenotype and capability to proliferate, similar to the chondrocytes in OA cartilage [12, 24, 34]. Although the mechanism of 
phenotypic shift, metabolic activity and cell proliferation between OA cartilage and monolayer cultured chondrocytes are different, 
intervening in these events might provide us more understanding of chondrocytes physiology and therapeutic targets for OA 
treatment [8].

The pharmaceutical therapies available for OA are mostly palliative and are unable to reduce disease progression [28]. In 
recent years, the development of pharmacological therapies has focused not only at relieving the symptoms but on modifying the 
structural progression of OA. These drugs, which promote cartilage repair concurrent with halting further damage of joints are 
classified as disease modifying osteoarthritis drugs (DMOADs) [18, 28].

Pentosan polysulfate (PPS) is a low molecular weight heparin-like compound. It is a semi-synthetic drug manufactured 
from beech-wood hemicellulose that contains anticoagulant and fibrinolytic effects [14, 22]. PPS has been shown to reduce 
cartilage degradation, improve synovial and subchondral blood flow and to stimulate hyaluronan and proteoglycan synthesis 
[5, 14, 18, 22]. In fact, several studies have proved the benefits of PPS on OA treatment and recommended it as a prospective 
DMOADs [6, 14, 22]. However, the mechanism of action of PPS on articular cartilage remains to be fully explained [5, 6, 14, 33]. 
Furthermore, the effects of PPS on chondrocyte proliferation and cell cycle remain unknown. Therefore, the purpose of this study 
was to investigate the effects of PPS on cell proliferation, particularly in cell cycle modulation and phenotype promotion of canine 
AC under monolayer culture conditions.

MATERIALS AND METHODS

Chondrocytes isolation, culture and treatment
Canine articular cartilage was harvested with owners’ formal consent from femoral head cartilages of four different dogs; 4 years 

old Beagle, 6 years old Toy poodle, 10 years old Shetland sheepdog and 11 years old Pomeranian that underwent femoral head and 
neck ostectomy due to traumatic coxofemoral luxation. The use of animal samples was in accordance with Hokkaido University 
Institutional Animal Care and Use Committee guidelines (approval #: 12-0059). Chondrocytes were collected from cartilage by 
dissection into small pieces and digestion was performed at 37°C overnight using 0.3% collagenase Type I (Wako Pure Chemicals 
Industries, Osaka, Japan) in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Grand Island, NY, USA). Cell suspension 
was passed through a 40 µm filter into a sterile 50 ml conical polypropylene tube (Corning, Lowell, MA, USA). Total cell count 
and viability were assessed by trypan blue (Wako) exclusion test. Primary chondrocytes (P0) were plated in 100 mm diameter 
polystyrene culture dishes (Corning) and cultured in DMEM containing 10% Fetal bovine serum (FBS; Nichirei Biosciences Inc., 
Tokyo, Japan), 10 mM HEPES (Dojindo, Kumamoto, Japan), 25 mM NaHCO3 (Wako), 100 U/ml Penicillin G potassium (Wako) 
and 73 U/ml Streptomycin sulphate (Wako). At 80–90% confluence, P0 were washed twice with Phosphate buffered saline (PBS) 
and detached using 0.05% Trypsin (Wako) with 0.02% Ethylenediaminetetraacetic acid (EDTA; Dojindo) in PBS and subsequently 
passaged. For all the experiments, second passage (P2) chondrocytes were seeded in polystyrene culture plates at an initial cell 
density of 1.2 × 104 cells/cm2 and cultured in DMEM with 10% FBS for 24 hr.

Chondrocytes morphology analysis
After 24 hr culture in 6-well plates (Corning), the culture medium was changed and cells were incubated in the presence (5, 10, 

20, 40 and 80 µg/ml) or absence (Control) of PPS (Cartrophen Vet injection, Biopharm Australia, NSW, Australia) for a further 72 
hr. Cell morphology, confluency and attachment on culture surfaces were observed under a light microscope.

Analysis of cell viability and cytotoxicity of PPS
After 24 hr culture in 96-well plates (Corning), medium was changed and cells were incubated in the presence or absence of 

PPS as described above for 24, 48 and 72 hr. Cell viability was evaluated by 3-(4,5-dimehylthiazolyl-2) 2,5-diphenyltetrazolium 
bromide (MTT; Dojindo) colorimetric assay. After washing cells with PBS, MTT solution (0.5 mg/ml in DMEM) was added 
into each well and incubated for 4 hr. The solution was then removed and MTT formazan crystals that formed were dissolved 
by dimethyl sulfoxide (DMSO; Wako). The absorbance was quantified by a microplate reader (Multiskan FC, Thermo Scientific, 
Vantaa, Finland) at 570 nm. In addition, the cytotoxic effect of PPS was evaluated with Annexin V and Propidium iodide 
(PI) double stained using FITC Annexin V Apoptosis Detection Kit I (BD Bioscience, Heidelberg, Germany) according to 
manufacturer’s protocol and analyzed on a flow cytometer (FACS Verse, BD Biosciences).
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Cell cycle analysis
The effect of PPS on cell cycle was assessed through PI staining and flow cytometry. After culture for 24 hr in 60 mm culture 

dishes (Corning), medium was changed and chondrocytes were treated with or without PPS as described above for 24, 48 and 
72 hr. Chondrocytes were harvested, washed with PBS and fixed with cold 70% ethanol in distilled water overnight at −20°C. 
Fixed cells were treated with 100 µg/ml RNase A (Wako) for 30 min at 37°C prior to incubating with 50 µg/ml PI (Sigma-Aldrich, 
St. Louis, MO, USA) for 10 min at room temperature with light protection. Cell cycle analysis was performed by flow cytometry 
(FACS Verse) and the results were analyzed by the FlowJo software program (Treestar, Ashland, OR, USA) using Watson 
Pragmatic model.

DNA and GAG content analysis
After culture for 24 hr in 12-well plates (Corning), medium was changed and chondrocytes were treated with or without PPS as 

described above for 72 hr. Cell lysates were prepared by digesting in papain solution containing 300 µg/ml papain (Sigma-Aldrich) 
in 20 mM Na2HPO4 (Wako), 1 mM EDTA and 2 mM Dithiothreitol (Wako) at pH 6.8 for 18 hr at 60°C. The DNA content was 
determined by Hoechst 33258 assay (Wako) with a calf thymus DNA standard (Sigma-Aldrich), using 350 nm excitation and 460 
nm emission filter set. The dimethylmethylene blue (DMMB) assay (Sigma-Aldrich) was used to quantify glycosaminoglycan 
(GAG) contents with a chondroitin sulphate standard (Wako) at 525 nm. Both assays were measured using a microplate reader 
(Infinite M200 Pro, Tecan, Männedorf, Switzerland).

RNA isolation and quantitative real-time PCR (qPCR)
To evaluate the effect of PPS on gene expression, P2 chondrocytes were cultured for 24 hr in 60 mm culture dishes (Corning) 

as described above. The medium was changed, and chondrocytes were treated with 0 (control), 5, 20 and 80 µg/ml of PPS for 
24 and 72 hr. Total RNA was extracted using TRIZol reagent (Invitrogen, Carlsbad, CA, USA) and purified with NucleoSpin 
RNA purification kit (Macherey-Nagel, Dürren, Germany) according to the manufacturer’s instruction. Quantification of RNA 
was performed by spectrophotometry at 260 nm, while 260/280 nm and 260/230 nm absorbance ratio were used to evaluated 
RNA quality. Total of one microgram RNA was reverse transcribed into cDNA with M-MLV RT kit (Invitrogen) according to 
manufacturer’s recommended protocol. qPCR reaction was performed with KAPA SYBR FAST qPCR kit (KAPA Biosystems, 
Woburn, MA, USA) to determine changes in expression of mRNA. Each gene was validated by presence of a single peak in melt 
curve analysis, and standard curve was used to identify the primer efficiency. The PCR products of each gene were sequenced to 
confirm the specificity of primers. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization. Collagen 
type II (Col2A1) and matrix metalloproteinase 13 (MMP13) were used to evaluated chondrogenic phenotype. Cyclin-dependent 
kinases (CDK) including CDK1, 2, 4 and 6 were used to evaluate the cell cycle regulation. The level of expression of each target 
gene was calculated using delta delta CT (ddCT) method. Sequence of primers using in the experiment were designed according to 
the data published on the National Center for Biotechnology Information (NCBI) website using BLAST programs. The sequence, 
amplicon length and accession number for each of primers are indicated in (Table 1).

Statistical analysis
Statistical analysis was performed using GraphPad Prism software version 8.2.0 (GraphPad Software Inc., La Jolla, CA, 

USA). All quantitative results are presented as mean ± standard error of mean (SEM). Statistical comparisons were performed 
using analysis of variance (ANOVA), with an appropriate post hoc test to compare between groups. Correlation between PPS 
concentration, cell viability and cell cycle distribution were calculated using Pearson correlation coefficient. P-value <0.05 was 
considered statistically significantly different.
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Table 1.	 Sequence of primers used to evaluate gene expression in the experiment

Target gene Primer sequence Amplicon length (bp) Accession number
GAPDH Forward: 5′-CTGAACGGGAAGCTCACTGG-3′ 129 NM_001003142.1

Reverse: 5′-CGATGCCTGCTTCACTACCT-3′
CDK1 Forward: 5′-TGTATGTGCTGTGCCATCGG-3′ 150 XM_003639013.4

Reverse: 5′-GCCTCCAGGTCTTTGAAGCA-3′
CDK2 Forward: 5′-CTCTAGCGCTTGCTTCATGG-3′ 72 XM_005625479.3

Reverse: 5′-TACACAACTCCGTACGTGCC-3′
CDK4 Forward: 5′-TAGCTTGCGGCCTGTCTATG-3′ 145 XM_844780.5

Reverse: 5′-CAGAGAAGACCCTCACTCGG-3′
CDK6 Forward: 5′-AGCCAAACGTCCCTAGAAGC-3′ 121 XM_022427346.1

Reverse: 5′-GAGAGATGCCTGGTAGACGC-3′
Collagen Type II Forward: 5′-CACTGCCAACGTCCAGATGA-3′ 215 NM_001006951.1

Reverse: 5′-GTTTCGTGCAGCCATCCTTC-3′
MMP13 Forward: 5′-GGCTTAGAGGTCACTGGCAAAC-3′ 118 XM_022418390.1

Reverse: 5′-TGGACCACTTGAGAGTTCGGG-3′
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RESULTS

Effect of PPS on the morphology and proliferative activity of chondrocytes
After culture with PPS for 72 hr, a decrease in chondrocyte number was observed at PPS concentration of 20 µg/ml and 

was evident at higher concentrations of 40 and 80 µg/ml compared to control (Fig. 1A). However, there was no morphological 
difference observed between the groups (Fig. 1B). As expected, chondrocytes in all treatment groups exhibited the typical 
fibroblast-like shape observed in monolayer culture.

PPS affects chondrocyte viability
The concentration effect of PPS on chondrocyte viability was shown in (Fig. 2). The results showed that chondrocyte viability 

was reduced by PPS in concentration-dependent pattern while significant reduction was only observed at 40 (P=0.045) and 80 
µg/ml (P=0.007) at time point of 72 hr of culture. Treatment with PPS for 72 hr at 5, 10, 20, 40 and 80 µg/ml reduced relative 
chondrocyte viability to 96.56 ± 4.6, 94.11 ± 4.23, 87.41 ± 3.36, 79.27 ± 2.91 and 71.42 ± 2.38%, respectively compared to control 
(100%) (Fig. 2). There was a significant negative correlation between PPS concentration and chondrocyte viability at 24 (r= 
−0.839; P=0.037), 48 (r= −0.959; P=0.003) and 72 hr (r= −0.945; P=0.005).

PPS (5–80 µg/ml) has no cytotoxic effect on chondrocytes
Cytotoxic effect of PPS on chondrocytes as evaluated with Annexin V and PI staining with flow cytometry revealed a similar 

pattern of cell distribution among chondrocytes exposed to various concentrations of PPS and the control at 72 hr (Fig. 3). The 
classification of viable cells and non-viable cells (including early apoptotic, late apoptotic and necrotic cells) showed no significant 
difference (P>0.05) between the groups. The percentage of viable cells in PPS treated chondrocytes at 72 hr with 5, 10, 20, 40 and 
80 µg/ml were 95.9 ± 0.6, 96.3 ± 0.4, 95.9 ± 0.8, 96.1 ± 0.8 and 96.1 ± 0.8%, respectively compared to control (94.2 ± 0.7%).
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Fig. 1.	 Morphological appearance and confluency condition of pentosan polysulfate (PPS) treated chondrocytes observed under a light 
microscope. Chondrocytes were cultured as a monolayer for 24 hr prior to the treatment with various concentrations of PPS (0, 5, 10, 20, 
40 and 80 µg/ml) for 72 hr. (A) Magnification: ×40, Scale bar: 500 µm. (B) Magnification: ×200, Scale bar: 100 µm.
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PPS increases the proportion of chondrocytes in G1 phase while reducing the proportion of chondrocytes in S phase of the 
cell cycle

Effects of PPS on cell cycle distribution were evaluated using PI staining and flow cytometry (Fig. 4). Compared to the control, 
after 24 hr of treatment with PPS; chondrocytes in G1 phase were significantly increased (P=0.001) only at 80 µg/ml of PPS. 
Chondrocytes in S phase were significantly reduced at 20 (P=0.007), 40 (P=0.005) and 80 µg/ml (P<0.001) of PPS after 24 hr 
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Fig. 2.	 Treatment with pentosan polysulfate (PPS) resulted in reduced chondrocyte viability. Chondrocytes were cultured as a monolayer for 24 
hr prior to the treatment with various concentrations of PPS (0, 5, 10, 20, 40 and 80 µg/ml) for 72 hr. The cell viability of cultured chondrocytes 
was analyzed by MTT assay at 24, 48 and 72 hr during PPS treatment. The data are expressed as the mean ± SEM (*P<0.05 and **P<0.01).

Fig. 3.	 Treatment with pentosan polysulfate (PPS) showed no cytotoxic effect on cultured chondrocytes. Chondrocytes were 
cultured as a monolayer for 24 hr prior to the treatment with various concentrations of PPS (0, 5, 10, 20, 40 and 80 µg/ml) for 
72 hr. Cell apoptosis was evaluated by flow cytometry analysis with annexin V and propidium iodide (PI) staining at 72 hr after 
exposure to PPS. Flow cytometry results showed the percentage of cells binding to annexin V and PI.
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treatment (Table 2). Similarly, after 48 hr of PPS treatment; chondrocytes in S phase were significantly reduced at 40 (P=0.002) 
and 80 µg/ml (P<0.001) of PPS (Table 2). There was a strong positive correlation observed between the PPS concentration and 
number of chondrocytes distributed in G1 phase at 24 (r=0.986, P<0.001) and 48 hr (r=0.923, P<0.001) of treatment. Conversely, 
chondrocytes distribution in S phase demonstrated a strong negative correlation between PPS concentration and number of 
chondrocytes in S phase at 24 (r= −0.981, P<0.001) and 48 hr (r= −0.973, P=0.001) of treatment. However, there was no 
significant correlation (P>0.05) on both G1 and S phase with PPS treatment at 72 hr. There was a significant negative correlation 
between PPS concentration and chondrocytes distribution in G2 phase at 48 hr (r= −0.858, P=0.029) and a significant positive 
correlation at 72 hr (r=0.815, P=0.048) of treatment.

Effect of PPS on chondrocytes DNA and GAG Content
After treatment of chondrocytes with PPS for 72 hr, there was a decrease in the content of DNA in cell lysates as quantified by 
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Fig. 4.	 Pentosan polysulfate (PPS) increases the proportion of chondrocytes distributed in the G1 phase while reducing the propor-
tion of chondrocytes distributed in the S phase of the cell cycle. Chondrocytes were cultured as a monolayer for 24 hr prior to the 
treatment with various concentrations of PPS (0, 5, 10, 20, 40 and 80 µg/ml) for 72 hr. Cell cycle was analyzed by flow cytometry 
and propidium iodide (PI) staining at 24, 48 and 72 hr during PPS treatment. A represents histogram showing the cell distribution 
pattern between control and treatment with PPS at 80 µg/ml. The results were analyzed by the FlowJo software program using 
Watson Pragmatic model.

Table 2.	 Percentage of cells in each phase of cell cycle analyzed by the FlowJo software program using Watson Pragmatic model

Cell cycle phase
Pentosan polysulfate concentration (µg/ml)

0 5 10 20 40 80
24 hr

G1 (%) 56.33 ± 2.37 56.65 ± 2.34 57.26 ± 1.95 59.14 ± 2.06 60.03 ± 2.23 63.41 ± 2.39a)

S (%) 30.36 ± 1.67 30.31 ± 1.66 29.11 ± 1.45 27.75 ± 1.48a) 26.23 ± 1.41a) 23.54 ± 1.44b)

G2 (%) 10.41 ± 0.67 10.43 ± 0.60 10.79 ± 0.63 10.25 ± 0.51 10.14 ± 0.74 9.93 ± 0.50
48 hr

G1 (%) 67.29 ± 2.21 66.30 ± 2.85 67.25 ± 3.18 68.49 ± ±2.67 70.81 ± 3.20 71.54 ± 3.06
S (%) 21.86 ± 1.93 21.98 ± 2.17 21.79 ± 2.35 20.53 ± 2.14 18.30 ± 2.27b) 16.79 ± 2.18b)

G2 (%) 7.95 ± 0.57 8.57 ± 0.60 7.99 ± 0.43 8.08 ± 0.50 7.85 ± 0.60 7.22 ± 0.65
72 hr

G1 (%) 77.91 ± 1.85 80.76 ± 0.90 81.49 ± 1.30 80.13 ± 1.45 80.44 ± 1.60 78.14 ± 1.51
S (%) 11.95 ± 1.28 9.66 ± 0.86 10.45 ± 0.96 10.95 ± 0.92 10.82 ± 0.96 11.16 ± 0.90
G2 (%) 6.15 ± 0.44 6.20 ± 0.43 6.53 ± 0.36 6.90 ± 0.44 7.39 ± 0.53 7.23 ± 0.57

The data are expressed as the mean ± SEM (a) P<0.01 and b) P<0.001).
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Hoechst 33258 assay with significant difference observed at 40 and 80 µg/ml relative to the control (Fig. 5A). DNA content of 
chondrocytes treated with PPS at 40 and 80 µg/ml was significantly decreased to 2.086 ± 0.175 (P=0.01) and 1.834 ± 0.128 µg/ml 
(P=0.001), respectively compared to control (3.101 ± 0.268 µg/ml) (Fig. 5A).

DMMB assay revealed that greater amount of GAG was synthesized in PPS treatment in a concentration-dependent pattern, 
although significant increase was only observed at higher PPS concentrations of 40 (P=0.049) and 80 µg/ml (P=0.016) compared to 
control (Fig. 5B). Total amount of GAG normalized with DNA content in PPS treated chondrocytes at 72 hr with 5, 10, 20, 40 and 
80 µg/ml were 0.91 ± 0.12, 1.02 ± 0.11, 1.12 ± 0.12, 1.21 ± 0.12 and 1.30 ± 0.19 µg/µg DNA, respectively compared to control 
(0.69 ± 0.15 µg/µg DNA) (Fig. 5B).

PPS downregulates cell cycle regulator genes and promotes a chondrogenic phenotype
The results from qPCR analysis revealed a marked decrease in CDK1 and 4 mRNA expression in chondrocytes treated with 

40 (P=0.013 and P <0.001, respectively) and 80 µg/ml of PPS (P=0.005 and P=0.033, respectively) at 24 hr compared to control 
(Fig. 6A and 6C). However, CDK2 and 6 expressions remained unchanged between the treatments except in chondrocytes treated 
with PPS at 5 µg/ml in which both genes were significantly upregulated (P<0.05) (Fig. 6B and 6D). Notably, after 72 hr of 
treatment, CDK2 expression remained significantly upregulated (P<0.05) at 5 µg/ml of PPS and was also significantly upregulated 
at 80 µg/ml of PPS. Conversely, at 72 hr of treatment CDK6 was significantly downregulated (P<0.01) at all PPS concentrations 
(Fig. 6D). The expression of CDK1 was decreased in the presences of PPS at 5 and 20 µg/ml (P<0.001 and P=0.008, respectively), 
whereas at 80 µg/ml (P=0.024) of PPS it was significantly increased relative to the control at 72 hr of treatment. On the other hand, 
there was no significant difference (P>0.05) in CDK4 expression between the groups at 72 hr of treatment.

The specific gene for cartilage, Col2A1 was expressed by chondrocytes in all culture groups. Interestingly, treatment with PPS 
for 24 hr, demonstrated a significant decrease (P<0.001) in Col2A1 expression at 5 and 20 µg/ml relative to the control. However, 
at 72 hr of treatment with PPS, there was a concentration-dependent upregulation of Col2A1 with significant difference (P<0.05) 
being observed at 20 (P=0.011) and 80 µg/ml (P=0.009) compared to the control (Fig. 6E). There was no significant difference in 
the gene expression for MMP13 between PPS treated chondrocytes and the control at all treatment times (Fig. 6F).

DISCUSSION

The transient increase in proliferative activity of chondrocytes followed by cell accumulation and cluster formation are a 
hallmark of early stages of OA cartilage [9, 16, 17, 26]. Although the mechanism of phenotypic shift, metabolic activity and cell 
proliferation between OA cartilage and monolayer culture chondrocytes are different, intervening in these events might provide us 
more understanding about chondrocyte physiology and potential targets for OA treatment. While there are many studies that have 
demonstrated the anabolic and anti-inflammatory effects of PPS, to the best of our knowledge, this is the first study to demonstrate 
its effects on cell proliferation and cell cycle regulators. The present study demonstrates that PPS reduces chondrocyte viability and 
proliferation not through PPS-induced cell death but by maintaining a high proportion of cells in the G1 phase and a low proportion 
in the S phase of cell cycle in the early stages of monolayer culture (24 hr). The modulation of cell cycle by PPS appears to be 
through the short-term inhibition of cell cycle genes, particularly CDK1 and 4. Consistent with previous findings [6, 14], our results 
validate the use of PPS as a chondrogenic phenotype promoter as evidenced by the significant upregulation of cartilage-specific 
markers, Col2A1 and GAG. Therefore, the use of PPS may be beneficial in inhibiting chondrocyte proliferation while promoting 
a chondrocyte phenotype in early stages of OA treatment in which chondrocytes are observed to undergo transient proliferation 
followed by a reduction in ECM synthesis.

According to MTT colorimetric and DNA quantitative assays, PPS reduced canine AC viability in a concentration- and time-
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Fig. 5.	 Treatment with pentosan polysulfate (PPS) promotes glycosaminoglycan (GAG) synthesis but reduces DNA content of chondrocytes in a 
concentration-dependent manner. Chondrocytes were cultured as a monolayer for 24 hr prior to the treatment with various concentrations of PPS 
(0, 5, 10, 20, 40 and 80 µg/ml) for 72 hr. Biochemical analysis was performed at 72 hr after exposure to PPS. (A) Quantification of DNA content 
in cell lysates by Hoechst assay. (B) Quantification of GAG content (normalized with DNA content) in cell lysates by dimethylmethylene blue 
(DMMB) assay. The data are expressed as the mean ± SEM (*P<0.05 and **P<0.01).
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dependent pattern with a higher concentration of 40 and 80 µg/ml demonstrating a significantly lower cell viability relative to the 
control at 72 hr of culture but with no significant difference observed between the treatments at 24 and 48 hr of culture (Fig. 2). 
Contrary to the findings of this study, a previous study demonstrated that PPS possessed the ability to promote cell proliferation 
in mesenchymal precursor cells (MPC) [14, 32]. The disparity in cell viability between chondrocytes and MPC could reflect 
reduced metabolic activity in chondrocytes cultured in PPS compared to MPC in which MTT is highly reduced due to their rapid 
proliferation activity promoted by PPS. In fact, by Annexin V and PI staining with flow cytometry the present study demonstrated 
that the significant reduction in cell viability and DNA content was not due to PPS-induced cell death as confirmed by the same 
pattern of cell distribution among chondrocytes exposed to various concentrations of PPS and the control. The classification of 
viable and non-viable cells (including early apoptotic, late apoptotic and necrotic cells) also showed no significant difference 
(P>0.05) between the groups (Fig. 3). These findings clearly indicate the safety of PPS on chondrocytes even at high concentration 
and this is consistent with other related studies on cytotoxic effects of PPS on chondrocytes [5–7, 14, 15, 33]. The difference in 
response between chondrocytes and MPC has been attributed to their diversity in cell properties and expression patterns [3, 21]. 
Dedifferentiation of chondrocytes is an adverse phenomenon that commonly occurs in the process of expanding chondrocytes. 
Once chondrocytes start to proliferate, their characteristics rapidly change, together with their morphology and finally, these 
chondrocytes completely lose their own phenotype [36]. Moreover, synthetic activities of chondrocytes are found to be inversely 
related to proliferation activities [29]. Therefore, the inhibition of chondrocyte proliferation by PPS demonstrated in this study 
could be of benefit to maintain appropriate chondrogenic phenotype and thus could be beneficial in the early stages of OA cartilage 
where a transient increase in proliferative activity of chondrocytes has been observed [9, 16, 17, 26].

Cell cycle analysis showed that the treatment of chondrocytes with PPS at different time points significantly reduced the 
proportion of cells in the S phase while increasing the proportion of cells in the G1 phase. However, this effect was only observed 
during the high proliferative stage of 24 and 48 hr with no significant difference observed at 72 hr of PPS treatment. In fact, we 
observed a strong positive correlation between the PPS concentration and chondrocytes distributed in the G1 phase at 24 and 48 
hr of treatment and not at 72 hr time point. Conversely, there was a strong negative correlation between PPS concentration and 
chondrocytes in the S phase at 24 and 48 hr of treatment and not 72 hr time point. There was a significant negative correlation 
between PPS concentration and chondrocytes in the G2 phase at 48 hr but at 72 hr time point PPS concentration demonstrated a 
significant positive correlation with chondrocytes in the G2 phase of the cell cycle. Taken together, this finding suggests that PPS 
may increase the proportion of chondrocytes in the G1 phase while reducing the number of chondrocytes in the S and G2 phases 
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Fig. 6.	 Pentosan polysulfate (PPS) downregulates cell cycle regulator genes, while promoting a chondrocyte phenotype. Chondrocytes were 
cultured as a monolayer for 24 hr prior to the treatment with various concentrations of PPS (0, 5, 20 and 80 µg/ml) for 72 hr. Relative mRNA 
expression of chondrocytes was evaluated by quantitative real-time PCR (qPCR) analysis at 24 and 72 hr during PPS treatment. The relative 
mRNA expression of (A) cyclin-dependent kinase (CDK) 1, (B) CDK2, (C) CDK4, (D) CDK6, (E) collagen type II (Col2A1) and (F) matrix 
metalloproteinase 13 (MMP13) were normalized to the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The data are 
expressed as the mean ± SEM (*P<0.05, **P<0.01 and ***P<0.001).
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of the cell cycle. However, this effect is transient (24–48 hr), concentration-dependent and is evidently lost by 72 hr of culture. We 
speculate that an increase in cell density might trigger contact inhibition process, causing mediation from various pathways that are 
involved in the cell cycle [13].

To understand how PPS modulates the cell cycle, we assessed the expression of genes involved in the cell cycle. During cell 
proliferation, in G1 to S phase, CDK4 and 6 forms a complex with Cyclin D to phosphorylate the retinoblastoma protein and allow 
cell cycle progression through G1, while CDK2/Cyclin A and CDK2/Cyclin E complex activate DNA synthesis [4, 13, 25]. The 
activation of CDK1/Cyclin B control cell mitosis, and together, CDK1 is a major kinase that could form a complex with Cyclin D, 
E and A, instead of CDK2, 4 and 6 for correct progression in the cell cycle [4]. The increase in the proportion of cells in G1 phase 
and subsequent decrease in S phase under treatment PPS was observed only at a high proliferative stage (24 hr) of chondrocytes, 
which corresponded to the downregulation of CDK1 and 4 expressions but not CDK2 and 6. In fact, CDK2 and 6 were significantly 
upregulated at a low concentration of PPS. Judging from these results, we could speculate that PPS modulates the cell cycle mainly 
through major kinase CDK1, together with CDK4. The inhibition of cell-cycle progression has been previously shown to occur via 
the downregulation of nuclear factor-kappa B (NF-κB) [20] and previously our laboratory demonstrated that PPS inhibits nuclear 
translocation of NF-κB [5, 33]. Therefore, the inhibition of CDK1 and 4 mRNA expression in this study could be consistent with 
the inhibitory effects of PPS on nuclear translocation of NF-κB. Interestingly, the effect of PPS on CDK1, 2 and 4 expressions at a 
low proliferative stage (72 hr) were directly proportional to PPS concentration. However, cell cycle analysis revealed an unchanged 
cell proportion on any phase of the cell cycle.

Incubation of chondrocytes with PPS resulted in significantly higher expression of cartilage specific markers Col2A1 and 
GAG compared to control. These results are in agreement with previous studies [6, 14]. Furthermore, the upregulation of Col2A1 
corresponded with the significant downregulation of CDK6 at 72 hr whereas the significant upregulation of CDK6 at 24 hr 
corresponded to a significant downregulation of Col2A1. CDK6 has been shown to induce c-Jun phosphorylation and lead to 
suppression of Col2A1 and Sox-9 [19]. Moreover, previous studies have demonstrated that an increase in the proliferation rate of 
OA chondrocytes compared to healthy chondrocytes is directly related to higher gene expression of cell cycle regulators, Cyclin 
D and CDK6 [10]. PPS showed no significant effect on the expression of MMP13. Previous studies have shown that PPS can 
downregulate Interleukin-1 (IL-1)-induced MMP13 upregulation in canine AC in-vitro [5]. This finding demonstrates the unique 
selective inhibition of only inflammatory cytokine-induced MMP13 upregulation by PPS but not the constitutively expressed 
MMP13 which is required to maintain homeostasis of ECM turnover in normal articular cartilage [37].

There were several limitations in this study, including a small sample size of only four cartilage samples. Furthermore, the exact 
mechanism and pathway by which PPS modulates CDK expression and the relation between cell proliferation and chondrogenic 
phenotypes of canine AC were not fully elucidated. Although our results suggest that PPS could preserve chondrogenic phenotypes 
by reducing chondrocyte proliferation via downregulating the expression of CDK, other factors related to CDK pathway and 
phenotypic regulators were not included in this study. In addition, CDK expression in this study was shown at mRNA level only 
which is considered inferior to the analysis of the active protein. While further investigation should examine these findings in-vivo, 
the present study brings to light for the first time the in-vitro effects of PPS on chondrocyte proliferation and cell cycle which could 
be beneficial to OA cartilage treatment.

In conclusion, this study demonstrates that PPS reduces canine AC proliferation in monolayer culture through cell cycle 
modulation particularly by maintaining a significantly higher proportion of chondrocytes in the G1 phase and a significantly 
lower proportion in the S phase of the cell cycle in a concentration and time-dependent manner. The inhibition of chondrocyte 
proliferation appears to be through the short-term inhibition of cell cycle regulator genes, particularly CDK1 and 4. The study 
further confirms that PPS promotes a chondrogenic phenotype of canine AC through significant upregulation of Col2A1 mRNA and 
GAG synthesis. The inhibition of chondrocyte proliferation while promoting a chondrocyte phenotype by PPS could be beneficial 
in the early stages of OA treatment in which transient increase in proliferative activity of chondrocytes with subsequent phenotypic 
shift and less productive in an essential component of ECM is observed.
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